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low burial temperature range of 120–180

◦C in the ore sam-
ples. Regionally, temperatures were not further constrained
due to the complex and dynamic nature of the sedimentary
environment.
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concentrated on sampling the ore and its associated sedi-
ments on a centimetre to millimetre scale within a single
orebody (2 orebody) exposed within the mine [14]. Hydro-
carbon biomarker distributions in ores collected from 2 ore-
body have revealed a series of C26 to C30 steranes derived
from a marine Chrysophyte algae [14]. This signature implies
that the organic matter in the Barney Creek Formation had a
marine source. More recently, [15
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Fig. 1 Map of the McArthur River mine and surrounding region showing sample locations and metal ratios. Hypothesized flow of the mineralizing
brine is indicated by arrows

sulfate in the out-flow zone of the sub-surface mineralizing
system [8]. Based on SHRIMP measurements, ∂34 S values
for galena and sphalerite range between −5 and +5 0/00. This
mineralization is thought to involve reaction of sulfate in
the hydrothermal ore solution with organic matter within the
Barney Creek Formation [8,28,29]. [6] Suggest a dis-equilib-
rium between sphalerite and pyrite phases. A rapid formation
mechanism, with a constant replenishment of the brine pool
by diffusion across the brine-anoxic boundary zone could
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of nitrogen. At this stage elemental sulfur was removed using
activated copper short columns.

4.3 X-ray photoelectron spectroscopy (XPS)

The XPS spectra of the kerogens were recorded on a VG
ESCALAB 220i XL spectrometer with a hemispherical elec-
tron analyzer and a monochromatic Al source operated at
10 kV and 20 mA with a base pressure of approximately 5 ×
10−8 torr. Powder samples were finely ground and spread
by mounting evenly across sample stubs (to create a uniform
level of sample charging) using double sided adhesive tape.
The X-ray beam was focused onto the kerogen samples using
an X-ray spot size of 150 × 800µm in order to exclude
substrate from the analysis. A small area XL 150µm lens
was used. The insulating nature of kerogen results in sur-
face charging, which is observed as a shift to higher bind-
ing energy of all peaks in the X-ray photoelectron spectra.
Differential charging occurs when different species in a het-
erogeneous surface, such as organic and inorganic species in
kerogen, electrostatically charge by different amounts. Thus
to compensate for sample charging a magnetic lens and elec-
tron flood source was used during spectral acquisition. Spec-
tra were charge corrected by assigning a value of 285.0 eV to
the principal carbon 1 s photoelectron peak component, cor-
responding to aromatic and aliphatic C–C and C–H species.

Wide scan spectra, covering the binding energy range of
0–1100 eV was initially recorded to give elemental com-
position of the kerogen. Wide scan spectra were collected
with pass energy of 100 eV and a step size of 1 eV with
3 scans. Structural information was obtained by elemental
region scanning of core-level signals from C 1 s, N 1 s, O 1 s,
and S 2 p. Region scans were collected with a pass energy
of 20 eV with a step size of 100 meV ranging from 5 to 30
scans depending upon elemental concentration. The binding
energy scale was calibrated to the Cu 2p3/2 (EB = 932.7 eV)
and Au 4f7/2 (EB = 84.0 eV) lines.

The C 1s, N 1s, and S 2p photoelectron peaks were decon-
voluted with a Gaussian/Lorentzian fit routine used within the
Eclipse V2.0 software. Linear background subtraction and
Gaussian peak deconvolution were performed by the root
mean square (r.m.s.) goodness-of-fit to the measured peak
shape. This was constrained as unity or less, and the full-
width at half-maximum (FWHM) of the synthetic Gaussian
peaks was constrained to lie between 1.0 and 2.5 eV. The S 2p
spectra were complicated therefore, the spectra were fitted
using doublets of S 2p1 and S 2p3 (intensity ratio 1:2 and
BE differences of 1.18 eV). The number of electrons counted
having a specific energy, (which is directly related to the sur-
face concentration of the elements analysed), is expressed as
percentage atomic concentration (AT%). The atomic concen-
trations (AT%) of various elements present were calculated
from the measured peak areas using Eclipse V2.0 software

with the following sensitivity factors: Zn, 18.92; Cu, 16.73;
Fe, 10.82; O, 2.93; N, 1.80; C, 1.00; S, 1.11.

4.4 Raman spectroscopy

The Raman spectra were acquired on a Renishaw Raman
Microprobe Laser Raman Spectrometer using a charge cou-
pled detector. The collection optics are based on a Leica
DMLM microscope. A refractive glass 50× objective lens
was used to focus the laser onto a 2µm spot to collect the
backscattered radiation. The 514.5 nm line of a 5W Ar+
laser (Spectra-Physics Stabilite 2017 laser) was used to excite
the sample. Surface laser powers of 1.0–1.5 mW were used
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Fig. 2 C 1 s photoelectron
spectrum of kerogen from the
hot zone of two orebody
showing deconvoluted
Gaussian–Lorentzian
components

Saturates were identified by GC-MS in SIR mode,
aromatics were identified by GC-MS in full scan mode for
both, comparison of retention times were made with AGSO
II standard. Adamantanes and diamantanes were identified
by GC-MS in full scan mode and compared with mass spec-
tra and chromatographic data presented in [32]. Diamondoid
adamantanes were monitored by ions at m/z 136 (adaman-
tane), 135 (methyl adamantanes), 188 (diamantane) and 187
(methyl diamantanes). 50 ng d14-terphenylwas used as the
internal standard for quantitative purpose. The relative
response factors of d14 to other compounds, including phen-
anthrene, 9-me-phenanthrene, fluorene, dibenzothiophene
(DBT), and nC19 have been calculated.

5 Results

5.1 Kerogen samples from the region

Structural information can be derived from the line-shape
analysis (deconvolution) of the individual core-level signals
of XPS spectra. Line-shape analysis was performed on car-
bon, nitrogen and sulphur core-level signals. The C 1s core-
level photoelectron peak can be resolved by deconvolution
into three Gaussian–Lorentian components for the eight
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Four D bands are visible (Fig.
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Fig. 4 Depth profiles of the G band FWHM of kerogen samples from
Emu 11, Emu 13, and G8 drill core samples

the host Barney Creek Formation are similar; however differ-
ences in functional group abundance show that 2 orebody has
experienced higher temperatures. Nevertheless, the molec-
ular structure is consistent with the kerogen throughout the
region undergoing late stage catagenesis, indicating a
regional thermal overprinting event with temperatures not
rising above 180 ◦C.

5.2 Bitumen from 2 orebody

Studies of active hydrothermal systems where organic matter
and mineralising fluids interact for example, [
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Fig. 6 Plot of n-alkane distribution within the bitumen where four dis-
tribution patterns were recorded. The various cores and mine samples
analysed are represented by the following symbols: Filled bar L9, Filled

triangle E13, Filled diamond G8, Filled Circle LW3, Plus symbol M14,
Multi symbol E11, and Open triangle Handspecimens

increase in the aliphatic hydrocarbon signal. This observation
is consistent with hydrothermally generated petroleum pre-
cipitating higher molecular weight aromatic hydrocarbons
in hotter regions, while the lower molecular weight aliphatic
hydrocarbons accumulate in the cooler and the fringing zones
of the ore system along the palaeo-flow pathway.

5.3 Regional organic geochemistry

Aromatic and aliphatic hydrocarbon signals were examined
in regional samples to determine the extent of hydrother-
mal activity and palaeo-environmental settings. In general,
the further away from two orebody, the greater the predom-
inance of aliphatic hydrocarbon signals. As outlined above,
this signal is interpreted as evidence of hydrothermal petro-
leum generation.

Four n-alkane distributions are observed in samples taken
from the Barney Creek Formation (Fig. 6). A narrow

distribution is observed in cores fringing the ore deposit
(M14, L9, and G8). This narrow distribution ranges between
nC13 and nC19, with a maximum at nC15−16 (Fig. 6a).

A broad n-alkane distribution is also observed, in samples
fringing the deposit, and samples obtained from several kilo-
meters away (Emu 11 and Emu 13). The broad distribution
ranges between nC14 and nC26, with a maximum between
nC17−21 (Fig. 6b).

If we compare this signal with that described in the ore
itself, the signal is much narrower outside the mine. Within
the mineralised zones of two orebody, a very broad dis-
tribution of n-alkanes ranging from nC10 to nC28 with no
distinct maxima is observed. This pattern is clearly differ-
ent from the previously described n-alkane distributions
(Fig. 6d).

A fourth distribution of n-alkanes is characterized by
increasing concentrations of lower molecular weight com-
ponents, maximising around nC9 (the first n-alkane to be
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implied by DBT/phenatherene against pristine/phytane
ratios [49].

5.5 Bitumen maturity trends

Bitumen within the ore deposit and host sediment is a mixture
of hydrothermal petroleum overprinting bitumen produced
from the in situ organic matter during burial. For this reason
the assessment of maturity parameters is complicated and
typical maturity trends are not observed down core in sam-
ples fringing the mine. Nevertheless, Methyl Phenanthrene
Indices (MPI), [50] do show a slight trend, values between
1.01 and 1.43 from the ore bearing samples, and 1.14–1.21
in the mudstone samples within two orebody, and 0.87–1.41
in Barney Creek Formation were observed (Table 2). Gener-
ally, the highest values are observed within the ore and lower
values are observed outside of the deposit (Table 2).

Diamondoid maturity parameters [31] give Methyl
Diamantane Indices (MDI) ranges of 0.34–0.67 and Methyl
Adamantane Indices (MAI) values of 0.47–0.93. This cor-
relates with Ro maturity levels of 1.1–1.6% [42,51] and is
consistent with G Band FWHM maturity assessments out-
lined previously.

6 Conclusions

The kerogen from orebody two and the surrounding region
are characterised by a highly condensed polyaromatic net-
work and show little to no variation in burial parameters.
However, subtle trends can be delineated within two orebody
and the surrounding sediments. Increasing carbon-oxygen
functional group content is observed from kerogen samples
in the hotter parts of the ore zone grading into the cooler
areas. The ratio of carbon and hydrocarbon/carbon-oxygen
groups clearly indicates that outside the orebody the kerogen
is less thermally mature.

Within two orebody, two end members can be delineated
by GC/MS analysis of the extracted bitumen. Bitumens from
the northern hottest areas of two orebody are dominated by
aromatic hydrocarbons, and in the cooler southern area they
are dominated by aliphatic hydrocarbons. Within two ore-
body, the signal grades between these end members from
the hottest to the coolest zones. This observation is con-
sistent with hydrothermally generated petroleum precipitat-
ing higher molecular weight aromatic hydrocarbons in hotter
regions, while the lower molecular weight aliphatic hydro-
carbons accumulate in the cooler fringing zones of the ore
system along the palaeo-flow pathway (down gradient). In
general, the further away from two orebody, the greater the
predominance of aliphatic hydrocarbons.

Thermal cracking of aliphatic components may have
occurred during the hydrothermal activity, this may inturn

have led to the generation of low molecular weight n-alkanes,
imparting the narrow, low molecular weight distribution
described in this study.

Vitrinite reflectance, Ro% values defined by both kero-
gen and bitumen analysis concur; the final thermal maturity
of the organic matter of two orebody lies within the zone
corresponding to wet gas generation, with a maximum burial
temperature range of 120–180 ◦C. This in-situ burial process
is the most likely source of the oil staining seen in several of
the samples analysed across the fringes of the mine.

The lack of evidence of HMW PAH indicates that the
higher temperature suggested by [15] for ore formation at
the HYC may have been highly localised. Interpretation of
the data reported in this study can support the assertion that
hydrothermally derived fluids extended into the host sedi-
ments, however, we suggest that it is likely that fluids were
much cooler by this point.

The dynamic nature of the sedimentary environment in
which the orebodies formed preclude the delineation of a
fluid flow pathway extending into the regional area. The pre-
viously identified complex sedimentary processes including;
transgressive/regressive cycles in the deepest water environ-
ments, potentially leading to substantial reworking of the
syn-sedimentary organic matter; hydrothermal and thermo-
chemical organic matter synthesis, with concomitant acid
catalysis of the organic matter resulting in changes in ionic
strength of the mineralizing fluid; and similarity of the brec-
cia clast composition to the in-situ mineralization, make inter-
pretations difficult. Nevertheless, we can conclude that the
geochemistry of the host sediments of the HYC deposit has
been influenced by physical, chemical and biological pro-
cesses. The resulting chemical signatures reflect a mixture
of organic matter sources ranging from shallow enclosed/
partially closed possibly lacustrine environments, to a
deep marine environment below wave base. Furthermore, our
evidence supports a model allowing in-situ alteration of the
deposited organic matter through hydrothermal and diage-
netic processes.
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