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Abstract

Polycyclic aromatic hydrocarbons (PAHs) in ore and mudstone within the McArthur River ore deposit show
compound distribution patterns similar to those of hydrothermally generated petroleum in the Guaymas Basin and
significantly different from those found in conventional oil. PAH abundances and their isomer distributions result
from a temperature gradient between the source of mineralizing fluids and the sediments fringing the ore system
during ore formation. Along with other geochemical, geological, paleobiological and mineralogical lines of evidence,
these data provide strong evidence that the ore formed within partially lithified sediments under marine conditions.
Given that the McArthur River ore body is an exquisitely preserved example of a sediment-hosted base-metal deposit,
these results may be widely applicable. The McArthur deposit is also a rich repository of paleobiological information,
allowing studies of the microbiology of ore formation and the paleobiology of an ancient hydrothermal system, as is
discussed elsewhere.
8 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The 1640 Ma McArthur River (HYC) lead^
zinc^silver deposit of northern Australia is the
largest known stratiform sediment-hosted base-
metal deposit. It is extraordinarily well preserved,
with all indicators of burial maturity indicating
that the host rocks have experienced temperatures
only up to the window of oil generation [1]. The
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deposit has been intersected by more than 100
drill holes, and is exposed in an underground
mine. This accessibility has a¡orded superb op-
portunities for detailed studies [2^10]. Despite
this, interpretations of the genesis of the ore
vary widely, with three end-member models pro-
posed: syngenetic (exhalative) in a deep marine
setting [3,10] ; ‘early diagenetic’ within the mud
and silt of an ephemeral lake/sahbka environment
[4,5] ; and sub-sediment^water interface (‘early
diagenetic’) in a marine environment below wave
base [8,9]. We show here that organic geochemis-
try can help resolve di¡erences between these
models of ore genesis.

As part of a continuing study of the deposit [1],
we have conducted analyses of hydrocarbons
from the ore and from associated sediments
sampled on a centimeter to millimeter scale (for
example, see Fig. 1). We have also analyzed the
N

13C composition of selected hydrocarbons in
both mineralized and unmineralized horizons to
help determine their biological origins. Microfos-
sils have been identi¢ed in the ore deposit [11,12],
and we have supplemented the published work
with observations from splits of the samples
used in our organic geochemical analyses. Some
initial results of our biomarker and microfossil
work are published elsewhere [1]. Here we present
analyses of polycyclic aromatic hydrocarbons
(PAHs) particularly relevant to determining the
thermal history of the ore and its host sediments.
Our results impact signi¢cantly on the capacity to
distinguish between alternative ore genesis mod-
els.

2. Geological setting

The McArthur River deposit formed within the
McArthur Basin, an intracratonic basin resting on
a basement of Paleoproterozoic granites and
metamorphic rocks. Mineralized zones occur in
the HYC Pyritic Shale Member of the Barney
Creek Formation within the largely platformal
McArthur Group, which was deposited within a
tectonically induced sub-basin with its eastern
boundary located along the syn-depositional
Emu Fault Zone (Fig. 2). The host rocks to the

ore horizons are dark, carbonaceous and pyritic
dolomitic graded siltstones and mudstones, with
abundant graded breccias of pre-Barney Creek
dolomite [2,13]. The siltstones have parallel lami-
nae 0.5^50 mm thick, locally with small-scale
cross-lamination, scour and ¢ll, graded textures
and slumping [2,10,13,14]. The HYC Pyritic Shale
Member is thickest west of the Emu Fault and the
Western Fault Block and thins over, and lies un-
conformably on, domes or fault blocks across the
region [13]. Evidence for syn-depositional faulting
and tilting comes from the graded sedimentary
breccias that coarsen and thicken northwards
[8]. There are dolostone clasts of recognizable ori-
gin within the breccias, derived from the up-
thrown fault blocks within the Emu Fault Zone
and evidencing the progressive exhumation of the
entire McArthur Group during Barney Creek
time [13]. The coarse detrital rocks range from
graded dolarenite beds a few millimeters thick,
to massive breccias with clasts up to several me-
ters wide. Most are thought to have been depos-
ited from £ows moving in a predominantly south-
erly to southwesterly direction [8,9,13].

Mineralization consists mostly of pyrite, spha-
lerite and galena, in varying proportions, ¢nely
disseminated throughout the siltstone. Ore-rich
laminae are commonly enclosed between layers
of poorly mineralized to unmineralized mudstone
and siltstone. Sul¢de concentrations within ore
laminae are commonly greater than 60% by
weight [2,9]. Unmineralized layers are present
throughout the succession and vary in thickness
from millimeter-scale mudstone layers, centimeter-
scale turbidites to meter-scale breccia beds. Iso-
lation of the centimeter-scale turbidite beds is pos-
sible using a rock saw and this approach was used
to examine organic geochemical di¡erences at a
centimeter scale between mineralized and unmin-
eralized sediments within the ore deposit. Isotopic
analysis and detailed study of the mineral textures
have shown that the ore body contains several
phases of sul¢de [15]. Those authors suggested
that an early diagenetic pyrite phase (Py 1) was
generally followed by a later and more massive
pyrite phase (Py 2) and that this, in turn, was
further over-printed by sphalerite and galena. Py
1 has N

34S values consistent with formation by
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bacterial sulfate reduction (BSR) in a system open
to sulfate, and probably formed at, or close to,
the sediment^water interface. Py 2 is enriched in
34S relative to coexisting Py 1 and this has been
explained as resulting from later closed-system re-
duction within the sediment pile [15] or by the
incorporation of excess heavy sulfate, within the
BSR pyrite zone immediately beneath the sedi-
ment^water interface, in the out£ow zone of the
sub-surface mineralizing system [9]. Based on
SHRIMP measurements, N

34S values for galena
and sphalerite range between 35 and +5x.
This mineralization is thought to have involved
reaction of sulfate in the hydrothermal ore solu-
tion with organic matter in the Barney Creek For-
mation [4,9]. The ore-forming £uid has been con-
sidered to have been a moderately hot (150^
250‡C), oxidized (sulfates sul¢de) brine, rich in
sulfate and metals, at the point where it entered
the basin [9,10]. The low metal-carrying capacities
of brines in that temperature range require there
to have been a large volume of oxidized £uid
sourced from an evaporite deposit. However,
our new data suggest another possibility that we
present below.

3. Materials and methods

Nine rock samples were selected for analysis
from those collected from the McArthur River
Mine. Some samples are of a single lithology
(e.g. 2H9/1B 1/2-mudstone). Most samples are
comprised of several di¡erent lithologies, and
those were separated before the detailed study of
aromatic hydrocarbon distributions. For example,
sample 2E4/G 1 was separated into three sub-
samples: chert nodules, carbonate-rich mudstone
around chert nodules and ore, and sample 2H9/
1C was separated into two ore sub-samples
(ore#1 and #2) and two mudstone sub-samples
(mud#1 and #2). Fig. 1 illustrates some samples
in their original state, before separation of di¡er-
ent lithologies.

3.1. Sample processing

Samples were cut with a diamond saw along

lithological boundaries. Adhering portions of oth-
er lithologies were removed by grinding. The saw
coolant was tap water. The analysis of sample
blanks demonstrated that there were no signi¢-
cant contaminants.

Chert had to be separated by a di¡erent tech-
nique because it occurs as small nodules (2 mm to
1 cm) in a carbonate-rich mudstone. These sam-
ples were cut into small pieces with and without
chert nodules and the pieces with chert nodules
were crushed into particles of about 2 mm in
size using a ball mill. The crushed samples were
then washed with distilled water to remove ¢ne
powder. The particulate chert material was then
treated with 10 M HCl solution to remove any
carbonate and then washed with distilled water
to pH = 7, then dried at room temperature.
Chert particles were selected under a microscope
before analysis. The pure chert particles (and all
the other samples) were washed with dichloro-
methane (DCM) three times to remove possible
organic contamination obtained during sample
processing. After the DCM evaporated, the sam-
ples were crushed to powder with the ball mill.

3.2. Extraction and separation

Before extraction all samples were washed as
described above. Isolation of extractable organic
matter (EOM) derived from core and from rock
samples from faces within the mine was con-
ducted in a Sohxlet apparatus with DCM for
72 h. Elemental sulfur was removed using acti-
vated copper chips in the extraction vessel. The
solvent was then concentrated and half of the
EOM was used for gas chromatography (GC)
and gas chromatography^mass spectrometry
(GC^MS) analysis. The second half of the total
extract was further separated into two equal
parts : the ¢rst quarter was concentrated into
50^100 Wl and an internal standard (d14-terphen-
yl) was added, before GC and GC^MS quanti¢-
cation analysis. The second quarter of the total
extract was then separated into saturates, aro-
matics and polar fractions using silica gel column
chromatography with petroleum ether, mixtures
of DCM and petroleum ether (50:50) and DCM
and methanol (50:50) as eluting solvents respec-
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tively. The aromatic fractions were then used for
GC and GC^MS analysis.

3.3. GC analysis

GC was carried out on a Hewlett Packard
HP6890 series gas chromatograph with HP
Chemstation software. Injections were made using
splitless injection and a 25 mU0.25 mm i.d. capil-
lary column, with DB-1 stationary phase and He
carrier gas, programmed at 60‡C for 2 min, then
ramped at 4‡C/min to 310‡C and then held iso-
thermally for 20 min.

3.4. GC^MS analysis

GC^MS was carried out on a HP mass-selective
detector attached to an HP 6890 series GC using
a 50 mU0.25 mm i.d. fused silica tubular column
coated with a 0.25 Wm DB-5 stationary phase
(JpW Scienti¢c) and He carrier gas in a splitless
injection mode. The GC was held isothermal at
40‡C for 2 min, followed by a temperature in-
crease at 4‡C/min, and an isothermal period of
20 min at the upper temperature of 320‡C. During
full-scan acquisition the mass spectrometer was
operated in the electron ionization mode scanning
from m/z 50^600, with a scan time of 1.0 s and
electron energy of 70 eV.

Perdeuterized terphenyl (d14, molecular
weight = 244) was used as the internal standard
for quanti¢cation of individual compounds. The
absolute concentration of each was normalized to
the total organic carbon (ng/g TOC or ppb).

3.5. TOC analysis

Analyses of TOC were done with a Rock
Eval 6.
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Fig. 1. Photograph of two samples used in the analysis of
McArthur River ore. The chert nodules were isolated from
carbonate matrix during analysis.
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4. Results and discussion

4.1. Aromatic hydrocarbons

As some of the models for the formation of the
McArthur deposit involve warm to hot mineraliz-
ing £uids interacting with organic matter we com-
pared bitumen components of the deposit with
modern analogs where there are £uids with ele-
vated temperatures. In modern marine hydrother-
mal systems, such as the Guaymas Basin (Gulf of
California) and Middle Valley (Juan de Fuca
Ridge), hydrothermal bitumens have been found
to have distinctive geochemical signatures. In par-
ticular, the bitumens contain characteristic pat-
terns of PAHs with low levels of alkylation and
increased abundances of large, multi-ring mem-
bers such as benzopyrene, benzoperylene and cor-
onene [16,17]. The rapid heating rates developed

during the interaction of hot brines and organic
matter are thought to favor the formation of non-
alkylated and highly condensed PAHs. Elevated
abundances of PAHs have been observed not
only in modern hydrothermal petroleum systems
such as those of Guaymas and Middle Valley, but
also in ancient mineral systems such as Red Dog
Zn^Pb mine, Northwest Alaska [18] and Kupfer-
schiefer Shale (Cu^Zn^Pb) in Europe [19,20].

We sampled within a single ore body exposed
within the mine to obtain large, pristine samples
for geochemical analysis (Fig. 1). Three separate
sites were selected (Fig. 2) and several lithologies
at each site were examined. The sample sites re-
£ect di¡erent temperature regimes during ore for-
mation within the ore body as indicated by lead
to zinc ratios. The northern sample sites 2E4/G 1
and 2E3/9 3 are thought to be closest to the
source of hot mineralizing brine. The southern

300

350

400

450

500

550

600

650

700

B
ar

ne
y 

H
ill
 A

nt
ic
lin

e

WA

NT

SA

QLD

NSW

ACT

VIC

TAS

Abundance of

"nodular"

carbonates

0 1 km

136 05’ 136 07’

16 25’

M
cA

rth
ur R

ive
r

Western
Fault
Block

M
t 

 S
tu

b
b

s
F

a
u

lt

Barn
ey C

re
ek

Surprise Creek

2E4/G1

2E3/9 3

16 27’

Emu Fault

Zone

2H9/1C

wt% Pb/Zn x 1000

2 orebody

16-3/907
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Table 1
Quanti¢ed aromatic compounds and ratios for samples reported in this study

Sample 19990673 19990675 20000123
Original ID 2E4/G 1 2E3/9 3 2H9/1C

Description cherts carbonate-
rich part

ore crust mud ore ore#1 mud#1 ore#2 mud#2

TOC (%) 0.05 0.90 0.51 0.11 0.86 0.88 0.53 0.59 0.45 0.75

Compounds ppb over TOC
Phenanthrene 6 343.02 3 691.76 9 921.58 7 071.52 10 889.04 9 475.59 7 735.10 4 204.14 7 635.29 4 027.45
3-Methylphenanthrene 5 941.63 3 244.22 13 076.24 6 693.12 11 121.58 11 253.02 6 474.85 3 365.34 6 433.97 3 267.24
2-Methylphenanthrene 6 579.24 3 873.97 15 700.98 8 305.29 14 058.33 14 931.67 8 381.90 4 387.79 8 531.09 4 323.77
9-Methylphenanthrene 4 259.62 1 794.03 8 149.98 4 997.83 6 966.15 6 788.00 3 285.74 1 671.93 3 161.06 1 623.88
1-Methylphenanthrene 2 287.21 1 219.98 6 799.36 3 797.27 6 499.26 6 036.57 2 594.79 1 329.01 2 527.11 1 290.93
Methylphenanthrenes 19 067.69 10 132.20 43 717.55 23 793.52 38 645.32 39 009.26 20 737.28 10 754.07 20 653.23 10 505.83
Tetramethylnaphthalenes 4 798.21 800.08 6 481.98 4 515.90 5 231.83 6 488.15 1 063.81 451.04 926.27 445.91
Dibenzothiophene (DBT) 558.70 99.59 286.48 584.64 955.15 686.05 231.20 118.36 208.60 133.13
4-Methyl-DBT 0.00 163.65 71.11 1019.82 1750.96 1325.61 329.60 163.34 309.24 186.45
2+3-Methyl-DBT 0.00 84.51 540.81 531.37 1 155.31 711.95 186.94 93.86 184.14 109.68
1-Methyl-DBT 0.00 23.72 184.59 243.95 413.52 156.59 35.87 20.22 33.42 23.86
MDVTs 0.00 271.88 1 436.52 1 795.13 3 319.79 2 194.16 552.42 277.42 526.80 319.98
Fluorene 1 045.74 469.12 667.24 385.24 753.17 1 001.79 824.97 452.57 741.14 437.88
Pyrene 2 216.72 1 104.27 3 257.64 1 883.00 2 443.29 2 896.83 1 798.84 843.82 1 664.42 864.98
Chrysene 2 531.29 1 827.93 5 676.69 2 836.33 2 787.94 5 959.09 2 835.17 1 278.20 3 108.80 1 585.54
Benzo(e)pyrene 0.00 1 431.93 4 924.85 1 472.68 2 404.31 4 911.75 1 640.06 576.63 1 858.96 1 026.24
Benzo(ghi)perylene 0.00 353.37 1 790.11 706.58 880.09 2 432.22 273.54 69.08 324.79 203.69
Coronene 0.00 18.75 374.68 0.00 83.87 573.82 12.73 0.00 16.96 9.54
Ratios
MPI 1.52 1.67 1.80 1.48 1.62 1.68 1.72 1.70 1.78 1.73
Benzo(e)pyrene/Pyrene 0.00 1.30 1.51 0.78 0.98 1.70 0.91 0.68 1.12 1.19
Benzo(e)pyrene/Chrysene 0.00 0.78 0.87 0.52 0.86 8.26 0.58 0.45 0.60 0.65
Chrysene/Fluorene 2.42 3.90 8.51 7.36 3.70 5.95 3.44 2.82 4.19 3.62
Chrysene/Phenanthrene 0.40 0.50 0.57 0.40 0.26 0.51 0.37 0.30 0.41 0.39
Benzo(ghi)perylene/Phenan-
threne

0.00 0.10 0.18 0.10 0.08 0.21 0.04 0.02 0.04 0.05

Benzo(ghi)perylene/Pyrene 0.00 0.32 0.55 0.38 0.36 0.84 0.15 0.08 0.20 0.24
Benzo(ghi)perylene/Fluo-
rene

0.00 0.75 2.68 1.83 1.17 2.43 0.33 0.15 0.44 0.47

Benzo(ghi)perylene/Chrys-
ene

0.00 0.19 0.32 0.25 0.32 4.09 0.10 0.05 0.10 0.13

Benzo(ghi)perylene/Ben-
zo(e)pyrene

^ 0.25 0.36 0.48 0.37 0.50 0.17 0.12 0.17 0.20

E
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sample site 2H9/1C, although highly mineralized,
is thought to represent a cooler zone and is fur-
ther from the source of brine at 2 ore-body level
(Fig. 2). We examined the aromatic hydrocarbons
in each of the samples for evidence of preserved
hydrothermal signatures. We also examined hy-
drocarbon biomarker distributions in the same
samples for paleoenvironmental signals.

The ores at sites 2E4G/G1 and 2E3/9 3 (both in
‘hotter’ zones) are rich in PAHs relative to other
lithologies centimeters to decimeters distant at
these sites. In particular, pyrene, benzo(e)pyrene,
benzo(ghi)perylene and chrysene are two to three
times more abundant in ore relative to enclosing
lithologies (Table 1). For example, benzo(ghi)per-
ylene (a compound with six benzene rings) has
concentrations of 1790 ppb in ore and 353 ppb
in associated carbonate-rich rocks, and is absent
in associated chert (Fig. 3A). These large, highly
condensed PAHs are enriched in petroleums of
hydrothermal origin [16,17]. Furthermore, values
for the ratios of high molecular weight to lower
molecular weight parent (unsubstituted) PAHs are
much greater within the ore horizons compared
with contiguous sedimentary rocks (Fig. 3B and
Table 1).

Ores at site 2H9/1C (‘cooler’ zone) also show
similar trends to those from the ‘hotter’ zones of
mineralization when compared to their enclosing
rocks (Fig. 3C,D). However, concentrations of
unsubstituted PAHs are signi¢cantly lower (Fig.
3E and Table 1). Muddy lithologies consisting of
unmineralized dolomitic graded beds of centi-
meter thicknesses associated with the ores at sites
2E3/9 3 and 2H9/1C also exhibit similar trends to
the ore horizons, with decreasing abundances of
unsubstituted PAHs in the cooler zones (Fig. 3F
and Table 1). These observations are consistent
with the precipitation of PAHs in the ore horizons
at each site and the existence of a large thermal
gradient between sites. This would suggest that
the PAHs were generated upstream and moved
laterally with the mineralizing brine. As the brine
cooled and the solubility of the PAHs dropped,
they were precipitated out of solution in order of
their molecular weight (as is further discussed lat-
er in this section). The preserved distribution re-
£ects this migration and cooling trend, and also

indicates that ore-forming £uids were predomi-
nantly con¢ned between muddy beds. The con¢n-
ing beds contain signi¢cantly lower concentra-
tions of hydrothermally generated PAHs, although
the presence of low quantities within the enclosing
sediments does suggest a degree of £uid mobility
between ore and mud horizons.

The methyl phenanthrene index (MPI) is a mo-
lecular maturity parameter commonly used in pe-
troleum exploration to assess the relative matur-
ities of sediments and oils. The values of MPI for
McArthur River samples range from 1.68% to
1.80% for ores and from 1.48% to 1.73% for sur-
rounding rock types (Table 1), indicating that
those samples are all thermally mature and sug-
gesting that the ores have experienced higher tem-
peratures relative to associated sediments at each
site. In modern hydrothermal systems, PAH com-
positions are marked by low levels of alkylation.
This is not observed in lower molecular weight
PAHs from the ore body. We believe that this is
due to the overprinting of the hydrothermally
generated signal with the in situ production of
aromatic hydrocarbons from residual organic
matter during normal burial maturation. This
mixture of hydrocarbons leads to the very unusu-
al circumstance of di¡erent methylphenanthrene
distributions in closely spaced samples. This is
particularly apparent in the hotter 2E4G1 and
2E3/93 samples (Table 1).

Comparison of interbedded mudstone and ore
at site 2H9/1C shows that the ore is consistently
enriched in sulfur-containing organic compounds.
This is also the case at site 2E4/G 1, where the ore
is also enriched compared to other lithologies (Ta-
ble 1). At site 2E3/9 3 all samples are enriched in
sulfur-containing compounds with both the ore
and mudstone horizons exhibiting the highest
concentrations of these compounds among all
samples analyzed. Thus, the highest overall abun-
dances of these compounds, and hence the degree
of sulfurization of organic matter, correlate not
only with the presence of ore but also the pre-
sumed temperature pro¢le across the deposit.

The suite of aromatic hydrocarbons found most
abundantly in the ore, but also in its host rocks, is
closely comparable with that found in the hydro-
thermally generated petroleums of the Guaymas
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Basin and Middle Valley studied by Simoneit [17].
The compound distributions are considered to be
diagnostic for systems in which organic matter is
rapidly heated during the passage of hot water
through sediments, as opposed to distributions
formed during low-temperature diagenesis or nor-
mal burial maturation. Moreover, they do not
occur at other locations in the McArthur Basin,
away from the ore bodies [21]. In the Guaymas

Basin, vented £uids containing hydrothermally
generated PAHs have temperatures greater than
300‡C. Furthermore, sealed hydrous pyrolysis ex-
periments indicate that these compounds form be-
tween 250 and 400‡C (Simoneit, personal commu-
nication, 2001). This suggests that the ore-forming
brine may have been signi¢cantly hotter than the
previous estimates of between 150 and 250‡C.
Temperatures of s 250‡C would greatly increase

Fig. 4. Secondary carbonates are strongly enriched in Fe and Mn (A) and show vertical and lateral zoning (B). The Fe^Mn con-
centration of carbonates decreases away from the site of primary dissolution. This zoning can be readily explained by the rela-
tively lower solubility of Fe^Mn-rich carbonates. Sediments unaltered by dissolution reactions within silty beds and carbonate
concretions do not exhibit Fe or Mn enrichment. The boxed component of the ¢gure refers to Fig. 5, where greater detail is
shown.
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the metal-carrying capacity of the brine and
would allow sul¢de to be present in the ore £uids.
This has major implications for the ore genesis
and exploration models, as the brine would have
to have been generated in deeper areas of the
basin and evaporites would not be required as a
source of sulfate. Catalytic e¡ects by metals may
reduce these temperature estimates somewhat;
however, a temperature of 250^300‡C would be
su⁄cient to generate all the characteristics we
have outlined.

4.2. Ore genesis

Recent sedimentological studies indicate that
the HYC Pyritic Shale was deposited in an intra-

cratonic marine environment below wave base
[10,22]. Our saturated hydrocarbon biomarker re-
sults also indicate a marine environment [1]. Ear-
lier lacustrine models for the ore depositional en-
vironment are not consistent with the biomarker
evidence.

One of the remaining issues to be resolved is
whether the ore sul¢des formed within the sedi-
ment pile [9,15] or in the overlying water body
[10]. Our results indicate similarities with the hy-
drothermal petroleums of the Guaymas Basin.
There, hot waters permeated organic-rich sedi-
ments and generated oil with a distinctive chem-
istry. The very strong contrasts between absolute
aromatic hydrocarbon abundances and distribu-
tion patterns between the north and south ends

Sea level

Nodular
Carbonates

Crusts

Silica gel Sulfide Oxidising Mat

Hydrothermal Fluid
ORE FORMATION

BSR

2CH O +SO2 4
2- 2HCO

MS +2HH S + M2

3
-

2

+2+

+H S

16-3/851

Py2

Py1

Fig. 5. Model of the mineralization process at McArthur River [1]. BSR is responsible for production of biogenic pyrite (Py 1
and Py 2). Sub-surface reaction between a hydrothermal brine rich in metals and sulfate with organic matter produces metal sul-
¢des and bicarbonate. This reaction may be by thermochemical sulfate reduction in the hotter zones of the brine £ow path but
most likely is mediated by BSR in cooler zones. The bicarbonate generated during reaction is precipitated as nodular carbonate
downstream (see Figs. 2 and 4) and above the ore formation zone as ‘nodular carbonate’ and carbonate ‘crusts’ at the sediment^
water interface. Silica gel is also deposited at the sediment^water interface from out£owing brine. At the higher temperatures pro-
posed here sul¢de may also have been carried in the ore-forming brine. Communities of sul¢de-oxidizing bacteria form after oxy-
genation of the water column caused by turbidite deposition and derive sul¢de from the sediments.
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of number 2 ore body (Fig. 3) are consistent with
previous interpretations from base-metal ratios
[13] that at 2 ore-body level the mineralizing £uid
came from the north and cooled as it £owed
south. It could perhaps be argued that lead and
zinc sul¢de formation occurred in a dense, bot-
tom-hugging brine, and organic matter entrained
in that brine and at the sediment^water interface
was thermally altered in the water body. Among
other things, this would require heat to be re-
tained in the £owing brine along a distance of
more than 1 km, beneath a cool, deep marine
water body. It also predicts that the brine would
have leached carbonate on the sea £oor forming
surfaces morphologically analogous to subaerial
examples with micro-karst and scalloping [23] ;
no such surfaces are known.

In modern systems, such as the Guaymas Ba-
sin, the hydrothermally generated petroleum con-
denses in conduits and vugs as the temperature
decreases. PAHs accumulate near the hotter vent
chimneys, waxes at intermediate temperatures
(20^80‡C), with heavy oil in cool areas [24]. Plat-
ing of PAHs has also been noted in other mineral
systems where hydrocarbons that precipitated
from cooling solutions produced PAH minerals,
such as curtisite, idrialite and pendletonite [25].
Although the PAHs at McArthur River appear
to be distributed along a cooling trend, we do
not observe other features associated with exhala-
tion and rapid cooling, for example veins, tar
mats and hydrocarbon-¢lled vugs. This suggests
that precipitation of the hydrothermal PAHs oc-
curred beneath the sediment^water interface,
where cooling was slowed by the insulating prop-
erties of the sediments.

Distinctive heating regimes are associated with
sub-basins containing Pb/Zn mineralization in the
McArthur Basin. Late to overmature kerogen is
found near major fault zones with maturity de-
ceasing away from the faults [26]. The ore hori-
zons within the McArthur River deposit itself
have elevated Tmax (s 520‡C) and values of ‘ran-
dom’ Ro% up to 2.4% [1]. Sediments examined
from above the ore zone exhibit maturities con-
sistent with burial alone. Signi¢cantly, Ro analy-
ses of unmineralized, texturally unmodi¢ed mud-
stone within ore also exhibit burial maturities

expected for the sub-basin [9]. The existence of
unmineralized zones within the ore horizons
which do not exhibit elevated Ro% values, and
which lie on the thermal burial trend, is consid-
ered to indicate that these zones were already im-
permeable to the ore-forming £uid at the time of
mineralization [9]. This suggests that channeling
of hot £uids along permeable horizons led to
the interaction with organic matter within the silty
turbidites. Acid-generating, ore-forming reactions
would have generated additional porosity through
carbonate dissolution [9]. Examination of ultra-
thin sections from siltstone units indicates loss
of dolomite and the formation of micro-stylolites
in the ore zones and re-deposition downstream of
iron- and manganese-enriched carbonates (Fig. 4).
As carbonates have retrograde solubilities, they
are deposited either due to the loss of CO2 or
due to changes of pH. Because solubility products
of Fe^Mn carbonates are lower than those of Ca^
Mg-rich carbonates, the Fe^Mn carbonates pre-
cipitate earlier and closer to the site of dissolu-
tion.

An ore genesis model consistent with all avail-
able data is shown in Fig. 5 [1,8,9]. This is a
re¢nement of the model of Williams [4,5]. The
depth of ore formation is estimated to be V10^
20 m below the sea £oor, based on the preserved
thickness of the uppermost unmodi¢ed out£ow
‘nodular carbonate’ zone above the stratigraphi-
cally highest 8 ore body at McArthur River,
which varies between 7 and 12 m in the region
of intense drilling [9]. This is interpreted as pre-
serving the original sedimentary relationships at
the time of ore formation. Brine £ow is envisaged
to have been largely parallel to bedding, concen-
trated in the silty layers because of rapid loss of
permeability in the muddy units during shallow
burial. In zones of vertical leakage, the residual
brine £owing out of the base-metal zone mixed
with the overlying pore and interconnected basi-
nal waters resulting in development of the second
generation biogenic pyrite Py 2, plus secondary
nodular carbonates, carbonate crusts and silica
gels at the sediment^water interface. The turbi-
dites within the ore sequence have not been re-
worked by wave action, indicating that deposition
occurred below storm wave base. Our results do
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not rule out the possibility that locally there could
have been su⁄cient vertical leakage of the miner-
alizing £uids for some exhalative deposits to form.
They do suggest, however, that this is not the
predominant mechanism by which number 2 ore
body formed. All eight ore bodies are very sim-
ilar, and no spring-like mounds are known from
the mine or in drill core (Damien Nihill, McAr-
thur River Mines, personal communication).

5. Conclusion

The McArthur River deposit contains a suite of
hydrocarbons signi¢cantly di¡erent from those in
petroleum generated by burial maturation, but
closely comparable to those of modern hydrother-
mal systems. The composition and pattern of dis-
tribution of the hydrocarbons strongly suggest a
new model of ore formation with £uids much
hotter (250^400‡C) than previously predicted, at
least where the PAHs were generated. At the sug-
gested temperatures the £uids need not have been
oxidized, the sul¢de could have traveled with the
metals, and relatively small volumes of £uid
would have been required. The dissolution of car-
bonate to generate porosity and permeability
would have been faster and more e¡ective. More-
over, when the rising £uid encountered the car-
bonate-rich silts at shallow depths, rapid dissolu-
tion and the accompanying loss of pressure would
cause inhalation and channeling of the £uids lat-
erally along the silty beds. Such a model may be
widely applicable to shale-hosted base-metal de-
posits.
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