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Abstract- -In  a North Sea oil, the carotenoid derivatives/3-carotane,/3-isorenieratane, and isorenieratane 
were identified, together with a series of  aryl isoprenoids with a 2,3,6-trimethyl substitution pattern for 
the aromatic ring. The 613C values of/~-carotane and/3-isorenieratane are similar, whereas isorenieratane 
is ca. 15%o heavier. This suggests that/3-isorenieratane is not derived from/~-isorenieratene biosynthe- 
sised by Chlorobiaceae, but from aromatisation of/~-carotene. This was confirmed by laboratory aromati- 
sation of  partially hydrogenated/~-carotene, which yielded/~-isorenieratane as the main product. The 
aryl isoprenoids, which can be formed by C-C bond cleavage of  both isorenieratane and/~-isorenieratane, 
have a mixed isotopic signature in the oil. These results indicate that mere identification of  aryl isopren- 
oids, without determination of  their 6 ~3C values, cannot be used to assess the presence of  Chlorobiaceae, 
and, thus, photic zone anoxia in the depositional environment. 

1. INTRODUCTION 

The occurrence of  aryl isoprenoids with a 2,3,6-tfimethyl 
substitution pattern for the aromatic ring and a tail-to-tail 
isoprenoid chain (I; see Appendix) in sedimentary rocks and 
crude oils is often taken as an indication for the presence of  
brown-coloured photosynthetic green sulphur bacteria 
(Chlorobiaceae) and photic zone anoxia in the depositional 
environment (Summons and Powell, 1986, 1987; Clark and 
Philp, 1989; Yu Xinke et al., 1990; Fowler, 1992; Requejo 
et al., 1992; Hartgers et al., 1994a,b; Koopmans et al., 1996). 
The aryl isoprenoids are thought to form from C-C bond 
cleavage of  the isoprenoid chain of  isorenieratene (II)  and 
/3-isorenieratene (III) ,  both biosynthesised by Chlorobiaceae 
(Liaaen-Jensen, 1978a,b; de Wit  and Caumette, 1995), that 
are bound in high-molecular-weight organic matter fractions 
(e.g., kerogen) of  the sediment (Requejo et al., 1992; Hart- 
gers et al., 1994b). The origin of  aryl isoprenoids from 
Chlorobiaceae can be confirmed by their ~3C contents, be- 
cause Chlorobiaceae fix CO2 via the reverse tricarboxylic 
acid cycle (Sirevhg and Ormerod, 1970) leading to biomass 
anomalously enriched in ~3C (Quandt et al., 1977; Sirev~g 
et al., 1977). However,  ~3C contents of aryl isoprenoids are 
seldom reported because these compounds are usually pres- 
ent only in low abundance in complex mixtures. 

Here, we reveal a diagenetic origin of/3-isorenieratane 
( IV)  from the ubiquitous carotenoid/3-carotene (V) .  Evi- 
dence comes from ( 1 ) stable carbon isotope measurements 
of  /3-carotane (VI) ,  /3-isorenieratane, and isorenieratane 
(VII)  in a North Sea oil, and (2) laboratory formation of/3- 
isorenieratane from/3-carotene. Because C-C bond cleavage 
of  both macromolecularly bound isorenieratane and/3-isore- 
nieratane yields aryl isoprenoids, these compounds have a 
mixed origin as confirmed by their ~3C content in the oil. This 
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indicates that aryl isoprenoids cannot be used as markers for 
Chlorobiaceae and, thus, photic zone anoxia, unless they are 
significantly enriched in 13C compared to algal lipids. 

2. EXPERIMENTAL 

2.1. Fractionation 

40. l mg of a North Sea oil, to which a mixture of three standards 
was added for quantitative analysis, was chromatographed with 
A1203 to obtain the apolar fraction (hexane/dichloromethane 9:1 v/ 
v). Further separation of the apolar fraction by argentatious thin- 
layer chromatography yielded the saturated hydrocarbon fraction (R f 
= 0.78-1.00), the monoaromatic hydrocarbon fraction (Rf = 0.29- 
0.78), and the polyaromatic hydrocarbon fraction (Rr = 0.06- 
0.29). For stable carbon isotope measurements, some fractions were 
further chromatographed. The saturated hydrocarbon fraction was 
eluted over silica-lite with cyclohexane to remove linear alkanes. 
The monoaromatic hydrocarbon fraction was first eluted over silica- 
lite with cyclohexane to remove linear alkylbenzenes, and then over 
A1203 with hexane and hexane/dichloromethane (9:1 v/v).  The 
latter fraction contained the aryl isoprenoids and some C40 carotenoid 
derivatives. 

2.2. Laboratory Formation of ~-Isorenieratane 
from B-Carotene 

4.5 mg of/~-carotene (Acros Chimica) was hydrogenated with 
H2/PtO2 for 4 h. Column chromatography using A1203 (hexane/ 
dichloromethane 1:1 v/v) yielded the hydrogenated products 
(78%). These were dissolved in dry toluene, and 26.0 mg of 2,3- 
dichloro-5,6-dicyano-l,4-benzoquinone (DDQ) was added. The 
mixture was allowed to reflux for 24 h. The reaction mixture was 
chromatographed with hexane/dichloromethane (9:1 v/v) over 
A1203. 

2.3. Gas Chromatography 

Gas chromatography (GC) was performed using a Hewlett-Pack- 
ard 5890 instrument, equipped with an on-column injector. A fused 



4874 M.P. Koopmans et al. 

Table 1, Absolute amounts o f  several carotenoid 

derivatives. Roman numbers refer to structures in 

the Appendix.  

Compound Amount  (~tg/g oil) 

13-carotane (Vl)  1.1 x 10 3 

13-isorenieratane (IV) 1.3x 102 

IX 2.6x102 

Isorenieratane (VII)  2.1 x 102 

C19 aryl isoprenoid (I) 2.7x 102 

C19 cyclohexane (VIII )  4.3x 102 

silica capillary column (25 m × 0.32 mm) coated with CP Sil-5 
(film thickness 0.12 #m) was used with helium as carrier gas. For 
the co-injection experiments, a capillary column ( 30 m × 0.25 mm) 
coated with DB-1701 (film thickness 0.25 #m) was also used. The 
column effluent was monitored by a flame ionisation detector. Sam- 
ples were injected at 70°C and the oven was subsequently pro- 
grammed to 130°C at 20°C/min and then at 4°C/min to 320°C, at 
which it was held for 20 min. 

2.4. Gas Chromatography-Mass Spectrometry 

Gas chromatography-mass spectrometry (GC-MS) was carried 
out on a Hewlett-Packard 5890 gas chromatograph interfaced to a 
VG Autospec Ultima mass spectrometer operated at 70 eV with a 
mass range m/z 40-800 and a cycle time of 1.8 s (resolution 1000 ). 
The configuration and conditions of the gas chromatograph were the 
same as for GC described above. 

2.5. Isotope-Ratio-Monitoring Gas Chromatography-Mass 
Spectrometry 

The DELTA-C i rm-GC-MS system is, in principle, similar to 
the DELTA-S system described previously (Hayes et al., 1990). 
The gas chromatograph (Hewlett-Packard 5890) was equipped as 
for GC analyses with helium as carrier gas. Fractions were injected 
on-column at 70°C and the oven was programmed as for GC analy- 
ses. Isotopic values were calculated by integrating the mass 44, 45, 
and 46 ion currents of the peaks produced by combustion of the 
chromatographically separated compounds and of CO2-spikes gener- 
ated by admitting CO2 of a known ~3C content at regular intervals into 
the mass spectrometer. Values were determined at least in duplicate. 
Results were averaged to obtain mean values and to calculate stan- 
dard deviations. The stable carbon isotope compositions are reported 
in the delta notation against the PDB 13C standard. 

3. RESULTS AND DISCUSSION 

The oil was fractionated by column chromatography into 
a saturated hydrocarbon fraction, a monoaromatic hydrocar- 
bon fraction, and a polyaromatic hydrocarbon fraction. The 
saturated hydrocarbon fraction contains a substantial amount 
(Table 1 ) of/3-carotane, and a series of 1-alkyl-2,2,6-tri- 
methylcyclohexanes (VIII)  first identified by Anders and 
Robinson (1971).  The monoaromatic hydrocarbon fraction 
contains /3-isorenieratane ( IV) ,  an aromatised diagenetic 
product of/3-carotene ( IX) ,  and a series of  aryl isoprenoids 
with a distribution similar to that of  the 1-alkyl-2,2,6-trimeth- 
ylcyclohexanes. The polyaromatic hydrocarbon fraction con- 
tains isorenieratane. 

After further chromatographic steps (see section 2),  the 
13C contents of/3-carotane,/3-isorenieratane, isorenieratane, 

IX and the CI9-C21 aryl isoprenoids were measured (Fig. 
1 ). The/5 ~3C values of/3-carotane and its aromatic counter- 
part IX are almost identical. The 6 ~3C values of  isoreniera- 
tane and phytane, which is taken as a marker for algae living 
in the upper part of the water column and using Rubisco for 
CO2 fixation (Hayes, 1993), differ by ca. 16%o. This is in 
agreement with values obtained from a suite of  carbonaceous 
rocks throughout the Phanerozoic (Koopmans et al., 1996). 
However,  the 6~3C value of /3-isorenieratane, which was 
expected to be similar to that of isorenieratane because their 
unsaturated counterparts/3-isorenieratene and isorenieratene 
are biosynthesised by Chlorobiaceae, is close to that of /3-  
carotane. In addition, the C~9, C2o, and C21 aryl isoprenoids 
are ca. 10%o lighter than isorenieratane. 

In order to explain the similarity of the 6 ~3C values of/3- 
carotane and/3-isorenieratane, an attempt was made to form 
/3-isorenieratane from/3-carotene in the laboratory (Fig. 2). 
/3-carotene was hydrogenated, which yielded/3-carotane and 
a suite of monounsaturated and diunsaturated counterparts. 
This mixture was aromatised with DDQ, which yielded/3- 
isorenieratane (10%) as the main product./3-isorenieratane 
was identified by comparison of  its mass spectrum with that 
of an authentic standard, and by co-injection experiments 
using two different capillary columns. Apparently, a geminal 
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FIG. 1.6 ~3C values of/3-carotane,/3-isorenieratane, lsorenleratane, 
IX, phytane, several aryl isoprenoids, and bulk fractions. When error 
bars are not shown, the standard deviation (n = 2) falls within the 
range given by the markers. The 6~3C value of p-isorenieratane 
is similar to that of/3-carotane, but differs strongly from that of 
isorenieratane. The aryl isoprenoids have values intermediate be- 
tween those of fl-isorenieratane and isorenieratane. 
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the difference in 613C values of the aryl isoprenoids and the 
saturated hydrocarbon fraction reported by Summons and 
Powell (1986) is only 6-9%o. A similar difference is found 
in this study (4-5%o), but it is much smaller than the differ- 
ence expected when the aryl isoprenoids would be exclu- 
sively formed from isorenieratane (ca. 15%o; Koopmans et 
al., 1996). This can be explained by the formation of aryl 
isoprenoids from/3-isorenieratane, and thus, indirectly, from 
/3-carotene. Therefore, it seems likely that the aryl isopren- 
oids reported by Summons and Powell (1986) were partly 
derived from/3-carotene. 

IV 

FIG. 2. Scheme for the laboratory transformation of/%carotene 
into/%isorenieratane. 

methyl group of the cyclohexenyl moiety has shifted exclu- 
sively from the 2 to the 3 position during aromatisation 
(Fig. 2),  in agreement with literature data on aromatisation 
reactions with DDQ of similar compounds (Braude et al., 
1960; Fu and Harvey, 1978). These results indicate that/3- 
isorenieratane present in sedimentary rocks and crude oils 
cannot be used as a marker for Chlorobiaceae. It should be 
noted that, in principle, isorenieratane can be formed from 
/3-carotene by aromatisation of both cyclohexenyl moieties. 
However, the different 6 ~3C values of/3-carotane and isore- 
nieratane in the North Sea oil (Fig. 1) indicate that this is 
not an important process. 

Aryl isoprenoids with a 2,3,6-trimethyl substitution pat- 
tern for the aromatic ring are thought to form from C-C bond 
cleavage of the isoprenoid chain of macromolecularly bound 
isorenieratene and /3-isorenieratene (Requejo et al., 1992; 
Hartgers et al., 1994b). Thus, our results suggest that aryl 
isoprenoids can be formed indirectly from/3-carotene during 
sediment burial, as supported by their 6 ~3C values in the oil 
(Fig. 1 ). This implies that the occurrence of aryl isoprenoids 
in sedimentary rocks and crude oils cannot be taken as an 
indication for the presence of Chlorobiaceae in the deposi- 
tional environment, unless they are significantly enriched in 
13C compared to algal lipids. Interestingly,/3-carotene was 
originally proposed as the precursor of the aryl isoprenoids 
(Ostroukhov et al., 1982). This hypothesis was later ques- 
tioned (Summons and Powell, 1986), because synthesis of 
aryl isoprenoids by aromatisation of/3-ionone (Ostroukhov 
et al., 1982) resulted in two isomers with different trimethyl 
substitution patterns for the aromatic ring. However, the fate 
of geminal methyl groups during aromatisation reactions is 
merely a result of the reagent used (Fu and Harvey, 1978). 

Our results also could explain two apparent anomalies. 
First, the C3~ aryl isoprenoid is present in the oil under study 
and has been reported before as the ultimate member of the 
series in other sedimentary rocks and crude oils (Summons 
and Powell, 1986, 1987; Requejo et al., 1992), although the 
formation of this component from isorenieratane requires an 
unlikely cleavage c~ to the benzene ring. However, cleavage 
t~ to the cyclohexyl moiety of/3-isorenieratane is facile, and 
results in the formation of the C3! aryl isoprenoid. Second, 

4. CONCLUSIONS 

/513C values of/3-carotane,/3-isorenieratane, and isorenier- 
atane in a North Sea oil suggest a genetic relationship of/3- 
carotane and/3-isorenieratane. This is supported by labora- 
tory aromatisation of/3-carotene, which yielded/3-isorenier- 
atane. The 6~3C values of the aryl isoprenoids with a 2,3,6- 
trimethyl substitution pattern for the aromatic ring are inter- 
mediate between those of/3-isorenieratane and isoreniera- 
tane, suggesting a mixed source. These results indicate that 
aryl isoprenoids in sedimentary rocks and crude oils do not 
indicate the presence of Chlorobiaceae, and, thus, photic 
zone anoxia in the depositional environment, unless they 
are significantly enriched in 13C compared to algal lipids. 
Particularly the co-occurrence of aryl isoprenoids and /3- 
carotane should be viewed with caution. 

Acknowledgments--We thank Shell International Exploration and 
Production for providing the oil sample and a research studentship 
to MPK. Shell International Exploration and Production is also grate- 
fully acknowledged for financial support for the irm-GC-MS facility. 
Analytical support was provided by Mrs. M. Dekker and Mr. W. 
Pool. Two anonymous reviewers are thanked for their constructive 
comments. This work was partly supported by a PIONIER grant to 
JSSD from the Netherlands Organisation for Scientific Research 
(NWO). This is NIOZ Contribution No. 3096. 

Editorial handling: G. Faure 

REFERENCES 

Anders D. E. and Robinson W. E. (1971) Cycloalkane constituents 
of the bitumen from Green River Shale. Geochim. Cosmochim. 
Acta 35, 661-678. 

Braude E. A., Jackman L. M., Linstead R. P., and Lowe G. (1960) 
Hydrogen transfer. Part XII. Dehydrogenation of "blocked" hy- 
droaromatic compounds by quinones. J. Chem. Soc., 3123-3132. 

Clark J. P. and Philp R. P. (1989) Geochemical characterization of 
evaporite and carbonate depositional environments and correlation 
of associated crude oils in the Black Creek Basin, Alberta. Bull. 
Canadian Petrol. Geot 37, 401-416. 

de Wit R. and Caumette P. (1995) An overview of the brown- 
coloured isorenieratene-containing green sulphur bacteria (Chlo- 
robiaceae ). In Organic Geochemistry: Developments and Appli- 
cations to Energy, Climate, Environment and Human History (ed. 
J. O. Grimalt et al.), pp. 908-909. AIGOA. 

Fowler M. G. (1992) The influence of Gloeocapsomorpha prisca 
on the organic geochemistry of oils and organic-rich rocks of 
late Ordovician age from Canada. In Early Organic Evolution: 
Implications for Mineral and Energy Resources ( ed. M. Schidlow- 
ski et al.), pp. 336-356. Springer-Verlag. 

Fu P. P. and Harvey R. G. (1978) Dehydrogenation of polycyclic 
hydroaromatic compounds. Chem. Rev. 78, 317-361. 

Hartgers W. A., Sinninghe Damst6 J. S., Requejo A. G., Allan J., 
Hayes J. M., and de Leeuw J. W. (1994a) Evidence for only minor 



4876 M.P. Koopmans et al. 

contributions from bacteria to sedimentary organic carbon. Nature 
369, 224-227. 

Hartgers W. A., Sinninghe Damst6 J.S., Requejo A.G., Allan J., 
Hayes J. M., Ling Y., Xie T.-M., Primack J., and de Leeuw J. W. 
(1994b) A molecular and carbon isotopic study towards the origin 
and diagenetic fate of diaromatic carotenoids. In Advances in 
Organic Geochemistry 1993 ( ed. N. Teln~es et al.) : Org. Geochem. 
22, 703-725. 

Hayes J. M. (1993) Factors controlling ~C contents of sedimentary 
organic compounds: Principles and evidence. Mat'. Geol. 113, 
111-125 .  

Hayes J. M., Freeman K. H., Popp B. N., and Hoham C. H. (1990) 
Compound-specific isotope analysis: A novel tool for reconstruc- 
tion of ancient biogeochemical processes. In Advances in Organic 
Geochemistr 3' 1989 ( ed. B. Durand and F. Behar); Org. Geochem. 
16, I 115-1128 .  

Koopmans M.P., K6ster J., van Kaam-Peters H. M. E., Kenig F., 
Schouten S., Hartgers W.A.. de Leeuw J.W., and Sinninghe 
Damst6 J. S. (1996) Diagenetic and catagenetic products of isore- 
nieratene: Molecular indicators for photic zone anoxia. Geochim. 
Cosmoehim. Acta 60, 4467-4496. 

Liaaen-Jensen S. (1978a) Chemistry of carotenoid pigments. In The 
Photosynthetic Bacteria (ed. R. K. Clayton and W. R. Sistrom). 
pp. 233 247. Plenum Press. 

Liaaen-Jensen S. (1978b) Marine carotenoids. In Marine Natural 

Products (ed. D. J. Faulkner and W. H. Fenical), pp. 1-73. Aca- 
demic Press. 

Ostroukhov S. B., Arefev O. A., Makushina V. M., Zabrodina M. N., 
and Petrov A1. A. (1982) Monocyclic aromatic hydrocarbons with 
isoprenoid chains. Neflekhimiya 22, 723-788 (in Russian). 

Quandt I., Gottschalk G., Ziegler H., and Stichler W. (1977) Isotope 
discrimination by photosynthetic bacteria. FEMS Microbiol. Lett. 
1, 125 128. 

Requejo A. G., Allan J., Creany S., Gray N.R., and Cole K.S. 
(1992) Aryl isoprenoids and diaromatic carotenoids in Paleozoic 
source rocks and oils from the Western Canada and Williston 
basins. Org. Geochem. 19, 245-264. 

Sirevhg R. and Ormerod J.G. (1970) Carbon dioxide fixation in 
green sulphur bacteria. Biochem. J. 120, 399-408. 

Sirevfig R., Buchanan B. B., Berry J. A., and Troughton J. H. (1977) 
Mechanisms of CO2 fixation in bacterial photosynthesis studied 
by the carbon isotope technique. Arch. Microbiol. 112, 35-38. 

Summons R. E. and Powell T. G. (1986) Chlorobiaceae in Palaeo- 
zoic seas revealed by biological markers, isotopes and geology. 
Nature 319, 763-765. 

Summons R. E. and Powell T. G. (1987) Identification of aryl iso- 
prenoids in source rocks and crude oils: Biological markers for 
the green sulphur bacteria. Geochim. Cosmochim. Acta 51, 557- 
566. 

Yu Xinke, Fan Pu, and Philp R. P. (1990) Novel biomarkers found 
in South Florida Basin. Org. Geochem. 15, 433-438. 

Appendix 

I 

I I I  

V 

V | |  

I X  

l I  

I V  

V I  

V I I I  


