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Abstract. Geochemically anomalous, pyritic sediments oc- 
cur directly above a Mid Silurian unconformity in the Qui- 
dong area of southeastern New South Wales. The composi- 
tion of these sediments reflects derivation from a mixture of: 
(a) feldspar- and mica-depleted detritus reworked from un- 
derlying quartz-rich flysch; (b) Mg-rich clay or chlorite pre- 
cipitated from hydrothermal exhalations; and (c) pyrite 
formed by reaction of iron in clays or oxides with reduced 
sulphur derived largely from sea-water sulphate and possi- 
bly a magmatic source. Three types of base metal sulphide 
mineralisation occur at Quidong including: (a) weak syn- 
genetic concentrations in the pyritic sediments; (b) strata- 
bound and fault-controlled bodies of massive sulphides 
hosted by the pyritic sediments and containing higher grade 
Pb, Zn and Cu; and (c) small vein and cavity fillings of 
galena, barite and other minor sulphides in overlying 
limestones. All types of mineralisation are related to hydro- 
thermal activity which occurred during and after deposition 
of the pyritic facies. The geochemistry of the immediately 
underlying basement rocks and Pb isotope data indicate that 
the source of the metal-bearing fluids was deeper in the crust 
and probably related to widespread partial melting and 
magmatic processes. The sulphidic sediments and strata- 
bound sulphide deposits represent syngenetic-epigenetic, 
sediment hosted mineralisation developed in a shallow ma- 
rine environment, distal from major volcanic centers. This 
style of mineralisation has not previously been described 
from the region. It has some similarities to the Irish-Alpine 
type spectrum of deposits best known in Europe. 

The Quidong basin in southeastern New South Wales con- 
tains Late Silurian, shallow marine sediments unconform- 
ably overlying a basement of Early Silurian flysch. Pyritic 
siltstones showing anomalous base metal and major element 
geochemistry occur at the base of the Late Silurian sequence 
directly above the unconformity. Stratabound and fault- 
controlled pyritic sulphide bodies, containing base metals, 
have also been discovered within these rocks and in parts of 
the overlying limestones. Although the known sulphide de- 
posits appear to be too small for economic orebodies, they 
suggest the presence of a previously unrecognised style of 
sediment hosted mineralisation in the shallow marine parts 
of the Silurian volcanosedimentary sequences of the Lach- 
lan Fold Belt in southeastern Australia. 

This paper describes the petrology and geochemistry of 
the pyritic sediments and associated sulphide bodies and 
compares their geochemistry with that of the enclosing 
rocks. Using this information, together with isotopic data, a 
model is developed for the origin of the pyritic sediments 
and the base metal sulphide mineralisation at Quidong. 

Geological setting 

In the Quidong area, Silurian rocks occur in a fault- 
bounded, synclinal outlier within Late Ordovician sand- 
stones and phyllites (Fig. 1). These Silurian rocks represent 
the southern extremity of the Cowra-Yass synclinorial zone 
in New South Wales (Scheibner 1973) and include Early to 
Middle Silurian flysch-type sediments (Tombong Beds and 
Merriangaah Siltstone) and an overlying Late Silurian se- 
quence of shallow marine limestones, sandstones, siltstones 
and shales (Brunker et al. 1971, Crook et al. 1973). The Late 
Silurian sediments occupy a structural basin and have been 
subdivided into a limestone-rich unit (Quidong Limestone) 
and an overlying shale-rich unit (Delegate River Mudstone, 
Brunker et al. 1971, Pogson 1972, Fig. 2). The Quidong 
Limestone can be further subdivided into three separate but 
gradational facies, including a basal, pyritic facies, a massive 
and thick bedded limestone facies and an overlying thinly 
interbedded limestone-shale facies. 

The Late Silurian sequence is stratigraphically equiva- 
lent to similar sediments at Yass, 230 km to the north (Link 
1970, Pogson 1972), and broadly time equivalent to felsic 
volcanic rocks and associated sediments in the Canberra- 
Cooma region and in the Captain's Flat Synclinorial Zone 
to the north and north east respectively (Richardson 1979, 
Pickett 1982). The nearest felsic volcanic rocks of proximal 
type, and of likely Late Silurian age, occur in a small in- 
faulted block 20 km north of Quidong. 

The Silurian rocks at Quidong have been folded into 
mostly broad, open folds with NW to NE trending axes 
showing plunge reversals due to gentle cross folding. Intense 
faulting accompanied or followed this folding resulting in 
numerous high angle thrust faults which particularly disrupt 
the Late Silurian sequence. Mineral assemblages in the 
shales indicate only very low grade regional metamorphism. 
The immediately underlying Ordovician rocks show low 
greenschist facies grade metamorphism, but 6 km to the east 
this increases to amphibolite facies grade in a narrow meta- 
morphic belt known as the Cambalong Complex (McQueen 
et al. 1986). 
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Fig. l. Location and geological setting of the Quidong area in 
southeastern New South Wales 

Porphyry dykes (quartz-feldspar-hornblende_+ biotite) 
intrude both Silurian sequences at Quidong and are proba- 
bly related to larger Siluro-Devonian granitoid intrusions in 
the surrounding area. The dykes are extensively altered 
(chloritised and epidotised) and exhibit much of the defor- 
mation recorded in the surrounding rocks. Some are also 
marked by narrow (<  1 m) skarn zones where they intrude 
limestones. 

Nature of the pyritic sediments 

Highly pyritic sediments are restricted to the base of the 
Quidong Limestone and show their thickest development 
(up to 100 m) along the western, southwestern and south- 
eastern margins of the basin (Fig. 2). Some weakly pyritic 
beds also occur within the overlying limestone-rich facies 
and rarely in the Delegate River Mudstone. 

The pyritic facies is dominated by grey, quartz-rich and 
green chloritic siltstones, with minor calcareous siltstones. 
Sedimentary structures include small scale interbeds of 
sandstone and shale, plane lamination, graded bedding and 
minor soft sediment features such as load structures, con- 
torted bedding, shale intraclasts and compacted bedding 
around fossil fragments. The siltstones consist largely of 
poorly sorted, subangular to subrounded detrital quartz 
grains (25-80%) with intergranular, matted chlorite 
(10-60%). Minor pyrite (up to 10%) is ubiquitous and 
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Fig. 2. Detailed geology of the Quidong Basin also showing loca- 
tion of sample sites 

some siltstones are very pyritic with up to 40% pyrite 
(Fig. 3 a). Trace chalcopyrite, sphalerite and galena occur 
widely and are more abundant in some sulphide-rich sec- 
tions. Other minor constituents include carbonate, rutile, 
zircon, and in some rocks, sericite and detrital plagioclase. 
Some dark siltstones also contain thread-like aggregates of 
organic carbon or graphite. There has been considerable 
post-depositional recrystallisation and solution activity in 
the siltstones. Quartz grains typically show secondary over- 
growths and much of the chlorite has been recrystallised into 
coarse fibrous aggregates. Secondary veining by quartz, 
chlorite, sulphides and carbonate (mainly dolomite and 
siderite) is common and there has been some silicification 
and sulphide replacement of bioclastic carbonate material 
(Fig. 3c). Chlorite occurs in several texturally distinct 
forms, including a common pale green to yellowish variety 
in patchy aggregates, a fibrous type nucleated on pyrite, and 
platey or fibrous vein chlorite. Microprobe analyses of 
chlorites indicate generally Mg-rich compositions (clino- 
chlore to pycnochlorite, Deer et al., ]967). In sulphide-rich 
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Fig. 3. a Drill core sample of pyritic siltstone from the pyritic facies 
at Quidong, b Photomicrograph of weakly pyritic, chloritic siltstone 
showing small clusters of framboidal pyrite, e Photomicrograph 
showing chalcopyrite replacement of brachiopod shell in silicified 
limestone from the top of the pyritic facies, d Photomicrograph of 

sample from massive ore zone at Clarke's Reef showing galena 
infilling and partially replacing fractured pyrite. All photomicro- 
graphs taken in plane polarised reflected light. Scale bars are 
0.2 mm 

sediments the intergranular chlorite is more Mg-rich, with a 
lower Fe content than chlorite from siltstones with lesser 
pyrite. Vein chlorite associated with massive sulphides is also 
a Mg-rich, lower Fe variety. 

Shales interbedded with the siltstones consist of fine 
grained-chlorite, sericite and minor quartz with varying 
amounts of pyrite. Minor chalcopyrite and sphalerite occur 
with bedded pyrite and in cross-cutting pyrite- and quartz- 
rich veinlets. Some shale beds contain abundant benthonic 
fossils including various brachiopods, trilobites and corals. 

Minor quartz-rich sandstones containing intergranular 
chlorite, minor pyrite and chalcopyrite, occur as thin 
(<  5 cm) lenses within the siltstones, and less commonly as 
massive layers up to half a meter thick. 

Carbonate-rich rocks, including dark biomicrites, 
coarse-to fine-grained bioclastic limestones and recrystal- 
lised, mottled limestones, are a minor component of the 
pyritic facies but increase in abundance towards the upper 
gradational boundary with the overlying limestone facies. 
These have a high terrigenous component and are also no- 
ticeably pyrite deficient, particularly where they contain 
abundant fossil fragments. Limestones throughout the se- 
quence show evidence of extensive solution activity includ- 
ing stylolite development, nodular recrystallisation and 
dolomitisation. Calcite is the main carbonate but dolomite 
and siderite are also common, particularly in secondary 
veins and areas adjacent to faults. 

Several thin (<  0.6 m) beds of fine-grained tuff were in- 
tersected in drill core at the southern end of the basin. These 
contain irregular lithic fragments (<0.4  mm across) in a 
very fine-grained sericite-quartz matrix. Layers of cherty 
exhalite, composed of microcrystalline quartz, albite, minor 
chlorite and sericite, with trace pyrite and ilmenite, also 
occur lower in the sequence in the same area. 

Sulphide mineralisation 

Three types of sulphide mineralisation occur in the Quidong 
basin comprising: (a) weak stratiform mineralisation in the 
pyritic sediments; (b) stratabound and fault-controlled bod- 
ies of massive and semi-massive sulphides containing higher 
grade Pb, Zn and Cu concentrations; and (c) small vein and 
cavity fillings of galena and barite in limestones. 

Stratiform sulphides 

Stratiform mineralisation consists mainly of pyrite with 
minor to trace amounts of chalcopyrite, sphalerite and 
galena. The sulphides occur disseminated in bedding- 
parallel bands and in coarser grained sulphide-rich layers. 
The disseminated sulphides contain several different pyrite 
forms including framboids, tiny euhedral grains and clus- 
ters (<0.02 ram), and larger (0.2-2 mm) subhedral grains 
(Fig. 3 b). Larger grains commonly show microfracturing, 
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pull-apart structures and pressure fringes of fibrous quartz 
and carbonate, suggesting that they crystallised before de- 
formation of the enclosing rocks. Chalcopyrite, sphalerite 
and galena occur as inclusions in pyrite aggregates and less 
commonly as tiny irregular grains. Chalcopyrite also occurs 
in larger disseminated blebs (up to 5 mm across) and in 
replaced fossil fragments. Highly sulphidic sediments con- 
tain numerous lenses of coarse-grained pyrite as well as 
irregular, discordant pyrite veins. Pyrite forms include large 
cubes and pyritohedron (up to 2 cm), elongate, blade-like 
aggregates and irregular masses of subhedral grains 
(Fig. 3 a). Some of the pyrite is skeletal and poikiloblastic 
and larger grains show growth zoning marked by silicate 
inclusions. Minor sphalerite, chalcopyrite and galena typi- 
cally occur as irregular aggregates or fi'acture-filling veins in 
this pyrite. Small concretion-like structures of pyrite, chal- 
copyrite and carbonate are also presenl: in some sandy units. 

Massive and vein-type sulphides 

Irregular bodies of massive to semi-massive sulphide (up to 
9 m thick) occur within the pyritic facies, outcropping as 
rubbly ironstone masses in areas of faulting. Large veins of 
similar material also extend along faults into the adjacent 
and overlying limestones. Some of these deposits were 
mined on a small scale in the 1860s and 1870s. More recent 
drilling by Esso Australia Ltd. (1971-1972), Western Min- 
ing Corporation Pty Ltd. (1981-1983) and Plagoldmin Pty 
Ltd. (1985) has tested a number of targets in the pyritic 
facies and delineated the Clarke's l~:eef prospect on the 
southeastern edge of the basin (Fig. 2). 

The Clarke's Reef prospect occurs; within thick, pyritic 
sediments in an intensely faulted and north plunging, 
graben-like structure. This structure lies on a northwest 
trending zone of major faulting, the northeast margin of 
which appears to have been a basin high at the time of 
deposition. Faults along the zone extend into the Ordovi- 
cian basement. At surface, the Clarke's Reef area is marked 
by numerous outcrops of massive gossan and ferricrete, as 
well as ferruginous, weathered sediments and soils. Pro- 
nounced Pb, Zn and Cu anomolies have been detected in the 
soils. Massive barite also outcrops at t]he surface. The distri- 
bution of ferruginous outcrops, and of massive pyritic mate- 
rial in drill core, suggest that the mineralisation is broadly 
stratabound but with some discordanl: and fault-controlled 
massive veins. Drilling has indicated that these sulphide-rich 
zones contain up to 9.7% combined Cu, Pb and Zn over 
intervals of up to 7 m (Brooke 1981). The massive sulphides 
consist mainly of coarse-grained and brecciated pyrite show- 
ing growth zoning, as well as skeletal and colloform tex- 
tures. Sphalerite, galena and, in some ;sections, chalcopyrite 
occur as an infilling matrix, as irregular intergranular ag- 
gregates, or as vein fillings in the pyrite (Fig. 3 d). Small 
inclusions of galena and chalcopyrite commonly show crys- 
tallographic control by the enclosing pyrite. Textures in 
some of the veins indicate replacement of pyrite by the other 
sulphides. Massive sulphides at Clarke's Reef also locally 
contain abundant monoclinic pyrrhotite enclosing and par- 
tially replacing subhedral grains and bladded aggregates of 
pyrite. Microscopic observation reveals large, smooth pyrite 
relicts rimmed by porous, granular pyrite with irregular 
magnetite inclusions. This pyrite-magnetite mixture appears 
to have replaced pyrrhotite around the relicts of earlier py- 
rite. Minor chalcopyrite is present as fi'acture-fillings in the 

relict pyrite and as inclusions in pyrrhotite. These various 
textures suggest a complex history of sulphide development 
involving early formation of coarse crystalline pyrite, defor- 
mation of massive pyrite, introduction or remobilisation of 
sphalerite, galena and fracture-filling chalcopyrite, localised 
replacement of pyrite by pyrrhotite, followed by oxidation 
of pyrrhotite to pyrite and magnetite. 

Microprobe analyses of pyrite and pyrrhotite from 
Clarke's Reef reveal low Ni and Co contents (generally 
below detection, Table I). Separate wet chemical analyses of 
13 pyrite samples indicate 5-460 ppm Co and 5-90 ppm 
Ni, suggesting concentration of Co relative to Ni in some of 
the pyrite. Trace amounts of As (up to 0.21%) are present in 
the iron sulphides. Sphalerite from Clarke's Reef is a low-Fe 
variety (3.1 tool% FeS) and the galena contains little or no 
Ag or Sb (Table 1). 

The gangue component to this mineralisation consists of 
brecciated, veined and recrystallised host rock material, 
milky and crystalline quartz, chlorite, dolomite, siderite, mi- 
nor barite and calcite. 

Galena and barite in limestones 

Some irregular and vein-like bodies of fracture-filling galena 
and barite occur in limestones overlying the pyritic facies 
rocks. This mineralisation is generally associated with faults 
or permeable zones, is typically vughy and composed of 
coarse-grained galena and barite in a dolomite-rich gangue. 
Minor chalcopyrite, sphalerite, pyrite and quartz also occur 
in some parts. The sulphides and gangue generally show 
crustiform and other open space filling textures. 

Sediment and sulphide geochemistry 

The geochemistry of Early and Late Silurian sediments and 
massive sulphide samples was investigated by both whole 
rock (XRF) and selected element (AAS) analysis 1 of 89 
samples. 

Early Silurian sediments" 

Siltstones, shales and sandstones from the Tombong Beds 
and Merriangaah Siltstone show compositions and element 
ratios very similar to those of the stratigraphically equiva- 
lent State Circle Shale, near Canberra, and to Silurian sedi- 
ments from the Snowy Mountains area (Nance and Taylor 
1976, Wyborn and Chappel 1983). All of these sediments 
have very low CaO and Na20 contents (<0.47% and 
<0.65% respectively), reflecting depletion of detrital feld- 
spar during reworking of earlier, feldspar-depleted Ordovi- 
cian source sediments (Wyborn and Chappell 1983). The 
rocks are chemically very mature and contain a high propor- 
tion of clay relative to feldspar and mica, as indicated by 
A1203/A1203 + CaO + Na20 -I- K20 (CIA indices of 74-99, 
mean 80). There is no evidence for any significant input of 
fresh igneous detritus, although there are some small con- 
glomerate lenses in the Tombong Beds which contain minor 
volcanic and coarser grained igneous clasts. 

Base metal contents are very low (<100ppm Cu+ 
Pb +Zn), particularly when compared with values in the 

i Analyses and element correlation matrices are available from the 
author on request 
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Table 1. Representative electron microprobe analyses of sulphides from the Clarke's Reef prospect, Quidong 

Wt% 1. 2. 3. 4. 5. 6. 7. 8. 9. 

Pb n.a. n.a. 85.92 86.40 n.a. n.a. n.a. n.a. n.a. 
Zn 64.24 65.57 - - n.a. n.a. n.a. n.a. n.a. 
Fe 1.78 1.76 - 46.32 46.12 46.89 59.87 60.04 
Cu 0.05 0.04 - 0.05 - - - 
As 0.07 0.05 n.a. n.a. 0.10 - - 0.12 0.21 
S 33.01 33.69 12.57 12.83 53.54 53.99 53.51 39.58 39.88 

Totai 99.15 101.07 98.53 99.23 100.11 100.11 100.40 99.57 100.13 

Formulae 

Pb 1.058 1.042 
Zn 0.954 0.955 - - 
Fe 0.031 0.030 - - 0.993 0.981 t.006 0.868 0.844 
Cu 0.001 - 0.002 - 0 . 0 0 1  . . . .  
As 0.001 0.001 0.002 - - 0.001 0.002 
S 1.000 1.000 1.000 1.000 2.000 2.000 2.000 1.000 1.000 

No. of 2 3 1 1 2 1 1 1 2 
analyses 

1 2. Sphalerite from massive sulphide vein 
3 4. Galena from massive sulphide vein 
5. Fractured pyrite associated with galena and sphalerite 
6. Euhedral pyrite partially replaced by pyrrhotite 
7. Irregular secondary pyrite replacing pyrrhotite 
8. Monoclinic pyrrhotite replacing pyrite 
9. Disseminated monoclinic pyrrhotite associated with pyrite and chalcopyrite 
~)  not detected; n.a. not analysed; Co and Ni were analysed in pyrite and pyrrhotite but were below detection; Ag and Sb were analysed 
in galena and Mn in sphalerite but were also below detection. Detection limits: S 0.03%; Fe, Co, Ni,Cu 0.04%; As, Sb, Zn 0.05%; Ag 0.08%; 
Pb 0.5% 

overlying Late Silurian rocks (Fig. 5). Other trace elements 
including Cr, Zr, Rb and Sr are significantly more abundant  
than in the Late Silurian sediments. 

The Early Silurian sediments show strong positive corre- 
lat ion between A1, Ti, K and to a lesser extent Ca. These 
elements in turn show strong negative correlat ion with Si 
suggesting that  they are concentrated in a matr ix component  
separate from abundant  detri tal  quartz. Iron, Mn, Zn, Co 
and Ni  show moderate  positive correlation, possibly due t o  
concentrat ion in an oxide phase such as magnetite,  hematite 
or amorphous  iron oxide in the matrix.  Manganese,  Zn, Co 
and Ni show very poor  correlat ion with A1, Mg, K and S 
and are therefore not  thought  to be bound  in chlorite, 
sericite or sulphides. 

Late Silurian sediments 

Siltstones and shales from the pyritic facies are chemically 
distinct from other sediments in the basin and from typical 
siltstones and shales (Figs. 4 and 5). They are characterised 
by high Mg and Fe contents,  (MgO, 3 - 1 9 % ,  mean 10% and 
total  Fe, 2 - 2 5 % ,  mean 9%), which reflect the abundance of  
chlorite and pyrite. Trends on major  component  diagrams 
(Fig. 4) are consistent with a dominant  mineralogy of  
quartz,  chlorite and variable pyrite for most of  the siltstones 
and shales. Calcium contents are generally very low (mostly 
< 1% CaO) reflecting the observed separat ion of  minor  
carbonate  into bioclastic l imestone bands. Sulphur contents 
range from 0 . 1 5 % - 2 9 %  (mean 5.8% for 49 analyses), val- 
ues which are considerably higher than for any other rocks 
in the basin. Whole  rock da ta  show very low K 2 0  and N a 2 0  

contents, consistent with the generally low contents of  se- 
ricite, K-bear ing clay and detrital  feldspar in the rocks. 

Minor  element data  confirm the distinctive geochemical 
character  of  the pyrit ic siltstones and shales. Manganese 
contents (150-  3,150 ppm, mean 1,100 ppm) are significant- 
ly higher than in sediments from the Tombong Beds, Mer-  
r iangaah Siltstone and Delegate River Mudstone  (70 -  
810 ppm),  a l though the values are not  exceptionally high (cf. 
650-890 ppm for average shales, Taylor and McClennan 
1985). Contents of  Cu, Pb and Zn are very variable but  
significantly higher than in other sediments, with total  base 
metal  contents varying from background values of  7 0 -  
1,000 ppm up to 3% in the more pyrit ic sediments (Fig. 5). 
Many  siltstones, including nonmineral ised samples show en- 
richment in Cu relative to Pb and Zn when compared  to 
other siltstones and shales. There is also a distinct separat ion 
of  Cu from Pb in mineralised siltstones and massive and 
vein-type sulphides (Fig. 6). Lead tends to be more abun- 
dant  in vein-type mineral isat ion and there is also a sugges- 
t ion of  larger scale zoning across the basin with high Cu and 
low Pb values along the western side. Nickel and Co con- 
tents ( <  55 ppm and < 90 ppm) are similar to those of  aver- 
age shales and siltstones (e.g. Taylor and McClennan 1985). 

Sandstones from the pyritic facies show similar major  
element propor t ions  to the siltstones but  are generally non- 
pyrit ic and have lower base metal  contents ( < 4 0 0  ppm 
Cu + Pb + Zn). 

Minor  limestones and marls in the pyrit ic facies are 
mostly low in Fe, S and base metals (35-520 ppm C u +  
Pb + Zn), consistent with the observed lack of  sedimentary 
pyrite and base metal  sulphides in these rocks. Magnesium 
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Fig. 4. Plots of some major com- 
ponents (summed to 100%) in the 
pyritic siltstones and other sedi- 
ments from Quidong. Also shown 
is the compositional range of 
chlorite in these sediments (bar 
and small circled area). Larger 
circled fields show the composi- 
tional range of the metal-rich sed- 
iments. General fields for shales 
and siltstones are from Krauskopf 
(1967), Pettijohn (1975), and Tay- 
lor and McClennan (1985) 
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Fig. 5. Base metal and Fe contents of Early Silurian sediments and 
Late Silurian pyritic sediments at Quidong. Average shale values are 
from Krauskopf (1967) and Taylor and McClennan (1985) 

contents vary with dolomite abundance and the carbonate 
rocks are relatively enriched in Mn. 

Siltstones and shales from the ow~rlying limestone-rich 
facies of the Quidong Limestone are generally less magne- 
sian than the basal siltstones and although some are pyritic 
with minor base metal mineralisatiom Pb, Zn and Cu con- 
tents are mostly low. These sediments are also more Ca rich 
indicating greater intermixing of carbonate material with 
the original silts and muds. 

Shales from the Delegate River Mudstone at the top of 
the Late Silurian sequence show compositions approaching 
those of average shales with higher A1, Ca, K and lower Mg 
and Fe than the basal pyritic sediments. Base metal and S 
contents are very low (<  150 ppm Cu + Pb + Zn, < 0.28% S). 

The pyritic sediments are characterised by strong posi- 
tive correlation between Ca and C, and between Fe and S 
due to dominant concentration of these element pairs in 
carbonate and pyrite respectively. Magnesium and A1 show 
moderate positive correlation reflecting their abundance in 
chlorite. Nickel is positively correlated with A1 suggesting 

that it is also tied to chlorite. Cobalt displays moderate 
positive correlation with Fe and S, consistent with concen- 
tration of minor Co in pyrite. Lead and Zn are also positive- 
ly correlated, as expected from the observed concentration 
of sphalerite and galena together in mineralised rocks. Cop- 
per shows its most significant correlation with Ca possibly 
indicating a relationship with the minor carbonate fraction. 
None of the base metals show strong positive correlation 
with S, despite the fact that they occur in sulphides, however 
this is undoubtedly due to the masking effect of abundant 
pyrite. 

Sulphide bodies 

Analyses of sulphide samples from Clarke's Reef show that 
the mineralisation is Zn- and Pb-rich but with some separate 
Cu-rich sections. Ratios of Pb/Zn vary from 0.31-1.16 and 
there is strong positive correlation of these two elements. 
Copper/zinc ratios vary widely and Cu and Pb show strong 
negative correlation, consistent with the observed separa- 
tion of galena and chalcopyrite (Fig. 6). The sulphides have 
very low Ag contents (<  20 ppm), gold values up to 0.5 ppm 
and As contents less than 0.8% (Brooke 1981, Brown 1983). 
Major element chemistry reflects the quartz, chlorite, lesser 
carbonate gangue. Magnesium, A1 and Ni are positively 
correlated, again due to the occurrence of these elements in 
chlorite. Calcium, Mn and C are also positively correlated, 
suggesting concentration in carbonate gangue. 

Isotopic data 

Sulphur isotope ratios (34S/32S) were determined for dif- 
ferent pyrite types, including medium to fine grained syn- 
genetic pyrite from the pyritic sediments, coarser, recrystal- 
lised pyrite developed along fractures in these rocks, pyrite 
from massive sulphides at Clarke's Reef and disseminated, 
euhedral pyrite from a porphyry dyke intruding the lower 
part of the Late Silurian sequence. All the pyrite samples 
show fi34S values between + 3.4 and + 9.5%0, and are similar 
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Table 2. Lead isotope ratios of galenas from Quidong 

Sample no./Type 2°6pb/2°4Pb 2°7/pbz°4pb z°SPb/2°4pb 2°7pb/z°6Pb 

CRDI-10 massive sulphides 

CRD4-2 veinlet galena-sphalerite 

CRD4-4 veinlet galena-sphalerite 

QB 43 galena-barite ore 

Precision (95% Con. Lim.) 

18.131 15.620 38.170 0.862 

18.087 15.622 38.165 0.864 

18.070 15.615 38.151 0.864 

18.091 15.625 38.167 0.864 

±0.0t0 ±0.013 ±0.038 ±0.013 

Average of 3 determinations for each sample. Analyst J.R. Richards 

Pb 

Cu Zn 
o Pyritic facies sediments (<0"1%Cu*Pb*Zn) 
• Pyritic facies sediments {>0.1%Cu÷Pb+Zn) 

Sulphide vein material 
~ E o r l y  Silurian and other shales and siltstones 

Fig. 6. Cu-Pb-Zn contents (summed to 100%) of Early Silurian 
sediments, pyritic sediments and massive sulphides at Quidong 

to, or slightly less positive than, values for pyrite from the 
Late-Silurian volcanogenic sulphide deposits at Woodlawn 
and Captain's Flat to the north (Fig. 7). Generally the 
syngenetic and recrystallised pyrites show the highest posi- 
tive values. All values are less positive than the accepted 
value for Late Silurian seawater sulphate (+  26%0, Kaplan 
1975). 

Lead isotope determinations on three galena samples 
from Clarke's Reef and one sample of galena from lime- 
stone-hosted galena-barite mineralisation in the northern 
part of the basin, indicate a very narrow spread of Pb208/ 
Pb204, Pb207/Pb204 and Pb206/Pb204 ratios (Table 2). 
The data fit the model growth curve (linear model III of 
Cumming and Richards 1975) and indicate "normal" type 
lead. The ratios also fall within the very restricted range 
found for galenas and massive sulphide ores in a number of 
Late-Silurian volcanogenic and related deposits from the 
Lachlan Fold Belt, including Woodlawn, Captain's Flat, 
Benambra and Elura (Fig. 8, Gulson 1977, 1979, 1986; Gul- 
son and Vaasjoki 1982, Richards, pers. comm.). 

Discussion 

Origin of the pyritic sediments 

The basal pyritic sediments at Quidong represent a geo- 
chemically distinct sedimentary facies reflecting unusual ele- 
ment concentrations in the basin and conditions of deposi- 
tion and diagenesis which produced and preserved an abun- 
dant sulphide component. The sediments were deposited in 
a shallow marine environment, as indicated by the minor 
benthonic fauna, but probably in deeper water than the 
contiguous and overlying limestones. These limestones con- 
tain abundant remains of tabulate corals and calcareous 
algae, as well as cross-bedded sandstone lenses, reworked 
lag deposits and reefal structures, suggesting a shallow wa- 
ter, high energy environment (i.e. within the photic and tidal 
zones). 

The mineralogy and geochemistry of the pyritic sedi- 
ments suggest that they were formed from three major com- 
ponents. These included: (a) a quartz-rich terrigenous com- 
ponent; (b) Mg-bearing clay or chlorite; and (c) sedimen- 
tary/diagenetic or hydrothermal pyrite. 

The terrigenous component was probably derived 
largely from the underlying flysch rocks as suggested by the 
occurrence of quartzite clasts from the Tombong Beds in 
conglomerates at the base of the pyritic facies, the marked 
lack of detrital feldspar and presence of similar accessory 
minerals in both rock groups. 

A significant Mg-bearing clay component is indicated by 
the high Mg and A1 contents of the pyritic siltstones and 
shales. There is no obvious terrigenous source for this mate- 
rial and it is unlikely that Mg-rich composition were devel- 
oped by regional alteration processes after deposition. Re- 
striction of highly magnesian sediments to a particular 
facies, in sharp contact with non-chloritic sediments, would 
rule out large scale Mg metasomatism during regional meta- 
morphism, although some minor remobilisation of Mg and 
formation of vein chlorite and dolomite did occur at this 
stage. It is therefore suggested that Mg-bearing clays (e.g., 
Mg-rich montmorillonite) may have been precipitated from 
hydrothermal fluids discharged into the basin at the time of 
deposition or possibly formed from the alteration of fine ash 
added to the basin sediments by volcanic activity. Similar 
processes have been suggested for the origin of chloritic and 
Mg-rich rocks associated with stratiform sulphide deposits 
from a number areas (e.g., Stanton 1976, Petersen and Lam- 
bert 1979, Bernard et al. 1982, McLeod and Stanton 1984). 
The presence of cherty exhalites and minor tuff bands in the 
sediments at Quidong clearly indicates some concomitant 
volcanic and hydrothermal activity. Alteration of early 
formed clays to chlorite could have occurred during diage- 
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nesis or low grade metamorphism and possible mechanisms 
for this process are reviewed by McLeod and Stanton 
(1984). 

Pyrite textures, including framboids, bedding-parallel 
concentrations of fine euhedral grains and pyrite concre- 
tions, point to a sedimentary or diagenetic origin for much 
of the sulphide in the siltstones and shales. These iron sul- 
phides probably formed by reaction of Fe in clays or oxides 
with reduced sulphur either provided by bacterial seawater 
sulphate reduction or added from an exhalative source. Di- 
rect precipitation of iron sulphides from hydrothermal exha- 
lations is also a possibility, particularly for some of the 
highly pyritic sediments (cf. Honnorez et al. 1973). Anoxic 
conditions at or below the sediment seawater interface 
would have been required to allow early formed, sedimen- 
tary iron sulphides to be preserved and converted to pyrite 
during diagenesis. Drever (1971) has demonstrated that un- 
der such anoxic conditions it is possible to extract Fe from 
clays to form sulphide, with Mg replacing Fe in the clay 
mineral structure. In addition to providing Fe, this process 
could also help explain the association of Mg-rich clays, and 
ultimately chlorite, with pyrite in the Quidong sediments. 
The trend towards more Mg-rich chlorite compositions with 
increasing pyrite content in the sediments is also consistent 
with this type of aqeous extraction of Fe from clays by 
reduced sulphur (cf. McLeod and Stanton 1984). 

Origin of the massive sulphide deposits 

There are two possible modes of origin for the small bodies 
of massive, stratabound and vein-type sulphides. The depos- 
its may have formed by fluid assisted remobilisation of met- 
als and sulphur into structural sites from the sulphidic sedi- 
ments, for example during diagenetic dewatering or defor- 
mation and low grade regional metamorphism. Alter- 
natively the sulphide bodies may have formed around and 
within vents which controlled hydrothermal fluid discharge 
into the basin during and after sediment deposition. The 
known massive sulphide bodies generally occur along or 
close to faults, or within areas of major faulting near the 
base of the Late Silurian sequence. These faults are high 
angle structures which commonly extend into the Early Silu- 
rian and Ordovician basement as well as into the overlying 
parts of the sequence (Fig. 2). Some appear to have been 
active prior to folding and low-grade regional metamor- 
phism in the basin, and others have controlled the emplace- 
ment of porphyry dykes. Faults that were active in the early 
stages of deposition could have provided channelways for 
sea water circulation or discharge of deeper magmatic fluids 
into the basin. Continued fluid movement along major 
structures after deposition of the pyritic facies could account 
for the development of discordant, sulphide veins and the 
minor galena-barite mineralisation and accompanying dolo- 
mitisation in overlying limestones. Ore textures at Clarke's 
Reef indicate multi-stage epigenetic deposition of sulphides 
and barite as well as some post-depositional deformation. 

Fluid sources 

The S isotope data for pyrite in the sediments and massive 
sulphide deposits are consistent with sulphide derivation by 
partial reduction of Silurian seawater sulphate. The data 
support either biogenic reduction or inorganic reduction, 
for example during thermally driven seawater circulation 

S i l u r i a n  s e a w a t e r  s u l p h a t e  

I [ ]~[~E] l~ l  C a p t a i n ' s  F l a t  p y r i t e  

W o o d l a w n  ve in  p y r i t e  

==~== W o o d l a w n  m a s s i v e  ore  p y r i t e  

,A  p y r i t e  in . p o r p h y r y  

• • • s y n g e n e t i c  p y r i t e  

0 0 r e c r y s t a l l i s e d  s y n g e n e t i c  p y r i t e  

• m p y r i t e  in m a s s i v e  s u l p h i d e  v e i n s  

J , J , 1tO 112 ll4 i 1=8 = 212 ~ I - 2  0 2 4 6 8 16 20 24 26 

6a4S%o 
Fig. 7. S isotope data for Quidong pyrites compared with similar 
data from the Woodlawn and Captain's Flat volcanogenic sulphide 
deposits (Ayers et al., 1979; S. Sun, pers comm.). Values are relative 
to CDT, analytical precision is +0.2~o 
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Fig. 8. Pb isotope data from Quidong compared with ore Pb data 
from Woodlawn, Captain's Flat and Benambra (95% confidence 
ellipses; Gulson, 1986). Dashed lines are Pb evolution curves of 
Cumming and Richards (1985), error bars are _+2 

prior to exhalation onto the sea floor. Biogenic reduction 
would imply a shallow, restricted basin largely closed to 
sulphate, as straight biogenic sulphate reduction in an open 
system would have resulted in more negative ~34S values. 
Such closed system conditions are not generally indicated by 
the sedimentary lithologies. The isotope data do not support 
a direct magmatic S source, however the possibility of a 
magmatic component, for example in exhaled fluids derived 
from underlying felsic magmas, can not be ruled out. The 
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isotope ratio of pyrite in high level porphyry dykes, proba- 
bly derived from such felsic magmas, overlaps with the low- 
er range of isotopic ratios in the sediments (Fig. 7). 

The marked similarity between Pb isotope ratios in gale- 
na from Quidong and Pb-rich ores from a number of mas- 
sive sulphide deposits in the Lachlan Fold Belt (Fig. 8, Gul- 
son 1986) suggests a common or similar, homogeneous 
source for the Pb in all these deposits. The near uniform 
isotopic ratios for the volcanogenic and related deposits 
have previously been interpreted as indicating a common Pb 
source, probably involving crustal material of similar com- 
position to the associated volcanics (Gulson 1977, 1986). 
The ratios are also distinct from those for the Ordovi- 
cian basement rocks (e.g., at Woodlawn, Gulson 1979) and 
this, together with the very low Pb contents of the Ordovi- 
cian metasediments, would preclude these rocks as a likely 
Pb source. At Quidong the Early Silurian sediments also 
have very low Pb contents and likewise would not represent 
a suitable source for Pb. The Pb for all the Late Silurian 
deposits could have been derived from deeper crustal mate- 
rial during widespread partial melting and magma genera- 
tion in the Mid Silurian to Early Devonian. These processes 
gave rise to large volumes of felsic magmas and associated 
volcanics, and Pb plus other metals could have been sourced 
directly from fluids associated with the magmas or, in some 
areas, leached from the resulting volcanics by seawater cir- 
culation. 

Conclusions 

The sulphide-rich sediments and stratabound sulphide de- 
posits at Quidong can both be explained by hydrothermal 
solution activity during and after deposition of the Late 
Silurian sequence. Development of the Quidong basin and 
deposition of shallow marine sediments coincided with ini- 
tiation of major magmatic and volcanic activity, uplift and 
tectonic extension throughout the southern Lachlan Fold 
Belt (cf. Powell 1986). The Quidong area appears to have 
been distal from the major volcanic centers, however the 
presence of thin tuff layers, exhalites and shallow intrusions, 
particularly in the basement, indicate some thermal activity 
in the area at this time. Hydrothermal exhalations intro- 
duced abundant sulphide and minor base metals into the 
early basin sediments and produced small stratabound and 
vein-type sulphide deposits with higher grade base metals, in 
and around exhalative centers (e.g. Clarke's Reef). Mineral- 
isation continued after deposition of the overlying rocks and 
may have involved some remobilisation from syngenetic sul- 
phides. Isotopic data for the sediments and massive sul- 
phides are best explained by mixing of reduced sulphur, 
largely derived by sea water sulphate reduction, with metal- 
bearing fluids, probably generated by deeper crustal melting 
and magmatic processes. The geochemistry of the under- 
lying Early Silurian sediments indicates that they were not a 
likely source for the metals and S, further suggesting that 
metal-bearing fluids were derived from lower in the crust. 

Proximal, volcanogenic massive sulphide deposits and 
volcanic hosted, disseminated and stringer-vein deposits are 
well known from Late Silurian sequences in the southern 
Lachlan Fold Belt (e.g., Gilligan 1974, Degeling et al. 1986, 
Ramsay and Vandenberg 1986). The base metal enriched, 
sulphidic sediments and associated stratabound sulphide 
concentrations at Quidong represent a hitherto unrecog- 

nised style of more distal mineralisation in rocks of this age 
within the Lachlan Fold Belt. This style of mineralisation 
shows some similarities with sediment hosted Pb-Zn miner- 
alisation of the Alpine and Irish types (Sangster 1976, May- 
nard 1983). Such deposits typically occur in shallow marine 
basins which were tectonically active during and after sedi- 
ment deposition. The basin sequences are dominated by 
bioclastic and reefal limestones together with calcareous 
shales and sandstones, and many also contain minor vol- 
canic rocks indicating contemporaneous volcanism. Other 
common features include the occurrence of stratiform sul- 
phides, together with stratabound, vein and replacement 
style massive sulphides, close association of mineralisation 
with faults, development of tectonically controlled vein min- 
eralisation in surrounding rocks, evidence for remobilisa- 
tion of sulphides, occurrence of anomalous metal values in 
pre- and post-ore sediments and the presence of exhalative 
chert and barite (Schulz 1964, Maucher and Schneider 1967, 
Russell 1975, Brigo et al. 1977, Riedel 1980, Hitzman and 
Large 1986). Many of these features are present at Quidong 
and it is suggested that the mineralisation here represents an 
Eastern Australian analog of the Irish-Alpine type spec- 
trum. Similar deposits probably exist in other areas of the 
Lachlan Fold Belt where distal, exhalative processes operat- 
ed during the Siluro-Devonian volcanism. Mineralisation in 
the Irish and Alpine deposits has variously been ascribed to 
syngenetic and/or epigenetic deposition from fluids derived 
by downward penetration and convective circulation 
through basement rocks of modified, highly saline seawater 
(e.g., Russell et al. 1981, K6ppel and Schroll 1988), synge- 
netic and epigenetic deposition from volcanic, hydrothermal 
fluids (Schneider 1964, Schulz 1964, Maucher and Schneider 
1967) and deposition or remobilisation by formational flu- 
ids (Berce 1967, Bechstadt 1978, Lydon 1986). Features at 
Quidong which depart from those in most Irish-Alpine de- 
posits include the concentration of mineralisation in non- 
calcareous sediments, the very low Ag content of the sul- 
phides compared with Irish type deposits and relatively high 
Cu content compared with most Alpine and some Irish de- 
posits, heavier S isotopes and presence of isotopically "nor- 
mal" lead (cf. Caulfield et al. 1986, Klau and Mostler 1986, 
K6ppel and Schroll •988). Some of these differences may 
reflect a larger, or more direct, volcanic-exhalogenic compo- 
nent in the history of the Quidong mineralisation. 
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Book review 
I.L. Komov, A.N. Lukashev, A.V. Koplus: Geochemical Methods of 
Prospecting for Non-metallic Minerals. Utrecht: VNU Science Press 
(now known as VSP International Science Publishers), 1987. Trans- 
lated from the Russian by V.I. Sverdlov. 241 pp. 13 tables. 29 fig., 
(ISBN 90-6764-081-6), hard cover, D M 2 7 4 , - -  (approximately 
$150) 

The title of this book attracts attention because it is the only 
compilation in which geochemical methods are used in exploration 
for non-metallic resources. The book considers 39 non-metallic 
commodities of which eleven are gems or semi-precious stones; 
these are diamond, beryl (including emerald), topaz, corundum 
(sapphire, ruby), rhodonite, malachite, chrysoprase (but not other 
varieties of quartz, such as amythest or citrine), turquoise, nephrite, 
jadeite and lazurite. The remaining 28 commodities include graph- 
ite, asbestos, muscovite, phlogopite, rock crystal, Iceland spar, 
apatite, phosphorite, boron, barite, fluorite, sulphur, salts (includ- 
ing halite, sylvite, carnallite and epsomite), natural soda, gypsum 
and anhydrite, limestone and dolomite, magnesite, wollastonite, 
brucite, talc, jadeite, feldspars and pegmatities, vermiculite, vein 
quartz and quartzites, sand and gravel, clays, perlite (including 
pumice and volcanic glass), siliceous rocks, and rocks used as build- 
ing stones. The vast majority of the above commodities are covered 
in three pages or less. Only exploration methods for diamond, beryl, 
topaz, asbestos, muscovite, rock crystal, Iceland spar, apatite, phos- 
phorite, boron, barite and sulphur receive more than five printed 
pages. 

The discussions of most of the commodities are treated in a 
similar manner starting with their geological occurrences (in some 
cases, these can be varied and numerous) in which geochemical 
pathfinder (indicator) elements and associated minerals are identi- 
fied. To this point, the presentations are what one would expect in 
a book on economic geology of non-metallic minerals. This is fol- 
lowed by discussions of the best geochemical methods for the detec- 
tion of the pathfinder elements and minerals in the most appropri- 

ate type(s) of geochemical sampling media, e.g. soils, stream sedi- 
ment, waters, rocks and vegetation. Other topics, e.g. the extent of 
haloes and vertical zonality, are discussed where relevant. The book 
contains 50 references all but two of which are from the Soviet 
literature. Thirty-three of the references have publication dates 
from 1973 to 1977. The most recent references are to three papers 
which appeared in 1978. There is no index. The original Russian 
edition appears to have been published in 1982 (see Chem. Abstr. 97, 
185856 c), although nowhere is this stated in this English version. 

In reviewing any book a reviewer must be fair to both the 
authors as well as to the potential audience. In the case of the 
former, I have positive feelings with respect to the competence of the 
authors based on their in-depth discussion of the fundamentals of 
those commodities in which they appear to be most interested (those 
listed above which cover more than five printed pages). By compil- 
ing this book they were clearly performing a service to the U.S.S.R. 
where the search for non-metallic resources involves the use of 
geochemical methods in the total exploration program. 

From the point of view of the potential buyer and user of this 
English translation, I am generally negative for the following rea- 
sons. First, the book is out of date and represents the state-of-the- 
art as it was known in the U.S.S.R. at least a decade ago. Second, 
only a few of the commodities considered in this book are actively 
being sought outside the U.S.S.R. today for which the geochemical 
methods described in this book are likely to be practical. Third, I 
would expect most practicing economic geologist and geochemists 
concerned with non-metallic minerals to know much of the material 
covered. Fourth, in many places the translation is very "rough" and 
the terminology translated directly from the Russian is infamiliar; 
further along these editorial lines I cannot remember ever seeing a 
book with as many typographical errors. Fifth, the cost of this book 
is extremely high by comparison with many other books which will 
be more valuable. 

A.A. Levinson (Calgary) 


