
Sediment-hosted base metal deposits

.Project Outcomes Report

AMIRAJARC project P384A

Final j2{eport
December 1998

•
CODES SRC

Centre for Ore Deposit Research
University of Tasmania



ii

CODES Special Research Centre
School of Earth Sciences
University of Tasmania
GPO Box 252-79

Hobart Tasmania
Australia 7001

A Special Research Centre established by the Australian Research Council.

another Pongratz Production 1998



ill

Contents

Introduction v

Basin analysis module

Architecture of the McArthur and Mount Isa Basins, northern Australia - David Leaman 1

Review of interpretation of McArthur Group near RYC - D.E. Leaman 5

Tectono-sedimentary setting of the northern Australian sediment-hosted Zn-Pb-Ag deposits
- Stuart Bull........ 15

The Bamey Creek Depositional Cycle (BCDC) - Peter Winefield, Stuart Bull and David Selley 17

Geology of the BCDC in the Myrtle Basin area, southern McArthur Basin, Northern Territory
- Stuart Bull and Robert Scott 23

Geolo!;y of the Gorge Prospect area, southern McArthur Basin - Peter Winefield, David Selley
and Stuart Bull 31

Geology and geochemistry of the Berjaya Pb-Zn prospect, McArthur River region, N.T.
- P. Winefield, D.R. Cooke, S.W. Bull, and P.J. McGoldrick 45

Sedimentology of the Torpedo Creek Quartzite in the Lady Loretla area; implications
for the tectono-sedimentary setting of northern Australian Proterozoic Zn-Pb-Ag deposits
- Stuart W Bull 55

Deposit halos

Summary of lithogeochemical halos and vectors to ore for Australian Proterozoic stratiform
Zn-Pb-Ag deposits - Ross Large and Peter McGoldrick 65

Halo model for the Lady Loretla deposit - Peter McGoldrick and Ross Large 71

Halo model for the Mount Isa and Hilton/George Fisher Zn-Pb-Ag deposits - Peter McGoldrick ...... 91

Lithogeochemical and isotopic halo model for the RYC stratiform Zn-Pb-Ag deposits,
Northern Territory - Ross Large, Stuart Bull and Peter McGoldrick 111

Halo model for the Mount Novit Zn-Pb-Ag deposit - Peter McGoldrick 133

Halo model for Century Zn-Pb-Ag deposit, Queensland - Ross R. Large 145

Halo model for the Grevillea prospect - Peter McGoldrick 157



iv

Halo model for the Walford Creek Zn-Pb-Cu-Ag prospect - Peter McGoldrick 169

Lithogeochemical studies of discordant, stratabound Proterozoic Zn mineralisation:
Kamarga deposit, NW Queensland - Peter McGoldrick and Stuart Bull 179

Geochemical data sets for northern Australian Proterozoic sedimentary rocks: background
variations in lithogeochemical vectors to sedimentary Zn-Pb deposits - Peter McGoldrick ......... 191

Testing lithogeochemical vectors for northern Australian Proterozoic Sedex Zn deposits at the
Sullivan deposit, Canada - Peter McGoldrick 193

Brine chemistry and fluid flow module

Insights from chemical modelling on the likely composition of ore-forming fluids, metal and
gangue associations for stratiform sediment-hosted Pb-Zn (Sedex) deposits - David Cooke ...... 195

Considerations concerning mineralising fluids within the McArthur Basin with particular
reference to the HYC deposit - David Leaman 199

Numerical modelling of fluid flow systems in the McArthur Basin - Grant Garven and Stuart Bull. 201

Criteria to determine recharge (downflow) and discharge (upflow) zones related to stratiform
Zn-Pb-Ag deposits, McArthur Basin, N.T. - Ross R. Large, Stuart Bull and Grant Garven 207



v

Introduction

Project objectives P384A

There were four principal objectives of P384A as
outlined in the original project proposal and in the
November 1996 synopsis:

distinction began to break down, resulting in the
presentation of several integrated studies in the final
report. This integration of research disciplines has
carried over into the P384A project extension, and
the studies presented here in the final report routinely
overlap more than one module.

• To determine the primary geological, geochemical
and structural controls on the location and timing
of base metal mineral deposits in sedimentary
basks, and to develop and refine ore deposit
models applicable to exploration.

BASIN ANALYSIS
• structure
• sedimentology
• basin stratigraphy
• fluid movements

..
BRINE CHEMISTRY

• chemical modelling
• afteration and
fluid chemistry

• metal deposftlon

• To investigate the chemical processes controlling
brine compositions and metal sulfide accumulation
during fluid movements in sedimentary basins,
including the relationships between copper and
lead-zinc deposition

• To investigate the physical and hydrological
processes involved in the evolution and movement
of metalliferous fluids in sedimentary basins

• To develop geological and geochemical vectors to
a variety of styles of sedimentary base metal
mineralisation that may be used in the exploration
for large tonnage deposits.

Research framework

This project utilised a multidisciplinary approach
incorporating geophysics, sedimentology and
structure, lithogeochemistry, and physical and
chemical fluid modelling. For convenience, the
research programme for the original P384 project
and the P384A project extension, has been run as
three separate,but related modules (see figure below).
As the original P384 project progressed, this

'-----"/
t

DEPOSIT HALOS
• geochemical vectors
• extent and composition
• radiogenic isotope signatures
• stable isotope vectors

Achievements of the project

Module 1: Basin Analysis

1. Interpretation of regional gravity and magnetic
data has been extended through the Camooweal
and Dobbyn 1:250,000 sheets to include 5 sections
across the Mount Isa and Cloncurry region.
Structures and sequences from the western
Mount Isa Basin are consistent with those
previously described from the Mt Drummond
and Lawn Hill sheets. Indications are th~t the
major mafic sequence interpreted across the
region is a correlate or extension of the Eastern
Creek Volcanics.
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2. Interpretation of the gravity data in the southern
McArthur Basin has been used to infer thickness
of the dense, dolomite-dominated McArthur
Group and revise the overall setting around
HYe.

3. Detailed interpretation of the gravity, magnetic
and radiometric data from around the Lady
Loretta deposit has also been carried out. It
indicates a WNW-oriented syndepositional
structure extending from Lady Loretta to the
Mount Gordon Fault Zone along the Redie Creek
Fault trend, and a magnetic low beneath the ore
body that could represent a sub-basin or zone of
alteration.

4. Mapping and integrated structural and
sedimentological analysis of key areas of
McArthur Group in the southern McArthur
Basin, has confirmed that the mineralised
succesSion, comprising the Barney Creek
Formation and adjacent units, was deposited
during a period of tectonically-generated sub
basin formation. This is reflected by rapid lateral
fades changes from depocentres to marginal
areas that render the current layer cake
stratigraphic scheme inadequate for detailed
studies.

5. Structural mapping and sedimentological
sectioning around the mineralised stratigraphic
level along the sinuous Tawallah and Hot
Springs Faults, using the Coxco Dolomite as a
stratigraphic marker, indicates an apparently
systematic structural control on sedimentation,
and hence basin formation. Basinal facies
deposits like those that host HYC occur in
accommodation space generated adjacent to
NNW-trending fault segments by extension and
growth faulting on parallel structures. In
contrast, there are often no basinal fades present
in areas adjacent to N-NNE-trending fault
segments, where sedimentation records
sustained shallow water conditions indicating
no accommodation space was generated.

6. Detailed mapping of the Myrtle Basin, an area
situated some distance from the major N-NNW-

trending structures where the original basin
geometries have been masked by major
wrenching and associated transpressional
folding has provided the first constrained field
evidence that E-W-trending faults and folds are
syn-Bamey Creek Formation structures. Sub
basin formation and deposition of potentially
mineralised Basinal Facies deposits was
optimised where these structures intersect the
NNW-trending faults, and occurred in two
distinct transgressional cycles. Work in this
region has also given insight into the potential
significance of spectacular heterolithic carbonate
megabrecdas similar to the brecdas in the Bamey
Creek Formation around RYe.

7. In the Mount Isa Basin, integrated structural
and sedimentological analysis of the basal
McNamara Group units in the Kamarga Dome
and Lady Loretta areas of the LawnHill Platform,
indicates that they represent a phase of active
tectonism (-rifting). This event established the
structural template which controlled mineral
isation in the overlying "sag" phase carbonates
and clastics.

8. The Lady Loretta deposit occurs in the
tectonically quiescent "sag" phase of the
McNamara group, that is characterised by the
deposition of peri-tidal platform carbonates. The
host rocks are indistinguishable from the
formation regionally, and there is no evidence
that the mineralising event was associated with
active tectonism and sub-basin formation.
However, the mineralised site is located adjacent
to a growth fault in the subsurface that was
active at lower McNamara , illustrating the
importance of understanding the rift-phase
architecture of mineralised basin settings. This
situation is similar in some respects to that of
the Century deposit.

9. Sedimentological analysis concurs with
geophysical interpretation that the growth fault
adjacent to Lady Loretta was ,a northwestern
continuation of the Redie Creek Fault. In the
area of the deposit, this structure appears to
have been cut/offset by a number of relatively



closely spaced, roughly orthogonal faults
(?transfers). These were subsequently re
activated during the Isan Orogeny to produce
the present day structural complexity of the Lady
Loretta area, suggesting that other areas of
equivalent structural complexity in the Lawn
Hill Platform could be prospective for base metal
mineralisation.

Module 2: Brine Chemistry and Fluid Flow

10. Based on the results of chemical modelling, two
brine types have been identified that are capable
of precipitating stratiform sediment-hosted Pb
Zn mineralisation, which should form in distinct
tectonostratigraphic environments. McArthur

type brines can form in basins dominated by
oxidised sedimentary lithologies, such as the
northern Australian Proterozoic basins. These

oxidised brines can transport high concentrations
01 Pb, Zn, Cu and (depending on pH) Fe and
Mn, but will not carry Ba, Au or Au. Selwyn
type brines have reduced and acidic
compositions, and form in reduced basinal
environments. They can carry elevated Pb, Zn,
Ba, Fe, Mn and in some cases Au or Sn, but are
unlikely to carry high concentrations of Cu.

11. Numerical simulations of ore deposition have
identified that fluid mixing is the most viable
mechanism for Pb-Zn sulfide deposition in the
Northern Australian basins. Mineralising brines
can potentially mix with seawater or hydro
carbon reservoirs and precipitate their base metal
loads. In general, water-rock interaction is
predicted to precipitate base metal sulfides
associated with complicated gangue assem
blages, unless only one or two reactive
components are present in the host lithology.

12. Several discrete episodes of alkali metasomatism
have been documented in the sedimentary and
volcanic lithologies of the McArthur and
Tawallah Groups. Low-temperature alkali
metasomatism resulted in leaching ofbase metals
from the Tawallah Group dolerites, and the
resultant metal-rich brines had potential to
become involved in base metal mineralising
processes elsewhere in the basin.

vii

13. In parallel to P384A, a preliminary hydro
geological study of the southern McArthur Basin
has been undertaken with funding from CODES
SRC. This involved numerical modelling by
Grant Garven, of an east-west section through
the Batten Fault Zone in the area of the HYC
deposit. The section was constrained using open
file geophysical and field-based data from the
Basin Analysis Module of the original P384
Project. The results confirm that large fault zones
exert a major control on flow patterns in both
density- and topography-driven hydrothermal
systems, and that the upper Tawallah Group
sandstones provide a significant strata parallel
aquifer system for the focus of deep basinal
brines.

14. Petrographic, lithogeochemical and FTIR studies
in the McArthur Basin have defined a pattern of
K-Al silicate distribution, which is considered to
result from diagenesis and fluid evolution related
to basin-wide fluid migration. This work, when
integrated with hydrologic modelling, and
structural!sedimentological studies, has the
capacity to focus exploration into high priority
fluid discharge sites related to stratiform
mineralisation.

Module 3: Deposit Halos

15. Detailed lithogeochemical halo models have been
developed for the following seven Australian
Proterozoic stratiform Zn-Pb-Ag deposits: Lady
Loretta, HYC, Mt Isa, Century, Mt Novit,
Walford Creek and Grevillea, and one strata
bound deposit (Kamarga). Lithogeochemical
vectors for these deposits have been tested on
samples from the Sullivan deposit in Canada.

Each model includes a description of the geo
chemistry and mineralogy of the halo and a set
of criteria and vectors that are useful for regional
and mine scale exploration.

16. A basket of explorati?n indices has been
developed which can be applied in the identi
fication of favourable horizons for stratiform Zn
Pb-Ag deposits within carbonate-bearing
sedimentary basins.



viii

17. Specific studies of lithogeochemistry in the Lawn
Hill region surrounding Century have identified

the potential for several mineralised horizons
within the Lawn Hill Formation. This research
has shown that, in addition to unit Pmh 4, there
are three other stratigraphic levels with potential
for stratiform Zn-Pb-Ag mineralisation.

18. Carbon and oxygen isotope chemostratigraphy
has been undertaken in a number of locations
throughout the McArthur Basin to establish the
background and anomalous isotope patterns.
This work has identified an extensive cia
isotope halo surrounding the RYC deposit, of
similar character to the isotope halo previously
defined at Lady Loretta in P384. This work has
also revealed that the isotope trends within the

halos at RYC and Lady Loretta are unique, and
very different to carbonate isotope patterns

associated with other carbonate replacement
depositS" (MVT, skarn, carlin-type and Renison
style replacement deposits).

This report

The Final Report for P384A is divided into three

volumes:
Volume 1: Summary of Outcomes

Volume 2: Research results for 1998

Volume 3: Publications from AMlRA P384 (1992

to 1995)
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Halo model for Century Zn-Pb-Ag deposit, Queensland 
\. 

Ross R. Large 
Centre for Ore Deposit Research 

Introduction 

No sampling has been carried out by the CODES 
P384A project team on the Century Deposit, however 
a set of lithogeochemical data from a series of six 
drill holes was made available from the AGSO 
Rockchem database. This data set allowed us to test 
the presence of a lithogeochemical halo and make 
comparisons to our other halo studies at Lady Loretta 
and HYC (Large, 1998). 

This lithogeochemical study of Century host rocks 
was particularly critical to our P384A halo research, 
as it was the first time we were able to test the 
alteration indices and exploration vectors on a set of 
siliclastic host rocks to a major stratiform Zn-Pb-Ag 
deposit. Our previous research had concentrated on 
carbonate-rich host successions. 

Host rocks 

The Century ore lenses occur with unit Pmh4 of the 
Lawn Hill Formation, which comprises carbonate
poor shales, siltstones and sandstones interpreted to 
be deposited in a shelf environment above storm 
wave base (Broadbent et al., in press; Andrews, in 
press). 

Previous research on the Century halo 

Broadbent et al. (in press) states "there is a broad 
envelope of weak siderite development surrounding 
the deposit, extending for up to 100 m vertically 
above the mineralisation and 20 to 30 m below it." 
(Fig. 2). Broadbent et al. (in press) also provide 

microprobe analyses on the siderite, which indicates 
an increase in Mn content from values of around 0.6 
to 1.5 wt% MnO in the lower Footwall to 1.3 to 5.9 
wt% in the upper Footwall to 7 to 14 wt% MnO in the 
ore zones (Large, 1998; Table 2). 

Ore deposit characteristics 

The important features of the Century deposit are 
summarised on the Century deposit data sheet. 

Sampling strategy 

The AGSO data set from around Century comprises 
165 sediment samples collected from six drill holes, 
the locations of which are shown in Figure 1. The 
samples were collected by CRA geologists to provide 
a representative set of lithogeochemical data for the 
major units of the Lawn Hill Formation: Pmh1, 
Pmh2/3, Pmh 4 and Pmh6. The samples were 
analysed at the AGSO laboratories for a range of 
major and trace elements. However neither CO2 nor 
11 were analysed; two critical elements for SEDEX 
lithogeochemical studies. 

Halo model 

Utilising the whole rock geochemistry it was possible 
to divide the data set into dolomitic sediments, 
sideritic sediments and shales (Large, 1998). The 
graphic representation of the division of the data set 
is shown in Figure 3. Sideritic-bearing sediments 
comprise 42% of the data set, and are not just 
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Figure 2. Siderite halo at Century defined by Broadbent et aI., (in press). 
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restricted to the host sedirrtents in Pmh4. They have 
also been defined in Pmhl, Pmh2/3 and Pmh6. 

Siderite halo 

Due to the fact that the host stratigraphy at Century 
is fault bounded, it is not possible, on the available 
data, to determine the full extent of the siderite halo 
recognised by Broadbent et al. (Fig. 1). However on 
the basis of the AGSO data set it is evident that 
siderite is distributed throughout the stratigraphy 
surrounding Century at levels of 5 to 50 wt% (Large, 
1998). 

Ankerite distribution 
Insufficient data is available to determine whether 
an ankeri~~ halo is present at Century, surrounding 
the siderite halo, as previously defined for Lady 
Loretta (Large and McGoldrick, 1998). However the 
FeOcarb content of the dolomitic sediments varies 
from 2-4 wt% suggesting the possibility of a 
Widespread ankerite or ferroan dolomite halo (Fig. 3). 

Znc Dispersion 
Both the zinc and pyrite content of sediments 
surrounding Century is relatively low, with most 
samples containing less than 100 ppm Zn and less 
than 2 wt% pyrite. Elevated levels of zinc occur in 
Pmh 4 (100-1000 ppm) in DDH LH 198 and LH 205. 

Alteration Indices 
SEDEX AI : In Figure 4 the sideritic and ferroan
dolomitic sediments clearly show elevated SEDEX 
AI values from 50 to 95; typical of the halo to a major 
sedex deposit. However compared to Lady Loretta 
and HYC, the iron-rich carbonate sediment of 
Century have distinctly lower zinc contents. This 
may be due to the fact that the laterally equivalent 
Pmh4 sediments have not been sampled, or 
alternatively, that Century does not or never did, 
exhibit a broad zinc dispersion halo. 

AI Mark 3 : About 50% of the sideritic sediments 
show highly anomalous character in Figure 5, typical 
of proximity to a major stratiform zinc deposit. 

Manganese Content of Carbonate: (Mn0 ands 
MnOd) : Calculation of the MnO content of carbonate, 
using the procedure developed by Large and 
McGoldrick (1993), indicates the siderites in the 
Century area are highly anomalous in Mn. MnOs 

values of 2-5 wt% were found in samples from Pmhl, 
2-8 wt% in Pmh2/3, 1-3 wt% in lower Pmh4 and 
5-18 wt% in Pmh6. This compares with values of 7
14 wt% reported by Broadbent et al., (in press) for 
the Century ore zone. 

The upwardly increasing values of Mn0 founds 
in DDH LH 203 and DDH LH 210 (Fig. 7) are very 
similar to the footwall patterns present at Lady 
Loretta and HYC, and suggest the possibility of 
stratiform Zn-Pb-Ag mineralisation hosted toward 
the top of Pmh2/3 and Pmh6. 

On the priority discrimination diagram in 
Figure 6, 8% of the data falls into the high priority 1 
field, and a further 16.5% in priorities 2 and 3. This 
is a very similar trend to that shown by the Lady 
Loretta siderite halo (Large, 1998a, Fig. 12). 

Vectors to ore 

Our study, using the AGSO Rockchem data set, has 
shown that the SEDEX AI,'AI Mark 3 and Mn0 ' s 
MnOd vectors developed for carbonate-rich 

.sequences work equally well for exploration in 
siliciclastic sequences such as the Lawn Hill 
Formation at Century (Large, 1998). 

This research has also shown that Pmh 4 is not 
the only favourable stratigraphy in the Lawn Hill 
Platform. The alteration index and Mn vectors 
indicate that potential also exists at three other 
stratigraphic levels (Fig. 8): 

• The base of Pmh 1; 
• The top of Pmh 2/3; 
• The upper part of Pmh 6. 

No isotopic studies have been carried out on the 
Century samples to test for a carbonate isotope halo, 
similar to those defined at HYC and Lady Loretta. 

References 

Andrews, S., in press, Stratigraphy and depositional setting of the 
Upper MnNamara Group, Law Hill Region: Econ. Geol. 
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Century Deposit Summary 
Regional Setting: The Century deposit occurs in gently folded late Palaeoproterozic 

sediments of the upper 'McNamara Group (Blake, 1987). The upper McNamara Group 

is a more siliclastic dominated package than the lower McNamara Group (Sweet and 

Hutton, 1982), and exists only in the northern half of Lawn Hill Platform. Century 

occurs in the Lawn Hill Formation, the youngest preserved unit of the McNamara Group 

that comprises about 2000 metres of unmetamorphosed shale, silstone, tuff (illite beds), 

tuffaceous siltstone, sandstone and dolomite (Sweet and Hutton, 1982). 

Host Rocks: The upper part of Unit 4 of the Lawn Hill Formation is the immediate host 

to the Century orebody (WaItho et al. , 1993; Waltho and Andrews, 1993). At the deposit, this unit comprises about 

300 metres (cf 100 metres elsewhere) of upwards coarsening interbedded siltstone and shale, interpreted to have 

been deposited in a deep marine setting (Broadbent et aI., 1998). The 40 metre thick mineralised sequence is 

subdivided into four distinct units and these in tum into several subun its. Sulfide mineralisation is almost entirely 

confined to black shale units. 
8MR CRAE 

Subdfvlato n Subdiv ision th lckne s e 

The ore body has been gently folded and dips vary between five 

and twenty five degrees. It is bounded either by faults or an 

unconformity surface with overlying Cambrian sediments. 

Page and Sweet (1998) reported an age of 1595±6 Ma for zircons 

from tuffs in the Century ore sequence. 

Size and Grade : The Century deposit has an indicated resource of 

118 Mt at 10.2 wt% Zn, 1.5 wt% Pb and 36 glt Ag. 

Mineralisation: Waltho and Andrews (1993) describe a simple 

sulfide assemblage of sphalerite, pyrite, galena ± chalcopyrite with 

associated organic carbon, (Mn--Mg) siderite, and authigenic silica. 

Metallic grey coloured lamellae (1 to several millimetres thick) 

contain two main types of sphalerite; ' non-porous' - single grains 

and crytocrystalline aggregates to 50 microns; and' porous' 

polycrystalline aggregates of 0.3 micron sphalerite grains and 

pyrobitumen inclusions to 2 microns. Pyrite (less than ten percen t 
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of total sulfides in ore) occurs as euhedral 2 to 10 microns crystals; it is proportionately more abundant in an 

envelope to the orebody. The lower part of the orebody is grossly zoned from NE to SW, with highest Zn grades 

proximal to the Termite Range Fault. Zn zoning is more complex in the upper part of the deposit (Waltho et aI., 

1993). The deposit is also vertically zoned, with most of the Pb and Ag resource occuring in the upper half (Waltho 

etal .,1993). 
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Genetic Models: A novel genetic model has recently been proposed for the Century deposit (Broadbent et al., 

1998). They suggest ~ineralisation formed during early stages of basin inversion ('late diagenesis') when tectoni

cally driven basin fluids migrated into an overpressuredJundercompacted shale sequence. These hot, Zn- and 

sulfate-bearing fluids migrated out of the Termite range Fault and promoted gas and liquid hydrocarbon generation 

from host sequence shales. The hydrocarbons, in tum, were utilised in thermochemical sulfate reduction processes 

leading to base metal sulfide precipitation. Gas mediated sulfate reduction produced' non-porous' sphalerite, 

whereas oil mediated sulfate reduction produced the porous, pyrobitumen-rich, sphalerite. 
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(a) (b) 

(c) (d) 

(a) Outcropping Century mineralisation ("Eastern Floater Block") . 
(b) Century pit looking towards Silver King in hills on skyline. Ore zone is weathering white below known 
hanging wall siltstones. 
(c) Typical Century high-grade Zn mineralisation. 
(d)Close up of Century high-grade Zn mineralisation. 
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Halo model for the Grevillea prospect
 

Peter McGoldrick
 
Centre for Ore Deposit Studies 

Introduction 

The Grevillea prospect is the most recent significant 
sediment-hosted base metal mineralisation discovery 
in the Carpentaria Zinc Belt. This report reviews a 
reconnaissance lithogeochemical study of the deposit 
reported in AMIRA P384A Final Report v. 2 
(McGoldrick, 1998). 

Deposit characteristics 

The Grevillea mineralisation has many similarities 
to the Lady Loretta deposit and important features 
of the prospect and some ore types are described in 
the Grevillea Deposit Summary. 

Host rocks 

Figure 1 is a surface geological map of the area around 
Grevillea. The host sequence comprises about 100 m 
of highly pyritic carbonaceous shales and siltstones. 
Pyritic stratigraphy is present under shallow cover 
for at least a kilometre to the N of a gossan developed 
on pyrite and base metal sulfides. Faulting has 
removed the mineralised sequence to the S of the 
gossan. 

Sampling strategy 

Twenty three samples of core and thirty two 
percussion pulps were analysed for major elements 
and selected trace elements. As in all previous case 

studies, sulfide-rich samples were avoided where 
possible. The drill hole locations are shown in 
Figure 1. Precise correlation between the percussion 
holes and the mineralised part of RVD17 was not 
possible, but the interval sampled from the percussion 
holes was broad enough to include the stratigraphic 
equivalent of the base metal mineralisation. 

Lithogeochemistry 

Host rock carbonates 
On CaO jMgO crossplots the samples fall into two 
groups (Fig. 2). Most lie on a 'dolomite' (or ankerite) 
trend. Five low CaO, but high MgO samples from 
RVD17 are sideritic. Recalculating the whole rock 
analyses, assuming all Fe is pyrite and carbonate, 
indicates that most of the 'dolomite' samples are 
ankeritic (moles Fe+Mn:Mg > 0.25). sediments. 

The sideritic samples correspond to the mineral
ised interval in RVD17. All samples from RVC34, 
250m N along strike from the gossan, and two thirds 
of samples from RVC30 and 31, 450 m N of the 
gossan, are ankeritic. 

Zinc dispersion 
All but one of the samples analysed from Grevillea 
had less than 100 ppm (Fig. 3), hence, there is no 
indication of enrichment in the host sediments nor. 
does Zn form primary dispersion halo in the drill 
holes to the N. This is in marked contrast to Lady 
Loretta where Zn forms a broad primary dispersion, 
and zincian siderite is present in mine sequence rocks 
(Carr, 1981) 



158 

r" 
I 

--'''-~..... 

\ \

\ \ 
'<, /' 

", 
--' \ 

/ ' 
-------~ 

D ~inozolc: allu~ ial and co'luvial deposits 

D RiverslelghSlitstone:greydolom~ic sit stone, carbonaceous shale, cross-bedded andplanar 
laminated sandstone

D Shady Bore Ousrtzlte:medium grained orthoquartzite interbedded with lesser amountof friable 
sandstone, silstoneanddolomite 
Lady Loretta Formation:dolomite, dolomitic siltstoneandsandstone, stromatolitic dolomite, and 
intraclast dolomite; gradational contact withShadyBore Quartzite 

• gossan 

D host sequence 

Figure L Geology of the area around the Grevillea gossan (AMG co-ordinates; geology 
from Sweet and Hutton , 1982 and Coolgardie Gold unpubl. Dala ). 

2S - ' 

. . , 

:-:: : ·:r. :····· · · · ·r : :::~::···· · · 
ceo (wt%) doIO~ilef : LII i ' RVC3~1R\C3 1 

10 -, -ankerlte --;-~ _···········T ················..r···················
\ ~ . I,) j j 

5  iJ :,- ; 1. .. 
,, ;~i!l' j !siderite i 

Figure 2. CaO and MgO relationship for 55 samples ,~ i0 . ~ 1 from Grevlllea.o -~-~..-.JILf..l"-.....~'--i--'-.......--'- ........-+-~~~--I


o 5 10 15 20 

fllgO (wt%) 



159 

Manganese 
Mn forms a broad primary dispersion at Grevillea. 
Most of samples contain anomalous Mn, and the Mn 
content of the carbonate (Fig. 3) ranges from about 1 
wt% to 4 wt%. Sideritic samples from the mineralised 
interval of RVD17 are uniformly high in Mn (3 to 4 
wt% MnOs). 

Thallium 
Down hole TI distributions for RVD17jRVD05 and 
RVC330jRVC31 are presented oin Figure 3. The 
entire sampled interval of RVD17 is strongly 
anomalous in Tl (6 to 60 ppm). All samples from 
RVC34, 250 m along strike, have more than 4 ppm Tl 
(up 47 ppm), and six (of sixteen) samples from 
RVC30j31, 450 m along strike, have more than 4 
ppm. Hence, Tl has a strong primary dispersion about 
the Grevillea mineralisation, that persists for at least 
450 m along strike. 

Alteration indices 

Both Sedex AI and AI3 are anomalous in the 
mineralised interval of RVD17, with AI3 having a 
more 'spiky' pattern (Fig. 3). Although absolute 
values are somewhat lower, anomalous values are 
still present in RVC30jRVC31, and define a zone in 
the upper two thirds of the section. On this basis this 
zone could be interpreted as the exact stratigraphic 
equivalent of the mineralised sequence in RVD17. 

Sedex Metal Index 

Sedex Metal Index (Zn + 100 Pb + 100 Tl) values are 
between 1000 and 10000 in most samples from 
Grevillea, similar to the range shown by host 
sediments to Lady Loretta (Large and McGoldrick, 
1998). There is a systematic increase approaching the 
mineralised zone from the hangingwall in RVD17 j 

RVD05, and high values in RVC30jRVC31 define 
the same interval as AI3 and Sedex AI in these holes. 

Interelationships between Zn, Sedex AI, 
AI3 and MnOd/s 

The Grevillea samples lie below the 'Lady Loretta 
trend' (Large and McGoldrick, 1998) on cross-plots 
of log Zn against Sedex AI and AI3 (Figs 4 and 5), 
reflecting the overall low-Zn character of the host 

rocks. On plots of log MnOdis against the two 
alteration indices most samples lie in the prospective 
parts of the diagram (Figs 4 and 5); all the siderite 
samples lie in the 'prospectivity I' box. 

Carbon and oxygen isotopes 

Eleven carbonate-rich whole rock samples from 
Grevillea were analysed for C and 0 isotopes. These 
data are insufficient to define spatial trends, but do 
suggest important similarities and differences 
between Grevillea and Lady Loretta (McGoldrick et 
al., 1998) with respect to 0 and C isotopes. In terms 
of 0 there is no overlap between the Grevillea data 
and the Lady Loretta data; the heavy 0 observed in 
Lady Loretta siderite is not evident at Greyillea. There 
is, however, an indication that, as at Lady Loretta, C 
in dolomites at Grevillea is lighter than C in ankerites 
and siderites. 

Vectors to ore 

The data reported here indicate that many of the 
vectors developed for the Lady Loretta deposit may 
be applicable to the Grevillea prospect. 

These include: 

(1)	 Change in carbonate composition from dolomite 
to ankerite to siderite within the sediments. 
Ankerite is still present several hundred metres 
along strike from known mineralisation. 

(2) Systematic increase in MnO content of carbonate 
(MnOd and MnOs) toward mineralisation. More 
detailed sampling is required to confirm spatial 
changes in these parameters at Grevillea. The 
available data indicate that highest carbonate 
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RVD17 & VD5 (proximal) samples 
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MnO occurs in the mitleralised part of RVD17, 
and lower, but still anomalous, levels are present 
in the most distal samples. 

(3)	 The alteration indices (Sedex AI and AI3) are 
weakly anomalous 450 m along strike in the 
stratigraphic equivalent of the mineralised 
sequence, and show an increase toward 
mineralisation. 

(4)	 Thallium is quite anomalous 450 m along strike 
in the stratigraphic equivalent of the mineralised 
sequence, and increases toward mineralisation. 

(5)	 Sedex Metal Index (Zn + 100 Pb + 100 TI) 
increases from around 1000 to over 10,000 
towards ore both across strike and along strike. 

Zinc by itself does not appear to be a useful vector 
to the Grevillea mineralisation. Further work is 
required to see if the trend to isotopically heavy 0 in 
carbonate approaching ore, observed at Lady Loretta 
(McGoldrick and Large, 1998) and BYe (Large et al., 
1998), is apparent at Grevillea. 

Size of the halos at Grevillea 

The strong positive response from Grevillea for most 
of the 'basket of indices' developed for northern 
Australian Proterozoic stratiform deposits is a good 
indication that substantial (Lady Loretta size or better) 
base metal sulfide is or was present in the immediate 
vicinity of the known mineralisation. The intensity 
of the indices seems to drop away N along strike 
from the gossan, suggesting better mineralisation to 
the S. Unfortunately, the host sequence has been 
removed by faulting in this area. 
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RVC30 & RVC31 (distal) samples
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Lat 1904'S, Long 138°48'E Grevillea Deposit Summary 
Regional Setting: The deposit occurs in unrnetamorphosed late Palaeoproterozic McNamara 

Group sediments of the central Lawn Hill Platform (Blake, 1987). It is about eight kilometres 

SW of the Termite Range Fault (Sweet and Hutton, 1982). 

Host Rocks: Base metal mineralisation and barite occur in carbonaceous and highly pyritic 

shales and siltstones of the lower Riversleigh Siltstone. The 100 metre thick mineralised 

sequence dips at about 60° W and is overlain by (?shallow marine) sandstones. Footwall 

shales are transitional to the underlying Shady Bore Quartzite (?marginal marine). 

Rl 

Footwan 
Sla:es 

gossan 

/
/ 

100m 

OORl 

Rl 

100RL 

The age of the Riversleigh Siltstone is bracketed by zircon dates of 1636±10 Ma for the overlying lower Termite 

Range Formation (Page and Sweet, 1998) and 1647±4 from the upper Lady Loretta Formation (R. W. Page pers. 

comm.). 

Size and Grade: There are no published estimates of the base metal resource at Grevillea. Significant base metal 

grades were obtained along a strike length of a 250 metres (e.g., 25 m @ 4.7% Zn, 1.0% Pb , 29 g/T Ag in RVCOO1, 

and 20 m @ 6.0 %Zn, 1.5%Pb, 56 gfT Ag in RVDOO5) beneath a prominent gossan. Fault offset, sulfide-rich 

equivalent stratigraphy to the mineralisation is present over a kilometre to the north of the gossan. The sulfide zone 

is truncated by faulting to the S at depth. 

Mineralisation: Base metal sulfides and barite occur as infillings and impregnations in delicately (?microbially) 

laminated, highly pyritic rocks and (less commonly) replacing oolitic beds (McGoldrick, 1998) . Coarse barite may 

be pseudomorphous after primary gypsum or anhydrite. Interbedded siltstones are sideritic and contain obvious 

gypsum pseudomorphs (carbonate). 
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Genetic Models: Grevillea mineralisation shares many characteristics with the Lady Loretta deposit, notably the 

association of base metal sulfides, abundant pyrite and siderite, and (possibly) a shallow water depositional setting 

for the host sequence. The delicately laminated base metal sulfide-rich beds observed at Lady Loretta and used to 

support an exhalative origin for part of Lady Loretta (McGoldrick et ai, 1996) have not been reported from 

Grevillea. Pyrite - base metal sulfide textures indicate base metal sulfides were precipitated prior to compaction of 

porous and permeable microbially laminated organic-rich sediments (McGoldrick, 1998) providing support for an 

early diagenetic timing for base metal sulfide precipitation. 
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(a) 

(b) 

(d) (e)
1 rnm 2rnm 

a) Drill core of siderititc and carbonaceous-pyritic siltstones and shales frrom the mineralised sequence in
 
DDH RVD05.
 
b) Massive banded sulfide (pyrite-sphalerite-galena) beds and (brown) sideritic siltstones in polished half

core from DDH RVD17 (stratigraphic top is up).
 
c) Detail from b) showing sphalerite (+/- galena) infilling 'crinkly ' textured pyrite.
 
d) Reflected light photomicrograph of sphalerite(+/- galena)occurring as a matrix to crinkly pyrite; note, the
 
crinkly pyrite has a consistent convex up orientation, and is interpreted to be formed as an original
 
microbial lamination.
 
e) Reflected light photomicrogaph of unusual crinkly pyrite/sphalerite, interpreted as a an original
 

microstromatolite structure.
 



168
 



169 

Halo model for the Walford Creek Zn-Pb-Cu-Ag prospect
 

Peter McGoldrick
 
Centre for Ore Deposit Research 

Summary 

Walford Creek is a low grade Zn-Pb-Cu-Ag deposit 
hosted in highly pyritic parts of carbonaceous shale 
units of the Mount Les Siltstone. Three syngenetic 

pyrite lenses occur in a 250 metre thick interval 
abutting the Fish River Fault. Base metal sulfides 

form impregnations and infillings in primary porosity
" in the pyrite lenses. Four drill holes from the Walford 

Creek area were sampled to investigate the behaviour 
of the lithogeochemical indices developed during 
AMlRA P384 for Lady Loretta and HYc. 

Samples from two proximal holes (including one 
through the pyrite lenses) have a poor response in 
terms of alteration indices and Tl. The MnOd data 
are mostly low, but sporadic high values unrelated 
to high Zn, TI or alteration indices do occur. Samples 
from two drill holes 5 km along strike from the pyrite 
lenses do not have a weak lithogeochemical response 
attributable to the Walford Creek mineralisation. 

The results summarised here have been discussed 
in detail in AMlRA P384 Final Report, pp 303-318, 

June 1995. 

Introduction 

The Walford Creek Zn, Ph, Cu, Ag prospect comprises 
three stratiform pyrite horizons containing base metal 
mineralisation occurring within the Mount Les 
Siltstone Member of the late Palaeoproterozoic 
Fickling Group. Western Mining Corporation drilled 
more than 80 holes to test the seven kilometre strike 
extent of the pyrite lenses for base metals. However, 
although some significant intersections were encount
ered, an economic resource could not be defined. 

Hence, Walford Creek provided an opportunity 
to test the response from lithogeochemical vectors 
developed for Lady Loretta and HYC (Large and 
McGoldrick, 1998; Large et al, 1998) in a well drilled, 

uneconomic, Zn mineralised system. 

Deposit characteristics 
The Walford Creek prospect shares many character
istics of the large stratiform sediment-hosted Zn-Pb
Ag deposits of northern Australia. Important features 
of the deposit are summarised on Deposit Data Sheet 
#7 and examples of the sulfides are illustrated in 
Plate 6. A detailed description and genetic model for 
the mineralisation is presented in Rohrlach et al., 
(1998). 

Host rocks 
An anomalously thick (about 310 metres) interval of 
Mount Les Siltstone is the host to mineralised 
syngenetic pyite lenses at Walford Creek. The massive 
pyrite lenses pass laterally into thinner black 
carbonaceous and pyritic shales away from the Fish 
River Fault. Green and grey (dolomitic) siltstones 
separate, underlie, and overlie the two black shale 
members containing the pyrite lenses (Rohrlach et 
al., 1998). 

Sampling strategy 
Thirty six samples of siltstone and shale from four 
diamond drill holes were analysed for major and 
selected trace elements by XRF at the University of 
Tasmania for this study. One hole (WFDD58) was 
drilled through the main thickness of the pyrite lenses 
proximal to the Fish River Fault. A second (WFDDl7) 
was drilled through the southern fringe of the 
mineralisation. Two holes, WFDD84 and Amoco 
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Figure 2. CaO/MgO relationships for 36 samples trom the Mount 
Les Siltstone in the Walford Creek area. 

A83 4, located 5 km to the E and SW, respectively, of 
the Walford Creek pyrite lenses, provided samples 
of Mount Les Siltstone remote from known 
mineralisation. The location of these drill holes and 
the geological setting of the prospect are illustrated 
in Figure 1. 

Lithogeochem istry 

Host rock carbonates 
The CaO / MgO relationship for all samples (Fig. 2) 
indicates about three quarters of the samples contain 
significant carbonate, and that this carbonate is 
dolomite. Low carbonate samples have not been used 
for the MnOd calculations (see below). 

Zinc dispersion 
Most of the samples from the two proximal holes 
contain between 10 and 100 ppm Zn (Figs 3 & 4), and 
similar levels are present in the two distal holes. 

Alteration Indices 
The Zn, SedexAI, A13 and MnOd interrelationships 
and down hole variations for the Walford Creek 
samples are displayed in Figures 3 and 4. Anomalous 
alteration indices are observed in three samples from 
the fringe position drill hole, but in none of the 
samples from the drill hole through the pyrite lenses. 
Several samples have elevated MnOd values, but, 
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Figure 3. Zn/AI3 and MnOd/AI3 cross-plots for samples from 
Walford Creek; low carbonate samples have been excluded 
from the MnOdplots. 

only just lie in the "Prospectivity 3" box of the AI3/ 
MnOd plot (Fig. 3). In fact, the most prospective 
sample in terms AI3/MnOd comes from one of the 
distal holes (Amoco A83-4). 

Thallium 
Thallium in Walford Creek samples displays a similar 
pattern to the alteration indices, with all but three of 
the proximal samples containing background TI 
levels, and these three are only weakly anomalous (5 
to 6 ppm). The highest TI value (16 ppm) was 
measured in a sample from a distal hole (WFDD 84). 
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Vectors to ore 

The lithogeochemical data from Walford Creek 
indicate that this uneconomic, weakly mineralised 
system, produced little or no response in terms of the 
basket of indices developed for larger northern 
Australian deposits. 

The poor response is interpreted to reflect the 
lack of large concentrations of base metal sulfides in 
the Walford Creek pyrite lenses, and could have 
been used to downgrade the prospectivity of the 
area at an earlier stage of drilling. 

The response from the distal holes is more difficult 
to interpret, but may suggest other areas in the 
Hedleys Half Graben structure (Rohrlach et al., 1998) 
may still be prospective. 
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Walford Creek Deposit Summary 
Regional Setting: The deposit occurs in late Palaeoproterozic sediments of the Fickling 

Group at the northern edge of the Lawn Hill Platform (Sweet et al., 1981). The Fickling 

Group is correlated with the McNamara Group to the south and the McArthur Group to 

the north (Blake, 1987). 

Host Rocks: Shallow S dipping, unmetamorphosed fine-grained dolomitic siltstones and 

shales of the Mount Les Siltstone. These are locally highly carbonaceous and pyritic. 

Three (stacked) syngenetic pyrite lenses occur proximal to the Fish River Fault. Talus 

breccias interfinger with the pyrite lenses and carbonaceous shales. Page and Sweet 

(1998) report a SHRIMP UlPb age of 1640±7 Ma from zircons from tuffs in the Mount 

Les Siltstone. The Mount Les Siltstone is unconformably overlain by clastic sediments of the Doomadgee Forma

tion (a 1613±5 Ma age was obtained by Page and Sweet (1998) for zircons in a unit 250 m above the unconformity). 

Size and Grade: No resource estimate has been made 

for the Walford Creek deposit, but subeconomic 

mineralisation (2 to 5wt% Zn equivalent) is present over 

more than 8 km of strike length of the Mount Les 

Siltstone (Rohrlach et al., 1998) . Discordant, Cu-rich 

mineralisation occurs close to the Fish River Fault. Best 

intersections reported by WMC were 7.5m @ 6.6wt% 

Zn, 9.2wt% Pb and 124 g/t Ag, and 6.3m @ 3.5wt% Cu 

and 5.9 wt% Zn . 

Mineralisation: Two generations of syn-sedimentary 

pyrite and marcasite with a variety of textures (fine 

euhedral, colloform, spongy) are recognised (Rohrlach 

MURPHY TECTONIC RIDGE 

PETERS CAfEl'( VOLCANICS 

NORTHERN LAWN HILL PLATFORM o 10 
~~ 

K.ilomolres 

et al., 1998) . Pyrite is re-worked to form clastic beds (debris flows) . Sphalerite, galena and silica occur as porosity 

infill, impregnations, and replacement of Pyl, Py2 and marcasite, and as infillings in the clastic Fe-sulfides. Chal

copyrite occurs in paragenetically late veins. 

Genetic Models: Rohrlach et al. (1998) proposed a 

syndiagentic model for Walford Creek in which the pyrite 

lenses formed as mounds with positive relief on the basin floor 

from hydrothermal fluids escaping from the Fish River Fault. 

Evidence from ore textures, and the absence of re-worked base 

metal sulfides in the debris flows, indicate that the base metal 

sulfides are a diagenetic overprint onto the pyrite lenses . Ruid 

inclusions suggest most of the base metals were deposited 

from saline (NaCl-rich) fluids with temperatures of about 

180°C as a result of mixing with a cooler «60°C), dilute fluid. 

Prolonged fluid movements along the Fish River Fault pro

duced later, discordant styles of mineralisation (including 

c 

~EGENDwrnMOAE1.l'\"C Pfl,OJECl' 

~tfo,rd Cr"ok PrOapoct 
CROSS SecTION AT 11ElSOE 

100, 
, MineJalization 
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chalcopyrite veins) from a variety of saline fluids . This late mineralisation postdates deposition of some or all of 

the overlying Doornadaee Formation. 
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(b) 

(c) 

(a) 

(d) (e) 

(f) (g) 

a) Drill core from WFDD58 showing (badly decomposed) 'reactive' pyrite from No 1 and No 2 Pyrite Lenses. 
b) Laminated, 'reactive' pyrite from No 1 Pyrite Lens encased in epoxy resin. 
c) Filamentous and 'crinkly' pyritised microbial mat and replacive carbonate from No 3 Pyrite Lens (this sample contains 
minor chalcopyrite). 
d) Reflected light photomicrograph, field of view is 5 mm across; detrital pyrite sand with sphalerite and galena matrix ; 
large pyrite grain in the centre of the photograph has been interpreted as an oncolite (Rohrlach et aI., 1998). 
e) Reflected light photomicrograph, field of view is 2.5 mm across; pyrite/marcasite micro-stalactites and stalagmites 
oriented perpendicular to bedding within laminated pyrite; dark grey material is silica matrix. 
f) Reflected light photomicrograph, field of view is 2.5 mm across; detail from fine grained laminated pyrite band in No 1 
Pyrite Lens. 
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Lithogeochemical studies of discordant, stratabound Proterozoic Zn 
mineralisation: Kamarga deposit, NW Queensland 

Peter McGoldrick and Stuart Bull 
Centre for Ore Deposit Research 

Summary 

The Kamarga deposit is a large low grade Zn-Pb 
resource hosted in dolomitic and evaporitic sediments 
of the middle Gunpowder Creek Formation on the 
southern flank of the Kamarga Dome. The sulfides 
are stratabound (not stratiform) with veins and 
disseminations of pyrite, sphalerite and galena

" occurring as replacement and open space fillings. 
Most of the Zn-Pb resource occurs within 200 m of 
the Bream Fault, but low grade Zn is still present at 
least 800 m from the fault. 

New samples from three diamond drill holes, 
and data from an unpublished thesis (Oones, 1986», 
were used to test the response of the Kamarga 
mineralisation in terms of the basket of geochemical 
and isotopic indices developed for northern 
Australian startiform Zn-Pb-Ag deposits during the 
course of AMIRA Project P384/384A. Host rocks 
have a weak response in terms of alteration indices, 
MnOd and Tl. Furthermore, the alteration index and 

Zn relationships are quite dissimilar to that seen for 
large, stratiform deposits. The C and 0 isotope 
signatures of sparry dolomite associated with 
mineralisation are distinctly lighter than micritic 
dolomite in unmineralised Gunpowder Creek 
Formation carbonates (jones, 1986). 

The lithogeochemical studies of the Kamarga 
deposit summarised here are discussed in more detail 
in AMIRA P384 Final Report, pp 303-318, June 1995 
and AMIRA P384 Report No.5, pp 41-54, June 1994. 

Introduction 

Small discordant, vein-style and occasionally 
stratabound Zn-Pb deposits are known from several 
localities in Proterozoic rocks of the Lawn Hill 
Platform and the southern McArthur Basin (e.g., 
Coxco, Cooley I, Burketown Mineral Field veins). In 

some cases they are spatially closely related to large 
stratiform Zn-Pb-Ag deposits. What (if any) genetic 
relationship they have to the stratiform deposits is 
more problematic. Similar primary lithogeochemical 
signatures in the discordant deposits and the 
stratiform deposits would implicate similar genetic 
processes in both styles of mineralisation. 

From an exploration viewpoint, it would be useful 
if the discordant deposits had a recognisable unique 
litho geochemical signature to discriminate them from 
the stratiform deposits. Lithogeochemical study of 
samples from drill core from Kamarga in NW 
Queensland (Fig. 1) provided an opportunity to test 
a large, low-grade, stratabound Zn deposit for the 

basket of indices developed for the stratiform deposits 
in AMIRA P384/384A (Large and McGoldrick, 1998; 
Large et al., 1998). 

Deposit characteristics 

Important features of the Kamarga deposit are 
summarised on Deposit Data Sheet #8 and examples 
of the sulfides are illustrated in Plate 7. No published 
account of the deposit is available, but comprehensive 
description and genetic model for the mineralisation 
is presented in a PhD thesis by Doug Jones (1986). 
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Host rocks 

The Gunpowder Creek Formation is a 400 m thick 
sequence of fine- to medium-grained siliciclastic, 
dolomitic and evaporitic peritidal sediments. Several 
shoaling upwards cycles capped by thin, synaeresis 
cracked carbonaceous mudstones can be recognised 
(Fig. 2). The Zn mineralisation is largely confined to 
strongly evaporitic dolomitic siltstones and sand
stones in the middle of the section. 

Sampling strategy 

Sixty six samples from three diamond drill holes 
(Fig. 3) spanning an approximately 300 m true 
thickness of the interval from Member 1 to Member 
6 were collected for geochemical analysis. Drill hole 
KD7 penetrated the main area of mineralisation 
(including 2.3 wt% Zn over about 80 m) about 100 m 
from the Bream Fault. Hole KD3, a 100 m further E 
was at its edge (1 wt% Zn over 50 m), and a third 
hole, WC1, over 1400 m from the Bream Fault, was 
the most distal available and only weakly mineralised 
(0.1 wt% Zn over 40 m). 

Lithogeochemistry 

Host rock carbonates 
The CaO/MgO relationship for all samples (Fig. 4), 
and calculated Fe in carbonate ('FeOcarb') indicates 
about three quarters of the samples contain significant 
carbonate, and that this carbonate is dolomite in 
most samples. Three samples from KD7 with low 
CaO/MgO and high FeOcarb may contain both 
dolomite (or ankerite)' and siderite (siderite 
pseudomorphs mush-textured evaporites in two of 
these samples). Low carbonate samples have not been 
used for the MnOd calculations (see below). 

Zinc 
The Zn, SedexAI, AI3 and MnOd interrelationships 
and down hole variations for the grab samples from 
KD3 and WC1 are displayed in Figures 5 and 6. Very 
few samples are Zn anomalous, with most containing 
less than 100 ppm Zn. The mineralised parts of KD3 
and KD7 contain a few anomalous samples with a 
few hundred to a few thousand ppm Zn. 

KARMAGA WCl 
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m 

100 
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Member 6 

Member 4 + 5 

GUNPOWDER CREEK 
FORMATION 

~ Sandstones and 
t=2J intraclastic breccias 

El Carbonaceous mudstone 
with chert nodules 

B Cryptalgal lamination 

Dornal stromatolites ~ 

~ Bedded sandstones E:JMember 3 

~ -Siltstone/mudstone 
~ with synaeresis cracks 

8 Volcanic breccia 
Member 2 

rv;o] Amygdaloidal mafic 
~ volcanics 
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Figure 2.. Lithological log of DDH WC1 showing the facies 
variations in the Gunpowder Creek Formation at Kamarga. 
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Alteration indices 

Almost all alteration index values (SedexAI and AI3) 
are within the background for host rocks to large 
stratiform deposits as defined by Large and 
McGoldrick (1998) and Large et al., (1998). A few 

weakly anomalous values are observed toward the 
bottom of KD3 and a carbonaceous mudstone at the 
Member 5/6 contact has a high SedexAI value due to 
the 'shale effect' (Large, 1994). Comparison of Zn to 
alteration index (Fig. 6) reveals an antipathetic 
relationship between Zn and alteration index (the 
'Kamarga trend') quite unlike that observed in the 
large stratiform deposits (the 'Lady Loretta terend'). 
The Mn content of carbonate (MnOd)in most samples 
is low, and MnOd values lie outside the 

'Prospectivity 3' box of the AI3/Mn0d plot (Fig. 6). 
Two high MnOd and high AI3 samples from KD3 are 
from well below the mineralised zone and contain 

siderite pseudomorphs of sulfate evaporites. 

Thallium 

There is no anomalous Tl in any of the Kamarga 
samples. Most are at or near the detection limit of 
0.5 ppm, and all but one sample is less than the 
2 ppmbackground for barren Lady Loretta Formation 
defined by Large and McGoldrick (1998). 

Carbon and oxygen isotopes 

A small amount of C and a isotope data was available 
from Jones (1986), and these results are compared in 
Figure 7 with new whole rock measurements from 
samples of the Paradise Creek Formation and 
Gunpowder Creek Formation from two nearby drill 
holes (BB1 and BB2 - see McGoldrick, 1998). 
Dolomicrite samples associated with mineralisation 
are indistinguishable from the whole rock samples 
In contrast, dolospar veins and dolospar replacing 
evaporites has distinctly lighter carbon and lighter 
oxygen than the whole rock samples (Fig. 7). 

Vectors to ore 

Lithogeochemical investigations of the Kamarga 
mineralisation indicate that the the 'basket of indices' 
developed for Lady Loretta and RYC cannotbe used 
as guides to this style (discordant, stratabound, 
replacement) mineralisation. Grab samples of low

.sulfide hosts rocks from within the mineralisation 
have little or no response in terms of Zn, SedexAI, 
AI3, Mn in carbonates and Tl, Nor do samples above, 
below, or in distal stratigraphic equivalents to 
mineralisation. 

Sparry dolomite in the Gunpowder Creek 
Formation at Kamarga, including some associated 
with mineralisation, have distinctive (light) C and a 
isotopic signatures. However, micritic dolomite from 
mineralised samples has C and a that is indistin
guishable from barren whole rock values. 

Discussion: Jones (1986) suggested hot, reduced 
fluids were responsible for forming the Kamarga 
mineralistion. This contrasts to cool, oxidised fluids 
that are thought to form the large northern Australian 
Proterozoic stratiform Zn-Pb-Ag deposits (Cooke et 
al., 1998in CODES AMIRA/ARC Project P384A Final 
Report, Volume 2.). This difference in metal-carrying 
fluid implies a fundamental difference in ore 
formation mechanism for Kamarga, which in tum 
may explain the lack of lithogeochemical response. 
None the less, from an empirical standpoint.vthe 
poor response from the Kamarga mineralisation could 
be used to downgrade the prospectivity of the 
Gunpowder Creek Formation on the southern side 
of the Kamarga Dome. 
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Kamarga Deposit Summary 

Regional Setting: The deposit occurs in late Palaeoproterozic lower McNamara Group 
, 

sediments on the southern side of the Kamarga Dome, in the central Lawn Hill Platform 

(Blake, 1987). It is adjacent to long lived regional scale NE - SW fault (the Barramundi 

Fault - Sweet and Hutton , 1982). 

Host Rocks: Mineralisation occurs immediately adjacent to the Bream Fault (a splay off 

the Barramundi Fault) within shallow (20° to 25°) S dipping, unmetamorphosed, 

evaporitic, peritidal sediments of Members 4 and 5 of the Gunpowder Creek Formation 

(Jones, 1986). These are the stratigraphically lowest units that are strongly evaporitic at 

Kamarga. They include stromatolitic and algal laminated dolo

mites, dolomitic siltstones, sandstones and intraclastic sandy 

dolomites, and abundant pseudomorphs (silica, carbonate, sulfide) 

of nodular and mush-textured evaporites. 

Size and Grade: A triangular mineralised area of about 2.5 square 

kilometres by 100 m thick contains a resource of approximately 50 

million tonnes grading about 3% Zn + Pb. A higher grade zone (5

10% Zn-Pb) of about 10 million tonnes has been defined within 

the low grade zone (Jones, 1986). 

Mineralisation: Pyrite and base metal sulfides occur as veins, 

breccia cements, irregular disseminated and massive zones, open 

space fillings and late stage open veins. Pyrite and sphalerite are 

the most abundant sulfides with lesser amounts of galena and 

chalcopyrite (Jones, 1986 also reported minor jordanite - a Pb-As 

sulphosalt). Pyrite and chalcopyrite are more abundant near the 

Bream Fault and decrease eastward. Non-sulphide minerals 

commonly associated with the mineralisation include (in order of 

decreasing abundance) dolospar, quartz, bitumen and fluorite. 

Genetic Models: Sulfide - sediment relationships and the discordant nature of the mineralisation indicate that 

Kamarga mineralisation post-dates the deposition of the host sediments, and because diagenetic fabrics are over

\ 
~_., .. 
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printed, also post-dates early stages of diagenesis (Jones, 1986). There is some evidence from fluid inclusions for 

highly saline (16 to 22,wt% NaCleq), high temperature (270° to 320°) fluids being responsible for sphalerite 

deposition (Jones, 1986). Sulfur isotopes indicate an evaporite sulfate source of the sulfide in the deposit (Jones, 

1986). Jones (1986) proposed a model where deep circulating connate brines became heated, reduced and moder

ately acid and were expelled up the Bream Fault by seismic pumping. When this fluid first encountered carbonate

rich sediments (i.e., Members 4 and 5 of the Gunpowder Creek Formation), its pH increased thereby promoting 

sulfide and dolospar precipitiation. Late stage fluorite and barite were deposited in response to declining tempera

ture. 
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(a) (b) 

(c) (d) 

Drill core from DDH WC1; yellow pencil is 14 cm long and points up hole (i.e., up sequence).
 
a) Massive and banded dolomite with minor (white) chert nodules (after anhydrite) and intraclast breccias
 
from Member 4/5 of the Gunpowder Creek Formation.
 
b) Grey banded dolomite and brown (?sideritic) pseudomorphs of primary sulfate evaporite mush.
 
c) Low grade mineralisation in Member 4/5 of the Gunpowder Creek Formation replacing evaporite mush
 
(above and to the right of the pen); most of the brown mineral is pyrite which occurs as veins ,
 
disseminations and overgrowths on dolomite clasts ; host rock is dolomite breccia (probably partly
 
hydrothermal and partly intralclast).
 
d) Lower two core runs contain low grade mineralisation (approximately 1.5wt% Zn) developed in dolomite
 
breccias and evaporites ; second core run from top is unmineralised evaporitic (now nodular chert)
 
carbonaceous shale.
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Geochemical data sets for northern Australian Proterozoic sedimentary 
rocks: background variations in Iithogeochemical vectors to 

sedimentary Zn-Pb deposits 

Peter McGoldrick 
Centre for Ore Deposit Research 

As part of the continuing investigation of 

lithogeochemical halos to the northern Australian 
Sedex style Zn deposits an additional 450high quality 
multi-element geochemical analyses of unmineralised 
sedimentary rocks were performed. 

Approximately 150 samples were from un
weathered surface outcrops and drill core from three 
areas in the southern McArthur Basin: 

" 
(1)	 Drill core from the Berjaya prospect to the west 

of HYC (Winefield et al., AMIRA P384A Final 
Report v. 2) 

(2)	 Drill core from the Myrtle sub-basin to the north 
of HYC (Large and Bull, AMIRA P384A Final 
Report v. 2), and 

(3)	 Core and surface s~ples from the Gorge area 
south of the Abner Range (Winefield et al. 
AMIRA P384A Final Report v. 2) 

In addition, 20 samples from a drill hole 2 km S of 
HYC (DDH Homestead 6) were analysed to complete 
the halo studies of the HYC deposit. 

A further 270 of samples from the Western 
Succession of the Mount Isa were also analysed. 
These included sample sets for halo studies at : 
(1)	 Mount Novit (McGoldrick, 1996) 

(2)	 Grevillea (McGoldrick, AMlRA P384A Final 
Report v. 2) 

and, unmineralised (or weakly mineralised) drill core 
for background geochemical studies, from: 
(1)	 Lady Loretta Formation, 4 km NNE of Lady 

Loretta mine, and from the Carrier area east of 
Riversleigh station 

(2)	 Paradise Creek Formation and Gunpowder 
Creek Formation at Bloodwood Bore (Kamarga). 

All these data are included in AMIRA P384A 
Final Report v.2 on a PC format diskette as a series 
of Excel Worksheet and Excel text files. 

A subset of these samples, representative of 
unmineralised McNamara Group sediments, has been 
combined with background data from AMIRA P384 
(McGoldrick, 1994) to produce a set of analyses that 
can be used to gauge background variability in all 
the important fine grained rock types. Normative 
dolomite (calculated by assuming all CaO is contained 
in dolomite) has been used to subdivide the samples 
into four 'rock types': dolomite (>75% normative 
dolomite), shaley dolomite (50 to 75%), dolomitic 
shale (25 to 50%) and shale «25%). The range shown 
for important pathfinder elements and element ratios, 
for each of these sample groups, is depicted on 
standard cross-plots (Large and McGoldrick, 1998) 
and as a series of box-plots in Volume 2 of AMIRA 
P384A Final Report. 

References 

Large, RR., and McGoldrick, P.J., 1998, Lithogeochemical halos 
and geochemical vectors to stratiform sediment-hosted 
Zn-Pb-Ag deposits. Part 1: Lady Loretta deposit, 
Queensland, Journal of Geochemical Exploration, 63, 37
56. 

McGoldrick, P., 1994, The geochemistry of 'barren' late 
Palaeoproterozoic sediments from the McNamara Group: 
background values for the Sedex AI, AI Mk3 and MnOd, 
AMIRA P384 Report 7, 141-148. 

McGoldrick, 1996, Primary dispersion halos associated with the 
Mount Novit Zn-Pb-Ag mineralisation, AMIRA P384A 
Report 2, 135-156. 



192
 



193 

Testing lithogeochemical vectors for northern Australian Proterozoic
 
Sedex Zn deposits at the Sullivan deposit, Canada
 

Peter McGoldrick 
Centre for Ore Deposit Research 

Many of the 'basket of indices' developed as vectors 
to northern Australian late Paleaoproterozoic 
stratiform sediment-hosted Zn-Pb-Ag deposits 
require a reasonable amount (several percent or more) 
carbonate to be present in the rocks being tested 
(e.g., MnOd and MnOs), while others (e.g., TI, Sedex 
Metal Index) do not. Most of the host rocks to the 
Australian deposits meet this requirement, however, 

" Sedex deposits elswhere are hosted in siliciclastic 
sequences may not. 

The Sullivan deposit in SE British Columbia was 
chosen to test the applicability of the lithogeochemical 
vectors developed for the Australian deposits to a 
siliciclastic turbidite-hosted deposit. The host rocks 

to Sullivan are (meta) greywackes and argillites and 
it was not anticipated that the 'significant carbonate' 
requirement would be met by many samples. 
Furthermore, differences in the nature of the Sullivan 
mineralisation and alteration (e.g., abundant 
pyrrhotite in the ores, intense tourmalinisation of 
the footwall rocks) to that seen in the northern 
Australian deposits suggests two fundamentally 
different fluids are involved in their formation (see 
Cooke et al., P384A Final Report v. 2). Hence, 
although several attempts to define lithogeochemical 
halos at Sullivan had met with limited success, it was 
decided to carry out a pilot lithogeochemical study 
using carefully located drill core from within a few 
kilometres of the deposit. 

For this study 82 low-sulfide, greywacke and 
argillite samples from a fence of six drill holes 
extending E for about 8 km from the fringe of the 
Sullivan deposit were analysed for major and trace 
elements by XRF at the University of Tasmania. The 
samples were collected approximately every 10 m 
for a 200 m interval known to span the stratigraphic 

interval containing the Sullivan mineralisation. These 
samples were supplemented with data further 68 
samples from a Geological Survey of Canada regional 
lithogeochemical survey in the Sullivan area 
(Goodfellow, In press). This resulted in coverage of 
the orebody sequence at the fringe of the orebody, 
and 2, 4, 5 and 7 km away. 

The analyses indicate little, if any response in 
terms of the northern Australian basket of indices for 
any of the Sullivan samples. There is some promise 
from TI, which can be used to identify the Sullivan 
Sub-basin in the fringe position drill hole, and may 
have a subtle response in the more distal holes. This 
response is enhanced using TIj(TI+K) ratios. More 
work is needed to confirm the utility of TI due to 
many samples having levels at or near the detection 
limit for TI by XRF. 

The variation in other elements is erratic; 
systematic trends that can be related to straigraphic 
position are not observed. No multivariate analysis 
of the data was attempted. 

An unexpected result from the study was the 
observation that many (about twenty percent) of the 
samples contained significant carbonate (>5wt% 
normative), and although some of the higher samples 
occur at the level of the ore position, others do not. 
A better understanding the nature of these carbonates 
may open up the possibility of using geochemical 
signatures from selective leaches of carbonate-bearing 
Aldridge Formation rocks to identify the Sullivan 
ore position. 
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Insights from chemical modelling on the likely composition
 
of ore-forming fluids, metal and gangue associations
 

for stratiform sediment-hosted Pb-Zn (SEDEX) deposits
 

David Cooke 
Centre for Ore Deposit Research 

From the results of chemical modelling and geological 
investigations in AMIRA project p384, a two-fold 
subdivision for stratiform sediment-hosted Pb-Zn 
(SEDEX) deposits was proposed, based on 
fundamental differences in the chemistry of the 
mineralising brines (Cooke et al., 1995; 1998). The 
type of sedimentary basin from which the ore fluids 
are derived and the lithologies contained within the 
basin " control these differences in fluid chemistry. 
The two brine types capable of transporting Zn and 
Pb are: (1) oxidised brines; and (2) reduced, acidic 
brines (Fig. 1). 

McArthur-type deposits (eg. McArthur River, Mt 
Isa, Hilton, Century) precipitate from oxidised (SOl
-predominant), near-neutral brines that evolve from 
sedimentary basins dominated by carbonates, 
evaporites and hematitic sandstones and shales. 
Selwyn-type deposits (eg. Sullivan, Rammelsberg, 
deposits of the Selwyn Basin) precipitate from acidic, 
reduced (HzS-predominant) connate brines that 
evolved in reduced siliciclastic and shale basins. 

Brine chemistry research in AMIRA/ARC project 
p384a has extended the results of P384by considering 

theoretical solubility relationships and possible 
element associations (Cu, Fe, Mn, Au, Eu) associated 
with McArthur- and Selwyn-type brines. The redox 
state of the mineralised brines (sulfate- or sulfide
predominant) is a major controlling factor on minor 
element associations in the two classes of SEDEX 
deposits. 

Oxidised brines may carry high concentrations of 
copper (Fig. 2), and there is potential for zoned Cu
Pb-Zn McArthur-type SEDEX systems to form from 
base metal-rich "super" brines, with Cu proximal to 
or within the feeder, and Pb-Zn in the distal stratiform 
position. McArthur-type brines can also precipitate 

siderite and manganiferous carbonate as gangue and 
halo-forming minerals. They are incapable of carrying 
significant gold, tin and barium in solution, and as 
such, McArthur type deposits do not contain 
anomalous concentrations of these elements. Siderite 
and ferroan carbonate are stabilised in oxidised 
systems at temperatures below 200°C, and con
sequently McArthur-type deposits are inferred to 
from low-moderate temperature brines. 

.Reduced, acid brines can carry high concentrations 
of barium, explaining the common barite lenses in 
Selwyn-type deposits. If reduced sulfur concen
trations were sufficient in the mineralising brines, 
individual Selwyn-type deposits may contain 
anomalous or ore-grade gold (eg., DY, Vangorda). If 
the brines were highly reduced (pyrrhotite-stable), 
they may have carried high concentrations of tin (eg. 
Sullivan). Copper solubilities are low in reduced 
brines unless the waters are strongly acidic, and as 
such, there is less potential for a genetic association 
between Selwyn-type Pb-Zn deposits and copper 
mineralisation. 

Iron solubilities are marginally affected by the 
redox state of the mineralising brines, and strongly 
affected by acidity. Consequently, Selwyn-type and 
acidic McArthur-type brines can carry Fe together 
with Pb-Zn in solution. However, if McArthur-type 
brines have near-neutral to alkaline pH values, then 
Pb-Zn may be transported in high concentrations, 
whereas Fe is insoluble and will not be mobilised in 
large quantities. 

Positive europium anomalies have been consid
ered by previous workers to be a fingerprint of 
reduced hydrothermal processes, and have been 
touted for their potential as an exploration vector. 
Our modelling has shown that europium is 
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indicate the most efficient reaction pathways for barite (A-B) and witherite deposition (A-G) from reduced , acidic (Selwyn-type) brines 
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Thermodynamic data for aqueous Ba-species from Spycher and Reed (1990). 
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transported in the +2 valence state in both Selwyn
and McArthur-type brines, and as such has no 
potential to discriminate between the two brine types. 
Positive europium anomalies are not a good indicator 
of oxidation state in the hydrothermal environment, 
but may still discriminate hydrothermal activity from 
sedimentary and diagenetic processes. 

With regards to depositional processes, 
temperature decrease and dilution (fluid mixing), 

addition of HzS and pH increase can all be important 
for deposition of Zn and Pb from reduced (Selwyn
type) brines. In contrast, reduction and/or addition 
of HzS (via fluid mixing or interaction with earlier
formed pyrite) will be the important processes for 
sphalerite and galena deposition from oxidised 
(McArthur-type) brines. Numerical simulations have 
demonstrated the effectiveness of mixing with 
reduced seawater (eg. Fig. 3) and interaction with 
hydrocarbon reservoirs for extracting Pb-Zn massive 
sulfide mineralisation from McArthur-type brines. 
Simulations of interaction of a McArthur-type brine 
with the Barney Creek Formation produces more 

complicated gangue assemblages than observed at 
HYC, suggesting that wallrock replacement is not 
the principal depositional mechanism for Pb-Zn 
mineralisation. Cooling of McArthur-type brines 
produces barren quartz veins, which may be the 
typical mineral assemblage expected in faults that 
have acted as conduits for McArthur-type brines. 

From an exploration perspective, oxidised 
sedimentary brines are more likely to produce large 

tonnage Zn-Pb-Ag deposits that have siderite or 
ankerite alteration halos and commonly lack barite 
lenses and vent complexes. They may also have 
anomalous or ore-grade copper nearby. In contrast, 
Selwyn-type deposits form in reduced siliciclastic 
and shale-dominated basins are more likely to be 
lower tonnage, and to contain barite, vent complexes 
and minor gold or tin credits. Copper is unlikely to 
be associated with Selwyn-type deposits. 
Consideration should be given to exploring for 
Selwyn-type Pb-Zn deposits in reduced sedimentary 
basins such as within the Lachlan Fold Belt, and for 
copper in the northern Australian zinc belt. 
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Considerations concerning mineralising fluids within the
 
McArthur Basin with particular reference to the HYC deposit
 

David Leaman 
Centre for Ore Deposit Research 

Summary 

An indicative study using relatively simple 
assumptions designed to evaluate possibilities and 
constraints on fluid requirements required to generate 
the HYC ore system in the McArthur Basin has 
suggested that gravity-driven or seismic-driven flow 
systems could circulate the volumes necessary. A 
seismically pulsed system is considered most likely 
in view of distance and scale to, and of, any 
topographic relief which may apply the head whether 
that relief be stable or undergoing uplift, continuous 
or pulsed. The complete argument is given by Leaman 
(1998a). 

The ore body is finely layered and was formed in 
an interval of perhaps only one million years. These 
observations imply some site specific tectonic 
influences in association with host or precipitation 
requirements. There is also a consistency in mineral 
composition which suggests a fluid source which 
was not exhausted during ore body formation and 
which was of fairly consistent chemistry throughout. 

The metal required might wellhave been supplied 
by volcanic elements of the section (especially the 
thicker, older sequence) at depth which have been 
interpreted in regional studies but which are rarely 
exposed in the McArthur Basin. The brines needed 
to carry the metals are, however, more special. These 
are considered to be neutral and oxidised, with 
temperature a non-critical factor, and may not need 
an evaporite as source; long term silicate exchanges 
may be sufficient. These conditions impose other 
limitations; the fluid and metal solution must be in 
place for a considerable period and may not be 
rapidly flushed in order to preserve and develop a 
homogenised character for supply during the critical 

period. The homogenised volume must be very large 
and chemically quite uniform. A large storage is 
essential and any hydraulic feed which recycles a 
storage, or which may drain it quickly, cannot be 
considered either as a feasible source or reservoir. 
These constraints exclude many attractive formation 
options. 

Although some background processes may well 
be applicable for flow control (gravity, perhaps 
convection) these can not guarantee large volume 
homogeneity upon sampling due to directed flow 
patterns (intake-to-points of discharge). Compactive 
expulsion is not a feasible mechanism. Gravity flow 
mechanisms can be diverted by fracture or aquifer 
systems which intersect the flow path and may allow 
circulation, replenishment or escape which can vary 
the homogenised chemical requirement. Addition
ally, the heads available from the two principal zones 
of active uplift at the time of mineralisation (Tawallah 
Ranges, Murphy Tectonic Zone) impose severe 
limitations on the circulation or suppy possible. 

Seismic processes superimposed on abackground 
circulation system such as gravity flow can provide 
the required pulsing of local, large volumes; volumes 
comfortably in excess of those required and which 
can be isolated -long term - such that homogenisation 
are almost certain. Seismic withdrawal also focusses 
flow, radially, to the active structure - a characteristic 
which makes the entire local volume part of the flow 
system, a factor which reduces the flushing risks 
associated with background processes unless these 
can operate over hundreds of kilometres. Such a 
range of application is not possible for RYC due to 
applied head from the Tawallah Ranges nearby. 

Density or convective circulation is not easily 
appraised as a mechanism but the volume and 
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homogenisation problem still applies: a large volume 
of fluid must have been available and retained for a 
long period in advance of the short, mineralising 
burst. 

Estimates suggest, however, that brines of the 
type required may well have existed only within the 
thick volcanic sequences believed to be present deep 
in the basin and which constitute about half the 
volume of the basin rocks . The conjunction of 
regional thermal basin cells over long periods, 
continuing subsidence (host formation), active 
faulting and stress fields at the time are crucial 
elements (Leaman, 1998b). It is also likely that metals 
can be provided by the same volcanic units. 

Thermal constraints are loose. Flow disturbance 
due to depth of circulation, convection or local young 
granitoids may all combine to vary flow patterns, 
convection, rate of release and even metal content 
but thermal conditions are essentially background 
components. A heat flow maximum near Barney 
Creek times'might well be associated with particular 
tectonics in the area. It is likely, though, that the 
coupling of unusual, pulsed compressions (tectonic 
factor) with a heat flow maximum may fully account 
for the deposit - given the existence of an appropriate 
precipitating host. The absence of any of these factors 
would mean metal dispersion and no orebody. The 
disrupted character of host rocks adjacent to the Emu 
Fault is consistent with short term high flows, possible. 
local boiling or over pressuring near the shallow sea 
floor. 

Some additional information will be required 
before a complete geological, or mathematical, 
appraisal is possible. All formations known to be, or 
likely to be, within the section should be sampled for 
trace metal content and evaluated for their brine 
generation potential (not easy). Brine evaluation must 
not be limited to apparent evaporites. There also 
needs to be some evaluation of cross stratification 
flow and its potential contributions and whether 
convective cells are tightly constrained either by 
formation hydraulics, temperature or fluid density. 

The ideas and conclusions generated were 
intended as feedstock for further observation, 
mathematical modelling and discussion. 
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Numerical modelling of fluid flow systems in the McArthur Basin
 

Grant Garven and Stuart Bull
 
Johns Hopkins University and the Centre for Ore Deposit Research 

Basins, fluids and lead-zinc ores 

Despite the general understanding of stratiform ores 
in the Proterozoic basins of northern Australia, the 
hydrodynamic mechanisms causing hydrothermal 
fluid migration and related geochemical processes 
for metal transport, rock alteration and ore deposition 
are largely unknown. Fluid flow in sedimentary 
basin~ develop in several forms as a basin evolves 
geologically, and these include effects of compaction 
during burial, free convection causedby fluid-density 
gradients, flow caused by topography, and flow 
transients caused by tectonic deformation and 
seismicity (Garven, 1995). Many of these hydrologic 
concepts are introduced by Leaman (this volume) in 
his discussion of the HYC Zn-Pb-Ag deposit, 
Northern Territory. 

Predictive numerical models of large-scale fluid 
migration have been developed and FORTRAN
based codes like ]HU2D and RST2Dbuilt to quantify 
ore-forming processes in sedimentary basins (Garven 
and Raffensperger, 1997). These numerical models 
permit comparison and testing of conceptual models 
for fluid migration and ore genesis, which could aid 
exploration ventures in frontier basins. In this report, 
one simulation is presented as part of a palaeo
hydrologic study of the McArthur Basin. 
Conceptually, the numerical models compare 
different styles of fluid migration for ore genesis in 

* This project was funded by the CODES SRC and 
the Fullbright Scholarship Fund, and is therefore not 
confidential to P384A sponsors. 

the McArthur rift, and explore the role of faults in 
controlling the transport of metal-bearing brines for 
both steady and transient flow systems (Figure 1). 
Large et al. (in press) present sedimentolgical, textural 
and geochemical arguments that favour a syn
sedimentary origin for the RYC deposit, and so this 
setting became the focus for preliminary calculations. 

Numerical simulation of fluid flow 

Numerical modelling requires casting the appropriate 
partial-differential equations governing fluid flow, 
heat transport, and geochemical mass transport in 
geologic media into numerical expressions for either 
fixed or deforming coordinates (compaction), for 
either steady or transient flow, and for either 
thermodynamic equilibrium or kinetic-controlled 
reactions. Fluid properties, formation properties, and 
chemical reactions create a strong coupling between 
the dependent variables of pressure, flow rates, 
temperature, and mass concentrations. In our models, 
the transport equations are solved with finite-element 
techniques that provide coupled predictions through 
time of fluid pressures, temperature, flow patterns, 
rates of fluid migration, concentrations of aqueous 
species and complexes, and masses of minerals 
dissolved or precipitated in a 2D flow system. 
Computer-generated maps, in either section or plan 
view, can be prepared to display the simulation 
results. Model parameters such as permeability, 
crustal heat flow, and initial ore-component 
concentrations are not well constrained, and so 
sensitivity studies are undertaken to explore the 
effects of model parameters and geologic boundary 
conditions. 
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Figure 1. Conceptual model for hydrothermal flow and stratiform ore 
formation in the southern McArthur Basin, Northern Territory (from Large et D Barrumundi Metamorphics 
al., in press). 

Figure 2 shows one simulation for the southern 
McArthur Basin, constructed to characterise the 
plumbing system during syn-sedimentary mineral
isation in the Barney Creek Formation (about 
1620 Ma). Our hydrogeologic profile extends SW
NE about 150 km across the Batten Trough near 
HYC (Fig. 2a): the stratigraphy is based on the inter
pretation of regional geophysics by Leaman (1998) 
and field observations by Bull and Rogers (1996). 
For this flow experiment, the sandstones of the upper 
Tawallah-lower McArthur Group Aquifer (Wunun
mantyala, Masterton) comprise the largest porous 
reservoir (Unit 4), with horizontal hydraulic 
conductivity ~=100 m/yr and vertical hydraulic 
conductivity Kz=l m/yr. The thick lower Tawallah 
Group package (Yiyintyi-Sly Creek Sandstone; Unit 3) 
below the Upper Tawallah Aquifer is assumed to be 
cemented-lithified (Bull and Rogers, 1996) and one 
hundred-times less permeable. Other hydro
stratigraphic layers are similarly assigned low 

permeability. Two major faults zones, 250-m wide, 
cut across the stratigraphy. For this flow simulation, 
the Emu Fault ~=Kz=30 m/yr and the Tawallah 
Fault Kx=Kz=0.3 m/yr. This cross section was 
discretised with a two-dimensional mesh (not shown) 
containing 39 rows and 89 columns of finite elements 
and results produced with the JHU2D basin flow 
software package licensed to the CODES SRC. 

JHU2D calculates fluid-flow lines showing the 
pathways of fluid migration (Fig.2b) and the focusing 
effects caused by the Upper Tawallah Aquifer and 
high-permeability Emu Fault. The flow system is 
assumed to be at steady-state, in a submarine environ
ment, and therefore fluid migration is driven by 
density-driven free convection. Seawater recharges 
the basin subsurface across the entire rift, although 
at depth the pore fluids seep slowly (flow rates 
q < 0.1 cm/yr) across the McArthur Group, until they 

~ reach the oxidised Upper Tawallah Aquifer where 
metal concentrations increase and the brines are 
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driven more quickly (q -10 em/yr) toward the Emu 
Fault. The model predicts that about 250 m3/yr-m of 
fluid migrates through the basin annually, all of it 
rising up the Emu Fault at Darcy flow rates q - 70 em/ 
yr (Fig. 2c). These fluids discharge at or near the 
seafloor forming sulfide mineralisation in the Barney 
Creek Formation (Unit 6). Salinity increases linearly 
with depth, such that 20 wt. % equivalent NaCl brines 
exist at 5 km depth, although this increase in fluid 
density is partially offset by higher temperatures 
(Fig. 2d). Structural focusing of fluid discharge results 
in nearly isothermal temperatures of 120°C in the 
upper 3 km of the Emu Fault. Other numerical 
experiments show that a high-permeability Tawallah 
Fault zone acts mainly as a conduit for sinking 
(recharge) fluids. This ancient fault-controlled 
recharge-discharge pattern can be mapped as 
geochemical alteration halos according to Large et 
al. (this volume), and such halos could provide 
exploration vectors for targeting ore zones. 

~ 

CONCLUSIONS 

Hydrogeologic modelling of the McArthur Basin with 
JHU2D has shown that large fault zones have a major 
effect on flow patterns for both density- and 
topography-driven hydrothermal systems. Effects of 
transient flows associated with compaction and fault
release of overpressures have been modelled and 
these results will be reported elsewhere. New 
experiments are planned with the code JHU3D to 
explore three-dimensional basin plumbing for 
intersecting faults. The stage is set now for 
incorporating these hydrologic results into the 
geochemical reactive flow code RST2D to simulate 
patterns of rock alteration and mineralisation as the 
HYC hydrothermal system developed and evolved. 
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Criteria to determine recharge (downflow) and discharge (upflow) 
zones related to stratiform Zn-Pb-Ag deposits, McArthur Basin, N.T. 

Ross R. Large, Stuart Bull and Grant Garven 
Centre for Ore Deposit Research 

Summary 

Integration of fluid flow modelling with sediment 
geochemistry and isotope chemostratigraphy has 
demonstrated the possibility of identifying the key 
syn-sedimentary fault zones, or sections of fault 
zones, that are the conduits for Zn-Pb bearing ore 
fluids. 

Hydrogeological modelling of basinal brines in a 
east-west cross-section through the McArthur basin, 
has highlighted the importance of faults as either 
recharge (downflow) zones or discharge (upflow) 
zones. 

Barney Creek Formation sediments adjacent to 

discharge zones are characterised by low ~O/ ~03 

ratios indicative of diagenetic illite >K-feldspar, and 
heavy 0180 values in sedimentary dolomite. This 

suggests that discharge fluids were moderately acidic 
evolved connate brines. 

In contrast, the sediments effected by recharge 

are characterised by high ~O/ ~03 ratios related 
to K-feldspar enrichment, and normal sedimentary 
dolomite 0180 values. This suggests that recharges 
fluids were neutral to alkaline marine waters. 

Application of the ~O/Al20 3 ratio and isotope 
chemostratigraphy to all drill holes investigated in 
this study, indicates that some major faults have 
switched from acting as discharge conduits to 
recharge conduits during Barney Creek time. 

The combination of this approach of fluid 
modelling and lithogeochemistry provides the 
exciting possibility for this line of research, to assist 
in focussing mineral exploration to fault zones, sub
basins and stratigraphic intervals where brine 
discharge has been most active. 

Introduction 

Hydrologic modelling of hydrothermal fluid flow in 
the southern McArthur Basin by Garven and Bull 
(this volume) has highlighted the importance of faults 
as either recharge zones where marine waters 
descend the basin stratigraphy, or discharge zones 
where the convected and evolved marine waters flow 
upwards and discharge to form the ore deposits 
(Fig. 1). 

This modelling also shows that although discharge 
is confined to faults, recharge occurs throughout the 
basin but with focus along certain faults (Fig. 1). 
From both a genetic and exploration perspective it is. 
important to be able to identify which of the syn
sedimentary faults in the McArthur Basin have acted 
as recharge conduits and which have-acted as 
discharge conduits. In this respect it is relevant that 
any given fault, such as the Emu Fault, may not have 
acted as a discharge zone for the entire history of the 
basin, or along the entire length of the fault. For 
certain periods (e.g., RYC time) it has acted as a 
discharge conduit, but for other periods it may have 
been either a recharge conduit or have been sealed 
with no significant associated fluid-flow. 

In the southern McArthur Basin, the evolving 
structural regime in the Batten Trough will control 
fault movements and playa role in determining fluid
flow directions within the faults. Thus detailed 
structural analysis may give some indication as to 
which faults had the potential to act as discharge or 
recharge zones at any given time during basin 
evolution. 

An alternative approach, which we investigate 
here, is to study the sediment diagenesis and geo
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Figure 1. Fluid flow lines for a hydrogeologic cross section of the McArthur Basin at HYC time. Flow is assumed to be at steady 
state and driven by fluid density gradients in the subsurface (Garven and Bull, this volume). 
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Figure 2. The 'brine factory' model for K-feldspar alteration and Zn-Pb mineralisation from Davidson (1998). 
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chemistry of the Benney Creek Formation and to 
interpret fluid/rock reactions that may relate to 
recharge of marine waters or discharge of hydro
thermal fluids. 

Sediment diagenesis and K20/AI203 
relationships 

The principal mineral assemblage in the carbonate 
and shale sediments of the McArthur Group is 
dolomite-illite-K-feldspar-quartz. Dolomite 
chemistry changes according to proximity to strati
form Zn-Pb-Ag mineralisation (Large, Bull and 
McGoldrick in previous AMIRA P384 reports), and 
is indicative of discharge of Fe, Mn bearing fluids 
associated with mineralisation. 

In addition to these now well documented changes 
in dolomite chemistry, there are changes in illite and 
K-feldspar content of the sediments (Large and Bull, 
1996) that probably relate to sediment diagenesis. 

Beeson et al., (1989) were the first to recognise the 
importance of diagenetic K-feldspar in McArthur 
Basin sediments. They showed that the I<:zO/ AI20 3 

ratio of sediments increased from the margins to the 
centre of the McArthur Basin, reflecting an increase 
in diagenetic K-feldspar toward the basin centre. 
Davidson (1995, 1998), in a detailed study of alkali 
alteration styles in the McArthur Group, suggested 
that the large scale early diagenetic stratabound K
feldspar metasomatism of volcaniclastic/clastic 
sediments related to descending brines sourced from 
overlying evaporites. By analogy with potassic 
alteration in some North American rift systems, he 
proposed that the regional stratiform K-feldspar 
alteration in the McArthur Basin signifies zones of 
descending brines (recharge) that evolved to form 
the ore fluid at HYC (Fig. 2). 

K20/AI203 chemostratigraphy 
Because K-feldspar and illite are the only significant 
K, AI bearing minerals in the Barney Creek Formation 
sediments, it is possible to use the whole-rock I<:zO/ 
Al20 3 ratio to estimate the ratio of K-feldspar to illite 

in the sediments.lllite has a I<:zO/ ~03 ratio of about 
0.3 and K-feldspar has a value of about 0.9. Thus 

sediments which have a K20 / ~03 ratio less than 
0.6 will be dominated by illite, while those with a 

ratio of greater than 0.6 will be dominated by K
feldspar". 

Downhole plots of I<:zO/ ~03 ratio for four drill 
holes through the Barney Creek Formation (BCF) at 
progressively greater distances from HYC are shown 
in Figure 3 and discussed below. 

DDH Te 115 : This hole passes through the HYC ore 
zone from 290 to 440 m and has been discussed 
previously by Large and McGoldrick (1993). The 

downhole I<:zO/ ~03 variation (Fig. 3a) indicates 
that illite is the dominant potassic mineral through 
the ore zone and upper BCF. A narrow zone of K
feldspar-rich sediments is present at around 250 m 
downhole, in the hangingwall of the mineralised 
sequence. 

DDH Homestead 6 : Illite is the dominant potassic 
mineral throughout the BCF in this drill hole close to 
HYe. K-feldspar becomes dominant (I<:zO/ Al20 3 

>0.6) in the lower part of the W-Fold Shale at the 
bottom of the hole. 

DDH Barney 3: This drill hole is 15 km from HYC 
toward the outer edge of the carbonate alteration 
halo (Large and Bull, 1996). Illite is the dominant 
potassic mineral throughout the hole, except for two 
K-feldspar-rich tuff beds in the upper section. 

DDH BMR 2: At 23 km from HYC this hole is beyond 
the Fe-carbonate halo related to HYe. K-feldspar is 

the dominant potassic mineral present, with the K
feldspar to illite ratio varying from 0.7 to 1.0. 

Summary: The drill hole chemostratigraphy indicates 
that illite is the dominant potassic phase through the 
ore zone and within the vicinity of HYC, giving way 
to K-feldspar beyond the discharge-related carbonate 
alteration halo (Fig. 4). 

"These relationships only apply for sediments devoid 
of other alumina silicates such as albite and chlorite, 
which is generally the case for the McArthur Group. 
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This suggests that the discharge fluids related to 
HYC were in equilibrium with illite while recharge 
fluids beyond the discharge halo were in equilibrium 
with K-feldspar. From a chemical viewpoint this 
means that the discharge fluids possessed a higher 

aK+/ aH+ratio, and were thus likely to be more acidic 
than the recharge fluids (Fig. 5). 

Petrography and FTIR Studies 
Thin section and FTIR studies were undertaken on 
the drill samples to check the illite - K-feldspar 
relationships interpreted from the whole-rock geo
chemistry. A good correlation between K20/Al203 

ratio and FTIR spectra confirmed the K-Al mineral 
relationships. Preliminary assessment of the FTIR 
spectra indicates that the illite is an Fe, Mg rich 
variety, with a composition similar to a phengitic 

muscovite (i.e., x,Al3 Feo.s Mgo.5 [S1; Al020 ] (OH,F)4)' 

Petrographic studies indicate that both the illite and 
K-feldspar are very fine-grained, making it extremely 
difficult to estimate percentages. Figure 6 shows some 
typical textural relationships of the illite and K
feldspar bearing sediments. A major difference 
between these two types is that the K-feldspar rich 
sediments in DDH BMR show very fine recrystall
ization of carbonate, quartz and K-feldspar (Fig. 6) 
producing a rock with an interlocking texture of 
very low porosity. By contrast the illite-rich sediments 
have a more typical sedimentary texture produced 
by clay-silicate interlaying. 
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Calculation of mineral percentages 
The MINSQ computer program developed by 
Herrmann and Berry (in prep.) was used to calculate 
the percentage of illite (phengite) and K-feldspar 
from whole-rock analyses of sediments in selected 
drill holes in the McArthur Basin study. 

This approach shows that the whole-rock ~O/ 
Al203 ratio is a good estimate of the relative 
proportions of illite and K-feldspar in the BCF. In 

Figure 7 the calculated mineral proportions using 
MINSQ of sedimentary samples from the four drill 
holes studied are compared together. Phengite is the 
dominant K-Al silicate in the holes close to HYC 
(DDH Te lIS, Homestead 6 and Barney 3), whereas 
K-feldspar is dominant in the most distal hole 
(BMR 2). Through the ore zone, in DDH Te lIS, the 
HYC Pyritic Shale varies from 10-45 wt% phengite 
(illite) and 0 to 5 wt% K-feldspar. In contrast the 
equivalent sequence in DDH BMR 2 contains 1-15 
wt% phengite and 15-55 wt% K-feldspar. 

Oxygen and carbon isotope anomalies 
at discharge sites 

Our previous work (Large and Bull, 1996) has 
identified an extensive halo of oxygen and carbon 
isotope anomalism in the sedimentary/diagenetic 
dolomite surrounding the HYC deposit. The isotppe 
halo extends for about 20 km south west of HYC 
(Fig. 8) and is marked by dolomitic sediments which 
contain heavy oxygen (0180 =22.5 to 26%0) and light 
carbon (013C = -2 to -3.5 0/00). This heavy isotope 
signature is similar to that reported previously at the 
Lady Loretta deposit (Large et al., 1995; McGoldrick 
et al., 1998)and is considered to relate to the discharge 
of hot, saline brines that are of evolved connate origin 
sourced from deep in the basin - probably from the 
upper Tawallah-lower McArthur Group aquifer 
(Fig. 1). Sedimentary/diagenetic dolomite growth 
surrounding HYC has occurred in equilibrium with 
this discharge brine, leading to the heavy oxygen 
isotope signature. The oxygen isotope halo is there
fore clear evidence of the extent of the discharge 
brines related to the HYC deposit. 

Figure 5. Activity diagram showing that muscovite (illite) is 
stable at lower aK/aH+ ratio than K-feldspar. 
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(a) (b) 

(c) (d) 

Fig 6 : Photomicrographs of Barney Greek Formation : black dolomiti c siltstones showing illite and K-Feldspar bearing examples . 
a. Illite bearing siltstone layer, HYC NO.2 orebody. 
b. Illite and organic(dark) bearing siltstone/mudstone, DDH Homestead 6 , 51.6m. 
c. K-Feldspar bearing silt-sand size layer in dolomitic black shales , DDH BMR2, 52.3m. ( X25 ). 
d. Higher magnification ( x200 ) of quartz-K-Feldspar-dolomite intergroW1h texture developed in Kspar rich sediments - same sample 
as c. 
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c/o isotopes and K20/Ali03 relationships 
By combining oxygen and carbon isotope data on 
the sedimentary carbonates with whole-rock KzO/ 
Alz03 on the silicates it is possible to clearly 
discriminate the rocks affected by hydrothermal 
discharge from those affected by marine water 
recharge. 

In Figure 9a the fields for fluid discharge and 
fluid recharge are clearly outlined: 

Fluid Discharge (samples from Homestead 6and 
Barney 3): 

3180 dolomite > 22.5%0 

Kz0/Alz03 < 0.6 
i.e., illite> K-spar. 

Fluid Recharge (samples from BMR 2): 
3180 dolomite < 22.5%0 

Kz0/Alz03 > 0.6 
i.e., K-spar > illite. 

This data indicates that discharge fluids are mildly 
acid, in equilibrium with illite, and have a heavy 
oxygen isotope signature indicative of an evolved 
connate origin. In contrast, recharge fluids are neutral 
to alkaline, in equilibrium with K-feldspar, with a 

normal sedimentary / diagenetic oxygen isotope 
signature indicative of a marine origin. 

The relationships in Figure 9b are not so clear as 
the carbon isotope fields overlap. The boundary 
between the discharge field and recharge field 
approximates to 313C

::= -1.5, however a proportion of 
the samples overlap this boundary. Consequently 
our future discussion will not involve carbon isotopes 
in the discrimination of recharge and discharge sites. 

Summary 
A combination of oxygen isotopes of carbonates and 
Kz0 /Alz03 ratio of silicates in dolomites and shales 
of the BCF (and related sedimentary units), can be 
used to identify zones and faults related to fluid 
discharge (upflow) from those related to recharge 
(downflow). These relationships are shown ina 
conceptual model in Figure 10. 

Application of this approach to the Top 
Crossing area 

Samples previously collected along a surface traverse 
to study BCF lithogeochemistry in the Top Crossing 
area (Large, 1994; Large and Bull, 1996) have been 
re-evaluated using the approach outlined above. 

This is a important traverse, as it samples the BCF 
adjacent to the Tawallah Fault (Fig. 4), a major north
south structure within the Batten Trough. Our 
objective here is to test whether the Tawallah Fault, 
at this locality, has acted as a discharge or recharge 
conduit during BCF deposition. 

Plots of Kz0/Alz03 and 3180 carbonate along the 
traverse (expressed as sediment thickness above the 
base) are shown in Figure 11. This plot indicates that 
the lower BCF (0 to 60 m above base) has elevated 

KzO / Alz03 and light oxygen isotopes. This is 
indicative of a K-spar rich sedimentary sequence 
typical of a recharge (downflow) zone. However 
above 60 m, the upper BCF switches to show the 
characteristics of a discharge (upflow) zone, with 
generally heavy 3180 values (>22.5%0) and Kz0/ 
Alz03 <0.6 indicative of an illite dominated sequence. 

This switchover, from a lithogeochemical 
signature indicative of recharge to a signature 
indicative of discharge, may indicate a change in the 
structural regime of the Tawallah Fault midway 
through BCFtime. Consequently, there may potential 
for stratiform Zn-Pb-Ag mineralisation in the upper 
part of the BCF along this section of the Tawallah 
Fault. This interpretation is supported by plotting 
the Top Crossing data on the discharge-recharge 
discrimination diagram developed for HYC (Fig. 12). 

Conclusions 

During the deposition of the BCF in the southern 
McArthur Basin, some major syn-sedimentary faults 
have acted as recharge (downflow) conduits and 
others have acted as discharge (upflow) conduits. By 
combining carbonate isotope data with whole rock 
Kz0/Alz03 data on the sediments adjacent to these 
faults, it may be possible to distinguish discharge 
zones from recharge zones and thus focus exploration 
to the highest priority sites. 



-- - - - - - -- -- -- - - - - - - - --- - -----------

217 

HYC : Oxygen Isotope Halo in dolomite 

i 
I DDH 

I DDH Barney3 Homestead 6 DDH Te 115
DDH BMR 2I - - - -L ----~ 

+
1! - I 

1_ -L- - - - - _ _ "C--J Reward Dolomite _-
4

- -... ~ ---- _1_ _ . -=--
, ~~---::'1=-~~ - -~__-I 

f t - ...--..

I -l / -----::::~ ~ 

I W-Fo'id Shale --- " ~~~_~~I -- -?~ ---~ 

/ Coxco DolomiteHYC pyritic
 
shale
 

m D Oxygen isotope halo in sedimentary 
200 r 

dolomites surrounding HYC;r 8180 dol> 22.5 per milI 
0 4 K20/AI203 < 0.6
 

km
 
illite> K-feldspar
 

L~~ 
Figure 8 . Oxygen isotope halo to HYC, based on data from the orebody , plus DDH Homestead 6, DDH Barney 3 and DDH BMR 2 
(Large and Bull, 1996). 
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Our work suggests that discharge zones related 
to SEDEX mineralisation are characterised by heavy 

carbonate oxygen isotopes (>22.5 per mil) and illite 
dominated assemblages (KzO/ Alz03 <0.6). In 
contrast, recharge zones have K-spar dominated 
assemblages with light carbonate oxygen isotopes. 

Our research also suggests that chemostratigraphy 
has the potential to identify where certain major syn
sedimentary faults have switched from recharge 
conduits to discharge conduits during BCF 
deposition. By combining this approach with our 
previously identified basket of indices (SEDEX AI, 
AI 3, MnOd/ TI, Zn, Pb), it is possible to target 
favourable horizons within discharge zones for 
maximum exploration benefit. 
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Figure 12. The Top Crossing data set plotted on the discharge-recharge discrimination diagram. Only samples from the 
Upper BCF plot within the discharge field. 
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