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ABSTRACT 

The Tumut Serpentinite Province consists of four major serpentinite belts and numerous small 

serpentinite bodies, that occupy a long narrow tract within the Lachlan Fold Belt of southern NSW. 

The tectonic setting of one belt, the Coo lac Serpentinite Belt, has been contentious. Much of the 

uncertainty results from lack of a combined study on the major belts and inadequate age constraints. 

Resolving the uncertainty will benefit construction of a tectonic model for the evolution of the 

Lachlan Fold Belt. 

The belts mainly comprise massive serpentinite or harzburgite, with internal shear zones of 

schistose serpentinite, and intrusions of plagiogranite, gabbro, basalt, pyroxenite, dunite and 

chromitite. The main foliation has a consistent NNW-SSE trend and is similar in the adjacent rock 

units. The various rock types of the serpentinite belts are geochemically akin to similar rocks from 

ophiolite sequences. 

Podiform chromitites are geochemically, mineralogically and geometrically akin to those in the 

mantle sequence of most ophiolites. The different chromitite types are interpreted in terms of the 

degree of evolution of the MORB-type magma and hence the extent of fractionation of the source. 

Serpentinisation and rodingitisation occurred during progressive cooling of the chromitites and host 

rocks and were accompanied by systtlmatic fracturing and remobilisation of chemical components. 

Radioisotope dating gives an age of crystallisation of 412-400 Ma for the plagiogranites and 

leucogabbros, whilst an inherited zircon age of 430 Ma appears to be derived from Early Silurian 

felsic volcanic rocks of the region. As the plagiogranites, leucogabbros and other rock types within 

the serpentinite belts have common deformational and metamorphic histories, their crystallisation 

age constrains the ages of deformation and metamorphism. 

The serpentinite belts are interpreted as ophiolites of the 'embryonic' type that formed within a 

back-arc basin setting in the Late Silurian-Early Devonian. Crystallisation of the MORB sequence 

and emplacement onto continental crust, together with metamorphism and deformation may have 

only spanned 20 Ma. In the Late Silurian to Early Devonian, the Tumut Serpentinite Province 
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differed from basins elsewhere within the Lachlan Fold Belt in-that a volcanic arc was ruptured by 

mantle-derived MORB magmas which ascended to the surface. Their extrusion was short-lived and 

after the Early Devonian, the development of the Tumut region differed little from that in the rest of 

the Lachlan Fold Belt 

The development of oceanic crust within the Tumut Serpentinite Province and the generation of 

granitic magmas within the central and eastern parts of the Lachlan Fold Belt are symptomatic of 

the same Late Silurian to Early Devonian tectonothermal event. An important aspect of this is that 

oceanic and crustal rocks need not form from different events or in substantially different tectonic 

settings. 
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CHAPTER 1: INTRODUCTION 

l.lGENERALSTATEMENT 

A series of linear serpentinite belts and smaller serpentinite bodies occupy a north-south tract of the 

Lachlan Fold Belt, in southern NSW, southeastern Australia. They are herein collectively named 

the Tumut Serpentinite Province. Ultramafic rocks also occur in several other broad associations 

within the Lachlan Fold Belt (Figure 1.1 ): 

(a) Some eleven Alaskan-type intrusive complexes occur in a northerly trending belt 180km long 

and 80km wide in the central portion of the Lachlan Fold Belt (Figure 1.1 ). The tract has been 

termed the Fifield Platinum Province by Barron et al. (1991) and several of the intrusions have 

been described by Elliott et al. (1991 ). The complexes were emplaced, dominantly within 

metasedimentary rocks of the Girilambone Group, during the Devonian (Johan et al. 1989). 

They are spatially associated with Devonian potassic granitoids {Elliott et al. 1991 ). 

(b) Ultramafic rocks, all partially serpentinised and intimately associated with ultramafic 

cumulates and ultramafic lavas (limburgites ), occur at more than thirty localities within the 

Lucknow Fault Zone {Figure 1.1) in the eastern half of the Lachl.an Fold Belt in central NSW. 

They tend to be small (approx. 100m2
) fault-bounded blocks (Barron 1994). 

(c) The Cambrian greenstone belts of Victoria {Crawford et al. 19'84) possibly form the basement 

to the Lachlan Fold Belt and outcrop in three north-south trending sub-parallel tracts termed 

the Heathcote, Mount Wellington and Stavely greenstone belts. The belts comprise fault

bounded blocks coruiisting of variable proportions of metamorphosed tholeiitic dolerite, low-Ti 

boninite, low Ti-andesite, calc-alkaline and high-K orogenic andesites, serpentinised 

ultramafic cumulates, dacite and ferrodiorite (Crawford et al. 1984). Similar rocks form a 

small (0.05km2
) isolated body on Phillip Island (Henry & Birch 1992), while Gray (1997) 

suggested that similar rocks on the South Coast ofNSW might be of Cambrian age, and a 

similar interpretation was tentatively assigned to the Tumut Serpentinite Province (Stuart

Smith 1990b, 199Ib). 
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The serpentinite belts of the Tumut Serpentinite Province differ geometrically and petrographically 

from the foregoing associations. They consist of large (up to 11 Okm in length) fault-bound linear 

bodies which dominantly consist of variably serpentinised harzburgite; volcanic rocks akin to those 

found in Victoria (item (c), above) are of minor occurrence. The Tumut Serpentinite Province rocks 

have been interpreted as oceanic crust (e.g. Scheibner 1985; Ashley et al. 1979), whereas some 

consider that the Lachlan Fold Belt in this part ofNSW was floored by continental crust (e.g. 

Stuart-Smith 1990b ). An understanding of the age, origin and emplacement of these ultramafic 

bodies is therefore vital to any tectonic reconstruction of the Tumut region and Lachlan Fold Belt. 

Two of the serpentinite belts contain podiform chromitite bodies and associated platinum-group 

element mineralisation. The genesis of podiform chromitite deposits is contentious (e.g. Lago et al. 

1982; Johan 1986; Leblanc & Ceuleneer 1992) to the extent that the same textures have been 

ascribed to primary magmatism (Leblanc 1980) and secondary tectonism (Gates 1991), and 

inclusions within chromite grains have been attributed to magmatic (Talkington et al. 1984) and 

secondary-recrystallisation (Christiansen 1986) processes. Thus, a study of the podiform 

chromitites may provide evidence of their origin and evolution, as well as contributing to an 

understanding of the serpentinite belts. 

1.2 OBJECTIVES/AIMS 

The principal objectives of this work are: 

(a) to determine the origin of chromitite bodies and associated Ni-bearing and platinum-group 

element bearing mineralisation found within the Tumut Serpentinite Province; and, 

(b) to determine and describe the geology, geochemistry, contacts and internal structure of the 

serpentinite belts, and then, using this information in conjunction with appropriate literature, 

develop a tectonic model for the portion of the Lachlan Fold Belt associated with the Tumut 

Serpentinite Province. 
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To achieve these objectives the following aims were set: 

(a) to determine the mineralogy, petrology, geochemistry and structure of the serpentinite belts in 

the Tumut Serpentinite Province; 

(b) to determine the field relationships, mineralogy, petrology, textures, whole rock geochemistry, 

chromite-grain geochemistry and structure of the podiform chromitite deposits; 

(c) to establish the nature of the platinum-group element mineralisation within the podiform 

chromitite deposits and associated wallrocks; 

(d) to determine the physical and chemical effects of alteration and regional metamorphism on the 

protoliths of the serpentinite belts; and, 

(e) to obtain radiometric data in order to constrain the age of the ultramafic proto lith. 

V\Q:r:ria 

0• F"dleld Platinum fu>>inc"' 

QL ludmow ulttamafiCs 

0 Thmut Serpentinite Province 

- Greenstone occ~nccs 

Mil MoWit StaVi'ly O=ns~~>no Belt 

H lleadu:otc Greenstone Belt 
w Mount WeUingwn Oreens!Doe Belt 

P PhlDip Island O=nstoao Occum:ncc 

Figure 1.1 Location of the Tumut Serpentinite Province, Fifield Platinum Province, Lucknow 
ultramafic occurrences and Cambrian greenstone occurrences. 
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1.3 LOCATION AND ACCESS 

The Tumut Serpentinite Province and adjacent rocks occupy a tract 240km long by 60km wide 

extending from the township of Young southward to the township of Cabramurra (Figure 1.2). 

Good access to the northern half of the Tumut Serpentinite Province is provided by the Hume 

Highway and many other sealed and unsealed roads. Access to the southern half of the region is 

relatively poor, largely due to the rugged topography and the fact that much of this area is situated 

within the Kosciusko National Park. Vehicular entry is confmed to the Snowy Mountains Highway 

and fire trails within the National Park and adjacent state forests (Plate 1.1 ). 
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Figure 1.2 The Tumut Serpentinite Province. 
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Plate 1.1 Vtew of the rugged topography within the southern half of the study region. The range of 
hills in the central portion of the photograph is occupied by the Tumut Ponds Serpentinite Belt. 

1.4 PHYSIOGRAPHY, VEGETATION AND CLIMATE 

In the northern half of the region (Figure 1.3), topography is subdued and consists largely of 

cultivated, relatively flat-lying fields separated by low ridges. Jacks Hill (393m asl) and Memagong 

Hill (464m asl) are two of the more prominent features. Outcrop is poor and largely confined to 

ndges and creek beds. 

The central region (Figure 1.3) is more hilly with prominences including Muttama Hill (678m asl), 

Coolac Hill (452m asl) and the Honeysuckle Range (500-SOOm asl); outcrop is generall) good. The 

central reg10n is cut by the Murrumbidgee R.i\'er, the principal focus for drainage throughout the 

region 

In the southern part of the region (Figure 1.4), the terrain is mountainous and local relief reaches 

almost 600m. Elevation ranges from 700m as! on the floor of the steep-sided valleys, to over l300m 

asl on intervening plateaus. Prominent highs on the plateau regions include Mount Hovell (I 388m 
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asl), Gurkeroo Ridge (approx. 700m asl), Jounama (I 119m asl), Big Talbingo Mountain (1384m 

asl) and Mount Selwyn (1614m asl). 

The northern half of the region has been extensively cleared for grazing and cultivation, but a few 

patches of eucalyptus woodland remain. A distinctive vegetation (Lyons et al. 1975) characterises 

the Coolac Serpentinite Belt and consists of Xanthorrhoea glauca (Grass Tree or Black Boy) (Plate 

1.2), Ricinocarpus bowmanii (Pink Wedding Bush) and Allocasuarina verticillata (Drooping She 

Oak). 

Plate 1.2 Distinctive vegetation, exemplified by Xanthorrhoea glauca (Grass Tree or Black Boy) 
on the Coolac Serpentinite Belt. 
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Figure 1.3 The northern and central portions of the study region 
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1.5 PREVIOUS WORK 

(Refer to Figures 1.2, l.3 and 1.4 for locality infonnation) 

The first record of ultramafic rocks in the region was that of Pittman (1882) who noted the 

occurrence of serpentinite near Jones Creek from the Gundagai Serpentinite Belt. Carne (1893, 

1896 and 1898) described podifonn chromitite deposits from the Mooney Mooney Range east of 

Coolac, including that at Wrights Mine, which was the first chromite mining operation in NSW. 

Slee (1895) commented on podifonn chromitite deposits from the Tumut region and Jacquet 

( l896a, !896b) reported on gold and chromite deposits from the Fontenoy area. Card (1896) 

described a peridotite specimen from Gundagai, and the ultramafic rocks were briefly described by 

Benson (1926). Lloyd (1942) and Whitworth (1942) described aspects of the Fontenoy chromitite 

deposit. The Tumut Ponds Serpentinite Belt was fust mapped by Adamson ( 1953). Gibbons ( 1963) 

reported on the economic potential of the Wallendbeen talc deposits centred on the township of 

Wallendbeen. Other work of this period includes that of Hall & Relph (1957) who described the 

geology of the Tumut-Talbingo region, and Adamson ( 1954, 1960) who described the geology and 

produced geological maps of the Tumut-Y arrangobilly region. Adamson & Louden (1966) and 

Rose (1967) published regional geological maps during this period. 

The period from 1960 to 1980 saw extensive studies in the Tumut Serpentinite Province, centred 

almost exclusively on the Coo lac Serpentinite Belt. The pioneer of this work was Golding ( 1961, 

1962, 1963a, l963b, 1966, 1967, 1969, 1971, !975; Golding & Bayliss 1968; Lawrence & 

Golding 1970; Golding & Johnson 1971; Golding & Ray 1975a, 1975b) who studied the ultramafic 
" 

and associated rocks, including the chromitite deposits. Another major contributor was Ashley 

(1967, 1968, 1969a, 1969b, 1970, 1973a, 1973b, 1974, 1975a, 1975b;Ashleyetal. 1971;Ashley 

& Basden 1973; Ashley & Chenhalll976; Ashley etal. 1979) who studied the petrology, 

geochemistry of the ophiolitic rocks and base metal mineralisation, metamorphism and tectonic 

setting. Franklin (1975) investigated the North Mooney Complex (Figure 1.3). Ray (1977) studied 

the rodingites ofMount Lightning, and Brown (1973, 1979, 1980) investigated a small sheeted 

dyke complex on the western margin of the Coolac Serpentinite Belt. During this period, regional 

geological maps of the region were produced by Brunker et al. (1970), Basden et al. (1975), 

Wyborn (1977) and Degeling (1977, 1982). 
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The overall structure and tectonic development of the Tunmt region were reported by Basden 

(1974, 1978, 1980, 1982, 1986, 1990), Basden etal. (1978, 1985, 1987), Stuart~Smith (1988, 

1989, l990a, 1990b, 199la, 199Ib) and Warner et al. ( 1992). Also, Basden (1990) and Warren et 

al. (1995) produced regional geological maps during this period. 

To date, a number of publications and conference abstracts have resulted from the work pertaining 

to this thesis. These publications involve work on the platinum-group element mineralisation of the 

chromitite deposits (Graham, Marshall & Franklin I 99la, 1991b; Franklin, Marshall, Graham & 

McAndrew 1992), the podiform chromitite deposits (Graham, Franklin & Marshalll993, 1996; 

Graham, Marshall & Franklin 1993; Franklin, Graham & Marshall 1993 ), and the general geology 

of the Tumut Serpentinite Province and its tectonic setting (Franklin, Graham & Marshall 1992; 

Graham, Franklin & Marshall 1994; Graham, Franklin, Marshall, Leitch & Fanning l996a, 

l996b). 

(Grid-references for localities mentioned throughout this thesis are presented in appendix LOC) 
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CHAPTER 2: THE LACHLAN FOLD BELT AND REGIONAL 
GEOLOGICAL FEATURES OF IMPORTANCE 

2.1 THE LACHLAN FOLD BELT 

2.1.1 Introduction 

The Lachlan Fold Belt {Scheibner L972) is part of the Tasman Fold Belt System {Scheibner 1993), 

a mainly Palaeozoic to Early Mesozoic fold mountain and thrust belt extending over the eastern 

third of Australia. It has a width of750km across central and eastern Victoria and stretches SOOkm 

northwards into southeastern and central NSW {Figure 2.1; Scheibner 1985). The total exposed 

area of the belt is close to 300 000km2 (Chappell et al. 1988). 

Compared with other fold mountain belts (e.g. the Appalachians- Price & Hatcher 1983, Hatcher 

1987, Horton et al. 1989; the New England Fold Belt- Korsch & Harrington 1981, Leitch 1982, 

Coney et al. 1990), the Lachlan Fold Belt is unusual in having an extremely consistent 

deformational style from west to east, dominated by a remarkably uniform sequence of turbidite

deposited sedimentary rocks, and having disproportionately large amounts (approximately one third 

of the belt) of granitic rocks (Coney et al. 1990). Chappell et al. {1988) identified the existence of 

eight 'basement' terranes, Coney et al. (1990) recognised a number of subterranes or structural 

belts, Gray (1990) delineated western, central and eastern macrotectonic units, and Scheibner 

(1993) divided the belt into 18 structural zones. 

2.1.2 Lithology and structuraVmetamorphic evolution 

[Except where otherwise acknowledged, this section is derived from Scheibner {1985), Coney et al. 

(1990) and Fergusson & Coney (1992).] 

Cambrian rocks of the Lachlan Fold Belt primarily crop out in Victoria and consist of mafic to 

intermediate volcanics, chert, limestone and various ultramafic rocks, the latter comprising the 

greenstone belts of Victoria (Crawford 1988). Minor outcrops occur on the South Coast ofNSW 

(Bischoff & Prendergast 1987). 
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Figure 2.1 Location of the Lachlan Fold Belt (from Scheibner 1993). 

Chapter 2 Regional Geological Features Page/2 



Ordovician to Early Silurian successions dominate the Lachlan Fold Belt and largely consist of a 

widespread succession of quartz-rich turbidite and black shale (VandenBerg & Stewart 1992). 

Mafic volcanic rocks, with their associated epiclastic rocks and limestone, are largely restricted to 

the eastern part of the belt. 

Middle Silurian to Middle Devonian successions predominantly consist of silicic volcanic rocks, 

siliciclastics, volcaniclastics and limestone. These successions are widespread throughout the 

eastern part of the belt but oflimited occurrence in the west (Cas 1983; Powell1984). 

The Late Devonian and Early Carboniferous successions in the central and eastern parts of the belt, 

are characterised by basal silicic and mafic volcanics, grading up into shallow marine to fluviatile 

sedimentary rocks. 

Most of the granites within the Lachlan Fold Belt are in the age range of 440 to 390 Ma (Chappell 

1994), but a few plutons have been dated at 360 Ma and 312 Ma from the central and more easterly 

parts of the belt respectively. Both I- and S-type granites are present (Figure 2.2) and, in some 

cases, the granites are subvolcanic (e.g. theY oung Batholith - Basden 1990) and invade 

penecontemporaneous and comagmatic volcanic sequences. 

The Lachlan Fold belt has a variably developed, episodic deformational history. The oldest known 

deformational event in NSW is recorded by Late Ordovician ages from the Narooma Accretionary 

Complex (Oftler et al. 1998a). The next deformational event (the Benambran Orogeny of Early to . 
" Middle Silurian age) is widespread within the central part of the belt where, within the Wagga-

Omeo Metamorphic Belt it resulted in the formation of upright E-W trending folds and dextral 

strike-slip movements along major faults. In the Late Silurian to Early Devonian, the Bowning

Bindi Orogeny resulted in multiple deformation of the Ordovician basement and highly variable 

deformation of the Silurian to Devonian successions. With the exceptions of the Melbourne Zone, 

the eastern part of the Bendigo-Ballarat Zone, the western part of the Darling Basin, and the Hill 

End Trough, deformation was widespread and intense. Major faults underwent significant (up to 

50km) dextral strike-slip displacement (Morand & Gray 1991 ), and bulk shortening as high as 76% 

(Fergusson & VandenBerg 1990) gave rise to intense folding, cleavage-development, and thrusting. 
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Figure 2.2 Distribution of granitic rocks within the Lachlan Fold Belt (from Johnson et al. 1994). 

The Middle Devonian Tabberabberan Orogeny was the next orogenic episode. Its effects are most 

apparent in the Ordovician to Middle Devonian succession of the Melbourne Zone (Gray 1988). 

The resulting structures are mainly upright N-trending folds which, within the Bendigo-Ballarat 

Zone, were accompanied by bulk shortening of up to 70% (Gray & Willman 1991 ). In the eastern 

half ofNSW and the Wagga-Omeo Metamorphic Belt, strike-slip faults were either formed or 

reactivated, while broad folding and uplift affected the Hill End Trough (Powell & Edgecombe 

1978). After the Middle Devonian, although most of the Lachlan Fold Belt had been significantly 

deformed, the Early Carboniferous Kanimblan Orogeny took place. It was particularly widespread 

within the northeasterly part of the belt, where upright folds and pervasive cleavage developed. 

Elsewhere, close to gentle upright synclinal structures were formed, along with bounding faults. 
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Although metamorphic conditions throughout most of the Lachlan Fold Belt were believed to have 

been those of the lower greenschist facies (e.g. Cox et al. 1995; Wilson et al. 1992), subgreenschist 

facies conditions (i.e. prehnite-pumpellyite facies) have been reported from the western Lachlan 

Fold Belt by Offier et al. (1998b ). In the Wagga-Omeo Metamorphic Belt, Morand (1990) found 

upper amphibolite facies conditions of 700°C at 350 MPa for gneissic cores surrounded by schists 

of the greenschist facies. Similar conditions have been recorded in parts of the Cooma and similar 

complexes (Johnson et al. 1994), and in parts of the Southern Serpentinite Belts (Franklin el al. 

1992). Thus, although the Lachlan Fold Belt is dominated by low-grade metamorphism, there are 

localised higher-grade areas, commonly centred on granitic bodies. 

2.1.3 Problems with tectonic models for the Lachlan Fold Belt 

Any realistic model for the tectonic history of the Lachlan Fold Belt must satisfactorily explain: 

(a) the consistent deformational style across the fold belt (Gray 1988; Gray et al. 1991; Coney 

1992); 

(b) the regionally extensive uniform sequence of turbidite-deposited sedimentary rocks (Coney ei 

al. 1990; Vandenberg & Stewart 1992; Gray t 997); 

(c) the large proportion and regional extent of granitic rocks (Chappell et al. 1988; Coney et al. 

1990; Gray 1997); and 

(d) the occurrence of Cambrian greenstone belts in Victoria (Crawford & Keays 1978; Crawford 

et al. 1984), the greenstones of the South Coast ofNSW (Gray 1997), and supposedly Silurian 

ophiolitic rocks in the Tumut region (Crook & Felton 1975; Ashley et al. 1979; Scheibner 

1985; Basden et al. 1987). 

Many models (e.g. Crook 1980; Powelll984; Scheibner 1985; Gray & Willman 1991; Glen et al. 

1992; Fergusson & Coney 1992; Gray & Webb 1995; Gray 1997) have been constructed in order 

to explain the tectonic evolution of the Lachlan Fold Belt These models, most of which involve 

accretion and a mixed ensimatic and ensialic basement, will be evaluated relative to items (a) to (d) 

above. 

Crook (1980) and Scheibner (1985) advocated similar models for the development of the belt. Both 

invoked progressive accretion of island arc terranes and subduction of oceanic crustal elements as 
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crucial to the cratonisation of the eastern margin of Australia. The Cambrian greenstone belts of 

Victoria were interpreted as Cambrian oceanic crust, while ophiolitic rocks in eastern NSW were 

considered to have formed in Middle Silurian inter-arc basins (Figure 2.3). The widespread 

deformation was ascribed to collisions, reflecting terrane accretion throughout the Lachlan Fold 

Belt's history. These models explain the occurrence of the ophiolitic rocks and regionally extensive 

turbiditic sediments, but they inadequately account for the uniform deformational style and the large 

proportion and geographic distribution of granitic rocks. 

Extensional 

features 

ME~ 
0 100 -

Figure 2.3 Middle Silurian basins (the extensional fPl'lillmc:\ nf thP. r l'lf'hhln J<nlcl RPlt lfmm 

Scheibner 1985). 

Powell (1984) advocated the existence of Cambrian oceanic crust, but considered that, subsequent 

to this, the belt was floored solely by continental crust. He ascribed the regionally extensive 

Ordovician turbidite deposits to mixing of quartzose sediment derived from the craton to the west 

with juvenile detritus from a mafic volcanic arc to the east. He also associated the Wagga-Omeo 

Metamorphic Belt with burial of the high heat flow zone of the back-arc basin, possibly coupled 

with subduction of the ocean-floored portion. Erosion of the Wagga-Omeo Metamorphic Belt shed 

quartzose sediment eastwards into Silurian submarine fans on a slope and abyssal plain (Powell 

1984 ). Deformation in the Late Silurian to Early Devonian was attributed (Powel11984) to the 
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intrusion of the granitic bodies within a contractional regime. This model explains the development 

of the regionally extensive turbidite deposits, but has no explanation for the consistent 

deformational style across the belt, the large proportion and regional extent of granitic rocks and the 

occurrence of Cambrian greenstone belts in Victoria, greenstones of the South Coast ofNSW, and 

supposedly Silurian ophiolitic rocks in the Tumut region. 

Gray & Willman (1991), Gray et al. (1991), Gray & Webb (1995) and Gray (1997) concentrated 

on the structural development of the Lachlan Fold Belt and the formation of the extensive turbidite 

deposits. They believed that the Lachlan Fold Belt had a composite lower crust involving ensialic 

and ensimatic elements. They invoked the concept of a thin-skinned fold and thrust belt and 

envisaged eastward transport along detachment faults within the Cambrian greenstone and Early 

Ordovician sequences, together with chevron folding of the Ordovician upper plates. They 

advocated a major decollement at depths of 15-20km, overlain by stacked thrust sheets, which 

resulted in thick crust, older strata structurally overlying younger strata and apparently diachronous 

(younger from west to east) deformation The various authors also advocated reactivation of major 

faults over the Cambrian to Carboniferous interval. Such a model, involving major fault

reactivation, crustal delamination, and imbrication and stacking of thrust sheets, adequately 

explains the consistent deformational style across the belt, the regionally extensive turbidite 

deposits and the occurrence of the Cambrian greenstone belts. The extensive turbidite deposits 

formed in a Cambrian-Ordovician oceanic setting by rapid uplift and erosion along the cratonic 

margin to the west. They were deposited within a deep water setting, leading to the formation of a 

continental margin sediment prism. However, it does not explain the occurrence of serpentinite belts 

within the Tumut region. 

Fergusson & Coney (1992) ascribed the development of the Lachlan Fold Belt to three main 

tectonic phases. The Cambro-Ordovician phase involved an intraplate oceanic setting, the Silurian 

to Middle Devonian phase a convergent margin setting, with widespread and intense deformation 

and magmatism, and the Late Devonian to Early Carboniferous phase, a continental back-arc 

setting to the west of the continental margin arc of the New England Fold Belt in northeastern 

NSW. They argued that deformation was absent in the Cambro-Ordovician, and that crust was 

ensialic but much thinner than 'normal' continental crust. The Ordovician turbidite successions 
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developed as a huge submarine abyssal fan that, expressing plate convergence at a distant 

subduction zone, underwent extensive Silurian to Middle Devonian intraplate compressional 

deformation and granite emplacement. Thus, the Silurian to Middle Devonian tectonic setting of the 

Lachlan Fold Belt was a back- or intra-arc continemal margin, and the granites were generated by 

westward underthrusting of the Late Proterozoic lower crust Such a model adequately explains 

regionally extensive turbidite deposits, and the formation of large volumes of granitic rock; it fails 

to explain the consistent deformational style across the belt, the greenstone belts of Victoria that 

formed as oceanic crust in a suprasubduction zone setting (Crawford et al. 1984), and the 

serpentinite belts of the Tumut region. 

Collins & Vernon (1992) suggested that deformation and silicic magmatism migrated 

synchronously across the Lachlan Fold Belt, during the Palaeozoic, due to the growth, deformation 

and migration of a volcanic arc above a west-dipping subduction zone. This produced discrete fold

thrust belts characterised by low-grade metamorphic assemblages. They advocated an Early 

Palaeozoic west-Pacific type plate margin, characterised by a continental margin-back-arc basin

volcanic arc system (e.g. Cas et al. 1980; Scheibner 1987, 1989), that fmally stabilised as true 

continental crust in the Early Carboniferous. They ascribed the chemistry of the granitic 

magmatism to partial assimilation of remnant Cambrian arc material and the Ordovician turbidite 

sequence by subduction-generated mantle-derived magmas. The belt-wide deformation was 

attributed to mid-crustal thermal softening from numerous and protracted granitoid intrusion. This 

model adequately explains the occurrence of the greenstone belts of Victoria, the serpentinite belts 

of the Tumut region, the origin of the granitic rocks, the regionally extensive turbidite deposits, and . 
the consistent deformational style across the fold belt. However, it does not fully explain the 

atypical tholeiitic geochemistry (Wyborn 1992) of the Early Silurian to Middle Devonian volcanic 

rocks of the eastern half of the Lachlan Fold Belt. Nor does it explain the absence of extensive 

melange units and molasse-type sediments, that typify subduction zone environments (Leitch 1984). 

Chappell (1994) contended that there is no petrological evidence for a subduction component within 

the granitic and volcanic rocks of the Lachlan Fold Belt. He stated that the S-type granites were 

solely derived from sedimentary material within the crust and that the !-type granites were derived 

from the fractional melting of previously solidified mantle-derived material. He contended that 
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thickening of the crust within the belt would have resulted in significant uplift which cannot be 

seen. He therefore, advocated high heat flow through thinning of continental crust or lithosphere to 

explain the voluminous granitic bodies, but he did not explain why thinning occurred. He stated that 

there was no oceanic crust throughout the tectonic history of the belt and that the tectonic style of 

the belt was not one of accretion This model accounts for the large volume and geographic 

distribution of the granitic rocks but not for the regionally extensive nrrbidite deposits, the 

consistent deformation style, the Cambrian oceanic crust, and the serpentinite belts of the Tumut 

regiOn. 

Gray ( 1997) proposed a 'new' model in which the Cambrian greenstone belts formed in an oceanic 

setting with a number of submarine arcs. In the Late Cambrian to Early Ordovician, subduction

related convergence formed an east-verging thrust belt, and associated metamorphism and 

plutonism, inboard of the cratonic margin. Turbidites of Delamerian provenance were concurrently 

deposited from the west and southwest. In the Early Silurian, a west-dipping subduction zone 

resulted in a continent-ocean convergent setting and east-verging thrusts within the western part of 

the fold belt (Figure 2.4), whilst the Late Silurian to Early Devonian period was marked by 

eastward thrusting throughout the belt. 
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Figure 2.4 Early Silurian continent-ocean convergent setting of the Lachlan Fold Belt (from Gray 
1997). 
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Following a change in plate motion, oblique convergence resulted in a change in the angle of 

subduction, magmatic underplating inboard of the continental margin, and development of the 

extensive silicic volcanism and plutonism. Although these few sentences only give a rudimentary 

summary of the model (Gray 1997), it is sufficient to emphasise that, whereas many features of the 

Lachlan Fold Belt are explained, the Tumut Trough remains unexplained. 

2.2 REGIONAL GEOLOGICAL FEATURES OF IMPORTANCE 

2.1.1 The Tumut Trough 

Introduction 

The name "Tumut Trough" was used to describe a sequence containing deformed and 

metamorphosed Silurian sedimentary and volcanic rocks that apparently formed within a deep basin 

floored by oceanic crust and mantle (as in the Coolac Serpentinite Belt) (Figure 2.5) (Basden 

1986). 

I 
I 

NSW 

;---\ 
I 
I 

I 

0 200 km 

• • • • • • I·S line 

Figure 2.5 Location of the Tumut Trough (from Stuart-Smith 1990). 
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Ashley ez al. (1979), Basden et al. (1987) and Basden (1990) interpreted the Coolac Serpentinite 

Belt (Golding 1966) as part of a Silurian ophiolitic suite associated with flysch, an association that 

is atypical of other Silurian sequences in the Lachlan Fold Belt (Stuart-Smith 1988; 1991 ). Powell 

(1984) referred to the Tumut Trough as the Tumut pull-apart basin, whilst Stuart-Smith (1991) 

contended that his restricted Tumut Trough sequence (Early to Late Silurian units comprising the 

Wyangle and Blowering Formations and the Honeysuckle Beds) was identical with other Silurian 

sequences in eastern Australia, and that the term 11Tumut Trough11 should be superseded by the term 
11Tumut Basin". 

Much of the debate regarding the existence of the Tumut Trough depends upon the relationship 

between the Honeysuckle Beds and adjoining rock units. It therefore reflects the formational 

tectonics of the Honeysuckle Beds, the age relationships between the Honeysuckle Beds, Coo lac 

Serpentinite Belt, Blowering Formation, North Mooney Complex and Young Granodiorite, and on 

whether the Honeysuckle Beds, gabbroic and plagiogranite intrusions, and Coolac Serpentinite Belt 

are part of an ophiolite. 
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Figure 2.6 Tumut Trough stratigraphy of Basden {from Warner et al. 1992). 
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Tectonic evolution 

The original stratigraphy of the Tumut Trough of Basden (1986, 1990) (Figure 2.6) has been 

questioned by Stuart-Smith (1988, 1990a, 1990b, 199la, 1991b), Stuart-Smith et al. (1992) and 

Warner et a/. ( 1992). The main problems contributing to the diverse interpretations of the 

geological development of this region are the dearth of reliable age data, inadequate exposure, and 

many faulted contacts. Metamorphism is a lesser problem as it is commonly accepted that the 

T umut Trough sequence has only attained the lower greenschist facies of regional metamorphism 

(Basden 1990; Stuart-Smith ei al. 1992). 

Basden ( 1986, 1990) stated that the Tumut Trough was initiated in the Early Silurian as a rift in a 

super-terrane, comprising the Wagga Arch to the west, and the Yass-Canberra Rise to the east. 

During initial extension, the Brungle Creek and Wermatong Metabasalts were formed, but ongoing 

extension resulted in the development of the Honeysuckle, Long Tunnel, Snowball and Valley View 

Metabasic Igneous Complexes and the Coo lac Serpentinite Belt. The evolving rift was bounded by 

major faults (the Mooney Mooney Fault Zone and Gilmore Fault Zone) and is subdivided into the 

Gundagai, Brungle and Bogong Basins, by the subsidiary Killimicat and Lacmalac faults (Basden 

1986). The Gundagai Basin hosts the Jackalass Slate, Bumbolee Creek Formation and Blowering 

Formation, the Brungle Basin contains the Wyangle Formation and Blowering Formation, and the 

Bogong Basin solely consists of the Blowering Formation. The basement to the basins comprises 

the Jindalee Group, including the Wambidgee and Gundagai Serpentinite Belts. 

Lightner (1977), Stuart-Smith (1988, 1990a, l990b, 19? la, 199lb) and Warner et al. (1992) found 
, 

that the sedimentary and basaltic rocks of the Honeysuckle Metabasic Igneous Complex (Basden 

1986, 1990) were intercalated with and overlying the Blowering Formation, such that the latter 

could not be the youngest unit within the Tumut Trough sequence. For the same reason, the basaltic 

rocks could not conformably overlie the ultramafic rocks of the Honeysuckle Metabasic Igneous 

Complex and Coolac Serpentinite Belt. 

Stuart-Smith et al. (1992) rejected the concept of the Tumut Trough and subdivided the region into 

the Tumut and Jindalee structural blocks, separated by the Killimicat Fault. They also rejected the 

existence of an Early Silurian oceanic substrate, and stated that the ultramafic rocks were 
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dismembered basement slices of a Cambro-Ordovician ophiolitic suite, based on: (a) distinct 

compositional differences between the sedimentary rocks of the Bumbolee Creek Formation and 

Blowering Formation~ (b) differing geochemistry and interpreted tectonic environment of the 

Honeysuckle Beds compared to the mafic volcanics of the Long Tunnel and Snowball metabasic 

igneous complexes, and the Wermatong and Brungle Creek Metabasalts; and (c) the recognition of 

an earlier deformation within some of the units. Stuart-Smith et al. (1992) subdivided the rocks of 

the Tumut Trough into an Ordovician to Early Silurian package and an Early to Late Silurian 

package. The Ordovician to Early Silurian package consisted of the Gooandra Volcanics, Frampton 

Volcanics, Jackalass Slate, Bumbolee Creek Formation, Blacks Flat Diorite, Wermatong 

Metabasalt, Brungle Creek Metabasalt and SnowbalJ Metabasic Igneous Complex. The Early to 

Late Silurian package, which consisted of the Wyangle Formation, Blowering Formation and 

Honeysuckle Beds, was separated from the Ordovician to Early Silurian package by an 

unconformity. They interpreted the intrusive mafic igneous rocks of the Honeysuckle Metabasic 

Igneous Complex of Basden ( 1986, 1990) as a separate Late Silurian complex and included the 

ultramafic igneous rocks of this complex with the Coo lac Serpentinite Belt. Their stratigraphic 

relationships are shown in Figure 2.7. 

The rock units throughout most of this region are dominated by N-NW trending folds, with a 

penetrative subvertical axial-plane cleavage (Basden 1986, 1990; Stuart-Smith et al. 1992), related 

to the Siluro-Devonian Bowning orogeny (Stuart-Smith 1988, 1990a, 199lb). However, Stuart

Smith et al. (1992) recognised an earlier deformation that is restricted to their Ordovician to Early 

Silurian package and is characterised by thrust faults, recumbent folds with east-west hingelines 

and, locally, later coaxial upright folds. The recumbent folds were interpreted by previous workers 

as either the result of granitoid emplacement (Crook 1980) or soft sediment slumping (e.g. Crook & 

Powelll976). Stuart-Smith et al. (1992) suggested that Tumut Basin only during the deposition of 

the Early to Late Silurian sediments. 
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Figure 2. 7 Tumut Trough stratigraphy of Stuart-Smith et al. (1992). 

With the exception of the Honeysuckle Beds, which was recognised as the youngest Late Silurian 

unit, Warner et al. (1992) largely retained the stratigraphy of Basden (1986, 1990). However, they 

rejected the notion that the Coolac Ophiolite Suite (Ashley et al. 1979) was the substrate to the 

Tumut Trough. Instead, they stated that late in the Middle Silurian, the mafic rocks of the 

Honeysuckle Metabasic Igneous Complex of Basden (1986, 1990) were emplaced at various levels. 

Early in the Late Silurian, during tectonic inversion of the Tumut Trough sequences, upthrusting of 

some of the ultramafic rocks occurred (i.e. the Coolac Serpentinite and ultramafic rocks of the 
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Honeysuckle Metabasic Igneous Complex) resulting in components of the Coo lac Ophiolite Suite 

became spatially associated with the basaltic and sedimentary rocks of the Honeysuckle Beds. They 

termed this an embryonic ophiolite, suggesting that the relationships were characteristic of early 

rifting before separation allowed creation of true ocean-floor stratigraphy. The revised stratigraphy 

of the Tumut Trough, based on the work ofWarner et al. (1992), is shown in Figure 2.8. 

There are, in essence, three tectonic models for the Tumut Trough, one based on the existence of 

typical oceanic crust during the Mid to Late Silurian, one on the existence of embryonic oceanic 

cmst during the Late Silurian, and the remaining one on the serpentinite belts of the Tumut region 

representing Cambro-Ordovician basement to the region. 

The Silurian "ophiolite model" (Ashley et al. 1979; Crook 1980; Scheibner 1985; and Basden 

1990) was based on the spatial association of the Coo lac Serpentinite Belt and Honeysuckle 

Metabasic Igneous Complex as a function of their association in Silurian oceanic crust. 
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Figure 2.8 Tumut Trough stratigraphy ofWarner et al. (1992). 
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ln effect, they believed that the rock units represented a dismembered ophiolite suite (Figure 2.9), 

upthrust from an Early Palaeozoic marginal sea, because: 

(a) the mineralogy and chemistry of the primary tectonised harzburgite and associated podiform 

chromitites are typical of ophiolites; 

(b) the whole~ rock geochemistry of the basaltic rocks is compatible with either a marginal sea or 

back~arc basin tectonic setting; 

(c) the juxtaposition of the Honeysuckle Metabasic Igneous Complex and the Coolac Serpentinite 

Belt, although tectonically disrupted in places, is similar to that found in ophiolites elsewhere; 

and, 

(d) sulphide occurrences within the basaltic rocks have many similarities to ophiolitic pyritic 

massive sulfide deposits. 
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Figure 2.9 The Coolac Ophiolite Suite of Ashley et al. 1979 (from Basden et al. 1987). 
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Pre-existing faults influenced the development of the Tumut Trough. During the Late Silurian to 

Early Devonian Bowning-Bindi Orogeny, the Tumut Trough sequence was deformed and the 

Coolac Ophiolite Suite obducted along the eastern margin. 

Warner et al. (1992) proposed that the development ofTumut Trough began in the Early Silurian 

by rifting of an Ordovician volcanic arc. Early fissure basalt and turbidite sedimentation was 

followed by voluminous silicic magmatism in the Middle Si1urian. Subsequently, late in the Middle 

Silurian, through-going fractures developed in the lower crust and allowed the emplacement of 

little-modified mantle-derived magmas at high crustal levels (the mafic volcanic rocks of the 

Honeysuckle Metabasic Igneous Complex). Mafic intrusive rocks of the Honeysuckle Metabasic 

Igneous Complex were then emplaced within the mafic volcanic rocks resulting in the loose spatial 

association of the various phases of the Coo lac Ophiolite Suite. Early in the Late Silurian, inversion 

of the Tumut Trough occurred and resulted in upright folding of the trough sequence and 

upthrusting of parts of the mafic intrusive rocks of the Honeysuckle Metabasic Igneous Complex 

and Coo lac Serpentinite Belt to form the 'embryonic' ophiolite. The Young Granodiorite was then 

emplaced at its fmal crustal level alongside and locally intruding the Coolac Ophiolite Suite. 

Stuart-Smith (1990a, 1990b, 199lb) interpreted the Coolac Serpentinite Belt as a tectonic slice that 

was derived from the underlying Cambro-Ordovician Jindalee Group and emplaced within the 

Mooney Mooney Fault System during Early Silurian extension. He based this upon the following: 

(a) a conformable contact between the mafic volcanic rocks of the Honeysuckle Metabasic 

Igneous Complex and Blowering Formation; 

(b) the intrusive mafic rocks of the Honeysuckle Metapasic Igneous Complex forming a dyke 
" 

complex within the Coo lac Serpentinite Belt, the mafic volcanic rocks of the Honeysuckle 

Metabasic Igneous Complex and the Blowering Formation, and being intruded by the Young 

Granodiorite - that is, the mafic rocks of the Honeysuckle Metabasic Igneous Complex were 

intruded ensialically; 

{c) the Silurian cover rocks of the Tumut Trough record only one major deformation whereas the 

rocks of the Coolac Serpentinite Belt and Jindalee Group record at least two older periods of 

deformatiott 

Stuart-Smith ( 1990b) interpreted the development of the region in terms of a metamorphic core 

complex, but his use is not in accord with Lister (1998) who stated that metamorphic core complex 
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should be restricted to where gneissic domes are present as an integral part of the complex, and 

should not be used to describe metamorphic rocks surrounded by less metamorphosed or less 

deformed rock packages. Stuart-Smith believed that a major subhorizontal detachment fault 

(associated with the extension and development of the Tumut Trough) exists in the Brungle

Darbalara area (see Figure 1.4). During extension, and following the intrusion of the Blacks Flat 

Diorite, mafic and ultramafic rocks were emplaced into high strain zones. Major movement on this 

fault took place prior to the deposition of the Early Silurian Wyangle Formation which 

unconformably overlies both the basement and Brungle Creek Metabasalt, which he interpreted as 

forming steep-sided fault blocks resting on the detachment surface (see Figure 2.7). Felsic volcanic 

rocks of the Blowering Formation later filled the troughs. Stuart-Smith ( 1991 b) stated that the 

Early to Late Silurian rocks formed a pull-apart basinal sequence, little different from other Silurian 

basins throughout the Lachlan Fold Belt. 

Based on field relationships and detailed geochemistry, Dadd (1998) interpreted the development of 

the Honeysuckle Beds to the initial stages of back-arc spreading within an intracontinental rift 

setting. She stated that spreading was short-lived so that a basin floored by oceanic crust never 

developed, and a modem analogue for the Tumut Trough was the early stages of the western Lau 

Basin. Dadd also suggested that the juxtaposition of the Honeysuckle Beds, Coo lac Serpentinite 

Belt and North Mooney Complex was fortuitous, and simply due to the utilisation of the same deep 

crustal fracture system over a protracted time period. She concluded that the Honeysuckle Beds, 

Coo lac Serpentinite Belt and North Mooney Complex were unrelated, and therefore could not have 

formed part of a single Silurian ophiolite. 

2.2.2 The Mooney Mooney Fault System 

Introduction 

The Mooney Mooney Fault System is a complex faulted shear zone (Basden et al. 1987) which 

separates the Tumut Synclinoria! Zone in the west from theY oung Anticlinoria! Zone in the east 

and encloses the Coo lac Ophiolite Suite of Ashley et al. (1979) and Basden (1990) (Figure 2.1 0). 

An understanding of the initiation and movement history of this fault system is vital to any 

interpretation of the tectonic history of this region and the entire Lachlan Fold Belt. 
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Figure 2.10 Location of the Mooney Mooney Fault System (from Stuart-Smith et al. 1992). 

Extent and Natnre 

The Mooney Mooney Fault System extends from at least the southern extremity of the Coo lac 

Serpentinite Belt (and perhaps from as far south as Cabramurra, Basden l990) to Berthong in the 

north, a distance of 130km (see Figure L4). It comprises two major faults between which are many 

minor faults. Basden (I 990), described the Mooney Mooney Fault System and the Jugiong Shear 

Zone (which can be traced from east ofBrungle in the south, north to Cootamundra, a distance of 

Chapter 2 Regional Geological Features Page 29 



70km) as two separate fault systems whereas Warner et al. (1992) suggested that they are 

intimately related and thus should be treated as the one complex oblique thrust and strike slip fault 

system. 

The eastern fault of the Mooney Mooney Fault System is marked by the intermittent development of 

mylonites within the Young Granodiorite and its associated volcanics (Ashley & Chenhall1976; 

Basden 1990; Stuart-Smith 1990; Warner et al. 1992). The mylonites extend for up to 2km into the 

massive Young Granodiorite. Zonation of the mylonites from the contact outwards into the 

granodiorite generally consists of 1 Om of ultramylonite, 1 OOm of orthomylonite and 1 OOOm of 

protomylonite (Warner 1988). However, both the ultramylonites and orthomylonites are 

discontinuously developed and the most intense mylonitisation is not always at the fault contact 

(Warner 1988). Further, in places, mylonitisation is absent and the contact is intrusive to the 

adjacent serpentinite. Overall, there is a complex faulted/intrusive contact between the Young 

Granodiorite to the east and the rocks comprising the Coolac Ophiolite Suite of Ashley et al. (1979) 

to the west (Harris 1987; Stuart-Smith 1990; Marshall & Franklin 1992). The amount of 

deformation within the serpentinites seems minor compared to that in the granodiorite. The Young 

Granodiorite is intensely mylonitised along or close to this contact, whereas the S-C fabric within 

the serpentinites is not always developed. In fact, in some places, relatively massive harzburgite 

occurs at or close to the contact. 

In the north of the Coo lac Serpentinite Belt on the eastern side of Mount Lightning, relatively 

massive aplitic dykes of the Young Granodiorite have intruded schistose S-C fabric serpentinite, 

suggesting that the development of the S-C fabric within the serpentinite occurred prior to intrusion 

of the Young Granodiorite. 

Structural and tectonic interpretations 

The debate on the tectonic interpretation of the Mooney Mooney Fault System arises from 

contradictory structural evidence on the nature of the S-C relationships observed in the Young 

Granodiorite and adjoining Coo lac Serpentinite Belt. Much of the argument stems from the 

identification and interpretation of the extension lineation within both units, since this is used to 

construct the structural history of this fault zone. Stuart-Smith (1988) stated that S-C fabrics within 
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both the Coolac Serpentinite Belt andY oung Granodiorite support sinistral strike-slip displacement 

but Warner et al. (1992) noted that, mesoscopically, a stretching lineation is generally absent and 

therefore the S-C relationships are inconclusive. Stuart-Smith (1988) recognised different structural 

histories within the Young Granodiorite and Coo lac Serpentinite Belt. He proposed a major Early 

Silurian sinistral strike-slip movement within the serpentinite, that pre-dated all structures within 

the Mooney Mooney Fault System, followed by a major Mid Devonian (375 Ma) sinistral strike

slip movement on the Mooney Mooney Fault System. However, Warner et al. (1992) stated that, 

depending upon the local strike of the fault relative to the Devonian east-northeast/west-southwest 

shortening direction, both sinistral and dextral movement components are possible. Stuart-Smith 

(1990) invoked a three-stage movement history for the fault zone; Late Silurian vertical movement 

preceded Mid Devonian sinistral strike-slip displacement, which was followed, in tum, by Mid 

Devonian NE-trending dextral strike-slip movement (Figure 2.11 ). In contrast, Warner et al. ( 1992) 

stated that there is good agreement between the movement senses within both the Young 

Granodiorite and Coolac Serpentinite Belt and therefore invoked a more simple movement history 

for the fault zone (Figure 2.11 ). 

(a) Stuart-Smith (1990) 

STAGE l 
Late Silurian reverse movement 

STAGE 2 
Mid Devonian sinistral strike-slip movement 

STAG 
Mid Devonian dextral strike-slip movement 

b) Warner et al. (1992) 

STAGE l 
Late Silurian east side-up movement with a minor dextral component south of the Mooney Mooney 
Fault System- Jugiong Shear Zone divergence. Mainly sinistral strike-slip movement north of the 

divergence. 

STAGE 2 
Early Devonian sinistral strike-slip movement 

Figure 2.11 Movement histories for the Mooney Mooney Fault System. 
a) Stuart-Smith (1990) b) Warner et al. (1992) 

Chapter 2 Regional Geological Features Page 31 



They stated that the easterly fault of the E-NE-dipping Mooney Mooney Fault System is a high 

angle reverse fault and that, where the extension lineation plunges to the north, there is a dextral 

component, whereas, where it plunges to the SE, there is a sinistral component. This change in 

movement direction is said to coincide with the convergence of the east branch of the Mooney 

Mooney Fault System with the Jugiong Shear Zone, which, away from the Mooney Mooney Fault 

System, displays dominantly dextral strike-slip movement Both Stuart-Smith (1988, 1990) and 

Warner et al. (1992) agreed that the Mooney Mooney Fault System was reactivated in the Middle 

Devonian. Stuart-Smith (1990) also ascribed the development of the western schistose margin of 

the Coolac Serpentinite Belt to this reactivation event. 

The differing structural interpretations have major tectonic implications. If the Coo lac Serpentinite 

Belt has pre-Mooney Mooney Fault System structures, it proves that the Coolac Serpentinite Belt 

has recorded an event prior to emplacement of the Young Granodiorite; the age of this event and its 

significance to the proto Mooney Mooney Fault System needs to be resolved. If the interpretation of 

Stuart-Smith ( 1990) is correct, the Coolac Serpentinite Belt must have been emplaced into the 

upper continental crust by at least the Early Silurian and he stated that it most likely represented a 

basement slice emplaced during the strike-slip faulting associated with Early Silurian extension; 

that is prior to the intrusion of the North Mooney Complex gabl.Jros. However, ifWamer et al. 

(1992) are correct, the Tumut Trough and Coolac Serpentinite Belt would not have pre-dated 

structures within the Mooney Mooney Fault System, producing similar senses of movement within 

the Coo lac Serpentinite Belt andY oung Granodiorite would have been synchronous. They 

considered this deformation to be associated with the Late Silurian closure of the Tumut Trough 
" 

sequence when the obduction of the Coo lac Ophiolite Suite occurred prior to emplacement of the 

Young Granodiorite. This abductive movement of the Coo lac Serpentinite Belt would have 

imparted an S-C fabric that was overprinted during the emplacement of the Young Granodiorite. As 

the granodiorite was progressively emplaced and cooled, deformation partitioned into the 

serpentinite thereby producing the same movement sense. 
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2.2.3 The Gilmore Fault Zone 

Introduction 

The Gilmore Fault Zone (Crook & Powell 1976; Basden 1990) or Gilmore Suture (Scheibner 1985) 

is a major structure throughout the western Lachlan Fold Belt in NSW (Stuart-Smith 1991 ). In the 

study area, it forms the boundary between the Wagga-Omeo Terrane and the Tumut Terrane 

(Scheibner 1985; Basden 1990) (Figure 2.12). The Gilmore Fault Zone supposedly separates the 

higher -grade metamorphic rocks of the Wagga-Omeo Terrane from the lower grade 

metasedimentary rocks to the east (Bradley 1968; Basden 1990). None of the serpentinite belts 

occur west of the fault zone, which partly coincides with the Tumut Ponds Serpentinite Belt. 
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Figure 2.12 Location of the Gilmore Fault Zone (from Basden et al. 1987). 
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Extent and nature 

The Gilmore Fault Zone trends north-northwest and extends for several hundred kilometres from 

the southeastern to the central western region of NSW (Stuart-Smith 1991 ). In the Tumut 

Serpentinite Province, it extends from near Cabramurra in the south (where it joins the Long Plains

Indi Fault Zone- Wyborn 1977), past the north-western limit of the study area (Figure 2.12). The 

Gilmore Fault Zone is well-defmed by both aeromagnetic and gravity data (Wyatt et al. 1980; 

Suppel et al. 1986), is up to 6km in width (Stuart-Smith 1991) and is composed of a number of 

braided fault and mylonite zones (Basden et al. 1987; Stuart-Smith 1991). It is generally thought to 

be steeply west-dipping throughout most of its length with the exception from Condobolin to Cobar 

where it is east-dipping (Warren et al. 1995). According to Basden et al. (1987}, the surface 

expression of the Gilmore Fault Zone is that of a weakly emergent or eroded, tip-stick thrust front, 

as defined by Morley (1986). 

Structural and tectonic interpretations 

The Gilmore Fault Zone has been interpreted (Basden et al. 1985, 1987; Scheibner 1985) as the 

boundary between the Ordovician to Early Silurian rocks of the Wagga-Omeo Terrane to the west, 

and the Middle to Late Silurian rocks of the Tumut Terrane to the east; that is, it forms a terrane 

boundary. Basden eta!. (1987) believed that the proto-Gilmore fault zone marked the western 

boundary of the Tumut Trough. However, Stuart-Smith (1991a) and Stuart-Smith et al. (1992) 

considered that the Gilmore Fault Zone was not a terrane boundary in the Late Ordovician or Early 

Silurian but instead was a reactivated basement fault, corresponding in part to an older terrane 

boundary. The difference between these two models largely arises from differing interpretations of 

the structural and metamorphic histories of rock units across the fault zone. Scheibner (1985) and 

Basden et al. (1985, 1987) believed that rocks of the Wagga-Omeo Terrane had undergone more 

intense deformation and attained a higher grade of metamorphism than those to the east of the 

Gilmore Fault Zone, whereas Stuart-Smith (1991b) and Stuart-Smith et al. (1992) advocated 

common structural and metamorphic histories for the rock units across the fault zone. Precise age 

dates of the rock units on both sides of the Gilmore Fault Zone, and a clear definition of the fault 

zone itself are needed to resolve this dispute, but beyond looking at the Tumut Ponds Serpentinite 

Belt, the nature of the Gilmore Fault Zone was not investigated during the course of this study. 
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CHAPTER 3: THE COO LAC SERPENTINITE BELT 

3.1 INTRODUCTION 

The Coolac Serpentinite Belt is steeply-dipping and of alpine-type (Golding 1966; Graham et al. 

1992). It forms a well-defmed ridge (Plate 3.1 ), and mostly consists of partially serpentinised and 

massive harzburgite along with a diverse assemblage of variably altered ultramafic, mafic and 

felsic rocks. It is divisible into an eastern zone of massive harzburgite and a western zone of 

schistose harzburgite/serpentinite, and contains the largest recorded concentration of podiform 

chromitites in Australia. The chromitites are hosted by massive harzburgite or schistose serpentinite 

and occur as small dyke-like bodies and lenses, usually rimmed by a thin dunite shell. The belt has 

been interpreted as the basal section of a Silurian ophiolite complex, (the "Coolac Ophiolite" of 

Ashley et al. 1979), or as Cambro-Ordovician basement (Stuart-Smith 1990b, 1991 b). 

Plate 3.1 Typical topography of the Coo lac Serpentinite Belt, forming the Honeysuckle Range. 
View from the southern slope of Mount Lightning, looking south. 
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3.2 THE WESTERN CONTACT AND ABUTTING ROCKS 

The stratigraphy west of the Coo lac Serpentinite Belt is generally consistent and, from east to west, 

consists of the North Mooney Complex/Honeysuckle Beds, Goobarragandra Volcanics/Biowering 

Formation and Jindalee Group. 

3.2.1 The Honeysuckle Beds 

The Honeysuckle Beds, a group of basaltic, metavolcanic rocks with subordinate basic intrusions 

and metasedimentary rocks, occur immediately to the west of the Coo lac Serpentinite Belt (Figure 

3.1 ). The name was suggested by Ashley et at. (1971) and Ashley ( 1973a) who restricted the term 

to the basaltic volcanic and associated metasedimentary rocks and placed the intrusive basic and 

ultrabasic rocks (that now comprise the North Mooney Complex) within the Coo lac Serpentinite 

Belt. In contrast, Basden et al. (1975; 1978) included the North Mooney Complex rocks and termed 

the collective unit the Honeysuckle Metabasic Igneous Complex (Basden 1982, 1990). Dadd 

(1998) restricted the use of the term "Honeysuckle Beds" to include only the volcanic and 

sedimentary rocks. She suggested that the intrusive rocks are part of a younger sequence. The 

Honeysuckle Beds, as used in this thesis, largely follows Ashley et al. (1971) and Ashley (1973a), 

but gabbroic intrusions, other than in the North Mooney Complex, are also included (see below). 

Basden et al. 's (1975) type section for the Honeysuckle Beds, from G.R. 084 364 to G.R. 112 365 

on the Cootamundra 1:100 000 sheet, includes rocks of the North Mooney Complex. The type 

section for this thesis is on the western side of Mount Lightning (G.~ 113 260 to G.R. 135 260), 

where thin lenses of siltstone, phyllite and chert are interbedded with spilitic metabasalt over an 

approximate thickness of 2km. Basden (1990) placed the Honeysuckle Metabasic Igneous Complex 

within the Late Silurian, Stuart-Smith (1990b) assigned the Honeysuckle Beds (as defined by 

Ashley et at. 1972) to the Late Silurian, and Warner et al. (1990) considered the Honeysuckle Beds 

(again as defined by Ashley et al. 1972) to be Middle Silurian. 

Contact relationships with the Coolac Serpentinite Belt 

The Coo lac Serpentinite Belt abuts the Honeysuckle Beds across a fault striking 310-355° and 

dipping steeply (75° to 90°) eastward. At the contact, the Coolac Serpentinite Belt largely consists 
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of schistose serpentinite, which acts as a matrix to infaulted blocks of Honeysuckle Beds 

metabasalt, dyke-like bodies of plagiogranite and albitite, and irregular masses of rodingite. In the 

tenninology ofRaymond (1984), the contact is a tectonic melange with a serpentinite matrix, or a 

polygenetic melange with a serpentinite matrix, infaulted blocks and dyke-like intrusions including 

fragments of the Honeysuckle Beds. 
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Figure 3.1 Location and extent of the Honeysuckle Beds along the western contact of the Coo!ac 
Serpentinite Belt (adapted from Basden 1990). 

Lithology 

(For detailed petrographic descriptions, see Appendix 3PD) 

The principal metasedimentary components of the Honeysuckle Beds comprise phyllite, chert and 

well-laminated siltstone, while minor components include intennediate tuffs and quartzite (Ray 

1977). The metasediments are rare near the contact with the Coolac Serpentinite Belt, but they 

become increasingly common westward, where they pass transitionally into sandstone and siltstone 

of the Blowering Fonnation (Ashley et al. 1971). They typically occur overlying or interbedded 
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with mafic pillow lavas (Dadd 1998). Most of the metavolcanic rocks are spilitised basalts. 

Variolitic varieties {with the variolites defined by slender quenched plagioclase and augite) are of 

minor occurrence, whereas pillow basalts are common. Rare basaltic breccias occur interbedded 

with the pillow lavas. 

The volcanic rocks were originally composed of plagioclase, augite, glass and magnetite and 

metamorphism/alteration has led to the replacement of plagioclase by albite/zoisite/calcite and 

augite by actinolite, and development of chlorite, epidote and quartz (Dadd 1998). 

3.2.2 The North Mooney Complex 

The North Mooney Complex was recognised by Golding (1969) and defmed by Franklin (1975) as 

a series of layered, cumulus mafic to ultramafic rocks, having most of the characteristics of a 

relatively undisrupted ophiolite sequence (albeit somewhat thinned). Generally, the rocks are 

massive and range in composition from dunite, wehrlite and clinopyroxenite, through olivine-, 

hornblende- and quartz-gabbros, to minor diorite and plagiogranite. Basden (1990) assigned this 

group ofrocks to the Honeysuckle Metabasic Igneous Complex, whereas Stuart-Smith (1990) 

placed the layered portion of the North Mooney Complex within the Coo lac Serpentinite Belt and 

redefmed the North Mooney Complex as the intrusive massive hornblende gabbros. In this thesis, 

the original definition of the North Mooney Complex of Franklin (1975) is retained. The complex 

occupies an area of approximately 15 km2 and dips steeply (>75") to the east {Figure 3.2). Franklin 

(1975) divided the North Mooney Complex into an ultramafic cumulate zone termed 'the layered 

series' and a massive gabbroic zone termed 'the marginal series'. The layering is of magmatic 

origin striking 350" to 005" and dipping between 75°E and vertical (Franklin J 975). Webb (I 980) 

obtained K-Ar ages of 426 ± 6Ma and 425 ± 6Ma on hornblende from the North Mooney Complex; 

Basden (1990) interpreted this as the magmatic crystallisation age. Further south, small isolated, 

fault-bound bodies of wehrlite, gabbro, diorite and pyroxenite up to l-2km in length and considered 

to be equivalents of the North Mooney Complex (Ashley 1973a), occur within the Coolac 

Serpentinite Belt. 
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Contact relationships with the Coolac Serpentinite Belt and North Mooney Complex 

Franklin (1975) stated that portions of the North Mooney Complex intrude the Coo lac Serpentinite 

Belt. She based this on: 

(a) the existence at several localities, of metasomatic reaction zones (up to 5m wide), that comprise 

intensely altered wehrlite, a mixed rock and intensely altered harzburgite, between fresh 

wehrlite (North Mooney Complex) and massive harzburgite (Coo lac Serpentinite Belt). 

However, these have alternatively been ascribed to serpentinisation by Ashley (1973) and Ray 

(1977). 

(b) serpentinised harzburgite containing abundant antigorite where it abuts the North Mooney 

Complex; antigorite is rare and confmed to contacts with intrusive granitoids elsewhere in the 

belt (Franklin 1975, 1997 pers. comm.). 

(c) the ultramafic rocks being massive rather than schistose at the contact. 
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Figure 3.2 Location and extent of the North Mooney Complex (adapted from Basden 1990). 
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The above interpretation (Franklin 1975) is supported by Stuart-Smith (1990), who described the 

North Mooney Complex as a gabbroic dyke complex intruding the Coolac Serpentinite Belt. 

Similarly, the present study has shown that abundant rodingitised gabbroic dykes (equated 

with the North Mooney Complex) intrude the western contact of the Coo lac Serpentinite Belt. 

Thus, although the metasomatic zone between the Coo lac Serpentinite Belt and North Mooney 

Complex might have resulted from serpentinisation, the development of antigorite and 

intrusion of dykes are consistent with the North Mooney Complex intruding and therefore 

being younger than the Coo lac Serpentinite Belt. 

At its southern end, the North Mooney Complex intertongues with {Franklin 1975) and intrudes 

(Stuart-Smith 1990a; Warner et al. 1992) mafic volcanic rocks of the Honeysuckle Beds. Since the 

Honeysuckle Beds are intercalated with, but grossly overlie the Blowering Formation (Lightner 

1977; Stuart-Smith 1988; Warner et al. 1992), the North Mooney Complex must be younger than 

both the Honeysuckle Beds and Blowering Formation. 

Petrology 

(For detailed petrographic descriptions, see Appendix 3PD) 

The layered series: Franklin (1975) subdivided the 'layered series' into a main series consisting of 

well-layered dominantly massive and fresh rocks, and a western series consisting of poorly-layered, 

intensely altered and sheared rocks, though both series contain the same lithologies. Wehrlite is the 

dominant ultramafic rock and forms mappable layers (some 30-lOOm thick and up to 2km in length) 

within the main layered series and thin (some 5m thick) lenses in the western series (Franklin 

1975). Dunite occurs as discontinuous lenses and pods (2-20m wide and up to 60m long) in the 

lower portion of the main series and pods in shear zones (3m by 150m) in the western series. 

Clinopyroxenite is less common and occurs as discontinuous irregular layers (up to 1OOm thick). 

Gabbro occurs as rare pods either between two different ultramafic units or within the 

clinopyroxenite unit (Franklin 1975). Pegmatitic gabbro forms rare intrusive patches (up to Sm 

across) or dykes (up to 0.3m across), particularly within the clinopyroxenite units in both series. 
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The marginal series: This is composed of gabbro, with subordinate amounts of hornblende-gabbro 

pegmatite and diorite, and rare albitite and plagiogranite. Dykes and angular xenoliths of metabasalt 

occur in all the other rock types. Although the gabbros vary in texture and grainsize, they are 

mineralogically and chemically similar. The diorites, albitites and plagiogranites are mainly found 

close to the western contact of the marginal series, where it abuts the Honeysuckle Beds (Franklin 

1975). 

3.3 THE EASTERN CONTACT- YOUNG GRANODIORITE 

The eastern contact is principally with the Young Granodiorite (after Ashley & Basden 1973), 

which was ftrst described as the "Young Granite" by (Adamson 1960) and is the main component 

of theY oung Batholith (Basden 1990) which extends over 21 Okm from nonh to south (Ashley & 

Basden 1973) and is generally less than 30km in width (Basden et al. 1974) (Figure 3.3). Parts of 

the Young Batholith have been termed the "Cowra Granodiorite" (Stevens 1952) and "Burrinjuck 

Granite Complex" (Adamson & Loudon 1966). 

Contact relationships 

Ashley et al. (1971 ), stated that the contact between the Young Granodiorite and Coolac 

Serpentinite Belt is faulted and marked by the development of a zone of brecciated and mylonitised 

Young Granodiorite. Franklin ( 1975) indicated that, in the vicinity of the North Mooney Complex, 

the Coo lac Serpentinite Belt is separated from theY oung Granodiorite by the easternmost fault of 

the Mooney Mooney Thrust System. Conversely, Harris (1987), Warner (1988), Marshall & 

Franklin (1992) and Warner et al. (1992) have shown that along certain parts of the contact, the 

Young Granodiorite has intruded the Coo lac Serpentinite Belt. 

Although stating that the Young Granodiorite is faulted against the Coo lac Serpentinite Belt, 

Stuart-Smith (1990b) indicated that granodioritic dykes and irregularly-shaped bodies intrude the 

Coo lac Serpentinite Belt in the vicinity of the North Mooney Complex. He stated that these minor 

bodies, although separated from the main mass of theY oung Granodiorite by a 5m wide zone of 

mylonite, have fine-grained chilled margins less than 1m in width. 
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Where the Tumut-Wee Jasper Road crosses the Coolac Serpentinite Belt (G.R 234 041, 

Tumorrama l :25 000), a tectonic inclusion of granodiorite, that is enclosed within schistose 

serpentinite of the Coo lac Serpentinite Belt, contains enclaves of metaserpentinite. Marshall & 

Franklin ( 1992) conversely indicated that, whereas the Young Granodiorite abuts the Coo lac 

Serpentinite Belt for more than 50km, it transgresses the Coo lac Serpentinite Be1t and is shallowly 

discordant to the regional strike between the townships of Coo lac andY oung. They suggested that 

the relationships were consistent with the Young Granodiorite intruding the Coo lac Serpentinite 

Belt subsequent to the latter being emplaced as a sub-vertical sheet-like mass along the eastern 

margin of the Tumut Synclinoria! Zone. They found that, although generally steep, the contact is 

locally shallow and irregular and has a well-defmed chilled and/or hydrothermally altered margin. 

The intrusive relationships locally give way to tracts of mylonitised granodiorite and S-C fabrics in 

the adjacent Coolac Serpentinite Belt, both commonly exhibiting an east-side up reverse component. 

In shear zones away from the faulted contact, and in places adjacent to the intrusive contact, S-C 

fabrics in the Coolac Serpentinite Belt record a sinistral movement-sense which predated the 

intrusion and upthrust of the Young Granodiorite (Marshall & Franklin 1992). 
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Figure 3.3 Location and extent of the Young Batholith (from Basden et al. 1974). 
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According to Marshall & Franklin (1992) the complex part-intrusive/part-faulted contact between 

the Coo lac Serpentinite Belt and Young Granodiorite is consistent with emplacement of the Young 

Granodiorite at a high crustal level by surge tectonic processes (Hollister & Crawford 1986). They 

contended that any interpretation involving the Coolac Serpentinite Belt being thrust against the 

Young Granodiorite is inconsistent with the field relationships. Were a thrust tectonic model 

applicable to emplacement of the Coo lac Serpentinite Belt, the imbricate architecture must have 

been established before the Silurian when, at least in the Tumut region, steeply-dipping portions of 

thrust faults were reactivated during emplacement of theY oung Granodiorite. The generation, 

upward migration and intrusive/fault emplacement of the Young Granodiorite against the Coo lac 

Serpentinite Belt, perhaps reflect components of east-west extension and shortening that 

accompanied the inferred (e.g. Basden 1990) opening and inversion of the Tumut Trough. 

Warner et al. (1992) stated that mylonitic granodiorite extends up to 2km east from the NNW 

trending contact with 1Om of ultramylonite pass~g outward into 1OOm of orthomylonite followed 

by 1 OOOm of protomylonite. They reported that the ultra- and orthomylonites are discontinuously 

developed, the most intense mylonitisation is not always at the contact, and portions of the 

granodiorite in the mylonitic tract can be unmylonitised. It would seem that some parts-of the tract 

have Type I S-C mylonite (Lister & Snoke 1984) with a well-defmed extension lineation, whereas 

in other parts, the lineation is weak to absent. S-C relationships, the extension lineation and 

microscopic kinematic indicators suggest that the eastern boundary of the ENE dipping Mooney 

Mooney Fault System is a high angle ( 60 to 90"), reverse fault structure; where the extension 

lineation plunges north it has a dextral component, and a sinistral component where it plunges 

southeast. The change from dominantly sinistral to dextral coincides where the Mooney Mooney 

Fault System converges with the Jugiong Shear Zone. 

Dupen (1986) and Harris (1987) reported the same movement senses from the Young Granodiorite 

and Coolac Serpentinite Belt across the Mooney Mooney Fault System, whereas Stuart-Smith 

(1988) expressed a contrary view. It is reasonable to suggest that the event reflecting the 

emplacement of granodiorite could overprint the older Coo lac Serpentinite Belt emplacement 

signature. However, serpentinite readily forms S-C fabrics, and, in the absence of proof of 

overprinting, the significance and interpretation of local S-C fabrics is contentious. 
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During the present study, many dyke-like bodies offme-grained aplitic granodiorite/diorite were 

found enclosed within either relatively unfoliated harzburgite or schistose serpentinite of the Coo lac 

Serpentinite Belt; some are over 1OOm east of the Young Granodiorite/Coolac Serpentinite Belt 

boundary. The aplitic bodies are generally fme-grained, felsic, quartz-rich and biotite-free, and 

contain discrete zones (of weak to moderate intensity) of foliation. Fibrous tremolite commonly 

overprints the other minerals. 

The dyke~ like bodies found during the present study could not be traced into the main mass of the 

Young Granodiorite, but Harris (1987) and Stuart-Smith (1990a) record comparable bodies, some 

of which were connected to the main granodiorite mass. 

(a) Along the Hume Highway road-cutting at the contact between the Coolac Serpentinite Belt 

and Young Granodiorite, now unfortunately covered over, Harris (1987) found blocks of 

massive gabbro (1-2m across) completely enclosed within unfoliated granodiorite. 

Observation confirmed by B.J. Franklin (pers. comm~ ). 

(b) Stuart-Smith (1990a) found the following: 

(i) 5km SE ofMungi homestead (in the north of the belt) dykes and art irregular-shaped 

body (lOOm across) of granodiorite intrude massive harzburgite and are separated from 

the main mass of theY oung Granodiorite by a 5m wide mylonite zone. 

(ii) 2km Nand S ofMungi homestead, small stocks of granodiorite intrude both the Coolac 

Serpentinite Belt and North Mooney Complex. The granodiorite has a fme-grained 

narrow ( <lcm) chilled margin surrounding coarse-grained granodiorite. Observation 

confirmed by both B.J. Franklin and B. Marshall (pers. comm. ). 

(iii) Where the Tumut-Wee Jasper Road crosses the serpentinite belt, a tectonic inclusion of 

Young Granodiorite contains xenoliths of serpentinite. Observation confirmed personally 

and by B. Marshall (pers. comm.). 

The petrographic similarity of these bodies to the Young Granodiorite has also been observed by 

others (e.g. Harris 1987; Stuart-Smith 1990a). Also, Ashley (1973: p.106) stated that rocks from 

two granodiorite tectonic inclusions within the Coo lac Serpentinite Belt were chemically similar to 

rocks from the main mass of the Young Granodiorite. 
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Petrology 

(For detailed petrographic descriptions, see Appendix JPD) 

The granodiorite has a uniform composition throughout the region (Basden 1990), despite 

porphyritic phases occurring neat the eastern and southern contacts with the Goobarragandra 

Volcanics and, rarely, within the main mass. Nearly every thin-section exhibits some sign of 

deformation (Basden 1990); quartz variously displays undulose extinction, sutured grain 

boundaries and recrystallisation, while plagioclase and biotite are commonly bent and/or kinked. In 

the vicinity of the western contact- the principal foliation, a mylonitic foliation, varies from weak to 

moderately intense, is defmed by the preferred orientation of biotite and lenticular aggregates of 

quartz (Franklin 1975), and becomes increasingly intense within discrete internal and marginal 

shear zones. 

Enclaves composed of fme-grained biotite, feldspar and minor quartz occur in most outcrops 

(Basden 1990) and possess sharp to gradational contacts. In thin-section, they are hypidiomorphic 

granular and consist of plagioclase ( 65% ); biotite (25%) and quartz ( 10%) along with minor 

epidote, chlorite and sericitic alteration (Basden 1990). These "microgranitoid-xenoliths" (Vernon 

& Flood 1982) are restricted to high-level plutons and perhaps formed by the quenching of more 

mafic "globules" in the host granitoid magma (Vernon 1983). 

Basden (1990) stated that the Young Granodiorite is typically S-type according to the classification 

of De La Roche et al. (1980) and White & Chappell (1983). Areas of porphyritic granodiorite, with 

volcanic inclusions and aplitic dykes, occur in the central parts of the main mass and are consistent 

with exposure close to the roof. 
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3.4 GENERAL FEATURES OF THE COOLAC SERPENTINITE BELT 

The Coolac Serpentinite Belt was named the "Coolac-Goobarragandra Serpentine Belt" (Golding 

1962) and subsequently the "Coolac Serpentine Belt" (Golding 1966, 1967). The Coolac 

Serpentinite Belt, Honeysuckle Beds and North Mooney Complex were collectively interpreted as 

the Coolac Ophiolite Suite (Ashley et al. 1979), but the contentious nature of this (Stuart-Smith 

1990) has resulted in the present author adopting Golding's (1966, 1967) definition of the "Coolac 

Serpentinite Belt". The type section is along the valley of Brungle Creek from G.R 23 5 044 to G.R 

229 029 (Basden 1990)." 

The Coo lac Serpentinite Belt extends as a continuous body from the Hume Highway in the north to 

1 km south of "Federal Park" (G.R 265 865) in the south (Figure 3.4), after which it continues 

southward as small isolated pods to G.R. 305 783. The overall strike length is 63km (Basden 

1990). The width is 3.5km at Red Hill, but only lOrn where it crosses the Goobarragandra river 

(Ray 1977). It extends at least 5km below the surface (Leven et al. 1991) and its contacts dip 

steeply (70° to vertical) to the west. It therefore comprises a near-vertical, sheet-like body of 

variably serpentinised peridotite. 

3.4.1 Surface outcrop of rock types 

Outcrop of the Coo lac Serpentinite Belt, is good on the steep slopes of the Honeysuckle Range, but 

less well exposed on the top of the range, particularly in pine plantations (e.g. at Red Hill). It forms 

variably serpentinised harzburgite block-like masses that are generally 1-3m across and which 

show no preferred orientation. Schistose serpentinite crops out well within the creek drainage on the 

sides of the hills and, where better exposed, forms discontinuous vertical, sheet-like masses up to 

1.5m high. Plagiogranites and albitites occur as white dyke-like masses readily observable within 

the much darker harzburgite and serpentinite, whereas wehrlites, lherzolites and homblendites are 

hard to distinguish. Gabbros, and all but the large masses of rodingites, crop out poorly. The 

chromitites are marked by mine workings and/or prospect pits. Serpentinised dunites can be 

distinguished by their bleached-yellow colour, but fresh dunites are hard to distinguish from other 

ultramafic rocks. 
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Figure 3.4 Location and extent of the Coolac Serpentinite Belt (adapted from Basden 1990). 

3.4.2 Internal Features 

The Coo lac Serpentinite Belt contains a range ofinternal features and structures, these including: 

tectonic inclusions, intrusive rock bodies, the western schistose margin, primary layering, internal 

shear zones, and podiform chromitite bodies (Chapter 9). 

(a) Tectonic inclusions 

Tectonic inclusions are bodies of rock that have become detached or isolated from their source by 

tectonic disruption, and are enclosed or included in the surrounding rock" (Bates & Jackson 1980). 

Such tectonic inclusions abound in the western schistose margin but are less common within the 

southernmost part of the Coo lac Serpentinite Belt. They range from <1m to 1400m long and up to 

170m wide, and are either equidimensional or have their longer plan dimension parallel to the trend 

of the belt (Ashley 1973a). The bodies commonly consist of gabbro and plagiogranite, but 

chromitite, wehrlite, diorite, amphibolite, albitite, granodiorite, metabasalt, metadolerite, rhyodacite 

and rare metasedimentary bodies exist (Ashley 1973a). 
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Metasedimentary bodies are restricted to within 250m of the western boundary of the belt (i.e. the 

faulted contact with the Honeysuckle Beds), along with metabasaltic, metadoleritic and rhyodacitic 

bodies, and comprise a tectonically incorporated association. Features which are evidence of a 

tectonic emplacement include: 

(i) the bodies have sheared margins; 

(ii) the long axis of the bodies trend parallel to the trend of the serpentinite belt; 

(iii) the metamorphic grade (and history) of the bodies is clearly different to that of the surrounding 

ultramafic rocks (e.g. the amphibolites); and 

(iv) tectonic emplacement is the only mechanism that can explain their present position within the 

surrounding ultramafic rocks (e.g. the metasedimentary rocks). 

(b) Intrusive rock bodies 

ft seems more likely that many of the gabbro and plagiogranite bodies represent late-stage 

intrusions of fractionated melts rather than being tectonic emplacements. Similarly, the chromitite 

bodies and associated dunites appear to have crystallised at their present location and even the 

highly brecciated chromitites appear to have moved little from their sites of crystallisation {Graham 

et al. l993a). 

Rodingite "dykes' abound, particularly near the podiform chromitite deposits in the north of the 

belt. They appear to be "rootless" and have been interpreted as pockets of residual gabbroic magma 

that subsequently underwent calcium metasomatism (Golding 1970; Ashley et al. 1972 ), or as 

metasomatised basic dykes and/or tectonic inclusions. Ot}ler rock types occurring as dyke-like 
" masses are chlorite rock, pyroxene gabbro, plagiogranite and albitite. Features which are evidence 

of intrusive emplacement include: 

(i) they do not have sheared margins; 

(ii) most are unfoliated and massive; 

(iii) they occur within massive, as well as schistose harzburgite and serpentinite; and 

(iv) many contain inclusions of adjacent wallrock. 

Also, it is hard to envisage a process whereby relatively small bodies are thrust into massive 

harzburgite. 
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(c) The Western Schistose Margin 

The western margin of the Coo lac Serpentinite Belt from the northernmost extremity to 4km south 

ofBrungle Creek east ofBrungle (see Figure 1.4), consists of a tract (100-800m wide) of schistose 

serpentinite with "tectonic inclusions" and blocks of massive serpentinite and partially serpentinised 

and variably foliated harzburgite; it has been termed "the western schistose margin" (Ashley 1973a, 

1975). From 4km south ofBrungle Creek, the tract occupies the entire width of the Coolac 

Serpentinite Belt and its southern satellite bodies (Basden 1990). According to Stuart-Smith 

(1990b ), widespread S-C fabrics developed during sinistral strike slip movement in the mid

Devonian. In the vicinity of Mount Lightning, zones of schistose (S-C fabric) serpentinite alternate 

with relatively massive (unfoliated) porphyroclastic harzburgite across the full width of the belt, 

but their intensity increases from east to west. 

The western schistose tract has the characterisitics of a melange and from here onward will be 

termed the "Western Tectonic Melange Zone" (WTMZ). 

(d) Primary Layering 

Mineralogical layering (of a primary magmatic origin) occurs within the massive porphyroclastic 

harzburgite and is defmed by orthopyroxene-rich and orthopyroxene-poor layers (Jeffreson 1982; 

Basden 1990), which vary from 2 to 15cm in thickness (Lohan 1982). In-situ layering is rare, but it 

is present in many disoriented blocks. 

(e) Internal Shear Zones 

Discrete zones of moderately to highly schistose (S-C fabric) serpentinite are widespread 

throughout the Coo lac Serpentinite Belt. They range from a few centimetres wide and a few metres 

long, through to continuous zones over 25m wide and more than 500m long. Some of the larger 

zones contain trains of small, ovoid "residuals" of massive serpentinite which help to defme S 

within the S-C fabric. Prominent zones are well-exposed on the north-western slope of Mount 

Lightning (Gundagai 1:25 000 sheet G.R 138 253), where they form well-defined lineaments 

when viewed on air photos and from the ridge north ofthe Murrumbidgee River. 
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3.5 PETROGRAPHY AND TEXTURAL/STRUCTURAL EVOLUTION 

(For detailed petrographic descriptions, see Appendix 3PD) 

3.5.1 Harzhurgites 

Harzburgites of the Coo lac Serpentinite Belt are ultramafic rocks with a porphyroclastic texture 

and at least 10% visible orthopyroxene (as fresh, or partially to completely serpentinised shape

preserved orthopyroxene grains) along with minor clinopyroxene and hornblende. Fresh, moderately 

serpentinised, and completely serpentinised relatively massive harzburgites are all common. The 

harzburgites collectively comprise 80-85 volume per cent of the entire belt, this rising to 95% if 

only the eastern half is considered. Foliated varieties characterise internal shear zones and the 

Western Tectonic Melange Zone (Figure 3.5). 
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Figure 3.5 Location and extent of the Western Tectonic Melange Zone of the Coolac Serpentinite 
Belt. 
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Fresh harzburgite exhibits a porphyroclastic texture (Plate 3.2) and consists of more than 30% 

statically recrystallised olivine (with subgrain development) along with porphyroclasts of 

orthopyroxene, rare porphyroclasts of clinopyroxene, and accessory chrome spinel. Moderately 

serpentinised harzburgite also exhibits a pseudoporphyritic porphyroclastic texture and has less 

than 30% fresh olivine (Plate 3.3). Completely serpentinised harzburgite lacks relict olivine, always 

contains porphyroclastic orthopyroxene (or its pseudomorphs) and has mesh (Plate 3.4), sub-mesh, 

or feathery decussate texture. 

Plate 3.2 Fresh harzburgite with recrystallised olivine, exhibiting a pseudoporphyritic 
porphyroclastic texture. 
Sample No ML032 UXP F.O.V 3.5mm 
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Plate 3.3 Moderately serpentinised harzburgite exhibiting a pseudoporphyritic porphyroclastic 
texture. 
Sample No ML027 UXP F.O.V 3.5mm 

Plate 3.4 Completely serpentinised harzburgite exhibiting a mesh texture. 
Sample No ML028 UXP F.O.V 3.5mm 
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The porphyroclastic texture of mantle harzburgites results from recrystallisation during high 

temperature solid-state flow, and primarily accommodates ductile simple shear in the asthenosphere 

during sea-floor spreading {Bartholomew 1993; Boudier & Nicolas 1995). Based on experimental 

work and the type of olivine slip system involved {Carter & Ave Lallement 1970; Nicolas et al. 

1980; Nicolas & Christiansen 1987), such flow requires temperatures of 1000-11 00°C and 

pressures of 20MPa {Suhr 1993), this being significantly below the experimentally determined 

melting temperature of peridotite (Takahashi & Kushiro 1983; Nicolas 1989). (f harzburgite 

crystallised from a melt at 1300-1350°C in an anhydrous environment, or even just below 1200°C in 

a hydrous environment (Nicolas 19 89), recrystallisation at 1000-11 00°C involves mineralogical 

and/or textural metamorphic retrogression. 

Thus, as also concluded by Ray {1977), porphyroclastic texture in the Coolac Serpentinite Belt is 

interpreted as the textural product of deformation and metamorphism within the aesthenosphere. 

Suhr { 1993) classified such texture as a 'type 3 microstructure', implying low strain at high 

temperature, followed by a weak low temperature overprint. 

The development of elongate, aligned olivine grains (with intergranular space-fill serpentine) within 

some of the partiaUy serpentinised harzburgites of the Coolac Serpentinite Belt (Plate 3.5) is 

controversial. The grains could have stretched during a localised pre-serpentinisation high strain 

event and then become affected by lower temperature serpentinisation processes. If so, they equate 

with the mylonitic 'type 6 microstructure' {Suhr 1993), supposedly developed under moderate 

strain conditions at 900- 1000°C (Suhr 1993) and classified as lithospheric (e.g. Nicolas 1986; 

Ceuleneer et al. 1988). Alternatively, the grains could b part of a lower temperature syn

serpentinisation texture that formed by : 

(a) grain-boundary related fracturing of the olivine grains, due to the reduction oflithostatic 

pressure that accompanied uplift from lower mantle to crustal levels; 

(b) fluids migrating through the intergranular porosity and reacting with the olivine to form 

intergranular chrysotile; 
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(c) development of localised high strain zones, leading to the progressive stretchirtg of the olivine 

grains within these zones and coalescence of the intergranular chrysotile (possibly 

accompanied by new chrysotile fibre growth). 

The probable solution is ductile elongation (pre-fracturing) at high temperature with the active 

olivine slip system being (101) [100], then fracturing during low temperature extension concurrent 

with serpentinisation. 

Plate 3.5 Elongate aligned olivine grains within partially serpentinised harzburgite. 
Sample No ML037 UXP F.O.V 3.5mm 

Mesh-texture mimics the high temperature porphyroclastic texture and involves pseudomorphous 

replacement of fractured olivine grains by lizardite cores and chrysotile rims (Wicks 1984). X-ray 

diffraction analyses of moderately and compl~tely serpentinised harzburgites confum that the 

Coolac Serpentinite Belt serpentine-group minerals are lizardite 6T and chrysotile 2M, consistent 

with a temperature range of 100- 300°C (e.g. Coleman 1971; also see Ray 1977). More recently, 

O'Hanley and Wicks (1995) ascribed retrograde serpentinisation to temperatures below 250°C at 

PCH20J of less than 1kb. Uncommon veinlets of prehnite cross-cut completely serpentinised 
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harzburgite at Mount Lightning (Graham 1990) and suggest limited amounts of either post

serpentinisation hydrothermal alteration or ongoing decay of the temperature regime. 

Wicks (1984) contended that, before serpentinisation, harzburgites must undergo fracturing to 

allow ingress of serpentinising fluids, although concurrent and interdependent fracturing and fluid 

infiltration (e.g. Sibson 1996) could be a more realistic model, so it (ollows that the fresh 

harzburgite "blocks" have resisted fracturing and serpentinisation-related fluid infiltration. Laurent 

and Hebert (1979) ascribed retrograde serpentinisation to downward infiltration of sea-water 

through deep fractures in the oceanic lithosphere, thereby resulting in the replacement of olivine 

and orthopyroxene by lizardite+chrysotile+magnetite (Evans 1977). However, such grain-scale 

replacement also requires pervasive ingress of sea-water, as would be facilitated by grain-scale 

hydraulic fracturing, so it would seem that deep-reaching master fractures, coupled to pervasive 

grain-scale fracturing, are necessary for wide-ranging serpentinisation. With further evolution, 

some shear zones develop within serpentinised harzburgite and contain well-developed S-C fabrics 

with chrysotile-fibre development. Subsequently, chrysotile/magnetite veinlets cross-cut the post

serpentinisation shear zones, and are, in turn, cut by prehnite veinlets (above) and even the latter 

are locally displaced by small shear planes (Graham 1990). Thus, in summary, the harzburgites of 

the Coolac Serpentinite Belt have undergone textural and fabric changes over temperatures ranging 

from around 11 00°C to approximately 1 00°C and also record several deformational events. 

3.5.2 Dunites 

Dunites are ultramafic rocks with a granular to porphyroclastic texture, containing greater than 

90% olivine (or olivine/serpentine combinations) and 2-10% chromite. They comprise <0.5% by 

volume, of the Coo lac Serpentinite Belt and are more common in the eastern half, and are 

extensively serpentinised. They occur as irregular bodies (approx. Sm across) or small dyke-like 

masses (a few metres in length), are relatively unfoliated, and lack sheared margins. Dunites 

hosting podiform chromitite deposits are described in Chapter 9. 

The Coo lac Serpentinite Belt dunites can be subdivided into relatively fresh and completely 

serpentinised groups but, unlike the harzburgites, transitional types seem not to exist. Fresh dunites 

Chapter 3 The Coolac Serpentinite Belt Page 55 



have more than 85% unaltered olivine and granular textures (Plate 3.6), whereas completely 

serpentinised dunites lack fresh olivine grains and have a well-developed mesh texture (Plate 3.7). 

Like fresh harzburgites, the granoblastic to porphyroclastic texture of fresh dunites can be equated 

with the 'type 3 microstructure' (low strain high temperature, with a weak low temperature 

oveq,rint) of Suhr (1993). This suggests recrystallisation temperatures of 1000-11 00°C under a 

deviatoric stress of some 20MPa. Serpentinisation varies from weak to intense. XRD studies reveal 

that the serpentine-group minerals comprise At-rich lizardite and chrysotile 2M. The onset of 

serpentinisation resulted in the intergranular replacement of olivine by chrysotile 2M. 

Plate 3.6 Fresh dunite exhibiting a granoblastic texture and extremely fractured grains with 
magnetite fracture-fill. 
Sample No 123 UXP F.O.V 3.5mm 
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Plate 3. 7 Serpentinised dunite exhibiting a well-developed mesh texture. 
Sample No 85 UXP F.O.V 3.5mm 

Continuation ofth.is process led to replacement of the remaining olivine cores by Al -rich lizardite 

(e.g. O'HanJey & Wicks 1995), orthopyroxene was replaced by fibrous chrysotile around the rims, 

and within fractures and cleavage. Ongoing serpentinisation is evidenced by mesh texture and 

cross-cutting chrysotile veinlets. Talc/magnesite replacements of lizardite/chrysotile may also have 

formed during serpentinisation (Coleman 1977) or by later hydrothennal alteration (Ashley 1997). 

The assemblage lizardite+chrysotile+magnetite is ascribed to early stage low temperature 

serpentinisation (<250 ± 25°C at a P<H20> of< lkb - O'Hanley & Wicks 1995) from sea-water 

infiltration (e.g. Laurent & Hebert 1979), prior to emplacement in continental crust (e.g. Moody 

1979). 

In stmunary, dw1ites, like the harzburgites, experienced a complex history which began in the upper 

mantle with high temperature ductile deformation, and was followed by conti nuing lower 

temperature brittle deformation withi.n the lithosphere during serpentinisation 
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3.5.3 Pyroxenites/Wehrlites/Hornhlendites 

P}Toxenites, wehrlites and hornblendites are rare within the belt and are generally restricted to its 

western margin (Ashley et al. 1971). They occur as lenticular bodies, up to several hundred metres 

long and 30m wide, within schistose serpentinite (Basden 1990). They also fonn rare dyke-like 

bodies (up to 10m x 3m), cross-cutting massive serpentinite (Basden 1990), \vith their long axes 

approximately paralleling the trend of the belt (i.e. approx. 335°). Elongate dyke-like bodies also 

occur within a tectonic melange block at Mundongo ( G.R 229 931 ). 

The pyroxenites have >70% clinopyroxene, while the wehrlites have up to 80% olivine; both 

contain up to 15% amphibole (Basden 1990). Only meta-pyroxenites were found within the Coolac 

Serpentinite Belt during the present study. Hornblendites display a porphyroclastic, 

pseudoporphyritic texture. 

The secondary mineral assemblage noted in the metapyroxenites consisted of dark brown 

hornblende rims with pale green amphibole cores (species not determined), actinolite, chlorite, 

epidote and minor chrysotile. The co-existence of actinolite and hornblende in these rocks is 

indicative of the transition from the upper greenschist to lower amphibolite facies of regional 

metamorphism (Miyashiro 1994). Hornblendes have pale green amphibole cores and dark brovm 

rims (Plate 3.8), consistent with an amphibolite facies overprint. However, the "reverse11 zonation 

could alternatively reflect: 

(a) brown hornblende being due to lower granulite to amphibolite facies metamorphism and then 

experiencing selective core replacement during subsequent lower greenschist facies 

metamorphism~ or 

(b) lower greenschist facies metamorphism being followed by moderate grade thermal overprint; or 

(c) the pale green cores being magmatic hornblende. 

Alternative (b) is rejected because thennal overprints elsewhere in the Coo lac Serpentinite Belt are 

confined to the western margin, close to I-type granite plutons (Basden 1990). No such pluton is 

observed in the mapped area. Alternative (c) is rejected because magmatic hornblende in 

hornblendites is typically brown (B. Franklin, pers. comm. 1998). Alternative (a), is therefore the 

most plausible explanation for the observed zonation. 
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Plate 3.8 Amphibole grains within metapyroxenite with pale green cores and dark brown rims. 
Sample No BF92/51 PPL F.O.V 3.5mm 

Although there is need for microprobe data to substantiate the amphibole species present, the author 

did not have necessary funding for such quantitative electron microprobe analysis. The amphiboles 

consist of dark brown hornblende rims which, if replacing magmatic clinopyroxene, could be 

consistent with amphibolite to lower granulite facies metamorphism within the upper mantle, and 

pale green amphibole cores (Plate 3.8). The dark brown hornblende could alternatively be late 

magmatic (e.g. Ashley 1973a). 

Allowing that the pale green amphibole cores reflect greenschist facies metamorphism, it follows 

that actinolite fringes on clinopyroxene and hornblende grains could represent a second period of 

greenschist facies metamorphism (Miyashiro 1994) (Plate 3.9) or ongoing re-equilibration during 

metamorphic decay. 

Actinolite fringes on clinopyroxene and hornblende grains could represent a second period of 

greenschist facies metamorphism (e.g. Miyashiro 1994) (Plate 3.10). However, it might 

alternatively reflect ongoing re-equilibration under protracted greenschist facies conditions. 
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Plate 3.9 Serpentine cores in hornblende within metapyroxenite. 
Sample No BF92/5l UXP F.O.V 3.5nun 

Plate 3.10 Actinolite fringes arow1d hornblende within metapyroxenite. 
Sample No BF92/51 UXP F.O.V 3.5mm 
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Serpentine within the groundmass probably replaced olivine and seemingly obliterated the 

magmatic olivine texture. Late-stage low temperature (lower greenschist facies) alteration is 

indicated by epidote within the groundmass and platy colourless chlorite replacing and overprinting 

the ragged and corroded actinolite fringes (e.g. Miyashiro 1994). In summary, the magmatic and 

metamorphic history consists .of: 

(a) crystallisation of magmatic clinopyroxenite (clinopyroxene+olivine+chrome spinel); 

(b) amphibolite to lower granulite facies metamorphism within the upper mantle environment 

(replacement of clinopyroxene by brown hornblende), or late magmatic crystallisation of 

brown hornblende. 

(c) greenschist facies metamorphism and serpentinisation within the oceanic environment 

(replacement of the cores of brown hornblende by pale green hornblende, fringes of 

tremolite/actinolite, replacement of olivine by serpentine); 

(d) low temperature alteration (development of chlorite and epidote). 

Greenschist facies metamorphism overprinted any evidence of prior deformation. There is no 

evidence of deformation accompanying metamorphism (b), the high grade event, although undulose 

brown hornblende is consistent with deviatoric stress at relatively high temperature. With regards to 

deformation accompanying the greenschist facies metamorphism, none of the mineral grains (even 

fibrous amphibole) display preferred orientation or other evidence of strain. 

3.5.4 Serpentinites 

Serpentinites are the second most common rock type in the Coolac Serpentinite Belt. They are 

ultramafic rocks that lack fresh olivine and other magmatic minerals (with the exception of minor 

chrome spinel), exhibit a secondary serpentinisation texture, and contain less than 20 modal % talc 

and/or magnesite. Schistose and massive varieties occur throughout the belt, and are particularly 

common in the Western Tectonic Melange Zone. The massive variety occupies equidimensional 

blocks (up to a few metres in diameter) and lenses (up to 1Om in maximmn dimension) embedded in 

schistose serpentinite (see section 3.4.2), an indication of the distribution being conveyed by a strip

map along the crest of Mount Lightning (Figure 3. 6). 
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Figure 3. 6 Strip* map showing the distribution of massive and schistose serpentinite along the crest 
of Mount Lightning. 

According to Ashley (l973a}, the massive serpentinites exhibit a well-developed 11mesh texture 11
• 

This is preserved in schistose serpentinites as lenticular relicts but it is destroyed in highly schistose 

rock, where the foliation is defmed by the preferred crystallographic orientation of sub-fibrous 

chrysotile serpentine and linear aggregates of magnetite. Massive varieties in fact, have Serpentine 

pseudoporphyroclastic, sub mesh, or mesh textures. Both serpentinite varieties have cross-cutting 

veinlets of chrysotile/magnetite and decussate and feathery non-oriented serpentine grains. 
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X -ray diffraction analysis confirms that the most common serpentine-group mineral in massive 

serpentinite is lizardite (Al-rich lizardite l T, lizardite IT and lizardite 6T). Chrysotile 2M and 

chromite also occur, but chrysotile 2M is more common in schistose serpentinite (simply due to the 

greater volume of chrysotile veinlets} along with lizardite lT, lizardite 6T and minor talc. 

Antigorite was identified in intensely sheared schistose serpentinites at the contact between the 

Coolac Serpentinite Belt and the Honeysuckle Beds at G.R 223 030 and is common in the contact 

aureole of the Bogong Granite (Ashley 1973a; Irving & Ashley 1976). 

The presence of lizardite and chrysotile suggests that the serpentinites formed at temperatures of 

less than 250°C and at a P(Hzo) of less than lkb (O'Hanley & Wicks 1995), while antigorite on the 

western boundary of the Coo lac Serpentinite Belt indicates higher temperatures (>260°C -

O'Hanley & Wicks 1995). An extended period of serpentinisation is indicated by the many differing 

generations of chrysotile/magnetite veinlets. The presence of tremolite indicates that low 

greenschist fades regional metamorphism has also occurred (e.g. Miyashiro 1978). The tremolite 

grains are cross-cut by a later generation of magnetite veinlets, and so must have formed during 

ongoing serpentinisation. The presence of relict orthopyroxene porphyroclasts indicate that the 

precursor rock type for virtually all of the Coolac Serpentinite Belt serpentinites was 

porphyroclastic harzburgite. Later-stage alteration is evidenced by cross-cutting talc grains. 

Ashley (1973a) stated that "the transformation of peridotite to massive serpentinite in the Coo lac 

ultramafic belt appears to have occurred with little small-scale deformation". However, 

serpentinisation requires fracturing and infiltration of sea-water (e.g. Laurent & Hebert 1 979), 

thereby resulting in development of the greenschist or lower grade facies assemblage 

chrysotile+lizardite+magnetite (e.g. Wicks 1984). Subsequently, the massive serpentinites 

underwent more fracturing and developed a fibrous chrysotile fracture-fill. 

S-C fabrics developed in localised zones of high shear strain and displacements on shear planes are 

minimal ( <Smm) as evidenced by fractured chrome spinel grains. Although movement senses 

obtained from S-C fabric relationships can be used to determine the overall emplacement history 

within serpentinites (e.g. Ofi1er & Williams 1987), during the present study, conflicting movement 

senses were found over a few metres in a number of areas within the Coolac Serpentinite Belt. This 
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is borne out by previously obtained results. In a more detailed study of the S-C relationships within 

the Coolac Serpentinite Belt and adjoining rock units, Stuart-Smith (1990) recognised a major Early 

Silurian sinistral strike-slip movement followed by a Mid-Devonian sinistral strike-slip movement 

and fmally, a mid-Devonian dextral strike-slip movement. Conflicting results were obtained by 

Warner et al. (1992) who reported a Late Silurian sinistral strike-slip movement followed by an 

Early Devonian sinistral strike-slip movement. 

3.5.5 Talc-carbonate rocks 

Schistose and massive talc-carbonate rocks are minor components of the Coolac Serpentinite Belt. 

They are serpentinised ultramafic rocks that lack olivine and other primary minerals (except minor 

chrome spinel), have low temperature metamorphic textures, and contain more than 20% talc and/or 

magnesite. Ashley (1969) recognised talc-antigorite-chromite schists, talc-bearing 

metaserpentinites, magnesite-bearing metaserpentinites and talc-tremolite-magnetite-chromite 

schists, but a two-fold division into talc-rich ( > 75% talc) and rare magnesite-rich ( >40% 

magnesite) metaserpentinites is used in the present study. 

Talc-rich rocks occur in zones of highly schistose serpentinite within the Coolac Serpentinite Belt 

(Ashley 1969) and talc-rich metaserpentinites are the result ofthennal metamorphism of the Coolac 

Serpentinite Belt adjacent to the Bogong granite (Ashley et al. 1971 ). For example, on the 

Bombowlee Creek road (G.R. 234 965), talc and magnesite-rich metaserpentinites occupy highly 

schistose narrow (<lm) zones, and highly schistose, talcosic metaserpentinite abuts the Bogong 

Granite at the Goobarragandra Copper Mine (G.R. 267 864). 

The talc-carbonate rocks result from post-serpentinisation hydrothennal alteration and shearing 

along contacts. Both talc and magnesite replace and crosscut the serpentine-group minerals within 

highly schistose zones and reaction zones developed at contacts with the felsic intrusions. The 

original magmatic texture was destroyed by serpentinisation and associated development of S-C 

fabrics. The contacts were the locus for periodic reactivation and hydrothennal fluid channeling, 

which, according to Ashley (1997) resulted in magnesite deposition at minimum temperatures of 

165-285°C. However, more generally, Laurent & Hebert (1979) indicated that talc and magnesite 

could reflect groundwater infiltration at temperatures below 1 00°C, so this possibility for the 
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Coolac Serpentinite Belt occurrences should be borne in mind. In the magnesite-deficient rocks, the 

C02 fugacity was too low for the development of magnesite (Deer et al. 1985). 

3.5. 6 Gabbros 

Although Ashley et al. (1971) stated that small tectonic inclusions of gabbro occur within all parts 

of the Coolac Serpentinite Belt except the southern portion, many are igneous intrusions with 

intrusive boundaries rather than tectonic inclusions with tectonic boundaries( see section 3.4.2). The 

intrusions/inclusions, which are particularly common in the Western Tectonic Melange Zone, have 

the following outcrop patterns: 

(a) discontinuous, boulder-like outcrop which just penetrates the surface (e.g. G.R. 145 255); 

(b) relatively large masses (5-lOm in diameter) of leucogabbro/gabbro containing dyke-like 

bodies of metabasalt, pegmatitic veins and patches of hornblende gabbro (e.g. G.R. 234 965); 

(c) dyke-like bodies (up to !Om in length and 4m in width) within schistose serpentinite (e.g. G.R. 

138 253; 234 965); 

(d) dyke-like bodies within a block of tectonic melange at Mundongo- the block also contains 

dyke-like bodies of pyroxenite and metabasalt, and blocky massive serpentinite, all within a 

matrix of schistose serpentinite (e.g. G.R 229 931 ). 

The gabbros are of two main types, those with cumulus textures and those with granular textures, 

but both can occur in the same outcrop (e.g. G.R. 234 965). Cumulus gabbros have a post-cumulus 

space-fill texture (Plate 3.11) and range in composition from rare leucogabbro (with >85 modal% 

plagioclase- e.g. Bombowlee Creek, G.R 234 965) to equally rare clinopyroxene (with Cpx>Hbl-
' , 

e.g. Bombowlee Creek, G.R. 234 965) and common hornblende gabbros (with Hbl>Cpx- e.g. G.R 

234 917, where a hornblende gabbro has been intruded by an aplitic granite dyke ofYoung 

Granodiorite). Granular gabbros have allotriomorphic (Plate 3.12) or hypidiomorphic granular 

textures and comprise leucogabbro, and hornblende, clinopyroxene and completely altered gabbros. 

Leucogabbro is common in the central part of the Coo lac Serpentinite Belt but rare elsewhere; 

hornblende gabbro is widespread and the most common type within the belt; only one occurrence 

(GR. 234 965) of clinopyroxene gabbro was found during the present study. The completely 

altered gabbros, which are rare and tend to be confined to the central part of the belt, resemble 

hornblende gabbro in hand specimen, but are strongly altered and veined in thin-section. 
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Plate 3.11 Cumulus gabbro exhibiting a post-cumulus space-fill texture. 
Sample No 238b UXP F.O.V 3.5mm 

Plate 3.12 Granular gabbro exhibiting an allotriomorphic granular texture. 
Sample No 156c UXP F.O.V 3.5mm 
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Electron microprobe funding was not available for the analysis of the amphibole grains within these 

rocks. The occurrence of brown hornblende grains around cores of colourless clinopyroxene (Plate 

3.13) could be due to either late-stage magmatic crystallisation or upper amphibolite to lower 

granulite facies metamorphism (the preferred explanation). Green hornblende fringes on the brown 

hornblende fonned tmder middle amphibolite facies conditions, while rare fringes of blue-green 

amphibole on the green hornblende probably indicate lower amphibolite facies conditions (e.g. 

Miyashiro 1994). Franklin (1975) ascribed sim.ilar fringes in the North Mooney Complex gabbros 

to sodic metasomatism, because the blue-green amphibole is Na-enriched, particularly compared to 

the brown-green hornblendes. Finally, treroolite/actinolite and rare chlorite replacements of all 

hornblende types are consistent with partial re-equilibration under greenschist facies regional 

metamorphic conditions (e.g. Miyashiro 1994)." 

Plate 3.13 Brown hornblende surrounding cores of colourless diopside within gabbro. 
Sample No BF92/53 PPL F.O.V I.Smm 

XRD studies of all types of gabbro show that the plagioclase is principally albite. During 

metamorphism, the original calcic plagioclase released its calcium, the latter then contributing to 

the low temperatw·e (e.g. <300°C) development of the assemblage of epidote, grossular, 
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clinozoisite, prehn.ite, carbonate and quartz under low greenschist down to subgreenschist 

(prehn.ite-pumpelleyite facies) conditions (e.g. Miyashiro l994). 

Most gabbros are massive and unfoliated in hand specimen, but there is evidence of ductile and 

brittle defonnation in thin-section. The ductile event occurred pre-alteration in that primary 

plagioclase and hornblende exhibit bending (Plate 3. J 4) and undulose extinction; the brittle event is 

evidenced by abundant vein!ets with fracture-fill assemblages comprising prehn.ite, grossular, 

epidote, clinozoisite, albite/epidote/quartz and chlorite. Thus, following the ductile deformational 

event, brittle defonnation preceded or was concurrent with inflow of fluids, wh.ich locally 

reroobilised Mg, Na, Ca and Si. 

Plate 3.14 Bent and micro-faulted plagioclase twin lamellae within gabbro. 
Sample No 238c UXP F.O.Y 3.5mm 

In summary, the gabbros show the effects of protracted metamorphism under conditions ranging 

from upper amphibolite/lower granulite facies, down to greenschist and subgreenschist (prehn.ite

pumpelleyite facies). The lower temperature metamorphism resulted in the release of magnesium 

and calcium leading to the related development of alteration assemblages variously comprising: 

tremolite/actinolite, Mg-chJorite, albite, epidote, grossular, clinozoisite, prehn.ite, quartz and 

carbonate. 
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3.5. 7 Plagiogranites and albitites 

Plagiogranites and albitites are minor components of the Coo lac Serpentinite Belt. The 

plagiogranites are felsic intrusive rocks that contain >20% quartz,< l 0% mafic minerals and <1 0% 

alkali feldspar; the albitites contain <20% quartz, <1 0% mafic minerals and <1 0% alkali feldspar. 

Ashley et al. (1983) recognised autochthonous (or intrusive) and allochthonous (or tectonic) 

plagiogranites. Intrusive plagiogranites crop out poorly and field relations are unclear (Ashley et al. 

1983) though they appear to occur as small irregularly-shaped apophyses, plug-like masses and 

dykes. Tectonic plagiogranites form boldly outcropping elongate lensoidal bodies (up to l.4km 

long) with sharp tectonic contacts against the enclosing serpentinite (Ashley et al. 1983). ln the 

present study, plagiogranites were mainly encountered in the central and western parts of the 

Coolac Serpentinite Belt, where they occur as dyke-like bodies (up to lOOm long and 5-lOm wide) 

within schistose serpentinite. ln some cases, the bodies consist of complex basalt/diorite and 

plagiogranite/leucogabbrolhomblende gabbrotbasalt lithologies. 

High to moderate temperature (750-400°C} metamorphic events were not recognised, but there is 

limited mineralogical and textural evidence (below) for lower temperature(- 300°C) 

metamorphism. The metamorphism developed well-formed muscovite and albite after calcic 

plagioclase, while ongoing metamorphism resulted in tremolite/actinolite and chlorite replacements 

of primary hornblende, and overprinting grains and veinlets of tremolite/actinolite, chlorite, 

clinozoisite and epidote. Such an assemblage is consistent with greenschist facies regional 

metamorphism (e.g. Miyashiro 1994)." 

Widespread sutured grain boundaries (Plate 3.15), sub grain development, and undulose extinction 

in quartz, and sutured boundaries and bent and kinked twin lamellae in plagioclase is evidence of 

widespread ductile deformation, while intense fracturing is evidence of brittle deformation. It would 

seem that the plagiogranites and albitites of the Coolac Serpentinite Belt underwent ductile-brittle 

deformation. The latter allowed fluid infiltration and the development of cross-cutting chlorite and 

tremolite, and veinlets of clinozoisite." 
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Plate 3.15 Strongly sutured grain boundaries in quartz and albite within plagiogranite. 
Sample No BF91/20 UXP F.O.V 3.5mm 

3. 5. 8 Rodin gites 

Rodingites from the Coolac Serpentinite Belt were previously described by Golding (1962, 1966, 

1969), Ashley et al. (1971), Ashley (1973), Golding & Ray (1975a and b) and Ray (1977). 

"Rodingite" was first used by Bell et al. ( 1911) to describe coarse-grained gabbroic-looking rocks 

that were hosted by serpentinite, at the Roding River, New Zealand, and contained diopside 

(diallage), grossular and prehnite. However, following Ray (1977), this term is here used for all 

calc-silicate rocks occurring within the ultramafic rocks of the Coo lac Serpentinite Belt. 

Ray (1977) classified the rodingites of Mount Lightning into two groups: group one is 

predominantly composed of garnet and/or vesuvianite and chlorite and hosted by serpentinite or 

serpentinised ultramafic rock; group two is composed of zoisite, prehnite, garnet and chlorite and 

occurs at the contacts between variolitic spilite and serpentinite. Group one comprises variably 

striking dyke-like bodies, (up to 15m long and 2m wide) that have intrusive relationships with their 

host rocks, whereas group two includes dyke-like bodies and subrounded pods (0.5 to 3m in 
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maximum dimension) that trend parallel to the general strike of the Coo lac Serpentinite Belt and 

although sharply abutting the serpentinite, have a 0.1m wide marginal zone of tremolite-actinolite 

rock; the contact with the variolitic spilites is obscure (Ray 1977). According to Ray (1977), group 

one dyke-like rodingites have relict textures consistent with gabbroic, doleritic and basaltic parents, 

and show variably distributed proportions of minerals from their contacts to their centres. They 

become mineralogically simple, or even monominerallic, have increasingly abundant vesuvianite 

relative to garnet, and show decreasing abundant relict clinopyroxene towards the centre. 

In the present study, rodingites were found throughout the Coolac Serpentinite Belt but are 

particularly common in the northern half. The bodies have the following forms: 

(a) dyke-like bodies (up to lOrn long, 4m wide, and striking about 300°) within schistose 

serpentinite and porphyroclastic harzburgite; 

(b) small veinlets (up to 30mm in width) within highly schistose serpentinite and porphyroclastic 

harzburgite; 

(c) small rounded bodies (<0.3m across) of massive rodingite within schistose serpentinite; 

(d) small (<2m in diameter) to relatively large (at least 15xl Om) plug-like bodies within schistose 

serpentinite and porphyroclastic harzburgite; 

(e) irregularly-shaped pod-like masses (up to 20m long and containing inclusions of serpentinite) 

within schistose serpentinite; 

(f) dyke-like bodies (up to 4m across and containing inclusions of chromitite) within chromitite. 

Irrespective of group (one and two of Ray 1977), they a{e granoblastic (defmed by interlocking 

grains of the constituent phases), decussate (defined by interlocking elongate grains of zoisite 

and/or talc and chlorite), domainal (defined by interlocking grains of chlorite-zoisite-grossular in 

discrete bands between bands dominated by clinopyroxene), and banded (defined by variation in 

grain-size within discrete bands). 

Thin-sections reveal little about the mineralogy of many rodingites found during the present study, 

so XRD methods were also used. Phases identified by XRD (Table 3.1) are vesuvianite, 

hydrogrossular, relict augite, magnesite, goethite, prehnite, serpentine group minerals (antigorite, 

lizardite, Al-rich lizardite) and chlorite group minerals (clinochlore lib, chamosite, nimite liD, Fe 

Chapter3 The Coo/ac Serpentinite Belt Page 71 



clinochlore, ferroan clinochlore Ilb). Based on XRD and thin-section work, the following 

mineralogical subdivision of rodingites from the Coolac Serpentinite Belt is presented: 

(a) diopside-grossular dominant, 

(b) clinozoisite dominant (clinozoisite+garnet assemblages), 

(c) chlorite-rich ( chlorite+garnet±diopside, chlorite+diopside assemblages), 

(d) vesuvianite dominant, 

(e) grossular dominant (garnet+serpentine, garnet+clinozoisite assemblages), 

(f) clinopyroxene (diopside) dominant. 

No. Main assemblage Minor phases 
MLA Grossular+Goethite 
ML033 Diopside+Augite Fe-Clinochlore 
ML042 Grossular+Clinochlore Ilb+Diopside 
70 Nimite Ilb+Grossular+Diopside 
76 Clinochlore llb+Diopside Vesuvianite 
77 Diopside+Ferroan Clinochlore lib 
84 Grossular+Clinochlore IIb+Diopside+Vesuvianite 
91 Grossular+Clinochlore Ilb 
92 Clinochlore llb+Prehnite+Diopside 
93 Grossular+Chamosite 
94a Vesuvianite+Magnesite Grossular 
94b Vesuvianite+Clinochlore lib Diopside 
94xls Chamosite 
95 Clinochlore Ilb+ Di opside Vesuvianite 
l04d Vesuvianite+Diopside 
104d Vesuvianite 
l04d Vesuvianite+ Al-Lizardite Gro~~,~Iar+Diopside 

174 Hydrogrossular+Calcite 
228a Clinochlore llb+Grossular 
228b Clinochlore lib 
228c Clinochlore Ilb+Grossular 
229 Vesuvianite+Hydrogrossular+Grossular Zoisite+Clinozoisite 
230 Hydrogrossular+Antigorite 
230 Grossular+ Lizardite 
231 Clinozoisite+Hydrogrossular Antigorite 
231 Grossular+Clinochlore lib 

Table 3.1 XRD-determined rodingite assemblages of the Coolac Serpentinite Belt. 
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The diopside-grossular and zoisite dominant rodingites are common throughout the Coo lac 

Serpentinite Belt and exhibit decussate (zoisite dominant), granoblastic (Plate 3.16) and rare 

banded textures. 

Plate 3. 16 Zoisite-dorninant rodingite exhibiting a granoblasric texture. 
Sample No 73 UXP F.O.V 3.Smm 

Chlorite-rich rodingites are uncommon and exhibit granoblastic domainal or decussate textures 

while rare grossular-zoisite rodingites consist of interlocking elongate zoisite and aggregates of 

grossular. 

Grossular dominant rodingite has only been found at Mount Lightning (G.R. 138 253). It is entirely 

composed of grossular and fonns schistosity-parallel vein-fillings in schistose serpentinite (Plate 

3. 17). The contact between the grossular veinlets and serpentinite is sharp and the rodingite is 

massive and unfoliated. 

Other than "primary" diopside, rare augite and plagioclase, all the phases result from 

"rodingitisation" which, based on the mineralogy (above), occurred under conditions of the lower 

greenschist facies (e.g. Miyashiro 1978~ O'Han.ley et al. 1992). Many of the diopside grains exhibit 
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moderate to strong undulose extinction, have common triple junction grain boundaries, and/or are 

fractured and locally disaggregated. Rare opaque grains are also fractured and cross-cut by veinlets 

of chlorite and grossular. Such chJorite-dominated veinJets are common throughout some of the 

rodingite bodies (e.g. those at G.R. 154 255) and defme a weakly developed planar fabric which 

parallels the NNW trend of the Coo lac Serpenti.rUte Belt. 

Plate 3.17 Grossular rodingite veinlets within schistose serpentinite. 
Sample No 98 UXP F.O.V 3.5mm 

The parental rocks ftrstly underwent progressive ductile-brittle defonnation (based on undulose, 

bent and fractured diopside and diallage development in relict diopside) and then experienced fluid 

infiltration and related rodingitisation. Ongoing or later fracturing accompanied rodingitisation as 

the rodingites are cross-cut by veinlets of chlorite and grossular. 

3.5.9 Other rock types 

Other rock types of the Coo lac Serpentinite Belt whose relationship to the groups described above 

are uncertain include amphibolite, olivine hornfels, metabasalt, chlorite-rich rock and granitoid. 

Diorite, metadolerite and various metasedimentary rocks have also been recorded (Ashley 1973). 
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(a) Amphibolite 

Amphibolites within the Coolac Serpentinite Belt were ascribed to the tectonic incorporation of 

moderate to high grade metamorphosed basalts and gabbros (Ashley 1973a). During the present 

study, a foliated amphibolite with a well-developed N-S trending mineral lineation was found as 

small (I x 0.5m in diameter) outcrops adjacent to leucogranite in the vicinity of the Goobarragandra 

Copper mine. The mineral assemblage (brown/green hornblende, diopside, plagioclase, quartz, 

epidote and trernolite) (Plate 3.18) is indicative of the amphibolite facies (e.g. Miyasltiro 1994). 

The rocks have partially retrogressed to the greenschist facies (as evidenced by tremolite fringes on 

hornblende and epidote alteration of plagioclase- e.g. Miyashiro 1994). Ductile defom1ation is 

evidenced by hornblende-defmed planar and linear fabric elements, highly strained (with extreme 

undulose extinction) plagioclase, and recrystalused quartz grains with well-developed triple

junction grain boundaries. 

Plate 3.18 Hornblende-diopside-plagioclase-quartz-epidote amphibolite exhibiting a banded 
texture. 
Sample No BF92/43 UXP F.O.V. 3.5nun 
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(b) Olivine hornfeJses 

Olivine hornfels is confined to three main areas (Ashley 1973a): 

(a) along the Goobarragandra road, near the homesteads "Lameroo" and "Beaverbrook"; 

(b) along Pattens Ridge, southwards from the Goobarragandra Copper Mine for some 2km; and 

(c) the vicinity of the Bogong Copper Mine and extending some 1-l.Skm west and northwest. 

Olivine hornfels occurs adjacent to the Bogong Granite and is interpreted as the product of contact 

metamorphism. Ashley (1973a) and Irving & Ashley (1976) suggested that the patches of hornfels 

reflect contact metamorphism of the Coo lac Serpentinite Belt by the Bogong Granite to the 

hornblende hornfels facies (e.g. 550-700°C). Partial retrogression to greenschist facies is shown by 

talc rims on some of the olivine. There is no evidence for the presence of a metamorphic fabric 

before hornfelsing, but fractured olivine and green spinel grains are consistent with late brittle 

deformation. 

(c) Metabasalts 

Metabasalt occurs as numerous small (<O.Sm across) blocks within schistose serpentinite near the 

Coolac Serpentinite Belt/Honeysuckle Beds contact on Mount Lightning and as small ( <Sm long 

and O.Sm wide) dyke-like bodies within a tectonic melange block in a quarry near Mundongo Peak 

( G.R 229 931 ). The only relict primary grains are plagioclase and clinopyroxene (most probably 

augite), while metamorphic assemblages include the occurrence of cross-cutting veinlets of quartz

albite and chlorite replacements after actinolite (Plate 3 .19), all indicative of the lower greenschist 

facies metamorphism of basaltic rocks (e.g. Miyashiro 1978). Ductile deformation is evidenced by 

the occurrence of bent plagioclase grains and stretched epidote-filled amygdules. Later brittle 

deformation is evidenced by abundant cross-cutting veinlets. Alteration associated with this 

deformation was pervasive as evidenced by the occurrence of epidosites. 

(d) Chlorite-rich rocks 

Chlorite-rich rocks from the Coo lac Serpentinite Belt were ascribed to complete metasomatism of 

serpentinites during serpentinisation (Ashley 1973a). During the present study, such rocks occurred 

as dyke-like bodies (up to 11m long and 3m wide) that strike N-S within both massive and schistose 

serpentinite. They are composed of chlorite and minor ctinozoisite (indicative of the lower 
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greenschist facies - e.g. Miyashiro 1994), and exhibit a decussate texture. Cross-cutting veinlets of 

Mg-chlorite and clinozoisite suggest that fracturing accompanied metasomatism." 

Plate 3.19 Amygdaloidal metabasalt. 
Sample No BF92/49 UXP F.O.V 3.5mm 

(e) Granitoids 

N-S trending dyke-like masses of felsic leucogranite occw-s in the vicinity of the Goobarragandra 

Copper Mine and a tectonic inclusion (Ashley 1973) of quartz-free diorite and granitic rocks occw-s 

near McAipines Copper Mine. The granitic intrusions have undergone low temperature regional 

metamorphism as evidenced by the occw-rence of albite and thin veinJets and fracture-linings of 

chlorite. Thjs metamorphism may have been of either prenrute-pumpelleyite or lower greenschist 

facies conditions. Minor defonnation is inferred from moderate to strong undulose extinction in 

plagioclase and quartz and fracture-fill veinJets of chlorite (Plate 3.20)." 

Jn the granitoid tectonic inclusions, replacement of biotite by chlorite and development of 

intergranular chlorite and cross-cutting fibrous tremolite (e.g. Miyashiro 1978) occurs. The mineral 

assemblage preserved in these rocks is indicative of tower greenschist facies metamorphj sm (e.g. 

Miyashiro 1978). Behaviour near the brittle-ductile transition of plagioclase is supported by 

Chapter 3 The Coo/ac Serpentinite Belt Page 77 



strongly bent multiple twin lamellae, moderate undulose extinction and ragged grain boundaries, 

and intense cataclasis of plagioclase and alkali feldspar. Fracturing concurrent with feldspar 

cataclasis is evidenced by chlorite in intragranular space-fillings and tremolite. 

Plate 3.20 Bent plagioclase twin lamellae and fracture-fill chlorite veinlets within felsic granitoid. 
Sample No BF92/44 UXP F.O.V 3.5mrn 

3.6 STRUCTURE OF THE COOLAC SERPENTINITE BELT 

3. 6.1 Primary layering in the main harzburgile mass 

Primary layering within the Coolac Serpentinite Belt harzburgites (e.g. Jeffreson 1982; Lohan 

1982; Graham et al. 1991, 1993) is defmed by variation in the olivine to orthopyroxene ratio 

(resulting in olivine-rich and orthopyroxene-rich layers). This can be expressed by a variable 

response to weathering such that the orthopyroxene-rich layers form a prominent positive relief. 

Two different types of grading are present within the layers (Jeffreson 1982): 

(a) a reduction in the percentage of the orthopyroxene grains in two directions away from a central 

core; 

(b) simple grading composed of orthopyroxene-rich layers grading into orthopyroxene-poor layers. 
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The pyroxene-poor layers are duniric in composition (<1% orthopyroxene) and vary in thickness 

from 2-5cm, whereas pyroxene-rich layers are peridotiric in composition (25-30% orthopyroxene) 

and vary in thickness from 5-l5cm (Lohan 1982). Neither layer types shows preferred 

crystallographic orientation of orthopyroxene. Smaller scale layering, consisting of 1-Jcm thick 

orthopyroxene-rich and olivine-rich bands, occurs within the main layering (Jeffreson 1982). 

Examples of this layering (Plate 3.21) occur in blocks throughout the belt, but in-situ examples are 

rare (Lohan 1982). Nevertheless, the layering is discontinuous (generally only a few metres), is 

more obvious in the massive porphyroclastic than in the intensely serpentin.ised harzburgites (Lohan 

1982), and is far more common in the eastern half of the belt. 

Plate 3.21 Outcrop of primary layering within harzburgite. Bold relief consists of orthopyroxene
rich layers while negative relief consists of olivine-rich layers. 

The layering generally dips at 60° towards the ENE. An apparent in-situ block of porphyroclastic 

harzburgite displaying this layering occurs at G.ll 138 350. The layering strikes at 300° and dips at 

69° towards 030°. Reported orientations of th.is layering are presented in Figure 3. 7. 
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Poles to fabric elements 

CSBIHoneysuckle Beds contact 

c = c - surlace foliation 

s = s - surface foliation 

y = CSB/Young Granodiorite contact 

Small scale internal shear zones 

c = c' surface foliation 

s = s - surface foliation 

Large scale internal shear zones 

C = c - surface foliation 

S = s - surface foliation 

L = primary layering 

"- = localised shears in dunite 

D = orientation of dyke-like bodies 

p =serpentinite foliations of Lehan (l982 unpubl) 

Data from: this s·tudy; Jeffreson (1982 unpubl); Lehan (1982 unpubl); Warner et al (1992) 

Figure 3. 7 Poles to major structural elements of the Coo lac Serpentinite Belt (equal area 
projection) (data from this study; Jeffreson 1982; Lohan 1982; Warner et al. 1992). 

Microscale observations are derived from Lohan (1982). Layering is defmed by varying amounts of 

orthopyroxene (<1 to 40%) and completely serpentinised olivine. A variably-developed, preferred 

orientation of the orthopyroxene grains exists in some samples and defmes a 11foliation11 at moderate 

angles (<30°) to the strike of the primary layering. 

Discontinuous primary compositional layering is a common feature of alpine-type peridotites and is 

similar to rhythmic cumulate layering within continental layered mafic-ultramafic complexes such 

as the Skaergaard intrusion of Greenland and the Bushveld Complex of South Africa (Dick & 

Sinton 1979). These authors described such layering from the Josephine peridotite of Oregon and 

the Red Mountain peridotite ofNew Zealand (pp. 404-405) as follows: 
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"It is di:fficultto trace the layering for great distances ....... but it appears to disappear along 

strike, passing into large areas of massive unlayered harzburgite ...... In outcrop, the layers 

typically consist of rhythmically alternating bands of pyroxene-poor and pyroxene-rich 

harzburgite a centimetre or more thick, primarily defmed by variations in olivine to pyroxene 

ratios ...... All gradations are found from alternating layers of pyroxene-rich and pyroxene-

poor harzburgite to alternating layers of pyroxenite and dunite ...... Typical layer boundaries 

are sharp. Gradations in grainsize or phase proportions between adjoining layers do occur, and 

these resemble, in some aspects, the graded bedding found in magmatic sediments ....... In 

both peridotites, the predominant orientation of the layering is near vertical rather than 

horizontal ....... the compositional layering appears to be the oldest feature preserved." 

Nicolas (1989) pointed out that this type of layering is essentially parallel to the plane of mineral 

flattening except in areas of folding. He stated that possible causative mechanisms include: 

(a) magmatic differentiation by gravitational settling; 

(b) tectonically induced mechanical segregation; 

(c) metamorphic differentiation; 

(d) oscillatory processes of nucleation and in-situ crystallisation; and 

(e) tectonic transposition of dykes and veins of dunite and orthopyroxenite within the main 

harzburgite mass. 

Mechanism (a) seems unlikely because harzburgite is refractory mantle residue and lacks cumulate 

textures (e.g. Nicolas 1989). Furthermore, the discontinuous nature of the layering within the 
" Coolac Serpentinite Belt is inconsistent with this mechanism. 

Mechanism (b) requires development of systematic high and low strain zones within the upper 

mantle harzburgite during a phase of tectonic activity; evidence of such a tectonic event is not 

preserved. 

Mechanism (c) necessitates selective dissolution and reprecipitation of orthopyroxene during a 

penetrative deformation event that produced high and low strain zones. Dick & Sinton (1979) 

favoured such a mechanism, but there is no evidence in the Coolac Serpentinite Belt for such 
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foliation producing processes. Again, the discontinuous nature of the layering and its gradational 

relationship to massive harzburgite is inconsistent with such a mechanism. 

Mechanism (d) was proposed for the development of the layering in the Coo lac Serpentinite Belt 

(Je:ffreson 1982; Lohan 1982). In such a process, the primary layering is produced by the advancing 

solidification front "trapping11 the crystallising orthopyroxene-rich layers between the already 

crystallised olivine-rich layers. This process has been proposed (McBirney & Noyes 1979) for 

continuous rhythmic layering in the Skaergaard intrusion. 

Mechanism (e) was advocated by Nicolas (I 989). He contended that early-formed dunite and 

orthopyroxenite dykes would be disrupted and rotated towards parallelism with the foliation plane 

(a plane of mineral elongation) within the harzburgite. He ascribed this to high temperature plastic 

flow within the upper mantle as it migrated away from the mid-ocean ridge. Although a mineral 

elongation lineation is commonly associated with layering within the Coo lac Serpentinite Belt (e.g. 

Je:ffreson 1982), the geometry and scale of the layering, together with the gradation of layers into 

massive harzburgite make this mechanism unlikely. 

Assuming that the harzburgite was variably molten, then (d) (oscillatory processes of nucleation 

and in-situ crystallisation) seems the most likely explanation for this type of layering within the 

Coolac Serpentinite Belt. 

3. 6.2 Serpentinite foliations 

Serpentinite foliations are of a secondary nature and help to determine the emplacement history of 

the Coolac Serpentinite Belt. They defme S-C relationships (e.g. Berthe et al. 1979; Lister & Snoke 

1984) and, can be classified as Type I S-C mylonites. Lister and Snoke (1984) note that, in Type I 

S-C mylonites, S-surfaces are related to the accumulation of fmite strain and are defmed by an 

anastomising mylonitic foliation whereas C-surfaces are related to localised high shear strain and 

comprise cross-cutting shear bands and displacement discontinuities (Lister & Snoke 1984) (Figure 

3.8). 
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Figure 3.8 Type I S-C mylonites (from Lister & Snoke 1984). 

ln thin-section, the Type I S-C fabrics developed in variably serpentinised harzburgite and schistose 

serpentinite, haveS defined by interlocking sigmoidal-shaped anastomising fibrous serpentine while 

C consists of more widely-spaced (generally in the range of I-5cm) sub-parallel bands of fibrous 

serpentine (Plate 3.22). S becomes shallowly oblique to C before tenninating abruptly against it. 

Mesoscopic linear elements observed include slickenfibres on both Sand C and slickenlines. 

Plate 3.22 S-C fabric within serpentinite defined by subparallel bands of fibrous chrysotile and 
magnetite veinlets. 
Sample No ML036 UXP F.O.Y 3.5lllJU 
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The Type I S-C fabrics of the Coo lac Serpentinite Belt are mainly distributed: 

(a) along the Coolac Serpentinite Belt/Young Granodiorite contact; 

(b) along the Coo lac Serpentinite Belt/Honeysuckle Beds contact; 

(c) in large-scale internal shear zones; 

(d) in small-scale internal shear zones; and 

(e) in localised shear zones in serpentinised dunite. 

Orientation data for these and other structures were shown in Figure 3. 7. It would seem that: 

(a) most data groups plot into broad regions rather than discrete confined areas; 

(b) the majority of S-C fabric orientations in smalJ-scale internal shear zones are steeply to 

vertically dipping, trending NNW -NNE; 

(c) the large-scale internal shear zones have a more discrete distribution (though this could reflect 

the limited data), are steeply to vertically dipping, and trend NNW; 

(d) the limited data shows that the Young Granodiorite/Coolac Serpentinite Belt contact is steeply 

dipping and trends NNE, while S-C data from the Honeysuckle Beds/Coo lac Serpentinite Belt 

contact plot in the same regions as the small-scale internal shear zones; 

(e) the dyke-like bodies, although usually trending subpara11el to the main S-C fabric orientation 

within the ultramafic rocks, are highly oblique in some cases, suggesting they are cross-cutting 

dykes rather than tectonic inclusions. 

Stuart-Smith (1990) stated that, at micro-scale, the C-surfaces in the serpentinites have a fibrous 

character, whereas the S-surfaces are platy. He noted that serpentine fibres within the C-surfaces 

are aligned sub-perpendicular to the S-C intersection and that S and C developed synchronously. 

The present study suggests that the Type I S-C fabrics, vary with rock type and intensity of 

development. 

Discussion 

The serpentinite foliations are of secondary tectonic origin, most likely related to the emplacement 

of the Coo lac Serpentinite Belt (Jeffreson 1982), and began to form during the onset of 

serpentinisation. 
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For serpentinisation to initiate, brittle fracturing and brecciation of the fresh harzburgite (possibly 

as a function of cooling) must create permeability pathways for the infiltration of low-temperature 

seawater (e.g. Laurent & Hebert 1979). Large volumes of largely H20-dominant fluids (e.g. 

O'Hanley & Wicks l995) infiltrated these pathways and reacted with olivine and orthopyroxene 

(e.g. Wicks 1984), thereby inducing serpentinisation (see section 3.5.4). During the early stages of 

serpentinisation, localised high strain zones developed S-C fabrics. Continuing deformation with 

ongoing serpentinisation enhanced these fabrics. The formation of the Western Tectonic Melange 

Zone and the Young Granodiorite/Coo lac Serpentinite Belt contact is ascribed to continuing 

deformation during the late stages of serpentinisation associated with emplacement of the 

Honeysuckle Beds and Young Granodiorite. 

The S-C relationships developed 'flithin both the Coo lac Serpentinite Belt and Young Granodiorite 

have been used to construct tectonic models for the progressive emplacement of the Coo lac 

Serpentinite Belt and Young Granodiorite at their present sites (e.g. Stuart-Smith 1990; Warner et 

al. 1992). Serpentinite readily deforms even under low temperature and becomes schistose, whereas 

the only mineral in the granodiorite that can easily become oriented and defme a foliation is the 

biotite. As deformation within the granodiorite evolved from ductile to brittle, strain partitioned 

from the granodiorite into the adjacent serpentinite. Also, relative movement directions indicated by 

the S-C fabric relationships within the ultramafic rocks of the Coo lac Serpentinite Belt can be 

highly variable over only a few metres, signifying a localised movement direction. There is also 

little evidence for any substantial movement along internal shear zones within the serpentinite (in 

fact, all available evidence points to movements of only a few mm). 

3.6.3 Summary of the main structural elements of the Coolac Serpentinite Belt 

(a) On its eastern contact, the Coolac Serpentinite Belt is variously intruded by or faulted against 

the Young Granodiorite. 

(b) On its western boundary, there is a complex faulted contact with the rocks of the Honeysuckle 

Beds. 

(c) The harzburgite exhibits a compositional layering that is interpreted as magmatic and is 

therefore the earliest structure formed. 

Chapter 3 The Coolac Serpentinite Belt Page85 



(d) The harzburgite has a foliation that is defmed by flattened orthopyroxene and olivine and is 

ascribed to plastic flow - it is the earliest secondary tectonic foliation in these rocks. 

(e) Serpentine foliations (S-C fabrics) are developed within internal shear zones and on both 

contacts of the belt. S and C have broadly similar orientations, consistent with them fonning 

within the same ductile-brittle environment during protracted serpentinisation. 

(f) The S-C fabrics within serpentinites in internal shear zones record both sinistral and dextral 

oblique slip movement. Both movement lines are consistent throughout the belt suggesting that 

there were either two events that formed S-C fabrics or that they are coeval and represent 

opposing movements on the east and west faces of more resistant blocks. S-C fabrics within 

serpentinite on the western contact with the Honeysuckle Beds consistently recorded sinistral 

oblique slip movement. 
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CHAPTER 4: THE WAMBIDGEE SERPENTINITE BELT 

4.1 INTRODUCTION 

The Wambidgee Serpentinite Belt, like the Coolac Serpentinite Belt, is steeply-dipping and of 

alpine-type. It is topographically subdued (Plate 4.1) and clearing for agricultural purposes has 

disturbed most exposure. It consists of schistose and massive metaserpentinite and encloses other 

bodies of variably altered ultramafic, mafic and felsic rock. The belt, contains previously mined 

deposits of talc, and the only operating magnesite mine in this region of Australia (Figure 4.1 ). 

Podiform chromitites are W1common and sporadically distributed. 

Plate 4.1 Typical low-lying topography of the Wambidgee Serpentinite Belt. Fontenoy chrornite 
mine, west of Wombat. Viewed from the south. 
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Figure 4.1 Location of the Wambidgee Serpentinite Belt (adapted from Fitzpatrick 1976). 

4.2 THE WESTERN CONTACT AND ABUTTING ROCKS 

The southern portion ofW ambidgee Serpentinite Belt has faulted contacts with the Jindalee Beds 

(Figure 4.2). The northern portion, which crops out poorly other than near Fontenoy and the 

Thuddungra mine (Figure 4.3), has more complex relationships. In the Fontenoy area, the belt, 

which has been term~d the "Fontenoy Serpentinite11 (Cooper 1985), is faulted against mylonitic 
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Young Granodiorite. In the ThuddWlgra area, it is faulted to the west against metasedimentary 

rocks of the Jindalee Beds, and these in tum are faulted against metasedimentary and metavolcanic 

rocks of the Blowering Formation some 1.6 to 2.5km further west (Reynolds 1993). To the east, the 

W ambidgee Serpentinite Belt in this area is faulted against mylonitic Young Granodiorite. 
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Figure 4.2 Geology of the southern portion of the Wambidgee Serpentinite Belt (adapted from 
Fitzpatrick 1976). 
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Figure 4.3 The northern portion of the Wambidgee Serpentinite Belt (adapted from Fitzpatrick 
1976). 

4.2.1 The Jindalee Beds 

The Jindalee Beds are thought to represent the basement and be of Cambro-Ordovician age (e.g. 

Basden et al. 1974; Scheibner 1985). They form a linear north-south trending belt (Figure 4.4) and 

extend as far north as the Grenfell region (Basden et al. 1974). In general, the Jindalee Beds exhibit 

faulted contacts, although in the south of the belt, they are intruded by aplitic and lamprophyric 

dykes of the Young Granodiorite. There is a strong spatial association between the Jindalee Beds 

and Wambidgee Serpentinite Belt (Figure 4.4). 
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Figure 4.4 Distribution of the Jindalee Beds (adapted from Fitzpatrick 1976). 

The Jindalee Beds can be divided into sub-units of quartzite, quartz-magnetite rock, chert, 

limestone, metapelite and metabasite. Petrographic data are presented in Appendix 4PD. 

Quartzite is widespread and consists dominantly of recrystallised quartz with minor graphite and 

magnetite and/or hematite (Plate 4.2). 
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Plate 4.2 Folded micaceous quartzite from the Jindalee Beds. 
Sample No 58 UXP F.O.V 3.5mm 

Quartz-magnetite rock(> 10% magnetite) contains fine-grained granoblastic quartz and magnetite 

and/or hematite, together with minor biotite, stilpnomelane and fibrous amphibole (Basden et al. 

1974 ). in outcrop and hand-specimen, it has a similar appearance to the banded iron formations of 

the Broken Hill region (e.g. Stevens & Stroud 1983). Although the quartz-magnetite rock generally 

occurs as thin layers and pods within the Ji.ndalee quartzite, Reynolds (1993) described a quartz

magnetite sequence in the Thuddungra area as 3.5km in extent along strike and up to 0.4km thick. 

Chert (metachert) is relatively uncommon, but has been recorded by Macklin ( L985) and Jones 

(199 L). Although most of the rnetachert is intercalated with the Jindalee quartzite, Jones (1991) 

noted that it fonns tectonic blocks within the Wambidgee Serpentinite Belt. 

Basden et al. ( 1974) reported a lenticular limestone body within metabasite near Coo lac. The body 

is better termed a dolomitic marble, and consists of recrysta llised calcite/dolomite showing a 

granoblastic fabric with intergranular diopside, quartz, tremolite, and minor talc. The present study 
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has revealed that the marble body is a tectonic block, with intensely slickensided boundaries against 

the enclosing metabasites. 

Metapelite and metapsammite are almost as common as quartzite to the north and west of Coo lac, 

and most probably throughout the region. They crop out poorly and are generally interbedded with 

quartzite. Wilson (1993) observed phyllite along the contact with the W ambidgee Serpentinite Belt. 

Cooper {1985) found quartz-muscovite schists (up to 40% muscovite) in the Fontenoy area, where 

the present author found knotted quartz-muscovite-chlorite schist. 

Both intrusive and extrusive metabasite is intercalated with other lithologies of the Jindalee Beds. 

Intrusives consist of pyroxene metagabbro and metadolerite while extrusives are metabasalt and 

rare meta-andesite. The metabasalt can be sub-divided into actinolite-albite-epidote schists, 

actinolite schists, amphibole-albite rocks, chlorite-epidote-albite schists and chlorite-epidote-zoisite 

rocks. In some areas, the metabasalt forms units over a kilometre in length and up to 200m in width. 

Amphibolite is rare in the southern portion of the Jindalee beds but common in the far north near 

the Thuddungra mine (Figure 4.3). It is diverse in nature, varying from fme to coarse-grained, 

massive to foliated, and commonly banded. At Memagong Hill (south ofThuddungra), an 

amphibolite layer (within quartzite) is 3.5km long and 30m wide. Metagabbro is relatively 

uncommon. The bodies are foliated at contacts but are otherwise massive. 

Basden et al. (1974) stated that the metabasites of the Jindalee Beds underwent greenschist facies 

metamorphism, but this is an oversimplification. South of Coolac, Parker (1993) recorded mid

upper greenschist facies as indicated by sodic plagioclase+epidote in metabasalt (without chlorite), 

whereas saussuritised plagioclase+chlorite+epidote+actinolite in metagabbro indicated lower 

greenschist facies conditions. To the north and west ofCoolac, Jones 0.991) and Wilson (1993) 

reported that the metabasites had undergone mid-greenschist to lower amphibolite facies (staurolite 

zone) metamorphism based on the presence of metamorphic hornblende and diopside. The 

metamorphic peak was at least 500°C -the transition temperature of actinolite to hornblende, 

regardless of pressure (e.g. Jones 1991). Further north, around Cootamundra, Cooper (1985) stated 

that the amphibolites had undergone upper greenschist to lower amphibolite facies metamorphism, 

while around Thuddungra, assemblages in metabasites indicated upper greenschist facies, but 
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ranged to upper amphibolite on the basis of amphibole occurrences (Reynolds 1993). Overall, the 

common occurrence of actinolite fringes on metamorphic hornblende is consistent with an 

interpretation in which the region attained upper amphibolite facies conditions and was then 

variably retrograded to greenschist facies. The occurrence of abundant fine-grained almandine 

within the meta basalts at Pettitts (G.R. 059 3 10) is indicative of the upper greenschist facies under 

medium pressure conditions (e.g. Miyashiro 1.978). 

The roetapsai1U11ites and metapelites also record a variable metamorphic history. Basden et al. 

(1974) stated that the quartz-magnetite rocks reached amphibolite facies conditions. South of 

Coo lac, abw1dant biotite in metapelite is consistent with greenschist facies (biotite zone) conditions 

(Parker 1993), whilst around Coolac, diopside+quartz+calcite+tremolite+talc in marble (Plate 4.3) 

requires amphibolite facies conditions. Near Cootamundra, Macklin (1985) stated that metapelites 

had attained greenschist facies (almandine zone) conditions, but he also recorded cordierite 

retrogressing to chlorite. As the occurrence of almandine is compositionally restricted in low 

pressure conditions, Mack! in ( 1985) stated that these rocks were of a very [imjted composition, 

metamorphosed under low pressure, high geothermal gradient conditions. 

Plate 4.3 Cross-cuttLng tremolite grains in marble from the Jindalee Beds 
Sample No PJ2 UXP F.O.V l.Smm 
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ln summary, the Jindalee Beds experienced temperatures, which may have reached upper 

amphibolite facies and retrograded to the now widespread lower greenschist facies conditions. 

Basden et at. (1974) stated: 

"The rocks of the Jindalee Beds have been extensively affected by several episodes of deformation 

and metamorphism. Repeated or continuous deformation is indicated by refolded folds, strong 

crenulation of axial plane cleavage which originally developed during isoclinal folding, and 

transposition" 

Although this statement is generally true, the intensity and nature of deformation vary as a function 

of rock type. Quartzites are intensely deformed, whereas the metabasites are mildly deformed. 

Macklin (19S5) recorded three distinct periods of deformation: 

D 1 involved isoclinal folding and development of a layer-parallel hinge surface cleavage, a 

bedding/cleavage intersection lineation and a mineral elongation lineation; 

02 generated tight to open folding with a hinge surface crenulation cleavage (S2); 

D3 produced regional-scale kink bands which re-oriented the earlier foliations. 

South ofCoolac, Parker (1993) recognised Dl and possibly D2. Dl is represented by a strong slaty 

cleavage in the metapelites and a distinct N-S trending foliation in the metabasites (e.g. Parker 

1993). To the north and east ofCoolac, Jones (1991) noted that Dl in metapelite produced a 

domainal cleavage defmed by quartz-rich (Q) domains within a continuous mica-rich (M) domain, 

and D2 generated a preferred orientation and domainal distribution of biotite (Jones 1991). He 

mentioned that open to tight D2 folds are common. North of Cootamundra, Cooper ( 19S5) found 

two distinct fold styles: 

(a) large-scale (lO's to tOO's of metres across) tight to isoclinal folds with axial surfaces dipping 

50-90° towards the W/SW and hingelines plunging at approximately 20° S/SE; 

(b) superimposed on these large-scale folds are smaller wavelength (0.1 to 5m) isoclinal folds. 

Around Thuddungra, the most prominent foliation trends N-NNE, is steeply dipping, and is most 

likely an S2 cleavage (Reynolds 1993). 
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Based on the above results, the Jindalee Beds have undergone two periods of intense, widespread 

deformation followed by a period of less intense, irregularly distributed, deformation. 

4.2.2 The Frampton Volcanics 

The main body of Frampton Volcanics occurs some 6km west of the main Wambidgee Serpentinite 

Belt. The rocks are separated from the Jindalee Beds by the Blowering Formation and the 

Cootamundra Fault. A small infaulted block of the Frampton Volcanics also occurs within the 

Western Wambidgee Serpentinite Melange (Figure 4.5). The contacts of the Frampton Volcanics 

are ambiguous and their stratigraphic position within the region is uncertain (Skilbeck et al. 1992), 

although a U-Pb zircon date of 428 ±6 Ma has been obtained (Stuart-Smith 1990). 
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Figure 4.5 Distribution of the Frampton Vo1canics (adapted from Fitzpatrick 1976). 
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The Frampton Volcanics are a silicic volcanic sequence with minor intercalations of conglomerate 

and rare fme-grained sedimentary rocks in the southern region (e.g. Stuart-Smith & Dadd 1993). 

These authors indicate that the volcanic rocks are rhyolitic to rhyodacitic crystal-rich vitric tuff 

with minor dacitic tuff and rare andesite and basalt. They stated that conglomerates range from 

oligomictic (with locally-derived volcanic clasts) to polymictic (with clasts of arenite, siltstone, 

volcanic rocks, limestone and rare granite). Metamorphic biotite and sericite in the volcanic rocks 

(Basden et al. 1974) are consistent with the biotite zone of greenschist facies regional 

metamorphism (e.g. Miyashiro 1978). 

A common weak to strong foliation trends N-S, dips steeply west and in many cases is parallel to 

bedding. In the volcanic rocks, this spaced foliation is defmed by the planar preferred orientation of 

micaceous minerals -wrapping-around phenocrysts. In the sedimentary rocks it occurs as a 

continuous (in siltstones) to spaced (in conglomerates) cleavage. Ekers (1992) recognised an S2 

foliation but this was not found to occur near the boundary with the W ambidgee Serpentinite Belt, 

Western Wambidgee Tectonic Melange and Gundagai Serpentinite Belt by either Parker (1993) or 

Wilson (1993). 

4.3 THE EASTERN CONTACT- YOUNG GRANODIORITE 

From Coolac to Cootamundra (Figure 4.6), the Young Granodiorite generally crops out 3-Skm east 

of the W ambidgee Serpentinite Belt, intervening units are the Jindalee Beds and Blowering 

Formation. However, in the Fontenoy area, the Blowering Formation is not developed and the 

W ambidgee Serpentinite Belt and Jindalee Beds abut the Young Granodiorite. In the Thuddungra 

area, contacts between the W ambidgee Serpentinite Belt andY oung Granodiorite are covered by 

alluvium although metabasic rocks of the Jindalee Beds generally occur between the W ambidgee 

Serpentinite Belt and Young Granodiorite in this area (Figure 4.6). 

Dyke-like felsic bodies related to theY oung Granodiorite and mafic dykes of unknown a:lfmity 

have intruded the W ambidJ!ee Serpentinite Belt, Blowering Formation and Jindalee Beds (Figure 

4.6). 
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Figure 4. 6 Distribution of the Young Granodiorite along the eastern contact of the W ambidgee 
Serpentinite Belt (adapted from Fitzpatrick 1976). 

Contact relationships 

From south to north, details of the dykes andY oung Granodiorite (for petrographic descriptions, see 

Appendix 4PD) as pertaining to the contact, are: 

(a) A small granodioritic body intrudes metapelite and metapsammite of the Jindalee Beds 

north of Coo lac (Figure 4.6; G.R 056 401 ). In the same vicinity, near the Booths Reward 

Gold Mine, the Jindalee Beds metasedimentary rocks are cut by aplitic and mafic 

(lamprophyric) dykes. 

(b) Aplitic and mafic (lamprophyric) dykes intrude metasedimentary rocks of the Blowering 

Formation, lkm east of the W ambidgee Serpentinite Belt (Figure 4. 6) about 1 Okm north of Coo lac. 

The aplitic dykes are massive and devoid of xenoliths, whereas the mafic dykes are coarse-grained 

and contain xenoliths of siltstone and quartzite whereas the aptitic dykes are massive and devoid of 

xenoliths. Other variants of the Young Granodiorite in this area are quartz monzodiorites. 
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(c) The Young Granodiorite in the Fontenoy area (Figure 4.6) varies from massive, through 

gneissic, to mylonitic, the latter fonning 15-SOm wide zones; all have the same mineralogy but 

progressively contain more abundant alteration phases (Cooper 1985). The gneissosity is defmed by 

the preferred orientation and distribution of biotite wrapping around quartz and feldspar augen. 

Similarly, the mylonitic foliation is defmed by the preferred rientation and distribution of biotite 

wrapping around cataclased quartz and feldspar. Regardless of deformation state, xenoliths abound 

and consist of biotite and biotite-quartz segregations, small vein quartz blebs, and ellipsoidal to 

spherical tonalitic bodies (Cooper 1985). "Rounded" elongate enclaves (up to 0.4m) of banded 

Jindalee quartzite also occur within protomylonite of this area (Plate 4 .4). 

(d) In the Quartz Hill area, south ofThuddungra (Figure 4.6), two varieties of the Young 

Granodiorite are found. Away from the main contact, the granodiorite is weakly foliated and 

even-grained. In a zone some 200-300m in width at its western margin, the granodiorite is 

porphyritic and strongly foliated It has identical mineralogy to the more massive variety away 

from this margin, but has recrystallised quartz and strongly aligned grains of biotite defining a 

strong foliation Also in this area, unfoliated mafic amphibolites become strongly schistose and 

exhibit a weil-defmed linear fabric at the contact. 

Dykes in the Fontenoy area include metasomatised aplites in talcosic metaserpentinite; the dykes 

range in composition from unaltered aplite to quartz-oligoclase-actinolite rock (Cooper I 985). 

Reynolds (1993) concluded that microgranites within the Wambidgee Serpentinite Belt (Figure 4.6) 

are an integral part of the belt, but their mineralogy and mode of occurrence are more consistent 

with dykes associated with the Young Granodiorite. 

The chlorite, epidote, actinolite, zoisite, sericite and muscovite alteration assemblages suggest that 

the Young Granodiorite has undergone greenschist facies metamorphism (e.g. Miyashiro 1994). 

The greater intensity of alteration in the more foliated varieties suggests that the metamorphism was 

either synchronous with or subsequent to the deformation. There is no defmitive evidence for either 

case as a number of the secondary metamorphic minerals do not show an overly strong preferred 

orientation and also. such a preferred orientation could be formed by mimetic alteration 
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Plate 4.4 Enclave of Jindalee Beds quartzite within foliated Young Granodiorite, Warrenoy, west 
ofFontenoy. Viev ... ed from the south, looking north. 

Most deformation within the Young Granodiorite is focused along its margins. In the Fontenoy area 

(Figure 4.6), the gneissosity has a mean strike of330° and dips that vary some 20° either side of 

vertical (Cooper 1985). In the Cootamundra region (Figure 4.6), the foliation strikes 360° and dips 

subvertically (Macklin 1985). Thus, the gneissosity has approximately the same orientation as the 

dominant regional foliation for this part ofNSW. 

Microstructural evidence of deformation within the granodioritic and aplitic rocks includes: 

(a) moderately bent and micro-faulted plagioclase twin lamellae (Plate 4.5), 

(b) the relatively large quartz grains exhibit undulose extinction and subgrain development and 

have strongly sutured grain bow1daries (Plate 4.6), 

(c) the relatively small quartz grains are equant and polygonjal in shape, 

(d) aggregates of sub-parallel biotite grains wrap around both quartz and feldspar augen, and 

(e) some muscovite grai.ns are bent and exhibit moderate undulose extinction (Plate 4.7). 
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Plate 4.5 Bent and micro-faulted plagioclase twin lamellae within Young Granodiorite. 
Sample No 223 UXP F.O.V 1.5rnm 

Plate 4.6 Strongly sutured grain boundaries of large quartz grains within mylonitised Young 
Granodiorite. 
Sample No 200 UXP F.O.Y l.Soun 
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Plate 4.7 Bent muscovite grains witrun Young Granodiorite. 
Sample No 223 UXP F.O.V 1.5mm 

In swnmary, the Young Granodiorite contains evidence for one major defonnation associated with 

intrusion and thrust emplacement against the Jindalee Beds and Wambidgee Serpentinite Belt. The 

deformation appears to have been part of a major regional event. Ductile defonnation associated 

with silicic dyke rocks, west of the main contact, suggests that the dykes were still hot while being 

deformed. 

The main contact between the Wambidgee Serpentinite Belt and the Young Granodiorite is faulted, 

based on the development of mylonite in the Young Granodiorite. However, dykes of Young 

Granodiorite within the Wambidgee Serpentinite Belt and Jindalee Beds to the west of this main 

contact, together with the irregular transgression of the contact by the Young Granodiorite north of 

Fontenoy, suggest a partially intrusive relationship. Thus, the Young Granodiorite has a 

faulted/intrusi ve contact with the Wambidgee Serpentinite Belt and Jindalee Beds, similar to that 

reported (e.g. Marshall & Franklin 1992; Warner et al. 1992) between the Young Granodiorite and 

Coolac Serpentinite Belt further south. 
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4.4 GENERAL FEATURES OF THEW AMBIDGEE SERPENTINITE BELT 

The W ambidgee Serpentinite Belt is a linear belt of dominantly schistose and massive 

metaserpentinites which discontinuously outcrops for approximately 11 Okm, from Sandy Falls in 

the south (Basden et aL 1974) to Jacks Hill (near Thuddungra) in the north (Figure 4.7 and see 

Figure 4.1 ). 
148"E 

• Grenfell 

• Wombat 

• Cootamundra 

TN 

t 

LEGEND 

• 
Wambidgee 
Serpentinite Belt 

Jindalee Beds 

17,:0'1 Western Warnbidgee 
~ Serpentinite Melange 

• 1bwnship 

0 lOkm 

Figure 4.7 Extent a.t}d distribution of the Wambidgee Serpentinite Belt (from Fitzpatrick 1976). 
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All metabasic igneous rocks within this belt (regardless of their emplacement mechanisms) are an 

integral part of it; Young Granodiorite and Jindalee Beds within this belt are not part of it. Basden 

et al. (1974) give a type section for the Wambidgee Serpentinite Belt from G.R 038 339 to G.R 

058 339, to the west of Coolac, where the belt attains a maximum width of 1.9km. More generally, 

it varies between 0.5 to 1km in width. A possible northward extension of the belt exists at 

Arramagong Hill (west ofTyagong), where serpentinised har~burgite has been recorded (Warren et 

al. 1995). 

Although its contacts with other rocks are not exposed, the Wambidgee Serpentinite Belt appears to 

be steeply-east dipping (80° to vertical) and, like the Coolac Serpentinite Belt, is a dominantly 

ultramafic steeply-dipping, NNW-trending linear belt. 

4.4.1 Surface outcrop of rock types 

Outcrop is moderately good at the southern end of the W ambidgee Serpentinite Belt where the belt 

forms a prominent ridgeline, defmed by a series of large hills. It is poor elsewhere, other than 

around Jacks Hill (Figure 4.6). At outcrop scale, the serpentinites form steep-dipping sheet-like 

masses, the plagiogranites and rodingites form small (<0.5m across) rounded masses just rising 

above the soil, and the metabasic rocks form positive relief as dyke-like bodies within the 

serpentinite. Chromitite locations are marked by old mine and prospect dumps. 

4.4.2 Internal structure 

As with the Coolac Serpentinite Belt, the Wambidgee Serpentinite Belt contains diverse lithologies 

and has a complex internal structure, including primary layering, massive and schistose 

serpentinites, and tectonic inclusions/intrusive masses. 

(a) Primary layering (as detailed in section 4.6.1) 

Primary layering has been found in the Fontenoy region (G.R 058 896), where it can be traced for 

approximately 1OOm. The layering occurs within moderately massive unfoliated serpentinite and is 

defrned by alternating Opx-rich and Opx-poor bands (Plate 4.8) that range in thickness from 4 to 

40mm and, in some cases, are size-graded. In places, the layering is gently folded with interlimb 

angles of 150°. Dips range from 60/33r to 10/110°. 
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Plate 4.8 Layering within serpentinised peridotite defmed by bastised orthopyroxene-rich layers 
(bold relief) and serpentine-rich layers (negative relief). Warrenoy, west of Wombat. 

(b) Massive and schistose serpentinites 

Serpentinites have no clear-cut geographic distribution within the Wambidgee Serpentinite Belt. 

Massive serpentinite is cut by discrete zones of schistose (S-C fabric) serpentinite that tend to be 

<lm thick. Such zones can be traced for over a kilometre (e.g. at Coolac Hill G.R 045 337) and are 

spaced in the order of 2-1Om. Schistose serpentinite contains discontinuous residuals {O.l-0.2m) of 

unfoliated serpentinite, and forms narrow (a few metres wide) continuous zones (e.g. G.R 058 896) 

throughout the W ambidgee Serpentinite Belt. Within these zones, the C-surface is the dominant 

fabric element. These zones are commonly associated with cross-cutting chrysotile vein fibres, talc 

mineralisation and the development of cross-cutting tremolite. 

(c) Tectonic inclusions? 

As in the Coo lac Serpentinite Belt, the W ambidgee Serpentinite Belt contains bodies of various 

lithologies within serpentinite. Such bodies include chromitite, dunite, gabbro, amphibolite, chlorite 

rock, plagiogranite and rodingite. Unfortunately, their contacts are usually obscure and make 
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discrimination between intrusion and tectonic emplacement extremely difficult. However, at G.R. 

066 291, a chromitite body within massive serpentinite has its long axis at a high angle to the trend 

of the belt. Similarly, dyke-like bodies of chlorite rock occur at "Sunnybraen (G.R. 042 41 0) and, at 

Jacks Hill (G.R. 972 194), a small (5m) mass ofunfoliated plagiogranite occurs in serpentinite, 

which contains tremolite near and on the contact. These bodies may have been magmatically 

emplaced whereas others were tectonically emplaced. 

4.5 PETROGRAPHY AND TEXTURAUSTRUCTURAL EVOLUTION 

(For detailed petrographic descriptions, see Appendix 4PD) 

4.5.1 Primary ultramafic rocks 

The primary ultramafic rocks of the W ambidgee Serpentinite Belt are those which have either 

retained their primary igneous mineralogy, or lost their primary minerals but retained their igneous 

textures, allowing identification of the precursor rock types. On this basis, theW ambidgee 

Serpentinite Belt originally contained dunite, harzburgite, hornblende clinopyroxenite, homblendite 

and layered peridotite. These rock types, with the exception of layered peridotite (found only in the 

central part) and dunite (usually associated with podiform chromitite), lack systematic distribution. 

The preceding rock types occur as lenticular bodies (a few metres in maximum dimension) within 

massive or schistose metaserpentinite, their longest axis commonly parallel to the schistosity. This 

is particularly well illustrated by a long (nearly 1OOm) narrow (less than 4m) lens of layered 

homblendite/peridotite located at G.R. 039 891. Conversely, the layered peridotite at Fontenoy 

(Figure 4.6; as mentioned above) forms a shallowly undulating body and is an exception to the 

lenticular geometry. 

Microscopically, completely serpentinised dunite has a well-developed mesh texture and lacks 

pyroxene (Plate 4.9), whereas completely serpentinised harzburgite has >10% bastite 

pseudomorphs after orthopyroxene in a matrix of serpentine (Plate 4.10). Rare primary layering 

(above and section 4.6.1) occurs in the Fontenoy region. Hornblende metaclinopyroxenite is 

restricted to Jacks Hill, north ofThuddungra, while homblendite occurs in the Fontenoy district, 

where it is coarse-grained (Plate 4.11) and also at Jacks Hill, where it is fine-grained. 
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Plate 4.9 Serpentinised dwlite exhibiting a mesh texture. 
Sample No BF92/10b UXP F.O.V 3.5mm 

Plate 4.10 Bastised orthopyroxene grains within serpentinised harzburgite. Lizardite and ch.rysotile 
are in the matrix. 
SampleNo BF91 /27a UXP F.O.V 3.5mm 
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PI ate 4 .ll Coarse-grained hornblendite. 
Sample No 65 UXP F.O.V 3.Smm 

Layered peridotite (above and section 4.6.1) occurs i.n the Fontenoy region, where two variants 

exist. The most common consists of completely serpentinised rhythmically layered peridotite 

(alternating Opx-rich and Opx-poor layers) (section 4.6.1) within schistose and massive 

serpentinite. The less common comprises weakly serpentinised, simply layered peridotite (also Opx

rich and Opx-poor layers) and occurs as a layer within a hornblendite wut (section 4.6.1 ). The more 

common variant has a number of distinct types of layers (section 4.6.1 ). 

The primary ultramafic rocks of the Wambidgee Serpentinite Belt have, in cases, been completely 

altered and, at best, only retain relict primary phases. The intensity of metamorphism varies along 

the belt with upper greenschist facies to lower amphibolite facies assemblages dominating the 

southern and central parts, and upper amphibolite facies with a lower amphibolite facies overprint 

dominating the northern part. 
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The dunites of the W ambidgee Serpentinite Belt have been completely serpentinised, so the pre~ 

serpentinisation evolution is difficult to determine. The dominant assemblage of lizardite 

6T +chrysotile+magnetite (Plate 4.9) is ascribed to an early stage of low temperature (less than 250 

± 25°C at a P(HtO) ofless than 1kb- (O'Hanley & Wicks 1995) serpentinisation through the 

infiltration of sea-water in an oceanic environment (e.g. Laurent & Hebert 1979) before 

emplacement into continental crust (e.g. Moody 1979). However, Wicks (1984) stated that before 

sea-water infiltration could occur, there must have been brittle failure at least enhanced by 

hydraulic fracturing between and through grains to facilitate the intensity of serpentinisation Thus, 

on this basis, the dunites of the W ambidgee Serpentinite Belt underwent brittle fracturing at a 

distance from where they formed and seawater infiltration and concurrent hydraulic fracturing 

resulted in their complete serpentinisation. 

The serpentinised harzburgite contains relict orthopyroxene and chrome spinel grains (Plate 4.1 0) 

that enable reconstruction of the pre-serpentinisation history. The pseud~porphyroclastic texture 

(Chapter 3, section 3. 5 .1 ) mimics the high temperature porphyroclastic texture that is ascribed to 

recrystallisation of original magmatic harzburgite (e.g. Bartholomew 1993; Chapter 3, section 

3.5.1). This was followed by brittle failure and ongoing hydrofracturing under conditions above 

250°C and P(H10) > lkb, and below 450°C (e.g. O'Hanley 1996) during which infiltrating sea-water 

resulted in the replacement of olivine and orthopyroxene by antigorite +magnetite (e.g. Evans 

1977). Subsequent to antigorite formation, a period of brittle failure accompanied development of 

chrysotile and tremolite veinlets, a sequence of events which essentially parallels that found in 

harzburgite of the Coo lac Serpentinite Belt (Chapter 3, section 3.5.1 ). 

Hornblende metaclinopyroxenites have a granoblastic metamorphic texture and consist of a high

grade metamorphic assemblage partially overprinted by a low-grade assemblage. There is no clear 

evidence to suggest the nature of the pre-cursor assemblage except that clinopyroxene 

porphyroblasts may well be relict primary grains. The occurrence of fme-grained clinopyroxene and 

moderately pleochroic brown hornblende around the clinopyroxene porphyroblasts is ascribed to 

lower granulite facies metamorphism (e.g. Miyashiro 1994). Assuming an igneous parent, the 

metamorphism would have been retrogressive and could have been a :fimction of the cooling history. 
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Tremolite overprinting hornblende is ascribed to upper greenschist to lower amphibolite facies 

metamorphism (e.g. Miyashiro 1994). 

The homblendites of the W ambidgee Serpentinite Belt have been variably altered. Those only 

weakly affected retain a cumulus texture and have a mineral assemblage of hornblende, diopside, 

actinolite, talc and chlorite (Plate 4.11 ), indicative of an original magmatic assemblage of 

hornblende and diopside, partially overprinted by greenschist facies metamorphism (i.e. actinolite, 

talc and chlorite) (e.g. Miyashiro 1994). In contrast, those more intensely affected exhibit a fine

grained metamorphic granular texture and a mineral assemblage of hornblende, diopside, 

orthopyroxene, actinolite and talc. Development of the granular texture is ascribed to 

recrystallisation of diopside, orthopyroxene and hornblende under upper amphibolite-lower 

granulite facies metamorphism (e.g. Miyashiro 1994 ). The occurrence of cross-cutting actinolite 

and talc is ascribed to upper greenschist facies retrograde metamorphism (e.g. Miyashiro 1994)." 

The layered peridotites of the W ambidgee Serpentinite Belt have been variably serpentinised. The 

weakly serpentinised type, have a mineral assemblage of olivine, orthopyroxene, tremolite and 

chlorite and retain an igneous cumulus texture (Plate 4.12). The presence of cross-cutting tremolite 

and chlorite is ascribed to mid-greenschist facies metamorphism . In contrast, the strongly 

serpentinised layered peridotites consist of rare bastitised orthopyroxene, relict clinopyroxene, 

antigorite, talc, chlorite, tremolite and abundant secondary accessory magnetite (Plate 4.13). 

Although they retain primary layering, they exhibit a metamorphic decussate texture. 

Orthopyroxene grains rimmed by hornblende are ascribed to upper amphibolite facies 

metamorphism (e.g. Miyashiro 1994). Antigorite formed at temperatures above 260°C, but below 

450°C (e.g. O'Hanley 1996). The occurrence of cross-cutting tremolite+chlorite is ascribed to 

greenschist facies retrograde metamorphism (e.g. Miyashiro 1994). 
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Plate 4.12 Cumulus texture of weakly serpentinised layered peridotite. 
Sample No 65 (L) UXP F.O.V J.Smm 

Plate 4.13 Cross-cutting treroolite within serpentinised layered peridotite. 
Sample No 225B UXP F.O.V 3.5rnm 
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4.5.2 Serpentinites 

Massive and schistose serpentinites dominate the W ambidgee Serpentinite Belt. Massive varieties 

generally occur as "blocks" and lenses surrounded by the schistose variety. However, in certain 

places (e.g. at G.R. 043 460) schistose serpentinite is completely lacking. In such cases, narrowS

C fabric zones (<0.2m across), mostly composed of talc, occur within the massive serpentinite. 

Primary phases are rare within the serpentinites, but where present, include olivine, chrome spinel 

and completely bastitised orthopyroxene grains. Secondary metamorphic phases are common 

(almost ubiquitous in every outcrop) and comprise tremolite, talc, Mg-cWorite and rare magnesite. 

On textural grounds, the serpentinites may be subdivided into massive and schistose types. 

XRD studies on both massive and schistose serpentinites from the W ambidgee Serpentinite Belt 

confirm that a number of serpentine polymorphs exist, dominated by antigorite and clnysotile. The 

non-oriented serpentine matrix within the serpentinites, has been identified as antigorite using this 

method. Chrysotile 2M and chrysotile 20 occur within the chrysoti1e veinlets and Al-rich lizardite 

l T is common within the Jacks Hill area in the north of the belt. 

The serpentinites of the W ambidgee Serpentinite Belt are more correctly termed 

"metaserpentinites", as they are dominantly composed of antigorite with cross-cutting patches and 

veinlets of tremolite. The latter are indicative of medium pressure upper greenschist-lower 

amphibolite facies metamorphism (e.g. Miyashiro 1994; O'Hanley & Wicks 1995). The presence 

of chrysotile veinlets of a number of generations indicates that serpentinisation was an ongoing 

process (e.g. Wicks & Plant 1979). The rocks are now dominantly composed of antigorite which is 

ascribed to serpentinisation above 250°C and a P(HzO) of less than lkb (e.g. O'Hanley & Wicks 

1995). Secondary cross-cutting talc and magnesite developed at temperatures below 1 oooc by the 

percolation of C02-enriched groundwaters through the rocks (e.g. Laurent & Hebert 1979). 

The serpentinites of the W ambidgee Serpentinite Belt have been variably deformed. In the more 

massive varieties, deformation is defmed by the occurrence of veinlets of tremolite, cross-cut by 

veinlets of chrysotile and magnetite, all of which developed synchronous to serpentinisation by 

brittle fracturing. In the schistose varieties, deformation is largely defined by the nature of the S-C 
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fabric present and the occurrence of veinlets. This defonnational history is somewhat different. 

Brittle/ductile deformation either pre- or synchronous to serpentinisation led to the initiation of an 

S-C fabric. Following the formation of matrix antigorite, further brittle/ductile defonnation led to 

the development of veinlets of a number of different generations and the enhancement of the S-C 

fabric. 

4.5.3 Talc-carbonate rock'i 

Talc-carbonate rocks are conunon throughout the Wambidgee Serpentinite Belt. In the past, talc has 

been commercially mined from such rocks at Muttama and Wallendbeen. A large magnesite 

deposit, Wlfelated to these rocks and of recent sedimentary origin (e.g. Diemar 1998}, is exploited at 

the Thuddungra Magnesite Mine (Plate 4.14)." 

Plate 4.14 View of the West Main Pit, Thuddungra Magnesite Mine looking south. 
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Although talc-carbonate rocks occur throughout the belt, they are restricted to either discrete small

scale (0.1-0.2m in width and a few metres in length) cross-cutting shear zones within serpentinite, 

or to contacts between the W ambidgee Serpentinite Belt and either quartzites of the Jindalee Beds 

(Muttama talc mine), or intrusive felsic igneous rocks (Quartz Hill) (Figure 4.8). In the contact

related occurrences, the talc-carbonate rocks occur as discrete lenses and may be up to SOm in 

length and Sm in width. 
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Figure 4.8 Location of main outcrops of talc-magnesite rocks within the Wambidgee Serpentinite 
Belt (adapted from Fitzpatrick 1976). 

The talc-carbonate rocks of the W ambidgee Serpentinite Belt are divided into three groups based on 

dominant mineral assemblage: 

(a) taJc+magnesite rich metaserpentinites 

(b) talc-rich metaserpentinites 

(c) magnesite-rich metaserpentinites 
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ln the talc+magnesite-rich metaserpentinite (Plate 4.15), initial brittle fracturing concurrent with 

serpentinisation of the primary ultramafic rocks led to the development of antigorite above 250°C 

and a P0.11o) ofless than 1kb (e.g. O'Hanley & Wicks 1995). Brittle fracturing after serpentinisation 

produced channelways for the passage of hydrothermal fluids which resulted in_ the development of 

talc and magnesite over a minimum temperature range of 165-225°C (e.g. Ashley 1997). 

Plate 4.15 Talc+magnesite rich metaserpentinite exhibiting a granoblastic decussate texture. 
Sample BF92/73 UXP F.O.V 3.5mm 

The talc-rich metaserpentinites have undergone a similar metamorphic/structural history to the 

talc+magnesite-rich metaserpentinites.Magnesite is lacking, most likely because the fugacity of C02 

was too low (e.g. Deer et al. 1985). Their schistosity is ascribed to brittle-ductile deformation pre

and/or syn-serpentinisation. 

The magnesite-rich metaserpentinites (Plate 4 .16) have undergone a similar metamorphic/structural 

history to the above rocks except that the fugacity of C02 was high enough to allow development of 

magnesite (e.g. Deer et al. 1985). 
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Plate 4.16 Magnesite porphyroblast within magnesite-rich metaserpentinite. 
Sample No BF92/69 UXP F.O.Y J.Smro 

4. 5. 4 Tremolite-rich. metaserpentinites 

These are metaserpentinites of the W ambidgee Serpentinite Belt which contain greater than 3 0% 

tremolite. The tremolite is of metamorphic origin and cross-cuts the matrix serpentine. These rocks 

have been found in the far north of the belt (i .e. in the vicinity of the Thuddungra magnesite mine 

and Jacks Hill) where they are common. In all occurrences, the tremolite-rich metaserpentinite 

occurs as narrow lenses within metaserpentinite or amphibolite. 

The tremolite-rich metaserpentinites have a simple mineralogy and the dominance of tremol ite and 

antigorite (Plate 4.17) is indicative of upper greenschist facies metamorphism (e.g. Miyashiro 

1978). However, the rocks were initially composed of primary phases, which retrogressed during 

greenschist facies metamorphism, with the development of antigorite above 250°C (e.g. O'Hanley 

& Wicks 1995). Later brittle fracturing resulted in the development of veinlets of fibrous tremolite. 

Low temperature alteration is evidenced by talc cross-cutting all other phases and is ascribed to the 

passage of post-serpentinisation hydrothennal fluids tlu·ough these rocks at minimum temperatures 

of l65-225°C (e.g. AshJey 1997). 
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Plate 4.17 Cross-cutting tremolite within tremolite-rich metaserpentinite. 
Sample No BF91132d UXP F.O.V 3.5mm 

4.5.5 Gabbros 

Gabbros are essentially composed of mixtures of plagioclase, clinopyroxene, and hornblende and 

have an igneous te:xture. They may be divided into clinopyroxene-rich and hornblende-rich types. 

Gabbros of both types occur within the same outcrop and lack systematic distribution. They are 

common in both the central and northern parts of the belt but have not been found in the south. The 

gabbro bodies occur as small (<0.5m) to large (50m) generally dyke-like (i.e. with moderate length 

to width ratios) bodies within either schistose or massive serpentinite, though contact relationships 

are not clear. Many of the gabbros are unfoliated at meso-scale, but where they occur close to 

faulted contacts with theY oung Granodiorite, they become schistose and fi.Iler -grained. 

The initial metamorphism/defonnation of the clinopyroxene-rich gabbros produced partial 

recrystallisation of plagioclase and quartz and bent clinopyroxene and plagioclase grains. Ongoing 

metamorphism resulted in the partial cleavage-related replacement of diopside by 

tremolite/actinolite, the saussuritisation of calcic plagioclase, and the development of zoisite and 

epidote, indicative of greenschist facies metamorphism (e.g. Miyashiro 1978). This was followed 

by the development of cross-cutting tremolite/actinolite (Plate 4.18). 
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Plate 4.18 Cross-cutting tremolite/actinolite within clinopyroxene gabbro. 
Sample No BF92/3 UXP F.O.Y 3.5mm 

Hornblende-rich gabbros have undergone the same metamorphic/deformation history as the 

clinopyroxene-rich gabbros. However, from textural evidence (Plate 4.19), phlogopite formed 

before the development of the tremolite/actinolite, epidote and zoisite. 

Plate 4.19 Phlogopite grains within hornblende gabbro. 
Sample No l82b UXP F.O.Y l.Snun 
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Due to the intensity of alteration, the early metamorphic/defonnarional history of the completely 

altered gabbros cannot be determined. All that can be said is that they experienced a period of 

intense greenschist facies metamorphism (e.g. Miyashiro 1978) as indicated by the assemblage 

albite+epidote+zoisite+chlorite+quartz, followed by the development of cross-cutting tremolite. 

4.5.6 Plagiograllites 

Plagiogranites are composed of quartz and albitised plagioclase (determined by XRD methods) with 

minor tremolite-actinolite and chlorite and have a granular texture. They commonly contain angular 

enclaves of amphibolite (Plate 4.20) and form small (a few metres in maximum dimension), plug

like masses in the central and northern parts of the belt with unclear contact relationships against 

massive or schistose serpentinite. Plagiogranites are massive and wlfoliated at meso-scale. 

Contacts between the plagiogranites and amphibolite enclaves are generally sharp and planar (Plate 

4.21 ). Isolated aggregates of hornblende (from the enclaves), occur within the plagiogranites. 

Plate 4.20 Enclaves of amphibolite within plagiogranite. 
Sample No BF91/33f 
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Plate 4.21 Contact between plagiograrute (left) and amphibolite enclave (right). 
Sample No 33Fa UXP F.O.V 3.5mm 

XRD studies confirm that the plagiogranites are composed of mixtures of quartz, albite, 

tremolite/actinolite and epidote, thjs assemblage being indicative of greenschist facies 

metamorprusm (e.g. Miyashiro I 978). Lnitial defonnation associated with the metamorprusm led to 

the development of subgrains in the plagioclase and quartz, bent plagioclase twin lamellae The 

development of cross-cutting cataclasite may have been synchronous or later (Plate 4.22). Cross

cutting aggregates oftremolite/actinolite and chlorite reflect metasomatic reactions between the 

plagiograrute and surrounding ultramafic wall rocks (e.g. Linder et al. 1992). 

Because the amphibolite enclaves contain assemblages (see section 4.5.7) indicative of amphibolite 

facies partly retrograded to greenscrust facies metamorphism, they must have reached their peak 

metamorpruc grade before intrusion and incorporation into the plagiograrutes. 
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Plate 4.22 Cross-cutting narrow cataclasite zones within plagiogranite. 
Sample No BF91/33f UXP F.O.Y 3.Smm 

4.5. 7 Amphiboliies 

The amphibolites of the Wambidgee Serpentinite Belt are principally composed of amphibole and 

plagioclase and have a metamorphic texture. They can be divided into: 

(a) types with relatively non-oriented grains, 

(b) types with relatively oriented grains, and 

(c) layered amphibolites 

Amphibolites are common in the northern part of the belt and rare elsewhere. They occur as small 

(<O.Sm maximum dimension) to relatively large (up to 30m in length and 15m in width) dyke-like 

bodies (i.e. with a large length to width ratio) \Vithin massive and schistose serpentinite. Although 

relatively massive at meso-scale and lacking sheared boundaries, they become progressively more 

schistose close to the faulted contact with the Young Granodiorite. 
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The amphJbol1tes have been metamorphosed such that tlletr 1gneous precursors caru1ot oe accurately 

determined. The non-oriented amphibolites reached middle amphibolite facies conditions (e.g. 

Miyashiro 1978), as evidenced by green-brown hornblende around cores of colourless 

clinopyroxene. They then w1derwent greenschist facies retrogression, based on alteration of 

plagioclase to mixtures of epidote+albite+quartz and the occWTence of cross-cutting actinolite and 

chlorite. The oriented and layered amphibolites have undergone a similar metamorphic hjstory but 

retrograde coarser-grained actinolite crystals are cross-cut and overprinted by finer-grained 

actinol ite. 

The more intensely deformed amphibolites contain bent and fractured hornblende, and have a 

polygonal texture with well-developed triple-jw1ction grain boundaries shown by plagioclase and 

quartz. The oriented amphibolites exhibit a schistose texture defined by aligned hornblende and 

secondary actinolite grains which wrap-around the plagioclase and quartz. The layered 

amphibolites exhibi t a gneissic texture defmed by hornblende-rich and hornblende-poor zones 

(Plate 4.23). 

Plate 4.23 Fine-scale layering within layered amphibolite. 
Sample No 190b UXP F.O.V 3.5nun 
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4.5. 8 Tremolite/Actinolite rocks 

Tremolite/actinolite rocks consist of more than 80% tremolite and/or actinolite and have a decussate 

non-oriented texture. They can be divided into tremolite-rich and actinolite-rich types. 

Although very restricted in their distribution, they are prominent at the Muttama talc mine (G.R. 

025 508) and the Borrow Pit of the Thuddungra magnesite mine ( G.R. 970 186). They occur as 

relatively undeformed, discrete, narrow (<0.2m in width) zones at contacts between plagiogranite, 

metagabbro and quartzite, with enclosing serpentinite. It is therefore likely that they formed 

metasomatically (e.g. Curtis & Bro\\n 1969; Linder et al. 1992). Their near monominerallic nature 

precludes accurate determination of the metamorphic grade, beyond saying that they have reached 

the lower to middle greenschist facies (e.g. Miyashiro 1978). 

4.5.9 Chlorite rocks 

Chlorite rocks contain more than 80% chlorite and have a ~ecussate texture. They are of minor 

occurrence, but are widely distributed as lens-shaped (up to 5m in length and 2m in width) bodies 

within schistose serpentinite. Contacts between the chlorite rocks and the schistose serpentinites are 

sheared. 

As the chlorite rocks are almost monominerallic, it is difficult to constrain their metamorphic grade 

and history, beyond stating that they have at least undergone low grade metamorphism. 

Although most of the chlorite rocks are relatively massive and undeformed at meso-scale, some 

contain narrow and discrete cross-cutting shear zones at micro-scale, defined by chlorite grains with 

their long axis at 60° to the shear zone walls within a matrix of dominantly non-aligned chlorite 

(Plate 4.24). Some of the rocks are cut by veinlets ofMg chlorite+calcite suggesting that Mg

metasomatism resulted when Mg was released from the surrounding ultramafic rocks. 

Chapter4 The Wambidgee Serpentinite Belt Page 123 



Plate 4.24 Micro shear zone defined by aligned chlorite grains within chlorite rock. 
Sample No BF91128c UXP F.O.Y 1.5mm 

4.5.10 Otherrock types 

This group includes those rock types that occur within the Wambidgee Serpentinite Belt {generally 

within serpentinite) but do not belong in any of the preceding groups. The group is diverse and 

comprises fe lsic volcanic tuffs, metabasalts, actinolite homfelses, actinolite-chlorite rocks, chlorite

zoisite-talc rocks, rodingites and olivine-amprubole-chlorite homfelses. Some of these are likely to 

be tectonically incorporated inclusions whereas others may be reaction zone products or poss ible 

intrusives, etc. 

Felsic volcanic tuffs 

Felsic volcanic tuffs have been found at one locality (G.R. 058 896) in the central part of the belt 

where they occur as strongly lineated rocks (up to lOrn x 4m) within layered serpentinised 

peridotite. They have reached lower to middle greenscrust facies as evidenced by the assemblage 

albite+quartz+actinol ite+zoisite (e.g. Miyashiro 1978). Defonnation accompanied the 

metamorphism and resulted in the partial recrystallisation and alignment of the plagioclase and 

quartz phenocrysts and the development of a fine-grained quartzofeldspathic matrix and 

synkinematic actinolite. Ongoing greenschist facies metamorphism partially altered some of the 

plagioclase to zoisite and developed relatively fine-grained actinolite. 
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Metabasalt 

Rare meta basalts occur in the southern and northern extremities of the belt where they fonn small 

(wax. 0.5 to 5m) dyke-like bodies within massive or scrustose serpentinite. The presence of 

relatively abundant fme-grained almandine and hornblende (Plate 4.25) indicates upper greenschist 

to lower amphibolite facies metamorphism (e.g. Miyashiro 1978). Retrogression to lower 

greenscrust facies is evidenced by abundant cross-cutting actinolite. Defonnation late in the first 

metamorphic event resulted in the bending of hornblende grains. During retrogressive 

metamorphism, veinlets and grains of zoisite and epidote developed, and hornblende was largely 

replaced by actinolite. 

Plate 4.25 Fine-grained almandine and cross-cutting actinol ite within metabasalt. 
Sample No BF92/16b PPL F.O.V 1.5mm 

Actinolite hornfels 

Actinolite hornfels has been found in the central part ofthe belt (G.R.. 039 891) where it fonns 

small (<0.5m) lensoid bodies. Contact relationsrups with the surrounding rock types are unclear. 

The near-monominerall ic nature precludes detennination of the precursor igneous rock type. 

Abundant actinolite and minor chlorite are consistent with lower to middle greenschist facies 

metamorphism (e.g. Miyashiro 1978). 
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Actinolite-chlorite rocks 

Actinolite-chlorite rocks occur in the northern part of the belt (G.R. 970 186) at the contact 

between mafic amphibolite and serpentinite. They have a lepidoblastic, decussate texture (Plate 

4.26) and have undergone low to middle greenschist facies metamorphism (e.g. Miyashiro 1978). 

They may be metasomatic reaction zone rocks. however, field evidence is inconclusive. 

Plate 4.26 Lepidoblastic, decussate texture within actinolite-chlorite rock. 
Sample No BF91/32c UXP F.O.Y 3.Soun 

Chlorite-zoisite-talc rocks 

Chlorite-zoisite-talc rocks are moderately common in the southern part of the belt but have not been 

found elsewhere. They occur as small lens-shaped (a few metres in maximum dimension) bodies 

near the contacts of Jindalee Beds quartzite and serpentinite. They are strongly layered (Plate 4.27) 

and the original igneous texture has been obliterated by metamorphic recrystallisation. The mineral 

assemblage suggests that the rocks reached the lower greenschist facies of metamorphism (e.g. 

Miyashiro 1978). They are interpreted by the author as hav ing fonned by metasomatism between 

ultramafic rocks and adjacent quartzites (e.g. see also Linder et al. 1992). Minor deforn1ation led to 

the development of veinlets of tremolite+muscovite+chlorite+zoisite+vesuvianite. 
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Plate 4.27 Fine-scale layering within chlorite-zoisite-talc rock. 
Sample No BF92/72 UXP F.O.V 3.5mm 

Rodingites 

Rodingite occurs as a small lens (<O.Sm) within serpentinite in the southern part of the belt (G.R. 

037 398). It contains diopside, which is probably a relict primary phase from a pre-cursor 

clinopyroxene gabbro (e.g. Dubinska 1 995) rather than an early metamorphic phase (e.g. Schandl 

et al. 1990; O'HanJey et al. 1992). This is supported by clinopyroxene gabbros elsewhere in the 

belt lacking evidence of metamorphic diopside. Plagioclase has altered to zoisite, Mg-chlorite and 

talc, indicative of lower greenschist facies metamorphism (e.g. 0 'HanJey et al. 1992). Deformation 

is recorded by bent exsolution lamellae and brecciated diopside grains (Plate 4.28). 

Olivine-amphibole-chlorite hornfels 

Olivine-amphibole-chlorite hornfels occurs as isolated lenses (a few metres in maximum 

dimension) within chlorite rock at only one locality (G.R. 050 880). It has fonned from peridotite 

and originally consisted of olivine and clinopyroxene. High temperature hydrous metamorphism 

resulted in the replacement of clinopyroxene by pink (?manganiferous) hornblende (Plate 4.29) 

under hornblende hornfels or amphibolite facies conditions (e.g. Miyashjro J 978). Deformation 

accompanied retrogressive greenschist facies metamorphism and developed micro shear zones, and 

induced rim and fracture replacement of olivine and some hornblende by Mg-chlorite 
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Plate 4.28 Brecciated diopside grains within rodingite. 
Sample No BF92/26c UXP F.O.V 3.5mm 

Plate 4.29 Porphyroblastic olivine within olivine-amphibole-chlorite hornfels. 
Sample No BF92/8 UXP F.O.V 3.5mm 
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4.6 STRUCTURE OF THE WAMBIDGEE SERPENTINITE BELT 

4. 6.1 Primary layering 

Primary layering is restricted (see section 4.5.1) and is defmed by variation in: 

(a) the olivine to orthopyroxene ratio (defining both olivine-rich and orthopyroxene-rich layers); 

(b) the hornblende to olivine+orthopyroxene+clinopyroxene ratio (defming both hornblendite and 

peridotite layers); 

(c) the serpentine to secondary amphibole ratio (defining both serpentine-rich and amphibole-rich 

layers); 

(d) grain-size (defming fme-grained and coarse-grained layers, similar to sedimentary graded 

layering); 

(e) the secondary mineralogy (a reflection of the vertical variation in the primaty mineralogy); 

Layered ultramafic rocks have been found only in the central portion of the belt in the Fontenoy 

region (Figure 4.9) (G.R. 039 891 and G.R. 058 896) where they are common. 
148°E 148°30' 

.---------&.....-,----::--------+34°5 

LEGEND 

D ~d~~:~~:ewcdlmcntary 
r.-::-1 Coc:oparra Gmup and 
L...:...l Bamll Conglomc:raiC 

• Coobc Serp:ntinirc Belt 

• Wombidgoe Serp:nlinil< Bell 

TN 

t 
SCALE 
~ 

0 3 lOkm 

+ + "t '+ ""' + ... ... 
TT++i-++1-T 

.. ..,. .,. .... ... ..,. 1- + ... 
... .,. + .... + .. ~ ... + 

t-t-+t-+T+++'t 
.. + .,. ... .. .. • + + 

+ + + + ~ ~ + ? ... + 
t-++"'tTT-t+++ 
•+~+++++•+ 

t-t+T<rT'TT"\'1" 
""+'+TT+"t''t"TT 

4-+ .. +T+-t+•+ 
++++-+++TT+ 

35"S 

Figure 4.9 Location of the Fontenoy region of the Wambidgee Serpentinite Belt (adapted from 
Fitzpatrick 1976). . 
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Two main types occur: 

(a) Folded homblendite/peridotite 

This consists of folded homblendite layers within partially serpentinised peridotite. The layering, 

which is defmed by different hornblende/olivine+orthopyroxene+clinopyroxene ratios involves 

rhythmic (e.g. Park 1989) repetition of two layer types. Type 1 is composed of partially 

serpentinised olivine, orthopyroxene, clinopyroxene and minor amphibole; type 2 comprises 

amphibole with minor partially serpentinised olivine. The layers vary in thickness from 4 to 35mm. 

Layer contacts are generally sharp. Minor, late-stage serpentine-filled shear fractures occur. The 

folds are asymmetric, range from tight to isoclinal, exhibit intense limb attenuation and are ascribed 

to magmatic slumping. In thin section, types 1 and 2 exhibit postcumulus overgrowth texture, while 

secondary tremolite has variably replaced orthopyroxene and clinopyroxene. Layer interfaces are 

sharp, but there is no evidence that they are microshears. This layering is akin to magmatic 

cumulate layering within layered mafic-ultramafic complexes (e.g. Jackson 1967; McBimey & 

Noyes 1979). Despite much debate, there is strong support for such layering being produced by the 

processes of fractional crystallisation and magmatic differentiation (e.g. Irvine 1982). 

(b) Layered serpentinised peridotites 

These rocks exhibit primary layering defmed by both serpentine/secondary amphibole ratios and 

grainsize variations (Plate 4.30). The layering is planar to gently curviplanar, varies from 5 to 

40mm in thickness, and the layers maintain a fairly constant thickness along strike. The layers vary 

in colour from yellow-green and emerald-green for the serpentine-dominated layers to brown-black 

for the amphibole-dominated layers. 

Finely layered serpentinised peridotite is a variant comprising distinct layers (Figure 4.1 0) that are 

based on variation in: 

(a) gram-stze; 

(b) the colours of the serpentine and amphibole minerals present; or, 

(c) the serpentine/amphibole ratio. 

The layering varies in thickness from 1 to 1 Omm, is planar and maintains constant orientation; the 

grainsize of the serpentine minerals varies from aphanitic to 0.25mm. 
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Plate 4.30 Layering deftned by bastised orthopyroxene-rich layers and serpentine-rich layers 
within serpentinised layered peridotite. Locality 224, Warrenoy. 
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Figure 4.10 Sketch of finely-layered serpentirused peridotite from the Fontenoy region of the 
Wambidgee Serpentinite Belt (locality 224). 
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In thin section, rock of this type consist of feathery antigorite (up to 99%), relict and bastitised 

orthopyroxene grains (up to 15%) and rare, relict clinopyroxene, talc and ferroan chlorite, together 

with common secondary tremolite. The following types of microscale layering are distinguishable: 

(i) bastised orthopyroxene-rich layers; 

(ii) antigorite-rich layers; 

(iii) amphibole-rich layers; and, 

(iv) tremolite+Mg-chlorite layers. 

Contacts between the orthopyroxene-rich and orthopyroxene-poor layers vary from sharp to diffuse 

in that isolated bastitised orthopyroxene grains occur within antigorite. Contacts between 

amphibole-rich and antigorite-rich layers are diffuse in that aggregates of amphibole grains occur 

within the antigorite-rich layers. The tremolite+Mg-chlorite layers have diffuse contacts against 

amphibole-rich layers. 

XRD studies of completely serpentinised layered peridotites of the Fontenoy region confrrmed the 

microscale observations by showing that the primary mineralogy of layers is reflected in the 

serpentinised products. Thus: 

Layer l: antigorite 

Layer 2: antigorite+chrysotile 

Layer 3: lizardite 6T 

Layer 4: chrysotile 20 

Layer 5: antigorite+tremolite 

Layer 6: tremolite+chrysotile 

This layering, although far more closely-spaced, is akin to primary layering within the Coo lac 

Serpentinite Belt (section 3.6.1). Despite doubt regarding the genesis of the layering within the 

Coo lac Serpentinite Belt and other upper mantle peridotites, the circumstantial evidence suggests 

that it was produced by primary magmatic processes. 
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4. 6.2 Serpentinite foliations 

Type I S-C fabrics are found within the serpentinised ultramafic rocks, schistose serpentinites, 

discrete zones within the massive serpentinites and in talcosic metaserpentinites. The S-surfaces are 

usually defined by interlocking sigmoidal-shaped anastomising fibrous serpentine and the C

surfaces by more widely-spaced (generally in the range of 10 to 30mm) sub-parallel bands of 

fibrous serpentine. The S-surfaces merge into or are terminated abruptly by the C-surfaces. The 

foliations have not been investigated in any detail during the course of this study, but where found, 

the C-surface is the dominant mesoscale structure. The foliations trend 350-050° and are steeply 

dipping (70° W). 

The foliations, which are believed to be related to the emplacement of the belt, began forming 

during the onset of serpentinisation. Initially, brittle fracturing and brecciation of the original 

primary ultramafic rocks occurred, creating permeability pathways for the infiltration of low 

temperature sea-water (e.g. Laurent & Hebert 1979). Large volumes ofH20-dominant fluids (e.g. 

O'Hanley & Wicks 1995) infiltrated these pathways and, by reacting with olivine and pyroxene 

(e.g. Wicks 1984) resulted in serpentinisation. During the early stages, localised high strain zones 

developed S-C fabrics (e.g. Lister & Snoke 1984), which were enhanced by continuing deformation 

along with ongoing serpentinisation. The nature of the Young Granodiorite/W ambidgee 

Serpentinite Belt contact is ascribed to strain partitioning from the granodiorite into the adjacent 

serpentinite as deformation within the granodiorite evolved from ductile to brittle. 
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CHAPTER 5: THE GUNDAGAI SERPENTlNITE BELT 

5.1 INTRODUCTION 

The Gundagai Serpentinite Belt is a discontinuously outcropping alpine-type serpentinite belt extending 

as a ridge both north and south of Gundagai (Figure 5.1 ). It consists of massive and schistose 

metaserpentinite and contains variably altered minor lithologies such as clinopyroxenite, gabbro and 

chlorite rock The Gundagai Serpentinite Belt has been mined for tremolite-asbestos and gold. 
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Figure 5.1 Location and extent of the Gundagai Serpentinite Belt (adapted from Basden 1990). 
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5.2 THE WESTERN CONTACT AND ABUTTING ROCKS 

The Gundagai Serpentinite Belt abuts or closely approximates the following units along its western 

contact The units from east to west (Figure 5.2) are: the Jindalee Beds; Jones Creek Diorite and 

breccia; and the W andeen Formation and Frampton Volcanics. The Jindalee Beds and Frampton 

Volcanics were described in Chapter 4 and will receive no further connnent. The Jones Creek Diorite 

has been included with the Jindalee Beds by Basden et al. (1974) and Basden (1990). However, it 

actually post-dates them and should therefore be treated separately. 

lEGEND 

I = = I Quaternary sedunents 

Bombowlee Creek 
Forman on 

Q Frampton Volcamcs 

EJ Jackalass Sl•u: 

- Jones Crut Dion~e 
Gund:agni SupentinlUI 
Bell 

~ Lang Thnnel 
L.O.....:::.J Complex 

Q Jind:alee Beds 

N 

I 

0 2lcm 

Figure 5.2 Geology of the Gundagai Serpentinite Belt and adjoining units (adapted from Basden 1990). 
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5.2.1 The Jones Creek Diorite and breccia 
(Detailed petrographic descriptions are in Appendix SPD) 

The Jones Creek Diorite is composed of massive and nodular hornblende diorite, with the nodules 

comprising cognate inclusions which are thought to have formed by disruption of subsolidus material 

under ongoing magmatic flow (Winward 1972). However, Giddey (1995), showed that two subparallel 

NNW trending belts of massive diorite are separated by the Gundagai Serpentinite Belt and quartzites 

of the Jindalee Beds, and that the nodular variety is a volcanic breccia. The breccia occurs as two small 

and one large body within the Gundagai Serpentinite Belt (Figure 5.3), near contacts with metapelitic 

rocks of the Jindalee Beds. 
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Figure 5.3 Distribution of the Jones Creek Diorite breccia and nodular serpentinite (Giddey 1995). 
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Both authors agree that all contacts of the Jones Creek Diorite are faulted. However, as most of the 

Jones Creek Diorite is massive and unfoliated, it is likely to be an allochthonous faul t-bound block. 

There is no evidence to suggest that it is an integral part of the Jindalee Beds. 

The massive section of the Jones Creek Diorite consists of hornblende diorite and metahornblendite 

(G.R.. 999 245); the latter occurring as segregations within the hornblende diorite mass. The best 

exposure of the nodular section or "Jones Creek breccia" is on Flowers Hill at G.R. 002 218 (Plate 

5.1). It consists of angular to subrounded, relatively large (l50mm maximum) moderately rounded 

fragments of hornblende andesite, microgabbro, quartzite and metapelite, in a 

chJorite+epidote+actinolite+quartz matrix (Plate 5.2). The matrix appears to be volcanic in nature as it 

consists of phenocrysts of partially resorbed plagioclase and ragged hornblende in a finer-grained 

groundmass. Because the "Jones Creek breccia" contains clasts of metasedimentary Jindalee Beds and 

Jones Creek hornblende diorite, it is considered to be a subvolcanic plug fonued after the Jindalee Beds. 

An alternative explanation, though one not favoured by this author, involves it being a proximal 

polymictic breccia of sediroenrary rather than volcanic origin (Ashley, pers. comm. 1998). 

Plate 5.1 Outcrop of the Jones Creek Diorite breccia on Flowers Hill , north of Gundagai . Viewed from 
the north-west, looking south-east. 
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Plate 5.2 Rounded fragments of hornblende andesite within Jones Creek Diorite breccia on Flowers 
Hill, north of Gundagai. 

5.2.2 The Wandee11 Formation 

The ensuing description is based on Warren e/ al. ( 1995). 

The unit is a northerly-trending imbricate package of mafic volcanic and mafic-sourced volcanogenic 

epiclastic sedimentary rocks, Jindalee Beds and Gundagai Serpentinite Belt. The Cootamwtdra Fault 

separates it from the Frampton Volcanics to the west and to the east it is faulted against well-cleaved 

siltstone of the Blowering Formation. The unit has previously been grouped with the Jindalee Beds by 

Basden e/ al. ( 1974 ). The mafic volcanic rocks are dominantly porphyritic, vesicular, microlitic, 

pyroxene basaltic andesite. Polymictic conglomerates in the volcanogenic epiclastic sequence include 

abundant basaltic and basaltic-andesite fragments , crenulated schist, metaquartzite, chert, porphyritic 

rhyolite, porphyritic pyroxene-plagioclase dacite, and siltstone. The sandstones include quartz, mafic 

rock fragments, chert/metaquartzite and detrital carbonate, and the siltstones comprise poorly-sorted 

quartz, plagioclase, epidote, carbonate and chert/metaquartzite clasts 
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The siltstones and conglomerate matrix have a well-developed slaty cleavage that dips to the west. 

Bedding is only poorly developed and, where found, dips steeply westward. The mineralogy is 

indicative of at least the prehnite-pumpellyite facies metamorphism e.g. Miyashiro, 1994). Warren et 

al. (1995) believe that these rocks are Early Silurian in age and equate them with either the 

conglomerates of the Frampton Volcanics (e.g. Skilbeck et al. 1992) or the Brungle Creek and/or 

Wermatong metabasalts which are found much further to the south. The clastic rocks are locally 

derived from basaltic rocks within the unit and/or the nearby Jindalee Beds, and the polymictic 

conglomerates most likely represent near-source mass flow deposits. 

The Wandeen Formation was investigated by the present author at G.R 969 363. Talcosic 

metaserpentinite of the Gundagai Serpentinite Belt is faulted against volcaniclastic sandstone to the 

east, and basaltic meta-andesite to the west. The mineral assemblage of 

albite+actinolite+chlorite+epidote+zoisite within the basaltic meta-andesite is indicative of greenschist 

facies metamorphism (e.g. Miyashiro 1978). 

5.3 THE EASTERN CONTACT AND ABUTTING ROCKS 

The Gundagai Serpentinite Belt is faulted on its eastern contact against a 2.5-3km wide tract of 

dominantly metapelitic rocks, within which are small pods of quartzite, metabasalt/meta-andesite, 

limestone, and Jones Creek breccia (Figure 5.2). Giddey (1995) assigned the tract to the Jindalee Beds, 

whereas Basden (1990) termed it the Jackalass Slate. The contentiOJ.!.S nature of the tract is further 

demonstrated by parts of it being assigned to the Bumbolee Creek Formation (Lightner 1977), the 

Frampton Volcanics (Fortowski 1981 ), the Blowering Formation (Nethery 1975) and the Jindalee Beds 

(Stevens 1975). The present author has opted for the Jackalass Slate, as the metasedimentary rocks are 

less deformed and metamorphosed than the Jindalee Beds. 

5.3.1 The Jackalass Slate 

The unit was named after the type section at Jackalass Slate Quarry (G.R 043 141; Basden 1990). 

Structural complexity has prohibited determination of a stratigraphic succession within the unit (Basden 
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1990). Contacts with the Jindalee Beds and Gundagai Serpentinite Belt are faulted, those with the 

Frampton Volcanics are disconformable or unconformable, and those with the overlying Bumbolee 

Creek Formation are conformable (Basden 1990). The pods of quartzite, metabasalt/meta-andesite and 

limestone may well be infaulted. 

The Jackalass Slate is dominated by slate and siltstone, which have a well-developed sub-vertical 

cleavage and elongation lineation, and form prominent upright tombstone-like outcrops. They range 

from unbedded to thinly bedded ( <1 Omm), and have poorly developed sedimentary structures at 

mesoscale, such that younging is hard to determine (Basden 1990 ). The rocks consist of recrystallised 

quartz, plagioclase, amphibole, magnetite, chlorite, biotite and sericite (Basden 1990; Giddey 1995) 

and are tuffaceous (Nguyen 1977). Volcaniclastic rocks occur interbedded with these metapelites in the 

northern part of the eastern Jackalass Slate Belt (Giddey 1995), and euhedral plagioclase grains within 

these rocks indicate a proximal source (Giddey 1995). Sandstones are of minor occurrence within the 

Jackalass Slate, occur as interbeds in the slates and siltstones, are tuffaceous in character (Nguyen 

1977) and range in composition from andesitic to rhyodacitic. Phenocrysts of angular quartz and 

plagioclase, opaques, biotite and pyroxene? are set in a fme-grained foliated matrix of recrystallised 

quartz, sericite, biotite, and epidote (Basden 1990). 

The conglomerates are up to 300m in thickness, and are polymictic conglomerates with clasts of 

quartzite, quartzose sandstone, jasper, acid volcanics, limestone, quartz and granitic rocks. The clasts 

are almost always flattened and elongate parallel to the dominant foliation and lineation (Basden 1990). 

Dolomitic marble occurs at several localities within the Jackalass Slate, with the two largest bodies 

occurring at the Tumut Marble Quarry (G.R 076 730) and Gilmore Marble Quarry (G.R 092 

739)(Basden 1990). In general, the marbles are strongly foliated (with the foliation defined by chlorite

rich layers) and are composed of strongly recrystallised calcite/dolomite. A small pod of dolomitised 

marble was investigated in the course of the present study (G.R 004 215). This body crops out between 

serpentinite of the Gundagai Serpentinite Belt and the metapelitic rocks described above. 
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The volcanic rocks of the Jackalass Slate include meta~andesite, quartz-feldspar porphyries and 

feldspar porphyries (Basden 1990). The andesitic rocks are porphyritic and contain phenocrysts of 

plagioclase and amphibole in a groundmass of plagioclase, hornblende, recrystallised quartz, epidote, 

opaques, chlorite and biotite (Basden 1990). A small 11pod-like11 body of dacitic tuff within the 

metasedimentary sequence occurs at G.R 015 175. 

As rocks in the unit commonly contain chlorite, biotite, phengitic muscovite and epidote, they have 

probably undergone metamorphism to the middle greenschist facies (e.g. Miyashiro 1994). 

5.4 GENERAL FEATURES OF THE GUNDAGAI SERPENTINITE BELT 

The Gundagai Serpentinite Belt extends some 23km from G.R. 036 131 in the south to G.R. 969 363 in 

the north (Figure 5.1 ). Any rock body (regardless of composition, origin or mode of emplacement) 

within the belt is deemed an integral part of it. The type section is Skm north of Gundagai, between 

G.R. 074 740 and G.R. 083 740 (Basden et al. 1974). The Gundagai Serpentinite Belt has a maximum 

width of l.Skm and comprises a relatively continuous northern belt (lOkm in length) and a 

discontinuous southern belt The former is associated ·with large slices (maximum dimensions of3.5 x 

lkm) of metasedimentary Jindalee Beds and Jones Creek Diorite. The latter (southern) belt consists of 5 

separate bodies (the largest is 2.5km x lkm), enclosed within Jackalass Slate metasediments. Overall, 

the Gundagai Serpentinite Belt is a steeply-W dipping, NNW-trending, sheet-like alpine-type 

serpentinite belt, similar to the W ambidgee Serpentinite Belt and Coo lac Serpentinite Belt. 

5.4.1 Surface outcrop 

Outcrop is good in the northern part of the belt between Flowers Hill ( G.R. 001 218) and G.R. 994 23 8 

to the north. In the southern half of the belt, outcrop is poor, particularly between Flowers Hill and the 

southern bank of the Murrumbidgee River, where much of the land is occupied by the township of 

Gundagai. 
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The schistose serpentinites form near vertical, sheet-like outcrops up to 2m in height. Primary 

ultramafic and talc-carbonate rocks occur as lenses within schistose serpentinite. Metagabbro, 

metabasalt, plagiogranite and chlorite rock generally crop out poorly, as dyke-like masses within 

schistose serpentinite. 

5.4.2/ntemal Structure 

The Gundagai Serpentinite Belt consists of massive serpentinite 11kemels 11 in a schistose serpentinite 

matrix (e.g. Hume Highway at G.R 004 207). The internal structure comprises: 

(a) thin zones ( <1 OOmm wide and <200mm long) of schistose NNW -trending serpentinite dominated 

by an S-C fabric cutting massive serpentinite, 

(b) blocks of massive serpentinite (up to 0.5m in maximum dimension) within schistose serpentinite, 

(c) bodies (up to 15 x 1Om and with the long axis parallel to the trend of the belt) of metagabbro, 

metabasalt, chlorite rock, clinopyroxenite, harzburgite, tremolite rock and plagiogranite within 

schistose S-C fabric serpentinite. Some are schistose and contain an S-C fabric similar to that in 

the enclosing serpentinite. Although the emplacement mechanism is unclear (due to lack ofnon

tectonised contacts), they were in-place before the development of the common S-C fabric. 

(d) a tract (1.63 x 0.25km) of nodular serpentinite (described below) restricted to the western 

boundary of the northern half of the belt (G.R 000 240, G.R 000 210) (Figure 5.3). 

5.5 PETROGRAPHY AND TEXTURAL/STRUCTURAL EVOLUTION 

5.5.1 Primary ultramafic rocks 

The primary ultramafic rocks of the Gundagai Serpentinite Belt are identified by their primary textures 

and/or minerals. They can be subdivided into metaharzburgites, metapyroxenites and metaperidotites 

and occur as remnant "cores" in massive or schistose serpentinite within the southern part of the belt. 

Possible primary layering (defined by differential olivine/orthopyroxene ratios) in metaharzburgite was 

found at one locality (G.R 015 175) in the southern part of the belt. The layering strikes at 285° and 

dips very shallowly (10°) to the west. 
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The metaharzburgites have a relict porphyroclastic texture, contain >5% bastitised orthopyroxene and 

are predominantly massive. The metapyroxenites contain >80% clinopyroxene and <15% olivine and 

have a granoblastic to porphyroclastic texture. Meta pyroxenite has been found at G.R. 992 218 in the 

northern part and at G. R. 0 16 174 in the southern part of the belt. The metaperidotite is composed of 

serpentiJ1e and talc and has only been found in the southern part of the belt (G.R. 001 205). 

The primary ultramafic rocks of the Gundagai Serpentinite Belt have experienced different degrees of 

serpentirUsation and alteration. Metaperidotite and metaharzburgite has been almost completely 

serpentirUsed (with relict chrornian spinel the only remaining primary phase) whereas metapyroxenite 

contains unaltered diopside that is bent and rn.icrofractured within an unstrained anigorite-talc matrix 

(Plates 5.3, 5.4). It ""ould seem that serpentirUsarion requires fracture-induced inter- and intra-granular 

permeability (e.g. Wicks 1984). 

Plate 5.3 Bent and micro-faulted diopside grains with fracture-fill of antigorite-1-talc within meta
clinopyroxenite. 
Sample No 203 UXP F.O.V J.Snun 
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Plate 5.4 Bent and micro-fractured diopside grains within metapyroxenite. 
Sample No 216 (b) UXP F.O.Y 3.5mm 

Thus, as the rocks cooled below 450°C (e.g. O'Hanley J 996), downward infiltration of sea-water (e.g. 

Laurent & Hebe1t L 979) led to the replacement of olivine and orthopyroxene by antigorite and further 

enhanced permeability through the hydraulic fracturing process. The occurrence of cross-cutting talc 

and/or magnesite is ascribed to hydrothermal fluid channeling at minimum temperatures of l65-285°C 

(AshJey 1997). 

Intergranular chJorite, which probably grew concurrent with the initial fracturing and antigorite 

formation, is overprinted by cross-cutting tremolite. However, the latter is incompatible with 

retrogression during ongoing temperature decay, and is ascribed to a prograde event that induced 

metasomatic exchange between metapyroxenites and enclosing felsic country rocks (e.g. Linder el al. 

L992) at temperatures of 580 to 650° C (e.g. Pfeifer 1987). 
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5.5.2 Serpentinites 

Massive and schistose serpentinites are the most common rock types within the Gundagai Serpentinite 

Belt and occur in intimate association, generally as lenses of massive serpentinite in a matrix of 

schistose serpentinite. Nodular serpentinite, another variant, is highly restricted in occurrence. Whereas 

the massive and schistose serpentinites lack systematic spatial distribution, the nodular variety is 

restricted to two lenses in the northern part of the belt (Figure 5.3). The larger lens (1.9 x 0.25km) is 

fault-bound to the west against breccia and hornblende diorite of the Jones Creek Diorite, while to the 

east it has a sheared contact with massive/sheared serpentinite (Giddey 1995). The small lens (3 x 

0.05km) is enclosed within massive/sheared serpentinite. The intensity of serpentinisation precludes 

petrographic detennination of the parent ultramafic rocks. 

XRD studies confirm that the non-oriented fine-grained "matrix serpentine mineral" in the massive and 

schistose varieties is antigorite, that the cross-cutting veinlets are chrysotile and that talc is a common 

minor phase. XRD analysis of the nodular serpentinite confrrms that the nodules comprise 

antigorite+tremolite+chrysotile+magnetite, whereas the matrix consists of 

tremolite+antigorite+lizardite+magnetite. 

As with the Wambidgee Serpentinite Belt (Chapter 4, section 4.5.2), the Gundagai Serpentinite Belt is 

dominated by antigorite (Plate 5.5). The original olivine, orthopyroxene and chrome spinel assemblages 

have retrogressed under greenschist facies conditions, to antigorite, but several generations of chrysotiJe 

veinlets demonstrate that serpentinisation was an on-going process (e.g. Wicks & Plant 1979) facilitated 

by hydraulic fracturing. Based on textural relationships, tremolite in the nodular serpentinites formed 

after magnesite. However, there is no clear evidence to suggest whether it formed before or after the 

chrysotile veinlets. Linder et al. ( 1992) ascribed tremolite formation to metasomatic reactions between 

the ultramafic rocks and enclosing felsic country rocks and Pfeifer (1987) estimated its temperature of 

formation to be 580-650°C. Cross-cutting talc and/or magnesite probably occurred due to hydrothermal 

fluid channeling at minimum temperatures of 165-285°C (Ashley 1997). 
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Plate 5.5 Feathery decussate texture of antigorite within massive serpentinite. 
Sample No BF92/63 UXP F.O.V 3.5mm 

Late-stage fracturing of massive serpentinite is evidenced by veinlets of magnesite and talc. Schistose 

serpentinites exhibit an S-C fabric defmed by the preferred orientation and distribution of chrysotile 

veinlets (Plate 5.6) 

Plate 5.6 S-C fabric within serpentinite defined by discontinuous fibrous chrysotile veinlets. 
Sample No 215 (b) UXP F.O.V 3.5rum 
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Giddey ( 1995) described the nodular serpentirUtes as breccias but the preservation of a coherent "mesh

texture" within the matrix (Plate 5.7) does not support this interpretation. The subsequent history 

involved fracturing and the formation of tremolite and chrysotile veinlets that cross-cut nodules and 

Sample No 273a F.O.V 1.5mm 

Plate 5.8 Cross-cutting tremolite veinlets within nodular serpentinite 
Sample No 273b UXP F.O.V 3.5mm 
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5.5.3 Talc-carbonate rocks 

The talc-carbonate rocks contain >20% talc+carbonate and are derived from an ultramafic protolith. 

Three types are recognised: 

(a) talc and/or magnesite rich meta-ultramafic rocks, 

(b) talc-carbonate rocks, and 

(c) talc schists. 

The talc and/or magnesite rich meta-ultramafic rocks are of minor, but widespread occurrence as 

narrow zones, lenses, or "blocks" within schistose serpentinite. The talc-carbonate rocks are also of 

minor occurrence in the southern part of the belt where they form lenses (maximum dimensions 50 x 

1Om) within schistose serpentinite. Talc schists are rare, have been found at only three localities, and 

occur as small (maximum dimensions 5 x 2m) lenses within schistose serpentinite. The talc and/or 

magnesite-rich meta-ultramafic rocks can be subdivided into metapyroxenites and metaserpentinites 

while the talc-carbonate rocks can be subdivided into massive and foliated varieties. 

Serpentinisation of the metapyroxenites precludes determination of the early deformational history. 

Textural evidence suggests talc formed first and was then overprinted by fibrous actinolite-tremolite. 

This suggests that talc was formed by fracture-related percolation of C02-rich hydrothermal fluids at 

the final stages of serpentinisation (e.g. Wicks and "Whittaker 1977; Ashley 1994), whilst the cross

cutting fibrous actinolite/tremolite formed during prograde metamorphism by the metasomatic reaction 

between ultramafic rocks and enclosing felsic country rocks (e.g. Linder et al. 1992) at temperatures of 

580-650°C (e.g. P£eifer 1987). Unlike talc, the formation of magnesite is ascribed to the percolation of 

C02-rich groundwater at temperatures below 100°C (e.g. Laurent & Hebert 1979). 

In metaserpentinites, which were originally composed of olivine, orthopyroxene, clinopyroxene and 

chrome spinel, antigorite formed between 450°C and 250°C (e.g. O'Hanley & Wicks 1995; O'Hanley 

1996). Magnesite, talc and chlorite (Plate 5.9) then formed during retrogressive lower greenschist 

facies metamorphism (e.g. Miyashiro 1978). 
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Plate 5.9 Overprinring magnesite and talc wirhin meraserpeminite. 
Sample No BF92/57 UXP F.O.V 3.5mm 

ln the massive talc-carbonate rocks, rhe early history is obscured. Relict chrome spinel grains provide 

some indication of the early defonnation. It would seem that pre-serpentirusation fracturing was 

followed by weak post -serpentinisation brittle-ducti le defonnation. 

ln the foliated talc-carbonate rocks, antigorite fonned at 450-250°C (e.g. O'Hanley & Wicks 1995~ 

O'Hanley 1996). The antigorite-tremolite assemblage is cross-cut by talc and magnesite, which deft.ne 

S-C fabrics and are ascribed to the infiltration of C02-enriched fluids either during lower greenschist 

facies metamorphism (e.g. Miyashiro 1978) or groundwater flow at temperatures below l00°C (e.g. 

Laurent & Hebert 1979) 

The talc schists underwent much the same history as the foliated talc-carbonate rocks a.nd then 

experienced a kink ba.nd-fonning ductile event (Plate 5.1 0). 
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Plate 5.10 Micro kink bands or crenulations within talc-tremolite schist. 
Sample No BF91 /38c UXP F.O.V l.Smm 

5.5.4 Chlorite rocks 

Because the chlorite rocks tend to have >90% chlorite, their protoliths tend to be petrographically 

indetenninable. The chlorite rocks occur in the southern part of the belt where they are widely 

distributed as dyke-like lens-shaped bodies (maximum dimensions I 5 x I Om) within schistose 

serpentinite. Based on XRD analysis, they are dominantly composed of clinochlore lib. Massive and 

schistose varieties of chlorite rock have been recognjsed. 

The metaruorphic/defonnational history prior to chloritisation, cannot be detennined. Textural evidence 

indicates that fme-grained chlorite is overprinted by coarse-grained chlorite which was itself 

overprinted by zoisite in massive varieties (Plate 5.11) and talc in schistose varieties. Evidence of 

defonnation in massive varieties is limited to the parallel alignment of some of the chlorite grains, 

whereas in schistose varieties it has fonned the main foliation. 
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Plate 5.1 I Zoisite overprinting chlorite within massive chlorite rock. 
Sample No BF9l/38d UXP F.O.V 1.5mm 

5.5.5 Felsic plutonic rocks 

Felsic plutonic rocks range from quartz-poor tonalites to quartz-rich granitoids on the ruGS 

classification scheme (e.g. Le Maitre 1989) and may also include plagiogranites. They occur as rare 

elliptical bodies (maximum diameter 5m) within schistose serpentinite in the southern part of the belt, 

contain mafic enclaves and tend to be foliated in places. 

They all have the same mineral assemblage and textures but in varying proportions. Two groups are 

recognised: 

(a) tonalites with <50% quartz and > I 0% amphibole, 

(b) quartz-rich granitoids with >50% quartz and <5% amphibole. 
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(a) Tonalites 

These rocks were originally composed of plagioclase+quartz+hornblende. Initial metamorphism 

resulted in the development of blue-green amphibole (Plate 5. L2) overprinting brown-green hornblende, 

and a fine-grained plagioclase+quartz matrix. Accompanying defonnation took place under decaying 

Pff conditions such that ductile behaviour (as evidenced by aligned and bent brown-green hornblende 

grains) gave way to a brittle overprint (as evidenced by micro-faulting in plagioclase (Plate 5.13) and 

development of the granular quartz+plagioclase matrix). Later and/or ongoing defonnation produced 

chlorite pressure fringes on amphibole and sulfides, and chlorite veinlets. 

(b) Quartz-rich granitoids 

These were originally composed of quartz+plagioclase+minor hornblende and like the tonalites (above), 

have experienced greenschist facies metamorphism and defonnation. This is expressed by an alignment 

of the Na-amphibole grains, bending fracruring and subgrain development in plagioclase, development 

of the granular plagioclase+quartz matrix, fom1ation of cataclasite seams, and development of 

quartzofeldspathic veinlets. 

Plate 5.12 Blue-green hornblende overprinting brown-green hornblende in tonalite. 
Sample No Bf92/65 PPL F.O.V 1.5nun 
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Plate 5. I 3 Bent and micro-faulted plagioclase twin lamellae in tonal ite. 
Sample No BF92/65 UXP F.O.Y 1.5roru 

5.5.6 Other rock types 

This group includes all other rock types that could not be placed in the above groups. They comprise 

rare, small isolated bodies of metabasalt, metagabbro, amphibole rock, vitric lithic ash fall tuff and 

hybrid felsic/mafic rock, within schistose serpentinite. 

Metabasalt 

There are two occurrences of metabasalt in the northern part of the belt. The mineral assemblages 

(Plate 5.14) are indicative of greenschist facies metamorphism (e.g. Miyashiro 1994). Initial 

deformation was of a ductile-brittle character, which resulted in bending and cracking of the plagioclase 

phenocrysts and bent tremolite/actinolite grains. 
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Plate 5.14 Albite+zoisite+chlorite+epidote metamorphic assemblage in metabasalt. 
Sample No 179 UXP F.O.V 3.5mm 

Metagabbro 

Two occurrences of metagabbro have been found. The one in the northern part of the belt is a small lens 

(maximum dimensions 5 x lm) of indeterminate contact relationship with the nearby massive 

serpentinite; the one in the southern part of the belt is poorly exposed and of unknown geometry. Both 

have undergone greenschist facies metarnorph.ism and accompanying ductile-brittle deformation that 

developed subgrains in plagioclase, bent and microfaulted hornblende (Plate 5.15) and plagioclase twin 

lamellae, strained and recrystallised intergranular quartz and developed cross-cutting epidote/zoisite. 

Amphibole rock 

Amphibole rock at G.R. 974 270 within the northern part of the belt has undergone low grade 

metamorphism as indicated by the presence of trernolite/actinolite (e.g. Miyashiro 1978). Textural 

relationships indicate that primary(?) amphibole was overprinted by metamorphic epidote and then the 

pervasive tremolite/actinolite. Accompanying ductile-brittle defonnation resulted in bent, microfaulted 

and fractured hornblende (Plate 5.16), bent tremolite/actinolite grains, and quartzofeldspathic veinlets. 
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Plate 5. I 5 Bent and micro-faulted hornblende in gabbro. 
Sample No 283 UXP F.O.V l.Smm 

Plate 5.16 Bent hornblende within amphibole rock. 
Sample No 202 (a) UXP F.O.Y 3.5mm 
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Vitric lithic asb fall tuff 

A well-cleaved, poorly exposed lens of vitric lithic ash fall tuff (Plate 5.17), occurs within schistose 

serpentinite at G. R.. 014 167 in the southern part of the belt, associated with intense quartz veining. The 

presence of phengitic mica indicates lower greenschist facies metamorphism( e.g. Miyashiro 1994 ). 

Plate 5. J 7 Laminar banded texture in meta ash fall tuff. 
Sample No 221 VXP F.O.V 3.5mm 

Hybrid felsic/mafic rock 

A hybrid felsic/mafic rock occurs in a road-cutting on the Hume Highway (G.R.. 00 I 205) where it 

forms an isolated narrow lens-shaped body (maximum dimensions 4 x 2m) within schistose serpentinite. 

This rock could derive from a plagiogranite body with a high proportion of metabasaltic enclaves. Low 

grade metamorphism and deformation have developed a foliation consisting of quartz-plagioclase 

domains (i.e. original plagiogranite component) separated by chlorite-sulfide domains (i.e. original 

metabasaltic component). Subsequent to or concurrent with plagiogranite disruption, syntectonic 
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Plate 5 18 Fractured sulfide grain in chlorite matrix within hybrid felsic/mafic rock. 
Sample No BF92/60 UXP F.O.V 1.5mm 

recrystallisationl crystallisation (ductile) and fracturing (brittle) of quartz, plagioclase, chlorite and 

sulfides took place (Plate 5. I 8). 

5.6 STRUCTURE OF THE GUNDAGAl SERPENTINITE BELT 

5. 6. 1 Serpentinite foliations 

During the course of this study, the orientations of serpentinite foliations (Figure 5.4) were measured 

throughout the belt. The foliations comprise C-surfaces defined by regularly-spaced, consistently 

oriented shear planes, and S-surfaces, the sinuous foliation which merges into the C-surfaces. The data 

show: 

(a) the distribution is similar to that obtained from the Coolac Serpentinite Belt (Figure 3. 7); 

(b) S and C are similarly oriented; and 

(c) the main orientation trends NNW-NNE and dips steeply, similar to the other serpentinite belts. 
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(d) Although the orientation data recorded by the serpentinites of the Gundagai Serpentinite Belt are 

highly variable, the dominant movement sense is dextral (with equal proportions of oblique and strike 

slip movement)." 

The above suggests that the foliations were formed by the same tectonic event as that which formed the 

S-C fabric foliations in the other serpentinite belts. The general orientation is also akin to the Siluro

Devonian regional foliation (see Basden 1990). It is concluded that the major deformation accompanied 

progressive serpentinisation (particularly the last stage of serpentinisation) and can probably be 

correlated with emplacement of the belts in their current continental position. 
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Figure 5.4 Poles to small-scale internal shear zones within serpentinite of the Gundagai Serpentinite 
Belt (equal area projection). 
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CHAPTER 6: THE TUMUT PONDS SERPENTINITE BELT 

6.1 INTRODUCTION 

The Tumut Ponds Serpentinite Belt occupies rugged, highly vegetated terrain (Plate 6.1) and has 

been little studied. A number of widely-spaced outcrops were mapped during the present study. 

Like the Coolac and Warnbidgee serpentinite belts, it is steeply-dipping and of alpine-type, 

comprises schistose and massive serpentinite, and a diverse assemblage of minor rock types. It is 

defmed as that NNW -trending belt of dominantly ultramafic rocks extending from east of Batlow 

south to Cabrarnurra (Figure 6.1 ). The proposed type section follows the Link Road from G.R. 273 

265 to G.R. 264 273 (Cabramurra I :25 000 sheet). The known length is approximately 24km (up to 

43km is possible), while a ma.umum width ranges from 10m near the Brandy Mary Spur (Ravine 

1:25 000 sheet), to 1.25km at G.R. 264 273 (Cabramurra 1:25 000 sheet) (Figure 6.1 ). 

Plate 6.1 Typical rugged terrain occupied by the Tumut Ponds Serpentinite Belt. Locality 157, 
looking north. 
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In theY arrangobilly 1:25 000 sheet, the main western belt extends from G.R. 580 135·580 140 to 

G.R. 430 193-430 195, and a small eastern belt occurs around G.R. 559 149. In the Ravine 1:25 

000 sheet, it also splits to form a western belt from G.R. 430 193 to G.R. 398 202, and a larger 

eastern belt from G.R. 420 209 to G.R. 342 240. Overall, the belt consists of narrow (2m to 10m in 

width) zones of S-C fabric schistose serpentinite, relatively massive serpentinite, and small 

(maximum dimensions of 26x 1.5m) bodies of chlorite rock, rodingite and gabbro, within schistose 

serpentinite. 
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Figure 6.1 Location, and extent of the Tumut Ponds Serpentinite Belt (from Degeling 1977). 
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6.2 NATURE OF CONTACTS 

The Tumut Ponds Serpentinite Belt lies within and is bounded to the east and west by components 

of the Gilmore Fault Zone. In the Link Road area (G.R. 274 264, Cabramurra 1:25 000 sheet), the 

eastern boundary consists of a relatively large body of foliated coarse-grained hornblende 

clinopyroxenite in fault contact against cleaved quartz-veined fine-grained laminar metasiltstones of 

the Tumut Pond Group and O'Hares Beds; cleavage subparallels bedding and becomes more 

intense towards the contact. The western boundary consists of S-C fabric schistose serpentinite, 

also faulted against weakly cleaved, fme-grained, laminar metasiltstones of the Tumut Pond Group 

and O'Hares Beds. Orientation data for structural elements throughout the belt are in Table 6.1. 

In the Buddong Falls area (around G.R. 147 545, Yarrangobilly 1:25 000 sheet), both the eastern 

and western boundaries consist of S-C fabric schistose serpentinite faulted against interbedded 

metabasaltlchert/metasiltstone. On the eastern boundary, the moderately foliated metabasalts and 

metasiltstones run sub-parallel to the trend of the belt and become more intensely foliated at the 

faulted contact (Table 6.1.) The metabasaltic rocks comprise two distinct types: 

(a) fme-grained massive granular-textured metabasalts, and 

(b) quench-textured metabasalts 

A small body of serpentinite occurs at G.R. 148 559 on theY arrangobilly 1 :25 000 sheet. Its 

eastern boundary consists of S-C fabric schistose serpentinite abutting relatively unfoliated 

metabasalts and fme-grained metasedimentary rocks. The contact has a strike of 185° and dips at 

70° towards 095°. S-C fabric schistose serpentinite on the western boundary is faulted against 

strongly cleaved, fme-grained metasiltstones. At the contact, cleavage is relatively shallow-dipping 

(some 40°), but becomes vertical some 5 to 1Om away from the contact. 

Although the Tumut Ponds Serpentinite Belt occupies heavily vegetated terrain, outcrop is good. 

Schistose serpentinite forms prominent sheet-like lenses or narrow zones within massive 

serpentinite. Massive serpentinite outcrops as either small blocks within a matrix of schistose 

serpentinite or large continuous bodies. Primary ultramafic rocks are rare, outcrop poorly, and 

occur as small lenses. Other rock types exist as discrete lenses (commonly boudinaged) within 

schistose serpentinite, or as lenses and small masses within massive serpentinite. 
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Rock Type Grid Reference Foliation Strike Dip 

siltstone 29I 254 SI Oil 78 towards 281 
hinge line F2 folds Plunge 78 towards I80 

siltstone 287 233 S2 80 towards 292 
hingeline F2 folds Plunge 80 towards I22 

siltstone 290 227 Sl OI4 86 towards I 04 
S2 094 80 towards I83 

hingeline F2 folds Plunge 80 towards II 0 

serpentinite 264 273 slickenlines Plunge 30 towards 070 

serpentinite 266 274 s-surface 356 60 towards 266 
c-surface 324 72 towards 23 5 

serpentinite 265 270 c-surface 330 42 towards 240 
s-surface 301 30 towards 2II 

siltstone 274 264 SI 329 86 towards 245 
clinopyroxenite c-surface 355 80 towards 085 

s-surface 129 80 towards 215 

serpentinite 269 267 s-surface 334 60 towards 290 
c-surface 000 vertical 

serpentinite 148 546 c-surface 006 60 towards 290 
s-surface 100 24 towards 190 

serpentinite 150 548 c-surface 024 40 towards 294 
s-surface 024 75 towards 294 
slickenlines Plunge 20 towards 320 

serpentinite 142 545 c-surface 000 80 towards 090 
s-surface OlO vertical 

serpentinite 148 559 c-surface 010 58 towards 290 
s-surface 358 vertical 
c-surface 144 vertical 
s-surface 163 vertical 
c-surface 352 80 towards 080 
s-surface 334 vertical 

siltstone Sl 333 40 towards 24 S 
fault contact fault 185 70 towards 085 

Table 6.1 Orientation data for structural elements within the Tumut Ponds Serpentinite Belt and 
adjoining rock units. 
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6.3 PETROGRAPHY AND TEXTURAUSTRUCTURAL EVOLUTION 

(For detailed petrographic descriptions, see Appendix 6PD) 

6.3. I Primary ultramafic rocks 

The primary ultramafic rocks exhibit a primary magmatic texture and are extremely rare, with only 

one outcrop, a highJy sheared body of hornblende clinopyroxenite, occurring in the southern part of 

the belt (G.R.. 274 264 Y arrangobilly 1:25 000 sheet). It consists of coarse-grained ( 1 0-20rum) 

interlocking diopside and intergranular brown/green hornblende (5-10%), and is ascribed to high 

temperature upper amphibolite facies metamorprusm (e.g. Miyashiro 1994). It consists of coarse

grained (l 0-20mm) interlocking diopside and intergranular brown/green hornblende (5-I 0%). Blue

green amphibole/actinolite fringes and replacement grains are indicative of retrogressive lower 

amphibolite facies metamorphism (e.g. Miyashiro 1994), during which brittle-ductile deformation 

gave rise to fractured, microfaulted and bent hornblende and amphibole/actinolite grains, and 

replacement (Plate 6.2) and fracture-fill oftremolite/actinolite (Plate 6.3). 

Plate 6.2 Tremolite fringes around blue-green actinoli te within meta-clinopyroxen.ite. 
Sample No 249 UXP F.O.V 3.5mm 
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Plate 6.3 Fracture-fill actinolite within diopside in meta-clinopyroxenite. 
Sample No 249 UXP F.O.Y J.Smro 

6.3.2 Serpentinites 

Massive and schistose serpentinites comprise at least 98% of the belt, and are the "matrix" to all 

other rock types. The schistose serpentirUtes occur as: 

(a) elongate (hundreds of metres in length) narrow (maximum widths of2 to 1Om) "sheet-like" 

bodies ; and, 

(b) narrow (20 to I OOmru in width) discrete zones in massive serpentinite. 

The massive serpentirUtes exist as: 

(a) boulder and block-like, relatively small (maximwn dimensions of 10 x Sm) masses embedded 

in a matrix of schistose serpentinite; and, 

(b) relatively large (hundreds of metres in length and tens of metres in width) generally elongate 

bodies within schistose serpentinite. 

AJI serpentinite bodies are oriented sub-parallel to the trend of the belt and appear to have no set 

systematic areal distribution. 
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XRD studies of samples confmn that all three serpentine polymorphs exist. However, the schistose 

serpentinites are dominated by cluysotile 2M and chrysotile 20, whereas the massive serpentinites 

generally consist of chrysotile 2M and Lizardite IT. Antigorite is a minor constituent, restricted to 

the southern half of the belt and commonly associated with talc and magnesite. 

The occurrence of relict chromian spinel (Plate 6.4) and serpentine pseudomorphs after 

orthop~oxene (Plate 6.5) is consistent with a serpentinite origin as upper mantle harzburgites. 

Serpenrinisation caused replacement of olivine and orthopyroxene by 

lizardite+chrysotile+magnetite at 250 ± 25°C at a P(HlOl of less than lkb (e.g. O'Hanley & Wicks 

1995). The occurrence of antigorite, talc and magnesite in the southern half of the belt is attributed 

to prograde (higher temperature) serpentinisation of the liwdite+chrysotile+magnetite assemblage 

(e.g. Wicks 1984). Chrysotile and chlorite veinlets (Plate 6.6) and the main S-C fabric developed in 

the schistose serpentinites are ascribed to brittle deformation during retrogressive greenschist facies 

metamorphism (e.g. Miyashiro I 994), whilst cross-cutting tremolite grains reflect ongoing mid

greenschist facies metamorphism. 

Plate 6.4 Relict chrome spinel within schistose serpentinite. 
Sample No BF92/22 PPL F.O.V 1.5mm 
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Plate 6.5 Bastised orthopyroxene grains within massive serpentini te. 
Sample No 258 UXP F.O.V 3.5m.m 

Plate 6.6 Cross-cutting ci1Iysotile/chlorite vei.nlets within massive serpentinite. 
Sample No 258 UXP F.O.V 3.5nun 
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6.3.3 Talc-carbonate rock 

The talc-carbonate rock contains >50% talc and/or magnesite and is only found at one locality 

(G.R. 264 273; Cabraruurra I :25 000 sheet) in the southern half of the belt. It constitutes narrow 

(<0.3m) vein-like bodies and patches within massive and schistose serpentinites and consists of 

talc+magnesite+chrysotile 2M (XRD determination). 

Talc and magnesite, which replace and cut across the serpentine group minerals (Plate 6. 7) reflect 

hydrothennal fluid channeling and alteration at minimum temperatures of 165-285°C (Ashley 

1997). 

Plate 6.7 Magnesite and talc overprinting serpentine within talc-magnesite rock 
Sample No 245 UXP F.O.Y 3.5mm 
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6.3.4 Gahbro 

Gabbro is only found at one locality (G. R. 143 545; Yarrangobilly I :25 000 sheet) within the 

northern half of the belt, where it is moderately foliated and occurs as small (ma;ximum dimensions 

l to 3m) lens-shaped bodies within schistose serpentinite. 

The gabbro was originally composed of diopside and plagioclase with minor orthopyroxene. 

Saussuritisation of the original calcic plagioclase resulted from "ocean-floor metamorphism" (e.g. 

Miyashiro 1978), but this was followed by lower greenschist facies regional metamorphism during 

which diopside was bent and fractured and cross-cutting veinlets of chlorite, epidote, zoisite and 

quartz developed (Plate 6.8). 

Plate 6.8 Bent and micro-faulted diopside grains with fracture-fill chlorite and zoisite within 
gabbro. 
Sample No BF92/24 UXP F.O.V 1.5mm 
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6.3.5 Rodingites 

Rodingites seem to be restricted to the northern half of the belt, where they occur as lens-shaped 

bodies (maximum plan dimensions 1 x 0.5m) or boudinaged dyke-like bodies (maximum 

dimensions of 26 x 1.5m) within schistose serpentinite. They are typically fme-grained and 

resemble fme-grained metabasalts in hand-specimen. 

XRD studies enable subdivision of the rodingites into those containing: 

(a) grossular, and 

(b) diopside-grossular rodingites. 

The former are composed entirely of grossular, whereas the latter, although dominantly diopside 

and grossular, also contain prehnite, hornblende and serpentine. 

The rodingites are interpreted as metasomatically altered pyToxene gabbros. They contain relict 

primary diopside, but the calcic plagioclase has been altered and replaced. Fracturing was 

necessary to allow fluid infiltration and related rodingitisation; ongoing deformation resulted in 

veinlets of epidote/zoisite. Rodingitisation is equated with the initial stages of serpentinisation (e.g. 

Schandl et al. 1990; Dubinska 1995)·attemperatures below 300 ± 36°C and P(H20) of0.8kb (e.g. 

O'Hanley et aL 1992). 

6.3.6 Metabasalts 

Metabasalts are those basaltic rocks occurring within the boundaries of the belt, regardless of either 

their emplacement mechanism or origin. They have been found at only two localities in the northern 

half of the belt around G.R 143 545 (Yarrangobilly 1:25 000 sheet), where they occur as small 

(maximum dimensions of only a few metres) lens-shaped masses within schistose serpentinite. The 

metabasaltic rocks include: 

(a) quench-textured metabasa1ts, and 

(b) meta-basaltic/andesitic tuffs. 

The quench-textured metabasalts were originally assemblages of calcic plagioclase, clinopyroxene 

and olivine. Albitisation of the calcic plagioclase and replacement of original ferromagnesi: 
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minerals by actinolite, took place under conditions that, on mineralogical grounds, indicate low 

grade greenschist facies metamorphism (e.g. Menzies et al. 1977; Miyashiro 1978). Cross-cutting 

epidote and chlorite (Plate 6.9) and localised brittle fracturing in actinolite-dominant veinlets are 

consistent with ongoing greenschist facies metamorphism and deformation. 

The meta-basaltic/andesitic tuffs were originally composed of mafic lithic fragments up to l Omm in 

diameter) and broken crystal fragments of calcic plagioclase and hornblende set in a glassy(?) 

groundmass. The replacement of hornblende by actinolite, saussuritisation of calcic plagioclase and 

occurrence ofveinlets of actinolite, quartz and epidote/zoisite (Plate 6.10) are all consistent with 

"ocean-floor metamorphism" (e.g. Miyashiro 1994). However, the cross-cutting veinlets may also 

have been produced during the same deformational event which developed cleavage in the less 

competent adjacent metasiltstones." 

6.3. 7 Chlorite rocks 

Chlorite rocks (i.e. rocks with >90% chlorite) have been found in both the northern (at G.R. 143 

545; Yarrangobilly 1:25 000 sheet) and southern (at G.R. 264 273; Cabramurra 1:25 000 sheet) 

parts of the belt. In the southern occurrence, the chlorite occurs as apparently randomly distributed 

patches (20- 50mm in maximum dimension) within massive and schistose serpentinites, whereas in 

the northern locality, it forms discrete lenses (5m maximum dimension) within schistose 

serpentinite. 

XRD studies show that the chlorite-dominant patches are composed of clinochlore lib, whereas the 

chlorite lenses comprise ferroan clinochlore Ia. 
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Plate 6.9 Albite-epidote-chlorite-zoisite metamorphic assemblage in metabasalt. 
Sample No BF92/26 UXP F.O.V 3.51lliD 

Plate 6.10 Actinolite-chlorite veinlets in meta-andesitic tuffs. 
Sample No BF92/21 UXP F.O.V 3.5mm 
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6.4 STRUCTURE OF THE TUMUT PONDS SERPENTINITE BELT 

6. 4.1 Serpentinite foliations 

The serpentinite S-C fabrics occur throughout the belt. Orientation data (Figure 6.2) show that: 

(a) the majority of the S-C fabric orientations are steeply to vertically dipping and trend NNW-

SSE~ 

(b) S and C are similarly oriented; 

(c) the S-C fabric orientations are similar to those from the other serpentinite belts of the region 

(see Figures 3.7 and 5.4). 

(d) internal shear zones within serpentinite of the Tumut Ponds Serpentinite Belt dominantly 

record dextral oblique slip movement. Minor dextral strike slip and sinistral oblique slip 

movements have also been recorded. S-C fabrics on the eastern contact of the belt dominantly 

record dextral oblique slip movement. 

Micro-scale observations show that the foliations developed late in the serpentinisation process and, 

as the cleavage in the surrounding metasedimentary rocks approximates the trend of the belt, this 

probably accompanied emplacement of the belt into continental crust near to its present position. 
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Figure 6.2 Poles to small-scale internal shear zones within serpentinite of the Tumut Ponds 
Serpentinite Belt (equal area projection). 
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CHAPTER 7: OTHER SERPENTINITE BELTS OF THE REGION 

7.1 THE EURONGILLY SERPENTINITE BELT 

The Eurongilly Serpentinite Belt crops out discontinuously near Sheridan's Comer and Eurongilly, 

approximately 20km south-east of the township of Junee (Figure 7.1 ). The type section (Warren et 

al. 1995) is at G.R 568 613. The same authors suggested that the discontinuous outcrops are parts 

of a continuous body which extends for at least 6km and is up to O.Skm wide. The Eurongilly 

Serpentinite Belt trends approximately NNW -SSE, is relatively elongate and appears to be steeply

dipping. 
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Figure 7.1 Location, and extent of the Eurongilly Serpentinite Belt. 
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7.1.1 Nature of contacts 

To the west, the belt is faulted against the Wagga Group, which comprises foliated, recrystallised 

micaceous quartzites with a strong domainal texture defined by mica-rich (M-domains) and quartz

rich (Q-domains) zones (e.g. G.R 692 310; Jtmee 1:25 000 sheet). The rocks are similar in 

appearance to micaceous quartzites of the Jindalee Beds. 

7.1.2 Petrography and texturaVstructural evolution 

(Detailed petrographic descriptions are in Appendix 7PD) 

The two areas examined during the present study contain distinctly different lithologies. 

G.R 692 310 (Junee 1:25 000 sheet) 

Outcrop (Figure 7.1) consists largely of olivine pyroxene meta-hornblendite, hornblende meta

lherzolite, and their alteration! weathering derivatives which are carbonate-rich metaserpentinite. 

G.R. 688 332 (Junee 1:25 000 sheet) 

Outcrop (Figure 7.1) consists of massive and moderately foliated ( S-C fabric) serpentinite. 

The primary ultramafic rocks at G.R 692 3 1 0 were lherzolites, with minor hornblendites. Initial 

serpentinisation resulted in the replacement of olivine by antigorite at temperatures above 250 ± 

25°C and a P(ll2o) of less than lkb (e.g. O'Hanley & Wicks 1995), but below 450°C (e.g. O'Hanley 

1996). Later, chlorite and actinolite developed (Plate 7.1) and was followed by crosscutting talc and 

magnesite. Finally, brittle fracturing was accompanied by the formation of veinlets of carbonate, 

quartz and goethite by groundwater movement." 

At G.R688 332, intense fracturing and serpentinisation was marked by replacement of the primary 

minerals by antigorite at temperatures >250°C ± 25°C and <450°C and PHao <lkb (e.g. O'Hanley & 

Wicks 1995; O'Hanley 1996) (Plate 7.2). In places localised high strain zones lead to the formation 

of an S-C fabric foliation. 
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Plate 7.1 Actinolite-chlorite veinlet within lherzolite. 
Sample No. BF91/4lg UXP F.O.V 3.5mm 

Plate 7.2 Feathery decussate texture of antigorite within serpentinite. 
Sample No. BF91144b UXP F.O.V 3.5mm 
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7.2 THE DARBALARA SERPENTINITE BELT 

The Darbalara Serpentinite Belt is a small and highly discontinuous serpentinite belt which occurs 

near Darbalara (G.R. 108 231; Gundagai 1:25 000 sheet), approximately lOkm north~east of the 

township of Gundagai (Figure 7.2). Warren et al. (1995) included this body within the Wambidgee 

Serpentinite Belt (some 4km to the north-west), but the author prefers to treat it separately. The belt 

crops out from at least G. R. 098 240 in the north to G.R. 108 231 in the south with a maximum 

length of 1.5km and a width of at least lOOm (Figure 7.2). It is a steeply-dipping alpine-type 

serpentinite belt and has a type section at G.R. 108 231 {Gundagai 1:25 000 sheet). 
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Figure 7.2 Location and geology of the Darbalara Serpentinite Belt (adapted from Basden 1990). 
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7.1.1 Nature of contacts 

The Darbalara Serpentinite Belt is enclosed within metasedimentary and metavolcanic rocks of the 

Jindalee Beds. At G.R 098 240, relatively massive serpentinite is faulted against foliated and 

lineated quartzites and has an S-C fabric that parallels foliation in the quartzites. At G.R 108 231, 

a lens (<Sm in width) of massive serpentinite is fault bound between a sequence of metabasalt, 

quartzite and metasiltstone in the east and well-cleaved metasiltstone in the west (Figure 7.3). 
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Figure 7.3 Simplified geology at G.R 108 231: Darbalara Serpentinite Belt. 

7.2.2 Petrography and textural/structural evolution 

XRD studies on serpentinite samples from G.R 098 240 show that the serpentinite is largely 

composed of antigorite and chrysotile, along with possible minor lizardite. A body of meta

bomb lendite, associated with similar massive serpentinite, occurs at G.R 10 8 231. 

N 

I 

The initial period of serpentinisation of the primary ultramafic rocks was retrogressive and resulted 

in the development of antigorite at temperatures above 250°C ± 25°C and <450°C and P00 <Ikb 

(e.g. O'Hanley & Wicks 1995; O'Hanley 1996). However, the hornblendite provides evidence of 

an early upper greenschist to lower amphibolite facies metamorphism, as igneous brown hornblende 

has been replaced by fibrous brown-green metamorphic hornblende (e.g. Miyashiro 1994). Later, 

perhaps after the antigoritic serpentinisation event, retrogressive greenschist facies metamorphism 

resulted in fracture-related replacement of hornblende by zoisite. 
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7.3 THE WESTERN WAMBIDGEE SERPENTINITE MELANGE 

The Western Wambidgee Serpentinite Melange is an imbricate thrust package that contains a large 

ultramafic component. It is located 7.2km to the west of Coolac around G.R 350 993 (Coolac I :50 

000 sheet) (Figure 7.4) and, according to Wilson (1993) it has a mappable length of3.8km and a 

width of L lkm. Within the unit (Figure 7.5), the main serpentinite body within the melange has a 

maximum length of 1200m and a maximum width of 60m. 
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Figure 7.4 Location and extent of the Western Wambidgee Serpentinite Melange. 
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7.3.1 Nature of contacts 

The melange includes slices from the Wambidgee Serpentinite Belt, Jindalee Beds, Frampton 

Volcanics and Blowering Formation, all of which have indeterminate contacts due to poor exposure 

(Figure 7.6). In the simplified interpretative map (Figure 7.5), massive serpentinite is shown faulted 

against the Blowering Formation (Fences Creek Conglomerate) on the east, while the western 

boundary is marked by unfoliated rhyolite of the Frampton Volcanics abutting metasiltstones of the 

Jindalee Beds. 

7.3.2 Surface outcrop 

Although contacts are poorly to not exposed, outcrop is quite good other than in the central part of 

the unit. Ultramafic rocks and metagabbros form prominent elongate lens-shaped bodies near the 

eastern boundary. A small (<10m) body ofplagiogranite is associated with these rocks and forms 

"boulder-like" masses within serpentinite. The Jindalee Beds outcrop quite prominently along the 

western boundary of the unit. 
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Figure 7.5 Simplified geolomr of the Western Wambidgee Serpentinite Melange (adapted from 
Wilson 1993). 
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Figure 7.6 Outcrop geology of traverse WW3: Western Wambidgee Serpentinite Melange. 
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7.3.3 Petrography and textural/structural evolution 

(For detailed petrographic descriptions, see Appendix 7PD) 

The primary ultramafic rocks of the Western Wambidgee Serpentinite Melange are dominated by 

clinopyroxene and vary in composition from clinopyroxenite to lherzolite using the lUGS 

classification scheme (e.g. Le Maitre 1994). The pyroxene is relatively fresh, whereas olivine has 

been completely serpentinised and/or altered to talc. Fractured, micro-faulted and bent diopside 

grains, and the development of cataclasite zones result from deformation preceding and/or 

accompanying the upper greenschist facies metamorphism that is indicated by the assemblage 

serpentine+talc+chlorite+tremolite within these rocks (e.g. Miyashiro 1994). However, pyroxenite 

near the western margin of the unit exhibits an even-grained granoblastic texture (Plate 7.3) that is 

attributed to high temperature metamorphism, of at least upper amphibolite facies. Subsequent to 

this, fracturing under lower greenschist facies conditions is indicated by fracture-fill chlorite (e.g. 

Miyashiro 1994). 

Plate 7.3 Metapyroxenite exhibiting a granoblastic texture along with fracture-fill Mg-chlorite. 
Sample No 171 UXP F.O.V 3.5mm 
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Foliated and massive serpentinites (Figure 7.5} form discrete lenses in which the dominant 

serpentine group minerals (based on XRD) areAl-rich lizardite 1 T and chrysotile. Massive 

pseudoharzburgitic serpentinites have a pseudoporphyritic decussate mesh texture (Plate 7.4), while 

schistose serpentinites are characterised by S-C fabrics that are considered to mark high strain 

zones coeval with serpentinisation. The assemblage lizardite 1 T +chrysotile is indicative of 

retrogressive serpentinisation (e.g. Wicks 1984} at temperatures below 250 ± 25°C and P<1110J of 1kb 

(e.g. O'Hanley & Wicks 1995). Magnesite is ascribed to infiltration oflow temperature COl

enriched groundwaters (e.g. Laurent & Hebert 1979}. 

Plate 7.4 Pseudoporphyritic decussate sub-mesh texture of massive serpentinite. 
Sample No BF92/17c UXP F.O.V 3.5mm 
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Talc schists occur in discrete zones on the western boundary of the unit (Figure 7.5). They contain 

relict chromian spinel (Plate 7.5) which supports derivation from an ultramafic parent and are 

fractured, providing possible evidence for an early deformational event Talc could have formed 

either by hydrothermal fluid channeling (Ashley 1997) or from C02-enriched serpentinising fluids 

which reacted with the primary ultramafic rocks (e.g. Wicks & Whittaker 1977). Regardless of the 

process, the schistose texture reflects the one-time existence of high strain zones. 

Gabbros occur near the eastern contact and central part of the unit. Most are strongly sheared, 

metamorphosed and altered. The gabbros can be subdivided into hornblende-clinopyroxene gabbros 

and completely altered gabbros. All gabbro bodies are intimately associated with ultramafic rocks 

(Figure 7.5). The partial to complete replacement of calcic plagioclase, hornblende and diopside by 

the assemblage albite+epidote+chlorite+actinolite (Plate 7.6} is indicative of greenschist facies 

metamorphism (e.g. Miyashiro 1978}. Ductile~brittle deformation within the gabbros was localised 

in nature and textural evidence (Plate 7.6) indicates that it was synchronous with the greenschist 

facies metamorphism. 

A plagiogranite body was found within schistose serpentinite at G.R 990 337. It contains mafic 

enclaves with sharp contacts against the plagiogranite (Plate 7.7) and is undeformed apart from 

minor catadasite zones (Plate 7.8). The latter developed prior to alteration, as the greenschist facies 

alteration assemblage of chlorite+zoisite+tremolite/actinolite cross-cuts the cataclasite zones (Plate 

7.8). The development oftremolite/actinolite may be due to Mg-metasomatism during 

serpentinisation of the enclosing ultramafic rocks (e.g. Linder et al. 1992). Thus, if this 

interpretation is correct, it follows that the plagiogranites were emplaced in the ultramafic rocks 

prior to serpentinisation. 
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Plate 7.5 Fractured relict chrome spinel within talc schist. 
Sample No BF92/17a PPL F.O.V 1.5mm 

Plate 7.6 Kink bands in tremolite/actinolite pseudomorph after hornblende within gabbro. 
Sample No 170a UXP F.O.V 3.5mm 
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Plate 7. 7 Contact between plagiogranite (left) and metabasalt enclave (right). 
Sample No 169a UXP F.O.V 3.5mm 

Plate 7.8 Narrow cataclasite zone within plagiogranite. 
Sample No 169b UXP F.O.V 1.5mm 
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The metabasalts of the melange can be genetically subdivided into those occurring as discrete 

lenses and those constituting enclaves within plagiogranite. Those occurring as discrete lenses are 

widespread and are believed to have been derived from the Jindalee Beds. They are dominantly 

amygdaloidal, although minor amounts of pillow basalt were observed, and have undergone lower 

greenschist facies metamorphism based on the assemblage albite+chlorite+quartz (Plate 7.9) (e.g. 

Menzies et al. 1977; Miyashiro 1994). 

The metabasalts forming enclaves within the plagiogranite consist of actinolite and albite, indicative 

of greenschist facies metamorphism (e.g. Miyashiro 1994 ), and must have undergone fracturing and 

disruption prior to being incorporated by the plagiogranite. 

Plate 7.9 Albite-epidote-zoisite-chlorite metamorphic assemblage in metabasalt. 
Sample No BF92/15b UXP F.O.V 3.5mm 
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Dacitic tuffs occur close to the western margin and near the centre of the unit (Figure 7.5). They are 

generally fme-grained and, in places, may be flow-banded and well-laminated. They are believed to 

have been derived from the Frampton Volcanics and now consist of the assemblage 

albite+quartz+zoisite+chlorite (Plate 7.10), indicative of greenschist facies metamorphism (e.g. 

Miyashiro 1994). 

Rare quartzites are restricted to the eastern margin of the unit. They are highly recrystallised, 

strongly foliated, and are almost certainly derived from the Jindalee Beds. Other strongly foliated 

metasedimentary rocks within the western half of the unit and have been assigned to the Jindalee 

Beds by Wilson (1993). 

Plate 7.10 Laminar banded texture of meta-dacitic tuff. 
Sample No WW4 (b) UXP F.O.V 3.5mm 
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7.3.4 Classification as a tectonic melange unit 

Greenly (1919) used "melange" for a group of mixed rock types, now termed the Gwna melanges 

(Wood 197 4 ). They are believed to have formed by fragmentation of rock units followed by mixing 

with other units (e.g. Cloos 1984; Vollmer & Bosworth 1984; Raymond 1984). Raymond (1975, 

1984) defmed 'melange' as: 

'a body of rock mappable at a scale of 1:24 000 or smaller and characterised both by the lack of 

internal continuity of contacts or strata and by the inclusion of fragments and blocks of all sizes, 

both exotic and native, embedded in a fragmented matrix of finer-grained material'. 

The Western W ambidgee Serpentinite Melange satisfies most of the criteria in this defmition with 

the exception that the differing rock types occur as discrete lenses, rather than blocks embedded 

within a fmer-grained matrix. They constitute a discrete mappable unit and there is a lack of 

internal continuity. Based on Raymond (1984 ), the Western W ambidgee Serpentinite Melange best 

classifies as a tectonic melange. 
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CHAPTER 8: GEOCHEMICAL CHARACTER OF THE SERPENTINITE 
BELTS AND ASSOCIATED UNITS 

8.1 PRIMARY ULTRAMAFIC ROCKS 

The ultramafic rocks of the various serpentinite belts were analysed for their major, minor, trace 

and rare earth element geochemistries in order to identify any significant variation both within and 

between the various serpentinite belts, and to make comparison with similar rocktypes from other 

well-studied ophiolite occurrences. 

8.1.1 Major and minor element geochemistry 

Geochemical data for dunites and serpentinised dunites from the Coo lac and W ambidgee 

serpentinite belts are shown in Table 8.1. Serpentinised dunite has a broader range in SiOz, Fe20J, 

FeO, MgO, CaO, H20, COz, Cr and Ni than weakly serpentinised dunite, and the latter is more 

enriched in Ti02, Ah03 and V. Serpentinised dunite from the Coolac and W ambidgee serpentinite 

belts has no significant compositional differences. 

The compositions ofharzburgite from the Coolac Serpentinite Belt are shown in Table 8.2. The 

data show that harzburgite is depleted in Ti02, CaO, Cr, V, and the REE compared with dunite, and 

is similar in composition to serpentinised harzburgite. 

Peridotite from the Tumut Serpentinite Province varies widely in composition (Table 8.3), 

particularly with respect to Fe203, MgO, CaO, C02, Cr and Ni. The compositional spread spans the 

range from harzburgite to pyroxenite. 

Lherzolite has been mapped in the Coolac, Wambidgee and Eurongilly serpentinite belts. Compared 

to harzburgite, dunite and peridotite, lherzolite is enriched in Si02, Ti02, Ah03, CaO, Na20, Ba, 

Sr, Ga and Zr, and depleted in MgO, Cr and Ni (Table 8.3). Compositional variation in lherzolite 

from the different belts is shown by Si02, Fe203, MgO, C02, Cr, Ni, V, Ba and Sr; lherzolite from 

the Eurongilly Serpentinite Belt is depleted in Cr and Ni compared to that from the Coo lac and 

Wambidgee serpentinite belts. 
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Sample N 
Belt 
Rocktype 

Si02 
Ti02 
A!203 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 
1<20 
P205 

H20+ 
C02 
H20-

Cr 
Ni 
v 
Cu 
Pb 
Zn 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 

123 141 122 133b 135b 156b 
CSB CSB CSB 
WSDun WSDun c= Dun Serp Dun 

41.85 40.18 39.35 40.8 
0.3 0.09 0.01 b.d 0.01 

1.59 5.76 1.13 0.23 0.17 0.37 
6.33 3.81 10.04 5.47 7.34 8.75 
6.09 5.17 0.61 0.65 0.15 0.82 
0.17 H .. , 0.09 0.06 

31.35 40.48 38.34 35.62 
8.01 0.03 0.02 0.26 

b.d b.d b.d 
b.d 0.01 b.d 0.01 b.d b.d 

0.01 b.d b.d 

4.58 6.62 

~ 
0.08 
0.19 

3276 2038 
1101 1217 

159 77 
9 49 
8 5 

63 41 
1 3 b.d 

b.d b.d b.d 
6 37 
4 4 

b.d b.d 
9 3 

10 4 
2 b.d 

b.d b.d b.d 

12.8 11p,29 12.17 
0.05 . 0.2 0.44 
3.01 1.78 1.49 1.6 

I 
6876 

16lli= 
1866 1618 

3339 281 2651 3030 
44 5 7 13 
14 1 2 b.d 
25 4 5 7 
65 

~ 
12 14 

b.d 
b.d 

1 2 1 
1 b.d b.d 1 
1 b.d b.d b.d 
2 1 1 23 
1 b.d 1 2 
9 b.d 2 1 

*data from Ashley 1973a 
b.d = below detection limit 
WS = weakly serpentinised 

ARC12 
CSB 
Serp Dun 

46.17 
0.11 
2.03 
2.44 
2.68 
0.14 

29.68 
8.01 
0.04 
0.01 

b.d 

8.2 
0.13 
0.61 

4955 
1585 

43 
3 

20 
28 

b.d 
20 

8 
4 
2 

14 
2 
8 

Table 8.1 Major and minor element analyses of dunites. 
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MU3899* MU3864* ARC15 
CSB CSB WSB 
Serp Dun Serp Dun Serp Dun 

37.39 41.22 40.43 
0.01 0.03 0.02 
0.78 0.98 1.52 
3.28 2.21 6.07 
4.26 5.56~ 

0.2 0.14 
41.62 43.31 37.9 

0.34 1.53 0.02 
b.d 0.04 b.d 
b.d b.d~ 

0.01 

11.19 5.43 12.23 
0.11 0.05 0.08 
0.53 0.11 0.72 

B 4 
b.d 

9 
1 
3 

b.d 
1 

b.d 
1 
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Na20 

K20 

P205 

H20+ 

C02 

H20-

Cr 

Ni 

v 
Cu 

Pb 

Zn 

Rb 

§'· Ba 

~ Sr 
tJ:j Ga 

"" £:" Nb 

Zr 
y 

Th 

74 139 ARCS MLH01 G449-A' MU3826' MU3891' MU3833' MU2898' MU3841' MU3952' 

CSB CSB CSB CSB CSB CSB CSB CSB CSB CSB CSB 

Serp Harz Wserp Han: Serp Ha£2 Wserp Harz Serp Harz Serp Harz Serp Harz Serp Harz Serp Ha£2 Serp Harz Serp Harz 

40.57 4008 43.84 

0.03 0 002 

1.66 0.71 1.14 

5.31 4.97 7.46 

2.06 2.04 049 

0.12 0.11 013 

38.5 39.16 29.78 

0.01 0.02 109 

b.d b.d b.d b.d 

0.01 b.d 0.01 b.d 

b.d b.d bd b.d 

12.21 13.12 13.12 

0.05 0.14 0.09 

0.56 0.63 3.97 

2863 2438 2943 

2426 2066 2520 

53 26 42 

2 4 2 

5 3 5 

57 36 33 

4 bd 1 b.d 

10 b.d 10 

I 2 3 

1 bd 3 

1 b.d b.d b.d 

bd bd bd b.d 

2 bd 1 

I 1 bd bd 

41.57 41.79 42.47 39 47 43.51 4013 42.42 42.56 

0.04 005 002 001 001 0.01 0.02 0.01 

1.54 2.26 122 1 5 164 1 39 0.54 1 67 

2.91 1.4 1.83 4 52 157 2 41 5.74 135 

5.01 6.25 5.22 311 6.34 5.21 3.61 6.32 

0.13 0.11 0.15 01 0.14 013 0.22 0.15 

41.85 39.52 37.2 3917 41.28 41.23 37.54 40.91 
185 2.35 1 5 049 1 52 0.37 1.05 1.56 

0.05 002 bd 001 bd b.d 003 

0.04 b.d bd 002 0.01 001 004 

b.d 0.01 b.d 0.01 001 0.01 001 

5.58 5.45 9.6 1089 3.79 8.9 8.61 5.92 
069 009 0.07 0.05 002 0.13 0.34 0.09 

0.25 0.03 0.09 0.24 0.09 0.27 0.1 0.16 

2881 2600 2672 2848 3013 2806 2951 2867 

2220 1340 1853 1995 2169 2113 2409 1996 

47 30 54 41 45 4 46 

5 82 5 21 14 11 16 

4 

36 64 38 17 54 53 56 

10 

4 

3 

1 

.. 
(Data source th1s thesi.> , Ashley 1973a, Basden 1990) 

b d = below detection lirnit. wser = weakly serpentinised 

MU3901' MUJB75' 

CSB CSB 

Serp Harz Serp Harz 

41.97 42.29 

001 0.02 

1.48 1.65 

279 2.44 

4.76 5.24 

0.14 0.14 

40.27 404 

1.42 1.73 

001 0.01 

0.04 002 

0.01 001 

7.25 5.66 

0.03 b.d 

0.17 034 

2899 2987 

2123 2079 

34 42 

16 24 

47 50 

·--
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0 

'""' Si02 45.48 43.78 52.8 g. Ti02 0.62 0.43 0.05 
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MgO 7.96. 21.41 19.67 

CaO 18.66 7.5 16.97 

Na20 0.45 0.43 004 

K20 0.03' 0.04 b.d b.d 

P205 0.09 0.07 0.02 

H20+ 2.32' 6.42 2.58 

C02 0.04 002 0.13 

H20· 0.12 0.32 0.31 

Cr. 1060 1719 3197 

Ni 138 1258 233 

§r~ '"c:::l 

EL~ §· 
§ ~ g. e. .... 
~ t:t 
b:l s n:. 
if ~ 

0 

v 202 127 73 

Cu 10 12 9 

Pb 7• 4 6 

Zn 41 85 20 

Rb 1 1 b.d b.d 

Ba b.d b.d 9 

Sr 742 8 23 

Ga 15 10 b.d 

Nti 2 3 b.d b.d 

a Zr 66 51 2' 

~ y 18 15 2 

;.;.> Th 2 2 1 

61b BF92117b BF91/33e 164 65 161b 161d 41e 41g 

WSB 

Wehr 

50.68 

007 

1.46 

3.33 

3.28 

0.14 

20.22. 

17.8 

0.06 

O.DI 

3.19' 

0.08 

0.58 

2467 

233 

104 

10 

5 

27 

17 

21 

3 

b.d 

1 

2 

1 

WSB WSB WSB WSB GSB GSB ESB ESB 

Pyrox Lherz Perid Hornbl Perid · Perid Lherz lherz 

53.2 51.06. 40.03 47.92 43.36 38.83 29.93 39.16 

0.08. 0.75 om 1.02 0.1 0.04 047 0.86 

1.85 4.65 0.51 8.38 1.65 0.87 4.47 4.91 

2.5 1.72 2.17 2 436 8.81 217 11.01 

304 6.04 3.57. 4.79 2.04 3.24 8.64 7.86 

0.16 0.15 0.12 0.11 0.1 0.1 0.29 0.15 

18.67 16.83 38.32 19.18 26.24 31.41 11.74 12.11 

17.91 15.81 0.13 1114 10.29 4.21 15.82 13.82 

0.19 0.72 b.d 1.94 b.d b.d 0.02 0.34 

0.01 0.05 ·b.d 0.14 b.d b.d 0.01 0.07 

0.02 0.02 b.d 0.04 0.01 b.d 0.03 0,01 

2.4 2.21 9.85 3.12 6.66 10.04 2.68 2.55 

0.26 0.14 5.02 0.18 4.32 2.24 23.24 6.25 

0.63 0.31 0.24 0.28 0.84 0.9 0.19 0.25 

2290 3177 2538 960 3334 1663 910 165 

174 486 2027 956 925 1299 135 94 

119 236 21 206 79' 62 281 743 

7 166 5 7 14 30 9 40 

10 7 2 6 4 9 44 13 

33 40 30 46 34 36 233 65 

I I b.d 1 b.d I b.d 3 

32 14 6 86 4 b.d 26 31 

19' 36 4 240 47 18 197 162 

2 6 b.d 10 2 b.d 8 16 

b.d b.d 5 b.d b.d b.d b.d 

2 23 1 22 3 2 17 13 

3 14 b.d 9 2 I 8 6 

3' 2 b.d 1 1 1 b.d b.d 

(Data source this lflesis: Ashley 1973a'; Basden 1990') 
b.d = below detection limit 

4fd 

ESB 

Lherz 

45.91 

0.29 

6.84 

3.25 

5.42 

0.12 

14.31 

12.8 

0.47 

0.16 

0.02 

3.98 

6.64 

0.52 

596 

116 

169' 

16 

9 

50 

3 

66 

273 

6 

b.d 

14 

6 

b.d 



Sample No 39 ARC14 MU3828' 

Sell MMSB WSB CSB 

Rocktype Wehr Perid Lherz 

5102 43.58 41.68 44.71 

Ti02 0.1 b.d 039 

Al203 1.2 0.5 266 

Fe203 5.68 7.33 3.67 

FeO 3.07 1.3 5.42 

MnO 0.12 0.11 0.2 

MgO 32.84 35.95 26.25 

CaO 2.36 0.27 12.44 

Na20 b.d b.d 0.31 

K20 0.01 b.d 0.03 

P205 b.d b.d 0.03 

H20~ 10.47 12.24 4.26 

C02 0.38 0.11 0.06 

H20· 0.76 1.58 0.26 

Cr 3012 2570 2055 

Ni 1355 2370 824 

v 65 27 140 

Cu 129 13 65 

Pb 6 4 3 

Zn 81 28 61 

Rb b.d b.d b.d 

Ba 17 16 

Sr 2 2 13 

Ga 4 3 5 

Nb b.d b.d 

Zr 2 b.d 11 
y 3 b.d 9 

Th b.d bd bd 

MBS0/852" MU3953' MU3940' MU3942' MU3863' MU3829' MU3928' MU3862' MU3896' 

GSB 

Pyrox 

49.3 

0.1 

1.76 

4.11 

308 

0.15 

17.3 

18.5 

0.14 

0.08 

O.ot 

1.4 

1.92 

1.55 

1600 

289 

90 

9 

2 

30 

bd b.d 

50 

76 

6 b.d 

1 

10 

7 

4 b d 

CSB CSB CSB CSB CSB CSB CSB CSB 

Wehr Wehr Wehr Wehr Wehr Wehr Wehr Wehr 

47.59 4417 48.11 37.01 48.97 48.25 50.52 39.84 

0.21 0.31 0.07 0.15 031 0.16 032 016 

2.05 2.45 0.98 3.79 241 1.7 3.14 444 

2.8 4.89 3.91 8 66 4 35 5.22 2.01 491 

2.5 279 339 7.11 3.72 402 3.55 3.96 

0.15 0.13 0.16 0.23 0.15 0.16 0.14 016 

24.38 27.04 24.67 29.97 ,2199 2448 2139 3382 

14.72 10.92 14.99 4.99 15.78 13.58 17.66 3.41 

0.26 0.18 0.18 006 0.27 0.21 0.51 0.19 

0.03 b.d bd 0.01 0.02 b.d 004 004 

0.02 0.01 002 0.01 0.03 0.03 0.04 003 

4.12 6.27 3.88 7.39 383 443 1.75 964 

0.1 0.14 b.d 008 0.13 0.06 0.1 0.05 

0.27 0.65 0.34 065 04 008 0.22 029 

1986 2118 1797 2890 1758 1816 2699 2519 

637 993 319 1217 583 408 739 1606 

117 163 73 68 179 96 190 46 

33 106 26 544 31 37 65 16 

6 6 11 10 8 3 5 4 

35 32 34 139 42 43 32 58 

bd b.d 2 bd bd b.d bd 

15 9 14 12 14 14 23 16 

2 bd 2 bd 4 5 3 

5 a 2 4 9 bd 15 15 

5 6 3 2 8 4 10 5 

bd bd bd 3 bd b.d bd 

(Data source: this thesis; Ashley 1973a". Basden 1990") 
b d = below detection limit 



Compared with dunite, harzburgite and peridotite, pyroxenite is enriched in Si02, Ti02, Ah03, 

CaO, Na20, V, Ba, Sr, Zr andY, and depleted in F~01, FeO, MgO, Cr and Ni (Table 8.3). 

Pyroxenites from the W ambidgee and Gundagai serpentinite belts have similar compositions but 

differ from that of the Coolac Serpentinite Belt, which is enriched in Ti02, Ah01, FeO, Na20, V, 

Ni, Ga, il andY, and depleted in Si02 and Ba. 

Wehrlite occurs in all serpentinite belts and is similar to the lherzolite and pyroxenite (Table 8.3). 

Wehrlites from different belts are chemically similar with only minor variation in Si02, Fe203, FeO, 

MgO, CaO, Na20, H20, Cr, Ni and Cu. 

Only one true hornblendite has been found within the Tumut Serpentinite Province. Compared to 

other primary ultramafic rocks, it is enriched in Ti02, Ah03, Na20, V, Ba, Sr, il andY, and 

depleted in Fe203, MgO, Cr and Ni (Table 8.3). 

8.1.2 Variation diagrams 

Variation diagrams were constructed to investigate the relationships between the various ultramafic 

rocks of the Tumut Serpentinite Province. On all diagrams, the harzburgite data plot in restricted 

fields. 

Mg# vs Si02 (Figure 8.1) 

Weakly serpentinised harzburgite and serpentinised harzburgite of the Coo lac Serpentinite Belt and 

the serpentinised dunites and peridotites from all the serpentinite belts plot in the same area. 

However, the weakly serpentinised dunites of the Coolac Serpentinite Belt can be differentiated, 

because of their distinctly lower Mg#. Lherzolite, pyroxenite, wehrlite and homblendite, which are 

enriched in Si02, and have low and variable Mg#, cover a broad region, distinct from that of the 

dunites, harzburgites and peridotites. 

ChapterS Geochemical Character of the Serpentinite Belts 
and Enclosing Units 

Page 194 



ti> 

85 
Q • <) 

c D 
0 

Cl 0 

80 

I> 
0 

0 

75 

70 

60 

55 

50 

45 

40 

40 

•oaa c 
Cl a a 

• 
" • 

0 

42 44 46 

SiO:z (WI%) 

* 

48 

a serpentinized harzburgile 
• fresh harzburgiuo 
o fresh dunite 

0 serpentinized dunile 

+ pyroxenile 

- wchrlile 
• peridutitc 

• lherzolite 

* homblenditc 

50 52 

Figure 8.1 Mg# vs Si02 diagram for the primary ultramafic rocks of the Tumut Serpentinite 
Province (data from Tables 8.1, 8.2 and 8.3). 
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Mg# vs CaO (Figure 8.2) 

Serpentinised dunites plot in the same area as the weakly serpentinised and serpentinised 

harzburgites of the Coolac Serpentinite Belt However, as weakly serpentinised dunites are enriched 

in CaO compared to their serpentinised equivalents, they plot in a different area. Peridotites plot 

either with the harzburgites and serpentinised dunites, or, close to the weakly serpentinised dunites. 

Lherzolites, wehrlites and pyroxenites, which are enriched in CaO, plot in the same general area 

but distinct from the dunites, harzburgites and peridotites. Homblendite plots in an intermediate 

position between wealdy serpentinised dunite and serpentinised peridotite, and pyroxenite, wehrlite 

and lherzolite. 
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Figure 8.2 Mg# vs CaO diagram for the primary ultramafic rocks of the Tumut Serpentinite 
Province (data from rabies 8.1, 8.2 and 8.3). 
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Cr vs Si02 (Figure 8.3) 

Weakly serpentinised and serpentinised dunites of the Tumut Serpentinite Province plot in different 

areas from the weakly serpentinised and serpentinised harzburgites of the Coo lac Serpentinite Belt 

and the peridotites. Serpentinised dunites have more highly variable concentrations of Cr than the 

weakly serpentinised dunites and plot over a wide area. Because they contain more Si02, lherzolites 

of the Coo lac and W ambidgee serpentinite belts plot together with the pyroxenites, wehr lites and 

hornblendite, and are separate from the dunites, harzburgites and peridotites. Because of their very 

low concentration of Cr, lherzolites from the Eurongilly Serpentinite Belt plot well away from all 

other analyses. 
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Figure 8.3 Cr vs Si02 diagram for the primary ultramafic rocks of the Tumut Serpentinite Province 
(data from Tables 8.1, 8.2 and 8.3). 
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Ni vs Si01 (Figure 8.4) 

Weakly serpentinised dunites plot in a confined area while serpenrinised dunites cover a ·wider area 

because of their highly variable and higher concentrations ofNi. Both the weakly serpenrinised and 

serpenrinised harzburgites of the Coo lac Serpentinite Belt again plot in the same discrete field. 

Some peridotites plot in the same area as the harzburgites, whereas others plot in the same general 

area as the wehrlites, pyroxenites, lherzolites and hornblendite. 
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Figure 8.4 Ni vs Si02 diagram for the primary ultramafic rocks of the Tumut Serpentinite Province 
(data from Tables 8.1, 8.2 and 8.3). 
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8.1.3 REE and trace element geochemistry (Table 8.4) 

Weakly serpentinised dunites of the Coolac Serpentinite Belt have low total REE concentrations 

and are slightly LREE-emiched. Serpentinised dunites from all belts also have low total REE 

concentrations, are emiched in La, Ce, Sb and As and depleted in Nd, Sm, Eu, Tb, Ho, Yb, Lu, Hf 

and Sc relative to weakly serpentinised dunites. 

Harzburgites have very low total REE concentrations (on the detection limit). Compared to the 

dunites, they are REE-depleted. Serpentinised harzburgite is enriched in Sb and As, and depleted in 

Sc relative to weakly serpentinised harzburgite. The low Sc concentration in the completely 

serpentinised harzburgites compared to the weakly serpentinised harzburgites was also found 

within the Coolac Serpentinite Belt harzburgites by Ashley (1973a). 

Two peridotites and a pyroxenite vein within the serpentinised layered peridotite, from the Fontenoy 

area of the W ambidgee Serpentinite Belt, were analysed for REE and trace elements. All are more 

enriched in total REE than the dunites and harzburgites. The serpentinised layered peridotite is 

similar to the weakly serpentinised peridotite, but the pyroxenite vein contains more REE. Both the 

pyroxenite vein and its serpentinised layered peridotite host are emiched in Sb and As compared to 

weakly serpentinised peridotite. 

The low concentrations of incompatible elements and the rare earth elements within these rocks are 

similar to those found within tectonised peridotite of many ophiolite complexes (e.g. Coleman 

1977). Nickel is hosted by olivine and pyroxene (e.g. Coleman 1977), nickel alloys (e.g. awaruite) 

and sulfides (e.g. heazlewoodite), the latter probably hosting the Co concentrations. The low 

concentrations ofREE are due to the small modal proportions of clinopyroxene and plagioclase, the 

most likely REE-host minerals within ultramafic rocks (e.g. Menzies 1976). The low concentrations 

of Sc, Ti and V also reflect the low clinopyTOxene content; this being the main host of Sc in such 

rocks (e.g. Ashley 1973a). The concentrations of As and Sb is ascribed to the disseminated 

arsenides and antimonides within fracture-fill assemblages. 
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Chondrite-normalised REE data for dunite, harzburgite and peridotite, and their serpentinised 

equivalents, are presented in Figure 8.5. Salient points include: 

(a) Most patterns are flat to slightly concave downward, the principal exception being a 

serpentinised dunite; 

(b) Weakly serpentinised and serpentinised harzburgites are depleted, whereas two out of three 

weakly serpentinised and serpentinised dunites and peridotites are enriched; 

(c) ACe trough is exhibited by one of the weakly serpentinised dunite samples; 

(d) Minor Eu troughs characterise one of the peridotites and several of the serpentinised dunites; 

(e) An Eu peak is shown by one of the weakly serpentinised harzburgites. 
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Figure 8.5 CN-REE diagram for the dunites, harzburgites and peridotites (data from Table 8.4) 
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Lherzolite~ are enriched in total REE compared to the harzburgites and dunites (Table 8.4). 

Lherzolites from the Wambidgee and Eurongilly serpentinite belts have similar REE and trace 

element geochemistry, whereas lherzolite from the Western Wambidgee Serpentinite Melange is 

significantly depleted. All are LREE-enriched with significant concentrations of Sb, Hf and Sc. 

Pyroxenites are enriched in total REE concentrations compared to most of the other primary 

ultramafic rocks (Table 8.4). Pyroxenites from the Coolac Serpentinite Belt are more enriched in 

total REE compared to those from the other belts. All pyroxenites are also LREE-enriched and 

contain significant Sb, As, Sc and Ta. 

Wehrlites are enriched in total REE compared to the dunites and harzburgites but depleted 

compared to the lherzolites and pyroxenites. They are moderately enriched in total REE and, like all 

of the other primary ultramafic rocks from the Tumut Serpentinite Province, are LREE-enriched 

(Table 8.4). The wehrlites also contain significant concentrations of Sb, As and Sc. 

The single homblendite analysis is highly enriched in total REE compared to all of the other 

primary ultramafic rocks (Table 8.4). It most resembles the REE geochemistry of the pyroxenites 

from the Coolac Serpentinite Belt and also contains significant concentrations ofHf, Sc and Ta. 

Chondrite-normalised REE data for lherzolite, pyroxenite, wehrlite and homblendite, and their 

serpentinised equivalents, are presented in Figures 8.6 and 8.7. Salient points include: 

(a) Nearly all patterns are flat to moderately convex upward, but hornblendite is moderately 

concave upward; 

(b) All are enriched; 

(c) Ce troughs are exhibited by a pyroxenite and a wehrlite; 

(d) Eu troughs are exhibited by a llierzolite, tthree clinopyroxenites and a wehrlite; 

(e) A minor Eu peak is shown by a wehrlite. 
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Figure 8.6 CN-REE diagram for the pyroxenites, wehrlites and hornblendite (data from Table 8.4). 
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Figure 8. 7 CN-REE diagram for the lherzolites and clinopyroxenites (data from Table 8.4 ). 
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8.1. 4 Discussion 

Dunites 

Major element geochemistry shows that serpentinisation induced localised remobilisation of Si02, 

Fe203, FeO, MgO, CaO, Cr and Ni, gains in H20 and C02, and losses in Ti02, AhOJ and V. This 

partly confirms the study of Graham et al. (1994), who reported that progressive serpentinisation of 

the primary ultramafic rocks of the Coolac Serpentinite Belt caused substantial decreases in Ah03, 

FeD and CaO, and small increases in Ni and V. Localised remobilisation of Cr and Ni is further 

supported by the distribution of dunite and serpentinised dunite on the Cr vs Si01 and Ni vs Si02 

diagrams (Figures 8.3, 8.4 respectively). 

The results are in general accordance with those of Ashley (1973a) and Ashley et al. (1979) who 

found that serpentinisation of the Coo lac Serpentinite Belt resulted in relatively constant total Fe, 

MgO, Si02, Cr and Ni, a decrease in Ah03 and CaO, and gradual decreases in Mn, Ti, Sc, Cu and 

Zn. Ashley (1973a) also found that Sand H20;- increased significantly during serpentinisation. This 

in accords with Coleman (1977) who reported that serpentinisation is generally isochemical and 

that the only introduced component is H20. 

Because weakly serpentinised dunite from the Coo lac Serpentinite Belt has a distinctly lower Mg# 

than the weakly serpentinised harzburgite that hosts it, they are precluded from having the same 

parental magma. This is further confirmed on the Cr vs Si02 and Ni vs Si02 diagrams (Figures 8J, 

8.4) where the weakly serpentinised dunite and harzburgite of the Coolac Serpentinite Belt have 

separate distributions. 

REE and trace element data suggest that serpentinisation of dunite was accompanied by La, Ce, Sb 

and As gains and, just possibly, Sm, Eu, Hf and Sc losses. Overall, weakly serpentinised and 

serpentinised dunites have low total REE abundances, in keeping with dunites of the Semail 

Ophiolite (Pallister & Knight 1981}, Troodos Ophiolite (Kay & Senechal1976) and alpine 

peridotites in general (Loubet et al. 1975). The flat CN REE patterns for dunites from the Tumut 

Serpentinite Province are similar to those from the Troodos Ophiolite (Kay & Senechall976), the 

Point Sal Ophiolite (Menzies et al. 1977), serpentinised dunites from Western Norway (Garmann et 

al. 1975) and alpine peridotites in general (Loubet et al. 1975). 
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Serpentinised dunites and a weakly serpentinised dunite from the Tumut Serpentinite Province have 

Eu troughs. Most dunites from the -Semail Ophiolite exhibit -ve Eu anomalies, although there are a 

few +ve exceptions (Pallister & Knight 1981 ), whereas most peridotites from the Troodos Ophiolite 

have +ve Eu anomalies (Kay & Senechall976). Alpine type peridotites generally lack anomalies, 

but a-ve Eu anomaly in the Lizard Complex of Cornwall is an exception (Loubet et al. 1975). 

Menzies et al. (1977) found that dunites from the Point Sal Ophiolite lack anomalies, yet 

serpentinised dunites from west Norway have weak -ve Eu anomalies (Garmann et al.1975). The

ve Eu anomalies of dunites from the Coo lac Serpentinite Belt are ascribed to crystallisation from a 

MORB-type melt within small dyke-like conduits, such that Eu was lost to the harzburgite host. 

Negative Ce anomalies have been ascribed (Menzies et al. 1977) to interaction with sea-water, but 

this cannot apply to weakly serpentinised dunite, which has experienced negligible serpentinisation. 

Neal & Taylor (1989) attributed a-ve Ce anomaly within a weakly serpentinised peridotite xenolith 

from a lamprophyre, to the input from pelagic sediment subducted into the mantle. However, more 

data are needed before any particular model can be seriously considered. 

H arzburgites 

Fresh harzburgite is a highly depleted rock (Nicolas 1989) and, because of this, has only a small 

concentration of mobile elements. Serpentinised harzburgite, therefore, differs little in composition 

from the fresh parent. The low concentration of alkalies within the harzburgites of the Coo lac 

Serpentinite Belt was also found by Ashley (1973a), Franklin (1975) and Ray (1977). Ashley 

(l973a) stated that serpentinisation of the harzburgites resulted in decreases of Al203 and CaO and 

gradual decreases in Mn, Ti, V, Sc, Cu and Zn, as also substantiated by the present study. Both 

Ashley (1973a) and Coleman (1977) found that ultramafic rocks maintain a relatively constant 

composition during serpentinisation, with the only added components being H20 and possibly S. 

The overall composition of the Coolac Serpentinite Belt harzburgites (Table 8.2) is akin to that of 

harzburgites from other well-studied ophiolites (e.g. Coleman 1977)." 

The depleted harzburgites (both weakly serpentinised and serpentinised) plot in a discrete field on 

the variation diagrams, well away from other primary ultramafic rocks. Their low total REE 

concentration is similar to those for harzburgites from the Semail Ophiolite (Pallister & Knight 
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1981 ), Troodos Ophiolite (Kay & Senechall976), Othris Ophlolite (Menzies 1976), Point Sal 

Ophlolite (Menzies et al. 1977) and alpine peridotites in general (Loubet et aL 1975). Likewise, 

their flat CN REE patterns, and +ve Eu anomalies, (weakly serpentinised harzburgite only), are 

similar to those reported from the Troodos Ophlolite (Kay & Senechal 1976; Menzies 1976) and 

alpine peridotites in general (Loubet et al. 1975). The REE depletion is consistent with the lack of 

significant concentrations of clinopyroxene and plagioclase (the two main REE "collectors" in 

ultramafic rocks- Menzies 1976). 

Because the harzburgites of the Tumut Serpentinite Province are hlghly depleted, partial melting 

would be incapable of creating a substantially more "enriched" magma, even if a large portion of 

the harzburgite was involved. 

Peridotites 

The composition of the weakly serpentinised peridotites largely reflects the Cpx to 01 ratio and 

therefore spans the range from harzburgite (depleted in Cpx) to pyroxenite (enriched in Cpx). 

Conversely, the Fe20J and C02 contents reflect the degree of serpentinisation. These factors are 

embodied in the variation diagrams (Figure 8.1 and 8.2). 

The relative enrichment in REE of peridotite compared with harzburgite and dunite reflects the 

hlgher concentration of Cpx, as is to be expected (e.g. Garmann et al. 1975; Menzies 1976). 

Because the serpentinised peridotite has a similar REE chemistry to weakly serpentinised peridotite 

it would seem that the REE have been generally immobile during serpentinisation. The enrichment 

of the serpentinised layered peridotite in Sb and As strongly suggests that the two elements were 

concentrated (and hence, mobile) during serpentinisation. 

The flat CN REE pattern for weakly serpentinised peridotite (Figure 8.5) is similar to the weakly 

serpentinised harzburgite and dunite, and also to peridotites from the Troodos Ophiolite (Kay & 

Senechall976) and alpine-type peridotites in general (Loubet et al. 1975). The downward CN REE 

curve for the serpentinised layered peridotite is similar to serpentinised dunites from West Norway 

(Garmann et al. 1975) and lherzolites from the Massif Central (Menzies 1976). 
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Lherzolites 

The overall major element chemistry of the Tumut Serpentinite Province lherzolites shows that they 

are far less depleted than harzburgites, dunites and peridotites, and formed from a more evolved 

melt (Figure 8.2). The high concentrations of Cr and Ni in lherzolites from the Coo lac and 

Wambidgee serpentinite belts is consistent with derivation from the same magma as the dunites and 

peridotites. However, lherzolite from the Eurongilly Serpentinite Belt has distinctly lower Cr and 

Ni concentrations than ultramafic rocks in general (Wyllie 196 7) and mantle sequence lherzolites 

from the Halmahera Ophiolite (Ballantyne 1992), in particular. This requires that the Eurongilly 

lherzolite formed from a Cr and Ni-depleted source and suggests a different geotectonic 

environment from that of the lherzolites from the other belts. Significantly, the Eurongilly 

Serpentinite Belt is the westernmost belt and lies 50km west of the W ambidgee Serpentinite Belt. 

The high concentration of REE within lherzolite reflects the abundance of clinopyroxene, this 

mineral being the "sink" for REE and Sc within ultramafic rocks (Neal & Taylor 1989; Menzies et 

al. 1977). Despite the low Cr and Ni contents, of the Eurongilly Serpentinite Belt lherzolite, the 

trace element geochemistry is indistinguishable from lherzolites in the other serpentinite belts 

(Figure 8. 7). 

The concave upward CN-REE patterns of most of the lherzolites, are similar to those from the 

Troodos and Othris ophiolites (Menzies 1976), whereas the Eurongilly Serpentinite Belt lherzolite 

has some similarity to those of the Massif Central (Menzies 1976). The -ve Eu anomaly of one 

lherzolite sample from the Eurongilly Serpentinite Belt is ascribed to removal of plagioclase from 

the lherzolite-forming magma (e.g. Pallister & Knight 1981- for the Semail Ophiolite). 

Pyroxenites!Wehrlites 

The overall difference in major element chemistry between the pyroxeniteslwehrlites of the Tumut 

Serpentinite Province and the harzburgites, dunites and peridotites is simply a reflection in the 

differing modal proportion of Cpx (Figure 8.2). Compared to pyroxenites from the other belts, those 

from the Coolac Serpentinite Belt are enriched in a number of elements, some mobile (e.g. Na10) 

and some immobile (e.g. Zr). The enrichment and depletion in the mobile elements such as Na20 

and CaO can be attributed to serpentinisation of the pyroxenites within the Coolac Serpentinite 
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Belt, which are significantly more serpentinised/altered than those from the other belts. However, 

the enrichment in immobile elements such as Ti and 'h, within the pyroxenites of the Coo lac 

Serpentinite Belt compared to those of the other belts cannot be due to serpentinisation/alteration, 

but must instead be due to a difference in the source magma from which these pyroxenites were 

derived. 

Wehrlites from all the different serpentinite belts are similar and this is ascribed to their formation 

under similar geotectonic conditions from similar source magmas. Differences are attributed to 

differing degrees of alteration. The difference in composition of the pyroxenite/wehrlite in Cr 

compared to the other ultramafic rocks, is attributed to the modal amount of Cr -spinel. The highly 

variable concentrations ofNi within the pyroxenites reflects differing modal proportions of olivine 

(i.e. the Ni "sink" within ultramafic rocks) (Figures 8.3 and 8.4). 

Differences in REE concentration between pyroxenite, wehrlite, and lherzolite is mainly due to 

differing concentrations of Cpx which is the main "sink" for the REE within ultramafic plagioclase

deficient rocks (Neal & Taylor 1989) (Figures 8.6 and 8. 7). This is also reflected in the 

concentration of Sc within these rocks, which increases in concentration with increasing modal 

proportion of clinopyroxene (Menzies et al. 1977). Pyroxenite from the Coo lac Serpentinite Belt is 

more enriched in REE. 

Pyroxenites of the Point Sal Ophiolite exhibit weak upward CN REE patterns (Menzies et al. 1977) 

with moderate +ve Eu anqmalies. However, those from the Tumut Serpentinite Province differ from 

this in having flat curves with no anomalies or strongly concave upward curves. Some of these 

pyroxenites also exhibit weak -ve Eu anomalies, and a pyroxenite sample from the Gundagai 

Serpentinite Belt exhibits a moderate -ve Ce anomaly. 

Wehrlites from the Tumut Serpentinite Province exhibit similar patterns (much like the pyroxenites 

from the Gundagai Serpentinite Belt and Tumut Ponds Serpentinite Belt) though have weak +ve 

and -ve Eu anomalies, and one sample also exhibits a weak -ve Sm anomaly and a moderate -ve Ce 

anomaly (Figure 8.6). 
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Hornblendite 

Homblendite differs in major element composition from other primary ultramafic rocks of the 

Tumut Serpentinite Province. This is ascribed to the formation of the homblendite in a hydrous 

environment from a more evolved (e.g. enriched in Ti, Al, N a, Zr and Y; depleted in Mg, Fe, Cr and 

Ni) magma. 

The high relative enrichment in REE of this homblendite compared to the other primary ultramafic 

rocks of the Coolac Serpentinite Belt is ascribed to differing mineralogy (i.e. hornblende-rich) and 

from it having crystallised with a higher proportion of trapped interstitial liquid (Kay & Senechal 

1976) (Figure 8.6). 

Lack of an Eu anomaly within the CN REE pattern for the homblendite suggests that both 

plagioclase accumulation and plagioclase removal were not operating during its crystallisation from 

the source magma 
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8.2 SERPENTINITES 

8.1.1 Major and minor element geochemistry 

Analytical data for massive and schistose serpentinite from the various belts of the Tumut 

Serpentinite Province are presented in Table 8.5. The majority of the serpentinites are 

compositionally similar, regardless of host belt and whether they are massive or schistose. 

Despite the overall compositional similarity, there are minor variations. Schistose serpentinites of 

the Coolac Serpentinite Belt are depleted in Ah03, FeO, MnO, CaO, Cr, Ni, V, Cu and Zn 

compared to the massive serpentinites. Conversely, schistose serpentinites of the Wambidgee and 

Tumut Ponds serpentinite belts contain more FeO and Ni than the massive varieties. Most of the 

serpentinites contain minor amounts (generally, <3 modal%) of other secondary phases such as 

tremolite, talc and magnesite, which may account for some of the compositional variation in these 

rocks. 

8.1.1 Variation diagrams 

On the Mg# vs Si02 diagram (Figure 8.8), serpentinites overprint the field of weakly serpentinised 

harzburgites and peridotites. This is consistent with principally harzburgite and to a lesser extent 

peridotite, being the precursor primary ultramafic rocks for the serpentinites from the Tumut 

Serpentinite Province. The dispersion due to serpentinisation is consistent with the accompanying 

enrichment in Si02 and, to a lesser extent, MgO. 
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Sample No TPA-4 157a 162a 46d 

Belt TPSB TPSB GSB GSB 
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Figure 8.8 Mg# vs Si02 diagram showing the fields for harzburgite, weakly serpentinised dunite 
and serpentinite (data :from Tables 8.1, 8.2 and 8.5). 
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8.1.3 REE and trace element geochemistry 

The massive and schistose serpentinites of the Tumut Serpentinite Province, like their parental 

harzburgites and peridotites, are highly depleted in the REE (Table 8.6). Compared to their parental 

ultramafic precursors, both varieties are relatively enriched in Sb, As, Co and Sc, while the 

schistose varieties are particularly enriched in Sb, As, Co, Sc and the LREE. Both Sb and As are 

most likely derived from a hydrothermal source as their concentrations are virtually negligible in 

the primary ultramafic rocks, whereas Sc was most likely derived from the breakdown of 

clinopyroxene in the primary ultramafic rocks (e.g. Ashley 1973a). Analysis 157a, a massive 

serpentinite from the Tumut Ponds Serpentinite belt is extraordinarily enriched in Au (6.lppm). The 

gold most likely occurs as the metallic native metal and as a secondary phase in fracture-fill, as 

found within fracture-fill of the podiform chromitites of the serpentinite belts (see Chapter 9)." 

The CN-REE patterns for the massive and schistose serpentinites are generally flat and lack 

anomalies (Figure 8.9). However: 

(a) two massive serpentinites (one from each of the Wambidgee and Tumut Ponds serpentinite 

belts) and two schistose serpentinites (one from each of the Coo lac and Tumut Ponds 

serpentinite belts) exhibit convex downward curves; 

(b) a massive serpentinite from the Gundagai Serpentinite Belt and a schistose serpentinite from 

the Tumut Ponds Serpentinite Belt have strong Eu peaks; 

(c) a massive serpentinite from the Wambidgee Serpentinite Belt and a schistose serpentinite from 

the Coolac Serpentinite Belt, have moderate Eu troughs. 

8.1. 4 Discussion 

(a) Compositional similarity ofharzburgite, serpentinised harzburgite, and massive and schistose 

serpentinite in terms of major elements, REE data and CN-REE patterns, convincingJy 

demonstrate that the serpentinites have derived from parental harzburgite (and minor 

peridotite); 

(b) The progression from harzburgite to serpentinised harzburgite to massive and schistose 

serpentinite, was accompanied by enrichments/depletions; 

(c) Deformation accompanying development of schistose serpentinite seems to have resulted in 

additional La and Ce enrichment; 
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Figure 8.9 CN-REE diagram for serpentinites (data from Table 8.6). 

{d) CN-REE patterns and Eu anomalies in a few harzburgite and serpentinised harzburgite 

samples have apparently carried over into massive and schistose serpentinite. 

The occurrence of both enriched and depleted levels of Si02 and MgO in serpentinites compared to 

the host harzburgites and peridotites suggests that these elements were at least locally remobilised 

during the serpentinisation process. Enrichment of Si02 may be due to the formation of tremolite 

and talc within the serpentinites (e.g. Ashley 1973a). Ashley (1973a) found that total Fe, MgO, 

Si02, Cr and Ni generally remained constant during serpentinisation while Al20J, CaO, Mn, Ti, V, 

Sc, Cu and Zn decreased. Perhaps the only components introduced during serpentinisation were 

H20+ and S. Thus, Ashley (1973a) and, in a study ofworld-wide ophiolite occurrences, Coleman 

(1977), concluded that during serpentinisation, ultramafic rocks essentially retain their original 

composition. The present study reinforces this conclusion and shows that the concentrations of most 

trace and rare earth elements are similarly retained. 
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Massive serpentinite, like serpentinised harzburgite, exhibits flat CN REE patterns and lacks any 

significant anomalies. One massive serpentinite exhibits a strong +ve Eu anomaly, much like that 

for weakly serpentinised harzburgites from the Tumut Serpentinite Province and harzburgite from 

other ophiolites (Kay & Senechall976; PaUister & Knight 1981). However, others have a 

moderate downward CN REE pattern and one has a moderate -ve Eu anomaly. 

The schistose serpentinites have similar CN REE patterns to the massive serpentinites. Again, this 

suggests that both types were derived from the same residual harzburgite parent. Like the massive 

serpentinites, some of the schistose serpentinites exhibit moderate downward CN REE patterns and 

weak -ve Eu anomalies. 

8.3 TALC-CARBONATE ROCKS 

8.3.1 Major and minor element geochemistry 

Analytical data for talc-carbonate rocks of the Tumut Serpentinite Province are presented in Table 

8.7. All belts show the same compositional range, other than in C02, which is depleted in the 

Coolac Serpentinite Belt and Western Wambidgee Serpentinite Melange and depleted to highly 

enriched in the Wambidgee and Gundagai serpentinite belts. In effect, talc-carbonate rocks of the 

Coolac Serpentinite Belt and Western Wambidgee Serpentinite Melange are dominated by talc, 

whereas those from the W ambidgee and Gundagai serpentinite belts contain varying amounts of 

both talc and carbonate. 

With the exception of analysis l38g, the talc-carbonate rocks of the Tumut Serpentinite Province 

were derived from an ultramafic parent. The relatively high concentrations of Al203, Fe203, FeO 

and V, and low concentrations of Cr and Ni in analysis 138g suggests derivation from a mafic 

parent. 
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Sample No 138g 150a 156g BF92117a GUN002 160b 162b 162d BF91/38c BF91129a 56 167a 167b 165b BF91/28g BF91/28e 

BeH CSB CSB CSB WWSM GSB GSB GSB GSB GSB WSB WSB WSB WSB WSB WSB WSB 

Rocktype Carbrock Ta Serp Ta Sorp Ta Serp Ta Carb Ta Sorp Ta Serp Ta Schist Ta Schist Ta Carb Ta Serp Ta Sorp Ta Serp Ta Serp Ta Carb Ta Schist 

Si02 45.14 55.21 51.53 594 59.23 5701 291 3154 59.59 6127 4655 36.31 38.22 60.13 38.1 50.66 

Ti02 0.42 0.01 002 b.d b.d 0.01 0.01 0.02 0 01 0.01 bd b.d 0.01 0.01 001 0.04 

AJ203 11.85 1.03 3.79 0.42 0.75 0.24 0.29 17.49 052 0.36 1.51 0.64 059 0.88 042 4.56 

Fe203 1.34 5.94 1.42 0.95 3.59 9.46 643 1.45 0.97 802 346 2.34 5.01 1.9 1.7 2.66 

FeO 3.62 2.3 3.27 3.37 1.01 1 1.71 615 352 1.12 445 . 4.44 2.02 3.11 4.46 4.79 

MnO 0.37 0.1 0.07 0.05 0.03 0.02 0.1 0.1 0.07 0.03 0.08 0.06 0.09 0.04 O.D7 0.26 

MQO 9.11 28.25 24.86 25.87 29.35 27.98 36 21 31.1 26.26 22.5 30 41 37.25 38.75 28.93 34.37 22.35 

CaO 26.21 065 9.23 5.56 0.02 O.ot 0.23 001 485 0.07 1.23 013 047 0.02 0.11 8 83 

Na20 0.05 b.d b.d bd 0.09 01 0.09 0.32 bd 022 004 0.12 0.24 0.24 b.d b.d 

K20 O.Dl b.d 0.02 001 003 0.02 0.02 005 001 0.06 001 0.02 0.05 0.05 b.d 0.01 

P205 0.09 b.d b.d bd b.d b.d bd bd b.d 0.05 b.d b.d b.d b.d b.d b.d 

H20+ 2.39 5.09 5.49 4.02 5.37 4.5 2.61 1244 4.02 5.46 7.96 8.6 9.32 5.26 345 5.73 

C02 0.05 0.97 0.05 0.05 0.1 0.01 24.04 0.03 0.04 0.33 1.98 9.8 8.21 0.05 19.38 0.16 

H20- 0.77 03 0.36 0.29 0.27 0.11 0.11 0.26 0.26 0.83 0.25 0.19 0.23 0.16 0.24 0.77 

Cr 420 2878 2011 1882 2733 771 1679 1709 1022 3796 3884 2651 2091 1593 3257 277 

Ni 494 1300 1997 1797 1432 1735 1545 1695 1661 1544 2081 2440 2167 951 1622 971 

v 103 22 22 10 20 75 13 40 16 331 74 27 24 34 23 55 

Cu 9 1857 4 13 25 12 1 19 16 13 25 8 2 32 5 9 

Pb 7 3 3 4 3 5 2 5 3 5 5 5 3 4 1 6 

Zn 32 626 31 34 49 56 14 51 46 33 50 25 28 28 34 69 

Rb 1 b.d 1 1 b.d b.d b.d b.d b.d b.d bd b.d bd bd b.d bd 

Ba 9 b.d bd bd 1 b.d bd bd 5 7 55 b.d 3 1 8 23 

sr 6 1 3 3 1 1 3 b.d 9 3 56 3 10 1 1 21 

Ga 9 1 6 b.d bd 1 b.d 2 3 b.d 4 3 1 2 2 7 

Nb 2 bd bd bd b.d b.d bd bd bd bd bd bd b.d bd bd bd 

Zr 51 1 3 1 2 3 1 3 2 1 bd 1 1 3 bd 6 

y 23 1 3 1 bd 2 bd 1 bd 3 2 b d 1 1 bd 6 

Th 3 2 bd b.d 1 2 1 1 bd 2 1 1 b d bd bd 1 

u bd b.d 1 b d bd bd bd bd 1 b d bd bd bd b.d bd bd 

(Data source thi~ tlws•s) 
I> d = helow <1e1er.t1on hn111 



8.3.2 Variation diagrams 

On the Mg# vs Si02 diagram (Figure 8.1 0), most samples fall within the field of serpentinites from 

the Tumut Serpentinite Province, but a few fall outside the serpentinite field due to higher Si02 

contents at the same Mg#. 
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Figure 8.1 0 Mg# vs Si02 diagram for the serpentinites and talc-carbonate rocks (data from Tables 
8.5 and 8.7). 

8.3.3 REE and trace element geochemistry 

The talc-carbonate rocks vary widely in REE and trace element concentrations (Table 8.8). As only 

a few samples have been analysed, great care must be taken when comparing results from the 

different belts. However, they appear to be either depleted in the REE (much like the serpentinites, 

harzburgites and peridotites of the Tumut Serpentinite Province) or enriched in them. Compared to 

the primary ultram~c rocks, they have anomalous concentrations of Sb and As, and one analysis 
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(BF91/28a) from the Wambidgee Serpentinite Belt is anomalously enriched in Au (9.8ppm). 

Anomalous concentrations of As, Sb and Au within serpentinites have been recorded from the 

Eastern Metals serpentinite-associated Ni-Cu-Zn deposit of Quebec, Canada (Auclair et al. 1993) 

and from alpine-type peridotites world-wide (e.g. Ashley 1997). 

Sample No 150a 

Belt CSB 

La 0.42 

Ce 0.65 

Nd b.d 

Sm 0.1 

Eu 0.05 

Tb b.d 
He b.d 

Yb 0.08 

Lu 0.01 

Sb 0.19 

As 2.28 

Cr 3020 

Co 60.6 

Au b.d b.d 

Hf b.d b.d 

lr b.d b.d 

Sc 4.53 - ... 

Ta 0.31 b.d 

Th b.d b.d 

195 BF91/28a 162b 

WSB WSB GSB 

1.01 1.94 0.08 

0.83 3.22 b.d 

2.05 3.89 b.d 

0.67 1.15 0.07 

0.2 0.26 0.03 

0.14 0.18 b.d 

0.15 0.23 b.d .. 

0.23 0.53 0.05 

0.03 0.07 b.d 

0.11 0.45 0.85 

1.43 74.4 2.7 

2490 212 2030 

73.3 52.4 102 

9.8 b.d 

b.d b.d 

b.d b.d 

3.28 10.3 4.02 

b.d 0.28 

0.37 b.d 

(Data source: this thesis) 

b.d = below detection limit 

245tms 

TPSB 

2.39 

6.06 

3.54 

0.89 

0.1 

b.d 

0.24 

0.54 

0.07 

1.42 

4.92 

2770 

93.3 

b.d 

b.d 

b.d 

9.76 

b.d 

b.d 

Table 8.8 Rare earth and trace element analyses of talc-carbonate rocks. 

CN REE patterns are either flat or weak downward curves (Figure 8.11). The sample from the 

Coo lac Serpentinite Belt has weak Ce and Sm troughs. The two samples from the W ambidgee 

Serpentinite Belt have moderate to strong -ve Ce troughs and weak -ve Eu troughs. The sample 

from the Gundagai Serpentinite Belt lacks any anomalies while the sample from the Tumut Ponds 

Serpentinite Belt exhibits· a striking -ve Eu trough. 
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Figure 8.11 CN-REE diagram for the talc-carbonate rocks (data from Table 8.8). 

8.3.4 Discussion 

The range in mcijor element composition of the talc-carbonate rocks is ascribed to differing modal 

proportions of the constituent phases. However, most have similar concentrations of the immobile 

elements Ti, Cr, Ni, Zr andY, which suggests that they were derived from similar parental 

serpentinites and/or residual harzburgites/peridotites. Although the carbonate species were not 

identified, sample 138g from the Coolac Serpentinite Belt has high CaO concentration (26.21 Wfl/o) 

and relatively low MgO (9.11 Wfl/o) and FeO (3.62 Wf/o) consistent with the carbonate being 

dolomite rather than magnesite. In contrast, the relative enrichment in CaO {4.85-9.23 Wf/o) of 

some talcosic serpentinites and talc schists is probably due to relatively high proportions of 

tremolite. 

The high concentration of C02 in talc-carbonate rocks within theW ambidgee and Gundagai 

serpentinite belts and its low concentration in the same rocks in the Coo lac Serpentinite Belt and 

Western W ambidgee Serpentinite Melange suggests that C02 alteration of the serpentinites 

occurred in discrete zones, mostly along shear planes and contact zones between the belts and 
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enclosing quartz~rich country rocks (sections 3.5.5, 4.5.3, 5.5.3, 7.3). It is apparent that the parental 

rocktype for sample l38g from the Coolac Serpentinite Belt was either a mafic dyke rock or 

tectonic inclusion (section 3.5.5). 

In a study of the Eastern Metals serpentinite~ associated Ni~Cu~Zn deposit of Quebec, Canada, 

Auclair et al. (1993) reported that talc-carbonate rocks occurred at the contact between the 

serpentinites and country rocks and were associated with enrichment of Au, As and Sb. They 

ascribed the formation of these talc-carbonate rocks to the channeling of post-serpentinisation 

hydrothermal fluids along the fault contact between the serpentinites and Si-rich county rocks 

leading to intense metasomatic alteration of the serpentinites with enrichment in Au, Sb, As, La, Ce 

andNd. 

Likewise, Ashley (1997) reported that silica-carbonate alteration zones within serpentinites of the 

Great Serpentinite Belt, NSW, were associated \vith significant hydrothermal Au mineralisation and 

that this mineralisation was post~serpentinisation and formed by the periodic reactivation of faults 

(i.e. contacts with the surrounding country rocks) and channeling of hydrothermal fluids along these 

zones. Ashley (1997) suggested that the C02-bearing fluids were from a deep-seated source, 

introduced S, As, Sb, Hg and Au into the system, and had minimum temperatures of l65-225°C. As 

the talc-carbonate rocks of the Tumut Serpentinite Province are similar to those described by 

Ashley (1997) they are here ascribed to a similar genesis, thereby resulting in metasomatism of the 

serpentinites and relative enrichment in Au, Sb and As. 

The talc-carbonate rocks vary in their concentration of the REE ranging from highly REE-depleted 

rocks (much like the harzburgites and serpentinites) to REE-enriched rocks (with higher REE 

concentrations than the pyroxenites, wehrlites, lherzolites and hornblendites). Although the 

database is small, it suggests that during the formation of these rocks by infiltration of C02-rich 

fluids through their protoliths, at least La, Ce, Nd, Sm and Eu were significantly mobilised, 

resulting in either the enrichment or depletion in these elements within the newly-formed talc

carbonate rocks. 
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The sample from the Gundagai Serpentinite Belt (l62b) is almost identical to that from the Tumut 

Ponds Serpentinite Belt (245tms) but they have different La/Ce concentrations. As they both appear 

to have been originally derived from similar ultramafic rocks, all that can be said is that the 

enrichment or depletion in La and Ce must be due to either localised enrichment from a 

hydrothermal source, fluid flow variations within the serpentinite belt, or variations in the 

deformation rate along the flow paths. 

CN REE patterns for talc-carbonate rocks are flat to weak downward curves, much like those for 

the harzburgites and serpentinites. However, the talc-carbonate rocks exhibit many varied 

anomalies ranging from weak to strong -ve Ce anomalies, weak to strong -ve Eu anomalies and non

existent to weak -ve Sm anomalies. This range in anomalies again attests to the possibility that the 

REE have been significantly mobilised during the percolation of C02-rich fluids through the 

precursor rock types. 
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8.4GABBROS 

8.4.1 Major and minor element geochemistry 

Analytical data for the gabbros of the serpentinite belts is shown in Table 8.9. Gabbros from all 

belts are chemically similar. They vary widely in composition, due to differing plagioclase to 

diopsidelhomblende ratios. The gabbros are also strongly enriched in Na20 compared with KzO. 

8.4.2 Variation diagrams 

Gabbros can be subdivided into: 

(a) leucogabbros (rich in CaO and depleted in MgO+FeO+Fez03), 

(b) gabbros (with near equal amounts ofCaO and MgO+FeO+Fez03), and 

(c) melanogabbros (depleted in CaO and enriched in MgO+FeO+Fe203). 

This subdivision is graphically shown in Figure 8.12 by the circled areas. 

Gabbros from the Micalong Swamp Complex are also shown on Figure 8.12 for comparison. 

Although they plot in the same area as those of the Tumut Serpentinite Province gabbros on this 

diagram, they are enriched in Ti02 and depleted in both Cr and Ni as shown on the Ti02 vs Si02 

diagram (Figure 8.13). Differences between the two groups are also clearly shown on the Cr vs Ni 

diagram (Figure 8.14) where Micalong Swamp Complex gabbros plot in one small area on the 

bottom left comer of the diagram, whereas those from the Tumut Serpentinite Province cover 

almost the whole field and can be subdivided into Cr/Ni-rich gabbros, moderate Cr/Ni gabbros and 

Cr/Ni-depleted gabbros. 

Gabbros from the Honeysuckle Beds, also shown on this last diagram (Figure 8.14) correspond 

closely with those of the Tumut Serpentinite Province. 

A linear relationship between the various rock types of the Honeysuckle Beds (section 3 .2.1) is 

shown on the Cr vs Ni diagram (Figure 8.15). This suggests that they are genetically related and 

have the same parental magma. Mafic dyke rocks of the North Mooney Complex are also shown, 

and seem to lie on the same trend, thereby suggesting that they relate to the Honeysuckle Beds and 

have intruded the North Mooney Complex. 
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Si02 49.68 47.29 43.14 47.98 
Ti02 0.79 0.24 0.32 0.46 
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MgO 10.15 9.95 20.5 10.52 
GaO 9.18 14.7 10.5 12.23 
Na20 3.76 1.61 0.34 1.7 
1<20 0.2 0.28 0.03 0.06 

P205 0.13 0.01 0.08 0.06 

H20+ 3.42 4 6.05 2.84 

C02 0.01 0.01 0.05 0.25 b.d 

H20· 0.24 0.23 0.37 0.23 

Cr 648 933 1583 409 
Ni 251 275 881 114 

v 224 118 152 221 

Cu 15 19 7 35 
Pb 2 5 4 6 

Zn 45 34 56 40 
Rb 9 12 1 2 

Ba 296 108 7 25 
sr 587 221 n 190 

"" -~ Ga 9 9 9 9 

Nb 3 1 3 1 

Zr 52 6 53 19 
y 25 8 11 14 
Th 3 2 1 2 
u b.d b.d b.d bd b.d 

155a 145 140b 118 116 BF92/3 BF92/9a 

CSB CSB CSB CSB CSB WSB 

50 4485 55.65 4889 54.32 

059 0.15 063 043 0.5 

16.9 17.67 16.76 13.35 11 65 

2.13 1.45 2.34 0.67 064 

4.59 21 4.28 407 5.27 

015 0.07 0.15 009 0.11 

9.91 1045 557 9.05 1085 

6.85 21.31 5.79 20.38 10.01 

3.25 0.1 5.81 0.16 2.54 

107 b.d 0.28 009 1.3 

0.08 0.02 0.11 0.03 0.07 

3.95 2.5 2.61 3.41 2.6 

0.11 009 0.09 007 

048 02 0.4 003 0.25 

900 1972 137 651 1791 

210 296 91 169 238 

154 111 207 167 200 
27 36 5 12 16 

21 4 4 6 5 

76 18 42 31 37 

70 1 10 1 32 

160 11 138 12 355 

180 480 118 15 314 

11 6 12 12 6 

2 bd 3 2 3 

69 bd 51 55 34 

19 4 20 16 16 

2 1 2 3 2 

b.d bd 1 bd 

(Data source: this thesis) 
b d = below detection limrt 
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Figure 8.12 lOOxCaO/CaO+MgO+FeO vs Si02 diagram for the gabbros and rodingites of the 
Tumut Serpentinite Province and gabbros from the Micalong Swamp Complex (data from Tables 
8.9 and 8.21; Callan 1984). 

70 

Chapter8 Geochemical Character of the Serpentinite Belts 
and Enclosing Units 

Page228 



::1 
0 ... 
j 
~ 

3.5 

3.0 

2.S 

2.0 

I.S 

1.0 

o.s 

t1 Mlcaloog Swamp Complex gabbros 

• TPSB gabbros 

~ WSB gabbros 

o CSB gabbros 

• TSP rodingites 

D 

0 

tl 

0 

0 0 

0 a 
0 

.~ 

• 
o. a 

0 
0[] 

1]0 

• 0 Q 
0.0 -t----.----r-----:.---.--.::__.,---....,..---, 

0 lO 20 40 so 60 70 

Figw-e 8.13 Ti02 vs Si02 diagram for the gabbros and rodingites of the Tumut Serpentinite 
Province and gabbros from the Micalong Swamp Complex (data from Tables 8.9 and 8.21; Callan 
1984). 
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Figme 8.14 Cr vs Ni diagram for the gabbros and rodingites of the Tumut Serpentinite Province 
and gabbros from the Micalong Swamp Complex and Honeysuckle Beds (data from Tables 8.9 and 
8.21; Callan 1984; Basden 1990). 

ChapterS Geochemical Character of the Serpentinite Belts 
and Enclosing Units 

Page 230 



1&00 

D 

1500 

1200 

900 

.. 
• <) 

" 
600 

() 

a. a Gabbros . . Basalts .. .. 
300 • <) Diori..,s 

':.<! c Plagiogranites 
+ D 

• oo a 
• <> • Dadd basalts a 
oa 

BF dykes in NMC 
oOo0

: 
~ 

0 Oo 

0 100 200 300 400 500 600 700 800 900 

Ni(ppm) 

Figure 8.15 Cr vs Ni diagram for the various rock types of the Honeysuckle Beds and mafic dyke 
rocks of the North Mooney Complex (data from Table 8.13; Ashley 1973a~ Franklin 1975; Dadd 
1998). 

8.4.3 REE and trace element geochemistry 

Most gabbros from the Tumut Serpentinite Province are enriched in the LREE, La, Ce, Nd, Sm, Eu 

and Yb compared with the HREE (Table 8.10). Sc concentration is high. There is a wide range in 

the concentration of Cr, Ni, Ba, Sr and Zr. 

Chondrite normalised REE data for the gabbros are presented in Figure 8.16. The salient points are: 

(a) Most of the gabbros are REE enriched. They are moderately convex downward. One has a 

weak -ve Eu trough, one a strong -ve Eu trough, and one a weak +ve Eu peak; 
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(b) One gabbro from each of the Coo lac and Tumut Ponds serpentinite belt has moderate REE, Cr 

and Sc concentrations, and low Fe and Hf concentration. The curves are moderately convex 

upward and lack anomalies; 

(c) One gabbro from the northern half of the Wambidgee Serpentinite Belt is depleted in REE and 

has a high concentration of Cr. It has a weak convex upward curve with a weak +ve Eu peak. 

100 

10 
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Figure 8.16 CN-REE diagram for the gabbros (data from Table 8.1 0). 

8.4.4 Discussion 

o-o ·-· gabbro (WSB) 
gabbro (CSB) 
gabbro (GSB) 
gabbro (TPSB) 

gabbro (NMC) 

The range in composition of the Tumut Serpentinite Province gabbros (comprising a continuous 

series from leuco- to melano-gabbro) is ascribed to their differing 

clinopyroxene+hornblende/plagioclase ratios. It is not belt dependent as the range exists in all of the 

belts. 
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Although similar-looking gabbros occur within the Micalong Swamp Complex (Callan 1984), they 

are distinctly different from those of the Tumut Serpentinite Province in that they are more enriched 

in Ti01 and more depleted in Cr and Ni (all three considered as immobile elements). Gabbros of the 

Honeysuckle Beds (Basden 1990) are similar to those of the Tumut Serpentinite Province and 

significantly different from those of the Micalong Swamp Complex. This suggests that the gabbros 

of the Honeysuckle Beds are geochemically akin and possibly genetically related to those of the 

Tumut Serpentinite Province. 

The various rocktypes of the Honeysuckle Beds (Basden 1990) form linear trends on the Cr vs Ni 

variation diagram, thereby suggesting that they are genetically related and have the same source 

magma. Conversely, Dadd (1998) suggested (unsupported by evidence) that the intrusive rocks of 

this unit were unrelated to the Honeysuckle Beds and perhaps part of a younger sequence. Intrusive 

mafic dykes from the North Mooney Complex are also shown on this diagram, and as they coincide 

with the mafic volcanic rocks of the Honeysuckle Beds, this suggests that they are in fact mafic 

volcanic rocks of the Honeysuckle Beds which have intruded into hornblende gabbros of the North 

Mooney Complex. 

Gabbros of the Tumut Serpentinite Province range from REE-depleted to REE-enriched, but this is 

not belt dependent (see above). High concentration ofSc within some of the gabbros is attributed to 

scavenging by clinopyroxene (Menzies et al. 1977). 

CN REE patterns for many gabbros exhibit convex upward curves. Anomalies range from weak -ve 

to strong +ve Eu anomalies. These patterns differ from those of both cumulus and high-level 

gabbros from the Semail (Pallister & Knight 1981), Troodos (Kay & Senechall976), and Point Sal 

ophiolites (Menzies et al. 1977), all of which generally exhibit moderate concave-upward curves. 

CN REE patterns for the Tumut Province gabbros exhibit moderate +ve Eu anomalies indicative of 

plagioclase accumulation (Pallister & Knight 1981) and more rarely, weak -ve Eu anomalies 

indicative of plagioclase removal (Pallister & Knight 1981 ). The gabbros which exhibit moderate 

concave-upward curves with no significant anomalies and weak concave upward curves with a 

weak +ve Eu anomaly, are similar to those from the various ophiolites described above. 
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8.5 METABASALTIC ROCKS 

8.5.1 Major and minor element geochemistry 

The metabasaltic rocks of the Tumut Serpentinite Province vary widely in composition (Table 

8.11 ), and the compositional range is present in all belts, generally characterised by enrichment in 

Ah03, FeO, CaO, Na20, V, Cu, Zn, Ba, Sr, Nb, Zr andY, and depletion in K20, Ga, Th and U. 

For comparison, metabasalts from the Jindalee Beds and the Honeysuckle Beds were also analysed 

(Tables 8.12 and 8.13) and both groups are similar. Ashley (1973a) interpreted the basaltic rocks of 

the Honeysuckle Beds as representing low grade metamorphosed abyssal tholeiites whose chemistry 

suggested little fractionation following migration from the source region. Franklin (1975) noted that 

they were tholeiitic (rather than alkalic) and of ocean-floor origin, and suggested that 

metamorphism led to an increase in Fe3
+ !Fe2

\ a decrease in Ca and Mg, and a possible increase in 

K. She also reported rare high-Mg basalts that were enriched in MgO, had lower Ah03, and higher 

Ca0/Ah03 ratios than other basaltic rocks of the Honeysuckle Beds. Ray (1977) indicated that the 

spilitic basalts of Mount Lightning had a wide range in both major and trace element geochemistry 

but that they were consistently low in K20, Ti02 and P20s, and had high Na20/K20 ratios. He 

suggested that they represented abyssal tholeiites. 

Based on new trace element and REE analyses, Hellman & Henderson (1977) argued that the 

basaltic rocks of the Honeysuclde Beds could have formed in any of several tectonic settings 

including island-arc, continental margin or within-continent. To counter-act this, Ashley et al. 

(1979) provided substantial geochemical and field evidence to show that the basalts were tholeiitic 

and formed within a marginal basin environment, possibly a back-arc basin. 

Dadd (1998) showed that the basaltic rocks of the Honeysuckle Beds range from little fractionated 

to highly evolved and that their geochemical affmity is to modem back-arc basin basalts formed 

within a subduction-related environment She showed that, on various trace element discrimination 

diagrams, they plotted as island-arc and mid-ocean ridge basalts and that their REE geochemistry is 

most similar to back-arc basin basalts and enriched MORB. With regards to the effects of 
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metamorphism, Dadd (1998) showed that the scatter ofNa, K and Ca on variation diagrams was 

due to redistribution during alteration. 

With regards to basaltic rocks in world-wide ophiolite complexes, Coleman (1977) showed that 

they have a restricted geochemical composition being distinctly low in Ti02 (0.5-2 Wfllo), are 

mainly tholeiitic, and that any calc-alkaline tendencies are due to hydrothermal metamorphism." 

8.5.2 Variation diagrams 

On the compositional diagram of Winchester and Floyd (1977) (Figure 8.17), metabasaltic rocks of 

the Tumut Serpentinite Province plot as follows: 

(a} Coolac Serpentinite Belt- close to the border between the andesite/basalt and subalkaline 

basalt field, 

(b) W ambidgee Serpentinite Belt - predominantly in the andesite/basalt and sub alkaline basalt 

fields, 

( c} Tumut Ponds Serpentinite Belt - andesite/basalt and sub alkaline and alkaline basalt fields, 

(d) Jindalee Beds- close to the border between the subalkaline basalt and alkaline basalt field, 
,. 

(e) Honeysuckle Beds- predominantly in the andesite/basalt field. 

Using the ZxN vs Zr discrimination diagram of Pearce and Norry (1979), (Figure 8.18) 

metabasaltic rocks of the Tumut Serpentinite Province plot as follows: 

{a) Coolac Serpentinite Belt- dominantly mid-ocean ridge and island arc basalts; 

(b) W ambidgee Serpentinite Belt- dominantly mid-ocean ridge and within plate basalts; 

(c) Tumut Ponds Serpentinite Belt mid-ocean ridge basalts and within plate basalts; 

(d) Jindalee Beds and Honeysuckle Beds- predominantly mid-ocean ridge/island arc basalt 

overlap, and within plate basalts. 

Using the Ti vs Cr discrimination diagram of Pearce (1975) (Figure 8.19), most of the metabasaltic 

rocks of the Tumut Serpentinite Province, Jindalee Beds and Honeysuckle Beds plot as ocean floor 

basalts. 
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Using the Nb~-Zr/4-Y discrimination diagram ofMeschede (1986) (Figure 8.20) metabasaltic 

rocks of the Tumut Serpentinite Province plot as follows: 

(a) Coo lac Serpentinite Belt- P-M ORB and N-MORB basalts; 

(b) Wambidgee Serpentinite Belt- predominantly V AB and N-MORB basalts; 

(c) Tumut Ponds Serpentinite Belt- no clear distribution; 

(d) Jindalee Beds - P-M ORB basalts; 

(e) Honeysuckle Beds- predominantly N-MORB and VAB basalts. 

Using the Cr vs Ni diagram (Figure 8.21), metabasaltic rocks of the Tumut Serpentinite Province 

plot with the metabasaltic rocks of the Jindalee Beds, Honeysuckle Beds and mafic dyke rocks from 

within the North Mooney Complex, but although generally lying on the same trend as the 

metabasaltic rocks of the Micalong Swamp Complex, they are distinctly more enriched in Cr and Ni 

and are therefore more primitive. 

On the Ti/Zr vs Zr discrimination diagram of Gamble et al. (1993), (Figure 8.22) the metabasalts of 

the Tumut Serpentinite province plot within the field of back-arc basin basalts from the Pacific rim 

region. This suggests that they originally formed within such a tectonic setting. 
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Sample No 140a 147 

Belt CSB CSB 

Si02 52.28 
52091 

Ti02 0.65 

Al203 17.68 

Fe203 1.76 2.64 

FeO 5.33 

~ MnO 0.15 

MgO 6.35 

CaO 8.53 6.76 

Na20 3.76 4.37 

K20 0.68 0.15 

P205 I 0.1 0.15 

H20+ 2.25 

C02 0.06 0.05 

H20- 0.23 0.23 

Cr 9 581 

Ni 40 202 

v 220 105 

Cu 84 37 

Pb 3 6 

Zn 51 64 

Rb 37 5 

8a 145 76 

Sr 295 96 

Ga 10 12 

Nb 3 6 

Zr 46 55 
y 19 19 

Th 2 5 

u b.d b.d b.d 

150b 8F92114c BF92/16 TPA2 TPA3 157c 

CSB WSB WSB TPSB TPSB TPSB 

50.36 43.76 41.47 47.34 55.17 49.37 

1.01 2.15 1.61 1.97 0,7 1.9 

15,04 12.28 13.75 11.03 15.16 13.5 

2.44 2.66 3.47 3.24 4.84 1.93 

5.17 6.52 14 7.76 3.57 

== 0.35 0.12 0.3 0.18 0.13 

10.04 14.72 6.37 11.77 4.8 I 6.83 

7.07 13.06 12.08 10.26 7.07 10.15 

3.83 1.96 3.73 1.68 4.03 3.57 

1.27 0.21 0.47 0.24 2.13 0.35 

0.23 0.18 0.07 0.18 0.28 0.21 

2.62 2.77 2.17 4.01 1.9 1.78 

0.42 0.07 0.03 0.03 0.05 0.07 

0.25 0.19 0.2 0.3 0.28 0.16 

562 7 932 143 120 

373 36 409 77 117 

200 271 619 256 340 368 

134 7 139 70 53 43 

16 6 10 8 17 10 

195 40 139 66 62 92 

42 2 3 6 70 10 

409 49 100 159 604 153 

427 63 224 231 355 236 

11 6 9 15 11 15 

9 19 5 22 6 5 

87 124 121 127 43 128 

27 30 39 24 12 45 
3 2 6 4 4 2 

b.d b.d bd b.d 1 

{Data source: this thesis) 
b.d "' below detection limit 

Table 8.11 Major and minor element analyses of basalts. 

ChapterS Geochemical Character of the Serpentinite Belts 
and Enclosing Units 

159 

TPSB 

46.15 

1.77 

14.96 

3.43 

7.32 

0.17 

10.08 

8.79 

2.85 

0.69 

0.66 

2.23 

0.05 

0.71 

350 

245 

162 

56 

7 

74 

10 

437 

664 

14 

57 

218 

24 

5 

1 
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Sample No 62b BF92112 

Si02 

TI02 

Al203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Na20 

P205 

H20+ 

C02 

H20.. 

Cr 

Ni 

v 
Cu 

Pb 

Zn 

Rb 
Ba 

Sr 

Ga 

Nb 

Zr 
y 

Th 

49.93 49.61 

0.61 2.35 

15.58 13.71 

3.82 3.23 

4.7 7.99 

0.16 0.15 

9.14 7.01 

7.09 11.74 

3.84 2.09 

1 0.12 

0.31 0.23 

3.93 1.53 

0.03 0.15 

0.35 0.13 

316 192 

65 90 

236 336 

103 147 

6 7 

92 94 

20 1 b.d 

323 28 

741 372 

11 19 

12 18 

51 142 

17 29 
3 3 

(Data source: this thesis) 

b.d = below detection limit 

163 

54.9 

2.76 

12.02 

7.79 

5.71 

0.15 

3.53 

7.74 

0.92 

0.03 

0.3 

3.36 

0.41 

0.28 

121 

70 

403 

165 

12 

98 

40 

540 

22 

27 

165 

46 

2 

Table 8.12 Major and minor element analyses of Jindalee Beds basalts. 

ChapterS Geochemical Character of the Serpentinite Belts 
and Enclosing Units 

Page239 



Q 
...., 

.§ g. 
~ CD' 

00 
Co ....... 

w 
Sample No BF92118 81 108 

Rocldype Meta bas Metabas Meta bas 

~ a. Si02 51.13 54.74 55.72 
g Ti02 0.76 0.84 0.88 

8. Al203 17.31 15.62 14.76 

Fe203 3.88 2.09 2.93 

~-
g 

FeO 3.6 4.25 4.16 

MnO 0.13 0.11 012 

MgO 5.22 6.35 5.46 

Q g. 
"' <::) s g.. 
~ ~ ..... 

CaO 10.77 6.61 7.75 

Na20 1.95 6.28 5.69 

1<20 068 0.06 0.07 

P205 0.13 0.17 0.12 

g· § -., Q 
!:>) 

;:; ~ 
$::>.. ~ 

<Zl 

g; (1) ., <Zl 

"' g, "' .... 0~ 
~-<Q, a 

CXl s ~ 
~~ ~ ij=~ (1) 

~ 
til 

g. i ~ 
~ g. 

(1) 

if 
~ ::s 
~ 

H20+ 3.4 2.72 2.38 

C02 1.14 0.16 0.01 

H20- 0.21 0.27 0.39 

Cr 69 811 375 

Ni 42 165 87 

v 219 140 212 

Cu 14 19 189 

Pb 7 8 3 

Zn 59 57 50 

Rb 17 1 2 

Ba 158 24 29 

Sr 221 115 116 

Ga 14 14 13 

Nb 7 7 

Zr 63 169 83 

y 21 31 28 
en 

& 
Th 3 6 1 

u b.d b.d 1 

(1) 

to 
B. 
til 

'"tl 
!':> 

~ 
"-' -to. c 

109 107 BF29 MU3822" MU3880" MU3943" MU3955" MU3954" 

Meta bas Meta gab Meta bas TrondhJ Trondhj Granodio Trondhj Trondhj 

52.11 45.75 58.24 78 79 77.56 7551 71.18 7033 

1.07 036 0.94 0.04 0.05 0.27 0.29 0.34 

15.05 13.34 17.16 12.95 1342 11.58 15.84 16.75 

3.52 1.68 4.07 0.03 0.05 0.15 1.59 0.45 

4.22 5.98 3.72 0.1 035 1.4 063 0.6 

0.14 0.15 0.1 0.01 002 0.07 0.04 0.02 

6.35 17.12 2.86 0.51 1.15 1.83 0.99 1.44 

9.94 963 6.79 1.7 0.22 324 3.3 2.55 

4.36 0.81 4.53 5.6 6.36 3.87 5.33 6.93 

0.33 0.2 0.11 0.37 0.31 2.62 0.03 0.34 

0.15 0.05 0.16 0.03 0.02 0.08 0.1 0.14 

2.71 5.01 1.77 0.16 038 0.45 0.32 0.68 
0.01 b.d 0.04 b.d 0.13 0.15 bd 0.05 

0.23 0.34 0.22 0.04 0.07 0.25 0.1 0.15 

317 1351 131 19 36 579 37 51 
179 495 29 24 32 275 22 53 

220 114 261 b.d b.d 18 17 27 

18 46 29 6 5 669 8 12 
6 7 2 8 b.d 21 b.d bd 

63 78 19 3 15 1089 8 5 

6 6 4 6 4 64 b.d 3 

73 22 85 

81 74 276 249 305 161 358 383 

15 11 18 12 9 11 12 12 

4 1 4 

116 33 71 24 58 100 248 172 

31 10 29 11 2 28 22 10 

2 b.d 2 10 b d 10 7 7 
1 1 1 4 bd 8 2 b d 

(Data source thrs thesis~, Ashley 1973a, Basden 1990) 
)Ashley (1973a) included the 1ntrus1ves as North Mooney Complex equivalents) 

b d = below detecl1on lrmit 

MU3925" MU3B80" 

Trondhj Albililite 

63.04 62.24 

076 0.65 

1853 18.54 

1.06 0.81 

1.1 2.99 

0.05 0.05 

2.68 1.8 

448 2.39 

8.05 9.34 

0.32 0.09 

032 0.24 

0.64 0.74 

0.18 0.25 

0.16 0.06 

62 37 

53 45 

97 21 

16 30 

b.d 2 

8 11 

2 4 

326 207 

14 11 

159 137 

23 29 

3 4 

bd 2 



9 .....:] 

~ ~ -@" ('0 

.... ?0 Oo ....... 
w Sample No MU3921' MU3BB2" MU3956' -() Rocklype Diorite Diorite Diorite 
0 

g.. 
~ s 
~ a. 

a 
g 

"' B. 0 g. 
~ §. 
<=;· 
~ g 

Si02 60.8 58.63 5603 

Ti02 0.9 0.76 0.91 

Al203 19.06 16.67 17.48 

Fe203 0.81 1.07 1.22 

FeO 1.75 3.94 399 

MnO 0.05 0.1 01 

MgO 3.56 6.12 6.23 

CaO 6.5 5.78 5.56 

Na20 6.03 6.49 6.12 

K20 0.51 0.09 0.57 

P205 0.4 0.15 0.32 

~ g g. 
;:,; ('0 
~I:> i3 
~~ g 
Q~ .... 
0 .... g ~-.Q, 

C1(l s. ~ ~~ ('0 

E;:~ r:n 

~ 
a, 

s- 8 
~ ~ 
l:l;j ~ "" ~ ('I) 

tn 

H20+ 1 1.12 1.7 

C02 0.05 0.05 0.45 

H20- 0.07 0.06 0.22 

Cr 78 247 173 

Nl 58 120 71 

v 122 134 169 

cu 11 62 10 

Pb b.d b.d b.d 

Zn 12 28 18 

Rb 5 2 7 

Ba 

Sr 610 388 404 

Ga 14 12 16 

[ Nb 

Zr 144 127 135 
y 27 24 23 

g. Th 3 2 3 
('0 

~ 
u 2 bd bd 

~ 
'< r:n 

5 
~ ~ 

('0 

~ tJ:j 
t-.> a .f.>.. - r:n 

MU3847" MU3830' MU3859" MU3818" MU3973" MU3957" MU3913" MU3978' MU3927' 

b.d 

b.d 

Diorite DIOrite Diorite Diorite Meta-and Dolerite Metadol Melabas Meta bas 

54.71 544 53.04 52.67 60.02 49.27 48.97 5062 

0.45 043 0.58 0.49 0.64 1.15 0.71 068 

14.38 14.49 1716 11.95 16.55 17.16 14.52 1442 

0.79 1.03 1.01 1.n 2.26 1.38 1.73 515 

4.31 4.33 5.51 4.76 5.05 6.19 5.57 3.28 

0.13 0.13 015 0.14 014 0.16 0.24 0.21 
8.66 1042 7.12 13.7 346 9.05 12.73 7.61 

11.38 9.34 10.04 9.72 5.32 10.89 9.8 14.36 

2.42 2.74 3.05 2.76 4.18 2.91 2.62 1.63 

2 143 0.62 0.09 008 0.19 0.09 0.08 

0.1 0.08 01 0.1 0.26 014 0.13 038 

1.51 084 1.35 1.7 2.2 2.52 338 1.79 
0.1 b.d 0.05 0.1 009 0.1 0.15 013 

0.19 003 008 0.14 0.14 0.13 0.1 0.14 

514 706 191 1085 14 376 755 
140 194 99 337 26 159 287 
131 130 151 157 179 139 160 

22 22 54 17 300 86 93 

8 12 3 3 2 8 8 bd 
35 50 59 45 40 66 86 

78 59 20 b.d bd 5 2 2 b.d 

230 206 172 270 462 267 269 192 
10 12 15 10 20 15 8 12 

70 50 62 56 112 87 63 71 
17 13 16 14 22 27 19 41 

2 3 2 b d 3 2 2 3 

bd bd bd 2 bd bd bd 

(Data source lh1s thes1s", Ashley 1973a Basden 1990) 
{Ashley (1973a) mcluded the 1ntruswes as North Mooney Complex equ1valentsj 

b d ~ below detection limit 

53 

059 

16.68 

121 

478 

015 

7.17 

1241 

3.33 

0.16 

017 

1.59 

0.1 

011 

243 

103 

166 

22 

51 

555 

13 

68 

18 

2 

2 

MU3930" 

Metabas 

5487 

0.65 

1405 

343 

3.3 

02 

865 

11.65 

2.21 

0.06 

0.19 

0.59 

0.11 

004 

225 

160 

104 

26 

7 

64 

b.d 

205 

14 

80 

20 

5 

2 



Sample No MU3920• MU3861• MU3842• MU3834" MU392T 

Rocktype Gaobro Gabbro Gabbto Gabbro Gabbro 

SI02 47.23 48.71 53.05 51.17 
Ti02 0.47 0.49 0.45 0.52 

Al203 19.84 20.16 13.84 1!1.04 

Fe203 0.68 1.48 1A4 

FeO 4.62 4.32 4.82 

MnO 0.12 0.12 

8.52 8.5 

14.31 10.07 

1.59 3.1 

0.87 0.9 

0.04 0.06 0.1 0.05 0.06 

H20~ 2.01 1.97 1.111 1.41 1.6 

C02 0.31 0.29 0.25 0.1 0.17 

H20- 0.22 0.16 0.25 0.07 0.15 02 

Cr 1660 218 192 104 132 392 

Ni 393 879 113 125 62 125 209 

v 413 131 629 1047 528 173 \65 

Cu 33 204 199 198 19 

Pb 9 7 b.d 

82 49 48 32 

15 63 

131 696 172 681 

12 15 14 11 12 

Nb 

116 16 36 20 35 42 47 
y 27 15 9 12 10 15 13 

Th b.d b.d bd 2 b.d 2 

u 2 b.d b.a b.d b.d 3 b.<l 

(Data soorce: lhislhesls"; Ashley 1973a; 8asden 1990) 
lAshiey ( 1973a} included the Intrusives as No~h Mooney Complex equivalents] 

b a = below deleclion limtl 

Table 8.13 (continued) Major and minor element analyses of rock types from the Honeysuckle Beds 
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o Wambidgee Serpentinite Belt 

.c. Thmut Ponds Serpentinite Belt 

• Jindalee Beds 
Rhyolite 
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Figure 8.17 Zr!fi02 vs NbN discrimination diagram of Winchester and Floyd (1977) for basalts 
from the Coolac, Wambidgee and Tmnut Ponds serpentinite belts, Jindalee Beds and Honeysuckle 
Beds (data from Tables 8.11, 8.12 and 8.13). 

10 

,lQ 

A: Within plate basalts 

B: Island arc basalts 

C: Mid-ocean ridge basalts 

Legend 

• Coolac Serpentinite Belt 

o Wambidgee Serpentinite Belt 

e. Thmut Ponds Serpentinite Belt 

• Jindalee Beds 
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Figure 8.18 ZrN vs Zr discrimination diagram of Pearce and Norry (1979) for basalts from the 
Coolac, Wambidgee and Tumut Ponds serpentinite belts, Jindalee Beds and Honeysuckle Beds 
(data from Tables 8.11, 8.12 and 8.13). 
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Figure 8.19 Ti vs Cr discrimination diagram of Pearce (1975) for basalts from the Coolac, 
Wambidgee, and Tumut Ponds serpentinite belts, Jindalee Beds and Honeysuckle Beds (data from 
Tables 8.11, 8.12 and 8.13). 

Legend 

• Coolac Serpentinite Belt 
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Figure 8.20 Nb*2-Y-Zr/4 discrimination diagram ofMeschede (1986) for basalts from the Coolac, 
Wambidgee, and Tumut Ponds serpentinite belts, Jindalee Beds and Honeysuckle Beds (data from 
Tables 8.11, 8.12 anp 8.13). 
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Figure 8.21 Ct vs Ni diagram for basalts and chlorite rocks from the serpentinite belts; basalts 
from the Honeysuckle Beds, Micalong Swamp Complex and Jindalee Beds; and mafic dyke rocks 
from the North Mooney Complex (data from Tables 8.11, 8.12, 8.13 and 8.19; Callan 1984; 
Basden 1990). 400 
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Figure 8.22 Ti/Zr vs Zr diagram of Gamble et al. (1993) for basalts from the Tumut Serpentinite 

Province and Honeysuckle Beds (data from Tables 8.11 and Dadd 1998). 
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8.5.3 REE and trace element geochemistry 

Overall, metabasaltic rocks of the Tumut Serpentinite Province are moderately REE-enriched 

(Table 8.14) with respect to the ultramafics and the gabbros. Those from the Wambidgee 

Serpentinite Belt contain high REE concentrations, those from the Gundagai Serpentinite Belt 

contain moderate to high REE concentrations, and the single sample from the Western Wambidgee 

Serpentinite Melange contains moderate REE concentrations. They also contain high contents of Co 

and Sc and variable concentrations ofHf and Ta. 

REE and trace element geochemistry of metabasalts from the Jindalee Beds and Honeysuckle Beds 

(Table 8.14 ), in comparison with those from the Tumut Serpentinite Province, are more REE

enriched, but have similar trace element concentrations. However, it is emphasised that the number 

of analyses is small. 

CN REE patterns (Figure 8.23) for metabasaltic rocks from most of the belts, and the Jindalee and 

Honeysuckle Beds vary from weakly convex downward curves to essentially planar; one metabasalt 

from the W ambidgee Serpentinite Belt has a small Eu trough. 
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•- • metabasalt (GSB) 
o- o metabasalt (Jindulee Beds) 
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Figure 8.23 CN-REE diagram for metabasalts (data from Table 8.14). 
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8.5.4 Discussion 

Metabasaltic rocks of the Tumut Serpentinite Province vary widely in composition, but the variation 

is not belt dependent. The metabasaltic rocks are generally low in K20 and enriched in Na20, as 

also found by Ray (1977) and Dadd (1998). This was ascribed to remobilisation during regional 

metamorphism by Ashley et al. (1979) and Dadd (1998), rather than representing a primary 

magmatic signature. 

Metabasa]tic rocks of both the Jindalee Beds and Honeysuckle Beds (Basden 1990) closely 

resemble those of the Tumut Serpentinite Province. With regards to the basaltic rocks of the 

Jindalee Beds, their geochemical similarity to the metabasaltic rocks of the Tumut Serpentinite Belt 

and Honeysuckle Beds does not in any way suggest a genetic relationship. The Jindalee Beds are an 

older basement terrane (e.g. Basden 1990). Using a range of variation diagrams, the metabasalts of 

the region fall into several different groups, but predominantly seem to be andesitic to subalkali and 

of mid-ocean ridge (MORB) affmity. This tends to be affirmed by the Ti vs Cr discrimination 

diagram in which most plot as ocean floor basalts. Zr and Y (on which many of the discrimination 

diagrams are based) are regarded as relatively immobile during metamorphism, but the scatter 

shown by some of the plots (e.g. Figure 8.18) suggests varying degrees of mobility. Dispersion 

arising from metamorphism and/or alteration has been noted by many workers in other regions (e.g. 

Hellman & Henderson 1977; Wang & Glover 1992), yet the diagrams continue to be employed 

because, if used cautiously and in conjunction with other geological data, they remain as in the case 

in the Tumut district, a useful basis for tectonic interpretation (e.g. Basden 1986, 1990). Having 

said this, the author emphasises that such diagrams do not work for continental flood basalts of 

eastern North America (Wang & Glover 1992), so should not be used alone in order to reconstruct 

the tectonic setting of basaltic rocks. 

Relation to the Micalong Swamp Complex basalts 

The Micalong Swamp Complex comprises bodies of gabbro, dolerite, diorite and metabasalt which 

generally occur to the east of the Tumut Serpentinite Province (Basden 1990). These bodies occur 

as dyke swarms within the Goobarragandra Volcanics but are themselves intruded by parts of the 

Young Granodiorite (e.g. Owen & Wyborn 1979). The rocks of the Micalong Swamp Complex 

have generally undergone lower greenschist facies metamorphism and are low-K tholeiites (Basden 
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1990). Owen& Wyborn (1979) reported a K-Ar hornblende age of 430 ± 9 Ma and Basden (1990) 

advocated formation from tholeiitic magmas rising-up peripheral rift zones associated with the early 

opening of the Tumut Trough to the west. The Micalong Swamp Complex is, in general, neither 

geographically nor tectonically related to the Tumut Serpentinite Province, and pre-dates its 

formation (see Chapter 11 ). 

The Cr vs Ni variation diagram (Figure 8.21) shows that metabasaltic rocks of the Tumut 

Serpentinite Province, Jindalee Beds and Honeysuckle Beds, together with the mafic dyke rocks 

from the North Mooney Complex cover the same broad region. Those of the Micalong Swamp 

Complex plot in a more confmed area of this diagram and as they are distinctly more depleted in Cr 

and Ni, are not likely to be genetically related to the others. 

Metabasaltic rocks of the Tumut Serpentinite Province vary widely in REE abundances (Table 

8.14), but the range is not belt controlled, even though the Wambidgee and Gundagai serpentinite 

belts, and the Western Wambidgee Serpentinite Melange have moderately REE-enriched 

metabasalts. Comparison with samples from the Jindalee Beds and Honeysuckle Beds shows that 

they are more REE-enriched, and that the Jindalee metabasalts are the most REE-enriched. 

CN REE patterns (Figure 8.23) for the metabasaltic rocks of the Tumut Serpentinite Province vary 

from planar to moderate downward curves with non-existent to weak -ve Eu anomalies. The CN 

REE pattern for the metabasalts from the Jindalee Beds and Honeysuckle Beds are moderate 

downward curves (Figure 8.23) with no anomalies. However, all three groups ofmetabasalts are 

similar. CN REE patterns for the metabasaltic rocks of the Troodos Ophiolite (Smewing & Potts 

1976) are generally flat to concave upward curves with no significant anomalies, so also are the 

patterns for MORB-type basalts (Pallister & Knight 1981). 

However, CN REE patterns for tholeiitic basalts from Iceland, alkali olivine basalts from New 

Zealand, high alumina basalt and alkali olivine basalt from Japan, and spilitic metabasalts from 

India ( Hellman & Henderson 1977), exhibit moderate to strong downward curves. Thus, despite 

exhibiting different CN REE patterns from those of other ophiolites, this does not preclude them 

from having formed in an ophiolitic environment. Indeed, REE patterns partly result from secondary 
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metamorphic or metasomatic activity (Hellman & Henderson 1977), so differences could reflect the 

metamorphism and alteration that have affected the Tumut Serpentinite Province metabasalts. 

8.6 AMPHffiOLITES 

8.6.1 Major and minor element geochemistry 

The amphibolites of the Tumut Serpentinite Province are compositionally variable (Table 8.15), 

particularly with respect to Si02, Ah03, Fe203, MgO, CaO, Na20, K20, H20 and the minor 

elements Cr, Ni, V, Cu, Zn, Ba, Sr, Zr andY. 

8.6.2 Variation diagrams 

Despite somewhat limited quantities of data, it would seem from the Cr vs Ti02 diagram (Figure 

8.24) that there are Cr-rich and Cr-poor groups of amphibolite. This is also shown on the Cr vs Ni 

diagram (Figure 8.25). On the Cr vs Ti02 diagram (Figure 8.24), most of the amphibolites of 

Ashley (1973a) are far more enriched in Ti02 than those analysed during the present study.and 

cannot be plotted on the diagram. 

8. 6.3 REE and trace element geochemistry 

Only some of the amphibolites from the W ambidgee Serpentinite Belt have been analysed for REE 

and trace elements (Table 8.16). They vary widely from moderately to highly REE-enriched, are 

enriched in LREE relative to HREE (Table 8.16), and contain appreciable concentrations of Hf, Sc 

and Ta. 

The CN REE patterns (Figure 8.26) show that there are enriched and highly enriched groups. The 

patterns range from convex upward curves in the enriched group, to flat or slightly convex 

downward curves in the highly enriched group. 
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Figure 8.24 Cr vs Ti02 diagram for amphibolites, chlorite rocks, olivine-amphibole hornfels and 
anthophyllite-olivine-spinel hornfels from the Tumut Serpentinite Province (data from Tables 8.15, 
8.19 and 8.23). 
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Figure 8.25 Cr vs Ni diagram for amphibolites, chlorite rocks, olivine-amphibole hornfels and 
anthophyllite-olivine-spinel hornfels from the Tumut Serpentinite Province (data from Tables 8.15, 
8.19 and 8.23). 
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Table 8.16 Rare earth and trace element analyses of amphibolites. 
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Figure 8.26 CN-REE diagram for amphibolites and chlorite rocks (data from Tables 8.16 and 
8.20). 

8.6.4 Discussion 

The variation in major and minor element chemistry of amphibolites within the two belts from the 

Tumut Serpentinite Province is particularly expressed in the concentration of immobile elements 

such as Cr, Ni, and Zr. This is consistent with the variation reflecting magmatic rather than 

metamorphic/alteration causes; it requires that Cr-rich and Cr-poor types of magma characterise 

both belts. 

The amphibolites of the Tumut Serpentinite Province vary widely in composition. Analyses 

BF92/14b and BF92/6b from theW ambidgee Serpentinite Belt have particularly low concentrations 

ofTi02, P20 5, Ni and Zr compared to the other amphibolites while analysis 64, also from the 

W ambidgee Serpentinite Belt, has particularly high concentrations of Si02, Ba and Sr but is low in 

Cr and Ni. The wide range in chemical composition of amphibolites from the Tumut Serpentinite 

Province most likely reflects derivation from different protoliths, as proposed (Ashley 1973a) for 

amphibolites of the Coolac Serpentinite Belt. Ashley (1973a) ascribed these occurrences to the 

tectonic incorporation emplacement of metamorphosed and deformed oceanic crustal rocks (e.g. 
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basalts, gabbros, diorites, sediments) by rocks of the ophiolite suite. Samples BF92114b and 

BF92/6b are chemically similar to some of the gabbros of the Tumut Serpentinite Province (Table 

8.9) whereas sample 64 from the same serpentinite belt is chemically similar to diorites of the 

Coolac Serpentinite Belt (Table 8.17). 

From the CN REE patterns of the amphibolites it would appear that either metamorphism has 

completely altered the original REE geochemistry of these rocks or, more likely, that these 

amphibolites were derived from different source rocks. Alternatively, REE concentrations may have 

increased as a result of loss of other elements through metamorphism. 

8.7 PLAGIOGRANITES 

8. 7.1 Major and minor element geochemistry 

Plagiogranites have only been found within the Coolac and W ambidgee serpentinite belts and the 

Western W ambidgee Serpentinite Melange. All are enriched in Si02, Al203 and Na20 (Table 8.17). 

They have Na20IK20 ratios of2.99 to 345, with the majority in the range of 100 to 250, and are 

typical oceanic plagiogranites, as defmed by Coleman (1977). Their Zr contents reflect the presence 

of zircons from which meaningful magmatic crystallisation ages have been obtained (See Chapter 

1 0). 

8. 7.2 Variation diagrams 

Although these plagiogranites are confined to the serpentinite belts, other similar looking felsic 

granitic rocks occur widespread throughout this region. In order to differentiate the plagiogranites 

from other granitic rocks in the region, two main discrimination diagrams were constructed. On the 

lOOxNa10/Na20+K20 vs Si01 diagram (Figure 8.27), most of the plagiogranites occupy a different 

field from the Young Granodiorite. However, there is some overlap between the plagiogranites and 

the tonalites of the Micalong Swamp Complex. To further investigate this, a 

1 OOxMgO/MgO+FeO+F~03 vs Si02 diagram (Figure 8.28) was used; it shows that the 

plagiogranites are different from the tonalites of the Micalong Swamp Complex. 
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Figure 8.27 100xNa20/Na20+K20 vs Si02 diagram for plagiogranites and related rocks from the 
serpentinite belts; tonalites from the Micalong Swamp Complex; and granitic rocks from the Young 
Granodiorite (data from Table 8.17; Ashley et al. 1983; Callan 1984; Basden 1990). 
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Figure 8.28 1 OOxMgO/MgO+FeO+Ft1203 diagram for plagiogranites and related rocks from the 
serpentinite belts; and tonalites from the Micalong Swamp Complex (data from Table 8.17; Callan 
1984). 
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Sample No 

Belt 

La 
Ce 

Nd 

Sm 
Eu 
Tb 

Ho 

Yb 

Lu 
Sb 

As 
Cr 

Co 

Au 
Hf 

lr 

Sc 

Ta 

Th 

BF91/20 BF92/6a 189 BF91/33f 

b.d 

'b.d 

b.d 

b.d 

b.d 

CSB WSB WSB WSB 

1.58 44.92 1.23 

3.15 103.55 1.4 

1.62 50.53 b.d 

0.4 8.7 0.113 

0.24 2.31 b.d 

0.1 0.97 b.d 

0.15 0.93 b.d 

~ 
2.11 0.114 

0.3 0.018 

0.32 b.d b.d 

1.26 b.d b.d 

2 7.3 b.d b.d 

94.1 64.5 46.3 

b.d 6.2 b.d 

1.97 4.06 b.d 

b.d b.d b.d 

0.64 21.5 0.15 

0.5 0.64 b.d 

12.1 b.d 

(Data source: this thesis) 

b.d = below detection limit 

33.69 

56.09 

22.62 

3.42 

0.81 

0.36 

0.47 

1.3 

0.19 

70.4 

2.31 

7.45 

0.72 

5.72 

Table 8.18 Rare earth and trace element analyses ofplagiogranites. 

8. 7.3 REE and trace element geochemistry 

169 

WWSM 

16.72 

31.99 

12.92 

2.47 

0.45 

0.34 

0.45 

1.25 

0.17 

b.d 

b.d 

3 

87.7 

b.d 

1.97 

b.d 

4.02 

0.94 

5.8 

The plagiogranites from the Tumut Serpentinite Province are enriched in the LREE (Table 8.18), 

with the exception of the plagiogranite from the Coolac Serpentinite Belt which is 1 OX more 

depleted. They have variable Sc, and one sample from the Wambidgee Serpentinite Belt (BF 92/6a) 

contains anomalous Sb and As. 

On the CN REE diagrams, the plagiogranites exhibit convex downward curves (Figure 8.29) with 

the exception of the sample from the Coo lac Serpentinite Belt which is affected by a Eu peak. The 

only other anomalous sample is from the W ambidgee Serpentinite Belt and has an appreciable Eu 

trough. 
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Figure 8.29 CN-REE diagram for plagiogranites (data from Table 8. J 8). 

8. 7.4 Discussion 

The plagiogranites and related felsic rocks of the Tumut Serpentinite Province differ from the 

Young Granodiorite and felsic rocks of the Micalong Swamp Complex. They cannot therefore be 

tectonic inclusions of these bodies and are interpreted as integral parts of the serpentinite belts, as 

suggested by Ashley et al. (1983) and Graham et al. (1996). Sample 161a from the Gundagai 

Serpentinite Belt is unusually depleted in Si02, Ti02, Nb and Zr, while enriched in A}z03, FeO, 

MgO, Na20, H20, Cr and Ni. Petrographically, it is an albite-chlorite rock consisting of alternating 

chlorite- and albite-rich bands. It may well represent a reaction zone rock (e.g. Ashley 1973a) 

formed between serpentinite and plagiogranite/albitite. 

The plagiogranites of the Tumut Serpentinite Province are similar in major element composition to 

those from the Volti Group of the Ligurian Alps (with 69-76Wt% Si02, high Na20 and low K20, 

and low Ti02) and the Sestri-Voltaggio Zone (with 60-75Wfllo SiOz, high Na20 and low K20, and 

]ow Ti02) (Borsi et al. 1996) even though the latter have been metamorphosed to the eclogite 

facies. They are also similar to those from the Canyon Mountain (with 69.7 to 76Wfllo Si02, high 
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Na20 and low K20, and low Ti02) (Gerlach et aL 1981) and Josephine ophiolites (with 65 to 77% 

Si02, high Na20 and low to moderate K20, and low Ti02) (Barnes et al. 1996). The high K20 

concentration in sample BF91/20 from the Coolac Serpentinite Belt does not negate this rock from 

being a plagiogranite as those from the Josephine Ophiolite contain up to 1. 85 Wt"/o K20 (Barnes et 

al. 1996). 

With regards to their REE composition, the plagiogranites of the Tumut Serpentinite Province 

(including the REB-depleted sample BF91/20 from the Coolac Serpentinite Belt; Table 8.18) 

encompass the range in REE concentrations of those from the Volti Group of the Ligurian Alps and 

the Sestri-Voltaggio Zone (both of which have high REE total concentrations) (Borsi et al. 1996), 

the North Apennines (with low to moderate REE total concentrations) (Borsi et al. 1996), Canyon 

Mountain (with moderate REE total concentrations) (Gerlach et al. 1981), and Josephine ophiolites 

(also with moderate total REE concentrations) (Barnes et al. 1996). 

CN-REE profiles ofplagiogranites from the various world localities described above cover a broad 

spectrum. Those from the Volti Group of the Ligurian Alps and the Sestri-Voltaggio Zone have flat 

profiles with significant Eu troughs (Borsi et al. 1996). Those from the North Apennines have flat 

profiles but with strong Eu peaks (Borsi et al. 1996). Those from the Canyon Mountain Ophiolite 

also have flat patterns (though some are weak concave upward curves) along with significant Eu 

troughs (Gerlach et al. 1981). Gerlach et al. (1981) also show CN-REE patterns for plagiogranites 

from various other ophiolites (e.g. the TihamaAsir, Coleman & Donato 1979; Smartville, Menzies 

et al. 1980; Troodos, Kay & Senechall976; Samail, Coleman & Donato 1979; Point Sal, Menzies 

et al. 1977; and Samail ophiolites, Pallister & Knight 1981) which exhibit flat to weak concave 

upward curves, all with Eu troughs. In contrast, plagiogranites from the Josephine Ophiolite are of 

three principal types, though most exhibit steep downward patterns with significant Eu troughs 

(Barnes et al. 1996). The curves for plagiogranites from the Tumut Serpentinite Province are 

mainly akin to those from the Josephine Ophiolite (Barnes et al. 1996), but the sample from the 

Coolac Serpentinite Belt with its weak downward pattern and significant Eu peak is more akin to 

ophiolites from the North Apennines. 
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Borsi et al. (1996) ascribe the Eu troughs to fractional crystallisation prior to emplacement of the 

plagiogranites as dykes; Pallister and Knight (1981) ascribed such troughs to the fractional 

crystallisation of clinopyroxene+homblende and plagioclase and late stage liquid segregation and 

emplacement through filter pressing; and Menzies et al. (1977) suggested that only a small Eu 

trough anomaly will result from extensive plagioclase removal during early-stage magmatic 

fractionation. However, the fact that only one of the plagiogranites from the Wambidgee 

Serpentinite Belt exhibits a significant Eu trough, whereas other plagiogranites from the same belt 

lack such anomalies, suggests that primary magmatic processes (e.g. removal or accumulation of 

plagioclase within the melt) might not be the cause. Instead, the trough may be secondary and result 

from mobilisation of Eu during serpentinisation and related metasomatic alteration of the 

plagiogranites. 

8.8 CHLORITE ROCKS 

8.8.1 Major and minor element geochemistry 

Only chlorite rocks from the Coolac and Wambidgee serpentinite belts have been analysed. They 

are characteristically low in Si02, Na20, K20 and C02, have moderate concentrations ofFe203, 

MgO and Ni, and are rich in A1203, FeO, V, Zn, Nb, Zr, Y and Th (Table 8.19). 

8.8.2 Variation diagrams 

On the Cr vs Ni diagram (Figure 8.21), chlorite rocks plot alongside the metabasaltic rocks from 

the Coo lac, Tmnut Ponds, and W ambidgee serpentinite belts. Some of the chlorite rocks, 

particularly those from the Coolac Serpentinite Belt analysed by Ashley (1973a), are highly 

enriched in Cr and Ni, and differ from other chlorite rocks of the Tumut Serpentinite Province 

(Figure 8.21 ). It is most likely that they derived from altered ultramafic rocks rather than basalt 

(Ashley 1973a). 

8. 8.3 REE and trace element geochemistry 

Compared with other rock types from the Tumut Serpentinite Province, the chlorite rocks are 

enriched in REE (Table 8.20). Those from the Coolac Serpentinite Belt have the lowest total REE 

concentrations, those from the W ambidgee Serpentinite Belt are intermediate, and those from the 
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Gundagai Serpentinite Belt have the highest concentrations. The chlorite rocks also have high 

concentrations ofHf, Sc and Ta. 

The CN REE patterns of chlorite rocks (Figure 8.26) exhibit weak to moderate convex downward 

curves. That from the Coolac Serpentinite Belt has a strong Eu peak, the one from the Wambidgee 

Serpentinite Belt has a moderate Ce trough, and the one from the Gundagai Serpentinite Belt has a 

moderate Eu trough. 

8. 8.4 Discussion 

Most of the chlorite rocks (with the exception of those from the Coo lac Serpentinite Belt analysed 

by Ashley 1973a) are chemically similar to metabasaltic rocks of the Tumut Serpentinite province 

(Table 8.19; Figure 8.21 ). This suggests that most of these chlorite rocks were derived by 

metasomatism of basaltic rocks during intense lower greenschist facies metamorphism. The chlorite 

rocks of the Coolac Serpentinite Belt [as analysed by Ashley (1973a)] probably derived by 

metasomatism of ultramafic rocks {Ashley 1973a). The metasomatite was largely independent of 

the parental rocktype and commonly hosted epigenetic sulfides {Ashley 1973a). 

The REE geochemistry of the chlorite rocks shows they are the most REE-enriched rocks of the 

Tumut Serpentinite Province. Hellman and Henderson (1977) show that chlorite is capable of 

increasing the La content of spilitic metabasalts by as much as four times through the process of 

adsorption From the data above, this may also hold true for most of the REE, and particularly Ce, 

NdandSm. 

The downward nature of the CN REE patterns (Figure 8.25) is similar to metabasalt from the 

Tumut Serpentinite Province (Figure 8.22); it is again consistent with metabasalts as the precursors 

to the chlorite rocks. The Eu troughs may be due to plagioclase removal from the melt (Pallister & 

Knight 1981), the Eu peaks to plagioclase accumulation within the melt (Pallister & Knight 1981) 

and the Ce trough to interaction of the metabasalts with sea-water (Menzies et al. 1977}. 
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Sample No BF91128f 

BeH WSB 

Si02 24.42 

Ti02 1.74 

Al203 21.46 

Fe203 3.44 

FeO 1 

MnO 

MgO 16.79 

CaO 0.65 

Na20 b.d lb.d 

K20 0.01 b.d 

P205 0.47 

H20+ 11.29 

C02 0.04 

H20- 0.5 

Cr 166 

Nl 257 

v 540 

Cu 2 b.d 

Pb 11 

Zn 222 

Rb b.d 

Ba 27 b.d 

Sr 14 

Ga 16 

Nb 16 

Zr 226 
y 91 

Th 6.32 

u 4 

100 165a BF91132c 38b 134c ... 

CSB WSB WSB GSB CSB 

26.16 2261 32 28.79 

0.71 5.9 2.85 1.84 

20.25 17.47 15.99 15.54 

3.68 5.72 5.49 5.41 

18.64 19.4 10.6 8.09 

0.18 0.37 0.23 0.27 

17.27 15.69 16.18 27.871 

1.75 1.56 5.84 0.61 

b.d 1.12 b.d 

0.01 0.11 b.d b.d 

0.21 1.26 0.37 0.49 

11.01 10.06 7.49 11.83 

0.03 0.04 0.02 0.08 

0.2.7 0.22 0.43 o.4a 

911 59 971 197 

388 215 806 291 

292 674 328 420 

15 b.d 16 

9 10 6 5 

203 77 78 

1 3 1 b.d 

30 30 b.d 
5 33 24 23 

12 6 16 19 

9 46 54 16 

57 479 145 ! 144 

25 107 40 35 

2.93 4.98 2 7 

1 1 1 b.d 

(Data source: this thesis: Ashley 1973~} 
b.d = below detection limit 

26.75 

0.92 

19.56 

5.65 

17.42 

0.15 

16.12 

3.35 

0.02 

0.12 

10.14 

0.1 
0.09 

Table 8.19 Major and minor element analyses of chlorite rocks. 
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CSB CSB 

26.33 29.05 

0.13 0,42 

21.8 17.57 

2.5 5.17 

13.95 9.66 

0.32 0.17 

19.01 24.76 

4.63 3.26 

b.d 0.08 

0.03 b.d 

0.08 0.14 

10.05 10.56 

0.19 0.05 

0.05 0.29 

327 1427 

588 920 

3 224 

11 26 

145 57 
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Sample No 

Belt 

La 

Ce 

Nd 

Sm 

Eu 

Tb 

Ho 

Yb 

Lu 

Sb b.d 

As 

Cr 

Co 

Au b.d 

Hf 

lr b.d 

Sc 

Ta 

Th 

165a BF91/28f 218 100 157ba 

WSB WSB GSB CSB TPSB 

43.97 32.05 104.73 20.39 19.1 

100.74 40.36 218.05 40 41.3 

64.28 

1m 
25.6 

17.62 6.7 

4.46 3.13 

2.76 46 1.05 

3.69 2 1.1 

7.82 

·~ ~ 1.07 1m ~ 

b.d b.d b.d 

1.89 10.1 1.7 b.d 

58.5 166 302 911 4.9 

103 42.3 

~ b.d b.d b.d 

11.5 5.88 5.6 1.32 2.15 

b.d b.d b.d b.d 

47.6 50.8 44.5 42.8 ~1 
3.23 1.21 1.23 0.43 

4.9B 6.32 12.7 2.93 25 

(Data source: this thesis) 
b.d = below detection limit 

Table 8.20 Rare earth and trace element analyses of chlorite rocks. 

8.9 RODIN GITES 

8.9.1 Major and minor element geochemistry 

Rodingites from the Coo lac and Wambidgee serpentinite belts (Table 8.21) vary most widely in 

their concentrations ofTi02, MgO, CaO, Cr, Ni, Cu, Sr, Zr Y and Th. Likewise, in a study of the 

rodingites on Mount Lightning within the Coolac Serpentinite Belt, Ray (1977) reported 

considerable chemical variation, being particularly low in Si02, total Fe, Ti02, C02 and alkalies, 

but high in CaO. He divided the rodingites into two main groups based on their dominant 

mineralogy, which reflects their differing compositions. He termed these "Group 1" (those 

comparatively low in Ti02, but high in Cr and Ni) and "Group 2" (those comparatively low in Cr 

and Ni but high in AhOh Sr, Y and Zr) rodingites. During the present study, most of the rodingites 

found conform to Ray's (1977) Group 1 rodingites. 

8.9.2 Variation diagrams 

On the 100xCaO/CaO+MgO+FeO vs Si02 diagram (Figure 8.12), the rodingites plot near the 

gabbros of the Tumut Serpentinite Province but are richer in CaO, but have less in Si02. On the Cr 

ChapterS Geochemical Character of the Serpentinite Belts 
and Enclosing Units 

Page 266 



vs Ni diagram (Figure 8.14), the rodingites plot similarly to gabbros from the various serpentinite 

belts and Honeysuckle Beds, but differ from those of the Micalong Swamp Complex. 

8. 9.3 REE and trace element geochemistry 

The REE and trace element geochemistry (Table 8.22) indicate that the rodingites have moderate to 

high concentrations ofREE. Some contain appreciable Co, Hf, Sc and Ta. 

As with the REE concentrations, the REE CN patterns are of three main types (Figure 8.29). 

Relatively flat curves are exhibited by one rodingite from each of the Coolac and Tumut Ponds 

serpentinite belts. Convex upward curves are exhibited by three rodingites, one from each of the 

W ambidgee, Coolac and Tumut Ponds serpentinite belts, and a convex downward curve is shown 

by a rodingite from the Coolac Serpentinite Belt. Eu troughs are exhibited by two Coo lac 

Serpentinite Belt rodingites, whereas the other sample from this belt has a Eu peak. Ce troughs are 

shown by one sample from each of the Coolac and Wambidgee serpentinite belts. 

8.9.4 Discussion 

The major element geochemistry (Table 8.21) shows that, although variable, rodingites from the 

Coolac Serpentinite Belt resemble those from the Wambidgee Serpentinite Belt. This variation 

occurs in both relatively mobile and immobile elements such as Ti, Cr, Ni, Zr andY. Similar 

fmdings occurred in rodingites from the eastern part of the Jordanow-Gogolow serpentinite massif 

of Poland (Dubinska 1995). 

The variation diagrams (Figures 8.12, 8.13 and 8.14) show that the rodingites are similar to the 

gabbros of the Tumut Serpentinite Province, but contain more Ca and less Si. This is similar to the 

findings ofHonnorez and Kirst (1975) for rodingites from the Equatorial Mid-Atlantic Fracture 

Zones. These authors believe that the high H20 content of rodingites (see Table 8.21 ), indicate that 

water pressure was almost equal to the total pressure at the time of their formation. Coleman 

(1967), Keusen (1972) and Leach and Rodgers (1978) also found that rodingitisation largely 

involved Ca-enrichment and near complete alkali depletion for rodingitised dykes enclosed within 

serpentinite. Schandl et al. (1989) similarly proposed that rodingitisation simply involves the 

addition of Ca and the removal of Si02 and alkalis from the protolith. 
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Sample No 

Belt 

Si02 

Ti02 

Al203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Na20 b.d 

1<20 b.d 

P205 

H20+ 

C02 

H20-

Cr 

Ni 

v 
Cu 

Pb 

Zn 

Rb 

Ba b.d 

Sr 

Ga 

Nb 

Zr 
y 

Th 

u 

94 ML042 144 

csa CSB CSB 

35.61 38.14 

~ 1.05 0.29 

20.21 17.44 17.44 

1.17 0.61 1.34 

1.27 2.03 2.61 

0.08 0.03 0.09 

3.86 17.11 14.7 

33.29 18.13 19.97 

b.d b.d b.d 

0.02 b.d b.d 

0.23 0.01 0.01 

3.n 6.52 5.32 

0.13 0.06 0.05 

0.24 0.53 0.32 

65 2691 1091 

113 1286 an 
159 105 94 

10 6 8 

30 4 4 

24 4 44 

1 3 1 

5 10 b.d 

43 4 53 

5 2 6 

16 b.d b.d b.d 

~ 
27 2 

24 5 

39 2 1 

5 b.d b.d b.d 

(Data source: this thesis) 
b.d = below detection limit 

121 BF91/26c 

CSB WSB 

40.38 44.27 

0.1 0.34 

17.7 16 

0.79 2.46 

1.69 3.25 

0.14 0.11 

8.79 10.39 

26.9 20.64 

0.16 

0.01 

0.02 0.02 

3.31 3.02 

0.04 0.06 

0.6 0.23 

1959 605 

667 357 

67 162 

54 44 

6 8 

21 30 

1 1 

37 

4 84 

5 12 

b.d 

4 7 

7 12 

2 1 

b.d 

Table 8.21 Major and minor element analyses of rodingites. 
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Sample No 144 

Belt CSB 

0.24 

0.71 

Nd b.d 

Sm 0.3 

~ 
0.3 

0.12 

0.15 

Yb 0.4 

Lu 0.05 

Sb 0.14 b.d 

As b.d b.d 

Cr 777 

Co 55.4 

Au b.d b.d 

Hf 0.2 

lr b.d b.d 

Sc 26.9 

Ta b.d 

Th 0.18 

94 ML042 BF91/26c 157rod 

CSB CSB WSB TPSB 

73.82 5.58 0.62 0.37 

167.93 9.12 0.67 1.31 

58.77 12.9 2.02 1.49 

14.71 3.44 0.89 0.62 

1.4 0.62 0.44 0.28 

1.92 0.61 0.29 0.21 

2.75 0.77 0.44 0.33 

6.56 1.77 1.14 1.07 

1.08 0.27 0.17 0.17 

b.d b.d 0.42 

b.d b.d b.d 

60.2 2440 509 732 

49 33.5 78.4 59.5 

b.d b.d 5.6 

12 0.64 0.29 0.9 

b.d b.d b.d 

29.9 38.4 39.2 39.6 

1.63 0.35 0.36 b.d 

36.5 0.33 b.d b.d 

(Data source: this thesis) 

b.d = below detection limit 

Table 8.22 Rare earth and trace element analyses ofrodingites. 

100 

10 

256glrod 257rod 

b.d 

b.d 

b.d 

b.d 

b.d 

TPSB TPSB 

5.51 0.36 

13.64 1.19 

9.74 1.29 

3.1 0.57 

1.17 0.28 

0.67 0.2 

0.84 0.3 

1.89 0.88 

0.27 0.13 

1.28 

b.d 

22.2 995 

59.3 52.5 

34.4 

1.97 b.d 

b.d 

22 46.6 

b.d 

0.73 b.d 

rodingite (CSB) 

rodingite (WSB) 
rodingite (TPSB) 
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Figure 8.30 CN-REE diagram for rodingites (data from Table 8.22) 
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Both Ashley (1973a) and Ray (1977) found that the rodingites from the Coolac Serpentinite Belt 

were derived from a variety of protoliths and that the high concentration of CaO could have been 

inherited (Ray 1977). Ray (1977) stated that Group 1 rodingites were generally derived from 

gabbros but some may have come from dolerites and basalts, and that Group 2 rodingites were after 

spilitic basalts. This fmding is supported by the present study. Most of the rodingites equate with 

Ray's (1977) Group 1 and are chemically similar to the gabbros of the Tumut Serpentinite 

Province. Ashley (1973a) concluded that rodingitisation was contemporaneous with serpentinisation 

and was due to metasomatic reaction between tectonic inclusions/dykes and the enclosing ultramafic 

host He stated that such a process occurs at temperatures of 1 00h350°C at <6kb, and that the 

dominant fluid phase was H20, with low C02 activity. 

The Cr vs Ni variation diagram (Figure 8.14) shows that the rodingites are akin to gabbros of the 

Tumut Serpentinite Province and Honeysuckle Beds, but plot away from the gabbros of the 

Micalong Swamp Complex. This suggests that the rodingites were derived from gabbros of the 

Tumut Serpentinite Province and/or Honeysuckle Beds. 

The variability in the REE concentrations of the rodingites again reflects their derivation from 

gabbros of the Tumut Serpentinite Province. The REE data suggests that the variability is as much 

within as between belts. 

The CN REE curves for the rodingites (Figure 9.29) exhibit greater variability and stronger 

anomalies than those from the Tumut Serpentinite Province gabbros (Figure 8.16). Thus, although 

they do not negate derivation from the gabbros, rodingitisation has profoundly affected the protolith 

and has led to significant remobilisation of at least some of the REE (e.g. Graham et aL 1994). 

8.10 UNUSUAL ROCK TYPES 

8.10.1 Major and minor element geochemistry 

The anthophyllite-olivine-spinel hornfels from the Coolac Serpentinite Belt differs in overall 

chemistry from the olivine-amphibole hornfels from the Wambidgee Serpentinite Belt (Table 8.23), 
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in being enriched in Ah03, Fe203, FeO, MgO, V, Zn, Ga, Nb, Zr, Y and Th, and depleted in Si02, 

CaO, Na20, K20 and Rb. In contrast, the olivine-amphibole hornfels is enriched in FeO, MgO, 

CaO, Cr, Ni, Ba and Sr, and depleted in K20, Rb, Ga and Th. Ashley (1973a) and Irving & Ashley 

(1976) showed that the hornfels rocks from the Coolac Serpentinite Belt were characterised by low 

Si02 and relatively high Al203, total Fe, MgO, Cr, Mn, Ni, Sc, Ti, V and Zn. The anthophyllite

olivine-spinel hornfels from the Coolac Serpentinite Belt analysed in this present study conforms 

with this, whereas the olivine-amphibole hornfels from the Wambidgee Serpentinite Belt does not 

8.10.2 Variation diagrams 

On the Cr vs Ti02 diagram (Figure 8.23}, the anthophyllite-olivine-spinel hornfels plots near the 

Cr -depleted amphibolites and chlorite rocks of the Tumut Serpentinite Province, whereas the 

olivine-amphibole hornfels plots near the Cr-enriched amphibolites. 

On the Cr vs Ni diagram (Figure 8.24), the olivine-amphibole hornfels plots well to the right of the 

Cr-enriched amphibolites, whereas the anthophyllite-olivine-spinel hornfels plots close to the Cr

poor amphibolites and chlorite rocks . 

. 8.1 0.3 REE and trace element geochemistry 

The unusual rock types of the Tumut Serpentinite Province vary widely in their REE and trace 

element geochemistry (Table 8.24). The anthophyllite-olivine-spinel hornfels is REE-enriched and 

contains appreciable As, Co, Hf, Sc and Ta. The olivine-amphibole hornfels contains moderate 

REE concentrations along with appreciable Co. The amphibole-chlorite rock from the Wambidgee 

Serpentinite Belt is REE-enriched and has appreciable Co and Hf, while the zoisite rock from the 

Wambidgee Serpentinite Belt contains moderate REE concentrations along with significant Sb, Co, 

Hfand Ta. 

The anthophyllite-olivine-spinel hornfels exhibits a convex downward CN REE pattern with a 

strong Eu trough, whereas the olivine-amphibole hornfels is convex downward but lacks any 

anomalies (Figure 8.31 ). The amphibole-chlorite rock is very similar to the anthophyllite-olivine

spinel hornfels, but the zoisite rock has an essentially flat CN REE pattern with no anomalies 

(Figure 8.31 ). 
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I Sample No BF92/8 150c 

Belt wsa csa 
Rocklype 01-Am Hf An-01-Sp 

Si02 41.78 31.12 

Ti02 0.6 1.04 

IA1203 6.29 22.93 

Fe203 4.76 8.53 

FeO 5.97 6.65 

MnO 0.16 0.31 

IMgO 27.27 24.12 

iCaO 5.57 0.67 

Na20 0.49 0.14 

1<20 0.07 0.01 

P205 0.07 0.33 

H20+ 6.48 4.86 

C02 

~ 
0.04 

~ 0.23 

Cr 527 

Ni 1554 233 

v 139 323 
Cu 56 35 

Pb 12 7 

Zn 72 109 

Rb 2 2 
Ba 161 10 

Sr 92 22 

Ga 4 22 

Nb 11 13 

Zr 40 150 
y 10 39 

Th 0.51 12.2 

u 1 1 

(Data source: this thesis) 

Table 8.23 Major and minor element analyses of unusual rock types. 
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sample No 

Be~ 

Rocl<tvlle 

La 

Ce 

Nd 

Sm 
Eu 
Tb 

Ho 

Yb 

Lu 
Sb 

As 
Cr 
Co 
Au 
HI 
lr 

Sc 

Ta 

Th 

150c 174 171 
CSB WWSM WWSM 

ant-ol-sp zois rock Ampb-Chl 

b.d 

b.d 

b.d 

32.7 9 23.35 

72.84 23.05 53.42 

28.26 15.66 33.17 

5.8 4.7 8.26 

0.61 1.49 1.03 

0.97 0.88 1.09 

1.16 1.16 1.48 

2.99 2.3 3.9 

0.42 0.32 0.56 

1.44 b.d 

1.94 b.d b.d 

527 101 75.6 

88.2 47.2 32.6 

20.3 b.d 

3.99 3.12 2.65 

b.d b.d 

35.8 24.5 25.4 

1.18 1.08 0.45 

12.2 1.04 2.73 

(Data source: this thesis) 

b.d = below detection limit 

BF9218 
WSB 

Ot-Amph 

8.29 

17.13 

8.59 

1.76 

0.53 

0.2S 

~ 
0.12 

b.d 

b.d 

2420 

121 

b.d 

1.1 
b.d 

21.6 

0.69 

0.51 

Table 8.24 Rare earth and trace element analyses of unusual rock types. 
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o-o ·-· x-x ·-· 
anthophyllite-olivine-spinel rock (CSB) 
olivine-amphibole hornfels (WSB) 
amphibole-chlorite rock (WSB) 
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• 
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Figure 8.31 CN-REE diagram for unusual rock types (data from Table 8.24). 
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8.10.4 Discussion 

The difference in composition of the anthophyllite-olivine-spinel hornfels and the olivine-amphibole 

hornfels reflects their differing mineralogy and protoliths. The chemistry of the olivine-amphibole 

hornfels is consistent with derivation from either a hornblende peridotite or hornblendite. In 

contrast, the anthophyllite-olivine-spinel hornfels contains pleonaste (Ashley l973a; Irving & 

Ashley 1976) rather than chrome spinel and, in view of its chemical composition and ratios of the 

immobile elements such as Ti, Cr, Y, V and Zr, has probably derived from a mafic protolith. In that 

it plots with chlorite rocks and Cr-depleted amphibolites of the Tumut Serpentinite Province, and is 

spatially associated with metabasalts of the Honeysuckle Beds, it most likely formed by high 

temperature contact metamorphism of altered metabasaltic rocks (c.f Irving & Ashley 1976). 

Due to their differing mineralogies, the various unusual rock types vary widely in REE and trace 

element geochemistry. The anthophyllite-olivine-spinel hornfels has a similar REE concentration to 

metabasaltic rocks of the Tumut Serpentinite Province and Honeysuckle Beds (Tables 8.11 and 

8.13). The olivine-amphibole hornfels has a similar REE composition to the hornblendite from the 

same belt, reflecting that most of the REE are contained within the amphibole minerals and that the 

olivine is highly REE-depleted. The amphibole-chlorite rock and zoisite rock have similar REE 

concentrations to the metabasaltic rocks from the Tumut Serpentinite Province, Jindalee Beds and 

Honeysuckle Beds, suggesting that they are derived from such metabasaltic rocks. 

The strong downward CN REE pattern for the anthophyllite-olivine-spinel hornfels is similar to 

that for the metabasaltic rocks from the Tumut Serpentinite Province with the exception of the 

strong Eu trough (Figures 8.30 and 8.22). Dobbe (1994) ascribed the Eu trough, within similar 

cordierite-anthophyllite rocks from Tunabergs Sweden, to removal of Eu from the parental basaltic 

rocks during alteration. The CN REE pattern with no anomalies for the olivine-amphibole hornfels 

is akin to that for the hornblendite from the same belt (Figures 8.30 and 8.6) and suggests 

derivation from the same magma. The CN REE pattern and Eu trough for the amphibole-chlorite 

rock is similar to that for some of the metabasaltic rocks from theW ambidgee Serpentinite Belt 

(Figures 8.30 and 8.22), and suggests that it may be derived_ from them. The CN REE pattern for 

the zoisite rock is also akin to some of the metabasaltic rocks from theW ambidgee Serpentinite 

Belt (Figures 8.30 and 8.22), and also suggests derivation from this source. 
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8.11 CONCLUSIONS 

Note: A detailed geochemical discussion has been made earlier in this Chapter, in the relevant 

section for each different rock grouping. 

Primary ultramafic rocks of the Tumut Serpentinite Province have a very similar major, minor, 

trace and rare earth element geochemistry to similar rock types found within ophiolitic sequences 

throughout the world. They have formed in an oceanic environment floored by oceanic crust, and 

not in a continental environment An exception to this is the llierzolite from the Eurongilly 

Serpentinite Belt which is more akin to llierzolite from mantle peridotites of southern Spain and 

northern Morocco which have been interpreted as forming in either transitional oceanic-continental 

crust (Bodinier et al. 1987) or purely continental crust (Platt & Vissers 1989). 

Weakly serpentinised dunites, lherzolites, pyroxeuites, wehrlites and hornblendites of the Tumut 

Serpentinite Province have a distinctly more evolved and enriched composition than their host 

harzburgite or peridotite (both of which are extremely depleted- Nicolas 1989). Although they 

cannot therefore have formed by partial melting of their hosts, they may reflect partial melting of 

the same source, with the residuum now comprising the extremely depleted harzburgite and 

peridotite. Fractional crystallisation of the partial melts would have progressively evolved more 

enriched compositions. 

Serpentinisation of the primary ultramafic rocks of the Tumut Serpentinite Province has involved 

some mobilisation of elements, but the degree of mobilisation and the elements involved have 

largely been rock type dependant. In general, the ultramafic rocks have largely retained their 

original composition. The REE chemistry of Cpx -rich primary ultramafic rocks from the Tumut 

Serpentinite Province are largely unaffected by serpentinisation, despite the serpentinisation process 

introducing significant concentrations of H20, C02, Sb and As. 

The overall similarity in composition of massive and schistose serpentinites with the weakly 

serpentinised and serpentinised harzburgites indicates that the serpentinites largely were derived 

from a harzburgitic parent and that serpentinisation was largely an isochemical process. In massive 

serpentinite, serpentinisation mobilised some Si02 and MgO, while in schistose serpentinites 
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development of the foliation induced a minor increase in the mobility of some elements. This led to 

the enrichment of schistose serpentinites in La, Ce, Sb and As relative to massive serpentinites. 

Most of the talc-carbonate rocks of the Tumut Serpentinite Province have similar concentrations of 

immobile elements (Ti, Cr, Ni, Z:t andY) to the serpentinites and harzburgites. This suggests that, 

like the serpentinites, most of the talc-carbonate rocks have been derived from a harzburgiric 

parent. Nevertheless, some talc-carbonate rocks were probably derived from mafic rocks or tectonic 

inclusions. Based on the distribution of talc-carbonate rocks, COz alteration primarily took place 

along shear planes and at the contact of the serpentinite belts with surrounding quartz-rich country 

rocks (particularly the Jindalee Beds quartzites). The C02 alteration would seem to have resulted in 

the significant mobilisation of La, Ce, Nd and Sm. 

Gabbros of the Tumut Serpentinite Province can be divided into groups mainly on the basis of their 

Cpx-plagioclase ratios. It is not belt dependent as the range exists in all of the belts. Although 

similar-looking gabbros occur within the Micalong Swamp Complex (Callan 1984), they are 

distinctly different from those of the Tumut Serpentinite Province in that they are more emiched in 

Ti02 and more depleted in Cr and Ni (all three considered as immobile elements). Gabbros of the 

Honeysuckle Beds (Basden 1990) are similar to those of the Tumut Serpentinite Province and 

significantly different from those of the Micalong Swamp Complex. This suggests that the gabbros 

of the Honeysuckle Beds are geochemically akin and possibly genetically related to those of the 

Tumut Serpentinite Province. Some of the gabbros have similar CN REE patterns to cumulus and 

high level gabbros (section 8.4.4) from other ophiolite complexes, thereby suggesting that they 

formed in an oceanic rather than a continental crustal environment. 

Metabasaltic rocks of the Tumut Serpentinite Province vary widely in composition, but the 

variation is not belt dependent. The metabasalric rocks are generally low in K20 and high in Na20. 

This was ascribed to remobilisation during regional metamorphism by Ashley et al. (1979) and 

Dadd (1998), rather than representing a primary magmatic signature. Metabasaltic rocks of both 

the Jindalee Beds and Honeysuckle Beds (Basden 1990) closely resemble those of the Tumut 

Serpentinite Province. However, the Jindalee Beds are an older basement terrane and not 

genetically connected to the metabasaltic rocks of the Tumut Serpentinite Province. Also, 
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metabasaltic rocks of the Micalong Swamp Complex, which generally occur to the east of the 

Tumut Serpentinite Province as dyke swarms within the Goobarragandra Volcanics are low-K 

tholeiites (Basden 1990) of quite different chemical affinity, possibly formed from tholeiitic 

magmas rising-up peripheral rift zones associated with the early opening of the Tumut Trough to 

the west. 

Using a range of variation diagrams, the metabasalts of the region fall into several different groups, 

but predominantly seem to be andesitic to subalkali and of mid-ocean ridge (MORB) affinity. This 

tends to be affirmed by the Ti vs Cr discrimination diagram in which most plot as ocean floor 

basalts. The interpretation is somewhat weakened by mobilisation probably induced by low 

greenschist to lower amphibolite facies metamorphism/metasomatism. This metamorphism/ 

metasomatism also appears to have led to significant REE mobilisation. However, using the Ti/Zr 

vs Zr discriminant diagram of Gamble et aL (1993), they clearly plot as back-arc basin basalts. 

The large variation in overall geochemistry of the Tumut Serpentinite Province amphibolites 

(particularly in the immobile elements) and their subdivision into Cr-rich and Cr-poor groups 

cannot have been produced by metamorphism/alteration, but must have been inherited from their 

differing protoliths. The Cr-rich amphibolites may have been derived from gabbroic protoliths, 

whereas the Cr-poor amphibolites derived from basaltic protoliths, although some of the gabbros 

are Cr-poor. Amphibolite facies metamorphism of the protoliths led to significant mobilisation of 

the REE. 

Plagiogranites of the Tumut Serpentinite Province are geochemically distinct from the granitic 

rocks of the Young Granodiorite and tonalites of the Micalong Swamp Complex. They are 

restricted to the serpentinite belts and are an integral part of them. Geochemically, the 

plagiogranites are similar in overall composition to plagiogranites from other ophiolite complexes. 

This similarity applies to the CN REE patterns and provides further support for origin in an oceanic 

rather than a continental geotectonic environment. 

Most of the chlorite rocks (with the exception of those from the Coolac Serpentinite Belt analysed 

by Ashley 1973a) are chemically similar to metabasaltic rocks of the Tumut Serpentinite province. 
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This, along with their field occurrence as dyke-like bodies enclosed within serpentinites, suggests 

that they were initially basaltic/doleritic rocks, which have subsequently oodergone intense low 

greenschist facies metamorphism/metasomatism. This chloritisation has led to enrichment in the 

REE, As and Hf, but, despite this, the CN REB profiles for the chlorite rocks are still similar to 

those of the metabasaltic rocks. The chlorite rocks of the Coo lac Serpentinite Belt [as analysed by 

Ashley (1973a)] probably derived by metasomatism of ultramafic rocks. 

The rodingites from the Coo lac Serpentinite Belt were derived from a variety of protoliths and the 

high concentration of CaO may have been inherited (Ray 1977). Many of the rodingites foood in 

the present study are also Si and alkali depleted and appear to have been generally derived from 

gabbros of the Tumut Serpentinite Province, but some may have come from dolerites and basalts 

Although the rodingites appear to have formed by rodingitisation of the gabbros, their CN REE 

patterns are more variable and have more intense anomalies. This is ascribed to the REE 

experiencing mobilisation during the rodingitisation process. Ashley (1973a) concluded that 

rodingitisation was contemporaneous with serpentinisation and was due to metasomatic reaction 

between the mafic rocks and an enclosing/adjacent ultramafic host. He stated that such a process. 

occurs at temperatures of 1 00-350°C at <6kb, and that the dominant fluid phase was H20, with low 

C02 activity. 

Although the unusual rock types of the Tumut Serpentinite Province largely consist of 

metamorphic/alteration mineral assemblages, their trace and REE geochemistry reflect their varying 

mineralogy and protoliths. The chemistry of the olivine-amphibole hornfels is consistent with its 

derivation from either a hornblende peridotite or hornblendite that ooderwent very high T contact? 

metamorphism such that a change in the major element chemistry resulted. In contrast, the 

anthophyllite-olivine-spinel hornfels contains pleonaste rather than chrome spinel and, in view of its 

chemical composition and ratios of the immobile elements such as Ti, Cr, Y, V and Zr, has 

probably derived from a mafic protolith that ooderwent high T metasomatism prior to contact 

metamorphism, resulting in major element changes and the removal of Eu. It plots with chlorite 

rocks and Cr-depleted amphibolites of the Tumut Serpentinite Province, and is spatially associated 

with metabasalts of the Honeysuckle Beds. Both the amphibole-chlorite and zoisite rocks were 
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initially metabasaltic rocks which were modified by upper greenschist to middle amphibolite facies 

metamorphism/metasomatism thereby modifying the major element chemistry. 

Due to their differing mineralogies, the various unusual rock types vary widely in REE and trace 

element geochemistry. The anthophyllite-olivine-spinel hornfels has a similar REE concentration to 

metabasaltic rocks of the Tumut Serpentinite Province and Honeysuckle Beds (Tables 8.11 and 

8.13). The olivine-amphibole hornfels has a similar REE composition to the homblendite from the 

same belt, reflecting that most of the REE are contained within the amphibole minerals and that the 

olivine is highly REB-depleted. The amphibole-chlorite rock and zoisite rock have similar REE 

concentrations to the metabasaltic rocks from the Tumut Serpentinite Province, Jindalee Beds and 

Honeysuckle Beds, suggesting that they are derived from such metabasaltic rocks. 
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CHAPTER 9: GEOLOGY AND GENESIS OF THE PODIFORM 
CHROMffiTE DEPOSITS 

9.1 INTRODUCTION 

Numerous small podiform chromitite deposits occur throughout the Tumut Serpentinite Province of 

NSW. They have produced more chromite ore than any other part of Australia, despite the overall 

production being negligible on a world-wide basis (Graham et aL 1996). By far the greatest 

contribution to date has been that of Golding (1966, 1975; Golding & Bayliss 1968; Golding & 

Johnson 1971) who worked on the overall chemistry and mineralogy of the podiform chromitite 

deposits of the Coo lac Serpentinite Belt. Their main conclusions were that the chromitites are of 

podiform type, typical of alpine~type peridotites; they range widely in composition from Cr-rich to 

Al-rich, though generally exhibiting a bi~modal distribution; they sharply abut the surrounding 

harzburgite or are separated from it by a thin shell of dunite; they appear to be randomly distributed 

throughout the belt; disseminated chromitite may merge into the dunite; AI-rich chromitites are less 

deformed and younger than the Cr-rich chromitites; altered chromite is more enriched in Cr and 

total Fe, but less enriched in AI and Mg than the primary host; and the alteration of chromite 

resulted in the formation of Cr-chlorite, Cr-grossular and uvarovite. 

Ashley (1973a) also worked on the chromitites and composition of Cr-spinel within their primary 

ultramafic rocks of the Coo lac Serpentinite Belt. He found that the colour, texture and composition 

of the Cr-spinels depend on the hostrock, and that spinels in the harzburgite are compositionally 

distinct (poorer in Cr and Fe3
+ and richer in AI) from those in the chromitites. Ray {1977) carried

out microprobe analyses of chromite grains and associated host silicates from the podiform 

chromitite deposits of Mount Lightning within the Coo lac Serpentinite Belt. He concluded that they 

spanned the entire range of compositions found in the Coolac Serpentinite Belt; chemical variation 

is largely between rather than within chromitite pods; fluid interaction between the chromitites and 

mafic dyke rocks led to the formation of Cr-chlorite, Cr-grossular and rare Cr-vesuvianite during 

serpentinisation; and the microprobe analyses were in general accordance with the bulk rock 

chromitite analyses of Golding (1966). 
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Field and laboratory work on these deposits, together with the author•s observations of the Shetland 

Island's pediform chromitite deposits (e.g. Prichard & Neary 1982; Prichard 1985) and evaluation 

of published genetic models, are used to evolve a genetic model pertinent to the Tumut Serpentinite 

Province and perhaps to podiform chromitite deposits in general. Much of the field and laboratory 

work has previously been published (Graham et al. 1996- Appendix PUB). 

Podiform chromitite bodies have been found within the Coolac and W ambidgee serpentinite belts 

(Figure 9.1). Most (over 60) are within the Coolac Serpentinite Belt and the remainder (6) within 

the W ambidgee Serpentinite Belt. They are widely distributed within the main harzburgite mass 

and the western schistose zone of the Coolac Serpentinite Belt (Figure 9.1 ). Most occur in the 

northern part of the Coolac Serpentinite Belt. The six deposits in the Wambidgee Serpentinite Belt 

are also irregularly distributed. 

9.2 FIELD RELATIONSHIPS 

Most of the chromite ore and, in some cases, the chromite-rich dunitic halo have been mined, or are 

covered by tailings (Plate 9 .l ), so only portions could be mapped and investigated in detail. The 

Coolac Serpentinite Belt chromite deposits range from approximately lm to >30m in maximum plan 

dimension, are tabulate, and have a thin halo of relatively massive, serpentinised, chromite-rich 

dunite. This passes outward into a narrow zone of schistose serpentinite, and then into relatively 

unfoliated porphyroclastic harzburgite that dominates the belt. Uncommonly, the chromitite passes 

directly into altered, massive porphyroclastic harzburgite. Massive granoblastic rodingite dykes cut 

the chromitite deposits, and contain fragments of the other rock types (Plate 9.2). 
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Figure 9 .l Distribution of podiform chromitite deposits within the Coo lac and W ambidgee 
serpentinite belts {adapted from Golding & Johnson 1971 ). 
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Plate 9 .I Typical outcrop of the podiform chromitite deposits. Outcrops are serpentinised 
harzburgite. Locality 37, near Pettits. Viewed from the east. 

Plate 9.2 Chromitite fragments within rodingite dyke of the MLA deposit. Viewed from the north-
east. F.O.V Sm 
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Golding and Johnson (1971) indicated that the Coolac Serpentinite Belt chromitite bodies were 

ellipsoidal in shape with their short axes perpendicular to both the length of the belt and the 

secondary tectonic foliation. However, the three mappable bodies [the Mount Lightning Adit 

(MLA), Quilter's Open-Cut (QOC) (G.R 146 261) and Mount Miller (MM) deposits (Figure 9.2) 

(G.R. 232 038)] are tabulate in shape and dip shallowly (20°NW), whereas the enclosing 

harzburgite mass is grossly vertical to steeply dipping (>60° WSW - Leven et al. 1991 ). Although 

not identified within the immediate vicinity of the deposits, primary layering, as defmed by varying 

proportions of olivine and orthopyroxene, dips 60° ENE (see Chapter 3). 

9.2.1 Mount Lightning Adit (MLA) deposit 

The MLA deposit occurs on the northern slope of Mount Lightning in the northern part of the 

Coolac Serpentinite Belt (Figure 9.2). It consists of an adit driven into a relatively large pod of 

mainly massive polycrystalline chromitite. The chromitite has a thin (0.5 to 2m), essentially 

unfoliated, serpentinised dunitic halo, which is enclosed within a zone (approximately 5m thick) of 

schistose harzburgite (Figures 9.3 and 9.4). The transitional contact from dunite to chromitite 

comprises: chromite-bearing dunitic wallrock (<I 0% chromite ), disseminated chromitite ( 1 0 to 

20% chromite), nodular chromitite (20 to 60% chromite) and massive polycrystalline chromitite 

(>60% chromite). A small core ofpegmatitic chromitite (subhedral to euhedral chromite, up to 

20mm long, embedded in massive serpentine) occurs within the massive chromitite (Figure 9.3). 

9.2.2 Quilter's Open~Cut (QOC) deposit 

The QOC deposit occurs on the NNE slope of Mount Lightning, some 450m east of the MLA 

deposit (Figure 9.2). It consists of3 main open-cuts (30m maximum dimension), only one of which 

is safely accessible (Plate 9.3). The mapped, accessible deposit has an encompassing zone of 

schistose dunitic serpentinite some 4m thick. Towards the southern end of the deposit the 

serpentinite contains diffuse-margined cores of massive, partially serpentinised, porphyroclastic 

harzburgite (Figure 9.5; Plate 9.4). Overall, the deposit comprises many small (<1m in length) 

tabulate vein-like bodies (Plates 9.5 and 9.6), that dip shallowly (20°NW) and have slickensided 

contacts with the dunitic serpentinite. 
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Figure 9.2 Location of the MLA, QOC, MM, Adjungbilly Sth Creek and Red Hill chromitite 
deposits. 
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Figure 9.3 Plan view of the outcrop geology of the MLA chromitite deposit. 
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Figure 9. 4 Plan of the walls of the MLA chromitite deposit 
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Figure 9.5 East wall geological section of the QOC chromitite deposit 

Chapter9 Geology and genesis of the chrornitite deposits Page 288 



Plate 9.3 Quilter's Open-Cut, viewed from the north-east. Outcrop on the walls consists of blocks 
of unsheared harzburgite within serpentinised dunite. 

Plate 9.4 Diffuse-margined core ofunsheared harzburgite within serpentinised dunite. QOC 
deposit, viewed from the north-west. 
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Plate 9.5 Small tabular chromitite body within serpentinised dunite. QOC deposit, viewed from the 
west. 

Plate 9.6 Chromitite veins within serpentinised dunite. QOC deposit, viewed from the west. 
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9.2.3 Mount Miller (MM) deposit 

The MM deposit occurs along a ridge, which is cut by Brungle Creek in the southern part of the 

Coolac Serpentinite Belt (Figure 9.2). The Emu Mine chromitite lies approximately 500m to the 

east and consists of a small but partially complete podiform chromitite body accessed by an adit. 

The MM chromitite has an unfoliated chromite-poor (<5% chromite) dunitic halo (0.2 to 2m thick), 

in turn enclosed by a zone (3m) of schistose harzburgite (Figure 9. 6). The chromitite is mainly 

nodular and passes outward into disseminated chromitite and wealdy chromitiferous dunite. The 

gradation, from nodular chromitite through to disseminated chromitite and wealdy chromitiferous 

dunite, is graphically portrayed in Figure 9.6. 

9.2.4 Observations from other deposits 

At the Adjungbilly South Creek Deposit (Figure 9.2, deposit 211 ), the chromitite dips some 30° 

towards the SW and the strike of the body parallels the trend of the relatively unfoliated, 

serpentinised dunite wallrock. The dunite is 1-2m thick, passes outward into a few metres of 

schistose serpentinised harzburgite, and finally into massive porphyroclastic harzburgite. The 

chromitite body is 0.3-lm thick (other dimensions unknown) and mostly comprises coarse-grained 

orbicular chromitite. 

LEGEND 

• Massive cbromitite 

~ Disseminated cbromitite/ 
l:.i..::::.l.J weakly chromitiferous dunite 

Nodular cbromitite 

~ Rodingite dyke 

c=J Nooutcrop 

c "<. C-surface foliation 

5 
'<. S-surface foliation 

Figure 9.6 Plan of the walls of the MM chromitite deposit (see Figure 9.2 for location in belt) 
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At the Red Hill deposit (Figure 9.2, deposit 25), the chromitite body is hosted by highly veined, 

silicified dunite, within a tract of schistose serpentinite that varies from I to 5 m wide. Variably 

serpentinised massive porphyroclastic harzburgite occurs outside the shear zone. The only 

accessible chromitite dips 60° towards 270° within a 1.5m wide massive dunite envelope, in tum 

surrounded by similarly oriented schistose (S-C fabric) serpentinite. The contact between the dunite 

and schistose serpentinite is gradational, such that the foliation tails off from the serpentinite into 

the dunite. Small blocks of massive porphyroclastic harzburgite occur within the schistose 

serpentinite. 

9.3 TEXTURAL STUDIES 

Golding (1966, 1975) interpreted the pediform chromitites of the Coolac Serpentinite Belt in terms 

of cumulate ultramafic rocks and distinguished three distinct textural types: type 1 consisted of 

single crystal multifaceted chromite grains formed by sintering of chromite anhedra followed by 

overgrowths; type 2 consisted of polycrystalline ellipsoidal chromite nodules that developed from 

spherical precursors by plastic deformation and recrystallisation; type 3 comprised complex 

aggregates in which large aggregates of serpentine group minerals were surrounded by sub

aggregates of small chromite grains - this type of chromitite merges into the type 1 chromitite. 

Golding ( 1966, 1975) also reported that some of the grain boundary relationships between chromite 

and olivine (or its serpentinised equivalents) suggested penecontemporaneous crystallisation of both 

phases, that the chromitites had undergone metamorphism and deformation over a protracted period 

from just after initial crystallisation (with high T metamorphism and accompanying ductile 

deformation of chromite grains) to post-emplacement {with low T metamorphism and brittle 

deformation), and that the chromitites were of a polygenetic origin and more than one age. Ashley 

(l973a) ascribed the chromitite textures variously to primary (i.e. magmatic) and secondary (i.e. 

deformationlserpentinisation) processes. He noted that marginal slickensiding and internal 

cataclasis of chromitite pods were consistent with tectonic inclusion emplacement. 
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Textures of podiform chromitites are ambiguous, as many have been interpreted in terms of both 

primary magmatism (Leblanc 1980) and secondary tectonism (Gates 1991 ). Graham et al. {1993) 

subdivided the textural varieties of the Tumut Serpentinite Province chromitites into formational 

and post-formational textures. Formational textures comprise those largely developed during 

crystallisation of the chromitites, whereas post-formational textures are those imposed after 

crystallisation. 

9.3.1 Mesoscale' observations 

(a) MLA deposit 

Formational textures dominate this deposit. The disseminated chromitite (Plate 9. 7) consists of 

cuspate or lobate anhedral chromite grains (<lmm to 10mm), and rare aggregates (up to 5mm) 

comprising smaller chromite grains in a matrix of alumian lizardite and chrysotile 2M (Plate 9. 8); 

some of the chromite grains exhibit atoll texture. In places, trails of elongate chromite defme planar 

and linear preferred orientations, and chromite-rich versus chromite-poor bands of different grain 

size defme layering (Plate 9.9). 

The nodules in nodular chromitite consist of atoll textured, angular to subrounded, equant 

ellipsoidal chromite grains within a matrix of serpentine (Plate 9.1 0). The nodules range from 

<lmm to 7mm in size, but are mainly 3-4mm across. They are evenly and closely spaced ( <2mm} 

within the intervening serpentine. 
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Plate 9. 7 Disseminated chromitite from the MLA deposit. 
Sample No MLA019 

5 

Plate 9.8 Aggregates of chromite within disseminated chromitite from the MLA deposit Sample 
No MLA013 
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Plate 9.9 Banded disseminated chromitite from the MLA deposit. Consists of an upper dunite layer, 
and underlying chromite-rich band passing downward into disseminated chromitite. Sample No 
MLA017 

Plate 9.10 Nodular chromitite from the MLA deposit. 
Sample No MLAOll 
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Massive polyccystalline chromitite consists of highly fractured, subrounded and closely packed 

chromite nodules, with less than 5% internodular space in-filled by serpentine (Plate 9.11 ).Post

formational textures are less prominent and range from discrete fractures to intense brecciation, in 

which the amount of dilation ranges from 0.5mm down to resolution limits. The fractures generally 

lack offsets and therefore have no significant shear component. 

(b) QOC deposit 

Whereas formational textures dominate and are well-preserved in the MLA deposit, the QOC 

deposit is dominated by post-formational deformational textures. This difference is primarily 

ascribed to the QOC chromitite comprising small, easily disrupted lenses within foliated (S-C . 
fabric) serpentinised dunite. 

Preserved formational textures include "vein-like" bodies composed of aggregates of highly 

fractured and brecciated angular chromite grains up to 2mm in diameter (Plate 9.6) (up to 0.4m 

wide, O.lm thick, and of variable length in the range 0.3 to at least 2m). The dominantformational 

texture is massive polyccystalline chromitite and the dominant post-formational effect has been to 

change this into a compact micro-breccia (Sibson 1977) comprising highly angular, relatively 

equant, fractured chromite grains up to 1nun in diameter (Plate 9.12). 

9.3.2 Micro-scale observations 

(a) MLA deposit 

The formational textures comprise poor- to well-developed chromite-olivine pseudo-net texture 

(Plate 9.13) progressing into polyccystalline chromitite (Plate 9.14), largely reflecting the increasing 

chromite/olivine ratio. Olivine grains range in size from IOOum to O.lmm, are well-rounded, ovoid, 

and commonly contain tiny (<2um) inclusions of nickel sulfides. Single and multiple ovoid-shaped 

serpentine pseudomorphs, after olivine, occur within the chromitite. Post-formational textures 

consist of fracturing and replacement relationships. Fracturing is systematic and includes a 

dominant orthogonal pair (Plate 9 .15), striking parallel and normal to the long axis of the chromitite 

pod. The fractures have high aspect ratios (> 1000) with lengths more than 1 Omm and widths less 

than O.OOlmm. Cataclasis is marked at intersections, but there is no rotation of fragments and 

negligible offset (Plate 9 .16). 
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Plate 9.11 Massive polycrystalline chromitite from the MLA deposit. 
Sample No MLAO 18 

Plate 9.12 Compact microbreccia from the QOC deposit. 
Sample No QOC003 PPL F.O.V 3.5mm 
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Plate 9.13 Chromite-olivine pseudo net texture from the MLA deposit. 
Sample No MLA014 PPL F.O.V 3.5mm 

Plate 9.14 Well-developed massive polycrystalline chromitite from the MLA deposit. 
Sample No MLAOlO PPL F.O.V 3.5mm 
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Plate 9.15 Orthogonal systematic fracturing within massive polycrystalline chromitite from the 
MLA deposit. 
Sample No MLA018 PPL F.O.V 3.5mm 

-~'7T"~..,.. 

Plate 9.16 Cataclasis with negligible fracture offset from the MLA deposit. 
Sample No MLA007 PPL F.O.V 3.5mm 
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In elongate chromite grains, one fracture of the orthogonal pair parallels the length. The chromite 

grains also have tails offme-grained, euhedral magnetite grains trending parallel to the elongation 

direction. Ferritchromit replaces primary chromite adjacent to fracture-fill that comprises chrysotile, 

talc and magnesite, and secondary nickel sulfides. This is in keeping with Ashley (1973a, 1975) 

who concluded that the fracture-fill serpentine group minerals, nickel sulfides, and awaruite were 

co-genetic.The long axes of the nickel sulfide grains are normal to the chrysotile vein fibres, which 

are at 90° to the vein walls (Plate 9.17). 

(b) QOC deposit 

The dominant micro-scale textures are post-formational, as the chromitites are now crush 

microbreccias (Sibson 1977) with fragments ranging from 1mm to submicron size (Plate 9.18). The 

angular fragments have preserved their relative positions, consistent with dilation without 

significant rotation (Plate 9.19). Ferritchromit commonly replaces chromite along fractures and 

grain boundaries and the main fracture-fill comprises chrysotile, chromite fragments altered to 

Plate 9.17 Tiny prismatic subhedral heazlewoodite grain (arrowed) cross-cutting fracture-fill 
chrysotile fibres within chromite. MLA deposit. 
Sample No MLA006 PPL F.O.V 0.6mm 
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Plate 9.18 Crush microbreccia from the QOC deposit. 
Sample No QOC003 PPL F.O.V 3.5mm 

Plate 9.19 Dilation without significant fragment rotation within chromitite breccia from the QOC 
deposit. 
Sample No QOCOOl PPL F.O.V 0.6mm 
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9.4 BULK CHEMISTRY OF THE CHROMITITES AND ASSOCIATED 

DUNITIC W ALLROCKS 

Golding (1966) and Golding & Johnson (1971) conducted the frrst detailed whole·rock chemical 
• 

analyses of chromitites from the Coolac Serpentinite Belt. Their findings are reported in section 9.1. 

The composition of the Coolac and Wambidgee serpentinite belt chromitites (Table 9.1; Figures 9.7 

and 9.8), although almost a continuous spectrum from Cr-rich to AJ-rich types, is divisible into: 

1. AJ-poor chromitites (7 to 13% A1203), 

2. AJ-rich chromitites (17 to 23% A120J), and 

3. highly AJ-rich chromitites (28 to 33% A1203). 

Their distribution within the CoQlac Serpentinite Belt (Figure 9.9) is such that (i) highly AJ-rich 

chromitites occupy the middle portion of the northern third of the belt; (ii) AJ-poor chromitites 

occur along the western margin and throughout the southern third of the belt; and (iii) AJ-rich 

chromitites occupy the remainder of the belt. All compositions (Figure 9. 7) fall within or close to 

the ophiolitic chromitite field (Leblanc 1985) and are low in TiOz (0.13 to 0.28 wfO!o; Figure 9.8), 

as generally found within podiform chromitites (Leblanc & Ceuleneer 1992; Leblanc 1995). 

Podiform chromitites within the Wambidgee Serpentinite Belt are too few to obtain a meaningful 

Cr/AJ distribution. However, the central ones are classically ophiolitic (Figure 9.7), whereas the 

two southernmost deposits are less typically ophiolitic because of higher Ti~, MnO and V20 3 

concentrations (Table 9.1). Nevertheless, ophiolitic chromitites can contain up to 0.4 wfO!o Ti02 

(Ahmed 1984). 

The high concentrations ofTi, Mn, V, Ni, Co and Sc within the bulk-rock chromitite analyses, 

compared with chromite from the electron microprobe analyses of Ray (1977), are not surprising as 

they partially reflect the chemistry of the fracture-fill silicates and rare secondary nickel sulfides 

and alloys. 
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The trace element analyses (Table 9.2) are reasonably constant within a deposit, but vary widely 

between deposits. Ga and Ah03 are linked (Figure 9.10), consistent with Ga replacing Al in the 

chromite crystal lattice (Graham et al. 1996), and Zn and high Fe and/or Mg are linked, consistent 

with Zn replacing Fe2
+ and/or Mg in the tetrahedral sites of the spinel structure. 

Sample t'JYpe Belt 1Locallty 3Locallty Cr203 Al2(\ MgO FeO no2 MnO ZnO V203 
A B 

Detection limits (wt%) 0.01 0.01 O.QI 0.01 O.Gl 0.01 0.01 O.G! 

35 M CSB c w 53.1 7.68 16.4 20.83 0.13 0.26 0.10 0.10 
25 M CSB c w 51.1 9.57 16.6 15.82 0.26 0.27 0.05 0.10 
24 M CSB c M 49.4 12.60 16.5 14.27 0.19 0.22 0.04 0.16 
137A M CSB c E 38.6 21.60 17.6 13.12 0.21 0.16 O.Q7 0.19 
137B D CSB c E 28.7 16.20 18.5 10.07 0.20 0.12 0.05 0.12 
133A M CSB s E 51.1 8.82 15.4 18.65 0.24 0.27 0.09 0.13 
135A M CSB c M 48.9 9.9 17.7 14.40 0.14 0.16 0.05 0.16 
39A D CSB N w 44.6 9.55 16.0 17.36 0.20 0.20 0.09 0.08 
39C M CSB N w 48.8 10.0 12.7 16.08 0.28 0.24 0.08 0.09 
69A M CSB N E 43.4 19.8 16.2 12.99 0.22 0.12 0.06 0.20 
69B D CSB N E 29.0 20.9 21.5 10.71 0.21 0.12 0.02 0.15 
104A M CSB N M 46.2 10.9 18.7 14.15 0,21 0,17 0.04 0.12 
MLA007 M CSB N M 27.8 23.5 22.6 11.87 0.16 0.11 0.04 0.18 
MLAOOS M CSB N M 33.2 30.1 18.7 12.41 0.21 0.12 0.05 0.22 
MLAOJO M CSB N M 31.9 28.8 19.6 12.08 0.21 0.12 0.05 0.21 
MLAOJ4 M CSB N M 25.7 22.0 22.7 11.20 0.19 0.12 0.04 0.17 
MLA018 M CSB N M 34.6 32.2 17.8 12.49 0.25 0.12 0.06 0.21 
QOCOOl M CSB N E 39.4 17.8 17.5 12.71 0.17 0.16 O.Q7 0.14 
QOC003 M CSB N E 38.6 12.9 15.9 12.99 0.17 0.18 0.05 0.12 
35 H CSB c w 31.0 5.37 22.1 14.27 0.10 0.18 0.07 0.08 
MLA013 H CSB N M 7.16 5.74 26.6 9.83 0.06 0.11 0.02 0.03 
104B H CSB N M 0.48 0.17 37.0 7.66 0.02 0.13 0.02 0.01 
QOC002 H CSB N E 0.51 1.81 25.6 ll.88 O.o3 0.05 0.02 0.03 
MLA017 H CSB N M 3.09 4.00 15.2 11.10 0.05 0.05 0.02 0.03 
24 H CSB c w 2.27 3.34 31.1 5.18 0.14 0.15 0.04 0.01 
25 H CSB c M 2.58 0.65 31.4 6.44 0.02 0.10 0.03 0.02 
138A M CSB c E 38.1 20.3 17.4 14.92 0.17 0.55 0.12 0.07 
139A M CSB c E 5'4.3 7.88 15.3 13.57 0.13 0.17 0.04 0.04 
139B H CSB c E 0.62 0.64 42.9 4.95 0.01 0.05 0.02 0.00 
139V v CSB c E 38.9 7.88 23.5 13.22 0.08 0.14 0.06 0.06 
ARC! D WSB c w 30.5 12.9 23.1 11.14 0.10 0.11 0,03 0.17 
34A M WSB c w 41.4 21.1 19.8 12.86 0.14 0.12 0.04 0.23 
ARCS M WSB s M 45.2 12.0 16.7 17.23 0.32 0.47 0.06 0.32 
ARC9 M WSB s M 41.2 12.8 16.1 18.78 0.34 0.40 0.07 0.32 

1 D = Disscmioared chromililc M = Massive chromitilc H = Hostmck dunite V = Vein chromititc 

l Loc:alily A!. N=nonh C=central S=south 
3Localicy B: e .. ..,,t M=middle W=WC$t 

Table 9.1 ICP-OES major and minor element analyses of the chromitites and associated dunitic 
host rocks from the <;oolac and Wambidgee serpentinite belts (wf/o). 
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Figure 9. 7 Compositional diagram for the Coo lac and W ambidgee serpentinite belt chromitites 
with reference to the pediform chromitite field of Leblanc (1985) (data from Table 9.1 ). 
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Figure 9.8 Wfllo Ti02 vs (lOO:xMgO/MgO+FeOtot) ratio for the Coolac and Wambidgee 
serpentinite belt chromitites (data from Table 9.1 ). 
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Deposit 'JYpe Belt Cu Ga Ni Pb Zn Sb As Co Sc 

to g 
~Q.. 

Detection limits (ppm) 4 2 3 2 0.2 1.0 1.0 0.05 

s ffi 34 D WSB 17 25 2200 17 216 

go& 34a M WSB 16 36 2038 17 330 0.88 -1.0 215 4.88 
35 M CSB 12 18 1252 23 779 0.46 -1.0 272 5.40 (1§ 37 M WSB 27 15 1740 23 623 0.29 -1.0 221 5.59 

0 
~ 

2S M CSB 15 21 1335 25 533 0.48 -1.0 229 4.60 
Q 0 

24 M CSB 16 18 1858 21 418 
"' ~ :::t. 

137a M CSB 19 34 1550 15 382 0.33 -1.0 195 6.32 Q < 
0 § 

~ l37b D CSB 20 22 1191 16 201 -0.2 -1.0 171 16.10 :::r. 
~ Q.. 0 133a M CSB 11 15 1342 22 731 0.22 -1.0 273 5.46 
§ ~ 

:= 135a M CSB 16 12 1312 22 411 1.09 -1.0 228 5.94 
!:>. ~ 39a M CSB 12 20 1934 21 729 
~ ~ 39c D CSB 14 17 1142 24 699 0.62 1.91 223 4.90 ;::s CP 

69a M CSB 18 29 1415 17 291 0.38 -1.0 184 7.04 ~ 5: $E.. 69b D CSB 19 24 1547 16 271 &;· 
~ s.. ~ 104a M CSB 17 23 1900 68 409 0.61 19.90 218 4.20 

CP CP MLA M CSB 15 (1.87) 40.4 (7.30) 1827 (159) 14.4 (2.88) 354 (87) -0.05 (0.31) 5.4 (2.39) 182 (13) 4.72 (0.76) s:. Vl a QOC M CSB 18 (1.4) 24 (5.66) 1245 (219) 15.5 (2.12) 494 (36) 0.51 (0) 6.12 (2.93) 193 {14) 5.13 (2.10) "' .a g. § 138A M CSB 0.47 8.09 243 5.01 
"" 8 e=.. 139A M CSB 0.41 -1.0 208 4.54 Q 

i!i ![·~ 139V v CSB 0.22 -1.0 235 4.53 
iS; ..• : ~ 35 H CSB 12 !0 2511 17 336 -0.1 -0.5 205 4.41 
~ (1) 0 MLA H CSB 21.5 (3.54) 10.5 (0.71) 4440 (619) 8 (1.4) 65 (13) 0.11 (0.30) 4.84 (0.13) 146 (6) 5.23 (0.48) 
f} 0" ....., 1048 H CSB 5 3165 3 22 'ti ~go QOC H CSB 0.47 16.40 87.4 7.09 § 139B H CSB -0.1 -0.5 96.30 4.79 E;i ;--.. C'l 36 H WSB 0.65 5.35 85.50 8.34 ~ §' to 

E. s. Nb, Rb, Sr, Th, U, Y and 'b were analysed for but were essentially below the detection limit. ...... 
to ;::T. 
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Figure 9.9 Distribution of chromitite types within the Coolac Serpentinite Belt (adapted from 
Golding & Johnson 1971) (data from table 9.1 ). 
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Figure 9.10 Ah03 (Wf>lo) vs Ga (ppm) diagram for the Coolac and Wambidgee serpentinite belt 
chromitites (data fro~ tables 9.1 and 9.2). 
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REE concentrations (Table 9.3) in all the chromitites are low (commonly below the detection 

limits). They appear to lack systematic geographic distribution and are of little use in understanding 

the geochemical evolution of the chromitites. 

Most of the PGE analyses (Table 9.4) have low Os and Au values. The low Os is ascribed to errors 

resulting from rapid devolatilisation ofOs during the fire assay procedure; whereas the low Au 

values are probably real. Ophiolitic chromitites are usually enriched in Os, Ir and Ru relative to Pt 

and Pd (Auge 1988; Leblanc 1995), and most of those from the Coo lac Serpentinite Belt and 

Wambidgee Serpentinite Belts typically have this ophiolitic signature (Table 9.4). The MLA and 

QOC deposits (both within the Coolac Serpentinite Belt) are exceptions in that they are enriched in 

Pt and Au, such that the combined Au, Pt and Pd concentrations for the MLA deposit exceed the 

combined Ru, Ir and Os concentrations. The low Ir and Ru values (Table 9.4) in the alumina-rich 

MLA chromitites and the high values in the chromian-rich QOC, ARC7, ARCS and ARC9 

chromitites are consistent with Bacuta et al. (1990), who found similar results for podiform 

chromitites from the Acoje Block of the Phillipines. The results are also consistent with those of 

Yang & Seccombe (1993), who reported that Pt and Pd within fracture-fill hydrothermal 

assemblages reflected localised remobilisation from inclusions within chromite, whereas Ru, Os, Ir 

and Rh tended not to be remobilised. Localised remobilisation during serpentinisation would 

explain the concentration of Au, Pt and Pd within the podiform chromitites of the MLA and QOC 

deposits. 

To further compare the chromitites, both within and between the serpentinite belts, and with 

ophiolitic podiform chromitites from elsewhere, chondrite-normalised (CN) spider diagrams (Figure 

9.11) were constructed. The chondrite values are from Naldrett & Duke (1980), while the deposit 

data are from Crocket (1981), Page et al. (1982, 1986) and Prichard & Lord (1990). With the 

exception of the MLA chromitite, the CN PGE diagrams have positive slopes to Ru followed by 

negative slopes to Pt, in keeping with their ophiolitic signature (Barnes et al. 1985; Franklin et al. 

1992). Less typical of ophiolitic occurrence is the relative Au enrichment in the MLA and QOC 

chromitites that Franklin et al. (1992) ascribed to remobilisation during serpentinisation. 
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Sample Belt JYpe Locality Locality La Ce Sm Yb 
A B 

Detection limits (ppm) 0.1 '!.0 0.05 0.1 

35 CSB M c w o.os ·2 0.1 0.11 
MLA CSB M N M 0.44 (0.14) -2(0) O.D7 (0.01) -0.1 (0) 
Qoc CSB M N E 0.94 (0.39) -2 (0) 0.22 (0.14) 0.23 (0.04) 
69A CSB M N E 0.10 -2 0.10 0.11 
137A CSB M c E 0.57 -2 0.08 0.11 
1378 CSB D c E 0.20 -2 0.10 0.12 
135A CSB M c M 0.15 -2 0.09 0.12 
104A CSB M N M 0.19 -2 0.09 0.13 
133A CSB M s E 0.15 -2 0.10 0.14 
25 CSB M c w 0.28 -2 0.10 0.13 
39C CSB M N w 0.32 -2 0.10 0.12 
138A CSB M c E 0.23 -2 0.08 -0.1 
139A CSB M c E L54 ·2 0.12 0.16 
139V CSB v c E 0.46 ·2 0.09 0.10 
37 WSB M s M 0.38 -2 0.08 0.11 
34A WSB M c w 0.18 ·2 0.08 0.11 
35 CSB · H c w 0.18 •2 0.09 -0.1 
MLA CSB H N M 0.50 (0.21) 0.24 (1.15) 0.18 (0.02) 0.1 (0.007) 
QOC CSB H N E 0.70 1.69 0.35 0.32 
1398 CSB H c E 0.33 0.74 0.11 0.08 
36 WSB H s E 0.49 1.04 0.16 0.1>6 

Nd, Eu, Th, Ho and· Cu were also analysed but were found to be below the detection limits. 

D = Disserrlinated chromitite M =Massive chromitite H = Hostrock dunite V = Vein chromitite 

Locality A: N =north C =central S =south 
Locality B: E =east M=middle W=west 

-ve sign indicates below detection limits. 
Values are mean values with one stnndard deviation in brackets. 

Table 9.3 Neutron activation rare earth element analyses of the chromitites and associated dunitic 
hostrocks from the Coolac and Wambidgee serpentinite belts (results are in ppm). 

Sample 'JYpe Belt Au Pt Pd Ru Rh Ir Os 
Detection limit (ppb) 2 0.5 0.5 0.5 0.5 0.5 2 

MLA M CSB 9 (8.07) 17.92 (18.39) 4.25 (3.19) 10.83 (.5.31) 2.67 (1.66) 16.42 (11.48) 0.33 (0.82) 
QOC M CSB 2 (2.83) 5.25 (1.06) 3.25 (4.60) 86 (19.80) 6.25 (2.47) 34 (7.07) I (1.41) 
MLSE027 M CSB 4 5 13 51 6 25 2 
MLSE027 D CSB 4 3 1.5 27 5.5 16 
QOC i-I CSB 4 (2.83) 8.5 (3.54) 5.5 (2.12) 8.5 (0.71) 1.75 (0.35) 5.5 (0.71) 1 (1.41) 
MLA H CSB 3.5 (1.91) 5.38 (2.63) 3.13 (1.25) 7.75 (5.85) 1.5 (0:41) 7.25 (3.66) 
2434 D WSB 2 0.5 2 25 2.5 3.5 4 
35 p CSB 2.5 2.5 7 I I 
35 H CSB 2 110 6.5 6.5 42 
35 M CSB 0.5 48 12 12 10 
36 M WSB 6.5 1.5 41 5 5 4 
37 M WSB 2.5 2 98 8.5 8.5 18 
25 M CSB I 21 i 2 8 
24 M CSB 1 0.5 II 1.0 1.0 10 
24 H CSB 5 2 3.5 6 
25 H CSB 2 1.5 1.5 29 3.5 3.5 6 
37 H WSB 0.5 49 5.5 5.5 4 
36 H WSB 5.5 5 1 

Detection limit 2 2 2 2 2 2 

138a M CSB <5 24 5 82 19 2 
139a M CSB 10 16 6 140 14 24 4 
139b H CSB <5 4 <2 10 2 2 <2 
139v v CSB <5 26 8 86 10 20 2 

D =Disseminated chromitite M =Massive chromitite H = Hostrock duni te V = Vein chromitite P = Enclosing harzburgite 

Values are mean values with standard deviations in brackets. 

Table 9.4 ICP-MS platinum-group element analyses of the chromitites and associated dunitic 
hostrocks from the C,oolac and Wambidgee serpentinite belts (results are in ppb). 
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Figure 9.11 CN-PGE graph for the chromitites. 

(a) CSB chromitites (data from table 9.4). 
(b) WSB chromitites (data from table 9.4). 
(c) Other ophiolite chromitites (data from Crocket 1981; Page et al. 1982, 1986; and Prichard 
& Lord 1990). 
(chondrite values are those ofNaldrett & Duke 1980). 
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9.5 PROBE CHEMISTRY OF THE CHROMITE GRAINS 

Because the MLA and QOC deposits are respectively dominated by formational and post-

formational textures, chromites from these end-member textural types were chosen for probe work. 

The electron microprobe analyses (Table 9.5) confirm that chromitite from the MLA deposit is AI-

rich while that from the QOC deposit is Cr-rich. Fracture-related rims of secondary chromite 

(ferritchromit) contain far less Mg and AI and far more Fe than their parent grains (cf. Ashley 

1975). 

Part of 
Sample Grain l'ype Mg AI Si Ti Cr Fe Ca 0 Total 

QOCtxlJ c ll 8.34 9.19 0.01 0.12 35.16 12.49 0.06 33.58 98.94 
(0.04) (0.04) (0.008) (0.01) (0.13) (0.21) (0.05) (0.07) (0.31) 

QOC003 R ll 8.35 9.12 0.02 0.13 35.21 12.57 0.13 33.62 99.14 

QOCOOI c B 9.17 12.89 0.02 (}.15 29.74 12.49 0.0025 34.93 99.38 
(0.!0) (0.64) (0.008) (0.017) (1.10) (0.41) (0.005) (0.44) (1.27) 

MLAOIB c M 11.18 17.61 0.16 24.91 9.74 37.42 !OLOI 
(0.02) (0.16) (0.01) (0.06) (0.06) (0.16) (0.30) 

MLA007 R M 10.21 1653 O.G2 0.15 25.71 11.22 0.01 36.63 100.47 

MLA007 c M 
9.76 17.28 0.04 0.16 2450 10.63 

0.01 36.23 98.63 
(1.31) (0.30) (0.04) (0.007) (0.25) (0.12) (1.10) (2.62) 

MLA007 All M 4.76 3.12 3.12 6.20 23.65 21.37 0.12 29.45 91.79 

B =Breccia Fragment M = Massive grain Alt = Ferritchromit C=Core R=Rim 

Values are mean values with standard deviations in brackets. 

Table 9.5 Electron microprobe analyses of selected chromite grains (WfD/o). 

Cr-rich chromitites are believed to represent more fractionated melts than Al-rich chromitites (e.g. 

Dick & Bullen 1984). This is clearly shown within these two above deposits, with the Cr-rich QOC 

chromitites being derived from a more fractionated melt than the Al-rich MLA chromitite. Also, the 

Cr# {Cr/Cr+Al ratio) is believed to be indicative of the tectonic setting of chromitite formation with 

Cr# <0. 7 being indicative of a MOR setting and Cr# >0. 7 being indicative of a subvolcanic arc 

setting (e.g. Dick & Bullen 1984; Arai 1994). The Cr-rich QOC chromitites have Cr# of0.7-0.79, 

thus indicative of a subvolcanic arc setting, while the Al-rich MLA chromitites have a Cr# of 0.6, 

this indicative of a MOR setting. However, as these two deposits from the Coolac Serpentinite Belt 

are only a few hundred metres apart and are both enclosed within a thin dunitic shell in harzburgite, 

it is hard to envisage them as having formed within different tectonic settings. Obviously this ratio 
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may not be applicable here. In contrast, the chromian spinels within the harzburgites (Table 9.6) 

have Cr# ofOJ8 to 0.40, much lower than that within both chromitite types. 

Sample N 1 2 3 
Belt CSB CSB CSB 

Cr203 25.5 26 26.5 
Al203 40.6 42.3 39.3 
Fe203 4.4 4.6 4.2 
FeO 10.3 8.3 11.8 
MnO 3.6 3.2 0.4 
MgO 16.1 18.2 16.8 
NiO 0.1 
Ti02 

Total 100.5 102.7 99 

Table 9.6 Electron microprobe analyses of Cr-spinels within harzburgite (data from Ashley 

1973a). 

Semi-quantitative SEM analyses (Table 9. 7) of discrete chromite grains from the Tumut 

Serpentinite Province show the chemistry variation both between and, to a lesser degree, within 

deposits. They confirm that discrete chromite grains and their chromitite hosts can be categorised as 

Cr-rich orAl-rich, and that ferritchromit reflects the composition of the parent chromite grain. 

The PIXE proton probe results (Table 9.8) show that, relative to fracture-fill serpentine, the trace 

element geochemistry of selected chromites from the MLA and QOC deposits is enriched in Mn, 

Ni, Zn and Ga, and depleted in As and Cu. Although the QOC chromites contain more Zn and less 

Ga than MLA grains, their trace element geochemistry indicates little variation between and within 

deposits. This also applies to chromites from podiform chromitites of the Massif Du Sud, New 

Caledonia (McAndrew et al. 1987) which have a remarkably similar trace element composition to 

those from the MLA and QOC deposits {Graham 1990). Regardless of geographic location, it is 

thus conceivable that podiform chromitite deposits have similar trace element geochemistries. The 

relatively high concentrations of Au, Ru and Rh from the proton microprobe analyses may not 

represent "real values" and could be artifacts of data processing (Ashley pers. comm. 1998)." 
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Deposit Belt 1Ype Site Mg AI Cr Fe Si 

25A CSB B c 9.17 (3) 7.10(1.98) 62.93 (1.94) 221.56 (4.69) 
25A CSB All R 0.47 (0.20) 0.005 (0.007) 50.06 (42.67) 49.46 (42.86) 
25A CSB Alt c 0.29 0.02 25.22 74.48 
25A CSB M c 3.28 (0.33) 2.67 (0.07) 76.62 (15.13) 17.43 (15.09) 
25A CSB A It f 0.18 (0.25) 43.02 (55.34) 56.81 (55.59) 
24A CSB B c 7.74 (4.71) 7.45 (4.04} 58.11 (1.79) 26.71 (8.05) 
24A CSB M c 10.17 (3.13) 9.46 (2.82) 58.79 (0.55) 21.58 (5.69) 
24A CSB B f 3.34 2.94 63.13 30.58 
24A CSB B s 4.13 (0.18) 3.69 (0.16) 63.64 (0.28) 28.55 (0.06) 
35B CSB M c 12.62 (0.59) 10.56 (3.50) 64.45 (1.02) 12.38 (1.88) 
35B CSB M s 3.45 2.23 54.26 40.06 
137A CSB M c 14.78 (1.07) 22.74 (1.06) 51.91 (2.21) 10.58 (0.08) 
137A CSB B c 13.50 29.35 47.14 10.01 
137A CSB A It R 14.04 10.80 56.65 13.19 5.33 
135A CSB B c 10.66 7.59 59.93 21.82 
36B WSB M c 13.08 16.32 49.71 20.88 
36B WSB Alt c 14.71 (6.50) 15.17 (10.28) 42.57 (7.83) 23.08 (7 .56) 4.47 (5.57) 
36B WSB Alt f 4.36 0.79 46.71 4733 0.81 
36B WSB B c 15.65 (0.57) 21.30 (2.53) 48.66 (0.56) 14.39 (2.70) 
36B WSB B s 8.81 9.90 64.36 16.93 
36B WSB B f 22.28 20.46 34.20 9.83 13.23 

B == Breccia Fragment M ==Massive grain Alt = Alteration product S = Shear band 
C = Centre of grain R = Rim of grain f = Along fractures 

Values are mean values with standard deviations in brackets. 

Table 9. 7 Electron microprobe analyses of selected chromite grains from the Coo lac and 
Wambidgee serpentinite belts (Wf/o). 

Sample 'JYpe Mn Ni Zn Ga Ge As Au Ru Cu Rh 

QOC003 B >1000 690 675 32.6 3.5 3.7 7.6 

QOC003 B >1000 >1000 545 35.1 8.7 

MLAOl8 M >1000 >1000 513 65 6.4 3.4 

MLA018 M >1000 >1000 481 59.9 6.5 

MLAOI8 M >1000 >1000 409 51.6 5.0 5.8 

QOCOOI B >1000 >1000 991 56.0 3.9 9.8 

QOCOOI B >1000 >1000 628 41.4 12.7 

MLAOI8 M >1000 >1000 398 56.8 

QOCOOI B >1000 >1000 874 55.0 11.4 

QOCOOI s 536 >1000 8.43 6.3 5.9 19.3 

QOC003 M >1000 980 581 30.7 4.9 4.2 6.8 

B = Breccia fragment M = Massive grain S = Serpentine fracture-fill 

Table 9.8 Proton microprobe analyses of selected chromite grains from the MLA and QOC 
deposits (results are in ppm). 
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9.6 PRIMARY INCLUSION MINERALOGY 

Non-silicate inclusions in chromite grains range in diameter from 1 to 1 Oum and consist of Al-rich 

chromite, PGE-bearing nickel sulfides (Plate 9.20) and palladian gold in decreasing abundance

order (Table 9.9). The Al-rich chromite occurs as trails of ovoid-shaped grains (1-2um across) 

along grain boundaries within Cr-rich chromite (Plate 9.21; Table 9.10). 

Mineral Fe Ni Cu Os Pt Rh s As Co Ir Total 

Fe-Cu millerite 8.39 47.21 4.80 4.2 0.11 O.oi 35.88 100.72 
(1.72) (8.12) (0.70) (2.01) (0.04) (0.13) (6.06) (15.37) 

Millerite 3.90 46.6 0.08 27.11 0.04 0.04 77.82 
(2.59) (3.74) (0.09) (4.75) (0.04) (0.04) (9.79) 

Heaz1ewoodite 1.78 65.23 0.17 23.31 0.18 90.76 
(0.76) (6.95) (0.16) (3.56) (0.13) (9.83) 

Table 9.9 Electron microprobe composition of primary sulfide and metallic inclusions in chromite 
(Wf'/o). Values in parentheses represent average standard deviation. 

Plate 9.20 SEM image ofPGE-bearing pentlandite inclusions within chromite from McAlpine's 
chromitite deposit. 
Sample No DBchrom Scale bar 100um 
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1Jpe ~g AI Cr Fe 

6.62 38.66 46.95 7. 78 

H 14.02 21.99 53.47 10.52 

5.42 34.15 40.41 14.24 

H 10.66 7.59 59.93 21.82 

Table 9.10 Electron microprobe analyses of Al-rich spinel primary inclusions (I) compared to that 
of the host chromite (H) (Wt"lo). 

Plate 9.21 SEM image of Al-spinel inclusions within Cr-rich chromite. 
Sample No 133 Scale bar lOum 
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Silicate inclusions consist of abundant olivine and two types of amphibole. Forsteritic olivine occurs 

as Ni-rich, Cr-bearing ovoid-shaped grains that typically contain more Ni than the chromite host; 

the Ni-enrichment is ascribed to subsolidus re-equilibration. Abundant pargasitic amphibole and 

rare inclusions of a member of the gedrite-anthophyllite group form prismatic euhedra (up to 20um 

in length) that lack compositional zoning (Plate 9.22) and are without reaction rims against the 

chromite host (Plate 9.23). 

Rare composite inclusions, consisting of silicate/Ni-sulfide phases (Plate 9.24), consist of either 

Mg-Na amphiboles or diopside (the silicate phase) and millerite (the sulfide phase). 

Plate 9.22 SEM im age of euhedral pargasitic amphibole inclusions within chromite. 
Sample No 36 Scale bar lOum 

Chapter 9 Geology and genesis of the chromitite deposits Page315 



Plate 9.23 SEM image- enlargement of portion of Plate 9.22. Sharp contact between the pargasitic 
amphibole inclusion and host chromite. 
Sample No 36 Scale bar 1 um 

Plate 9.24 Composite silicate/Ni-sulfide inclusion within chromite. 
Sample No 138d PPL F.O.V 0.6mm 
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9.7 FRACTURE-FILL MINERALOGY 

9. 7.1 Metallic phases 

Many of the fracture-fill phases within the podiform chromitite deposits of the Coolac Serpentinite 

Belt were initially documented by Golding (1966) and are part of the minor opaque mineral 

assemblage from the ultramafic rocks of the Coolac Serpentinite Belt, as described by Ashley 

(1975). Nickel sulfide and Ni-Fe alloys are both common, but nickel sulfides dominate some 

deposits (e.g. the MLA deposit) whereas alloys dominate others (Table 9.11). Awaruite (NizFe to 

Ni5Fe) is the most common alloy and occurs as discrete grains (typically 10-20um but up to 80um 

in diameter; Plate 9.25), grains rimmed by trevorite (NiFe204) and/or magnetite (Plate 9.26), and as 

rims on chromite grains. Millerite (NiS) is the most common nickel sulfide. It is PGE-rich, (Table 

9.11 ), occurs as discrete subhedra and anhedra (up to 1 Oum across; Plate 9 .27), and forms atoll

shaped rim replacements of primary chromite. Heazlewoodite (NhS2) is the second most abundant 

nickel sulfide and, along with polydymite (NhS4), is PGE-bearing and occurs as euhedra (Plate 

9.28) and atoll-shaped anhedra up to 15um in length. Pentlandite (Fe,Ni)9Ss is rare and lacks PGE, 

but one grain occurred within PGE-rich trevorite. 

Other phases include: PGE-rich chalcopyrite (CuFeS2), with up to 15wr'/o Os (Table 9.11), forming 

margins around chromite grains ; Pd-rich native gold (Au-Pd) which forms subhedral grains and 

"wires" up to Sum in length (Plate 9.29); and platinum group minerals (PGM) consisting ofOs- and 

Ir-rich ruthenium (Table 9.1 0), palladium and NhPt (?). 

Plate 9.25 Discrete grains of awaruite in fracture-fill serpentine between chromite grains. 
Sample No 69b Scale bar 1 Oum 
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Plate 9.26 Sem image of composite awaruite (white)/trevorite (dark grey)/magnetite (light grey) 
grain within fracture-fill. 
Sample No MC015 Scale bar lOum 

Plate 9.27 SEM image of discrete grain of subhedral equant millerite (arrowed) within fracture-fill. 
Sample No MLA007 PPL F.O.V 0.6mm 
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Plate 9.28 SEM image of euhedral prismatic heazlewoodite within fracture-fill. 
Sample No MLA008 Scale bar l Oum 

Plate 9.29 SEM image of palladian gold (bright white) within fracture-fill. 
Sample No 69 Scale bar lOum 
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9. 7.2 Oxide phases 
The oxide phases in fractures between chromite grains are magnetite, trevorite and ferritchromit. 

Titaniferous and Ti-poor magnetite occur as equant-shaped subhedral grains and also as anhedral 

masses surrounding awaruite. Trevorite (NiFe204) commonly forms a rim between an awaruite core 

and outer rim of magnetite (Plate 9 .26}. Ferritchromit forms fracture-related replacement rims on 

primary chromite (Plates 9.30 to 9.32} and, in some of the disseminated chromitites of the Coolac 

Serpentinite Belt, almost completely replaces the primary chromite. The replacement developed 

during serpentinisation, as inferred from intergrowths between ferritchromit and serpentine (Plate 

9.33). The reaction front is marked by the primary chromite being replaced by ferritchromit and 

then by mixtures offerritchromit and Al-rich serpentine (Plate 9.34}. 

Plate 9.30 SEM image of fracture-related replacement of primary chromite (grey) by ferritchromit 
(pitted yellow-white). 
Sample No MLA007 PPL F.O.V 0.6mm 
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Plate 9.31 SEM image of fracture-related replacement of primary chromite (dark grey) by 
ferritchromit (pitted white). 
Sample No 138b Scale bar lOOum 

Plate 9.32 SEM image of fracture-related replacement of primary chromite (dark grey) by ferroan 
chromite (light grey) and ferritchromit (pitted white). 
Sample No 138b Scale bar lOum 
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Plate 9.33 SEM image ofintergrowth offerritchromit (white) and serpentine (black). 
Sample No 138b Scale bar lOum 

Plate 9.34 SEM image of reaction front offerritchromit (white) replacement of primary chromite 
(grey). 
Sample No 138b Scale bar lOum 
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9. 7.3 Silicate phases 

The fracture-fill serpentine minerals of the podiform chromitites vary between belts. Lizardite 6T 

and chrysotile 2M dominate the Coolac Serpentinite Belt, whereas antigorite dominates the 

Wambidgee Serpentinite Belt (Table 9.12). 

Phases such as the various serpentine-group minerals, Cr-grossular, uvarovite, Cr-vesuvianite and 

Cr-chlorite were described from the Coolac Serpentinite Belt by Golding (1966), Golding & 

Bayliss (1968), Ashley (1973a) and Ray (1977). Clinochlore lib commonly occurs as rims around 

the chromite grains (particularly in the more aluminous chromitites) and, in places, abundant talc 

pseudomorphs serpentine. Uvarovite garnet (Ca3Cr2Sh0n) defmes slickenlines and also occurs as 

bright green rhombic dodecahedra, up to 5mm in diameter, within fractures in a few deposits 

(Graham & Colchester 1995). It is commonly associated with pink chromian clinochlore. Diopside 

in solid solution with diopsidic augite is a major fracture-fill phase within some of the deposits 

(Table 9 .12; Plate 9.3 5). As serpentine group minerals overprint the diopside, the latter records an 

earlier alteration event (Plate 9.36). 

De}Josit Serpentinite Belt Wallrock Serpentine mineralogy 

MLA CSB dunite Al-rich lizardite, chrysotile 2M 
QOC CSB dunite chrysotile 2M, Al-rich lizardite 
24 CSB serpentinite antigorite, Al-diopside 
25 CSB dunite lizardite 6T 
34 WSB dunite lizardite 6T 
35 CSB dunite lizardite 6T 
36 WSB serpentinite antigorite 
37 WSB serpentinite antigorite 
39 CSB dunite chrysotile 2M, lizardite 6T 
69 CSB dunite lizardite 6T 
104 CSB dunite chrysotile 2M, lizardite 6T 
133 CSB dunite lizardite 6T, chrysotile 20 
135 CSB dunite lizardite 6T, chrysotile 20 
137 CSB serpentinite lizardite 6T 
138 CSB dunite lizardite 6T, chrysotile 2M 
139 CSB dunite lizardite 6T 
211 CSB dunite Al-rich lizardite, chrysotile 2M 

Table 9.12 Summary ofXRD-determined mineralogy of the hostrocks to the podiform chromitite 
deposits of the Cool'l.c and Wambidgee serpentinite belts. 
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Plate 9.35 SEM image of fracture-fill diopside (dark grey) and serpentinised olivine (black) within 
chromite (light grey). 
Sample No 137b PPL F.O.V 2mm 

Plate 9.36 SEM image of replacement of fracture-fill diopside (light grey) by serpentine (black) 
within chromite (white). 
Sample No 69b Scale bar lOOum 
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9.8 PREVIOUS MODELS FOR THE GENESIS OF PODIFORM 

CBROMITITEDEPOSITS 

Many authors believe that podiform chromitite crystallizes from magma in the upper mantle within 

an oceanic environment (Lago et al. 1982; Leblanc 1985; Leblanc & Ceuleneer 1992; Leblanc 

1995). An alternative model (Johan et al. 1983; Johan 1986) focuses on the role of volatiles and 

advocates lower temperature formation. 

Lago et al. (1982) proposed that chromite ore crystallised and accumulated in a large cavity (some 

100-200m high !lfld 2-5m thick) within a solid peridotite diapir. They suggested that this cavity was 

constantly fed through a narrow conduit in which the magmatic flow prevented settling of chromite 

nodules. It is argued that, due to their density differences, the pathway of the grains differs from the 

streamlines of the convective cell (caused by the thermal difference between the outflowing magma 

and the cold cavity wall), and this causes the chromite grains to collide with each other, leading to 

the formation of nodular chromitite by the coalescence of individual chromite grains. 

Leblanc (1985) proposed that the upper mantle peridotites were solid when the chromitites 

crystallised in cross-cutting veins or sill-like conduits. He suggested that high temperature (1300°C) 

chromite-forming magma partially melted the surrounding peridotites, thereby generating the 

dunitic wallrocks. He also suggested that the chromite-forming magmas were generated at different 

times and from a range of parent magmas, this giving rise to compositional differences between 

pods in the same ultramafic belt. 

Johan (1986) suggested that shear zones developed in the harzburgitic upper mantle and that, 

during an extensional event, magma invaded these zones of weakness and metasomatic ally 

transformed the harzburgitic wallrock to dunite. He argued that once the dunite had solidified, Cr

rich fluids penetrated along the centre of the dunite body and replaced the olivine from grain 

boundaries inward. 

Roberts (1988) argued that podiform chromitite is restricted to suprasubduction zone (SSZ) 

ophiolites from marginal basins, rather than mid-oceanic ridge environments. He based this on the 
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reasonable belief that SSZ magmas are the more hydrated. Supposedly, the olivine phase volume 

would be greatly expanded, which, by allowing olivine and spinel to remain as liquidus phases for 

longer, would thereby increase the potential for chromitite development. He proposed that the 

Tethyan ophiolites are typical, in that the mantle sequences of the Semail, Troodos and Vourinos 

ophiolites contain large volumes of dunite cumulate, whereas gabbros are volumetrically more 

significant in mid-oceanic ridge mantle sequences. It would seem that magmas quickly pass-out of 

the olivine-spinel phase volume such that pyroxene-plagioclase assemblages crystallize. 

Nicolas (1989) suggested that podiform chromitites and cumulate dunites within the layered 

cumulates of ophiolites are genetically linked, but that the podiform chromitites within the 

underlying mantle sequence formed in a very different environment. Nicolas (1989) supported Lago 

et al. (1982) by suggesting that podiform chromitites form in narrow dykes from basaltic magma 

rising through mantle diapirs below midocean ridges. In this model, magmatic flow prevents even 

the largest chromite nodule from crystal or gravity settling, whilst the reaction between the magma 

and peridotite wallrock produces the commonly observed dunitic shell. The chromite and olivine 

supposedly precipitated due to pressure release, an increase in the oxygen fugacity, or a temperature 

drop. Nicolas (1989) envisaged that the melt cooled to subsolidus temperatures at or just below the 

Moho, where most chromitite bodies are now located. He ascribed the formation of hydrous 

primary inclusions within chromite to downward permeation of water. This aided cooling, modified 

the local oxygen fugacity, and possibly increased chromite fractionation from the melt. Closure of 

the conduit induced plastic deformation of the chromitite and expelled most of the melt, but the 

remaining (trapped) melt crystallised as intercumulus diopside and amphibole or plagioclase 

between the chromite grains. 

Paliunc {1990) argued that chromite within the upper mantle environment derives from incongruent 

melting of pyroxene and direct crystallisation from partial melts in small magma pockets. He 

suggested that podiform chromitites in ophiolites result from multistage melting of refractory 

peridotite, this producing boninitic melts. The latter then ascend through the upper mantle and 

interact with tholeiitic melts, such that chromite crystallizes and accumulates at the bottom of the 

small magma chambers. With ongoing expulsion of magma, chromite is left behind and 

incorporated in the refractory dunite. The chromitite and dunite will then move away from the ridge 
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axis and cool. Pa.ktunc (1990) ascribed the nodular textures to plastic deformation of chromite

olivine mush, once most of the melt had been extracted. 

Leblanc and Ceuleneer (1992) proposed that the chromitite dyke ofMaqsad, Oman, crystallised in 

a sub-vertical magmatic conduit below an oceanic ridge. They contended that layering and 

compositional variations in the dyke reflect a multicellular convective system, which segregated 

various batches of chromite grains. They argued that the magma influx was of short duration (less 

than 2 months) and that the parental magma was an already fractionated (Ti-rich and PGE-poor) 

MORE-type. The hydrous fluids supposedly accompanied crystallisation of the chromite, this being 

consistent with the existence of fluid-rich, hydrous melts in the uppermost portions of the upper 

mantle. 

Arai and Yurimoto (1994) concluded that podiform chromitites are most commonly formed in the 

shallow upper mantle beneath back-arc basins. They showed that the chromite chemistry of the 

chromitite and dunite are almost the same, whereas chrome spinels in the surrounding harzburgite 

are distinctly different. They considered that this was consistent with the chromitite and enveloping 

dunite being comagmatic and different from the surrounding harzburgite. They advocated melt 

infiltration to explain the chromitite and hostrock dunite. The ftrst melt reacted with harzburgite to 

form the dunitic shell, and then interacted with an influx of more primitive MORE-type melt to 

form chromitite. Arai and Yurimoto (1995) showed that podiform chromitites have Cr/(Cr+Al) 

ratios >0. 7, this being typical of chrome spinels from arc-related primitive magmas, but higher than 

those from oceanic peridotites and MORE-type magmas. The necessary conditions for formation of 

podiform chromitite within the upper mantle are listed as low pressure, high water vapor pressure, 

high temperature and compressional stresses, as found in island-arc settings. Supporting evidence is 

provided by the occurrence of chromitite xenoliths of podiform-type in the Takashima alkali basalt 

of the southwest Japan arc (Arai & Abe 1994). 

Zhou et al. (1996) advocated chromitite formation from a boninitic magma produced by second

stage melting. They proposed that ftrst-stage melting produced residual peridotite and a tholeiitic 

MORB-type melt at a mature spreading centre such as a mid-oceanic ridge. Second-stage melting 

deep within the residual peridotite mantle supposedly produced boninitic magma above a 
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subduction zone. This ascended through confmed channels and interacted with the MORB-type, 

harzburgitic wallrock. Melt-dissolution of pyroxenes from the harzburgitic wallrock, led to the 

fonnation of the dunitic shell and incorporation of Si02 into the melt, and thereby resulted in 

precipitation of chromite and olivine as the melt moved into the chromite-olivine stability field. 

For Coolac Serpentinite Belt chromitites, Golding and Johnson (1971) concluded: 

(a) a poly-stage model was an attractive possibility; 

(b) the features of the pods, the textures in the harzburgite and the contact between the chromitite 

and the harzburgite were in accordance with the pods being transported within tectonically 

'mobile harzburgite; 

(c) one type of chromite grain (i.e. either Cr- orAl-rich) fonned in a different environment from 

the one in which the harzburgite crystallised whereas the other fanned with the crystallising 

harzburgite~ 

(d) the Al-rich pods crystallised above the harzburgites and subsequently descended into them; and 

(e) the Al-rich chromitites are younger than the Cr-rich ones. 

Golding (1975) later concluded that the dunite cumulate was co-magmatic with the enclosed 

chromitite and that the textural variation between pods was consistent with discrete sites of 

chromite accumulation. He proposed that the chromitite and dunite formed in numerous small 

magma chambers that were developed sporadically and intermittently within and above pre-existing 

depleted mantle peridotite. 

Chapter9 Geology and genesis of the chromitite deposits Page329 



9.9 FEATURES OF THE TUMUT SERPENTINITE PROVINCE 

CHROMITITE DEPOSITS THAT MUST BE EXPLAINED BY ANY 

GE.NETIC MODEL 

Any model for the formation and evolution of the Tumut Serpentinite Province podiform chromitite 

deposits must explain the following: 

(a) chromitite bodies cross-cutting primary layering in the main harzburgite mass, consistent with 

them being near-vertical and dyke-like; 

(b) a gradually increasing concentration of chromite from the margin to the core of the deposits; 

(c) the tabular shape and generally small size; 

(d) location within essentially unfoliated chromite-bearing dunitic envelopes, in turn within 

narrow zones of foliated harzburgite; 

(e) diffuse-margined variably serpentinised harzburgite cores within some deposits; 

(f) the occurrence and distribution of the three chromitite types within the Coo lac Serpentinite 

Belt; 

(g) the similar chemistry of the podiform chromitites and associated dunitic wallrocks; 

(h) the occurrence and emplacement of vein-like chromitite bodies within some deposits; 

(i) pegmatitic chromitite in the core of the MLA deposit; 

G) the presence, as primary inclusions within the chromite grains, ofPGE-enriched nickel sulfide, 

forsteritic olivine, Al-rich spinel, complex nickel sulfide/silicate and hydrous pargasitic 

amphibole; 

(k) localised slickensided faces and brecciation of the chromitite pods; 

(I) cataclasis down to micron scale, together with negligible fragment rotation and substantial 

introduction of fracture-fill minerals; 

(m) concentrations of Cr" Al, Mn, Ni, Co, Zn and Ga within the chromitites relative to the 

associated dunitic wallrocks and enclosing harzburgite; 

(n) the variation in the distribution, shape and composition of the fracture-fill phases between the 

different deposits; 

. ( o) the trends of the CN PGE curves for the podiform chromitites and associated dunitic 

envelopes; and 

(p) the paucity ofREE within the chromitites. 
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9.10 A GENETIC AND EVOLUTIONARY MODEL FOR THE TUMUT 

SERPENTINITE PROVINCE CHROMITITES 

9.10.1 Discussion 

Tectonic environment of formation: The high Cr and/or AI concentrations confmn that the Tumut 

Serpentinite Province chromitites are ofpodifonn type (Dickey 1975), as do the reciprocal 

variations of Crz03 (25. 7 to 54.1 \vtD/o) and Al203 (7.68 to 32.2 wfllo), and the small variation and 

low values ofFe+2/Mg (Thayer 1964; Leblanc & Violette 1983). Further confmnation of an 

ophiolitic affinity is afforded by the chromitites plotting within the ophiolitic chromite field of 

. Leblanc (1985), the large scatter of deposits on the plot of Cr/Cr+Al against Mg!Mg+Fe+2 (see 

Irvine 1967), and by the Coolac Serpentinite Belt chromitites having a low Ti02 concentration 

(0.13 to 0.28 wfllo) (e.g. Leblanc & Violette 1983; Leblanc & Ceuleneer 1992). 

Geometric Aspects: the tabular shape of the Tumut Serpentinite Province chromitite bodies is 

typical of those in most ophiolites within the mantle sequence (e.g. Leblanc & Violette 1983; Auge 

1987), whilst the small size is best explained by fonnation in dilatant cavities within the 

harzburgite and restriction of chromitite-forming conditions to these cavities (e.g. Lago et al. 1982). 

The unfoliated chromite-bearing dunitic envelopes and outer zones of foliated harzburgite are 

consistent with the chromitite bodies and dunitic wallrocks developing subsequent to the main 

harzburgite mass (e.g. Leblanc 1985, 1995; Nicolas 1989; Leblanc & Ceuleneer 1992). A dunitic 

envelope is a common feature of ophiolitic podifonn chromitites (e.g. Whittaker & Watkinson 

1984; Ahmed 1984; Johan 1986) and, in some occurrences, interfingers with the enclosing 

harzburgitic peridotite (Leblanc 1986). Late emplacement of the chromitites is based on the dunitic 

wallrocks containing remnant cores of unfoliated harzburgite, that presumably reflect brecciation 

and partial assimilation/metasomatism of the harzburgite during migration of magma up the conduit 

(Boudier et al. 1988). 

Wilshire and Kirby (1989), among many others, stated that brittle fracturing at high temperatures 

and pressures can only occur under high fluid pressures where Pr-s3 >To (where: Pr= fluid 

pressure, s3 local minimum principal stress and To tensile strength of the harzburgite). They 

Chapter9 Geology and genesis oft!Je chromitite deposits Page 331 



proposed that volatile-ri.;;h fluids exsolved from mafic magma and promoted tensile fracture 

development thereby facilitating upward migration of these fluids and magma, and inducing 

metasomatic alteration of the wallrocks. For substantial brecciation of an otherwise ductile shear 

zone, local fluid pressure (Pr) would need to have been lithostatic or even supralithostatic. 

Brecciation could have resulted from implosion, at jogs or bends in the shear zone, accompanying a 

sudden drop in the fault Pr, relative to wallrock Pr, due to breaching of a less permeable cap (Sibson 

1977, 1996; Hobbs & Ord 1987). It is therefore proposed that the magmas were chromitiferous 

and that, during evolution from source, they metasomatically converted harzburgite to dunite 

and subsequently precipitated chromite due to a pressure drop. 

The hypothesis that the chromitites post-dated crystallisation of the hostrock peridotites is also 

supported by: 

(a) the Tumut Serpentinite Province chromitites forming dyke-like bodies that cross-cut primary 

layering in the host peridotite (also see Grafenauer 1977; Leblanc & Ceuleneer 1992); 

(b) the chemistry of the chromite in the chromitites and chromitiferous dunitic halo differs from 

that of chromite in the harzburgite host as reported liy Ashley (1973a) and Ray (1977) for the 

Coolac Serpentinite Belt deposits; 

(c) the occurrence of partially assimilated blocks ofharzburgite within the dunitic wallrocks (e.g. 

Leblanc 1986; McAndrew 1989). 

(d) the suggestion ofWilshire and Kirby (1989) that emplacement of a high-temperature magma 

would induce dyke-formation, permeate and react with the peridotitic wallrocks, and induce 

chemical changes in the peridotite by diffusion. 

Johan (1986) suggested that the gradational contact between dunite and harzburgite for the Massif 

du Sud chromitites of New Caledonia was due to pervasive replacement of orthopyroxene by 

olivine. Lago et al. (1982) conversely suggested that the dunite resulted from localised melting of 

orthopyroxene. The diffuse-margined harzburgite cores within some of the Coo lac Serpentinite Belt 

chromitite deposits are more consistent with unmelted residuals and thereby favour the 

interpretation of Lago et al. (1982). 
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The increasing chromite content from the margin to the core of podiform chromitites of the Massif 

du Sud, New Caledonia, was ascribed to chromite-forming fluids penetrating along olivine grain 

boundaries in the dunite and replacing the grains (Johan 1986). However, zonation could also result 

if chromite and olivine crystallised from the same magma, provided that chromite-bearing dunite 

formed at the margins of the magmatic conduit and gave way to increasing quantities of chromite 

towards the centre. Concurrent crystallisation of chromite and olivine is supported by the chemical 

similarity of chromite grains from the dunitic wallrocks and massive chromitites. 

A progressively more reducing environment or increasing oxygen fugacity could influence chromite 

content, as with the formation of chromitite layers in mafic/ultramafic layered complexes (e.g. 

Hulbert & Von Gruenewaldt 1985; Campbell & Murck 1993). Thus, chromite within the massive 

chromitite cores (i.e. the last chromite to crystallise) could have formed under the least reduced 

conditions during periods of high oxygen fugacity. It is therefore proposed that the increasing Cr 

content from margin to core reflects oxygen fugacity and Eh within the host cavity. 

Consequently, lack of, or weak zonation of the chromite content, suggest that a high oxygen 

fugacity and oxidised state existed throughout the period of crystallisation. 

The occurrence of vein-like chromitite masses and blocks of dunite within massive chromitite 

suggest that there were fluctuations in the environmental conditions (perhaps due to influxes of the 

same magma but with a higher volatile-rich hydrous fluid component - see below) during the 

formation of the deposits. The vein-like masses most likely formed by injection of semi-solid 

chromite-rich crystal 'mush', facilitated by volatiles exsolved from the magma. Dunitic blocks 

within massive chromitite are consistent with brecciation induced by the magmatic pulses, the latter 

perhaps also causing Eh fluctuation, and thereby enhancing precipitation of chromite. 

Chemical Aspects: the developments of vein-like and pegmatoidal chromitite, and the presence of 

PGE-enriched nickel sulfides and primary inclusions of hydrous pargasitic amphibole collectively 

suggest that the chromitite-forming magma evolved a late-stage volatile-rich melt. Sintering 

(annealing recrystallisation- Hulbert & Von Gruenewaldt 1985) of chromite grains in the presence 

of the volatile-rich melt, cleared strain induced by stresses produced by the ongoing tendency of the 

conduit to close. The sintered chromite "trapped" droplets of the volatile-rich melt which 
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crystallised as pseudo-primary mineral inclusions, now observable as "primary inclusions" within . 
the chromite. Lorand and Ceuleneer (1989) proposed that the volatile-rich melt represented exotic 

contamination, and was unrelated to the chromite-bearing magma. However, evidence of channel

ways for introduction of an unrelated fluid, metasomatic alteration products in the surrounding 

harzburgite mass, and a change in the chemistry or development of textural features within the 

Tumut Serpentinite Province chromitites (e.g. zonation of chromite and/or olivine grains) is lacking. 

Additionally, PGE-enriched nickel sulfide inclusions probably result from magmatic PGM (most 

likely, PGE alloys) reacting with sulfur in the volatile-rich melt. It is therefore proposed that 

components of the poly-minerallic inclusions were derived from a volatile-rich differentiate of 

the chromite-forming magma. 

Fluid enhanced sintering led to postcumulus enlargement of chromite grains, thereby "trapping" the 

phases that are now seen as pseudo-primary mineral inclusions. Sintering can increase the chromite 

concentration by up to 20% (Hulbert & Von Gruenewaldt 1985) and, depending upon the amount of 

late volatile-rich melt present, will produce chromitites enriched or lacking in inclusions. Further 

evidence of a late-stage volatile-rich melt is provided by the upper stability limit (750 to 850°C) of 

the inclusions of gedrite-anthophyllite. The "liquid" inclusions must postdate the chromite-olivine 

crystallisation of 1200 to 1250°C (Lorand & Ceuleneer 1989), whilst the likelihood that they were 

present during sintering is supported by some of these inclusions defining linear trails that perhaps 

reflect former chromite grain boundaries. 

The primary inclusion trails of AI-rich (high AI) chromite in Cr-rich (low AI) chromite seem to 

conform to the type II inclusions of Christiansen (1986). He suggested that their distribution is 

controlled by subgrain or grain boundaries. In turn, this seems to suggest that the trails result from 

diffusion of AI to subgrain boundaries during annealing. The concept is one of annealing exsolution 

of aluminous chromite. 

Despite the chromitites having a parental magma rich in such elements as Cr, AI, Mg, Fe, Zn and 

Ni (Tables 9.1 and 9 .2), the extreme concentration of chromite in chromitite deposits requires 

concentration processes beyond fractional crystallisation. The large concentration of chromite in a 

chromitite body requires that a very large volume of magma must have passed through the host-
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cavity. Auge (1987) suggested that podiform chromitite bodies require a volume of magma at least 

500 times greater than that of the chromitite. Similarly, Leblanc & Ceuleneer (1992) suggested that 

the volume of magma needed to produce the Maqsad chromitite dyke was at least 300 times the 

volume of the dyke. The precipitated chromite remains in the cavity due to the higher density of 

chromite compared to the magma (e.g. Lago et al. 1982). As the chromitite was emplaced 

subsequent to crystallisation of the peridotite hostrock (e.g. Brown 1982; Leblanc & Ceuleneer 

1992), it follows that the chromitite derived from a different magma; most probably that which 

sourced the mafic units (layers 3a and 2) of the ophiolite. 

Chromitites of the Coo lac Serpentinite Belt may be subdivided into low-Al (i.e Cr -rich), 

intermediate-A\ and high-AI groups that collectively form a continuous spectrum of AI 

concentrations (Section 9.4). Some authors (e.g. Leblanc & Violette 1983; Bacuta et al. 1990) 

suggested that many ophiolite belts have a bi-modal distribution of Cr-rich (low-Al) and Al-rich 

(intermediate and high-AI) chromitites. Leblanc & Violette (1983) also suggested that the bi-modal 

distribution of major elements is reflected in the trace elements, but in the Coo lac Serpentinite Belt, 

the only obvious correlation is between increasing Zn and Ga, with increasing Al203• The previous 

suggestions seem to require different magmatic sources and times offormation, but the near

continuous spectrum of chromite compositions in the Coo lac Serpentinite Belt chromitites seems to 

oppose this view and be more consistent with a progressively changing (time and space) source. 

The present distribution of low-AI, intermediate-A! and high-AI chromitites within the Coolac 

Serpentinite Belt is considered to reflect the spatial distribution of a progressively fractionating 

MORB parental magma. 

The relative enrichment in REE in the dunitic wallrock over the chromitite is ascribed to small 

ammmts of interstitial plagioclase (altered to clinochlore) in the dunite. The plagioclase crystallised 

from the melt along with the olivine and chromite, but seems to have been a minor early component, 

into which the LREE preferentially partitioned. 

The trace element and REE compositions of the chromitites yield little insight into the genesis of the 

chromitite pods. The apparent variability of trace element concentrations throughout the belt is 

more consistent with localised redistribution during serpentinisation (Graham et al. 1995). 
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Although the REE have been traditionally regarded as being immobile during alteration, Pearce 

(1983) has shown that Sr, Rb, Th, Ce and Sm can be mobile during the dehydration of subducted 

oceanic crust. The REE can also be mobilised by carbonate-rich and/or halogen-rich hydrothermal 

fluids (Rollinson 1993). Evidence for such carbonate-rich hydrothermal fluids associated with 

alteration lies in the discrete zones of talc-carbonate rocks and patches of talc-carbonate alteration 

within some of the chromitites. Because Frey et al. (1985) and Bodinier et al. (1984) argued that 

serpentinisation does not overly affect the mobility of REE, some of the REE distribution in the 

chromitites could reflect remobilisation by carbonate-bearing fluids along discrete conduits during 

the late stages of serpentinisation (See Chapter 3). This could explain why the REE CN trends for 

the chromitites differ from those of the weakly serpentinised Maqsad chromitite deposit of Oman 

(Leblanc & Ceuleneer 1992), where well-defined Ce troughs and Eu peaks are ascribed to 

hydrothermal alteration. 

Alternatively, the trace element distribution could reflect an inhomogenous distribution of these 

elements within the parent magma, while the REE depletion could result from partitioning ofREE 

into the magma during crystallisation of olivine and chromite. However, the evidence opposes this. 

The chromitite types of the Coolac Serpentinite Belt are systematically distributed (section 9.4), so 

one would expect a similar distribution in their trace element concentrations, provided that these 

were controlled by processes such as trace element and REE partitioning, yet this parallelism is not 

found. 

Turning to the PGE geochemistry, most of the Tumut Serpentinite Province chromitites (excluding 

the MLA deposit) have ophiolitic CN trends. Franklin et al. (1992) interpreted the substantial 

difference in CN curves between the MLA and QOC chromitites in terms of metahydrothermal 

remobilisation leading to Pt enrichment This interpretation is supported by primary inclusions of 

PGE-bearing nickel sulfides in the chromitites versus discrete PGM phases in the secondary 

fracture-ftll. Although circumstantial, the case for deriving the PGE in the PGM from the primary 

PGE-bearing sulfide phases is compelling. Similarly compelling is the circumstantial interpretation 

that primary inclusions of gold within the chromite grains are the source of more abundant Pd-rich 

secondary gold in the fracture-fill. Thus, the PGE and Au were released from the chromitites and 

dunitic and harzburgitic hostrocks during serpentinisation, and precipitated within the (Ramsay & 
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Huber 1983, 1987) breccia environment of the chromitite, supporting more extensive remobilisation 

and focusing. A similar model invoking hydrothermal remobilisation is invoked for the chromitites 

of the Great Serpentinite Belt, NSW, where Yang & Seccombe (1993) found that Pt and Pd phases 

occurred within the fracture-fill, whereas Ir-Ru phases only occurred as primary inclusions in 

chromite. Comparable processes have been described by Larocque & Hodgson (1995) for the 

release of 'invisible gold' in the Mobrun massive sulfide deposit, Canada." 

The probe chemistry of the discrete chromite grains also supports chemical remobilisation during 

serpentinisation. The replacement of primary chromite by ferritchromit involves the loss of Al, Mg 

and Cr, and gain of Fe {Ashley 1975). This remobilisation is circumstantially expressed by the Cr

clinochlore rims on chromite, the existence of fracture-fill uvarovite garnet, and the development of 

Al-rich lizardite. 

Post-crystallisation Aspects: the fracture-fill and fracture-related phases within the chromitites are 

diverse. Ferritchromit forms fracture-related rims on primary chromite grains but is postdated by 

nickel sulfides, magnetite and trevorite. An evolving fluid system was responsible for the formation 

and subsequent evolution of the chromitites and/or multiple injections of fluids of differing 

chemistry occurred during the serpentinisation process. Both olivine and chromite precipitated from 

the parental magma at an early stage (1200°C- Nicolas 1995). This magma was then progressively 

modified by incoming fluids as the magma conduit acted as a channelway by which fluids could 

escape deep crustal conditions by fracture flow in the direction of decreasing temperature (Ferry & 

Dipple 1991; Dipple & Ferry 1992). Thus, the initial magma of the conduit became progressively 

hydrothermal in nature with aqueous wave input Hydrothermal fluids induced rodingitisation of 

gabbro and the localised remobilisation of Cr, leading to the formation of uvarovite and other 

secondary Cr-bearing phases (around 300 ± 36°C and below O.Skb- O'Hanley et al. 1992), and 

localised remobilisation of metallic phases, PGE, REE and S occurred during .late-stage 

serpentinisation (<250 ± 25°C and a P(H2o) ofless than lkb- O'Hanley & Wicks 1995), based on 

the mineralogy and textural relations of the fracture-fill phases. The formation of uvarovite at such 

relatively low temperatures is in conflict with earlier experimental work (e.g. Huckenholz 1975; 

Huckenholz & Knittell975; Clarke & Carswelll977) which suggested temperatures of 855 ± 5"C. 

Textural and petrographic evidence within the chromitites of the Tumut Serpentinite Province 
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suggests uvarovite formation occurred during the early stages of serpentinisationlrodingitisation at 

temperatures of around 300 ± 36°C. As nearly all components involved in serpentinisation were 

locally derived from the chromitites and dunitic and harzburgitic wallrocks, it is likely that H20 and 

C02 were the only introduced phases. Thus, to explain the present distribution of elements within 

the chromitites, it is necessary to invoke remobilisation of the trace elements, REE, AI, Cr, Mg, Fe 

and PGE, over distances in the order of mm to a few metres, based on the distribution of the 

fracture-fill phases. 

The concept of an evolving fluid system within an oceanic environment is akin to that proposed by 

Kelley et al. (1993) for fluid evolution within submarine magmatic-hydrothermal systems at the 

MARK area of the Mid-Atlantic Ridge. In their model, Kelly et al. (1993) invoked initial fracturing 

of crustal gabbros at >700°C due to exsolution of volatile-rich phases from the magmt!, followed by 

the upward migration of these fluids along microfractures near the magma chamber margins. 

Further fracturing resulted during progressive cooling of the intrusion and allowed the downward 

passage of seawater-derived hydrothermal fluids at temperatures of>400°C. In fault-zone regions, 

multiple hydrothermal pulses involved compositionally and thermally (340-180°C) diverse 

hydrothermal fluids, which led to pervasive brecciation, alteration and remobilisation in the 

wallrock (Kelly et al. 1993). 

Distributed fracturing and brecciation of oceanic crustal rocks could well be the upper crustal 

expression of deeper shear zones (Agar 1994). It is likely that fractures and their related fracture

fill phases developed rapidly, perhaps as high as lOOmis (Phillips 1972), under conditions of high 

strain rate (Agar 1994). Intense cataclasis in fault zones in quartzofeldspathic rocks occurs under 

conditions ofPL- 3-Skb and T~300°C (Sibson 1977), particularly where the fluid pressure 

approximates the lithostatic pressure. In a study of chromite grains from Oman, Christiansen (1985) 

showed that the chromite lacked preferred crystallographic orientation, consistent with the 

deformation involving brittle mechanisms. Similarly, in a later SEM study of chromite grains from 

the Oman, Vourinos (Greece) and Tiebaghi (New Caledonia) ophiolites, crystal plastic deformation 

of chromite grains was shown (Christiansen 1986) to be very localised (i.e. at the micron scale) and 

extremely uncommon, whereas cataclasis abounded. Christiansen (1986) ascribed the cataclasis 

variously to tectonic emplacement, serpentinisation, and later alteration, whereas Leblanc et al. 
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(1981) ascribed it to serpentinisation and, conversely, attributed pull-apart structures to plastic 

deformation at temperatures approximating 1 000°C. For the chromitites of the Tumut Serpentinite 

Province, hydrothermal remobilisation began with early serpentinisation and rodingitisation (with 

localised remobilisation of Cr) at temperatures of around 300°C and continued down to <250°C. 

Ductile deformation of chromite only occurs at high temperatures (e.g. 1000°C- Leblanc 1980) 

whereas quartz can be ductile down to ~300°C. Thus, from >850- -400°C, chromite and quartz 

have very different rheological behaviours, whereas from ~400°C downwards they both behave 

similarly. Deformation, involving localised brecciation and cataclasis of the pods, is confmed to the 

smaller chromitite bodies (Graham et al. 1993) in the Tumut Serpentinite Province. The cataclasis 

is considered to express brittle deformation in the presence of the high fluid pressures that 

accompanied serpentinisation. The cataclasis facilitated localised remobilisation of metals, PGE, 

REE and S as a consequence of the increased surface area. 

9.10.2 The proposed model 

Based on the foregoing discussion, the following model is proposed for the evolution of chromitites 

of the Tumut Serpentinite Province. It has many similarities to those ofLago et al. (1982) and 

Leblanc and Ceuleneer (1992) because, of the many hypotheses proposed, theirs most closely fit the 

evidence from the Tumut Serpentinite Province. 

(a) Production of a MORB magma by small amounts of partial melting (approx. 5-10%) of the 

rising aesthenosphere beneath a spreading centre. 

(b} Upward percolation of the MORB, driven by magmatic pressure alone or by magmatic

pressure facilitated fracturing and dilation within jogs or bends in previously weakened zones 

of the upper mantle harzburgite. Initial reaction between the magma and wallrock harzburgite, 

particularly in dilatant bulges just below the Moho (i.e. the crust/mantle boundary} resulted in 

the metasomatic conversion ofharzburgite to dunite. 

(c) Concurrent and sequential to dunitic wallrock alteration, fluctuations in oxygen fugacity 

and/or magmatic pressure and/or temperature resulted in the periodic crystallisation of 
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chromite or olivine from the rising magma. Due to a relatively high thermal contrast between 

the rising magma and colder conduit walls, strong thermal convection was produced within the 

cavity, resulting in the mixing of the chromite and olivine and the retention of these phases 

within the confmed cavity. Large volumes (~300-500 times the chromite volume as an order of 

magnitude) of magma must have passed through this cavity in order to produce the amount of 

chromite within the pods. 

(d) Cessation of the relatively stable chromitite-forming system resulted from one or more of: 

changed environmental conditions (e.g. oxygen fugacity, magmatic pressure or ambient 

temperature); depletion/cessation of magma production; and accumulated chromite choking the 

pod and inhibiting thermal convection. Concurrent with, and sequential to breakdown in the 

stability of the system, late-stage hydrous melts exsolved from the chromite-forming magma 

(perhaps due to a pressure drop) and this, along with the confming pressure, induced sintering 

(annealing recrystallisation) of the chromite grains and development of various pseudo

primary inclusions. 

(e) The chromitites were subsequently fractured and intruded by gabbroic magma (now rodingite 

dykes containing fragments of chromitites) that seemingly derived from a more fractionated 

MORE source than the chromitites. 

(f) Soon after this, whilst all the rocks were still hot, tectonic emplacement of the harzburgite and 

contained chromitites was accompanied by progressive cataclasis, high-temperature alteration, 

and serpentinisation. With intensification of cataclasis by systematic hydraulic fracturing, 

more pervasive fluid invasion over a decreasing temperature range resulted in serpentinisation 

and the localised remobilisation of metals, PGE, REE and S. Under conditions of localised 

high sulfur fugacity'and low oxygen fugacity, the fracture-fill comprised serpentine and 

sulfide species; when the reverse conditions applied, oxide species developed. The present 

distribution of fracture-fill minerals, major and minor elements, REE, PGE and trace elements 

is partly due to localised remobilisation during the serpentinisation process. 
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9.11 CONCLUSIONS 

The podifonn chromitites of the Tumut Serpentinite Province fonned from an initial MORB-type 

magma. They crystallised within narrow cavities in ophiolitic upper mantle harzburgite under a 

stable dynamic system. The present distribution of the different chromitite types is due to the more 

aluminous chromitites forming from a more fractionated source. No evidence exists for the different 

chromitite types being derived from different source magmas. 

Rodingitisation and serpentinisation of the Tumut Serpentinite Province occurred during progressive 

cooling of the chromitites and host rocks, and were accompanied by systematic brittle fracturing of 

the chromitites and the remobilisation of their chemical components. 
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