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Conventional biomarkers are least available for the origin and formation mechanism investigation in condensates
due to their extremely low concentrations. Heteroatomic compounds in condensates can provide unique insights
for their origin and formation, but these compounds are with the low separation ability by conventional mass
spectrometry tools. They can be characterized with the advance of the high-resolution mass spectrometry, but
few study focuses on the altered condensate oil and their molecular-level compositions. In this study, a total of 19
condensates are analyzed to study the effects of thermochemical sulfate reduction and evaporative fractionation
on the changes of molecular compositions characterized by Orbitrap mass spectrometry. The results show that
thermochemical sulfate reduction (TSR) make the oils considerably enriched in S; species (sulfur-containing
compounds with one sulfur atom) (>90 %) and depleted in CHjs species (hydrocarbons compounds) (<3%)
relative to the non-TSR altered oils due to the consumption of hydrocarbon and yield of sulfur-containing
compounds. Relatively abundant S; species with low DBE (Double Bond Equivalent) values (0-3) likely corre-
sponding to thiols and thioethers in TSR-altered oils. However, the relative abundance of CHgs species in the oils
undergoing evaporative fraction are much higher than that in non-evaporative fraction altered oils leading by the
strong solubility of hydrocarbon in gas. Therefore, the relative contents of heteroatomic compounds are sig-
nificant for the TSR alteration and evaporative fraction definition of condensates and their origin investigation.

and that in secondary reservoir generally undergo the secondary alter-
ations [5], e.g., thermochemical sulfate reduction (TSR) [6], evapora-

1. Introduction

Condensate oils are defined as hydrocarbon present as gas state in
subsurface and would be transitioned into liquid state in the surface due
to the decrease of temperature and pressure [1]. These hydrocarbons are
mainly composed of low molecular weight (Cs—Cj1) compounds [2] and
therefore, considered as a kind of high-quality petroleum resource. Two
types of condensate oil reservoirs, i.e., primary and secondary reser-
voirs, occur in sediment basin, where condensate oil in primary reser-
voir are directly generated from kerogen in the high mature stage [3,4]

tive fractionation [7,8] and thermal cracking [9,10].

TSR involves a complex set of redox reactions between sulfates and
petroleum, which generally occur in deep carbonate or evaporite res-
ervoirs with high temperature (>120 °C) [11]. The reaction is firstly
triggered by the formation of contact ion-pair destabilizing the sulfate
tetrahedron and is further promoted by H,S [6,12,13]. This process is
considered to be autocatalytic due to the yield of HoS with ongoing TSR
reaction, which can promote the formation of bisulfate and/or contact
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Fig. 1. (a) The locations of studied basin and tectonic sketch maps of (b) the Tarim Basin, (c) the Baiyun Sag in the Pearl River Mouth Basin, and (d) the Fushan Sag

in the Beibuwan Basin.

ion pairs accelerating the reaction [6,11,14,15]. HyS can also be pro-
duced from the thermal cracking of labile sulfur-containing compounds
[16] and, therefore, the rate of TSR reaction is attributed to the hy-
drocarbon composition [12,15]. TSR alteration can be understood as a
disproportionation reaction briefly in this process, whereby petroleum
could be oxidized to two parts [17], i.e., condensates composed of light
hydrocarbons and TSR-altered solid bitumens composed of heavy
compositions, respectively. On the one hand, TSR alteration make oils
enriched in lighter more volatile hydrocarbons [18-20] with high API
gravity due to the high reservoir temperatures, which forms secondary
condensate oil reservoirs [20]. On the other hand, with the ongoing
thermal and TSR-induced process, other residual materials constitute
solid bitumens [14,21,22], which are characterized by high concentra-
tions of insoluble compositions, high reflectivity (>1.5 %Ro), high
content of thiophenic sulfur with highly aromatic [23,24].

Another category of secondary condensate oil reservoirs is related to
the evaporative fractionation alteration [7,25,26], which have been
found in several areas and sediment basins around the globe, such as the
Gulf of Suez [27], Eastern Carpathians of Poland [28], North Java Basin
of Indonesia [29], Barrandian Basin of Czech Republic [30], Sinai Basin
of Egypt [31], Lungu area in the Tarim Baisn [32], Baiyun Sag in the
Pearl River Mouth Basin [33,34] and Xihu Sag in the East China Sea
Basin of China [35]. Natural gas can invade into the early primary oil
pools and carry light hydrocarbons easily dissolved into gas [7,8].
Fractionation would occur if the stratal erosion- or fault-initiated pres-
sure releases within reservoirs, in which oils will be separated from the
carrier and accumulate to form a secondary condensate oil reservoir [5].
In that process, the aromaticity and normality of oil increase while the
paraffinicity decrease [8].

The study of sulfur-containing compounds in condensates is limited
to volatile compositions using the gas chromatographic in previous re-
ports due to the low separation ability [24]. The characterizations of
organic sulfur compounds of heavy fractions in a molecular level are

advanced with the introduction of high-resolution mass spectrometry, e.
g., Fourier transform-ion cyclotron resonance mass spectrometry and
Orbitrap mass spectrometry, to petroleum geology and geochemistry
[36-39]. Li et al. (2011) showed that oils from Lower Ordovician res-
ervoirs of Tazhong Uplift in Tarim Basin with high concentrations of
dibenzothiophene may be led by the TSR alteration [40]. Purcell et al.
(2006) indicated that APPI (atmospheric pressure photoionization
ionization) ion source is helpful for the ionization of organosulfur spe-
cies in oil, although the method is unavailable for the non-aromatic
compounds [41]. Using this approach, in TSR-altered oils, Walters
etal. (2001, 2015) Walters et al. (2001, 2015) observed a series of highly
condensed polynuclear aromatic and naphthenoaromatic compounds
containing 0-3 sulfur atoms, which was defined as TSR-altered proto-
solid bitumen species [23,24]. Relatively abundant and unstable sulfur-
containing compounds such as thiols and thiadiamondoids have been
identified in condensate oils from Tazhong area, Tarim Basin, which
indicates those oils are altered by TSR in various degrees [42-44].

In this study, using high resolution mass spectrometry, the heter-
oatomic compounds distributions in 19 condensate oils, including 7
samples from the Shunbei area of the Tarim Basin, 6 samples from
Baiyun Sag of the Pearl River Mouth Basin and 6 samples from Fushan
Sag of the Beibuwan Basin, were investigated, and further their origin
are discussed.

2. Geological setting

The Tarim Basin is a significant petroliferous basin in the north-
western China (Fig. 1a) and its petroleum geological characterization
has been reported in previous study [45-47]. Recently, a large of pe-
troleum resources has been discovered in the deep-buried Ordovician
reservoir with a depth over 8000 m [48-50]. The source rocks of those
oils are mainly Cambrian-Lower Ordovician mudstone [49,51]. The oils
discovered in the southern part of No.4 fault zone, e.g., wells S42, S4-1
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Fig. 2. (a) GC-SCD chromatogram of LS2 oil from the Tarim Basin showing the distribution of organosulfur compounds; (b) GC-FID chromatogram of L19 oil from the
Baiyun Sag (Pearl River Mouth Basin, PRMB) showing the distributions of n-alkanes; and (c) n-alkane mass molar concentration depletion of condensate from Well
L19 in the Baiyun Sag. LOWSCs: low molecule weight organosulfur compounds; BTs: benzothiophenes; DBT: dibenzothiophene; MDBTs: methyldibenzothiophenes;
DMDBTs: dimethyldibenzothiophenes; Pr: pristane; Ph: phytane; MC(n): the molar contents of n-alkanes.

and S4-3, have been shown that they undergone a TSR reaction [52],
which is likely responsible for high abundances of dibenzothiophene
and thiadiamondoids in those oils [53-55]. However, other oils, like S2
oil from No.2, S6 oil from No.6 fault zones and SN1 oil from the Shunnan
area are primary condensates without TSR or other secondary alter-
ations. The origin of LS2 oil from the Hetianhe area has been fully
investigated based on the compositional, molecular biomarker and
isotope data in previous study [56,57]. TSR alteration has been
considered to be an accepted reason for the high content of HsS, high
abundance of dibenzothiophene, high content of thiadiamondoid series
compounds in the LS2 oil [42,58]. Moreover, those oil is characterized
by a high content of organosulfur compounds with low molecule weight
(Fig. 2a), which may correspond to thiol, thioether, thiophene series.
The Baiyun Sag, one of the most important petroliferous area in the
South China Sea, is located in the northern part of the Pearl River Mouth
Basin (Fig. 1a). In recent years, a major exploration breakthrough of
condensate and natural gas has been made in this area [59]. The Wen-
chang, Enping, and Zhuhai formations are considered to be the source
rocks for the discovered oil, especially Enping Formation [60-62]. The
Zhuhai and Zhujiang formations are the favorite zones for the petroleum

accumulation. Late Miocene mudstones, overlaying the main reservoir,
play a key role in preventing the leak of petroleum. Several previous
reports have been shown that the most oils discovered in the Baiyun Sag
undergone varying degrees of gas invasion and evaporation fraction
[34,63,64]. For example, the distribution of n-alkanes the L19 oil in the
northern part of the Baiyun Sag (Fig. 1c), has a maximum at n-Cig
(Fig. 2b). The contents of n-alkanes under n-C;g have a loss and the
depletion of n-alkanes is over 70 % based on the relationship between
the logarithm of molar abundance and carbon numbers of n-alkanes
(Fig. 2¢).

The Fushan Sag is one of the numerous Mesozoic-Cenozoic rifting
half-grabens developed in the northern continental shelf of the South
China Sea [65]. Major oil pools mainly were discovered in the first and
third members of the Eocene Liushagang Formation [66,67]. Those oils
are predominant by light oils or condensates with a mean of gravity of
47° (API) [68,69]. They are sourced from the second member of the
Eocene Liushagang Formation characterized by type II and III kerogens
with an input of terrestrial organic matter in the high-mature stage [70].
They are not changed by any secondary alteration and are considered to
be primary lacustrine condensate.

Table 1
Relative contents (%) of major compounds in the selected oil samples.
Area Alteration Well TAs/Q CHas Sy N; Sy 0:5; Sy 0:S, N;0, N;S;
Tarim TSR LS2 192° 0.06 93.58 0.07 93.58 0.65 5.62 0.03 0.00 0.00
TSR S4-1 / 1.43 97.75 0.27 97.75 0.35 0.05 0.00 0.15 0.00
TSR S42 37.2° 1.32 98.30 0.07 98.30 0.14 0.04 0.00 0.12 0.00
TSR S4-3 / 0.00 99.77 0.02 99.77 0.13 0.08 0.00 0.00 0.00
Primary marine S6 / 48.81 45.64 1.17 45.64 0.72 0.00 0.00 3.66 0.00
Primary marine SS1 / 29.96 57.72 6.69 57.72 2.27 0.11 0.00 3.22 0.02
Primary marine S21 / 70.24 24.19 1.00 24.19 2.33 0.00 0.00 2.24 0.00
Baiyun Evaporative fractionation L19 92.12 0.60 45.78 33.81 45.78 9.68 0.09 0.00 9.92 0.12
Evaporative fractionation P30 85.63 24.92 41.89 22.45 41.89 5.59 0.32 0.00 0.00 0.05
Evaporative fractionation L23 33.63 22.44 44.66 22.27 44.66 5.10 0.09 0.00 5.23 0.21
Evaporative fractionation L21 26.35 1.36 41.88 40.81 41.88 10.46 0.00 0.00 5.13 0.36
Evaporative fractionation L16 35.64 12.92 46.61 35.51 46.61 4.46 0.00 0.00 0.36 0.13
Evaporative fractionation L27 14.23 39.09 32.93 19.43 32.93 4.78 0.27 0.00 3.33 0.05
Fushan Primary lacustrine H10 / 8.60 63.59 24.52 63.59 2.33 0.00 0.00 0.83 0.13
Primary lacustrine H2-16 / 6.67 67.65 23.12 67.65 1.90 0.00 0.00 0.50 0.17
Primary lacustrine H3-5 / 3.25 68.15 24.71 68.15 1.48 0.00 0.00 1.80 0.60
Primary lacustrine HD1-6 / 7.83 75.66 12.33 75.66 2.68 0.00 0.00 1.17 0.34
Primary lacustrine H2-6 / 7.93 66.77 22.67 66.77 1.35 0.00 0.00 1.28 0.00
Primary lacustrine HD1-5 / 3.67 70.86 20.11 70.86 3.04 0.00 0.00 1.57 0.75

Note: /: No data; ? from reference [52];  from reference [56]; TAs: total thiaadamantanes for TSR-altered oil; Q: the depletion of n-alkanes for oils with evaporative

fractionation.
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Fig. 3. Histograms showing the relative abundances of major compounds in wells (a) LS2 from the Tarim Basin; (b) S6 from the Tarim Basin; (c) L19 from the Baiyun
Sag (PRMB); and (d) H10 from the Fushan Sag (Beibuwan Basin). DBE: Double Bond Equivalent.

3. Samples and experiments
3.1. Samples

A total of 19 condensate samples were collected in this work (Fig. 1).
Among those, seven condensates were from the Tarim Basin, including
the LS2 oil from the Hetianhe area, S2, S4-1, S42, S4-3 and S6 oils from
the Shunbei area, and SS1 oil from Shunnan area (Fig. 1b). Among those
oils, the contents of total thiaadamantanes in LS2 and S42 oils are much
higher than the threshold in TSR-altered oils (>20 pg/g), and they have
been considered to undergo TSR alterations [52]. The locations of S4-1
and S4-3 oils are just close to that of the S42 oil (Fig. 1b) and with similar
molecular and isotopic compositions, which thought to have been also
altered TSR. Six condensates were sampled from Panyu and Liuhua area
in the Baiyun Sag (Fig. 1c). Based on the computations by Thompson
et al. (1988) [7], the depletion of n-alkanes in those oils was listed in
Table 1, indicating that those oil has experienced strong gas invasion
and evaporative fractionation. Other six samples were from the Huchang
oilfield in the Fushan Sag (Fig. 1d).

3.2. Methylation

Approximately 100 mg oil sample was dissolved in 1 mL dichloro-
methane. About 0.5 g AgBF, and 1.0 g Mel were added into the above
dichloromethane solution, which was stirred in dark space for 24 h to
convert the sulfur-containing compounds to sulfonium salts.

3.3. Orbitrap MS analysis

The oil samples methylated to sulfonium salts were carried out
positive-ion ESI Orbitrap Fusion MS (made by Thermo Scientific,
America) analysis. The cumulative number of ions was about 500,000
within a cumulative time of 100 ms. The scan mass range was between

100-800 Da. The methylated samples were dissolved in toluene/MeOH
(1:3, v/v) to about 0.2 mg/mL, which were then injected into ESI by an
automatic peristaltic pump with a rate of 3 pL/min. The positive ion
spray voltage was 3600 kV. The flow rates of sheath gas, auxiliary and
sweep gas were 5, 2 and 0.1 arbitrary units, respectively.

4. Results and discussion
4.1. Major compounds

Major compound species in the selected condensates are similar but
their contents are distinctly various (Fig. 3). In the TSR-altered oils,
sulfur-containing compounds with one sulfur atom are dominated
(Fig. 3a), whose relative abundances are over 90 % with an average of
93.75 %. The relative abundances of S, (sulfur-containing compounds
with two sulfur atoms) and 0;S; (heteroatomic compounds with one
sulfur atom and one oxygen atom) species have a mean of 4.15 % and
0.32 % respectively. The total contents of other compounds classes
including O;S; (heteroatomic compounds with two sulfur atoms and one
oxygen atom), CHss (hydrocarbon compounds) and N; (nitrogen-con-
taining compounds with one nitrogen atom) species contents are less
than 2 %. In non-TSR altered oil in the same area, S; and CHjs species
are predominant (Fig. 3b) and their relative contents are in a range of
24.19-57.72 % (an average of 42.51 %) and 29.96-70.24 % (an average
of 49.67 %), respectively. In well L19, as an oil example experienced
evaporative fractionation alteration, the relative abundance of S; spe-
cies is highest (Fig. 3c) and in a range between 32.93-46.61 % with an
average of 42.29 %, followed by those of N; species ranging from
19.43-40.81 % with an average of 29.05 %. Those oils have 0;S; and
N;0; (heteroatomic compounds with one nitrogen atoms and one oxy-
gen atom) species between 4.46-10.46 % and 0.00-9.92 % respectively,
but have little Sy, CHys and N;S; species (<1.0 %). The Fushan oil
samples, representing as the primary condensate from kerogen in the
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Fig. 4. Cross plots of DBE and carbon number showing the relative abundance of S; species in wells (a) LS2 from the Tarim Basin; (b) S6 from the Tarim Basin; (c)
L19 from the Baiyun Sag (PRMB); and (d) H10 from the Fushan Sag (Beibuwan Basin).

high mature stage, are characterized by high contents of S; and N;
species (Fig. 3d), falling into a range of 63.59-75.66 % and 12.33-24.71
% respectively, and contain a mean of 6.32 % CHas species, 2.13 % 01S;
species and 1.19 % N;0O; species.

By combination with the primary marine S6 oil (Fig. 3b), the TSR-
altered LS2 oil has very low CHjys species contents and absolute pre-
dominance of S; species (Fig. 3a), which is attributed to the generation
of sulfur-containing compounds. Moreover, the DBE and carbon number
distributions of each class in TSR and non-TSR altered oils are also
various which would be detailedly discussed in the following contents.
The relative abundances of S; species in L19 oil with evaporative frac-
tionation is lower than that in primary lacustrine H10 oil, while the CHas
and N species contents shows the opposite trend (Fig. 3). The relative
contents of nitrogen-containing compounds in LS2 and S6 oils are much
lower than that in L19 and H10 oils likely ascribed to the different
organic matter source, where the former is marine [49,51] and the latter
is lacustrine [60,66]. The heteroatomic compounds compositions of LS2
and H10 oils appear to be similar, especially with high contents of S;
species. Based on the previous reports [65-67], it seems to commonly
acknowledge that the oils in the Fushan Sag is primary and without any
secondary alterations. Given the geological considerations, an insuffi-
cient sulfur was present in the Fushan Sag, where the clastic rocks were
well developed and the anhydrite or HyS is very little [67]. This con-
dition limited the TSR reaction. The high contents of S; species present
in the Fushan oils is mainly due to a high maturity.

4.2. S; species

Fig. 4 illustrates the cross-plots of DBE and carbon number showing
the relative contents of S; species in condensates with different sec-
ondary alteration. The highly abundant S; species with low DBE = 0 and
3, corresponding to thiol and thiaadamantane respectively [42], occur
in the TSR-altered oil, which also contains high abundant S; species with
DBE = 8-13 referring to thiophenes compounds (Fig. 3a). In the non-
TSR altered condensate from well S6, the most abundant S; species
are dibenzothiophene (DBE = 9) followed by DBE values of 5-8 corre-
sponding to the dicyclic sulfides [37]. The S; species with low DBE
values of 0-3 is minor in those samples (Fig. 4b). The crude oil from well
L19 experienced by evaporative fraction is characterized by the highest
abundance of dibenzothiophene that is S; species with DBE = 9 and
hardly contains other lower members of the series compounds. How-
ever, a set of highly concentrated S; species with high DBE values
(21-28) and carbon numbers (>40) present in those oils (Fig. 4c). The
main sulfur-containing compounds in the oil from well H10, an example
for condensate generated from kerogen, are benzothiophenes (DBE = 6),
dibenzothiophenes (DBE = 9) and benzothiophenes (DBE = 12) con-
taining carbon numbers ranging from 12 to 40 (Fig. 4d). The S; species
with low DBE values (1-3) and S;01, Sy species in TSR-altered oil are
more distinctly abundant than that in non-altered oil (Fig. 3a-b), which
is contributed from the introduction of inorganic sulfur and generation
of organic sulfur compounds as TSR reactions proceed.
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4.3. Sz species

and evaporative fraction contain low contents of Sy species, while the
primary condensates (e.g., wells S6 and H10) from the kerogen has very

As shown in Fig. 3, the oils from wells LS2 and L19 altered by TSR little those compounds. The TSR-altered oil contains a wide range of
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Fig. 7. Cross plots of DBE and carbon number showing the relative abundance of N; species in wells (a) LS2 from the Tarim Basin; (b) S6 from the Tarim Basin; (c)
L19 from the Baiyun Sag (PRMB); and (d) H10 from the Fushan Sag (Beibuwan Basin).

DBE values and carbon number between 3 and 21 and 8-40, respectively
(Fig. 5a). However, the DBE values and carbon number of S5 species are
limited ranging from 11 to 22 and 23-40 respectively (Fig. 5b).

4.4. 01S; species

Fig. 6 shows that the distributions of DBE values and carbon number
for Sy species in different condensate types. In the LS2 oil altered by TSR,
the DBE values for S;0; species are in range from 1 to 21 and carbon
number for the series compounds are in range from 10 to 40. The oil
contains relatively high abundance of S101 species with low DBE values
(1-3), corresponding to thiols compounds containing one oxygen atom,
which appears to be consistent with that of S; species (Fig. 6a).
Compared to TSR-altered oils, the S6 oil, a primary condensate from
kerogen, has a limited range of DBE values and carbon number for Sy
species, between 2 and 14 and 10-30, respectively (Fig. 6b). In the L19
oil, an example for evaporative fraction alteration, is characterized by
high content of highly concentrated S, species with high DBE values
(17-22), and contains vary little low DBE values (1-3) for species
(Fig. 6¢). The relative abundances of S species with high DBE values in
the primary high mature condensate are limited relative to those in the
evaporative fraction altered oil (Fig. 6d).

4.5. Nj species

A very low abundance of N; species (Fig. 3a), covering a limited
range of DBE values (6-14) and carbon number (11-30) (Fig. 7a), occur

in Well LS2 oil, which were altered by TSR. In contract, a relatively
complete N; series with DBE values ranging from 5 to 20 and carbon
number ranging from 10 to 45 were observed in the non-TSR altered S6
oil (Fig. 7b), although those compounds also present in a low content
overall (Fig. 7b). In Well L19 oil subjected by evaporative fraction
alteration, the N1 species have a relatively broad range of DBE values
(4-24) and carbon number (11-41) with a maximum at DBE value of 8
and carbon number of 19 (Fig. 7c). The range of DBE values in H10 oil
are broader (4-27) than that in L19, and those of carbon number for N
species are similar (Fig. 7d).

4.6. Hydrocarbon species (CHs)

The LS2 oil contain a low content of CHys species (Fig. 3a), and
appear to be enriched in those compounds with low DBE values (4-7)
and carbon number (11-25) (Fig. 8a). The S6 condensate is character-
ized by a broad range of carbon number between 11 and 50 for CHys
with DBE values ranging from 4 to 20 (Fig. 8b). In the oil sample from
well L19, the DBE values and carbon number range in 6-20 and 15-38,
respectively (Fig. 8c). A relatively abundant Sy species with a DBE value
range of 4-21 (mainly 7-9) and a carbon number range of 12-40
(mainly 15-20) in the well H10 crude oil (Fig. 8d). The carbon number
and DBE for CHas species in the TSR-altered oil is limited due to their
interactions with inorganic sulfur. However, the CHys species contents
in non-TSR altered oils is high. In addition, by combination with the
carbon number distributions for each compound class in TSR-altered,
the oils in Baiyun and Fushan Sags contain low contents of S; species
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with low DBE values (1-3) (Fig. 3), Sy species (Fig. 5), S10; species
(Fig. 6) and high contents of Ny (Fig. 7) and CHjys species (Fig. 8).

4.7. Influence of TSR alteration on heteroatomic compound in

condensates

Fig. 9 illustrates the relative contents of S;, CHys and N; species and
their oxides in different type oils to comprehensively show the influence
of different secondary alteration on those compounds. It can be clearly

seen that the relative contents of S; species in the TSR-altered oils are
distinctly higher than that in non-TSR altered oils (Fig. 9a). The relative
contents of CHys and O;S; species in TSR-altered oils are distinctly lower
than that in non-TSR altered oils. TSR-altered oils have a slight edge of
N; species over non-TSR altered oils (Fig. 9a, b). The N; and N;0;
species are depleted in TSR-altered oils (Fig. 9¢). During the TSR alter-
ation, the hydrocarbon has an interaction with sulfur from sulfate and/
or HyS [6,12,15], which can be converted into sulfur-containing com-
pounds, leading to a decrease of CHjs species and an increase of S; and
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S, species (Fig. 10a) [42,50]. Therefore, TSR-altered condensate is
characterized by high contents of labile organosulfur compounds such as
thiol and thioether (Fig. 10a). Meanwhile, it can result in the precipi-
tation of asphaltene molecules of primary oils generated from the
kerogen due to a shift of the molecular distribution towards lighter
compositions by TSR, and then form the TSR proto-solid bitumen species
that are largely insoluble [24]. These proto-solid bitumen species are
characterized to be highly condensed and not occurred in non-TSR
altered oil with equivalent thermal stress [23]. In fact, an insufficient
sulfur was present in the Ordovician oil reservoirs, where in-situ TSR
reactions rarely occurred. However, abundant anhydrite has been
observed in Cambrian strata in this area, which are considered as a favor
sulfur source. Therefore, the TSR-altered oils and H5S gas migrated from
the Cambrian strata into Ordovician reservoirs and mixed the primary
oils, which was supported by high HjS centration in these S4 reservoirs
and the correlated sulfur isotopic compositions between HyS and
Cambrian anhydrites in the south part of No.4 fault zone [52]. The
relative contents of S; and CHjys species could be an indicator for TSR
determination, where the S1 species would be more than 95 % in TSR-
altered oils.

4.8. Influence of evaporative fraction on heteroatomic compound in
condensates

The relative abundances of S; species in the oils with evaporative
fractionation are lower than that in the oils without evaporative frac-
tionation (Fig. 9a). Compared to the primary condensate, a relatively
elevated level of CHys, Ny, O1S; and N;O; species occur in the oils with
evaporative fractionation (Fig. 9b, c¢). The oils are enriched in CHas
species due to the easy dissolution of hydrocarbon when highly mature
gas invades the priorly primary oil reservoir (Fig. 10b). However, the
higher compositions, generally enriched S;, N; and O;S; species, are
least dissolved and then precipitated, which formed residual bitumen in
situ. The contents of N1O; species in the oils experiencing evaporative
fractionation are broad (Fig. 9c) possibly due to the unstable dissolution

of these compounds into gas and irregular migration during fraction-
ation, which leads to be an unavailable indicator for evaporative frac-
tionation determination. Physical differentiation plays a key role in the
formation of condensate and heavy oil reservoirs in the process. Fig. 11
shows a petroleum accumulation scenario during gas invasion and
evaporative fractionation in the Baiyun Sag. Crude oil generated from
kerogen in the early period of oil window migrated, trapped and accu-
mulated in favorite structural zones along the slope. And then, natural
gas generated from the source rock deposited in the deep region in the
high mature stage migrated along the slope and displaced the early
formed oil reservoirs, which consequently migrated to the marginal
zones in the area. During this process, a trend in oils with an increased
mass deletion of n-alkanes and the relative content of S; and N; species
as well as a decreased CHys content occurred from the central to mar-
ginal areas. Therefore, the relative contents of S;, N; and CHjs species
could be potential parameters for petroleum migration direction in this
area.

5. Conclusions

In this work, we completed a comprehensive characterization of
heteroatomic compounds in the condensates with different secondary
alteration (TSR and evaporative fraction) by high-resolution mass
spectrometry. Compared to the oils without TSR alteration, the TSR-
altered oils are characterized by vary high contents of S; species (>90
%) and low contents of CHas species (<2%) attributed to the con-
sumption of hydrocarbons. Those oils also have a relative abundance of
low molecular S; species referring to thiols and thiophenes. However,
the relative contents of CHjys species in oils undergone evaporative
fraction are high than that in non-altered oil, while those of S; and N;
species are on the contrary, which may be due to the dissolving of hy-
drocarbons in gas. Therefore, in this study, it gives a good application of
the heteroatomic compositions in oils to determine secondary alteration
types and show a great potential for defining alteration extent, as well as
the origin and formation of condensate.
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