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Abstract 

Geological evolution and stratabound Cu-Pb-Ba mineralization of the 
Jillawarra Belt in the Proterozoic Bangemall Basin, Western Australia 

A stratabound, sediment-hosted Cu-Pb-Ba mineralization named Abra has 
recently been discovered in the Bangemall Basin, the youngest intracra
tonic sedimentary basin in Western Australia. Rb-Sr dating of a rhyolite 
in the low,er part of the Bangemall Group yielded 1100 m.y. This is the 
first occurrence of a significant Proterozoic base metal mineralization 
in Western Australia, distinguished from major Proterozoic base metal 
deposits by the following features: 

- The occurrence in low-grade metamorphic (lower greenschist facies) 
sedimentary rocks 

- the abundance of Pb and Ba within 1100 m.y. "copper age" strata 
- widespread veining not only in the footwall stringer zone but in 

the stratiform part of the mineralization 
- the absence of an euxinic facies, i.e. the hematitic hast sediments 

in the upper part indicate fully oxidizing depositional conditions. 
The mineralization is covered by 250-450 m barren clastites; drilling of 
eight exploration holes during 1981-1983 established an orebody of 130 mt 
grading 1.15% lead, 0.25% copper and 2.5% barium. Due to the vertical 
distribution of the three ore minerals - galena, chalcopyrite and barite -
the 130 mt low-grade mineralization can be separated into a lower copper 
body (60 mt at 0.5% Cu), overlain by a lead body (50 mt at 3.0% Pb),. and 
an upper barium zone (25 mt at 20.0% Ba). 

The Bangemall Basin is an intracratonic basin into which over 10.000 metres 
of shallow water sediments were deposited in a number of transgressional
regressional cycles. It is one of the largest intrusive continental tholeiite 
Provinces of the world. Intrusion of dolerite into the sediments commenced 
during deposition of the middle Bangemall Group, and was related to a 
tensional crustal regime in the sialic basement. 

The tectonic and sedimentar,y history of the Bangemall Basin can be viewed 
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in context with the development of an intracratonic rift.The distribution
of· different volumes of dolerite in relation to major lineaments implies
the presence of a t'riple junction in the area of the Abra mineralization,
adjacent to a granitic basement dome.

The hast rock sequence of the Abra mineralization, in the lower Bangemall
Group, comprises over 500 m inter- to subtidal mediurn-grained clastites,
overlain by some 40 m subaqueous evaporitic iron formation deposited in

2,!)) 

a fault-bounded restricted basin. These ferruginous laminites ("black
zone 11

) grade upwards into hematitic sabkha sediments (40 to 100 m thickness)with local interbeds of coarse clastites ( 11red zone 11). This regressionaldevelopment in a fault-bounded basin {doming) is followed by a period of pronounced transgression depositing some 300 m of shallow water turbidites.(rifting, subsidence),

M'a:ior ore minerals are chalcopyrite, galena, barite, subordinate fahlere andminor sphalerite. Most remarkably is the general paucity of zinc and the dominance of stratiform barite (over 40 core m of more than 20% barium) in the top zone of the mineralization. Relative metal abundances show a verticalzonation pattern of Cu-(Zn)-Pb-Ba where Cu is restricted to the discordantfeederzone, Pb has an intermediate position and some Ba is of concordant
nature within the sabkha sediments, Sulphur isotope analyses yielded o34

s
values of +21 %0 for sulphides and of +40 %0 for barite.

Comparison with the lower Bangemall Group elsewhere in the basin suggests
that the hast reck sequence is underlain by,a thick arkose unit (1600 m).
The arkose was deposited subaerially from a granitic basement source and
developed red-bed copper features. Anomalous heat flow lead to rapid
decomposition of feldspars releasing Pb and Ba, and to mobilization of Cu
from the red beds. Thermodynamic constraints on the coexistence of barite
with the hematite-magnetite-pyrite triple point allowed assessment of a
mineralizing temperature of about 250°c; higher temperatures in the source
rocks are likely. These hot metal-bearing fluids accumulated up-dip in a
structural trap provided by the dorning of the strata. With the onset of rifting
deep-seated faults were generated providing a conduit into which the metal-
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bearing fluids were channelled, and ascended to host rock level where they 
percolated the shallow water and sabkha sediments. Precipitation of metals 
occured in a vertical Cu-Pb-Ba zoning sequence within veins and as re
placement of pre-existing syndiagenetic pyrite layers in the evaporitic 
sediments. Further galena (chalcopyrite) mineralization took place where 
the metal ions encounterd H2s from bacterial sulphate reduction trapped in 
the sediments. Besides some vein mineralization, the bulk of barite formed 
at the top of the mineralization within the sabkha sediments through 
quantitative replacement of Ca in sedimentary sulphates by Ba, facilitated 
by very low solubilities of barite and the abundance of formation waters in 
the early diagenetic sediments. 

Doming and concomitant development of fault-bounded basins in the periphery 
of the dome (accomodation of strain), and subsequent generation of a triple 
junction and rifting are attributed to a thermal mantle plume (hot spot). The 
hot spot also accounted for high heat flow resultinginmobilization of 
metals, accumulation of hot metal-bearing fluids in a structural trap, and 
provided thermal energy required to drive the hydrothermal system. 

A model of the genesis of sediment-hosted base metal deposits, including 
Late Proterozoic copper deposits, is presented where a hat spot determines 
the thermal regime and structural setting of such deposits (first-order con
trols). Other parameters like discordant or concordant mineralization, 
exhalative or syndiagenetic replacement processes of ore formation, and 
relative metal abundance of the individual deposits, merely depend an the 
physical and chemical conditions at the site of ore deposition, and an the 
composition and metamorphic grade of the source rocks (second-order controls). 
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Geologische Entwicklung und schichtgebundene Cu-Pb-Ba Vererzung des 
Jillawarra Belt im proterozoischen Bangemall Basin, West-Australien 

Zusammenfassung 

Eine schichtgebundene Cu-Pb-Ba Vererzung in Sedimenten( 11 Abra 11
) ist vor 

etwa 3 Jahren im Bangemall Basin, dem jüngsten proterozoischen, intra
cratonischen Sedimentbecken West-Australiens, entdeckt worden. Das un
gefähre Alter der Sedi:mente im unteren Teil der Bangemall Group ist durch 
eine Rb-Sr Datterung von etwa 1100 ma umrissen. 
Abra ist di.e erste proterozoische Buntmetallvererzung in West-Australien 
und unterscheidet sich von den großen proterozoischen Buntmetallagerstätten 
Australiens hinsichtlich der folgenden Charakteristika: 

- Aufsitzen i_n niedrig-gradigen(untere Grünschieferfazies) Metasedimenten 
- Gehalt an Pb und Ba in Schichten des 1100 ma 11 Kupferalter 11 

- weitverbreitete Gangvererzung nicht nur in der liegenden stringer 
zone, sondern auch im stratiformen Teil der Vererzung 

- Fehlen einer euxinischen Fazies; die hematitischen Wirtsgesteine 
im oberen Teil der Vererzung zeigen voll oxidierende Sedimentations
bedingungen an 

Die Vererzung liegt unter 250-450 m erzfreien Klastiten; durch 8 Explorations
bohrungen zwischen 1981 und 1983 konnte ein Körper von geschätzten 130 mt mit 
1.15% Pb, 0.5% Cu und 2.5% Ba nachgewiesen werden. 

Das Bangemall Basin ist ein intracratonisches Becken mit mehr als 10.000 m 
Flachwassersedimenten, die von der mittleren Bangemall Group aufwärts von 
Doleriten intrudiert werden. Die tektonische und sedimentäre Entwicklung des 
Bangemall Basin gleicht der eines intracratonischen Rifts; die Geometrie der 
Dolerit-Verteilung und der regionalen Lineamente impliziert das Vorhandensein 
einer triple junction im Bereich der Abra~Vererzung. 
Die Abfolge der Wirtsgesteine der Abra-Vererzung(untere Bangemall Group) 
umfasst mehr als 500 m intertidale Klastite, überlagert von 40 m subaquat
isch~ievaporitischer Eisenformation, die in einem störungsbegrenzten, ein
geschnürten Becken abgelagert wurden. Die eisenführenden, feingeschichteten 
Sedimente("black zone11

) gehen zum Hangenden in hematitische Sabkha-Ablagerungen 
("red zone11

) mit 40-100 m Mächtigkeit, über. Auf diese regressive Entwickl
ung(doming) folgt eine Transgression mit ungefähr 300 m Flachwasserturbiditen 
(rifting, Absenkung). 

Die hauptsächlichen Erzminerale sind Kupferkies, Bleiglanz und Barit; bemerk
enswert ist das Fehlen von Zinkblende. Die Metallverteilung ist durch eine 
vertikale Cu-(Zn)-Pb-Ba Zonierung gekennzeichnet, wobei Cu auf die liegende 
Gangvererzung beschränkt ist, Pb eine intermediäre Position einnimmt und 
einiges der oberen Ba-Vererzung schichtkonform in den laminierten Sabkha-



Sedimenten auftritt. 

Als Muttergestein der Vererzung wird eine ca. 2000 m mächtige Arkoseeinheit 
in der basalen Bangemall Group angenommen. Terrestrische Sedimentations
bedingungen führten zur Ausbildung von red-bed copper. Durch hohen Hitzefluß 
im Bereich der Vererzung wurden Cu und Pb, Ba (aus den Feldspäten der 
Arkose) mobilisiert. Mit Beginn des Riftings entstanden tiefgreifende Störungen, 
von denen eine als Förderkanal für hydrothermale Lösungen diente. Die 
aufsteigenden Lösungen durchdrangen die Wirtsgesteine, wobei es zur Aus-
fällung von Pb- und Cu-Sulfiden und wenig Barit in feinen Gängen kam. Der 
größte Teil des Bariums blieb jedoch in Lösung bis die gipsführenden Sabkha
Sedimente der red zone erreicht waren, wo Barium sämtliches Ca aus den Gipsen 
verdrängte und mächtige Baritlager bildete. 

Die Heraushebung eines Domes sowie das anschließende Rifting an einer triple 
junction stehen im Zusammenhang mit einem hot spot im unterliegenden, oberen 
Mantel, wodurch auch der hohe Hitzefluß im Bereich der Vererzung zu erklären 
ist. Der Zusammenhanghotspot - intracratonisches Rifting - Buntmetallver
erzung wird anhand bekannter Buntmetallagerstätten diskutiert, und in einem 
Modell für die Genese solcher Lagerstätten formuliert. 
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Introduction 

Some of the world's major base metal deposits (Mt. Isa, McArthur 
River, Broken Hill) occur an the Australian continent. They are 
hosted by Proterozoic sedirnents of 1500 - 1800 m.y. age. Western 
Australia has a wealth of mineral deposits, and an advanced mining 
industry; however, no major Proterozoic base metal mineralization 
has been found prior to the discovery of the Abra sediment-hosted 
Pb-Cu-Ba mineralization by Geopeko in 1981/82. 

This is a body of an estimated 130 million tons (mt) of ore grading 
1.15 % lead, 0.25 % copper and 2.5 % barium. Due to the vertical 
distribution of the three ore minerals - galena, chalcopyrite 
and barite - the 130 mt low-grade mineralization can be separated 
into a lower copper body (60 mt at 0.5 % Cu), overlain by a lead 
body (SO mt at 3.0 % Pb), and an upper barium zone_(25mtat 20.0 % Ba). 

The mineralization is covered by 250 to 450 metres barren clastites; 
drilling of eight exploration holes during 1981 - 1983 revealed 
that there are a number of features distinguishing Abra from the 
major Australian deposits. 

- The occurrence in low grade metamorphic (lower greenschist faci'es) 
sedimentary rocks 

- Widespread veining not only in the footwall stringer zone but in 
the stratiform part of the mineralization 

- The hematitic hast sediments in the upper part indicate fully 
oxidizing depositional conditions, i.e. the absence of an euxinic 
facies 

- The sulphide minerals comprise pyrite, galena and chalcopyrite only; 
remarkably, no sphalerite occurs 

- The abundance of barite in the upper zone of the mineralization 

These peculiar features, and the metal abundance ratio, suggest an 
unique and new type of base metal de~osit. 
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The mineralization is located in an east-west elongated area of 
about 100 x 20 kilometres - the Jillawarra Belt - within the 
central Bangemall Basin. This is a Proterozoic intracratonic 
sedimentary basin dated at 1100 m.y. by Rb-Sr methods. There 
are a number of geological features, however, which distinguish 
the rocks of the Jillawarra Belt from those of the Bangemall 
Basin, raising uncertainties with respect to the stratigraphic 
relationship. In addition, four model-lead ages (from about 
1500 - 1600 m.y.) place constraints on the age of the Jillawarra 
Belt and the Abra mineralization, and suggest a basement high 
of older Proterozoic rocks within the Bangemall Basin. 

The discrepancy between the apparent age of the Jillawarra Belt 
and that of the Bangemall Basin, and the unique features of the 
mineralization described above, provided the incentive four 
launching a joint programme of the Mining University at Leoben, 
the Geological Survey of Western Australia, and Geopeko and Amoco 
Australia in order to throw some light on the age of the Jillawarra 
Belt and the age and genesis of the mineralization. 

The aims of the study initiated include: 
- Identification of the stratigraphic and structural setting of 

the mineralization with respect to the Jillawarra Belt 
- Detailed investigation of the mineralization 
- Evaluation of the stratigraphy and structure of the Jillawarra 

Bel t 
- Examination of the relationship between the stratigraphy of the 

Jillawarra Belt and the Bangemall Basin in order establish the 
age of the Jillawarra Belt, and thereby, the age of the Abra 
mineralization 

- Understanding of the ore forming processes and their relation to 
the geotectonic setting, and development of a genetic model of 
the Abra mineralization, which may assist in the search for 
further mineralizations of this type in Proterozoic sediments. 

J 
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The methodological approach taken is twofold; first, a detailed 
investigation of stratigraphy. sedimentary facies and structure, 
both on a regional scale and on the scale of the mineralized area 
and, second, assessment of the chemistry and mineralogy of the 
mineralization. The results are combined to erect a model of 
the genesis of the Abra mineralization and comparison is made 
with major base metal deposits worldwide. 

The size of 130 mt of ore would place the Abra mineralization into 
the class of major base metal deposits. However, low grade, sub
surface occurrence and remoteness of the area make this minerali
zation sub-economic, at current base metal prices. This, no doubt, 
is one of the reasons why exploration werk was discontinued in 
June, 1984. 
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1.1. The Western Australian Shield 

The Western Australian Shield is a roughly rectangular area con
sisting of two large Archean cratons that are partly covered by 
remnant Proterozoic sedimentary basins and partly surrounded by 
Proterozoic mobile belts. 

Fig. 1.01 shows the major tectonic units of the Western Australian 
Shield. 
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1. 1. 1. Archean 

The crustal evolution of the Archean cratons - the Pilbara Block 
in the north and the Yilgarn Block in the south - has been studied 
in detail by Hickman (1981) and Gee et al. (1981), respectively, 
Archean terrains are either granitoid_- greenstone, or high grade 
gneiss (i.e. the Western Gneis Terrain), the regional distri
bution of which influences the style of Proterozoic tectonism 
(Gee, 1979). 

Granitoid-greenstone terrains consist of thick volcanogenic 
sequences, now occurring as dismembered synclinal keels within 
voluminous granitoid. Available evidence suggests that greenstone 
deposition and granite emplacement in the Yilgarn Block took place 
over a narrow time span between 2800 and 2600 m.y. ago (Gee et al., 
1981). In the Pilbara Block comparable events of crustal evolution 
are older and seem to cover a wider range of time (3350 - 2600 m.y., 
Hickman, 1981). 

The gneiss terrains comprise repeatedly deformed and metamorphosed 
sediments, infolded sheets of orthogneiss and intrusions of mafic 
and ultramafic rocks. The gneissic rocks date back at least to 
3300 m.y. and are interpreted as basement upon which the greenstone 
sequences were deposited (Gee et al ., 1981). 

The most extensive area of gneiss lies in an arc around the western 
part of the Yilgarn Block. Recent ion microprobe identification 
of 4100 - 4200 m.y. old detrital zircons from the Mt.Narryer region 
within the northwestern part of this gneiss terrain (Froude et 
al ., 1983) suggests the presence of pre-3800 m.y. silica-saturated 

crustal rocks in this region. 

Most recent workers an the Western Australian Shield (e.g. Glickson 
and Lambert, 1973; Horwitz and Smith, 1978; Gee, 1979) consider 
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it possible that the granitoid - greenstones of the Pilbara and 
Yilgarn Block formed on a continuous crustal substratum. Different 
views, however. are expressed by the above authors about the nature 
of this primary crust, and the mode and timing of greenstone 
emplacement. 

Relevant for this study is the general consensus that the Proterozoic 
"mobile belt11 between the Pilbara and Yilgarn Blocks developed as 
an ensialic orogen. ~lhere basement can be recognized in structural 
highs it appears tobe of Archean gneiss (Muhling et al., 1976; 
Elias and Williams, 1977). 

1. 1.2. Proterozoic 

Between the two Archean blocks are a number of Proterozoic sedi
mentary sequences of various ages. Where these directly overly 
the stable Archean cratons they are shielded from significant 
deformation; however, where they transgress inferred boundaries 
of the cratons onto a median zone (orogen), they are deformed, 
metamorphosed and intruded by granitoids, and the basement is 
reworked. The granite-greenstone areas had largely stabilized 
by about 2500 m.y. (Gee, 1979). 

The median, highly deformed and metamorphosed zone (orogen) is 
recognized by many workers but termed "Ophthalmian Mobile Belt 11 

by Glickson and Lambert (1973), 11 Median BelC by Horwitz and 
Smith (1978) or 11 Capricorn Orogen" by Gee (1979). 

Fig. 1.02 gives the stratigraphic framework for the region between 
the Pilbara and Vilgarn Blocksand further shows the spatial relation 
of the stratigraphic units to the Capricorn Orogen. 
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The Capricorn Orogen is defined by Gee (1979) as a major orogenic 
zone involving geosynclinal sedimentation, metamorphisrn, basement 
reworking and granitoid emplacement in the region between the 
Yilgarn and Pilbara Block. It takes its narne from the Tropic of 
Capricorn, at which latitude it is approximately located. 

The Bangemall Basin, which marks a much later major sedimentary 
cycle unrelated to this orogenic zone, blankets much of the orogen. 

As a basis for reconstructing the major basin of deposition beneath 
the Bangemall Basin, Gee (1979) proposed that the thick greywacke
type sediments of the Glengarry Sub-Basin are equivalent in 
tectonic setting to those in the Ashburton Trou9h. This recon
struction points to an elongate belt of thick greywacke and vol
canic fill, occupying almost the entire area between the Pilbara 
and Yilgarn Blocks (Fig. 1.03). 
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Two main stagea of the Capricom Orogen. A. Sedimentation stage, about 2000 
m.y. ago, sbowins zone of seosynclinal sedimentation. B. After elimax of orogenic activ
ity, about 1600 m.y, ago. 
Fig. 1.03, froe Gee ( 1979) 

Furthermore, the distribution of lithofacies is symmetrical 
across the geosyncline. Thus, the stratiqraphically lower part 
of the Wyloo Group consisting of sandstone, conglomerate and 
dolomite could be regarded as a shelf facies on the northern 
margin of the geosyncline. Similarly a shelf facies is present 
along the southern edge in the Glengarry Sub-Basin. 

The Capricorn Orogen evolved over a period of about 400 m.y. 
(2000-1600 m.y., see Fig. 1.03). After the climax of orogenic 
activity with basement reworking and granitoid emplacement about 
1600 m.y. ago, the region between the Pilbara and Yilgarn Blocks 
probably underwent a phase of tectonic quiescence (except minor 
block faulting) and was subject to erosion for n considerable 
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time (200-400 m.y.?) until the Bangernall Group was deposited 
unconformably as an intercratonic basin filling. 

1.1.3. Proterozoic tectonics 

Gee (1979) concluded that, primarily because of its ensialic 
nature, no evidence for Phanerozoic-type plate tectonics in the 
Capricorn Orogen can be recognized. However, the basement control 
of the Capricorn Orogen may illustrate a style of plate tectonics 
typically of the early Proterozoic, whereby cratonic blocks, 
which geometrically can be described as plates move relative 
to each other while the strain is accommodated in linear belts 
(Sutton and Watson, 1974). Horizontal translations or rotations 
of rigid plates of the order of one hundred kilometres could exist, 
and would be well within the statistical error of the palaeo
magnetic constraints placed by data of McElhinney and Embleton 

(1976). 

Same areas of higher degree of defonnation and thrusting in the 
overlying Bangemall Group may be related to discrete zones 
of strain in the basement along which plate movement could have 
occurred. 
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1.2. The Bangemall Basin 

The Bangemall Basin is a late Proterozoic (ca. 1100 m.y.) intra
cratonic sedimentary basin, which occupies about 145.000 km2

• lt 
unconformably overlies older Precambrian sedimentary basins and 
metamorphic complexes of the \~estern Australian Shield in the 
northwest of Western Australia (Fig. 1.04). 

Fig 1.04: Tectonic setting of the Bangemall Basin 
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1.2.1. Physiography 

There are no towns within the Bangemall Basin and the Great 
Northern Highway, passing through the central part of the 
basin, is the only sealed road while all further access is by 

gravel roads. 

Most of the Bangemall Basin lies more than 500 metres above 
sealevel. While an internal drainage region east of longiude 
120° has produced a low relief with gentle topography the ex
ternal drainage region west of longitude 120° is dissected 
into a more ruggy landscape with occasional rocky ranges bet
ween wide alluvial and colluvial plains. 

The climate is semi-arid to arid, and is characterized by low 
and unreliable rainTall, high evaporation rates, mild temperatures 
during winter, and hot summers. The rainfall ranges from 200 to 
250 mm per year, and the eastern desert areas receive slightly 
less. 

Vegetation in the western part of the basin comprises shrubs 
(dominantly Acacia species) and hummocky grassland with occasional 
tall (30 m) gum trees along the major water courses. In the 
eastern parts of the basin, there is extensive sandplain with 
spinifex and related grasses being the dominant vegetation. 

The area of the Bangemall Basin has been mapped during the 
1 : 250.000 regional ma~ping programme of the Geological Survey 
of Western Australia by several geologists; Fig. 1 ,05 shows 
the position and names of the 1 : 250.000 sheets available at 

the Survey. 
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1.2.2. Recognition of the Bangemall Graup 

The first recognition of the Bangemall sequence as a comparatively 
young and separate Precambrian entity was in 1890 by the Govern
ment Geologist H.P. Woodward, and his discoveries are summarized 
on the State geological map, which was published in 1894. 

The name, Bangemall Group, was first applied by Halligan and 
Daniels (1964). Further stratigraphic subdivision was undertaken 
by Daniels (1969) in the wester half of the basin, and by Brakel 
and Muhling (1976) and Williams et al. (1976) in the eastern half. 

Regional appraisals of structure and stratigraphy of the Bangemall 
Basin have been produced by Daniels (1966, 1975) and Brakel and 
Muhling (1976), who all recognized the basement control of folding 
in the western part of the Bangemall Basin, and by Gee (1975). 

A comprehensive and detailed work covering all aspects of the 
Bangemall Basin is currently being prepared by the Geological 
Survey of Western Australia and will be published as the 11 Bange
mall Bulletin" in the Geological Survey Memoir Series. 
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1.2.3. Evidence of age 

A paar Rb-Sr isochron of about 1080 m.y. was obtained by Compston 
and Arriens (1968) from felsic rocks at Mount Palgave (in the 
western part of the Bangemall Basin). believed tobe a dyke and 
re\ctted flow, and the same workers obtained the same age from 
black shale in the Curran Formation, which lies about 600 metres 
above the sub-Bangemall unconformity. 

+ Gee et al. (1976) report an isochron of 1098 - 42 m.y. from 
rhyolite in the lower West Creek Formation (WC2), 60 metres above 
the basal unconformity, some 20 km east of the Abra mineralization 
(see chapter 2.4.). But the rock has an unusually high K20 content, 
indicating alteration after eruption, so that the ratios date 
either early devitrification of the volcanic glass or early meta
morphism. Although the reliability of each of these dates can be 
questioned, each is independent of the others, and when taken to
gether they are remarkably consistent. The aqe of the Bangemall 
Group can thus be stated tobe about 1100 m.y. 

Walter (1972) notes that a stromatolite which occurs in the 
Irregully Fonnation (equivalent to the Gap ~vell Fomation in this 
study) at the base of the Bangemall Group has an age range of 
1350 ± 50 to 950 ± 50 m.y. 
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1 .2.4. Structure and tectonics 

1 .2.4.1. Tectonic controls on the Bangemall Basin 

The Bangemall Basin (about 1100 m.y.) was the last phase of 
activity in the orogenic belt which separates the Yilgarn and 
Pilbara cratons. It formed initially over two basement components, 
namely the Gascoyne Province and the Ashburton Fold Belt, and then 
spread to the east. The Gascoyne Province was formerly (2000 -
1600 m.y. ago) the locus of sedimentation, deformation, plutonic 
and metamorphic activity, during which the t~yloo Group was sub
jected to medium to high-grade metamorphism. By contrast, in 
the Ashburton Fold Belt (formerly a major sedimentary trough), 
the Wyloo Group was folded but metamorphosed to only a low grade. 
The difference in tectonic style and activity between these two 
components of the orogenic belt influenced subsequent sedimentation 
and deformation events in this orogenic zone and was a major 
cause of contrasting sedimentary and structural styles of the 
three main structural zones of the Bangemall Basin - the Pingandy 
Shelf, Edmund Fold Belt and Bullen Platform. 

Fig. 1.06 shows the occurrence of the three major structural pro
vinces, their relation to lineaments, to the nature of the base
ment and to the major sedimentary facies provinces within the 
Bangemall Group. 

1 .2.4.2. Deformation and faulting 

A detailed description and interpretation of the structure of 
the Bangemall Basin will be published in the 11 Bangemall Bulletin" 
in the Geological Survey Memoir Series. Here, only a summary of 
the tectonic style in the Bangemall Basin is presented. 

The nature of the three main basement segments did not only control 
the regional facies distribution but governed the intensity of 
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deformation and tectonic style. The tectonic activity displayed 
by the basement units during sedimentation increased during 
deformation of the basin. 

The Pingandy Shelf overlies a tectonically inert basement, and 
did not participate in the deformation affecting the Edmund Fold 
Belt which overlies the Gascoyne Province. The sedimentary pile 
dips gently south and west of the Ashburton Fold Belt. 

The stable marine shelf forming the eastern part of the basin 
became the Bullen Platform. Here, broad open folds (many of which 
were domes and basins) formed by draping of sediments over base
ment blocks controlled by northeast and northwest-trending faults. 
The northeasterly trend usually is dominant. 

The horst-and-graben terrain which developed on active basement 
became the Edmund Fold Belt.North of the Flint Hill lineament, 
south-easterly shear zones were dominant in the basement and 
interacted with a more widely spaced, subordinate northeasterly 
set. East of the lineament, northeast and easterly trending shear 
zones controlled the deformation. In the Edmund Fold Belt, the 
horst and graben blocks had continued to move on normal faults, 
stretching the overlying sediments to form drape folds (the 
block faulting may have occurred in both tensional or compressional 
tectonic regimes, see chapter 2.3.). 

The crustal shortening in the basement, possibly a function of 
relative movements of the Gascoyne Province and Pilbara Craton 
towards each other (NNE directed forces), caused lateral shortening 
of the cover and squeezed some fold structures tight. Notably most 
regional tight folds occur in a graben setting. 

Strain was concentrated in ductile zones of metasediments in the 
basement and along faults forming basement block boundaries. The 
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metasediments usually were incompetent in comparison with the 
intervening blocks of crystalline rocks and so become folded 
together with the cover. Crystalline rocks underwent no shortening, 
as corrmonly did their sedimentary cover. In chapter 2.3. however, 
a mechanism is discussed how significant shortening in the cover 
also can occur over crystalline basement (granite). 

Normal faults forming the boundaries of some basement blocks 
were reactivated and become the sites of reverse faults. With 
continuous shortening, the basement was either thrusted (if 
crystalline) or squeezed between rigid blocks (if metasediments 
or other ductile zones) producing reverse faults and thrust 
faults, locally, in the cover. 

Total shortening across the western part of the basin was in 
the range of 10 km. 

1.2.4.3. Conclusions 

In summary, the tectonic style in the Bangemall Group is con
trolled by the nature and the tectonic forces applied to the 
basement and the deformational features observed are compatible 
with a tectonic regime in the basement which has been tensional 
first, and subsequently has changed to compressional. 
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1.2.5. Stratigraphy 

1.2.5.1. Facies provinces 

Three major facies, each with distinctive lithe-stratigraphic 
assemblages, are recognized in the Bangemall Basin; the western, 
northern and eastern facies (Brakel and Muhling, 1976). The 
southeastern region could constitute a fourth facies. Their dis

tribution are shown in Fig. 1 .07 and by comparison with Fig. 1 .06 
the control of the basement tectonic style on the facies dis
tribution becomes evident. 

Fig. 1.07: Facies Provinces in the Bangemall Basin 
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The Jillawarra Belt (outlined by the elongated, grey zone in the 
central Bangemall Basin in Fig. 1.07) is situated within the 
western facies province. Therefore, in the following (chapter 
1.2.5.2.) a description is given of the western facies only, 
based mainly on Brakel and Muhling (1976), Muhling et al. (1978) 
and the Bangemall Bulletin (in press). 

The comparatively simple cross-lithologies of the northern and 
eastern facies are shown in Fig. 1 .06; facies changes between 

the facies provinces are usually due to lensing out of some 
units and changes in lithology along strike of others. 

The change between the western and eastern facies in the eastern
most part of the Jillawarra Belt (central Bangemall Basin) is 
shown diagrammatically in Fig. 1.08 (after Brakel and Muhling, 
1976). In this study the Kiangi Creek and Coobarra Formations 
are combined to the West Creek Fonnation; the Coobarra lithology 
is regarded as a local facies variety of this formation. 

Fig. 1.08: Facies change, after Brakel and Muhling (1976) 
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Recent mapping of the Geological Survey of vJ.A. in the north
eastern part of the Bangemall Basin (Balfour Downs area) revealed 
some inconsistency in the stratigraphic relation between the eastern 
and western facies. It now appears possible that the whole of what 
Brakel and Muhling (1976) considered as the eastern facies is signi
ficantly younger. The existence of a major unconformity between 
the eastern facies and western facies has thus to be re-examined 
(Gee, 1984; written comm.). 

1.2.5.2. Stratigraphy of the western facies 

The chief lithologies are shale, siltstone, sandstone, dolomite, 
chert, and conglomerate. The stratigraphic sequence according to 
Muhl ing et al. (1978) is shown in Tab. 1.01. 

Table 1.01: Stratigraphy of the western facies after 
Muhling et al. (1978) 
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All units except the basal Trinqadee Formation are marine. The 
sequence from the Jillawarra Formation upwards has a simple, 
laterally persistent stratigraphy. In the lower half of the 
sequence, lensing and interfingering of units is common, althou9h 
the Discovery Chert is continuous, and is the best marker horizon 
in the sequence. Facies changes in the lower half of the sequence 
are thought tobe the result of an interplay between the lateral 
migration of contrasting adjacent environments, and varying clastic 
input (Brakel and Muhling, 1976). 

Tringadee Formation 

The Tringadee Formation is discontinuous on the basal unconformity. 
Thicknesses vary greatly and range up to an estimated 1650 metres. 
The Mount Augustus Sandstone (over 600 metres thickness), also 
unconformably resting on pre-Bangemall rocks (granite) 2 is believed 
tobe equivalent to (although not continuous with) the Tringadee 
Formation. 

The Tringadee Formation and the Mount Augustus Sandstone both 
consist of coarse, often pebbly sandstone and lenses of pebble, 
cobble, and boulder conglomerate. The clasts are vein quartz, 
schist, gneiss and granite, and are mainly derived from the under
lying basement rocks. Fine-grained arenite and siltstone interbeds 
are rare near the base, but increase in frequency towards the top 
of the formation where lenses of dolarenite and fine-grained 
dolomite appear. The unit seems to pass conformably upward into 
the dolomitic Irregully Formation. 

Most of the Tringadee Formation and ~~ount Augustus Sandstone is 
considered to have been deposited subaerially by braided streams. 
The isolated developments on the unconformity suggest that they 
were discrete alluvial fans. Dolomites in the upper part of the 
Tringadee Formation indicate periods of marine incursion which 
heralded the marine conditions prevailing for the rest of the Bange

mall Group sedimentation. 
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Irregully Formation 

This formation is largely equivalent to the Gap Well Formation 
in the Jillawarra Belt which is hosting the Abra mineralization. 

Except where it overlies the Tringadee Formation or the Mount 
Augustus Sandstone, the Irregully Formation is the lowest 
formation of the Bangemall Group. 

It consists mainly of dolomite, shale and mudstone, with minor 
chert, sandstone, conglomerate and breccia. The dolomite is 
finely laminated or massively bedded and stromatolites and algal 
layers have been found in places. Hematite and goethite cubes, 
presumably after pyrite, are locally abundant. Same desiccation 
cracks are present. In the Edmund and Wyloo Sheet areas (cf Fig. 
1 .05) Daniels (1965) records irregular sheets of sedimentary 
breccia, thought tobe the result of intraformational erosion. 

There are abundant indications that the formation was deposited 
in shallow lagoonal and tidal flat conditions. 

Kiangi Creek Formation 

This formation is equivalent to the West Creek Formation in the 
Jillawarra Belt. 

The Kiangi Creek Formation, generally overlying the Irregully 
Formation, consists of interbedded quartz arenite, siltstone and 
shale, but rninor dolomite members are widespread. Typical arenites 
are medium-grained, well sorted with a small feldspar component, 
which in rare cases exceeds 20 %. The dolomite members of the 
Kiangi Creek Formation are similar to those of the Irregully 
Formation; cumulate-type stromatolite columns have been reported 

from one locality. 
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The Kiangi Creek Formation appears to have been deposited in a 
near-shore marine environment, chiefly as shoals and barrier 
islands. 

Jillawarra Formation 

The Jillawarra Formation, with an estimated thickness of 1300 metres 
near Jillawarra Bore (within the Jillawarra Belt), lies between 
the Kiangi Creek Formation and the Discovery Chert, and interfingers 
with the arenites of the former. The depocentre (area of maximum 
thickness) is assumed to be in the vicinity of the Jillawarra 
Bore, i.e. the southern part of the Jillawarra Belt (Bangemall 
Bulletin). 

It consists of vari-coloured and black shale, mudstone, chert and 
minor dolomite and sandstone. The shale and mudstone are usually 
silty and contain abundant detrital muscovite. In less dissected 
areas, the rock resembles chert, probably because of surface sili
fication. Cubic crystal moulds, usually less than 10 mm on edge, 
are plentiful in some beds. Many contain powdery iron oxides, and 
are presumably after pyrite, however some may be after halite. 
Smaller, elongate crystal moulds filled with clay or pyrite (see 
chapter 1.2.6.) are locally abundant, and may be after gypsum. 

The sediments are interpreted as shelf muds laid down on the sea
ward side of the Kiangi Creek Formation sands, and the water was 
at times euxinic (black shale) and hypersaline. 

Brakish to marine deDositional conditions of part of the Jilla
warra Formation have been shown by Davy (1980) using boron-gallium
rubidium (B-Ga-Rb) diagrams, which were designed by Degens et al. 
(1958). 
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Discovery Chert 

This is a distinct, remarkably persistent chert unit which forms 
the best marker horizon in the Bangemall Group. Its lithology 
is black, massive chert, which can be homogenous in appearance 
or characterized by diffuse, light coloured laminations that are 
planar, wavy or contorted. 

Cubic crystal moulds, presumably after pyrite, are widespread. 

Possible gypsum moulds occur in several localities. Marshall (1968) 
has reported acritarch microfossils from the formation. Micro
textures show the chert was deposited as a silica gel, which has 
undergone at least 80 % compaction. 

The depositional environment seems to have been that of shallow, 
stagnant, and at times hypersaline water in which silica was pre
cipitated chemically in anaerobic conditions. 

The Discovery Chert is the first unit in the Bangemall Basin which 
does not show major facies variations. 

Devils Creek Formation 

This is predominantly a dolomite and silty shale sequence, with 
occasional siltstone and fine-grained sandstone. Cross-bedding 
is uncommon, but low angle, small to medium scale troughs and 
planar foresets, as well as climbing ripples, are locally abundant. 
Erosional scours up to 10 cm deep, and a breccia consisting of 
slabs of dolomite (up to 30 cm long) in coarse-grained dolarenite 
are present. A few oolite bands and one stromatolite occurrence 
have been found. 

Some 10 km south of the Irregully Gorge (on Edmund Sheet) the author 
was shown an outcrop of Devils Creek Formation (Fig. 1.09), 20 metres 
stratigraphically above the Oiscovery Chert, consisting of chert 
fragments and slabs of dolomitic siltstone in dolomite. This reck 
is interpreted by G.Chuck (1983, pers.comm.) as a debris flow. 

l 
1 

1 
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Fig, 1 .09: Possible debris flow in the Devils Creek Formation. 

The shale, siltstone and fine-grained sandstone beds of the 
Devils Creek Formation are vari-coloured, and often have small 
load casts on the bedding surfaces; the proportion of shale to 
dolomite in the formation is laterally and vertically variable. 

The environment of deposition is interpreted as lagoonal (carbonate 
deposition) and shallow water shoals (coarser grained dolomite, 
siltstone). Shallow water mass-gravity flows however, may have 
occurred locally. 

Overlying formations 

Younger formations of the Bangemall Group than the Devils Creek 
Formation do not occur in the vicinity of the Jillawarra Belt, 
and will only be summarized briefly, here. Description of these 
units is given in Brake! and Muhling (1975) and Muhling et al. 
(1979). 

The Ullawarra and Curran Formations are overlying the Devils Creek 
Formation and are composed of shale, mudstone and chert, with sand-
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stone and minor dolomite (in the Ullawarra Formation). Both 
formations have been deposited in deeper water open marine setting. 

The overlying Coodardoo Formation and Fords Creek Shale are 
characterized by well bedded greywacke, and interbedded shale/ 
siltstone with minor amount of quartz arenite and greywacke. These 
sediments were introduced into the basin by turbidite flows and 
traction currents. 

From the Fords Creek Shale upwards the Mount Vernon Sandstone and 
Kurabuka Formation are characterized by decreasing water depth 
of deposition; a near-shore barrier bar system is inferred for 
the Mount Vernon Sandstone, and lagoonal deposition for the shale 
and mudstone of the Kurabuka Formation. The latter is the youngest 
unit in the western facies of the Bangemall Basin. 

1.2.5. 3. Development of the western facies 

Sedimentation began in the western part of the basin which overlies 
the core of the Capricorn Orogen - the Gascoyne Province. Subsidence 
created horsts and grabens with steeply dinping faults. 

Alluvial fan deposits, on the flanks of horst blocks, are overlain 
by a transgressive marine sequence of stromatolitic dolomite, 
sandstone and pyritic (black) shale, which was deposited in lagoon, 
barrier bar and shelf (at times euxinic) environments. The basement 
granitic and metamorphic rocks were the source of the terrigenous 
elastic sediments. 

The transgressive sequence ended with deposition of the Discovery 
Chert, which covers an area of 38. 000 km2 and shows no major facies 
variations. Gypsum crystal moulds and traces of barite indicate 
the chert was deposited in hypersaline water. 
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A shallow marine platform sequence overlies the Discovery Chert 
and represents shoals of carbonate interfingering with terri9enous 
shale and sandstone. Local debris flows indicate seismic activity. 
An ensuing phase of widespread subsidence is marked by turbidite 
sheets overlain by marine shelf shale. 

The end of sedimentation in the basin is characterized by a 
regressional development from the Fords Creek Shale upwards. This 
is seen as a progradational sequence which could portray the 
last stage of the infilling of the basin before the end of marine 
deposition. 

1.2.6. Igneous rocks in the Bangemall Basin 

The igneous rocks in the Bangemall Basin consist of basic intrusive 
and felsic volcanogenic rocks. The intrusives represent enormous 
volumes of basaltic magma and were injected chiefly as sills, but 
also as dykes. Rhyolite and basalt occur rarely. The following 
description is mainly based on the yet unpublished Bangemall 
Bulletin (in press). 

1 .2.6. 1. Mafic igneous rocks 

a) Dolerite sills 

Dolerite sills crop out over an area of about 143.000 km2 in 
the Bangemall Basin, thus making one of the largest intrusive 
tholeiite provinces of the world. 

Sills can exceed 100 metres in thickness, and may be simple 
tabular bodies, or irregular bodies that vary in thickness 
quite markedly. The most extensive single sheet has a length 
of over 60 km. Sheets are generally concordant with the bedding 
of the country reck but may locally crosscut it in zones that 
vary from less than a metre to hundreds of metres. 
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The sills occur preferentially in shale, siltstone and chert, 

but are uncommon in sandstone. The Discovery Chert and the 
Curran Formation, both relatively thin units, are commonly 
split in two by a sill. Dolerite is especially abundant in 
the Ullawarra Formation. 

Sills are absent from the Tringadee and Coodardoo Formation, 

and the Mount Augustus Sandstone. In the Irregully Formation 
they are present only on Edmund Sheet, in the northwestern part 
of the basin; and they are rare in the Kiangi Creek Fomation. 

There are apparently two controls an the stratigraphic sites 
of dolerite emplacement: 

I) The relation between intrusives and hast lithology can be 
attributed to the relative ease of injection of magma into 

the more fissile rocks at a specific stratigraphic level. 
II) The absence of significant sills in the three lower fom,ations 

(Tringadee, Irregully, Kiangi Creek Formation) suggests 
a time-dependence of dolerite intrusion; i .e. the geotectonic 
situation developed to a tensional crustal regime before 
injection of dolerite took place. 

lt is evident that the sills were intruded before folding of 
the Bangemall Group because they are folded andin fold cores 

are converted to chlorite schist. 

Petrology 

The primary mineralogy of a typical s~ecimen is plagioclase, 
augite, pigeonite or orthopyroxene, magnetite, subordinate quartz 
and orthoclase in interstitial granophyric intergrowth, pyrite, 
and rare olivine. This mineral assemblage is typical of tholeiitic 

rocks. 
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The texture is sub-ophitic, and plagioclase laths are wholly 
or partially enclosed in larger pyroxenes. The grain size is 
usually less than 3 mm. Apart from fine-grained chilled margins 
and gabbroic phases in few thick sills, there is little variation 
in the medium-grained texture. 

The petrology of the intrusive rock is uniform over the region, 
indicating an unvarying origin and rapid emplacement without 
assimilation of country rock. Xenoliths of wall rock are rare, 
but examples occur where flow banding is visible in the dolerite 
around the xenoliths, which themselves have been rounded and 
plastically deformed. 

Chemistry 

Thirteen dolerite samples have been analysed for the Geological 
Survey of Western Australia. The variation in chemistry of the 
Bangemall dolerites is small (Tab. 1.02), and is consistent 
with their uniform appearance and the lack of evidence of 
differentiation. Comparison of the chemical composition and 
C.I.P.W. norms of typical tholeiitic and alkaline basalt else
where in the world (Carmichael et al., 1974; Table 2-1) with 
those of the Bangemall dolerites confirms the latter are tholeiitic. 

A discrimination diagram (Fig. 1. 10), using Ti, Zr and Y, shows 
that the Bangemall dolerites plot in the field of "within plate" 
basalts (modern oceanic island and continental basalts) rather 
than in the field of "olate margin" basalts (volcanic arc and 
oceanfloor basalts), after Pearce and Cann (1973). 
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CHEMICAL COMPOSITIONS OF BASIC INTRUSIONS, BANGEMAU. BASIN 

57 37458 37459 37460 37461 37462 37463 37464 39409 39435 41604 50721 

20 50.80 50.80 53.00 56.60 49.80 51. 10 51 .40 49.80 51.20 48.90 48.00 

61 1.58 1.59 2.66 1. 56 2.47 1. 77 2.26 2.02 1.42 2. 97 1.94 

40 13.80 14.00 11. 30 14.20 12. 70 13.60 14.50 13.00 13.60 12.40 13.30 

70 3.20 2.00 6.50 2.70 7 .10 3.30 5.60 4.00 1.60 7 .10 2.90 

18 8.90 10.10 10.50 8.40 8. 76 8.76 7.94 9.40 8.83 9.33 11.90 

19 0.1B 0.18 0.25 0.16 o. 21 0.17 0.16 0.21 0.18 0.20 0.23 
46 6.80 5.04 2.07 2.39 4. 91 5.17 3.65 5.50 5.37 4.11 5.97 
64 9.18 9.24 4.89 5.74 B.92 8.34 7.B2 10.50 6.12 7 .01 8.56 
29 2.36 2.53 5. 19 3.72 2.37 2.40 2.56 1.67 1.64 3.02 2.86 
59 1.27 1.26 0.79 1.66 0.93 1.78 1.90 0.42 1. 31 1.43 0.57 
15 0.20 0.18 0.50 0.28 0.26 o. 21 0.19 0.20 0.17 G.26 0.14 
57 1.30 1.33 2.08 2.06 1.29 2.67 2.03 3.07 4.77 2.40 3.30 
33 0.33 0.36 0.52 0.35 0.61 0.63 0.42 0.35 0.32 0.43 0.25 
03 0.05 0.05 0.05 0.03 0. l l 0.05 0.06 0.03 3.74 0.04 0.02 

50 100.00 98.70 100. 30 99.80 100.40 99.90 100.50 100. 20 100.30 99.60 99.90 

30 0.60 0.56 0.17 0.50 0.44 0.83 0.83 0.28 0.90 0.53 0.21 
00 300. 00 263.00 330. 00 145.00 308.00 269.00 197.00 233.00 218.00 264.00 470.00 
12 0.14 0.19 0.27 0.50 0.13 0.23 0.27 0.08 0.42 0.17 0.04 

:so 450 500 220 600 300 1000 450 240 350 400 180 
<1 <1 <l <l <1 <l <1 <1 <l <l <l <1 
60 40 40 BQ 60 60 40 80 20 20 80 40 
so 50 45 35 30 so 40 50 40 30 60 50 

120 160 850 70 50 200 170 95 70 90 210 150 
18 18 18 15 21 21 18 18 15 12 18 15 

:20 <20 40 40 40 <20 <20 60 <20 <20 40 <20 

20 10 30 20 10 80 20 10 10 20 10 10 
<1 <l 

70 140 BO 5 15 60 80 30 50 60 55 60 
<5 <5 5 20 10 5 <5 <5 <5 <5 5 <5 
25 35 30 10 94 14 55 80 15 50 45 10 
35 35 35 45 35 40 35 30 50 50 40 45 
<5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 

210 260 210 75 190 200 240 300 200 120 260 240 
ClQ <10 <10 <10 10 <10 <10 10 10 <10 <10 <10 

8 6 70 2 2 80 6 4 6 4 4 16 
cZQ <20 <20 <20 <20 <20. <20 <20 <20 <20 <20 <20 
'<1 <1 <1 <l <1 2 <1 <l <l <l <l <1 
320 280 340 180 280 420 300 460 420 360 550 440 
!25 25 30 so 35 35 30 30 30 25 30 25 
) l 0 200 115 98 110 140 115 82 110 94 125 130 
150 165 180 240 240 420 180 210 150 120 225 135 

nple numbers. Analysis by Western Australian Government Chemical Laboratories. 

LONGITUOE LITHOLOGY SAMPLE LATITUDE LONGITUOE LI THOLOGY 
118°40' l S"E Oolerite 37463 24°55' 15"5 120°05'30"E Dolerite 
118°45'30" Oolerite 37464 25'11'40" 121°53'40" Oolerite 
117°05'50" Dolerite 38409 24°09'30" 116°26'45" Oolerite 
119°2a '45" Oolerite 39435 24°25'15" 117°18'30" Oolerite 

118°10'45" Gabbro 41604 24°16'45" 11a0 JG ·oo" Oolerite 

117°19'20" Leuco·Oolerite 50721 23°41•1s" 115°36 '30" Oolerite 

118°14'15" Fine grained dolerite. 
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Ti 
100 

Yx3 

Fig. 1.10: Discrimination diagram using Ti,Zr and V. Fields of tectonic 
setting of basalts are after Pearce and Cann(1973). 

D - ''Within plate~basalts i.e. ocean island or continental basalts 

C and 8 - Calc-alkali basalts 

B - Ocean floor basalts 

A and 8 - Low-potassium-tholeiites 

The other chemical features of the Bangemall dolerites (Tab.1.03) 
are similar to continental tholeiites in that they have high 
K20, a high Fe203:Fe0 ratio, and high Ba, Rb, Pb, Th and U com
pared with oceanic tholeiites. In summary, the chemistry of the 
Bangemall dolerites could be regarded as that of high-Ti02 con
tinental tholeiite. 

b) Dolerite dykes 
The mineralogy of the dykes is similar to that of the dolerite 
sills. Most are 1 to 2 metres wide, but the largest is 50 metres 
wide and 15 km long. 
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Table 1.03 Geochemical ranges for oceanic and continental 
tholeiites compared with Bangemall dolerite 

Oceanic tholeiite Continental tholeiite 
Karoo Oenpelli Bangemall 

Ki % 0.08-0. 57 0.60-0.95 0. 38-l .06 0.42-1 .93 
Ti02 1.26-2.03 0.45-1.29 0. 95-2.66 l.17-2. 97 

P204 0. 12-0.23 0.03-0.17 0.08-0.37 0. 14-0,50 
Fe2D/Fe0 0.25-0.36 0. 02-0.88 0.09-0.33 0.18-0.81 

K/Rb 230-1020 130-170 224-378 145-470 

Ba ppm 5-16 16-360 149-305 180-1000 
Rb l. 14-22 20-38 9-32 l 0-95 
Sr 90-320 140-400 216-338 75-300 
Pb l. 29-0. 56 <:. 10 2-8 10-80 
Th 0. 15-0.13 80-160 2-40 Ll0-10 
u 0. 09-0.16 8 ,c 2-2 < l-2 
Zr 45-160 85-90 46-170 105-420 

Source of data: 
Oceanic tholeiite - from Table 8-l, colums 1-3 and 5-8, Carmichael 

et al. ( 197 4) 

Karoo - from Table 9-2, columns 2-6, Carmichael et al.(1974) 
Oenpelli - from Table 2, Stuart-Smith and Ferguson (1978) 
Note: complete analyses of Bangemall dolerites are given in Table 1.02 
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Two generations of dykes exist. The earlier dykes are seen 
to be feeders to the sills, while later dykes transsect the 
sills and folds in the sedimentary formations and postdate 
the main period of tectonism. 

Many dykes of the later generation trend between north and 
east-northeast. There are also dykes in some of the north
northeasterly lineaments of the eastern part of the basin,and 
most of these lineaments are probably unexposed dykes. 

c) Basic volcanics 

Some altered basalt occurs in the northwest of Bullen Sheet 
(lat.24° 12'20" S, long. 120°04'30" E). The flow is approximately 
4 metres thick, has a shµrp basal contact on pebbly quartz arenite, 
and is overlain by coarse-grained quartz arenite. 
Unequivocal evidence of basaltic flows elsewhere in the basin 
is lacking. 

1 .2.6.2. Implications of mafic magmatism 

The isolated small basalt flow described above (paragraph c) demon
strates that tholeiitic igneous activity had started while sedi
mentation was still going on. 

A passive intrusion at shallow depth is inferred, in which dense, 
mafic magma flowed gravitationally under less dense sediments. 

The presence of a major tholeiite province where mantle-derived 
magma was passively emplaced at shallow depths in a subsiding, 
infilling basin must indicate a tensional regime in the crust 
during sedimentation. 

The distribution of sills (Fig. 1. 11) shows that the greatest con
centrations occur in the western part of the basin, and along the 
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southern and northwestern margins of the wide eastern part of 
the basin. The pattern suggests (Bangemall Bulletin, in press) 
"anembryonic rift valley which bifurcates into two smaller arms 
east of a triple junction at the 120° E meridian 11

• 

1.2.6.3. Felsic volcanogenic rocks 

Only two definite occurrences of rhyolite and two probable tuffs 
were found during regional mapping of the GSWA,and it is concluded 
in the Bangemall Bulletin (in press) that felsic volcanics played 
a very minor role in the evolution of the Bangemall Basin. 

Rhyolite and felsic lavas 

The most significant rhyolite occurs in the eastern part of the 
Jillawarra Belt within the lowermost West Creek Formation. It has 
been studied and dated (1098: 42 m.y.) by Gee et al. (1976) and 
is described in chapter 2.4. 

Compston and Arriens (1968) dated an acid lava by the Rb-Sr method 
at approximately 1080 m.y.; the location and petrology of the reck 
is not documented, but it is believed to forma dyke and related 
flow in the Jillawarra Formation near Mount Palgrave, in the western
most part of the Bangemall Basin. 

11 km southeast of Abra (24°43 1 43 11 S / 118°39'05 11 E) a further 
volcanogenic rock has been found within ferruginous shale of the 
Backdoor Formation (eastern facies). It is a greyish, massive, sili
ceous rock with angular clasts of altered ferruginous shale, and 
without any lamination or bedding. The area of outcrop is about 
80 x 80 metres and rapid pinching out into all directions can be ob
served. It consists of a very fine-grained quartz-chlorite groundmass 
in which occasional angular and/or embayed quartz grains float. The 
shale clasts are composed almest entirely of chlorite and other very 
fine-grained phyllosilicates. 
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The rock has been interpreted as a waterlain tuff by Geopeko 
petrologists. However, it is plug-shaped and cuts across the 
stratigraphy, it continues along strike for less than 80 metres, 
and it carries angular clasts of country rock; all this rather 
suggests a felsic volcanic vent. 

Possible volcanogenic rocks (tuffs) 

Fine-grained highly potassic rocks were found at two localities; 
one again in the Backdoor Formation 12 km northwest of Tangadee 
(in the eastern facies),and the other in the Ullawarra Formation, 
about 7 km southeast of Jillawarra Bore. 

The possible derivation of high K-content of sedimentary rocks 
from a tuffaceous component has been reviewed by Davy (1975) and 
it is suggested in the Bangemall Bulletin (in press) that the high
potash rocks in the Bangemall Basin renresent devitrified glassy 
tuffs. 

1 .2.6.4. Summary 

The igneous rocks of the Bangemall Basin comprise large volumes 
of mantle derived continental tholeiite and very few occurrences 
of felsites, which probably are products of localized crustal 
melting (Gee et al., 1976). 

Thus, the components of bimodal volcanism are present in the Bangemall 
Basin; however, com~aring the volume of mafic and felsic igneous 
rocks the latter can be neglected. 
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1 .2.7. Mineralization in the Bangemall Basin 

According to the Bangemall Bulletin (in press) 
mineralization in the Bangemall Basin can be divided into the 
following groups: 

1. Lead-copper-barite in the Gap Well Formation of the Jillawarra 
Belt (this Formation correlates with the Irregully Formation 
elsewhere in the Bangemall Basin) 

2. Copper and lead in carbonates of the Irregully Formation 

3. Stratabound zinc with minor copper 

4. Fault/fi ssure de:-iosits of copper at the contact between shale 
and dolerite 

5. Gold at the Bangemall Mining Centre 

6. Surface enrichment of manganese 

7. Stratabound phosphate 

1.2.7.1. Description of low-grade mineralizations outside the 
Jillawarra Basin 

The lead-copper-barite mineralization in the Gap Well Formation 
(Group 1) is one of the main subjects of this study (see section 4). 
Here, only groups 2 and 3 are described; the remaining groups 
seem unrelated to the mineralizing processes operative in the 
Jillawarra Belt and reference is made to the Bangemall Bulletin 
(in press) for 9roups 5 to 7, and to Marston (1980) for group 4. 

2. Copper and lead in carbonates of the Irregully Formation:Minor 
showings of copper and lead (± zinc) are scattered throughout 
carbonates of the Irregully Formation in the western Bangemall 
Group. The mineralization is either disseminated or associated 
with quartz veins, some of which occupy shear zones in dolomite. 
The mineralization may also form irregular lodes within brecciated, 
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silicified algal dolomite (Blockley, 1971). Primary minerals 
commonly are galena and chalcopyrite. Blockley (op.cit.) has 
classified one deposit as Mississippi Valley type. He also gives 
details of the form and grade of all these occurrences. However, 
the Cu-Pb association is uncommon in Mississippi Valley deposits 
(e.g. Sangster, 1976). 

Alcoa of Australia Ltd. (unpublished report) has recently drilled 
three diamond holes into the Irregully Formation between the 
Isabella and Candolle Synclines (app. 24°25• S / 116°58' E). Low
grade Zn-Cu mineralization in carbonaceous mudstone, and minor 
Pb-Zn mineralization in brecciated dololutite were encountered in 
two holes. This mineralization is analogous to the Abra minerali
zation with respect to the following features: 

a) hosted by the Irregully Fonnation (correlating with the Gap 
Well Formation in Abra); 

b) adjacent to a basement structural high of granite, the Mount 
Augustus "Block" (Alcoa Report), like the Coobarra Dome 
east of Abra; 

c) adjacent to a major NE-trending, synsedimentary photo
lineament, marking the eastern margin of the Mount Augustus 
11 Block 11

, like the Abra Fault System. 
An important difference to Abra however, is the dominance of zinc 
and the lack of barium. 

3. Stratabound zinc with minor copper: 
Stratabound zinc-copper occurrences are present in black shales 
and carbonaceous siltstone of the Jillawarra Formation (three 
occurrences) and the Glen Ross Shale Member of the Kiangi Creek 
Formation (one occurrence). 

The mineralogy and geochemical features of the mineralization are 
studied by Smith and Davy (1978), Davy (1980) and Marston (1980). 
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Main primary sulphides are pyrite, sphalerite and covellite, 
and Davy (1980) concluded that the greater part of the minerali
zation has formed syngenetically in unconsolidated sediments, 
in a strongly reducing environment. The mineralizations are 
very low grade and are sub-economic. 

The Quartzite Well mineralization is of particular interest among 
these occurrences of stratabound zinc with minor copper. It is 
located in overthrusted siltstone and calcareous siltstone of the 
Jillawarra Formation, on the northern side of the Quartzite Well 
Fault, in the central Jillawarra Belt (see map 1 for location 
of Quartzite Well, and section C-D on map 1 for structure of the 
Jillawarra Formation). 

The main sulphide mineral is pyrite (up to 60 % of whole rock) 
in several morphological types ran9ing from fine-grained disseminated 
over massive to authigenic euhedra. Locally pyrite is pseudomorphous 
probably after gypsum (Fig. 1. 12) indicating hypersaline conditions 
of sedimentation. Interestingly, Inco Australia interpreted the 
facies of the Jillawarra Formation in their Glen Ross Spring prospect 
(some 30 km WNW of Quartzite \~ell) as hypersaline or sabkha, too 
(P.Harrison, 1983, pers.comm.). 

Pyrite also occurs in the form of atoll structures (Fig. 1.13) 
which are described by Love and Zimmermann ( 1961) from the Mount 
Isa Shale. However, no replacement of the core or the rim by other 
sulphides has been observed. In Tab. 1.04 microprobe analysis of 
various morphological types of pyrite are ~resented. 
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3cm 

Fig. 1.12: Lath-shaped moulds filled by pyrite. possibly 
after gypsum, in black siliceous shale. 

Fig. 1.13: Atoll ~yrite in black siliceous shale of the Jilla
warra Formation. ~!hite - pyrite; grey - shale; black -
ho1es. Base of picture = 0.58 mm, reflected light(-). 
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Table 1.04 
Microprobe analyses of pyrite from carbonaceous shale (up to 60% pyrite) 
with zinc-mineralization, Jillawarra Formation 

76-14-25Om 76-14-25Om 15916 15916 15916 
anhedral, subhedral, euhedral atoll-core atoll-rim 
massive aggregates 

Fe 46.142 46.023 45.689 45.588 45.328 
s 52.601 53.699 52.409 47.603 51.152 
As 0.348 0.058 2.274 l. 005 1.556 
Co 0.000 0.000 0.000 0.000 0.000 
Ni 0.000 0.051 0.001 0.031 0.075 

Total 99.091 % 99.831 % 100.373 % 94.227 % 98.110 % 

Fe 47.044 46. 077 46.026 44.996 45.675 
s 54.359 54.042 50.919 48.157 50.165 
As 0.217 0.097 0.329 l. 566 l. 219 
Co 0.000 0.000 0.000 0.000 0.000 
Ni 0.000 0.000 0.015 0.030 0.115 

Total 101.619 % l 00. 198 % 97.289 % 94.750 % 97.174% 

Fe 47.253 44.707 45.434 45.594 
s 53.981 50.709 51.082 51.815 
As 0.117 2.857 l. 991 1.224 
Co 0.000 0.000 0.000 0.000 
Ni 0.004 0.000 0.000 0.039 

Total 101.356 % 98.247 % 98.507 % 98.673 % 
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Sphalerite is the main ore mineral, and occurs in veins, disseminated 
or as irregular masses within aggregates of pyrite. Microprobe analyses 
(Tab. 1.05) are in accordance with the Fe-content reported by Davy 
(1980) for sphalerite from the other stratabound zinc with minor 
copper occurrences in the Bangemall Basin. 

Tab. 1.05: Electron microprobe analyses of sphalerite 

Quartzite Well 76-12 195.2 m, "ore chert" 

Fe 0.687 2.378 2.246 1 .280 
Cu 4.004 1.170 0.294 1.407 
s 30.819 32.647 33.795 33. 167 
Zn 64.581 66.376 62.045 6 1. 664 
Cd 0. 123 0.180 0.258 0.278 
Mn 0.003 0.000 0.000 0.000 
In 0.000 0.000 0.000 0. 137 

Total 100.217 102.751 98.737 97.933 

The above description of the Quartzite Well mineralization is 
intended to highlight some features which may have connotation for 
the ore forming processes of the Abra-type mineralization. A more 
detailed and comprehensive study of the Quartzite Well mineralization 
is given by Davy (1980). 

Most striking is the predominance of zinc in the Quartzite Well 
mineralization as opposed to the copper-lead dominance and paucity 
of zinc in the Abra-type mineralization. In view of the different 
metal abundances the conclusions of Davy (1980) seem inappropriate. 
He suggests that the source of metals is either connate or paleo
river (spring) water for zinc, and mechanical erosion of older strata 
for (detrital?) copper. But connate or other ground waters should 
transmit the geochemical characteristics of the underlying strata, 
i.e. should be Cu, Pb dominated and not carry zinc. For the copper 
sulphide, a detrital origin from e.g. the adjacent "basement high" 
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(the rocks of the Manganese Range Anticline, see map 2) is unli kely, 
because this area was covered by younger sediments at that time, 
and has been upfaulted and eroded after the deposition of the Bange
mall Group (see chapter 2. 3.). 

In this study it  i s  concluded that the metals were derived from 
hydrothennal solution which ascended along the Quartzite Well Fault. 
The vicinity of most of the stratabound zinc with minor copper 
occurrences to major fault zones or li neaments is recognized in 
the Bangemall Bulletin (in press) and it is tentatively suggested 
that they princi pally have the same mode of origin. 

The barium content of the Quartzite Well mineralization (about one 
order to magnitude higher than the other mineralization) may indi cate 
a link to the Abra-type hydrothermal system; this possible relation 
is discussed in chapter 4.7. 

1. 2. 7. 2. Summary 

The mineralizations in  the Jillawarra Belt have features in common 
with the Zambian Copperbelt (Fleischer et al., 1976) and McArthur 
River (Lambert, 1976) for group 3, and carbonate hosted lead-zinc 
deposits (Sangster, 1976) or sedi ment-hosted massive sulphide deposits 
(Sangster and Scott, 1976) for group 2. However, the metal abundances 
wi "thin these groups of mineralizations are unique. and render com
parfson wtth the above deposits difficult. 

All mi :nerali .zations i.n the Bangemall Basi.n are sub-economic with the 
excepti .on of the Abra mfneralization, Section 4. Currently, no mini ng 
activities occur. Mi ning in the past included treatment of approximately 
6000 tons of Cu-ore and concentrate yielding 1403 tons of copper 
(Marston, 1980), from the group 4 type of mineralization. And 4.735 kg 
gold recovered from 179'.18 tons of ore in the Carnarvon Gem, the main 
mine of the Bangemall Mini ng Centre (group 5). 
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Section 2 The Jillawarra Belt 

2. 1. Introduction 

In the course of the GSWA 1 : 250 000 mapping program of Western 
Australia the area of the Jillawarra Belt (on Mt Egerton 1: 250 000 
sheet) was mapped by P.C.Muhling, A. T.Brakel and W.A. Davidson in 
1973-4. In their map and the respective explanatory notes (Muhling 
et al., 1978) they attributed the rocks of the Jillawarra Belt 
to the Irregully and Kiangi Creek Formation. 

In the explanatory notes of the adjacent sheet to the east (Collier 
1 : 250 000 sheet, Brakel et al ., 1978), however, the authors state 
a "more complex defonnational history in the phyllitic varieties" 
of the same rocks and therefore postulate an older age. They conclude 
that the rocks are related to the western part of the Nabberu Basin 
and that they may be equivalent to either the Padbury Group of 
Robinson Range (Elias and Williams, 1977) or the axial sequence 
of the Glengarry Sub-basin (Bunting et al., 1977). 

Similar uncertainties with respect to the stratigraphic position 
of the rocks of the Jillawarra Belt are evident from company reports: 
while Geopeko (1980) attributes them to the Bangemall Group, Amoco 
(1977) i_nferred an upthrusted block of older Proterozoic rocks. 

There are i_ndeed a number of distinct features of the Jillawarra 
Belt which have not been reported from the Bangemall Basin: 
a) An apparent high metamorphic grade expressed by some chlorite

biotite-quartz-magnetite schists of the Manganese Range and a 
widespread chloritization of sedimentary rocks in the Jillawarra 
Bel t. 

b) The variability in lithology of the chloritic carbonate rocks 
compared to the dolomitic siltstones and dolomites of the 
Irregully Formation in the Bangemall Basin. 
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c) The occurrence of tight anticlines and open synclines, both with 
subsidiary folding on the limbs while in the Bangemall Basin 
usually the synclines are tight. 

d) The apparent lack of mafic igneous rocks so abundant in the 
Bangemall Group (i. e. the dolerites). 

Four model lead datings performed by J.R.Richards since 1980/81 
put further constraints on the age of the Jillawarra Belt. For the 
fault mineralization of the Quartzite Well Fault the model ages 
yield 1490 m.y. while for samples from the TP Prospect and 46-40 
Prospect (see map 3 for locations) the calculated age is in the 
order of 1510 ± 10 my. (Richards, written communcation, 1982). 
Leads from the Abra mineralization give an apparent age around 
1600 m.y. However, isotopic inhomogeneities (i.e. mixing) of the 
lead masses analysed cannot be excluded (Richards, written communi
cation, 1984). 

To clarify the uncertainties cased by the peculiar geological 
features and the problems of the lead-lead modelling a study of 
the sedimentary and tectonic history of the rocks of the Jillawarra 
Belt was undertaken. In the following chapters the results are 
presented which attribute the Jillawarra Belt to the Bangemall 
Group and thereby erect a stratigraphic and tectonic framework 
for the genesis of Abra Pb-Cu-Ba mineralization. 
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2.2. The basement 

Granitic basement is occupying large areas in the Coobarra Dome 
at the eastern margin of the Jillawarra Belt. The granite is a 
biotite-muscovite adamellite which is deeply weathered leaving 
a loosely aggregated rock with gritty appearance. Probably due 
to weathering the only abundant minerals recognized in hand
specimen are even and medium-grained muscovite and quartz arranged 
in typical granitic textures; foliation is poorly developed; locally 
some quartz-tourmaline veins and pegmatitic phases are present 
and veins of colourless fluorite have been noted occasionally 
(Brakel et al ., 1978). No thin section could be prepared from 
this rock. 

In 1981 a very small granitic outcrop has been found in the 
bottom of a creek bed in the western part of the Jillawarra Belt. 
lt is stratigraphically important as it is forming the core of 
the Woodlands Dome which now is the only locality where the entire 
stratigraphy of the Jillawarra Belt can be seen. Of the Bangemall 
Group overlying the eastern granite some 1000 metres of the Gap 
Well Formation are missing. 

Whereas the eastern granite is overlain unconformably by the Bange
mall Group, in the area of the western granite poor outcrop renders 
the same statement difficult; it is assumed in this study, though, 
that the granites fonn a common basement to the younger rocks of 
the Jillawarra Belt. 
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2.3. Stratigraphy, lithology and facies of the Bangemall Group 
in the Jillawarra Belt 

In view of the distinct nature of the rocks outcropping and en
countered in drill holes in the Jillawarra Belt, and their apparent 
peculiarity, new stratigraphic terms have been designed. 

The lowermost part of the sedimentary succession rests unconformably 
on granitic basement; it is now termed Gap Well Formation, which is 
overlain by the West Creek Formation. From the West Creek Formation 
upwards the sirnilarity of the rocks of the Jillawarra Belt with Bange
mall formations elsewhere allows the use of established formation 
names of the Bangemall Group. Table 2.01 shows the stratigraphy 
of the Jillawarra Belt and the possible correlation with the Bange
ma 11 Group. 

Field mapping of the Gap Well Formation, in which the mineralization 
occurs, suggests a subdivision into six units. Total thickness can 
exceed 1000 metres. The hanging wall West Creek Formation - lacking 
significant mineralization - consists of four units and its thickness 
is in the range of 1000 metres, too. 

In the Jillawarra Formation a lower dolomitic and/or arenaceous 
unit can be distinguished from the well known upper shaly 
·portfon. 

It should be noted that these subdivisions have been established 
on the basis of field appearance; in drill core the respective 
lithological boundaries are sometimes difficult to recognize. In 
this chapter the stratigraphic units of the Jillawarra Belt are 
described with respect to their field characteristics, their re
presentatives in drill cores and their petrology. For each unit 
the assumed depositional environment is discussed at the end. 

The classification of the clastic rocks was performed according to 
Pettijohn (1975}, that of the carbonate rocks according to Dunham {1962)· 
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The term calcareous implies a carbonate component in general 
which comprises calcite, dolomite and some Fe-Mn carbonates . 

For evaluation of the petrology thin sections from about 160 
field samples and about 100 core samples were examined. In 
figure captions to the photographs of thin sections, (+ ) indicates 
crossed nicols and (-) parallel nicols. 
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2.3. 1. The Gap Well Formati on 

i s  subdivided into 6 uni ts whi ch are nurnbered GW 1 to Gl-16 comori sing 
the basal 1 000 metres ef the Bangemall Group. Thi s formati on is 
charac terized by dominant carbenates, and the name Gao Hell i s  
deri ved frern the Gap Well and Bore, 24° 38 ' 5, 1 1 8° 1 4  E ,  where 
topograohi c delerni te ri d9es are abundant. 

2 • 3 • 1 • 1 • GW 
1 

Thi s uni t i s  eutcroppi n� only i n  the central part of the Woodlands 
Dome, di ppi ng radi al ly away from the 9ranite cere. Its thi ckness 
exceeds 1 00 metres wi th a vari able lithelo9y. Abundant quartz 
vei ns (up to 20 cm wide ) fom an i rregular cross rattern of 11 reefs 11 

i n  the breakaway valley plains. 

The base of  thi s uni t consi sts of a basal 9ri t whi ch formed on the 
0raniti c surface. The field anpearance i s  that o f  a quartz-muscovite 
reck with poor schistosi ty. In thi n secti on i t  is  confi med that 
the rock is composed only of quartz and muscovite. Quartz i s  
characterized by large angular grains, a few mederately rounded 
grains and aggre�ates of cherty quartz. �1etamor9hi c mus covi te flake>s 
are abundant, eccurri ng i n  a heneycemb texture within QUartz. Seme 
textures resemble seri ci tized feldspars; however , the zones of 
reli ct-feldspar are rnade up ef quartz ( Fi q. ?..01 ) .  
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Fig. 2. 01: Angular quartz a9qregate resembling feldsnar ; 
in a quartz-muscovite matrix. Base of oicture = 
3.6 mm (+ ). 

An irregular banding, expressed by the arrangement of quartz and 
muscovite may be interpreted as either inci o i ent schistosi ty or 
relict bedding. 

A rock chip from a percussion drill hole at Coobarra Hill (i.e. f rom 
the area of the eastern granite ) exhibits a similar texture ; however ,  
the composition is dominated by microcline (plus some sanidine) and 
quartz with subordinate newly g rown muscovite, minor plagioclase , 
weathered biotite and rare chlorite and zircon . 

From the fact that ootash fel dsoar was not si0nificantly altered 
and muscovite is the only newly formed mineral a very low metamornhic 
g rade can be inferred. 
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The basal grit  above both the western and eastern �rani te orobably 
was deposi ted as a talus slope breccia durin9 ti mes of subaerial 
exposure of the granite. 

The dominant rock type of the GW1 unit however, is a lami nated 
shale and si ltstone whi ch often has a sili cified anpearance 
(possibly due to surficial processes) . Locally the siltstones are 
very ri ch i n  irregularly di stributed cubi c moulds, probably re
presenti ng former pyri te cubes. 

In thi n section serici ti c shale i s  i ntercalated wi th well defi ned 
thin layers (50- 700 µ )  of poorly sorted and noorly rounded siltstone . 
The siltstone layers consist of angular to subrounded auartz , 
detrital ( ? )  muscovi te and few tourmaline grains whereas the shale 
bands are dom i nated by mi crocrystalline 9hyllosili cates with browni sh 
ti nt (surfi ci al ?), some muscovite flakes (400 w )  - elonqated parallel 
to beddi ng  - and rare scattered quartz grai ns . No feldspars have been 
observect . Same di ffuse opaque aggregates (ca . 200 µ i n  diameter) in 
the shale possibly are organi c remains .  

Areni te beds are more abundant i n  the basal portion of GW 1 . They 
consist of poorly sorted, moderately rounded medi um to coarse-grained 
quartz sandstone with mi nor tourmaline and rare zircon . The matri x 
of very fi ne-grai ned phyllosilicates has a browni sh ti nt . lt i s  remark
able that no feldsnars could be found although a relatively close, 
probably grani tic source for the clasti cs can be assumed . However, 
aporoxi mately 5 % angular quartz-seri cite ag�re�ates may re�resent 
sericiti zed feldspars whi ch have been si li cified later ( Fi0s. 2.02 
and 2 . 03 ) . 

. 1 



.. · - ·  ·- ---·-· · ·---------- -- ---

- 54 -

Figs . 2.02 and 2. 03 :  Angular quartz-sericite aqgregates resembl inr, 
sericitized fel dspars ; in medium to coarse 
grained quartz sandstone. Base of pictures = 
0.9 mm { - ) .  
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Another significiant rock type is a massive, micritic dolomite with 
abundant magnetite throuqhout,and frequent quartz-carbonate-barite
magnetite veins . This rock has only been encountered in the bottom 
1 00 m of a diamond drill hole (TP-81-8) of the TP-prospect ca. 2,5 km 
east of Woodlands Dome, where its position in relation to the over
lying units GW2 to GW6 places it in GW 1 . If this massive dolomite 
is accepted as time-equival ent of the clastic rocks, the GW 1 -unit 
can be seen as a time of rapidly varying sedimentary environments , 
laterally and probably with time. 

A near-shore , �erhaps deltaic environment with carbonate deposition 
in a more seaward position - indicating that seaward was due east 
with respect to the Woodland Dome - might account for the features 
described. 

2 . 3.1 . 2 .  GW2 
The distribution of the GW2-units is shown in Fig . 2.04 . This unit 
forms prominent topographic highs of dolomite on both sides of the 
\�oodlands Dome and is encountered in 2 diamond drill holes in this 
western area (TP-81-8, TP-Prospect and WD-8 1 -5 ,  Woodland Prosoect , 
Fig. 2 . 05). In the Manganese Range Anticline the ol dest rocks ex
posed are also attributed to the GW2-unit, consisting of chloritic 
siltstone and coarse arenite. Thus this unit, ll/ith a thickness 
of about 100 metres , can be subdivided into a western carbonate and 
an eastern clastic facies. 

The carbonate facies comprises silicified, often manganese capped 
dolomite (Fig. 2 . 06) which are distinctly laminated and locally 
stromatolitic. The stromatolites are extensively altered, at least 
partially through suficial orocesses, therefore no determination 
was possible . 
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Fig. 2.06 :  Silicified, lami nated dolomite of the GW2-unit 

On both s i des of Woodlands Dome the dolom i te forms r i dges with 
approximately 1 km strike leng th. The southern body is almost 
surrounded by coarse-grained aren ites - possibly former li mesands -
while the cl asti tes in the vicinity of the northern body are finer 
grained. 
The dolom i te i s  micritic with some l enses and streaks of neomo rphic 
sparite. Layering is defined by variable amounts of d ispersed 
organic material. The amount of clasti c  quartz grains is probably 
less than 5 % ;  some of the quartz now visible in thin section 
seems to be introduced by early silification processes as wi t
nessed by small, wispy and d i scontinuous �uartz veinlets bordered 
by sparitic carbonate. 

In some of the lenses of  neomorphic sparite newly grown euhedral 
carbonate crystals have incorporated organic material during 
growth (F ig. 2.07). 
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Fi g. 2.07 : Part of  a di srupted algal layer i n  mi cri ti c carbonate. 
During decay of the organi c  materi al spari ti c 
carbonate has grown i nto the l ayer . Central parts of 
the layer consi st of quartz . Base of pi cture = 3 . 6  mm ( -). 

Crystal growth has been i ntermittent as i ndi cated by repeated 
layers of organi c material charti no  the tri gonal ed�es of several 
growth stages. These spari ti c  carbonates commonly form the maroi n 
of the lenses while the centre i s  fi lled wi th quartz. On the scale 
of a thi n section i t  becomes evident that the lenses are a di s
rupted thi n layer ( ca .  1 mm) of an mi crobial mat . 

If one assumes that the decay of the mi crobi al mats �ai nly occurs 
diageneti cally it  follows that spari ti zation i nto ooen soace created 
by the organi c decay was also di aaeneti c. The central auartz fi lli ng 
could not have been much later, as vo i ds i n  a soft sedi ment would 
be destroyed by i ncremental comoaction. 
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The presence of quartz in the centre of the lenses further 
indicates that the chemistry of the diageneti c  format ion waters 
in a carbonate sedi ment p i le once reached si lica saturation . 

The clasti c  facies occurs i n  the Manganese Range Anti cline. In 
the eastern part hi ghly chlori tic shale and siltstone, locally 
with streng schi stosi ty obli terat i ng the beddinq, are forming 
the southern li mbs of the anti cli ne. Due west towards the probably 
synsedimenta ry �"anganese Ran!'."e Fault) a promi nent cross-bedded 
aren ite ridge is  over- and underlain by dolom it ic  si ltstone and 
shale . 

The arenite can be classified as a well rounded, moderately sorted, 
medium to coarse-grai ned quartz sandstone . On fractures in the ouartz 
grai ns carbonate rhombs can be found. The i ntersti ces are fi lled 
ei ther wi th s il ica cement, or w ith some opaque cubes (pyrite ) and 
some dark brown to black clusters of  needle-l ike minerals 
(20 µ lang ) of rutile or oseudobrook ite .  The presence of stromatolites 
i ndicate a shall ow-water env i ronment . Limited stri ke extent and 
surroundi ng clastics suggests that the dolomi tes of the Woodlands 
Dome are patch reefs. Although a mai n feature of natch reefs is 
their isolated occurrence (James, 1979) the GW2-reefs are found 
almost symmetri cally on both si des of the l.Joodlands Dome . A possible 
explanati on would be that the dome had been already emergent i n  
GW2-times, whereby the central dome was a lagoon or tidal flat 
bordered seawards by some oatch reefs (in the sense of  isolated 
components of  a barrier reef ).  

The hi gh degree of  round i ng of  the arenite at the Manqanese Ranqe 
Anticline suggests a similar environment where the barrier is built 
of  beach sand; however, the arenite itself bears no cl ear evidence 
of  such a facies as it i s  generally di fficult to reco�nize the 
specific fac ies of  high energy deposits and i denti fication only is 
possi ble through evaluation of  the environmental context. 
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The dolomitic siltstones and shales including the chlor i tic 
schi sts in the Man9anese Range Anticline (probably chloritized 
former dolomitic lut i tes, cf. chapter 4 . 6 .)  nossibly represent 
the corresponding intertidal facies. 

2 • 3 . 1 . 3 • G�J 
3 

The distribution of the G\�3-unit is shown in Fiq. 2.08. The G\•13-
unit, which outcrops in lar9e areas of the Man�anese Range Anti
clime , has a thickness of 100- 1 50 metres. On the limbs of Woodlands· 
Dome and in diamond drill holes in this western part of the 
Jillawarra Belt ( TP-81-8-8, WO 8 1 -5 ,  see Fig. 2.05) thi ckness 
is variable and si qnificantly less than in the Manqanese Ranae 
Anticline. 

In the west, outcrop is poor and disconti nuous. The dominant 
rock type is a dolomitic fine- grained si l tstone with some inter
beds of ferruginous arenite ; in dri ll core dolomitic siltstone is 
seen to have interbeds of carbonate-cemented arenite sugqesting 
that the ferruginous arenites in outcrop have formerly been 
dol omiti c .  

A similar rock type in the southern limb of the Man(!anese Ran0e 
Anticline however, lacks carbonates. Here the seri citic, chlor iti zed 
siltstone has numerous interbeds of arenites from 5-300 cm in thick
ness . These commonly show ripole marks of the irregular , symmetrical 
type and are not current ripnles. On the northern l i mb, part i 
cularly in proximity to the Quartzite Well Fault and its sub
sidiaries, deformation is strong and a strono schistosi ty obliterates 
the bedding. Significant amounts of iron and manqanese seem to have 
been added to the original sediment here, thus the field appearance 
is that of a black maqnetite-chlori te-quartz schist. 

The petrology of rocks from the Manganese Range Anticline is remark
ably simple. Quartz , magnetite and chlorite in various proportions 
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are the dominant constituents with common mus covite and/or 
sericite plus rare tourmaline and zircon. No feldsoars have been 
found, and the occurrence of  carbonate seems restricted to 
marginal, less  deformed or altered rocks away from the major fault 
system. 

In thin sec tion the common siltstone is fine grained, sericitic 
and conta i ns ubiquitous disoersed opa�ues . Some very coarse 9rained 
detrital quartz grains are scattered irreqularly through the rock. 
Chlorite i s  abundant and enriched in certain layers. Areas of 
complete quartz recrystallization are often free of chlorite. 
Chlorite frequently has grown in pressure shadows of ma9netite 
grains ( Fig. 2. 09) which can be taken as evidence that a) chlorite 
generation po stdates that of maqnetite and b) the formation of this 
chlori te is related to tecto-metamorphism. 

Fig. 2. 09 : Growth of chlorite in the oressure of shadow of 
magnetite gra i ns. Base of picture = 3.6 mm (+). 
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Muscovite behaves si mi lar to chlori te : it  clearly has fonned 
later than the magneti te qrai n it  i s  surroundi nq (Fi g. 2 . 1 0), 
and it  i s  also taili ng the edges of euhedral magnetite qrains 
( i .e. has grown in  the pressure shadow). 

Fig. 2. 1 0: Muscovi te surroundinq euhedral magnetite. 
Base of picture = 0.9 mm (+). 

Both chlorite and muscovi te have probably been generated throu�h 
the same process at the same time and i t  i s  assumed that compositional 
vari ati ons i n  the ori qinal sediment had some control on the type of 
phyllosili cates eventually formed. 

The arenites often i nterbedded wi th the above si ltstones are poorly 
sorted and poorly rounded, medium to coarse-grained quartz sandstones 
wi th minor tourmali ne. The matri x consi sts of fine grained chlorite 
and few scattered muscovi te flakes ; embedded i n  the matri x are 

\ 
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1 0- 1 5  % subhedral , sometimes fractured magnetite qrains . 

In both arenites and siltstones opa�ue material of the following 
forms is abundant: 
a) disseminated subhedral or euhedral magnetite qrains (0.1 - 1 mm ) 

which have grown prior to deformation . The grain size seems to 
decrease with the grain size of the surroundinq silicates. 

b) thin (0.05 - 0.5 mm ) wispy layers - up to 5 mm lonq - of an 
amorphous dark brown material (arranged oarallel to the incipient 
schistosity) . They are possibly a late diaqenetic product of 
formerly more dispersed iron oxides and had existed prior to 
the final compaction . They 11 wrap" around some detrital quartz 
grain (Fig. 2 .  1 1 ) .  

Fig . 2. 1 1 :  Amorphous iron (hydr-) oxide layer (dark ) wrapoed 
around clastic auartz grains. Base of picture = 
3 . 6 mm (- ) .  



w 
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c) fine crystals ( 1 5-50 µ ), dispersed in ohyllosi licate-ri ch 
portions and recrystal lized quartz layers . The crystals are 
ei ther anhedral or subhedral and el ongated paral lel to the 
bedding. From this elongated crystal shane, in places resemblinq 
distorted rhombs (Fig. 2. 1 2 ) , it is inferred that they are 
hematite. 

Fig. 2. 12: Rhomb-shaped crystals of iron oxides in re
crystallized quartz. Base of picture = 0. 9 11111 (-). 

The absence of significant maqnetite/hematite bearing veins , the 
schistose and dispersed nature of the finer iron-oxide phases 
and the age of l arger magnetite grains relative to chlori te/ 
muscovite suggest that most of the iron oxides have existed prior 
to faulting and thrusting al ong the Quartzite \.Jel l Fault and that 
the tecto-metamorphism accompanying the thrustin9 merely l ed to 
redistribution of the iron. 



- 67 -

Paar outcrop i n  the west (Woodlands Dome )  and hi gh grade of deformati on 
in the east { Manganese Range) comolicate the facies analysi s .  In order 
to evaluate the nature of the ori ginal sedi ment the lack of carbonate 
in the GW3-un it  of the �anqanese Range requires consideration: In the 
west as well as i n  the Manganese Range the sediment is a siltstone 
wi th several areni te i nterbeds1 and it i s  assumed that in both areas 
the sediment oriqinally was carbonate bearin9. In the Manganese Ranqe 
a later hydrothermal system resulted i n  extensive silification and 
introducti on of i ron , manqanese ( and base metals) , and expl u s ion 
of carbonate. The nature and si qnificance of these processes wi l l  
be discussed elsewhere ( see Chapter 4 . 6. ). 

Thus, for the facies interpretation it  i s  assumed that the GW3-
sediments are fine gra ined, laminated , carbonate-bearinq siltstones  
wi th symmetrical ripple marks, irregularly i ntercalated wi th a 
number of medium- to coarse-grained, ooorly sorted and ooorl y  
rounded, carbonate cemented areni tes. Such sediments are commonly 
encountered i n  an i nterti dal env i ronment  where deposition of f i ne 
clastics and carbonate occurs. Action of tidal currents produces 
syrnmetrical ri9ple marks, and the ooor roundness and sortinq of 
the i nterbedded arenites su�gest deoosi ti on as storm deposi ts 
( Di mroth, 1 979). 

2.3.1.4. Woodlands Arenite Member ( GWwtµ 

The name o f  thi s sub-uni t i s deri ved from the �1oodl ands Dome around 
which it forms a prominent ridge of about 2 km strike length. It is 
convenient to give this uni t  a s peci al member name because i t  i s  
consi stently m ineralized with barite and chalcopyrite (Fi�. 2.1 3 ) .  
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F i g. 2 . 1 3 :  Ba ri te vein in. coarse-9rained Woodlands Arenite 

This un i t  also outcrops in the Jeds Anticl i ne and in the �anganese 
Range Anti cline ( Fig. 2. 1 4). On the southern s i de of the lfoodlands 
Dome the un i t  i s  absent, i n the Manganese Rano,e Anticline massive 
arenite is restri cted to the northern l imb and the eastern closure. 
On the southern limb abundant i ntercalated siltstone render dis
ti nction from the GW3-unit difficult and i t  could be argued whether 
the uni t  is absent here. 

In the Woodlands Dome area the arenite usually is manqani ferous 
and massive with indistinct bedding. Only the western part of the 
outcrop has some medium scale (1 m) planar cross  beddin�. Planar 
cross bedding and rinple marks are common in Jeds Anticline. In 
the Manganese Range Anticline the arenite is man9aniferous and 
massive, and planar (occasionally of trough type) cross bedding 
is visible. 

Locally, i n  Jeds Anti cline and �anganese Ranqe Anticline, inter
calated conglomerates occur, consisting mai nly of well rounded 
quartz oebbles ( about 0 ,5  cm in diameter). 
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The Woodlands Areni te Member is a coarse-qrained, rounded, 
moderately sorted quartz sandstone, the quartz grains having 
wide seams of secondary quartz . The intersti ces are occupied by 
ferroan carbonate (ferroan dolom i te ;  about 10 % Fe as detenni ned 
by electron mi croprobe). Abundant anhedral to subhedral opaques 
(mai nly magnetite) usually are dis nersed in  the carbonate 
( Fig. 2. 15). 

, Fi g. 2.15: Magneti te grai ns dispersed i n  ferroan carbonate. 
Base of pi cture = 0.9 mm (- ) .  

Anhedral i rregular masses of bari te i ntermittently are present i n  
places, and various amounts of chlorite and biot i te are abundant . 
Only chlori te however, has been found alonq the cleavaqe of feld
spars ( Fi g.2.16) . 
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Fig. 2. 16: Chlorite on the cleavage of a feldspar grain; 
associated ferroan carbonate and quartz. Base of 
picture = 0 . 9  mm (-). 

Al l feldspars seem to be authigenic, the existence of chlorite 
a l ong the cleavage of plagioclase suggests that they fo rmed early, 
p robably during diagenesis (Tröge r ,  1969). Some feldspars associated 
with magnetite are distinctly zoned, microprobe ana l ysis revealed 
that they are barium bearing hyalophane (Fiq.2.17) . 

.. ·, ,. ,! . .  
•

,-
1 ·  . •  

Fig. 2.17: Zoned subhedral hyalophane in recrystallized quartz. 
B ase of picture = 0. 9 mm (+). 
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All components are cemented by abundant secondary quartz the 
amount of which could hardly be produced by recrystallization of 
the detrital grains. Most likely additional quartz, together with 
barite, carbonate and magnetite was introduced into the coarse 
grained arenite, possibly during dianenesis . Same interstices 
are filled by a secondary auartz-euhedral carbonate-disnersed 
opaque phase. Fiq. 2 . 18 illustrates the mobility of these 
components . 

Fig. 2. 18 : Quartz phase interstitial to carbonate containin9 
inclusions of sub-euhedral carbonate, opaques 
(mainly magnetite) and barite . Base of picture = 

0.36 mm (-) . 

In the Jeds Anticline the 1 imits of the G�lw4 outcrop are defined 
through subsidiary faults of the Quartzite Well Faul t. In praximity 
to one of these faults the arenite is veined by silica-ma9netite 
with an adjacent hematite zone of several millimetres width 
(Fig. 2 . 19). 
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Fig. 2 . 1 9 :  Maqnetite veins with hematite halo in silicified 
arenite. Base of picture aporoxiMately 1 m. 

This veining has caused some recrystallization of quartz in the 
i mmediate vicinity to the vein ( 1  mm ) . However , the whole outcrop 
( 1 00 x 30 metres) is characterized by silification and abundant 
disseminated magnetite. 

The veining probably is contemporaneous with faultinq of the 
Quartzite Well Fault; the straight and sharo nature of the veins 
resembles veininq in lithified rocks and the hematite alteration 
would be more diffuse in a still water-rich diagenetic sediment. 
However, it is uncertain whether al l iron and silica enrichment 
of the rock can be attributed to the veining. 

Whereas in core samples Fe-carbonate in the intersti ces i s  ubiquitous 
it is lacking in field samples, where the interstices are occupied 
by diffuse quartz- i ron- ±chlorite phases which rnay represent the 
weathered Fe-carbonate (c.f. chapter 4.6.). 

A barrier beach complex would serve as a 9enetic model for the 
depositional features observed. The arenites are well rounded, 
coarse-grained, possibly with some penecontemooraneous carbonate 

as a cementing component. Planar cross-bedding is dominant over 

trough cross-bedding. Strike length is restricted , the occurrence 
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of the unit is widespread however. According to the facies model 
of barrier island systems ( Reinson , 1979), these features are 
compatible with the tidal delta/barrier island narts of the 
system. 

With the above facies interoretation, the Woodlands Arenite Member 
would be time-equivalent to the GW3-unit. Thus, the \�oodlands 
Arenite would represent the barrier island system to the r,w3 inter
tidal flats. This view is sunported by differences in thickness 
of GW3 an the Woadlands Dome : In the North where the Woodlands 
Arenite has a thickness of mare than 100 metres GW3-outcroo is 
small; however, an the southern side Woodlands Arenite is absent 
but GW3-thickness is si9nificantly larger than in the North. 

2.3. 1.5 . GW5 
The distribution of the GW5-unit is shown in Fig. 2.20. 
This unit has variable lithology and thickness. It was encountered 
in several diamond drill holes (see Fiq. 2.05) with a thickness 
ranging from 250 to 330 metres. Defining the uoper and lawer limits -
particularly when the GW\�4-unit is absent - sometimes is difficult 
due to generally similar litholoay af GW3, GW5 and GW6. 

Laminated siltstone with interbedded arenite are the prevailing 
rock types. The siltstone frequently is calcareous, ripple marks 
are common. At one locality in Jeds Anticline the method of Tanner 
( 197 1) for water-de9th calculation was applied to some short, 
irregular, syrnrnetrical ripple rnarks in fine-9rained sandstone. With 
an  assumed grain size of 120µ the calculation yielded a water depth 
of 10 1 s of centirnetres, a wave height of about 10 centimetres and 
a fetch (distance frorn shore line) of 10 1 s of kilornetres. If the 
value of the fetch ( which is commonly less with such a water depth) 
is real, an unusually wide shallow water area was present at that 
time. 
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Arenite i ntercalations are abundant forming either massive bodies 
of less than 50 metres strike length or thi n sheets ( 1 0  - 30 cm 
thi ck) wi th greater strike length. Parti cularly in the sheet 
like arenites, cross bedding varies from hi gh to low angle with 
respect to the bedding planes , the type of cross bedding bein9 
dominantly planar. 

Towards the top of this unit, regular intercalation of fi ne-grained 
dolomi tic siltstone and calcareous wacke is common, givinq the rock 
a rhythmi cally bedded appearance (Fig. 2.21). 

Fig. 2.21 : Rhythmically i nterbedded dolomitic siltstone 
and calcareous wacke in Jeds Anti cline. 

Occasionally the unit is represented by isolated dol omite bodies, 
locally with some hi therto unknown stromatoli tes (Fi �. 2 . 22 )  
forming the top of a well lami nated (mi crobi al mats ? )  fine
grained dolomiti c wacke sequence. 
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Fig. 2.22: Unknown stromatolites in dolomite of the upper 
GW5-unit . 

South of Woodlands Dome a prominent ridge consists of chloritic 
fine-grained arenite with intercalations of coarse -grained arenite 
plus thin (about 20 cm) quartz-pebble conglomerate. Locally very 
coarse grained, poorly sorted conglomerate with flat, rounded 
silicified shale clasts of u� to 10 cm length occurs. 

It becomes evident that the GW5-unit comprises a number of different 
lithologies which are subject to rapid changes both vertically 
and along strike. Their microscopical features will be described 
in the following: 

a) The laminated siltstone varies from fine to coarse qrained and 
usuall y has considerable carbonate component. The epiclastic 
content can become minor, producin9 a micritic carbonate. 
The carbonate frequently is ferruginous, usually micritic 
with patches of neomorphic spa rite. Locally beddinq is defined 
by thin (0.4 mm) organic layers into which euhedral carbonate 
has grown. 
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The siltstones are sericitic and in places contain large muscovite 
flakes. When carbonate-rich, biotite and subordinate chlorite are 
abundant. The biotite is a brownish,weakly pleochroitic variety , 
but of "usual" biotite comr.iosition as confirmed by electron micro
probe. Chlorite is oale qreen and has a characteristic grey bi
refringence colour. Authigenic albite is widespread. 

Chlorite seemingly has qrown in the carbonate sediment and later 
was transformed to biotite as witnessed by natches of biotite 
in the chlorite (Fig. 2.23). There is textural evidence that 

Fig. 2.23: Patches of biotite in almest colourless chlorite 
adjacent to pyrrhotite. Groundmass is micritic 
carbonate. Base of picture = 0.9 mm (+). 

biotite is one of the latest minerals formed; I) l t  is re�lacing 
authigenic albite (Fig. 2.24) which has grown dia9enetically, 
I I) it has formed at the rims of a quartz-qalena vein in micritic 
carbonate and I II) its formation aprarently is related to tectonic 
processes as shown in Fig. 2.25 where biotite occurs in the pressure 
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Fi g .  2 . 2 4 :  B i oti te rep l a ci ng ( ? )  a uthi gen i c  a l b i te .  
Base o f  o i ctu re = 0 . 9  mm ( -). 

F i g . 2 . 25 :  B i ot i te growth i n  pressure s hadow of maqneti te 
obl i que to beddi ng . Base of p i cture = 3 . 6  mm ( - ) . 
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shadow of magnetite oblique to bedding. Thus, i t  probably can 
be termed (teco-)metamorphi c biotite. 
However, the composition of the ori ginal sediment also has had 
some control on biotite formation. Some detrital clasts and 
pellets of micritic ( minor spariti c) carbonate in  a mi criti c 
carbonate matrix have abundant biotite. while the surrounding 
carbonate i s  almest devoid of it (like Fi�. 2.4 7). The pellets 
probably were enriched in ferroan dolomite of which the i ron 
and magnesium was uti li zed for biotite formation during alterati on 
(see chapter 4. 1 .  for chemi stry of bi otite and carbonate) . 
Regardless  of the mechani sm of bioti te generation it is obvious 
that it formed later than I) opaque ohases, I I ) the authi genic 
plagi oclase. 
Streng alteration can be seen in a drill core interval of MRE 
(Manganese Range East Prospect) 78-36. A calcareous wacke 
(described below) is i ntercalated with some shale bands of about 
1 0  - 30 cm thickness. The shale consi sts of dominantly pale-qreen 
phyllosili cate aggregates i ntergrown wi th bioti te. In coarser parts 
authi genic plagioclase is very abundant, along wi th quartz. �inor 
reli ct carbonate is preserved within the shale porti on and rare 
titanite has been found. The alteration processes here removed 
carbonate and, most important, led to formati on of sudoite , which 
has determined by X-ray diffraction. Sudoite - K < 1 (�.l, Mq )2 
(SiA1 )4o 1 0( 0H )2.nH2o - belonging to the group of Al-mica clay 
mi nera 1 s, has been descri bed by Sudo et a 1 .  ( 1 98 1 )  as a minor 
component of the alterati on zone (stockwork level) of Kuroko 
deposits. However, occurrences of sudoi te i n  marls and sandstones 
with diagenetic overorint are also known (Tröger, 1 969). 

b) Calcareous wacke is another abundant rock type of the GW5-unit. 
According to the classification of Dunham ( 1 963) it i s  a "wack
stone 11 . Various portions of clastics ( 20-50 % )  "f l oat" in a 

.nicritic carbonate matrix which contains biotite as described 
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above for the laminated siltstone. Where clastics are absent 
the rock commonly is recrystallized to spari te. 

The clasts comprise mainly angular but some well rounded 
coarse grained �uartz, microcline, ferruginous carbonate 
pellets and minor shale clasts. Myrmecitic ouartz grains 
indicate some granite in the source reqion o f  the eoiclastics 
(Fig. 2 . 26). Authigenic albite plus secondary muscovite leaves 
are common, and some of the shale clasts have  been entirely 
biotitized. 

Fig.2.26 : Myrmecitic quartz grain with secondary quartz 
seam in calcareous wackestone. Base of picture = 

0 . 9  mm (+) . 

When the clast content increases relative to the carbonate 
matrix1 euhedral magnetite and pyrite grains in the interstices 
are common, i.e. the opaques are more abundant in coarser, norous 
portions. 
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In some silty dolomite l ayers of fine-grained oyrite, in p l aces 
recrystall ized to larger agqreqates, are ali9ned parallel to 
bedding and most likely represent  syndiagenetic  pyrite , or 
pyrrhotite which alternatively occurs . 

While most of the olagi oclase obviously is authigenic albite, 
much of the potash feldspar is detrital and in  coarser portions 
probably was subject to significant alteration ; some elon�ated 
but rounded grains now consi sting of a diffuse, fine crystalline 
intergrowth of sericite and quartz are interpreted as detrital 
potash feldspars which have been subject to the widespread 
si l ification (Fig. 2.27). 

Fig. 2.27 : Fine crystalline intergrowth of quartz and 
sericite possibly representin� silicified potash 
feldspar. Base of picture = 0.9 mm (+). 
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On the contrary, some microcl ine in a sandy dolomite at 
Manganese Range East shows seams (Fig . 2.28) which apparentl y  
have grown in situ. According to Tröqer ( 1 g69 ) the alkalinity 

Fig. 2.28 : Authi genic seams on detrital microcli ne in 
sandy dolomite. Base of picture = 0.9 mm (+ ) .  

of a co2-free carbonate soluti on is sufficient for low temoerature 
generation of authigenic potash feldspar. Hypersaline conditions 
favour this process !  Thus it i s  possible that w ithi n the G�!5-unit 
the salinity of diagenetic waters varied laterally alonq the J i 1 1 a
warra Belt , with i ncreasing salinity towards the east. 

c )  Arenaceous rocks of about 170 metres thi ckness - forming a prominent 
ri dge an the southern 1 imb of the �loodl ands Dome - represent a 
l ocal facies of the G�l5-unit. A disti ncti ve feature of al l 
rocks f rom thi s  ridge is �ervasi ve chloritization. 
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The basal portion consists of very coarse-grained, moderately 
sorted, rounded quartz sandstone (minor quartz-pebble conglo
merate) which is considerably recrystallized. No feldsnars 
have been observed. The matrix is dominated by barite, finely 
crystalline chlorite, minor "cherty" quartz and white micas 
( Fig. 2.29) . 

. · . .' 

. ..� . .  . 
. ,.-.,...-i.9.:-:' . .  . � . . . . 

Fig.2.29: Barite (grey) and chlorite ( dark grey) matrix of 
a coarse-grained quartz sandstone. Base of 
picture = 3. 6 mm (- ).  

The overlying beds comprise a thick sequence of fine to very fine 
grained, subangular, moderately sorted lithic quartz sandstone 
with clasts of shale, chloritized shale and a network of 1

1 cherty 1 1  

quartz with sericite. The matrix is of fine-9rained, pale green 
Chlorite with interstitial anhedral iron-oxyhydrates. 

Eastwards along strike the arenites grade into medium- to coarse
grained ± calcareous wackestones with shale clasts. The carbonate 
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matrix is dominantly sparite with angular, anhedral grai ns. 
Occasional euhedral rhombs in quartz indicate that recrystalli-
zation has taken olace. 

lt  is noteworthy that with i ncreasin� carbonate content the brown 
biotite, which i s  common in all calcareous rocks of the r,w5-unit, 
becomes the domi nant phyllosilicate while chlorite is rare and 
possibly in chemical disequilibrium with biotite (Fig. 2.30) . 

Fig . 2.30: Biotite (dark grey) in chemical disequilibrium 
with chlorite (medium grey). Both are i nter�rown 
with, or possibly have grown on the expense of, 
carbonate (light grey, high relief) ; in a cal
careous wackestone. Base of picture = 0.9 mm (- ).  

For the following facies i nterpretation it w i ll be assumed that 
the original sediment was a calcareous fine to coarse 9rained 
wackestone with clasts of quartz , potash feldspars ·and shale. 
Facies of the GW5-unit : 
The sedimentary environment deduced from the facies variations 

' 1  
i ' 
' 
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i s  a shal lowi ng upward carbonate sequence i n  the sense of James 
(1979). The common l am i nated cal careous si l tstones are inter
ti dal 1 1muddy 1 1  deposi ts wi th i ntermi ttent q rowth of m i crobial 
mats (see Fig. 2.31) . 

Fi g. 2. 31 :  O i srupted mi crobi al mats wi th spari ti zati on of 
the m icri ti c carbonate enhanced i n  these layers. 
Base of p i cture = 3 . 6 mm (- ) . 

Occasi onal quartz or feldspar grains were orov ided by tidal 
currents, shale clasts by reworked i ntertidal pond deposi ts. 
The inte rbedded carbonate wackestones may represent storm 
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deposits with quartz and feldspar clasts derived from offshore , 
clastic subtidal regions ; the roundness of most larger 

grai ns i ndicates prolonged reworki ng i n  barrier/beach regions. 

Towards the top of the GW5-unit (Fi g .  2.21) quite (upper) i ntertidal 
carbonate sedimentation wi th occasional but common addition of 
more clasti c material (resulti ng in calcareous wackestones ) occurred. 
A characteristi c feature of such sedi ments are pellets, ooi des and 
related structures (Dimroth, 1979). No ooides have been found but 
Fi g .  2. 32 shows some ferrugi nous pellets i n  a thi n section prepared 
from the outcrop of Fi g. 2. 21. Possibly at the 

Fig. 2. 32: Ferrugi nous pell ets (altered and streched) i n  a 
calcareous wackestone . Base of picture = 3 . 6  mm {-).  
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same stratigraphi c level - near the top of the GW5-unit - but 
further eastwards (i .e. NNE of the Ji llawarra Camp ) a s i milar, 
more fi ne•grai ned laminated dolomitic siltstone crops out whi ch 
grades upwards into stromatoliti c dolomite, Fi g. 2 . 22. Thi s can 
be taken as evidence for a shallowing upward carbonate sequence 
and regressi onal development towards the top of the GW5-uni t. 

In hi s facies model James (1979) describes the features of the 
shallowing upward carbonate sequence i n  the i nter- to subtidal 
unit when associ ated wi th lime sand shoals as : well sorted, 
ooliti c or pelletoidal li me sand wi th planar bedding and herring
bone cross-larni nati on, large at the base becorninq smaller upwards, 
and i ndividual bedding phases comrnonly covered wi th srnall-
scale ri pples. 

All features apply to the arenaceous, lower and middle parts of 
the GW5-uni t at Jeds Anticline. except that the cross-beddinq i s  
not cornrnonly herri ngbone type and that i t  i s  changi ng frequently 
from low to high angle. The water de�th calculati on usi ng the 
method of Tanner (1971) was performed on ri pple marks from thi s  
rock sequence and the resulti ng water deoth of tens of centi metres 
supports the sedimentologi cal facies i nterpretati on of these arenaceous 
portions as havi ng been l i me sand shoals in  an i nte rtidal flat. 

Thus, both the dolomiti c and arenaceous porti ons are compatible 
with a shallowing upward carbonate sequence i n  the G�l5-unit. 

2.3. 1 .6. � 

The di stributi on of this uni t i s  shown i n  Fi o. 2 . 33. 
The GWcunit - most closely resembling the 1 1 Irregully Formation" 
of the Bangemall Grouo - i s  occupyi ng large areas of outcroo i n  
the Jillawarra Belt . It was encountered i n  several di amond dri ll 
holes (see Fi g. 2. 05) and i s  extending westwards beyond the Ji lla
warra Belt for more than 30 ki lometres. 
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The thi ckness generally i s  i n  the ran�e of 350 metres but may 
be more locally. The lower boundary i s  gradational and taken as 
the last si gni fi cant arenite and wacke i nterbeds of the GW5-uni t, 
and where lami nated dolomi ti c siltstones and shales predomi nate . 
The top i s  i n  most cases a very coarse-qrai ned conglomerate defi ni ng 
the onset of the overlyi ng wc 1-unit (Fi g. 2 , 5 1) ,  but locally the 
uppermost 20 centimetres are characterized by i ntense silifi cation 
and manganese enri chment (Fi g .  2 . 34) . 

Fi g �  2 . 34 :  Silif i cation and manganese enri chment at the 
contact between dolomiti c shales (GW6) and coarse 
grai ned arenites (WC1) i n  the a rea of the TP
prospect. 

Where the conglomerate i s  absent, dolomiti c si ltstones of the 
GW6-unit grade, with minor coarse clasti c i nterca1 ations, i nto 
ferrugi nous dolomitic shale of the overlyi ng WC1-unit .  The wc1-
unit i tself locally shows thi n conglomerate bands (5 -30 centi 
metres ) of the same type as the basal conglomerate. In some di amond 

drill holes of the Abra Prospect the wc 1-uni t i s  enti rely missi ng 
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and GW6 is overl ain by wc2 with a sharp contact (see chapter 
3.2. 1.3.). Dominant rock tyoes of the GW6-unit are sericitic  
mudstones and l aminated dolomitic siltstones/shales which often 
show undulatory folding . 

East of the Manganese Range Fault the overall orain size in
creases, so that the dominant rock tyre here is a coarse dolomitic 
siltstone with thin (in the range of centimetres) calcareous 
sandstone intercalation. 

The usual colour is  whitish , but many outcrops are black through 
significant manganese staining or yellow from iron hydroxides. 
The colouring can be zonal and discordant to the bedding as 
shown in Fig. 2.35. 

Fig . 2 . 35 :  Zone of manganese enrichment oblique to bedding 
(from left to right in this photograrh) in 
dolomitic sil tstone. 
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Local l y  veins and l ayers (Fig. 2.36) of hematite and jaspi l i te ,  
respectivel y ,  occur, indicating a link to sabkha processes  of the 

Fig . 2.36: Red zone-type l aminae of hematite (or liesegang 
structures??) in dol omitic siltstone near the TP
Prospect. Note elongated casts - possibl y after 
gypsum - in the bottom half of the photograph . 

red zone in Abra as discussed in chapter 3 . 2.1.3 . Seme outcroos 
are intensely silicified and there pos sibly is a regional control 
on the degree of s i lification ; rocks in the area of the TP
Prospect, southern Jeds  Anticline and , in the area of the Copper 
Chert prospect are more intensel y and sometimes fully silicified. 
At Copper Chert silification is accompanied by manQanese staining 
which entirely obliterates the ori�inal features of the rocks. 

Another important feature of some coarse-grained, laminated 
dol omitic sil tstones at Copper Chert are blade-like, sometimes 
twinned casts (app. 1 cm lang) which are irregularly distributed 
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throughout the bedding and are interoreted as former, diageneti c 
gypsum crystals. 

Particularly i n  GW6-outcrops west of the Jillawarra Belt, low or 
flat ripple marks with variable spacings occur . Seme layers of 
the dolomitic siltstone are rich in pyrite cubes some of which 
may be more than 3 centimetres on edge. 
In the area between Woodlands Fault and Manganese Range Fault 
(map I ) ,  elongated dolomi te bi ostromes are abundant. Remarkably, 
the largest bodies all occur in the same stratigraphic interval 
and form an intermittent strike ridge of more than 11 kilometres 
length, the i nd iv i dual bodies ranqing between 0 . 3  to 2.3 kilometres. 
The dolomi te i s  e i ther massive or laminated , commonly with grey to 
yellowish colours. Locally it was subject to silif i cati on wh i ch 
seems strongest in the same areas of silification of the dolomi -
tic siltstones described above . In other outcrops especially at 
Jeds Anticline the dolomite is hematized, si l ic ified and has 
porous layers where some consti tuents have been leached durina 
weathering. Hematiti c  carbonate suggests a sedimentary environment 
similar to the red zone of Abra (chaoter 3.2.1 . 3 . ), whereas sili
fication i s  related to the mineralizing processes in the Jillawarra 
Belt (chapter 4.8 ). The petrology of the dominant rock tynes 
are summarized in the followi ng: 

Some 20 km west of the Jillawarra Belt the GW6-unit is represented 
by a monotonous sequence of micritic carbonates with layers of 
silt-si zed clastic �uartz. The amount of clastics is in the ranqe 
of 20 % .  

Abundant muscovite (130µ length i n  average ) and authi genic albite 
with carbonate inclusions are present irregularly (Fig. 2 . 37 ) . 
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Fig. 2.37 : Authigenic albite with carbonate inclusions in 
silty micritic carbonate. Base of picture = 

0.9 mm (+). 

The carbonate locally shows incipient sparitization. 

Within the Jillawarra Belt the lithology becomes more variable ; 
micaceous 1 1mudstone 1 1  is a fine- to medium-grained sericitic silt
stone characteri zed by detrital quartz grains in a matrix consisting 
of finely intergrown quartz and sericite, locally the matrix is 
calcareous. In some coarser portions authiQenic potash fel dspar 
can be seen. Finer layers of the rock are rich in organic material 
and iron-hydroxides, and minor leucoxene has been observed. Fine
grained brown biotite is common, and may contain intergrown chlorite 
in places. 

Fig . 2.38 shows intraformational soft sediment deformation over
lain by the laminated mudstone. 
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Fig . 2 . 38 : Soft sediment deformation in a calcareous 
mudstone. 

Many of the micaceous siltstones have syndiagenetic pyrrhotite 
and minor pyrite occurring in sinqle 1 aminae 1-2 mil limetres thick or 
in groups of several layers ( Fi g .  2 . 39 ) . 

· rh is  pyrrhotite i s  i nt i rnately intergrown with larqe, pale Fe, 
Mg-chlori tes (Fi g .  2 .40 ) . Most l ikely the iron sulphide layers 
formed contemporaneously with the chlorite. As such layers of 
iron-sulphide usually are generated during early dia�enesi s, 
provi ded that sulphate reduci ng bacteri a  are present { Renfro, 
1974 ; Trudinger et al . ,  1972), i t  may be i nferred that the 
chlorite also is diagenetic. 
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Fi g .  2 . 39 :  Syndi ageneti c oyrrhoti te l ayers i n  mi cri ti c 
dol omi te . 

Fi g .  2 . 40 :  Pyrrhoti te i ntergrown wi th ch l o ri te i n  dol omi te . 
Base of p i cture = 3 . 6 mm (+ ) . 
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In a drill hole of the TP-Prospect ( see map III . TP78-37, 309.1 m)  
a fi ne grained sericitic and biotite bearing siltstone is veined 
by pyrrhoti te-quartz-carbonate. 

Fig. 2.4 1 :  Pyrrhotite-quartz-carbonate ve i n  in fi ne grained 
si ltstone. Note marginal biotite (black ).  

The vein margins now consist of biotite prisms (Fig. 2.42 ) elongated 
at a hi gh angle to the vei n ;  chlori te occuoies the centre of the 
vein where pyrrhoti te and quartz are mi ssing. The biotite apparently 
formed by wall rock reacti on with the fluid, whereas the chlorite 
may rather resemble the chemistry of the hydrothermal flui d. 
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Fig. 2.42 : Vein in micaceous fine orained siltstone with 
central chlorite and mar�inal prismatic biotite. 
Base of picture = 3.6 mm (+).  

The most abundant rock type of the GW6-unit is laminated dolomitic 
sil tstone and shale consisting of micritic dolomite which often 
shows neomorphic sparite. In some sections the sparite is restricted 
to poorly defined layers. Within the dolomite secondary muscovite 
and brown biotite are common while chlorite is a minor constituent. 
Authigenic plagioclase is found throughout. The carbonate often is 
intergrown with a diffuse, cryptocrystall ine quartz 1 1matrix 1 1 which 
probably does not stem from detrital quartz but was introduced 
after deposition, i.e. the rock is silicified. The silification 
ranges from a few quartz specks to almost complete replacement 
of the carbonate. Abundant coloured inc lusions ( app .  1 0µ) however, 
containing no fluid phase. and probably composed of carbonate, 
are scattered through the secondary quartz. They witness the 
former calcareous nature of the rock ( Fig. 2.43). 
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Fig. 2.43 : Quartz with abundant inclusions of carbonate. 
Note that many quartz " grains" have accumulations 
of these inclu sions in the centre. Base of 
p i cture = 0.9 mm ( + ) . 

Because of this silification it is difficult to recogni ze the 
amount of epiclastic quartz, potash feldspar and tourmaline. 
The content of clastics in dolomitic siltstones in the Jill a
warra Belt varies between 10 % and 40 %, which renders riw6 the 
uni t poorest in epiclastic content within the Gap \�ell Formation. 

The layering in the dolomitic siltstone and shale usually is defined 
by thin bands ( 0. 1  - 0.5 millimetres) of organic material most 
likely being the remains of microbial mats. However, this can be 
established only when the organic material occurs in carbonate, 
where it is incorporated in sparite (Figs.2.44 and 2. 45). 

In pelitic rocks the organic materi al is intergrown with phyllo
silicates ; therefore it might  rather be called a 11 black shale". 

Another comrnon feature of the dolomitic siltstone-shale sequence 
is abundant micritic pellets of various sizes (0.5  - 5 millimetres), 
in a sparite matrix (Fig. 2. 46). The pellets mostly consist of 
ferruginous carbonate. However, in one occurrence of less cal careous 
siltstone, consisting of fine-grained quartz, roorly oriented 
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Fig. 2.44 : Core slab 
with orqanoqenic 
layers in  sparitic 
carbonate containing 
scattered pyrite. 
Layers probably 
represent fonner 
algal mats. 

Fig. 2 . 45 :  Thin secti on from the above speci men. Contorted and 
disrupted organogeni c  layers i n  spar iti c carbonate. 
Base of picture = 2.4 mm (-). 

7 
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Fig. 2.46 : Ferruginous mi critic carbonate pellets in a sparitic 
carbonate·. Base of picture = 3 .6 mm (-). 

muscovite, brown biotite, chlorite and minor carbonate the pe1 1 ets 
are sign i ficantly enriched in biotite, chlorite (Fig. 2.47), galena 
and pyrite with concomitant sil ification. As brown biotite usually 
is abundant in calcareous rocks it can be assumed that the pellets 

Fig. 2.47 : Large pellet (4 mm) in quartz-mica rock  is enriched 
in biotite-chlorite-oyrite-galena. Base of picture = 
3 .6 mm (-) .  
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originally were more calcareous than the matrix, and that biotite 
formation was enhanced in the pellets during alteration and 
mineralization of the whole rock. 

The massive dolomite forming the prominent ridges, mainly consists 
of micritic , often ferru9inous , carbonate. Oval patches or nodules 
of neomorphic sparite, some with secondary quartz in the centre, 
are common. Rare clastic quartz grains have been observed in the 
mi cri te. 

Stromatolites and cryptalgal laminations are present in several 
localities and in the top of the GW6-unit in drill hole Abra 7. 
These stromatolites are of an underterminate form. 

Fac i es of the r,w6-unit : 
Dominant carbonate sedimentation with subordinate epiclastic 
input is the main sedimentary feature . Abundant stromatolites, 
cryptalgal laminations and shallow irregular rirole marks are 
evidence for a shallow-water, low-energy environment. An upper 
intertidal zone is inferred; wi thin the sediments reducing 
conditions prevailed resulting in the formation of occasional 
diagenetic iron sulphide layers. 

Same features indicate that the upper intertidal environment was, 
at least locally, shifted to supratidal. In Fig. 2.48 11 tee oee 1 1  

structures in dolomitic cryptalgal laminates are shown which are 
characteristi c  for a supratidal environment (James, 1 979) . Gypsum 
indicates hypersaline conditions close to a sabkha milieu. Authigenic 
plagioclase and potash feldspar are more abundant in fine-grained 
calcareous rocks than in non-carbonates ; this may be explained 
in that the former represent hypersaline, low energy conditions 
favourable for the growth particularly of authi genic potash 
feldspar (Fig. 2.49 ).  
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Fig. 2 . 48 :  1 1 Tee-pee 1 1  structures (lower left) in dolomitic 
cryptalgal laminites. 

Fig. 2.49: Authigenic potash feldspar in micro-s�arite. 
Base of ricture = 0.9 mm (+) 
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lt i s  signi ficant that the GW6-unit has the lowest content of 
epi clasti c materi al ( 1 0 - 40 %) of the uni ts of the Gap Well 
Formati on, i ndi cating relative emergence (i .e. emergence that 
can be induced : by both active upli ft of the Ji llawarra area or 
downfaulti ng o� surroundin9 areas) in the area of the Ji llawarra 
Belt in GW6-time. 

Relati ve emergence was more pronounced i n  the eastern parts as 
the supratidal (hypersaline) features like "tee pee" structures, 
gypsum casts, abundant cryntalgal lamination, are more common 
here. In contrast, west of the �anganese Range �ault, whi ch acted 
as a facies divi de, bi ostromal dolomite and pelletal carbonates 
prevail and point to an i ntertidal envi ronment as the growth of 
bi ostromes requires predominantly water cover. Hypersaline, 
shallow water conditi on were also established i n  this western 
part though; Fig. 2.36 shows an interval wi th wi soy lamaninae 
of red Fe-hydroxi des and some casts of bladed crystals, probably 
after gypsum. 
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2.3.2. The West Creek Formation 

This formation is subdivided into 4 units (named wc 1 to WC4) 
and has an average thickness of about 900 metres , its thickness 
is variable as both the basal wc2-unit and the top wc4-unit 
may be missing locally. In most case it conformably overlies 
the Gap Hell Formation, but mi nor di sconformi ty may be present 
in places. The name is derived from West Creek, north of which 
the formation is best developed. 

2 .  3 .  2 .  1 .  WC 1 

The characteristic lithology of this unit is a mas sive coarse
grained arenite and conglomerate at the base with a maximum 
thickness of about 40 metres. This is variably overlain by dolo
mitic shale and siltstone and one massive dolomite occurrence 
at Copper Chert, accounting for a variable thickness of the entire 
wc 1-unit, in places exceeding 200 metres. 

Where the basal arenite is missing, WC 1 is similar to, and diffi
cult to distinguish from, the laminated dolomitic siltstone and 
shale of the underlying Gap Well Formation. The lower contact 
of the wc 1 -unit can only be defined when the basal arenites are 
present . 

The top contact of the wc 1 -unit i s  well defined by the ridge
forming, mas sive arenites that mark the onset of the wc2-unit and 
which contrast with the soft and weathered dolomitic shale and 
siltstone of the upper wc 1 -unit. 

In  Abra dri ll  cores, the basal arenite of the wc 1 -unit is e i ther 
absent (Abra 6, 7, 1 1 ) or present as a massive conglomeratic arenite 
(up to 40 m thickness ,  Fig . 2.5 1), with no overlying dolomitic 
shale and siltstone. At Abra the top contact is defined by a 

1 
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Fig. 2.51: Carbonate-and barite-cemented conglo
merate in Ab 5. 

pyrite layer (Abra 9) containing complex, Cu, Pb, Sb-sulfo
salts (Abra 4). 

The coarse clastic rocks of the WC1-unit are discontinuous 
along strike; for example they are absent west o f  the Woodlands 
Fault, whereas between Copper Chert Prospect and Jillawarra 
Camp this facies is present as small lenses of a few metres 
thickness (Fig. 2. 52). 

In contrast ,  at Abra (see Fig. 2.51), Copper Chert and in the 
areas around TP-Prospect and, Woodlands Prospect, the coarse 
clastic rocks are massive and up to 40 metres in thickness 
(see map 3 for localities) . 

The petrography of the clastites can be summarized as a rounded 
to moderately rounded, moderately sorted, coarse-grained arenite 
with abundant large (up to 1 cm) rounded clasts of vein quartz, 
potash feldspar (5 - 10 % microcline), micaceous and ferruginous 
shales, siltstone, chert and minor tourmaline. 
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Fig . 2 �52: Basal WC 1 congl omerate (about 5 metres 
thick) di"scontinuous al ong strike in the 
vicinity of the Manganese Range Fault. 

No potash feldspar has been found at Abra however ,  because 
of the strong alteration, its original  p resence cannot be 
ruled out . 

The matrix of this arenite in the Abra area is of sparitic 
carbonate and minor barite (0.5 to 6.4 % Ba, whole rock analyses). 
Same arenites contain no matrix and the rock is completely cemented 
by quartz. Detrital Fe-Ti-oxides , which commonly outl ine cross 
bedding, have al tered to titanite, possibl y  indicating sili
fication ( Ramdohr, 1975) . 

At Copper Chert the carbonate matrix has been replaced by crypto
crystal l ine quartz, leaving minute carbonate around the original 
quartz grain (Fig. 2.53) . 
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Fig .  2.53: Carbonate i nclusi ons outl in i ng the r im  of 
a detri tal grai n wi thin recrystalli zed quartz. 
Base of n i cture - 0.9 mm (+ ). 

For a faci es i nterpretation the followi ng observati ons are 
consi dered i mportant: 
I )  Despi te the presence of consi derable thi cknesses of clasti tes, 

the prevail i ng sedi mentary envi ronment i s  rerresented by dolo
m i t i c  shale and si ltstone plus m i nor dolom i te .  

I I )  Due west of the Manganese Range Fault the basal wc 1 conglomer2 
i s  thickest and coarsest (cf Fi g. 2.52) w i th decreasing thi ck· 
ness and grai n s i ze westwards away from the fault, i nd i cati ng 
control of synsedi mentary faults on the s i tes of depos it ion 
of coarse clasti tes. 

The Manganese Range Fault also had control on the fac ies of 
the GW6-uni t  as no massi ve b i ostromal dolom i tes occur east 
of i t. 

III) Regi onally, the thick (30 - 40 rnetres) clasti c  faci es seems 
to defi ne subbasi ns of pronounced clasti c  deposi t ion ;  these 
sub-basi ns - around TP-Prospect, Copper Chert Prospect and 
Abra-Prospect - are the explorati onal target areas whi ch re- : 
mained prospect ive after more than 8 years of explorat ion i n  
the enti re Ji llawarra Belt. 
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The sedi mentary envi ronment deduced for the wc1-unit i s  similar 
to the Gw6-environment of an upper intertidal to supratidal zone 
wi th low clasti c i nput and aui et carbonate deposi tion . However, 
i n  certain areas synsedi mentary faults i ni ti ated sub-basin which 
were fi lled wi th coarse clasti c rocks, although carbonate de
position continued away from these sub-basi ns. 

A signi fi cant portion of the coarse clasts i n  the conglomerate 
derives from grani ti c and/or metamorphi c terrain; as evidenced by 
quartz grains wi th undulous extinction, potash feldspars, muscovi te, 
tourmaline. In contrast, jaspi li te and chert clasts plus some 
pellets were derived from a near-by source, probably from the 
uppermost levels of the Gl-16-uni t. The fact that materi al of the 
GW6-uni t has reached a li thified state at this time is  not be 
taken as evidence for a considerable ti me gap betvieen the Gap 
Well Formati on and West Creek Formation; sediments of the supra
tidal zone, parti cularly sabkhas, may li thify rapidly by eva
poration (Kendall, 1979). 

The coarse clasti tes, which have a carbonate matri x, and seem to 
have developed in  ti dal flat, indi cate deposi ti on in  subsidi ng 
depressions within the i nterti dal zone . Most of the clasti cs were 
derived from a grani ti c landmass and deposi ted i n  the mode of an 
alluvial mid-fan . But some clasts were contributed from the adjacent 
tidal flats and local sabkhas. 

In summary, the wc 1-uni t marks the onset of clastic deposi ti on 
after a prolonged peri od of waning clastic i n!)ut to the Gap Well 
Formation. The development of depressions where coarse clastic infill 
occurs is due to rapi d subsidence of faults bounded sub-basins. 
As di scussed in  chapter 5.2 the movement along the faults with 
concomi tant subsidence of the sub-basin provided condi tions favour
able for ascending metal-bearing hydrothermal fluids . The presence 
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of a thi ck conglomerate facies at thi s  stratig raphi c level could, 
therefore, be used as a gu ide to Abra-type mi nerali zati on. 

2 .  3 .  2 .  2 '. WC
2 

The characteri st i c  and strongly outcropping l i thology of areni tes 
wi th siltstone i nterbeds,  renders thi s  a useful uni t  in the Ji lla
warra Belt. A thi ckness of 320 metres can be determi ned quite 
accurately from drill cores at the Abra-Prospect. In other areas 
however, i t  can only be estimated from field data. Apparently 
there is an i ncrease i n  thi ckness of up to ca. 500 m at the 
longi tude of the Copper Chert Prospect. Thi s  value gradually de
creases westwards wi th m in imum thi ckness of about 170 metres at 
the Manganese Range Fault. Further west the thi ckness is  of 
300 metres. 

In outcrop, the bottom contact i s  sharp, and i s  taken as the 
appearance of the fi rst major aren i te bed overlyi ng the softly 
weatheri ng dolomi ti c  shale of the wc 1 -un i t. In Abra dri ll cores, 
the bottom contact i s  marked e i ther by a thi n  pyri te layer w ith in  
the a reni tes, or  a shale band ; the WC2·un it  d i ffers from HC 1 
merely i n  smaller g ra in  s ize and better sort ing. 

The top contact an the other hand i s  gradational and i n  Abra drill 
cores di ffi cult to define. In outcrop i n  the Ji llawarra Belt, 
it  i s  marked as a decrease i n  aren i tes and increase i n  dolomit i c 
s iltstone and shale ; for mappi ng purpose i t  i s  taken as the zone 
from where dolom it i c  si ltstone and shale domi nate over  areni tes. 

The aren i tes are fi ne- to medi um-grai ned quartz sandstones 
(Fi g. 2. 54), commonly w ith a gr itty, coarse-grai ned and ferrugi nous 
arkose. Comrnon cross beddi ng and rare ri pple marks are present. 
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Fi g. 2 . 54 :  Flat lyi ng medi um-grai ned massive areni te i n  a 
creek bed some 12km WSW cf the Abra-Prospect. 

Where the areni tes have a massi ve (s i licified } appearance moulds 
of weathered shale clasts are vi sible ( Fi g. 2 . 5 5) .  

Fig .  2 . 55: Moulds of shal e clasts i n  silici fied areni te .  
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East of Coobarra Creek, outcrop of the wc2-uni t is discontinuous 
and consists of coarse-grained, often chloritic feldspathic arenite 
and a rkose. These sediments di rectly overl ie grani ti c basement of 
the Coobarra Dome and are obviously derived from granite. lt should 
be emphazised that the Gap Well Formation is entirely absent here, 
thus i ndicating retardment of marine sedimentation in this area 
corresponding to deposition of about 1000 metres of shallow water 
sediments elsewhere. 

Despite their massive appearance the arenites in the Jillawarra 
Belt are carbonate cemented and manganese/iron stained. Medium 
scale cross-bedding (app. 1 m) in coarse-grained calcareous 
arenites is common. 

Most i mportant is the abundance of graded beds, showing micro
Bouma cycles ( Fig. 2.56), in Abra drill cores ; in addition to 
further sedimentary features like flaser bedding, scour and fill 
structures and abundant ripp-off clasts. 

Occasi onally complete Bouma cycles are encountered (divisions 
after Walker, 1979): 
E and (D) - pelitic interval of shale, sometimes black shale 

C - cross laminated interval, fine-grained arenite and 
siltstone, rarely developed 

B - parallel laminated interval, fine- to rnedium-grained 
arenite 

A - graded interval, coarse arenite with shale and lithic 
clasts of more than 2 cm length 
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Fi g .  2 . 56 : Compl e te Bouma cyc le  ( A  to E )  from Ab 4 
dri l 1 hol e .  

Unfortunate l y ,  no dri l l  cores from the wc2- uni t i n  the Ji l l a

warra Bel t are avai l abl e ;  i n  outcrop weatheri ng and s i l i fi cati on 

renders recogni ti on of tu rb id i ti c  cycl es di ffi c ul t .  Therefore , 

i t  cannot ben concl uded unequi vocal l y  that turb i d i tes  are present 

e l sewhere than at Abra howeve r ,  the common occurrence o f  sha l e  

c l a s ts ( cf Fi g .  2 . 55 )  and frequen t i nte rbeddi ng o f  sandstone/ 

s i l ts tone wi th mi nor s ha l e  may i nd i cate the presence of � 

turbi  d i tes . 

The exami nati on of abou t 30 th i n secti on throws some l i ght on the 

nature of the WC2-un i t :  The petrol o gy ranges from o rgan i c  sha le  

and ferrug i nous  sha l e to very coa rse-gra i ned wacke wi th vari ous  

c l asts , some as much as 2 centimetres l an g . Mos t  rocks wi th a 
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grain size exceeding silt-size can be temed wacke. They contain 
clasts of quartz, potash feldspar, siltstone , shale, ferruginous 
and black shale and minor ferruginous carbonate oellets. The 
matrix consists of fine-grained micaceous material, sometimes 
cherty quartz or, of carbonate (dominantly sparitic). 

There are two groups of clasts ; one, comprising undulose quartz 
grains, potash feldspars and toumaline, is derived from pre-Bange
mall grani tic basement. A second group consists of lithic clasts 
of micac�ous siltstone , shale (locally chloritized), ferruginous 
carbonate pellets (locally chloritized) and some chert. This group 
of clasts is characteri zed by elongated rounded shapes ; and the 
mineralogy of the clasts - mica, quartz , tourmaline, micritic 
carbonate and no metamorphic minerals - indicates that they were 
derived from contemporaneous or slightly older sediments . 

Fig . 2.57: Ferruginous shale clasts containing pyrite-cubes . 
Base of picture = 3.6 mm (-). 

1 ' 

' 1 
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Although the provenance of mi caceous siltstone or shale clasts 
cannot unequivocally be i nferred, some ferruginous shale clasts 
which contai n euhedral i ron-hydroxi de cubes (after pyrite) probably 
were deri ved from ti dal sediments (Fig. 2.57). 

As mentioned before the domi nant rock type of the wc2-unit from 
fi eld observations i s  an areni te, whi ch i n  places turned out to 
be a wacke . Accordi ng to compositi on of clasts and matri x and the 
texture three classes of clastites can be di sti nguished: 

I) A medium- to coarse-grained, moderately to poorly rounded 
feldspathi c arenite with about 1 5  - 30 % potash feldspar and 
mi nor ferruginous shale clasts. Due to the feldspar content i t  
could alternatively be termed arkose . l1/hile quartz grains are 
usually moderately rounded the feldspars however, are sub
angular to angular (Fi g .  2.58) . 

Fi g. 2.58: Arkose wi th angular potash feldspar. Base 
of pi cture = 3.6 mm (-). 
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The amount of matrix with respect to clasts is generally small 
and it consists of a fine-grained , ferruginous auartz phyllo
silicate material; it is unknown whether a carbonate component 
was present originally. 

The angularity and abundance of potash feldsoars clearly points 
to this being first-cycle detritus from a nearby source area. 
Deposition from a turbulent water regime would explain the small 
amount of matrix as well as the relatively good sorting. 

These features all are encountered in alluvial fan deposits close 
to source areas, where the micaceous clasts may be derived from 
mud banks within a braided delta. 

II) This class commonly is represented by medium to very coarse-grained, 
moderately to well rounded lithic wackestones. The population of 
clasts differs from the above group i n  that feldspars (microcline) 
are subordinate (0 - 5 %) while shale, micaceous siltstone and 
possibly some formerly ferruginous carbonate pellets (now chloritized) 
prevail. The lithic clasts are often very large (more than 2 centi
metres); some consists of fine-grained wacke themselves indicating 
reworking of contemporaneous t�c2-sediments. Pyrite pseudomorph 
containing shale and siltstone fragments as shown in Fig. 2.57 are 
abundant. Sorne very large clasts of fine-grained wackestone (up 
to 1 centimetre across) themselves contain ferruginous pell ets. 

The matrix is composed of very fine-grained sericite, chlori te 
and quartz, with some chlorite pellets (Fig. 2.59) , and texturally 
is similar to a micritic dolomite. In addition, some clasts and 
pellets are of chlorite while others are not ; this sugqests that 
the original carbonate content of the matrix and the clasts (in
cluding pellets) governed chloritization. 
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Fig . 2 .59 : Chlori tic matr ix  w i th chlorite pellet (lower 
middle) in a coarse-grained wacke. Base of 
picture = 3.6 mm (-) . 

From whole rock analysis of one field sample of a chloritic 
wacke , yielding an Fe/Mg oxide ratio close to 2 (4. 5 1  % Fe/ 
2. 22 % Mg), it is inferred that the chlorite belongs to the 
group of Fe2+-chlorites. Thus it is possible that the original 
matrix was a ferruginous dolomite which was chloritized during 
the period of widespread silica-alteration in the Jillawarra 
Belt (cf chapter 4.6. ) .  Some pellets probably consisted of 
dolomite l ess  ferruginous than the matrix, resulting in the 
formation of light-green, hard1 y  p1eochroi tic chlorite, which 
has higher Mg content than the matrix chlorite . 

A relationship between carbonate-iron-chlorite becomes evident 
from Fig. 2.60 where part of the matrix material consists of 
iron-bearing carbonate while the other part is chlorite. 

The processes of chloritization is discussed in more detail in 
chapter 4.6. However, for the following facies analysis it is 
assumed that the wacke type considered in this paragraph has a 
carbonate matrix. 
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Fig. 2.60 : Ferruginous carbonate grading into chlorite (from 
l eft to right), interstitially to quartz . Base 
of picture = 0.9 mm (-). 

Constraints an the facies i nterpretation are a relatively low content 
of potash feldspar , abundant l ithic cl asts of pene-contemporaneous 
sediments of which at least some are derived from tidal sediments 
(abundant pyrite in micaceous, probably cal careous shale and clasts 
of pelletal rock), and a good state of roundness of the clasts . 

A beach or barrier beach environment is inferred where carbonate 
deposition is possible and frequent reworking of the clastics 
occurs. Here, the cl astic grains, of granitic provenance are cer
tainly a � poly-cycle deposit", and the proportion of feldspars is 
considerably reduced . The l ithic clasts, derived from adjacent tidal 
sediments, were transported and deposited by storm waters or in 
flood tidal deltas. 

III) The third class was recognized unequivocal l y  only in drill cores 
of the Abra prospect, but probabl y also occurs in outcrops east of 
the Woodlands Fault and south of the Jillawarra Camp . It comprises 
fine to very coarse-grained, poorly rounded cal careous wacke, mica
ceous and calcareous siltstone and some organic shale . The wackes 
have a moderate amount of clasts (others than quartz ), mainly of 
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mi caceous si ltstone, black shale, potash feldspar and some 
pellets of Fe-carbonate. Graded beddi ng and scouring of shales 
i s  common. 

Same rocks are f ine-grained quartz areni tes wi th occasi onal 
coarse quartz grains and shale clasts and are r ich in  detri tal 
tourmali ne .  They represent comparatively mature sedi ments i n  
which subhedral, m inor euhedral, opaque cubes after pyrite 
i nd i cate reduci ng cond iti ons during di agenesis. 

The most i mportant feature of this class i s  the presence of 
turbid i tes (cf F i g. 2 . 56) , occasi onal com�lete Bouma cycles 
and abundant r i p-off clasts. As turb id ites may form in  a number 
of envi ronments {e.g. Petti john, 1 975; Walker, 1 979) further 
characterist ics have to be considered to evaluate the actual 
facies .  The omn i presence of carbonate matri x ,  the occurrence of 
large subangular potash feldspar, and the frequency of carbonate 
pellets clearly poi nts to near-shore deposi ts .  On the other hand 
preservati on of f ine-grai ned mature wackes wi th one-di recti onal low 
angle cross beddi ng foresets indi cates cond iti ons below wave base. 
In a model secti on the above features would be attri buted to the 
foreshore zone , just below wave base but sti ll in  the range of 
carbonate depos it ion. 

However, the occurrence of the beach type wackes (class II) on three 
sides of the Ji llawarra Belt suggests that the turb id i tes formed 
i n  a basi n  i nto whi ch clasti cs were transported from the surroundi ng 
terestr ial or beach areas. lt i s  likely that the basin was subs iding 
due to synsed i mentary fault act iv ity and that the turb id ites are 
' 'earthquake induced turb id ites" {the earthquakes correspond to fault 
movement) as described by Robbi ns ( 1 983 ) for i ntracraton ic  r ifted 
basi ns. In th is case the deposi ti onal envi ronment may be compared 
w ith an e xtensi ve delta where the e rosi onal g rad i ent i s  maintai ned 
through repeated subsi dence of the depos i tory. 
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In summary, 3 faci es divi s ion i n  the l•IC2 -unit are recognized ; 
near shore alluvial deposits, beach or barri er beach deposits 
and shallow water, more basinwards turbidites. A regional facies 
distri bution for the wc2-unit is oresented i n  Fig. 2.6 1 , which 
shows the Ji llawarra Belt surrounded by the alluv ial and the 
beach facies. Palaeocurrent analysis of cross-bedding in coarse 
arenites of the Abra Prospect showed that transport direction 
was towards WSW (T.Ballinger pers.comm.) i.e. basinwards and 
supports the proposed facies zones. The map further shows 
a change from beach to turb idite facies in the vicinity of in
ferred synsedimentary fault zones ; one the Woodlands Fault in the 
west, and the other the fault system east of Abra. 

As the occurrence of the wc 1 -unit is broadly within the limits 
of the inferred WC2-turbidite facies, i t  i s  likely that it was 
one basin that commenced submergence at the onset of wc 1 -ti mes 
and continued through the wc2-interval; i t  i s  call ed 11 Jillawarra 
Basin 11 and will be referred to as such in the following. 

2.3.2.3. � 

The wc3-unit dominantly consists of whiti sh, porous siltstone and 
shale which often is manganese stained or vari-coloured ; sub
ordinate arenite intercalations are common. West of the Jeds 
Prospect a chert horizon ( 0  - 5 metres thick) occurs in the lower 
part of the unit and is persistent westwards along strike for 
several kilometres extendi ng outside the mapped area. Siltstones 
prevail adjacent to (and overlying) the chert. 
In the vicinity of the Abra Prospect dolomitic rocks are common ; 
SW of Abra there i s  a massive dolomite of some 400 metres strike 
length, and to the east and southeast of Abra, at a comparable 
strati graph i c  level, dol omitic silstone i s  abundant with a few 
lenses (less than 1 km along strike) of coarse-grained dolomitic 
wackestones (Fig. 2.62). 
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Fig. 2.62 : Coarse-qrained dolomitic wackestone with 
occasional lithic clasts { silicified). 

Near the top of the wc3-unit some manganiferous gossans contai ni ng  
3000 ppm lead occur in the area of Abra ; one is located close 
to the Abra Fault System. 

The thickness of the wc3-unit could only be estimated from field 
mapping, rangi ng from O to 750 metres. lt  attai ns the maximum 
value south of the Jillawarra Camp, and is possibly absent north 
of the poi nt near the i ntersection of the Woodlands Fault and the 
Quartzi te Well Fault. 
The lower boundary is gradational and taken as the di sappearance 
of significant arenite i ntercalations. The upper contact qenerally 
is sharp and marked by coarse arenites of the overlying wc4-unit; 
however, where they are missi ng it i s  difficult to di stinguish 
dolomitic siltstone and shale of wc3 from the lower parts of the 
Jillawarra Fonnation which i n  general comprises sirnilar rock types. 

In thi n section the fine-grai ned clastites are evenly lami nated 
shale and micaceous siltstone, often ferrugi nous, with 2 - 1 0  % 
detrital potash feldspar and a moderate amount of rounded shale 



- 1 2 3 -

cl asts. As al l sections are prepared from field samp les the 
carbonate content of some has been dissol ved. Chemical anal ysis 
of a ferruginous micaceous sil tstone yiel ds 2.85 % CaO p lus 
2.75 % MgO ,  indicating greater than 5 % dolomite. The barium 
content of 304 ppm is comparable with the average arenite of 
Pettijohn et al . (1973) of 440 ppm barium. 

The arenite of Fig. 2.62 is a poorl y rounded, coarse carbonate 
wackestone with abundant shal e intrac lasts and subangul ar potash 
fel dspar. The ferruginous carbonate matrix may comprise up to 
50 % of the rock vol ume. 

One outcrop of the wc3-unit consists entirel y of micritic dol omite 
(27.30 % Ca0/ 1 5.97 % MgO) veined by wispy quartz stringers 
( 23.7 1 % Si02). Besides 1 .52 % A1 2D3 and 1 .55 % Fe203 no signi
ficant major or trace element val ues have been detected. In this 
dol omite there is minimal epic lastic material which distinguishes 
it from dol omites of the Gap \�ell Formation. 

The quartz veining provides a good illustration of the generation 
of the carbonate incl usions so common in rocks of this and older 
units. Fig . 2 . 63 shows that micritic dol omite of the vein margins 
grades into carbonate inclusions towards the centre with con
comitant increase in quartz content. 

Probably a silicified dolomite is represented by the chert horizons 
common in this unit. The rocks now consist of a fine-grained 
cherty quartz material with sometimes layered t diffuse i ron
hydroxides . Small carbonate inclusions indicate the former 
carbonate nature of the chert. In one section textures of ferruginous 
and pyritiferous ooides and ferruginous pellets within the cherty 
quartz are abundant (Fig. 2.64}. 
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Fi g .  2.63 : Quartz vei n i n  mi cri ti c carbonate with i ncreasi ng 
number of carbonate i nclusions towards the wall 
rock. Base of picture = 0.9 mm (+). 

Fi g. 2.64 : Ferruginous and pyri ti ferous ooi de i n  chert. 
Base Öf picture = 0 . 9  mm (- ).  
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For the faci e s  i nterpreta ti on the rock  types i n  l�c3 may be 

summari zed as dol omi ti c  s i l tstone and s hal e wi th minor i nter

spe rsed dol omi te l enses and ool i th i c ,  pel l etal dol omi te hori zons . 

Local l y  dol omi te-cemented coarse-gra i ned , poorl y rounded wacke

stones are embedded i n  the dol omi t ic  s i l tstone . 

Hence , i t  i s  l i ke ly  that  quiet sha l l ow-wate r ,  ti da l - fl at condi t ions 

were re-estab l i s hed (as i n  the Gap Wel l  Formation )  after a peri od 

of h i gh energy cl a s ti c  depos i ti on ( i . e .  the wc 1 and wc2 -uni ts ) .  

The do l omi ti c s i l ts tone and shal e a re the common i n terti da l  sedi 

ments wh i ch recei ved some terri genous c l ast i c  i nput a s  i nd i cated 

by subangul a r  potash  fel dspa rs .  Pos s i b ly  some mounds or swel l s  

d i d  exi s t  where mi cri ti c ca rbona te was depos i ted wi thout any 

c l a s ti c  contri b uti on .  The occu rrence of oo i de s  suggests rework i ng 

of some materi a l  at  the sed i ment/water i nterface by a l terna ti ng 

ti dal currents or wave acti on .  

Th rough these ti da l  fl a ts some tidal channe l s maeandered depos i ti ng 

coa rse -gra i ned cl asti c s  wi th i n  the i r  beds ; now recogn i zed as the 

i so l a ted carbonate wackes tone bod i es . The a bundance of l i th i c  

cl a sts a n d  the angul a ri ty of  pota s h  fel dspa r  supports the i nter

pre tati on as  channel deposi ts wi th a nearby source of  cl a s ti c s . 

F i g .  2 . 65 shows a sma l l coarse-grai ned and cros s-bedded channel 

fi l l i ng wi th i n  dol omi ti c  si l ts tone 
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Fig . 2.65 : Coarse-grained arenaceous channel filling 
within dolomiti c siltstone. 

2.3.2.4. WC4 
This unit consists of coarse-9rained, often cross-bedded 
ferruginous arenite with locally abundant quartz-pebble conglo
merate interbeds of 10 1 s of centimetres thi ckness. Maximum strike 
length of continuous outcrops is about 8 k i lometres at two 
localities (south of the Abra Prospect and at the West Creek 
type locality ), i n  other places there are only limited arenite 
bodies. 

The unit has a maximum thickness of 230 metres and in places is 
absent, the maximum value being esti mated from outcrop at the West 
Creek tyr>e locality. The basal contact against softly weathe·ring 
dolom�tic siltstone of the wc3-unit is well defined . (although 
not sharp ) while in the uppermost portion the lithology gradually 
changes through micaceous and chloritic siltstone, towards the 
dolomitic siltstone of the lower Jillawarra Formation. 

In the vicinity of the Abra Prospect the arenites are intensely 
silicified causing a bluish colouring and massive quartzite 
appearance of the rock (Fig. 2.66 ).  

. • 
1 
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Fig. 2.66 : Quartzitic appearance of sil icified arenite 
3 km south of Abra . 

In thin section the arenites proved to be moderately to wel l 
rounded, wel l sorted, coarse-grained quartz sandstones with 
0 - 8 % subangul ar potash fel dspar (microcl ine). The sandstone 
is completel y recrystal l ized to massive quartzite ( 1 20° angles 
of 3-grain-boundaries) . Seme interstices are fill ed with cherty 
quartz. The abundance of smal l carbonate incl usions suggests 
a former carbonate matrix . 

For a facies interpretation the fol l owing facts have to be con
sidered: 
a) high maturity of the arenite with comparativel y low content 

of potash fel dspar 
b) absence of l ithic cl asts and pel l ets. 
c) l imited strike extent 
d) in the Abra area the wc4-unit seems to surround the granitic 

Cooba rra Dome 
e) at the West Creek type l ocal ity the strike length of the wc4-

unit approximate ly  is l imited by the Manganese Range and West 
Creek Fau l ts .  
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A beach or barrier beach facies is inferred where frequent re
worki ng of the clastics leads to increased maturity and sorti ng 
of the deposi ts. Shale clasts and calcareous pellets would rapidly 
be destroyed in such an environment resulting in "clean"-sands . 
A barrier beach is interpreted to have developed around the 
Coobarra Dome which probably was a basement h i gh at thi s time again. 
Due west, the wc4-unit i s  absent. However ,  in the vicin ity of  the 
Manganese Range Fault this unit reappears , where it might tentati
vely be interpreted as a barrier beach an the eastern side of 
the Woodlands Dome. In thi s case the two faults ( West Creek 
and Manganese Range Faults ) limiting the extens i on of the wc4-
uni t  may define the boundaries of the doming. 

Despite the apparent control of faults on the outcrop pattern 
of the wc4-unit, particularly at the West Creek type locality 
i t  is unli kely that these arenites represent deposits i n  subs iding 
basins as invoked for the coarse-grained wackestones of the 
WC1-uni t. The maturi ty of  the \�c4-sandstones and the absence 
of li thic clasts rather  indicates beach deposits. Reinson (1979 ) 
presents three hypotheses concerni ng the o rigin of barrier island 
systems of which one - the submergence of coastal beaches - can 
be excluded for the Jillawarra Belt as stratigraphically helow 
the WC4-unit no coastal beach deposits occur. In both the remaining 
hypotheses barrier beaches develop through  growth o f  submarine 
sand and siltstone bodies (bars , spits) . Thus no tectonism i s  
required and the two limiting faults - which had been active in 
the 1ower parts of the West Creek Format i on - merely facilitate 
a pre-wc4, sea-bottom topography favourable for the development 
of a barrier beach. 
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2. 3. 3. The Jillawarra Formation 

The Jillawarra Formation and higher stratigraphic units are 
characteristic of the overall Bangemall Basin and have been 
dealt with in the general description of the Bangemall Group 
(chapter 1. 2.5 . 2. ). In the Bangemall stratigraphy established 
by Daniels ( 1966) and Brakel & Muhling ( 1976) the Jillawarra 
Formation is regarded as one lithological unit. Mapping of 
the Jillawarra Belt established a subdivision into a lower 
calcareous unit (Mjd), and an upper unit consisting of vari
coloured shale and minor chert (Mjs) comparable to the 
Jillawarra Formation of the wi der Bangemall Basin. Therefore, 
attention is focussed on the lower unit (Mjd) as it may be 
peculiar Jillawarra Belt facies. 

2 . 3. 3 . 1. Mj d 

Dominant lithology of this unit is dolomitic shale and sub
ordinate massive pelletal dolomite beds. West of the Woodlands 
Fault fine-grained quartz arenite prevails while in the area 
between "The Gap" and Gap Well & Bore (north of the Quartzite 
Well Fault) ferruginous arenites and calcareous shale are 
equally abundant. 

South of the West Creek Fault a thick lens of greyish (: chloritic) 
laminated shale has a strike length of 5 kilometres. Towards the 
margins, a facies change by interlayering to whitish dolomitic 
shale occurs. 

Thickness can only be estimated, because of the susceptibility to 
weathering of the dolomitic rocks, and may thin from 450 metres 
at Jillawarra Bore to virtually zero at Coobarra Dome. 

The lower contact against the West Creek Formation is well defined 
where coarse beach deposits of the wc4-unit are present, but i s 
somewhat arbitrary when such rocks are absent. 
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The ferruginous shale consists of thin layers of micaceous, 
fine-grained siltstone and thin layers of pa rticularly Fe-rich 
shale. Within the siltstone layers, subangular potash feldspar 
is  present. 0nly insignificant amounts of lithic clasts have been 
observed. 

Within some dolomites abundant rounded to subrounded micri te 
pellets (0.2 - 0.5 cm in diameter) occur in a ferruginous micritic 
carbonate matri x, the latter containing subordinate fine-grained, 
well-rounded detrital quartz. According to a pellet/matri x ratio 
of more than three the reck can be classified as a "pellet dolomite 11

, 

after Folk ( 1 959 ) . 

The facies of the lower Jillawa rra Fonnation (Mjd) does not differ 
significantly from the wc3-unit although i t  probably is more va riable. 
While the pellet dolomite probably formed in an upper intertidal 
environment the a renites may be tidal channel fillings or beach 
deposits. 

Although a shallow water, intertidal environment also was assumed 
for the wc3-unit, the Mjd-unit has less coarse clastic intercalations 
and no wackestones. This decrease in terrigenous clastics may indi
cate the commencement of a transgression of a shallow sea which di d 
not greatly increase the water depth. 

2.3.3.2. Mjs 

The ma in  features of the upper Jillawarra Fonnation (equivalent 
to the facies of the Jillawarra Fonnation of Brakel and Muhling, 
1 976) have been discussed in chapter 1.2 . 5.2 . 

For the interpretation of facies development in  the Jill awarra 
Belt it is, however, noteworthy that west of the Hoodlands Fault 
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fine-grained , moderately sorted, rounded quartz arenites are 
more abundant than the shale facies . In addition, there is 
probably a decrease in thickness west of the fault. It is 
likely that some interfingering of open marine shale facies 
with barrier bar facies occurred in this area. The barrier bar 
west of the Woodlands Fault probably was the western barrier 
of the evolving Jillawarra Basin in which shale deposition took 
place. Interestingly, the Jillawarra Belt corresponds to the 
area of maxirnum thickness of the Jillawarra Formation in the 
whole Bangemall Basin (cf chapter 1.2. 5 . 3. )  according to 
P . Muhling (pers. communication 1983, Fig. 2.67). 

MAR I N E  SHELF FAC I E S  

• DISCOVERY CHERT 

D JILLAWARRA F M. 

- LINEAMENT 

Fig . 2.67: Variations of thickness of the Jillawarra 
Formation within the western Bangemall Basin; 
J . B. = J i llawarra Belt. 
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2.4. Structure of the Jillawarra Belt 

The Jillawarra Belt can be subdivided into 2 structural units 
based on style and i ntensity of deformation . East of the Abra 
Fault System gentle deformati on and normal faulting prevai ls in 
the area of the Coobarra graniti c basement dome, the western 
marg in  of the stable Bullen Platform (cf chapter 1 .2.4 . ) . West 
of the Abra Fault System the Jillawarra Belt forms part of 
the Edmund Fold Belt, a zone of both open and ti ght folds and 
vari ous types of faults. The intensity of folding decreases 
west of the Woodlands Fault, where rocks of hi gher stratigraphic 
level are exposed. 

2 .  4. 1 . Fa 1 ds 

Folds in the Ji llawarra Belt range from gentle undulations, through 
ti ght upright folds wi th axi al-plane cleavage, to thrusted over
turned folds with cl eavage parallel to bedding planes . For con
venience of terminol ogy, folds are referred to as regional (half 
wavelength more than 2 km) , major (0 . 5  - 2 km) or minor ( 1 00 1 s to 
1 O '  s of metres) . 

The overall structure of the Jillawarra Belt i s  a regional E-\� 
stri king anti cli nori um which com�rises the Manganese Range and Jeds 
Anti clines. Both these anti clines plunge eastwards towards the 
Abra Fault System (the Coolina Anti cli ne). Towards the west, the 
a-xi s  of the anti cli norium runs parallel the Quartzi te Well Fault, 
and extends beyond the mapped area in  a WNW-di rection. 

Equally important, but restricted to the western half of the Ji lla
warra Belt is  a regional anti cline, i,.1hose axi al trace trends E-W 
and plunges in  both di rections, to form the Woodlands Dome. 

While both these regional anticlinal structures have a tight style 
of folding, the major syncli nes (Woodlands Syncline, West C reek 
Syncline, the syncli ne south of Abra) and the major Abra Anticli ne 
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are of more open style with moderate to shallow dips . 

The occurrence of tight anticlines and open synclines is in 
. contrast to the deformational style generally in the Bangemall 
Basin where synclines are the tighter structures . Also important 
is that most tight regional folds (regardless whether syn- or 
anticlineJ are present in grabens. Thus this structural feature 
of the Bangemall Basin is also found in the Jillawarra Belt. 

Folding in the Jillawarra Belt comprises four types which will 
be described in the presumed order of formation. 

2.4.1.1. Slump folds 

Slump folding and sliding on low-angle slide planes are evident 
in drill cores from tne Gap Well and West Creek Formations within 
the Jillawarra Belt. Similar structures have been noted by 
Muhling & Brakel ( 1 985 ) in the Kiangi Creek Formation of the Glen 
Ross Anticline (some 25 km north of the Jillawarra Belt). 

These features are interpreted as the result of deformation within 
a plastic sediment. 

2.4.1.2. Drape folds 

With progressive burial of the sediments (dewatering, higher con
fining pressure) complete strata became subject to plastic de
fonnation in the form of drape folding. This ductile style of 
folding develops in the sedimentary strata ( 11cover 11 ) over the 
edges of vertically moving basement blocks. Its geometry and 
strain pattern has been dernonstrated in experiments by Friedman 
et al. (1976) and �Jeinberg { 1979). The resultant folds are box
shaped with relatively steep limbs and a shallow central part 
( Fi g. 2 .  68) . 

J 
-"� _ _ . . .. . • i - • 1; 
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Fig . 2.68: From Weinbe rg (1 979) showing the resulting fold 
style when basement blocks are faulted. 

Many fold structures in the Jillawarra Belt, particularly the anti
clines , cannot be described as drape folds as they are of tight 
style with steeply dipping limbs. However, they probably once 
have been drape folds and it is likely that this style of folding 
has been widespread in the Jillawarra Belt. 

2.4. 1 .3. Tight folds 

The main tight fold structures are the regional Jeds and Manganese 
Range Anticlines and the major Woodlands Dome Anticlinorium. However ,  
small scale tight folds have been observed in the limbs of open folds , 
like in the southern limb of the major West Creek Syncline (Fig. 2.69) . 
in the regional Range Creek Syncline 3 kilometres NW of Quartzite 
Well and in the southern limb of the major Abra Anticline. Minor 
tight folds are abundant in the Gap Well Formation between the West 
Creek Syncline and the Woodlands Syncline. 

These subsidiary tight folds probably formed through shortening 
subsequent to the extensional period and were superimposed onto 
major open folds. 



- 1 35 -

Fi g .  2.69 : T i ght fold i n  the southern limb of the major 
open West Creek Syncli ne .  

lt  is  evident from considerati on of the Bangemall Basi n (see 
chapter 1.2.4.) and from the Jillawarra Belt (e.g. thrust ing 
along the Quartzi te Well Foult) that shorteni ng occurred 
after the extensional per i od. Although shorten ing of basement 
can generate drape fold (Wei nberg, 1979) once cornpressi on i s  
applied to the overlyi ng sedi ments themselves, th i s  would cause 
tighteni ng of the drape fold structures. Thi s  orobabl y was the 
mechani sm of format i on of the ti ght folds i n  the Jillawarra Belt. 

The style of folds i s  roughly sim ilar (Hobbs et al., 1976) ; for syn
cli nes i t  i s  inherent from drape fold ing resulti ng i n  thi nned 
l imbs and th i ckened h i nge zones when measured parallel to the 
axi a 1 surface. 

The ti ght anti cl in ial structures were the si tes of upward release 
of strai n created by d i fferential shear related to the development 
of folds at depth ( Ramsey , 1 962). They are not i deal sim i lar 
folds but because of the alternati on of competent and incompetent 
layers, are of class 1c (convergent i sogons) and class 3 {di vergent 
i sogons, accord i ng to Ramsey, 1967). 
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It is possible that in the western parts of the Jillawarra Belt 
the area between the Quartzite Well Fault to the north and the 
West Creek Fault to the south was a regional box-shaped, drape 
folded syncline ( the 11 Jillawarra Basin 11

) initially related to 
graben forrnation . When the shortening strain regime commenced the 
graben was uplifted and compressional forces were applied to the 
sedimentary strata. The drape folded margins of the former graben 
continued to shorten to form two tight anticlines ; the Jeds Anti
cline and Woodlands Dome Anticlinorium .  

The principal process of formati on of two tight anticlines at the 
margins of a graben is depicted in Fig. 2.70. 

Folds associated with thrusting 

Where the increase in lateral shortening could not be compensated 
by upward movement of the former graben, it caused thrusting of 
the basement. Section C-D on map 1 shows the presumed style of 
thrusting of the basement and the respective folding in the cover. 
The thrusting took place along the Quartzite Well Fault, one of 
the two major thrust fault systems in the Bangemall Basin. 

The Manganese Range Anticline - in which thrusting was most intense -
has its anticlinal axi s  truncated by the Quartzite Well Fault in the 
western part, due to the arcuate nature of the fault. Its southern 
limb dips steeply south (60° - 70°) and provides no subsidiary folds; 
thus with respect to the southern limb the fold style is that of the 
tight folds described above. 

The northern limb of the anticline however, is thrusted towards the 
NNE. In this zone tight, subsidiary folding is abundant with tight 
minor folds, locall y overturned towards the main thrust zone in the 
north. In some folds the north-dipping limb is surpressed or absent 
due to break-thrusting. 

� r -
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Fi g . 2 . 7Q ; Schemati c s tructura l cross secti on through the wes tern part of the Ji l l awarra Be l t  
( nea r secti on A-B , map 1 )  showi ng the devel opment of thi ght fol ds at the ma rg i ns 
of an upfau l ted graben . 

..., appl fad forces ;::>, pri nc i pa l  movement 

a )  mi ddle Bangema 1 1  Group 

b) onset of compress i ona l  tecton i cs ,  post Bangema l l  Group 
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That tight folding is related to the thrusting is evident from two 
observations : 
I) The vergence - in the sense of Stille ( 1 930), the facing of 

a geological structure - of all minor folds in the northern limb 
of the Manganese Range Anticlinorium (see section C-D on map 1) , 
is into a northward direction. Thus the minor tight folds are 
asymmetrical in profile with very steeply dipping north-limb 
and shallow south limbs. 

II )  The trend of the tight minor fold axes parallels the strike of 
the main (northernmost) thrust of the Quartzite Well Fault . 
This fact alone indicates a relation between thrusting and 
folding . Furthermore the folds are asymmetrical in plan view 
as shown schematically in Fig. 2.71a. 

Fi g .  2 . 7 1  a :  Schematic plan view showi ng asy11111etry of fol d  traces and 
break thrusti ng ;  b: vectoral forces i nferred from the 
resu l tant northnortheastward-upward movement .  

(iJ 

w 

�-\�- - -- --:;� _ _ _ _ _ _ _ _ _ _ 
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Sometimes small scale break thrusting along the axial plane surfaces 
occurs. Remarkably, the plunge of these minor folds often is into 
a WSW-direction while the overall plunge cf the Manganese Range Anti
clinorium is eastwards here. 
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The mechani srn of formati on of these fo l d structures becomes 
evident when the tectoni c forces are rega rded as the resul tant  
of three principa l vectoral forces as  disp l ayed i n  Fig. 2.7 1 b ;  
whi l e  the in i tia l  tight fol ding can be ascribed to the N -cornponen t 
and break thru sting to the u p-component ,  the a symmetry in p l a n  
v i ew of the fo l d  traces probab l y  is due to a n  E-component .  Thus 
the tight,  a symmetrical minor fol ds in  the no rthern part ( l imb ) 
of the Manganese Range Anticl inorium may be drag fol ds  fonned 
by the thrus ting al ong the Quartzite Wel l Fau l t. 

2 . 4. 1 . 4. Va riati on s  i n  fo l d  s ty l e  

Latera l _vari ation - The regional  E-W trendi ng ant icl i norium deter
mining the overa l l s tructure of the Jil l awarra Bel t ( "The Gap "  -
Jeds Anticl i ne - Manganese Range Antic l inorium - and its c l o sure 
ea st  of Copper Chert Prospect ) is characteri zed by different 
styl es of fol ding a l ong  strike. 
I )  East  o f  Copper Chert where the cl o sure of the regiona l  anti

cl inorium i s  marked by the Y- shaped ri dges of the l�es t  Creek 
Formation (WC2 ) the dips of arenite ri dges are s teep , even 
though the fol d  s ty l e  approaches that of  open fo l ds. Open
s tyl e fol di ng i s  best  in the anti cl ine of 1

1 The Gap 1 1
, in the 

NW-edge of  area mapped . 

I I }  I n  the wes tern parts of the Jil l awarra Bel t ,  north of the 
Wood l ands Syncl ine (cf Secti on A-B an map 1 )  fol ding i s  tight 
and symmetrical with s teep dips an both l i mbs . 

I I I }  Fina l l y, in the Manganese Range Anticl inori um the l a st s tage 
of  fol di ng is rel a ted to thru s ti ng , resu l ting in tight , no rth
vergent ,  a symmetrical fol d i n g .  

There appears to be a rel at i on between fau l ting  and the s tyl e of 
fol di ng ; where fau l ts a re absent the resu l tan t  fo l d s ty l e  is open 
(case I ) .  These fol ds are interpreted to have formed on ri gid base
ment  b l ocks . Tight fol ds ( ca se I I )  occur in the vicinity of  faul ts 

,. -
7 
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e.g. the Quartzite Well Fault which probabl y mark the boundaries 
between basement blocks . Where the basement blocks are thrusted 
case III  applies. 

Therefore it is concluded that the basement has control on the 
deformation in the cover, in that the locus and degree of block 
faulting in the basement determine the location and degree of 
deformation in the sedimentary cover. 

Y�r!1S�l -��r!�!!2� - Locally there is a marked difference in 
degree of deformation between the Gap Well Formation including 
the wc 1 -uni t, and the wc2 to wc4-units of the West Creek Formation 
and overlying formations which is expressed in abundant small-
scale subsidiary (parasitic) folding of the lower parts and possibly 
in a disconformity between the \�c 1 and wc2-unit in the area SE of 
the Copper Chert Prospect. 

These variations in deformation may be interpreted in the following 
manner : 

I) Difference in competency between the Gap l�ell Formation (dolo
mitic shale which  deforms plastically) and the West C reek 
Formation (arenite) which is far more competent, probably 
is the mai n  reason. 

II) However, the wc 1 -unit - even with its coarse arenite portions -
behaves s imi l  ar to the incompetent Gao r/el 1 Formation. 

This unit has been interpreted as the sedimentary filling of 
localized, rapidly subsiding basins and it is likely for such 
coarse clastic deposits that a single sediment complex woul d 
be wedge-shaped and horizontally inclined. When subsidence 
took place on a more regional scale it could further have 
inclined the surface of the WC 1 -unit with respect to the sedi
mentary base of the wc2-unit which subsequently was deposited 
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with a disconformity an the wc 1-unit. However, this dis
conformity does not necessarily indicate a significant time 
break. 

III) When drape folding over moving basement blocks comnenced strain 
was greatest in the lowermost strata, and decreased upwards as 
differential shear transferred from below was progressively com
pensated by the deformation of these strata (Weinberg, 1 979). 
Al though this process may be important on a large scale wi th 
respect to the Bangemall Group as a whole it probably has had 
little significance for the deformational difference between 
the Gap Well and West Creek Formation. 
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2 .4.2. Cleavage and lineation 

Within the central zone of the Jillawarra Belt where open folds 
predominate cleavage is poorly developed. Newly grown muscovite 
usually lies parallel to bedding and is presumably due to com
paction during burial . 

However, in the hinge zones of subsidiary ti ght folds, which a re 
col111lon in the Gap Well Formation within the central zone of open 
folds (see Fig. 2.70c), axial plane cleavage is common . Fig. 2.72 
shows sparitic carbonate g rowth parallel to the cleavage at 
approximately 30° to bedding. 

Fig. 2.72: Growth ob sparitic carbonate in cleavage direction, 
about 30 to bedding . Base of picture = 3.6 mm (+) . 
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Cleavage expressed by chlorite growth occurs i n  the Manganese 
Range. However, as the latest folding was related to thrusti ng 
the cleavage strikes parallel to Quartzite Well Fault in the 
northern limb of the Manganese Range Anticline and has a deviation 
from the strike of the regional axial plane of about 20°. Thus 
the cleavage - at least in vicinity to the Quartzite Well Fault -
developed through differential shear associated with the thrusti ng; 
movement along cleavage planes probably was executed into an upward -
northward - eastward direction. 

Shear cleavage also i s  in good agreement w ith the frequent parallelism 
of bedding and cleavage, particularly in the northern limb of the 
Manganese Range Anticline. 

The domi nant cleavage d irection in the whole Jillawarra Belt is 
110°. Dips are mainly vertical. lt  maintains its strike of 110° 

irrespective of the local trends of minor and major folds. With a 
mean strike of 110° it is orientated normal to the regional NNE-
SSW compressional forces inferred from thrust ing · a 1 ong the Quartzite 
Well Fault. However, thi s  cleavage is not related to the thrusting 
itself as the 110° strike is still abundant, where no thrust 
faults have been observed. 

Lineations are abundant in the Manganese Range Anticline. They occur 
i n  the v i c i ni ty of the Quartzite Well Fault where it trends about 
80° (eastnortheast). The li neations are vi sible on beddi ng surfaces 
and plunge with 35° - 45° towards the southwest wh i le strike of 
the respective beddi ng is about 80° - 85°. 
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2.4.3. Faul ts 

Withi n  the J i l l awarra Bel t  there are three main trends of fau lts -
northeastward, subordinate southeastward and eastward. The l atter 
fau lt  trend may have an arcuate fol d trace, l ike the Quartzi te 
Wel l Faul t and the West Creek Faul t. Most fau lts are nonnal except 
the east-trendi ng Quartzi te Wel l  Faul t whi ch is thrusted. 

2.4.3.1. Normal Faul ts 

Al though very few faul t planes are exposed it i s  assumed that the 
normal fau lts have steep ly  d i pping fau l t  pl anes. 

I )  The NE-trending fau lts are the most abundant group of nonnal 
faul ts. They confine the depository system of the Jil l awarra 
Bas i n  i n  the West (Woodlands Faul t) and i n  the East (Abra 
Faul t System ) .  

Corrmonl y  they affect l ower strati graphic level s ;  whil e the offset 
is obv ious in  the Gap Wel l  Formation and lower l evel s of the 
West Creek Fonnati on, faul ting has mi nor infl uence on strata 
of the J i l l awarra Formation and h igher leve l s. For example, in 
the southern parts of the Woodlands Faul ts the arenite ridge 
of the wc2-unit i s  d i spl aced about 300 rnetres by the fau lt  whil e  
i n  the outcrop of J i l l awarra Formation (Mjs ) the horizontal offset 
by fault ing i s  less than 1 00 metres (see map 1). 

The NE-trendi ng fau l ts have been acti ve s i nce early  times of 
sedi mentation of the Bangemal l Group ; the Manganese Range Faul t 
acted as a boundary between reef carbonate and sandy carbonate 
sedimentation in the upper Gap We1 1  Formati on (cf chapter 2.3.1 .6. ), 
the Woodl ands Faul ts marks the transi ti on from beach deposi ts to 
shal l ow water s lope turbi di tes on the western margi n  of the J i l l a
warra Basin, i n  the wc2-unit of the West Creek Formati on. 
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Faulting along the NE-trending faults is older than folding; 
this is also shown by a folded fault in the eastward extension 
of the anticline south of 11The Gap" (in the northwestern part 
of map 1 ). 

Except for the Manganese Range Fault, the sense of the 1 ast 
horizontal movement of the NE-trending normal faults - which may 
have been executed after Bangemall Group deposition - has been 
dextral , i.e. the rocks east of the fault have relatively moved 
to the SW. 

The Abra Fault system is a component of the regional NE-trending 
Tangadee Lineament, 100 kilometres due west another NE-trending 
regional lineament occurs (Flint Hill lineament ) leaving the 
area of the Jillawarra Belt (plus some 15 km to the west) as a 
structural domain limited by two regional lineaments . It is 
likely that the N E-trending normal faults of the Jillawarra Belt 
are related to these lineaments, and that they are the products 
of the same regime of crustal strain, and extend over the same 
time range ( i .e . from the upper Gap \1le 11 Fa rma ti on beyond the 
end of the Bangemall Group), as the regional lineaments ( cf 
chapter 1. 2.4. ) .  

II) SE-trending faults are present in the eastern part of the Jilla
warra Belt and affect the West Creek Formation (e.g. east of Abra ) 
as well as higher stratigraphic leve l s (e.g. displacing the Dis
covery Chert NW of Copper Chert). Variations in displacement with 
respect to the Stratigraphie level could not be quantified. 

Although little is known about the SE-trending faults, their 
existence and relative abundance in the eastern part of the 
Jillawarra Belt (i.e. at the eastern margin of the Edmund Fo1d 
Belt) indicate the occurrence of an additional structural trend 
in the eastern part of the Jillawarra Belt. 
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III) The east-trending arcuate West Creek Fault is a normal fault 
d ipp ing about 60° north. Other, east-trendi ng, normal faults 
occur north of West Creek Well, as well as in the closure of 
the regional Coolina Anticli ne south and southeast of Copper 
Chert Prospect, and also in  the southern l imb of the Abra 
Anticline .  

The occurrence of east-trendi ng faults in the h inge zone of 
anti cl inal structures north of West Creek Well and southeast 
of Copper Chert , suggests that they formed dur i ng folding. Thi s  
style of faulti ng i s  characteri st ic  of a hi gher strain rate. 
Only minor displacement is assoc i ated with th i s  late stage 
faulti ng. 

The West Creek Fault - wh ich in fact is a fault system - formed 
early in  the Bangemall Group , and has i nfluence on the West 
Creek Formation (WC2). This fault system has also been acti ve 
in the late stage deformati on of the Ji llawarra Belt; faulting 
of lithified rocks i s  ev ident from brecciati on and s ilification 
of the fault zone. Late stage faulting has resulted in consi der
able (2 - 3 km) ENE-movements. 

The east-trendi ng fault in the southern l imb of the Abra Ant i cline 
has formed i n  the lowermost West Creek Formation. l t  parallels 
the i nferred margi n  of the Ji llawarra Basi n and defi nes the 
northern l im it  of the Abra sub-basi n; th i s  fault zone probably 
had major control an ore formi ng processes of the Abra minerali 
zat ion (cf chapter 4.2.). Late stage movement alon� thi s  fault 
resulted i n  upfaulti ng of the former sub-basin . 

Of the normal faults described above, the West Creek Fault and 
the east trendi ng fault i n  the southern 1 i mb of the Abra Ant i
cl i ne probably had origi nally been normal faults; the last 

l·•• .. ;•1. 
i f'  : b 
: :  

'.\ .� 
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movement, however, was executed in the opposite 1reverse) 
sense, due to the l ate stage upfaul ting of the former 
graben . 

2.4.3.2. Reverse faul ts and thrust fau l ts 

Fau l ts associated with the arcuate , east trending Quartzite Wel l 
Fau l t System are either reverse or thrust fau l ts. 

The Quartzite Wel l  Faul t - probabl y  a major basement fau l t -
defi ned the northern margi n of the Ji 1 1  awa rra Basi n. During 
shortening the graben was upfaul ted and reverse fau l ts devel oped, 
l ike north of the Woodl ands Syncl ine and north of the Abra Prospect  
(as shown in sec tion A-B and E- F, respectivel y, an map 1) . Where 
l ateral shortening was highest thrusts fonned. 

Both fau l t types bel ang to the l ate -stage tectonism of the Jil l a
warra Be l t ;  faul ting has affec ted ful l y  l ithified rocks as evident 
from brecciation and sil ification of the faul t zones. The truncation 
of the NE-trending faul ts by the Quartzi te vJe l l Fau l t System further 
corroborates that  movement a l ong the fau l t system was a l a te-stage 
event. 

Stratigraphie displ acement (upward movement) al ong the Quartzite 
Wel l  Fau l t Zone has been about 3 kilometres in the vicinity of 
Quartzite Wel l ;  there al so has been a sinistral displ acement where 
the faul t zone bends to the northeast. 

Westwards from the Jil l awarra Camp the fau l t trace gradual l y  becomes 
northwestward trending and the NNE movement direction is oblique to 
the faul t. Therefore a number of E- and ENE-trending subsidiary 
fau l ts have formed to compensate the deviation from the direction 
normal to the compressional forces. 
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Near Copper Chert Prospect the displacement along the Quartzite 
Well Fault decreases rapidly and the fault splays towards the 
east . The apparent sense of horizontal movement along the southern 
splay fault turns into dextral . 

It can be summarized that the amount and rate of lateral shortening, 
both within the basement and the sedimentary cover, determines 
whether reverse or thrust faults form, and the amount of thrusting. 
However, these factors alone cannot account for the considerable 
thrusting at Quartzite Well as opposed to the splay fault north 
of Copper Chert. 

There seems to be a relation between the nature of the basement 
and the amount of thrusting ; either the location and strike of the 
early margin faults (i.e. the shape) of the Jillawarra Basin was 
governing the later deformation, or the degree of subsidence ( i  .e . 
extension of the basement) in the central part of the Jillawarra 
Belt was highest, resulting in most pronounced uplift and thrusting 
in the period of compressional tectonics. Poss i bly both factors -
shape of the basin and degree of subsidence together were active 
in determining the eventual amount and degree of deformation. 
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2 .4.4. Summary 

The Jillawarra Basin - bounded by NE-trending and E-trending 
normal faults - formed due to a tensional crustal regime at an 
early stage of sedimentation . During times of infilling of the 
sedimentary basin, drape folding, initiated by normal block 
faulting in the basement, resulted in stronger deformation in 
lower stratigraphic levels. Probably after tennination of sedi
mentation compressional forces were applied to the basement which 
in areas of high shortening transmitted strain to the sedirnentary 
cover. These forces caused an upfaulting of the former basin along 
the E-trending margin faults ; the upward movement was most intense 
in the area of Quartzite Well and eventually resulted in thrusting 
into a NNE-direction. The shear associated with the upfaulting 
caused the development of a regional cleavage direction striking 
110° . 

Through the whole deformational history the fold style remained 
open where no major basement faults occurred ; however, in the zones 
of basement faults the former open style draoe folds were converted 
to tight folds, or to north-vergent tight folds related to thrusting. 

The general structure of the Jillawarra Belt today is determined 
by a northern, regional E-trending anticlinorium (Coolina Anticline), 
which is asymmetric in the area of Quartzite Well probably due to 
shortening in the basement . In the western half of the Jillawarra 
Belt a southern, major E-trending anticlinorium plunges eastward and 
disappears at about 118°23 ' . Both, the northern and eastern anti
clinorium, probably mark the margins of the former Jillawarra Basin. 
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2.5. Igneous Rocks of the Jillawarra Belt 

Most igneous rocks in the Jillawarra Belt are dolerite intrusions 
(mainly sills and some dykes) into the Jil lawarra Formation and 
higher stratigraphic levels. They have been described in chapter 
1.2.6. as they are not characteristic of the Jillawarra Belt. 

Np igneous rocks have been found in the Jillawarra Basin - between 
the Woodlands Fault and the Abra Faults System -. In an unpublished 
report ( AMOCO, 1977) the occurrence of volcanoclastic rocks within 
the GWw4 and GW3-units of the Manganese Range Anticline has 
been suggested. However, no evidence for a volcanoclastic component 
in the respective rocks could be found despite examination of some 
15 thin sections. 

2.5.1. Mafic intrusions 

East of the Jillawarra Basin (i.e. east of the Abra Fault System) 
minor dolerite was encountered in two percussion drill holes south 
of Coobarra Hill. It intruded the upper Gap Well or lower West 
Creek Formation. The emplacement probably was controlled by the 
main NE-trending fault {see map 2) or its splay fault, separating 
the granitic, stable basement of the Coobarra Dome from the Jilla
warra Belt with more mobile basement. 

As this NE-trending fault belongs to the regional Tangadee Linea
ment, and dolerite dyke emplacement related to the regional Flint 
Hill Lineament and another lineament further west has been reported 
by Muhling et al. (1978), it is likely that intrusion of the Coobarra 
Hill-dolerite was controlled by the NE-trending fault. 

Although on map 2 the dolerite is shown as a sill, evidence for such 
a shape i s  equivocal, as the dolerite was only found in two drill 

holes separated by some 20 metres. Thus the occurrence of a doleritic 
dyke instead of a sill is equally possible. 
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2.5.2. Felsi c  volcani c  activ i ty of the Coobarra Dome 

In F ig. 2.73 the occurrence of felsi tes of the Coobarra Dome are 
shown. 

2 . 5 . 2 . 1 . Rh yo l i te 

At 23°37 1 S, 118°47 ' E  approx i mately 60 metres above the basal un
conformi ty of the Bangema 11 Group there occu rs a 1 i ne of s i x s·ma 11 
rhyoli te bodi es ("Tangadee Rhyol i te") wi thi n the lower wc2-uni t. 
The rhyolite shows vari -coloured flow band i ng of uncertain ori g i n. 
In thi n  secti on i t  consi sts mai nly of euhedral quartz and feldspar 
phenocrysts, i n  a cryptocrystalli ne groundmass of quartz and m i nor 
m i crocli ne, wi th accessory b i otite, chlori te, z ircon and opaques. 

The quartz phenocrysts are hexagonal or rhomboidal in secti on, 
preservi ng the b i pyrami dal shape of ß-quartz. Most phenocrysts 
are embayed, i nd i cating resorpti on or corrosi on by the groundmass, 
and many have become well rounded. 

The feldspar phenocrysts now consi st of granular i ntergrowth of 
quartz and microcli ne, and are consi dered by Gee et al. (1976) to 
have been san id ine phenocrysts. 

These authors also report rare , i rregular or d i st i nctly spheri cal
shaped l i thophysae of pyrite, i lmenorut ile, chlori te and carbonate 
encased by quartz and microcli ne, whi ch are wrapped by the flow 
bandi ng and therefore were i n  exi stence as solid objects whi le 
the vol can ic  materi al was sti ll flowi ng. 

Chemi cal analyses of four samples of the rhyoli te are g i ven i n  
Tab. 2.02. lt i s  obvi ous from compari son w i th average chemi cal 
compos iti on of rhyoli tes (Nockolds et al., 1 978) that this  rock 
i s  h i ghly altered, as emphazi sed by extremely h i gh K2o ,  extremely 
low Na2o and sli ght i ncrease i n  s ;-o2 • The enrichment of potassi um 
at the expense of sodi um i s  a common type of alterati on and has 
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Tab1 e  2 . 02 Chemi ca l an a lyses  of s i l i c eous vol canogen i c  rocks of the Coobarra Dome 

Oxides in wei ght percent , el ements i n  ppm 

1 2 3 4 5 6 7 

S i 02 78 . 0  76. l 74. 9 83 . 4  79 . 7  85 .23  76 . 45 

Al 2o3 11 . 1  12 . 3  12 . 3 10 . 24 9 . 97 9 . 02 10 . 62  

Fe2o3 
0 . 66 0 . 62 1 . 06 0 , 43 2 . 93 1 . 97 5 . 18 

MgO 0 . 02 0 . 02 0 . 23 0 . 17 0 . 7 1  1 . 03 1 . 92 

CaO . 0 . 10 0 . 06 0 . 04 0 . 18 0 . 11 .  0 . 07 0 . 08 

Na2o 0 . 1 5 0 . 15 0 . 20 0 . 55 0 . 27 '  0 . 10 0 . 23 

K2o 9 . 06 9 . 21 10 .45  9 . 66 3 . 59 1 .  99 0 . 04 

MnOz c. 0 . 01 .::: 0 . 01 c::: 0 .01  <: 0 .  01  0 . 02 0 . 0 1  0 . 03 

T i 02 <. 0 .  01  < 0 . 01 <. 0 . 01 0 . 04 0 . 11 0 . 13 0 . 34 

PzOs < 0 : 01 < 0 . 0 1  < 0 .01  0 . 0 1  0 . 03 0 .03  0 . 04 

S03 0 . 04 0 .0 3  0 . 03 0 . 03 0 . 0 3  

Mo dO .::10  .: 10 2 1 

w 5 < 5 <: 5 .::. 10 , 10 

Zn 17 16 15 7 46 <- 1  · 24 

Pb 1 10 110 65 6 46 

Bi (. 2 .:.2 

Cd <0 , 5  <. O ,  5 

Co < l 2 < 1 3 

N i  4 5 3 16 

Ba 460 2950 33 56 85 

Cr:: 2189 1779 274 325  85 26 16 

V � 56 < 56 < 56 ..: 1  14 28 12 

Be .c O , 5  3 

Cu 45 190 110 5 10 17 24 

As " 0 , 2  < 0 , 2  

S r  20 20 20 18  71 57 83 

Rb 150 160 180 111 <:' 1 

H o+ 

2 0 , 51 0 , 80 0 , 29 2 ,95 l , 13 

TOTAL (%] 99 , 97 99 , 57 99 ,87 104 , 78  97 , 74 102 . 53 96 ,43 
=====================================================�=========:======== 
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1 ,2,3: Rhyolite near Tangadee. From Gee et al. ( 1 9 76) 

4 :  Rhyolite near Tangadee. Analyst : CHEMEX LABS Ltd., Canada, 
using ICP and AAS, no H2o+-
determination. 

5: Lapilli tuff south of Coobarra Hill. Analyst: see 4 

6 :  Lapilli tuff south of Coobarra Hill. Analyst :  Geol . Pal .In�tttut, 
University of Hamburg 
West Germany , us i ng 
XRF .  

7 :  Black, fel si c, pipe-l ike intrusion in  granite, about 2 . 5  km 
NNW of the rhyol i te .  Exterior, weathered surface has not been 
removed. Analyst : see 6 

-: not determined 

* ·  Cr-values in excess of 60 ppm probably are analytical arte
facts . 
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been reported by Nockolds et al. ( 1978 ) and Fischer and Schmincke 
( 1984). 

Gee et al. (1976 ) conclude from the excellence of textural 
preservation and the occurrence of fresh sulphides that alteration 
of the Tangadee Rhyolite considerably predates any recent weathering. 
However, complete chemical reconstitution of the rock does not 
allow the determination of timing and mechanism of the alteration. 
The Rb/Sr-age of 1098 ! 42 m.y. is believed to date this alteration 
event. 

According to these authors the rhyolite formed by 1 oca1 melting 
on a movement plane in the granitoid basement of the Coobarra 
Dome - although experimental data yield no indication of the 
true initial 8 7sr;86sr ratio and hence no isotopic evidence of 
the origin. lt has been interpreted as extrusion of glassy viscous 
lava along fissures with an ENE-trend, hence with a trend parallel 
to the regional Tangadee Lineament. 

2.5.2.2. Lapilli tuff 

About 10 km west of the rhyolite, south of Coobarra Hill, a small 
e l ongated outcrop of lapilli tuff occurs. It has a thickness of 
about 1 metre, a strike length of 50 metres into N 70° E direction, 
and probably is conformably over- and underlain by rocks of the 
lower wc2-unit. 

The lapilli tuff is composed of layers of lapilli of different grain 
size (1 - 8 mm} but similar grain size or graded bedding within 
the individual layers. These layers are separated by bands ( 1  - 3 
centimetres thickness) of lapilli-free tuffaceous material. 

The lapilli are ovoid-shaped with their langer axis almost per
pendicular to bedding. A similar orientation of the langer axis of 
quartz crystals perpendicular to the laminations of crystal tuffs 
has been noted by Pettijohn {1975, p.307 ) who suggested that this 
orientation is inherited from the "way they have fallen i nto it". 
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In thin section the lapilli resemble accretionary or armored 
lapilli with coarse vesicular pumice shards in the core and fine
grained tangentially aligned platy shards forming the rim (Fig. 
2.74). 

Fig. 2 . 74: Lapilli with coarse pumice shards in the core and 
fine-grained platy shards as rims. Base of picture = 
5.6 mm (+). 

Notably, minor angular , sometimes embayed, quartz grains occur in 
the coarse parts of the lapilli. 

The recognition of the type of lapilli can be helpful in dis
tinguishing between a) pyroclastic eruptions (caused by expansion 
of gases initially contained with the magma) and b) hydroclastic 
eruptions (caused by vaporization of external water in contact with 
hat magma or lava), which are the two general categories of eruption, 
after Fisher and Schmincke (1984). Accretionary lapill i are often, 
and armored lapilli are reported exclusively, from hydroclastic 
eruptions. As the l apil l i  are probabl y  intermediate between 
accretionary (pumice and ash aggregates) and armored (crystalline 

7 
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aggregates i . e .  the quartz grains mentioned above ) it is li kely 
that they formed during hydroclasti c  eruptions . 

The type of magma can be inferred from the nature of the glass 
shards. Although there are many variables affecting the shape of 
glass shards, Izett (1981, in Fisher & Schmincke, 1984) presents 
ev idence to show that pumice shards tend to develop from relatively 
high viscosity magmas with temperatures below 850° C.  The whole 
rock chemistry (Tabl 2.02) shows that the K-alteration reported 
of the rhyoli te did not affect the lapi lli tuff . 

By comparison with chemical analyses of 7 tephras of rhyolitic 
fallout and flow deposits presented by Fisher and Schmincke (1984) 
i t  becomes evident that the lap illi tuff is impoverished in both 
potassium and sodium, and enriched in silica. Thi s  chemical trend 
can best be explained by leaching of the Na+ and K+ ions with 
concomi tant relative enrichment of Si02 , However , the timing of 
this leachi ng remains unclear; it could have occurred when the 
presumably subaerially deposited lapillis were first covered by 
water in the wc2-unit, or through recent weatheri ng processes . 

The existence of some recent weathering is indicated by the 
occurrence of liesegang rings which also may cause i ncrease i n  
iron values (Tab.?..02). 

Barium is enriched within the lapilli tuff when compared to the 
results of the above authors. As the immobility of barium during 
weathering has been shown (e . g .  Mann , 1982; Taylor, 1983) it can 
be inferred that the introduction of barium has been an early event. 

Two possible processes for barium introduction are envisaged: 
I )  The barium-rich hydrothermal system, which orobabl y was most 

active during deposition of the lapilli tuff , was linked to 
the sites of rhyolitic magma generation within the basement. 
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The water added to the magma through faulting and fracturing 
of the basement in the lower wc2-unit was enriched in barium, 
and during vaporization of the water barium was added to the 
vapor phase , prior to eruption. 

II) After deposition and initial burial of the lapilli tuff, the dia
genetic formation waters were rich in barium - as they seem to 
have been in the Abra hanging wall which now has about 3000 ppm 
Ba in rocks some 30 - 40 metres above the top of the minerali
zation - and precipitated their solutants as barite or as replace
ment of sodium and potassium. In this case barium was added 
after eruption. 

2.5 . 2 . 3. Other volcanoclastic rocks 

About two kilometres south of the Tangadee Rhyolite, on the down
faulted southern side of a ENE-trending fault, two elongated bodies 
of poorly preserved, silica-rich volcanoclastic rocks occur. To 
the north the outcrops are limited by the fault, to the south the 
rocks seem to be overlain by the wc2-unit. 

Mesoscopially, the rock consists of large, occasionally rounded 
quartz grains (up to 1 cm) in a fine-grained siliceous matrix. lt 
is poorly sorted and no bedding or lamination is visible. 

In thin section, rounded quartz grains with enhanced undulatory 
extinction probably represent a detrital sedimentary component. 
The volcanogenic quartz grains comprise euhedral quartz (Fig. 2 . 75), 
embayed grains, angular and fractured grains, and curved laths of 
quartz { Fig. 2.76). 

These grains (0.01 - 1 centimetre in diameter ) are irregularly dis
tributed in a fine-grained siliceous matrix which probably has formed 
through devitrifi cation of pumice or glass shards. 
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Fig. 2.75 : Euhedral quartz grain in siliceous matrix. Ba se 
of pi cture = 3 . 6 ITTTI ( + ) . 

Fig. 2. 76 : Curved lath of quartz in siliceous matrix. 
Base of picture = 3.6 mm (+). 
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lt i s  tentati vel y  concluded that i t  formed by a subaqueous pyro
clastic ash flow which on i ts path i ncorporated sedi mentary , rounded 
quartz grains from the proba bly unconsolidated coarse areni tes of 
the wc2-uni t. 

2 . 5 . 2 . 4. Felsic pi pes 

Some three ki lometres northwest of the Tangadee Rhyoli te the grani toi d 
ba sement i s  i ntruded by three pi pe-li ke bodies (20 - 40 metres i n  
di ameter ) of a black si liceous rock . Chemical analy si s  i s  shown i n  
Tab .  2.02 . l t  has low sodi um and potas si um which possi bly were re
moved duri ng weatheri ng . Hi gh i ron a nd magnesi um content i s  due to 
a bundant chlori te (causi ng the blac k colour ) ,  and mi nor pyri te . 

I n  thi n section the rock i s  poorly sorted , with  subangular to sub
rounded quartz grai ns of various size (0 . 01 - 0 . 5  centimetres) ,  
plus large (more than 1 centimetre ) irregular shaped and venniform 
quartz aggregates , i n  a very fi ne-grai ned chlori tic matri x .  Some 
ch l ori te needles are enriched at the contact of the quartz aggregates 
to the ch l ori tic matri x (Fi g .  ?. . 77 ) . 

Fi g. 2.77 : Chlori te needles enriched at the contact between 
chlorite matri x and a vermiform quartz aggregate. 
Base of picutre = 0 . 9  mm (-). 
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There are no textural or m i neralog ical cluf�s for the orig in  of 
this rock, however, the chemistry poi nts to an altered, s i l i 
ceous volcanogenic rock, and the field occurrence can be i nter
preted as a volcan i c  vent. In which case the fill ing of this vent 
(i .e. the black fel s i c  pipes) may be a pyroclastic  breccia and/or 
talus from the crater rims . 

Desp i te the chemi cal di fferences (Tab . 2.02) with respect to 
i ron, magne s i um content and the K2D/Na2o-ratio  i t  is  suggested 
that this vent has formed in relation to the Tangadee Rhyoli te. 

2.5 . 2.5. Summary 

With the exception of the fels ic  r i pe s  all rocks described in 
chapter 2.5.2. were emplaced wi thi n  the lower wc2-uni t and i t  can 
reasonabl y be as sumed that they form one sui te. The felsic p i pes 
poss i bly represent the vents of the eruptive system . 

The lapilli tuff shows that the volcaniG eruption was hydroclasti c, 
i .e. the add i ti on of water to a rhyolitic magma led to an increase 
in viscosity whi ch in turn resulted i n  an explos i ve eruption. 
The addi tion of water probably was enhanced through the onset of 
faulting and fracturi ng of the basement (subsidence) i n  the lower
most wc2-un it .  Thus, the extrusion i s  related to the i ncipient 
r i  fting . 

Extrus i on of the rhyolite as a glassy, viscous lava (Gee et al., 
1 976) seems unlikely in view of a hydroclastic eruption . The rhyolite 
could alternati vely be i nterpreted as a welded ash flow tuff which 
also can show flow bandi ng .  

Irrespecti ve of how bari urn came to be enriched i n  the lapilli tuff, 
i .e. prior or after erupt ion ;  i ntroduction of barium i s  related to 
the hydrothermal system .  If the lapilli tuff is related to the 
rhyolite (dated 1 098 ! 42 m . y . }  thi s  puts further constraints on 
the age of the m ineral i zati on . 
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2.6. Development of the Jillawarra Basin 

In thi s  chapter the main features of the sedi mentolog ical (chapter 
2.3. ) and structural (chapter 2. 4.) history are considered 
with respect to the development of the Jillawarra Bas in  during early 
Bangemall Basin sedimentation. 

The limits of the Jillawarra Bas in  (cf F ig. 2.6 1 )  are defined by 
the \foodlands Fault in the west, the Quartzite Well Fault System in 
the north, the Abra Fault System in the east and - at least i n  the 
western portion of the basin - by the West Creek Fault i n  the south 
(map 3). The Jillawarra Basin has an E-W extension of about 55 
kilometres and a N-S extension of 5-6 k i lometres. 

The oldest sediment on the granitic basernent in the west { !foodlands 
Dome) is a quartz-muscovi te-potash feldspar clastic rock, whi ch formed 
as a talus slope breccia on the granite i n ti mes of conti nental 
condition, i ntermediate between the gran i te emplacement and beg inning 
of aqueous sedimentation of the Bangemall Group. In the east (Coobarra 
Dome) a thick arkose unit underlying the marine sediments of the 
Gap Well Formati on i s  i nferred. 

2.6.1 .  Transgression 

Commencement of mari ne sedimentati on was a transgression from the SW 
along a NE-trendi 11g elongated graben, probably due to moderate subsidence 
of thi s  graben along the regi onal Flint H ill and Tangadee Lineaments. 

Increase in water depth during the GW2-interval, is indi cated by 
the abundance of reef dolom i tes along w i th the i nterti dal si ltstones 
and beach areni tes . At thi s  ti me synsedi mentary faul t ing became evi
dent. The Manganese Range Fault apparently acted as a facies di vide 
between a western carbonate facies and an eastern f i ne-grai ned clastic 
interti dal facies. 
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During the GW3-interval intertidal flat sedimentation covered many 
parts of the Jillawarra Basin. The dolomitic fine-grained siltstones 
though, are intercalated by numerous arenite beds, indicating signi
ficant clastic contribution. The GWw4-unit (up to 250 metres coarse 
clastites) interfingers with, and is oartially time-equivalent to, 
the GW3 intertidal siltstone. The for�er unit may represent a barrier 
island system to the GW3 intertidal flats. 

To this point the sedimentary history is a transgression of a shallow 
epicontinental sea which led to near-shore deoositional systems in 
the Jillawarra Basin. The local abundance of clastites suggests 
contribution of continental debris in the Jillawarra Basin which 
behaved as a shallow sink. The hinterland from which the clastics 
are derived was composed of granitic rocks. 
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2.6.2. Regression (Doming) 

Within the lower GW5-interval a sedimentary regression comrnenced. 

The barrier island system of GWw4 is overlain by dolomitic silt
stone (GW5) deposited in a water depth of 10 1 s of centimetres. 
Intercalated lime sand shoals formed from reworking of clastics 
in an intertidal environment. The GW5-unit terminates with laminated 
dolostones and columnar stromatolites, and resembles a shallowing
upward carbonate sequence described by James (1979). 

During the GW5-in terval the amount of clastic input decreases. Abundant 
cryptalgae laminations, stromatolites and pellets point to an upper 
intertidal, low-energy environment. Intermittent supratidal, hyper
saline conditions are indicated by gypsum casts, authigenic potash 
feldspars and thin laminae of red iron-hydroxides i.e. hematite 
facies of sabkhas (Kendall, 1979). 

Throughout, the Manganese Range Fault had control on .the adjacent 
facies and it is likely that the Woodlands Fault in the west as well 
as the Abra Fault System in the east  also were active. 

As synsedirnentary faulting is evident in the upper Gap \4ell Formation 
(e.g. no massive biostromal dolomites occur east of the Manganese 
Range Fault) it can be assumed that the regression was also tectoni
cally controlled. In comparison with the Irregully Formation 
(partially equivalent to the Gap Well Formation) elsewhere in the 
Bangemall Basin the regressional development in the Jillawarra Basin 
has been enhanced (locally supratidal, hypersaline conditions). 
Therefore, some active emergence (uplift) may have taken place 
in the area of the Jillawarra Basin. 



- 165  -

2 .6.3. Transgressi on (R ifti ng )  

After the upper Gap Well Fonnation regression, the onset of the 
West Creek Formati on marks another transgression. On a reg ional 
view i t  i s  indi cated by the re-establi shment of an inter- to sub
tidal env ironment with low-energy carbonate deposi tion of the 
vJC1-un i t . 

Wi th in  these i nterti dal flats however, there formed 3 rapi dly 
subsi d ing, fault-controlled sub-basins defi ned by u� to 40 
metres coarse clasti c  facies ( i . e. at TP-Prospect , Copper Chert 
Prospect and Abra Prospect ).  In  addit ion to NE-trendi ng faults, 
wh i eh a l ready have been acti ve du r ing the Gap \•Jel 1 Formati on, 
movement along E-trendi ng faults also became sianificant. 

The apparent relationsh i p  between these sub-basi ns and areas of 
si gnif icant m inerali zati on bears s imi larities to the mi ddle
Proterozoi c  Sull i van Pb-Zn-Ag deposi t, B . C. ,  Canada. Here the zones 
of h i gh-grade m inerali zation are defi ned by the lateral occurrence 
of the underlying, thi ck II  Footwal l Conglomerate" (Ethier et a 1 ., 1976) . 

Thi s  shallow water transgression of the wc 1 -uni t, w ith isolated areas 
of pronounced subsidence, i s  followed by a marked transgression wh i ch 
affected many parts of the Bangernall Basin  ( i  .e. the onset of the 
Kiang i Creek Formati on). 

Wi th in  the Ji 1 lawarra Basin the wc2-uni t  compri ses more than 
400 metres of shallow water turb i di tes the occurrence of whi ch 
apparently are confi ned to the basi n; outsi de the basi n marg i ns 
beach or fluvi al fac ies prevai l  (cf F i g. 2.61) . 

Thus, subsidence was strongest i n  the Ji llawarra Basi n whi ch at 
thi s  stage developed i nto an intracratoni c, fault-bounded rift 
valley. Robbi ns ( 1 983 ) noted that coarse-gra i ned turbid ites are 
common i n  such r ift val leys and she suggested that the turbi di tes 
are i nduced by earthquakes generated by rifti ng. 

L I: 
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2.6.4. Further basin development 

The upward passage of the wc2-unit into dominantly intertidal 
dol omitic siltstone of the wc3-unit , and then coarse beach arenites 
of the wc4-unit, marks the filling of the basin. Further slow and 
minor subsidence is indicated by the re-establishment of intertidal/ 
barrier bar conditions of the lower Jillawarra Formation (Mjd) which 
is overlain by a shelf facies of the upper Jillawarra Formation (Mjs) . 

2. 6.5. Summary 

The regression in the upper Gap Well Fonnation and transgression in 
the lower West Creek Formation match the first events of the "rift 
valley stage 11 of cratonic rift basins which De Rito et al. (1983) 
described as doming, central rifting, graben formation and intrusion 
of basic magmas into the central rift (the intrusion-event probably 
corresponds to the intrusion of dolerites higher up the sequence; 
see chapter 1.2.6.2.). 

Because lateral crustal extension continued after the incipient 
rifting (WC2) further pulses of subsidence occurred. After a period 
of tectonic quiescence and basin infill the shelf facies of the middle 
to upper Jillawarra Basin marks a further, though minor, event of 
subsidence. 

According to the classification of Large (1980) who listed parameters 
indicative of potential mineralization, the Jillawarra Basin can be 
characterized as a Second-Order-Basin within a First-Order-Basin: 
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Parameters (Large , 1980) Ji llawarra Bas i n  

I) Fi rst-Order Bas i n  
a) Epi craton i c  and i ntracraton i c  The Bangemall Basi n 

basi ns ( 100 1 s km d imensions) 
b) Fault-bounded at margi ns Jeeaila-Mount Vernon-Lofty Range 

Fault System i n  the N 

c) Thi ck sequences of clasti c  
sediments , 
shallow mari ne carbonates , 
delta sandstones , tu rbid i tes 

II) Second-Order Bas i n  

Steep faults an Robi nson Range, Stanley, 
Nabberu Sheets i n  the S 
Clasti c sed i ments - Tri ngadee Formation 

Shallow mari ne carbonates; Tri ngadee f. 
Delta sandstones, turbid i tes ; Kiangi 
Creek Formation 

a) Becken and Schwellen (10 1 s km Ji llawarra Basi n, Becken-fac ies 
d i mens ions 

b) Abrupt changes i n  sedi mentary 
fac ies and thi ckness at bas i n  
margi ns 

III) Contemporaneous Igneous Activ i ty 
a )  Tuffs , tuff i tes, ashfalls 

( 4 1 m thi ck, f i ne-grai ned) 
b )  B i modal volcan i c  activ ity i n  

Fi rst-Order Bas i n  
c) Mi nor i ntrus ions 

e .g. wi th i n  the wc2-un i t  the basi n 
margi n faults acted as facies d iv ides 
(cf F ig. 2.6 1) 

rhyol i te ,  lapilli tuff etc. 
(cf chapter 2.5.2.) 
despi te m i nor felsi cs only doleri tes 
(conti nental tholei i tes) 
none 

IV) Regional Tecton i c  Acti vi ty and Li neaments 
a) Acti ve h i nge zones at margi ns T i ght and overturned folds along the 

of bas i ns Mount Vernon Fault an the northern 
marg i n  of the Bangemall Bas i n. 
T ight folds at N and S marg i ns of 
the Ji llawarra Bas i n  {cf F ig. 2 . 70)  
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b) Regional change in sedimentary e . g. facies change a cross the 
envi ronment Tangadee lineament (cf Fig. 1 .07) 

or see point I I) b) 
c) I ntersection of lineaments Jeeaila-Mount Vernon- Lofty Range 

and hinge zones Fault System intersects Tangadee 
lineament ; or on the scale of the 
Jillawarra Basin : Quartzite \�ell 
Fault System intersect Woodlands 
Faul t in the W and Abra Fault 
System in the E. 

V) Third-Order Basin 
a) Local depressions 

( 1 00 m - 10 km dimensions) 
The Abra Sub-Basin, discussed 
in section 3. 
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Section 3 The Abra sub-basin 

3. 1. Introducti on 

In the following three chapters the Abra sub-basi n wi ll be descri bed, 
a basi n the accurate limi ts of which are unknown. No surface out-
crop of the respective rocks occurs ; investigations and reconstruction 
of the basi n are based on ei0,ht di amond drill holes. 

Fig. 3.02 shows the local geology of the Abra area, the main Geoneko 
grid lines, posi ti on of the ei ght  drill holes, and the surface 
trace of the faults orobably limitinq the basin ;  except towards 
the south where no limiting fault could be identi fied. 

Additional evi dence for the extension of the Abra sub-basin sterns 
from the occurrence of the coarse c l asti c t,1c1- facies ( Fig. 3.01 } . 

100 

200 

100 

Fi g .  3 . 0 1 :  The occurrence of the coarse clastic WC1-un i t  i s  l imi ted by three 
faul ts , which defi ne the Abra sub-bas in .  Surface posit ion and 
downward extens ion of the eight di amond dri l l  hol es are shown ; 
>< marks the i ntersection of faul t.  
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3.2. Stratigraphy of the Abra succession 

Fig. 3.03 diagrammatically displays the stratigraphy of the Abra 
area projected onto a N-S section at 8500 m East (Geopeko grid). 
The stratigraphic divisions - as compared to the stratigraphy of 
the Jillawarra Belt - encountered in the diamond drill holes com
prise the upper Gap Well Formation (GW5 - GW6) and the lower to 
middle West Creek Formation (WC1 - wc2 - wc3) as it is shown in 
Fig. 2.05. In this chapter sedimentological analogies between 
the Abra area and the Jillawarra Belt are occasionally demonstrated 
in order to evaluate the facies of the Abra succession. 

3 . 2 . 1. The Gap Well Formation 

For the Gap \✓ell Fonnation the correlation with GW5 - GW6 of the 
Jillawarra Belt is valid only with respect to the thickness of 
the units. Alteration (silification-chloritization, brecciation) 
commonly obliterates the original features of the rocks in the 
Abra succession . lt  therefore seems inappropriate to attempt sub
division into the GW5- and GW6-units. 

Although the thickness of the strata of the Gap Well Formation 
intersected implies that both units are present the intensity of 
alteration rather favours a description of the Abra-succession 
as 3 local lithostratigraphic units according to different mineral 
composition and textures. Nevertheless, a facies interpretation 
of these local units is warranted; the boundaries of which though 
do not correlate with those evaluated for the Gap Well Formation 
of the Jillawarra Belt succession in chapter 2. 3. 1. 

The Gap Well Fonnation in the Abra succession comprises the ore 
bearing unit and is subdivided into a footwall 11 stringer zone" , 
overlain by a 1

1black zone" and a 1
1 red zone 1 1

• These names are macros
copically descriptive terms designed for core logging purposes 
by Geopeko geologists and are dealt with in the following chapter 
as lithostratigraphic units. 
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Fig. 3.03: Stratigraphy of the Abra area projected onto a N - S section at 8500m East ( Geopeko gri d)  
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3 . 2 . 1 . 1 .  Str i nger zone 

I n  Ab 9 hol e the l angest  i n tersect ion  of the s tri nger zone ( 4 1 6 . 3 

core-metres , correspond i ng to a true depth of 3 1 0  metre s )  termi n a ted 

wi th i n  th i s  zone . 

Al though the vei n i ng gradua l l y  decreases i n  the bottom part  th i s  

l i thos trat i graph i c  un i t  probabl y extends further down hol e .  

Mi ne ra l i za t i on i n  the s tri nger zone i s  l i mi ted to ve i ns and ve i n l e ts 

of vari ous compo s i t i on ( see chap te r  4 . 1 . ) .  

The domi nan t rock types are ch l ori t i c s i l t s tone and  sha l e wi th 

i n te rca l a t i on of very fi ne-grai ned aren i te ( F i g .  3 . 04 ) . These 

sedi ments are i n terbedded i rregu l a r l y  wi th subordi nate th i n  l i th i c 

and/or fel dspath i c  fi ne- to coarse -gra i ned aren i tes whi ch often a re 

poor ly  sorted . 

. ' . 
.. .. ' � \ 

,.. � . .. - . ' 

;.. . • 
.

• •  ,· .... 9 ,. . ' .  : :  - � • "' , r - . . -

Fi g .  3 . 04 :  Dri l l  core from the s tri nger zone ( Ab 3 ,  499-507 m )  
show i ng chal copyri te ,  c arbon a te and quartz ve i n i ng 
i n  ch l ori t i c s i l ts tone . 
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Lithic arenites are more abundant in holes Ab4 and Ab 6; in the 
latter the arenites compri se the upper 30 metres of the stringer 
zone whereas in Ab 4 they are domi nant throughout the hole . 

Mesocopi cally (scale of the dri ll core) a number of sedimentary 
features have been observed in the Abra successi on whi ch point 
towards an i ntertidal sedi menta ry envi ronment like that postulated 
for the GW6-uni t of the Jillawarra Belt ; these include: 

- flaser bedding; thi s  type of ripple cross-lami nation where 
muddy parts occur  i n  the troughs of the ripples often forms i n  
intertidal sediments (Reineck and Si ngh, 1 973) ; 

- intraclastic brecciation; although not di agnostic of i ntertidal 
sediments this feature has also been observed i n  the GW6-unit 
near the Copper Chert prospect, and may indicate an analogous 
mode of origin; 

- th i nly interbedded shale (muddy) and fi ne-grai ned arenite (sandy) ; 
this is the dominant type of sediment in i ntertidal zones. 

- subordi nate thi n  l i thic and/or feldspathic, poorly sorted, fine-
to coarse-grai ned areni tes; these rocks probably are the equi valents 
to the calcareous wackes of the GW6 in the Jillawarra Belt. The 
lack of a si gnif icant carbonate component can be attri buted to 
the i ntenses s il ification whi ch affected all rocks in the Abra 
succession. Abundant ti ny inclusions witness the former existence 
of carbonate (cf chapter 2. 3. 1 .) ; 

- scattered sand grains in muddy layers; up to about 1 0  % scattered 
quartz grai ns in the fi ne-grained sediments frequently occur in  
all dri ll cores. Accord i ng to Reineck and S i ngh ( 1 973, p. 359) 
thi s  i s  a common feature of i ntertidal sediments where i nd i vi dual 
sand grai ns are attached to algal fi1aments or other organic 

' 1 
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matter, and kept in suspension prior to deposition with mud 
aggregates (Wunderlich, 1969, in Reineck and Singh) ; 

- conformable lensoidal pyrite layers; such layers commonly form 
diagenetically at the boundary between oxidizing and reducing 
conditions within the sedimentary column in intertidal sedi
ments (Vogt, 1981) and are also present in the Gap Well Formation 
of the Jillawarra Belt. 

These sedimentary features confirm the assumption that the sedi
ments of the stringer zone formed in a similar (inter-subtidal) 
environment as the GW6-unit of the Jillawarra Belt some 10 kilo
metres to the west. 

Further sediment structures such as clastic dykes, scour channels , 
sole marking and graded bedding have been reQorted in Geopeko drill 
logs but are not indicative of any particular environment. 

Intense brecciation is associated with the veining (mineral ization) 
of the stringer zone (Fig. 3.05); it may be difficult though to 
distinguish between a clastic dyke in which the matrix has been 
mineralized preferentially, and a true vein-type brecciation. 

Microscopically recognition of the original petrology of the sedi
ments is rendered difficult by the intense alteration. In the 
bottom of Ab 1 1  (852 metres), the southeasternmost drill hole, 
the alteration is insignificant. These rocks probably resemble 
the original sediments of the stringer zone. 

The rocks can best be described as micaceous calcareous siltstone 
with faint laminations. Very , few micas have been chloritized, 
most seem to be detrital. The carbonate dominantly is micritic 
and occurs in patches of which some possibly are diagenetic 
pellets (Fig. 3.06). 

! 
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F ig. 3.05: Bre cc i at i on o f  chlori t i c si ltstone i n  the 
stringer zone. The fi ne-grai ned matri x i s  
mi nerali zed (chalcopyri te) . 

F ig . 3 . 06 :  Calcareous s iltstone wi th ferrugi nous pellets . 
Base of pi cture = 5 .6 mm (-) . 

r 
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Al l carbonates are very dark through a significant iron and 
manganese content (cf chapter 4.1 . ) .  

Detrital quartz grains are angu l ar to subrounded and are of sil t
size. The existence, however, of patches and streaks of secondary 
quartz with abundant small carbonate incl usions shows that sili
fication has taken pl ace. 

The nature of the silification is comparable to that of the Jil l a
warra Bel t where secondary quartz with abundant carbonate inclusions 
occurs throughout the Gap l�el 1 and l�est Creek Formations. As a 
seemingly unal tered rock is affected by sil ification, whereas 
chloritization is negl igibl e, it can be inferred that sil ification 
is a widespread ( more "distal") phenomenon while chl oritization 
is more "proximal " with respect to the hydrothermal system.  

A sampl e from Ab 5, 759.0 metres is in a more "proximal" position 
in spite of the absence of significant mineral ization. This rock 
is textural ly very si mil ar to the one above - a micaceous, l aminated 
sil tstone - but the matri x  is completely chl oritized . 

Two generations of chlorite are present in this rock: 

a) One phase formed in association with a 3 millimetres wide 
quartz - minor carbonate veining. lt occurs as aggregates of 
f i brous radiating clusters withi n  the vein and probabl y  grew 
from the vein material without any precursor phase. It has a 
b l ue birefringence col our (Fig. 3.07). 

;' · 

i 
j 
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Fig. 3.07 : Chlori te formation within ve i n. Base of 
picture = 3.6 mm (-). 

b) The second generation constitutes the matrix of the laminated 
s iltstone. lt is of a 11micritic 1 1  nature i.e. the chlorite is 
very finely dispersed throughout the rock with few larger 
aggregates ( Fig. 3.08). 
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Fig . 3 . 08 :  Chlorite distributed throughout the wall rock 
(matrix chlorite). Base of picture = 0 . 9  mm (-) . 

Notably most of the white micas are preserved, except a sub
ordinate number showing incipient or complete chl oritization. lt  
thus appears that, in addition to micas, another group of  pre
cursor rninerals has been chloritized . Control of the nature of 
the precursor minerals on the chl oritization is corrobated by 
different birefringence colours of the chlorites ; while the 
1

1micritic 11 chlorite is very dark brown, the few larger aggregates 
have blue to blue-purple colours and chloritized micas have grey
purple (+/-brown) colours . 

For a number of reasons it can be inferred that the chloritized 
matrix has been carbonate, these include : 

- the micritic nature of the chlorite 
- the apparent control of the precursor mineral on the chloriti-

zation 
- the textural similarity to the unchloritized but calcareous 

sample of Ab 1 1  
- general textural analogy to the GW6-unit of the Jillawarra Belt. 
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A possible reaction pathway (simplified) to explain this type 
of chloritization is : 

ferroan dolomite + SiOamobile ___ Fe, Mg chlorite + (Ca ?)carbonatemobile 

Further indication of chloritization of carbonates is given by 
the existence of authigenic albite (only marginally altered) in 
the chloritic siltstone; authigenic albite preferentially formed 
in calcareous sediments in the Jillawarra Belt . There are also 
some rounded chlorite aggregates which may have been calcareous 
pellets (Fig. 3.09). 

Fig. 3. 09 :  Rounded chlorite aggregates, possibly after 
pellets. Base of picture = 3.6 mm (-). 

A second, dominant rock type in the stringer zone is a lithic 
arenite. These rocks are particularly abundant in Ab 4 and Ab 6. 
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With feldspar content frequentl y in excess of 30 % the rock is a 
medium- to coarse-grained , poorly sorted, subangular to sub
rounded feldspathic arenite. The cement consists of very fine
grained ("cherty") quartz ; few secondary muscovites are scattered 
irregular through the reck. Locally, the interstital volume 
("matrix") is occupied by galena-sphalerite-barite plus large 
subhedral carbonate and authigenic albite, both the latter are 
clearly associated with the ore minerals. Here it is not certain 
whether an original carbonate component has been present. The 
chloritization selectively affected muscovite and altered potash
feldspars ( Fig. 3 . 10). 

Fig . 3. 1 0: Partially chloritized potash feldspar. 
Base of picture = 0 . 9  mm (-). 
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The potash feldspars show authigenic seams which usually have 
been altered more intensely than the detrital grains (Fig. 3 . 1 1 ) . 

Fig . 3. 1 1 :  Altered authigenic seams to potash feldspar. 
Base of picture = 0 . 9  mm (-). 

Similar seams occur in eastern parts (Copper Chert) of the Jilla
warra Belt and probably have formed by formation waters with elevated 
salinity, according to a process proposed by Träger ( 1 969). 

In summary there have origi nally been two major rock types ; most 
abundant is a ± calcareous, micaceous siltstone which represents 
the common intertidal deposits comparable to the Gw6-unit of 
the Jillawarra Belt. 

Intercalated is a medium- to coarse-grained lithic arenite 
which may be interpreted as tidal channel fillings or storm 
deposits. In Ab 4 and the upper parts of Ab 6 the thickness of 
these arenites increases consi derably ; indicating alluvial fan 
deposits rather than tidal channels. 
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Although the l i thological evidence for tidal deposits is not 
unequivocal, the sediment structures described before, and the 
above mi croscopi c  features, provide further support for the facies 
i n terpretation of the stri nger zone as inter- to subtidal deposi ts. 

3. 2. 1 . 2. Black zone 

The black zone consists of laminated, often disti nctively banded hemati te/magneti te-quartz-jaspil i te-carbonate-bari te-galena-pyritechal copyrite rocks (Fig. 3. 1 2). Locally intense veining and brecciation is well devel oped. 

Fig. 3. 1 2 :  Dri ll core from the black zone {Ab 3 ,  325-333 m )  showi ng magneti te/Fe-carbonate lam in i tes. Note vei n i ng and brecciation i n  upper part of photograph. 

The average thi ckness is about 35 metres ; however i n  Ab 6 and Ab 7 the black zone is absent while i n  Ab 11 (southeasternmost drill hol e) the thickness i ncreases to over 70 metres. 
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The f ine banding - often less than one milli metre for an 
i nd iv i dual layer - usuall y i s  crenulated or collofonn, contorted 
or di srupted by bli ster-l ike structures (Fig. 3.13) poi nti ng i nto 
both di rections; up and down the drill hole. Sometimes the layers 
are contracted to fonn nodular aggregates now f illed wi th quartz 
or carbonate. 

Fi g. 3. 1 3: Core speci men from the black zone w ith crenulated 
quartz-carbonate-magnetite layeri ng .  
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Individual layers are composed of : 

I )  hematite-magnetite (usually intergrown ) and/or subordinate 
jaspilite (Fig. 3.14 ) 

I I )  quartz, massive, non detrital (Fig. 3.1 4 )  
I I I )  carbonate, usually with yellow-brown colours, i.e. iron

and manganese-bearing (Fig. 3. 1 4) 
IV ) pyrite (Fig. 3.14 ) 
V )  barite (Fig. 3.22 ).  

Fig. 3.1 4: Core specimen f�om the black zone with magnetite
carbonate layer, ng (upper left ) and quartz (white ) -
pyrite (light grey ) - jaspilite, magnetite (black ) 
layering. Note small, vertical quartz-chalcopyrite vein. 
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No regu l arity or cycl i ci ty i n  the sequence of l ayeri ng coul d  be 
found. Hernati te/rnagneti te and quartz and carbonate layers are 
most abundant wh i l e  the others are subordinate and bari te l ayers 
are rare. 

I) Hemati te/magneti te 

In th in  secti on the hemati te/magneti te l ayers consi st of re
crystal l i zed bands of hemati te w i th i rregu larl y di spersed sub
euhedral rnagnet ite gra i ns .  Magneti te i s  ubi qu i tuous and al ways 
i ntergrown wi th hemati te. Wh i le magneti te occurs as aggregates 
composed of varyi ng numbers of smal l ( c::. 1 0µ) cubes hemati te has 
the forn, of aci cul ar crysta l s  or cl usters of crystal s .  

Local l y  l ayers of i ron hydroxydes (goeth i te or lep i docroci te) are 
associated wi th hemati te l ayers (magneti te i s  rare then) or occur 
separatel y  i n  quartz, i mpart ing a jasp i l i t ic  appearance. 

The band i ng often i s  col l oform or compl ete ly  destroyed and hematite/ 
magneti te are recrystal l i zed to i rregul ar rnasses. 

Penetrati on of a hemati te/magnet i te l ayer by an el ongated schee l i te
quartz-bari te aggregate suggests that these l ayers formed very 
ear ly  ( i .e. synsedi mentary) as the bari te crystal l i zati on probabl y  
occured d iagenet ical l y  (F ig. 3.15). The presence of scheel i te, 
al though not i n  economi c  quanti ti es, i s  consi dered part i cular 
rel evant i n  v iew of the possi bl e  metal sources, and, as a further 
i nd i cati on of hydrothermal acti v i ty. A s imi lar si tuation i s  g i ven 
i n  F i g. 3j6 where a l arge bari te crystal (about 1 .3 centimetres) 
grew through a hematite/magneti te-pyrite l ayer without changi ng 
i ts crystal l ograph i c  ori entati on. 
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Fig . 3.15: Protrusion of scheelite crystal into hematite/ 
magnetite layer. Base of picture = 3.6 mm (-). 

Fig. 3.16: Diagenetic growth of barite through hernatite/ 
magnetite-pyrite layer. Base of oicture = 5.6 mm, 
polished section (- ) .  
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I I) Quartz 

Quartz occurs i n  vari ous fonns mainly due to di fferences i n  
crystallinity . Most of it has been emplaced e i ther as chemical 
sedi ments or as replacement of pre-existing minerals. No detrital 
quartz grains have been found within the layered black zone. 

The predomi nant forms are: 
- large crystals (up to 2 centimetres) which probably have re

crystallized from another form of sili ca as i ndi cated by frequent 
120° triple junctions of three grain boundaries. The habitus 
of si ngle grains varies from anhedral to euhedral. 

- fine crystalline 1
1 cherty 11 quartz, either as irregularly distri buted 

masses or very often i n  bands parallel to hemati te/magneti te l ayers . 

- flamboyant quartz, usually along the margins of larger quartz 
grai ns or nodul ar q uartz aggregates (Fig. 3.17). 

Fig. 3.1 7: Flamboyant quartz along the margi ns of angular 
quartz grai ns. Base of picture = 3.6 mm (+). 

--
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The abundance of inclusions mainly in the form of bl ebs (about 
5µ in diameter) of carbonate, iron-oxides (hydroxides) or as 
fluid inclusions is characteristic of all quartz types. 

Fig. 3.17 shows inclusions outlining euhedral crystal shapes. In 
other places dispersion of fluid and iron-hydroxide inclusions is 
causing jaspilitization which locally occurs in patches of 0.5 to 
3 centimetres. When iron-hydroxide inclusions form thin bands (in 
the recrystallized quartz) which are parallel the main hematite/ 
magnetite bandi ng they probably represent poorly developed jaspilite 
layers as described in the previous paragraph. 

While fl uid and iron- (hydr- )oxide inclusions may be inherited from 
the aqueous solution or gel out of which quartz crystallized this 
is not true for carbonate. It has been shown that pre-existing 
carbonate was subject to silification as witnessed by numerous small 
carbonate inclusions. 

Carbonate inclusions are even more abundant in the black zone; where 
they outline crystal shapes or are dispersed within quartz, the 
respective crystals or areas probably have been carbonate originally. 

In the black zone silica seems to replace entire carbonate layers; 
this is particularly obvious in the vicinity of hematite/magnetite 
or pyrite layers. In Fig. 3.1 8  almost all 11dusting 11 visible in the 
quartz between the opaque layers consists of carbonate inclusions, 
and Fig. 3.1 9  shows some relicts of carbonate layers. 
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Fig . 3. 1 8: Numerous carbonate inclusions in quartz. 
Base of picture = 5.6 mm (-). 

Fig. 3 .19: Rel ict carbonate layers and carbonate inclusions 
in quartz. Base of picture = 5.6 mm (-}. 
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In SUlllTlary there were two sources of silica :  

a) Chemical sedimentation i n  associ ation wi th the hemati te/magneti te 
as ind icated by i ron-oxi de (-hydroxi de )  i nclusions i n  some quartz . 
Interesti ngly, cherts from South African banded iron formati on 
have red colours under reflected light  i n  polished sections 
(Klemm, 1 984) also suggesti ng some i ron-hydrox ide content. 

b) Replaci ng soluti ons which preferentially affected carbonate . 
Thi s  type of quartz can be free of i ron-hydroxide i nclusions 
and it presumably stems from the Abra hydrothermal system. 
Although somewhat speculative, it  appears concei vable that the 
replacement of carbonate took place wh i le i t  sti ll was a water
rich carbonate mud. In that case access of the si lica soluti ons 
would be fac ili tated and the silica would occupy the �position 
of the water" while the f i nely di spersed carbonate could nucleate 
wi thout destroying the deli cate band i ng .  

I II) Carbonate 

Although now subordi nate to quartz i n  abundance wi despread si lification 
of carbonate sugges ts that the orig i nal sedi ment commonly has had 
a carbonate component. 

Carbonate occurs as : 
- small i nclusions or relict carbonate as descri bed above 
- euhedral crystals i n  clear (secondary) quartz ; probably formed 

together with the secondary quartz 
- dark and "dusty" l ayers or zones of partia lly spari t ic carbonate 

containing significant amounts of Fe-Mg-Mn wi th a pronounced 
Ca-deficiency. As the di stribution of Mg/Ca rati os of 57 whole 
rock analyses i n  the Abra area cuts across li thologi ca1  boundaries, 
the compositi on of the carbonates is obvi ously governed by post
depositional processes (either common dolomi t i zati on or hydro
thermal alteration ), 
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The dark and 1
1dusty 11 appearance of the latter group is due to finely 

dispersed iron-manganese compounds. Although affected by post
depositional processes this type of carbonate was deposited with 
the sediments. A high iron and manganese content is to be expected 
in this particular environment (i .e. the hematite/magnetite depo-
si ti on). 

There are indications that carbonate has replaced sulphates (barite 
or gypsum); while the carbonate usually recrystallized to sub- or 
euhedral rhombs locally it has the form of acicular or lenticular 
crystal s. Pseudomorohs of calcite after gypsum occur, for example . 
in the Aquitaine Basin, Southwest France ( Bouroullec, 1980). In 
one sample replacement of a nodule apparently took place : acicular 
carbonate crystals occur perpendicular to a micriti c  core (Fig. 3.20) 
not unlike silicified gypsum/anhydrite nodules des cribed by 

Milliken (1979). 

Fig. 3.20: Acicular carbonate crystals along the margins 
of a micrite nodule. Base of picture = 3.6 mm (-). 

7 
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IV) Pyr ite 

Pyr ite occurs a f i ne layers withi n, or clearly parallel to the 
hemati te/magnetite l ayers. The ve in-type pyrite (coarse, euhedral )  
i s  discussed in chapter 4. 1 .1. 

Despi te the i r  massi ve appearance the layers are composed of smal l 
i ndiv idual pyri te cubes (Fi g. 3. 21) whi ch are recrystalli zed to 
give the massi ve appearance. 

F ig. 3. 2 1 :  Pyrite layer adjacent to hematite/magneti te layer. 
Base of p i cture = 1 .15 mm , reflected li ght (- ).  

The layering and the fine-grained nature support the view that 
pyri te i s  "syngenetic 11 , as i n  McArthur (Wi lli ams, 1 978) or Mt.Isa 
(Fi nlow-Bates, 1 978), and thus i s  an i ntegral part of the sedi ments 
of the black zone. 
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It is not so certain, however, whether pyri te is an indicator 
for euxinic conditions in the water column . The ubiquituous 
occurrence cf i ron cxides rather suggests oxidizing ccnditions 
and it i s  mcre likely that pyrite formed in localized ( 1 1micrc 11 - )  

envircnments wi thin the sediment. The hydrogen su l phide required 
may have been generated by the interacti cn cf sulphate reducing 
bacteria ( S04 has been available in excess) and decomposition 
of intermittently occurring microbial mats (e . g .  Renfro, 1974) 
as the prccess  of bacterial sulphate reduction also is dependent 
upon, and often controlled by , the supply of organi c  matter 
( Trudinger, 1981) . 

A better term for the pyrite of the b l ack zone theref cre i s II  syn
di ageneti c 1 1. 

V) Barite 

Barite i s  common in the black zone , however , it is usually associ ated 
with veining or alteration processes ( cf chapter 4.1. and 3.2 . 1.4 . ) .  

Little barite occurs as mas sive bands or layers of acicular crystals 
arranged +/- perpendicular to bedding with the crystals pointing 
uphole from a common base (Fig . 3.22) . 
Only this type of barite can be termed sedimentary or early dia
genetic, i .e. having formed in the sedimentary environment of the 
bla ck zone. It i s  discussed in chapter 3.2 . 1 . 4. however, that the 
primary sulphate has been gypsum or anhydrite and, subsequently , 
has been replaced by bari te . The barite in the layer of Fig . 3.22 , 
therefore, could be a diagenetic replacement of gypsum. 

!. 
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Fig. 3.22: Layer of acicular crystals composed of barite 
and quartz in magnetite-carbonate-quartz laminae 
of the bl ack zone. 

Fac ies of the black zone 

With respect to i ron content the black zone can be termed an iron 
formati on whi ch formed in a ( at times) hypersali ne basin. The 
abundance of carbonate and absence of volcanics place it into the 
Superior Type although a pre-1800 m.y. age is characteristic for 
that type (Eichler, 1976) . The origin of the iron and the iron 
formati on is d i sputable (e.g. D imroth, 1979 ; Klemm , 1984, pers. 
comm.), but here it possibl y stems from the cont i nental red beds 
which developed on the inferred arkose underl y ing the Gap Well 
Formation (see chapter 4.7 . ). 
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Iron formati on can form i n  tidal-flat envi ronments ;  this has 
been demonstrated by Dimroth (1979) who di scovered stromatolitic 
iron formations amongst other very sha l low water features in the 
Sokoman Formation, Canada. 

Furthermore , the occurrence of hematite layers in hypersaline 
environments has been reported e. g. by Dellwig (1955) from the 
Salina Basin, Michigan. 

Although it is not clear whether barite is primary or has replaced 
gypsum the presence of early di ageneti c  sulphates indicates 
hypersaline or evaporitic conditi ons . 

The usual (Mg- Fe-Mn domi nated) carbonate chemi stry also points 
towards an evaporitic environment; Kendall (1979) proposed to 
tenn such carbonates evapori tes, too, as they form by the same 
processes as the more saline mineral s. 

All these features permit the interpretation of the black zone 
as a shallow-water, subaqueous evaporiti c  i ron formation which 
formed in an  oxidizing restricted basin (pyrite generation with i n  
the sediments). 

3. 2.1. 3. Red zone 

A banded, veined and locally brecciated rock with variable 
portions of jaspili te, hemati te, bar ite ,  dolomite, cal c ite, 
quartz, pyrite, ga 1 ena, chalcopyrite , sphalerite, chlorite 
(Figs . 3. 23 and 3. 24). 

- 1  ! 
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Fig. 3 . 23 : Drill core f rom the red zone with layers of 
hematite, jaspilite, quartz, carbonate and magnetite. 
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Fig. 3.24: Laminated red zone, with layered hemati te/magnetite
carbonate vein (bottom). 
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Distinctive interbeds of l ithic arenite , pol ymict congl omerate 
and sil icified l utite-sil tstone are characteristic. Some cl astic 
dykes are reported in Geopeko dril l - l ogs ( 1 983, unpubl i shed}. 

The thickness ranges from 40 metres to 120 metres with an increase 
towards the south-southeast. The red zone was encountered in al l 
dri l l  holes of the Abra prospect. 

The nature of the l aminations i s  simi lar to the bl ack zone; however, 
jaspilite-hematite-chert-pyrite-barite are dominant and cause the 
overal l reddish col ouring (Fig. 3.25). 

Fig. 3.25: Core specimen from the red zone showing l ayers of 
quartz, barite , pyrite and jaspil ite. 



1 
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Ba rite 

Ba rite is a major  constituent , particula rly in the upper part 
of the red zone (up to 49 % Ba over 2 core metres in Ab 3 ) , 
whe re it occurs a s  massive zones without any sedimentary structures  
and it is not certain whether  mas sive barite zones  represent 
recrystall ized layers or massive veins . 

In this chapter massive barite is  excluded and onl y  ba rite without 
a recognizable affinity to veining is discus sed. 

The diagenetic g rowth of barite crysta l s  up to severa l centimetres 
in length is  a common feature. 

Fig. 3.26 : Diagenetic ba rite crystal s s urrounded by col l oform 
jaspi l i te-chert.  
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Fi g. 3.26 shows that the s u rround i ng ja s p i l i te -chert layer i ng ha s 
always g rown pe rpend i cula r to crys tal faces o r  edges .  Thi s ca n be 
i n terp reted only as  the res ult of post-crys talli za t i on g rowth of 
ja sp i li te-chert layers , and as ea rly-d iageneti c crys talli za t i on 
of ba r i te. 

Fi g .  3.2 7  shows pa rt of  a layer o f  lath- shaped  crys tals ( now 
quartz with rel i c t  bar i te ) surrounded by jasp ili t i c  chert and 
ca rbona te , and  overla i n by a layer of anhedral ba ri te .  

Fi g. 3.27 : Ba nd  of lath-shaped crysta l s ( quartz and ba ri te )  
s u r rounded by jasp ili te and ca rbonate , over l a i n 
by ba r i te l aye r .  Base of p icture = 3 . 6 mm ( - ) . 
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Wh i l e  the above fi gures  show a pre - ( or syn- ) j a spi l i te forma t i on 

of bari te - the jasp i l i te seems to surround , or g row an fu l l y 

crys ta l l i zed ba ri te - there a re other bari te crysta l s  c l ea rl y  

d i sp l ac i ng jasp i l i te ( herna ti te ) , s uggest i ng a post-jasp i l i te 

( hema ti te )  growth of  bari te . There are two i nterpreta ti on s  for 

th i s :  two o r  more generat i ons of bari te or  two generati ons of 

j as p i l i te fonnati on . 

The re appears to be an affi n i ty of the se crys ta l s (now ba ri te )  

to jasp i l i ti c-chert sedi ments wh i ch may i nd i cate that  mo re oxi d i z i ng 

env i ronments favoured  the growth of the crysta l s .  The mode of 

occurrence re semb l es that of gypsum , but there i s  no evi dence 

so far whe the r or  not gypsum wa s prima ry and l a ter  rep l aced 

by ba ri te . 

Carbona te 

The nature o r  carbonates  i n  the red zone i s  s i mi l a r to the b l ack 

zone . The da rk col our and e l ectron mi croprobe a nal yses sugge s t  

th at  they are domi nantl y Mg- Fe -Mn carbonates . 

I n  contras t  to the b l ack  zone there i s  frequent  1 1 spheru l i ti c  

ext i ncti on 11 i n  zones o f  appa rent Jy mi cri ti c ca rbona te , and a 

tendency to fonn nodu l es . 

Fi g .  3 . 28 shows a nodu l e  wi th i n  col l oform mi cri ti c carbonate . 

The centre of the nodu l e  i s  f i l l ed wi th some chl ori te and a 

d i ffuse , cherty and streaky vari ety of q uartz , a texture very 

s i mi l a r  to fi ne l y c rys ta l l i ne and streaky gyps um . Towa rds the 

margi n the nodu l e  i s  occupi ed by f i b rou s , spari ti c carbonate . 
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Fig. 3.28: Nodule in micrite . Acicular carbonate crystal along 
the margins and diffuse , cherty quartz in the centre . 
Base of picture = 3.6 lll11 (+) . 

Fibrous carbonate is also very abundant i n  the nodule shown in 
Fig . 3 . 29 which now is silicified ; all dusting (dark inclusions) 
seen there consists of carbonate . 

Nodular pseudomorphs of gypsum by calcite in a dolomicrite are 
described by Bouroullec ( 1980) from the Aquitaine Basin , France ; 
and the fibrous nature of the carbonate in the nodules from the 
zone suggests that substition of lath-shaped sulphates (barite 
or gypsum) by carbonates took place . 
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Fi g .  3.29: Si l i cified carbonate nodule . Fi brous texture 
preserved by carbonate inclusions. Base of 
pi cture = 3 . 6  mm (-). 

Hematite/magneti te-jaspi li te-pyri te 

As menti oned before magnetite i s  subordinate i n  abundance (i n 
contras t to the black zone) to hematite and jaspi li te. Thi s 
indi cates a shift to a more oxidi zi ng environment of sedimentati on 
whi ch i s  compatible wi th a change to sabkha conditions. 

Abundant layers cf pyrite probably were generated by decompositi on 
of abundant mi crobi al mats wi thin the sediment ; thi s is  further 
i ndi cation of sabkha condi ti ons where large numbers of mi crobi al 
mats are common (e . g .  Renfro, 1 974) . 

Co-exi stence of hematite and pyrite i s  not contradi ctonary but 
i ndi cates oxi di zing conditions at the sedi ment - water/air i nterface 
and, locally, reducing condi tions wi thin the sedi ment ( in the vi cini ty 
of _decaying mi crobial mats, cf chapter 3 . 2  . 1 . ?.. ) .  

-
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In contrast to hemati te whi ch often i s  l ayered, jaspi li te and 
i ron-hydrox ides usual ly are col l oform. Colloform i ron-hydroxides 
also occur i n  carbonate. Although deposi tion of an i ron-rich gel 
(creating collofonn structures during dewatering) cannot be 
excluded for jasoi l i te-layers there are irregular zones of 
j aspili ti sati on as wel l  as jaspi l i ti c  vei ns ( i n the stringer 
zone). Thus , some j aspi li te probabl y i s  rel ated to secondary 
( alterati on) processes. 

Clasti tes 

The banded hemati te-japsi li te-pyri te-chert-etc. rocks are often 
i nterspersed by clasti tes comprising wackes, pol ymi ct conglo
merates , and mi nor si ltstones and areni tes . 

Coarse-grai ned rocks predom i nate ; they are usual ly ooor ly  sorted 
with subangular to poorl y  rounded grai ns of auartz , potash feldspar 
(often ser ic iti zed and/or chl ori ti zed : ) , l ithi c clasts of shale, 
chert and jaspi l i ti c  rocks, and mi nor tounnaline plus titano
magneti te and scheel i te. 

The matri x  consi sts of cherty quartz, someti mes bari te, and commonly 
i s  j aspi l i t i zed. 

The l ow degree of maturi ty of the clastites i n  the sedi mentary 
context suggest that they were deposited as channel fil l i ngs within 
the sabkha envi ronment , and some possi bl y as storm deposi ts .  The 
non-correl at ion of the cl astites between the dri l l  holes provides 
further supporting evidence for thi s mode of deposi ti on. 

The mi neralogy of most of the epi cl asti c grains (potash fel dspar ,  
tounnal i ne ,  scheeli te) suggests a gran i t i c  source ; others (chert , 
jaspi l i ti c  cl ast) certai n ly  are derived from contemooraneous sedi
ments w ithout bei ng transported over l ong d istance. 



- 205  -

Further considerati on 

In Ab 3, 292.2 metres an important texture occurs ( F ig. 3 . 30 ).  
A typ i cal banded red zone-rock is  vei ned by barite-gal ena. The 
banded port ion consi sts of chert-carbonate with vari ous porti ons 
of jaspilite. 

Fig. 3.30: Sabkha textures i n  jaspi l i te-chert of the red zone. 

The manner i n  whi ch the laminae are deformed very closely resembles 
features of evapori ti c deposits. The hummocky type of bedding just 
below the red jaspi li te laye r i s  i dentical to manmi l lated anhydri te 
structures from the Ol i gocene Val ence Basin, Southeast France des
cri bed by Guillevin (1980) as one of the corrmon features of 
anhydrite (Fi g. 3. 31). 

-
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Fig. 3.31 : Mammi llated anhydrite structures from the 
Valence Bas i n. Photograph from Gu i llev in  (1980). 

The zone i mmedi ately below , characteri zed by reddi sh contorted 
structures, i s  very si m ilar to enterol ithi c structures whi ch fre
quently occur i n  sabkha sed iments. Shearman ( 1980) presented 
several examples ( Fi g. 3.32) and concluded that they are primary 
growth structures (i .e. not only surf ic ial hydrati on of anhydrite 
causing contorti on of former layers through up to 63 % volume i n
crease). Enteroli th i c structures develop where anhydri te nodules 
have coalesced to form layers and con tinued growth of the nodules 
created a demand for space. The lateral pressures whi ch result 
cause the layers to become contorted. Producti on of enteroli thi c 
structures i s  no doubt facilitated by the h igh natural moi sture 
content of the nodules , and the platy habi t of the tiny anhydri te 
crystals whi ch allows easy sli p  between them ( Shearman op.ci t.). 
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Fig. 3.32a and b: Enterolithic structures in sabkha deposits . 
Photographs from Shearman ( 1 980). 

It is likely that the si l icified enterolithic structures of 
Fig. 3.30 original l y  have been anhydrite rather than barite. 
Barite may not have the crystallographic properties to permit 
the development of such structures ; although both anhydrite and 
barite are orthorhombic the structure of the fonner is very different 
from that of the barite group of sul phates (Deer et al. , 1 972) , and 
onl y anhydrite displays the tendency to become hydrated. 

Thus , the structures in Fig. 3.30 provide the best availab le 
textural evidence that a) sabkha conditions did exist in the red zone 

b) anhydrite, i .e. cal cium-sul phates were 
present 

c) the mineral constituting diagnostic 
textures have been repl aced ( si l icified, 
carbonated , jaspi l itized) 
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Al though no hal ite has been found in the Abra succession there 
are some indications that it has been present or that the inter
stitial waters have had el evated Na-contents: 

Fig. 3.33 shows several cubes within a cherty, micaceous groundmass. 
The cubes consist of Fe-Mg chl orite with scattered quartz and micas. 
The textural simil arity between the interior of the cubes and 
the surrounding groundmass suggests that they formed within the 
sediments. The fine-grained micas resembl e  hydromuscovite ; a 
characteristic mineral of evaporitic series (Haditsch, pers.corm1., 
1 984 ) . 

Fig. 3. 33 : Chl oritic cubes within cherty, micaceous ground
mass. Base of picture = 3.6 mm (-). 

These cubes possibl y  have originated as chloride sa l ts ( NaCl ?) 
which have grown in the sed iment, through significant increase in 
sal inity of the formation waters ,  and incorporated sediment. 

j 
1 

J 
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Subsequent chloritization is compatible with this interpretation 
as any chlorides would readily be dissolved by a decrease in 
salinity of the formation water, and the late (?) diagenetic 
chemical regime apparently favoured chloritization (chloritized 
carbonate, micas, potash feldspars). 

Top of the red zone 

The nature of the contact between the red zone and the overlying 
West Creek Formation (either wc 1 or wc2) is variable between the 
individual drill holes. 

Whether the red zone is overlain by the wc 1 or wc2-unit has no 
implications for its sedimentary development and will be discussed 
in the following chapter an the West Creek Formation. 

The variable appearances of the contact can be summarized into 
two different groups: 

I) The first group is represented by the "southern" drill holes 
Ab 3, Ab 4, Ab 5, Ab 9, Ab 10, Ab 1 1 . Here the typical jaspilite
hematite-pyrite-etc. laminae in the uppermost red zone are inter
calated with conglomeratic portions with jaspilitic matrix. 

Towards the top, jaspilitic conglomerates become dominant and 
are then overlain by "clean" (no jaspilitic but carbonate-quartz
barite matrix) clastites of the West Creek Formation. This is a 
conformable, normal geological contact and the abundance of coarse 
clastites in the top of the red zone may even suggest that it is 

gradational. 

II) The contact i s different in Ab 6 and Ab 7 (the 11 northern 11 ) hol es. In 
Ab 6 the uppermost banded jaspilite-hematite-pyrite rock, overlain 
by a fine- to medium-grained lithic quartz arenite with sharp 
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basal contact, shows abundant growth of large barite crystals 

and oxidation of jaspilite-hematite to goethite in the uppermost 

millimetres (Fig. 3.34). 

Fig. 3.34: Top of red zone with abundant barite crystals 
overlain by quartz arenite (upper left). 

In thin section it becomes evident that there is hardly any 

textural difference between the uppermost millimetres of the red 

zone (goethite cemented clastites) and the overlying West Creek 

Formation (carbonate cemented clastites). 

In Ab 7 hole the uppermost red zone is characterized by some 

well developed, small (about 1 centimetre wide) digitate stroma

tolites, over laminated jaspilite-hematite rock with thin veins of 

oxidized and partially oxidized pyrite resulting in local formation 
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of limonite-goethite (Fig. 3.35).Some minerals have been dissolved 
leaving irregularly distributed casts in the rock. 

Fig. 3.35: Proterozoic chemical erosion of the top of the 
red zone (in Ab 7 hole) resulted in leaching 
(voids) and oxidation. 

Thus, in both the northern drill holes Proterozoic chemical erosion 
and oxidation have probably taken place. However, this does not 
necessarily imply a significant time break between the red zone 
and the overlying West Creek Formation. In a sabkha environment, 
prolonged subaerial exposure and rapid lithification are common 

• 
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(Kendall, 1 979). As the red zone probably represents coastal 
sabkha deposits, the pronounced oxidation and erosion in the 
northern drill holes suggests that the contemporaneous continental 
area has been due north (and east, as will be shown later) with 
respect to the Abra area. 

Facies of the red zone 
Textural features presented on the previous pages, abundance of 
jaspilite-hematite and the occurrence of isolated coarse, immature 
clastic units constitute sufficient sedimentological evidence for 
a coastal sabkha depositional environment of the red zone. Along 
the section of drill holes the seaward or basinward direction is 
due south. 

The original sediments of the coastal sabkha probably consisted 
of hematite-chert/jaspilite-carbonate layers and bands of pyrite 
which formed diagenetically through the decay of microbial mats. 
The emplacement of barite and base metal sulphides was not related 
to sedimentary processes but occurred diagenetically when the 
hydrothermal system was coupled with diagenetic formation waters. 

Contemporaneous sea water was concentrated (through evaporation) 
until precipitation of sulphate took place; locally - within the 
sediment - the salinity may have reached chloride {NaCl?} saturation. 

The absence of primary evaporitic minerals is compatible with a 
sabkha environment as the solubility in water (under normal con
ditions) of these minerals facilitates removal and transformations 
of the components even when changes of physico-chemical parameters 
of diagenetic formation waters are only slight. According to 
Kendall ( 1 979) many fine-grained dolomitic red bed sequences (e.g. 
the Keuper of Europe} represent evaporitic deposits but occurred 
in non-evaporite-preserving environments. 
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3.2.1.4. The sulphate problem 

On the previous pages it frequently has been discussed whether 
anhydrite or gypsum was the primary sulphate mineral which later 
has been replaced by barite. carbonate or silica. This question 
bears important genetic implications with regard to the commence
ment of hydrothermal activity at Abra. 

Complete replacement in this case (Ba for Ca) presumably would 
not leave chemical traces of the replaced mineral and can be 
decuced from textural features only. Unfortunately, little is 
known of any diagnostic textural habits of barite that may 
distinguish it from Ca-sulphates. 

Nevertheless, there are a number of textural observations and 
chemical constraints, listed in the following, which suggest a 
non-sedimentary, replacement origin of barite: 

a) Carbonate pseudomorphs after sulphates 
Carbonate co1T111only occurs as acicular or lenticular crystals 
in the red and black zones, suggesting replacement of sulphate 
minerals, because this habit is unusual for carbonates. Only 
aragonite would display such forms, but analysis of carbonates 
clearly shows that no aragonite occurs. Furthermore aragonite 
is readily converted to other carbonates during early history 
of the sediments (Blatt et al .,  1980). The newly formed 
carbonates are iron- and manganese-bearing dolomites, which 
usually recrystallize to sub- or euhedral rhombs. 

The lath-shaped body in Fig. 3.36 consisting of carbonate and 
minor quartz resembles a section of a tabular, former gypsum 
crystal. 
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Fig. 3.36: Ca-carbonate plus quartz pseudomorph after gypsum, 
within ferroan dolomite and quartz. Base of 
picture = 0.9 nm (-). 

Remarkably, the carbonate filling of this body consists of 
(almost pure) calcite, while the surrounding carbonates are Fe, 
Mn-dolomites. Replacement of a lath-sha�ed crystal by Ca-carbonate 
(which is extremely rare in Abra rocks) indicates that the original 
mineral also has been calcium bearing. This is strong evidence 
that the original sulphate mineral has been Ca-sulphate. 

Replacement of sulphates by carbonate thus has taken place. Presum
ably, only Ca-sulphates were susceptible to replacement by carbonate 
because replacement processes are considered to have occurred 
diagenetically at temperatures below 200° C, conditions at which 
barite is hardly soluble (e. g. Deer et al. , 1972). Therefore, it 
is inferred that Ca-sulphates have been present in the early Abra 
sediments. 

b) Barite layers 
0nly one barite layer has been found in the black zone (Fig. 3.22) 
whereas these layers are common in the red zone (Fig. 3.27). The 
individual crystal casts are usually filled by a barite-quartz phase. 

-
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Paar ( 1974) described barite layers from the Breithorn Ba-Pb 
deposit in Eastern Greenland that are similar (but more abundant, 
and the crystals only consisting of barite) to the layer in 
Fig. 3. 22. He termed this mode of appearance 11palisade fabric 11 

and concluded that it has formed syndiagenetically from Ba-con
taining solutions which were exhaled onto the seafloor and 
penetrated into the early diagenetically dolomitized sediments. 

Gypsum layers and nodules occur in the vicinity of the deposit 
at the same stratigraphic level (analogous to the Abra situation 
where gypsum casts occur in the upper Gap Well Formation, see 
Fig. 2. 36). Furthermore, the bird's eye structures and palisade 
fabrics reported by Paar (1974) closely resemble features of 
Ca-sulphate evaporitic series; Reading (1978) mentions bird's 
eye structures of gypsum in sabkhas, and Langbein 1 s ( 1979) 
classification of anhydrite micro-fabrics contains a group ("normal 
to bedding11 ) similar to the palisade fabric. Angerer et al. ( 1980) 
described such gypsum fabrics in the Montafon gypsum deposits, 
Austria. 

Hence, diagenetic replacement of former gypsum (or anhydrite) layers 
by barite is possible for both Abra and the Breithorn deposit. 
Paar ( 1974) has shown that most of the Ba-bearing solutions as
cended after deposition of the hast sediments; this mechanism 
may, thus, be invoked in particular for the Breithorn deposit. 

c) Sabkha textures 
Same conspicuous textures ( Fig. 3.30) in the red zone have been 
compared with typical sabkha deposits in chapter 3.2. 1 . 3. ,  and 
it has been shown that they resemble enterolithic structures 
and mammillated structures diagnostic of sabkhas. These structures 
consist of chert-jaspilite-carbonate now, but originally they 

· may only have been produced by anhydrite, because of its crystallo
graphic properties and its ability to become hydrated (cf chapter 
3. 2. 1 .3. ). 
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d) Strontium content of barites 

All barites (21) analysed by electron microprobe have a remark

ably uniform Strontium content, varying between 0.26 % and 

0.86 % Sr (see chapter 4.1.). The barites analysed comprise 

vein-type barite from the stringer zone, lath-shaped crystals 

from the red and black zones, and veins and layers from pros

pects 60-80 km west of Abra in the Jillawarra Belt. 

This suggests a single and common event of barite formation, 

i. e. all barite formed in the major phases of the hydrothermal 

activity and were emplaced after deposition of the hast sediments. 

Any barite which would have formed as primary sulphate in the 

sabkha environment should reflect higher strontium values than 

vein-type barite, because sabkha sediments are usually enriched 

in strontium (Moine et al., 1981, Morrow et al., 1978, p.1403). 

Increasing closed system conditions of precipitation are re

flected in increasing Sr-content of barite (Morrow, op.cit.). 

However, elevated Sr-values of whole rock analysis of samples 

from the red and black zone (130-510 ppm Sr comoared with 20-

60 ppm of other rocks, cf chapter 4.3.) - suggesting Sr-enrich

ment in the evaporitic sediments - do not correlate with ele

vated Sr-content of barites from the respective zones. 

Whereas barium can be replaced by strontium in a continuous 

solid solution series and therefore would incorporate the Sr 

available (up to 1 4.7 % Sr in barite is reported by Deer et 

al., 1972, p.189), anhydrite and gypsum have only traces of 

Sr (Deer et al., op. cit.). 

This indicates that barite formation was not related to sedi

mentary or early diagenetic conditions, but was replacing anhydrite 

or gypsum later in the diagenetic history, and thereby incor

porating the minute quantities of Sr in anhydrite (gypsum), that 
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are not sufficient to dinstinguish these replacement barites 
from vein-type barite. 

Summary 

There is sufficient culmulative evidence from consideration of 
the above paragraphs (a-d) together, that Ca-sulphates were 
the primary sulohates formed in the sedimentary and early dia
genetic phases of the evaporitic series of the black and red zones. 
Subsequently, with the onset of major hydrothermal activity, Ca 
in the sulphates was quantitatively replaced by Ba to form barite. 

Very low solubility of barite {in contrast to anhydrite/gypsum) 
and the water-saturated nature of diagenetic evaporitic sediments 
facilitated quantitative replacement. 

Almost complete replacement of carbonate by quartz without des
troying the delicate banding has been demonstrated in chapter 
3.2.1. 2. and, therefore, replacement of gypsum/anhydrite by 
barite presumably could proceed with the same ease. 

3. 2.1.5. Correlation with the Gap Well Formation of the Jillawarra 
·se1 t 

While the stringer zone - with respect to thickness and facies -
corresponds to the upper GW5 and lower :!: middle m�6„unit, the 
black and red zones correlate with the upper GW6-unit of the Jilla
warra Belt {see Fig. 2.05). 

However, the sedimentation rate of sabkha sediments is slower than 
that of the (slightly clastic) dololutites (Kendall, 1979) of the 
Jillawarra Belt; this renders correlation by thickness impossible. 

The GW6-unit of the Jillawarra Belt is characterized by a regressional 
development with inter-supratidal deposits. The Abra succession 

- - -----·- -�· ···- - -
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also displays a distinct regression; from inter-subtidal sediments 
of the stringer zone over shallow-water subaqueous evaporitic iron 
formation (black zone) to coastal sabkha deposits of the red zone. 
Although the differences to the depositional parameters of the 
GW6-unit of the Jillawarra Belt are minor (slightly shallower 
water, restricted basin), the resultant sediments are very different. 
Obviously the regressional development in the Abra area was more 
pronounced than in the Jillawarra Belt further west. 

3.2.2. The West Creek Formation 

This formation is encountered in all Abra-drill holes with inter
sections ranging from 220 metres (Ab 6) to over 500 metres (Ab 1 1 ) 
in the southeast. 

Mineralogical and sedimentological characteristics are widely 
similar to the Jillawarra Belt and render a detailed discussion 
unnecessary. 

Therefore, in the following only a short description of some 
features unique in the Abra succession will be given; for com
prehensive description and facies interpretation see chapter 2.3.2. 

3.2.2.1 .  wc, 

This coarse clastic unit has a maximum thickness of 40 metres and 
is absent in Ab 6 and Ab 7 holes in the north and Ab 1 1  in the south
east (cf Fig. 3.03). 

Dominant rock types are a medium- to coarse-grained, moderately 
sorted, rounded to subangular lithic quartz arenite and polymict 
granule to pebble conglomerate (see Fig. 2.51). The cement usually 
consists of carbonate and minor cherty quartz. In the lower part of 
this unit, locally barite occurs as cement (up to 6.4 % Ba over 
2 core metres). The barite probably has been introduced �ost
depositional to the clastites and may have been mobilized from 

! 
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the underlying red zone or emplaced through hydrothermal 
activity. 

The epiclastic grains comprise quartz, potash feldspars. chert 
and shale clasts, and clasts of jaspilitic rock. The shale clasts 
sometimes are chloritized or entirely consist of chlorite. 

Locally the bedding is defined by detrital Ti-bearing iron oxides 
which have been altered in situ to sphene; a phenomenon also 
found in the underlying red zone. 

vJhile shale, chert and jaspilite clasts are derived from the red 
zone, the abundance of quartz, potash feldspar and Ti-bearing 
iron oxides suggests a granitic source. The overall compositions 
of the clastics is very similar to the clastic intercalations in 
the red zone pointing towards a common source. 

The wc1-unit was deposited in a near shore position as a coarse 
clastic carbonate-cemented sediment, possibly in a fluvial-fan
mode of deposition. To allow deposition of uo to 40 metres of 
coarse clastites, rapid subsidence of the depository must be 
invoked. Because the drill holes without wc 1-unit are separated 
by faults from the holes with this unit (see Fig. 3.0 1) the 
WC1-clastites conceivably have been deposited in a fault-bounded, 
subsiding basin. This basin is termed the Abra-sub basin, the 
limits of which are defined by the occurrence of the wc1-unit. 

3.2.2.2. wc2 

While there is a difference in litholo9y of the WC1-unit between 
the Abra-sub basin and the Jillawarra Belt (the comrnon dolomitic 
shale and siltstone is absent in the Abra succession), the WC2-unit 
of the Abra succession probably is identical to the Jillawarra Belt. 
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With a thickness of about 330 metres it represents the shallow 
water turbidite facies described in chapter 2. 3 .2.2. 

After an interval of subsidence of local sub-basins (WC1) 330 metres 
of turbidites indicate a prolonged period of subsidence which -
in contrast to the wc 1 -unit - was widespread and affected the 
entire Jillawarra Basin. 

3 . 2. 2. 3 . wc
3 

This unit was encountered only in the southernmost drill holes 
(Ab 9 - Ab 11). It comprises interbedded lutite-siltstone (fre
quently carbonaceous) and fine-grained- quartz arenite with 5Ub
ordinate coarse-grained lithic quartz arenite and rare conglomerate. 

The lack of significant carbonate (massive or as dolomitic silstone) 
is the main point of difference to the wc3-unit of the Jillawarra 
Belt. A tidal flat environment of deposition is also invoked. The 
change from shallow-water turbidites (HC2) to tidal-flat sediments 
is taken to indicate an attenuation of subsidence. 

3.3. Deformation of the Abra sub-basin 

The Abra sub-basin occurs close to the eastern margin of the Jilla
warra Basin defined by the regional Tangadee Lineament. The latter 
also marks the boundary between the structural domains of the Edmund 
Fold Belt and the Bullen Platfonn. 

The Abra sub-basin is located in the southern shallow limb of a 
broad major anticline (see section E-F on map 1). 

- ---- - --- ·- - - -·--· -------- ------------ -----
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3. 3. 1. Faults 

The area of the Abra mineralization is limited by three faults 
(Fig. 3.03). The two NE-trending faults are probably related to 
the Abra Fault System in the east while the E-trending faults 
parallels the regional Quartzite Well Fault. 

By comparison with NE-trending faults in the Jillawarra Belt it 
can be assumed that the corresponding faults in the Abra area 
are normal, have steeply dipping fault planes, and have been 
active from the GW6-unit onwards; i. e. synsedimentary with respect 
to the Abra succession. 

E-trending faults in the Jillawarra Belt originally have been 
normal faults - in places outlining the margins of the Jillawarra 
Basin - which subsequently became reverse faults in the compressional 
tectoni c regime. t�hereas thrust faults wi th sha l low fault planes 
occur in the Manganese Range area, steeply dipping fault planes 
and lower deformational grade can be inferred from regiornal con
siderations in the Abra area. 

Intersections of faults in Abra drill cores confirm the steep dip 
of the fault planes: 

Ab 3: 504.0 - 511.5 core metres 
silicified and chloritic brecciated and veined interval with 
significant chalcopyrite mineralization 

Ab 9: (8 35-) 850 core metres 
whole interval intensively veined and brecciated, at 850 
metres indications of faulting 

Ab 5: 274. 5 - 275.0 core metres 
disintergrated breccia 
vein quartz, silicified arenite 

Ab 1 1: 794 - 796 core metres 
silicified and brecciated fault zone 
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Through calculations of azimuth and dip (measured in 30-40 metres 
interval in each drill hole) the three-dimensional coordinates of 
the fault zone intersections have been determined. The end-cf-hole 
(EOH) coordinates are shown in Tab. 3. 01. 

Tab. 3. 01 Geometrical data of the Abra drill holes. 

core 1 ength true depth EOH-coordi na tes surface coordinates 

Ab-3 575 m 542 m 8991 N 8624. 5 E 8800 N 8500 E 
Ab-4 536 m 509 m 8868 N 8704 E 8700 N 8620 E 
Ab-5 759.5 m 713 m 8930 N 8633 E 8670 N 8340 E 
Ab-6 400 m 390 m 9072 N 8674 E 8985 N 8590 E 
Ab-7 459 m 431 m 9117 N 8406 E 8955 N 8310 E 
Ab-9 945.3 m 803 m 8938 N 8664 E 8460 N 8650 E 
Ab-10 899 m 795 m 8794 N 8902 E 8375 N 8850 E 
Ab-11 855 m 758 m 8646 N 9080 E 8250 N 9000 E 

Surface traces of the faults (allocated to the Geopeko 100-metres 
exploration grid) and coordinates of the fault zone intersections 
(calculated for the same grid) have been used to construct the 
block diagram (Fig. 3. 01). 

This illustrates the fault-bounded nature of the Abra-sub basin 
and also the occurrence of wc1-clastites, restricted to the sub
basin; i.e. therefore, the wc1-unit is absent in Ab 6, 7, 11 holes. 

Synsedimentary tectonic activity is evident from the stringer zone 
onwards; soft sediment deformation and slump structures are abundant. 
Clastic dikes, particularly abundant in the stringer zone, are 
further indication of synsedimentary tectonics as they represent 
injection of sedimentary material into fractures created by 
shrinkage (can be excluded in the stringer zone), shock waves, 
slumping, etc. (Reineck and Singh, 1973). 
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3.3.2. Cleavage 

No penetrative cleavage has been seen in core specimens or 
thin sections. Open style folding of the Abra anticline and the 
siliceous, non-micaceous nature of the rocks prevented the 
development of a prevasive cleavage. 

3.3. 3. Pseudo-tectonic features 

There are deformational fabrics in the red and black zones which 
are similar to feature of synsedimentary tectonics. 

- Crenulation of lamination is common and sometimes of a regular 
nature, similar to micro-faulting or cleavage (see for example 
the mamillated structures in Fig. 3.30). 

- Distortion of bedding also is common (see enterolithic structures 
in Fig. 3.30) and often resembles slump structures or other 
kinds of soft sediment deformation. 

However, both these phenomena can be generated in evaporitic 
sediments without the influence of tectonics. Growth of micro-
bial mats, dissolution and reprecipitation, and hydration of the 
evaporitic minerals have been shown to account for these structures 
(Kendall, 1979). 

Much of the brecciation so characteristic in the Abra succession 
probably is either related to veining (i.e. the hydrothermal 
activity) or to intraforrnational brecciation; or even to collapse 
breccias corrmon in supratidal or evaporitic sediments (James, 1 979). 
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3.4. Development of the Abra sub-basin (3. Order Basin) 

It has been shown before that the Abra sub-basin is limited by 
an E-trending fault to the north and two NE-trending faults to 
the E and W, respectively. 

The sub-basin has an E-W extension of 600 to 1000 metres while 
it stretches at least 600 metres in N-S direction with an open 
termination towards the south. 

The development of the Abra sub-basin is analogous to the Jilla
warra Basin (chapter 2.6.). After a regression in the GW6-unit 
(stringer, black and red zone) at first localized (Wc 1-unit), and 
subsequentl y wi despread transgress ion (��c2-turbi di tes) occurred. 

While the transgression clearly is related to subsidence of the 
Abra sub-basin and, later, the whole region, the behaviour of 
the basement during the regressional period is more complex and 
will be discussed in detail: 

Sediments of the stringer zone formed in the same inter-subtidal 
environment as the lower to middle GW6-unit of the Jillawarra 
Belt. However, in the upper G\•J6-unit the regressional development 
of the Abra area is enhanced. 

Decreasing water depth eastward - to be expected in a coastal section 
when the continental areas were in the east and north - probably 
did not govern the above difference; Proterozoic erosion is shown 
not in the eastern- or northernmost drill hole but in the western
most (Ab 7). 

P roterozoic erosion indicates emergence in the west (with respect 
to the Abra sub-basin) and possibly marks a barrier zone forming 
the western limit of the sub-basin. To explain the subaqueous 
evaporites of the black zone a barrier is required to p revent 
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exchange between saline basin waters and the open sea. In view 
of synsedimentary fault activity it is likely that this barrier 
formed along the western fault. 

To account for the deposition of up to 40 metres of subaqueous 
evaporites, subsidence of the (fault-bounded) sub-basin must be 
invoked (Kendall, 1979). 

There are apparently two opposite trends of movements in the base
ment; while an enhanced regressional development and the formation 
of a barrier indicate uplift in the Abra area the subaqueous 
evaporites point to subsidence of the Abra sub-basin. 

If a fault-bounded basin developed in a 11 nonnal 11 coastal environ
ment it represents a sink into which tidal channels are depositing 
clastics. The absence of a significant clastic component in the 
black zone suggests a different situation. 

However, when such a basin forms on the slope or summit of an 
emergent basement complex (dome) - downfaultin� of the basin is 
the result of crustal strain through extension, most effective 
in the periphery of the dome - the area is sufficiently elevated 
to divert rivers and tidal channels elsewhere, and a limited 
amount of clastics only would be transported into the basin. 
A similar situation is envisaged by Jackson and Seni (1983) to 
explain the paucity of terrigenous sediments in evaporites and 
shallow marine carbonates in a marginal rift basin of the Gulf 
of Mexico. 

In view_ of the above discussion it is likely that doming in the 
Abra area took place (active emergence is also inferred for the 
Jillawarra Basin, see chapter 2.6.) accompanied by the develonment 
of a fault bounded basin due to crustal extension in the domed area. 
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The dome shaped elevation of the granitic Coobarra Dome (an 
COLLIER SHEET, east of Abra) further corrobates domal uplift 
in this particular region. 

Figures 3. 37 a to f diagrammatically summarize the development 
of the Abra sub-basin. It should be noted that the limited number 
of drill holes and lack of outcrop render evidence for active 
emergence of the Abra area and location of the barrier equivocal. 
Therefore, these figures can only be a model of the development 
of the Abra sub-basin. 

Fig. 3.37a: app. middle GW6-unit (stringer zone) 

The contemporaneous coastline was in the north and east 
although the basin seems to deeoen towards the south
east. Sediments are dominantly calcareous siltstone 
with some arenaceous fan deposits, and possibly related 
minor turbidites, intercalated in a more basinward 
position. 
No significant fault activity is evident from this 
interval; the Abra sub-basin has not yet formed. The 
whole area probably was gently emerging. 

Fig. 3.37b: upper GW6-unit (black zone) 

While the surrounding areas were progressively uplifted, 
the Abra sub-basin developed through downfaulting; it is 
uncertain whether movement occurred along the southeastern 
fault. Because of the continuing uplift of the 
surrounding areas a barrier formed and separated the 
Abra sub-basin from the sea. 
Subsidence of the Abra sub-basin caused the deposition 
of subaqueous evaporitic iron formations (black zone) 
while in the adjacent areas tidal flats became supra
tidal and turned into a coastal sabkha (lower red zone 
in Ab 6, 7). 
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Fig. 3.37c: uppennost GW6-unit (top of the red zone) 

No further subsidence of the Abra sub-basin took 
place and the whole area was affected by general uplift. 
The subaqueous evaporites grade into coastal sabkhas 
with rninor clastic sedimentation. The forrner coastal 
sabkhas in the north are characterized by abundant 
clastic intercalations and resemble continental sabkhas. 
Locally, in the zone of the former barrier, prolonged 
subaerial exposure led to Proterozoic chernical erosion 
of the sabkha sedirnents. 

Fig. 3.37d: wc 1 -unit (coarse clastites) 

Rapid subsidence of the Abra sub-basin occurred along 
the three faults. 
The subsiding basin was filled by up to 40 rnetres 
coarse, carbonate cernented shallow water clastites 
in a fluvial mode of deposition. 
The clastics are derived mainly from a granitic source 
probably in the northeast. Same of the areas adjacent 
to the Abra sub-basin rernain sabkhas; they are rapidly 
lithified and contribute a rninor portion of jaspilitic 
rocks to the clastites. 

Fig. 3.37e: wc2-unit (turbidites) 

Regional subsidence caused deoosition of several 100 
metres of coarse-grained shallow water turbidites, 
sometimes with complete Bouma cycles. 
The clastics were derived from a landmass in the north
east. 

Fig. 3.37f: present 

During regional folding of the Bangemall Group a major 
broad, asymmetrical anticline formed on the southern 
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limb of which the Abra sub-basin is located. 

The major anticline has a shallow plunge towards 

the west causing a mean dip of 20° to 30° (into 

a SSW-direction) in the Abra area. 

The arrows indicate the latest sense of relative 

movement of faulting related to the late stage folding 

of the Bangemall Goup. 

Dips on the N-S section are exaggerated. 
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Section 4 The Abra mineralization 

4. 1. Mineralogy of the Abra mineralization 

4. 1. 1. Sulphides 

4. 1 . 1 . 1 . Pyrite 

Within the Abra mineralization two disti nct groups of pyrite occur : 

- conformable layers in the black and red zone, and minor conform
able lenses in the stringer zone. This type is described in 
chapter 3 .2. 1. 2. ;  the layers formed syndiagenetically and are 
unrelated to the mineralization. 

- associated with veining (and minor disseminations) in all zones. 

The vein-type pyrite clearly is related to the mineralization. Often 
pyrite is a minor component of the vein mineralization which mainly 
consists of galena and chalcopyrite. Pure pyrite veins (veinlets) 
are subordinate in number and preferably occur in the red zone. 

Although pyrite is very abundant in the red (and black) zone as 
conformable bands the veins and veinlets generally have low pyrite 
content; veins in the stringer zone are probably most depleted in 
pyrite. Within the red zone pyrite occasionally is relatively en
riched at the vein-wallrock contact. 

Vein type pyrite often is corroded with an anhedral, porous appear
ance. I t  has abundant inclusions of hematite, minor galena and is 
intergrown with chalcopyrite and magnetite. 

No pyrrhotite has been observed in the Abra mineralization, neither 
in veins nor in the conformable bands. 
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25 electron microprobe analyses of pyrite from Abra are shown 
in Tab. 4.01, representing conformable and vein-type pyrite. 

Without considering variations in Fe and S content, the range 
of the trace elements is: 

As O - 8000 ppm 
Co O - ? 
Ni O - 700 ppm 

Arsenic contents of pyrites from Abra are up to one order of 
magnitude higher than those of pyrite (and pyrrhotite) from drill 
holes in the Jillawarra Belt further to the west (cf Tab. 1.04) . 
However, some diageneti c pyrites (incl uding "a toll pyri te") from 
black shales of the Jillawarra Formation generally have arsenic 
contents of up to 2.86 % (Tab. 1 .04) which are distinctly higher 
than the Abra values. 

Considering that diagenetic pyrite has a higher concentration of 
arsenic than Abra pyrite, and the relatively low overall variation 
(less than 3 % As) between pyrites from Abra, the Jillawarra Belt 
and the Jillawarra Forn1ation, the arsenic content of pyrite probably 
is not diagnostic of the Abra type mineralization. 

The Co/Ni ratio in pyrite is regarded as a reliable geochemical 
indicator for the genesis of sulphide deposits (Bralia et al .,  1 979). 
When plotted in a diagram several genetic fields according to the 
Co/Ni ratio can be distinguished (Fig. 4.0 1 ). 

Due to the remarkable absence of cobalt (allowance is made for an 
analytical error of 0.0 1  % in Fi g. 4.0 1} i n  all pyrites analysed the 
Abra data plot within the field of sedimentary and diagenetic pyrite 
and, to a lesser extent, in the field of Sn and Pb-Zn veins. The latte 
group probably can be excluded because the vein-type pyrites analysed 
have higher Ni-values. 
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N1, ppM 

Fig .  4 . 0 1 :  
Average Co  versus N i  pl ot of  pyrite from vari ous  
su lphide deposi ts , modi fied from Wi l l an and Hal l 
( 1980 ) .  Data for massi ve su l ph ide deposi ts (main ly  
vol canogeni c )  according to  Bra i l a  et a l . ( 1 979) . 
• Plot of Abra pyri tes .  

�al l owance for an analyti cal error of 0 . 01% Co 

Most of the Abra data plot into the field of sedirnentary and 
diagenetic pyrite (even with an assumed Co content of 100 ppm). 
This applies to pyrites from conformable layers ('' syndiagenetic 
pyrite 11

) a s  well as  to vei n-type pyri tes and suggests a geneti c 
rela tionship. 

In this context it is interesting to note that the sulphur iso
topic data indicate that no major isotopic differences occur between 
vein-type base metal sulphides and conformable pyrite (see chapter 
4. 5. ) .  
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4 . 1 . 1 . 2 . Ga 1 e na 

This is the most abundant sulphide mineral at Abra; the best drill 
core assay was 27 % Pb from 490 to 492 metres in Ab 9, which is 
equivalent to 31 .2 % galena over two core metres . 

It  commonly occurs as anhedral masses or irregular streaks. The 
continuous drill core assays (one or two metres intervals were 
analysed for Pb, Cu, Zn, Ba , Ag, Au, Mn, for Geopeko) indicate 
a clear correlation of Pb with Ag. Moderate amounts of tetrahedrite 
have been found within galena crystals, and account for the silver 
content of whole rock analyses (2-50 ppm . but usually below 20 ppm ).  

Galena predominantly occurs i n  veins in the upper stringer zone and 
the black zone (see Fig . 4.10 ) . but is ubiquitous in smaller amounts 
in the red zone, except Ab 3 where the maximum galena content is near 
the top of the red zone. In Ab 6 veinlets of galena-quartz-carbonate 
ascended up to 16 metres beyond the top of the red zone into the 
otherwise barren clastites of the wc2-unit (Ab 6, 2. 7 3  % Pb from 206 
to 208 core metres ).  

Within the individual veinlets galena is variably associated with 
quartz, carbonate, barite, chlorite and pyrite. In places it is 
intergrown with albite, particularly where it occurs as dissemina·ted 
g rains in calcareous or clastic wall rock (Fig. 4.02 ) .  

Galenä emplacement and albitization probably are contemporaneous; 
in places, areas of more than three square centimetres consist 
entirely of irregularly intergrown galena and albite. 

In some of the low-grade mineralizations in the Jillawarra Belt 
(e.g. 46 - 40 prospect) galena occurs as thin layers, parallel to 
001 within biotite, or is intimately intergrown with biotite. 
No biotite is present in Abra; this type of intergrowth has not 
been found with chlorite. 
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Fig . 4. 02: Gal ena associated with al bite and hyalophane. 
Base of picture = 3 . 6  mm (+).  

I n  the stringer zone galena is invariably associated with veining. 
In the black and red zones, in addition to veins, it is also common 
in the l ayered hematite/magnetite-quartz-carbonate-pyrite sediments 
without a recognizable affinity to veining. This may indicate a 
strataform (i.e. synsedimentary) portion of galena mineralization 
and was examined in detail. 

The non-vein-associated variety of galena in the black and red zones 
has two dominant modes of occurrence : 

1) It is intimately intergrown with syndiagenetic pyrite layers 
(Fig. 4. 03). The pyrite itself is recrystallized to larger grains. 
Galena fills interstices, or fissures within pyrite. Emplacement 
of galena probably is related to the recrystallization of pyrite 
as pyrite layers without galena usually consis t of finely crystalline 
pyrite (cf Fig. 3.21). Minor chalcopyrite also occurs. 
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Galena an fissures in recrystallized pyrite. 
Base of picture = 2. 3 mm, reflected light (- ) .  

Replacement  of pyrite by  galena has been observed in some cases 
and is evident from Fig. 4. 04. Textural evidence for replacement 
of  sulphides often is equivocal, but here it is obvious that galena 
is a la ter phase surrounding pyrite , while pyrite itself has been 
corroded. This mechanism is plausible i n  this case , despite Ramdohr 1 s 
( 1 975 ) conclusion that mainly pyrite is the replacing mineral, due 
to its high crystallization power. 

Complete replacement of pyrite by galena may substitute all sulphur 
bound to iron and result in a magnetite-galena layer as shown in 
Fi g. 4. 05. 
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Fig. 4. 04: Galena in, and as rims around , pyrite. 
Base of picture = 2 . 3  mm, reflected light (-). 

Fig. 4.05: Band of galena-magnetite intergrowth in a hematite
magnetite-pyrite l ayer. Base of picture = 2. 3 mm, 
reflected l ight (-). 
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II) Galena occurs as anhedral masses or streaks within jaspilitic 
quartz bands between magnetite/hematite-pyrite layers. In 
places it is intergrown with hematite (Fig. 4. 06). The 
association with hematite, jaspilite or with magnetite 
rules out sedimentary conditions where galena could precipitate. 
The environment has been oxidizing and any HS- or H2S would 
have been oxidized to sulphate. 

Fig. 4. 06: Galena intergrowth with hematite (right) and 
magnetite (left) in quartz between magnetite
hematite layers. Base of picture = 2.3 mm, 
reflected light (-). 

The strataform galena (subordinate to the amount of vein -
related galena) was emplaced after deposition of the hast sedi-
ments by replacement of pyrite and by scavanging of free sulphide 
from bacterial sulphate reduction, which was trapped in the sediment. 
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4.1. 1 . 3. Chalcopyrite 

This i s  the only copper-sulphide (except one bournonite occurrence , 
see chapter 4 .1 . 1  . 5. )  and it is dominantly present in the lower 
stringer zone, but ubiquitous in trace amounts within the entire 
mineralized body. The abundance of copper is roughly 1/5 that 
of lead, and in drill cores chalcopyri te content rarely exceeds 
4 % (extreme values are above 15 % chalcopyrite) .  

Copper correlates with gold in  the continuous drill core assays 
but no free gold has been found duri ng examination of chalcopyrite 
in polished sections from the interval of highest gold mi neral i 
zation (Ab 3, 506-51 2  metres, averaging 6. 9 ppm Au). 

Chalcopyrite invariably occurs as anhedral grains or masses .�in 
veins or minerali zed breccias . Fig. 4. 07 shows a typical chalcopy
rite vein from the stringer zone. 

It  is usually associated with carbonate, quartz and magnetite/ 
hematite in the stringer zone whereas in the uppermost stringer 
zone and black zone it may be concurren t with barite and pyrite, 
in addition to carbonate, quartz, magnetite/hematite. 

In the stri nger zone, chalcopyrite commonly is i ntergrown with 
magnetite, has i nclusions of magneti te ,  or occurs as inclusions 
in magnetite (Fig. 4. 08). 
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Fig . 4.07: Core specimen from the stringer zone with chalcopy
rite - carbonate - quartz vein. 

-.. 
-�- � - �  

Fig . 4. 08: Chal copyri te-magneti te i ntergrowth i n quartz and 
carbonate. Base of picture = 2.3 IT111, reflected light ( - ) . 
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Hematite usually is present at the margins of chalcopyrite veins. 
Coexistence of chalcopyrite and iron-oxides places constraints 
on the temperature of sulphide formation, and on fs2, because 
iron-oxides fomed instead of iron-sulphides. Thi's is discussed 
in chapter 4. 4. 

In the layered portions of the black and red zones chalcopyrite 
is a minor constituent and is closely associated with galena. 
It may also be a replacement of pyrite as shown for galena 
in Fig. 4.04. The close spatial association of galena and chal
copyrite in the "strataform" mineralization suggests that both 
have presumably been emplaced by one ore forming event. In a 
synsedimentary exhalati ve type of mineralization it is unlikely 
however, that galena and chalcooyrite would co-precipitate 
(Barnes, 1975; Solomon and Walshe, 1 979). Therefore, the coexistence 
of galena and chalcopyrite can be considered as further evidence 
against exhalative ore formation and instead, indicates pre
cipitation from metal bearing solutions containing both copper and 
galena, which percolated the diagenetic sediments and crystallized 
as sulphides where they encountered free H2s ,  or where they replaced 
pyrite. It thus appears that, within the black and red zones (i. e. 
on a comparatively small scale), metal sulphide precipitation was 
rather governed by H2S-availability than by physico-chemical 
gradients (e.g. temperature , salinity, pH etc.). 

4.1 . 1 :4. Sphalerite 

This is a minor sulphide mineral, usually present in trace amounts 
( < 1 %) throughout most of the mineralized body. In the upper 
stringer zone slightly higher concentrations are encountered 
(up to 3. 4 % Zn from 434 to 438 m in Ab 4), but this is exceptional. 

Sphalerite occurs as anhedral grains commonly associated with car
bonate, quartz and galena. It  is of bright yellow-brown colours. 
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Fourteen sphalerite grains have been analysed by electron 
microprobe (Tab. 4.02). 

Iron content of sphalerite, ranging from 0. 25 % to 1.18 % Fe 
(0.39 % to 1.86 % FeS, respectively) is very low when compared 
with Mt. I sa (4 - 8 % Fe ; Finlow-Bates ,  1 978), Gamsberg, S.A. 
(2 - 10 % Fe; Stumpfl, 1 979) or a zinc-lead mineralization in 
Scotland (mean of 8.8 % Fe ; Willan and Hall, 1980) . Manganese 
contents below 0. 5 % also are very low in contrast to up to 
8 % Mn in sphalerites from Gamsberg (Stumpfl, op.cit.). 

Geothermetry or geobarometry using the Fe-content of sphalerite 
was not attempted as Stumpfl (op.cit.) has demonstrated that no 
relationship between sphaleri te compositions and metamorphic 
temperatures or pressures does exist. 
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Tab l e 4. 02. E l ectron microprobe anal yses  ( wt. % )  of sphal erites 

from the Abra mi nera l i z ati on 

Abra 4 ,  Abra 4 ,  Abra 3 ,  Abra 3 ,  Abra 3, 
393. 5 m 31 7 . 4  m · 509. 6 m 360. 4 m 275. 9 m 

b l ack _zone top red z. stri nger z. stri nger z. red zone 

Fe 0. 329 0. 750 1. 070 0 . 500 0. 252 
Cu 0. 000 0. 030 0. 657 1 . 065 0. 052 
s 34. 91 3 33. 600 3 1 .  541 33. 1 36 34 . 540 
Zn 66. 674 66. 41 6 65. 450 67. 862 65. 940 
Cd 0. 000 0. 094 0. 000 0. 1 06 0. 340 
Mn 0. 000 0. 000 0 . 048 0 . 000 0. 01 1 
I n  0 . 000 0. 007 0. 299 0. 081 0. 1 32 

Tota l  1 0 1 . 9 1 6  1 00. 898 99. 064 1 02. 7 50  1 0 1 . 267 

Fe 0. 335 0. 703 1 . 1 78 1 .  1 34 0. 261  
Cu 0. 092 0. 075 0. 670 0. 954 0. 085 s 34 . 1 78 33. 91 0  32. 1 53 33. 244 34. 91 0 
Zn 66. 570 66 . 661 65. 351  67. 058 65. 765 
Cd 0. 000 0. 000 0. 000 0. 1 20 0. 000 
Mn 0. 000 0. 000 0 . 000 0. 026 0. 000 
I n  0. 306 0. 000 0. 270 0. 31 5 0. 063 

Total  1 0 1 .  481 l 0 1 .  348 99. 622 1 02 . 85 1  1 0 1 . 084 

Fe 0. 373 0. 752 
::u 0. 058 0. 000 
s 33. 51 9  32. 948 
Zn 66. 531  66. 960 
Cd 0. 253 0. 1 32 
Mn 0 . 000 0 . 000 
I n  0. 000 0. 000 

Tota l  1 00 . 733 1 00 . 792 

Fe 0. 41 2 1 . 0 1 4  
Cu 0. 038 0 . 000 
s 33 . 93 1  33 . 7 1 4  
Zn 66. 669 66 . 782 
Cd 0. 065 0 . 1 71 
Mn 0. 000 0 . 000 
I n  0. 000 0 . 000 

Total  l 00 .  1 1 6  1 0 1 . 681 
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4 . 1 . 1 .5 .  Sulphosalts 

Only minor amounts of  tetrahedrite and bournonite have been found 

in the Abra m inerali zation . Bournonite occurs exclusively , and 

tetrahedrite is mos t  abundant , at the contact between the wc 1 - and 

wc2-units in hol e Ab 4 (317.4 m). Within the uppermos t  coarse

grained siliceous arenite (Fig. 4 . 09 )  of the wc 1-unit two bands 

of sulphides occur, overlain by micaceous s hale of the wc2-unit. 

The upper sulphide band is composed of pyrite whereas the lower 

band consists of galena-tetrahedrite-bournonite-chalcopyrite inter

growth . 

Fig. 4. 09 : A band of pyrite underlain by a black zone of sulpho
salts , galena and chalcooyrite a t  the contac t  between 
coarse-gra i ned a reni te (WC1) and mi caceous shale 
(WC2). 

-
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The formula of bournonite as determined by electron microprobe 
is Sb 1 _0 1Pb1 _ 02cu0 _ 83s3 with traces of Bi, Ag and As. 

Chalcopyrite from this section contains 0 .84 % Ag and 0.667 % Pb 
by wei ght, and traces of Sb, contrasting to pure chalcopyrite 
elsewhere in Abra. These impurities of chalcopyrite in the vicinity 
of bournonite suggest a genetic relationship. 

Tetrahedrite occurs within , or  as rims surrounding galena (this 
is the common association i n  the entire Abra mineralization) . 
Table 4 . 03 shows the results of electron microprobe analyses 
of tetrahedrite from the sampl e of Figure 4.09 and other samples 
of strati graphically lower levels in Abra. 

sample 
dQscr i  t ion 

Ab 4, 31 7 . 4  m 
contact wc 1 twc 2 
see F I gure 

Ab 7, 274 m 
l ower red zone , 
wlth ga len� and 
chalcopyr l te on 
fractures 1 n  
recrystal 1 1  zed 
p rite 

Ab 6 ,  328 m 
strlnger zone , 
galena-bar l te-
chalcoP.trl te  veln 

Cu 

34 . 74 

34 . 40 

29.47 

41 . 75 

41 . 53  

4 1 . 40 

4 1 . 28 

Tab le 4 . 03. 

Ag Fe Zn 

8 . 69 1 . 6 1  2 . 57 

7 . 63 1 . 65 2 . 27 

11 . 66 1 . 49 3 . 20 

1 . 06 s. 79 0 . 79 

1 . 38 5.86 0 . 72 

1 . 02 6 . 24 o . 73 

1 . 5B 1 . 14 2 .  72 

Se lected e lectron microprobe ana lyses of Abra tetrahedrl te. 
V a l ues i n  weight %. 

Sb As Pb B i  

25 . 54 0 . 40 0 . 2 1  

2 7  . 59 0 . 27 0 . 48 0 . 32 

2 7 . 1 5  0 .44  

22  .49 1 . 60 0 . 1 7  -
2 3 .07 1 .89 0 . 1 7  0 .07 

24 .50 1 .65 0 . 24 -

28 . 35 0 . 85 0. 1 5 

s tot a l  

2 3 .  85 97 . 67 

23 . 85 98. 47 

23 .  1 6  96 . 53 

26. 1 0  9 9 .  76 

26 . 33 101 . 02 

2 5 .  30 101 . 08 

24 .  78 100 . 85 

formu l a  

C ug . 571191 . 4 1  F•o. so2"o. 695bl .  67A5o.  09 � 3 
Cug . 46A91 .  2l•o . s22"o . 61 Sbl .  96115o .  06 5 1 J 
cus . 33A91 .  gqf•o . 4s2"o . ea5bi . 01 Aso.  1 1 5 1 3  

Cu 10. soA9o. l 6F•1 . 662"0.  1 95b2 .  95Aso. 345 1 3  
Cu 1 0 .  35A9o.  2of •1 .662 00 .  1 7Sb3 _ 39A5o .4o5 1 3 

cu 10 . 7 31190 . 1 l• 1 . B42"o . 105b3 .  72As0 . 365 1 3  

Cu 10 .  93A9o.  zsF•o. 342"0 .  70Sb3 _  92A50 . 1 95 1 3  
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Thetetrahedrites from lower levels have significantly lower 
Ag but higher Cu contents than those from the wc 1 ;wc2 contact. 
Riley ( 1 974) reported that tetrahedrites from a chalcopyrite-
quartz vein in the Cu-orebody of Mt. Isa have lower Ag/higher Cu 
values than those from the stratiform mineralization. This relation
ship may indicate higher Ag contents in more distal mineralizations, 
if the copper mineralization at Mt. Isa is accepted as the proximal 
mineralization to the contemporaneous distal lead-zinc minerali
zation (Finlow-Bates and Stumpfl, 1 979) . 

Tetrahedrite in the sample shown in fig . 4. 09 certainly represents 
distal mineralization in Abra and has high Ag content, and thereby 
suggests a principally analogous situation as in Mt. Isa. 

The mode of emplacement of the distal sulphosalts in Abra , however , 
was different. The impermeable shale band overlying the sulpho
salts and sulphides, and the coexistence of complex sulphosalts 
and sulphides (tetrahedrite, bournonite, galena, chalcopyrite, 

' . 
pyri te) which occur separately elsewhere, implies ascent of metal 
bearing fluids up to the shale barrier . Here some H2s may have been 
trapped and the metals precipitated rapidly. Non-equilibrium pre
cipitation is indicated by the impurities of chalcopyrite and the 
Cu-deficiency of bournonite (see formula). 

11111 
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4. 1 .  2. Sul phates 

The only sulphate i n  Abra i s  bari te occurri ng a) i n  ve i ns i n  
the upper stri nger zone and the black and red zones, b) as large 
(more than 4 centimetres length) euhedral crystals i n  the red 
zone, c) as layers or clusters of crystals, d) as anhedral masses 
throughout the black and red zones and e) i n  massi ve form ( i n places 
over several core metres) i n  the red zone. 

Bari te i s  most abundant i n  the upper red zone (see chapter 4.2.) 
where i t consti tutes a " barium body" of 25 mt at 20 �� Ba. 

Textural features and the mode of occurrence are descri bed i n  
chapters 3.2 . 1 . 2. and 3.2. 1  . 3. whi le the possible quantitati ve 
replacement of Ca-sulphates by barite ( i n  particular in the 
sabkha sedi ments of the red zone) i s  di scussed i n  chapter 3.2. 1 . 4 .  

Here, the chemi stry of the bari tes i s  discussed briefly. 2 1  barites 
from the Abra m i nerali zati on and the low-grade mi neral i zati ons i n  
the J i llawarra Belt have been analysed for Sr by electron microprobe . 

The Sr content is remarkably uniform throughout, varyi ng between 
0.029 and 0. 72 % (by weight) strontium i n  bar ite. There i s  no 
trend linking Sr content w ith strati graphy or mode of occurrence ; · 
Sr contents in barites from the red and black zones in Abra vary 
in the same range as i n  different vei n-type barites within or 
outsiae Abra . Thi s  i nvariable range of Sr content in barites 
suggests a common source, and common mode of emplacement of 
all bari tes. 

If, for example, bari te was a pr i mary sulphate mineral i n  the 
sabkha deposits of the red zone in Abra it should display higher 
Sr values than vein-type barite, because Sr is enriched in eva
porit ic  sequences (Morrow et al . ,  1978), and, barite forms a 
continuous solid solution with celestine (Dear et al ., 1 972) ; 



r 

- 250  

a more detailed discussion is given in chapter 3. ?.. 1. 4. 

Puchelt (1967) has noted that there is a distinctive geochemical 
difference between submarine exhalative barite and so-called 
magmatic-hydrothermal (epigenetic vein-type) barite. The former 
is characterized by a low Sr content (0.3 - 1.5 %), whereas the 
latter usually contains more Sr (greater than 1 % and often 
exceeding 1 . 5  %). However, the vein-type barites in Abra have 
Sr values clearly below the range given by Puchelt. Furthermore, 
marine barites \vithout any relation to hydrothermal activity 
exhibit a range of 0.3 - 1 . 9  % Sr (Church, 1979), suggesting 
that the Sr content in barite is not diagnostic of the kind of 
hydrothermal activity. 
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Hematite and magnetite are the main Fe-oxides in the Abra 
mineralization and in the sediments of the upper Gap Well 
Formation, with the exception of insignificant amounts of de
trital ilmenite and chromite. Due to the omnipresence of magnetite 
in the Abra mineralization geo-magnetics have proved a reliable 
tool in the search for Abra-type mineralization. The Abra 
mineralization itself has originally been detected by magnetics. 

Syndiagenetic ( sedimentary) i ron-oxide layers occur in siltstones 
of the GW5-unit ( Fig. 4. 26) and the GW6-unit ( Fig. 2.36) in the 
Jillawarra Belt. but are most abundant in the black and red zones 
in Abra. Magnetite and hematite are commonly intergrown and form 
delicate layers of 0.1 - 3 m m  thickness. Hematite is more abundant 
in the red zone, suggesting fully oxidizing depositional conditions. 
In the black zone hematite is ubiquitous, but subordinate to, or 
equally abundant with, magnetite. A discussion of the iron oxides 
layers of the black and red zone is given in chaoter 3.2. 1.2. and 
3.2. 1 .3. They are interpreted as evaporitic iron formations. 

Vein-type iron-oxides are present in almest all veins of the 
Abra mineralization and of mineralizations in the Jillawarra Belt. 
Magnetite usually is intergrown with hematite, but in places hematite 
is concentrated along the vein margins. In the lower part of the 
stringer zone hematite is rare, locally it stems from martitization 
of magneti te. 

Further occurrences of iron-oxides are a) jaspilite (particularly 
in the red zone) associated with veining, or as layers, thus being 
present in two modes like the hematite/magnetite descri bed above, 
b) very few detrital ilmenite grains along the foresets of cross
bedding in the wc 1-unit (Ab 10, 489,5 m). The detrital grains are 
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unrelated to the Abra mineralization and may indicate the 
provenance of the clastites. 

25 electron microprobe analyses (Ti02, MnO, FeO) have been per
formed on magnetites, hematites and jaspilites of sedimentary 
and vein-type association. No significant difference in the 
proportions of Ti and Mn between magnetite, hematite and jaspilite 
occurs, and in the following discussion these three minerals are 
summarized as Fe-oxides. 

Ti02 content in Fe-oxides varies between , 0.005 and 0. 52 wt. %, 
and that of MnO between ..:. 0.005 and 0.27 wt. %. There is no trend 
in the MnO or Ti02 content towards sedimentary or vein-type Fe
oxides. Within both groups the entire spread of Tio2 or MnO values 
is real ized, i .e. the sedimentary and vein-type Fe-oxides are 
identical with respect to these elements. 

Eichler ( 1976) found insignificant amounts of major elements only 
in comparative chemical analyses of iron formations from different 
sedimentary facies (e.g. oxide facies, carbonate facies, etc.). 
The manganese content of whole rock analyses is below 1 wt. % in 
most cases, as well as that of Ti and Mg (4.2 % in silicate facies). 

In particular, the oxide facies of many iron formations examined 
(the Abra black zone represents oxide facies) is characterized 
by trqce amounts only of elements others than Fe and Si. Therefore, 
Eichler (1976) concluded that the chemistry of oxide facies iron 
formations (-especfally hematitic) is governed by a general 
chemical (or biochemical) precipitation process and cannot be 
explained by local environmental conditions only. 

The question, whether the black (and red} zone iron formation re
presents the sedimentary-exhalative facies to the stringer zone 
hydrothermal system, cannot be resolved by Fe-oxide chemistry. 
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The work of Ei chler (1976) suggests that the chemistry of Fe
oxi des does not allow a di sti nction between exhalative iron 
formations and those whi ch precipi tated from weatheri ng solutions. 
However, the onset of hydrothermal ( 11exhalative 11

) acti vity in Abra 
has been post-deposition of the black and red zones; thi s  is con
cluded from the development of the Abra sub-basin (chapter 3.4.) 
and the replacement-bari te (chapter 3.2.1.4.). Therefore, it  is 
likely that not exhalation of iron-beari ng soluti on accounted 
for the black (and red) zone sediments but preci pi tation from 
weatheri ng soluti on i n  a restri cted, li ttoral basi n. Furthennore, 
exhalation of ferruginous hydrothermal solution resulting in  
banded iron formation w ith a lateral persistence of more than 
0.7 km2 seems unli kely i n  the sabkha environment of the red zone 
where no permanent water cover was present. Vein-type i ron-oxi des 
i n  the stringer zone are probably derived from the same source 
(because iron-beari ng solutions  have also been transported into 
the Ji llawarra Bas i n  during ti mes of deposi tion of these sedi ments) 
and were concentrated i nto veins when hydrothermal act i vity 
commenced. 

4.1.3.2. Scheeli te 

Scheel i te has been found in minor amounts in the Abra minerali zati on . 
Preferenti ally, i t  occurs in  vei ns and disseminated in the upoer 
stringer zone, but m i nor di s seminated grains are present i n  the 
black zone and the red zone. In  the black zone i t  i s  intergrown 
w i th barite to form a scheelite-bari te -quartz aggregate (Fig. 3.15). 
Whole rock analyses of intervals of one core metre yi eld maximum 
tungsten values in  the range of 500 ppm (in Ab 6) in the upper 
stringer zone , i n  clearly sub-economic concentrati ons. 

The common association of scheelite with veining and i ts concen
tration i n  the stringer zone i ndi cate a post-sedi mentary emplace
ment of scheeli te, related to the hydrothennal system. 
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4. 1. 4. Carbonates 

Carbonates are ubiquitous throughout the Abra mineralization. 
The textures of carbonate in the various zones in Abra are 
described in chapter 3.2.1 . ,  and its common replacement by silica 
in chapters 3.2.1., 2 . 3 . 1. and 2.3.2.3. 

In addition to the carbonate of sedirnentary association, vein-
type carbonate is also cornrnon. lt occurs as large anhedral crystals 
(up to 5 mm) within the veins and variably is associated or 
intergrown with all sulphide minerals, barite, chlorite, iron 
oxides and q uartz. 

35 electron microprobe analyses (Fe , Mn , Mg , Ca , Ba , Sr) of 
carbonates of various settings revealed that all are ferruginous. 
However, only one true siderite has been found in a vein at the 
Copper Chert prospect (i.e. outside Abra) and will not be con
sidered. Ba and Sr values are below 0.05 wt. %, and only Fe, Mn, 
Mg and Ca are discussed here. 

The carbonates in Abra comprise two groups with respect to chemi stry 
( Tab . 4 . 04) : 
- Carbonate of sedimentary association, occurring as conformable 

bands between iron-oxide layers without a recognizable affinity 
to veining. This group is rich in iron and low in calcium, and 
can be rnicritic. 

- Vein-type carbonates, plus recrystallized or mobilized carbonate 
which is sparitic, in places occurring as euhedral rhombs within 
quartz. There is no significant textural difference between re
crystall ized and vein-type carbonate. This group can be termed 
ferroan dolomite. 

In view of the ferruginous nature of all carbonates, in Tab. 4.04 
the weight ratios of Mn , Mg and Ca are calculated with respect 
to Fe. 
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Table 4.04: Weight ratios of Mn, Mg and Ca with respect to Fe 
of representative carbonates from the Abra minerali-
za tion. 

Fe Mn Mg Ca 
a) Sedimentary carbonate 

Ab 5, 409 metres 0.30 0.31 0.00 
micritic 0.20 0.29 0 .00 

Ab 4 ,  394 metres 0. 14 0 . 38 0.00 
micritic and sparitic 1 0. 14 0 . 28 0.00 

b) Vein-type carbonate 
Ab 4, 433 metres 0.21  1.58 2. 69 

large, anhedral 1 0.45 2.80 4.50 
Ab 6, 304 metres 1 0.66 2.03 3.60 

1 arge, anhedra 1 1 0.47  1. 70  3. 01  
recrysta 1 1  i zed 

Ab 5, 409 metres 1 0.40 1. 4 1  2.56 
sparitic, acicular 0.40 1.82 3 .06 

mobilized 
Ab 4, 394 metres 1 0.69 1.96 3. 12 

sparitic, euhedral 0.29 1.49 2.43 

It is evident from the ratios in Table 4.04 that sedimentary carbonate 
in the black zone is extremely rich in iron, which is compatible 
with �edimentation in connection with iron formation. 

Vein-type and recrystallized/mobilized carbonate have similar com
positions (which, however, is unique), suggesting that vein-type 
carbonate is derived from the same sedimentary pile as the re
crystallized/mobilized carbonate; i.e. vein-type carbonate may 
represent carbonate that is recrystallized and mobilized over longer 
di s tances. 
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The di fference beb1een sedimentary and recrysta 1 1  i zed ca rbonate 
is mainly due to the Ca-content (sedimentary carbonate may also 
be richer in Mn), and the ratios in Tab . 4. 04 delude an additional 
difference with respect to the Mg content. But the absolute values 
of Mg in both sedimentary and recrystall ized carbonate vary 
only between 13 and 16 wt. % MgO. In places (e.g. Ab 5, 409 m, 
see Tab. 4.04) recrystall ized carbonate occurs adjacent to micritic 
sedimentary carbonate, and it is likely that the sparite crystallized 
from the micrite. Pos sibly, the Ca which is incorporated during 
recrystallization may stem from replacement of Ca-sulphates by 
barite (cf chapter 3. 2. 1 . 4 . ) ,  releasing some two million tons of 
calcium in the black and red zones . However, the mechanism proposed 
could be valid in these zones only, and does not explain the 
composition of vein-type carbonate in the stringer zone unless 
a huge convective system is invoked. 
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4. 1 . 5 .  Silicates 

4. 1. 5 . 1. Chlorite 
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Chlorite is the dominant ohyllosilicate, in addition to muscovite, 
in the Abra mineralization whereas outside the Abra area biotite 
has been found in the GW5 and GW6-units, i . e. at a comnarable 
stratigraphic level . 

Chlorite is ubiquitous in the Abra mineralization; it occurs as 
finely-crystalline aggregates (up to 2 mm across) in the black 
and red zones or dispersed in the clastites of the stringer zone. 
lt usually shows grass-green colours , and purple to brownish 
birefringence colours. 

Several textural settings of chlorite have been recognized : 

Vein-chlorite; occurring within, or marginal to , veins ; 
commonly associated with quartz, carbonate or sulphides 

- Wallrock chlorite; no affinity to veining, dispersed in the 
stringer zone and as larger aggregates in the black and red 
zones; commonly associated with carbonate and quartz 

Replacement chlorite; chloritization of muscovite and potash 
feldspars within clastic wallrock. Chloriti zation of detrital 
potash feldspar is inferred from the occurrence of sub-rounded 
to_sub-angular chloritic 11clasts11 in a quartz sandstone. Some 
0.5 metres below this rock (in Ab 4, 398 m) a texturally similar 
arkose occurs . 

- Replacement chlorite ; chloritization of calcareous pellets in the 
upper red zone. There are oartly chloritized calcareous pellets 
in the same thin section. 
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Tab. 4. 05 :  Representative electron microprobe analyses of 
chlorite (wt % )  at Abra. 

vein wall rock replacement replacement 
chlorite chlorite chlorite(of chlorite(of 

potash carbonate 
feldspar ) pellet ) 

S i  28.273 26. 927 26. 440 25.525 
Ti 0. 000 0. 121 0.069 0. 048 
Al 16. 740 19. 412 18. 182 20.591 
Fe 32.569 29. 397 30. 11 1  35 .023 
Mg 13.70 1  15. 421  14. 8 14 12. 159 
Ca 0.000 0.008 0.027 0. 069 
Na 0. 089 0.048 0. 072 0. 077 
K 0. 036 0.000 0. 000 0. 000 
Mn 0. 035 0. 230 0 . 166 0. 362 

Total 9 1. 444 91. 564 89. 882 93. 854 

Fe 0. 570 0. 520 0. 530 0. 620 
Fe+Mg 

In Table 4. 05 four representative electron microprobe analyses 
(from a total number of 25 analyses ) of these distinct textural 
type� of chlorite are presented. There is 1 i ttle different between 
these groups indicating a common process of chlori te formation. 
This process was governed by the hydrothermal system at Abra 
because vein chlorite, which clearly is a product of the hydro
thermal system, has only �inor deviation from the chemistry of the 
wall rock chlorites (includi ng potash feldspar - and muscovite
replacing chlorite) . 

The chemical differences between vein chlorite and wall rock chlorite 
are mainly due to higher Al and Mg contents of the latter. The change 
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in Mg content may indicate a reaction of the hydrothermal, iron
rich fluids (vein chlorite is rich in iron) with (ferroan) 
dolomite in the wall rock resulting in chlorite with higher Mg 
content. 

Replacement chlorite of carbonate pellets has a higher Fe-content 
than other chlorite, which is compatible with the assumption of 
very iron-rich sedimentary carbonate in the black and red zones 
(see previous chapter); and it emphazises the control of wall 
rock-chemistry on the comoosition of chlorites. 

lt is inferred from the above discussion that chlorite generation 
was governed by the hydrothermal fluids, and that there is no 
indication of chlorite growth in relation to regional metamorphism. 
Chlorite has formed syn-hydrothermal and only small amounts of 
chlorite may have grown later (e.g. a thin seam of chlorite around 
a subhedral galena grain). 

4. 1.5.2. Feldspar 

Three authigenic feldspar varieties have been found in Abra, in 
addition to the detrital potash feldspar, and are listed in 
decreasing order of abundance : 

1) Albite ; some 20 electron microprobe analyses confirmed that 
it is pure albite (< An2). Albite is widespread, and commonly 
intergrown with sulphide minerals (Fig. 4.02) or barite suggesting 
tnat al bitization is linked to the mineralization. Albite is 
present in all zones in Abra, but dominantly in the wall rock; 
i.e. it does not occur in spatial relation to veining. Albiti
zation in relation to hydrothermal processes is not uncommon, 
and has been reported from the Sullivan, B. C . ,  lead-zinc 
deposit (Ethier et al ., 1976). 

2) Barium feldspar; mainly hyalophane which can be considered as 
a mixture of celsian (BaA1 2s; 2o8) and potassium feldspar (Deer 
et al., 1972). Hyalophane is a minor mineral (present in all 
zones in Abra), commonly in intimate contact with sulphide 
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minerals, in places actually surrounding sulphides . No 
hyalophane has been found in veins. lt usually occurs adjacent 
to disseminated sulphide mineralization in clastic wall rock 
but it is also present in small amounts within micritic, sedi
mentary carbonate Qf the black zone, where it is not associated 
with sulphides . The formation of barium-bearing feldspar is 
obviously related to hydrothermal processes, considering the 
abundance of barium in the Abra hydrothermal system . lt can 
be assumed that the formation of hyalophane and albite was 
g overned by a common process involving percolation of hydro
thermal fluids through the wall rock and crystallization of 
albite or hyalophane as a function of the chemistry of the 
hydrothermal fluid in relation to that of the fonnation water . 
at the site of crystallization (notably, both feldspar varieties 
only occur in the wall rock) . 

According to Deer et al . ( 19 72) barium feldspars have a very 
restricted paragenesis and most of them occur in association 
with manganese deposits. Interestingly, hyalophane and other 
barium-bearing feldspars have been described from lenses and 
streaks in acid gneiss at Broken Hill, N. S. �� - (Segnit, 1946). 

3) Potassium feldspar; this has onl�, been found as seams to de
trital potash feldspar (see Fig . 3. 1 1). In the GW6-unit of 
the Jillawarra Belt complete authigenic, euhedral potash 
�ldspar occur in calcareous rocks, and this has been inter
preted as in situ formation of K-feldspar due to hypersaline 
formation waters (see chapter 2 . 3. 1 . 6 .)  according to a process 
suggesting by Träger ( 1969) . Possibly, the authigenic seams 
of K-feldspar in Abra (around detrital feldspars in the upper
most stringer zone ) have formed by hypersaline diagenetic 
solution which stem from the overlying evaporitic interval 
and have penetrated the underlying clastites. Evaporitic 
solutions have a high density. 
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Of the three feldspars described above, albite and hyalophane 
formation was closely linked to hydrothermal processes affecting 
the wall rock. These processes mai nly involved percolation of 
hydrothennal fluids but may also, thereby, have increased the 
temperature (convective) to enable crystallization of these 
fe 1 dspa rs. 

The growth of authigenic potassium feldspar probably was unrelated 
to hydrothermal processes but was due to hypersaline formation 
waters during diagenesis. 

4.1.5. 3. Quartz 

This is the most common, most widespread and most abundant mineral 
of the Abra mineralization . It occurs as vein filling, cement, 
layers in the black and red zones, and as replacement of sulphates , 
carbonates and of the matrix of clastites. 

Silification, probably related to the Abra mineralization, is 
still recognizable in the wc4-unit (see Fig. 2.66), some 1000 
metres stratigraphically above. Numerous examples of silification 
are given in the text throughout this study. 

The bulk of s 1 02 certainly has been derived from the hydrothermal 
system, but for some jaspilite layers in the red zone a sedimentary 
origin cannot be refuted. Recent investigations of a sodium lake 
-in Ta-nzania (Behr et al ., 1984) showed that layers of pure Si02-
sediments are intercalated with carbonates. 
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4. 1 . 6. Summary 

The Abra mineralization is characterized by two groups of minerals, 
those of sedimentary association which may have been mobil ized 
in the course of subsequent devel opments and those which have 
formed in connection with hydrothermal processes. 

The sedimentary association comprises carbonate, iron-oxides , 
( Ca-)sulphates and pyrite of the black and red zones, and car
bonate plus clastics ( quartz, fel dspars, micas) of the stringer 
zone. These minerals - mainly carbonates, s ulphates and iron
oxides - have been mobilized and recrystall ized, and also occur 
in veins. There is no chemical difference between sedimentary
and vein-types. 

The post-sedimentary, 11hydrothermal 11 minerals comprise all sulphides 
(except syndiagenetic pyrite), scheelite, possibly some Fe-oxides, 
quartz, barite, chlorite , albite and hyalophane . 

The mode of emplacement of these minerals is different with respect 
to the stratigraphy; in the stringer zone veining, silification, 
chloritization prevails whereas in the black and red zones replace
ment of carbonate ( by quartz), of s u l phates ( by barite , quartz , 
carbonate ) ,  of pyrite (by other sulphides) and al bitization is 
added to the aforementioned processes. 

· In -ehe lower stringer zone veins of chalcopyrite, quartz, magnetite, 
chlorite, carbonate and pyrite prevail. In the upper stringer zone 
and lower black zone, galena, pyrite, magnetite/hematite, quartz, 
carbonate, chlorite and barite veining is abundant, while in the 
red zone veins predominantly consist of barite, pyrite, hematite, 
quartz and carbonate. Veining is accompanied by brecciation in 
places, and, in particular in the s tringer zone, the fine-grained 
breccia 1 1 matrix 11 preferentially is mineralized by s ulphides. 
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Replacement of pyrite by other sulphides in the black and red 
zone is preceded by syndiagenetic growth of pyrite within the 
upper layers of sediment ( 11 syngenetic pyrite") in connection 
with bacterial sulphate reduction. With the onset of hydrothermal 
activity metal-bearing fluids percolated through the sedimentary 
pile and replaced pyrite. Further precipitation of sulohides 
was governed by the availability of H2S from bacterial sulphate 
reduction which was trapped in the sediments. Recrystallization 
of fine-grained syndiagenetic pyrite continued thraughout the 
mineralizing phase and facil itates replacement by ather sulphides 
and the intergrowth with galena, chalcopyrite and tetrahedrite. 
Tetrahedrite in recrystallized pyrite is rich in Fe and As 
suggesting that its growth was related to the recrystallization 
of pyrite. 

The abundance of replacement (sulphate, carbonate, pyrite) and 
the occurrence of veins in the uppermost stringer zone (and 
lacally up to 16 metres into the overlying clastites) indicates 
commencement of hydrothermal (i. e. mineralizing) activity after 
depasition of the hast sediments and rules out significant syn
sedimentary exhalative processes. 

The anset af hydrothermal activity is linked to the generation 
of deep-seated faults during incipient rifting which led to de
position of coarse clastic wc1-unit, overlying the hast rock 

· seqcrence. The host rocks still were in the state of diagenesis, 
and the abundance of diagenetic farmation waters and af pore space 
enabled widespread replacement of Ca-sulphates, carbonates and pyrite. 
With respect ta the hast rack sequence, the mineralization best is 
described as syndiagenetic. 

The mineralogy of the Abra mineralization has features  i n  common 

with majar sediment-hosted base metal depo s i ts  li sted by Large 
(1980 ). These include barite, silification, chloritization and 
albitization. Abra i s uni que wi th respect to this list, however, 
due to its remarkable paucity of zinc mineral ization. 
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4.2. Metal zonation in the Abra mineralization 

There is a distinct vertical metal zonation within the Abra 
mineralization, exoressed by the distribution of sulphides 
and barite in drill cores . Drill cores were assayed in inter
vals of one or two metres for Cu, Pb , Zn, Ag, /l.u, Ba, Mn by 
order of Geopeko ; the results are presented in Fig. 4.10. This 
plot of the 10 m-averages of the assay results for each drill 
hole clearly displays the nature of the zonation and provides 
analytical support for the zonation which is macroscopically 
visible from sulphide distribution . 

At Abra there is a vertical Cu-Pb-Ba zonation. Zinc assay results, 
rarely exceeding 1 wt.% Zn, do not show a distinct interval of 
Zn-abundance; Zn loosely correlates with Pb . Detailed plots 
( 1  metre intervals) of the assay results of Ab 3 and Ab 4 holes 
indicate maximum abundance of Zn slightly below (20 - 40 metres) 
the zone of highest Pb-assays . Considering the Zn distribution, 
the metal distribution in Abra can be characterized as a vertical 
Cu-Zn-Pb-Ba zonation sequence . 

Barnes ( 1975, p.296) stated that 1
1 the least soluble mineral in 

a particular solution will be deposited first nearer the source . 
of the metal-carrying solution, and followed by others in order 
of decreasing solubility 11

• Element and mineral zonation is observed 
. in.. aJ l  types of mineral deposits, including both volcanic and sedi
ment hosted massive sulphide denosits. 

By definition, any zonation pattern must be related to a point 
(the centre of zonation) around which the variables (metal con
centration) vary according to their distance from this point. It 
is presumed (Large , 1980) that the centre of zonation is that point 
in the path of the metal-bearing solution where the least soluble 
metal sulphides were precipitated. 
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Table 4. 06 gives some examples of metal zonation in sedimen t 
hosted Pb-Zn deposits (after Large , 1 98 1 ) .  The sequence of 
zonation generally is Cu-Pb-Zn-Ba in laterally zoned deposits 
and Cu-Zn-Pb-Ba in vertically zoned deposits. Fe is sometimes 
enriched at the centre of zonation (e. g. Rammelsberg and Sullivan), 
or there may be a Fe-hal o around the base metal sulphides , e .g. 
the hematite-chert formation that is laterally equivalent to 
the sulphide facies at Tynagh, Ireland. 

The zonation sequence of Abra fits into this general classification 
and is comparable to Rammelsberg where there also is a lower cross
cutting Cu-rich zone, barite with sulphides in the median zone, 
and a barite dominated body at the to� (Hannak , 1 98 1 ). 

Table 4.06 and references from Large ( 1981) 

Examples of metal zonation in the stratiform m.inera.1.isation of selected sed.iment-hosted, submarine 

exhalative Pb-Zn deposits 

Deposit 

Rammelsberg 
Meggen 

Silvermines 

Tynagh 

Mount lsa 

McArthur River 

Sullivan 

Tom 

Metal Zonation in the stratiform m.ineralisation 

Vertical zonation Cu - Zn - Pb - Ba upwards through the stratiform ore. 
Mn-halo in the ore horizon sediments around the ore body. Barite ore body later
ally equivalent to the stratiform sulphides. 
In the stratiform Upper G zone the Pb/Zn ratio decreases towa.rds the periphery 
of the zone away from the Silverm.ines fault. 
Mn-halo in the stratiform iron-oxide facies and laterally equivalent sediments. 
Lateral increase of Zn towards the cross-cutting m.ineralisation. 
Lateral zonation Pb - Zn within the sttatiforrn ore , away from the contact with 
the "silica-dolomite". 
Lateral zonation within the stratiforrn mineralisation of Pb - Zn - Fe, away from 
the cross-cutting vein-type mineral.isation. 
Within the stratiform mineralisation there is a decreasing Pb/Zn ratio tow:uds the 
periphery of the deposit. Central core zone is Fe-rich. 
Within the stratiform mineralisation the ?b/Zn ratio decreases laterally away from 

the massive ore and the underlying cross-cutting mineralisation. 

References : Rammelsberg (Gunzert. 1969), Meggen (Krebs, 198 1 ),  Silvermi.n'es (Taylor and Andrew, 
1978), Tynagh (Rus.sel, 1975), Mount Isa (Mathias and Clarke, 197S), McArthur River (Williams, 
1978a, b), Sullivan (Ethier et al., 1 976), Tom (Ca.rne, 1976). 
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It is evident from Fig. 4. 1 0  that the metal zonation in 
Abra is independent of the host rock lithology , i. e. the zonation 
is transgressive . Whereas in holes Ab 3 and Ab 4 the Pb-maxima 
are located within the black .sJll! red zones , in Ab 6 ,  7 ,  5, 9, 1 0  
their position is within the black zone. Only the distribution 
of Ba is controlled by the occurrence of a sedimentary unit 
(the red zone) , i. e. strataform .  

This spatial separation of Ba and Cu-Pb (Zn) within the zonation 
sequence impl ies two different processes of emplacement of 
these elements : 

- Cu and Pb (Zn) form two aoproximately concentric zones . trans
gressing sedimentary strata, which are centred around an elongated 
area. Im comparison with Fig . 3.0 1, where the three-dimensional 
position of the faults limiting the Abra sub-basin is shown, 
it is likely that the Cu-Pb (Zn) zonation is centred around 
the E-trending, northern margin fault of the Abra sub-basin. 
This fault zone probably has been the major feeder channel 
along which hydrothermal fluids ascended. Sulphide minerals 
were emplaced in the wall rock percolated by the fluids, and 
the order of precipitation of the sulphides was controlled by 
their relative solubilities . 

Barium, which was transported in solution by the same fluids, 
could only precipitate as barite depending on the amount of 

-str'l phate (S04 ) available . The so4 content of the hydro
thermal fluids and, probably more significant in volume, of 
the formation waters was consumed by barite precipitation . This 
explains the ubiquitous but low-grade barite mineralization in 
the stringer and black zones, and is comparable, in principle, 
to the precipitation cf the sulphides. The bulk of barite, 
however, formed in the Ca-sulphate rich sabkha sediments of the 
red zone as replacement of Ca in the sulphates by Ba; i .e . the 
barium-bearing hydrothermal fluids ascended through the sedi
ments until they encountered copious sulphate and quantitatively 
replaced Ca by Ba because of the extremely low solubility of 
barium . The apparent relation of Ba distribution to a certain 
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sedimentary horizon, therefore, does not indicate synsedi
mentary exhalative deposition of barite but a post-depositional 
control on the mineralization by the chemical composition of 
this horizon which is susceptible to replacement. This process 
took place prior to lithification ; it thus differs fundamentally 
from replacement of lithified rocks. 

In summary, the zonation pattern in the Abra mineralization 
is compatible with a post-depositional, fault-controlled, trans
gressive emplacement of the metals. This is evident for Cu and 
Pb (Zn) dominantly occurring as sulphides in veins, and distributed 
discordant to the stratigraphy . The strataform barite distribution 
originates from the replacement of a sedimentary horizon rich in 
sulphate, and therefore, also was related to post-depositional 
but pre-lithification, transgressive hydrothermal processes. 
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4.4. Physi cal and chemi cal controls an ore formation in  the 
Abra mi nerali zat ion 

In thi s  chapter i t  is  attempted to assess pH, s ulphur ( fS2) and 
oxygen ( f02) fugaci ti es on the s i tes of metal s ulphide formation 
( i .e. wi thin  vei ns occurring i n  all zones ,  and w ithi n the strata
form m ineral i zati on i n  the black and red zones), i n  order to 
understand the chemi cal environment and temnerature of ore 
formation. 

4.4. 1 .  Vei n  minerali zation 

The following are constraints an the envi ronment of ore formation 
i n  vei ns : 

1 )  Iron has been available in  excess; thi s is  obvious from the 
large proportion and ommi p resence of either pyri te/magnet ite 
i n  the lower stringer zone , or magneti te/hemati te/ pyri te i n  
vein s  of the upper str inger zone and in  the red/black zones. 
The absence of  any Cu-sulphides others than chalcopyrite also 
suggests abundant iron. 

2) Isothermal .condi ti ons are assumed for the i nd ivi dual si tes 
of sulphi de precipi tati on. On the scale of the entire mi nerali 
zation however, a verti cal temperature gradi ent ( upward de
creasing) i s  li kely. 

3 )  Hemati te, magneti te and pyr ite are i nvari ably associ ated through
out the upper stri nger zone and the red/black zones, while 
there i s  a predomi nance of magneti te/pyri te i n  the lower 
stringer zone, suggesti ng effecti ve buffering  of f02 and fS2 
duri ng the majori ty of ore forming processes i n  the upper parts 
and no buffering i n  the lower stringer zone. 

4) The hematite-magnetite-pyri te assemblage can be considered as 
a buffer (see 3), but also as an i ndi cator of chemi cal condi t ions 
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(Barton, 1970) . The tripl e  po i nt of the three coexisting iron 
species is strongly pH-dependent (Large, 197 7) and therefore 
of use in determining the pH during ore formation. In Fig. 4.13 
the stability fields of iron species are calculated for 250° C 
and an H2o pressure of 40 bars (both these parameters are con
sidered to approximate conditions in the upper parts of Abra ).  
A pH of about 6. 5 results from the position of the triple 
point in Fig. 4.13, which makes the solution slightly alkalic 
(at 250° C) . The ommnipresence of carbonate in the Abra minerali
zation is compatible with a non-acidic solution and suggests 
that a pH of 6.5 represents a realistic approximation for the 
hydrothermal fluids . 

·28----------. 

Fig. 4 . 13: f�om Barton a�d Sk �nner (1979). S tabilitiy 
f1 elds of var, ous ,ran soecies in a log ao� 
versus pH diagram calculated for 25Oo C an� 
H2o pressure of 40 bars. 

Abbrev�ations: py=pyrite;gn=galena ;ang= 

angl es , te; 7cp=chal copyrite;bn=bornite; 
mag=magnet,te .  
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5) Coexisting hematite, magnetite and pyrite are excellent 
indicators of the fS2 and f02 for a given temperature, when 
the pH is fixed. Fig . 4 .14 is calculated for 250° C and H2o 
pressure of 40 bars . This gives fS2 of about 10- 1 1  and f02 
of about 10-34 for the hematite-magnetite-pyrite triple point . 
For lower temperatures the resultant fS2 and f02 would be 
shifted to correspondingly lower values . 
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Fig. 4.14: modified after Barton and Skinner (1979). 
Stability fields of various iron species 
in a log a02 versus log a52 diagram cal
culated for 2500 C and H2o pressure of 40 bars. 
Abbreviations as in Fig . 4. 13 

Note: fS2 = as2 for certain conditions given by Scott (1976, 
p. 5 - 27) 

-11 A fS2 of 10 plots well into the centre of the 1 1 main line 1 1  

ore-fonning environment presented by Barton (1970, p.195) and 
probably was maintained in general throughout the Abra 
minera 1 i zation. 
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Regarding f02, the situation is more complex. I n  the lowermost 
200 - 300 metres of the stringer the iron species dominantly 
are magnetite/pyrite indicating conditions deviating from the 
hematite-magnetite-pyrite triple point to either higher tem
peratures er lower f02. In the upper red zone, the dominant species 
in veins are hematite/pyrite, and suggest a shift to either lower 
temperature or higher f02 • Thus, there is a change in the relative 
abundance of the iron species vertically through the Abra minerali
zation which is either due to an upward decrease of temperature 
or an upward increase in f02. An upward decrease of temperature 
is a feature common in many hydrothermal sulphide deposits and 
also a realistic assumption for the situation at Abra , where 
hydrothermal fluids from a deep-seated source (the E-trending 
fault zone) penetrated the wall reck. The ascent of the fluids 
is characterized by cooling rather than by increasing f02, and 
therefore, decreasing temperature is considered as the main 
control of the changes in the relative abundances in iron species. 

6 )  F l uid inclusions studies ( Roedder, 1967 ) on moderate to high 
temperature hydrothermal deposits indicate solution strengths 
at 1-2 molar NaCl. Presumably, in Abra the hydrothermal system 
was partially fed by a convective system which added com
paratively saline solutions (from the evaporitic red zone) to 
the hydrothermal fluids, and thereby increased the molarity 
of the f1 ui ds· . 

The strength of the hydrothermal soluti:ons in Abra is estimated 
at 4 molar NaCl , as an arbitrary fixation ,  only devised for 
thermodynamic calculations . Thi's is permissible because salinity 
mainly affects the metal solubilities (which are not discussed 
here) and has little influence on e.g. the position of the 
hematite-magnetite-pyrite triple point. 
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From consideration of points 4, 5, 6 the general conditions of 
ore formation in veins of the Abra mineralization are recognized 
to include neutral to slightly alkalic solutions (pH6 ), with a 
salinity of 4 molar NaCl equivalents (arbitrary), an f02 of 1 0-34 

- 1 1  and an fS2 of 10 . The values of fS2 and f02 mark the triple 
point of the stability fields of magnetite-hematite-pyrite for 
250° C. The values are tem�erature dependent but it will be shown 
in the following that the temperatures were around 250° C, and 
therefore, the f02 values are a realistic approximation . 

The distribution of barite coexisting with iron species is 
used for determination of the temperature of ore formation. 
Three groups of associations of barite and iron species are 
observed :  

upper red zone - hematite/pyrite and abundant barite 
red/black zone and 
upper stringer zone - hematite/magnetite/pyrite and barite 
lower stringer zone - magnetite/pyrite and no barite 

Thus, the first significant barite occurrence is associated with 
three iron species marking a triple point in a fS2 or f02 versus 
1/K diagram. The position of the tri ple point i s  dependent an 
both fs2 and f02 (among further variables ) whereas the transition 
Ba++/Baso4 probably is mainly dependent on fS2 ( and pH) according 
to Finlow-Bates ( 1980, Fig. 13 ) .  In  a � S versus temperature 
diagram the transition Ba++/Baso4 should be independent of 
chan9es in the f02. The total sulphur concentration is preferred 
to fS2, to exclude changes in fugacity by different activity 
coefficients of the various sulphur species during redox reactions. 
Fig. 4. 15 represents a � S versus temperature di agram where the 
hematite/magnetite/pyrite triple point has been calculated for 
f02 = 10-38 (data from Helgeson, 1970 ) and for f02 = 10-34 (data 
from Barton and Skinner . 1979 ) .  The Ba++/Baso4 transition has been 
calculated from data of Finlow-Bates ( 1 980 ) and it is marked by a 
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horizontal line because it is largely indenendent of temperature . 
As this transition is not a redox reaction a change of f02 would 
not be influential in the position of this line. 
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Fig .  4 . 15 :  
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Change of the triple point hematite-magnetite-pyrite 
with increase in f02, calculated for pH 6 and a solution 
st��ngth of 4 molar NaCl equivalents. The transition of 
Ba /BaS04 remains unchanged during f02 -rise ( according 
to data of Fin low-Bates , 1 980 ) .  Coexistence of hematite, 
magnetite, pyrite with barite allows estim�4es of 
temperature and f02 at above 250° C and 1 0- for the 
upper stringer and black/red zones. Data of stability 
fields of iron species are from Helgeson ( 1970) and 
Barton and Skinner ( 1979) . 

It i s  evident in Fig. 4. 1 5  that the position of the triple point 
hematite/magnetite/pyrite for 200° C, determined by an f02 of 
1 0-38, is below the stability field of bar i te whereas by an 
increase i n  temperature (corresponding to i ncrease in f02) to 
about 250° C conditions for the coexistence of barite and the 
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three iron species are met for the first time. This suggests 
temperatures above 250° C during ore formation in the upper 
stringer zone and the black/red zones, where the above phases 
coexist. 

These estimates of temperature are only valid for a single 
mineralization event and equilibrium reactions without any 
interference of kinetics. As kinetic effects probably were 
influential on the formation of sulphides in a temperature 
regime of 250° C, this can only be an approximation of the 
real temperatures. 

Assuming that there was no significant change in the f02 during 
ore formation in veins, the history of cooling in the Abra 
mineralization can be explained by considering the various iron 
species coexisting, or not coexisting with barite. In Fig. 4. 16  
the triple points of magnetite/hematite/pyrite for 200° C and 
250° C are marked on the linear hematite-magnetite transition. 
The triple point for 250° C has the same position than the 
Ba++/Baso4 transition at pH 6 (see Fig. 4. 1 5) which in this 
diagram also is a point. Interestingly, the boundary 1 1 sulphide 
dominant/sulphate dominant" from Barton ( 1 984, Fig. 8. 3 . )  
occurs at a f02 of about 10-35, ; . e. almest coinciding with the 
Ba++/Baso4 transition at pH 6. 

In Fig.4.1 6  a hypothetical path of the thermal evolution of the 
Abra mineralization is shown, taking into account the various 
associations of iron species and barite. This model is only 
valid for minor chan9es in f02. 

Three phases are discernible during thermal evolution. Phase one 
is represented by the magnetite-pyrite-no barite association , 
and is characterized by cooling of the system without buffering. 
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Fi g .  4 . 1 6 :  Log f02 - 1 /t di agram showi ng hypotheti cal thermal evol ution 
i n  the Abra mineral i zati on .  The tri pl e poi nts hemati te-magneti te
pyri te for 200° and250° C ,  and the Ba++;BaS04 transi tion,  are 
marked on the l i near hemati te-magneti te transi ti on . 

hemat i te-magneti te-pyri te trip l e  poi nts at 200°and 250° C 

Ba
++

/Baso4 trans i tion ,  ca l cu l a ted for pH 6 ,  from data 

of F in l ow-Bates ( 1 980 ) 

" su l phi de domi nant/su lphate domi nant" boundary from 

Barton ( 1 984) 

Phase two commenced when the hematite/magneti te line was reached 
during cooling; it is represented by coexisting hematite-magnetite
pyrite with barite. lt is possible that barite formation was in
hibited at first (through kinetic effects, or by the comparatively 
good solubility of Ba at higher temperatures), and only hematite, 
magnetite , pyrite formed until cooling along the line of buffering 
allowed precipitation of barite. Finally, in the upper red zone, 
some admixture of oxidizing formation water led to an increase 
in f02 and phase three com11enced. The addition of oxygenated 
water prevented further cooling along the buffer line because 
the hematite-magnetite-pyrite equilibrium was disturbed. From 
then on, the f02 was not buffered during further cooling and 
probably increased upwards. 
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4.4.2. Confonnable mineralization in the black and red zones 

Whereas closed system conditions were assumed as an approximation 
for the ore formation in veins (i. e. a high hydrothennal fluid/ 
formation water ratio), this does not apply to the conformable 
mineralization. The ratio of hydrothennal fluid to formation 
water was low and variable (variable water content of the sedi
mentary layers, impermeable horizons etc.) ,  and caused variations 
of salinity, pH, f02 and fS2. In particular, the fS2 was governed 
by the activity of sulphate reducing bacteria, or the presence 
of syndiagenetic pyrite layers, and thereby was subject to drastic 
changes between individual sedimentary horizons. 
No sulphide minerals could precipitate from the hydrothermal 
fluid-formation water mixture when it percolated the hematite/ 
magnetite-sulphate-carbonate sedimentary layers. The dominant 
sulphur species was S04

-- leading to precipitation of large 
amounts of barite (from the solutions and as replacement of 
Ca-sulphates) . However, in micro-environments dominated by 
reduced sulphur species, there was some free biogenic H2S 
trapped under impermeable, non-reactive layers (e.g. quartz or 
magnetite), and there were syndiagenetic pyrite layers (fS2 = 1) 
which could be replaced by metals transported in the hydrothermal 
fluids. 

Pyrite commonly is intimately intergrown with galena and in 
pl aces there are indications of pyrite replacement by galena 
(Fig. 4. 04). Replacement of a pyrite layer by galena within more 
massive hematite/magnetite bands would cause oxidation of the 
sulphur, balanced by reduction of adjacent hematite to magnetite . 
This mechanism is summarized in the formula 

and Fig. 4.05, where a galena layer is surrounded by magnetite, 
within a more massive hematite/magnetite band, probabl y  is an 
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example of complete replacement of pyri te by galena according 
to this formula Thermodynamic calculations ( A. Fluch, pers . comm . , 
1 984) o f  the above reaction fo r  2 00° C ,  pH 6 and the p resence 
of lead ions,  p roved that the equilibrium is shifted to the 
r ight . 
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4.5. Sulphu r isotopes 

A reconnaissance study of sulphur isotopic compositions in the 
Abra mineralization was carried out on 2 sulphates and 5 sul
phides. Despite the small number of analyses the data shown 
in Fig. 4. 1 7 clearly reveal a sulphate and sul phide group 
with rather unifonn values, respectively. From the distinct 
group i ng it can reasonably be argued that further analyses 
would not yield significant deviations from the two trends; 
for the purpose of discussion the data are consi dered representa
tive of the Abra deposit. 

The 0 34s-values in Fig. 4.1 7 express the oer mil deviation of 
the 34s;3 2s rati o of the compound relative to that of the 
troil i te phase of the Canon Diablo meteorite (CDT): 

o34s sample = 
fJ34s;32S)sample J x 1000 IT34s;3 2s)standard J 

S tandard dev i ation is in the range of ± 0.2 t 

S ulphates 

The two barite analyses yielded very h:i gh_ s 34s values when 
compared with the compilation of sulphur isotope patterns for 
several major sediment hos ted base metal deposits by Gustafson 
and Will iams ( 198 1). In fact, values of +40.8 and +38.4 for the 
Abra mineralization are among the highest ever reported from 
Proterozoic deposits and are comparable only to the Lady Loretta 
barites ( o 34s: +37 .4 t to +39. 7 t , Carr and Smith, 1977), 
and to some extreme values of the " grey ore 11-barite from the 
Phanerozoic Rammelsberg deposit ( o 34s : +27 .4 % to +36.8 t , 
Angerer et a l . , 1966). 

Recently von Gehlen et al. ( 1 983 ) presented two a 34s analyses 
of barite from the middle (?) Proterozoic Gamsberg Zn-deposit 
with similar values ( o 3 4s :  35.4 ± 0.2 t ). 
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Fig . 4 . 17 :  Location and type o f  the sulphate/sulphide analysed 
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Tab. 4.08 summarizes the data of barite and concurrent sulphides 
of these deposits: 

Table 4. 08: 

Deposit 

Abra 
Lady Loretta 
Gamsberg 
Ra11111e 1 sberg 

Range of ö 34s-values ( in per mil)of some selected 
base metal deoosits (references see text) 

barite 

+38.4 - +40 . 8  
+37 . 4  - + 39. 7 
+35. 4 c±o . 2 )  
+27.4 - +36. 8 

galena/sphalerite/ pyrite/pyrr-
chalcopyrite hotite 

+20. 2 - +24. 6 
+ 9 . 9  - + 17. 8 
+27 . 5 - +31.0 
+ 7. 0 - +20.o 

+21. 1 
+ 3. 9 - + 17. 8 
+26.0 - +31 . o  
-15.0 - +25. 0 

While sedimentological evidence for evaporitic condition during 
formation of barite is equivocal at Lady Loretta and Rarrmelsberg, 
or can only be assumed at Gamsberg (Stum�fl, pers.comm. , 1984), 
there is sufficient evidence for a hypersaline, restricted basin 
in the Abra area. 

In view of this the strongly, positive o 34
s values of barite 

from Abra obviously are the result of precipitation of sulphates 
from waters enriched in 34s through evaporation. 

In the sabkha environment of the red zone (hosting most of the 
barite) however, there was probably no permanent water cover. 
Accordingly the sulphates precipitated within the sediment during 
evaporation of ascending formation waters. 

If the sulphates originally had been anhydrite/gypsum, to be 
replaced subsequently by barite, as suggested in chapter 3. 2. 1. 4. , 
the isotopic ratio most likely would remain unchanged. 
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Sulphides 

All sulphides, including stratiform pyrite, define a relatively 
narrow range of 0 34

s values (Tab. 4. 08). The limited number of 
data and the lack of analyses of coexisting sulphide pairs does 
not allow the determination of fractionation trends, or the 
discussion of equilibria between sulphides. 

When compared with other deposits of Tab. 4.08 s 34
s of sulphides 

of the Gamsberg deposit display a similar (although higher) narrow 
range of values while there is a considerably wider spread of 
data at Ranmelsberg and Lady Loretta. 

The approach  of Sangster ( 19766)to determine the source of sulphur 
i n  sulphide deposits is not apnlicable for the Abra mineralization. 
No comparison can be made between s 34

s values of stratabound sul
phide deposits and coeval sea water - o

34
s because the sea water 

sul phate s
34

s - curve for the Proterozoic is unknown (Gustafson 
and Williams ,  1 98 1 ). 

The two major mechanisms of sul phate reduct ion ( i . e. isotopic  
fractionation of sulphur) though, are both known at least from 
the early Proterozoic: 

a) inorganic reduction : because it is mainly temperature dependent ;  

S04
-- will be reduced to form H2s above 250° C (Ohrnota and Rye, 

1979) ; 
b) bacterial reduction: its significance for sulphur isotope 

fractionation had increased considerably by about 2300 m.y. 
(Cameron 1982, 1983) 

Fig. 4. 18 (from Ohrnota and Rye , 1979} shows the distribution pattern 
for s34

s values of H2s and sulphide minerals caused by the fractio-
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nation effect when sulphate of o 34s = +20 % i s  reduced by 
various mechanisms. 

8 34 s ,  %0 
20 -60 -40 - 20 0 

,------,.---,----,------,------,-----,----,-----,-------, 

◊ 
s.w. Euxinic 

� Environments, 

Shollow Marine 
ond 8rock1sh 

Environments 

Bocter 10 1  Reduct ion ( T < 50 ° C )  

Decompos i t ion 
of  Orgo n 1c  Compounds ( T > 50°C) 

On;1 o n ic Red uct ion  ( T > B0°C ? )  

Distribution panern for ö34S values of H2 S and sullide minerals when sulfate 
of 634S = +20¾o is reduced by various mechanisms. SW is sea water. 

Fig . 4.18 : From Ohmoto and Rye ( 1979) 

Comparing the mean fractionation effect for inorganic reduction 
in Fig. 4. 1 8  of about - 10t with respect to the coeval sea 
water, with the Abra fractionation of about -18t , inorganic 
sulphate reduction is not compatible with the Abra distri
bution pattern. 
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Organ ic  reduction of sulphate can also be excluded (aga in with 
the above assumpti on of very heavy coeval sea water ) because 
the sulphi de formed by such reactions has ö 3 4

s values essentially 
i dentical to the source sulphate (Ohmoto and Rye, 1979). 

The optimum temperatures for bacterial reducti on of sulphate 
are between 30° and 45° C; the rate of reduction decreases 
at hi gher temperatures. 

However, the two mechan isms of bacteri al reduction and decom
position of organ i c compounds (cf Fig. 4. 18) cannot be viewed 
separately. 

Thi s i s  because growth of sulphate reduc ing bacteria occurs in 
the temperature range o° C to 100° C (Zo Bell, 1963 ) .  Decom
position of organ ic compounds is intimately related to sulphate 
reducing bacterial activity as some organi c compounds from the 
decay are utili zed as nutrients by the bacteria (Trudinger et al ., 
1972; Trud inger, 198 1). 

Until recently sulp�des with variable ö34s values (variations 
above 20 t ) were i nterpreted as biogen ic (e . g .  Burn ie et al . ,  
1972 ) .  lt  has since been reali zed that data on sulphur isotopic 
composi ti on alone are usually insufficient to define the genesi s 
of a deposi t, and that a number of geologica l  and geochemical 
factors influence the i sotopic ratios of sulphi de minerals (Ohmoto 
and Rye, 1979; Gustafson and Wi lli ams, 198 1). 

Due to the absence of a permanent water cover and to very oxidizing 
cond it ions during formation of the red zone, bacteri al sulphate 
reducti on only can be expected to have taken place with in  the 
sed i ments. 
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Bacterial sulphate reduction is particularly effective in the 
upper millimetres of very shallow water sediments; e.g. in Solar 
Lake, Sinai (a small salt pond) 90 % of the entire sulphate 
reduction occurred within the uppermost 0.1 - 3 centimetres 
( Monty, 1976; quoted in J�rgensen , 1982) . 

Sedimentological evidence and the above characteristics of 
sulphate reducing bacteria suggest that sulphides in the red 
zone were generated by reduction of sulphate from contemporaneous 
saline formation waters through sulphate reducing bacteria, using 
decomposing microbial mats as a substrate. 8 34s fractionation 
of - 15 t to - 20 t between barite and sulphides is compatible 
with the proposed mechanism. 

Considering the five sulphide values in Fig. 4. 17 no isotopic  
fractionation between stratiform pyrite and the other sulphides 
appAars to have occurred; there is for example a greater 
fractionation between two vein-type chal copyrites (+ 2 1  t and 
+ 24 . 6  t ) than between pyrite and galena. 
In addition, there is no significant fractionation between strata
form sulphides (strataform pyrite, possi bly strataform galena) 
in the layered black/red zone and vein-type su l phides in the under
lying clastic stringer zone. 

This unifonnity of the 8 34
s values of sulphides suggests a single 

sulphur source of the sulphides (i.e. the sulphate of coeval 
evaporitic formation waters). However, it does not imply that 
strataform pyrite and base metal sulphides precipitated con
temoraneously. 

Textural features indicate a post-strataform-pyrite emplacement 
of base metal sulphides (e.g . while pyrite forms distinct layers 
base metal sulphides are irregul ar and often discordant; when of 
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concordant nature base metal sulphides are intimately intergrown 
with pyrite suggesting replacement). 

The sulphide ö 34s values of Abra though, are equivocal and can 
give no clue to the question whether or not contemporaneous 
emplacement of pyrite and base metal sulphides took place. 

Sunmary 

The sulphur isotope data obtained from the Abra mineralization 
point to a single sulphur source - bacterial sulphate reduction. 

High ö 34s values of barite indicate precipitation of sulphates 
from evaporitic brines. In view of the sabkha milieu in which most 
sulphates formed the brines were formation waters rather than eva
poritic standing water bodies. 

Most of the sulphides probably formed within the sediment through 
bacterial reduction of the sulphate in these formation waters . 
Although post-stratafonn-pyrite emplacement of the base metal 
sulphides would be compatible with the sulphide o

34
s values the 

data are not unequivocal . 

Metamorphic exchange is thought to have had minor effects on the 
sulphide isotopic ratios as the regional metamorphic grade in the 
Abra area is below greenschist facies. 

... 
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4.6. Alteration and metamorphism in the Abra mineralization and 
in the Jillawarra Belt 

4.6.1. Alteration 

Hydrothermal processes leading to Abra-type mineralizations are 
accompanied by formation of certain alteration assemblages, i.e. 
silification, albitization and chloritization . 

Silification is most significant and widespread, and can be 
recognized in all strata of the Jillawarra Belt. lt is strongest 
in the Abra area and at the TP- and Copper Chert prospects,  with 
decreasing i ntensity away from these mineralizations. Silifi cation, 
therefore, can be regarded a large-scale proximity indicator of 
mineralizations. When silification affects calcareous sediments 
it replaces carbonate to various extents, and small relicts, as 
carbonate inclusions in quartz, witness the former calcareous 
nature of the sediment (see e . g . chapters 2. 3. 1 . 5 . , 2. 3 . 1. 6  and 
3.2.1.2.) . Silification of arenites leads to exclusively quartz
cemented quartz arenites and thereby produces massi ve rocks with 
quartzite-appearance , in particular in the wc 1 and wc4-units (see 
chapters 2.3 . 2.1. and 2.3.2.4.). 
Silification may be involved in the chloritization of calcareous 
rocks as expressed by the general relationship 

Si02(+Fe)mobile + Fe,Mg , Ca dolomite + Almica, feldspar 
Chlorite +  Quartz + Camobile . 

For the occurrence of rutile (or pseudobrookite) needles, which 
certainly are af non-sedimentary ori gin, Ramdohr ( 1975) provides 
an explanation. He suggests that rutile forms in wall rocks to 
hydrothermal systems where Si02-alkali-sulphide ( ?) bearing solutions 
alter Ti-bearing minerals (mainly Fe-Ti oxides) ; iron combines with 
the sulphide to form pyrite whereas the freed Ti yiel ds rutil e. The 
validity of Ramdohrs ' interpretation gets some support by the 
existence of a trigonal relict-network of rutile needles within 
s econdary quartz (Fig. 4.19 ).  
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Fig. 4. 19: Trigonal network of rutile in secondary quartz. 
Base of picture = 0. 36 mm (- ).  

Titanite which is less abundant than rutile, is interpreted by 
Ramdohr ( 1975) as an alteration product of ilmenite through intro
duction of s ; o2 and CaO. 

Albitization is less abundant than silification, but it is also 
recognized throughout the Jillawarra Belt. Albite ( �  2 % An ) dominantly 
is associated with galena at the contact of wall rock and veins, or 
within the wall rock (see chapters 4. 1.1. 2. and 4. 1.5. 2. ) . In cal
careous pelites in the GW5 and GW6 units of the Jillawarra Belt 
authigenic albite may have no galena inclusions but probably also 
fonned by hydrothennal solutions, which in this case were more 
distal and devoid of metals. In Fig. 4. 20 a detrital quartz grain 
in siltstone is enveloped by albite-galena intergrowth, illustrating 
the genetic relationship between both minerals . 
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Fig. 4.20 : Albite-galena paragenesis in si ltstone, 
surrounding a detrital quartz grain. Base of 
picture = 5. 6 mm (+). 

In the Sullivan deposit, B . C. (Ethier et al ., 1976) albite-chlorite 
alteration occurs as a pervasively altered zone in the hanging wall 
up to 100 metres above the sulphide horizon. This zone is spatially 
restricted to the irrmediate vicinity of the massive sulphide mi nerali
zation. 
In Abra the albitization is more widespread; it occurs in distal and 
proximal positions to the mineralization. It possibly is related 
to the hydrothermal silification (also widespread) supplyi ng s ; o2 
(and Al?) , which reacted with Na in formation waters to form albite. 
The affinity of albitization to detrital quartz, in the case of 
Fig.4.20 , suggests that additional Si02 was required for the growth 
of albite. 

Chloritization is most common in the vicinity of the Abra minerali
zation. lt is related to hydrothermal processes , as discussed in 
chapter 4. 1. 5. 1. Chloritization affected a) carbonates (see Fig. 
2.60), b) micas and clay minerals, and c) potassium feldspars 
(Fig. 4.21). Chloritization of potassium feldspars took place by 
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chloritization of sericite, which in turn had formed duri ng 
the decomposition of potash feldspar. Decay of potash feldspar 
into sericite and quartz is a common process in the diagenesis 
of sandstones and may occur above temperature of ca. 100° C 
(Blatt et al. , 1980), which certainly were realized during hydro
thermal activity in Abra (see chapter 4. 4. ). 

Fig. 4.21 : Chloritized potash feldspar in arkose . 
Base of P.icture = 3.6 mm (-). 

Chloritization of principally the same nature, but l ess intense 
is ubiquitous in the Jillawarra Belt. However, there is chlorite 
in the Manganese Range Anticline defini ng foliation in a quartz
chlorite-magnetite schist. This is rather tecto-metamorphic 
chlori te (thrusting of the rocks towards the NNE after termination 
of hydrothermal activity) than alteration-chlorite. 

In addition to chlorite, biotite is widespread in the Jillawarra 
Belt (notably, no biotite is present in the Abra area in spite of 
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the same stratigraphic level). Whereas the relation to hydrothermal 
alteration is obvious for most chlorites, for biotite and some 
chlorite in calcareous pelites i t  is equivocal. Both rninerals have 
lower Fe/Mg ratios than other b i otites and chlorites, respectively 
(see Tab. 4.09). However, silification is present in these rocks 
and witnesses that they also have been subject to alteration, 
which was less pronounced due to rather low permeabi lity of the 
pelites. l t  is likely that these biotites and chlorites also formed 
syn-hydrothermal, through wall reck alteration, and that more Mg 
was incorporated during growth because of abundant Mg from the dolomite. 
Syn-hydrothermal formation of biotite is equally indicated by the 
occurrence of galena parallel to 00 1 planes within biotites in 
arenite. And, by biotite rimming a quartz-pyrrhotite-chlorite vein 
in pelites (Fig. 2.42). 

Table 4 .09 : Representative electron m icroprobe anal yses (wei ght % )  of ohyl l o si l i cates 

ABRA J I LLAWMRA BELT 

lchl ori tel chl ori te l ow K-phyl l os i l i cates bi oti te chl ori te 
in vei n i n  vei n  i n  vei n  as soci ated w ith i n  c l asti tes i n  dol omit ic  in dol omi t i c  

gal ena si l tstone s i 1  ts tone 

S i  26 . 58 25 . 84 45. 35 47 . 2 1  47 .63 36 . 03 40.28 28.32 
Ti 0 . 00 0 . 00 0 . 00 0 . 00 0 . 02 0 . 5 1  1 . 34 0 ,05 
Al 1 7 . 30 2 1 . 30 6 . 46 6 . 00 4 . 80 1 5 . 44 1 4 . 99 2 1 .  56 
Fe 32 . 03 30. 45 33 . 29 24 .9 1  23 . 48 2 3 . 84 1 5 . 32 20. 60 
Mg 1 4 . 52 1 3 . 32 2 . 83 1 0 . 8 1  1 1 . 62 1 1 . 16 1 5 . 55 2 1 . 02 
Ca 0 . 00 0 ; 00 0 .32  0 . 00 o .oo 0 . 00 0 .00 0 . 09 
Na 0 . 1 3 0 . 1 6  0. 1 9  0. 1 0  0 . 1 1  0 . 09 0 . 09 0 . 05 
K 0 . 00 0 . 07 7 . 06  5 . 74 2 . 87 9 . 1 6  9 . 2 1  0 . 0 1  
Mn o. 1 2  0 . 30 0. 1 3  1 . 25  1 . 83 0 . 34 0 . 05 0 . 06 

Total 90 .68 91 . 44 95 . 63 96 . 03 92 . 36 96 . 5 7  96 .83 9 1 . 77 
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In general , the occurrence of chlorite and biotite seem to characterize 
two extreme environments duri ng the alteration phase (= late di a
genesis?) of the Jillawarra Bel t ,  including Abra. Chlorite clearly 
represents the proximal ore environment while biotite occurs in 
the distal , non-ore environment. In intermediate position (with 
respect to proximal/distal) there occurs a low-K phyllosilicate 
i n  the Abra-type (stringer zone , black zone, but no red zone) , 
but low-grade mineralization at the 46-40 prospect (see map 3). 

This is a high-Si, Mn (Fe), low-K phyllosilicate (with respect 
to biotite, see Tab.4.09), with fibrous appearance and brown 
colour similar to stilpnomelane , but clearly not having the optical 
and chemical properties of stilpnomelane . The occurrence in veins 
indicates a relation to hydrothermal fluids, in this case however, 
being rich in s ; o2 and Mn but depleted in Mg (compared to proximal 
vein-chlorite). 

In summary , there appears to be a genetic relationship between the 
type of phyllosilicate formed during alteration , and the proximity 
to hydrothermal systems (provided the phyllosilicates formed con
temporaneously). The various phyllosilicates possibly represent 
differences in the chemistry of hydrothennal fluids , but may also 
have formed in response to different temperatures : 

proximal - chlorite, high-grade or -temperature hydrothermal activity 
intermediate • low-K phyllosilicate , low-grade or -temperature hydro

thermal activity 
distal • biotite , low-temperature alteration. 

A similar relationship has been observed in the Bushveld Complex, S.A. 
(Ballhaus , pers.comm. , 1984) , where there is a progressive change 
from biotite over low-K phyllosilicate , to chlorite towards the rocks 
affected by volati le/fluid activity (these rocks cannot be termed 
proximal ore environment because they contain graphi te as a major 
constituent). 
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The composition of chlorites as proximity indicators has been 
demons trated by Reimann and Stumpfl ( in  press ) , and Kal ogeropoulos 
( 1983) .  A relationship of the mineral ogy of phy l l osil icates to 
the proximi ty of ore environments has not been observed h i therto, 
and it may be worthwhile to further investigate the mineralogy 
and chemis try of phyllosilicates, in order to examine their use 
as an ins trument in expl oration. 

4. 6.2. Metamorphism in the Jillawarra Belt 

Some biotite and chlorite formed during metamorphism of Jil lawarra 
Belt, in addition to syn-hydrothermal phyllosilicates described 
above. This is evident from chlorite in quarzt-chlorite-magnetite 
schists in the Manganese Range Anticline, and from biotite in the 
pres sure s hadow of magnetite (Fig . 2. 25) al mest perpendicular to 
bedding. 

Biotite and chlorite defining a weak foliation (which is only 
developed in places) have formed during tectonism and may simply 
be a recrystallization of pre-exis ting biotite and chl orite in 
response to s train. Therefore, they are no reliabl e indicators 
of the grade of regional metamorphism . 
In arenites of the GW5-unit (at 585 m in a dril l core from the 
TP-prospect) biotite containing galena along the 001-planes (and 
therefore regarded as syn-hydrothermal), is partial ly chl oriti zed. 
Chloritization of bioti te sugges ts retrograde metamorphism ; i.e. 
temperatures of regional metamorphism within this rock have been 
l ower than the syn-hydrothermal temperatures of biotite formation. 
In view of this relationship, chlorite is the only phyllosilicate 
formed during regional metamorphism. Anunrealistic higher metamorphic 
grade sugges ted by the alteration mineral assemblage of phyllosilicate . 
has also been observed in Mt. Isa (Finl ow-Bates, 1978) . 

On the contrary, alteration may have inhibited the generation of 
epidote which is a metamorphic facies mineral of the grade assumed 
for the Jill awarra Belt (lower greenschist  facies). Alteration in 
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the vicinity of volcanogenic massive sulphide deposits usually 
leads to the decomposition of feldspars and Ca-bearing minerals, 
resulting in rocks depleted in Na and Ca (Froese , 198 1). I n  the 
Jillawarra Belt, sodium has not been removed (albitization) but 
all carbonates are ferroan dolomites, depleted in Ca. Whole rock 
chemis try of the Abra mineralization is characterized by a proximal 
Ca-deficient zone, and a distal zone with higher Ca/Mg ratios . 
Absolute Ca-values are usually below 1 % CaO (maximum value: 
2.5 % CaO) despite the calcareous nature of the rocks. 
It is inferred that the Ca-deficiency, as a result of hydrothermal 
alteration, inhibited the formation of epidote. 

The mechanism of phyllosilicate generation and non-formation of 
epidote i mplies that hydrothermal alteration of a sedimentary 
sequence producedan unique mineral assemblage which, during meta
morphism, produced an equally unique mineral association, capable 
of significant deviation from the 1 1normal11 assemblage of meta
morphic minerals for the corresponding metamorphic grade. This 
is in good agreement wi th Stanton ' s  (1979) concept of isochemical 
metamorphism and various precursor mineralo9ies. 

4 .7. Source of metals in the Abra mineralization 

The absence in the entire Bangemall Basin of any indication of 
oceanic crust or geosyncli nal volcanism/sedimentation, and the 
tectonic setting (e. g. continental tholeiite intrusions), implies 
that sea floor volcanism and convection of marine groundwater through 
basaltic crust can be ruled out as a metal source for the Abra minerali
zation (cf Fig. 4 . ?.2) . 
The sabkha model of Renfro (1974), invoking lateral transport of 
metals in contemporaneous terrestrial and/or sea waters, is equally 
inappropriate because the presence of an extensive stri nger zone 
(i. e. veining) proves vertical, high-temperature movement of hydro
thermal fluids. 
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Source rocks 

Formation waters originating from continental rocks (e. g. basement, 
non-pelagic sediments) provide the remaining potential source of 
the Abra mineralization and the feasability of various rock types 
as a source is discussed in the following . There is a wealth of 
data published on the sedimen tary genesis of hydrothermal fluids 
(e.g. Hanor, 1979; Skinner, 1979; Dunham, 1970) mainly with respect 
to Mis sissippi Valley type deposits (Carpenter et al., 1974) and 
s hale-hosted Pb-Zn deposits (Badham, 198 1). The relationship bet
ween the source of the fluids and the types of deposits is shown 
schematically in Fig. 4. 22. 
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Any consideration of the source rocks and the mechanism of mobili
zation has to account for the unique metal abundance ratio in Abra, 
of about 1 : 0.2 : 2.2 for Pb : Cu : Ba, and the lack of Zn. lt  is 
convenient first to consider possible hast minerals of the "Abra 
metals" (including zinc) and then discuss potential hast rocks 
of the respective metals. 

1) Pb and Ba: 
Both elements mainly replace K in silicates. Therefore, potash 
feldspars and, to a lesser extent, muscovite are the dominant 
hast minerals for Ba and Pb. Diadochy of P b  with Sr, Ba, Ca and 
Na can occur (Haack et al ., 1984), thereby increasing the capacity 
of Pb-incorporation in feldspars (among other minerals). 

2) Zn: 
I n  igneous and metamorphic rocks Zn preferentially replaces Fe2+ 

and Mg in octahedral sites with OH - ligands such as in chlorite, 
hornblende, biotite and muscovite, but not in OH-free silicates. 
The highest Zn concentrations - up to several per cent - are found 
in staurolites; magnetite may also be very rich in Zn (Haack et al ., 
1984). The incorporation of Zn into staurolite may have significance 
for the lack of Zn in the Abra mineralization because some 2000 
metres below the mineralization (i. e. in a possible source region ) 
the staurolite isograde reaction, 

chlorite + muscovite = staurolite + biotite + quartz + H20 (reaction 3) 

probably was achieved. 
3) Cu: 

For Cu no clearcut diadochy in silicate mineral s  is evident. In 
tgneous rocks the bulk of Cu is contained in finely dispersed 
sulphides (Ramdohr, 1940) and it is not known whether this applies 
to metamorphic rocks as well. In  meta-pelites from the Damaran 
Orogen Cu does not correlate with sulphur (Haack et al., 1984). 
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Some potential source rocks are now discussed in the following : 
- Basalts, in particular tholeiites, have high Cu and Zn values 

(Wedepohl, Handbook of Geochemistry). Brines percolating through 
such rocks should carry both Cu and Zn, and are unlikely to 
account for the Abra mineralization. Furthermore, there are no 
basalts in the lower Bangemall Group, and the basement probably 
consists of granite (see chapter 2. 2.). 

- Black shales are regarded rather a sink than a source of .metalli
ferous brines (despite abundant metal contents) because of the 
immobility of metals under reducing conditions (Gustafson and 
Williams, 1981). 

- In sandstones and carbonates subsurface brines are known to be 
enriched in Ba (among other elements). Brines from carbonates 
have a molar Sr/Ba ratio of 10-2 to 102 (Hanor, 1966) which may 
be too high to account for the generally low Sr content of barites 
from Abra ( see chapter 4. 1. 2.). 

- One potential source of Pb- and Zn-enriched sulphate brines might 
be carbonates desposited in evaporitic basins (Thiede and Cameron, 
1978). But no evaporites are known in the basal Bangemall Group , 
and the basement consists of granite. 

- Ta form Pb-rich deposits from formation waters , the source strata 
should comprise large volumes of arkose derived from granites in 
arid environments inhibiting dispersion by chemical weathering 
(Gustafson and Williams ,  1981). 

In view of the predominance of Pb and Ba in the Abra mineralization 
the source rocks should be rich in potash feldspars and therefore 
only arkose of the basal Bangemall Group (i .e. equivalent to the 
Tringadee Formation or the Mount Augustus Sandstone), or the granitic 
basement are capable of provi ding sufficient crystallographic sites 
for Pb and Ba. Carbonates and black shales have been ruled out be
cause the basal Bangemall Group probably did consist of coarse
grained arkose . 
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However, both  arkose and granite are void of Cu, and an additional 
mechanism must be invoked to explain the Cu content of the Abra 
mineralization. 

Prior to deposition of the Bangemall Group the basement has been 
subject to erosion for some 200-400 m.y. With the onset of Bangemall 
Group sedimentation some block faulting led to uplift of basement 
blocks which were rapidly eroded and provided coarse-grained 
clastics ( arkose ) for deposition in adjacent sinks ( cf chapter 
l.2.5.2 ) .  This is the scenario of red-bed copper formation as 
summarized in Table 4. 1 0. Features of sandstone lead, and carbonate
hosted zinc-lead deposits are also shown for comparison. 

Table 4.1 0  from Bj0rlykke and Sangster ( 1 98 1 ) 

Comparison of the Major Features of lntracratonic Sedimentary Cu, Pb, Zn Deposits 

Deposit type Red-bed copper Sandstone lead Carbonate-hosted zinc-lead 

M etal ranlcing Cu>>Zn + Pb Pb > Zn > Cu Zn > Pb > Cu 
Host rock Arkose, feldspar sandstone, Quart:z sandstone Dolomite 

shale 
Depositional environment Continental Continental-shallow marine Shallow marine 
Tectonic environment Rifting Stable Stahle 
Climate Arid to semiarid; wann Semiarid. warm to cool(?) Arid to semiarid; wann 
Cement Calcite-dolomite-quartz Quartz Dolomite 
Ultimate meta! source Basernent Basement Basement 
Immediate metal source Oxide coating from rnafic Feldspar in arkose or basement Carbonate, evaporite, shale 

minerals 
Sulfur isotope composition Light Light and heavy Heavy 
Transport medium Ground water Ground water ? 

Note that sandstone lead deposits occur in mature sandstones 
( Bj�rlykke and Sangster, 1 98 1 ), whereas the basal Bangemall Group 
consists of immature feldspatic, continental clastites. 
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If a red-bed copper mineralization in arkose became subject to 
metamorphism the resultant fluids would contain Cu derived from 
the red-beds, as well as Pb and Ba released by the decay of potash 
feldspars. 

Interestingly, Rose (1 976 ) has deduced that copper red-beds have 
formed from sulphate-rich chloride brines that were slightly 
alkaline, with Eh values within the hematite field (at those 
low temperatures ) .  Mobilization of fluids during metamorphism, 
therefore, could produce solutions of simil ar composition, and 
could explain the abundance of sulphate and the comparatively 
high pH , Eh values (in contrast to sediment hosted base metal 
deposits)  of the Abra hydrothermal system. 

Metal release during metamorphism 

It has been shown in chapter 4. 6. 2. that temperatures during 
mineralization in the wall rocks to the Abra rnineralization were 
sufficient for abundant generation of chlorite, which is equivalent 
to lower greenschist facies grade , and it can be assumed that 
i n  the underlying rocks higher grades were attained. Any zinc 
in solution or within minerals would be incorporated into staurolite 
once this isograde reaction (3 ) occurs (see above ) .  On the contrary , 
Pb and Ba contained in feldspars and muscovite are released under 
these metamorphic conditions. Haack et al. ( 1 984 ) have quantified 
the loss of metals during regional metamorphism in pelites of 
the Damara Orogen, Namibia, and their results are summarized 
in Fig . 4.23. The shaded area marks the envisaged metamorphic 
range, of the basal Bangemall Group between the representative 
reactions 3 and 4 (4: staurolite+muscovite+quartz = andalusite+bio
tite+H2o ) .  
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After Haack et al . ( 1984 ) , showi ng the 
i nferred metamorph i c  range ( sti pp l ed )  
of the source rock  l evel . Step numbers 
represent metarnorph j c  i sograde reactions. 

1 .5  1 .3 1 .1 0.9 0 ,7 0.5 0 .3  

Z n / (Fe 2• • Mg )  

1.5 1.3 1 . 1  0.9 0.7 0 .5 0.3 H20 • 
stap 2 3 4 5 6 1< 20 

Synopsis of element depletion patterns at various degrees 
of reaction (expressed by the ratio H20 •  /K20). Ordinate : Element 
ratio or element content as indicated on curves (arbitrary scale) 

Fig . 4 .23 after Haack et al. ( 1 984 ) .  The step numbers represent 
metamorphic isograde reactions. The possible conditions 
in the source rocks of the Abra mineralization are 
marked by the shaded area. 

The lass of metals from pelites at this metamorphic interval 
would be in the range of some 30 % Cu, 30 % Pb and 20 % Ba ( Haack 
et al. , 1 984 ) . In an arkose, it may be significantly greater 
because Pb and Ba are dominant l y  contained in potash feldspars 
which have completly been destroyed at this metamorphic grade. 
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For an assumed lass of 75 % Pb from an arkose ( d  = 2.5 g/cm3
) 

with an average Pb content of 30 ppm, the formation of an orebody 
of about 1 30 mt at 1 . 1 5  % Pb would require leaching of some 25 km3 

of arkose. With a possible thickness of 1 .6 km it would occupy 
an area of 4 x 4 km. For generation of the barite mineralization 
( 1 30 mt at 2.5 % Ba ) from arkose ( average of 500 ppm Ba , 50 % 
mobilized ) the calculated volume would only be about 4 km3

, 

suggesting that the arkose and an elevated Pb content. No calcu
lation of the volume required to form the Cu mineralization was 
attempted because not even the order of magnitude of Cu concen
tration in the red beds is known. 

One may argue whether all metals were derived from granite because, 
in addition to sufficient Pb and Ba, it may contain 30 ppm Cu 
( Bowen and Gunatilaka, 1977; Wedepohl, Handbook of Geochemistry ) .  

Average values of granite (from Handbook of Geochemistry ) :  

Pb = 1 5  - 56 ppm 
Ba = 1 000 - 1 300 ppm ( Standard Granite, Gl ) 
Cu = 1 0  - 30 ppm . 

However, the Pb/Cu ratio in the Abra mineralization is about 
5 ( in contrast to 2 in granite ), resulting in a theoretical range 
of Cu in granite of 2 - 1 0  ppm, and cannot be explained by 
differential mobilization of Cu and Pb during metamorphism. 
Furthermore, arkose has a porosity at least four times that of 
granite, and thereby making it more suitable than granite for 
the transport of large amounts of fluids in reasonably short 
time. 

Summary 
Mobilization of metals from a red-bed arkose of the basal Bangemall 
Group during thermal ( i.e . non-regional ) metamorphism is an attrac
tive model and would be the only mechanism that accounts for 
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the metal abundance ratios in Abra mineralization, the probable 
metamorphic grade, the tectonic setting of upfaulted basement 
blocks, the probable source rocks derived from these granites, 
and the porosity required for rapid lateral and vertical fluid 
migration. 

This model also explains why some low-grade base metal minerali
zations in c arbonates of the Irregully Formation in the Bangemall 
Basin are loc ated adjacent to granitic basement highs, and are 
characterized by Pb and Cu dominance over Zn ( see chapter 1 .2 . 7 ) .  

Although somewhat speculative, the model of differential metamorphic 
mobilization of metals ( according to Haack et al., 1 984 ) indicates 
an overall control of the base metal mineralizations in the 
Bangemall Basin by increasing geothermal gradient: Pb - Cu - Ba 
mineralizations in the Irregully Formation ( including Abra ) stem 
from comparatively low-temperature mobilization of metals which, 
however, requires above-average heat-flow to reach  the staurolite 
isograde at some 2000-3000 metres depth. During further development 
of the Bangemall Basin heat flow increases and allows for mobili
zation of dominantly Cu. These fluids are channelled into major 
basin faults, like the Mount Vernon Fault, and account for syndia
genetic Cu mineralization in the Glen Ross Shale Member of the 
Kiangi Creek ( see chapter 1 .2.7. ) .  I n times of the upper Jillawarra 
F ormation heat flow has further progressed,_ and the decomposition 
of sta�rolite and biotite at this metamorphic grade releases 
significant amounts of Zn, which also - were channelled into fault 
zones and led to syndiagenetic, Zn-dominated mineralizations 
in the upper Jillawarra Formation at Quartzite Well and Mt. Palgrave 
( see chapter 1 .2. 7. ) .  

Finally, mobilization of lead from detrital feldspars derived 
form granitic basement could give a c lue to the lead-lead model 
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age of 1 600 m .y . i n  the Abra mi nerali zati on .  Di fferent i al mob i l i 
zat i on of lead may explai n why other, low-grade Pb-Cu mi nerali 
zati ons i n  the Bangemall Bas in  have lower lead-lead model ages, 
because the geothermal gradi ent was smaller i n  those area, at 
that p articular t i me, allowi ng release of only small amounts 
of lead, of possi bly spec i f i c  i sotop i c  composit i on .  
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4.8. Mineralizations in the Jillawarra Belt (except Abra) 

Since explorational activity in the area of the Jillawarra 
Belt commenced in 1 974 , several target areas have been defined 
by magnetic and soil/rock chip geochemical surveys. Geochemical 
anomalies have been identified, but no significant outcrop 
of mineralization was discovered so far. 

To test the geochemical and geophysical anomalies some 30 diamond 
drill holes were drilled on nine prospects the locations of 
which are shown in map 3. 

Notably. all prospects are situated within the limits of the 
Jillawarra Basin and the Gap Well Formation. 

Fig. 4.24 displays the stratigraphic interval intersected by 
the various drill holes in correlation with the Abra strati
graphy, and zones of significant mineralization. 

In Tab. 4. 11 the grades and characteristics of the mineralization 
are presented; prospects with neglegible grades of mineralization 
( e .g. " Jeds Prospect" .  " Manganese Range East Prospect11 ) are ex
cl uded from Tab. 4.11 and will not be discussed any further. 

According to the nature of the hast rock two types of minerali
zations can be distinguished. In allusion to Abra these are termed 
a )  black zone type and b) stringer zone type. 

a )  Black zone type mineralization 

The host rock is a 37  metres thick sequence of laminated magnetite
quartz-carbonate rock which frequently is brecciated and veined 
(Fig. 4.25). 
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Fig. 4. 25: Black zone type magnetite-carbonate laminae 
in core specimen from the 46 - 40 prospect . 

This sequence occurs in hole 77-28 of the "46 - 40 Prospect" only 
(cf. Fig. 4. 24}, at a similar stratigraphic level as the black 
zone of Abra and is similar in thickness. lt is, however, not over
lain by red zone type sabkha sediments suggesting a less pronounced 
regressional development. 

During sedimentation of this black zone the environment was less 
oxidizing and probably less saline as opposed to the Abra black 
zone. Hematite is almost entirely absent and very few pyrite 
layers indicate growth of only few microbial mats. The occurrence 
of pyrite layers probably is related to the decomposition of 
microbial mats through the activity of sulphate reducing bacteria. 
This points to a permanent cover of only moderately oxidizing water. 
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The often distinct layering of magnetite-quartz-carbonate 
(i.e. chemical sediments) suggests very quiet conditions of 
sedimentation, probably in a restricted basin . However , the 
absence of conformable sulphate layers {al l barite seems vein
related) i mplies salinities below sulphate saturation within 
the sediment and basin waters. 
The mineralization is dominated by galena and barite with 
subordinate quantities of chalcopyrite {cf Tab. 4.11). lt is 
of discordant nature (veins and disseminated) and accompanied 
by si lification (replacing carbonate), chloriti zation and 
brecciation. 

In summary the black zone of the "46-40 Prospect 11 differs from 
the black zone of Abra with respect to the follow ing features : 

- not overlain by a red zone 
- less oxidizing and less saline environment of sedimentation 
- low-grade mineralization 
- less syndiagenetic pyrite, therefore probably lower fS2 

during times of mi neralization 

Despite these differences the black zone sedimen ts of the 
1 1 46-40 Prospect" belong to the same genetic class (subaqueous 
evaporite iron formation) as the Abra bl ack zone. The minerali
zation - Pb . Ba, (Cu) dominated and lack i ng Zn - is almost 
i dentical in style (discordant) and mineralogy to the Abra 
minera l i za ti on. 

b) Stringer zone type mineralization 

This type of mi neralization is encountered in all drill holes 
listed in Tab. 4.1 1  including the footwall of the 1 146-40 1 1  black 
zone. The hast rock usually is a chl oritic, magnetite bearing 
siltstone and fine-grained sandstone of the GW5 (and lower 
GW6)-uni t  (Fi g. 4.26). 
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Fig. 4. 26: Laminated chloritic sil tstone with layers of 
magnetite , and disseminated blebs of magnetite 
(subhedral) and pyrite (subhedral). 

In  the TP-8 1 -8 drill hole the hast to the mineralization is 
a brecciated dolomicrite with chlorite/biotite stringer and 
secondary (whitish, sparitic) carbonate (Fig. 4.27). 

A feäture common to all rock types is the frequency of magnetite, 
either as layers in fine-grained siltstone (up to 60 % magnetite 
in rocks from the Manganese Range Prospect) or disseminated 
in arenites (Woodlands Arenite) and dolomites. Hematite and 
jaspilite are occasionally associated with magnetite but are 
not abundant. 

The mineralization is Cu-Pb-Ba dominated (lacking Zn) with 
chalcopyrite, galena and barite being the only ore rninerals. 
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Fig. 4.27: Brecciated do l omicrite with chl orite/biotite 
stringers and secondary carbonate. 

Ga lena usual l y  occurs together with pyrite, either within 
or as seam to pyrite (cf Fig. 4. 04) which may indicate a 
post-pyrite empl acement of galena (i.e. pyrite has fonned 
diagenetically and was repl aced by gal ena later during dia
genesis). 

Abundant inclusions of magnetite/hematite in pyrite suggest 
diagenetic growth of pyrite within the sediments incorporating 
pre-existing iron oxides. 

AlthÖugh some chal copyrite occurs on fractures in pyrite most 
of the chal copyrite is associated with magnetite (usual ly 
as incl usions, cf Fig. 4.08). 

The style of mineralization comprises three types, 

- vein 
- vein breccia 
- disseminated, patchy 
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Al l are di scordant to beddi ng and assoc i ated wi th s i l i f i cati on 
and chlo ri t i zati on, and wi th the emp l acement  of bari te, Fe, 
Mn-carbonates, magneti te and m i nor pyri te. 
Ve i n  mineral i zati on i s  by far the domi nant type. Fi g. 4. 28 
shows a cha l copyri te -si de r i te ve i n  i n  chlori t ic  s i ltstone whi ch 
is almost i dentical to ve i ns from the str i nge r zone of Abra 
(cf Fi g. 4. 07 ) . 

Fig. 4 . 28 :  Chalcopyri te-si de ri te ve i n  i n  chl or i ti c s i lt
stone (46-40 prospect ) . 

The stratigraphi c posi t i on of the mi neral i zed interval s i s  
below that reached by Abra dri l l  ho l es (Fi g. 4. 24).  However, the 
l i thology of the hast rocks i s  comparable to the lower stringe r 
zone of Abra and consi sts chi efl y of chlor i ti c s ilts tones and 
fi ne -grained sandstones , except a b recc i ated dol omi cri te i n  
the TP-8 1 -8 hole . 



- 312  -

Significant barium and local copper mineralization occur in 
the Woodlands Arenite Member (GWw4) underlaying the chloritic 
siltstone/sandstone interval. Higher grades of mineralization 
though are always found in the hanging wall of the Woodlands 
Areni te. 

Zoning 

Vertical metal zonation within a single drill hole is difficult 
to recognize mainly because only one metal is dominant per 
drill hole while concentration of the remaining metals usually 
are in the 11background 11 range and are distributed irregularly 
throughout the hole. 

However, comparison of the stratigraohic position of minerali
zation between the various drill holes reveals a faint vertical 
zonation pattern (Fig. 4.24). While al l copper mineralizations 
occur within the GWw4 and/or lower GW5-unit (except hole 76-20 
where the mineralization seems fault- related) lead dominated 
mineralizations occupy higher stratigraphic levels (81-8; 77-28). 

Copper dominated mineralization at lower stratigraphic levels 
overlai n by an i nterval enriched in lead is compatible with 
the Abra zonation pattern. However, a barium-rich interval 
stratigraphically above (as the red zone in Abra) cannot be 
distinguished; barium is closely associated with the lead and 
copper mineralizations. 

Another important difference to the Abra metal distribution 
pattern is the occurrence of the mineralizations generally 
100-200 metres lower in the stratigraphy. 

Thus, the occurrence of barium with lead/copper and the lower 
stratigraphic level of mineralization suggest lower temoeratures 
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and l es s  vol ume of the hydrothermal fluids as compared to 
Abra ; l ower temperatures prevented ascent of the solution 
to Abra l evels , and less  volume re sul ted in a higher wal l 
rock/hydrothermal fluid ra tio which in turn makes the hydro
thermal sol utions susceptible to wall rock reactions and 
causes c l ose s patial precipitation of mos t  metals (inc l uding 
ba rite ) . 

The " 46-40 Prospect" is the onl y  exception from the trend des
cribed above .  Not onl y  is the hos t rock of black zone type 
but the mineral izat i on reaches the same stratigraphic leve l  as 
in Abra suggesting a similar heat regime. A localized high 
geothermal gradient probabl y was present in this area because 
the " 46-40" mine ral ization occurs in the vicinity of the Wood
l ands Fau l t  which forms the wes tern margin of the Jil l awarra 
Basin ( the Abra mineralization is located at  the eastern margin 
faul t of the Jil l awarra Basin). 

Summary 

Compared to Abra the mineral izations of the Jillawarra Belt 
are similar as regards the fol l owing major features :  

- metal s ;  Cu-Pb-Ba dominated , lack of Zn 

- as sociation of ore minerals ; while galena preferential l y  
i s  concurrent with pyrite chal copyrite has an affinity to 
magnetite 

- association of none-ore mine ral s ;  mineral ization us ually 
is accompanied by Fe, Mn-carbonates ,  magnetite , pyrite , 
chlorite, quartz and minor jaspilite 

- alteration ; mainl y sil ification, chl oritization and minor 
al bitization 

- host rock ; both stringer zone chloritic sil tstone/sand stone 
and bl ack zone l aminated magnetite-quartz-carbonate rock 
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- mode of emplacement ;  chiefl y veins and disseminati ons, l ocal l y  
with concomitant brecciation 

- zoni ng; although poor ly  devel oped 

- f02 ; abundant magnetite, slightl y l ess hematite may be due to 
l ower stratigraphic l evel 

fS2 ; magnetite dominant over i ron su l phide , frequent syndia
genetic pyrrhotite indicates l ower fS2 wi thin the sedi ments 

Al l mineral izations can be cl assifi ed as l ow-grade Abra-type 
and comprise bl ack zone type ( "46-40 Prospect" ) and l ower 
stri nger zone type (al l p rospects incl uding the l ower part 
of the 11 46-40 Prospect 1 1

) .  The hydrothermal system ( s) probabl y 
has been rel ated to the Abra hydrothermal system with respect 
to timi ng and metal source . 

The differences to Abra described before and the low-grade 
nature of the mineral i zati ons may be due to a l ower geothermal 
gradient in most par ts of the Jill awarra Basin during times 
of mineral izati on. 
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Genes i s  of the Abra mi neral i zation and some impl i -
ca tions for the devel orment of sedi ment-hosted 
meta l depos i ts 

5 . 1 . A model for the genes i s  of the Abra mi neral i zation 

Abundant data on the geol ogy, mi nera logy and chemi s try of the 
Abra mineral i za tion and the J i l l awarra Bel t has been presented 
i n  th i s  study and permi t  development of a comprehens ive model 
of the genes i s  and chronol ogy of ore formation i n  rel at ion to 
the geotecton i c  devel opment . 

5 . 1 . 1. Geotectoni c setting 

The i n tracraton i c  sed i mentary Bangema l l Bas i n  i s  one of the l arges t  
i ntrus i ve conti nental thol e i i te provi nces of the worl d .  I n trus ion 
of  dol eri te i n to sediments comrnenced approximate ly  duri ng de
pos i tion of the mi ddl e Bangema l l Group ,  and obvious l y  was rel ated 
to a tens i onal  crusta l  reg i me in  the s i a l i c  basement. 

Two sets of fol ds (NE-trend ing and E -trending )  are domi nant ,  and 
have been acti ve during and after deposi tion of the Bangemal l 
Group . These fau l ts are ma inl y  present i n  the Edmund Fel d  Bel t ,  
one of three s tructura l provi n ces di stingu i s hed, whi ch formed on 
mobi l e  basement. Fol di ng here produced open- styl e drape fol ds whi ch, 
i n  the fina l  stage of deformation ,  have been ti ghtened due to 
NNE-SSW directed compress ional forces.  

The sedi mentary h i s tory of the Bangema l l Bas i n  i ndi cates  very 
shal l ow water condi tions i n  the l ower Bangema l l Group , fol l owed 
by a regress ional  i nterval and two major transgres s ions , and sub
sequently by a regressional i nterval mark i ng the i nfi l l  of a 
sedi mentary bas i n . 
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Structura l and depos i ti ona l  evol uti on of the Bangemal l Bas i n  
are i n  accordance w ith the devel opment of a n  i ntracratoni c ri ft 
whi ch never reached the s tate of i ntercratoni c ri fts . Duri ng 
ti mes of extens i on ,  transgress i ona l sed imentary sequences were 
depos ited ,  whi l e  termi nati on of crustal extensi on i s  marked 
by a regress i on at the end of the Bangemal l Group . Sawki ns ( 1976 ) 
presented a l i st of worl dwi de examp les of conti nenta l ri fti ng bet
ween 1200 m .y .  - 1000 m . y .  wh i ch have many features i n  common 
wi th the Bangema l l  Bas i n .  

The i rregu lar  quanti tati ve di stri buti on of dol eri te (F i g .  5 . 0 1 )  
i n  rel ati on to major bas i n  fau l ts and l i neaments i mpl i es the 
former presence of a tri p l e  j unction ( cf  chapter 1 . 2 . 6 . 2 . ) ,  i n  the 
area of the grani ti c Coobarra Dome ( F i g .  5 . 0 1 ) , eas t of wh i ch 
the i ntracratoni c ri ft bi furcates . 

/ 

F ig .  5 . 01 Distribution of dolerite in relation to l ineaments and structural 
provinces of the Bangema 1 1  Bas in 

100 ltm 
i nferred rift axis 

transverse basemenl faul ts 

() graniti, Coobarra Dolle, triple junction 

.. !arge to moderate volume of dolertte 
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The Jillawarra Belt principally reflects the sedimentological 
and tectonic devel opment of the Bangemall Basin. However, sub
sidence within the Jillawarra Basin (cf Fig. 2. 6 1 )  occurred 
earlier than elsewhere in the Bangemall Basin; represented by 
the wc1-init. Subsidence i n  wc2 times was more pronounced (shallow 
water turbidites) within the Jillawarra Basin than in surrounding 
areas. This indicates the commencement of rifting of the Bange
mall Basin within the Jillawarra Basin, as a central, axial, 
ini tial ri f t va 1 1  ey. 

The development of the Abra sub-basin indicates crustal doming 
in this particular area, characterized by an interval of pro
nounced regression from subtidal siltstones over subaqueous eva
poritic iron formation to coastal sabkha. This sequence was de
posited in a fault-bounded restricted basin which formed in the 
apical zone of the crustal dome, due to greater strain in the 
peri phery. 

Doming in the Abra area implies that the adjacent granitic Coobarra 
Dome also was subject to doming in times of the Upper Gap �Jell 
Formation. lt  is inferred that a thermal plume (hot spot) in the 
underlying mantle was responsible for doming in the Abra-Coobarra 
Dome area, analogous to the development of "high spots" over mantle 
plumes in Africa (Thiessen et al. , 1979). 

From the hat spot sufficient heat was transferred to high crustal 
levels to facilitate mobilization and ascent of large amounts of 
metal-bearing fluids, and the following model is based on this 
concept. 
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5.1. 2. Sou rce rocks 

lt has been concluded in chapter 4. 7. that the source rock of the 
Abra metals has been arkose with features of red-bed copper minerali
zation. The tectonic setting of the depository of the arkose ad
jacent to a rising granitic dome permits accumulation of great 
thicknes ses (pos sibly in excess  of the 1650 m maximum thick- · 
nes s  of the Tringadee Formation) , and is in accordance with the 
typical tectonic setting of red-bed copper deposits (Tab. 4. 10). 
Oue to the unusually high heat flow rapid breakdown of potash 
feldspars occurs releasing Pb and Ba which substitute for K. 
For an assumed thicknes s  of 1650 metres, and 30 ppm average Pb 
content, an a rea of 4 x 4 km would provide s ufficient volume to 
account for sorne 1 .5 mt of lead metal in Abra. Red-bed arkose 
in the source region also explains the abundance of magnetite/ 
hematite in the stringer zone ; hematite, abundant in red-beds, 
would be reduced to magnetite when the arkose is heated. 

Red-bed formation an the basement in the areas surrounding the 
Jillawarra Belt provides a huge source of iron which was transported 
into the Abra sub-basin (and the Jillawarra Bel t) by weathering 
solutions, where it was deposited as iron formation of the black 
and red zone. 

5. 1 .3. Accumul ation of metal-bearing fluids 

Progres sive burial and increasing heat flow induced continuous 
production of water and metal ions by metamorphic mineral reactions.  
High porosity of the arkose allowed rapid lateral and vertical 
migration of the metal-bearing fluids. 
The dome structure of the Coobarra Dome led to tr�pping of the 
fluids near the top of the permeable strata, analogous to structural 
traps in petroleum geology. The Tringadee Formation is characterized 
by an increasing number of siltstone interbeds towards the top 
(Muhling et al .,  1978). Assuming some impermeable horizons in the 

-� 



r 
i l  

- 31 9 -

upper arkose large volumes of hot metal-bearing fluids have 
migrated up-dip and accumulated in a structural trap. No ascent 
of the fluids to higher stratigraphic levels took place because, 
at this stage, there were no deep-seated faults which could serve 
as a conduit. 

5. 1.4. Ascent of the hydrothermal fluids 

Tensional forces in the crust led to incipient rifting which is 
expressed by the generation of deep-seated normal faults. One of 
these faults is the northern margin fault of the Abra sub-basin, 
controlling the distribution of the coarse clastic wc 1 facies. 
This fault extended into the basement, and cut through the arkose. 
The hot, metal-bearing solutions in the structural trap within 
the upper arkose were now channelled into the conduit provided 
by the fault zone. Because of the comparatively low permeability 
of the black and red zones a convective system developed. Wide
spread brecciation seen in the stringer zone indicates that hydrau
lic fracturing took place facilitating the percolation of hydro
thermal fluids. No significant exhalation onto the contemporaneous 
sea floor occurred. These processes are shown schematically in 
Fig. 5.02. Surprisingly, of the three margin faults of the Abra 
sub-basin only the E-trending, northern fault served as a conduit 
for hydrothermal solutions, possibly because not all faults pene
trated the arkose or, because they have also been boundary faults 
of the arkose depository and therefore did not have access to 
large amounts of fluids . 

The driving force of the hydrothermal system was the heat source 
at depth, which also controlled the ascent of hydrothermal fluids 
in response to probably significant vertical temperature gradients. 
Contemporaneous faulting along the feeder channel suggests that the 
ascent of hydrothermal fluids was supported by seismic pumping as 
described by Sibson et al. ( 1 975) . 
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Fi g . 5 . 02 :  N - S secti on , not to s cal e ,  schemati cal ly showi ng 
ascent of hydrothennal fl u i ds during times of WC1-
depos i ti on ;  s ize  of convecti ve system i s  s pecul ati ve .  
Shape of convecti ve cel l s  after Hen l ey and Thornl ey 
( 1979 ) and Large ( 1981 ) . 

red & 

N 

bJa<;k _  zones 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

H E A T  

+ 
+ 

+ + + 

S O U R C E  

+ 
+ 

+ + 
basement 

+ + 



- 32 1 -

A side-effect of the anoma l ous high heat fl ow was fel sic vol canism 
an the Coobarra Dome, characterized by hydroclastic eruptions 
which were induced by faul ting of the basement. Despite their 
spatial separation, hydrothermal processes and fel sic vol canism 
are thus rel eated in that they are contemporaneous and generated 
by the same principal mechanism. 

5. 1 . 5. Emplacement of the Abra mineralization 

The metals were transported in hat (ca. 250° C, cf chapter 4.4.) 
solutions in smal l vein l ets radiating from the main feeder channel , 
which penetrated the sediments of the stringer and b lack/red zones. 
These strata were in the state of diagenesis and stil l contained 
abundant, partly  hypersa line formation waters. The hydrothermal 
system was coupl ed to this diagenetic formation water system, 
which facil itated percol ation of the fl uids and distribution of 
meta ls  to distal positions. 

Sul phides were emplaced mainl y  in smal l veins in the stringer 
and b lack zones but a lso in the red zone. Gal ena and chal copyrite 
precipitated in two e l ongated, concentric zones - emanating from 
the main feeder channel and transgressing l ithol ogical boundaries -
according to their sol ubil ity which was l argely a function of 
temperature. ln addition to veins, gal ena ( and minor chal copyrite) . 
a lso formed as repl acement of pre-existing, syndiagenetic pyrite 
l ayers within hematite/magnetite bands . This replacement is 
expressed by the formul a  

and is tbermodynamical ly favoured at 200° C in the presence of 
l ead ions. Further ga lena precipitation occurred where the l ead
carrying fl uids encountered free H2s ,  generated by bacterial 
sul phate reduction and trapped in the sediment. 

Same barite precipitated in veins concurrent with sul phides but 
the bul k of barite occurs strataform within the red zone .  Here, 
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barite fonnation is due to quantitative replacement of Ca
sulphates in the sabkha deposits of the red zone. This reaction 
is favoured because of the very low solubility of barite . The 
quantitative nature of this replacement was due to high water 
content , sufficient porosity (intercalated clastites ) and non
consolidation, at that stage, of the red zone sediments � 

The sulphide-barite mineralization is accompanied by the th ree 
iron species hemastite-magnetite-pyrite , the proportion of which 
change vertically through the Abra mineralization ,  indicating 
a vertical temperature decrease within the mineralizing system 
from clearly above 250° C in the lower stringer zone to below 
250° C in the upper red zone. 

5 . 1 . 6. Summary 

A continental hot spot below the area of the Coobarra Dome ini
tiated intracratonic rifting of the Bangemall Basin. Prior to 
rifting , doming occurred which resulted in deposition of a thick 
sequence of red-bed arkose adjacent to the dome. High heat flow 
linked the hot spot induced, advanced metamorphic mineral break
down and mobilization of metal-bearing fluids. 

With the onset of rifting faults penetrated into the basement 
and through the arkose , and channelled the fluids into one fault 
zone. The hydrothennal f1 uids ascended a1 ong the fault zone and 
percolated through the sediments of the Upper Gap Well Formation. 
Sulphides fonned mainly in veins and as replacement of pre
existing pyrite. Barium-bearing solutions , however ,  penetrated 
the sediments until they encountered abundant sulphate in the 
red zone. This sulphate was present in the fonn of gypsum or 
anhydrite and was quantitatively replaced by barite. Fig . 5 . 03 
summarizes the mai n  features of the metal distribution and the 
host sediment sequence of the Abra mineralization .  
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5 . 2. Compari son with sedi ment-hosted metal depos its 

The Abra mi neral i zat ion has features i n  common w ith sedi ment
hosted massive sul phi de l ead- z i nc deposits accordi ng to Large 
( 1983 ) and Sangster and Scott ( 1976}, and w ith the group of 
Late Proterozoic  copper deposi ts descri bed by Rowl ands ( 1980), 
Rowl ands et al . ( 1978), Raybould  ( 1978), Sawki ns (1984), Lambert 
et a 1 .  ( 1984 ) and F l ei scher et a 1 .  ( 1976). 

5 . 2 . 1 .  Late Proterozo ic  copper deposits 

There are some s i mi l arit i es between the Abra mi neral i zati on and 
Late Proterozoi c  copper depos its, as the Zamb ian Copperbel t  
(Fl ei scher et al . ,  1 976) , Copper Cl ai m, South Austral i a  (Lambert 
et al . ,  1984) and White P i ne ,  M i chi gan (Ensi gn et al . ,  1968) . 
S i mi l arit i es i ncl ude the tectoni c setti ng of an i ntracratonic 
rift ; rifti ng i s  i nferred by Sawki ns ( 1984, Tab l e  7 . 1. )  for 
the South Austral i an provi nce, and was demonstrated by Annel s 
( 1984) for the Zambi an Copperbel t. Intracratoni c  rifti ng is  
p lausi b l e for White Pi ne (e . g. Gustafson and Wi l l i ams, 1981), 
and Burke and Dewey ( 1973) concl ude that i n  the area of the 
deposi t  a l ate Proterozoic tri p l e  j unct i on above a hat spot has 
formed . 

The three exampl es of Late Proterozoic copper deposi ts and the 
Abra mi neral i zat i on are a l l hosted by shal l ow water sedi ments, 
and sabkha sedi ments are common i n  Muful ira, Zambi a  (Garl i ck, 
198 1), and i n  the South Austral ian provi nce (Kapunda, Lambert 
et a l . , 1980 ) . Both the Zamb ian and South Austral i an deposits 
are hosted by sediments l a i d  down adjacent to basement hi ghs 
(Fl eischer et al . ,  1976 ; Rowlands et al . ,  1978), anal ogous 
to the Coobarra Dome. 
Whi l e  prec i pitati on of Cu-sul ph i des i n  anoxi c  waters is assumed 
by Garl i ck ( 1981 ) for Muful i ra ,  Zamb ia, replacement of pre-existi ng 
bi ogenic pyrite by ascendi ng Cu-sol ut ions duri ng d iagenes i s  i s  i n
ferred for South Austral ia (Lambert et a l . ,  1984 ) and �hite P i ne 
(W i ese, 1973). 
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Of the Late Proterozoic copper deposi ts consi dered here the White 
Pine deposit most closely resembles features of the Abra Mi nerali
zation ; it probably fonned above a hot spot i n  the geotectoni c 
setting of a triple junction, of which none of the arms reached 
the spreadi ng state. The mineralization formed through ascending 
hydrothermal metal-bearing solutions replacing pre-exist ing 
pyrite during diagenesi s  of shallow water sediments. Interestingly, 
there i s  a red-bed sequence underlying the White Pine deposit 
(Ensi gn et al. , 1968), supporti ng the assumption of an arkose 
with red bed features underlyi ng ·Abra (see chapter 4 . 7. ) .  

5.2.2 . Sediment-hosted massive sulphi de lead z i nc deposits 

Despi te the above similarities with the Late Proterozoic  copper 
depos its the Abra minerali zation has many features i n  common 
wi th sedi ment hosted massive sulphide lead-zi nc deposits. Large 
(1980, 1983) has listed parameters that reflect the presence 
of potentially minerali zed geological environments for this 
group, i.e. first to thi rd order basins, contemporaneous vol
canicity, and these parameters apply well to the Jillawarra 
Basin as second-order, and the Abra sub-basin as third-order 
basin (cf chapter 2.6.5.). 

Large ( 1980 )  has also listed parameters that reflect the presence 
of mineralization of the sediment-hosted massive sulphide lead
z i nc type as: 

- stratiform barite ;  tb is. is abundant in the red zone 
.... Strati.form hydrothermal chert ; there is some chert and jaspi lite 

i n  the red zone but it is uncertain whether this is 
of hydrothermal origin 

- element zonation ;  there i s  a d istinct vertical Cu-Zn-Pb-Ba 
zonation comparable to the zonation at Rammelsberg 
(Hannak, 198 1 )  

- alteration ;  there are several types of alteration in Abra including 
a )  chloritization, like in the footwall of Sullivan,B.C. 
b )  alb it i zation, like in the hanging wall of Sullivan, 

B.C. 
c) silification, common in many examples of Large ( 1980 )  
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- sulphur isotopes; not compatible with an exhalative origin of 
the Abra mineralization, but the values are compar
able with Lady Loretta and Gamsberg (von Gehlen et al. , 
1983 ), as discussed in chapter 4. 5. 

5 . 2. 3. Discussion and conclusions 

In summary, the Abra mineralization combines features of the two 
groups of deposits considered , and a plot of the wei ght ratios 
of Cu- Pb-Zn of various deposits (Fig. 5.04 ) illustrates the uni
queness of Abra. However , this diagram might also indicate the 
intermediate position of Abra linking two major groups. 

The Aggeneys, Namaqualand deposits , S.A . • for which Anhaeusser and 
Button ( 1976 ) tentatively proposed a volcanogenic origin, have 
been classified as sediment-hosted exhalative deposits by Rozendaal 
and Stumpfl {for the related Gamsberg deposit, in press ) .  Weight 
ratios of Cu-Pb-Zn of the Aggeneys deposits form a trend inter
ceding between Abra and the field of sediment-hosted massive 
sulphide deposits. 

This trend indicates an affinity of Abra to the group of sediment
hosted massive sulphides rather than to the Late Proterozoic copper 
deposits. Allocation of Abra to the former group also is favoured 
in view of the large number of features in common with the sediment
hosted massive sulphide lead-zinc group of Large ( 1980, 1983 ) .  

In view of the intermediate position of metal ratios at Abra and 
Aggeneys between sediment-hosted massive sulphide deposits and 
Late Proterozoic copper deposits, however, it is suggested that 
these groups should not be viewed separately but considered as 
one comprehensive group of deposits which share major features 
like the tectonic setting and a crustal metal source. The term 
"sediment-hosted (base) metal deposits" is proposed for this group 
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Cu  

Zn 

Fig .  5.04: Weight ratios of Cu , Pb , Zn in the Abra mineral ization 
and in : 

Fiel d of sediment-hosted massive sul phide deposits , after 
Sangster and Scott (l976); 10 , 1 1 after Anhaeusser and 
Button(l976 ) 
1 - Sul l ivan , Canada 
2 - Rammel sberg , W-Germany 
3 - Hi l ton , Austral ia 
4 - Mt lsa ,  Austral ia (Pb-Zn body only )  
5 - McArthur River, Australia 
6 - Meggen, W-Germany 
7 - Bal mat(N . Y . ), USA 
8 - Sherridon , East  Zone(Manitoba ) ,  Canada 
9 - Bob Lake(Manitoba ) ,  Canada 
10- Black Mountai n, Aggeneys , S . A. 
1 1- Broken Hi l l , Aggeneys , S.A. 
op open pi t 
ug underground 

F i el d of Late Protero
.
zoi c 11 stratiform 1 1  copper deposits; 

Zambian Copperbel t (Fleischer et al . , 1976 ); Adel aide 
Geosync line-Stuart Shel f ,  South Austral ia (Rowl ands et 
al . , 1978; Lambert et al . , 1984); White Pine , Michigan, 
USA(Ensign et a1 . ,  1 968 } 

� Fiel d  of North  American Precambrian massive sul phi de 
CJJ.21) deposits in vol canic or  vol cano-sedimentary has t rocks , 

after Sangster and Scott (l976 ) 
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that includes a large number of deposits. Variations between 
the individual deposits , with respect to discordant-concordant 
nature of mineralization, exhalation or diagenetic replacement 
by the mineralizing fluids, relative metal abundance, presence 

of alteration, ultimately depend on the phys ical and chemical  

conditions in the mineralizing fluids and at  the site of  de
position , and on the composition of the source rocks. These a re 
regarded second-order controls to the overall control of the 

tectonic setting . 

Bea les (1975) also followed the line of evaluating a common 

denominator , in proposing one genetic class  of Missis sippi 

Valley and I rish deposits. And Gustafson and Williams (1981 ) ,  

in their comprehensive review, combined stratiform copper , 

Late Proterozoic copper, sediment-hosted massive sulphide 

and Irish deposits into one major class , with the descriptive 

term "sediment-hosted stratiform deposits of Cu-Pb-Zn" , although 

not all examples are in fact stratiform . 
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5. 3. A model for hot spot induced base metal deposits 

M i neral deposits 

While continental hot s pot related magmatic metal deposits 
(Sawki ns ,  1976; Mitchell and Garson , 1981 ) - although rare - are 
easily identified because of their association with alkaline 
intrusives , lavas and peraluminous granites , the same is not true 
for sediment hosted metal deposits. The latter type of deposit 
of which examples are given in Tab. 5.01, shows limited or unclear 
connections with magmatic rocks . 

However , all deposits share the tectonic setting of an intra
cratonic rift and for some the relation to a tri ple junction 
has been proposed. Same deposits occur within or in close 
association with evaporitic sediments. So far the list of features 
is comparable with the comprehensive compilation of Gustafson 
and Williams ( 1981). But all depos i ts listed in Tab . 5.01 are 
as sociated with shallow water sediments , and more significantly , 
clearly exhibit a depos itional trend which can be a single 
stage regression/transgression (e.g. Bangemall Basin) or repeated 
cycles. There is evidence at least from Sullivan , Bangemall Basin, 
Cobar and McArthur , that the onset of mineralization is related 
to a sudden deepening of the basin reflected by transgression 
tn the sedi:mentary sequence. 

The model 

In pre~ri.ft times the mantle plume caused heating and thermal 
domi_ng of the overlyi.ng continental crust , comparable to the 
11 high spots" of Thi essen et a l . ( 1979 ) , whi eh i s refl ected 
in a regressional development in the lower host rock sequence 
(Bangemall Basin , Footwall Conglomerate in Sullivan, perhaps the 
lower stromatolitic and evaporitic McArthur Group ) , Deposition 
of the hast rock sequence co1M1only with a basal unconformity 
indicates a significant time gap between lithification/tectonism 
of the basement and deposition cf the younger sediments , e. g .  
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i n  the Bangemall Bas i n  s ubaeri al eros ion of the pre-Bangemall 
basement . A_n i ntact conti nental crust ( lacki ng deep- s eated faul ts ) 
would b e  heated by conducti on only ,  pos s ib ly  w ith  a steep 
geothermal gradi ent i n  the upper parts . 

I ncremental domi ng i ncreases tens ional strai n w i th i n  the crus t ,  
res ul t i ng i n  th e generati on o f  fractures - comparable to the 
" hogback upli ft 11 of Fal vey ( 19 74 ) where wi th i n  the central part 
of a ri s i ng dome a fault-bounded bas i n  develops - and eventually 
i n  i nc i pi ent ri fti ng i n  a tri ple j unct i on pattern. 
Th i s  i s  the cri ti cal stage wi th res pect to formati on of ore deposi ts .  
The generati on of deep-s eated crustal fractures duri ng i nc i pi ent 
ri fti ng allows comparati vely rapi d releas e of 1 1 s tored 1 1  crustal 
h eat through d i scharge of the crustal water res ervoi r  pl us crustal 
melts along th e fracture zones. Thus a hydrothermal sys tem i s  
generated th e nature of whi ch i s  dependent on the type and depth 
of fractures , the amount of hot spot i nduced thermal anomal y and 
the compos i ti on of the bas ement. Th e common associ ati on of SHMD+ 

wi th maj or faul ts o·r li neaments i llustrates the s i tuation descri bed 
above. Whether the fi nal SHMD i s  concordant or d i scordant i s  only 
parti al ly contro l l ed by th e nature of th e hydrothermal system but by 
th e envi ronment the metal beari ng solut ions encounter i n  thei r 
hos t  rock or depos i ti onal bas i n. 

Thus , the pres ence of a hot spot i s  the fi rst-order control  of 
tne d evel opment of a hydrothermal sys tem; the generati on of fractures 

and h eat , exhal ati on of hydrothermal flui ds and/or repl acement 
proces ses ,  and the nature of the associ ated s ed iments are d ependent 
on the amount of crustal doming and h eati ng; whi ch are al so i n-
duced by the hot spot ,  and whi ch therefore are regarded s econd
ord er contro l s  on the vari ables of a hydrothermal system .  

Impli cati ons 

The model of hot s pot i nd uc ed SHMD i n  i ntracratoni c ri fts provi des 
a number of s i gni fi cant i mpl i cati ons and can throw some l i ght on 

+ s ed iment-hosted (bas e) metal depos i ts 
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features hitherto not sufficientl y expl ained : 
- I t  has l ong been known to expl orationists that  in the area 

surrounding proven deposits , there is a high probabil ity of 
discovering further deposits of the same cl ass ;  this may be  
ea  1 1  ed  the concept of  II  ore fiel ds "  as in the Mt . Isa ( Lady 
Loretta/Ladie Annie , Hil ton) , or Aggeneys -Gamsberg areas . I f  
in a hot s pot induced incipient rift the rifted crus t remains 
above the hot s pot ( i. e .  the crus t moves a l ong the axis of the 
rift over the hot s pot ) , the probabil ity of inducing a simil a r  
type hydrotherma l s ystem is high. Difficu l ties o f  identifying 
hot spot infl uence in areas l acking significant magmatism can 
be  overcome b y  thorough eva l uation of the s edimentary record 
as s hown before . I t  is s ugges ted tha t  ana l ogous to the Bangemal l  
Basin, minor fel sic vol canics which are crustal derived are 
indicative of hot s pot  infl uence . The fel sites are rel ated to 
the meta l depos its in so  far that  they are generated by  the 
same heat source as the hydrotherma l s ystem and that their 
ascent is contro l l ed b y  fau l ts , too. 

- The timing of the minera l ization with res pect to the strati
graphy of the hos t  rocks can a l most  certainl y be assumed to 
coincide with the onset of a transgressiona l  period, which in 
turn s igna l s  s ubsidenc e  through the generation of  maj or fau l ts . 
The o ns et of the primary h ydrotherma l sys tem coincides with the 
very first rifting s tage .  

-- A genetic rel ationship between SHMD and evaporites , e . g. in 

providing su l phur as proposed b y  Gustafson and Wil l iams ( 1981 ) 
and Muir ( 1983) ma y exist but  does not a ppl y universial l y  because 

many deposits are l ac ki ng evaporites . However, the author 
regards the exis tence of evaporites , and a l ternativel y very 
s ha l l ow water s ediments , a s  s ignifica nt in being an integra l 
part of the depositional s equence above hot s pot  induced tripl e 
junctions , ref l ecting the doming s tage and generation of doming
rel ated res tricted basins ( Fa l vey, 1974 ) . 
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An intrinsic genetic relationship of sediment hosted base metal 
deposits with sabkha processes ( e.g. Renfro, 1974) is, in con
sequence, also refuted. Tab. 1 clearly shows that the same type 
of deposit can form with or without associated evaporites. In 
addition, timing of the mineralizing events, which can be de
termined with reasonable accuracy, is not compatible with sabkha 
processes. 

- The discussion whether SHMD are generated through 11diagenetic11 

( Rowlands et al., 1978, Bowen and Gunatilaka, 1977 ) or 11hydro
thermal 11 ( Raybould, 1978) processes becomes unnecessary if hat 
spot-induced heating of crustal formation waters is invoked. 
All formation waters heated from below and expelled from crustal 
rocks should be termed hydrothermal regardless of the temperature 
they eventually have at the site of ore formation (this applies 
to the Zambian Copperbelt in particular) . Any thermal doming 
would result in pressurized solutions which would ascend ; provided 
they find a conduit. Possibly it was rather the lack of identifiable 
conduits that led some authors to postulating a 11diagenetic 11 origin. 

Source of metals 

lt is generally accepted that the late Proterozoic was a time of 
widespread intracontinental rifting (Raybould, 1978 ; Burke and 
Dewey , 1973;  Sawkins, 1984 ; Windley, 1977) related to hot spot 
activity (Sawkins, 1976) . It is suggested that previous to this 
rift ing period the continents were exposed subaerially for a con
s iderable time and thus providing conditions favourable for metal 
concentration. With commencement of doming these weathered rocks 
would be eroded and deposited, on the flanks of the dome, in fault
bounded basin, allowing for accumulation of a thick sequence 
of potential source rock. It is suggested that the abundance 
of copper deposits in late Proterozoic successions is due to 
widespread rifting after a prolonged period of stable continent 
conditions and red-bed copper formation. Possibly the crust had 
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had considerable thickness attenuing hot spot influence and 
therefore maintaining very low depositional temperatures. The 
Bangemal l Basin deposit, having a 1 1copper interval age" of 
1 100 m.y. is dominated by Pb and Cu and has a conspicious lack 
cf Zn. Field evidence suggests a granitic basement to the 
Bangema l l Group, and the basement could have accumu l ated some 
red-bed copper concentrations. These copper- and hematite-stained 
rocks were deposited, together with an arkose derived from the 
granitic basement, in depressions on the flanks of the dome and 
reached considerabl e thickness. Differentia l mobilization of Cu 
and Pb, Ba (from fel dspars) in the anomalous thermal regime 
accounts for the unique relative metal abundances in Abra. In 
the Late Proterozoic copper deposits the source rocks may have 
been red-bed copper in quartz-sandstone rendering only Cu to 
be mobilized. In non-�1ississippi Valley Type lead-zinc deposits 
with high-grade metamorphic roc ks in the basement , the metals may 
stem from retrograde metamorphism during the hot spot thermal 

regime, resulting in mobi lization of l ead (decay of potash feld
spar) and l ater, zinc (decay of staurol ite ) .  When the basement 
originally was of low metamorphic grade, heat from the hot spot 
could induce higher-temperature metamorphic reactions, and 
mobi. l i ze lead (progressive decay of feldspars and muscovite) 
and zinc (progressive decay of staurol ite). 
Regardl ess of the nature of enrichment processes in the source 
rocks it is noteworthy that the Abra mineralization is of Late 
Proterozoic age and in the same tectonic setting as most of the 
major copper deposits of that time, but is dominant by l ead. 
This supports the view that the composition of the basement 
and the amount of heat applied controls the relat i ve metal 
abundance in the deposit. 

I t  becomes apparent from the above metal source discussion that 
the metals  are crustal derived in the hot spot induced intra
cratonic rift deposits and that the hydrothermal systems merely 



- 335 -

fractionate and reconcentrate elements , and are mirroring 
to some extent preconcentrations of some elements in the source 
region. 

Conclusions 

Within the tectonic setting of a hot spot induced triple junction , 
resulting in intracratonic rifting a large number of sediment
hosted base metal deposits may have principally the same origin ; 
The observed variations are mainly due to: 

1) the amount of time a lithospheric plate remains stationary 
with respect to a mantle plurne and 

2 )  the nature of the lithospheric plate above a hat spot ; its 
composition, thickness and pre-existing zones of weakness 
which can becorne fractures. Crustal derived felsic volcanics 
may indicate ancient locations of hot spots and evaluation of 
the sedimentary column of the hast rocks usually indicates 
the amount of doming , and the timing with respect to the 
mineralization. 

3 )  Metals concentrated in these deposits may have been derived 
from eroded continental areas , and/or by l eaching from the 
sedimentary pile . A " mantle contribution" may be found in 
deposits associated witb more advanced rift systems ; other
wise there is no need to invoke this possibility. 

4 )  Sabkba environrnents may , in some cases , provide a convenient 
receptacle for the deposition of metals introduced by hydro
thermal systems , because of abundant H2s produced by bacterial 
sulphate reduction. Their presence , however , is not essential 
as H2S may equally be produced in other sedimentary environments. 
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