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Carbon isotopy of individual aromatic compounds
of petroleum for their geochemistry understanding

D. A. Bushnev
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The article analyzes published and original data related to the carbon isotopic composition of individual aromatic compounds
of fossil organic matter and oil. It has been shown that there is reliable evidence of the intramolecular isotopic heterogeneity of a
number of molecules. For example the isotopically depleted carbon of the methyl group of alkylnaphthalenes and the terminal
methyl of n-alkanes. The §13C inheritance from the biochemical precursor during the aromatization is also well documented in the
example of diterpenes in the series abietic acid — dehydroabietane — simonellite — retene, as well as in the other terpene and steroid
series. At the same time, there is evidence of carbon isotopic fractionation during the formation of several aromatic compounds from
a single precursor. The increasing aromatization of the prebuild polycyclic structure does not change the §13C value of the mole-
cule, and the formation of aromatic compounds with different numbers of aromatic rings in competing reactions leads to isotope
differentiation in accordance with the thermodynamically determined distribution of carbon isotopes. If the suggestion is correct, it
is the key to the understanding of specific petroleum aromatic hydrocarbons formation mechanism. It is possible that a comparison
of 813C values for pairs of compounds formed during the transformation of one precursor will also provide information on the tem-
perature conditions for the occurrence of the corresponding reactions.
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N3oTonus yrinepoga MHIANBUAYAJIbHBIX apOMaTUYECCKUX
COG,I[I/IHGHMﬁ He(l)TI/I AJISI IIOHMMaHUsA UX reOXMMHUn

. A. bByuiHes
UncturyTt reonorun OUIL Komu HII YpO PAH, CeIkThIBKap

B cTaTbe NpoaHann3npoBaHbl ONy6/IMKOBaHHbIE M OPUTMHANbHbIE AAHHbIE, OTHOCSLLMECS K M30TOMHOMY COCTaBy yrnepoaa
MHAMBUAYANIbHbIX apOMaTUYECKMX COEAUHEHUI MCKOMNAEMOro OPraHMYEeCKoro BeLwecTBa. MIMeloTcs HaféxHble CBUAETENbCTBA
BHYTPUMOJIEKYNSIPHOM M30TOMHOM HEOAHOPOAHOCTM Psiaa MOSIEKYS, HaNpUMep U30TOMHO IEFKOro YrNepoAa METUIbHOW rpynmbl
aNKMIHabTaNMHOB M KOHLIEBOTO METU/IA H-alkaHoB. HacieaoBaHWe M30TOMHOIO COCTaBa Yriepoaa OT BUOXMMMUUYECKOTO NPeaLECTBEHHMKA
npy apoMaTM3aLMm NOSMLMKINYECKON CTPYKTYPbl XOPOLWO AOKYMEHTUPOBAHO Ha NPUMMEpPE AMTEPNEHOUAHbIX CTPYKTYp B paay
abuemuHosas Kucioma — 0e2udpoabueman — CUMOHeNIUM — pemeH, a TakXKe B PAAAX APYr1X TEPNEHOMOHbIX M CTEPOUAHBIX CTPYKTYP.
MMpy 3TOM UMEIOTCS CBUAETENBCTBA M30TOMHOW AUdbEpeHLMaLMM yrnepoaa npyu 06pa3oBaHNMM HECKOIbKMX apOMaTUUECKMX COEAMHEHMI
M3 eLMHOr0 auMK/IMYECKOro NpeawecTBeHHMKa. HapacTatowas apoMatusaumst yyKe MMeoLWencsl NoMUMKINYECKOM CTPYKTYpbl He
n3MeHseT 3HadeHne §13C Monekybl, a 06pa3oBaHMe apoMaTUYECKMX COEAMHEHMI C PA3NMYHBIM YUCIOM apOMaTUYECKMX LIMKIIOB B
KOHKYPUPYIOLUMX PEAKLIMSIX BEAET K M30TOMHOM AnddepeHLmMaLmm B COOTBETCTBMM C TEPMOAMHAMMYECKM 0BYCTIOBEHHBIM pacnpeneNeHUeM
M30TOMOB YINIEPOAA, YTO MOTEHLMANBHO ABASETCS KIOYOM K pacluMdpoBKe MexaHWU3Ma (OPMUPOBAHWS apOMATUUYECKUX YTIEBOLOPOAOB
MCKOMAEMOro OPraHUYEecKoro BeWecTsa M Hedrei. BosaMOXHO, 4TO conocTaBneHue 3HadeHmin 313C ang nap coeamHeHwit, 06pasoBaHHbIX
npw TpaHchopMaLMmM OLHOMO NPEALECTBEHHMKA, AACT MHAOOPMALMIO U O TEMMEPATYPHbIX YCIOBUSIX NPOTEKAHUS COOTBETCTBYIOLLMX
peakuui.

KntoueBble cnoBa: u3omonHeiii 3¢¢1€Km apomamusayuu, usomonsl yeﬂepoda apomMamu4eckux yeﬂeeodopodos, usomonu4eckue
qucaa ceasu.

Introduction

Carbon investigations are powerful instruments for
studying organic matter of oils and oil source rocks.
Fractionation of carbon isotopes at the stage of
photosynthesis and subsequent biochemical and
geochemical transformations lead to the formation of the
observed 13C/12C isotopic ratio of fossil molecules. A number
of molecules are directly inherited by fossil organic matter
from the biosphere. Others are undergoing significant
changes, including the formation of new aliphatic and
aromatic cycles.

Intramolecular isotopic heterogeneity

The isotopic composition of carbon atoms in
nonequivalent positions of the hydrocarbon molecule is
not the same. This is due to both kinetic and equilibrium
isotopic fractionations. The theory of intramolecular
isotopic effects was elaborated by E. M. Galimov [3, 4, 18].

Le Métayer et al., [7] proved that the carbon of the
methyl group of alkylnaphthalenes was isotopically lighter
than the carbon of the aromatic system. Certain variability
was observed in alkylnaphthalenes from different oil
samples of different maturation, but the overall trend was
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unchanged [7]. We calculated carbon B-factors! for different
alkylnaphthalenes using Galimov’s additivity principles
[3, 4, 18]. Our calculations showed a negative correlation
between carbon B-factor of the alkylnaphthalene and a
number of methyl groups in its molecular unit. This
correlation relating to equilibrium state agreed with the
trend observed in natural samples [7].

Direct measurements of the intramolecular distribution
of carbon isotopes in relation to n-alkanes, performed by
the NMR method [5] showed that the carbon of the terminal
methyl group was isotopically different from the rest of
the carbon of the molecule. Thus terminal methyl is
depleted in 13C up to 13 %o. Following results confirmed
above mentioned data [9]. Thus terminal methyl of heptane
depleted up to 11 %o 13C compared to neighboring carbon
atom [9]. Our calculation of the isotopic difference by
thermodynamically determined B; factors [3] gives the 13C
difference of the terminal methyl and methylene units of
about 16 %o.

These examples, which confirm agreement between
observed the intramolecular carbon isotope heterogeneity
in hydrocarbons and that calculated based on the
appropriate B;-factors, can be considered as argument in
favor of the applicability of the B;-factor approach to
predictions of intramolecular isotopic effects in natural
hydrocarbons. Note that at present the method of E.M.
Galimov is recognized as quite workable with the
understanding of its not too high accuracy for structures
containing various functional groups [6], which is not the
case of the hydrocarbons we are discussing.

Aromatization of saturated cycles
in the course of geological evolution

Consider some literature data on hydrocarbons with
varying degrees of aromaticity, which supposedly have
common precursor. One of the first works by Freeman et
al. [2] was carried out on the material of the Eocene Messel
clays (Germany). The carbon isotopic composition of
hydrocarbons of several series, structurally related to
oleanane, was investigated. There are no pronounced
changes in the isotopic composition of carbon with an
increase in aromatization for individual series of compounds
selected for analysis; the isotope effect during aromatization
is unreliable. It is important to emphasize that Freeman
et al. [2] investigated aromatization occurring in diagenesis
and used a series of compounds which had polycyclic
structure initially.

Recently Schaeffer et al. [13] studied hydrocarbons in
fossil wood of different species of the Quaternary age. They
studied products of the transformation of abietic acid, as
well as triterpenoids. No carbon isotope trend was recorded
(figure). As previously Freeman et al. [2], Schaeffer et al.
[13] investigated aromatic hydrocarbons and their oxygen-
containing analogs formed from a ready-made polycyclic
system in diagenesis. Data from [10] also indicate the

absence of the carbon isotope difference in the
dehydroabietane-simonellite-retene series.

Liao et al. [8] reported data on the carbon isotopic
composition of hopanes with different numbers of aromatic
rings along with the same data on monoaromatic steranes
and diasteranes from Estonian kukersite. For hopanes,
Liao et al., found that hopane aromatization led to the
carbon enrichment in 13C isotope up to 2—4 %o, whereas
monoaromatic steranes and diasteranes were found to be
indistinguishable [8]. The difference in the carbon isotopic
composition between hopane structures hydrocarbons was
explained by various sources of the hopanes [8]. In
particular, they can be derived from bacteriohopantetrol
and diploptene.

Cyclization, aromatization
and carbon isotope effects

Previously Bushnev et al. [15] established a negative
carbon isotopic shift between n-alkylbenzene (AB) and
n-alkylnaphtalene (AN) representing oil aromatic hydro-
carbons with a different number of cycles — and having
a common C,; precursor. The 2.7 %o enrichment of
C,; n-alkylnaphthalene in heavy carbon 13C isotope with
respect to C,; n-alkylbenzene is observed for a number of
oils from the Upper Devonian reservoirs of the Timan-
Pechora basin (Tabl. 1). We compared the enrichment ob-
served in natural samples with appropriate equilibrium
carbon isotopic shift, calculated by Galimov’s method of
isotopic bond numbers [3, 4, 18].

According to this method, the B-factor for a 13C/12C
single isotopolgue substituted in the i-th position can be
calculated by the following equation [3, 4, 18]:

ﬁ,.=1+ZL_/+Zlk
J *

where B; is the p-factor for a 13C/12C single isotopolgue
substituted in the i-th position; L; is the increment (iso-
topic bond number) to the B-factor from the j-th chemi-
cal bond of the carbon atom under isotope substitution;
and [, is the increment to the B-factor from k-th chemical
bond of the second surrounding. Values of the increments
L; and [, were found and tabulated by E. M. Galimov (see
the final version in Table. 2, in [3]). The pB-factor of the
chemical compound containing n carbon atomsis as fol-
lowing.

B=3 2P

where B is the B-factor of the compound as a whole.

Our calculation of the equilibrium carbon isotope
shift between C,; n-alkylnaphtalene and C,; n-alkylbenzene,
by Galimov’s method of isotope bond numbers gives 2.59
%o at 300 K and agrees well with 2.6 %o observed in natural
samples (Table 2).

New data on the carbon isotopic composition of C,;
and C,3 n-alkylbenzene and n-alkylnaphthalene oil from
wells 76-Laboganskaya (D1, Timan-Pechora basin) [17]

1 The B-factor or the reduced isotopic partition function ratio is the main concept of the stable isotope fractionation
theory [1]. In equilibrium, the isotope fractionation factor between two compounds A and B (a4 ) is expressed in terms of
their B-factors as follows: @, =,/ Based on the general equations: §°C, —8°C, ~ (e, —1)x1000=A ,,, x1000 (where
Ap/p= a4/ —1 is the isotopic shift), the following equation holds in equilibrium: §c, - §*C, ~ (B./B;—1)x1000.

In equilibrium difference in o!3C of two compounds is directly expressed in terms of their B-factors.
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Table 1. 813C of specific aromatic hydrocarbons, %o

Ta6muua 1. 513C KOHKpeTHBIX apOMaTUUECKUX YITIEBOJOPOIOB, %o

Oilfield C,,AB C,AN difference | C,3AB Cy3AN difference
Syurkharatinskaya / ClopxapaTuHCcKast -30.2%£0.4| -26.9%0.7 -3.3
Verkne-Kolvinskaya / BepxuekonBuuckas | —31.4+0.5| -29.1+0.4 -2.3
Yanemdeyskaya / Suempaerickast -31.1%£0.2| -27.8+0.1 -3.3
Medynskaya / MenbIHcKast -34.6+0.4| -32.0%0.3 -2.6
Myadseyskaya / Msigceiickas -35.1%0.6| -33.0%£0.2 -2.1
Laboganskoe / Jlaboranckoe -35.1%£04| -326=%1.0 -2.5 -34.0£0.3| -32.0+0.5 -2.0
gever]'—Domanichevskaya 369+02| -35.0+04 ~1.9
eBepo-llomaHn4eBcKas

Note. Rows 1—5 were published [15], rows 6, 7 — new data.

Ipumeuarue. JaHHbIe CTPOK 1—5 GbUTM OMYGMMKOBAHBI [15], CTPOKM 6, 7 — HOBbIE JAHHBIE.

Table 2. The values of the difference in the isotopic composition of carbon of C,; n-alkylbenzene
and 1-n-alkylnaphthalene determined experimentally and calculated in different ways

TaGJIMI.Ia 2. 3HaueHus1 Ppa3HUIIbI M3OTOITHOT'O COCTaBa yrinepoga H-aJIKMJI6€eH30/1a U 1-H-aJ'IKI/IIIHad)Ta.TII/IHa
CcoCTaBa C21r OHpe,HeHéHHI)Ie SKCIIepMMEHTa/IbHO U BbIUMC/JIEHHbIE Pa3HbIMI criocobamu

Definition method / Cioco6 onpeneneHys

613CAB - 613CAN7 %o

Average value for 7 oils samples, for each hydrocarbon of each oil sample at least

3 measurements

Cpennee 3HaueHue s 7 06pasiioB HedTelt, A1 KaXKIOro YIJieBoJopoa Kaskaoro

obpasiia HeT He MeHee 3 U3MepeHuit

-2.57

Calculation according to E. M. Galimov isotopic bond numbers method [3].

Temperature 300 K

Pacuét MeTOZOM M30TONIIMYECKNX UMces CBs3eii 1o J. M. l'anumosy [3].

Temneparypa 300 K

-2.59

Calculation based on Polyakov and Horita’s [11] data. The temperature of 290 K —

is the probable temperature of early diagenesis

PacuéT Ha ocHOBe manHbIX [TonakoBa 1 Xopursl [11]. Temnepatypa 290 K —

BeposITHAs TeMIlepaTypa paHHero auareHesa

-1.83

Calculation based on Polyakov and Horita’s [11] data. The temperature of 423 K —

is the probable temperature of oil window peak

PacuéT Ha ocHOBe JanHbIX [TonakoBa 1 Xopursl [11]. Temnepartypa 423 K —

BeposITHAs TeMIlepaTypa IIaBHO# (asbl HehTeoObpa3oBaHMUs

and C,; composition in oil from well 27-North-
Domanovichskaya (D;fm, Belarus) are listed in Table 1.
These data confirm depletion of n-alkylbenzene in 13C
compared to n-alkylnaphthalene. It should be emphasized
that 513C data for C,5 n-alkylbenzene and n-alkylnaphtha-
lene have not been previously reported. Averaging the new
data with previously published data [15] gives 813C, -
313C 5 = 2.6 %o.

Polyakov and Horita [11] calculated carbon B-factors
for 67 hydrocarbons (alkanes, alkenes, alkynes, cycloal-
kanes, and aromatics) including their 267 single-substitut-
ed isotopomers in temperature range 200—800 K using the
harmonic oscillator — rigid rotator model and the Urey/
Bigeleisen-Mayer approach. They expressed the tempera-
ture dependence of the logarithm of the p-factor as a fifth-
order polynomial of the inverse absolute temperature

-0.91

square. Coefficients of the fifth-order polynomial all 267
single-substituted isotopomers were tabulated in
Supplement to their paper [11]. Unfortunately, B-factors
for alkylnaphthalene derivatives were not calculated by
Polyakov and Horita [11]. Therefore, the calculations of
B-factors for C,;AN using Polyakov and Horita’s [11] data
were performed with some degree of convention, since we
used the polynomial coefficients for appropriate carbon in
aromatic ring in o-divinylbenzene for the calculation of
the B-factor for the bridgehead carbon atoms of alkylnaph-
thalene. By this method, one can estimate the temperature
dependence of the equilibrium isotopic shift between al-
kylnaphthalene and alkylbenzene with temperature. We
have estimated it at temperatures, which are typical for
early diagenesis and oil window peak. We have accepted
the temperature at the bottom of the shelf basin in the
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HOOC

abietic acid —25.0 + 0.2 %o

SO

—24.4 £ 0.1 %o

—24.3 £ 0.2 %o

n-henicosahexaene — 3, 6, 9, 12, 15, 18
s AN F

e

AN e AN

s

-31.4 £ 0.5 %o

-29.1 £ 0.4 %o

Fig. 1. a — the carbon isotope data of abietic acid transformation products — dehydroabietane, simonellite, and retene isolated
from buried pine wood (SE France) according to [13]; b — the carbon isotope composition of C,; n-alkylbenzene and
1-n-alkylnaphtalene from Verkhnekolvinskaya-65 oil according [15] and their proposal formation pathway according to [16]

Puc. 1. a — jaHHbIe 110 M30TOIIHOMY COCTaBY yIVIepojia IPOAYKTOB TpaHCHOpMaIuy abueTMHOBOM KMCJIOTHI — Jerupoabue-
TaHa, CMMOHE/INTA U PeTeHa, BblJe/leHHbIX U3 JICKOIIaeMoli ipeBecyHbl cocHbI (0B ®panuus) o [13]; b — n3oTonHbIi cocTaB
yrnepoga C,; H-ankwibeH3ona u 1-xH-ankuaHadranmHa u3 HedTy BepxHekonBuHCKas-65 [15] u ux nytu dopmupoBanus [16]

equatorial region of the Atlantic equal to 17 °C (290 K, [12])
as the average temperature of early diagenesis. The calcu-
lated equilibrium isotopic shift §13C,5 — 513C,y is equal to
—1.83 %o at this temperature (table 2). At the temperature
of oil window peak (150 °C or 423 K according to [14]) the
equilibrium §13C g - 813Cy is —0.91 %o (table 2). The for-
mer value relating to early diagenesis temperature is clos-
er to the data observed in natural samples (cf. table 1).
Accordingly, discovered proximity of the carbon isotopic
shift between alkylbenzenes and alkylnaphthalenes ob-
served in natural samples to the equilibrium value allows
us to determine under what conditions and at what stag-
es of maturation of organic matter the processes of cycli-
zation and aromatization of polyene chains occur.

Conclusion

The negative carbon isotopic shift between C,;
n-alkylbenzene and C,; n-alkylnaphtalene having a common
biochemical precursor is discovered in natural samples of
oils from different stratigraphic levels in Timan-Pechora
Basin in Russia and Upper Devonian oil from Belarus. The
same regularity was also observed for C,3 n-alkylbenzene
and Cy; n-alkylnaphtalene.

The observed carbon isotopic shift between Cy; n-alkyl-
benzene and C,; n-alkylnaphtalene is coincide with the
equilibrium carbon isotopic shift between those compounds
at 300 K calculated by Galimov’s method of isotopic bond
numbers.

It has been shown that the thesis of an equilibrium
carbon shift between C,; alkylbenzene and C,; alkyl-
naphthalene allows determining under what conditions
and at what stages of maturation of fossil organic matter
the aromatization and cyclization processes occur.

Comparison of published isotopic data with the C,;AB
and C,;AN results allows formulating the following
hypothesis to be proven. If fossil hydrocarbons increasing
in aromaticity were based on initially polycyclic system,
they should be isotopically undistinguishable. If
hydrocarbons were formed during cyclization and
aromatization by competing reactions, they have different
carbon isotopic compositions. Possibly this is the key to
aromatics formation understanding.

The author thanks Ph. D. O. V. Valyaeva for help in
isolating fractions for isotope studies.

The author is grateful to Dr.Sci. V.B. Polyakov (GEOKHI
RAS, Moscow) for critical comments and useful edits.
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