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Carbonaceous dolomites and shales of the 1.64 billion years (Ga) old Barney Creek Formation (BCF),
McArthur Basin, northern Australia contain the oldest, clearly indigenous biomarkers. We describe three
new series of regularly branched aryl isoprenoids with base ions at m/z 119, 161 and 175. The m/z 119
compounds were identified as a complete series of C15–C40 oligoprenyl-perhydro-ar-curcumenes (oligo-
prenyl-curcumanes). Their likely biogenic precursors are oligoprenyl-b-curcumenes that occur in a wide
range of bacterial phyla.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

According to a hypothesis by Canfield (1998), the deep oceans
did not become widely oxygenated with the disappearance of
banded iron formations �1.8 Ga ago, but instead remained largely
anoxic and at least partially sulfidic during the ‘mid-Proterozoic’
interval �1.8–0.8 Ga ago. When euxinic conditions rose into the
photic zone of the marine water column, the oceans would have of-
fered a vast habitat for the growth of green and purple sulfur bac-
teria. In previous publications, we tested the assumption of such a
mid-Proterozoic ‘age of phototrophic sulfur bacteria’ by examining
biomarkers in the 1.64 Ga Barney Creek Formation (BCF) in the
McArthur Group of northern Australia (Brocks et al., 2005; Brocks
and Schaeffer, 2008). Extracts of carbonaceous dolomites from
the upper BCF yielded 22 different intact C40 carotenoid derivatives
including lycopane, b-carotane, c-carotane, renieratane, reni-
erapurpurane, isorenieratane, b-isorenieratane and b-reni-
erapurpurane, and aromatic carotenoid derivatives with indanyl,
biphenyl and 9,10-dihydrophenanthrene end groups (Brocks and
Schaeffer, 2008). Consistent with the prediction of prevailing euxi-
nic conditions, the two most abundant hydrocarbons were the aro-
matic carotenoid derivatives chlorobactane and okenane,
interpreted as biomarkers for green sulfur bacteria (Chlorobiaceae)
and planktonic purple sulfur bacteria (Chromatiaceae), respec-
tively. The bitumens also contain abundant 3b-methyl hopanes
and triaromatic 4-methyl cholesteroids, documenting the activity
of type-I methanotrophic bacteria (Brocks et al., 2005). In contrast,
diagnostic eukaryotic steroids were below detection limits, consis-
tent with the prediction of Anbar and Knoll (2002) that, beyond
ll rights reserved.
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shallow shelf environments, algae played an insignificant role in
the nutrient-limited environments of mid-Proterozoic marine ba-
sins. Here, we describe the distribution, structures and possible
significance of three series of regularly branched aromatic isopre-
noids that also occur in the BCF.

2. Geology and methods

2.1. Barney Creek Formation (BCF)

The geology of the 1640 ± 3 Ma (Page and Sweet, 1998) BCF,
McArthur Group has been summarized by Brocks and Schaeffer
(2008). Briefly, it was deposited in the Batten Fault Zone, a
north–south trending intracratonic rift basin that extends over an
area of �25,000 km2. It is regarded as a marine succession that
accumulated in a quiet, sub-wave base environment (Bull, 1998;
Jackson et al., 2000; Shen et al., 2002). A highly variable deposi-
tional thickness suggests a complex bathymetry and variable water
depth. The basin shallows out towards the western and southern
margins, is bounded by an anticline to the north and was likely
connected to the ocean to the north-east or east.

2.2. Samples

The 38 samples in this study come from the upper BCF from the
southern end of the Batten Fault Zone (drill cores GR3, 5, 7, 8 and
10). They predominantly represent thinly bedded or planar lami-
nated, dolomitic, carbonaceous and pyritic siltstones and shales.
The dolomitic facies typically contain 0.2–2% organic carbon,
locally up to 7% (Powell et al., 1987). The samples, their lithology
and bulk parameters are described in more detail by Brocks and
Schaeffer (2008).
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2.3. Sample preparation and analysis

Sample processing, extraction and gas chromatography-mass
spectrometry (GC–MS) analysis were described by Brocks and
Schaeffer (2008) and the syngeneity of the biomarkers was
discussed by Brocks et al. (2008). Due to the presence of a large
unresolved complex mixture (Fig. 1), it was not possible to deter-
mine the carbon isotopic composition of individual aromatic
isoprenoids.

2.4. Preparation of tetraprenyl-curcumane reference standard

Tetraprenyl-ar-curcumene Id was obtained from spores of a pure
culture of Bacillus subtilis and isolated using preparative capillary GC
as described by Bosak et al. (2008) and Kontnik et al. (2008).
Tetraprenyl-curcumane IId was prepared via catalytic hydrogenation
of tetraprenyl-ar-curcumene on Pd/C in heptane (2 h). Tetraprenyl-
curcumane IId was identified in bitumen from the BCF by comparison
of mass spectra with the B. subtilis reference standard and by
GC–MS coinjection experiments with a DB-5 column (60 m) using
conditions described by Brocks and Schaeffer (2008).

3. Results

3.1. Regular acyclic isoprenoids

Regular acyclic isoprenoids with 15–20 carbons are abundant in
the alkane fractions from the upper section of the BCF in the Glyde
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River region and are likely mostly derived from (bacterio)chloro-
phylls. Regular acyclic isoprenoids with 21–25 carbons are
abundant in some samples (Fig. 4A in Brocks and Schaeffer,
2008). These biomarkers have been attributed to archaea, particu-
larly halophiles (Grice et al., 1998), although there is no geological
reason to invoke halophiles in local Barney Creek environments.
Regular isoprenoids with >25 carbons were not found.

3.1.1. The m/z 119 series
While carotenoid derivatives are the most abundant group of

aromatic hydrocarbons, the second most abundant is a series of
monoaromatic isoprenoids with m/z 119 base ion (filled circles,
Fig. 1C). The series has the formula CnH2n�6 (n = 14–40), represent-
ing hydrocarbons with one aromatic ring. The apparent absence, or
particularly low concentration, of pseudohomologues with 13, 18,
23 and 28 carbons (Fig. 1C) is consistent with the branching pat-
tern of regular isoprenoids, but inconsistent with the branching or-
der of carotenoids (central tail–tail link) and biphytanes (central
head–head link). The m/z 119 base ion is consistent with a phenyl
group with a variety of different alkyl substitution patterns, includ-
ing III with one aromatic ring located in the middle of an alkyl
chain, and IVa and Va where the phenyl group is terminal. Struc-
ture III can be ruled out as the spectra (Fig. 2A and B) of the m/z
119 series lack fragment ions that represent the loss of one of
the two alkyl side chains (cf. spectra in Sinninghe Damsté et al.,
1991 and Adam et al., 2006). Thus, the m/z 119 series has the gen-
eral structure of aryl isoprenoids IV or V with two or one additional
carbons at the terminal aromatic ring, respectively. Assuming that
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Fig. 1. Partial ion chromatograms of aromatic fraction of B03162eA (drill core GR-7; 45.35 m). (A) m/z 175, (B) m/z 161 and (C) m/z 119 (after subtraction of m/z 134). Filled
circles = m/z 119 series and open circles = m/z 120 series; ? indicates M+. below detection limits, so membership of the signal to the series remains uncertain. Percentages
indicate relative intensities of highest signal in each trace (100% = intensity of the m/z 134 trace; Fig. 3 in Brocks and Schaeffer, 2008). (D) Bar diagram highlighting elution
positions of m/z 119, 120, 161 and 175 series in the spectra above. The bars are identified by carbon number. Dotted lines indicate low abundance or undetected
pseudohomologues.
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the biological precursor of the m/z 119 series is a regular isopren-
oid, then IIe appears to be the only valid structure for the C40 par-
ent compound that may form without rearrangement or loss of
carbons. This interpretation is supported by the spectrum of the
C15 pseudohomologue (Fig. 2A), which is identical to that of curcu-
mane IIa in Ellis et al. (1995). The identity of the series was con-
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Fig. 2. (A) Mass spectrum of C15 and (B) C25 pseudohomologues of m/z 119 series (B03162eA). (C) Mass spectrum of C18 pseudohomologue of m/z 120 series. Signals belonging
demonstratively to the series are labelled with a mass number. Fragment ions in parentheses belong to coeluting compounds.
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firmed by comparison of mass spectra and co-elution experiments
with a tetraprenyl-curcumane IId standard.

Isoperhydro-ar-curcumenes, that possess a meta rather than
para methyl, and elute significantly earlier (Bastow et al., 1997),
were not detected. According to Bastow et al. (1998), isoperhy-
dro-ar-curcumenes form via acid catalyzed isomerization of cur-
cumanes at relatively low maturity. Thus, the low abundance or
absence of meta isomers may reflect the basic nature of the carbon-
ate host rock.

An outstanding characteristic of the m/z 119 series is the high
relative intensity of pseudohomologues with 15, 20, 25, 30, 35
and 40 carbons (Fig. 1C). This would not be expected if lower
pseudohomologues formed by cracking of a parent C40 compound
IIe. An isoprenoid side chain breaks preferably a to a branching po-
sition, which would have generated predominant fragments with
14, 17, 19, 22, 24, 27, etc. carbons. Therefore, the predominance
of pseudohomologues with carbon number multiples of 5 strongly
suggests that the biological precursors of the m/z 119 series were a
complete series of C15–C40 isoprenoids with oligoprenyl-curcu-
mane skeletons II.

3.1.2. The m/z 120 series
Fig. 1C also reveals major signals that are not part of the m/z 119

series (open circles). These signals are distinguished by a more
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intense McLafferty m/z 120 fragment and by m/z 106 greater than
m/z 105 (Fig. 2C). In this series, a continuous set of compounds
with 14–23 carbons was detected, as well as 25, 28 and 29 carbons.
Each carbon number is represented by a single isomer. Based on
the elution pattern (Fig. 1D), all the compounds appear to belong
to a single structurally related series. However, as the elution
positions are not equidistant, the compounds do not represent an
n-alkyl benzene homologous series similar to those described by
Sinninghe Damsté et al. (1991). Instead, the peaks occur in sets
of 5 (C14–C18 and C19–C23), where the first four signals have
approximately equidistant elution times and the last is offset to a
shorter elution position (Fig. 1D). Comparison with the elution
pattern of the m/z 175, 161 and 119 series reveals that this pattern
is consistent with a side chain methylated at C-16 and C-21
(numbering in Fig. 1D).

Aryl isoprenoids methylated at C-16 and C-21 and with m/z 120
as base ion may, in principle, form via diagenetic reduction of
dimethylated quinones and chromans. Compounds of this type
with 28 carbons (VI and VII) were described by Sinninghe Damsté
et al. (1988). However, the m/z 120 series in the BCF is different for
two reasons. Firstly, the phytanyl benzenes VI and VII possess a
methyl in the c position of the side chain, causing a McLafferty
fragment (m/z 120/119 � 3; Sinninghe Damsté et al., 1988) that
is significantly stronger than in the BCF series (m/z 120/
119 � 0.5–0.6). Secondly, based on branching positions, pseudoho-
mologues C16 and C21 should have low signal intensity (as seen for
C18, C23 and C28 in the m/z 119 series; Fig. 1D). However, only C16 is
low but not C21 (Fig. 1C). Thus, the m/z 120 series does not repre-
sent the degradation products of quinones and chromans and the
nature of the compounds remains obscure.

It is particularly intriguing that all pseudohomologues of the
m/z 120 series between C14 and C23 are present despite the fact that
this is inconsistent with the irregular elution order that implies a
branched side chain. Moreover, the chromatographic signals do
not split into doublets or become significantly broader with
increasing carbon number, as usually observed for side chains that
exhibit multiple racemized branching positions (cf. the increasing
width of chromatographic signals in the m/z 119 series, Fig. 1C).
Furthermore, although the C25, C28 and C29 pseudohomologues
are in predicted elution positions (Fig. 1D), pseudohomologues
C24, C26 and C28 were not detected. To determine whether the
m/z 120 compounds represent one contiguous series of aromatic
isoprenoids or not, it may be necessary to search for them in youn-
ger bitumens.

3.1.3. The m/z 161 and 175 series
The BCF contains two further aryl isoprenoid series with regular

head–tail patterns (Fig. 1A and B). The first has m/z 161 as base ion,
consistent with a C6 substituted phenyl ion, and molecular masses
consistent with CnH2n�6 (n = 15–28 and possibly to 38 or 39). The
M+. has a relative intensity of 12% for the C17 pseudohomologue,
but the intensity decreases with increasing molecular mass (4%
for C28). The m/z 162 McLafferty fragment has a relatively low
intensity of 10–15% relative to the base ion. The presence of other
fragment ions was difficult to determine because of low signal to
noise ratio. However, a m/z 133 fragment appears to be present
in all members of the series at 20–50% intensity, as well as a m/z
147 fragment at 10–20%. Fragment ions >m/z 161 could not be ob-
served. The second series has m/z 175 as base ion, consistent with a
C7-substituted phenyl ion and CnH2n�6 (n = 16–31 and possibly to
39 or 40). The relative intensities of the M+. and the m/z 176
McLafferty ion are comparable to those from the m/z 161 series.
Because of low signal to noise ratio, it was not possible to confirm
the presence of weaker fragment ions.

The m/z 161 and 175 series are clearly related to the m/z 119
series. All three have a pseudohomologue distribution, indicating
a side chain with a regular isoprenoid branching pattern
(Fig. 1D). The general structure for the series appears to be IVa–c
or Va–c, distinguished only by the number of alkyl substituents
on the aromatic ring. As discussed above, the m/z 119 series prob-
ably had a set of biological precursors with 15, 20, 25, 35 and 40
carbons. Similarly, the m/z 175 series shows particularly high
concentrations of pseudohomologues with 19, 24, 29, 34 (and
39?) carbons, suggesting that they were generated from biological
C5n precursors after loss of one carbon at the open end of the
isoprenoid chain. The same phenomenon is observed for the m/z
161 series for pseudohomologues with 18, 23, 28, 33 (and 38?) car-
bons and it appears likely that it formed from the same precursors
as the m/z 175 series via loss of a second carbon at the aromatic
terminus. The only structure for the m/z 175 series that can be gen-
erated by diagenetic cyclization and aromatization of a regular acy-
clic isoprenoid without shifting carbons is VIII. However, biological
lipids with the carbon skeleton of VIII are unknown, and we spec-
ulate that the biogenic precursors of both series possessed a bio-
synthetically modified, i.e. non-isoprenoid, head group (similar,
in principle, to the cyclic moieties of chromans and quinones).
The m/z 161 and 175 series both occur in similar concentrations
in the BCF and potentially originated from the same biogenic
precursor through different diagenetic reactions. The loss of one
carbon in the side chain, leading to the m/z 175 series and the loss
of a second at the aromatic ring, leading to the m/z 161 series, may
indicate that these positions carried functional groups that were
lost during diagenesis (e.g. by oxidation and decarboxylation).

3.1.4. Other regular isoprenoid series
The m/z 91 and 105 chromatograms are strongly dominated by

n-alkyl benzenes, but monoaromatic isoprenoids with m/z 91 and
105 base ions were not detected. Similarly, no monoaromatic iso-
prenoids were detected in the m/z 147, 189, 203 and 217
chromatograms.
4. Discussion

The oligoprenyl-curcumanes II of the BCF may, in principle,
have formed by diagenetic alteration of acyclic isoprenoids.
Suitable acyclic precursors are widespread in the biosphere. There-
fore, oligoprenyl-curcumanes should be relatively common in bit-
umens of any age. However, curcumane IIa is rare (see below) and
oligoprenyl-curcumanes IIc–e with more than 20 carbons have
never been reported until now. Moreover, in the BCF, acyclic regu-
lar isoprenoids with 30–40 carbons were not detected although
oligoprenyl-curcumanes II with 30–40 carbons are abundant. Thus,
diagenetic conversion of acyclic precursors to oligoprenyl-curcum-
anes II is not probable, and direct biological precursors with oligo-
prenyl-curcumane II skeletons are more likely.

Monocyclic sesquiterpenoids (C15) with the bisabolane IX and
curcumane II skeletons have been isolated from a red alga (Ellis
et al., 1995) and a marine sponge (Butler et al., 1991) and occur
abundantly in the essential oils of higher plants. The name curcum-
ene is derived from Curcuma, a plant genus that includes turmeric.
Consistent with a plant source, fossil curcumane IIa is relatively
abundant in coals and crude oils that contain high relative concen-
trations of other plant biomarkers (Ellis et al., 1995). A predomi-
nant plant origin is also supported by the presence of curcumane
IIa in amber (Czechowski et al., 1996; Grimalt et al., 1988; Yamam-
oto et al., 2006) and its apparent absence from Cambrian to Devo-
nian sediments (Ellis et al., 1995).

Monoprenyl-curcumane (C20) IIb is rare in the geological
record. The only report appears to be from a middle Albian coal
in Spain (Gorchs et al., 2003), but the data were insufficient for reli-
able identification. The saturated counterpart of monoprenyl-
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curcumane IIb, monoprenyl-bisabolane IXb, was tentatively as-
signed in very high relative abundance in lower Albian black shales
deposited during oceanic anoxic event (OAE) 1b in southeastern
France (Vink et al., 1998) and the North Atlantic Ocean off the coast
of Florida (Kuypers et al., 2002). The carbon isotopic composition of
monoprenyl-bisabolane IXb from OAE 1b in the North Atlantic
Ocean (d13C � �15‰) was similar to that of diagnostic archaeal
isoprenoids, but was offset from that of algal biomarkers by
>10‰. Consistent with the isotopic composition, Kuypers et al.
(2002) suggested an archaeal source for monoprenyl-bisabolane
IVb. The authors also noted that the compound had never been
reported outside the OAE 1b black shale interval.

To our knowledge, oligoprenyl-curcumanes II (and oligoprenyl-
bisabolanes IX) with more than 20 carbons have not been reported
from the geological record and are currently unique to the BCF.
However, potential biogenic precursors for the C30 IIc and C35 IId
pseudohomologues are known. Heptaprenylcycline possesses a
tetraprenyl-bisabolane IXd skeleton with one unsaturation in the
cyclohexyl moiety and was observed in three nonpathogenic spe-
cies of Mycobacterium. It might play a role in the temperature
adaptation of mycobacterial cell membranes (Sato et al., 2008).
Tetraprenyl-ar-curcumene Id and tetraprenyl-b-curcumene Xd
were detected (Böröczky et al., 2006) in cultivated isolates from
four major bacterial groups from the North Sea, Actinobacteria
(Brevibacterium, Clavibacter, Microbacterium), a-Proteobacteria
(Brevundimonas, Jannaschia, Oceanibulbus, Roseobacter, Sulfitobact-
er), c-Proteobacteria (Pseudoalteromonas, Vibrio, Halomonas, Mari-
nomonas) and Bacteroidetes (Cyclobacterium, Cytophaga,
Flavobacterium). The extracts also contained smaller concentra-
tions of triprenyl-ar-curcumene Ic and triprenyl-b-curcumene Xc.
Tetraprenyl-ar-curcumene Id and tetraprenyl-b-curcumene Xd
were recently also isolated from B. subtilis (Firmicutes), along with
polycyclic derivatives in which the tetraprenyl side chain has been
modified to form scalarane (Bosak et al., 2008; Kontnik et al.,
2008).

In B. subtilis, tetraprenyl-b-curcumene Xd is probably biosynthe-
sized from all-trans heptaprenyl pyrophosphate (Takahashi et al.,
1980). Kontnik et al. (2008) suggest that cyclization occurs at the
pyrophosphate terminus and directly yields the cyclohexadiene
end group of tetraprenyl-b-curcumene Xd. The dehydrogenation of
the cyclohexadiene end group to the aromatic moiety of tetrapre-
nyl-ar-curcumene Id is possibly an abiogenic process, although bio-
logical oxidation is also possible. Böröczky et al. (2006) observed that
tetraprenyl-b-curcumene Xd spontaneously oxidizes to tetrapre-
nyl-ar-curcumene Id during isolation of lipids from bacterial cul-
tures. They speculate that the fast oxidation may be related to the
physiological function of b-curcumenes X in bacteria. In contrast,
the lipid extracts of sporulating B. subtilis cells and spores contain
similar amounts of tetraprenyl-ar-curcumenes Id and tetraprenyl-
b-curcumenes Xd (Bosak et al., 2008) and the ratio of the two com-
pounds does not change rapidly under their experimental condi-
tions. However, the abundance of polycyclic sporulenes with an
aromatic end group in the same extracts is much higher than that
of sporulenes containing a cyclohexadiene end group (Bosak et al.,
2008; Kontnik et al., 2008), suggesting that the redox activities of
sporulenes and tetraprenyl curcumenes differ. Given that sporu-
lenes protect spores against oxidative stress (Bosak et al., 2008),
either by reducing the permeability of cell membranes to molecular
oxygen and/or by scavenging reactive oxygen species with the cyclo-
hexadiene head group (Kontnik et al., 2008), linear curcumenes may
have a similar physiological role. The current understanding of the
microbial sources of curcumenes supports this because these mole-
cules have only been found in aerobically grown microbes (Böröczky
et al., 2006; Bosak et al., 2008; Sato et al., 2008). However, at this
stage, we do not recommend interpreting fossil curcumanes as indi-
cators for oxidative stress. Further studies of the biosynthetic path-
ways leading to tetraprenyl curcumenes, their modern microbial
sources and chemical properties will have to be carried out to con-
firm or not whether b-curcumenes X directly function as scavengers
of reactive oxygen species and whether this is their only physiolog-
ical role.

5. Conclusions

Bitumens from the 1.64 Ga old Barney Creek Formation in the
McArthur Basin of northern Australia contain at least three new
series of regular aromatic isoprenoids. While the substitution pat-
terns of the phenyl end groups of the series with base ions at m/z
161 and 175 remain unknown, compounds with m/z 191 base
ion were identified as a complete series of C15–C40 oligoprenyl-cur-
cumanes II. Plausible biogenic precursors are oligoprenyl-b-cur-
cumenes X that have been isolated from a broad range of
bacterial phyla. Tetraprenyl-curcumenes are the likely biosyn-
thetic precursors of bacterial sporulenes that play a role in oxida-
tive stress response. A direct physiological function of
oligoprenyl-b-curcumenes in bacteria is not known, but further
physiological studies should test whether the cyclohexadiene moi-
ety functions as a scavenger of reactive oxygen species and
whether curcumanes II can be regarded as biomarkers for oxida-
tive stress response.
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