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Carbon isotopic compositions of
1,2,3,4-tetramethylbenzene in marine oil asphaltenes
from the Tarim Basin: Evidence for the source formed
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Although 1-alkyl-2,3,6-trimethylbenzenes and a high relative amount of 1,2,3,4-tetramethylbenzene
have been detected in marine oils and oil asphaltenes from Tabei uplift in the Tarim Basin, their bio-
logical sources are not determined. This paper deals with the molecular characteristics of typical ma-
rine oil asphaltenes from Tabei and Tazhong uplift in the Tarim Basin and the stable carbon isotopic
signatures of individual compounds in the pyrolysates of these asphaltenes using flash pyrolysis-gas
chromatograph-mass spectrometer (PY-GC-MS) and gas chromatograph-stable isotope ratio mass
spectrometer (GC-C-IRMS), respectively. Relatively abundant 1,2,3,4-tetramethylbenzene is detected in
the pyrolysates of these marine oil asphaltenes from the Tarim Basin. §'°C values of 1,2,3,4-tetrame-
thylbenzene in the pyrolysates of oil asphaltenes vary from —19.6%. to —24.0%., while those of n-alkanes
in the pyrolysates show a range from —33.2%. to —35.1%.. The 1,2,3,4-tetramethylbenzene in the pyro-
lysates of oil asphaltenes proves to be significantly enriched in **C relative to n-alkanes in the pyro-
lysates and oil asphaltenes by 10.8%0—15.2%0 and 8.4%.—13.4%o, respectively. This result indicates a
contribution from photosynthetic green sulfur bacteria Chlorobiaceae to relatively abundant
1,2,3,4-tetramethylbenzene in marine oil asphaltenes from the Tarim Basin. Hence, it can be speculated
that the source of most marine oil asphaltenes from the Tarim Basin was formed in a strongly reducing
water body enriched in H,S under euxinic conditions.
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Although exploitation and production of marine oils in
the Tarim Basin has continued for more than twenty
years, the source rocks for the main industrial petroleum
are still in debate, even though a theory has been pro-
posed that they may be resulted from growth of numer-
ous petroleum source rocks, multiple stages of hydro-
carbon generation and tectogenesis in this old basin Y.
Results from detailed molecular geochemical study
suggest the Middle-Upper Ordovician marls deposited at
the slope of the margin are the source of marine oils in
the Tarim BasinZ. However, 1,2,3,4-tetramethylben-

zene and 1-alkyl-2,3,6-trimethylbenzenes were detected
in the pyrolysates of oil asphaltenes and oils from Tabei
uplift of the Tarim Basin*?34 while these compounds
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are usually considered to be derived from green sulfur
bacteria Chlorobiaceae living in the strong reducing wa-
ter body enriched in H,S. So a strongly reducing water
body was suggested as the sedimentary environment for
marine oil source rocks in the Tarim Basin. Based on
this conclusion and results from studies of hydrocarbon
generation and source rocks, several suites of source
rocks deposited in strongly reducing environment were
suggested to be the source of marine oils from the Tarim
Basin, including the Middle-Upper Ordovician mud-
stones of the Shaergan Formation%, the Lower-Middle
Ordovician mudstones of the Heituao Formation®" and
Cambrian-Lower Ordovician marlsZ. However, detec-
tion of 1,2,3,4-tetramethylbenzene in the pyrolysates of
oil asphaltenes and 1-alkyl-2,3,6-trimethylbenzenes in
the oils from Tabei uplift could not sufficiently deter-
mine a contribution from green sulfur bacteria Chloro-
biaceae, because 1,2,3,4-tetramethylbenzene and 1-
alkyl-2,3,6-trimethylbenzenes could be derived from
other bacteria or algae®=%. As several studies show, the
stable carbon isotopic signatures of 1,2,3,4-tetrame-
thylbenzene and 1-alkyl-2,3,6-trimethylbenzenes were
critical to determining their biological sources®®%. The
reverse tricarboxylic acid cycle by which green sulfur
bacteria Chlorobiaceae fix carbon would lead to unusu-
ally high contents of *C in the biosynthetic productstY.
Hence, 1,2,3,4-tetramethylbenzene and 1-alkyl-2,3,6-
trimethylbenzenes derived from Chlorobiaceae would
have much heavier carbon isotopic compositions than
those compounds from other biological sources (by
about 10%.—15%.*2). Only one oil asphaltene sample
of the Well Lunnanl from Tabei uplift in the Tarim Ba-
sin was presented with carbon isotopic data up to date™,
and the carbon isotopic characteristics of oils or oil as-
phaltenes from most wells in Tazhong uplift and Tabei
uplift, which are the main oil fields in the Tarim Basin,
were not reported yet.

The pyrolysates of oil asphaltenes from several typi-
cal oil wells in both Tabei and Tazhong uplift of the
Tarim Basin were investigated in this paper, and the
carbon isotopic signatures of the pyrolysates were also
determined. Relatively abundant 1,2,3,4-tetramethyl-
benzene was generally detected in the pyrolysates of
most marine oil asphaltenes from the Tarim Basin, and
1,2,3,4-tetramethylbenzene are characterized by signifi-
cantly high enrichment of *3C relative to oil asphaltenes
and n-alkanes in the pyrolysates of oil asphaltenes. The

results support a contribution from green sulfur bacteria
Chlorobiaceae to relatively high amount of 1,2,3,4-
tetramethylbenzene detected in the pyrolysates of most
marine oil asphaltenes from the Tarim Basin, and a
strongly reducing water body under euxinic conditions
for formation of the source rocks for oil asphaltenes.

1 Samples and experiments

1.1 Samples

Oil asphaltenes were selected to be investigated for the
following reasons: first, oil asphaltenes were produced
in the early maturation stage of organic matter and have
a structure more similar to that of kerogen than other
components in the oils®; secondly, compared with
other components in the oils, oil asphaltenes are hardly
affected by biodegradation and water washing™®; thirdly,
the changes in physical phase during oil mixing, such as
precipitation of asphaltenes, have little effect on the mo-
lecular structure of oil asphaltenes’®; and finally, mo-
lecular structures of oil asphaltenes show little variations
during oil transfer™. However, the above factors may
have significant effects on the low molecular biomarkers
and may be the main cause that can account for the de-
bate on the oil/source correlations in the Tarim Basin 2,
Moreover, determination of carbon isotopic characteris-
tics of those long chain 1-alkyl-2,3,6-trimethylbenzenes
cannot be easily carried out due to the low relative
abundances of the compounds in the oils, and interfer-
ences from the background of samples and co-elution.
The oil asphaltenes in the Tarim Basin usually show
relatively high amount of 1,2,3,4-tetramethylbenzene2!,
and thus determination of carbon isotopic characteristics
of 1,2,34-tetramethylbenzene would be easily per-
formed.

1.2 Experiments

Oil samples were collected from Tabei and Tazhong up-
lift where most marine oils were produced (Tablel). The
extraction and purification, determination of carbon iso-
topic compositions and on-line pyrolysis of oil asphal-
tenes were carried out using the reported methods™*2..
About 50 mg asphaltenes was loaded into a gold tube.
The tube was sealed under protection of argon and sub-
ject to pyrolysis in an oven at 320°C (x1°C) for 72 h.
After cooling, the gold tube was opened and the pyro-
lysates were ultrasonically extracted with hexane. The
concentrated extracts were separated into saturates and
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Table 1 Sample list of marine oils from the Tarim Basin

Well Horizon Depth (m) Location F°C (%)
n-alkanes?” asphaltenes 1,2,3,4-tetramethylbenzene
TZ401 c 3244—3247 Tazhong -34.8 -33.8 -22.0
TZ402 c 3705—3708 Tazhong -35.1 -335 -20.9
TZ2 C 3870—3883 Tazhong -34.9 -33.3 -19.9
TZ40 C 4317—4324 Tazhong -33.6 -32.7 -20.5
TZ4 Cc 3610—3669 Tazhong -33.3 -33.8 —22.4
TZ16 C 3812—3819 Tazhong -34.8 -32.4 -24.0
TZ16 (6] 4128—4260 Tazhong -33.2 -335 -22.3
TZ10 Cc 4227—4234 Tazhong -34.2 -32.5 -20.3
HD11 C 5125 Tabei -34.7 -33.1 -20.1
DH4 C 6068 —6085 Tabei -34.6 -33.1 -19.6
YM2 O 5940—5953 Tabei -35.1 -33.7 -19.9
YW2 0 5460—5463 Tabei -34.1 -32.2 -20.2
LN2-22 T Tabei -34.3 -33.0 -20.5
LN58 T Tabei -34.6 -31.7 -20.1

a) average 6°C values of n-alkanes.

aromatics by column chromatography, and the saturates
were further purified by urea adduction to get n-alkanes.
The stable carbon isotopic signatures of the saturates
and aromatics from the pyrolysates of oil asphaltenes
were determined by an Isoprime isotope ratio mass
spectrometer (GV Instruments, UK) to which an Agilent
6890 gas chromatograph was coupled. A typical m/z44
ion currents chromatograph of n-alkanes and aromatics
in the isotopic analysis is shown in Figure 1. A careful
inspection of the m/z(45/44) chromatograph of the aro-
matics demonstrates that the isotopic measurements of
1,2,3,4-tetramethylbenzene were not disturbed by other
compounds (e.g., methyl-indane).

A national reference material (black carbon, 5°C=
—36.91%0) and a mixing standard of n-alkanes (derived
from Indiana University) were measured to monitor the
precision of the total carbon isotopic analysis and the
carbon isotopic analysis of individual compounds, re-
spectively. The precision was better than +£0.2%. and
+0.4%o for the total carbon isotopic analysis and for the
carbon isotopic analysis of individual compounds, re-
spectively. Every sample was analyzed twice, and the
deviation of two runs was usually no more than 0.3%o
for the total carbon isotopic analysis and 0.6%. for the
carbon isotopic analysis of individual compounds. The
average value of two runs was accepted as the isotopic
result of a given sample.

2 Results and discussion

The pyrolysates of asphaltenes in marine oils from the
Tarim Basin display similar characteristics, indicating

that the molecular structures of these oil asphaltenes are
similar (Figure 2). The most abundant compounds iden-
tified from the pyrolysates of oil asphaltenes are
n-alkanes/1-n-alkenes doublets, which suggest signifi-
cant contributions from non-saponifiable, highly ali-
phatic biopolymers in algae®. Relatively abundant
1,2,3,4-tetramethylbenzene is generally detected in the
pyrolysates of oil asphaltenes, and the relative intensities
of 1,2,3,4-tetramethylbenzene are the highest besides
those of n-alkanes/1-n-alkenes and C;-C, benzenes in
the pyrolysates.

Relatively abundant 1,2,3,4-tetramethylbenzene de-
tected in the pyrolysates of some geological macro-
molecules, such as kerogens and asphaltenes, was pro-
duced by cracking of aromatic carotenoids bonded to the
structures of macromolecules, which might indicate
contributions from photosynthetic green sulfur bacteria
Chlorobiaceae®. However, several studies have shown
that detection of relatively abundant 1,2,3,4-tetrame-
thylbenzene in macromolecules alone is not sufficient to
infer a contribution from green sulfur bacteria Chloro-
biaceae®™2% because 1,2,3,4-tetramethylbenzene and
1-alkyl-2,3,6-trimethylbenzenes may be derived partly
from algae®®. Moreover, the pigments of other photo-
synthetic bacteria (e.g., purple sulfur bacteria)®® and the
aromatization products of A-carotene in algae™ could
give 1,2,3,4-tetramethylbenzene upon pyrolysis, too.
Stable carbon isotopic characteristics of 1,2,3,4-
tetramethylbenzene are the key to determining if it was
resulted from green sulfur bacteria Chlorobiaceae®®.
Different from other bacteria and algae, green sulfur
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Figure 1 m/z44 ion current chromatograph for carbon isotopic analysis of the pyrolysates of oil asphaltenes. (a) n-alkanes; (b) aromatics.
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Figure 2 Total ion currents chromatograph for the products by flash pyrolysis of marine oil asphaltenes from the Tarim Basin. (a) Tabei uplift; (b) Ta-

zhong uplift. * stands for 1,2,3,4-tetramethylbenzene.

bacteria Chlorobiaceae carries out the photosynthesis
through a reverse tricarboxylic acid cycle, which can
lead to unusual enrichment of *C in the biosynthetic
products of Chlorobiaceae. Hence, the 1,2,3,4-tetrame-
thylbenzene and 1-alkyl-2,3,6-trimethylbenzenes de-
rived from Chlorobiaceae should be enriched in *C sig-
nificantly relative to those compounds from algae or
other bacteria in such macromolecules as kerogen and
asphaltenes.

The 6"C values of 1,2,3,4-tetramethylbenzene in the
pyrolysates of oil asphaltenes from Tabei uplift vary
from —19.6%o to —20.5%o, while the average 5*C values
of n-alkanes and &*C values of oil asphaltenes range

from —34.1%o to —35.1%0 and from —31.7%o to —33.7%o,
respectively. Thus 1,2,3,4-tetramethylbenzene is more
enriched in *3C than n-alkanes and oil asphaltenes by
13.8%0—15.2%0 and 11.6%0—13.8%o, respectively (Table
1, Figure 3). Similar to the case of oil asphaltenes from
Tabei uplift, 1,2,3,4-tetramethylbenzene in the pyroly-
sates of oil asphaltenes from Tazhong uplift is also en-
riched in *3C significantly relative to n-alkanes and oil
asphaltenes. The average 5-C values of n-alkanes and
5°C values of oil asphaltenes from Tazhong uplift range
from —33.2%o t0 —35.1%0 and from —32.4%o to —33.8%o,
respectively, and the &**C values of 1,2,3,4-tetrame-
thylbenzene in the pyrolysates have a range from
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Figure 3 Stable carbon isotopic compositions of the pyrolysates of marine oil asphaltenes from the Tarim Basin. (a) Tazhong uplift; (b) Tabei uplift.

—19.9%o0 to —24.0%.. 1,2,3,4-tetramethylbenzene is more
enriched in *3C than n-alkanes and oil asphaltenes from
Tazhong uplift by 10.8%0—15.0%0 and 8.4%o0—13.4%o,
respectively (Table 1, Figure 3). Based on literature data,
those 1,2,3,4-tetramethylbenzene and 1-alkyl-2,3,6-
trimethylbenzenes derived from Chlorobiaceae should
be more enriched in *3C by 12%o— 16%. relative to those
compounds from algae or other bacterial?®2-22 Hence,
relatively abundant 1,2,3,4-tetramethylbenzene detected
in most oil asphaltenes from the Tarim Basin indicates
contribution from aromatic carotenoids of green sulfur
bacteria Chlorobiaceae.

The 1,2,3,4-tetramethylbenzene in some asphaltene
samples from Tazhong uplift (5**C values range from
—22.0%o0 to0 —24.0%o0), €.g., well TZ4, well TZ16, exhibits
relatively lighter carbon isotopic compositions when
compared with that in most samples from the Tarim Ba-
sin (8"3C values range from —19.6%o to —20.5%0), and
the differences in 6°C values between 1,2,3,4-tetrame-
thylbenzene and n-alkanes in asphaltenes from well TZ4
and TZ16 are also relatively small when compared with
those for most other samples. This phenomenon may
suggest a slight mixing of some oils from Tazhong up-
lift.
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3 Conclusions

Results of pyrolysis of oil asphaltenes from the Tarim
Basin in closed system suggest that carbon isotopic sig-
natures of individual compounds in the pyrolysates of
asphaltenes could be used to perform oil/oil correlations
and to study mixing of oils.

The pyrolysates of oil asphaltenes from Tabei and
Tazhong uplifts in the Tarim Basin display similar char-
acteristics, and relatively abundant 1,2,3,4-tetramethyl-
benzene is detected in the pyrolysates. The carbon iso-
topic characteristics of 1,2,3,4-tetramethylbenzene in oil
asphaltenes support a contribution from green sulfur
bacteria Chlorobiaceae, which suggests that the source
for most oil asphaltenes from the Tarim Basin should be
formed in a strongly reducing water body under euxinic
conditions.

Based on results from the studies on source rocks, it
can be inferred that the sedimentary environment for the
Lower-Middle Cambrian marls, the Middle-Upper Ordo-
vician and Lower-Middle Ordovician mudstone may be
consistent with that for marine oil asphaltenes in Tarim
Bain. Further work, e.g., studies of hydrocarbon genera-
tion history, should be considered in eventual determina-
tion of the main source rocks for marine oils from the
Tarim Basin.
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