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Gold mineral systems 
in the Tanami region 
New insights from NTGS-AGSO 
research 
AS Wygralak, TP Mernagh, G Fraser, DL Huston, G Denton, B Mcinnes, 
A Crispe & L Vandenberg 

Prelminary results of a joint NTGS-AGSO research program to 
document gold deposits of the Tanami region in the Northern 
Territory raise important new questions regarding ore genesis. 
Deposits in the Dead Bullock Soak and The Granites goldfields 
are related to regional Ds or D6 structural events. The ore fluids 
were low to moderate salinity (4-10 eq wt % NaCl), moderate to 
high temperature (260-460°C) and gas-rich. Ore deposition 
occurred at depths of three to eight kilometres. In contrast, ore 
fluids in the Tanami goldfield (also related to Ds structures) 
were low temperature (120-220°C) with minor C02, and ore 
deposition occurred at depths of less than 1.5 kilometres. 
Preliminary 4°Ar/39Ar studies of biotite tentatively suggest that 
mineralisation at Callie occurred at 1720-1700 Ma. Lead isotope 
data indicate that the Pb in the deposits was not derived solely 
from nearby granites. In the Dead Bullock Soak and The 
Granites goldfields, 0 and H isotopic data are consistent with 
either a metamorphic or magmatic origin for the ore fluids; in 
the Tanami district these data require an additional meteoric 
fluid input. These results illustrate the complexity of gold 
mineralisation in the Tanami region, and raise important 
questions about the origin and timing of these deposits. 

The Tanami region, located 600 kilometres north-west of Alice 
Springs, is one of the most important new gold provinces in 
Australia. It straddles the Northern Territory-Western Australian 

border along the southern margin of the Palaeoproterozoic North 
Australian Craton. The Tanami region contains more than 50 gold 
occurrences including three established goldfields (Dead Bullock 
Soak, The Granites and Tanami), as well as several significant gold 
prospects (Groundrush, Titania, Crusade, Coyote and Kookaburra). 
The region has produced 4.5 Moz Au. The remaining resource is 8.4 
Moz (260 t) Au, but this figure is steadily growing because of 
extensive exploration. 

Outcrop in the area is sparse (5%) , requiring the development and 
fine-tuning of new geophysical and geochemical techniques to allow 
the detection of 'blind' gold mineralisation under the regolith cover. 
Understandably, successful explorers safeguard their methodology 
and data to maintain their perceived competitive advantage. This has 
resulted in a lack of a regional understanding of geological factors 
controlling mineralisation. 

Being aware of this problem and recognising the economic 
importance of the Tanami region, the Northern Territory Geological 
Survey invited the Australian Geological Survey Organisation to 
commence a joint National Geoscience Agreement project in 1999. 
The purpose was to study hydrothermal systems and develop models 
that facilitate mineral exploration. 

Regional geology 
Recent stratigraphic', structural' and igneous3 studies indicate that the 
Tanami region has a similar geological history to the Pine Creek 
Orogen, Tennant Creek Province and eastern Halls Creek Orogen of 
Western Australia (Eastern Lamboo Complex). 

MAY 2001 



The oldest Tanami rocks are isolated inliers of Archaean gneiss and schist 
such as the Billabong complex (60 km east of The Granites mine; figure 1), 
and the Browns Range Metamorphics (southern flank of Browns Range 
Dome4). SHRIMP based U-Pb zircon geochronology indicates protolith ages 
around 2510 Ma and high-grade metamorphism at 1882 Ma.4 The 1882 Ma 
event is assigned to the Barramundi Orogeny in the Pine Creek Orogen. It is 
the maximum age for rift initiation, basin formation and deposition of the 
overlying orogenic sequences. 

These orogenic sequences comprise the multiply deformed volcanics and 
sediments of MacFarlane Peak and Tanami Groups. The MacFarlane Peak 
Group consists of mafic volcanics, turbiditic sandstone, siltstone and minor 
calc-silicate. The Tanami Group comprises basal quartzite, the Dead Bullock 
Formation-which consists of carbonaceous siltstone, graphitic shale, minor 
iron-rich BIF and chert-and the turbiditic Killi Killi Formation. Dolerite sills 
intrude both MacFarlane Peak and Tanami Groups and predate deformation. 
The Tanami Group signifies rapid marine transgression, then deep marine 
starved sedimentation, followed by rapid prograding wedge sedimentation. 

Tanami Group sedimentation is terminated by the onset of the Tanami 
Orogenic Event (TOE) between 1848 and 1825 Ma. ' Recent geochronological 
evidence (detrital zircons as young as 1815 Ma in the Killi Killi Formation) 
suggests that this event is younger than the previously accepted age of the 
Barramundi Orogeny. The TOE involved multiple deformation (D'-3) and syn 
to post D, greenschist to amphibolite facies metamorphism (M,). The TOE is 
probably equivalent to the Eastern Halls Creek Orogeny, which was related to 
the collision of the North Australian and Kimberley Cratons at around 1835 Ma.5•6 

The Pargee Sandstone, a coarse siliciclastic molasse, unconformably overlies the 
Killi Killi Formation and represents a sub-basin formed during the TOE. 
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Figure 1. Geology of the Tanami 
region with the location of gold 
occurrences 
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The period immediately after the 
TOE is characterised by D4 
extensional rifting, sedimentation, 
felsic volcanism and granite intrusion. 
Aeromagnetics indicate that 
intercalated basalt and turbidite of the 
Mount Charles Formation lie above 
deformed MacFarlane Peak and 
Tanami GroupsY Geochemistry 
indicates a continental rift setting for 
Mount Charles basalt.9 The age of 
Mount Charles Formation is poorly 
constrained, but it is intruded by 
Coomarie Suite aplite dykes dated at 
1824±12 Ma (AGSO OZCHRON). 
Extrusion of the Mount Winnecke 
Group felsic volcanics during D4 
rifting (1825-1815 Ma) is also 
coincident with widespread granite 
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intrusion. Five granite suites have been identified: Winnecke Suite, Frederick 
Suite, Inningarra Suite, Coomarie Suite, and The Granites Suite.3 Most granites 
are I-type with similar characteristics to those in the Halls Creek Orogen. Ds 
faults formed after emplacement of the Winnecke, Fredrick, Inningarra and 
Coomarie granite suites. 

Peneplanation of the Tanami basement and deposition of the Birrindudu 
Group siliciclastic platform cover sequence occurred sometime after intrusion 
of the Granites Suite (post 1800 Ma). Regional correlation with the Tomkinson 
Creek Group and Upper Wauchope subgroup in the Davenport Province and 
Tennant Inlier suggests a 1790-1760 Ma age. 

Younger Proterozoic sequences include the Redcliff Pound Group, Antrim 
Plateau Volcanics, and siliciclastics of the overlying Lucas Formation, Pedestal 
Beds and Larranganni Beds. Redcliff Pound Group quartz arenite loosely 
correlates with the Amadeus Basin Heavitree Quartzite.'o 

D6 faults cut all earlier generations of structures and are mainly defined 
from aeromagnetics. 

Deposit geology 
The Dead Bullock Soak (DBS) goldfield is the largest goldfield in the Tanami 
region, with a total resource of 6.3 Moz Au. Stratabound mineralisation is 
hosted in carbonaceous siltstone, iron-rich rocks and chert of the Dead 
Bullock Formation, which have been metamorphosed to greenschist facies. 
Although most deposits are hosted by BIF (e.g. , Villa, Dead Bullock Ridge 
and Triumph Hill), by far the largest deposit, Callie (3.9 Moz), is hosted by 
carbon-rich siltstone at a stratigraphically lower position. All deposits occur in 
an east plunging anticlinorium (figure 2a). Unlike other goldfields in the 
Tanami region, there is not a close spatial association between gold 
mineralisation and granitoids. 

The BIF-hosted deposits are localised in iron-rich parts of the Orac and 
Schist Hill formations (local mine terms) in the upper part of the local 
stratigraphy (part of Dead Bullock Formation). The iron-rich units have an 
amphibolite-chlorite±sulfide±magnetite assemblage. Although the distribution 
of the iron-rich units is a first-order control on mineralisation, high grade 
shoots are localised in zones of parasitic folds or structural thickening. 11 

Mineralisation in the Callie deposit is localised in F, fold closures and is 
controlled by the intersection of a corridor of D6 veining and carbonaceous 
rocks (figure 2b). Hydrothermal alteration varies with depth in the mine; 
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biotite assemblages at depth give way 
to chlorite at shallower levels. 
However, the ore is uniformly 
associated with decarbonised zones 
within the originally carbonaceous 
siltstone. Callie mineralisation consists 
largely (70%) of free gold and minor 
auriferous arsenopyrite . 

The Granites goldfield (figure 3)' 
which has a total resource of 1.6 Moz 
Au, comprises stratabound 
mineralisation within intensely folded, 
amphibolite facies iron-rich rocks of 
the Dead Bullock Formation. The 
host unit to the ore is amphibole•
garnet-magnetite schist with up to 15 
per cent sulfides (pyrrhotite, pyrite, 
arsenopyrite and chalcopyrite). 

Figure 2b. A cross-section of Callie in 
Dead Bullock Soak 
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Figure 2a. Geology of Dead Bullock Soak (DBS) goldfield 
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Figure 3. Geology of The Granites goldfield 

638000 

D The Granite Suite: porphyritic granite, 1795 ± 6 Ma • 

lIIII lnningarra Suite: biotite granite, 1815 ± 4 Ma' 

D Basic intrusive 

t::::;:=::l Hanging Wall ferriginous schist 

D Hanging Wall schist unit 

A::::> Host unit Hanging Wall schist 

D Footwall schist unit 

_ Host unit Footwall schist 

• SHRIMP zircon U - Pb, J. Smith (Unpub.data) 

Although the orebodies are broadly 
tabular and steeply pitching, 
lenticular ore shoots are also present. 
At East Bullakitchie deposit, these ore 
shoots follow a prominent fold 
plunge. 12 Gold occurs in disseminated 
sulfides (arsenopyrite, pyrrhotite, 
pyrite) , and is also associated with 
quartz-carbonate veining. Unlike the 
DBS goldfield, there is a close spatial 
association of mineralisation and 
granites. Inningarra and The Granites 
granite suites C1815±4 and 1795±5 Ma 
respectively) lie in close proximity to 
mineralisation. The geometry of the 
host sequence is related to Ds 
deformation, which occurred in the 
interval between the Inningarra and 
The Granites granite intrusions. 

The Tanami goldfield (figure 4), 
which has a total resource of 2.1 Moz 
Au, consists of quartz veins hosted by 
weakly deformed basalt and medium•
to coarse-grained clastic sediments of 
the Mount Charles Formation. These 
units exhibit little metamorphism 
(sub-greenschist facies). 

Geological contact 

Fault 

Road 

Open pit 

Survey point 

1 km 
I 

640000 

Frankenia 
Granite 

1805±6 Ma 

3km 

Mineralisation is controlled by 
three sets of Ds faults striking 
350-010°, 020-040° and 060-080°, 
and dipping east and south-east. The 
quartz veins are associated with an 
inner sericite-quartz-carbonate-pyrite 
alteration zone (within one meter of 
lodes) and an outer chlorite•
carbonate zone (to 20 m). 13 Feldspar 
is locally a gangue mineral in the 
auriferous veins. Gold occurs in Figure 4. Geology of Tanami goldfield 
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sulfides (pyrite, arsenopyrite and pyrrhotite). Vein 
textures such as colloform banding indicate high•
level mineralisation. Like The Granites goldfield, 
there is a spatial relationship with the Coomarie and 
Frankenia granites C1815±4 Ma and 1805±6 Ma 
respectively). This association has been used to infer 
a genetic link with the granites, either directly 
through a magmatic-hydrothermal origin of the fluids, 
or indirectly through contact metamorphic fluids. 13 

The Groundrush prospect (resource 0.7 Moz Au) 
is characterised by dolerite-hosted quartz vein 
mineralisation adjacent to a chilled margin of the 
Groundrush (Talbot South) granite dated at 1812±5 
Ma. The majority of the ore is free gold, but some 
auriferous arsenopyrite is also present. The ore body 
is open at depth. Mineralisation and deformation 
relationships remain to be determined. 

The Titania (Oberon) prospect (resource 0.48 Moz 
Au) is hosted by turbidites in extensively folded, 
lower greenschist facies Killi Killi Formation. The ore 
bodies are structurally controlled by Ds structures and 
are localised in anticlinal closures. Like Callie, 
mineralisation appears to be controlled by the amount 
of carbon in the host rock. Ore minerals include 
arsenopyrite, pyrite and free gold. 

The Crusade prospect (resource 0.1 Moz Au) 
contains quartz vein mineralisation associated with a 
faulted rhyolite-basalt contact within the Nanny Goat 
Volcanics. The location of auriferous quartz veins is 
controlled by reverse thrusting related to Ds 
deformation. A significant part of the ore comprises 
free gold. 

Little public information is available on the 
Coyote and Kookaburra prospects that lie on the 
Western Australian side of the border, although they 
are currently being evaluated. 

Age of mineralisation 
Considerable uncertainty surrounds the age of gold 
mineralisation. The spatial relationship between 
mineralisation and granitoids (many of which are 
now dated) has led to proposed genetic links 
between granitoid intrusion and mineralisation; a 
postulation that remains to be further tested. In 
contrast, Callie is not obviously spatially related to 
granitoid, raising questions about any genetic role of 
granitoid in gold mineraliSing events. 

A pilot 4°Ar/39Ar study has been conducted to 
assess the potential of this method for improving age 
constraints on mineralisation. Samples for 4°Ar/39 Ar 
analysis were selected after petrographic examination 
that showed a variety of mineral phases and textures, 
including multiple vein generations. Interpretation of 
geochronological results is critical to understanding 
these geological relationships. 

Wall-rock biotite of an ore-stage vein from Callie 
(sample 11666) yields a discordant spectrum with 
ages of less than 1000 Ma from the first two steps, 
giving way to ages between 1680 and 1950 Ma for 
the final 70 per cent of the gas release (figure Sa). 
The older part of the age spectrum exhibits an age 
peak at around 1850 Ma. Subsequent steps yield 
progressively younger ages leading to a relatively flat 
portion of the age spectrum at 1700±20 Ma between 
47 and 67 per cent of the gas release . The spectrum 
then rises to a maximum age of 1950 Ma before 
progressively 'younging' to around 1700 Ma. Coarse, 
unfoliated biotite from the vein margins in the same 
sample yields a relatively flat age spectrum in which 
all but two steps over approximately 80 per cent of 
the gas release, give ages between 1690 and 1730 
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Figure S. 4°Ar/'9Ar age spectra from gold deposits in the 
Tanami region: a. biotite age spectra from Callie deposit; 
b. sericite age spectra from the Galifrey (11648) and Titania 
(11502) deposits; c. sericite age spectrum from the Carbine 
deposit; d. sericite age spectra from the Callie deposit 
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Another biotite sample (11669) from ore-stage quartz 
vein at Callie returned relatively flat spectrum, with 70 per 
cent of the gas release yielding ages in the range 1666 to 
1711 Ma (figure 5a). A sample of mixed, fine sericite and 
coarser muscovite associated with an auriferous vein from 
Callie (sample 11480) returned a discordant age spectrum. 
It rose from initial ages of 900 Ma to a maximum age of 
1450 Ma at about 20 per cent of the gas release, followed 
by progressively younger ages spanning a range to 
around 1200 Ma (figure 5d). The non-ideal behaviour of 
this age spectrum is suggestive of 39Ar recoil during 
irradiation, making interpretation problematic. 

Hydrothermal sericite from the Carbine deposit 
(Tanami goldfield, sample 11481) yields an age spectrum 
in which 75 per cent of the gas yields ages between 1840 
and 1865 Ma, before exhibiting considerably younger ages 
of 1500 Ma in the final few per cent of gas release (figure 
5c). The convex upwards shape of this spectrum may also 
be indicative of 39Ar recoil-a possibility supported by the 
total gas age of 1810 Ma, which is slightly older than the 
conventional K/ Ar age of 1772±20 Ma. 

Sericite sample (11502) from Titania yields an age 
spectrum that rises gradually from initial ages around 1200 
Ma to a flat section in which 60 per cent of the gas gives 
ages between 1660 and 1710 Ma (figure 5b). 

Hydrothermal sericite from the ore zone at the 
Galifrey prospect (Tanami goldfield, sample 11648) yields 
an age spectrum which rises initially from 1200 Ma to a 
flat section, in which 60 per cent of the gas release yields 
ages between 1600 and 1660 Ma (figure 5b). 

The three biotite-age spectra from the Callie deposit 
are plotted together in figure 5a. The two vein-biotite 
samples yield very similar age spectra with most of the 
gas having apparent ages in the range 1670 to 1720 Ma. 
Textural evidence clearly suggests that these biotites 
crystallised synchronously with the quartz veins in which 
they are hosted. This in turn is interpreted as synchronous 
with ore mineralisation. With typical values for argon 
closure in biotite around 300°C, and evidence from fluid 
inclusions that suggests temperatures in the quartz veins 
exceeded 300°C (see below), the biotite ages presented 
here should be regarded as minimum ages for the timing 
of ore mineralisation. However, ambient countJy-rock 
temperature before vein formation and mineralisation, at 
the estimated depth of between three and six kilometres, 
is likely to have been considerably less than the biotite 
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closure temperature (assuming near-surface geothermal 
gradients of less than 50°C/ km). If mineralisation was 
relatively localised, the thermal effects could have been 
relatively short-lived-especially as maximum vein•
formation temperatures were probably in the range 
310-330°C. Given these considerations, the argon ages 
preserved in biotite give a close estimate of the timing 
of vein crystallisation and associated gold 
mineralisation. 

The age spectra from Titania and Galifrey (two 
deposits 50 km apart) are remarkably similar in form 
and age, but their ages are 50 to 100 Ma younger than 
those derived from Callie biotites. These younger ages 
could represent cooling and isotopic closure ages of 
sericite Significantly later than ore mineralisation. 

In summary, the limited amount of 4°Arj39Ar data 
currently available is consistent with at least some of 
the Tanami gold mineralisation significantly post-dating 
the TOE in the region. In the case of the Callie depOSit, 
the data may suggest a link with the Strangways Event 
(1720-1730 Ma 14) that was responsible for widespread 
deformation and metamorphism in the Arunta Province 
to the south-east of the Tanami region. 

Fluid inclusions studies 
The physico-chemical character of the ore-bearing fluids 
has been investigated by microthermometJ·ic and laser 
Raman microprobe analysis of fluid inclusions. 

At Callie the ore-stage, gas-rich, fluid inclusions 
homogenise over a temperature range of 310-330°C 
and have salinities of 7-9 wt % NaCI eq. The laser 
Raman microprobe did not detect any CH4 in these 
inclusions, but both C02-rich and N2-rich inclusions are 
present. Two-phase aqueous inclusions also coexist 
with the gas-rich fluid inclusions and homogenise over 
the range 220-360°C. Their salinities range from 8-22 
wt % NaCI eq. The estimated depth of formation of the 
gas-rich inclusions is 3.2-5.8 kilometres. 

The Granites goldfield contains abundant C02-
bearing, primary fluid inclusions with salinities ranging 
from 4-8 wt % NaCl eq. Although most inclusions are 
C02-rich, laser Raman microprobe analysis has shown 
that the vapour phase of some inclusions contains C02 
and up to 73 mole % Nz, while others contained CO"~ 
small quantities of Nz, and up to 50 mole % CH4. This 
indicates significant local variations in fluid 
composition. Some inclusions homogenised to the 
vapour phase. The majority, however, homogenised to 
a liquid over the range of 260-300°C. Two-phase 
aqueous inclusions are also present in lesser amounts 
and they coexist with the CO,-bearing inclusions. The 
aqueous inclusions have salinities ranging between 18 
and 20 wt % NaCl eq and homogenise to the liquid 
phase over the range 240-260°c. The estimated depth 
of formation for the above inclusions range from 
3.8-7.5 kilometres. 

Rare, primary, CO,-rich fluid inclusions are found in 
a few deposits in the Tanami goldfield, but two-phase 
aqueous inclusions are the dominant type. No gases 
have been detected in the vapour phase of these 
inclusions. They can be grouped into three 
populations: (i) relatively saline inclusions with 18-23 
wt % NaCI eq; (ii) moderately saline inclusions with 
11-17 wt % NaCI eq; and (iii) low-salinity inclusions 
with 0-10 wt % NaCI eq. 

Only type iii, low-salinity inclusions are associated 
with mineralisation. Necking down of inclusions has 
caused a wide spread in homogenisation temperatures, 
but there is a distinct mode at 160°C. Depth estimations 
for the aqueous inclusions range between 0.4 and 0.8 
kilometres. It is estimated that the CO,-rich inclusions 
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formed between 1.3 and 1.5 kilometres. These shallow depths are consistent 
with a number of high-level features (comb quartz and chalcedonic textures). 

Ore-stage fluid inclusions from the Groundrush deposit have a distinctly 
different character. The inclusion population is dominated by high•
temperature, gas-rich inclusions. These inclusions homogenised over a 
temperature range of 220-460°C with a mode at 420°C. Their salinity ranged 
between 4-10 wt % NaCl eq. Laser Raman microprobe analysis indicates that 
the vapour phase is typically dominated by methane with lesser amounts of 
CO,. The estimated depth of formation of these inclusions ranges between 5.5 
and 8.3 kilometres. 

Figure 6 summarises physico-chemical properties of fluid inclusions from 
the above deposits. Groundrush appears to have formed at the greatest 
depths and has the most reduced (CH,-rich) fluids. The Granites goldfield and 
the Callie deposit formed at shallower depths. The Granites fluids were CO, 
rich, but variable in N, and CH,. The Callie fluids show only small variations 
in temperature and salinity and are more oxidised with only CO, and N2 being 
detected. The Tanami deposits appear to have formed at the shallowest levels 
and are dominated by low-salinity aqueous fluids, although some C02-bearing 
fluids have also been detected. 

Source of metals 
0180 values calculated for ore fluids using mean temperatures obtained from 
fluid inclusions and 0180 values of quartz are 5.9±2.0 %0 at Callie, 4.6±2.0 %0 
at The Granites, and range from 1.0 to 5.0 %0 at the Tanami goldfield. The 
relevant fluid inclusion OD values are -85%0 to -58%0 (median -72%o)at Callie, 
-71%0 at The Granites and -69%0 to -37%0 (median -52%0) at the Tanami 
goldfield. The corresponding mean fluid inclusion 013C values are -6.2%0 at 
Callie and -8.1%0 at The Granites. There was insufficient C02 to measure 013C 
values at the Tanami goldfield. 

The above data indicate involvement, at the ore stage, of metamorphic or 
magmatic fluid at Callie and The Granites, and a notably different exchanged 
meteoric fluid at the Tanami goldfield. 

Further information on the provenance of metal-bearing fluids was 
obtained by comparing lead isotope ratios of hydrothermal K-spar and 
auriferous sulfides with lead isotope ratios of K-spar from granites spatially 
associated with mineralisation. The results obtained to date (figure 7) indicate 
that the initial lead isotopic ratios of sulfides from The Granites goldfield, 
Tanami goldfield and Groundrush deposit probably were similar to each 
other. They are significantly different, however, to the initial ratios of the 
granites as determined from K-feldspar separates. The initial ratio of the 
Groundrush granite is unique compared with the other granites. It may be 
indicative of derivation by partial melting of Archaean basement. Dolerite 
hosting the Groundrush deposit has lead isotopic values similar to the 
sulfides. However it is unclear whether this feature is primary, or if the 
isotopic ratios were re-equilibrated by subsequent hydrothermal activity. 

A combination of stable isotope data and lead isotopic ratios-as well as 
significantly younger Ar-Ar ages of ore-related minerals, when compared with 
the age of granitic intrusions-suggest that these intrusions were not the 
source of ore-bearing fluids. 

Tanami region gold mineral system 
Results of this study indicate that gold deposits of the Tanami region are 
suprisingly diverse, with some being basalt and dolerite hosted, some in BIF, 
and some being sediment hosted. Moreover, fluid inclusion data suggest that 
the four main deposits all formed at different depths with Groundrush being 
the deepest and the Tanami deposits being the shallowest (figure 8, page 14). 
Hydrogen and oxygen isotope data are consistent with either a magmatic or 
metamorphic origin for the ore fluids, but the Pb isotope data show that the 
Pb in these deposits was not derived from a magmatic source. 

Despite the evident differences these deposits have similarities, particularly 
Callie, Groundrush and The Granites. Most importantly, ore fluids have 
salinities less than or equal to 10 wt.% NaCI eq, and are C02-rich. The Tanami 
fluids differ in that they are not as CO,-rich, consisting mostly of aqueous 
inclusions indicative of high-level fluid mixing. The composition of these 
fluids bears some similarities to the fluid chemistry of Archaean lode gold 
depositsl5 that have mainly mixed aqueous-carbonic fluids with some 
moderate- to low-salinity aqueous inclusions. Fluid salinities in the Tanami 
deposits, however, lie in the upper range of those reported from Archaean 
gold deposits. Groundrush and Callie have greater levels of CH, and N2, 
respectively, than that commonly observed in Archaean gold deposits. In this 
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Figure 6. Summary of physico•
chemical properties of ore-stage fluids 
at Callie, The Granites, Groundrush 
and Tanami corridor deposits 

respect the fluid chemistry of these 
deposits appears to be more closely 
related to that reported for turbidite•
hosted gold deposits.16 

Figure 8 presents a preliminary 
gold system model based on these 
and other data for the entire Tanami 
region. The project's data conflicts in 
terms of the role of granites in the 
mineral system. Although there is a 
strong spatial association among 
deposits in the Tanami and The 
Granites goldfields and at 
Groundrush, Pb-isotope and 4°Ar/39Ar 
data presented herein are not 
consistent with a direct genetic link 
between granite intrusion and 
mineralisation. 

The Tanami goldfield has the most 
suggestive evidence for a role for 
granites. These deposits are located 
within a corridor between two granite 
domes, and the 4°Ar/39Ar data overlap 
the age of intrusion of one of these 
granites. These granites may have 
acted as either a heat engine or 
focused fluid flow within the Tanami 
corridor. Other deposits such as Callie 
do not have a close spatial 
association with granites, and the 
'°Ar/39Ar age data do not accord with 
the time of granite intrusion. Given 
these uncertainties, the role of 
granites in the mineralising event is 
an open question. 

Structural evidence' shows that D5 
or D6 shear zones are important 
controls on gold mineralisation within 
the region. These structures facilitated 
regional fluid flow into deposition 
sites. Fluid flow was assisted by 
brittle failure and brecciation of 
competent rocks (e.g., Tanami), the 
formation of dilatant zones (e.g., The 
Granites) and the existence of 
structural corridors (e.g., Callie). 
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Alteration assemblages valY as a 
consequence of host lithology and 
also temperature and depth of 
mineralisation. The variety of host 
lithologies for these deposits suggests 
that different precipitation 
mechanisms may have operated in 
different areas. Desulfidation of ore•
bearing fluids during interaction with 
Fe-rich host rocks may have led to 
Au precipitation at Groundrush and 
The Granites. A more complex 
mechanism may have been 
responsible for the sediment-hosted 
Callie deposit. In this case, relatively 
oxidising fluids reacted with graphitic 
sediments, reducing the fluid, 
decarbonising the rock, and 
producing CO, gas. H,S was also 
partitioned into the gas phase, 
destabilising the gold bisulphide 
complexes and precipitating gold. 
Finally, gold was remobilised by later 
fluids that concentrated it near the 
top of decarbonised zones in a 
process analogous to 'zone refining' 
in volcanic-hosted massive sulfide 
deposits. Structural thickening during 
FI folding at Callie may have 
enhanced this process by preparing a 
thicker zone of reactive rock. Fluid•
inclusion data from the Tanami 
goldfield suggest that the ore-bearing 
fluids mixed with a localised brine, 
and Au precipitation resulted from 
mixing and cooling processes. 

The data suggest that a number of 
processes formed gold deposits in 
the Tanami region. This directly has 
resulted in a diversity of ore deposit 
characteristics. Consideration of this 
diversity, from a mineral systems 
perspective, highlights the likelihood 
that undiscovered gold deposits in 
the Tanami region will have a large 
range of characteristics and that 
mineral deposition can occur in a 
number of different host lithologies. 
Current evidence indicates that D5 
and D6 structures should be the 
favoured targets for future 
exploration. 

Future research 
Results of this joint NTGS-AGSO 
research program raise more 
questions than they answer. To 
address these questions, the 
following research programs will be 
undertaken over the next year: 
• further direct dating of 

mineralisation (including possibly 
dating zircon in late ore-stage veins); 

• further lead isotope work; 
• a more extensive program by 

AGSO on Western Australian 
prospects (e.g., Coyote) to detect 
any regional changes in the age 
and character of mineralisation; 
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and 
• extension of work to the Birrindudu area (quartZ-Au veins in the 

Winnecke Granophyre). 
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A minerals systems approach to 
mapping Australia's endowment 
AL Jaques, N Evans & S Jaireth 

Mineral endowment is a key 
element in determining 
prospectivity. As part of an 
ongoing assessment of Australia's 
prospectivity, AGSO has compiled 
density plots of recorded mineral 
occurrences, which not only map 
Australia's historic mineral 
provinces but also highlight 
regions with anomalously high 
metal contents. 

Most regions with a high 
abundance of recorded mineral 
occurrences contain one or more 
world-class deposits-although 
there are notable exceptions in 
the case of buried deposits. An 
abundance of occurrences can be 
due to the compounded effects of 
sequential or overlapping 
mineralising systems. It may also 
reflect an inefficient mineralising 
process or processes that resulted 
in dispersed low-grade 
mineralisation. Nevertheless, most 
of the known world-class deposits 
are in regions with a high density 
of mineral occurrences•
suggesting surface prospecting 
probably played a key role in the 
discovery of many such deposits. 
Early results of AGSO's ongoing 
assessment of Australia's mineral 
potential indicate that substantial 
areas of potential remain 
(especially under cover). 

T he bulk of the world's metal 
resources are contained in 
larger than the median-size 

deposits, and most is concentrated in 
giant or world-class ones (namely the 
top 10% of deposits on a contained 
metal basis).1 Moreover, most of the 
world's base and precious metal 
resources are contained in deposits 
of higher grade, occur in relatively 
few ore deposit types, and are 
concentrated in particular regions of 
the world. These observations lead to 
the conclusion that some parts of the 
Earth's crust are unusually endowed 
in certain metals and therefore more 
prospective than other areas. 

World-class or giant deposits can 
profoundly affect metal supply and 
have a huge influence on net present 
value and cash flow (mine 
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profitability). Such deposits therefore are a focus of global exploration today. 
The minerals industry is undergoing radical change because of the 

combined influences of globalisation, low metal prices, investor demands for 
greater return on capital, competition for risk capital, the declining position of 
mining in equity markets, and the increased demands for community and 
environmental accountability (the 'triple bottom line'). In this environment, the 
industry will depend heavily on the discovery of major deposits with large, 
high-grade reserves to ensure low operating costs and long mine life. Other 
desired characteristics include a low environmental footprint and favourable 
ore mineralogy that allow ready extraction without environmental penalties. 

The growth of the Australian minerals industry to its present position as a 
leading producer is built on a relatively small number of major (world-class) 
mines. These include historic giant deposits such as Kalgoorlie and Broken 
Hill that were found more than 100 years ago. Also included in Australia's list 
of major deposits and mineral districts-most of which were found in the last 
40 years-are: 
• Mount Isa copper and lead-zinc-silver deposits; 
• bauxite deposits of Gove, Weipa , and the Darling Ranges; 
• Bowen Basin coal seams; 
• Hamersley iron province; 
• Olympic Dam copper-uranium-gold deposit; and 
• Yilgarn gold deposits. 

This raises the question: 'What is Australia's mineral endowment and 
potential for further discoveries, especially for world-class resources?'. 

Australia's mineral endowment 
The distribution of known deposits and occurrences provides an insight into 
known mineralising systems. Figures 1 a-f are density maps of the distribution 
of significant mines and deposits (including both historic and undeveloped 
deposits). These figures show recorded occurrences of gold, copper, 
lead/ zinc, iron, nickel and uranium mineralisation from AGSO's MINLOC 
database, which contains more than 74 000 mineral locations. The recorded 
mineral occurrences are presented as kernel density plots using a 100-
kilometre radius and shown simply as low, medium and high concentrations. 

The plots show that gold and copper are the most widely recorded metals 
in Australia. Recorded gold occurrences (figure la) are concentrated in the 
Archaean Yilgarn craton and in the various elements of the Tasman Fold Belt. 
This includes northern Tasmania, the historic major lode gold deposits of the 
Ballarat-Bendigo field of Victoria, the porphyry-epithermal and lode gold of 
Lachlan Orogen in New South Wales, and the breccia-hosted, lode gold and 
epithermal deposits of central Queensland. 

Copper deposits and recorded occurrences (figure 1b) are concentrated in 
the Mt Isa province, the Kanmantoo province, the western Curnamona craton, 
and widely distributed in the Tasman Fold Belt. These occurrences highlight 
the volcanic associated massive sulphide (VAMS) district of western Tasmania, 
the YAMS and porphyry deposits of the Lachlan Orogen, and the base metal 
provinces of central and north Queensland. 

Figure 1c broadly maps Australia's lead-zinc provinces, especially the 
major YAMS districts of Tasmania and New South Wales, the Elura and Broken 
Hill depOSits, as well as occurrence-rich regions of North Queensland (mostly 
in the Kennedy province). Other lead-zinc mineralised districts, such as the 
Lennard Shelf (the 7th largest zinc producing province in the world) and the 
Pine Creek province, are also identified. The world-class Carpentaria-Mt Isa 
zinc belt in northern Australia, however, is not especially prominent. This belt 
hosts more zinc than any other comparable province in the world with seven 
world-class, Proterozoic sediment-hosted base-metals deposits: McArthur River, 
Century, Dugald River, Hilton, Mt Isa, Lady Loretta (all with 2 Mt or more 
contained zinc), and Cannington (5 Mt contained lead, 1.9 Mt contained zinc). 
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Australia's iron ore provinces and occurrences of banded iron formations , 
iron-rich skarns and gossans are shown in figure Id. In the case of nickel 
(figure Ie) , the density occurrence map marks out the nickel districts of the 
Eastern Goldfields (Kambalda, Mount Keith-Agnew), the Forrestania belt, the 
west Pilbara, and the lateritic deposits in eastern Australia, notably the 
Greenvale area. The uranium density map (figure 10 clearly marks out the 
Rum Jungle and Alligator River uranium districts in the Northern Territory, 
Mary Kathleen and Westmoreland uranium districts in Queensland, the 
Kintyre deposit in Western Australia, and the Beverley and Honeymoon 
uranium districts in South Australia. No significant deposits are known from 
the area of anomalously high, recorded uranium occurrences in the 
Ashburton province in Western Australia. 

la. 1d. 

GOLD IRON 

1b. 1e. 
COPPER NICKEL 

1e. if. 
LEAD/ZINC 
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Figures 1 a- f. Kernel density plots of 
recorded mineral occurrences and 
major deposits (from AGSO's 
database) for gold, copper, lead/zinc 
iron, nickel, and uranium. 

• Significant deposits 

Mineral Occurrence Density 
_ Low 
_ Medium 
_ High 
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Figures 2a-b. Maps showing the distribution of world-class gold and lead/zinc deposits in relation to kernel density 
plots of recorded mineral occurrences and prospective rock sequences from AGSO's national GIS. 

World-class deposits and mineral potential 
Most regions with an anomalously high distribution of recorded mineral 
occurrences contain one or more world-class deposits of that metal(s) as 
shown, for example, in figure 2a: gold and figure 2b: lead/ zinc. Clearly the 
most endowed region in terms of gold is the Yilgarn craton-notably the 
Eastern Goldfields, which hosts some 16 world-class deposits. World-class 
gold deposits are associated with many other concentrations of recorded gold 
occurrences, including Ballarat, Bendigo, Cadia, Cowal, Gympie, Kidston, Mt 
Leyshon and Charters Towers. A number of major deposits-such as Telfer 
Boddington and Olympic Dam-however are not associated with a high ' 
density of recorded occurrences. 

World-class deposits are not always found in regions with the highest 
density of recorded mineral occurrences. For example: no world-class lead or 
zinc deposits are currently associated with the high density of recorded 
occurrences in the Georgetown-Mt Garnet region (although a number of 
small deposits are known) . Australia's major lead-zinc province is not 
highlighted as a province, even though there are concentrations centred about 
the McArthur River, Century, and Mt Isa-Hilton deposits, and a region north 
of the Roper River. Cannington is a blind deposit under 10-60 metres of 
cover. 

A lack of major deposits associated with high-density occurrences in some 
districts, and a paucity of occurrences associated with world-class deposits in 
other mineral districts, may be due to several factors. Firstly, there are 
inherent weaknesses in the database, which is influenced by such factors as 
the nature of the outcrop, amount of cover, and exploration accessibility 
mcludmg that of early prospectors. Secondly, in some provinces high-density 
occurrences may reflect the influence of multiple, overlapping or sequential 
weak mineralising events, none of which may have resulted in major 
deposits. A third possibility is that high-density occurrences may indicate 
dispersion of mineralising fluids through 'leaky' or inefficient mineralising 
systems (source, transport and trap). The more focused or efficient 
mineralising events, therefore, may have resulted in less minor mineralisation 
(fewer occurrences), but significant deposits. 

In a number of mineral districts2 and petroleum basins3 there is a parabolic 
fractal relationship between size and rank of deposits when plotted on a log•
log basis. This relationship is widely used to predict the ultimate size of oil 
and gas fields in a basin. The relationship is less certain in the case of mineral 
deposits. For example: a log-normal distribution has been demonstrated in 
some gold provinces but, taken as a group, giant gold deposits (>100 tonnes) 
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do not form part of a single 
population. 2 Rather, the well-endowed 
belts contain anomalously large gold 
deposits.2 This is examined further in 
figure 3, which shows a cumulative 
frequency plot of gold deposits in the 
Eastern Goldfields, Murchison and 
Southern Cross terranes of the Yilgarn 
craton. Gold deposits from the 
Murchison and Eastern Goldfields 
terranes show a similar distribution, 
except for the super-giant Kalgoorlie 
deposit. Deposits in the Southern 
Cross terranes, in contrast, define a 
different curve (figure 3). This implies 
differences in the scale or efficiency 
(e.g., focusing or timing of fluid flow 
and fluid trap) of the gold 
mineralising systems. The Murchison 
terranes are more like those of the 
Eastern Goldfields than the Southern 
Cross terranes. Broken Hill is a 
mineral province that shows an even 
greater 'gap' between a giant and 
minor deposits. The giant Broken Hill 
silver-lead-zinc deposit (>150 Mt, pre•
erosion possibly -300 Mt) is distinct 
from a 'tail' of small deposits, 
suggesting that the mineralising 
system was highly efficient in 
focusing and concentrating the 
mineralisation. 

The relationship of mineral 
occurrence, mineral resource and 
mineral potential is being further 
explored by using a mineral systems 
approach and resource data such as 
grade and tonnage curves. AGSO is 
undertaking an assessment of 
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Australia's mineral potential to 
support resource exploration and as 
an important input to land-use 
planning and infrastructure 
development. 4 The assessment is 
using a GIS-based mineral systems 
approach, which attempts to identify 
all geological processes that control 
the generation and preservation of 
mineral deposits.s Emphasis is placed 
on source(s) of heat (energy), metals 
and fluids , transport mechanisms for 
the migration of fluids , and tra~ 
including the mechanical and 
physico-chemical conditions that 
result in precipitation of metals from 
fluids , as well as post-depositional 
modification and preservation of the 
mineralisation. The approach is based 
on determining the likely presence or 
absence of elements critical to 
formation of some 21 different ore 
deposit types known to host world•
class deposits in Australia or in 
similar rocks elsewhere in the world, 
based on widely adopted models 6 

Assessment of potential is based on 
examination of the time--event plots 
for each province. This includes 
basement geology, magmatic history, 
and basin evolution including 
sediment type, orogenic/ metamorphic 
events , and metallogenic events. 

The rock sequences prospective 
for gold and lead-zinc deposits based 
on this approach are shown in 
figures 2a and 2b. These figures 
show that the areas prospective for 
these metals extend beyond the 
known mineralised districts defined 
by the distribution of occurrences 
and deposits. Many of these areas are 
buried or poorly exposed, suggesting 
that considerable potential lies under 
cover. 

Mineral occurrences, 
deposits and potential 
From a preliminary examination of 
mineral occurrences, deposits and 
potential, the authors conclude that: 
1. The density maps of recorded 

mineral occurrences highlight 
regions of crust with anomalously 
high metal contents and outline 
most of Australia's historic mineral 
provinces. 

2. Most of the known world-class 
deposits, with important 
exceptions, occur in regions with 
a high density of recorded 
mineral occurrences. This suggest 
that most past discoveries, with 
the exception of blind deposits 
like Olympic Dam and 
Cannington, were strongly driven 
by surface prospecting. 
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Figure 3. Cumulative frequency plots of gold deposit size (tonnes of 
contained gold) for the Eastern Goldfields, Murchison and Southern Cross 
terranes. 
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3. Most regions with a high density of recorded mineral occurrences contain 
one or more world-class deposits, but some have no known major 
deposit(s). It is not clear whether major deposits remain to be found in 
these areas. Some high concentrations appear to result primarily from the 
cumulative effects of low levels of occurrences associated with overlapping 
but distinct mineralising systems. These may also represent systems where 
the mineralised fluids were widely dispersed rather than focused to form 
economic deposits. 

4. Early results of an assessment of mineral potential indicate that substantial 
areas of potential remain. The areas are likely to be in extensions of 
known provinces under cover, in poorly outcropping provinces , and 
especially in under-explored greenfields provinces under cover. Successful 
exploration of many of these areas will require a new approach that 
integrates new geophysical imaging tools (such as gravity gradiometry or 
seismic) with new conceptual approaches based on a better knowledge of 
the controls on mineralising processes. 
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DEPOSIT FLUID FLUID TRANSPORTI VEIN ASSEMBLAGE! DEPOSITIONAL 
CONDITIONS ORE CONTROLS ALTERATION MECHANISM 

TANAMI 120 - 220 DC Brittle faulting in basalt and VEINS: qtz±ser±ank±py±chl Fluid mixing between 
0-10 wt.% NaCI eq sediments. ±sp±aspy±cpy low salinity , 

0.4-1.5 km Minor CO2 content ALTERATION: CO2-bearing fluid 
(1) ser+qtz±carb±py and localised brine. 

(inner zone) 
(2) chl+carb (outer zone) 

CALLIE 310 - 330 DC Sheeted quartz veins within a VEINS: Originally (1)Reduction and/or 
7 - 9 wt.% NaCI eq 'structural corridor. Grade qtz+feld(±biot±epid) effervescence of 

3.2 - 5.8 km CO 2± N2 increases where there are high but extensively recrystallised. ore-bearing fluids 
angle intersections between AL TERA TION: from interaction with 
quartz veins and bedding (1) cc±chl±qtz±py (upper levels) graphitic host rock 
planes. Increased porosity in (2) chl±tit±ru (mid levels) (2) Zone refining to 
zones of decarbonation. (3) biot±il±epid±po(lower levels) concentrate gold 

near the top of the 
decarbonised zone 

THE GRANITES 260 - 300 DC Dilatant zones formed during VEINS: Desulfidation of 
4 - 8 wt.% NaCI eq folding in banded iro n (1) qtz±aspy±po±py ore-fluids during 

3.8 - 7.5 km CO 2± ~ ± CH4 formation. Amphibolite grade (2) cc±diop interaction with 
host rocks adjacent to granite (3) qtz+cc BIF host unit. 
intrusions. (4) claqtz±diop±cc 

ALTERATION: 
(1) hbl(±cum±epid±chl) 
(2) diop±clahbl±feld±qtz 
(3) hbl±diop±clz±feld±qtz 
(4) hbl±tit±qtz±feld±il 

GROUNDRUSH 390 - 460 DC Quartz veining and VEINS: qtz±carb±py±po±aspy Desulfidation of 
4 - 10 wt.% NaCI eq brecciation in dolerite . auriferous fluid s 

0.. 5.5 - 8.3 km CH 4± C20 ALTERATION: Not determined during interaction 
m with host rocks. 
o 
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Sources of organic matter in 
Wallis Lake 
GA Logan, DJ Fredericks, ( Smith & DT Heggie 

A study of lipid biomarkers at Wallis Lake has 
revealed sources of organic matter in sediment 
samples collected at five different sites. Lipid 
biomarkers are molecules derived from the cells of 
organisms that can be identified in sediments and 
related back to their sources. These sources include 
algae, bacteria and terrestrial plants, along with a 
signal for faecal contamination. Site comparisons 
reveal distinctive biomarker signals associated with 
terrestrial plant inputs at two river mouth sites. 
These sites also exhibit decreases in algal signals and 
the highest levels of faecal contamination. Analysis 
of down-core biomarker distributions indicates that 
biomarker signals become increasingly similar with 
depth. This is related to diagenesis and the more 
rapid degradation of algal tissues. A statistical 
approach has been used to interrogate the data and 
illustrate differences between and within sediment 
cores. 

W allis Lake (figure 1) is one of Australia's largest 
coastal lakes with an area of about 90 square 
kilometres. Sediment facies in the lake include 

a fluvial bay head delta near the entry points of the major 
rivers (Coolongolook and Wallamba Rivers), a shallow 
muddy central basin forming the southern part of the 
lake , and a marine tidal complex at the mouth of the 
estuary. Because of training walls, the estuary mouth is 
permanently open. The Wang Wauk/Coolongolook River 
and Wallamba Rivers are the main catchment tributaries. 
Much of the area traversed by these rivers and tributaries 
consists of cleared and partially cleared agricultural land. 

A previous environmental study identified the 
presence of nutrient, animal and human faecal pollution, 
and other urban runoff pollutants from the Forster•
Tuncurry area as the principal sources of pollution in the 
estuary.' But available data indicate that under dry 
conditions, estuary water quality complies with Australian 
guidelines. I Data also show that under low to moderate 
wet conditions, the lake waters contain high sediment 
and nutrient concentrations. As well, data show some 
high bacterial counts, particularly in the tributary rivers 
and around the urban drainage outlets. 

Water-quality sampling of biological parameters in 
estuaries requires both intensive spatial and temporal 
sampling programs. The purpose of such surveys needs 
to be clearly defined so that the sampling program can 
be designed to address the appropriate management 
questions. Alternatively, various water-quality issues can 
be addressed by surveys of sediment and plant material. 
These surveys rely on the large spatial distribution of 
sediments and plant material, and the ability of sediments 
to integrate and record water-column characteristics. 

This paper outlines an investigation of lipid biomarker 
compositions of sediment in Wallis Lake to determine the 
relative importance of urban and rural inputs. Lipid 
biomarkers were chosen because they can identify 
organic inputs to sediments and help trace the dispersal 
of these inputs through the estuary. Biomarkers are 
compounds of biological origin produced in cell walls 
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Figure 1. Map of Wallis Lake and sample locations 

and fat storage areas. They can often be related to 
sources such as phytoplankton, terrestrial plants and 
bacteria. Certain biomarkers are also specific to particular 
groups of organisms; for example, diatoms, dinoflagellates 
or cyanobacteria. Furthermore, biomarkers may help 
identify forms of environmental contamination, such as 
petroleum and sewage. 

Sample collection and analysis 
Sediment cores were collected at three sites around Wallis 
Lake. Two of these core sites were chosen to reflect 
potential end members for rural (Coolongolook River) 
and urban catchments (canal development at Forster 
Keys). The third site was selected to represent deposition 
within the lake system, remote from these end members. 
Two surface sediment sites were also chosen-one in the 
central basin area to reflect an integrated picture of 
inputs; the other at the Wallamba River mouth to examine 
rural inputs to the lake. 

The details of sample collection and analysis are 
covered elsewhere.' Briefly, cores were collected using a 
hand-operated piston corer and sediments were freeze 
dried before grinding. Biomarkers were extracted by 
repeated sonication in mixtures of organic solvents 
(dichloromethane and methanol) . The combined total 
extract was then analysed by gas-chromatography mass•
spectrometry (GC-MS). This procedure separates complex 
mixtures of molecules for identification and quantitation. 
By a process called Target Compound Analysis, the GC-
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MS computer software was trained to recognise and look for 69 biomarkers of 
interest. Each compound was quantified against the internal standard and 
then its abundance related to the amount present in each gram of sediment. 
Compound abundances were then used in the statistical software package 
'Statistica' to perform principal component, cluster and cononical variation 
analyses. 

Identification of specific organic matter inputs 
The different sources of organic matter are recognised both on the basis of 
individual biomarkers and the presence of diagnostic patterns of multiple 
biomarkers. Specific sources are identified and discussed below. The 
importance of certain inputs is assessed through several ratios developed to 
examine the variation of different biomarkers (table 1). The use of these 
ratios allows inter-site comparison and helps in the interpretation of the 
statistical data. 

Algae 
Dinoflagellates are single-celled algae that live in oceans, estuaries, lakes and 
ponds. They can cause 'red tides', which kill fish or poison humans who eat 
the fish or shellfish affected by such algal blooms. The presence of 
dinoflagellates is recorded chemically in sediments by dinosterol, a biomarker 
specific to dinoflagellates.3 It is present at all sites in Wallis Lake and 
throughout the sediment cores. This indicates that dinoflagellate production 
occurs across Wallis Lake and that dinoflagellates have been a component of 
the phytoplankton production over the entire depositional history of the cores 
(approximately 5000 years) . Ratios of dinosterol to phytol can be used to 
estimate the comparative importance of dinoflagellates at each site. Phytol is 
derived from chlorophyll and is present in all photosynthetic plants. 
Dinosterol abundance ratios were lowest at sites 1 and 5 (1.8 and 0.5 
respectively) compared with the other sites which ranged from 4.0 to 7.7. The 
percentage of dinosterol as part of the sum of all biomarkers quantified also 
indicates that abundances of dinosterol are highest away from the two river 
mouths (table 1). This suggests that dinoflagellate production was lower close 
to the river mouths. 

The 'green algae' is the most diverse group of primarily aquatic algae, 
with more than 7000 species. The presence of green micro algae is indicated 
by C30 1,15 alkandiol.4 Again, this compound was found to be present at all 
sites and through each core. Generally speaking, this biomarker was most 
abundant and provided the highest ratios at sites 2, 3 and 4, away from the 
river influxes. For example, values for ratios of C30 1,15 alkandiol to phytol 
are 0.5 and 1.4 for sites 5 and 1, and range between 2.1 to 7.0 for the sites 2 
to 4. The percentage abundance of C30 1,15 alkandiol is also higher away 
from the river mouths (table 1). As with the dinosterol data , this suggests that 
the algae group that produces C30 1,15 alkandiol is most commonly found 
away from the river mouths . 

Diatoms are unicellular algae with cell walls that contain silica . They 
generally form an important component of photosynthetic production within 
estuaries, and often occur as a spring bloom. This happens when the 
concentration of silica and nutrients in combination with increased light and 
water temperatures allow for rapid growth. Different diatom species can 
produce a range of sterols, of these 24-methylcholesta-5,24(28)-dien-3~-01 and 
24-methylcholesta-5 ,22E-dien-3~-01 are thought to be most diagnostic. s 
However, certain sterols such as cholesterol, also known to be produced by 
this group, have other potential sources. Although cholesterol is abundant in 
animals, it may be predominantly derived from diatoms in Wallis Lake. This is 

Dinoflagellates Green algae Diatoms 

dinosterol! % alkandiol! % cholesterol! % 
Site phytol dinosterol phytol alkand iol phytol cholesterol 

1 river mouth 1.8 1.4 1.4 1.1 7.1 5.6 
2 canal development 4.9 2.4 4.1 2.0 10.8 5.3 
3 southern basin 7.7 2.6 7.0 2.3 14.1 4.7 
4 central basin 4.0 2.3 2.1 1.2 7.8 4.4 
5 river mouth 0.5 1.7 0.5 1.6 1.7 5.4 

supported by the cluster analysis 
finding that cholesterol groups with 
compounds related to algal sources. 
Ratios of cholesterol to phytol and 
percentages of cholesterol as a 
function of total quantified lipids do 
not show marked variation with site 
(table 1). Except for site 1, 
cholesterol is the most abundant of 
all sterols in every sample. Most of 
the other diatom-related sterolss have 
been identified at each site, indicating 
that diatoms are also an important 
component of the phytoplankton. 

Bacteria 
Cyanobacteria is the scientific name 
for blue-green algae- plant-like 
bacteria that can fix nitrogen and 
contain cyanobacterial toxins. 
Cyanobacteria commonly bloom in 
shallow, warm, slow-moving or still 
water and can cause a health risk in 
areas of human activity. They are 
more prevalent in fresh water than in 
brackish or marine conditions. 
Cyanobacteria, along with other 
bacterial groups, produce a group of 
compounds called hopanoids. The 
presence of 2-methyl-hopanoids is 
now thought to be diagnostic for 
cyanobacteria ~ although not all 
species in the group make this 
biomarker. C32 hopanol is detected in 
the surface sediments at all sites, 
although in very low concentrations. 
However, no 2-methyl-hopanoids are 
detected at any of the sites. This 
suggests that if cyanobacteria are 
present, they are not significant 
contributors to the sedimentary 
organic matter. The analysiS of these 
biomarkers is problematic so this 
conclusion is tentative. Further work 
using more specific chemical 
techniques would be required to 
assess the composition and 
distribution of the hopanoids to 
address the nature of the sources of 
these compounds. 

Sulfate-reducing bacteria are also 
present in all samples. In particular, 
iso- and anteiso-branched fatty acids, 
as well as 10-methyl hexadecanoic 
acid are diagnostic of this group of 

Herbivore faecal 
Land plants sterol ratio 

triterpenoids/ % 24ethylcoprostanol! 
phytol triterpenoids 24ethylcholestanol 
12.0 9.4 1.3 
<0.1 <0. 1 0.6 
<0.1 <0.1 0.4 
1.9 1.1 0.5 
1.3 4.2 1.6 

Table 1. Ratios of compounds to phytol based on quantified data from GC-MS analysis. The percentages are based on 
the abundance of each compound, as a function of the total of all lipids quantified . The triterpenoids are derived from 
a sum of f3-a myrin, friedelin. oleanoic and ursolic acids . 
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bacteria. These fatty acids are a common feature of almost all sediments and 
reflect part of a community of bacteria involved in the decay of the organic 
matter. 

Land p lant 
Terrestrial plant input is recognised by the presence of leaf waxes in all the 
sediments. Leaf waxes are composed of a series of n-alkanes, n-alcohols and 
n-acids with carbon chain lengths ranging between C" and C 32 . The acid and 
alcohol series is dominated by even carbon numbered compounds, and the 
alkane series is dominated by odd carbon numbered compounds. Specific 
higher plant biomarkers called triterpenoids are also common in the 
sediments of each core. Sites 1 and 5 have a group of triterpenoid biomarkers 
(including friedelin , oleanoic and ursanolic acids) that are not present at any 
of the other sites. This suggests there is a specific terrestrial input in the 
sediments close to the river catchments, that is not present at other locations 
further from the river mouths. 

Anthropogen ic inputs 
Urban sources of organic matter can include human sewage, outlined below, 
and also petroleum products. These can be from spillage, combustion of fossil 
fuels , and run-off from bitumen sealed roads. None of these sources could be 
identified in the sediments from site 2, chosen as the urban catchment end•
member, nor were they found at any other sites. The impact of urban 
processes, therefore, is not significantly reflected in the biomarkers deposited 
at any of the chosen sites. 

A group of sterols has been found to be diagnostic of faecal inputs7 
Human sewage contains a compound called 'coprostanol'-a biomarker that 
can trace sewage in the environment. None of the sites examined contains 
detectable concentrations of this biomarker. Even site 2, which was selected 
to represent an urban catchment, does not appear to be affected by human 
faecal contamination. In contrast, the biomarker for herbivore faecal inputs , 
24-ethyl-coprostanol is detected at all sites. The presence of this marker is not 
in itself a direct indicator of faecal contamination, since it can form in 
sediments through natural processes. However, a ratio of this sterol to 24-
ethyl-5f3-cholestan-3f3-01 with values greater than one is evidence for 
herbivore faecal inputs to an environment. Both site 1 and site 5 have sterol 
ratios greater than one (1.3 and 1.6 respectively), indicative of contamination 
by herbivores. In contrast, sites 2, 3 and 4 have values between 0.4 and 0.6 
(table 1), which fall close to values expected naturally in anaerobic muds. 
These results suggest that contaminated run-off from rural catchments is 
affecting sites 1 and 5, but sites 2, 3 and 4 are probably not strongly affected 
by this form of contamination. Furthermore, the absence of 24-ethyl-epi•
coprostanol (which is an important sterol in sheep faeces7) suggests that the 
herbivore faecal contamination at sites 1 and 5 is most likely from cattle. 

Inter-site comparison 
Inputs to surface sediments at sites 1 and 5 are clearly distinguished by a 
range of terrestrial biomarkers. These include several plant triterpenoids, such 
as oleanoic and ursolic acids, and the abundance of lipids derived from plant 
leaf waxes. Furthermore, these sites have lower abundances of biomarkers 
associated with green micro algae and dinoflagellates (table 1). Sites 2, 3 and 4 
have similar biomarker compositions to one another and include terrestrial, 
planktonic and bacterial sources. Bacterial and phytoplankton sources can 
also be recognised at sites 1 and 5; however, these sites are dominated by 
biomarkers of land-plant origin. Significantly these sites also have strong 
signals derived from herbivore faecal contamination (table 1). This is an 
important finding, because it suggests that run-off from the rural catchment 
brings with it faecal material that may present a problem for water quality. 
The absence of coprostanol, the biomarker associated with human faecal 
contamination, indicates that sewage from urban sources is not significantly 
affecting Wallis Lake. 

Multi-variate statistical analysis of biomarker data 
Lipid biomarker analysis provides concentration data on some 69 separate 
compounds including fatty acids, alcohols, alkanes, sterols and triterpenoids. 
Multi-variate data sets of this size are often difficult to interpret because of the 
large number of permutations of variables that need to be considered. 
Principal Components Analysis (PCA) was used to investigate the basic 
structure of the data and compositional differences between cores at sites 1, 2 
and 3. PCA is a method of reducing the number of variables in a data set to a 
minimum by creating principal components from the original, highly 
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correlated parameters. The principal 
components are selected so they are 
parallel to the major variation in the 
data. The first principal component or 
axis is parallel to the greatest 
variation in data (maximum variance), 
and the second axis is chosen to be 
parallel to the next greatest variation 
in the data. 

PCA was carried out using the 
'Statistica ' software package produced 
by StaSoft. PCA within the Statistica 
package can only be performed 
where the number of analyses (cases) 
is less than the number of samples. 
Data were therefore broken down 
into two broad groups. The first 
group (group 1) contained sterol and 
triterpenoid compounds along with 
other compounds related to leaf 
waxes. It is most likely to differentiate 
variations in phytoplankton and 
terrestrial sources. The second group 
of compounds (group 2) contained 
short chain fatty acids, alcohols and 
n-alkanes, ranging between C 4 and 
C20. These compounds are common to 
a greater number of sources (higher 
plant tissues, phytoplankton and 
bacteria), and therefore the group has 
a lower degree of specificity. 

The PCA of the two groups shows 
that the data set is highly correlated, 
but in this paper only the first two 
axes for group one are considered. 
After PCA the biogeochemical reasons 
for the statistical variation must be 
assessed. This was partly done 
through examination of the PCA 
loadings (which for space reasons are 
not presented in this report). The 
variation in PCl is related to depth 
but controlled by the concentration of 
compounds, which decreases down 
core. This is a normal feature of lipid 
biomarker analysis and reflects decay 
and early diagenesis of organiC 
matter.8•9 PC2 is controlled by the 
different sources of organic matter, 
with negative PC loadings related to 
stronger terrestrial biomarker signals 
and positive loadings reflecting 
greater inputs of algal biomass. These 
PC loadings are used as axes in 
figures 2 and 3. The cross-plots of PC 
factors 1 and 2 show that sites 2 and 
3 plot closely together and have 
similar trends. All sites converge to a 
common location on the graph. This 
can be explained by selective 
preservation of terrestrial material, 
leading to increaSing similarity of all 
cores with depth. 

When the first principal 
component of group 1 and group 2 
are plotted against depth within each 
core (figure 2), all sites appear to 
exhibit similar trends. At the 
sediment-water interface, compound 
concentrations are generally high. But 
they decrease rapidly within a few 
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centimetres of the surface, primarily as a result of bacterial degradation 
within the surface sediment. Although there is a general loss of 
biomarkers, selective degradation of certain compounds occurs. This 
process leads to a biasing of the preserved organic matter. (These effects 
will be discussed below.) Biomarker compositions at sites 2 and 3 become 
more similar to site 1 with increasing depth in the cores. Generally, algal 
material is more easily recycled by bacteria and degrades faster than 
organic matter from higher plants. This leads to an apparent increase in 
the influence of higher plant sources with increasing depth in the core. 

Group 1 (sterols, triterpenoids and waxes) 
All sites show decreasing compound concentration with depth, except site 
3. At 40-centimetres depth, site 3 had markedly higher biomarker 
concentrations. This difference is identified within the PCA, and illustrated 

WALLIS LAKE Group 1 compounds 
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in the PC factors plotted against depth 
(figure 2). This particular sample has a 
high concentration of leaf-wax 
biomarkers and a total organic carbon 
content of 12 per cent. The high organic 
carbon content and high concentration 
of leaf-wax compounds suggest that this 
horizon received an unusually high 
input of terrestrial plant material. 
Analysis of the fossil pollen record in 
the sediments at site 3 confirms the 
presence of a terrestrial wetland/ swamp 
at this depthYo 
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Figure 2. Principal 
components 1 and 2 
plotted against 
depth. PC factor 1 
for both compound 
groups is controlled 
by concentration/ 
diagenesis. PC 
factor 2 contains 
greater source 
information . 
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Figure 3. Cross-plots of principal components 1 and 2 for both compound groups illustrate that the two main controls 
on each grouping are the same. 

This observation supports the data provided by biomarker analysis and 
helps explain the increased amount of organic carbon, as well as its unusually 
strong terrestrial plant signal. 

Plotting the second principal component (PC2) of group 1 against depth 
shows that there is a clear difference between site 1 and sites 2 and 3, 
particularly from the surface to 20 centimetres (figure 2). These data suggest 
that organic matter deposited at sites 2 and 3 has not varied significantly 
during sedimentation of the cores. In contrast, the value of PC2 varies 
throughout the core collected at site 1, suggesting a variable input of a 
substantially different composition. Examination of the biomarker 
concentration data shows that samples from site 1 contain a group of 
terrestrial plant triterpenoids not present at either of the other sites, and that 
the components related to leaf waxes are more abundant in samples from this 
site. The data indicate that site 1 receives inputs from a particular group or 
species of terrestrial plants that is either not present in the catchment areas of 
sites 2 and 3 or not transported to these sites. Again this interpretation has 
been supported by pollen and spore analysis, which indicates that site 1 has 
received the greatest input of dry sclerophyll forest and woodland pollen, 
mainly Eucalyptus gummifera type. IO The similarity between sites 2 and 3 
indicates that they are receiving similar algal and plant inputs. Since site 2 
was chosen to study the effects of urban impact, the lack of variation 
compared with site 3 indicates that organic matter from the urban catchment 
is not Significantly affecting the biomarker profiles at site 2. 

Group 2 (fatty acid s and compounds <Go) 
Group 2 compounds include biomarkers for phytoplankton, sediment bacteria 
and some higher plant material. PCA of group 2 compounds provides a 
similar interpretation to the group 1 data set. The value of PCl is controlled 
primarily by concentration/ diagenesis, and decreases with depth (figure 2). 
PC2 shows clear differences among sites , particularly in the upper 10-15 
centimetres. Below this depth all sites are relatively similar. Although 
compounds of group 2 are less specific to terrestrial sources, the PCA cross•
plot of factors 1 and 2 illustrates a similar divergence between site 1 and sites 
2 and 3 (figure 3). As with biomarkers within group 1, differences in the 
upper sediment samples are due mainly to variation in terrestrial plant 
sources between site 1 and sites 2 and 3. The biomarker signal converges 
with depth. This similarity at depth, results from the presence of common 
microbial processes and the preferential preservation of terrestrial plant 
material at all sites. 

Summary 
The key points of this study are as follows: 
1. Phytoplankton biomarkers (dinoflagellates, diatoms and green micro algae) 

are present in all cores. 
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2. Terrestrial inputs can be 
recognised at every site. 
Furthermore, specific land plant 
inputs from the Wallamba and 
Coolongolook Rivers are 
suggested by distinct biomarker 
abundances at sites 1 and 5. 

3. No evidence of human faecal 
contamination, based on 
biomarker techniques, is identified 
in sediments at any site. Also, a 
specific urban biomarker signature 
could not be identified at any site . 

4. Biomarkers have identified 
herbivore (cattle) faecal 
contamination at the mouths of 
the Wallamba and Coolongolook 
Rivers. 

5. Freshwater from rivers at sites 1 
and 5 may affect algal productivity 
or populations, based on 
decreases in the ratios of 
biomarkers related to certain algae. 

6. Diagenesis and concentration 
affect biomarker distributions 
down each core. 

7. Statistical methods can be used to 
assess changes in sources of 
biomarkers within a large data set. 

8. The similarity of biomarkers at 
depth is the result of common 
microbial processes and the 
preferential preservation of 
terrestrial plant material at all sites. 

9. The selective preservation of 
terrestrial plant material implies 
there is a relatively more rapid 
turnover of algal organic matter. 
This material will be an important 
source of nutrients and may 
support further algal productivity 
within the water column. 
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North Pilbara National Geoscience 
Mapping Accord project (1995-2000) 
Scientific highlights 

RS Blewett, DL Huston & DC Champion 

AGSO and the Geological Survey of Western Australia (GSWA) 
conducted a multidisciplinary project in the North Pilbara region 
under the National Geoscience Mapping Accord (NGMA) between 1995 
and 2000. The research was driven by a need to ascertain whether 
exploration- and mineral-deposit models based upon late Archaean 
examples were suitable for older Archaean terranes. The goal was to 
document differences between late Archaean and the early to mid•
Archaean mineral systems, and then develop regional thematic 
synthesis datasets to construct more robust models for the entire 
Archaean era. 

This paper highlights the diversity of the Pilbara's mineral systems, 
discusses exploration tools used to map alteration haloes, considers 
geochemistry and crustal provenance, explores the 3D geometry of the 
granitoid-greenstone terrane, and promotes the regional synthesis and 
GIS, which assist exploration in the Pilbara and other Precambrian 
terranes. 

T he Archaean Pilbara Craton is an ovoid entity 600 kilometres by 550 
kilometres located in the north-west part of Western Australia. The 
North Pilbara region represents the mostly exposed northern 25 per 

cent of this craton. The rest is concealed by late Archaean and 'younger' 
cover rocks. The Pilbara Craton is a granitoid-greenstone terrane 
characterised by a distinctive, and relatively intact, ovoid pattern of granitoid 
batholiths (50-120 km diameter) and enveloping greenstones. Crustal-scale 
shear zones are limited to the central and western part of the North Pilbara 
region. The craton's tectonic history spans 800 million years (3.65 to 2.85 Ga). 
Much of the crustal growth occurred in a series of tectono-thermal events 
made up of repeated cycles of granitoid magmatism and greenstone 
volcanism, followed by deformation and metamorphism. The Pilbara Craton 
has a great diversity of mineral deposits. It hosts some of the world's oldest 
mineral systems of their type, many of which were active more than once. 
The oldest systems include: syngenetic barite (3490 Ma), VHMS base metals 
(3460 Ma, 3240 Ma, 3125 Ma, 2950 Ma), lode Au±Sb (3400-3300 Ma, 2900 
Ma), porphyry Cu-Mo (3320 Ma), komatiite-hosted Ni-Cu (>3270 Ma), layered 
mafic-ultramafic complex-hosted V or Ni-Cu-PGE (2925 Ma), pegmatite Sn-Ta 
(2850 Ma) and epithermal Au (3450 Ma?, 2760 Ma). 

Archaean mineral systems 
Table 1 lists a number of fundamental tectonic and metallogenic differences 
between the granitoid-greenstone terranes of the Pilbara Craton (3 .65-2.8 Ga) 
and highly mineralised Neoarchaean provinces such as the Eastern Goldfields 
in Western Australia or the Abitibi in Canada. Several major differences are 
apparent, the most significant of which is possibly the duration of crustal 
growth. Both the Abitibi and the Eastern Goldfields grew over relatively short 
periods of less than 200 million years, compared with the Pilbara Craton's 
development over more than 800 million years. There is extensive crustal 
recycling in the Pilbara Craton because of this long history of crustal growth. 
Other important differences between the North Pilbara and Neoarchaean 
terranes are the shape and depth extent of the granite complexes and 
greenstone belts (table 1). More importantly though, in terms of mineral 
systems, is the extent of shear zones. The Pilbara Craton has few province•
scale shear zones, whereas major shear zones in the Eastern Goldfields and 
Abitibi provinces commonly extend more than 200 kilometres. 
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These differences in tectonic 
development may have had a direct 
bearing on the mineral endowment of 
the North Pilbara region. For instance, 
protracted crustal growth may have 
been a two-edged sword. It probably 
is responsible in part for the diversity 
of mineral systems, but slow growth 
may have hampered the development 
of large ones. Rapid growth from 
magmatiC and volcanic events in the 
Abitibi and Eastern Goldfields 
provinces produced a lot of heat over 
a short time, facilitating the 
development of large mineral 
systems. In contrast, slow growth in 
the Pilbara may have facilitated a 
large variety of different mineral 
systems, but the rate of heat 
production was probably too low to 
drive enough fluid to form large 
mineral systems. The major 
metallogenic epoch in the North 
Pilbara Craton was the development 
of the Centra l Pilbara Tectonic Zone, 
an event that introduced a relatively 
large amount of heat into the crust in 
a short time «100 Ma). 

A second factor that may have 
hampered development of large 
mineral systems is the lack of large•
scale shear zones. The longest shear 
system in the North Pilbara, the Sholl 
Shear Zone, is exposed over only 200 
kilometres. Major shear zones in the 
Eastern Goldfields and Abitibi 
provinces are typically longer than 
200 kilometres, and some exceed 500 
kilometres. Long shear systems may 
facilitate large mineral systems by 
allowing fluid circulation in an 
extended part of the Earth's crust. 

New potential, old province 
The perception that the Pilbara is well 
exposed and therefore all mineral 
deposits have been discovered is ill•
founded. Less than 25 per cent of the 
craton is exposed and, even in areas 
of exposure, new mineral systems 
have been recently found (e.g. , the 
well-preserved, high-level Archaean 
epithermal gold systems!), which has 
resulted in new ground uptake and 
investment in the Pilbara. 
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Table 1. Comparison of the Pilbara Craton with highly mineralised 
Neoarchaean provinces 

Crustal growth 

Granite geometry 

Greenstone 
geometry 

Shear zones 

Crustal level 
exposed 

Diversity of 
mineral systems 

Size of 
mineral systems 

Temporal 
distribution of 
mineralising 
events 

VHMS deposits 

Pilbara Craton Eastern Goldfields, Comments 
Superior provinces 

Extensive recycling of Major crustal growth 
crust by many events event in a short period 
over a long period 

Domal and ovoid geometry Elongate geometry 

Greenstones (and granitoids) Greenstones extend to 5-7 km 
extend to 14-km depth. where they are underlain by 

low-angle detachments and 
deep tapping shear zones. 

Craton-scale shear zones Craton-scale shear zones are 
are not common. With few common. These shear zones 
exceptions (e.g. , Sholl and are first-order controls on 
Mallina Shear Zones) , shear lode gold deposits. 
zones are local features. 

Mostly greenschist facies Mostly greenschist facies Extensive gneisses in the 
metamorphism. Local metamorphism in greenstones. Eastern Goldfields may 
amphibolite facies (LP-HT) Local amphibolite facies in imply deeper crustal levels 
in greenstones near granitoids, greenstones near granitoids. and therefore larger throws 
local kyanite-bearing suggests In the Eastern Goldfields there on greenstone-bounding 
some higher pressure. are extensive gneiss belts in faults and shear zones. 

'external' granites. 

Atypical Archaean deposits Characterised by 'typical' Many deposit types present 
such as Sn-Ta pegmatites, Archaean deposits like lode Au, in the North Pilbara Terrane 
porphyry Mo-Cu deposits and VHMS (Abitibi) and komatiite- are more typical of 
epithermal Au are common in hosted Ni-Cu. VHMS not Proterozoic or Phanerozoic 
the Pilbara. More 'typical ' common in EGP. terranes. 
deposit types are also present. 

Many different mineral systems Relatively few mineral systems 
operated, but the associated operated, but they produced 
mineral deposits tend to be much larger deposits (e.g., lode 
small, and total endowment Au and VHMS) and a very 
is apparently small. high endowment. 

Episodic mineralising events Single, global(?) events 
over a period of 800 Ma (e.g. , (e.g. , 271O±20 Ma for VHMS 
4 VHMS events and 2 orogenic and 2630±10 Ma for orogenic 
gold events) gold) 

Significant Pb and baryte; Generally lack Pb; always lack Pilbara characteristics are 
some deposits in calc-alkaline baryte; mainly in tholeiitic more like Phanerozoic 
settings. settings. systems. 

Extensive areas of the North Pilbara are presently exposed close to the Application of exploration 
tools (ca. 2775 Ma) Hamersley Province unconformity surface.' This exceptional 

preservation significantly improves younger mineralising events of gold and 
possibly diamonds in the mostly older mid-Archaean Pilbara granite•
greenstone terrane. Areas of high-level (epithermal) systems preserved in the 
west and far east Pilbara have been documented by the NGMA project. The 
systems are interpreted as being related to NNW-trending dextral faults and 
associated relay movements during the early stages of the Hamersley Province 
extensional event. Epithermal veins cut the (ca. 2765 Ma) Opaline Well 
Granite, and similarly aged Gregory Range Granite. 
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The North Pilbara project has had 
significant success in developing and 
applying exploration tools for the 
Pilbara and other provinces. Most of 
the project's effort focused on 
mapping alteration systems in both 
well-exposed and poorly exposed 
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regions. Successful techniques include the HYMAP multispectral scanner, 
airborne gamma-ray spectrometrics, oxygen isotopes , and whole-rock 
geochemical depletion patterns. 

HYMAP, an airborne 128 channel multispectral scanner, was flown over 
two 20-kilometre-long by five-kilometre-wide strips in the Mallina-Indee area 
of the Pilbara.3 The HYMAP data successfully mapped alteration minerals such 
as pyrophyllite and sericite, distinguished Fe-chlorite from Mg-chlorite, and 
separated dolomite from calcite in calcrete. Resultant images are presented as 
image abundance maps with a 10-metre pixel cell size. Several sericite•
pyrophyllite targets generated from the HYMAP images produced anomalous 
gold on subsequent analysis,3 demonstrating the predictive value of this tool. 
This work has featured widely as an excellent example of the application of 
remote sensing as a mapping tool in regolith-dominated areas. 

Work in the Panorama volcanic-hosted massive sulphide (VHMS) district 
generated reliable vectors to ore by using oxygen isotopes, converting these 
to palaeotemperatures, and locating circulation and discharge cells in 
subvolcanic intrusions 4 The calculated temperatures not only define fluid 
pathways, but may predict Zn!Cu rations in VHMS deposits. 

In the same VHMS mineralising system, whole-rock geochemistry was also 
used as a mapping tool. District-scale depletion of Zn and Cu has been 
mapped, and these depletion zones define fluid pathways.5 These data , with 
mass balance calculations, indicate that Zn, Cu, Pb, Mo, Ba and S could have 
been entirely derived from the volcanic pile, and that a magmatic•
hydrothermal source is not required 5 .6 

To date, most users of gamma-ray spectrometric data have generated 
standard red-green-blue images for their interpretation. But AGSO applied a 
number of data processing techniques. The enormous dynamic range of the 
data involved large areas of over-saturation (white) from K-U-Th-rich granites, 
and equally large areas of undersaturation (black) from mafic and ultramafic 
rocks 7 Dose counts were converted to ppm U and Th and % K, and used to 
generate 'chemical' maps that closely matched traditional lithological maps. 
These images highlighted areas of mapping discrepancy-a result of error or 
changed rock chemistry (alteration). Images of the K, Th, U principal 
components were developed, and used to define evolutionary paths for the 
granitoid complexes. ' 

Simple KITh ratios were used to map K-depletion anomalies associated 
with the Panorama alteration system.8 These anomalies map the same 
interpreted fluid pathways in the VHMS system determined from whole-rock 
chemistry5.6 and oxygen isotopes4 

Geochemistry and crustal provenance 
AGSO and GSWA have compiled a comprehensive whole-rock geochemical 
database. One of the exciting findings from this has been the recognition of 
high-Mg diorite (sanukitoid) in the Central Pilbara Tectonic Zone.9 These 
rocks, previously only described from Canada, indicate a mantle source that 
had been modified by subduction. They provide evidence for a setting where, 
at least in the Central Pilbara Tectonic Zone, the entire thickness of the crust 
was available for fluid movement at around 2950 Ma. This has implications 
for fluid movement and tapping into deep crustal and mantle sources at this 
time. The association of gold at the Towerana porphyry, and an intrusion of 
the mineralised Mallina Shear Zone, may indicate a link between 
mineralisation and high-Mg diorite. The recognition of voluminous 2950 
million-year-old and younger magmatism along the margin of the Central 
Pilbara Tectonic Zone and east Pilbara granite-greenstone terrane, in the Yule, 
Carlindi and Pippingarra granitoid complexes and within the Mallina basin,9.10 
provide further strong evidence for a major thermal event at this time and a 
favourable environment for mineralisation. 

AGSO's contribution to the geochronological database was in dating 
crustal provenance and inheritance using the Sm-Nd isotopic technique. Nd 
model ages, when combined with U-Pb zircon ages, provide estimates of 
crustal residence times. When the ages from the two methods are close «100 
Ma) , these data can indicate a juvenile or mantle derivation. If the Sm-Nd age 
is much older (>100 Ma), it suggests some degree of crustal recycling. A 
major finding of this work has been the recognition of relatively juvenile crust 
in the Central Pilbara Tectonic Zone, sandwiched between older crust on the 
west and east. ll In the Central Pilbara, Nd isotope model ages of granitiC rocks 
and felsic and mafic volcanic rocks are only 30-130 million years older than 
their U-Pb emplacement/ depositional age. This is consistent with the high-Mg 
diorite occurrences, all of which suggest that the Central Pilbara Tectonic 
Zone 'saw' the mantle at various times through its evolution. 
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Regional synthesis and GIS 
Most stakeholders require regional 
synthesis datasets in order to provide 
an overarching framework to their 
targeted areas. AGSO created a 
comprehensive set of digital themes 
for the entire Pilbara Craton. Data 
collection began with acquiring new 
400-metre flight-line spaced 
geophysics (released as map sheet 
images and digital data), and 
compiling these surveys into a craton•
wide data set. The complete set of 
geophysical and geological data were 
released as a two-CD GIS set,12 a 
1:1.5 million scale colour atlas,13 and a 
thematic series of 1:500 000 scale 
maps and images-print-on-demand 
or postscript files). A 'teaching' GIS of 
the Marble Bar area was also 
produced. 14 

The project documented the 
variety of mineral deposits--especially 
gold l5, VHMS4-0.8 Sn-TaI6-and high•
level deposits' , and produced 
databases (GIS) and maps. Results of 
Pilbara gold are presented as an 
online record that draws on a guide 
written for an industry field excursion 
Qune-July 1999) examining the key 
deposits and relationships. 15 Historical 
records and information were also 
captured as part of the synthesis, 
including the 1930s Aerial Geological 
and Geophysical Survey of Northern 
Australia (AGGSNA) reports that are 
now on CD.I' They contain much 
valuable information about deposit 
location, mine plans, assays, geology 
and geological maps. 

A regional structural synthesis 
involving a new deformation 
chronology and kinematics of some 
of the major shear zones has been 
documented. These results are 
presented in a novel CD,18 with 
hotlinked images and field photos, 
which can be read either in a spatial 
or temporal sense, or in a traditional 
way. Advances in knowledge of the 
structural geology include: 
1. a better understanding of shear 

zone timing and movement 
senses; 

2. an improved understanding of the 
complexity of the polyphase 
deformation; and 

3. recognition of the importance of 
horizontal compression as a 
tectonic driving force. 
These results provide a clearer 

link between regional tectonics and 
mineral deposits, especially in the 
understanding of the lode gold 
deposits . 
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3D geometry of 
the Pilbara 
To understand a mineral system, the 
three-dimensional architecture of a 
province needs to be constrained. 
AGSO developed the first 3D model 
of the entire North Pilbara region.7.l9 
This was achieved by integrating the 
regional synthesis data sets such as 
gravity, aero magnetics and seismic 
refraction data. Applications of the 
3D knowledge include constraints on 
tectonic models, identification of the 
important shear zones that transect 
the crust, and estimates of depth and 
volumes of metal reservoirs and fluid 
pathways. Analysis of the geophysical 
data and 3D model has resulted in 
the following new observations: 
• the Pilbara Craton is ovoid, has a 

600 by 550 kilometre diameter, 
and is only 25 per cent exposed; 

• the average crustal depth is 30-32 
kilometres (thickening to the 
south), with the mid-crust at 14 
kilometres; 

• the greenstones are highly 
magnetic. Best-fit geophysical 
modelling shows that the 
greenstones extend to the base of 
the mid-crust (14 km) , and that 
most granitoids have steep 
(vertical) contacts also to the base 
of the mid-crust (14 km); 

• the north-east has on average a 
more dense and less magnetic 
crust than the north-west; 

• major shear zones are present in 
the north-west and the far east 
(Proterozoic reworking); and 

• circular patterns of granitoids are 
everywhere except for the north•
west. 

Conclusions 
The North Pilbara project has made 
significant advances towards an 
understanding of the geology and 
metallogeny, and these results will 
assist exploration in the Pilbara and 
other terranes. The geology and 
metallogeny of the Pilbara Craton, 
however, differ significantly from the 
late Archaean provinces such as the 
Eastern Goldfields and the Superior 
provinces, so exploration models 
from these provinces need to be 
modified for use in the Pilbara 
Craton. Exploration difficulties will be 
made easier by the project's work, 
which includes improved knowledge 
on the timing and controls of some 
of the significant mineral systems, 
new exploration tools and digital 
datasets, and a new appreciation of 
the three-dimensional geometry of 
the granite-greenstone belts. 
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Metallogenic potential of mafic•
ultramafic intrusions in the Arunta 
Province, central Australia 
Some new insights 

DM Hoatson 

Recent field investigations by AGSO, as part of the National Geoscience 
Agreement with the Northern Territory Geological Survey, evaluated 
the geological setting and economic potential of Proterozoic mafic•
ultramafic intrusions in the Arunta Province of central Australia_ 
Historically, the Arunta Province was generally thought to have low 
potential for mineralising systems associated with mafic-ultramafic 
rocks, because of its high-grade metamorphic character and protracted 
tectonothermal history spanning more than 1500 million years.! Field 
observations and new preliminary geochemical data, however, indicate 
that intrusions from the western and central Arunta have some 
potential for Ni-Cu-Co sulphide deposits, and the eastern Arunta could 
be prospective for platinum-group element (PGE) mineralisation. These 
results highlight, for the ru-st time, geographical differences in mineral 
prospectivity, and the PGE potential of the eastern Arunta. 

A regional geochemical study undertaken in late 2000 involved sampling 
16 mafic-ultramafic bodies from a 90 000 square kilometre area 
encompassing most of the central and northern parts of the Arunta 

(figure 1). The Arunta is a geologist's Mecca for examining the intrusions, for 
they are generally well exposed, and differential movements along province•
scale fault systems have allowed their exposure from different levels in the 
crust. The collection of samples along type traverses across each body was 
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Figure 1. Mafic-ultramafic intrusions investigated in the Arunta Province 
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facilitated by aeromagnetic and 
gamma-ray spectrometric data and 
Landsat 5 Thematic Imagery. In 
addition to the mafic-ultramafic 
intrusions themselves, co-mingled 
felsic rocks, cross-cutting intrusions, 
and country rocks have been sampled 
for detailed U-Pb zircon and 
baddeleyite geochronology. This will 
be used to place the various mafic•
ultramafic magmatic systems within 
the event chronology of the Arunta. 
Mineral separates from the first 12 
high Zr-bearing (80 to 220 ppm) 
mafic samples crushed have yielded 
zircon of variable abundance and 
morphology. The geochronological 
data will be incorporated with whole•
rock geochemical and Sm-Nd isotopic 
studies for information on the timing 
of magmatic/ metamorphic events, 
tectonic environments, and economic 
potential. 
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Geological setting and 
classification 
The mafic-ultramafic intrusions have 
been provisionally subdivided into 
three broad geographical groups 
(western, central and eastern) on the 
basis of lithologies, metamorphic•
structural histories, degree of 
fractionation, and limited 
geochronology. This classification will 
be refined when further geochemical•
isotopic data become available. The 
intrusions form large homogeneous 
metagabbroic bodies, folded high•
level mafic sills, steeply dipping 
amphibolite sheets, and relatively 
undeformed ultramafic plugs with 
alkaline and tholeiitic affinities. 
Metamorphic grades range from 
granulite to sub-amphibolite facies. 
Chilled and contaminated margins 
and net-vein complexes-the results 
of comingling mafic and felsic 
magmas-indicate that most 
intrusions crystallised in situ and 
were not tectonically emplaced. In 
contrast to intrusions from other 
nearby Proterozoic provinces (East 
Kimberleys, Musgrave Block), the 
Arunta bodies are generally more 
homogeneous in composition and are 
poorly layered. Moreover, primitive 
ultramafic rocks are rare and 
chromitites have not been 
documented. 

Intrusions of the western group 
(Andrew Young Hills, Papunya 
gabbro, Papunya ultramafic, South 
Papunya gabbro, West Papunya 
gabbro) are generally small, evolved 
mafic bodies that display variable 
amounts of crustal contamination. 
Andrew Young Hills is a high-level 
gabbronorite-tonalite body strongly 
contaminated with felsic crustal 
material and enriched in sulphur. 
Papunya ultramafic is a rare 
ultramafic ovoid body of plagioclase 
pyroxenite. Recent mapping by the 
NTGS suggest that the intrusions of 
the western group are related to the 
-1635±9 Ma Andrew Young Igneous 
ComplexY Intrusions of the central 
group (Enbra Granulite, Johannsen 
Metagabbro, Mount Chapple 
Metamorphics, Mount Hay Granulite: 
figure 2) are typically medium to 
large homogeneous mafic-felsic 
bodies emplaced prior to the main 
granulite events that affected the 
Mount Hay and Strangways regions at 
-1780-1760 Ma and -1730-1720 Ma.4 

The mafic granulites locally contain 
well-preserved, medium-grained 
'intergranular' textures, rare 
compositional layering, and mafic 
pillows associated with hybrid felsic 
rocks that indicate the protoliths were 
probably homogeneous sequences of 
gabbros that comingled with felsic 
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Figure 2. Remote senSing and geophysical images that highlight the uniform 
compositions of the Mount Hay and Mount Chapple granulite bodies. 
A: Landsat 5 Thematic Mapper (using bands 1, 4 and 7 displayed as red, 
green and blue, respectively) . B: Total Magnetic Intensity (reduced to pole, 
northerly illumination). C: Gamma-ray spectrometrics (potassium band) 

magmas (figure 3). Relatively thin anorthositic sequences (Anburla 
Anorthosite, Harry Anorthositic Gabbro) are in places spatially associated with 
the mafic granulites. The eastern group comprises both pre-orogenic (Attutra 
Metagabbro, Kanandra Granulite, Riddock Amphibolite) and relatively 
undeformed (Mordor Complex) intrusions of variable form and composition. 
Weakly recrystallised gabbro and pyroxenite host thin magnetite-ilmenite 
lenses in the Attutra Metagabbro; moderately dipping concordant sheets of 
amphibolite and metasediments up to 70 kilometres long characterise the 
Riddock Amphibolite; and the Mordor Complex consists of a cluster of small 
differentiated alkaline plugs emplaced at -1150 Ma.5 

Regional mineral prospectivity 
The timing of S saturation in evolving mafic-ultramafic magmas in part 
determines the type of mineralisation in layered intrusions. PGE-bearing 
stratabound layers (e.g., Merensky Reef, Bushveld Complex; Great Dyke of 
Zimbabwe) are generally favoured by PGE-enriched primitive magmas that 
were S undersaturated prior to emplacement in the magma chamber. If these 
magmas attain S saturation too early in their evolution (Le., in the mantle or 
during their ascent through the crust), the PGEs will be rapidly depleted in 
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Figure 3· Contact relat ionships of mafic and 
felsic magmas. A: Irregular mafic granulite 
pillow and layers, Enbra Granulite (scale bar 
= 10 em). 8: Stacked seq uence of mafic 
granulite (dark) and charnockite (light) 
layers, Mount Hay Gran ulite. 
C: Mafic pillow wi th cuspate and 
contaminated margins, Andrew Young Hills 
(sca le bar = 10 em). D: Resorbed alkali 
feldspar xenocrysts in tonalite, Andrew Yo un g 
Hi lls 

Figure 4· Logarithmic plot of whole-rock S 
and Zr concentrations in mafic and ultramafi c 
rocks from the Arunta Province. The fields for 
S-saturated and S-undersaturated rocks from 
mineralised intrusions in the west Pi lbara 
Craton'' are also shown. 
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the magmas owing to their extremely high sulphide melt/ silicate melt partition 
coefficients (about 103- 105) 6, and fail to form PGE-enriched layers in the 
chamber. In contrast, massive concentrations of Ni-Cu-Co sulphides in 
embayments along basal contacts or in feeder conduits (e.g. , Voisey's Bay, 
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Canada) are generally associated 
with magmas that attained early S 
saturation through such processes as 
crustal contamination. These 
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deposits are favoured by dynamic feeder systems, S-bearing country rocks, 
and a structural framework that facilitates the rapid emplacement of 
voluminous amounts of hot primitive magmas not depleted in Ni by early 
protracted olivine crystallisation.7 

The economic implications of the Arunta intrusions can be broadly 
assessed by comparing concentrations of S with an incompatible element that 
provides an index of fractionation, such as Zr. Figure 4 shows that the Arunta 
intrusions fall into two major geochemical groups: 
l. a S-rich group (-300 to 1200 ppm S) from the western and central Arunta 

that has some potential for orthomagmatic Ni-Cu-Co sulphide associations; 
and 

2. a relatively S-poor «300 ppm S), slightly more primitive group from the 
eastern Arunta that has greater potential for orthomagmatic PGE-sulphide 
associations. Of this group, the Riddock Amphibolite and Attutra 
Metagabbro appear to have the most favourable low S concentrations for 
PGE mineralisation. 
Both groups have potential for hydrothermal polymetallic deposits of 

PGEs-Cu-Au±Ag±Pb spatially associated with the intrusions. However, the 
absence of thick sequences of primitive rocks (peridotite, orthopyroxenite) 
throughout the Arunta downgrades the potential for PGE-chromite 
associations. 

The recent emerging evidence that the eastern Arunta is prospective for 
PGE mineralisation is supported by company investigations at two locations. 
Tanami Gold NL noted that hydrothermal quartz-carbonate-tourmaline veins 
associated with chlorite-hematite altered amphibolite near Mount Riddoch 
contained up to 0.6 ppm Pt, l.4 ppm Pd, 5.8 ppm Au, 6.8 per cent Cu, and 
12 ppm Ag.8 Hunter Resources reported anomalous Pd (up to 215 ppb) , Au 
(up to 104 ppb), and Cu (up to 2400 ppm) concentrations in massive 
magnetite hosted by gabbro of the Attutra Metagabbro.9 Interestingly, Western 
Mining have also documented elevated concentrations of PGEs and Au (up to 
1 ppm) in magnetite-ilmenite horizons near their recently discovered Ni-Cu•
Co sulphide deposit in the west Musgrave Block (WMC website: June 30, 
2000). 

Exploration challenges 
The occurrence of hydrothermal and orthomagmatic PGEs in the eastern 
Arunta takes on considerable significance in view of the radical revision being 
recently proposed for the tectonothermal history of the Harts Range region. 
U-Pb and Sm-Nd geochronological studies suggest that sediments and igneous 
rocks of the Harts Range Group (Irindina Supracrustal Assemblage) represent 
a rift sequence that was 'deposited' during the late Neoproterozoic to 
Cambrian and was metamorphosed to granulite facies in an extensional 
setting during the early Ordovician (480-460 Ma) 10,11 The igneous rocks 
include basalt, volcaniclastics, anorthosite, and ultramafic intrusives,12 The 
Harts Range region therefore appears to be a new sub-province characterised 
by relatively young rifting, extensional, metamorphic (and therefore 
mineralisation) processes quite distinct from those documented elsewhere in 
the Arunta, The variety and abundance of mafic-ultramafic rocks in a 
tectonically dynamic part of the Arunta and the known mineralisation near 
Mount Riddoch and Attutra enhances the prospectivity of this region for PGEs, 

A major challenge in exploring for Ni-Cu-Co sulphide deposits in the 
Arunta is to locate feeder conduits or depressions within the basal contact 
that may be covered by shallow alluvial cover, The identification of these 
favourable environments in large prospective bodies such as Andrew Young 
Hills, Mount Chapple and Mount Hay will be most likely achieved through 
sophisticated geophysical (airborne electromagnetic) and remote-sensing 
techniques in association with diamond drilling, petrological information, and 
possibly an element of luck. For example, the Discovery Hill gossan at 
Voisey's Bay was found fortuitously during a regional stream-sampling 
program for diamond indicator minerals, A follow-up horizontal-loop 
electromagnetic survey of the gossan indicated a 1200-metre-long continuous 
conductor at depth, Airborne magnetics indicate that the more prospective 
primitive parts of Andrew Young Hills and Mount Chapple appear to be 
under alluvium several kilometres distant from the main outcropping parts of 
the bodies, 

The granulite metamorphic overprint in the central group of Arunta 
intrusions should not be regarded as a major impediment for exploration, 
since Ni-Cu-Co sulphide deposits at similar high metamorphic grades are 
preserved in the East Kimberley (Bow River, Corkwood, Keller Creek, 
Nortonl3) and overseas,14,15 In some of these deposits, metal grades have been 
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enhanced by the remobilisation and 
recrystallisation of sulphides into low•
stress areas, 
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Rapid mapping of 
soils and salt stores 
Using airborne radiometries and 
digital elevation models 
JR Wilford, DL Dent, T Dowling & R Braaten 

Salinisation of land and rivers is a major problem throughout 
Australia's agricultural regions. There is a pressing need to 
map or predict where the salt is, and to understand the nature 
of salt stores and the conduits through which salt and water 
are delivered to streams and the land surface. 

This article describes a new method (an integrated, 
catchment-based approach) of modelling natural gamma-ray 
emissions from the Earth's surface for soil/regolith mapping, 
and combining the results with topographic indices to 
delineate salt stores and salt outbreaks in the landscape. 
Modelled thematic maps produced using this approach allow 
catchments to be ranked according to their salinity risk, or 
potential risk, for prioritising remedial management. 

Large areas of land in Australia are affected by dryland salinity 
w ith more than 240 000 hectares affected in New South Wales 
and Victoria alone. I.' In the next 50 years this area is likely to 

increase substantially. In Australia , annual damage and loss in 
production caused by dlyland salinity has been estimated at 270 
million dollars.3 

1480 30' 
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Figure 1. Location of study area within the Cootamundra 
1: 250 000 map sheet 
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The salts causing the problem are 
a common constituent of the regolith 
and are widespread in Australia. 
There is consensus that the 
replacement of natural vegetation by 
shallow-rooted crops and pastures 
that use less water has led to 
increased ground-water recharge and 
rising ground-water tables. Rising 
water tables that bring salt to the 
surface not only affect crops and 
water quality, but also cause 
infrastructure damage to towns and 
transport networks (e.g., roads and 
railways). 

There is an urgent requirement to 
know where the highest concentra•
tions of salt are, how they are stored 
in the regolith, and the pathways 
along which salt is delivered to 
streams and the land surface. 

Study area 
The study area (15 by 12 km) is palt 
of the Lachlan Fold Belt of southern 
Australia, located immediately east of 
the township of Bethungra, New 
South Wales (figure 1). Rocks in the 
area (figure 2) consist of leucocratic 
granites, rhyolites, rhyodacites and 
minor siltstones and sandstones. ' 
Colluvial and residual clays, sands 
and minor gravels occur along broad 
valley floors, footslopes and on rises 
(9-30 metres relief). The terrain has 
moderate to high relief (figure 3) 
with bedrock exposed on steeper 

Figure 3. 
Orthophotograph image 

draped over a digital 
elevation model (5 X 

vertical exaggeration). 
The area has moderate 

to high relief. 
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Figure 2. Bedrock lithologies with catchment boundaries and 
streams overlayed 
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slopes and ridge tops. The area is typical of erosional landscapes that form 
part of the south-west slopes of New South Wales. The study complements a 
geological systems approach to understanding the processes involved in land 
and water salinisation, that focuses mainly on the interpretation of airborne 
electromagnetic (EM) data over depositional landforms with a complex 
regolith cover.5 

Datasets 
Datasets used in the study include airborne gamma-ray spectrometry imagery, 
a digital elevation model, and catchment and geological polygons. 

Gamma-ray sp ectrometry 
Gamma-ray data were clipped from the Cootamundra 1:250 000 map sheet 
survey flown by AGSO, with 250-metre flight-line spacing and a final grid 
resolution of 80 metres. Airborne gamma spectrometty measures the natural 
radiation from potassium (K), thorium (Th) and uranium (U) in the upper 30 
centimetres of the Earth's surface. Potassium is measured directly from the 
radio-element decay of 40K. Thorium and U are inferred from daughter 
elements associated with distinctive isotopic emissions from "'"Tl and 214Bi in 
their respective decay chains. Since the concentrations of Th and U are 
inferred from daughter elements, they are usually expressed in equivalent 
parts per million eU and eTh. Potassium has a much higher crustal abundance 
than eTh and eU and is usually expressed as a percentage (Ko/o). Gamma-ray 
spectrometric surveys, therefore, measure the abundance of these radio
elements emanating from topsoil and exposed bedrock. 

Gamma-ray spectrometty surveys have been widely used in geophysical 
exploration, and more recently in soil and regolith mapping6 - 10 The ability of 
gamma-rays to pass through vegetation to the receiver on the aircraft is an 
advantage in agricultural regions. Crops and pastures mask the underlying 
soils, making data from other remote sensors such as Landsat TM difficult to 
interpret. 

Digital elevation model 
A digital elevation model of the study area was generated using 1:90 000 
aerial photography. Soft photogrammetric techniques were used to create a 
50-metre resolution elevation model with one- to five-metre vertical accuracy. 
Orthophotographic images with a two-metre resolution were also generated 
(figure 3). The orthophotographs and the DEM were geometrically corrected 
and warped using differential GPS control points. 

Digital elevation models are used widely in terrain classification and 
modelling. Primary surfaces (e.g. , slope, aspect) and secondary or compound 
surfaces (e.g., wetness index) derived from DEMs are used in hydrological 
modelling (e.g., surface flow, soil saturation and prediction of discharge and 
recharge sites) and geomorphological (e.g., erosional and depositional 
processes) modelling. Dymond et al. demonstrated the use of DEMs in 
automated land-resource mapping.'' Broader applications of DEMs for 
hydrological, geomorpholgical and botantical studies are described by Moore 
et al. 12 

Vector datasets 
Geology polygons were derived from the digital 1:250 000 geological map4 

and catchments were generated from the DEM based on third-order streams. 

Modelling gamma-ray spectrometry data 

Separating bedrockfrom regolith responses 
Gamma-ray radiation emitted from the ground reflects the chemical 
composition of the bedrock and overlying soil. Although the gamma-ray 
signal is received from only the topsoil, the authors reason that in erosional 
landscapes the divergence of the gamma signal from the bedrock 'signature' 
reflects soil/regolith characteristics to much greater depths (several metres). 
This variation from the initial bedrock response is due largely to dilution or 
preferential enrichment of radio-elements by bedrock weathering and soil 
formation (e.g., removal of soluble cations and accumulation of sesquioxides 
that scavenge Th and U). It could also result from the bedrock being buried 
by transported material (e.g., aeolian dust, colluvium and alluvium). As a 
general rule, K is lost in solution during bedrock weathering. (K is soluble 
under most weathering conditions.) However, eTh and eU are more likely to 
be retained as weathering progresses because they are associated with 
resistant minerals, clays and iron oxides. 
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Figure 4· Slope in degrees against 
potassium (%). Inflection in the curve 
at around seven degrees separates 
erosional and depositional processes. 

Geomorphic thresholds 
GIS techniques have been developed 
to calculate the gamma-ray bedrock 
response from different rock-types 
using a slope grid derived from the 
DEM. The geology map is used to 
identify major bedrock units or major 
lithological/geochemical groups, since 
the soil response is likely to vary 
from one bedrock type to another. 
The bedrock response is differ
entiated from that of the regolith by 
plotting the gamma-ray responses 
against slope (figure 4). Inflection 
points in the scatter plot correlate 
with landform thresholds that are 
used to separate erosional sites from 
depositional sites. Higher erosion 
rates on steeper slopes are associated 
with bedrock materials and thin soils. 
Here the corresponding gamma-ray 
response largely reflects the 
geochemistry of the bedrock. Gentler 
slopes gain material from above 
(colluvium) or preserve thicker 
accumulations of regolith due to 
lesser rates of erosion. In these parts 
of the landscape, the corresponding 
gamma-ray response reflects 
weathered materials. The relation
ships between erosion and 
accumulation and the corresponding 
gamma-ray response can be used to 
establish the denudation balance in 
landscapes.7 

Once the slope threshold value 
that partitions erosional landscape 
facets has been determined, it is used 
to generate a clipped slope threshold 
grid. All pixels in the gamma-ray 
image that correspond with the 
clipped slope grid are averaged to 
give a bedrock signature for each 
rock type. This mean bedrock 
response is then subtracted from each 
pixel in the original geophysical 
channels to generate residual grids for 
Total Count, K, eTh and eU. The 
analysis may be performed using 
lithological units and/ or catchments, 
as regions of interest. However, the 
units derived from the geology map 
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Figure 6. Wetness index 
derived from FLAG 

draped over a digital 
elevation model. Areas 

in purple and blue show 
likely surface discharge 
and local wetness. (5 X 

vert ica l exaggeration) 

may be inaccurate or have variations due to alteration that is not shown on 
the map. These effects should be considered when interpreting the image 
response. Radio-element values centred around the mean bedrock response 
generally relate to thin soils over bedrock or exposed bedrock. They may also 
correspond to actively eroded and recently deposited alluvium that still 
retains the radio-element signature of the bedrock. In erosional landscapes, 
these sediments tend to be restricted to narrow corridors along streams. 
Deviation either above or below the mean will largely reflect weathering of 
bedrock or sediments (figure 5). Where detailed lithology is not known, 
lithological signatures can still be derived and extrapolated within catchments. 

Terrain analysis 
Fuzzy Landscape Analysis GIS (FLAG) software was used to derive terrain 
indices including a landscape position index that can be interpreted as 
topographic wetness or recharge/ discharge zones. 13 FLAG derives and 
combines a number of topographic indices (scaled from 0-1) from elevation 
data using the principles of fuzzy set theory. The overall landscape position 
or wetness index predicts those areas that are both low in their local vicinity 
(valleys) and low relative to the whole study area. These are sites most likely 
to exhibit surface wetness and discharge (figure 6). FLAG has been used 
effectively in salinity studies, identifying waterlogged soils and soil landscape 
mapping. 14-17 
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Figure 5. Residual K modelled on 
geology and catchments. Areas of low 
divergence from the bedrock mean 
are shown in reddish hues. These 
values correspond to exposed 
bedrock and thin soils. Increasing 
negative divergence from the bedrock 
means (shown in green to blue hues) 
corresponds to clay soils and 
weathered colluvial sediments. The 
residual K grid has been draped over 
a digital elevation model. (5 X 
vertical exaggeration) 

Results 

Mapping residual and 
transported regolith 
Residual modelling of the potassium 
channel using a greater than seven 
degree slope geomorphic cut-off 
value (figure 4) was performed for 
each catchment and geology unit. 
The modelled bedrock response was 
then subtracted from the original K 
grid to derive a residual K grid 
(figure 5) with values ranging from 
-1.8 to 2.4. The bedrock mean has a 
value of zero. Negative values 
delineate weathered colluvium and 
thick clay soils overlying highly 
weathered mottled saprolite. These 
soils and saprolite are thickest along 
broad valley floors and in gently 
undulating landforms with less than 
35 metres local relief. Soil and highly 
weathered saprolite on undulating 
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landforms are typically between two 
to five metres thick, as determined by 
field observations. Under the broad 
valley floors, the saprolite is likely to 
be considerably thicker. Positive 
values correspond with thin, stony 
soils (typically less than one metre 
thick). Because the K signal alone 
was effective in separating regolith 
from bedrock materials, the other 
three channels (Total Count, eTh and 
eU) were not used in the analysis. 
The highly weathered mottled 
saprolite is usually several metres 
thick. Most of the primary minerals in 
the saprolite have been weathered, 
leaving clay and quartz. The saprolite 
grades into saprock with lower 
porosity at depth. 

Comparing modelled soils with 
stream salinities 
An electrical conductivity (EC) survey 
of streams, springs and seeps was 
carried out to test any relationship 
between salt concentration and the 
modelled residual K image. Field 
assessment consisted of 59 stream EC 
measurements and 31 seep and 
spring EC measurements. 

Measurements were made during 
April-June 2000 and March 2001. 
Sample sites included a range of 
landforms and gamma-ray responses. 
Some 'noise' would have been 
introduced to the data because of 
short-term variation in rainfall amount 
and intensity over the period of 
measurement (e.g., variable amounts 
of base flow and surface flow). 
Recorded EC measurements are 
therefore better considered within 
broad classes than as precise values. 

Stream, seep and spring EC values 
were plotted and overlain on the 
residual K image (figure 7). Visual 
inspection showed a good 
relationship between soils and the EC 
of streams, springs and seeps. To 
statistically quantify this relationship, 
catchment areas for each stream 
sample point are defined, based on 
the DEM. The residual K grid value 
was then computed for each 
catchment and plotted against EC 
(figure 8). A relationship between 
stream EC and the residual K grid 
was found, with higher stream EC 
values corresponding to negative 
residual values. 

The EC values ranged from 110 to 
greater than 3000 I!Scm. Scatter 
across the EC values was higher for 
the more negative residual values. 
For streams with more positive 
residual values, the EC values were 
consistently low (figure 8). The linear 
relationship between stream EC and 
the K residual was not exceptionally 
strong (Pearson's r = -0.58, p <.05). 
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Figure 7. Modelled residual K, with stream EC values 
superimposed. The soil and bedrock are in red hues, and deeper 
clay soils and highly weathered saprolite in blue hues. 
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Figure 8. Chart showing residual K 
with EC measurements from streams 
and seeps 

.(J.8 Mean K~;:Sidual forc~tchmentandOg:ology 0.8 The relationship was clearer when 
28/Al49 the streams were grouped into two 

classes: those draining from areas 
with highly negative residual values, 

and those from areas with more positive residual values. There appears to be 
a natural break at a residual of about 0.37 for these two populations (figure 
8). For the 15 stream samples with mean catchment residuals greater than 
0.37, the mean EC was 189, the median was 124 and the standard deviation 
was 218. For the 44 stream samples with residuals less than 0.37, the mean 
stream EC was 1499, the median 1394 and the standard deviation 1187. A 
t-test showed a highly significant difference between the two means 
(p <0.00001). 

Combining modelled soils with terrain indices 
The wetness grid derived from FLAG was scaled from 0 to 1 and identified 
areas of high potential surface-water saturation. Values from 0 to 1 showed an 
increasing wetness trend. The wetness grid was re-scaled from 0 to -1 values 
and then combined with the K residual grid in which values from 0 to -1 
showed increasing negative divergence from the bedrock response (e.g. , 
related to colluvium and thick clay soils). The two grids were combined to 
produce a final grid with values between -1 and 1 (figure 9). This final grid 
showed salt stores and the potential discharge or waterlogged sites where one 
would expect to find saline seeps. A good correlation between independently 
derived photographic mapped salt scalds!8 and the predicted saline seeps 
supported the interpretation. 
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Discussion 
Rapid soil mapping 
This approach provides a rapid method for mapping and separating deeper 
regolith and soils from thin soils over bedrock. Colluvial and residual clay 
soils were delineated using the K residual grid. The method worked best 
where there was a strong contrast between the radio-element chemistry of the 
bedrock and the weathered constituents that overlie the bedrock. The K grid 
was effective over the whole Bethungra area because of the relatively high 
potassium content of the acid rocks in the area. In areas of contrasting 
bedrock geochemistry, more complex modelling using all gamma-ray 
channels is required to effectively map regolith from bedrock materials. 19 

The technique has several advantages when compared with more 
conventional discrete data classification approaches of interpreting and 
combining gamma-ray spectrometry and DEM datasets. Firstly the modelled 
datasets are fuzzy or gradational. This better describes the continuous nature 
and transitional boundaries of regolith and soil materials and hydrological 
attributes in landscapes. Secondly, the technique not only identifies soil and 
regolith materials, but also their associated geomorphic relationships. It is a 
knowledge-driven approach. This contrasts with a standard classification 
procedure where it is often difficult to 'unmix' the attributes in the final 
discrete classes. 

Salt stores and Be measurements 
In the Bethungra area there was a good correlation between high stream EC 
and clay distribution in the catchment. This suggests that the clays, and the 
highly weathered saprolite typically associated with them, are a major source 
or store of salts. These soils are largely confined to smooth hills with low 
relief (typically less than 35 metres) and on lower concave slopes and broad 
valley floors. Catchments with steep rocky hills and relatively higher relief 
shed predominantly fresh water. Combining these gamma-ray predicted salt 
stores with a wetness index grid derived from the DEM shows where salt 
outbreaks might occur, or where the highest salt loads are discharging into 
the streams. Hence these datasets have the potential to enhance existing GIS•
based modelling approaches that use a variety of land attributes and 
environmental features for salt hazard mapping.20 Structural controls within 
saprolite-dominated landscapes that can have an important control on salt 
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movement and surface concentration 
were not assessed in this study.21 
Future work will incorporate 
structural analysis (DEM and airborne 
magnetics) to improve the predictive 
power of the technique. 

Although there was a clear match 
between EC measurements and 
predicted salt stores, the overall 
correlation coefficient was relatively 
low. This is likely to reflect variable 
rainfall conditions when field 
measurements were recorded. Where 
there is no salt source, there is less 
opportunity for a stream to acquire a 
high salt load, resulting in 
consistently low EC values for 
streams draining areas with few 
predicted salt stores. Where streams 
drain through salt stores, the salt 
concentration of the stream will 
depend on the proportion of water 
derived from surface run-off as 
opposed to ground water (base flow). 

Surface flows have less 
opportunity to intersect regolith salt 
stores. As a result, they are fresher 
and dilute more saline base flow. The 
partitioning of flow between surface 
and ground water varies with 
antecedent soil moisture, rainfall 
amount and intensity-all of which 
would have varied between fie ld 
visits and between streams on the 
same visit. The variability in surface 
versus ground water influence on 
streams is likely to be the reason for 
the scatter in EC values for streams 
draining low-residual (high salt•
source) areas. 

Figure 9. Combined K residual with 
wetness index. Salt stores and high 
potential saline discharge sites in 
blue. Photo-interpreted salt scalds 
superimposed in red. (5 X vertical 
exaggeration) 
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(A) Salt derived from wind blown dust and rainfall 

Prevailing wind direction 

(6) Partial removal of aeolian material and local reworking into the existing regolith 
(eg . colluvial and bioturbation processes) 

D Alluvium, sand, clay and 
minor gravels 

D Colluvial reworking of aeolian and 
weathered bedrock materials. Contains salt 

• Aeolian soils containing salt 

D Highly weathered saprolite· storing rainwater 
derived salt and remobilised salt from aeolian soils 

D Saprock • slightly weathered bedrock 

D ' , Aeolian dust , , 

[:;::::::J Dissolved salts in rainwater 

Figure 10, Conceptual model of salt stores and dispersion pathways. 
A: Aeolian dust bringing in salt, probably during arid climatic phases. Salts 
also derived from rainfall. B: Salts stored in the regolith and aeolian deposits. 
These materials are preserved in geomorphically stable parts of the 
landscape. Natural water·table fluctuations, and rising water tables caused by 
tree clearing in areas of high salt storage, result in saline seeps and leakage 
into streams. 

Salt origin and location 
Salts are likely to be mainly derived from rainfall and wind-blown dust. 
Bedrock weathering contributes little to the salts found in the regolith." 
Highly weathered and porous saprolite probably soaks up atmospheric salts . 
Work in the Boorowa River catchment showed that streams draining 
catchments containing thick regolith had consistently higher salt loads than 
streams incised into fresher bedrock." 

Aeolian dust is widely distributed over much of south-eastern Australia. 23-2S 

These aeolian materials also carried with them considerable amounts of salt, 
which are now being remobilised. 26•27 
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Clay soils in the Bethungra area 
fit with descriptions of known 
aeolian sites in south-eastern 
Australia. 1O•28•29 Some components of 
these clay soils are probably aeolian 
derived. It is no coincidence that 
these clays soils and underlying 
highly weathered saprolite are found 
in geomorphically stable parts of the 
landscape where aeolian materials 
are most likely to be preserved. 

The highest salt stores tend to be 
associated with both aeolian soils and 
highly weathered regolith, and the 
lowest associated with thin residual 
regolith (figure 10). Preliminary 1:5 
EC measurements through these 
more deeply weathered profiles 
indicate that the salt is in the lower 
two-thirds of the clay layer and 
mottled saprolite zone. This suggests 
that base flow rather than surface 
flow is the main pathway for salts 
discharging into streams. 

It is debatable whether saline 
seeps and high stream salinities in 
the Bethungra area are solely a result 
of rising ground-water tables caused 
by post-European native tree 
clearing. Historical evidence from 
gold mining records show that 
ground water in the Temora and 
Wyalong areas (north-west of the 
Bethungra study) were highly saline. 30 
Studies on the south-eastern Dundas 
Tablelands in Victoria indicate pre•
European salinity based on historical 
records, past stream flow and bore 
hydrograph records, and pedological 
studies (suggesting prolonged 
seasonal waterlogging).31 In the 
Bethungra area it is possible that tree 
clearing and associated rising ground 
water has accelerated a natural, near•
surface mobilisation of salt in the 
landscape. 

Conclusion 
Modelled gamma-ray spectrometry 
data combined with DEM-derived 
terrain indices is an effective 
technique for predicting salt stores 
and salt outbreaks in erosional 
landscapes in the Bethungra area. 
Thematic maps quickly generated by 
this approach can be used directly in 
developing farm management plans 
and in prioritising areas for remedial 
action. In addition, salt store maps 
produced by this technique have 
potential in developing more robust 
hydrological models for dryland 
salinity. 

More detailed field validation and 
studies in other areas with contrasting 
bedrock types, alteration styles and 
landforms are currently under way to 
test this application in a wider 
landscape context. Further work will 
involve refining the technique, 
incorporating structural lineament 
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