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ABSTRACT

Carbon (613C) and hydrogen (62H) compound-specific isotope analyses on
sedimentary hydrocarbons are widely used for ecological reconstructions
and oil-source rock or oil-oil correlations. However, the effects of thermal
alteration on isotopic composition are not fully understood, potentially
1mparting a bias on interpretation of older and more mature sedimentary
sequences. We measured 613C and 62H of n-alkanes in 23 extracted
bitumens from the 1.64 Ga Paleoproterozoic Barney Creek Formation in the
southern McArthur Basin, Australia. The samples cover a wide range of
thermal maturities with calculated vitrinite reflectance (Re) values from
0.4% to 1.3%. Our results illustrate that while 613C of kerogen remains
relatively constant, the 613C and 62H of n-alkanes have a strong positive
correlation with thermal maturity. Average 613Caix increase by 6.8%o0 and
62Ha1x by 69%0 among the samples in the analysed maturity range. At the
same time, the carbon isotopic offset between n-alkanes and kerogen
(A613Calk—ker) climbs from 1.3%o to 8.5%0 with increasing maturity. Therefore,
the substantial maturity influence on stable carbon and hydrogen isotopes
of n-alkanes must be considered in palaeoecological and petroleum
correlation studies. In the initial stages of maturation, n-alkanes from the
Barney Creek Formation display increasingly positive “isotope slopes” in
plots of 613Cax against carbon number. However, with further maturation,
the slopes became increasingly negative. The isotope slope inversion

indicates that the dominant mechanisms for n-alkane generation and
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degradation changed during the progression from early diagenesis to
metagenesis. Numerical models suggest that the formation of positive and
negative isotope slopes may be driven by the balance of the formation of n-
alkanes from kerogen and their subsequent degradation, and by dependence

of the degradation rate constant £ on n-alkane chain length.

Keywords: Precambrian, McArthur Basin, Compound-specific isotope

analysis (CSIA), 613Cker, biomarkers, Rock-Eval pyrolysis

1. Introduction

Compound-specific isotope analysis (CSIA) provides valuable
information about biological sources of individual compounds, carbon cycling
and geological processes in ancient sedimentary environments (Murray et
al., 1994; Rooney et al., 1998; Odden et al., 2002; Sessions, 2016). CSIA is
also a successful tool for oil-source rock and oil-oil correlations in
Phanerozoic sequences (Pedentchouk and Turich, 2018). However, limited
CSIA measurements are available for Precambrian samples, mainly due to
the rare preservation of lipid biomarkers in rocks of this age (e.g., French et
al., 2015).

One of the widely used approaches for CSIA on ancient sediments is
tracking the differences between isotopic composition of n-alkyl lipid
remains (n-alkanes), breakdown products of chlorophyll (pristane and

phytane), and total organic carbon (e.g., Logan et al., 1995; Close et al.,
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2011; Williford et al., 2011; Schinteie and Brocks, 2017; van Maldegem,
2017). Typical Phanerozoic carbon isotope signatures on average follow the
biosynthetic fractionation pattern with n-alkanes being ~4.5%o 13C-depleted
relative to kerogen (Hayes, 2001) (throughout the text, the terminology
isotopically ‘depleted or enriched’ refers to 13C-depleted or 13C-enriched).
Inverse to this isotopic ordering, Proterozoic organic matter is characterised
by a ~1.5%0 13C-enrichment of extractable n-alkanes relative to kerogen and
consequently by positive values of AG13Caiker (Logan et al., 1995, 1997).
Logan et al. (1995) suggested that this inverse §13C pattern globally
occurred in the Proterozoic through intensive heterotrophic reworking of
slowly sinking primary biomass by bacteria and preferential preservation of
heterotrophic lipids; whereas in the Phanerozoic, faster-sinking fecal pellets
produced by multicellular organisms preserve the signatures of primary
biomass. An alternative explanation was proposed by Close et al. (2011). In
their mixed community model for the Proterozoic, relatively 13C-enriched
prokaryotic phytoplankton represent major input for preserved lipids (e.g.,
n-alkanes), whereas kerogen dominantly retains the isotopically depleted
signatures of eukaryotic biomass. A recent study by van Maldegem (2017)
showed that changes in redox and community can affect 613C systematics,
supporting elements of both existing models. However, based on highly
variable A613Calk—ker values across different Precambrian sedimentary
basins, the author suggested that the inverse 613C pattern between n-

alkanes and kerogen is not a universal Proterozoic signal.



85 The hydrogen isotopic (62H) composition of n-alkanes is controlled by a
86 combination of environmental, biological, physical and chemical processes
87  (Sessions, 2016). For thermally immature samples, a wide range of the 62H
88 values can reveal information about water chemistry (e.g., meteoric,
89 marine), organic matter source (e.g., marine algae vs terrestrial plants, or
90 autotrophs vs heterotrophs) and biosynthetic fractionations (Sessions, 2016
91 and References therein). However, hydrogen exchange with water or clay
92 minerals during diagenesis might complicate the original 62H signatures
93 and lead to ZH-enrichment of organic matter (Alexander et al., 1982;
94  Sessions et al., 2004).
95 Over geological time, the primary carbon and hydrogen isotopic
96 composition of bitumens can be significantly altered by diagenetic and
97 catagenetic processes and especially by increasing thermal maturity (e.g.,
98 Clayton, 1991; Clayton and Bjorey, 1994; Schimmelmann et al., 1999;
99 Dawson et al., 2005, 2007; Radke et al., 2005; Tang et al., 2005;
100 Pedentchouk et al., 2006; Maslen et al., 2012; Cheng et al., 2015; Sessions,
101 2016). For example, Tang et al. (2005) used anhydrous, closed-system
102  pyrolysis experiments to show that thermal alteration alone can increase
103 62Haik by ~50%0 and 613Caix by ~4%o at vitrinite reflectance equivalent values
104  of 1.5%. Several Phanerozoic studies supported these experiments by
105 showing a trend of increasing 62H of n-alkanes by up to ~71%o with
106 increasing maturity (e.g., Li et al., 2001; Dawson et al., 2005, 2007; Radke et

107  al., 2005; Pedentchouk et al., 2006; Maslen et al., 2012), as well as 613Cax
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values enriched by 2.0—4.5%0 in more mature samples (e.g., Clayton and
Bjoray, 1994; Odden et al., 2002; Dawson et al., 2007; Cheng et al., 2015).
However, the number of studies that determine the maturity effect on
013Caik and 62Haik in natural systems is limited. Additionally, to our
knowledge, there are no studies for the Phanerozoic and Precambrian that
investigate 613Cak across a wide range of maturities while keeping organic
matter source constant. In this field-based study, we present the results of
CSIA on extracted bitumens from the 1.64 Ga Barney Creek Formation
(Fm) in the southern McArthur Basin, Australia. Since the Barney Creek
Fm has a relatively constant organic matter source and covers a wide
maturity range across the basin, we aim to test the effects of thermal
alteration on Proterozoic carbon and hydrogen isotopic compositions of n-

alkanes.

2. Geological setting and samples

The McArthur Basin is located in northern Australia and contains a
Paleoproterozoic—Neoproterozoic succession of carbonate and siliciclastic
rocks with minor volcanic horizons (Ahmad et al., 2013; Munson, 2016). The
focus of this study is on the southern part of the basin, where the
Paleoproterozoic section is stratigraphically subdivided into the Tawallah
and McArthur groups (Jackson et al., 1987). The McArthur Group (~1690 to
~1614 Ma) is represented by shallow to deep marine succession of

carbonates, shales, and sandstones (Jackson et al., 1987; Kunzmann et al.,
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2019). The 1640 + 4 Ma Barney Creek Fm of the McArthur Group comprises
laminated dolomitic, carbonaceous and pyritic siltstone and shale (Jackson
et al., 1987; Page and Sweet, 1998). The Barney Creek Fm is of particular
scientific interest because it hosts potential petroleum resources (Powell et
al., 1987; Johnson et al., 2013), world class Zn-Pb-Ag deposits, including the
McArthur River ‘HYC’ Mine (Eldridge et al., 1993; Ireland et al., 2004), and
1t also contains indigenous lipid biomarkers of Paleoproterozoic age (Brocks
et al., 2005).

For the current study, a total of 23 Barney Creek Fm samples at
different levels of maturity (assessed using hydrocarbon parameters and
Rock-Eval pyrolysis) were selected for CSIA and organic carbon isotope
analyses (Table 1). Samples were collected from four open-source drill cores
(LV09, GR7, BB5, BB6; Fig. 1), stored at the Northern Territory Geological
Survey core library in Darwin, Australia. The unmineralized HYC hanging
wall (182 m, 157 m and 94 m above the ore body) and foot wall were also
sampled from two drill holes, BS024-01 and MRM 2012-03. These
unmineralized HYC samples were selected to avoid hydrothermal alteration
effects. We further included published 613C and 62H values from five HYC

ore body samples (Williford et al., 2011).

3. Methods

3.1. Biomarker analysis
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Biomarker analysis was performed at the Australian National
University and followed protocols allowing recognition and removal of
contamination (e.g., Brocks et al., 2008; Brocks, 2011; French et al., 2015;
Vinnichenko et al., 2020). Laboratory contaminants remained below
detection limits in the cumulative system blanks that experienced the whole
sequence of procedures along with samples. Since contamination from
drilling fluids can affect the results of CSIA (Schinteie et al., 2019), the
syngeneity of biomarkers was assessed by comparison of exterior and
interior (E/I) hydrocarbon contents (Brocks et al., 2008). Therefore, ~3 mm
of all external surfaces were removed using a solvent-cleaned precision
diamond wafering saw (Buehler IsoMet 1000) or a wet table saw (Nortel
Machinery Inc.), depending on sample size and shape. Then the exterior (E)
and interior (I) rock portions were ground to < 240 mesh powder using a
clean Rocklabs iron puck mill. Later, E and I rock powders were extracted
with a Dionex Accelerated Solvent Extractor (ASE 200) using 90% DCM and
10% methanol. Prior to fractionation, elemental sulfur was removed from
HYC extracts by filtration over freshly precipitated elemental copper. All
extracted bitumens were fractionated into saturated, aromatic, and polar
fractions using microcolumn (Pasteur pipette) chromatography over
annealed and dry-packed silica gel (7 cm). Saturated hydrocarbons were
eluted with 1.5 ml of n-hexane, aromatic hydrocarbons with 4 ml of n-
hexane:DCM (1:1, v/v) and polar hydrocarbons with 3 ml of DCM:methanol

(1:1, v/v). Gas chromatography—mass spectrometry (GC-MS) analyses were



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

carried out on an Agilent 6890 GC coupled to a Micromass Autospec
Premier double-sector MS. The GC was equipped with a 60 m DB-5MS
capillary column (0.25 mm ID, 0.25 pm film thickness; Agilent) and used
helium as the carrier gas at a constant flow rate of 1 ml min-1. Full Scan
analyses were performed for saturated and aromatic fractions. Based on E/I
criteria (e.g., Brocks et al., 2008), all analysed interior fractions contained

indigenous biomarkers.

3.2. Compound-specific isotope analyses (613C and 62H)

Prior to CSIA, n-alkanes were separated from the saturated fractions
(Fig. 2) using 0.5 mg of 5 A zeolite molecular sieve (Grace Davison), which
was activated at 300 °C for 9 h. The molecular sieve and corresponding
saturated fractions were combined with 3.5 ml of cyclohexane, sealed,
vigorously mixed and kept overnight at 90 °C on a hot plate. The sieve was
filtered, washed with cyclohexane, air-dried for 2—3 h and digested in HF
(32%, 3 ml) to release the n-alkanes, which were further extracted with 3 ml
n-hexane. Total ion chromatograms of separated n-alkane fractions
illustrate that branched/cyclic compounds and unresolved complex mixture
were successfully removed during molecular sieving (Fig. 2).

Stable carbon and hydrogen isotopic compositions of individual n-
alkanes were measured at Geoscience Australia. For carbon isotopes, the
instrument comprised a Thermo Trace gas chromatograph (GC) connected

to a Finnigan MAT 253 isotope ratio mass spectrometer (IRMS) via a
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combustion furnace and water-removal assembly. The on-column injector
temperature was held at 150 °C. The 1 pl of pentane solution with sample n-
alkanes was injected either manually or with the GC PAL autosampler.
Individual hydrocarbons were quantitatively converted to CO2 and H20 in
the combustion reactor operated at 940 °C. Water was removed using a
tubular Nafion™ membrane swept with helium. The GC was equipped with
a DB-5 fused silica column (60 m X 0.32 mm ID, 0.25 pm film thickness).
The oven was maintained at 40 °C for 4 min, ramped to 220 °C at 6 °C/min
and then to 310 °C at 8 °C/min with a hold of 40 min. A mixture of
perdeuterated n-Cie (613C = —28.68%0), n-Czo (613C = —34.04%0), and n-Ca4
(613C = —26.85%0) alkanes was co-injected or separately injected with the
sample. In general, a precision of less than 0.3%0 was obtained for
perdeuterated n-alkanes with minimal background. Hydrogen isotopes were
obtained using a Thermo Scientific Delta V Advantage IRMS, which was
linked to Trace GC-TC. Before analysis, background scans and zero
enrichment were performed to monitor the day-to-day performance of the
GC-TC-IRMS system as a routine daily procedure. The Hs* factor (< 10) was
also calculated to ensure the linearity of results with responses within 0.5 to
10 V. Hydrocarbon components were resolved using a DB-5 capillary column
(60 m X 0.32 mm ID, 0.25 pm film thickness) with Ultra High Purity (UHP)
helium as a carrier gas at a constant flow rate of 1.2 ml min-1. The on-
column injector temperature was held at 150 °C. The oven was maintained

at 40 °C for 8 min, ramped to 200 °C at 10 °C/min and then to 310 °C at 8

10



222 °C/min with a hold of 40 min. The 2 pl of pentane solution with sample n-
223 alkanes (more concentrated than for carbon isotopes) was injected either
224  manually or with the GC PAL autosampler. A mixture of Ca (62H = —

225  177.8%o0), Caz2 (62H = —218.8%0), and Cas (62H = —194.8%0) fatty acid methyl
226 ester was separately injected with the sample as a standard to check the
227 accuracy and repeatability of the GC-TC-IRMS system. The 613C and 62H
228 values are reported in per mil (%o0) notation relative to VPDB and VSMOW
229 respectively. All analyses were run as a minimum in duplicate with an

230 average standard deviation of individual compounds of 0.13%o for 613C and
231 2%o for 62H.

232

233 3.3. Organic carbon isotope analyses

234 Organic carbon isotope analyses of kerogen (613Cker) for LV09 samples
235 followed the methods described in Stiieken (2013) and Kipp et al. (2018),
236 and were measured at the IsoLab facilities in the Department of Earth and
237  Space Sciences of the University of Washington. Rock powders were

238  decarbonised with 6 N HCI, then samples were rinsed in 18 MQ DI-H20 and
239  dried in an oven at 60 °C. Carbonate-free powders were analysed with a
240 Costech ECS 4010 Elemental Analyser coupled to a Thermo Finnigan MAT
241 253 continuous flow IRMS.

242 Kerogen isolation for BB5, BB6 and HYC samples was performed at

243  Geoscience Australia following the in-house protocol. The 613Cxker was

11



244  measured with a Thermo Scientific MAT 253 IRMS for BB5 and BB6

245 samples, and with Sercon 20-20 combustion IRMS for HYC samples.

246

247  3.4. Rock-Eval pyrolysis

248 Total organic carbon (TOC) content and Tmax were measured on bulk
249  rock powders using a Rock-Eval 6 Turbo™ (Vinci Technologies, France) at
250  Geoscience Australia for BB5 and BB6 samples and Lomonosov Moscow
251  State University for LV09 and HYC samples.

252

253  3.5. Numerical simulation of n-alkane degradation

254 To assess the trajectory of n-alkane concentrations and 813C-profiles
255  with increasing maturation, we constructed simple numerical models. The
256 annotated code and accessory files are available in the Supplementary

257 Information. Input variables include initial concentrations of C; to Css n-
258 alkanes (in moles of carbon) and their carbon isotopic composition 513C vs
259  VPDB. The models consider three principal mechanisms of n-alkane

260 degradation and formation that may run in parallel: (1) Cleavage of n-

261 alkanes along the carbon chain to shorter molecules that are returned to the
262  reactant pool. The rate constant kx (A = homolytic) and the 13C/12C

263  fractionation factor an were assumed to be identical for each C—C bond

264  within individual n-alkanes, except for terminal —-CH2—CHs bonds, which
265 were neglected due to much higher activation energies of cleavage (Tang et

266 al., 2000; Watanabe et al., 2001). In the input parameter file, rate constants

12
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kn(n) were set for each n-alkane homologue with carbon number n. For
Instance, to simulate thermal degradation of n-alkane homologues in a
radical chain reaction in the gas phase, rate constants were set to follow the
established equation kr ~ (n—2)X(n—3)V2 (Watanabe et al., 2001). (2) The
second type of reaction ‘isomerizes’ n-alkanes into new products and
channels them into an ‘isomer pool’ but does not generate shorter n-alkanes.
These reactions have the rate constant ki (i = isomerization) and 13C/12C
fractionation factor ai. In the reaction examined in more detail in this
manuscript, ki was independent of n-alkane chain length n. (3) The third
type of reaction is the generation of new n-alkanes through cleavage of n-
alkyl moieties from kerogen. This reaction was simulated by cleaving n-Css
residues along the chain assuming that all C—C bonds have the same
activation energy, except the terminal —CH2—CH3s bonds, which were

neglected (see above).

4. Results

4.1. Biomarker distribution, thermal maturity and Rock-Eval data
Extracted Barney Creek Fm bitumens from drill core LV09 (n = 12)

1llustrate typical mid-Proterozoic (1.8—0.8 Ga) hydrocarbon distributions

including a large unresolved complex mixture, relatively high

methylalkane/n-alkane ratios, lack of steranes and prevalence of hopanes

and aromatic carotenoids (Brocks et al., 2005). The unimodal distribution of

n-alkanes ranges from Cio to Cs2 with a maximum at Ci4 to Cgo (Fig. 2). The

13
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ratio of pristane and phytane (Pr/Ph) varies slightly between 0.3 and 0.6
and is consistent with minimal oxygen exposure of organic matter (Peters et
al., 2005). Although samples from drill cores GR7, BB5, and BB6 and the
HYC mine are too mature for preservation of polycyclic terpanes and
carotenoids derivatives, the extracts demonstrate a non-biodegraded
unimodal distribution of n-alkanes in the range Ci0-Cso with a maximum at
C14-C16 and elevated methylalkane/n-alkane ratios compared with LLV0O9
extracts (Fig. 2).

The maturity level of Barney Creek Fm bitumens was assessed using
the methylphenanthrene distribution factor (MPDF) (Kvalheim et al., 1987)
(Table 1). Calculated vitrinite reflectance equivalent values Re(MPDF)
indicate variable thermal maturities that range from immature to early
mature in LV09 (Rc = 0.44-0.71%), through the main oil window in GR7,
BB5, and BB6 (Rc = 0.64—-1.1%), and within the beginning of the gas window
in the unmineralized HYC samples (Rc = 1.1-1.3%). Saturated hydrocarbon
parameters based on polycyclic terpanes could not be applied in the current
study since the required compounds such as hopanes were not detected in
the more mature samples.

The results of Rock-Eval pyrolysis are summarized in Table 1. Based on
the classification scheme of Peters and Cassa (1994), the Barney Creek Fm
has fair to excellent organic richness with TOC between 0.35% and 4.7%
(Table 1). Since the hydrogen index (HI) is probably underestimated in the

samples with low TOC due to mineral matrix effects (Espitalié et al., 1980;
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Dahl et al., 2004), in the following we only consider HI values in the samples
with TOC > 1%. In the least mature LVO9 drill core with Tmax values from
424 °C to 438 °C, HI falls in the range 344-515 mg HC/g TOC and indicates
predominantly oil- and gas-prone marine kerogen (Table 1). In more mature
BB5, BB6 and HYC samples, HI illustrates much lower values of 18-64 mg
HC/g TOC (Table 1). S2 peaks of LV09, BB5 and unmineralized HYC
samples are well-formed Gaussian peaks (Supplementary Fig. Sla—c). Tmax
values for these samples vary from 424 °C to 468 °C (Table 1) and correlate
positively with Re(MPDF) (R2=0.72, p = 0.0015). Accordingly, the
methylphenanthrene-based maturity parameter and bulk rock Tmax are
consistent and demonstrate immature to late mature source rock.
Production index (PI) values around 0.1 for low maturity LLV09 samples and
< 0.3 for more mature BB5 and HYC samples suggest largely
uncontaminated source rocks (Peters and Cassa, 1994). Oil saturation
indices (S1/TOC) less than 100 mg of oil per gram of TOC indicate that all
analysed samples are unaffected by migrated hydrocarbons (Jarvie, 2012).
Tmax was also measured for BB6 samples. However, the results were not
included in this study due to unreliable pyrograms displaying broad bimodal
S2 peaks (Supplementary Fig. S1d) and anomalously low Tmax. Such S2
shapes are common for heavy ends of bitumen, migrated oil, or drilling
additives (Peters, 1986). Most probably, bulk BB6 rock powders used for
Rock-Eval pyrolysis were affected by surficial contamination. Nevertheless,

based on rigorous assessment of biomarker syngeneity using

15



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

Exterior/Interior experiments (Brocks et al., 2008), the interior fractions of
BB6 samples used for CSIA measurements remain unaffected by

contamination.

4.2. Stable carbon isotopes

The stable carbon isotopic composition of Barney Creek Fm kerogen
(613Cker) 18 relatively constant across the Southern McArthur Basin, ranging
from —32.5%0 to —33.5%0 1n LLV09, from —32.6%0 to —34.4%0 in BB5 and BB6,
and from —33.1%o to —34.0%o in the unmineralized HYC samples (Table 1).
These values are also consistent with previously published 613Cyer
measurements of the Barney Creek Fm (Powell et al., 1987; Williford et al.,
2011).

The carbon isotopic composition of n-alkanes (613Caix), however, varies
more widely. It ranges from —29.6%o to —32.6%o for LLV09, from —26.9%o to —
27.5%o for BB5, from —27.8%0 to —30.2%o for BB6 and from —24.1%o to —30.3%o
for HYC samples (Fig. 3a, Table 2). Most LV09 samples display an increase
of 613Caix values by up to 3.5%0 with increasing carbon number in the range
n-C12—Cs1, while no clear trend was observed for the BB5 and BB6 drill
cores. Conversely, 613Caik values in HYC samples generally decrease with
increasing n-alkane carbon number (Fig. 3a).

The discussion will focus on the non-weighted average of §13C of n-
alkanes in the range n-Cis to n-Cas (Table 1), as carbon isotope data are

available within that range for all samples. The average 613Caix of n-C16-Cas

16
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for the Barney Creek Fm dataset increases from —31.8%o to —25.0%0 with
increasing Re(MPDF). Similarly, the carbon isotopic offset between n-
alkanes and kerogen (A613Caik_ker) increases from 1.3%o in the early mature
LV09 samples to 8.5%0 in the late mature HYC samples. Re(MPDF) shows
significant positive linear correlations with both A813Caik—ker (R2=0.80, p <
0.00001) and 613Cax (RZ2=0.80, p < 0.00001) (Fig. 4a,c). Previously published
carbon isotope values for HYC bitumens (Williford et al., 2011), included in

Fig. 4, fall on the trend line.

4.3. Stable hydrogen isotopes

The stable hydrogen isotopic composition of Barney Creek Fm n-alkanes
(62Haix) 1s represented in Table 3 and Fig. 3b. Analysed samples show
progressive enrichment in 2Hax with increasing chain length of n-alkanes.
To remain consistent with the reported average 613C. values, we use non-
weighted average 62Haix for n-Cis to n-Cas. Average 62Haix of n-Ci6-Cao3 varies
from —103%o to —120%o for LV09, from —115%0 to —117%o for GR7, from —87%o
to —96%o for BB6, reaches —88%o for BB5 and from —75%o to —51%0 for HYC
samples (Table 1). Similar to carbon isotopes, average 62Haix yields a strong
linear correlation (R2=0.74, p < 0.0001) with Re(MPDF) across the sample
set (Fig. 4d). Additionally, 62Haix correlates positively with 613Cax (R2= 0.83,

p <0.00001, not shown).

5. Discussion
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5.1. Thermal maturity

Based on Re(MPDF), the Barney Creek Fm displays a wide range of
thermal alteration intensities, from immature to the beginning of the gas
window (Rc = 0.44-1.3%), with increasing maturity in the following order:
LV09, GR7, BB6 and BB5, unmineralized HYC. Available bulk rock Tmax
values for LV09, BB5, and HYC samples are consistent with biomarker-
based maturity parameters, supporting the indigenous nature of the
extracted hydrocarbons. Additionally, HI decreases with increasing
Rc(MPDF). No correlation between maturity and TOC was observed (R2=
0.13). Unmineralized HYC samples show slightly higher maturity levels in
comparison with previously published bitumens from the HYC ore body
(Williford et al., 2011). This pattern may be related to varying thermal

maturities in different mine locations.

5.2. Potential controlling factors for 613C and 62H of n-alkanes

The isotopic composition of n-alkanes in source rocks or reservoirs
potentially can be affected by a number of processes including thermal
maturity, hydrocarbon migration, oil mixing, water washing, biodegradation
and evaporative fractionation (e.g., Pedentchouk and Turich, 2018). In the
current study, in order to minimize in-reservoir fractionation effects, we
analysed extracted indigenous bitumens directly from the Barney Creek Fm
source rock instead of oil samples. Consequently, water washing,

evaporative fractionation and mix of several oils from multiple sources can
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be excluded as dominant controlling factors for 613Cax and 62Hax variability.
Biodegradation can also be eliminated for the Barney Creek Fm bitumens
based on the relative abundance and distribution of n-alkanes (Fig. 2 and
Pawlowska et al., 2013). Instead, significant linear correlations of average
013Caik and 62Haix with Re(MPDF) (Fig. 4) suggest that thermal maturity is
the major factor that controls changes in the isotopic composition of the
Barney Creek Fm bitumens. Mechanisms of maturity control on §13Cax and

02H.1x will be discussed below.

5.3. Stable hydrogen isotopes
5.3.1. Maturity control on 62H of n-alkanes in previous studies

Under geological time and temperature, the primary hydrogen isotopic
composition of lipids can be strongly modified by diagenetic hydrogen
exchange processes and kinetic fractionation during thermal cracking
(Sessions, 2016). The effects of these two processes on hydrogen isotopes
might be hard to distinguish in natural samples, since both of them lead to
2H-enrichment. To exclude the impact of hydrogen exchange reactions with
water and only determine the effects of kinetic fractionation, Tang et al.
(2005) performed anhydrous, closed-system pyrolysis experiments on North
Sea petroleum and isolated n-alkanes from that oil. The study demonstrated
that n-alkanes became heavier in 2H by 53%o with increasing maturity from
0.9% to 1.5% of vitrinite reflectance equivalent. Several Phanerozoic field-

based studies are consistent with these results and illustrate an increase of
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average 62Hak by up to ~71%0 with rising maturity (Table 4) (e.g., Li et al.,
2001; Dawson et al., 2005, 2007; Radke et al., 2005; Maslen et al., 2012).
Additionally, heating rate might influence the extent of 2ZHa-enrichment.
For example, Radke et al. (2005) observed that in normal burial settings
with maturity ranging from Rc(MPI) = 0.65% to 1.26%, 62Haix increased by
up to 52%o for samples from the Permian Kupferschiefer, Poland. By
contrast, the Jurassic Posidonia Shale from Germany, affected by heating
from a magmatic intrusion, experienced a greater 2Hak-enrichment by up to
67%o in the smaller maturity range of Re(MPI) = 0.64-1.04% (Radke et al.,

2005).

5.3.2. 6°H of n-alkanes in the Barney Creek Fm

In the current study, hydrogen isotopes of n-alkanes in the immature to
early mature LV09 bitumens vary in the typical range for marine source
rocks with average 62Haix between —103%o0 and —120%o (Sessions, 2016).
Analysed samples show an increase in 62H values with increasing n-alkane
carbon number (Fig. 3b, Table 3). Samples #3, #6, #8 and #9 exhibit the
most prominent “isotope slope” with up to 42%o difference between low and
high molecular weight n-alkanes. Such an effect has been associated with
kinetic fractionation during thermal cracking (Tang et al., 2005).
Observation of this pattern in LV09 bitumens indicates that the isotope
slope may already become pronounced in samples of relatively low maturity

with Re(MPDF) < 0.7%. Tang et al. (2005) also observed in their heating
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experiments a steepening of the 62H 1sotope slope with increasing thermal
maturity from Rec = 0.9% to 1.56%. However, in the Barney Creek Fm, we
detect no steepening effect in the maturity range of Re(MPDF) = 0.56-1.1%
(Fig. 3b). It is unclear whether the most mature sample with Re(MPDF) =
1.24% shows an increase in slope, since the 62Hax measurements for this
sample are available only for a limited range of n-alkanes (Fig. 3b, HYC
#20). Therefore, we cannot verify whether steepening of the 62H isotope
slope observed in pyrolysis experiments at the highest thermal maturities
also occurs in natural bitumens of the Barney Creek Fm.

Barney Creek Fm bitumens from several drill cores demonstrate an
increase of average 62Hak by 69%0 as maturity rises from Re(MPDF) = 0.56%
to 1.24% (Fig. 4d). However, the actual 2Hax enrichment might be even
higher because the long-chain n-alkanes, which are generally isotopically
heavier, could not be measured for the most mature sample (Fig. 3b). We
also included published 62H values for HYC ore body bitumens in Fig. 4.
Williford et al. (2011) reported that HYC ore body n-alkanes are enriched in
2H by up to 50—-60%o relative to n-alkanes from unmineralized, immature
Barney Creek Fm sediments from the GR-10 core distal from the mine. The
authors interpreted this apparently anomalous offset as a result of hydrogen
exchange with the mineralizing fluid during ore genesis. However, we
observe similar 62H values in ore body bitumens and bitumens from
sediments of similar burial maturity not affected by hydrothermal alteration

(BB5, BB6, and unmineralized HYC samples), negating the evidence for
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anomalous 2Hax enrichment in the ore body (Fig. 4d). The isotopic offset is
fully consistent with a general 2Hax enrichment caused by increasing
thermal maturity. The magnitude of average isotopic enrichment in the
Barney Creek Fm is consistent with previously published empirical data
from field-based studies on Phanerozoic sequences (Table 4).

Fig. 5a compares correlations of average 62Hax with maturity for Barney
Creek Fm bitumens and an artificially heated Phanerozoic crude oil sample
analysed by Tang et al. (2005). Even though Barney Creek Fm samples are
shifted by ~20%o to heavier values of 62Hai, maturity-related trends of
average 62Hax for both datasets experience almost the same slope (Fig. 5a).
In principle, the observed trend of increasing average 62Hax with increasing
maturity in the Barney Creek Fm may reflect a combination of kinetic
fractionation caused by thermal cracking and hydrogen exchange effects.
However, since Tang et al. (2005) record a similar 2Hax enrichment under
exclusion of hydrogen exchange reactions, the data from the current study

may be solely explained by fractionation during thermal cracking.

5.4. Stable carbon isotopes
5.4.1. Maturity control on 6§13C of n-alkanes in previous studies

Although it is widely accepted that thermal maturity influences the
carbon 1sotopic composition of oils and n-alkanes, the precise mechanisms of
such fractionation effects are not fully understood. According to Clayton

(1991), oil generation and oil to gas cracking lead to increased 613C of
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residual bitumen caused by 13C/12C kinetic fractionation. Preferential
breaking of 12C—12C bonds rather than 13C-12C bonds releases 13C-depleted
compounds and results in 13C-enrichment of the remaining oil fraction
(Clayton, 1991; Clayton and Bjorey, 1994).

Previously published maturity-dependent 613C measurements of n-
alkanes in experimental and field-based studies are summarised in Table 4.
In the pyrolysis experiments on North Sea oil and isolated n-alkanes by
Tang et al. (2005), mentioned in Section 5.3.1, the average carbon isotopic
composition of n-alkanes increased by 4.6%0 with increasing maturity from
0.9% to 1.5% vitrinite reflectance equivalent. In a similar experimental
study, Tian et al. (2017) observed 5.5%0 average 13C-enrichment for C14-Cs3
n-alkanes in anhydrous closed-system pyrolysis experiments at 250 °C to
450 °C on an oil sample from the Maoming Basin in China, and 6.6%o for the
n-Ci6-Ca3 range (computed using data from Table 2 in Tian et al. (2017)).
Cheng et al. (2015) performed pyrolysis experiments on two immature
source rock samples from the Pearl River Mouth Basin in China and
recorded enrichment of average 613Caik by 3.3%0 (Enping Fm) and 5.7%o
(Wenchang Fm) in the maturity range of Rc = 0.64—1.24%.

There are few published Phanerozoic field-based studies that report
systematic changes in 613Cax with increasing maturity (Table 4) (e.g.,
Clayton and Bjorey, 1994; Odden et al., 2002; Dawson et al., 2007; Cheng et
al., 2015). For instance, Clayton and Bjorey (1994) in a study of Jurassic

North Sea oils showed an increase of average 613Cax by 2.1%0 based on four
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samples in the narrow maturity range of Re(MPI) = 0.77-0.86%. Dawson et
al. (2007) analysed 15 Upper Jurassic bitumens from the Vulcan sub-Basin
in northern Australia with a wider maturity range of Ro = 0.7-1.6% and
recorded a ~4.5%0 enrichment of average 613Cai (estimated from Fig. 3 in
Dawson et al. (2007)). In one available Precambrian study with possible
maturity influence on 613Cai, Jarret et al. (2019) examined 12 bitumens
from the Mesoproterozoic Velkerri Fm, Australia, in the maturity range
Rec(MPDF) = 0.54-1.16% and observed a maximum increase of average
613Caik by up to 3%0. However, due to noticeable scatter in the data and
absence of a clear correlation with maturity, the authors suggested that
organic matter source might represent a greater control on §3Cax variations

than thermal alteration.

5.4.2. 613C of n-alkanes in the Barney Creek Fm

Immature to early mature samples from the LLV09 drill core presumably
most closely reflect the primary 613C values of Barney Creek Fm n-alkyl
lipids. Average 613Caix of extracted bitumens vary from —30.6%o to —31.8%o.
As a comparison, these values are ~3%o enriched relative to n-alkanes of
similar maturity from the overlying 1.38 Ga Velkerri Fm in the McArthur
Basin (Jarrett et al., 2019). In the absence of terrestrial higher plants or
detectable eukaryotic algae, the 613Ca values of these Paleo- and
Mesoproterozoic successions predominantly reflect bacterial biomass (e.g.,

Brocks, 2018; Gueneli et al., 2018). Analysed samples demonstrate an
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“inverse” isotopic ordering with 13C-enrichment of extractable n-alkanes
relative to kerogen and positive values of A613Caik_ker between 1.3%o0 and
2.6%o (Fig. 6¢). Such inverse isotopic pattern is common in the Proterozoic
but is opposite to typical isotopic ordering in the Phanerozoic (Fig. 6a,b), a
difference likely related to fundamental transformations in the ecology of
primary producers and heterotrophs through time (Logan et al., 1995; Close
et al., 2011).

Barney Creek Fm bitumens from several drill cores demonstrate an
increase of average 613Cax by up to 6.8%0 with increasing Re(MPDF) from
0.44% to 1.3% (Fig. 4c). Over that maturity range, 613Cxer values stay
relatively constant (Fig. 4b, Table 1). Therefore, the isotopic offset A513Ca1k—
ker, Which reaches 8.5%o in the most thermally altered sample (Fig. 4a, Fig.
6¢), 1s controlled by variations in n-alkanes and not the kerogen. To our
knowledge, this is currently the highest recorded 3Cax-enrichment caused
by thermal maturation. Even though our results show ~2—4%. greater 13Cax-
enrichment than other available field-based studies (Table 4, Section 5.4.1),
a meaningful comparison of the Paleoproterozoic Barney Creek Fm with
Phanerozoic field data is not possible at present.

High maturity-dependent 13Ca-enrichment has not yet been recorded in
the limited published Phanerozoic field-based studies, several of which
examine only narrow maturity ranges. However, the observed increase of
613Ca1k values with rising thermal maturity in the Barney Creek Fm is

similar to the pyrolysis experiments by Tang et al. (2005) and Cheng et al.
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(2015) on Phanerozoic oil and source rocks (compare slopes in Fig. 5b). In
principle, since these experimental studies were performed on Phanerozoic
o1l and source rocks, 613Cax in Phanerozoic natural environments could be
affected by thermal alteration to the same extent. Thus, it is generally
important to consider possible extreme §13Cai alterations upon maturation
in environmental studies and oil-source rock correlations for both
Proterozoic and Phanerozoic sequences. The Barney Creek Fm case study
also highlights a substantial thermal maturity impact on A813Caik_xer values
(Fig. 6¢). Therefore, Precambrian community and redox reconstructions
using A813Caik—ker 1sotopic offsets (e.g., Logan et al., 1995; Close at al., 2011)

must take thermal maturity into account.

5.4.3. Possible mechanisms for 13Ca-enrichment and the “isotope slope”

The precise mechanisms responsible for the increase of average 613Caix
with increasing thermal maturity are unresolved. One commonly discussed
mechanism suggests that the carbon isotopic enrichment is caused by
kinetic fractionation associated with the breaking of C—C bonds along the
carbon chain of n-alkanes (e.g., Clayton, 1991). Due to preferential
homolytic cleavage of 12C—12C bonds over 13C-12C, the thermal cracking of an
n-alkane should generate two isotopically depleted shorter chain n-alkanes,
resulting in relative enrichment of the intact residue of the parent n-alkane.
According to Clayton (1991), this enrichment has a proportionally larger

effect on residual short chain n-alkanes than higher homologues, leading to
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progressive increase of §13Cax with decreasing carbon number, creating a
negative “isotope slope”. The emergence of negative isotope profiles during
increasing maturity was originally suggested by Silverman (1967) and later
developed by Clayton (1991). However, the proposed mechanism does not
account for changes in degradation rates with increasing carbon number.
For example, the rate constant kx for homolytic cleavage of n-alkanes in a
radical chain reaction in the gas phase increases with chain length
(Watanabe et al., 2001). As a consequence, long chain n-alkanes degrade
faster than short chain homologues, resulting in faster enrichment of high
molecular-weight compounds (Tang et al., 2005). This effect could be further
enhanced by the addition of generated, isotopically depleted breakdown
products to the short chain n-alkane pool. Thus, according to Tang et al.
(2005), thermal cracking should lead to progressive 13C (and 2H) isotopic
enrichment of n-alkanes with rising carbon number, creating a positive, not
a negative, isotope slope. In their anhydrous pyrolysis experiments, Tang et
al. (2005) observed a steepening of the 62Haix isotope slope with increasing
maturity. However, the predicted positive isotope slope in 313Cax was not
detected. Based on comparison with 62Hak, the most mature pyrolysate (Rc
= 1.5%) should have displayed a carbon isotopic difference of 1.4%o0 between
n-Cis and n-Cq21. The authors argued that the expected positive §13Caix slope
was not observed due to low analytical precision of the measurements

causing scattered 613Cak values.
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While Tang et al. (2005) performed pyrolysis experiments on bitumen
and isolated n-alkanes, Cheng et al. (2015) pyrolysed immature source rock
samples, thus observing the combined effect of n-alkane generation from
kerogen and n-alkane cracking. In these experiments, 313Cax slopes started
to increase at Re > 0.79%. An increase of the 613Caix 1sotope slope was also
detected in natural bitumens of the Enping Fm (Cheng et al., 2015), while in
other published field-based studies the isotope slope either experienced no
change (Odden et al., 2002; Cheng et al., 2015 for Wenchang Fm) or rotated
to less positive values at higher maturities (Clayton and Bjorey, 1994;
Dawson et al., 2007).

In the current study, Barney Creek Fm bitumens display an inversion of
the 613Caix 1sotope slope from positive to negative with rising maturity (Figs.
3a and 7). The least mature Barney Creek Fm bitumens (drill core LLV09)
show slightly increasing positive isotope slopes within the maturity range of
Rc(MPDF) = 0.44-0.71% (Fig. 7, R2=0.52, p = 0.008). However, as maturity
increases further from Re(MPDF) = 0.9% to 1.3%, and the distributions of n-
alkanes shift towards lower chain lengths due to near complete destruction
of longer molecules (Fig. 2), the 613Cax isotope slopes start to flatten and
then become more negative (Figs. 3a and 7). Thus, cleavage of n-alkanes in
radical chain reactions, which should generate increasingly positive isotope
slopes (Tang et al., 2005), may not be the sole mechanism of 3C-enrichment,

and other reactions need to be considered.
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5.4.4. Simulation of 613C isotope slope behaviour

To explore the formation of positive and negative 613Caxx isotope slopes
during organic matter maturation, we ran simple numerical models for
three mechanisms: (1) n-alkane cleavage in a radical chain reaction, (2)
reactions where the rate constant has limited dependence on the n-alkane
chain, and (3) generation of n-alkanes through degradation of kerogen. We
do not imply that the particular reaction mechanisms in the models play a
dominant role in n-alkane isotope slope formation in natural systems.
Rather, the aim is to explore principal reaction characteristics that may be
responsible for the generation of positive and negative slopes.

Fig. 8a shows the progression of 613C profiles during cleavage of n-
alkanes in a radical chain reaction in the gas-phase. In this model, n-
alkanes are cleaved by B-scission, generating two shorter-chain n-alkane
products that are isotopically depleted and returned to the n-alkane pool,
and the intact residues of the parent compounds become isotopically
enriched. Longer chain n-alkanes are cleaved considerably faster than
shorter homologues as the rate constant increases with chain length n
following kn ~ (n—2)(n—3)12 (Watanabe et al., 2001). We applied a 13C/12C
fractionation factor an = 0.994, a conservative estimate for homolytic mid-
chain cleavage of n-alkanes (Tang et al., 2000), although the precise value is
not critical for the purpose of the simulation. The isotopic values of all n-
alkanes at the start of the reaction were set to 513C = —32%o. After 20

iterations of arbitrary time units, 98.1% of n-alkanes in the range Cis to Cs1
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were degraded, achieving an average isotopic enrichment comparable to the
Barney Creek Fm. Moreover, as predicted by Tang et al. (2005) but unlike
the Barney Creek Fm, the isotopic profiles develop increasingly positive
1sotope slopes (Fig. 8a). According to Tang et al. (2005), two effects with
unknown relative importance contribute to the progressively increasing
013Cak slopes: (1) generation of isotopically depleted breakdown products
that are added to the short chain n-alkane pool, and (2) higher rate
constants kn for longer chain n-alkanes. To determine the relative
importance of these effects, we adjusted the model to discard the cleavage
products rather than returning them to the n-alkane pool. Surprisingly, the
removal of 13C-depleted products had only minimal impact on 13Cax
enrichment. For instance, in the specific simulation shown in Fig. 8a, after
20 iterations n-Cis becomes enriched by 3.78%o if isotopically depleted
products are removed, and by 3.41%o if they are returned to the n-alkane
pool. Moreover, withdrawal of the breakdown products had no visible
influence on isotope slopes. Therefore, effect (1) 1s unimportant for the
trajectory of 613C profiles in a radical chain reaction, and the formation of
the positive isotope slope can be largely attributed to the dependence of the
rate constant k on chain length n.

The second model examines the evolution of 513C profiles during
hypothetical reactions where the rate constant k; has only a weak
dependence on n-alkane chain length, or where short chain n-alkanes may

even react faster than longer homologues. For bitumen degradation under
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natural conditions, the dependence of rate constants on chain-lengths
remains largely unexplored, so it is unclear which mechanisms have such
characteristics. Plausible mechanisms include cracking and isomerization
reactions where the reaction rate is controlled by access to limited sites on
catalytic surfaces, or fast reactions in gas solution that favour homologues
with lower evaporation energies. As an example, the simulation in Fig. 8b
keeps ki constant with chain length. As 13C/12C fractionation factors o; of
such reactions, to our knowledge, have not been determined, we chose oi =
0.994 to make the simulation comparable to the radical chain reaction in
Fig. 8a. After 20 iterations of arbitrary time units, 99.96% of n-alkanes in
the range Ci3 to Cs1 were degraded, again achieving an average isotopic
enrichment comparable to the Barney Creek Fm. Without changes in ki with
increasing carbon number, the enrichment of residual n-alkanes is now
proportionally larger for short-chain homologues than for longer homologues
as described by Clayton (1991). Consequently, and in contrast to the radical
chain reaction, the isotopic profiles develop increasingly negative isotope
slopes (Fig. 8b).

To test whether competition between reactions with strong and weak
dependence of k on n can reproduce the n-alkane abundances and isotope
profiles of the Barney Creek Fm, we performed a simulation using actual n-
alkane concentrations and isotope data for one of the least mature samples
#02 (Fig. 8c). In the model, as an arbitrary choice, both reaction types ran in

parallel at the same average reaction rates but with different fractionation
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factors. Fig. 8c—d compares the model results with actual 5613C data and n-
alkane abundance profiles of the Barney Creek Fm. Juxtaposition of the
plots reveals that the magnitude of the isotope effect, the inversion of the
1sotope slope from positive to negative, the magnitude of decline in absolute
n-alkane abundances as well as the shift of n-alkane carbon numbers
towards lower molecular weight compounds were satisfactorily captured.
However, formation of the increasingly positive isotope slopes in the earliest
stages of maturation (Fig. 7, LV09 samples) was not captured. It is plausible
that the positive isotope slopes in LV09 samples formed during the early
stages of n-alkane generation (rather than degradation) through cleavage of
n-alkyl moieties from kerogen as illustrated in Fig. 9. In this model, the
inversion of the isotope slope from positive to negative is caused by the
exhaustion of n-alkyl moieties in the kerogen and a shift from n-alkane
formation to n-alkane degradation.

As mentioned, the numerical models shown in Figs. 8 and 9 do not imply
that the progression of n-alkane abundances and isotopes in the Barney
Creek Fm, or any other natural system, were caused by these specific
chemical mechanisms with the given rate constants and fractionation
factors. Rather, the models suggest that the dependence of the rate constant
k on chain length n, and the competition between n-alkane generation and
degradation, may be the dominant drivers for n-alkane isotope slope
behaviour. Therefore, future studies should aim to determine k(n) for

competing reactions in natural systems. More sophisticated models will
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need to include numerous effects that were excluded here, such as
generation of n-alkanes from functionalized n-alkyl lipids, temperature
dependencies of rate constants and isotope fractionation factors, the
generation of n-alkanes through cleavage of methylalkanes, alkyl aromatics
and similar compounds, and isotope effects associated with the expulsion of

n-alkanes from source rocks.

6. Conclusions

Immature to early mature Paleoproterozoic Barney Creek Fm samples
from LV09 drill core show 13C-enrichment of extractable n-alkanes relative
to kerogen, thus following an inverse isotopic pattern that was previously
observed in Precambrian formations (Logan et al., 1995). The 62Hax values
vary in the typical range for marine source rocks and become greater with
increasing chain length of n-alkanes. The presence of this §2Hai positive
isotope slope demonstrates that kinetic fractionation effects already become
evident at relatively low thermal maturities of Re(MPDF) < 0.7%.

Compound-specific carbon and hydrogen isotope values of Barney Creek
Fm n-alkanes from several drill cores correlate significantly with maturity,
demonstrating a 13C and 2H enrichment of n-alkanes by up to 6.8%. and
69%o respectively with increasing maturity from Re(MPDF) = 0.4% to 1.3%.
The carbon isotopic offset A613Caik—ker, Which reaches 8.5%o in the most
mature bitumen, is controlled by variations in n-alkanes rather than the

kerogen, since 613Cker values stay relatively constant. The greater extent of
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749  1BCgx-enrichment for Barney Creek Fm samples compared with available
750 Phanerozoic empirical data may reflect the limited number of published
751  studies about the thermal maturity influence on 613Cax. However, based on
752  similar trends of increasing isotopic enrichment with maturity in pyrolysis
753  experiments on Phanerozoic oils and source rocks, the isotopic composition
754  of n-alkanes in Phanerozoic and Precambrian sequences might be affected
755 by thermal alteration to a similar extent. As the observed thermal effect on
756  313Cak and 62Haix 1s high enough to have an impact on biological and

757 environmental interpretations, it is important to consider maturity in oil-
758  source rock correlations and ecological reconstructions for Proterozoic and
759  Phanerozoic sediments. In particular, since thermal alteration can

760  substantially affect the isotopic offset between n-alkanes and kerogen

761  (A813Cak-ker), and presumably between n-alkanes and acyclic isoprenoids, it
762  is crucial to take thermal maturity into account when isotope systematics
763  are used to reconstruct Precambrian biological communities and trophic
764  relationships.

765 In the Barney Creek Fm, the slope of 813C n-alkane profiles changes
766  from positive to negative with increasing thermal maturity. Based on simple
767 numerical simulations, we suggest that this slope behaviour is driven by the
768  balance of the formation of n-alkanes from kerogen and their subsequent
769  degradation, and the dependence of the degradation rate constant & on n-
770  alkane chain length n. Initial generation of n-alkanes from kerogen forms a

771  positive isotope slope. Degradation mechanisms where % strongly increases
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with chain length, such as radical chain reactions, also cause positive
1sotope slopes, while mechanisms with a lower dependence on chain length
result in negative isotope slopes. The changing importance of these
competing reactions in the progression from early diagenesis to metagenesis
may be responsible for the observed isotope slope inversion in the Barney

Creek Fm and other systems.
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Figure captions

Fig. 1. McArthur Basin in northern Australia with location of the drill cores

investigated in this study.

Fig. 2. Total ion chromatograms (TIC) of saturated fractions and separated
n-alkanes for Barney Creek Fm samples (a) #9 and (b) #22 of different
maturity. Black circles represent n-alkanes. Pr: pristane; Ph: phytane; IS:

internal standard, co-eluting with n-Cas.

Fig. 3. (a) 613C of n-alkanes and (b) 62H of n-alkanes from the Barney Creek

Formation plotted against chain length.
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Fig. 4. Plots of calculated vitrinite reflectance Re(MPDF) for Barney Creek
Formation extracted bitumens vs (a) carbon isotopic offset between n-
alkanes and kerogen (A613Calk—ker), (b) carbon isotopes of kerogen (613Cker), (c)
average 613C of n-alkanes and (d) average 62H of n-alkanes. In addition to
the R2 values, we added Spearman’s p and the corresponding p value
because of non-normal distribution of the data. Note that previously
published CSIA and 613Cyer values for HYC samples are included in the

correlations (Williford et al., 2011).

Fig. 5. Comparison between maturity-related CSIA trends for Barney Creek
Formation bitumens from the current study and artificially heated
Phanerozoic crude oil sample (Tang et al., 2005) and source rocks (Cheng et
al., 2015). The plots show calculated vitrinite reflectance Rc against (a)
average 62H of n-alkanes and (b) average 613C of n-alkanes. Since the
maturity of the unheated Phanerozoic oil sample is unknown in the
experiments by Tang et al. (2005), here we provide CSIA measurements for

the range of Re = 0.9-1.5%. m: slope from linear equations.

Fig. 6. Schematic carbon isotope signatures of n-alkanes relative to kerogen
for (a) Phanerozoic sediments, which are typically in agreement with the
biosynthetic fractionation pattern (Hayes, 2001); and (b) Proterozoic
sediments demonstrating an “inverse” isotopic ordering (Logan et al, 1995,

1997). (c) Whisker plots illustrating maturity effect on 613C of n-alkanes
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relative to kerogen in the Paleoproterozoic Barney Creek Formation. n = 12

mn Re=0.4-0.7%,n=111n Re =0.9-1.1%, n = 3 1n Re = 1.2-1.3%.

Fig. 7. Carbon “isotope slope” inversion with increasing calculated vitrinite
reflectance Re(MPDF) for Barney Creek Formation extracted bitumens.
Isotope slope values for each sample were obtained from plots of 613C of n-
alkanes against chain length (Fig. 3a). The full range of available carbon
numbers was used for the computation of slope values. P values were

calculated for R2.

Fig. 8. Comparison of measured and simulated n-alkane concentrations and
613C values. (a) Simulated progression of 613C for n-alkanes with increasing
maturation during cleavage of n-alkanes to shorter n-alkanes in a gas-phase
radical chain reaction where the rate constant follows kr» ~ (n—2)X(n—3)%/2
(where n is chain length). At the end of the reaction, 1.9% of n-Ci3 to n-Cs:
remain. (b) Simulation of isomerization or degradation of n-alkanes where
the rate constant ki is independent of chain length and the reaction products
are not returned to the n-alkane pool. At the end of the reaction, 0.04% of n-
Ci3 to n-Cs1 remain. (c) Simulation of maturation based on actual n-alkane
concentrations and 613C isotope data for Barney Creek Fm sample #02 (t =
1). In the simulation, the two reaction types shown in (a) and (b) were run
simultaneously. At the end of the reaction, 1.8% of n-Cis to n-Cs1 remain. (d)

Actual Barney Creek Fm data for six selected samples within the isotopic
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shift spectrum. The drop in absolute concentrations of n-alkanes (n-Cis to n-
Cs1) relative to TOC from the least (#02) to most mature (#21) Barney Creek
Fm sample in the plot is 98.6%, i.e. 1.4% of initial concentrations remain.

Model parameters are given in the Supplementary Information.

Fig. 9. Simulation of generation of n-alkanes from kerogen and

simultaneous n-alkane degradation following the two mechanisms in Fig.

8c. Model parameters are given in the Supplementary Information.
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Table 1. Thermal maturity, TOC, Rock-Eval pyrolysis parameters and isotope ratios of Barney Creek Formation samples

Sample Drill Depth  MPDF® Rc Tmaxd  TOCe S1f S2¢ PI* S/ HD  83C 613C  A813Can 6°H
D corea (m) (MPDF)c °C) (%) TOCi kerk alk! ker™ (%o) alkn

(%0) (%0) (%)

#1 LV09 414.75 0.27 0.44 430 112 036 3.85 009 32 344  -33.1 -30.6 2.5 n.d.

#2 LV09 429.7 0.33 0.58 433 157 078 17.32 0.10 50 466  -32.6 -30.8 1.8 -108

#3 LV09 450.0 0.35 0.62 435 226  1.32 1073 0.11 58 475  -32.8 -30.8 2.0 -112

#4 LV09 461.83 0.32 0.56 431 223 102 930 0.10 46 417  -33.4 -31.1 2.4 111

#5 LV09 470.7 0.35 0.62 424 0.87 0.8 346 0.10 44 398  -33.0 -31.3 1.7 n.d.

#6 LV09 477.0 0.39 0.71 434 436 269 2235 0.11 62 513  -32.6 -31.3 1.4 -120

#7 LV09 478.2 0.37 0.67 431 060 0.14 1.61 0.08 23 268  -33.1 -31.8 1.3 -106

#8 LV09 485.0 0.37 0.66 438 471 250 24.24 009 53 515  -335 -31.2 2.3 -116

#9 LV09 489.0 0.37 0.66 435 3.78  1.82 17.0 0.10 48 450  -335 -30.9 2.6 -118

#10 LV09 494.5 0.35 0.61 436 045 006 0.73 008 13 162  -32.7 -30.6 2.1 -103

#11 LV09 494.6 0.37 0.67 433 3.26  1.56 13.26 0.11 48 407  -33.0 -30.7 2.3 -120

#12 LV09 498.88 0.36 0.63 427 3.38  1.88 12.12 0.13 56 359  -325 -30.8 1.7 2113

#13 GR7 683.54 0.36 0.64 . ] . . . . - . . 117

#14 GR7 869.6 0.45 0.83 . . . . . . . . . 115

#15 BB5 215.8 0.56 1.09 442 223 020 041 033 9 18 -33.6 -27.3 6.3 .88

#16 BB6 108.9 0.50 0.96 n.d. 0.62 010 0.28 027 16 44 -34.4 -28.6 5.8 .87

#17 BB6 125.75 0.48 0.90 n.d. 1.03 022 066 025 21 64 -33.5 -28.8 4.7 .87

#18 BB6 1345 0.55 1.07 n.d. 1.09 027 067 029 25 61 -32.6 -28.6 4.0 -95

#19 BB6 142.67 0.56 1.10 n.d. 1.07 021 066 024 20 62 -33.6 -29.3 4.3 .96

#20 BS024-01 16.4 0.63 1.24 443 299 019 067 022 6 29 -33.4 -25.0 8.4 .51

#21 BS024-01 415 0.65 1.30 463 144 003 029 009 2 20 -34.0 -25.5 8.5 n.d.

#29 BS024-01  105.1 0.57 1.10 446 042 002 014 013 5 33 -33.3 -29.5 3.8 .75

#23 MRM 210.8 0.62 1.22 468 0.35 001 0.04 020 3 11 -33.1 -26.2 6.9 n.d.

2012-03

#o4* HYC 0.55 1.08 n.d. 079 nd nd nd nd 6 335 274 6.1 -62
#o5* HYC Mine 0.55 1.06 n.d. 048 nd nd nd nd 4 -33.0 -27.8 5.2 .73
#06* HYC : 0.53 1.02 n.d. 048 nd nd nd nd 13 -33.3 -27.7 5.6 -81
HoT HYC pit 0.53 1.03 n.d. 048 nd nd nd nd 2 -33.3 -26.8 6.5 76
#o8* HYC 0.49 0.94 n.d. 056 nd nd nd nd 12 -33.0 -27.2 5.8 -80

aDrill core: LV09, GR7, BB5, BB6 — open source drill cores; BS024-01 and MRM 2012-03 are from the Here is Your Chance
(HYC) mine. *#24—28: previously analysed Barney Creek Formation (BCF) samples from HYC (Williford et al., 2011).

bMethylphenanthrene distribution factor MPDF = (3-MP+2-MP)/(3-MP+2-MP+9-MP+1-MP) (Kvalheim et al., 1987).
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cCalculated vitrinite reflectance Re(MPDF) = 2.242xMPDF — 0.166 (Kvalheim et al., 1987). idTemperature at maximum of S2
peak. ¢Total organic carbon (%) from Rock-Eval pyrolysis. fFree hydrocarbons, mg HC/g rock. sGenerative potential, mg HC/g
rock. PProduction index PI = S1/(S1+S2). 101l saturation index = (S1/TOC)x100 mg HC/g TOC. iHydrogen index HI =
S2*100/TOC in mg HC/g TOC. k¥Organic carbon isotope values of kerogen. IStable carbon isotopic composition of n-alkanes
(average of n-Cie-23 for the current study and of n-Cis 21 for samples #24—28). mp-alkane—kerogen isotopic offset. nStable
hydrogen isotopic composition of n-alkanes (average of n-Cis-23 for the current study and of n-Cis-C21 for samples #23-27). n.d.

({313

— not detectable or unreliable. — not measured.
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Table 2. n-Alkane carbon isotopic composition of Barney Creek Formation bitumens

ID 613C (%0), carbon number
12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
#1 n.d. n.d. n.d. n.d. -30.4 -30.4 -30.7 -30.8 -30.6 -30.5 -30.7 -30.4 -30.6 -30.7 -31.0 -30.8 -30.4 -30.7 -30.5 n.d.
0) (0.3) (0) 0.2) 0.1) (0.1) (0.1) 0.1) (0.1) 0) 0.2) (0.2) 0.1) 0.2) 0.1)
#2 n.d. n.d. -31.6 -31.6 -31.4 -31.0 -30.9 -30.7 -30.6 -30.5 -30.8 -30.7 -30.7 -31.0 -30.5 -31.3 -30.4 -31.0 -30.5 -31.4
0) 0.1) 0.1) (0.1) (0.1) 0.1) 0.1) (0) (0.1) 0.2) (0.3) 0) 0.1) (0.3) 0) 0) 0.1) (0.3)
#3 n.d. -30.2 -30.4 -30.8 -31.2 -31.0 -31.2 -30.9 -30.7 -30.5 -30.4 -30.4 -30.6 -30.1 -29.9 -30.4 -29.6 -29.6 -29.8 n.d.
0.1) 0) 0.3) 0.3) (0.2) (0.2) 0.2) 0.2) (0.3) (0.2) 0.1) (0.2) (0.1) 0.3) (0.1) (0.3) 0.2) 0.1)
#4 n.d. n.d. n.d. -30.8 -30.6 -30.7 -30.8 -30.8 -31.0 -31.3 -31.6 -31.6 -31.7 -31.3 -31.4 -31.5 -31.5 -31.4 -31.1 n.d.
0.2 | 03 | ©.3) (0.3) 0.3 | 03 | ©1 (0) (0.1) (0) (0) 01 | 0.2 (0.3) 0.2) (0.4)
#5 n.d. n.d. n.d. -31.8 -31.2 -31.5 -32.0 -31.3 -30.9 -31.1 -31.5 -30.7 -31.0 -30.9 -30.9 n.d. n.d. n.d. n.d. n.d.
0.1) 0) (0.2) 0) 0) 0.1) (0.2) (0.2) 0.1) (0.2) (0.3) 0.1)
#6 -32.6 -33.1 -32.3 -32.3 -32.0 -31.9 -31.8 -31.3 -31.0 -30.9 -30.6 -30.5 -30.2 -30.1 -29.8 -30.2 -29.8 -29.6 n.d. n.d.
0) 0.1) 0.1) 0.1) 0.2) (0.1) 0) 0) 0.1) 0) 0) 0) (0.1) (0) 0.2) (0.4) 0.3) 0.1)
#7 n.d. -32.0 -32.4 -32.3 -32.3 -32.0 -31.9 -31.9 -31.6 -31.5 -31.4 -31.5 -31.5 -31.4 -31.3 -31.4 -30.9 -31.0 n.d. n.d.
©on | 01 | ©1 | 01 | ©1 0.1) (0) 01 | 0.1 (0) 01 | 0.1 (0) 0.3 | 0.2 0.2) 0.2)
#8 -31.8 -32.0 -31.5 -31.7 -31.5 -31.5 -31.5 -31.4 -31.5 -30.9 -30.8 -30.7 -30.6 -30.5 -30.3 -30.2 -30.0 -29.7 -30.2 -30.1
0) 0) 0.2) 0.1) 0) 0) 0.1) 0.1) 0.1) 0) 0.1) 0.2) (0.4) (0.5) 0.3) (0.5) 0) 0.1) 0.3) (0.3)
#9 n.d. -32.4 -31.4 -31.2 -31.2 -31.2 -31.4 -31.0 -31.0 -30.7 -30.5 -30.4 -30.1 -29.9 -29.9 -30.0 -30.0 -29.8 -30.0 -29.9
0.3) 0.1) 0.1) © © 0.1) © © © © © ©) 0.1) © ©) 0.1) © 0.1) 0.2)
#10 n.d. n.d. n.d. -31.2 -31.1 -30.5 -30.5 -30.6 -30.4 -30.4 -30.7 -30.4 -30.6 -30.5 -31.0 -31.0 -29.9 -30.0 -29.8 n.d.
(0.3) (0) 0.2) 0.1) (0) (0) ©0n | ©1 | ©02 | 01 | ©02 | 01 | ©3 0.2) 0.1) 0.2)
#11 n.d. n.d. -30.4 -30.6 -30.8 -31.0 -30.6 -30.6 -30.7 -30.3 -30.7 -30.7 -30.8 -30.6 -30.4 -30.6 -30.5 -30.6 -30.3 -30.4
(0.1) 0.1) 0.1) (0.3) (0.2) 0.1) 0.2) (0.1) 0.1) 0.1) 0) 0) 0.3) (0.3) 0.2) 0.1) 0.1) 0)
#12 n.d. -30.8 -30.9 -31.0 -30.8 -30.9 -31.1 -30.9 -30.7 -30.6 -30.6 -30.6 -30.4 -30.5 -30.2 -30.5 -30.0 -30.6 -30.3 n.d.
© 0.2) 0.1) © © © © © © 0.1) 0.1) 0.3) 0.1) © 0.3) 0.2) © 0.3)
#13 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
#14 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
#15 n.d. n.d. n.d. -27.1 -27.3 -27.5 -27.5 -27.1 -27.3 -217.2 -27.3 -27.2 -26.9 -27.1 -27.0 -26.9 -27.1 n.d. n.d. n.d.
0) 0.2) (0.3) (0.3) 0.1) 0.3) (0.3) (0.4) 0.3) 0.1) (0.2) 0) 0) 0.2)
#16 n.d. n.d. -27.8 -29.2 -28.7 -28.5 -28.5 -28.5 -28.7 -28.7 -28.4 -28.7 -28.6 -29.3 -29.2 n.d. n.d. n.d. n.d. n.d.
0.1) (0.5) 0.3) (0.3) (0.3) 0.2) 0.2) 0.2) 0.1) 0) (0.3) 0.1) 0)
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#17 n.d. n.d. -28.8 -28.9 -29.0 -28.6 -28.9 -28.8 -28.9 -28.9 -28.7 -28.8 -28.3 -28.1 -217.8 n.d. n.d. n.d. n.d. n.d.
0) 0) 0) 0.1) 0.2) (0.3) 0.2) 0.2) (0.3) (0.4) (0.3) 0) 0.2)

#18 n.d. n.d. -29.2 -28.8 -28.6 -28.5 -28.7 -28.9 -28.8 -28.6 -28.4 -28.3 -28.0 -28.7 -29.6 -29.2 n.d. n.d. n.d. n.d.
0.1) 0) 0.1) 0) 0) 0.1) 0.1) 0.1) 0.1) 0.1) 0.1) 0.1) 0) 0)

#19 n.d. n.d. -28.0 -28.1 -28.4 -28.4 -29.5 -29.9 -30.0 -29.4 -29.4 -29.3 -28.6 -28.9 -29.4 -30.2 n.d. n.d. n.d. n.d.
(0.1) 0.1) 0.1) (0.1) (0.1) 0.4) 0.3) (0.4) (0.2) 0) (0.1)

#20 n.d. -24.8 -25.5 -25.4 -25.4 -25.1 -25.9 -24.5 -24.4 -24.5 -25.2 -25.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

0.3) (0.5) 0.1) 0.2) (0.1) (0) 0.1) 0.1) (0.1) (0.2) 0.4)

#21 n.d. n.d. -24.7 -24.1 -25.3 -24.4 -25.3 -25.0 -25.3 -25.5 -26.4 -26.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
(0.3) 0.2) 0.1) (0.2) 0) 0.4) 0.2) 0) 0.1) 0.2)

#22 n.d. n.d. -29.0 -29.5 -30.1 -29.6 -29.8 -29.0 -29.2 -29.3 -29.2 -29.5 -29.7 -29.8 -29.7 -30.1 -30.1 -29.9 -30.3 n.d.
(0.4) 0.2) 0.1) (0.2) 0.1) 0.1) 0.1) 0) 0) 0.1) (0.1) (0.1) 0) (0.1) 0) 0) 0)

#23 n.d. n.d. -24.6 -24.6 -25.1 -25.4 -26.3 -26.0 -26.4 -26.5 -26.9 -27.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
(0.1) 0.2) 0.1) 0) 0.1) 0.2) 0.2) 0) 0.1) 0.2)

LVO09: samples #1-12; GR7: samples #13 and 14; BB5: sample #15; BB6: samples #16-19; BS024-01: samples #20-22; MRM 2012-03:
sample #23. n.d. — not detectable. Numbers in parentheses are standard deviations. No standard deviation value means the result is

collected from a single run.



Table 3 Click here to access/download;Table;Table 3 edit.docx %

Table 3. n-Alkane hydrogen isotopic composition of Barney Creek Formation bitumens

ID 62H (%0), carbon number
11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
#1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
#2 n.d. n.d. n.d. n.d. n.d. n.d. -119(2) -110(1) -110(1) -105(2) -106(2) -105(2) -102(1) -103(2) -107(3) n.d. n.d. n.d. n.d.
#3 n.d. n.d. n.d. n.d. -121(2) -125(1) -118(0) -114(2) -111(5) -109(5) -110(3) -102(0) -103(1) -93(2) -98(3) n.d. n.d. n.d. n.d.
#4 n.d. n.d. n.d. -123(1) -115(0) -114(5) -119(3) -115(2) -109(1) -107(3) -103(4) -111(3) -107(5) -102(3) -102(1) -99(4) n.d. n.d. n.d.
#5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
#6 n.d. -135(1) -139(1) -139(1) -134(0) -132(2) -128(2) -122(4) -120(3) -119(3) -114(2) -112(2) -112(2) -102(6) -97(2) n.d. n.d. n.d. n.d.
#7 n.d. n.d. n.d. n.d. n.d. -115(1) -111(4) -106(4) -101(3) -102(2) -104(2) -101(1) n.d. n.d. n.d. n.d. n.d. n.d. n.d.
#8 n.d. -127(2) -130(0) -132(1) -127(1) -124(1) -123(1) -120(1) -117(2) -116(0) -107(1) -109(0) -110(3) -100(3) -100(4) -94(1) -94(0) n.d. n.d.
#9 n.d. -130(1) -133(1) -133(2) -129(0) -129(1) -127(3) -122(1) -119(2) -119(1) -113(1) -110(1) -105(2) -110(1) -103(5) -101(3) | -102(2) n.d. n.d.
#10 n.d. n.d. n.d. n.d. n.d. n.d. n.d. -105(1) -97(1) -102(0) -104(1) -107(3) -102(2) -109(0) n.d. n.d. n.d. n.d. n.d.
#11 n.d. n.d. 126(1) | -121(0) | -125(2) | -1242) | -1262) | -122(3) | -117(3) | -1192) | -116(0) | -116(1) | -117(2) | -112(2) | -1083) | -113(1) | -111(2) | -1101) | -113(0)
#12 n.d. n.d. n.d. J117(2) | -116(2) | -115(1) | -115(3) | -117(1) | -114(4) | -112(2) | -1123) | -112(2) | -108(4) | -112(1) | -104(1) | -107Q) | n.d. n.d. n.d.
#13 | -124(1) | -127Q0) | -129(1) | -126(2) | -125(3) | -121(2) | -118(2) | -117(0) | -114©2) | -118(1) | -116(2) | -117(1) | -116(1) n.d. n.d. n.d. n.d. n.d. n.d.
#14 -134(1) -133(2) -131(2) -128(1) -126(2) -123(1) -121(0) -118(0) -115(2) -113(4) -111(1) -113(2) -109(4) n.d. n.d. n.d. n.d. n.d. n.d.
#15 n.d. n.d. n.d. n.d. -94(4) -97(5) -96(5) -94(5) -87(2) -83(3) -84(3) -82(3) -80(3) 75(2) 75(5) | -75(1) | -82(0) | -89(1) -81(0)
#16 n.d. n.d. n.d. n.d. -86(2) 912 -93(2) -89(2) -92(1) -88(4) -85(0) -82(3) -76(1) -81(3) n.d. n.d. n.d. n.d. n.d.
#17 n.d. n.d. n.d. n.d. -94(1) -90(0) -94(2) -90(1) -90(4) -88(2) -89(5) -80(5) -78(3) n.d. n.d. n.d. n.d. n.d. n.d.
#18 n.d. n.d. n.d. n.d. -98(1) -100(1) -101(0) -98(3) -93(2) -95(1) -93(4) -90(2) -89(5) -83(2) n.d. n.d. n.d. n.d. n.d.
#19 n.d. n.d. n.d. n.d. -103(1) -104(1) -104(1) -101(1) -99(0) -95(0) -93(1) -84(4) -89(2) -90(0) -84(3) n.d. n.d. n.d. n.d.
#20 n.d. n.d. n.d. -62(1) -55(3) -58(2) -48(3) -48(3) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
#21 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
#22 n.d. ~75(5) -75(2) -88(1) -83(6) -84(6) -83(4) 79(1) -69(3) -80(3) -65(2) 71(0) -70(0) n.d. n.d. n.d. n.d. n.d. n.d.
#23 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

LVO09: samples #1-12; GR7: samples #13 and 14; BB5: sample #15; BB6: samples #16—-19; BS024-01: samples #20-22; MRM 2012-03:

sample #23. n.d. — not detectable. Numbers in parentheses are standard deviations.
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Table 4

Table 4. Summary of CSIA measurements for experimental and field-based studies

Click here to access/download;Table;Table 4.docx %

Formation Samples Age Thermal 62Halk increase? | 6!3Calk increasec Reference
type maturity?
North Sea oil T =390-445 °C, 53%0 (C16-21), n =5 | 4.6%0 (C16-21), n =4 Tang et al.,
Re(T) =0.9-1.5% 2005
Enping Fm, source Oligocene T =300-380 °C, 3.3%o0 (C16-23), n = 4 Cheng et al.,
China rock Re(T) = 0.64— 2015
Experimental 1.24%
studies Wenchang Fm, source Eocene T =300-380 °C, 5.7%0 (Ci6-23), n =4 Cheng et al.,
China rock Re(T) = 0.64— 2015
1.24%
Youganwo Fm, oil Eocene- T = 250-450 °C 5.5%o0 (C14-33); Tian et al.,
China Oligocene 6.6%o0 (C16-23), n = 6 2017
Enping Fm, bitumens Oligocene Increasing depth, o _ Cheng et al.,
China 2550-4610 m 8% (Cr6-20), n = 10 2015
Wenchang Fm, | bitumens Eocene Increasing depth, 0 _ Cheng et al.,
China 3254-3394 m 2.8% (C16-29), n =6 2015
. . Re(MPI) =0.77- o _ Clayton and
North Sea oils Jurassic 0.86% 2.1%o0 (C16-23), n =4 Bioroy, 1994
Spekk Fm, 1 1 imens | Late Jurassic | %Ro = 0.75-1.05 1.8%> (Crozn), n=3 | Oddenetal,
Norway 2002
: .0 : . ~9Q0,
Paq_uahn-l. %Ro Paguahn-l. 28%o, *Paqualin-1: ~4.5%,
. Vulcan Fm, . . =0.7-1.6; n = 8; Vulcan-1B: _ Dawson et al.,
Phanerozoic . bitumens Late Jurassic - n =8; Vulcan-1B:
. Australia Vulcan-1B: %Ro ~36%o0, n = 8; (C13- _ 2007
field-based - ~2%0, n =7
studies =0.7-1.2% 31)
Posidonia Shale, bitumens | Earlv Jurassic Re(MPI) = 0.64— 67%0 (C11-35); Radke et al.,
Germany Y 1.04% 68%0 (Ci623), n =4 2005
Kockatea shale, oils and .. _ 0 0 _ Dawson et al.,
Australia bitumens Early Triassic Re=0.53-1.13% 42%0 (C12-32), n =9 2005
Kupferschiefer bitumens | Late Permian Re(MPI) = 0.65— 52%0 (C11-35); Radke et al.,
Shale, Poland 1.26% 71%0 (Ci6-23), n =8 2005
Duvernay Fm, . . Re(Tmax) = 0.38— | up to 71%o (Cio-32), Maslen et al.,
Canada bitumens | Upper Devonian 0.78% n=4 2012
Western Canada oils Ordovician— tncreasing *up to 40%o, n =5 Li et al., 2001
Cretaceous maturity
. Velkerri Fm, . . Re(MPDF) = up to 3%o (Ci6-23), n | Jarrett et al.,
Péz(lzg_r;::;zn Australia bitumens | Mesoproterozoic 0.54-1.16% - 19 2019
studies Barney Creek bitumens | Paleoproterozoic Re(MPDF) = up to 68.8%o (Cie- up to 6.8%o (C16-23), Current stud,
Fm, Australia P 0.44-1.3% 23), n=19 n=21 y
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aThermal maturity estimated with vitrinite reflectance (%Ro) and equivalent vitrinite reflectance (Rc) calculated from: T —
temperature during pyrolysis experiments; Tmax — temperature at maximum of Rock-Eval S2 peak; MPI —
methylphenanthrene index; MPDF — methylphenanthrene distribution factor. bMaximum enrichment in average hydrogen
(2H) or carbon (13C) isotopic composition of n-alkanes with increasing maturity; the range of compounds is specified in

parentheses. n: number of samples; *62H or 63C data estimated from Figures.



