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1. Samples 

Depths and drill hole names for 48 Barney Creek Formation samples are 

summarized in Table S1. Drill hole locations are given in reference S1 and additional 

information about thermal maturity of organic matter in different regions of the McArthur 

Basin in S1-3.  

 

2. Sample preparation and analysis 

Samples were processed in batches of ten, including one kerogen-free sample 

(‘blank-rock’) and one procedural blankS4. Rock samples were cleaned by repeated 

ultrasonication in distilled water for ~10 seconds. Dried rock samples were ground to <200 

mesh grain size in an alumina ring-mill. The mill was cleaned between samples by grinding 

annealed quartz sand two to three times for 60 seconds. 20 to 25 g rock powder were 

extracted with dichloromethane (DCM) : methanol (9:1 v/v) with a Dionex Accelerated 

Solvent Extractor. The extracts were reduced to 100 - 500 µl under a stream of purified 

nitrogen gas and separated into saturated, aromatic and polar fractions using column 

chromatography over 12 g annealed (450°C/24 hours) and dry-packed silica gel (Silica Gel 

60; 230-400 mesh; EM Science). Saturated hydrocarbons were eluted with 1.5 dead 
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volumes (DV) hexanes, aromatic hydrocarbons with 2 DV hexanes : DCM (1:1 v/v) and 

polars with 2 DV DCM : methanol (1:1 v/v). Added as internal standards were D4 (d4-C29-

ααα-ethylcholestane; Chiron Laboratories AS) to the saturated hydrocarbon fraction, and 

D14 (d14-para-terphenyl, 98 atom-% deuterium; Aldrich Chem. Co.) to the aromatic 

hydrocarbon fraction. For selected samples, the aromatic fraction was further separated into 

monoaromatics, diaromatics and higher aromatics by thin layer chromatography on 

annealed (120°C, 12 h) and pre-extracted silica gel glass plates (Silica Gel 60, F254; 0.25 

mm film thickness; Merck). The plates were developed twice using hexanes as mobile 

phase. 

Gas chromatography-mass spectroscopy (GC-MS). GC-MS analyses were carried 

out on a Micromass AutoSpec Ultima equipped with a HP6890 gas chromatograph 

(Hewlett Packard) and a DB-1 or DB-5 coated capillary column (60 m x 0.25 mm i.d., 0.25 

µm film thickness) using He as carrier gas. The MS source was operated at 250ºC in EI-

mode at 70 eV ionization energy and with 8000 V acceleration voltage. Samples were 

injected in pulsed splitless mode into a Gerstel PTV injector at a constant temperature of 

300°C. For full-scan and selected ion recording (SIR) experiments, the GC oven was 

programmed at 60ºC (2 min), heated to 315ºC at 4ºC/min, with a final hold time of 35 min. 

The AutoSpec full-scan duration was 0.8 s plus 0.2 s interscan delay over a mass range of 

50 to 600 Da. Aromatic hydrocarbons were analyzed by SIR under magnet control with a 

total cycle time of 1.2 s per scan for 23 ions. Hopane and sterane biomarkers were analyzed 

by metastable reaction monitoring (MRM) with a total cycle time of 1.3 s per scan for 25 

metastable transitions. For MRM, the GC oven was programmed at 60ºC (2 min), heated to 

100ºC at 8ºC/min, further heated to 315ºC at 4ºC/min and hold at the final temperature for 

34 min. 

Identification of arylisoprenoids and carotenoids: The 2,3,4- and 2,3,6-

trimethylarylisoprenoid series were identified by their mass spectraS5 and by GC 

coinjection experiments on a DB-5 column using synthetic C14 trimethylarylisoprenoid 

isomers with 2,3,4-, 2,3,6-, 2,4,5-, 2,3,5- and 2,4,6-trimethyl substitution patternsS5. The 

GC oven was programmed at 60ºC (2 min), heated to 200ºC at 4ºC/min, and finally heated 
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to 315ºC at 10ºC/min. Okenane, chlorobactane, isorenieratane, renieratane and 

renierapurpurane (=perhydrorenierapurpurin) were identified by their mass spectra and by 

GC coinjection experiments on a DB-5 columnS6 (synthetic standards courtesy P. Schaeffer, 

Université de Louis Pasteur, Strasbourg). The GC oven was programmed at 60ºC (2 min), 

heated to 240ºC at 10ºC/min, and finally heated to 315ºC at 4ºC/min. The identity of 

okenane and chlorobactane was re-confirmed by coelution experiments on a DB-1 column. 

Lycopane and β-carotane were identified by their mass spectra and by GC coinjection 

experiments on a DB-5 column (synthetic standards courtesy Geoscience Australia). The 

GC oven was programmed at 60ºC (2 min), heated to 100ºC at 8ºC/min, and finally heated 

to 315ºC at 4ºC/min. γ-carotane was tentatively identified by its mass spectrumS7 and 

retention behaviorS8. 

Determination of detection limits for steranes: The detection limit of steranes in 

GC-MS MRM experiments depends on the signal height of individual steranes relative to 

the signal intensity of partly coeluting compounds in the same MRM trace. In the current 

manuscript, it is expressed as ppm = ng/mg total bitumen. MRM traces of mature bitumens 

commonly show four major signals of regular steranes (20S and R isomers of ααα and 

αββ-steranes). In this work, the regular steranes were regarded as detected if resolved 

signals are present at the exact elution position of all four isomers and the isomer 

distribution is broadly consistent with the thermal maturity of the host rock. The detection 

limit is here defined as the signal area (or its concentration equivalent in ng per mg of total 

bitumen) of the smallest resolved molecular signal in the same MRM trace. 

  

 
3. Review of biological origins of aromatic carotenoids 

In aquatic environments, phototrophic green (Chlorobiaceae) and purple 

(Chromatiaceae) sulfur bacteria are the only known important source of aromatic 

carotenoids. The molecular fossils of their pigments are often preserved in sediments and 

sedimentary rocks and have found extensive application as proxies for photic zone 

euxiniaS9-11. The major carotenoid pigments in most, although not allS12, species of brown 
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pigmented Chlorobiaceae are isorenieratene and β-isorenieratene. They are the precursors 

for sedimentary isorenieratane and β-isorenierataneS13. In contrast, planktonic and mat-

forming green pigmented species of Chlorobiaceae contain the carotenoids chlorobactene 

and hydroxychlorobacteneS14, both yielding the diagnostic fossil hydrocarbon 

chlorobactane. Common cracking products of fossil aromatic carotenoids are the 2,3,6- and 

2,3,4-trimethyl arylisoprenoidsS5,15. 2,3,6-trimethyl arylisoprenoids may also form by 

diagenetic rearrangement and aromatization of cyclic, non-aromatic carotenoidsS16.  

Isorenieratene is also biosynthesized by several genera of the predominantly soil-

living actinomycetesS17 and was reported from several species of marine spongesS18. Also 

detested in sponges were the unusual pigments renieratene and renierapurpurin that have 

not yet been reported in other organismsS18. However, sponges do not have the enzymatic 

capacity to biosynthesize carotenoids de novo and, thus, the aromatic carotenoids are either 

derived from sponge symbionts, possibly ChlorobiaceaeS19, or generated by the sponge 

through aromatization of aliphatic dietary carotenoidsS18. The molecular fossil equivalents 

of renieratene and renierapurpurin, renieratane and renierapurpuraneS20, are rare in the 

geological record. However, renieratane occurs together with isorenieratane in Devonian 

sedimentary rocks deposited in a euxinic basin in western Canada suggesting phototrophic 

sulfur bacteria as the sourceS15. 
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Table S1 Presence of arylisoprenoids in samples from the Barney Creek Formation. 

 
Drill corea 

& Depth Presence of 
arylisoprenoidsb

 Drill corea  
& Depth Presence of 

arylisoprenoidsb

sample # (m)  c o i r p  sample # (m)  c o i r p
                   
GR8          GR5         
GA2926c 49.20 x x - - - - -  GA2861 72.50 x x x x x x x
GA2943 425.90 x - - - - - -           
GA2950 570.80 - - - - - - -  GR3         
GR10          GA2836 30.10 x x x x x x x
GA3048 37.40 x x x x x           
GA1809 88.35 x x x x x x x  LY1         
GA1810 143.34 x x x x x x x  B03288 403.54 d       
GA1811 170.34 x x x x x x x          
GA1812 182.82 x x x x - - -  MY5        
GA1813 232.80 x x - - - - -  GA3017 67.20 x - - - - - 
GA1830 297.16 x x - - - - -          
GA1831 360.02 x - - - - - -  McArthur 10         
GA1832 410.00 x - - - - - -  GA3032 27.76 x - - - - - - 
GA1835 481.35 - - - - - - -          
GA1843 587.31 - - - - - - -  BJ1        
GA1855 662.14 - - - - - - -  GA2976 30.60 x - - - - - 
GR7                  
B03066 38.70 x x x x x x x  BJ3         
B03065 41.80 x x x x x x x  GA2977 26.50 x - - - - - 
B03162 45.35 x x x x x x x  GA2979 62.80 - - - - - 
GA2889 50.30 x x x x x x x          
B03068 50.30 x x x x x x x  McA5         
B03067 77.20 x x - - - - -  GA3026 74.00 - - - - - - 
B03069 101.60 x x - - - - -  GA3030 306.39 x x x x - - - 
B03252 110.56 x x x x x x x  B03132 361.63 - - - - - - - 
B03070 116.00 x x x x x x x           
B03071 126.40 x x x x x x x  WM6        
B03072 151.10 x x x x x x x  GA3035 200.80 x - - - - - - 
B03063 180.00 x x x x x x x          
B03073 209.60 x x x x x          
B03074 238.80 x x - - - - -           
B03064 252.90 x x - - - - -          
B03075 426.70 x - - - - -          
GA2911 601.50 x - - - - - -           
B03200 683.54 - - - - - - -          
GA1674 854.00 - - - - - - -           
B03224 869.60 - - - - - - -          
GA1676 875.77 - - - - - - -           
                  
a) Drill cores are listed according to their location in the McArthur Basin progressing from south to north. 

b)  = 2,3,6-trimethylarylisoprenoids;  = 2,3,4-trimethylarylisoprenoids; c = chlorobactane; o = okenane; i = 

isorenieratane; r = renieratane; p = renierapurpurane. ‘x’ indicates detected biomarkers; ‘ ’ indicates low 
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signal too noise ratio and ambiguous identification; ‘-‘ indicates that the compound or compound class was 

below detection limits; ‘d’ = no bitumen preserved. 

c) ‘GAxxxx’ denotes samples from Geoscience Australia’s bitumen collection, and ‘Bxxxxx’ from J. 

J.Brocks’ collection. 
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Appendix: Structures of relevant biomarkers 
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