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Abstract—Shales of very low metamorphic grade from the 2.78 to 2.45 billion-year-old (Ga) Mount Bruce
Supergroup, Pilbara Craton, Western Australia, were analyzed for solvent extractable hydrocarbons. Samples
were collected from ten drill cores and two mines in a sampling area centered in the Hamersley Basin near
Wittenoom and ranging 200 km to the southeast, 100 km to the southwest and 70 km to the northwest. Almost
all analyzed kerogenous sedimentary rocks yielded solvent extractable organic matter. Concentrations of total
saturated hydrocarbons were commonly in the range of 1 to 20 pgrfg ¢ock) but reached maximum values

of 1000 ppm. The abundance of aromatic hydrocarbons-whs$o 30 ppm. Analysis of the extracts by gas
chromatography-mass spectrometry (GC-MS) and GC-MS metastable reaction monitoring (MRM) revealed
the presence af-alkanes, mid- and end-branched monomethylalkanes;clohexylalkanes, acyclic isopre-

noids, diamondoids, tri- to pentacyclic terpanes, steranes, aromatic steroids and polyaromatic hydrocarbons.
Neither plant biomarkers nor hydrocarbon distributions indicative of Phanerozoic contamination were de-
tected. The host kerogens of the hydrocarbons were depletEtCiby 2 to 21%. relative ta-alkanes, a

pattern typical of, although more extreme than, other Precambrian samples. Acyclic isoprenoids showed
carbon isotopic depletion relative malkanes and concentrations af-tnethylhopanes were relatively high,
features rarely observed in the Phanerozoic but characteristic of many other Precambrian bitumens. Molecular
parameters, including sterane and hopane ratios at their apparent thermal maxima, condensate-like alkane
profiles, high mono- and triaromatic steroid maturity parameters, high methyladamantane and methyldiaman-
tane indices and high methylphenanthrene maturity ratios, indicate thermal maturities in the wet-gas gener-
ation zone. Additionally, extracts from shales associated with iron ore deposits at Tom Price and Newman
have unusual polyaromatic hydrocarbon patterns indicative of pyrolytic dealkylation.

The saturated hydrocarbons and biomarkers in bitumens from the Fortescue and Hamersley Groups are
characterized as ‘probably syngenetic with their Archean host rock’ based on their typical Precambrian
molecular and isotopic composition, extreme maturities that appear consistent with the thermal history of the
host sediments, the absence of biomarkers diagnostic of Phanerozoic age, the absence of younger petroleum
source rocks in the basin and the wide geographic distribution of the samples. Aromatic hydrocarbons detected
in shales associated with iron ore deposits at Mt Tom Price and Mt Whaleback are characterized as ‘clearly
Archean’ based on their hypermature composition and covalent bonding to kerdgepyright © 2003
Elsevier Ltd

1. INTRODUCTION tiquity and diversity of life on Earth. However, before chemical

In a previous paper, we reported the discovery of molecular ana!ysis of solvent—ext_ractable molecules can _be ado_pte_d as a
fossils (biomarkers) in 2.7 billion-year-old (Ga) rocks from a routine research technique for Archean paleobiology, its integ-
drill core in the Hamersley Basin in Western Australia (Brocks 'ty must be critically assessed.
et al., 1999). The extracted bitumens predominantly consisted ~The study presented here provides a protocol for the study of
of n-alkanes, methylalkanes and acyclic isoprenoids but also hydrocarbon syngeneity in general and for the Archean in
included complex polycyclic biomarkers such as hopanes and particular. It discusses in detail the molecular and carbon iso-
steranes. Based on their composition and distribution, the bi- topic composition and thermal maturity of hydrocarbons ex-
omarkers were interpreted as indigenous to and syngenetic withtracted from an extended range of late Archean rocks from the
their Archean host rocks, thus extending the known biomarker Hamersley Basin. Arguments for and against syngeneity are
record by > 1 Ga. The biomarkers confirmed the domain critically assessed, particularly focusing on the possibility that
Bacteria as an ancient lineage and documented for the first time contaminants were introduced during sample preparation and
the existence of eukaryotic organisms in late Archean ecosys- analysis, during drilling and storage, and during post-Archean
tems. Hence, if this report is robust, biomarker geochemistry geological history. It illustrates the level of caution needed
potentially provides a powerful tool for investigating the an-  pefore organic geochemical data from extremely old rocks can
be accepted as scientifically sound, a skepticism that should be
*Author to whom correspondence should be addressed Maintained in further work on Archean material. A paleobio-
(jorocks@oeb.harvard.edu). logical and paleoenvironmental interpretation of the biomark-
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ersis given in a companion paper in this issue (Brocks et a.,
2003).

1.1. Precambrian Organic Geochemistry and the Problem
of Contamination

Philip H. Abelson was among the first to suggest that the
analysis of ‘pre-Cambrian fossil biochemicals might give
clues to the evolution of early life (in Woodring, 1954). Sub-
sequently he also detected the first biogenic molecules in Pre-
cambrian rocks (in Barghoorn, 1957). In the 1960s a quick
succession of reports followed concerning the occurrence of
amino acids, fatty acids, porphyrins, n-alkanes and acyclic
isoprenoids in Precambrian rocks as old as 3.5 Ga. The large
number of reports published through the 1960s in the most
prominent journals (at least 12 in Science and Nature) isagood
reflection of the enthusiasm sparked by these discoveries (re-
views of this early work were given by Hoering, 1967; Rutten,
1971; McKirdy, 1974; Hayes et a., 1983; Imbus and McKirdy,
1993).

However, the syngeneity of saturated hydrocarbons extracted
from the metamorphosed Precambrian rocks was questioned at
the end of the 1960s and the beginning of the 1970s. The first
report dedicated to the problems associated with Precambrian
organic trace analyses was by Hoering (1966). He pointed out
that the graphitic nature and low hydrogen content of most
Precambrian kerogensindicate that the host rock must have had
a severe thermal history inconsistent with the survival of sol-
uble organic molecules. Hoering (1966) therefore formulated
the rule that extracted alkanes cannot be indigenous unless the
pyrolysis of co-occurring kerogen also predominantly yields
saturated hydrocarbons. However, pyrolysis experiments on
graphitic Precambrian kerogens generally yielded little such
material. He then also demonstrated that even Precambrian
igneous rocks might yield extractable organic molecules in
quantities greatly exceeding the concentrations previously re-
ported for ‘ Archean’ biomarkers. Hoering (1966, 1967) listed a
wide range of potential contamination sources. wrapping paper,
aluminum foail, laboratory tissue, sample bags, laboratory air
and anthropogenic petroleum products that ‘appear in unlikely
places and could find [their] way into rocks being studied'.
Hence, petroleum products of anthropogenic origin might be
introduced into Archean rocks during drilling, saw cutting,
storage and handling. More obscure but potentialy serious
sources of contamination may include airborne combustion
products, fuel droplets and diesel vapor that could accumulate
on samples stored over several years.

In addition, permeability measurements on Archean cherts
indicated that contamination might also occur in situ before a
rock is drilled and collected (Nagy, 1970; Sanyal et a., 1971).
For example, subsurface biologic activity or circulating ground
water could have carried biomolecules into the Archean host
rocks and a subsequent heating event might then have trans-
formed these biolipids into hydrocarbons. A further source of
contamination which is potentially very difficult to distinguish
from syngenetic bitumen is petroleum that was expelled from
younger source rocks and that penetrated the Archean terrain
(first mentioned by Barghoorn et al., 1965, and Meinschein,
1965).

The insight that all known early Precambrian rocks are
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Fig. 1. Regional geology of the Pilbara Craton, Western Austraia.
The metamorphic zones Z1 to Z4 refer to burial metamorphic grades of
the Fortescue Group (Smith et al., 1982). Z1 = prehnite-pumpellyite
zone, Z2 = prehnite-pumpellyite-epidote zone, Z3 = prehnite-pumpel -
lyite-epidote-actinolite zone, Z4 = (prehnite)-epidote-actinolite zone
(lower greenschist facies). AB refers to the cross-section in Figure 2.

metamorphosed and the discovery that contamination is a com-
mon phenomenon proved daunting and ultimately discourag-
ing. The last papers in the field were published in 1969 (Han
and Calvin, 1969; Kvenvolden and Hodgson, 1969; Nagy and
Nagy, 1969), and later dissertations on the analysis of organic
molecules in Precambrian BIF (Fiebiger, 1973) and Archean
stromatolitic carbonates (Wontka, 1979) were never submitted
to scientific journals for publication (M. Schidlowski, personal
communication). This brief history of Precambrian organic
geochemistry thus has amoral: any new report of the discovery
of mobile hydrocarbons in Archean rocks must demonstrate
syngeneity between molecular fossils and host rock. The mol-
ecules reported here and in Brocks et al. (1999) were extracted
from rocks that are > 1 Ga older than the previously oldest
accepted bitumen from the 1.64-Ga Barney Creek Formation,
Northern Territory (Summons et a., 1988). Therefore argu-
ments for and against the different sources of contamination are
considered herein detail. The data and its syngeneity status will
form the basis for further interpretation in other publications of
this series.

1.2. Geological Setting and Samples

The Archean Pilbara Craton is exposed over an area of
~180,000 km? in the northwest of Western Australia (Fig. 1)
and comprises a 3.5-Ga (Buick et a., 1995) to 2.85-Ga
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(Krapez, 1993) granitoid-greenstone basement (Pilbara Super-
group) cropping out over an area of 60,000 km?. After craton-
ization, the volcano-sedimentary Mt Bruce Supergroup was
deposited in the Hamersley Basin between 2.78 and 2.45 Ga
(Arndt et al., 1991; Barley et a., 1997). The Mt Bruce Super-
group, subdivided into the Fortescue, Hamersley and Turee
Creek Groups, has a maximum thickness of 6.5 km and an
outcrop areaof ~100,000 km?. The margins of the craton to the
south are covered by the Paleoproterozoic Wyloo Group and
younger Proterozoic successions, and to the east and west by
Phanerozoic deposits of the Canning and Carnarvon Basins,
respectively. Both Phanerozoic basins are oil producers. In the
Carnarvon Basin large volumes of petroleum are sourced and
produced mostly offshore from Mesozoic sediments (Bradshaw
et al., 1994). In the onshore Canning Basin, marginaly eco-
nomic volumes of hydrocarbons have been sourced from Or-
dovician to Permian sediments. The volumes of Canning hy-
drocarbons may have been much larger in the past since
hydrocarbon generation in this basin took place before Triassic
times with many accumulations lost during subsequent tecto-
nism, especialy during the Late Triassic Fitzroy Movement
(Kennard et al., 1994). However, al oil sources are at least a
hundred kilometers from the nearest exposures of the Mt Bruce
Supergroup.

A short lithostratigraphic description of the relevant forma-
tions of the Fortescue Group and Hamersley Group and infor-
mation about their depositional setting is provided in the Ap-
pendix. Details of sample locations and lithologies are
summarized in Table 1. Samples were collected from diamond
drill core or from mine benchesto limit surficial contamination
and the effects of modern oxidative weathering. Both highly
kerogenous and non-kerogenous rocks were collected from the
same dites, the latter acting as a control for contamination.
Where possible, samples were deliberately selected from the
least deformed and metamorphosed parts of the craton.

1.3. Regional Metamorphism and Structural Deformation
of the Hamersley Basin

Both the Pilbara basement and the overlying rocks of the
Hamersley Basin are generally characterized by exceptionally
low metamorphic grades for their age (Smith et a., 1982),
coupled in many areas with minimal deformation. The southern
margin of the Hamersley Basin was deformed as a part of a
foreland fold-and-thrust belt during collision with the Yilgarn
craton 2.3 to 2.2 Ga ago (Opthalmian Orogeny) and during
Capricorn orogenesis between 1.82 and 1.65 Ga (Harmsworth
et a., 1990; Martin et al., 1998). As a result, the supracrustal
rocks of the Mount Bruce Supergroup are now regionaly
folded into an east-west trending synclinorium. The northern
part of the Basin dips gently to the south (5-10°) and the area
immediately south of the synclinorial axis dips gently to the
north. Folding increases in intensity further southward, but
schistosity and cleavage only become conspicuous close to the
southern basin margin (Smith et al., 1982). The samples studied
here have undergone only minimal deformation, except those
from Newman.

Burial metamorphism of the Fortescue and Hamersley Group
was initiated by deposition of the Paleoproterozoic Turee Creek

Group and Wyloo Group, which dominantly occurred in the
southern part of the basin (Martin et a., 1998). Smith et al.
(1982) defined four metamorphic zones for the Mount Bruce
Supergroup based on mineral assemblages in metabasic rocks
of the Fortescue Group (basalts, andesites and their pyroclastic
equivalents). Rocks with the mildest thermal history (Zone I)
are characterized by prehnite and pumpellyite, Zone Il by
prehnite-pumpellyite-epidote, Zone 11 by prehnite-pumpelly-
ite-epidote-actinolite and Zone 1V by (prehnite)-epidote-actin-
olite. Zone | and Il belong to the prehnite-pumpellyite facies,
Zone Il the prehnite-actinolite facies and Zone 1V the lower
greenschist facies (Smith et ., 1982). However, the tempera-
tures responsible for generating these mineral assemblages are
poorly constrained. Smith et al. (1982) estimated 100 to 300°C
for Zones | and 11, and 300 to 360°C for Zone IIl. Frey et al.
(1991) restricted the P-T stahility field for prehnite-pumpellyite
to 175 to 280°C (0.5-4.5 kbar) and for prehnite-actinalite to
220 to 320°C (<4.5 kbar). The transition from subgreenschist
to greenschist facies occurs between 250 and 300°C (<2-4
kbar) (Frey et a., 1991).

The regional distribution of the four metamorphic zones in
the Fortescue Group is illustrated in Figure 1. The grade of
metamorphism increases towards the south (Smith et a., 1982),
caused by burial under an increasing load of Proterozoic cover
(Fig. 2). Assuitable rock types for metamorphic assessment are
absent from the Hamersley Group, the zone boundaries in
Figure 1 exclusively refer to the Fortescue Group. However,
metamorphic grades of the overlying Hamersley Group can be
roughly determined by extrapolation of estimated temperature
gradients to shallower buria depths (Fig. 2). Hence, inferred
regional metamorphic grades for locations where samples were
collected are summarized in Table 2. It islikely that all samples
have undergone regional metamorphism below greenschist fa-
cies. However, it is possible that the thermal history of some
samples has been complicated by unrecognized local heating
events resulting from hydrothermal activity or igneous intru-
sions (Barley et a., 1999). A generaly mild thermal history
overprinted by local heating eventsis also reflected by kerogen
reflectance data (R,) from shales from the iron ore mine at Mt
Tom Price (Taylor et a., 2001). At Mt Tom Price, shales from
the Mt McRae Shale below the orebody footwall zone and
shales from the Brockman Iron Formation above the footwall
zone have average R, = 2.51t0 2.7% with minima at ~2.0%,
consistent with the preservation of saturated hydrocarbons.
However, within 10 m of the footwall zone R, reaches values
of up to 7% suggesting maximum temperatures beyond the
stability field of organic molecules.

The timing of peak metamorphism in the Hamersley Basin
has been dated by several different isotopic systems on several
different metamorphic minerals. All yield reasonably consistent
dates between ~2.3 and ~2.0 Ga. The most relevant for this
study comes from metamorphic monazite from the Roy Hill
Shale in WRL-1, which yields a U-Pb age of 2192 + 5 Ma
(Rasmussen et a., 2001). As this evidently records a thermal
event associated with hydrothermal activity in the nearby Mt
Tom Price iron mine, it probably represents the age of the most
profound metamorphic modification of the Hamersley Basin
bitumens.
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Table 1. Bulk characteristics and extract yields.
Formation or Depth Mass®
Sample member Well (m) Lithology (9)
Hamersley Group
Tom Price area
Dall Dales Gorge Mm DE20/74 350.30 Dark gray chloritic mudstone 1195
Dal2* Dales Gorge Mm G1185-81 269.03 Finely plane-laminated BIF 100
Rael Mt McRae Shale (G1185-81 324.87 Massive siliceous black kerogenous mudstone 81.2
Rae2 Mt McRae Shale B26-7 140.75 Massive soft black shale 100
Raeb Mt McRae Shale Mine — Plane-laminated black shale; hematite; pyrite 1104
Beel Mt McRae Shale G906 418.90 Massive black kerogenous mudstone 112.6
Mt Whaleback Mine
wal2 Whaleback Mm DDH257 48.9 Dark gray kerogenous shale 251
Rae3 Mt McRae Shale Mine — Weakly plane laminated black shale 120
Rae5 Mt McRae Shale DDH324 139.7 Deep-black highly kerogenous shale 13
Wittenoom
wall* Whaleback Mm DDHA47A 256.7 Medium gray kerogen-poor shale 252
Raed* Mt McRae Shale DDH47A 397.7 Light gray kerogen-free shale 30
Mam3* McLeod Mm WRL-1 581.17 Light to medium gray mudstone 125
Mam2 Nammuldi Mm WRL-1 644.50 Plane-laminated black mudstone 94.2
Mam1 Nammuldi Mm WRL-1 665.39 Sideritic dark brown mudstone 80.2
Fortescue Group
Royl Roy Hill Shale WRL-1 679.39 Siliceous, pyritic black shale 105
Roy10 Roy Hill Shale WRL-1 679.94 Siliceous, pyritic black shale 114.6
Roy2 Roy Hill Shale WRL-1 681.69 Siliceous, pyritic black shale 71
Roy11 Roy Hill Shale WRL-1 695.75 Siliceous, pyritic black shale 101.2
Roy3 Roy Hill Shale WRL-1 718.07 Siliceous, pyritic black shale 95.5
Warb Warrie Mm WRL-1 741.94 Siliceous, pyritic black shale 107.9
Warl* Warrie Mm WRL-1 777.86 Massive black chert 149.2
Mad1* Maddina Basalt WRL-1 780.51 Medium gray amygdaloidal basalt 485
Harl Hardey Fm' WRL-1 1824.3 Dark-gray silty shale; 1cm pyrite nodules 95
FVG1 Rov Hill Shale FVG-I 756.04 Wesathered and fractured black shale 109.9
FVG2 Warrie Mm? FVG-I 860.15 Weathered and fractured gray silty mudstone 100
War2 Warrie Mm Surface — Compact dark gray shale 145.1
Tuml Tumbiana Fm SV-| 115.02 Pyritic black kerogenous mudstone 100.0

#Mass of solvent extracted rock powder.

b Total organic carbon, here defined as % kerogen of total rock mass (the generally low bitumen content was neglected).
¢ Sat = saturated hydrocarbon fraction; Aro = aromatic fraction; 1ppm = 1 ug hydrocarbons per gram of rock. Quantification was by GC-FID
using internal standards as described in section 2.5. (accuracy *=20%). Values differ from Brocks et a. (1999) where reported extract yields are

gravimetric.

9 n-C™ is the most abundant n-alkane (given in brackets).

¢ Estimated by GC-MS MRM with D, as internal standard and as described in section 2.5. Steranes = XC,; to C,q aaa and afp-steranes and
Ba-diasteranes; Hopanes = 3 Ts, Tm, Cog-a, CyoTS, Cag-aB, Cs1-a-22 (S + R), C3;-2a-Me (compound abbreviations are defined in the text).

fLangwell Creek Sequence below the Lyre Creek Agglomerate Member.

* = Kerogen-free or kerogen-poor control sample (blank sample); ‘—' = not detectable; “ = not measured.

1.4. The Thermal Stability of Hydrocarbons Under
Geological Conditions

Although the samples are undeformed and extremely well
preserved by Archean standards, they have still suffered lowest
grade metamorphism, probably corresponding to temperatures
between 200 and 300°C. Can C, 5. hydrocarbons survive these
extreme conditions? Unfortunately, the boundary parameters
for the preservation of organic molecules under geological
conditions are not well constrained (Price, 1997). However, it
is possible to obtain reliable information on lower limits of
molecular preservation by observing deep-subsurface petro-
leum reservoirs that exist at exceptionally high present day
temperatures. Pepper and Dodd (1995) described petroleum
reservoirs in Triassic to Middle Jurassic sandstones of the
Central Graben, North Sea, where oil and condensate exist at
accurately measured present day temperatures of 120 to 195°C.
Despite the high temperatures, n-alkanes with > 35 carbon
atoms, and sterane and hopane biomarkers are preserved even

in the hottest pools. The Elgin and Franklin fields in the North
Sea off Scotland are commercially exploited high temperature
oil reservoirs located at > 5.2 km depth (Knott, 1999). The
temperature of the oil in the subsurface is 185°C in Elgin and
196°C in Franklin, with reservoir pressures exceeding 1000
bar. Brigaud (1998) even reported a maximum temperature of
203°C within the Franklin field. Another example of a high
temperature petroleum field is Sweethome in South Texas
(McNeil and BeMent, 1996). The reservoir produces gas con-
densate at present day temperatures of up to 200°C. Despite the
fact that the reservoir has been at maximum temperature for a
period of 30 Ma, hopane biomarkers with up to 35 carbon
atoms are apparently still preserved. An even higher tempera-
ture, 208°C, was measured for an oil reservoir in Hungary at
4.8 km depth (Sajgd, 2000). Moreover, relatively immature to
moderately mature kerogens and bitumens were detected in the
rapidly subsiding Los Angeles Basin at present day tempera-
tures of up to 223°C (Price, 2000).
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TOC Sat® Aro® n-Cme Steranes  Hopanes
Sample (%)°  (ppm)  (ppm)  Sat/Aro (ppm)° PriPh  Prin-C;;  Phin-Cis  (ppb)° (ppb)°
Hamersley Group
Tom Price area
Dall 13 74 8.7 85 2.3 (Cpy) 2.0 0.42 0.29 6.6 8.2
Dal2 0.0 0.4 0.02 20 0.002 (Cyy) — — 0.36 071 10
Rael 58 440 27 16 11 (Cyy) 22 0.40 0.23 17.3 8.9
Rae2 6.0 1000 838 110 34 (Cp) 26 0.61 0.41 233 16.7
Rae6 7.2 0.06 13 0.005 — — — — — —
Beel 78 120 16 75 33 (Cu) 26 0.60 0.30 10.6 19.0
Mt Whaleback Mine
Wal2 25 110 17 6.5 8.8 (Cy) 27 0.58 0.35 52 35
Rae3 53 21 0.03 70 0.03 (Cyp) 19 0.82 0.69 0.24 0.16
Rae5 79 8 17 51 4.1 (Cyp,) 1.9 0.58 0.20 9.7 14.2
Wittenoom
Wall* 0.6 73 11 6.6 0.86 (Cyy) 13 0.46 0.11
Raed* 0.0 0.9 0.07 13 0.21 (Cp,) — — — 055 1.0
Mam3* 0.0 0.8 0.2 4.0 0.06 (C,y) — — — 15 24
Mam2 2.7 13 0.8 16 0.005 (C,q) 17 0.29 0.24 37 5.6
Mam1 26 13 2.6 5.0 0.83 (Cyg) 11 0.18 0.11 6.1 8.0
Fortescu Group
Royl 74 20 15 13 0.80 (Cyo) 12 0.31 0.20 9.9 10.7
Roy10 37 94 17 55 0.20 (C,y) 19 0.33 0.21 7.0 6.0
Roy2 8.6 18 0.00 — 0.60 (Cyg) 13 0.41 0.27 49 20
Roy11 114 15 35 43 0.14 (C.p) 14 0.30 0.24 11.7 9.7
Roy3 9.0 13 25 5.2 0.42 (Cyg) 14 0.33 0.20 4.0 3.6
War5 6.9 22 10 22 0.055 (C,3) 16 0.41 0.39 27 2.6
Warl*0.5 — — — — — — — 0.27 0.39
Mad1* 0.0 0.1 0.00 — 0.004 (C,,) — — — 0.13 0.17
Harl 1.6 52 11 47 0.17 (Cyg) 40 0.44 0.16 1.9 1.9
FVG1l 94 2.0 0.7 29 0.21 (Cyo) 14 0.41 0.39 9.6 9.9
FVG2 15 0.9 0.08 11 0.02 (Cyp) 21 0.45 0.22 17 21
War2 13 0.04 0.01 4 0.0007 (C) — — — 0.09 0.09
Tuml 0.9 0.7 0.06 12 0.02 (Cyg) 17 0.36 0.18 0.33 0.85

The existence of these high temperature reservoirs and
source rocks proves that high molecular weight hydrocarbons
can survive for geological periods of time at temperatures
clearly above 200°C. This observation agrees with kinetic
models of oil degradation that predict persistence of bitumen to
~250°C (Pepper and Dodd, 1995; Burnham et a., 1997; Do-
miné et al., 2002). Therefore, the thermal history of the best
preserved Archean rocks (200—-300°C) is potentially consistent
with the existence of indigenous C,5, hydrocarbons.

2. EXPERIMENTAL
2.1. Solvents and Materials

n-Hexane (Waters, LC-grade) was distilled twice and methanol
(BDH; HiperSolv) distilled once before use. Dichloromethane (DCM)
(Mdllinckrodt; UltimaAR) was used without further purification. All
solvents were tested for purity by concentrating 100 to 0.1 mL and
analyzing by GC-FID as described below. Glass wool and aluminum
foil were combusted at 400°C for 16 h and quartz sand at 900°C for
24 h. Glassware was cleaned with Extran AP 11 (Merck), rinsed twice

with distilled water and annealed at 350 to 450°C in a ventilated oven
for 16 h. Septafor sample-vials (red TFE/silicone; Alltech) were rinsed
with DCM twice. Tools used to prepare rock samples were cleaned
with hot tap water and rinsed with distilled water, methanol and DCM.

2.2. Sample Preparation

Samples were processed in batches of six, commonly including one
kerogen-free sample (‘blank-rock’) and one procedural blank. To re-
duce the impact of cross-contamination, al steps from sample cleaning
and crushing to extraction and fractionation were performed in the
same sample order, starting with the least kerogenous rock and ending
with the most kerogenous. The procedural blank was processed be-
tween the second to fifth sample. Dust was removed from rock samples
by water washing and then ultrasonication in distilled water for ~10 s.
Potential organic contaminations adsorbed to rock surfaces were ana-
lyzed by the dice-extraction technique (Brocks, 2001). The rock was
ground to <200 mesh grain size in a ring-mill. The mill was cleaned
between samples by water washing and then by grinding annealed
quartz sand two to three times for 60 s.

Twenty-five to 150 g of the rock powder were extracted for 72 h with
350 mL DCM in a Soxhlet apparatus fitted with an annealed glass
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Fig. 2. Reconstructed unfolded cross-section along AB in Figure 1. Z1 to Z4 refer to the metamorphic zones. Units are:
1 = Archean basement, 2 = Fortescue Group, 3 = Hamersley Group, 4 = present Turee Creek Group, 5 = assumed original
thickness of Turee Creek Group, 6 = assumed additional Proterozoic cover. Circles, triangles and squares refer to sites
where samples for the analysis of metamorphic minerals were collected (Smith et al., 1982). Modified after Figure 3 in

Smith et al. (1982) by permission of Oxford University Press.

microfibre thimble (Whatman). Samples < 25 g were placed in glass
containers, covered with aluminum foil and ultrasonicated in 20 mL
DCM for 10 min, then five timesin 10 mL DCM for 3 min. Combined
extracts were reduced to 10 mL in a clean rotary evaporator at 600
mbar and further reduced to 4 mL under a stream of purified nitrogen
gas. The concentrate was then centrifuged for 5 min at 2000 rpm in a
closed 4-mL vial to remove suspended rock particles. Twenty percent
of the extract was removed and further reduced to 100 uL for analysis
as EOM (unfractionated ‘extracted organic matter’). The remaining
extracts were separated into saturated, aromatic and polar fractions by
liquid chromatography on glass columns (6 mm i.d.) dry-packed with
1.4-g silicagel. Silicagel (Silica Gel 60; grain size 0.063—0.200 mm;
Merck) was heated at 400°C for 24 h and deactivated with 2% distilled,
n-hexane-extracted water. The extractsin 50 L. DCM were transferred
to the top of the column in fractions of five times 10 uL and dried at
room temperature between each transfer. Saturated hydrocarbons were
eluted with n-hexane (4 mL), aromatic hydrocarbons with n-hexane:
DCM (1:1 v/v, 4 mL) and polars with DCM:methanol (1:1 v/v, 4 mL).
The solvents were reduced to 100 uL in a stream of nitrogen. Sulfur in
the saturated fraction was removed by filtration over freshly precipi-
tated elemental copper.

Added as internal standards to the saturated hydrocarbon fraction
were aC,, (3-methylhenicosane, 99+% purity; ULTRA Scientific) and
D, (d,-C,g-aaa-ethylcholestane; Chiron Laboratories AS), and to the
aromatic hydocarbon fraction D, , (d,,-para-terphenyl, 98 atom% deu-
terium; Aldrich Chem. Co.).

2.3. Instrumental Analyses

2.3.1. Bulk characteristics

Kerogen contents (~TOC) and ROCK-EVAL parameters were de-
termined on a VINCI ROCK-EVAL 6 instrument according to estab-
lished procedures (Espitalié et a., 1977).

Table 2. Regional metamorphic grades for sample locations in

2.3.2. Gas chromatography (GC)

GC analyses were performed using a Hewlett Packard HP6890 gas
chromatograph fitted with a flame ionization detector (FID) and a HP
Ultra 1 column (25 m X 0.25 mm i.d., 0.33 um film thickness) using
manual injection in splitless mode and H,, as carrier gas. The oven was
programmed at 40°C (2 min) and heated to 310°C at 4°C/min, with a
final hold time of 15 min.

2.3.3. Gas Chromatography-Mass spectroscopy (GC-MS)

GC-MS analyses in the full-scan mode and by selected ion recording
(SIR) were carried out on a VG AutoSpecQ and a Hewlett Packard
5973 Mass Selective Detector (MSD). The AutoSpecQ was equipped
with a Fisons GC 8000 Series gas chromatograph and a DB-5 coated
capillary column (60 m X 0.25 mmi.d., 0.25 um film thickness) using
H, as carrier gas. Samples were injected in splitless mode or on-
column. The GC oven was programmed at 60°C (2 min), heated to
310°C at 4°C/min, with afinal hold time of 25 min. The source was
operated in El-mode at 70 €V ionization energy. The AutoSpec full-
scan rate was 0.40 s/decade over a mass range of 50 to 500 Da and a
delay of 0.20 /decade. Data were acquired and processed using OPUS
V3.6X (Fisons Instruments). The HP 5973 MSD was equipped with a
HP6890 gas chromatograph (Hewlett Packard) and a HP-5 coated
column (50 m X 0.20 mm i.d., 0.11 um film thickness). Samples were
injected in pulsed splitless mode with He as carrier gas. The GC oven
was programmed at 40°C (2 min), heated to 310°C at 4°C/min and held
at the maximum temperature for 25 min. The MS source was operated
in El-mode at 70 eV.

2.3.4. Metastable reaction monitoring (GC-MS MRM)

Biomarkers were analyzed by GC-MS MRM on a VG AutoSpecQ
with the same GC conditions as described for SIR experiments. The

the Pilbara Craton determined from Smith et al. (1982).

Sample location

or well? Formations Zone?
Sv-1 Tumbiana Fm (Fortescue Group) Zone 11
WRL-1 Marra Mamba Iron Fm (Hamersley Group) to Hardey Fm (Fortescue Group) Zones 11
Tom Price Mt McRae Shale to Brockman Iron Fm (Hamersley Group) Zone lI-111
Newman Mt McRae Shale to Brockman Iron Fm (Hamersley Group) Zone 1111
VG-I Jeerinah Fm (Fortescue Group) Zone Il

3 See Figure 1.

bZone | = prehnite-pumpellyite zone; Zone 1l = prehnite-pumpellyite-epidote zone; Zone 11l = prehnite-pumpellyite-epidote-actinolite zone.
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source was operated in El-mode at 250°C, 70 €V ionization energy and
8000 kV acceleration voltage. Di- to pentacyclic terpanes and steranes
were measured in parent to daughter (123, 177, 191, 205, 217, 231, 245
Da) transitions with cycle times of 1.4 to 2.1s.

2.4. |sotopic Analyses

The stable carbon isotopic composition of kerogen was determined
according to standard sealed tube combustion techniques (Sofer, 1980).

The carbon isotopic composition of individua hydrocarbons was
determined by gas chromatography-isotopic ratio mass spectroscopy
(GC-IRMS). The analytical system included a Varian 3400 GC con-
nected to a CuO/Pt combustion unit interfaced to a Finnigan MAT 252
isotope-ratio mass spectrometer. Samples were manually injected on-
column and the programmable GC injector was immediately ramped
from 60 to 300°C at 150°C/min and held at the final temperature for 8.4
min. Helium was used as the carrier gas and the GC capillary column
was a DB-1 (60 m X 0.25 mmi.d., 0.25 um film thickness). The GC
oven was programmed at 40°C for 10 min, heated to 310°C at 4°C/min
and held at the final temperature for up to 10 min. Better resolution was
obtained for pristane and phytane by reducing the heating rate to
2°C/min. Data was acquired and processed using the software package
ISODAT version 7. The system was calibrated by co-injecting perdeu-
terated n-alkanes (Chevron) with known isotopic composition. Statis-
tical errors are reported in Appendix B, Table A4. All §*°C values are
reported relative to PDB.

2.5. Quantification

Total yields of extracted saturated and aromatic hydrocarbons in
ppm (ug per gram of rock) were determined by integration of total
GC-FID signals and using aC,, and D,, internal standards (maximum
20% variation in repeat-analyses). Values obtained this way were 30 to
50% lower than data previously reported based on gravimetric analyses
(Brocks et al., 1999). The latter method was avoided because solvent
removal causes loss of lighter hydrocarbons and residual solvent in
bitumen causes large systematic errors for samplesin the submilligram
range.

Absolute concentrations of n-alkanes were determined by integration
of corrected GC-FID or GC-MS m/z = 85 signals using aC,, as the
internal standard. Absolute quantities determined by GC-FID and
GC-MS were within ~10%. Aromatic hydrocarbons were quantified
relative to D,, using GC-MS partial ion chromatograms of the parent
ion recorded in full scan or SIR mode. Signa areas were corrected
using response factors determined by injection of defined concentra-
tions of commercialy available standards. Absolute concentrations of
sterane and hopane biomarkers were estimated by GC-MS MRM with
D, asthe internal standard. Uncorrected signal areas of steranes were
determined in M* — 217 transitions, hopanes in M™ — 191 transi-
tions, A-ring methylated hopanes in M* — 205 transitions, and the
standard D, in the 404 — 221 transition.

3. RESULTS AND DISCUSSION
3.1. Bulk Characteristics and Extract Yields

Bulk characteristics and solvent extract yields are summa-
rized in Table 1. The analyzed samples have a wide variety of
lithologies and kerogen contents, ranging from kerogen-free
mudstones, BIF and basdlt, to kerogen-rich black shales with
up to 11% total organic carbon (TOC). The Mt McRae Shale
from the Hamersley Group in the Tom Price area contains
highly mature kerogen with H/C ratios of ~0.1 (Hayes et d.,
1983), and kerogens from drill core WRL-1 from the Witte-
noom area have H/C =~ 0.1 to 0.3 (R. Buick, unpublished
results). The hydrogen contents of the kerogens were generally
too low to obtain reliable ROCK EVAL data (T, ~ 500°C or
higher, hydrogen index HI ~ 0).

Theyields of hydrocarbons obtained by Soxhlet extraction of
rock powder with dichloromethane were generally low. Sam-

ples with low kerogen contents (TOC < 1%) yielded < 1 ppm
and kerogen-rich shales up to 1000 ppm (Table 1). Yields of
saturated hydrocarbons from shales of the Hamersley Group
from the Tom Price and Newman areas show large variations
even for kerogen rich samples. For example, Mt McRae Shale
sample Rae3 (5.3% TOC) contains 2.1 ppm saturated hydro-
carbons while Rae2 (6.0% TOC) yielded 1000 ppm. Concen-
trations of aromatic hydrocarbons in the Mt McRae Shale vary
from 0.03 to 27 ppm. Hydrocarbon concentrations in samples
from the Fortescue Group were commonly lower than in the
Hamersley Group. The absolute concentrations of hopane and
sterane biomarkers are low in al samples, ranging from 0.1 to
20 ppb (nanograms per gram of rock) (Table 1). Biomarker
concentrations <1 ppb were not considered to be reliable and
were not used to interpret samples.

3.2. Bitumen Composition
3.2.1. Normal-, Branched- and Cyclohexylalkanes

Most samples from the Hamersley and Fortescue Groups
have condensate-like n-alkane distributions (Fig. 3). The high-
est molecular weight (MW) n-alkanes resolved under GC con-
ditionsare n-C,4 to n-C,5 in al samples from drill core WRL-1
and in al black shales from Mt Tom Price and Mt Whaleback.
In most kerogen-rich samples, n-alkanes with low carbon num-
bers (n-Cg—n-C,,) are the most abundant components (hydro-
carbons < n-C, were not recovered by the extraction proce-
dure). Kerogen is a strong adsorbent for hydrocarbons (Oehler,
1977) and high kerogen contents protect compounds with low
molecular mass against expulsion and evaporation. Thus, in
kerogen-poor Pilbara samples light hydrocarbons are generally
depleted and the n-alkane range shifts towards higher molecu-
lar masses (e.g., samples Dal1 and Tuml in Fig. 3). Preferences
for n-alkanes with odd or even numbers of carbon atoms were
not observed.

Monomethylalkanes (Fig. 4), were detected in all samples
over the same carbon-number range as n-alkanes. Isomers with
al possible branching positions were identified in similar con-
centrations and no predominance of end- or midbranched
monomethylalkanes was detected.

N-alkylcyclohexanes, visible in  substracted m/z
= 831085 chromatograms (Fig. 4C), were detected in all
samples in low relative concentrations and occurred over the
same MW range as the n-alkanes (Fig. 4). The acyclic isopre-
noids pristane (Pr) and phytane (Ph) are abundant in all bitu-
mens (Figs. 3 and 4B). The Pr/Ph ratio in samples from the
Fortescue Group lies consistently between 1 and 2 (except in
Har1 from drill core WRL-1), while bitumens of the Hamersley
Group have marginaly higher Pr/Ph ratios (2.0-2.7) and
slightly increased values for the Pr/n-C,, and Ph/n-C,4 ratios
(Table 1). Acyclic isoprenoids with = 18 carbon atoms (except
for 17) also occur in all samplesin concentrations similar to Pr
and Ph (Fig. 4), while pseudohomologues with 17 and > 20
carbons atoms were not detected.

Unresolved complex mixtures (UCMs or ‘humps’) underly-
ing the n-alkanes have low concentrations in most samples
(Fig. 3). A dightly increased UCM in Rae3 (Fig. 3), a mine-
bench sample from Mt Whaleback, is probably caused by
biodegradation, an interpretation supported by higher Pr/n-C,,
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Fig. 3. Gas chromatograms of saturated hydrocarbons in bitumens from the Fortescue and Hamersley Groups. The
chromatograms are identified by sample name, drill core, kerogen content (TOC) and extract yield of the saturated
hydrocarbon fraction in ppm. ‘s’ is the internal standard. The dotted line marks n-heptadecane.

and Ph/n-C,4 ratios in this sample (Table 1). An unusua UCM
at high retention times was detected in all samples from drill
core WRL-1 (Fig. 3).

3.2.2. Adamantanes and Diamantanes

Adamantane and diamantane and their methylated homologs
occur only in low relative concentrations in the Fortescue
Group and lower Hamersley Group (<0.01ug/g rock; in pro-
cedural blanks adamantanes and diamantanes were aways be-
low the detection limit). However, in bitumens from the Ham-
ersey Group at Mt Tom Price and Mt Whaleback they are one
to two orders of magnitude more abundant than in the Fortes-
cue Group. In Mt McRae Shale sample Rae6 from Mt Tom

Price, adamantanes (0.027 ng/g) and diamantanes (0.038 n.g/g)
are even the sole constituents of the saturated hydrocarbon
fraction. Adamantanes and diamantanes are discussed in more
detail in section 3.4.2.

3.2.3. Cheilanthanes

GC-MS metastable reaction monitoring (MRM) of m/z
= 191 daughter ions in the C,q4 to C,s-range of tricyclic
terpanes revealed the presence of 13B(H),14a(H)-cheilan-
thanesin all samples (Fig. 5), but in different distributions. C,5
is the most abundant homologue in all bitumens from the upper
Fortescue Group, while C,4 to C,,-homologues have very low
relative abundances (Fig. 5A). In contrast, all bitumens from
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Fig. 4. Mass-chromatograms of saturated hydrocarbons in Mt McRae Shale Beel. (A) Mass-chromatogram nvz
= 85 showing methylalkanes and acyclic isoprenoids. Monomethylalkanes are identified by carbon number (C,,, C,, €tc.)
and branching position. Acyclic isoprenoids are identified by carbon number (i,5—.g; referring to 2,6,10-trimethyl
substituted alkanes; Pr [pristine] = i,; Ph [phytane] = i, ). Note that signal areasin m/z = 85 mass-chromatograms are

not proportional to compound concentrations leading, for example, to a reduced response in 4-methylalkanes. (B) Total ion
current (TIC). ‘~' = Indicates truncated naphthalene signal. (C) Mass-chromatogram m/z = 83 minus 85 showing

n-akylcyclohexanes.

the Hamersley Group at Mt Tom Price have high relative
concentrations of the C,4 to C,;-homologues (Fig. 5B). While
such a difference in the distribution of cheilanthanes could be
the result of a change in their biologic source, other observa-
tions do not support this suggestion. The positions of the UCMs

underlying the tricyclic terpanes in the reconstructed MRM
chromatograms indicate a general bias towards high MW tri-
cyclic hydrocarbons in Fortescue Group samples (Fig. 5A) and
to lighter molecular masses in Hamersley Group samples (Fig.
5B). The average molecular mass of UCMSs is probably a
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Fig. 5. Reconstructed GC-MS MRM-chromatograms of M* — 191 transitions of C,g to C,s-13B(H),14a(H)-cheilan-
thanes (tricyclic terpanes). (A) War5 from drill core WRL-1, representative of samples from the Fortescue Group. (B) Beel
from Mt Tom Price, representative of the Hamersley Group. UCM = Unresolved complex mixture.

function of physical redistribution processes or thermal degra-
dation but not of biologic source. Therefore, abiologica pro-
cesses responsible for the shift of the UCMs may aso have
caused the differences in cheilanthane distribution.

3.2.4. Tetracyclic Diterpanes

GC-MS metastabl e reaction monitoring of the parent-daugh-
ter transition 274 — 123 revealed in some samples the presence
of signals eluting in the same range as isomers of beyerane,
phyllocladane and kaurane, biomarkers for higher plants. How-
ever, these MRM transitions were always close to the detection
limit and so the identity and origin of the signals remains
unresolved.

3.2.5. Hopanes

GC-MS metastable reaction monitoring (MRM) of pentacy-
clic terpanes revealed the presence of regular and rearranged
hopanes in al samples in the ppb range (Table 1). It was

possible to detect the complete C,, to Cgs-17a(H),218(H)-
hopane seriesin MRM M™ — 191 mass chromatograms (Fig.
6). C,,-hopanes are represented by 17«(H)-22,29,30-trinorho-
pane (Tm) and the diagenetic rearrangement product 18«(H)-
22,29,30-trinornechopane (T9). The C,g-hopane
17a(H),21B(H)-29,30-dinorhopane (29,30-DNH) is probably a
degradation product of 30-norbacteriohopanepolyols of un-
known biologic origin. In the Pilbara bitumens it occursin low
relative concentrations, as in most bitumens and petroleums
(Peters and Moldowan, 1993).  28,30-Dinorhopane
(28,30-DNH) aso occurs in the Pilbara rock extracts in trace
amounts. 28,30-DNH is a common constituent of many bitu-
mens and crude oils typically occuring in low concentrations
(Méello et a., 1989). However, biologic sources or diagenetic
precursors for 28,30-DNH are unknown although elevated con-
centrations are typical for highly reducing depositional envi-
ronments (Mello et a., 1989). The regular C,g-hopane
17a(H),21B(H)-30-norhopane (C,o-aB) is the most abundant
pentacyclic terpane in all samples. The diagenetic rearrange-
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Fig. 6. Distribution of hopanes and other pentacyclic terpanes in the
saturated fraction of sample Maml from drill core WRL-1, Marra
Mamba Iron Formation, Hamersley Group. Data was obtained by
GC-MSMRM transitionsM ™ — 191. Chromatograms are identified by
carbon number, the relative height (abundance) of the most intense
peak in the trace, and the MRM reaction transition. tx = taraxastane, vy
= gammacerane, C,q = 17a(H)-diahopane. Other compound abbre-
viations are defined in the text.

ment product 18«(H),213(H)-30-nornechopane (C,o TS, Mold-
owan et al., 1991) elutes just after C,q-af3 in 398 — 191
chromatograms and was detected in concentrations 4 to 8 times
lower than the C,g-a3 isomer (Fig. 6; Appendix B, Table A2).
17a(H),21B(H)-Hopane (Cyp-aB) and extended «B-hopanes
with 31 to 35 carbon atoms are present in most of the Pilbara
samples and rapidly decrease in concentration with increasing
molecular weight (Fig. 6). Minor components eluting after each
signa of the 17«(H),213(H)-hopane series were identified as
17B(H),21a(H)-hopanes (Ba-hopanes or moretanes). The ratio
of Ba-hopanes to aB-hopanes is ~0.05 in al samples, avaue
described as the therma equilibrium reached during early
stages of oil generation (Peters and Moldowan, 1993). Trace
compounds eluting shortly before regular a-hopanesin C,g to
C,, MRM-chromatograms were tentatively identified as the
17a(H)-diahopane series first described by Moldowan et al.
(1991) (C,o in Fig. 6).

MRM M* — 205 chromatograms of the Pilbara bitumens
aso indicate the presence of relatively high concentrations of
A-ring methylated hopanes (Fig. 7). By plotting molecular

Cy (0.82)

384 - 205
2a-Me Cy (25)

398 > 205

2a-Me

Cx (23)
412 205
i

20-Me

Gy (1)
- 3p-Me 426 > 205

2a-Me
228

22R
Cs, (7.6)
SBJ-’Me 440 — 205
M

228 2a-Me

22R
Cy (23)

3p-Me 454 - 205
i

22R Gy (1.4)
3p-Me 468 - 205
L

2258 2a-Me

22R Cys (0.37)

3p-Me
i 482 > 205

225 2a-Me

22R 3p-Me Cy (0.23)
496 — 205

60 65 70 75 min

Fig. 7. Distribution of A-ring methylated hopanes in the rock extract
of sample Mam1 from drill core WRL-1, Marra Mamba Iron Forma-
tion, Hamersley Group. Data was obtained by GC-MS MRM transi-
tionsM* — 205. Chromatograms are identified by carbon number, the
relative height (abundance) of the most intense peak in the trace
(continued from Fig. 6) and the MRM reaction transition. Compound
abbreviations are defined in the text.

carbon number against the logarithm of retention times of
individual signals, it was possible to identify the complete C,q
to Cgq 2a- and 3B-methylhopane series (filled symbolsin Fig.
8; cf. Summons and Jahnke, 1992; note that the carbon num-
bers in the reference were not correctly plotted). Compounds
eluting only a few seconds after each regular «f3-hopane with
one carbon atom less were identified as C,q to Cz5-2a-methyl-
17a(H),21B(H)-hopanes. The second series eluting shortly af-
ter the corresponding desmethyl «B-hopanes with the same
molecular weight are C; to Cys-3B-methyl-17a(H),218(H)-
hopanes.

3.2.6. Gammacerane, Taraxastane, Oleanane and
Bicadinane

The MRM 412 — 191 transition in all bitumens shows a
signal at the correct elution position for gammacerane (y) (Fig.
6). However, concentrations were too low for an unambiguous
identification. Taraxastane (tx) is a rearrangement product of
lupanes and believed to be an indicator of terrestrial organic
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matter (Perkins et a., 1995). A low response close to the
detection limit at the elution position of taraxastane in the 412
— 191 transition was not only visible in some samples from
drill core WRL-1, but also in kerogen-poor control sample
Wal1. Hence, the identity and origin of the recorded signalsis
uncertain. Oleanane, a diagnostic marker for higher plants, was
absent from MRM 412 — 191 and 412 — 369 transitions
(Peters and Moldowan, 1993) in al samples. Bicadinane, a
fragmentation product of angiosperm dammar resin (van Aars-
sen et a., 1990; Anderson and Muntean, 2000) and frequently
detected in Tertiary oils and bitumens, was present in extremely
low concentrations in four samples (FVG1, Dall, Tuml, and
Roy11). However, similar quantities were also identified in a
procedural blank and were probably introduced by cross con-
tamination from younger samples processed in the laboratory.

3.2.7. Seranes and aromatic steroids

Steranes and aromatic steroid hydrocarbons also occur in the
Pilbara bitumens. They comprise most of the known C,g to
C,o-pseudohomologues, diasteranes (Fig. 9), A-ring methyl-
ated steranes (Fig. 10) and mono- and triaromatic steroids that
have been recorded in the Proterozoic and Phanerozoic. Cho-
lestane (C,,) was consistently the most abundant pseudohomo-
logue comprising 42 to 58% of the total C,, to C,g-regular-
steranes (Appendix B, Table A2), followed by stigmastane
(C,g) comprising 26 to 36% and ergostane (C,g) comprising
~20%. 24-n-Propylcholestanes (C5,) comprise 2 to 4% of total
C,, to C4y-regular steranes. 24-1sopropylcholestane, a biomar-
ker for sponges and particularly abundant in Cambrian and
Neoproterozoic carbonates (McCaffrey et al., 1994), was not
observed in the Pilbara samples.

Diasteranes form by diagenetic rearrangement of function-
alized steroid precursors (Sieskind et a., 1979). They generally
increase in abundance relative to regular steranes (Dia/Reg)
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Fig. 9. Distribution of steranes in sample Roy3 from drill core
WRL-1, Jeerinah Formation, Fortescue Group. Data was obtained
measuring MRM transitions M ™ — 217. Chromatograms are identified
by carbon number, the relative height (abundance) of the most intense
pesk in the trace, and the MRM reaction transition. Ba =
13B(H),17a(H)-diasteranes; aaa = 5a(H),14a(H),17«(H)-steranes;
BB = 5a(H),14p(H),17B(H)-steranes.

with increasing clay content and decreasing kerogen content of
the source rock (van Kaam-Peters, 1997). Dia/lReg might also
increase with thermal maturity (Goodarzi et a., 1989) and
might be influenced by chromatographic processes during sub-
surface fluid flow (Zhusheng et a., 1988). In the Pilbara bitu-
mens, the relative concentration of diasteranes to regular ster-
anes is subject to large variations (Appendix B, Table A2).
Dia/lReg ratios in core WRL-1 fluctuate between 0.56 and 1.3.
The lowest values in WRL-1 occur in the upper section of
the core that comprises the lowermost Hamersley Group
(Dia/lReg = 0.56 t0 0.70 in Mam1, Mam2 and Mam3; Appen-
dix B, Table A2) and increase in the underlying Fortescue
Group ( Dia/lReg = 0.70-1.3 ). Dia/lReg ratios in the Hamer-
sley Group from Mt Tom Price and Mt Whaleback are also on
average lower than in samples from the Fortescue Group,
ranging from 0.36 to 0.80. The observed values are generally
consistent with the clay-rich nature of the Archean host rocks
and with high thermal maturities.

Asfor the regular steranes, the most abundant diasteranesin
al Pilbara samples are the C,,-isomers (Appendix B, Table
A2). However, diasteranes do not have the same strict C,, >
C,s > C,g abundance order as the regular steranes. C,g-
pseudohomol ogues are either equally abundant as C, (WRL-1
samples), more abundant than C,, (Hamersley Group at Mt
Tom Price) or less abundant than C,, diasteranes (Hamersley
Group at Mt Whaleback).

Steranes methylated at ring-A aso occur in al samples.
MRM measurements of the C,, 414 — 231 transition reveal the
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Fig. 10. Distribution of C5, A-ring methylated steranes measured by
GC-MS MRM transition 414 — 231. (A) A Triassic bitumen (Watchet
#5021) with high relative concentrations of dinosteranes, (B) sample
Maml from drill core WRL-1, Marra Mamba Iron Formation, Hamer-
dey Group, (C) sample Wal2 from Mt Whaleback, Brockman Iron
Formation, Hamersley Group, (D) sample Dall from Mt Tom Price,
Brockman Iron Formation, Hamersley Group. Dino aaa = 4a-methyl-
5a(H),14a(H),17«(H)-23,24-dimethyl chol estane.

presence of 2a-, 33- and 4a-methy-24-ethylcholestanesinclud-
ing aaa-20S and R, and aBB-20S and R isomers (Fig. 10).
These C,o-methylsteranes are 1.5 to 5 times lower in abun-
dance than the corresponding non-methylated C,q Steranes.
Dinosteranes (4«,23,24-trimethylcholestanes) were also de-
tected in MRM 414 — 231 transitions of some samples, al-
though concentrations were generally low. The weak signals
were assigned by comparison to retention times of a Triassic
bitumen known to contain very high concentrations of dinos-
teranes (Fig. 10A; cf. Fig. 2 in Summons et a., 1992; see also
Summons et a., 1987). The 386 — 231 and 400 — 231
transitions similarly show severa isomers of C,q and C,q
A-ring methylated steranes. Steranes with a C,-substitution
pattern upon ring-A are also present in low relative concentra-
tions.

C-ring monoaromatic steroids (MA) were detected by SIR of
the most intense fragment ion m/z = 253 . In most samples
C,, to C,o-MA were below the detection limit and only the
thermally degraded C,, to C,,-pseudohomologues were iden-
tified. The low concentration of all monoaromatic steroids was
probably caused by maturity-driven aromatization to triaro-
matic steroids (TA) (Mackenzie et a., 1981). The high degree
of aromatization from monoaromatic to triaromatic steroids in
the Pilbara bitumens is indicated by TA/(TA + MA) > 90%
(Appendix B, Table A3). Like the monoaromatic steroids,
triaromatic steroids, identified in SIR m/z = 231 chromato-
grams, were strongly affected by therma degradation of the
D-ring side chain. Therefore, triaromatic steroids with 26 to 28
carbon atoms are only present in trace amounts while the
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Fig. 11. Distribution of triaromatic steroids in GC-MS m/z = 231
selected ion chromatograms detected in (A) an immature Phanerozoic
oil (Angola AGSO#004), (B) a mature Phanerozoic oil (Jabiru
AGSO#530) and (C) sample Roy10 from drill core WRL-1, Jeerinah
Formation, Fortescue Group. Theinset in (C) isa 20X magnification of
the elution range of C,¢- to C,g-triaromatic steroids. Signals identified
according to Peters and Moldowan (1993).

thermal degradation products C,, and C,,-TA are very abun-
dant (Fig. 11C). Triaromatic steroids of the m/z = 245 series
with an extra methyl-group on rings A to C were also observed.

3.2.8. Aromatic hydrocarbons

The Pilbara rock extracts contain mostly mono- to tricyclic
aromatic hydrocarbons, with polyaromatic hydrocarbons
(PAH) with four or more rings occurring only in very low
concentrations. However, the distribution of mono- to tricyclics
fallsinto two distinctive groupings. The first grouping includes
all samples from the Fortescue Group and the Marra Mamba
Iron Formation (lowermost Hamersley Group) (Figs. 12A and
12B). In these samples the concentration of parent PAH is low
relative to their methylated homologues (MePAH) (Appendix
B, Table A3; Fig. 12). Similar aromatic hydrocarbon distribu-
tions are common in most Proterozoic and Phanerozoic bitu-
mens and oils. The second grouping includes all samples (ex-
cept Rae2) from the Hamersley Group near Mt Tom Price and
at Mt Whaleback. Parent PAH are more abundant than methy-
lated homologues, and aromatic compounds with two or more
substituents occur in very low relative concentrations (Fig.
12D). Thus, PAH/MePAH ratios are predominantly > 1, even
exceeding 100 in some samples (Appendix B, Table A3).

3.3. Carbon Isotopic Composition of Individual
Hydrocarbons and Kerogen

Appendix B, Table A4 contains the carbon isotopic compo-
sition of the kerogen and individual hydrocarbons for a suite of
Pilbara samples. Kerogens from mudstones of the Mt McRae
Shale and the Brockman Iron Formation, both Hamersley
Group, fall into the 8*°C range of —32 to —35%.. K erogens of
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Fig. 12. Absolute concentrations of parent and monomethylated aromatic hydrocarbons and dibenzothiophene. Naph =
naphthalenes; BiPh = biphenyls; FI = fluorenes; DBF = dibenzofurans; DBT = dibenzothiophenes; Phen = phenan-
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pyrenes. Black bars = unsubstituted parent compounds; white bars = the sum of al isomers of the

corresponding monomethylated homologues. The y-axis indicates absolute concentrations in parts per billion (nanograms
per gram of extracted rock). (A) Sample Roy10 from drill core WRL-1, Jeerinah Formation, Fortescue Group. (B) Sample
Maml from drill core WRL-1, Marra Mamba Iron Formation, Hamersley Group. (C) Diesel fuel. (D) Sample Rael from
drill core G1185-81 from Mt Tom Price, Mt McRae Shale, Hamersley Group.

the upper Fortescue Group to lowermost Hamersley Group are
isotopically light with 8*°C of —37 to —47%o. These 8"°C, ¢ ogen
values are typical for rocks of the Fortescue and Hamersley
Group (Hayes et a., 1983).

In bitumens from the Mt McRae Shale and Brockman Iron
Formation n-alkanes are isotopically enriched in *3C relative to
kerogen by 2 to 6%o., and in the upper Fortescue to lowermost
Hamersley Group they are enriched by 11 to 21%.. The acyclic
isoprenoids pristane and phytane are depleted in *3C up to 3%
relative to the n-alkanes. In alimited number of Mt Tom Price
bitumens it was possible to determine §*3C of individual aro-
matic hydrocarbons (Appendix B, Table A4). The carbon iso-
topic composition of unsubstituted PAH in Mt McRae shale
samples Rael and Beel is —30 to —34%o, which is similar to
the 8'°Cy rogen Of —32.2 and —33.5%o, respectively. Concen-
trations of polycyclic biomarkers were too low for isotopic
ratio measurements.

3.4. Bitumen Thermal Maturity
3.4.1. n-Alkane distribution

The n-alkane profile in most Pilbara extracts has a conden-
sate-like distribution, such that low molecular weight n-alkanes
are very abundant and the concentration of higher homologues
decreases rapidly with increasing carbon number (Fig. 3).
These distributions are very similar to a South Texas gas-
condensate that exists at a present day temperature of ~200°C
and has been reservoired at this temperature for ~30 Ma
(McNeil and BeMent, 1996). Condensate-like compositions
can result from thermal cracking and/or fractionative distilla-
tion associated with condensation of hydrocarbons from a gas
phase (Thompson, 1987, 1988). The n-alkane profiles of the
Pilbara samples therefore indicate a maturity in the wet-gas
zone and are consistent with temperatures of ~200°C.
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Table 3. The relationship between the methyladamantane index
(MALI), the methyldiamantane index (MDI) and vitrinite reflectance
(R,) determined for samples from two Chinese basins.®

MAIP MDI®
(%) (%) R, (%)
50-70 3040 11-1.3
70-80 40-50 1.3-1.6
80-90 50-60 1.6-1.9
>90 >60 >1.9

2 Adopted from Table 3 in Chen et al. (1996).

PMAI = 1-MA/(1-MA + 2-MA). MA = methyladamantane.

°MDI = 4-MD/(1-MD + 3-MD + 4-MD). MD = methyldiaman-
tane.

3.4.2. Methyladamantane and Methyldiamantane indices

Chen et a. (1996) introduced the methyladamantane index
(MALI) and the methyldiamantane index (MDI) as indicators of
overmature crude oils and condensates. The authors found good
linear correlations between MAI, MDI and vitrinite reflectance
(R)) intherange R, = ~ 1.1to ~ 1.9% (Table 3). However,
at higher maturities methyladamantane and methyldiamantane
indices are poorly defined and inverted trends are possible. For
example, at R, > 1.9% MDI values were shown to fluctuate
between 38 and 65% (Jinggui et al., 2000).

The methyladamantane and methyldiamantane indices ob-
tained from the Pilbara samples generally indicate high thermal
maturities. The diamondoid hydrocarbons are particularly
abundant in bitumens from the Hamersley Group at Mt Tom
Price and Mt Whaleback and MAI ranges from 70 to 97%
(Appendix B, Appendix B, Table A3). By comparison with the
Chen scale in Table 3, these values translate into reflectance
equivalents R > 1.3% to R >> 2% (Table 3), corresponding to
thermal maturitiesin the wet-gas and possibly even the dry-gas
zone. The high MDI values in the Pilbara samples of 60% are
consistent with wet-gas zone or higher maturity. In the Fortes-
cue and lower Hamersley Group signal-to-noise ratios of the
diamondoid mass spectrometry signals were comparatively low
and, therefore, reliable values for MAI and MDI only available
for a limited number of samples (Appendix B, Table A3).
However, the measured values correspond to vitrinite reflec-
tancesR = 1.2to > 1.9%, consistent with the late stage of
oil generation to the wet-gas zone.

3.4.2.1. The unusual composition of Mt McRae shale sample
Rae6. Bitumen Raeb extracted from the Mt McRae Shale at Mt
Tom Price has a unique hydrocarbon assemblage. It consists
exclusively of diamondoids, parent PAH and minor concentra-
tions of akylated PAH. Aliphatic hydrocarbons were not de-
tected. Similarly, high proportions of diamondoids have also
been reported from condensates produced in deep subsurface
dry-gas reservairs in the Gulf of Mexico (Dahl et a., 1999).
Generadly, the thermally highly stable adamantanes and dia-
mantanes become concentrated in oil and gas by the preferen-
tial degradation of all other molecular components (Dahl et al.,
1999). Therefore, the preservation of high relative concentra-
tions of diamondoids in Rae6, the absence of other saturated
hydrocarbons, and the high relative concentrations of parent

PAH suggest a thermal maturity in the dry-gas zone for this
particular sample.

3.4.3. Serane and Hopane isomer ratios

Sterane and hopane ratios conventionally used to assess
thermal maturity apparently reach their end-values within the
oil-generation window and therefore cannot be used to evaluate
overmature bitumens and gas-condensates. However, they can
be used to assess possible contamination from less mature
organic matter. For example, in al Pilbara samples the epimer
ratio 225/(22S + 22R) for extended «fB-hopanes is at the
thermodynamic end point value of ~ 0.5 (Appendix B, Table
A2; cf. Peters and Moldowan, 1993). The C,, to C,o-sterane
isomer ratios 20S/(20S + 20R) and aBB/(aBB + aaa) have
reported thermal equilibrium values of ~0.55 and ~0.70 re-
spectively, values apparently reached close to the peak of ail
generation (Peters and Moldowan, 1993). In the Pilbara solvent
extracts the sterane ratios show large variations, even between
samples collected from the same drill core (205/
[20S + 20R] = 0.6 = 0.2; aBp/[aBB + aaa] = 0.55 = 0.1;
Appendix B, Table A2). The isomer ratios are below the
recorded maximum values in some samples and above in
others. However, similar fluctuations have been detected in
overmature bitumens close to igneous intrusions (Raymond and
Murchison, 1992). Moreover, inversion of 205(20S + 20R)
and ofBp/(aBB + aaca) to lower values was observed in
pyrolysis experiments at temperatures above 300°C (Peters et
a., 1990). The sterane and hopane maturity parameters are
therefore consistent with, albeit not indicative of, maturities
above the oil generation window.

3.4.4. Mono- and Triaromatic steroid maturity parameters

Parameters based on mono- and triaromatic steroids can be
used to assess thermal maturity above the oil generation win-
dow (Mackenzie et a., 1981). With increasing thermal maturity
C-ring monoaromatic steroids (MA) undergo aromatization to
triaromatic steroids (TA) and the degree of aromatization is
measured by the ratio TA/(TA + MA). Most Pilbara bitumens
have TA/(TA + MA) > 90% (Appendix B, Table A3), con-
sistent with maturities in the wet-gas zone (Mackenzie et a.,
1981; Peters et a., 1990).

Thermal cracking of the side chain of C,q to C,g-triaromatic
steroids (TA-I1) leads to the generation of degradation products
with 20 to 21 carbon atoms (TA-1), and TA-1/(TA-1 + TA-II)
is apparently sensitive for thermal maturities above the oil-
generation window (Riolo et a., 1985). The distributions of
triaromatic steroids in the transition from immature through
mature to overmature petroleum is illustrated in Figure 11. In
most Pilbara bitumens the destruction of C,g to C,g-triaromatic
steroids is close to complete (Fig. 11C) and TA-1/(TA-l +
TA-II) is> 90% (Appendix B, Table A3). Vauesin thisrange,
according to Peters and Moldowan (1993), indicate thermal
maturities in the wet-gas zone. The low triaromatic steroid
parameters for samples from drill core FVG-1 (50—60%) pos-
sibly indicate bitumen within the oil window which seems
inconsistent with the thermal history of the host rock.
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3.4.5. Aromatic maturity parameters

Ratios of aromatic hydrocarbons and dibenzothiophenes are
frequently used to assess petroleum maturity (Radke et al.,
1982a). However, the application of maturity parameters based
on naphthalenes, phenanthrenes and dibenzothiophenes to bi-
tumens of Archean age is problematic because the aromatic
compounds used to calculate these ratios are aso strongly
source dependent and require different calibrations for various
organic matter (Radke et al., 1986). However, calibration is not
available for Paleoproterozoic to Archean kerogens (Boreham
et al., 1988). Moreover, the behavior of aromatic isomer ratios
in overmature source rocks is poorly understood. At very high
maturities, some ratios have been shown to reverse trends
(Radke et a., 1982b) or become unpredictable (Raymond and
Murchison, 1992). Hence, the ability of aromatic hydrocarbons
to assess the thermal maturity of bitumens extracted from
different Archean metasedimentary rocks is limited. However,
in some specific instances, the methylphenanthrene index
(MPI-1), the methylphenanthrene ratio (MPR), the methyl-
phenanthrene distribution factor (MPDF), the methyldibenzo-
thiophene ratio (MDR) and ratios of unsubstituted to monom-
ethylated aromatic compounds (PAH/MePAH) might be useful
for indicating overmature or pyrolyzed bitumen.

MPI-1 (1.5 X [2-MP + 3-MP]/[Phen + 1-MP + 9-MP)])
apparently reaches its maximum value at a vitrinite reflectance
equivalent of R ~ 1.7% and then decreases with higher matu-
rities (Boreham et al., 1988; Radke et a., 1982a). This trend
“reversal” is related to demethylation of methylphenanthrenes
to phenanthrene. So low MPI-1 values can be indicative of
immature or highly mature bitumen, but a reversed MPI-1 can
be recognized by high phenanthrene/methylphenanthrene ratios
(Phen/MP > 1) (Appendix B, Table A3). A second factor
influencing MPI-1 and MPDF ([3-MP + 2-MPJ/[3-MP +
2-MP + 9-MP + 1-MP)) is the kinetically controlled methyl-
ation of phenanthrene. At low temperatures phenanthrene re-
acts with methyl donors to yield predominantly 9-methyl-
phenanthrene (Alexander et al., 1995). Bitumen with high
relative concentrations of phenanthrene might therefore also
contain high relative concentrations of 9-methylphenanthrene
resulting in 9-MP/1-MP ratios > 1 and lower MPI-1 and
MPDF values (Appendix B, Table A3). Less affected by de-
methylation and methylation reactions than MPI-1 and MPDF
is MPR (2-MP/1-MP). Therefore, MPR might be the most
reliable phenanthrene parameter for overmature bitumen (Ap-
pendix B, Table A3). The PAH/MePAH ratio is not usualy
applied as a maturity parameters but is potentially indicative of
extreme maturities and pyrolytic conditions. Thermal decom-
position of alkylated aromatics leads to progressive loss of side
chains and an increase in the concentration of the parent com-
pounds (Radke et al., 1982a; Price, 1993).

Phenanthrene maturity parameters in samples from drill
cores WRL-1 and FVG-1 (Fortescue Group to lowest Hamer-
sley Group) indicate maturities within the oil generation win-
dow based on standards for younger source rocks (Radke et al.,
1986; Boreham et a., 1988). Eqn. 3 and 5 in Boreham et al.
(1988) can be used to estimate vitrinite reflectance equivalents
(Ry) from MPDF and MPI-1. If applied to the Pilbara bitumens
from WRL-1 and FVG-1, R, =~ 0.7 to 1.1%. These values are
roughly equivalent to early to late stages of oil generation.

Table 4. Aromatic maturity parameters and vitrinite reflectance for
sample Tuml from the Tumbiana Formation, Fortescue Group, and
sample E15, a contact metamorphosed shale from the Jurassic Posido-
nien Schiefer in Northwest Germany.

R. R
MPI-1° MPR® (%)¢ (%)°

Phen/MP?
E15° 0.8 0.76 15 2.6 25
Tuml 15 0.46 19 2.7 —

2 Compound abbreviations are defined in Appendix B, Table A3.
Phen/MP = Phen / (1-MP + 2-MP + 3-MP + 9-MP).

PMPI-1 = 1.5 X (2-MP + 3-MP) / (Phen + 1-MP + 9-MP).

°MPR = 2-MP/1-MP.

d Calculated vitrinite reflectance equivalent R, (%) = —0.55 X
(MPI-1) + 3.0 (Egn. 5 in Boreham et al., 1988).

¢R,, = measured vitrinite reflectance.

f Radke et al. (1986).

The sample Tuml from drill core SV-1, lower Fortescue
Group, shows substantially higher phenanthrene related matu-
rity compared to samples from WRL-1 and FVG-1. The high
Phen/MePhen ratio of 1.5 indicates that the low MPI-1 value of
0.46 is due to dealkylation of methylphenanthrenes at very high
thermal maturity equivalent to R, = 2.7% (Egn. 5 in Boreham
et a., 1988). This result is also supported by a high MPR (1.9)
and MPDF (0.61) (Appendix B, Table A3). The phenanthrene
maturity parameters of sample Tuml are aso similar to a
sample from the Jurassic Posidonien Schiefer in northwest
Germany that was metamorphosed by an igneous intrusion and
has ameasured vitrinite reflectance of R, = 2.5% (sample Eqn.
15 in Radke et a., 1986; Table 4).

The aromatic hydrocarbon fractions from the Hamersley
Group at Mt Tom Price and Mt Whaleback show characteristics
of pyrolytic ateration. In al samples, except one, most PAH/
MePAH ratios are > 1 (Appendix B, Table A3), indicating
maturities in the wet-gas zone or higher. Consistent with this
interpretation are the very low, inverted MPI-1 values of 0.14
to 0.06 that are equivalent to R, > 3% (Boreham et al., 1988).
High relative concentrations of parent versus alkylated PAH
have been previoudly observed in modern and fossil hydrother-
mal environments (Simoneit, 1993), in proximity to igneous
intrusions (George, 1992) and in association with copper min-
erdization (Pittmann et al., 1988). Shales collected at Mt Tom
Price and Mt Whaleback are closely associated with large
deposits of secondarily enriched iron ore. This suggests the
mechanisms of iron remobilization and the generation of high
concentrations of unsubstituted PAH are probably related.

3.5. Arguments for and Against Syngeneity
3.5.1. Laboratory procedural blanks

Procedural blanks were run paralel to each set of five
samples to monitor laboratory introduced contamination. Aro-
matic and saturated hydrocarbons in blanks were always below
GC-FID detection limit. Scanning by highly sensitive GC-MS-
MS, however, reveaded traces of sterane and hopane biomark-
ersin the blanks. The influence of this background contamina-
tion was monitored by calculating the concentration of
individual biomarkersin samples relative to their concentration
in the blank (extract/blank ratio) (Appendix B, Table A5). For
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example, an extract/blank ratio of 3100 for C,,-Ba-20S-dia-
sterane in Royl indicates that this particular compound is 3100
times more abundant in the rock extract than in the procedural
blank. Biomarker parameters in samples where one or more
compounds have an extract/blank ratio < 20 were not used in
the present study to characterize samples and are printed in
italics in Appendix B, Table A2. The concentration of sterane
and hopane biomarkers was high in most mudstones from the
Fortescue and Hamersley Groups (extract/blank ratio >> 20)
but negligible in samples with low kerogen contents (Appendix
B, Table A5). In kerogenous samples Rae3, Rae4, Rae6, War2
and Tuml, the extract/blank ratios were also < 20 and so their
biomarker data was consequently interpreted as potentialy
non-indigenous. In al other samples, however, the procedural
blanks have established that biomarkers and other hydrocar-
bons are not |aboratory artifacts but components of the sampled
rock.

3.5.2. Comparison of Kerogen-Rich and Kerogen-Poor rocks

The analysis of procedural blanks detects any contaminants
that may have been introduced into rock extracts during labo-
ratory procedures. To monitor contaminants that may have
been introduced into rock samples before laboratory process-
ing, for example during collection, transport or rock powder
preparation, rocks devoid of kerogen (blank rocks) were ana-
lyzed along with the actual samples. Blank samples are volca-
nic or kerogen-poor sedimentary rocks collected at the same
outcrop or from the same drill core as kerogen-rich source
rocks. The results of blank rock analyses for drill core WRL-1
are graphically summarized in Figure 13. Extracts from blank
rocks (left panel in Fig. 13) have far lower extract yields than
kerogenous samples (right panel in Fig. 13) and also do not
contain light alkanes < C,4. Results of bulk analyses, biomar-
ker ratios and extract/blank ratios for some blank rock exper-
iments areincluded in Table 1, and Appendix B, TablesA2 and
A5, and identified by an asterisk (*). The absolute hopane and
sterane concentrations per gram of extracted rock were one to
two orders of magnitude lower in al blank rocks (except in
kerogen-free mudrock Mam3) than in kerogenous host rocks
(Table 1). The high hydrocarbon concentrationsin kerogen-rich
rocks, in contrast to blank rocks, strongly suggests that the
samples were not contaminated during sampling, cutting, trans-
port or rock powder preparation.

A previous study of drill core WRL-1 (Brocks et a., 1999)
argued that the analysis of representative blank-rocks could
also be used to detect migrated petroleum and drilling addi-
tives. However, oil that had migrated into the Archean rocks or
entered the samples during drilling might have preferentially
evaporated from kerogen-free rocks during their extended stor-
age period (the core WRL-1 was drilled in 1986). Hydrocar-
bons absorbed by kerogen, on the other hand, would have been
protected against evaporative loss (Oehler, 1977). Therefore,
hydrocarbons detected in kerogen-free rocks may only reflect
recent contamination events. However, bitumen-like hydrocar-
bons in blank rocks that were geologically closely associated
with kerogen-rich samples should not automatically be attrib-
uted to contamination. For example, blank rocks Mam3, Roy4
and Roy6 from WRL-1 contain C,,, hydrocarbons with a
distribution similar to adjacent highly kerogenous shales (Fig.

13). It is possible that these hydrocarbons are residues of
petroleum that was expelled from adjacent source rocks.

3.5.3. Comparison of stable carbon isotopes of Kerogen and
Bitumen

Rock extracts from the Hamersley Group are enriched in *3C
by 2 to 6%o relative to co-occurring kerogens, and bitumens
from the upper Fortescue to lowermost Hamersley Group by 11
to 21%. (Appendix B, Table A4). This is in contrast to Pha
nerozoic bitumens and oils that are typicaly 2 to 4%. lighter
than the source kerogens (Hayes et a., 1983; Logan et al.,
1997). Accordingly it has been argued that hydrocarbons ex-
tracted from Precambrian rocks that are > 2%. heavier than
co-occurring kerogen are very likely not indigenous (Hoering,
1965, 1966; Hayes et al., 1983). However, more recent work
indicates that indigenous Proterozoic bitumen is indeed fre-
quently *3C enriched relative to kerogen (Logan et al., 1995,
1997). For example, the 600-Ma Pertatataka Formation con-
tains C,4-C,o N-alkanes which are up to 6%. heavier than the
kerogen (Logan et al., 1999), and the terminal Proterozoic Huqgf
Formation contains C,3;+ n-alkanes enriched by up to 8%o
compared to its kerogen (Hold et al., 1999). Although the
isotopic disparity in many kerogen/bitumen pairs from the
Fortescue Group is more extreme than in other Precambrian
samples, this may represent an important characteristic of many
Archean and Proterozoic ecosystems rather than a consequence
of contamination. A hypothetical biologic model for the isoto-
pic disparity is described in Brocks et al. (2003).

3.5.4. Comparison of Bitumen maturity and thermal history
of the host rock

The composition of syngenetic bitumen must be consistent
with the thermal history of its host rock. The samples of the
Hamersley and Fortescue Groups have experienced regional
metamorphism to prehnite-pumpellyite facies corresponding to
temperatures between 200 to 300°C (Chapter 2). Therefore, any
syngenetic bitumen that has been preserved should have a
maturity in the wet-gas to dry-gas zone.

1. Bitumens from drill core WRL-1 (Fortescue Group and
lowermost Hamersley Group) can be classified as gas-con-
densates based on their n-alkane distribution and mono- and
triaromatic steroid maturity parameters. Sterane, hopane,
methyladamantane and methyldiamantane maturity indices
are al consistent with this interpretation. Maturity parame-
ters based on aromatic hydrocarbons, on the other hand,
suggest lower maturities, although the interpretation of these
ratios in overmature Precambrian samplesiis certainly prob-
lematic. The compositions of the saturated hydrocarbon
fractions are thus largely consistent with the metamorphic
history of the host rock.

2. Rock extracts from drill core FVG-1 (Fortescue Group)
have n-akane distributions shifted to higher homologues in
comparison to most other samples, as well as lower sterane
and steroid maturity parameters. The compositions of ex-
tracts from FVG-1 correspond to a maturity within the oil
generation window which is inconsistent with the metamor-
phic history of the host rock.
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Fig. 13. Drill core WRL-1 showing gas chromatograms of saturated hydrocarbons at different depths. Chromatograms are
identified by sample name and kerogen content of the host rock. Kerogen-poor samples are shown on the left and
kerogen-rich samples on the right. Signal heights are normalized to absolute extract concentrations per gram of rock (‘ X3’
indicates magnification by factor 3 relative to unmagnified chromatograms).
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3. Sample Tuml from drill core SV-1, lower Fortescue Group,
was collected in one of the least metamorphosed areas on
the craton. n-alkanes are slightly shifted to higher molecular
weights in comparison to WRL-1 and are consistent with a
condensate that has suffered evaporative loss of lighter
components. Mono- and triaromatic steroid ratios and
phenanthrene maturity parameters are consistent with ama-
turity in the wet-gas zone and appear consistent with the
thermal history of the host rock.

4. Bitumens of the Hamersley Group from Mt Tom Price and
Mt Whaleback have n-alkane distributions, mono- and tri-
aromatic steroid parameters, methyladamantane and methyl-
diamantane ratios, PAH/MePAH ratios and phenanthrene
maturity parameters indicative of maturities in the wet-gas
zone. However, maturity values within the Tom Price area
vary considerably. Mt McRae Shale sample Rae2 from the
B26 deposit, 24 km west of Mt Tom Price, has far lower
PAH/MePAH ratios and phenanthrene maturity parameters
than most other samples from this area, while Rae6 consists
entirely of polyaromatic hydrocarbons and diamondoids in-
dicating dry-gas zone maturity. The therma maturities of
bitumens from Mt Tom Price and Mt Whaleback are prob-
ably consistent with the regional metamorphic grade but
apparently also reflect local temperature differences possi-
bly induced by hydrothermal activity or igneous intrusions.

The following list ranks the bitumens from different loca-
tionsin the Hamersley Basin with increasing apparent maturity:
drill core FVG-1 < drill core WRL-1 ~ drill core SV-1 ~
sample Rae?2 (B26 deposit) < Mt Tom Price = Mt Whaleback
< sample Rae6 (Mt Tom Price). This order is based on a very
limited number of samples and is therefore tentative. However,
apart from FVG-1, the order is consistent with regional models
of metamorphism predicting that areas closer to the southern
orogenic margin of the craton (Mt Tom Price, Mt Whaleback)
should have higher maturities than samples from areas further
north (SV-1 and WRL-1) (Fig. 1, Table 2). The considerable
variation in thermal maturities of bitumens from the Mt Tom
Price areais consistent with models that suggest ore formation
was controlled by hydrothermal processes (Barley et a., 1999).

3.5.5. Age-Diagnostic patterns

The hitumens extracted from the Pilbara rocks have a mo-
lecular and isotopic composition typical of the Precambrian.

1. Products characteristic of Phanerozoic bitumens and oils
such as waxy akanes and other plant-derived biomarkers
were not detected in concentrations higher than in laboratory
procedural blanks. Dinosteranes, detected in trace amounts
in the Archean bitumens, are abundant biomarkersin almost
al Mesozoic and Cenozoic bitumens (Moldowan et d.,
1996). However, lower relative concentrations have aso
been detected in the Paleozoic and Precambrian (Moldowan
et al., 1996), and the oldest known dinosteranes come from
the ~1.1-Ga Nonesuch Shale, Michigan (Summons and
Walter, 1990). The low relative concentrations of dinoster-
anes extracted from the Archean rocks (Fig. 10) might
indicate a pre-Mesozoic origin.

2. Almogt al analyzed Pilbara samples have a high 2«a-methyl-
hopane index (Cj,- MHI) ranging from 8 to 20% (A ppendix

B, Table A2). C5,-MHI measures the abundance of 2a-
methyl-aB-hopane (C,,-aB-Me) relative to C,y-af-hopane.
High values apparently indicate a high cyanobacterial con-
tribution of organic matter (Summons et a., 1999). In the
Phanerozoic, cyanobacterial input into marine clastic sedi-
ments was commonly low and values for C5,-MHI range
between ~0 and 9% (Summons et a., 1999). In evaporitic
environments, cyanobacterial activity was commonly
higher. Therefore, in evaporites and carbonates C;,-MHI
frequently ranges between 10 and 25%. However, values
>10% are also typical of Precambrian bitumens from both
siliciclastic and evaporitic environments (Summons et al.,
1999). Therefore, the high C5;-MHI in the Pilbara samples
is consistent either with Phanerozoic contaminantion de-
rived from evaporite or carbonate source rocks or reflects
bitumen of Precambrian age. Fortunately, the two possibil-
ities can be distinguished. Oils derived from carbonates and
evaporites usually have low concentrations of diasteranes
relative to regular sterane (i.e., low Dia/lReg ratios). Clay
minerasin siliciclastic rocks, on the other hand, catalyze the
conversion of regular steroids into diasteranes, inducing
high Dia/Reg ratios (van Kaam-Peters, 1997). In aimost all
these Pilbara samples, Dia/Reg is very high (Appendix B,
Table A2), strongly reducing the probability of contamina-
tion by a Phanerozoic oil from a carbonate or evaporite source.

3. In most Phanerozoic marine oils and bitumens, and there-
fore in most potential recent contaminants, the alkanes n-
C,; and n-C,g are typically depleted in *°C by 1 to 2%o
relative to pristane and phytane (Logan et a., 1997). In all
analyzed Pilbara sampels, on the other hand, the opposite is
observed with pristane and phytane depleted in **C by ~0
to 3%o relative to the n-alkanes. A similar inverted trend is
also known for some lacustrine Phanerozoic oils, but is
otherwise typical of Precambrian bitumens (Logan et a.,
1997). Although the isotopic inversion in the Pilbara sam-
ples could be the result of contamination with petroleum
products of a lacustrine Phanerozoic origin, the presence of
24-n-propylcholestane in the extracts suggests that this is
not the case. 24-n-propylcholestane in Phanerozoic oilsis a
specific biomarker for marine environments (Moldowan et
al., 1990).

3.5.6. Spatial distribution of hydrocarbons within a rock
sample

Syngenetic hydrocarbons and spilled contaminants should
have different spatial distributions within a sampled rock. To
analyze the depth profile of compounds in the Archean shales,
drill core samples were cut into millimeter thick slices and each
slice was separately analyzed. The extensive data from these
experimentsis not the focus of the present study and the results
will therefore be discussed in detail elsewhere. However, to
alow afull discussion about syngeneity versus contamination,
some conclusions are preemptively considered here.

In some drill core samples from the Hamersley and Fortes-
cue Group, hydrocarbons are not homogeneously distributed in
their host rock. Saturated and aromatic hydrocarbons of low
molecular weight have gradualy decreasing concentrations
from the center to surfaces of the rock. In contrast, the abun-
dance of higher molecular weight hydrocarbons increases with
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distance from the center of the rock. Two models can explain
such distributions:

1. Surficial contamination of rock samples by petroleum prod-
ucts and diffusion of hydrocarbons into the pore-space or
into fissures, accompanied by in situ chromatographic sep-
aration according to molecular mass and subsequent evap-
oration of lighter compounds from the surface;

2. Escape of indigenous wet-gas from host rocks as the result
of pressure release during and after drilling (the “live-ail
effect”; Jackson et a., 1986).

It is currently not possible to confirm or reject either model.
While surficial contamination appears to be the easier expla
nation for the observed concentration gradients (Brocks, 2001),
only the second explanation, migration of indigenous conden-
sate to the rock surfaces, accounts for the presence of the same
overmature, apparently Precambrian bitumen in a set of inde-
pendent samples derived from different sites at different times.
Therefore, more detailed work on spatial hydrocarbon distri-
butions in sedimentary rocks is required for areliable interpre-
tation of this phenomenon.

3.5.7. Recognition of contamination sources

If the hydrocarbons detected in the Archean shales are recent
contaminants, then the contamination source must be ubiqui-
tous and common. The rock samples were collected from eight
coresdrilled by different companies several hundred kilometers
apart, stored at different locations and sampled during severa
field trips by different workers. Despite this wide range of
independent sampling, all rocks contain an overmature, con-
densate-like hydrocarbon phase with apparently Precambrian
characteristics. Thus, unique contamination events such as
spillage of petroleum or impregnation from stained sample
containers, can be excluded. More common sources of contam-
ination are drilling additives, rock-sawing fluids, organics dis-
solved in water, and anthropogenic combustion products such
as exhausts from diesel engines.

3.5.7.1. Drilling additives. Most organic additives and lubri-
cants used for diamond drilling cause only minor problems
during organic geochemica anaysis. However, drillers occa-
sionally use large amounts of highly problematic petroleum
based cutting oils and emulsions, particularly when drilling at
great depths and through iron ore and chert. Unfortunately, for
the cores analyzed in this study, it was not possible to recon-
struct the composition of the drilling additives and rod lubri-
cants. However, datafrom the analysis of the molecular content
of millimeter thick slices of core material (section 3.5.6) can
rule out drilling additives as a possible contamination source. In
a black shale from drill core WRL-1 the highest concentration
of the overmature condensate was found beneath a rock surface
that was cut after drilling. Therefore, if the hydrocarbons are
non-indigenous, then they must have entered the sample after
recovery of the core. Moreover, samples Rae6 from Mt Tom
Price and Rae3 from Mt Whaleback are mine samples and
therefore clearly unaffected by drilling additives.

3.5.7.2. Rock-sawing fluids. Several analyzed Archean drill
core samples were not cut with a rock-saw (e.g., Rae2) and so
cutting fluids are clearly not the source of the hydrocarbons.
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Fig. 14. Gas chromatograms of (A) typical diesel fuel and (B) the
solvent extractable component of exhaust of an engine running on the
diesel fuel in (A).

3.5.7.3. Organics dissolved in water. Although drill cores fre-
quently come into contact with water, the aqueous solubility of
saturated hydrocarbons is far too low to explain the observed
extract yields. GC-MS analysis of diesel-saturated water re-
vealed that the main components are C, to C,-phenols, C, to
C,-naphthalenes, Cg and Cg-benzenes and minor quantities of
phenanthrene and methylphenanthrenes. The amount of satu-
rated hydrocarbons soluble in 2 mL of water was below detec-
tion limit. Therefore, the saturated hydrocarbons were clearly
not carried into the samples in aqueous solution.

3.5.7.4. Diesel fuel and engine exhausts. Diesel exhausts are
ubiquitous in the environment; they have even been detected in
glacier-ice at an altitude of 7000 m (Xie et a., 2000). In the
Hamersley region, mining egquipment consumes many thousand
liters of diesel fuel each day (Fig. 14A) and the exhaust
products (Fig. 14B) are free to settle on outcrop material and on
drill core samples in open core-storage buildings. In the core
shed at Mt Tom Price diesel exhausts were detected in dust that
had settled on sample-trays of drill core material. Therefore,
surficial accumulation of airborne petroleum products on our
rock samples is not implausible. However, it is an unlikely
source of hydrocarbons in the Pilbara shales:

1. The n-alkane composition of diesdl fuel and its exhausts is
very different to the detected hydrocarbon composition of
the Pilbara rock extracts (except for samples Tuml and
FVG-1). Light hydrocarbons with 9 to 12 carbon atoms are
abundant in most Pilbara samples but are very low in diesel
fuel and exhaust (compare Fig. 14B and Fig. 3). Moreover,
sterane and hopane biomarkers are commonly much less
abundant in diesel fuel than in the samples studied here.

2. Despite the compositional differences of diesel and the
Pilbara samples, contaminants may have migrated from the
surface into the sample, concentrating lighter components
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by in situ fractionation (Brocks, 2001). Quantitative esti-
mates of the amount of diesel required to taint the samples
also eliminates this possibility. Typical diesel fuel contains
~0.25 wt.% of n-C,;, andsample Royl0 from drill core
WRL-1 contains 0.20 ug n-C,,/g rock. Eight thousand
micrograms of diesel exhausts would have to accumulate on
a 100-g piece of rock to account for this n-C,, concentra-
tion. Similarly, the concentration of n-C;; in Mt McRae
Shale Rae? is 34 wg/g and thus 1.4 g of diesel or diesel
exhaust would be reguired to stain 100 g of the rock. These
estimates are conservative, as evaporation of n-C,; from the
sample surfaces or using n-C,, or n-Cq in the calculation
would greatly increase the required minimum values of
diesel exhaust contamination. It is highly unlikely that as
much as 10 mg/g diesel exhaust came into contact with the
Archean rocks.

3. Findly, it is difficult to explain how traces of engine ex-
hausts deposited on rock surfaces, probably mostly adsorbed
to soot particles, could have migrated centimeters deep into
dense shale without any apparent mobile phase to act as a
transportation medium.

3.5.7.5. The unusual composition of Mt McRae shale sample
Rae6. Bitumen Rae6, a mine sample from Mt Tom Price,
exclusively consists of adamantanes, diamantanes and predom-
inantly unsubstituted PAH. This composition is totally unlike
any known source of contamination.

So far it has been argued that the hydrocarbons extracted
from Archean rocks are not laboratory artifacts nor contami-
nants aquired during drilling, cutting, handling or storage. The
extracts are thermally overmature, have a condensate-like com-
position and typical Precambrian characteristics. It is exceed-
ingly unlikely that the wide range of independent Archean
samples were al contaminated by anthropogenic petroleum
products with the above characteristics. However, it is till
possible that the Archean host rocks were adulterated in situ by
organic matter from another Precambrian source. In the remain-
ing sections, contamination by circulating ground water, sub-
surface biologic activity and, most problematic, migrated Pre-
cambrian petroleum are considered.

3.5.8. Molecules introduced by circulating ground water or
subsurface biologic activity

Subsurface biologic activity or circulating groundwater car-
rying surficial biolipids might have introduced organic matter
into the Archean host rocks. However, the hydrocarbons ex-
tracted from all samples clearly have a thermally mature pe-
troleum signature. The rocks have not experienced thermal
events after peak metamorphism (2.45-2.0 Ga) capable of
turning immature biolipids into highly mature geolipids. There-
fore, the extracted hydrocarbons were not derived from post-
metamorphic surface or subsurface biota.

3.5.9. Adulteration of Archean rocks by younger migrating
petroleum

Petroleum expelled from a younger Precambrian source
might have migrated into the Archean terrain and adulterated
the sedimentary successions of the Fortescue and Hamersley

Group. However, the youngest rocks in the depositional basin
belong to the ~2.4-Ga Turee Creek Group and younger petro-
leum-prone source rocks were never deposited over the top in
sufficient thickness for hydrocarbon expulsion to occur. Drill
core WRL-1 is located centrally within the craton, at least 150
km from the nearest post-Archean basin, so younger oils mi-
grating laterally would have to travel long distances through
deformed and metamorphosed Archean rocks that lack later
cross-cutting craton-wide fractures. The sampling area extends
from Wittenoom (WRL-1) 200 km to the southeast (DDH324
and DDH257), 100 km to the southwest (G1185-81, B26-7,
G906, DE20/74) and 70 km to the northwest (SV-1) (Fig. 1),
with further bitumen occurrences of similar composition |o-
cated 280 km further to the northeast (Eigenbrode et al., 2001).
Bitumens were extracted from rocks collected at subsurface
depths of > 1800 m in the center of the basin. Therefore,
petroleum adulterating the Archean terrain would have to pen-
etrate almost the entire Hamersley Basin and percolate down to
great depths. Moreover, bedding-parallel permeability of black
shale Roy3 and pyritic sandstone Roy4 from WRL-1 was below
the detection limit of 0.01 millidarcy. Thus, these rocks have
probably been sealed to hydrocarbon migration since they were
metamorphosed 2.3 to 2.0 Ga ago. Moreover, the physical
mechanisms that could have driven easily adsorbed molecules
like polyaromatic hydrocarbons into thick sections of highly
compacted, metamorphosed shales remain obscure. Conse-
quently, adulteration of the entire late Archean terrain by over-
mature Proterozoic petroleum from a source outside the basin is
highly unlikely.

3.5.10. Pyrolysis experiments on Archean Kerogens

Whileit is often difficult to prove that molecul es obtained by
solvent extraction of rock powder are as old as the host rock,
molecular structures that are covalently bound to the kerogen
matrix are very likely syngenetic. Therefore, for younger and
well-preserved samples, pyrolytic degradation of kerogen is an
ideal method of analyzing for indigenous molecules. For most
Precambrian kerogens and many overmature samples, how-
ever, closed system pyrolytic techniques have not proved to be
particularly tractable. As a result, it has not been possible to
produce clearly indigenous pyrolysis products from kerogens
older than 1.7 Ga (Hoering and Navale, 1987). A comparatively
new and potentially more profitable method is hydropyrolysis,
a continuous flow technique that degrades polymeric organic
matter in a stream of high-pressure hydrogen under the influ-
ence of a molybdenum catalyst. In comparison to more con-
ventional pyrolysis techniques, hydropyrolysisis generaly dis-
tinguished by its efficacy in trace analysis and its high product
yields (Love et a., 1995). Hydropyrolysis experiments on
Archean kerogens are described in detail by Brocks et a. (in
press). Although information about the provenance of aliphatic
hydrocarbons and polycyclic biomarkers was not obtained, the
hydropyrolysis experiments clearly indicate that at least the
aromatic hydrocarbon fraction of shales from the Hamersley
Group at Mt Tom Price must be syngenetic (Brocks et a., in
press).
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4. CONCLUSIONS
4.1. The Arguments for Syngeneity

Three principa sources of contamination must be discount-
ed:

1. hydrocarbons introduced during laboratory procedures,

2. anthropogenic petroleum products introduced during dril-
ling, storage and handling;

3. natural petroleum that was expelled from a younger source
and migrated into the Archean terrain.

Procedural blanks run parallel to all samples show that
hydrocarbon concentrations obtained by rock extraction are
severa orders of magnitude higher than the laboratory back-
ground level. Moreover, comparison of extract yields from
kerogen-rich rocks and kerogen-poor control samples from the
same locations indicate that the hydrocarbons were not intro-
duced during sample collection and processing.

Arguments against anthropogenic contamination of drill core
samplesinclude the extreme thermal maturity of bitumensfrom
amost al locations, the absence of typical Phanerozoic biomar-
kers, and the presence of typical Precambrian signatures such
as high 2a-methylhopane indices and the inversion of the
carbon isotopic relationship between n-alkanes and acyclic
isoprenoids. Bitumens with these characteristics were discov-
ered in samples from eight different drill cores from depths of
50 to 1800 m depths, drilled by several companies and stored
a three different locations several hundred kilometers apart.
Moreover, the rocks were collected in 1994, 1996, 1999 and
2000 by different workers and analyzed in two different 1abo-
ratories. Furthermore, these results were reproduced at Penn-
sylvania State University on independently sampled material
from drill core WRL-1 as well as on additional samples ex-
tending the sampling range another 280 km to the east (Eigen-
brode et al., 2001). It is exceedingly unlikely that samples from
such a wide geographic and stratigraphic range and from so
many independent sources were all contaminated by petroleum
products showing characteristics typical of Precambrian bitu-
men and maturities in the wet-gas zone.

Adulteration by ayounger Precambrian oil that migrated into
the Archean terrain is also unlikely. Younger source rocks are
absent in the Hamersley Basin and were never deposited over
the top in sufficient thickness for significant hydrocarbon ex-
pulsion to occur. Thus, younger petroleum would have had to
migrate from the nearest post-Archean basin through at least
150 km of deformed and metamorphosed terrain devoid of
cross-cutting craton-wide fractures. Moreover, highly com-
pacted but structurally intact Archean shales were probably
sealed to hydrocarbon migration since they were metamor-
phosed in the Paleoproterozoic. Hence, homogeneous long
distance migration of a younger oil into tight Archean rocks
over an area of > 30,000 km? and down to depths of up to
1800 m seems exceedingly unlikely. Moreover, the unusual
composition of aromatic hydrocarbons in bitumens from the Mt
McRae Shale was also replicated by hydropyrolytic degrada-
tion of the kerogens, confirming the syngeneity of these aro-
matic hydrocarbons.

4.2. The Arguments Against Syngeneity

Characteristics consistent with contamination of the Pilbara
samples include the general similarity of the biomarker distri-
bution to those observed in many younger bitumens, the ex-
treme carbon isotopic disparity between some bitumens and
kerogens, the absence of saturated hydrocarbons in kerogen
pyrolysates, and some maturity parameters for some samples
that are too low for the thermal history of the host rocks
(especialy drill core FVG-1). However, none of these obser-
vations (except for the low maturity of FVG-1) are necessarily
inconsistent with syngeneity, because plausible aternative ex-
planations not involving contamination exist. More problem-
atic is the survival of complex molecules such as sterane and
hopane biomarkers in metamorphosed sediments, a phenome-
non that has not previously been demonstrated and a finding
that was certainly unexpected. But C,5. hydrocarbons have
been observed in petroleum reservoirs at present day temper-
atures > 200°C which suggests that the existence of biomark-
ers in low-grade matasedimentary rocks (200—300°C) is pos-
sible. Lastly, the strongly inhomogeneous distribution of the
bitumen in individua drill core samples is potentially consis-
tent with surficial staining of the samples and diffusion of
hydrocarbons into the rock (Brocks, 2001). The only alternative
to contamination involves the operation of a poorly understood
mechanism, the ‘live-oil effect’. It remains to be seen whether
this process could have affected the Hamersley Basin shales.

4.3. Syngeneity vs. Contamination

Although some observations are more easily explained by
contamination, the arguments for syngeneity evidently out-
weigh the objections. Therefore, aliphatic hydrocarbons and
biomarkers in bitumens from the Fortescue and Hamersley
Groups are regarded as probably syngenetic with their Archean
host rocks. Aromatic hydrocarbons, adamantanes and diaman-
tanes from shales of the Hamersley Group at Mt Tom Price and
Mt Whaleback are certainly syngenetic, based on their hyper-
mature composition and covalent bonding to kerogen (Brocks
et a., in press). These hydrocarbon molecules are therefore 0.8
to 1.1 Gaolder than the previously oldest known clearly indig-
enous bitumen from the McArthur Group, Australia (Jackson et
a., 1986). If the polycyclic biomarkers are indeed of Archean
age, then anew horizon opens for the understanding of primor-
dia environments and early life on Earth.
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APPENDIX

STRATIGRAPHY OF THE FORTESCUE AND HAMERSLEY
GROUPS

A.1l. Fortescue Group

Deposition of the Fortescue Group, predominantly consisting of
flood basalts with intercalated clastic, carbonate and tuffaceous sedi-
ments, was initiated at ~2.775 Ga (Arndt et a., 1991; Blake, 2001).
The group has been divided into six lithostratigraphic formations, four

Table Al. Simplified stratigraphy of the Pilbara Craton and sur-
rounding areas. Geochronologica data is in million years (Ma).

Formation (Fm) Member (Mm) Age
o Wyloo Group
S Turee Creek
o Group
=
2 Boolgeeda Iron Fm
E Qo Woongarra Volcanics 2449 +3°
Q g Weeli Wolli Fm
g = Yandicoogina Shale
- 9 Brockman Iron Fm [ofreMm______
[ ) Hamersley Whaleback Shale *
a o Grou Dales Gorge Mm * | 2470 =4
________ ] P Mt McRae Shale *

@ Mt Sylvia Fm

[2] Wittenoom Dolomite 2561 = 8°

3 Mt Newman Mm 2597+ 5°

m Marra Mamba Iron Fm McLeod Mm *

- Nammuldi Mm *

c N Roy Hill Shale * 2690 = 16°

3 Jeerinah Fm Warrie Mm % 271522°
S g Maddina Basalt * 2718+2°
g Fc:l;':isucue Tumbiana Fm * 2724 25°
[¥) P Kylena Basalt 2741+ 3°
E Hardey Fm % 2765 + 4°

Mount Roe Basalt 2775 10°
2850'
Pilbara
Supergroup
3515+ 3

aBarley et a. (1997);  Blake and Barley (1992); ° Trendall et al.
(1998); 9Arndt et a. (1991); °Blake et al. (unpublished results.);
T Krapez (1993); 9 Buick et a. (1995).
* Units analyzed in this study.

of which were sampled (Appendix B, Table Al). In general, deposition
of al but the topmost Jeerinah Formation was probably non-marine in
the northern part of the Craton, but was entirely marine in the south.
The tectonic setting for deposition was epicratonic, in half-grabens
formed during two stages of rifting (Blake, 1984).

The predominantly fluvial Hardey Formation unconformably over-
lies the Mount Roe Basalt. In the West Pilbara subbasin, where drill-
holes WRL-1 and SV-1 are located, the lower section of the Hardey
Formation is up to 1500 m thick and dominated by terrigenous and
volcanoclastic sedimentary rocks. This sequence is overlain by a com-
plex sedimentary unit with 100 to 250 m of mudstones (sample Har1),
sandstones and conglomerates interbedded with abundant tuff horizons.
In the West Pilbara subbasin the Tumbiana Formation has athickness
of up to 320 m, consisting of interbedded basalt, pyroclastic and
reworked tuff with subordinate stromatolitic carbonate, terrigenous
sandstone and massive kerogenous mudstone (sample Tuml) (Buick,
1992). The unit was apparently deposited in alluvia fan settings and
fluvial and lacustrine environments which were frequently evaporitic
and desiccated (Buick, 1992). On the northern part of the craton, the
Maddina Basalt consists of ~1000 m of mainly subaeria flood basalt
(Mad1) with subordinate tuff, sandstone and mudstone.

The sedimentary Jeerinah Formation unconformably overlies the
Maddina Basalt (Gressier, 1996) and is subdivided into the Warrie
Member and the Roy Hill Shale. In drill core WRL-1 the Warrie
Member has a total thickness of ~64 m. The basa unit isa ~1 m
thick, kerogen-rich massive mudstone (War1), overlain by interbedded
units of moderately pyritic and highly kerogenous massive mudstone
(War2 and War5), graded or rippled sandstone and siltstone, green and
translucent plane-bedded chert, tuff and calcarenite. Based on ripple
mark morphology, Gressier (1996) suggested that the Warrie Member
was deposited in a shallow marine environment.

The Roy Hill Shale Member is distinguished from the unconform-
ably underlying Warrie Member by a lower content of carbonates and
ahigher content of sulfides. The Roy Hill Shalein drill core WRL-1 has
a thickness of 37 m and is overwhelmingly dominated (97%) by
kerogenous to highly kerogenous, massive to weakly plane-laminated
mudstones containing abundant pyrite laminae and chert pods (Royl—
Roy11) (chert pods are a soft sediment deformation feature common in
Australian BIFs that structurally resemble pinch-and-swell structuresin
igneous veins in metamorphic rocks). Based on the absence of bed-
forms, Gressier (1996) suggested that the Roy Hill Shale was deposited
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Table A2. Biomarker ratios.

Hopanes® Seranes®
c27/ c29/ C30/ TY C29T¢/ C31s8/ C31
C29 C30 C31 Ts+ Tm C29 S+ R MHI Ster/Hop Dia/lReg
Hamersley Group
Tom Price area
Dal 0.72 14 11 0.51 0.16 0.56 8.0 82 0.36
Dal2* 0.51° 15 11 0.57 0.27 0.61 11 0.71 054
Rael 12 12 14 0.44 0.19 0.58 8.6 1.99 0.56
Rae2 0.74 17 12 0.38 0.12 0.56 10 143 0.70
Raeb — — — — — — — — —
Beel 0.51 17 10 0.40 0.12 0.58 12 0.57 0.40
Mt Whaleback Mine
Wal2 16 10 15 0.64 0.13 0.61 11 155 0.80
Rae3 0.61 13 17 0.55 0.21 0.58 7.6 152 1.00
Raeb 0.61 22 11 0.61 0.15 0.60 20 0.71 0.73
Wittenoom
Wall* 0.78 0.85 22 0.42 0.33 0.58 35 1.89 0.64
Raed* 0.66 13 12 0.43 0.19 0.62 8.0 057 0.36
Mam3* 0.68 18 12 0.56 0.22 0.56 14 0.62 0.56
Mam?2 0.72 13 1.0 0.58 0.17 0.57 7.3 0.67 0.70
Mam1l 13 13 11 0.59 0.23 0.58 13 0.79 0.58
Fortescue Group
Royl 11 13 13 0.57 0.24 0.56 12 0.95 091
Roy10 11 17 15 0.57 0.21 0.57 11 1.19 1.04
Roy2 0.57 21 15 0.59 0.16 0.61 17 2.59 133
Roy11 11 16 17 0.58 0.16 0.57 11 124 0.93
Roy3 13 14 15 0.58 0.17 0.56 12 113 0.87
Warb 0.96 17 14 0.56 0.12 0.59 10 1.08 0.99
War 1* 12 13 13 0.62 0.26 0.57 10 0.70 0.57
Mad1* 12 12 13 0.59 0.25 0.57 11 0.78 0.43
Harl 0.67 18 15 0.51 0.12 0.57 11 1.03 0.70
FVG1 0.84 14 15 0.56 0.20 0.56 74 0.99 0.92
FVG2 0.55 14 14 0.57 0.25 0.56 13 0.85 0.58
War2 12 11 16 0.58 0.27 0.59 84 1.00 0.43
Tuml 0.74 14 11 0.59 0.26 0.56 13 0.40 0.50

2Hopane biomarker ratios were measured using uncorrected MRM M* — 191 and M* — 205 transitions relative to D, as interna standard and
are defined as follows (compound abbreviations as defined in the text): C27/C29 = (Ts + Tm)/C,g-a3; C29/C30 = C,g-a3/C55-a3; C30/C31 =
Cyo-aBl(Cqy-af-22S + Cgy-af-22R); C29TS/C29 = C,aTS/Cog-af; C31S/(S + R) = C;p-aB-225/(Cyy-aB-22S + Cyy-ap-22R); C31 MHI
(2a-Methylhopane Index) = Cg;-2a-Me/(Cj,-2a-Me + Cgg-a ).

b Sterane biomarker ratios were measured using uncorrected MRM M* — 217 transitions relative to D, as internal standard and are defined as
follows (compound abbreviations as defined in the text): Ster/Hop = (3 C,; to C,q aaa and aBB-steranes and Ba-diasteranes)/(2 hopanes Ts, Tm,
ng aB, CyoTs, Cog-af3, Co-a3-22[S + R], C5-2a-Me); Dia/lReg = (2. C,; to C,e Ba-diasteranes)/(2 C,; to Cyog axa and afB-steranes); C27S/(S

+ R) = Cyraaa-209/(C,r-aaa-20S + C,-aaa-20R) (C28S/[S + R] and C295/[S + R] are defined according to C27S/[S + R]); C27BB/(aa +
BB) = (C,-aBB-20S + C,r-aB-20R)/(Cor-a3B-20S + C,r-afB-20R + Cr-aaa-20S + Cyr-aaa-20R) (C28BB/aa + BB and C29BB/(aa + BB)
are defined according to C2788/(aa + BB); Regular sterane distribution RegC27% = (C,;, aaa-20 [S + R] and aBB-20 [S + R]) / (X C,; to Cyq
aaa-20 [S + R] and aBB-20 [S + R]) (RegC28% and RegC29% are defined according to RegC27%); Diasterane distribution DiaC27% =
(Co7-Ba-20 [S + R])/(Z C,; to Cyg-Ba-20[S + R]) (DiaC28% and DiaC29% are defined according to DiaC27%).

¢Values printed in italics indicate possibly unreliable data with low extract/blank ratios (see laboratory procedural blanks in section 3.5.1.).

* = Kerogen-free or kerogen-poor control samples (blank samples). ‘—' = not detected.

in amarine low-energy environment below storm wave base. The Roy
Hill Shale conformably grades into the overlying Hamersley Group, a
transition marked by a gradual decrease in shale units and an increase
in chert bands.

A.2. Hamerdley Group

The Hamersley Group is up to 2.5 km thick and is dominated by
oxide facies BIF, dolostone and shale. BIF deposition extends over an
area of at least 60,000 km? with remarkable lateral stratigraphic con-
tinuity. Coarse terrigenous clastic sediments are amost completely
absent (Morris, 1993). The Hamersley Group is aso host to some of the
world’s biggest iron ore deposits. Samples from the Mt McRae Shale
and Brockman Iron Formation were collected from shale closely asso-
ciated or interbedded with iron ore in mines at Tom Price (Mt Tom
Price) and Newman (Mt Whaleback).

Based on lithostratigraphy, the Hamersley Group is divided into

eight formations (Appendix B, Table Al). The 2.597-Ga Marra
Mamba Iron Formation (Trendall et al., 1998) has a maximum
regional thickness of 230 m (Klein and Gole, 1981) and consists of two
BIF-rich members separated by a more shaley sequence. The basal
Nammuldi Member is predominantly composed of coarsely podded
bands of sulfidic and oxidic chert-BIF interbedded with bands of highly
ferruginous and kerogen-rich massive mudstone (Maml and Mam?2)
(Morris, 1993). The overlying McLeod Member is characterized by a
higher proportion of shale. Shale bands are of centimeter to meter
thickness, are dominated by stilpnomelane and chlorite with large
amounts of pyrite, pyrrhotite, hematite and siderite (Mam3) and were
probably formed by a combination of chemica and pyroclastic depo-
sition (Morris, 1993). Morris (1993) suggested that the Marra Mamba
Iron Formation was deposited on either side of a narrow carbonate
bank, which grew into a large shalow-marine carbonate platform
during formation of the conformably overlying Wittenoom Dolomite.
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Steranes® (continued)

c27 C28 C29 Reg Reg Reg Dia Dia Dia
c27 c28 c29 BB/ BB/ BBl C27 C28 C29 C27 C28 C29
S(S+R) S(S+R) S(S+R) (aa+ Bp) (xa+pB) (aa+pR) () () () (%) (%) (%)
Hamersley Group
Tom Price area
Dall 0.41 0.55 0.52 0.35 0.49 0.52 54 20 25 54 25 22
Dal2* 0.54 0.55 0.44 0.47 0.52 0.51 41 30 29 44 31 25
Rael 0.52 0.66 0.70 0.51 0.61 0.61 51 25 24 48 29 23
Rae2 0.47 0.63 0.58 0.49 0.61 0.59 58 19 23 62 24 15
Rae6 — — — — — — - - = = = =
Beel 0.44 0.69 0.67 0.42 0.58 0.59 50 18 32 53 23 24
Mt Whaleback Mine
Wal2 0.60 0.72 0.72 0.58 0.64 0.65 44 21 34 45 21 34
Rae3 0.63 0.60 0.51 0.47 0.55 0.54 48 27 25 56 29 14
Rae5 0.61 0.74 0.78 0.64 0.67 0.67 46 18 36 44 19 36
Wittenoom
Wall* 0.58 0.50 0.56 0.33 0.46 0.51 35 36 29 37 37 25
Rae4 0.45 0.53 0.51 0.55 0.56 0.61 37 28 3B 38 27 3B
Mam3* 0.43 0.49 0.50 0.55 0.62 0.63 46 22 31 47 25 27
Mam?2 0.54 0.56 0.62 0.53 0.56 0.58 43 21 36 63 17 20
Maml 0.48 0.51 0.53 0.47 0.52 0.54 47 21 32 60 19 20
Fortescue Group
Roy1 0.58 0.62 0.64 0.54 0.60 0.58 50 18 31 57 19 24
Roy10 0.56 0.64 0.64 0.53 0.58 0.60 5 17 27 60 19 21
Roy2 0.72 0.78 0.77 0.59 0.65 0.63 56 18 26 58 20 21
Roy11 0.57 0.57 0.65 0.54 0.57 0.65 54 17 30 60 19 21
Roy3 0.56 0.60 0.57 0.53 0.57 0.57 52 20 29 59 20 21
Warb 0.59 0.63 0.68 0.56 0.60 0.61 53 17 30 62 18 20
War 1* 0.46 0.50 0.46 0.43 0.49 0.46 46 21 34 51 22 27
Mad1* 0.48 0.48 0.30 0.43 0.51 0.36 33 23 39 48 26 25
Harl 0.61 0.77 0.69 0.54 0.57 0.60 57 18 25 57 22 21
FVG1 0.49 0.51 0.54 0.46 0.50 0.51 46 18 36 49 20 31
FVG2 0.47 0.51 0.52 0.46 0.51 0.53 42 27 32 46 28 26
War2 0.46 0.50 0.41 0.38 0.46 0.41 41 25 34 48 21 25
Tuml 0.43 0.45 0.44 0.43 0.54 0.54 44 21 35 50 25 26

The Mt M cRae Shale has an average thickness of 50 m. The lower
15 m contain massive, highly kerogenous black shale interbedded with
chert, with the pyrite content increasing upwards (Harmsworth et al.,
1990). The middle 10 to 15 m of alternating chert and kerogenous shale
are highly pyritic, with nodules up to 2 cm in diameter. The unit
terminates with two bands up to 20 cm thick of almost massive pyrite
overlain by ~10 m of non-pyritic black shale and several meters of BIF
and ferruginous chert interbedded with shale. The massive to plane
laminated black shales of the Mt McRae Shale (Beel, Rael-Raeb) are
generally very fine grained and have varying contents of kerogen,
quartz, muscovite, illite, chlorite, dolomite, pyrite, hematite and mag-
netite. They probably had a distal northerly source, but it is currently
unclear whether the clastic material was volcanic or terrigenous (Mor-
ris, 1993). However, the depositional environment might have been
hemipelagic. The Mt McRae Shale gradesinto the overlying Brockman
Iron Formation as BIF contents increase (Harmsworth et al., 1990).

The Brockman Iron Formation consists of several hundred meters
(620 m at Tom Price and 500 m at Newman) of alternating BIF, chert,
shale, dolomite and fine tuff (Harmsworth et al., 1990). Deposition
occurred at ~2.47 Ga on a clastic-starved open platform or shelf with
normal open oceanic circulation. BIF was probably precipitated in a
gradually subsiding back-arc continental setting (Blake and Barley,
1992). The Brockman Iron Formation has been subdivided into four
members. The lowermost Dales Gorge Member, with an approximate
thickness of 150 m, consists of seventeen cycles called ‘S-macro-
bands'. They contain oxide facies BIF (Dal2) aternating with shale,
chert, carbonate and silicate BIF. The S-macrobands may have formed
when the continuous silica and iron precipitation was modified by
episodes of increased pyroclastic input (Morris, 1993). The S-macro-
bands comprise 40 to 45% shale (Dall) in layers ranging from a few
centimetersto up to 2 m. The gray or green shales are very fine grained
and massive with varying concentrations of kerogen. They predomi-
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Table A3. Ratios and maturity parameters based on aromatic hydrocarbons,® and methyladamantane and methyldiamantane indices.

TA/ TA-I/
(TA + MA)° (TA-I + 11)° DNR-1 TNR TNR-2 MPI-1 MPR MPDF DPR MDR

Hamersley Group
Tom Price area

Dall >90%" >090%° 6.6 — — 0.14 13 0.49 0.29 5.0
Dal2 — — 13 22 13 0.68 17 0.54 0.45 16
Rael >05% 35% 35 0.53 0.58 0.06 11 0.44 — 14
Rae2 >95%" 95% 4.0 0.70 0.62 0.74 15 0.46 — —
Rae6 — — 135 24 14 0.08 22 0.60 0.25 8.6
Beel 93% 78% 37 12 0.72 0.10 15 0.52 0.18 17
Mt Whaleback Mine
Wal2 — — 53 0.72 0.57 — — — — 0.50
Rae3 — — 4.2 — — — — — — —
Rae5 — — 4.2 — — — — — — —
Wittenoom area
Mam3 >95% 85% — — — 0.72 13 0.46 0.23 30
Mam2 85% 96% 10.0 14 0.93 0.67 1.24 0.50 0.20 0.92
Maml 80% 92% 10.8 25 13 0.76 12 0.49 0.24 18
Fortescue Group
Roy1 92% 94% 58 12 0.76 0.71 0.87 0.44 0.19 1.0
Roy10 95% 96% 6.3 0.71 0.67 — — — 0.13 11
Roy2 82% 96% — — — — — — — —
Roy11 80% 95% 5.4 0.63 0.60 — — — — —
Roy3 7% 96% 6.8 13 0.85 0.73 12 0.47 — 13
Warb5 97% 98% 6.8 1.0 0.79 — — — — 0.74
Harl >95%" 98% 8.6 0.81 0.83 0.84 11 0.48 0.18 0.93
FVG1 88% 59% 6.8 12 0.90 0.82 1.3 0.49 0.24 11
FVG2 >90%" 51% 79 11 0.82 0.69 14 0.55 0.27 2.2
Tuml >05% 76% 12.6 31 17 0.46 19 0.61 0.36 17
Diesel” — — 6.5 1.0 0.86 12 18 0.59 0.82 37

@ Concentrations were determined by corrected GC-MS signal areas of the molecular ion in the SIR or full scan mode. Compound abbreviations:
Naph = naphthalene; MN = methylnaphthalene; DMN = dimethylnaphthalene; TMN = trimethylnaphthalene; Phen = phenanthrene; MP =
methylphenanthrene; DMP = dimethylphenanthrene; DBT = dibenzothiophene; MDBT = methyldibenzothiophene; PhN = phenylnaphthalene.
Aromatic parameters are based on absolute compound concentrations and are defined as follows: DNR-1 = (2,6-DMN + 2,7-DMN)/(1,5-DMN);
DNR-6 = (2,6-DMN + 2,7-DMN)/(1,4-DMN + 2,3-DMN); TNR = 2,3,6-TMN / (1,35-TMN + 1,46-TMN); TNR-2 = (1,3,7-TMN +
2,3,6-TMN)/(1,3,5-TMN + 1,3,6-TMN + 1,4,6-TMN); MPI-1 = 1.5 X (2-MP + 3-MP)/(Phen + 1-MP + 9-MP); MPR = 2-MP/1-MP; MPDF
(Methylphenanthrene Distribution Factor) = (3-MP + 2-MP)/(3-MP + 2-MP + 9-MP + 1-MP); DPR = (2,6-DMP + 2,7-DMP + 3,5-DMP)/
(1,3-DMP + 1,6-DMP + 2,5-DMP + 2,9-DMP + 2,10-DMP + 3,9-DMP + 3,10-DMP); MDR = 4-MDBT/1-MDBT. PAH/MePAH ratios
(Naph/MN; Biph/MeBP etc.) determined using absolute concentrations of the parent compound and the sum of all methylated isomers.

P Triaromatic steroids were measured by GC-MS (SIR) monitoring m/z = 231, and monoaromatic steroids monitoring m/iz = 253. Peak areas are
uncorrected. TA/(TA + MA): TA (triaromatic steroids) = C,o-TA + C,;-TA + 3 (Cyg to Cog-TA 20[S + R]); MA (monoaromatic steroids) =
C,1-MA + C,,-MA; higher monoaromatic steroids were not included in this ratio as they were below detection limit in most samples.

STA-U(TA-l + 11) = (Coo-TA + Cyy-TA)/(Coo-TA + Cyy-TA + 3 (Cyg to Coq-TA 20 [S + RY])).

9 Relative methyladamantane and methyldiamantane concentrations were determined by GC-MSin SIR mode using uncorrected signals mvz = 135
and 187, respectively. Methyladamantane Index MAI = 1-MA/(1-MA + 2-MA); MA = methyladamantane. Methyldiamantane Index MDI =
4-MD/(1-MD + 3-MD + 4-MD); MD = methyldiamantane. Values in italics might be affected by coeluting signals.

¢‘—' = not detectable; ( ( = not measured.

f Monoaromatic steroids were below detection limit. ‘>’ indicates that the given number is a minimum value.

9 C,e.. triaromatic steroids were below detection limit. ‘>’ indicates that the given number is a minimum value.

" Mobil, Canberra 29.5.2000.

nantly contain stilpnomelane and chlorite and varying amounts of an iron-poor variant of the S-macrobands. It contains alternating bands
quartz, feldspars, micas and sulfides. The shales probably formed by a where shale (Wall and Wal2) or BIF and chert is predominant. In
combination of chemical precipitation and volcanic ash fall-out, with comparison to the Dales Gorge Member, shales have higher kerogen
clear evidence of aterrigenous clastic contribution lacking (Morris and contents, less stilpnomelane and contain prominent sulfide-rich layers

Horwitz, 1983). The overlying ~50 m thick Whaleback Member islike (Morris, 1993).



Composition and syngeneity of Archean molecular fossils 4317

Naph/ BiPh/ Fl/ DBT/ Phen/ MP/ IMP/ 1PhN/
MN MeBP MeFI MDBT MP DMP IMP 2PhN MAI4 MDI¢
Hamersley Group

Tom Price area

Dall 0.59 0.60 24 23 49 24 1.6 0.1 88 —

Dal2 0.70 0.67 0.70 0.15 0.74 0.90 13 0.1

Rael 35 6.4 53 44 11 19 19 0.3 73 60

Rae2 0.51 0.47 — — 0.49 0.97 2.3 —

Raeb 21 83 18 85 11 8.7 17 0.1 95 58

Beel 4.6 59 4.7 33 8.0 23 16 0.2 — 57
Mt Whaleback Mine

Wal2 17 3.0 — 24 >100 High — 5.9 — 59

Rae3 6.2 32 — — — — — 9.0 97 —

Raeb 7.2 21 — 71 >100 High — 6.9 70 60
Wittenoom area

Mam3 0.76 0.52 — 0.18 0.44 0.32 15 0.1 €

Mam2 0.09 0.24 — 0.20 0.62 0.62 12 2.0

Maml 0.07 0.34 0.30 0.29 0.45 0.97 13 0.5 56 —

Fortescue Group

Roy1 0.03 0.35 0.24 0.26 0.36 0.64 11 4.3 — 4361

Roy10 0.39 0.55 — 0.22 0.35 0.89 — 2.7 — 52-69

Roy2 — — — — — — — —

Roy11 0.10 0.44 — — 0.26 0.67 — 4.6

Roy3 0.01 0.38 — 0.27 0.44 0.93 16 —

War5 0.03 0.28 — 0.18 0.55 0.60 — 35

Harl 0.13 0.22 — 0.20 0.35 0.36 11 10 58 —

FVG1 0.07 0.32 041 0.15 0.39 0.80 18 — 76 —

FVG2 0.39 0.51 0.52 0.46 0.72 15 13 0.7

Tuml 0.15 0.15 041 0.27 15 16 13 0.3 75 —

Diesd" 0.12 0.18 0.23 0.25 0.34 11 13 —




Table A4. Stable carbon isotopic composition® of kerogen and individua hydrocarbons.
Kerogen n-C,, nC,; nCy, nCy nCy, nCys nCy;yz nCy; nC;g nCy n-Cyo n-C,;, nC,, nCy, nCy Pr Ph Naph  Biph  Phen
Hamersley Group
Tom Price area and Mt Whaleback
Reel -322 278 -268 -266 -275 -273 -263 — — — — — — — — — — — -34 -35
Rae2 -32.8 — — —
Beel® -335 -280 -264 -27.0 277 -272 -272 -275 -279 290 — — — — — — -287 -31.0 -300 -330 -319
Dal -320 — -262 272 275 274 -288 -290 -291 -298 -290 -29+1 -287 -279 — — -30.3 -29.8
Rae6® -304 -338
Rae3 -34.6 — — — — — — — — — — — — — — — — —
Wittenoom area
Mam2 -413 -276 -276 -279 -287 -283 -295 -288 -290 -284 -290 -300 -27.6 — — — -29.0 —
Maml -46.8 — — -278 -262 -256 270 -262 -262 -265 -266 -26.8 -269 -268 -27.2 — -288 296 — — —
Fortescue Group
Royl -395 — — — -280 279 -286 270 -262 -261 -269 -268 272 =276 — — -29.4 -295
Roy10 -403 -280 -275 -279 -273 -281 -292 -285 -291 -285 -294 -274 — — — — -29.8 —
Roy2 -39.6 — — — — -281 -309 -274 -260 -274 271 -276 -28.3 — — — -29.8 -30.1
Roy1l -415 277 -276 -274 -276 -283 -289 -284 -285 -283 -290 -287 — — — — -30.1 -30.6 — — —
Roy3 —41.1 — -264 275 — 273 -294 274 270 -263 -264 -262 —26.2 — — — -289 -288 — — —
War5 —44.6
Warl -37.1
Harl -329 — — -260 -260 -257 -260 -253 -262 -261 -268 -259 — — — — 272 -26.1
War2 474
Tuml -46.5 — — -287 282 — -284 277 272 276 -281 -275 -275 -27.8 — — -286 —29.1
FVGl1 -44.1
FVG2 456 — — — -280 275 273 275 273 277 -280 -284 273 -269 270 276 -283 -314
aAll carbon isotope values 8*3C are vs PDB in %o notation; ‘—' = not measurable; *° = not measured. Statistical error +0.1%o for kerogen, =0.4%o for n-alkanes and acyclic isoprenoids, and +1%o

for aromatic hydrocarbons. Vaues in italics are possibly affected by coeluting signals or an uneven baseline, and have an unknown error.

P Bedl: 8*°C (methylnaphthalenes) = —30.9%.; 6*°C (dibenzofuran) = —30%o; 6*°C (fluorene) = —29%o; 8*3C (phenylnaphthalenes) = —33%o.
© Rae6: §"3C (methylnaphthalenes) = —28.8%o; 8*3C (dimethylnaphthalenes) = —28%o; 6*3C (methylbiphenyls) = —30%o; 6*3C (fluorene) = —29%o; 8*°C (phenylnaphthalenes) = —33%o.
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Table A5. Extract/blank ratios ([compound A in rock extract]/[com-
pound A in procedural blank]) for representative samples and repre-
sentative biomarkers from the Hamersley and Fortescue Groups.

Hopanes Seranes
Caog-afB-20
Ts® CyyaB C,-Ba-20S C,gaaa-20S  (S+ R)
Dal2* 20 36 15 27 18
Rael 180 200 210 790 710
Rae2 280 610 530 880 1000
Raeb 1 1 1 1 1
Wal2 410 220 370 300 450
Rae3 4 7 12 7 5
Mam3* 80 110 39 36 64
Maml 540 410 840 720 550
Royl 1000 980 3100 1400 1300
Roy2 100 170 1200 420 320
Roy3 300 230 820 450 340
Madl* 6 5 7 11 6
Tuml 23 27 7 7 12

2 Compound abbreviations are defined in the text.
* Kerogen-free or kerogen-poor ‘blank’ samples.
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