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A B S T R A C T   

The nitrogen-, sulfur- and oxygen-containing (NSO) compounds widely occurred in crude oil and source rock 
extract, which could provide useful information for maturity and the degree of biodegradation. In this paper, 
NSO heteroatom compounds of crude oils with a series of different levels of maturations and biodegradation were 
analyzed by the ESI FT-ICR MS under a negative mode, and the variations of the relative abundance of those 
compounds were investigated. The changes of relative content nitrogen- and oxygen-containing compounds in 
oils with the increasing of maturity and biodegradation degree in the ternary diagrams of DBE = 9, 12 and 15 of 
N1 species, DBE = 12, 15 and 18 of N1 species and DBE = 4, 5 and 6 of O1 species show similar tendency, which is 
restricted to solely characterizing the evolution of either maturity or biodegradation degree of crude oil. A new 
ternary diagram composed of N1, O1, O2 + O3 + O4 species was presented to simultaneously distinguish the 
evolution of maturity and biodegradation of crude oil. Data points with high maturity oil tend to shift to N1 
species end-member, showing that the relative content of N1 species increases and that of O2 species decreases 
with increasing maturity as a consequence of decarboxylation and dehydration. Oils with high degrees of 
biodegradation shift to O2 + O3 + O4 species end-member, indicating that the relative content of N1 species 
decreases and that of O2 + O3 + O4 species increases with increasing biodegradation level which may be due to 
the formation of organic acids in degraded oil. Therefore, the ternary diagram with three end-numbers of N1, O1, 
O2 + O3 + O4 species is a useful tool to delineate the evolution of maturity as well as to estimate biodegradation 
degree.   

1. Introduction 

The thermal maturity of source rock refers to the degree of the 
chemical reactions transforming sedimentary organic matter (i.e. 
kerogen) to oil and gas [1–3]. The maturity is crucial for petroleum 
generation and accumulation, which influence the quality and quantity 
of hydrocarbons [4,5]. With increasing maturity, the petroleum com
positions bring about marked changes, and the oil compound species, in 
turn, they could also be used to define the thermal maturity of petroleum 
[6,7]. Among those compounds, saturated hydrocarbons are essential 
components and have been widely applied for maturity assessment. The 
related saturated hydrocarbons parameters e.g. C31-hopane 21S/(S + R), 
C29-sterane ααα/(ααα + αββ) and C29-sterane S/(S + R), are available 
when the source rock and oil are at low-medium mature stages and will 

reach equilibrium points to remain unchanged for samples beyond peak 
oil generation [8,9]. Many aromatic hydrocarbon indicators for matu
rity assessment, e.g. methylphenanthrene index and 4-/1-methyl
dibenzothiophene, have been reported, which are useful for condensate 
and light oil with a high maturity [4,5,10]. The saturated and aromatic 
hydrocarbons cannot indicate the maturity differences due to the in
fluence of depositional environment, organic matter source, thermal 
maturation as well as secondary alteration [11–13]. While, the relative 
content of non-hydrocarbons in crude oil increases with increasing 
biodegradation level [14]. Metallic porphyrins, a series of trace com
pounds with high boiling point, mainly occur in the heavy oil and have 
been used to define maturity [15,16]. Even so, the porphyrins in sedi
ments and oils are not understood due to very limited distribution and 
low content [17]. The NSO compounds are characterized by strong 
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polarity and high molecular weight resulting in the difficult separation 
of those compounds by routine analytical tools, e.g. gas chromatogra
phy–mass spectrometry (GC–MS) and gas chromatography–mass spec
trometry/mass spectrometry[6,7,18], which has severely limited the 
advances on NSO compounds for maturity assessment [19]. 

In recent years, the high-resolution mass spectrometry technology, 
for example, the widely used electrospray ionization (ESI) Fourier 
transform ion cyclotron resonance mass spectrometry (FT-ICR MS), 
provides an effective tool to detect non-hydrocarbon components 
[20–24]. In general, the FT-ICR MS offers the highest available broad
band mass resolution, mass resolving power, and mass accuracy, which 
allows the assignment of a unique elemental composition to each peak in 
the mass spectrum. Thousands of compounds can be observed in the 
mass spectrum from FT-ICR MS. The mass ranges can be up to ~ 1500 Da 
for “heavy ends” in crude oil especially some heavy oils characterized by 
FT-ICR MS, which is far beyond what traditional mass spectrometry 
tools can define. More than 17,000 different elemental compositions for 
organic bases and acid in crude oil can be resolved and identified using 
high-resolution ESI FT-ICR MS of petroleum [25]. Determining a unique 
elemental composition for any molecule is available due to a different 
mass defect for every isotope of every element, which requests a suffi
ciently accurate mass measurement [26]. Indeed, the FT-ICR MS can 
measure a molecule with ~ 0.0003 Da for molecules up to ~ 1,000 Da in 
mass, which can be applied to uniquely determine its elemental 
composition from its mass alone [27]. However, the GC–MS tool can 
only define a molecule, which is accrate to one decimal places in mass 
(~0.1 Da). For example, one of the most important close doublets is 
molecules whose elemental compositions differ by 12C3 vs. 32SH4 (mass 
differences 3.4 mDa) [27], which requests a resolution over 150,000 if 
identifying those two compositions in the 500 Da mass scale [28]. 
Therefore, FT-ICR MS is characterized by sufficiently high mass 
resolving power (m/Δm50% ~400,000, where m is molecular mass and 
Δm50% is the mass spectral peak width at half-maximum peak height) 
[27], which can provide more elemental compositions information in a 
limited mass scale compared with GC–MS. This technique is useful but it 
has its limitations. One of the challenging problems for the present high- 
resolution mass spectrometry analysis is limited to compositional pos
sibilities due to the occurrence of a large number of isomers corre
sponding to a given elemental compositions [29]. On the other hand, the 
information about the structure of NSO compounds provided by the FT- 
ICR MS analysis may be limited because numerous compounds may 
have the same molecular formula. Besides, quantitation remains still the 
most difficult task for mass-based petroleomics as no single ionization 
method produces ions from different analyte neutrals with equal effi
ciency [30]. Therefore, in this study, only the structures of some simple 
and accepted compounds were presented, such as the N1 species with 
DBE = 9, 12 and 15 likely referring to carbazole analogues. The ioni
zation efficiency is considered to be approximately equal for each 
sample due to the stable instrument condition. The relative abundance 
of major NSO-containing compounds rather than absolute content was 
observed and analyzed. In addition, the results presented in this work 
solely was based on the polar and acid compounds. For example, the 
basic nitrogen-containing compounds only can be ionized in a positive 
model and were not included due to a low content relative to neutral 
nitrogen. 

Compared to metallic porphyrins and the biomarkers of saturated 
and aromatic hydrocarbons, the NSO compounds, widely occurred in 
various sediment and oil samples (e.g. normal oil, heavy oil, light oil as 
well as condensate), can applied for maturity assessment from immature 
to late mature stage and are barely affected by source and sedimentary 
environment [31]. Therefore, numerous authors provided many matu
rity indicators based on the compositions of acid and polar NSO com
pounds characterized by ESI FT ICR MS [32–39]. For example, Poetz et 
al. (2014) found that the mean DBE (Double Bond Equivalents) values of 
N1 species increase with increased maturation and then proposed that 
the ternary diagrams of ortho-fused (DBE = 12, 15 and 18) and ortho- 

and peri-fused (DBE = 17, 20 and 23) carbazoles were promising tools 
for maturation assessment [34]. The unresolved complex mixture 
observed in the gas chromatography initially were used to determine 
that the oil sample have been biodegraded [40]. Five biodegradation 
degrees, i.e. very slight, slight, moderate, heavy and severe biodegra
dation, were defined based on the sequence of the removal of bio
markers [41]. Then, on a basis of the same principle, Peters and 
Moldowan (2005) reported a biodegradation index (PM idex), which 
ranks the biodegradation on a scale of 1–10 [7]. However, the above 
indicators merely qualitatively describe the biodegradation degrees 
based on biomarker from saturated and aromatic hydrocarbons. The 
contents of metallic elements such as nickel and vanadium increase with 
the increasing of biodegradation levels [42]. Up to now, the significant 
biodegradation of porphyrins is not confirmedly reported [7]. Many 
authors used heteroatom compounds to establish a series of indicators to 
define the levels of biodegradation of crude oil and investigate the origin 
of high acid crude oil [43–47]. For instance, Kim et al. (2005) observed a 
decrease of monocyclic O2 species and an increase of di-, tri-, and tetra- 
cyclic O2 species with increasing biodegradation levels, and the ratio of 
acyclic to 2–4 ring cyclic O2-species were proposed to estimate the level 
of biodegradation [46]. 

However, above reported indicators are restricted to solely charac
terize either maturity or biodegradation degree of crude oil. Less work 
has been done on the reaction mechanisms of molecular component with 
the increasing of maturity and biodegradation degree. In this study, we 
attempt to establish a new parameter to simultaneously determine the 
evolution of maturity and biodegradation, and further discuss the re
action processes of major NSO compounds in crude oil. 

2. Samples and methods 

2.1. Oil samples 

A total of 17 oil samples were collected from the Lower Cretaceous in 
major oilfields of the northern slope in the Bongor Basin, Chad in the 
northwest of Central African Shear Zone (Fig. S1). Table S1 shows the 
sample location and physical properties of the crude oils. Eight of the 17 
samples within the suite with different biodegradation degrees have 
been described in Wang et al. (2023) [48]. The maturity of all oil sam
ples has been calculated by Ts/(Ts + Tm) (Ts: C27 18α-trisnorhopane; 
Tm: C27 17α-trisnorhopane) detected by GC–MS (Table S1) due to a 
minor influence of biodegradation on the ratio [7]. 

2.2. GC–MS 

The results presented in this study are based on geochemical pa
rameters calculated from the saturated and aromatic fractions of crude 
oils obtained by GC–MS. The GC–MS analyses of the saturated fractions 
were carried out on a 5975A instrument, equipped with an HP-5MS 
chromatographic column (60 m length, 0.25 mm inner diameter, and 
0.25 μm film thickness). Helium (purity > 99.999 %) was used as the 
carrier gas. The oven temperature was initially set at 50 ℃, with a one- 
minute hold. It was then raised to 120 ℃ at 20 ℃/min during the first 
stage, and then to 310 ℃ at 3 ℃/min during the second stage, where it 
was held for 20 mins. Electron impact ionization (70 eV) was employed. 

The GC–MS analyses of the aromatic fractions were carried out using 
a 5977A instrument, equipped with an HP-5MS chromatographic col
umn (60 m length, 0.25 mm inner diameter, and 0.25 μm film thick
ness). Helium (purity > 99.999 %) was used as the carrier gas. The initial 
oven temperature was set at 80 ℃, held for one minute and then raised 
to 310 ℃ at 3 ℃/min, where it was held for 20 mins. The mass spec
trometer was operated in full scan, electron impact mode with electron 
energy of 70 eV. 
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2.3. (-) ESI FT ICR MS 

About 10 mg of each oil sample was thoroughly dissolved using 1 mL 
of distilling toluene to prepare the mother solution with 10 mg/mL. 
Samples were prepared by dissolving 20 μL of the mother solution in 1 
mL of toluene/methanol (1:3 v/v). About 1 μL of ammonium hydroxide 
solution was injected to facilitate deprotonation of the nitrogen- and 
oxygen-containing compounds prior to the FT ICR MS analysis. The 
high-resolution mass spectrometry analysis of the oil samples was con
ducted on a Bruker Apex-Ultra FT ICR mass spectrometer (made by 
Bruker Daltonic Inc., USA) equipped with a 9.4 T superconducting 
magnet. Sample solutions were injected into an Apollo II electrospray 
source in the negative ion mode with a rate of 250 μL/h using a syringe 
pump. The experiment conditions and concrete methods are as follows: 
emitter voltage, 4.0 kV; capillary column introduce voltage, 4.5 kV; and 
capillary column end voltage, − 320 V; ions accumulated time, 0.1 s; ions 
scanning range, 200–1000 Da. The main running parameters of this 
instrument during obtaining the results have been listed in Table S2. The 
average errors were less than 0.5 ppm and 1.0 ppm for the internal and 
external calibration methods respectively in the mass range of 
100–1500 Da. The mass calibration and data analysis were detailly 
presented by Shi et al. (2010a) [49]. The compounds ranging in m/z 
200–1000 Da with greater than five times the standard deviation of the 
baseline noise in relative abundance were exported to a spreadsheet 
[49]. And then data analysis was carried out by selecting a two-mass 
scale-expanded segment near the most abundant compounds of the 
mass spectrum, followed by detailed identification of each compound. 
The major heteroatomic compounds were classified based on their 
elemental composition and double bond equivalent (DBE). The DBE, 
representing the degree of unsaturation (or hydrogen deficiency), con
tains aromatic rings as well as double bonds (with at least one carbon (C) 
atom). For a given compound (CcHhNnOoSs), the DBE can be calculated 
from DBE = c – 0.5 h + 0.5n + 1, and the number of oxygen and sulfur 
atoms is not included in this formula. The acceptable mass error was set 
to ± 1 ppm for singly-charged ions. The average errors in formula 

assignment of the major compounds in the study are listed in Table S3. 

3. Results 

3.1. Variations in N1 species during maturation 

The DBE distributions of N1 species considerably varies with ongoing 
maturation of crude oils (Fig. 1). The crude oils with low maturities from 
well BN-8 have a bimodal distribution pattern with DBE = 9 and DBE =
12 and maximal relative content of 25 % and 18 %, respectively (Fig. 1a, 
b). In the oil samples of moderate maturity, the relative abundance of 
DBE = 9 decreases and that of DBE = 12 and DBE = 15 increase with the 
increasing of oil maturity (Fig. 1c-f). And the DBE = 12 of N1 species is 
preponderant in crude oils of moderate maturity (Fig. 1b-f). In the 
selected oil samples of wells M9 and RD-1 with the late oil window, 
those oils show a bimodal distribution pattern with DBE = 12 and DBE 
= 15 (Fig. 1g-h). The content of the value of DBE = 15 of N1 species in 
high mature oils are higher than that of moderately mature oils 
(Table S3). 

As an illustration, the characterization of carbon number distribu
tions of N1 species of oil samples at the various maturity stages is detailly 
presented for the carbon number distributions of the value of DBE = 12 
of N1 series compounds. The maximal relative intensities of carbon 
number are C20 in all oil samples and the peak intensity tends to increase 
with increasing maturity (Fig. S2). The carbon numbers of N1 species 
with DBE = 12 of oils within the low and moderate maturity stages range 
from C17 to C52, but the content of C35-C52 compounds significantly 
decreases with increasing maturity (Fig. S2a-f). However, for oil samples 
with high maturity from wells M9 and RD-1, N1-containing compounds 
with carbon numbers ranging in 17–38 are observed indicating a very 
steep drop in the content of carbazoles with alkyl side chains (Fig. S2h). 

3.2. Variations in N1 species during biodegradation 

A modified van Krevelen plot provides a useful graphical exhibit to 

Fig. 1. The DBE value distributions of N1 species from crude oil samples with different maturity. a–b: oils with low maturity; c–f: oils with moderate maturity; g–h: 
oils with high maturity. 
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investigate and analyze complicated mass spectra. Fig. 2 illustrates the 
modified 3D van Krevelen plots to show the major nitrogen-containing 
compounds (N1 species) in collected crude oil samples with different 
biodegradation degrees. The variations of the number of hydrogen and 
nitrogen atoms relative to carbon atoms in the monoisotopic assigned 
peaks of N1 species are expressed as the N/C ratio (x-axis) and H/C ratio 
(y-axis). and their relative abundance is presented by the bubble size. 
Changes in the N/C ratio are ascribed the number of carbon atoms in the 

compounds due to the constant of the number of nitrogen atoms in N1 
species. Values of the ordinate show the variation of hydrogen atoms 
and can be indicative of the degree of saturation as well as aromaticity of 
compounds. The modified van Krevelen plots indicate distinct variations 
in the DBE distributions of the N1-classes with ongoing biodegradation 
(Fig. 2). Carbazoles (DBE = 9) and benzocarbazoles (DBE = 12) are 
predominate in the non-degraded (Fig. 2a) and mildly biodegraded oils 
(Fig. 2b), but dibenzocarbazoles (DBE = 15) sharply enhance with 

Fig. 2. 3D van Krevelen diagram of nitrogen-containing compounds identified in crude oils of different biodegradation levels. a: non-biodegraded; b: moderate 
biodegradation; c: heavy biodegradation; d: severe biodegradation. The bubble size shows the relative abundance of N1 species with different DBE values and 
carbon numbers. 

Fig. 3. Distribution of DBE of O1 species of crude oil of different maturities.  
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Fig. 4. 3D van Krevelen diagram of oxygen-containing compounds identified in crude oils of different biodegradation levels. a: non-biodegraded; b: moderate 
biodegradation; c: heavy biodegradation; d: severe biodegradation. 

Fig. 5. Relative abundances of O2 species as a function of DBE and carbon number in crude oils of different maturity. a: low maturity; b: moderate maturity; c-d: 
high matrity. 

D. Wang et al.                                                                                                                                                                                                                                   



Fuel 359 (2024) 130499

6

increasing biodegradation degree and are dominated in severely 
degraded (Fig. 2c) and very severely degraded oils (Fig. 2d). 

3.3. Variations in O1 species during maturation 

The DBE distributions of O1 species in oils with different maturities 
are shown in Fig. 3. The enrichment of O1-containing compounds in 
crude oil likely represents aromatic alcohols or fully aromatized com
pounds such as phenols, rather than aldehydes. The maximal mass peaks 
of DBE of O1 species tend to shift to higher DBEs with the increasing of 
maturity. The DBE values of oil sample with lower-moderate maturity 
begin and maximize at 4, and the relative content gradually declines 
with advancing DBE value and is depleted in 16. The O1 species in crude 
oils with high maturity start at DBE = 4 and bear a local maxima for 
higher DBE value range from 6 to 9 compared to lower-moderate mature 
oils (Fig. 3). The decrease in phenolic and/or benzylic O-species is 
attributed to alkylation and aromatization with increasing maturity. 

3.4. Variations in O1 species during biodegradation 

The modified van Krevelen plots shown in Fig. 4 clearly display the 
distributions of major oxygen-containing compounds (O1, O2 and O3+
species) in crude oil samples with different biodegradation levels. The 
relative content of O1 species decrease to a low level in the severely 
degraded oils (PM = 5–7) (Fig. 4c, d). The content of O3+ species is 
observed at a low level in oil samples of PM = 0 and PM = 3 (Fig. 4a, b) 
and increase as biodegradation proceed. The distribution of O2 species 
obviously changes based on DBE value and degree of alkylation. Acyclic 
acids (DBE = 1) occur at a high level in non-biodegraded oils (Fig. 4a, b) 
and are gradually consumed with increasing biodegradation degree 
(Fig. 4c) and eliminated completely in the most severely degraded 
samples (Fig. 4d). The relative contents of DBE = 2, 3 and 4 of O2 species 
increase with increasing biodegradation level and likely refer to partial 
oxidation of mono-, di-, and tri-cyclic saturated hydrocarbons. O2 spe
cies with DBE = 5 bear analogous change, but perhaps indeterminate as 
those compounds correspond to a composite of carboxylated tetracyclic 
naphthenes and tetralins [46]. 

3.5. Variations in O2 species during maturation 

Fig. 5 illustrates the relative content of O2 species for the distribution 
of carbon number versus the distribution of DBE. The O2-containing 
compound distributions in oils significantly change as different matu
rities. The O2 species is only abundant in the low mature oils (Fig. 5a, b) 
and becomes depleted with increasing thermal maturation stage 

(Fig. 5c, d), most likely attributable to unremitting decarboxylation. 
Such variation is intended, consisting with the noted tendencies of 
different compounds in the prior literature on oil and source rock [7,37]. 

3.6. Variations in O2 species during biodegradation 

The changes in abundances of O2 species with DBE ranging from 1 to 
6 are illustrated by a ternary diagram (Fig. 6). Three end members on the 
modified triangle diagram are fatty acids (DBE = 1), naphthenic acids 
(DBE = 2, 3, 4, 5) and hopanoic acids (DBE = 6), respectively. It shows 
that the content of DBE = 6 of O2 species sharply decrease with 
increasing maturity (Fig. 6). 

3.7. Variations in major compound species during maturation 

To reveal the comprehensive changes among different types of major 
compounds of crude oil with different maturities and biodegradation 
degrees, the relative content of each type of compound is summarized 
and displayed using two bar charts (Fig. S3). The content of N1 species 
shows a distinct rising tendency with the increasing of maturity 
(Table S4). However, with ongoing increase in maturity, the change on 
the content of N1Ox (i.e. N1O1, N1O2 and N1O3) species almost exactly 
opposite that of N1 species. The proportion of O1 species bears a distinct 
rising tendency at low–moderate mature oils and then decreases with 
the incremental maturity. Similar change trendy was observed in 
products of pyrolysis experiments of immature mudstone with organic- 
rich matter [37]. The relative percentages of O2, O3 and O4 species 
overall decline with increasing maturity, and O3 and O4 species are little 
in high mature oils (Fig. S3a). 

3.8. Variations in major compound species during biodegradation 

The relative abundances of the 11 main components (i.e. Ny, NyOx, 
Ox, NySz and OxSz) of the selected oil samples with various biodegra
dation degrees are presented in Fig S3 to visually examine the variations 
of those compounds. The most abundant compounds in non- 
biodegraded (PM = 0) and lightly biodegraded (PM = 1) oils are N1 
species. The share of the N1 species is over 70 %. The O1 species are 
enriched in oil samples with PM = 0, PM = 1 and PM = 2, and an 
intuitive decrease of their relative abundance occur in severe bio
degraded oils (Fig. S3b). However, O2, O3 and O4 containing compounds 
become dominated in highly biodegraded oils, and they form above 80 
% of the total abundances. 

Fig. 6. Ternary diagram showing the effect of maturity and biodegradation degree changes of crude oils on the relative abundance of DBE = 1, DBE = 2, 3, 4, 5 and 
DBE = 6 of O2 species. 
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4. Disscussion 

4.1. Effects of maturity on changes in NSO compounds 

4.1.1. N1 Species 
Different DBE components of N1 species are widely applied to assess 

maturity of crude oil and source rock. The relative content of carbazole 
(DBE = 9) decreases and that of benzocarbazole (DBE = 12) and 
dibenzocarbazole (DBE = 15) increases with increasing maturity 
(Fig. 7a), which may be due to continuous condensation by small 
molecule and result in high condensation degree species increasingly 
dominated in relative abundance [33–35]. Similar changes also occur in 
the ternary diagram including DBE = 12, DBE = 15 and DBE = 18 of N1 
species (Fig. 7b). 

4.1.2. O1 species 
The distributions of O1 species is affected by maturation processes. 

The low to moderate mature oils have relatively abundant DBE = 5 
compounds (Fig. 8a). Therefore, with increasing maturity, the O1 species 
is increasingly dominated in relative content by the more aromatized 
compounds. 

Ziegs et al. (2018) provided a ternary diagram including phenolic 
species (O1 species with DBE = 4 and 5) and dibenzocarbazoles (N1 
species with DBE = 15) for maturity assessment, which is applied to both 
carbonate reservoir and siliciclastic reservoir [39]. Fig. 8b shows the 
relative abundance of N1 species with DBE = 15 and O1 species with 
DBE = 4 and 5. The results indicate that data points with high maturity 
tend to shift to dibenzocarbazoles (DBE = 15, N1 species) end-member, 
suggesting that lower mature oils bear more abundance in O1 species 
with DBE = 4 and 5 than high mature oils, caused by alkylation and 
aromatization as maturity proceed. 

Fig. 7. Ternary diagrams showing the effect of maturity and biodegradation degree changes of crude oils on the relative abundance of (a) DBE = 9, DBE = 12, DBE =
15 and (b) DBE = 12, DBE = 15, DBE = 18 of N1 species. 

Fig. 8. Ternary diagram showing the effect of maturity and biodegradation degree changes of crude oils on (a) the relative abundance of DBE = 4, DBE = 5 and DBE 
= 6 of O1 species; (b) the relative abundance of DBE = 4 and DBE = 5 of O1 species and DBE = 15 of N1 species. 
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4.1.3. O2 species 
Fig. 5 shows a decrease tendency of O2 during maturation. The cause 

of the decreased is probably that oxygen atoms combined with nitrogen 
and carbon are released as relatively non-active low molecular weight 
compounds (e.g. CO2, H2O, NH3 and CH4) with ongoing maturation. The 
DBE value of the most abundance of O2 species displays a sharp decline 
of naphthenic acids (DBE = 3, 4), aromatic carboxylic acids and diols 
(compounds with DBE values > 5). The variations in the distribution of 
carbon number of all DBE classes are the decreased degree of alkylation 
due to side chain cracking reactions. The appellation of the DBE = 6 
mainly to hopanoic acids is confirmed by reported correspondences to 
the abundance of hopanoic acids with increasing microbial alteration 
[46]. C30-C32 hopanoic acids are abundant in low mature crude oils. 
However, the content of hopanoic acids become less as maturity be
comes higher. The hopanoic acids are being generated by some specific 
bacteria bacteria, i.e. degrading bacteria. It is speculated that the 
various changes in the distributions of hopanoic acid mirror changes in 
microbial population as maturity proceeds. 

4.2. Effects of biodegradation on changes in NSO compounds 

4.2.1. N1 Species 
For oil samples with different biodegradation levels, all samples fall 

into a straight line in the ternary diagram and datapoint of severely 
biodegraded oils tends to shift to DBE = 15 end-member (Fig. 7a) due to 
a comparatively stronger decline of DBE = 9 and DBE = 12 compounds, 
indicating small molecule continuous consumed by microorganisms and 
converted into macromolecule. In the ternary diagram of the benzo
carbazoles, dibenzocarbazoles and benzonaphthocarbazoles (DBE =
18), the samples distribute on a straight line and occur a downtrend of 
benzocarbazoles with increasing biodegradation degree (Fig. 7b), which 
is consist with the decrease of N/C ratios (Fig. 2). 

4.2.2. O1 species 
Biodegradation is sensitive to the distribution of O1 species. Fig. 8a 

displays an evident relative content of the higher benzannulated ho
mologues (DBE = 6) increase with increasing biodegradation degree. 

The non-biodegraded and lightly biodegraded oils contain the relatively 
abundant DBE = 4 and DBE = 5 classes. The content of those compounds 
decreases with increasing biodegradation level due to aromatization 
[47]. The oil samples with severe biodegradation bears the highest 
amounts of DBE = 6 (Fig. 8a). 

Similar tendency occurs in crude oils with increasing biodegradation 
level (Fig. 8b). O1 species are more enriched in oils with low biodeg
radation degree (Fig. 4a) and slowly depleted with increasing biodeg
radation degree, resulting from a preferential consumption of O1 species 
as biodegradation proceed. 

4.2.3. O2 species 
It shows that the content of DBE = 6 of O2 species sharply decrease 

with increasing maturity (Fig. 6). This shift in hopanoic acid distribution 
shows that different microbial populations, possibly consisting of 
archaea or non-hopanoid-producing bacteria, become primary under 
such conditions. However, the peak to severely biodegraded oils shows a 
relative enrichment of DBE = 2–5 over 80 % (Fig. 6). The variation is 
most likely due to the generation of naphthenic acids by demethylation 
and cyclization reactions by removal of fatty acids during biodegrada
tion [47]. The relative content of DBE = 6 class is relatively invariant, 
which may be attributed to unchanged microbial population in the 
course of oil alteration. 

To sum up, oil datasets of different maturities and biodegradation 
degrees overall show similar features in the ternary diagram of DBE = 9, 
DBE = 12 and DBE = 15 and the ternary diagram of DBE = 12, DBE = 15 
and DBE = 18 of N1 species, as well as the ternary diagram composed of 
O1 and O2-containing compounds. 

4.3. New maturity and biodegradation degree parameters 

With the increasing of maturity and biodegradation degree, the 
relative contents of N1 species with DBE = 9 and that of DBE = 12 both 
decrease in the ternary diagram of DBE = 9, DBE = 12 and DBE = 15 and 
the ternary diagram of DBE = 12, DBE = 15 and DBE = 18, respectively 
(Fig. 2). The relative abundance of O1 species with DBE = 4 both de
creases and that of N1 species with DBE = 15 both increases of oil 

Fig. 9. Ternary diagram showing the effect of maturity and biodegradation degree changes of crude oils on (a) the relative abundance of N1, Ox and N1Ox species; (b) 
the relative abundance of N1, O1 and O2 + O3 + O4 species. 
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samples in the ternary diagram of DBE = 4, DBE = 5 and DBE = 6 of O1 
species and the ternary diagram of DBE = 4 of O1 species, DBE = 5 of O1 
species and DBE = 15 of N1 species, respectively (Fig. 5) as increased 
maturity and biodegradation degree. The components of O2 species with 
DBE = 1–6 of oils with the increasing of maturity and biodegradation 
level both are no distinct rule in the ternary diagram of DBE = 1, DBE =
2, 3, 4, 5 and DBE = 6 of O2 species (Fig. 8). Therefore, the indicators 
reported by previous authors may be not useful for maturity assessment 
when the oil undergo secondary alteration such as biodegradation. 
However, in this paper, the changes on relative content of N1 species and 
that of O2 species of oil samples are very different with the increasing of 
maturity and biodegradation degree (Figure S3). 

The relative component of N1, Ox and N1Ox species of crude oils with 
different maturities and biodegradation degrees is shown in Fig. 9a. The 
relative content of N1Ox species bears the changes of decrease when Ts/ 
Tm < 0.42 and then almost invariability with increasing maturity. 
Nevertheless, the relative content of Ox species gradually declines as 
ongoing maturity. Oil samples with high maturity have higher contents 
of N1 species (Fig. 9a). This change is consistent with the results of a 

pyrolysis experiment of immature source rock reported by Liang et al. 
(2023) [32]. However, in comparison with the evolution of maturation, 
oils with different biodegradation levels display different regularity 
changes in the ternary diagram. With increasing biodegradation levels, 
data points of severely biodegraded oils tend to shift to Ox species end- 
member (Fig. 9a). 

The distribution of Ox species (O1, O2, O3 and O4 species) of oil 
samples with increasing maturity and biodegradation degree presents 
distinctly different changing trends (Fig. S2). Hence, a modified ternary 
diagram of N1 species, O1 species and O2 + O3 + O4 species is used for 
defining the evolution of the component of crude oil during maturity 
and biodegradation process (Fig. 9b). The results show that the relative 
content of O1 species in oils decreases with increasing maturity. Oil 
samples with high maturity are characterized by high content of N1 
species. Whereas, with increasing biodegradation degree, the relative 
content of N1 species decline and that of O2 + O3 + O4 species obviously 
increase (Fig. 9b). 

Fig. 10. Schematic transformation and formation pathways for major heteroatomic compounds of crude oil during (a) maturation and (b) biodegradation.  
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4.4. Reaction pathways of compound species during maturiation and 
biodegradation 

4.4.1. Maturation processes 
The results above demonstrate that major compositional variations 

are different in the acidic and neutral compounds of the crude oil with 
ongoing maturation and biodegradation (Fig. 8; Fig. 9; Fig. S2), which 
reflects different mechanisms of generation, transformation, and 
expulsion of organic compounds. Acids and alcohols generated from 
living organisms are abundant in crude oil in the low mature stage [50] 
(Fig. 4; Fig. 7a, b; Fig. S2a). Then, with the increasing of maturity, these 
compounds are converted to alkanes by the loss of functional groups, 
stabilization of the molecule by hydrogenation, aromatization [6] 
(Fig. 10a I-II), which leads to a sharp decrease of O1 and O2-containing 
compounds (Fig. 4; Fig. 7c, d; Fig. S2a). The gradual decrease of N1Ox 
species content in crude oil (Fig. S2a; Fig. 9a) may be attribute to the 
decarbonylation of keto group-containing compounds during matura
tion [34], which enhance the formation of N1 species (Fig. 7a; Fig. 9a; 
Fig. 10a III). Carbazole (DBE = 9) likely transform into benzocarbazole 
(DBE = 12) and then convert to dibenzocarbazole (DBE = 15) by 
demethylation and aromatization with increasing maturation stage [39] 
(Fig. 10a V-VI). This reaction process can interpret the increase of DBE of 
N1 species (Fig. 3) and a decrease of carbon number range of each DBE 
class and a shift to lower carbon numbers (Fig. 1; Fig. 2). 

4.4.2. Biodegradation processes 
The normal alkanes primarily are consumed [13,51] and converted 

to fatty alcohols and then reduced into fatty acids (Fig. 10b I). Therefore, 
fatty acids are abundant in slightly biodegraded oils (Fig. 5a, b; Fig. 8a). 
The fatty acids present cyclization reactions to form naphthenic acids 
with increasing biodegradation [46,52–54] (Fig. 10b II). As biodegra
dation steadily proceed, aromatic compounds and heteroatomic com
pounds are consistently altered and transformed into naphthenic acids 
and O4 species containing two hydroxyl groups (Fig. 5c, d; Fig. 10b III- 
IV). N1-containing compounds are biodegraded by ring-opening reac
tion and converted into N1Ox species in the stage of severe biodegra
dation [55–58] (Fig. 10b V-VI). Those N1Ox compounds is gradually 
oxidized to alcohols and acids by microorganism [58]. These reactions 
are confirmed by the consistent decline in N1 species and first increase 
and then decrease in N1Ox species (Fig. 9a; Fig. S2b). 

5. Conclusion 

In this paper, the nitrogen- and oxygen-containing compounds in 
crude oils with different maturities and biodegradation degrees have 
been characterized by ESI FT-ICR MS. Based on the distinct changes of 
molecule components with increasing maturity and biodegradation 
degree, a new ternary diagram composed of three end-numbers of N1, O1 
and O2 + O3 + O4 species, respectively is proposed. Datasets of the oils 
with maturity increased gradually shift to N1 species end-member and 
turn away from O1 and O2 + O3 + O4 species end-members indicating an 
increasing of N1 compounds and a decreasing of O1 and O2 compounds, 
which may be due to decarboxylation and dehydration. However, Data 
points of the oils as biodegradation proceed shift to O2 + O3 + O4 species 
end-member and are away from N1 species end-member showing a 
decreasing of N1 compounds and an increasing of O2 + O3 + O4 com
pounds because of microbiological alteration and oxidization. There
fore, the ternary diagram of N1, O1 and O2 + O3 + O4 species is a useful 
method to jointly assess the degrees of maturity and biodegradation of 
crude oil. 
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