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Abstract: Light oil, a high-quality energy resource abundant in deep basins, is prevalent in the north-
ern zone of the Dongying Depression. To elucidate the formation mechanism of light oil reservoirs,
this study investigates the molecular and stable isotope composition, biomarkers, light hydrocarbons,
and diamondoid compositions of petroleum. The results reveal that the gas primarily consists of
oil-cracking gas from a late filling event, mixed with oil-associated gas generated during the source
rock’s “oil window” maturity phase. Methane exhibits enriched light carbon isotopes, indicating
noticeable migration fractionation effects. The crude oil in the same deep strata exhibits high maturity,
originating from both terrestrial and aquatic organic matter in the source materials. Molar proportions
of n-alkanes and light hydrocarbon indices (Tol/nCy, nC;/MCH) indicate significant evaporative
fractionation in the petroleum reservoirs. This fractionation process modified early-formed oil reser-
voirs due to the late filling of highly mature gas reservoirs. The evaporative fractionation at different
stages has varying effects on the diamondoid ratio (1- + 2-MA)/(3- + 4-MD). It is considered a pivotal
mechanism in the formation of deep condensate reservoirs and volatile oil reservoirs.

Keywords: evaporative fractionation; light oil; diamondoid; mixed gas; reservoir forming mechanism

1. Introduction

In recent years, petroleum basins worldwide have shifted towards deep and ultra-
deep exploration, driven by the global demand for petroleum energy and advancements
in exploration technology. Notably, deep and ultra-deep light oil reservoirs, including
condensate and volatile oil reservoirs, have emerged as significant focal points in petroleum
exploration. These reservoirs have been discovered in various regions across the globe,
such as the southeastern Mediterranean coastal area of Israel [1], the Gulf of Mexico coastal
area in the United States [2], Egypt’s Gulf of Suez region [3], the Central North Sea [4],
offshore East Kalimantan, Indonesia [5], and China’s Bohai Bay Basin [6].

Deep reservoirs contain light oil, characterized by low-density, low molecular weight
hydrocarbons (LMWH), making it a valuable petroleum resource. These reservoirs include
condensate reservoirs, which are a special phase state between oil and gas reservoirs and
are classified into two categories: primary and secondary condensate reservoirs. Primary
condensate reservoirs primarily form through the thermal evolution of type I or type II
kerogen at high maturity levels (Ro = 1.0-1.6%) [7,8]. Additionally, specific macerals, like
resins from terrestrial higher plants, can produce immature condensate directly in the early
stages (Ro = 0.4-0.6%) [1,9]. However, this immature condensate does not possess the
potential for sustained condensate field development [10]. Secondary condensate reservoirs
primarily result from in situ oil cracking [11-13] and evaporative fractionation [2,14,15].
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In recent years, evaporative fractionation has gained significant attention as a sec-
ondary transformation process in deep petroleum reservoirs [16-18]. It plays a crucial role
in the formation of most light oil reservoirs, as indicated by current global exploration and
prior research [19-21]. Secondary condensate reservoirs resulting from evaporative fraction-
ation have been identified in various fields, including Eugene Island, offshore Louisiana,
USA [22,23], Novoportovskoye field in the West Siberia Basin, Russia [24], Kuparuk field
in the North Slope, Alaska, USA [25], Sleipner fields in the South Viking Graben, the North
Sea [26], Tunu fields in the Kutei Basin, Indonesia [5], Snehvit field in the Hammerfest
Basin, Norway [27], Kelamili Gas field in the Junggar Basin, China [28], and the Ningbo
Large Gas field in the East Sea Shelf Basin, China [17,29].

The theory of evaporative fractionation has garnered significant attention from schol-
ars. Gussow (1954) introduced the “differential accumulation” model, proposing that deep
reservoirs could undergo fractionation and form condensate during hydrocarbon replace-
ment [30]. Subsequently, Silverman et al. (1965) posited that oil fractions migrating in the
gas phase could create condensate reservoirs under specific conditions [31]. Thompson
(1987; 1988) put forth the evaporative fractionation theory to elucidate the genetic mecha-
nism of non-thermal cracking condensate reservoirs, supported by extensive experimental
observations [2,14]. Additionally, Larter and Mills (1991), Dzou and Hughes (1993), and
Curiale and Bromley (1996) contributed refinements and supplements to the evaporative
fractionation theory [32-34]. Evaporative fractionation now refers to a complex process that
segregates gaseous materials from oil within a reservoir [31]. In this process, a substantial
volume of gas is injected into the reservoir, dissolving and extracting crude oil under
high-temperature and high-pressure conditions. This results in LMWH (or even medium
molecular weight hydrocarbons) from the crude oil entering the gas phase and migrating
out of the reservoir as part of the gas, eventually forming condensate reservoirs [2,15,22,31].
This understanding emphasizes the role of late-charging gas in “carrying” lightweight oil
components from reservoirs. However, in the case of an early original reservoir invaded
by late high-maturity gas, equal importance should be placed on the residual oil reservoir
post-transformation. In other words, after gas invasion, more LMWH would “dissolve
into” the reservoir, converting a normal reservoir into a light one. This crucial mechanism
in light reservoir formation has not received sufficient attention.

The Dongying Depression, located in the Bohai Bay Basin in eastern China, is a
significant region rich in petroleum. In recent years, numerous light oil reservoirs, including
volatile and condensate reservoirs, have been unearthed in the deep Paleogene layers in the
northern region of this depression [35]. While the fundamental geological characteristics
contributing to the formation of these reservoirs have been investigated [35,36], further
research is required to delve into their specific formation mechanisms.

This study investigates the formation mechanisms of these light oil reservoirs by
analyzing various geochemical parameters of natural gas and oil, including molecular
and stable isotopic compositions, biomarkers, light hydrocarbons, and diamondoids. Our
research focuses on several crucial aspects: (1) understanding the origin and secondary
alterations of gas through molecular and stable isotopic compositions, (2) examining evap-
orative fractionation in deep oil reservoirs by analyzing n-alkane and light hydrocarbon
components, (3) evaluating the impact of evaporative fractionation on diamondoids by
assessing absolute diamondoid concentrations, and (4) developing a comprehensive forma-
tion model for deep light oil reservoirs based on geochemical analysis.

2. Geological Setting

The Bohai Bay Basin, covering an area of 2 x 10° km?, is a prominent petroleum
basin in eastern China (Figure 1A). Specifically, the Dongying Depression, a significant
petroleum-producing subsidiary of the Jiyang Depression, is situated in the southeastern
part of the Bohai Bay Basin (Figure 1B). Most of its petroleum resources are derived from
the Cenozoic strata [37,38].
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Figure 1. Locations and structure diagrams of Bohai Bay Basin (A), Dongying Depression (B), and
the study area of northern Dongying Depression (C). Stratigraphic columns in the Cenozoic strata of
Dongying Depression (D).

The northern portion of the Dongying Depression, encompassing the Minfeng, Lijin,
and Shengtuo areas, is located between the central uplift belt and the northern steep slope
belt. More precisely, the Minfeng area, which is the focus of this study, is bordered by the
Qingtuozi uplift to the east, the Shengtuo Area to the west, the Chenjiazhuang uplift to the
north, and the Luxi uplift to the south (Figure 1C).

In terms of stratigraphy (Figure 1D), the depression has seen the development of the
Kongdian Formation (Ek), Shahejie Formation (Es), Dongying Formation (Ed), Guantao
Formation (Ng), Minghuazen Formation (Nm), and Pingyuan Formation (Qp) since ancient
times [35]. Of particular note is the Shahejie Formation, which witnessed the accumulation
of substantial dark gray oil shale and mudstone during its sedimentary period, serving as
the primary site for petroleum generation and accumulation. The Shahejie Formation is
further divided into Mbr 1 (Es1), Mbr 2 (Es2), Mbr 3 (Es3), and Mbr 4 (Es4), in sequential
order (Figure 1D). Notably, the most significant source rocks for deep petroleum are located
in the lower part of Mbr 4 of the Shahejie Formation (Es4") [35]. These rocks predominantly
contain type I and II kerogen, with total organic carbon (TOC) levels ranging from 0.42% to
5.04%, averaging 1.83% [36].

3. Samples and Methods
3.1. Samples

In this study, we collected and analyzed a total of eight oil samples from specific wells,
including F8, FS1, FS1-P1, FS1-X1, FSX101, FSX11, Y22-X100, and YX229, along with eight
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gas samples, all originating from the northern region of the Dongying Depression within
the Bohai Bay Basin (Table 1). The analysis of the fluid samples reveals distinct phases
and components. Specifically, the YX229 and Y22-X100 samples exhibit characteristics of
volatile oils, while FS3 is classified as gas. The remaining samples fall into the category of
condensates (Figure 2). This classification provides valuable insights into the nature of the
collected fluids, which is crucial for our subsequent analysis and interpretation.

Table 1. Basic information and physical properties of the oil samples in this study.

Density, Viscosity, Sulfur, Reservoir
Well Strate Depth (m) 20 °C, 50 °C, (%) 7 Sat, % Aro,% Res, % Asp, % Tvoe *
(g/cm?3) (MPa-s) ° yp
F8 Es4l 4176-4191 0.72 0.82 0.55 87.4 6.75 4.14 1.71 COR
FS1 Es4l 43164343 0.78 0.88 0.02 78.41 9.45 5.21 6.93 COR
FS1-X1 Es4l 4402-4419 0.77 0.81 0.09 71.29 11.88 8.91 7.92 COR
FS1-P1 Es4l 4599-4770 0.82 12.80 nd 84.00 8.00 4.80 3.20 COR
FSX11 Es4l 4309-4467 0.77 nd nd 74.83 19.05 5.44 0.68 COR
FSX101 Es4l 4525-4552 0.79 1.80 0.03 82.00 8.20 6.40 3.40 COR
YX229 Es4l 4171-4250 0.82 5.40 0.13 77.93 12.68 5.63 3.76 VOR
Y22-X100 Es4l 4266-4273 0.88 4.47 nd 73.67 13.51 5.74 7.08 VOR
nd: no data; Sat: saturated hydrocarbon; Aro: aromatics hydrocarbon; Res: resin; Aro: asphaltene; VOR: volatile
oil reservoirs; COR: condensate reservoirs; * referred to [39].
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Figure 2. Representative pressure—volume-temperature phase diagram of the Dongying Depression
condensate reservoir from well FSX101 (A) and volatile oil reservoir from well Y22-X100 (B). A triangle
map for discriminating reservoir types according to molar percentage of petroleum components (C).
C = critical point; Py, = cricondenbar; R = reservoir; Ty, = cricondentherm.

3.2. Methods
3.2.1. Oil Analysis

The oil group components were separated using column chromatography, a traditional
method. The sample was divided into asphaltene, saturated hydrocarbons, aromatic hydro-
carbons, and non-hydrocarbon components by using elution solvents such as petroleum
ether, dichloromethane, and dichloromethane + methanol.
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Saturated hydrocarbon and aromatic components were analyzed using gas chromato
graphy-mass spectrometry (GC-MS) with an Agilent 6890GC/5975i MS system (Santa
Clara, CA, USA). A HP-PONA column (60 m x 0.25 mm x 0.25 um) was employed in
the gas chromatograph. The analysis involved heating the gas chromatograph to 50 °C,
holding for 1 min, increasing to 250 °C at a rate of 20 °C/min, and finally reaching 310 °C
at a rate of 20 °C/min, where it was held for 10 min. The mass spectrometer operated at an
electron ionization energy of 70 eV in the selected ion monitoring mode. To quantify the
chemicals in the saturated hydrocarbon components, known concentrations of sterane in
d4-Cp9 (20R) were used as internal standards.

The GC-MS analysis of diamondoids followed the same procedure as for the saturated
hydrocarbon components. To determine the absolute concentration of diamondoids, known
concentrations of djg-diamantine were added to the entire oil sample as a quantitative
internal standard.

3.2.2. Light Hydrocarbons Analysis

Light hydrocarbons were analyzed using an Agilent 6890A gas chromatograph (GC,
Santa Clara, CA, USA) equipped with an HP-PONA quartz capillary column (50 m x
0.20 mm x 0.5 pm). The temperature schedule was as follows: initially set at 35 °C for
5 min, then gradually increased to 70 °C at a rate of 3 °C/min, and finally raised to 300 °C
at a rate of 4.5 °C/min, holding for 35 min. High-purity helium (99.9%) served as the
carrier gas at a constant flow rate of 1 mL/min. The sampler temperature was set to 300 °C,
and the sample was injected with a split ratio of 100:1.

3.2.3. Gas Analysis

Natural gas samples were analyzed using an HP 6890 II gas chromatograph (Agilent;
Santa Clara, CA, USA) with flame ionization and thermal conductivity detectors. The
hydrocarbon gas components were identified through gas chromatography, while the stable
carbon isotopes of the gas samples were measured using GC-IRMS (Thermo Finnigan MAT
253, San Jose, CA, USA) with a carrier, coupled to the HP 6890 II GC (Agilent; Santa Clara,
CA, USA) apparatus.

4. Results
4.1. Petroleum Properties
4.1.1. Oil Physical Property and Alkane Characteristics

The oil samples exhibit consistently low values for density, viscosity, and sulfur content.
Crude oil densities range from 0.72 g/cm3 to 0.88 g/cm?, with an average of 0.79 g/cm?.
Viscosities vary between 0.81 MPa-s and 12.8 MPa-s, with an average of 3.85 MPa:s, while
sulfur content spans from 0.02% to 0.55%, with an average of 0.16% (Table 1).

The oil’s saturated hydrocarbon content varies between 71.29% and 87.40%, with a
corresponding range of 3.93 to 12.95 for the ratio of saturated hydrocarbons to aromatic
hydrocarbons. Additionally, aromatic content ranges from 6.75% to 19.05%, while non-
hydrocarbon and asphaltene content spans from 5.85% to 16.83% (Table 1). This consistent
composition suggests similar maturity levels among the oil samples.

Moreover, Figure 3 illustrates a general decrease in peak area with increasing carbon
numbers. The oil samples display a comprehensive distribution of n-alkanes, ranging
from nCs to nCsg, and exhibit a high content of LMWH. Notably, the average value of
nCyo~ /nCyp* is 0.68, with a range of 0.11 to 1.12 (Table 2). This phenomenon can be at-
tributed to the high maturity of the crude oil, resulting in the cracking of some high molec-
ular weight hydrocarbons (HMWH) [35]. When examining the Total Ion Chromatogram
(TIC) of whole oil (Figure 3), it is evident that there are no noticeable unresolved complex
mixtures. This observation indicates that the samples have either not been significantly
affected by biodegradation or have experienced only slight biodegradation effects [40-42].
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Figure 3. The total ion chromatograms (TIC) of whole oil showing distributions of n-alkanes (A1-D1)
and isoalkanes such as the pristane and phytane, mass chromatograms showing distributions of
terpane (A2-D2) and steranes (A3-D3) of saturated hydrocarbons, Ph = phytane, Pr = pristane,
TT = tricyclic terpane, Cp7—Cpg = Cp7—Cpg regular steranes.

Table 2. Biomarker parameters related to alkanes and sterane of the oil samples in this study.

Well n-Cqo—/n- Relative Content (%) axaxCp920R Co-BR/(BB  Cp9-20S/(20S
Cyo”* Cyy Cas Cao uglg + o) + 20R)

F8 1.12 42.68 20.16 37.16 nd 0.61 0.57
FS1 0.57 46.54 2412 29.34 nd 0.58 0.56
FS1-X1 1.01 41.68 22.14 36.18 0.00 0.59 0.56
FS1-P1 0.11 47.09 23.13 29.77 0.00 0.54 0.57
FSX11 0.64 36.56 17.09 46.35 1791 0.60 0.55
FSX101 0.94 47.54 29.12 23.34 nd 0.63 0.56
YX229 0.59 34.65 21.54 43.80 73.86 0.63 0.57
Y22-X100 0.52 39.96 17.01 43.03 19.39 0.64 0.56

nd: not determined.
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4.1.2. Characterization of Steranes and Terpanes

The GC-MS analysis of deep oil samples from the northern Dongying Depression
reveals relatively low concentrations of total steranes and terpanes, with average absolute
concentrations of 189.7 ug/g and 162.1 ug/g, respectively. These findings suggest that
thermal evolution has led to the thermal cracking of steranes and terpane biomarkers,
resulting in reduced absolute content (Figure 3) [41].

In the m/z 191 chromatograms, it is evident that short-chain tricyclic terpanes (C19_24)
dominate, while long-chain pentacyclic triterpanes appear to be extensively cracked, indi-
cating the high maturity of the oil (Figure 3).

Similarly, the m/z 217 chromatograms reveal a distinctive distribution pattern among
Cy7—Cyg regular steranes, with Cyp7 regular steranes > Cpg regular sterane < Cyg regular
steranes (Figure 3). Interestingly, the concentrations of Cyy and Cyg regular steranes are
approximately equal, suggesting contributions from both terrigenous and aquatic organic
matter to the oils derived from the Es4® source rock (Figure 4A) [43]. Furthermore, the
calculated parameters of B3 /(3 + ox) and 20S/(20S + 20R) from various isomers of Cpg
steranes fall within the ranges of 0.54-0.64 and 0.55-0.57, respectively (Figure 4B, Table 2).
Notably, the parameters of 20S/(20S + 20R) have reached a state of thermal evolution
equilibrium, typically ranging from 0.52 to 0.55. Consequently, it can be inferred that the
oil has reached a high level of maturity [41].

0,
(A) Cor (%) O Fs1-p1 (B) 03
O Fs1-X1
OFsxi 0.67-0.71
22 FSX101
20 80
F8 -
A YX229 3
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Figure 4. A ternary diagram showing the relative normalized abundance of Cy7, Cpg, and Cyg regular
steranes for the oil samples from the Es4" in Dongying Depression (A), variations of Cog 20S/(20S +
20R) with Cy9 BB/ (PP + aex) sterane ratios (B) (after [41]).

4.2. Light Hydrocarbon and Diamondoid Composition

Light hydrocarbons, which constitute a significant portion of petroleum, can comprise
up to 90% of volatile oil and condensate [44,45]. In the case of volatile oil and conden-
sate, the geochemical insights provided by light hydrocarbons hold particular significance.
Among these, the C5_; fraction plays a crucial role due to its substantial presence. Notably,
the Cs_y distribution patterns of light hydrocarbons in this region exhibit remarkable sim-
ilarity (Figure 5A), indicating a common source for these hydrocarbons [46,47]. Within
the Cs_; range, n-alkanes (1Cs_y) are the most abundant light hydrocarbons, constituting
between 78.8% and 89.5% of the composition, with an average of 85.4% (Figure 5B, Table 3).
Cycloalkanes and isomeric alkanes follow in relative abundance. The distribution character-
istics of diamondoids in the oil samples are illustrated in Figure 6. While the concentrations
of some oils exhibit significant differences, the overall distribution patterns of diamondoids
in various oil samples remain similar (Figure 7). For specific concentrations of certain
diamondoids in these oil samples, refer to Table 4.
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Table 3. Parameters derived from LHs of the samples in this study.

Well nCy MCH Tol TollnC;  nC,/MCH "Cs7 1C0/5‘7 CyCsr
F8 0.24 0.16 0.84 3.55 1.46 89.52 7.18 3.30
FS1 0.20 0.11 0.87 4.44 1.83 87.09 8.72 4.18
FSX101 0.13 0.32 0.64 4.75 0.42 89.21 7.31 3.49
FSX11 0.06 0.05 0.21 3.40 1.17 89.52 3.30 7.18
YX229 0.10 0.09 0.31 3.29 1.09 87.09 418 8.72
FS1-X1 0.10 0.11 0.41 4.11 0.93 89.21 3.49 7.31
FS1-X1 0.44 0.35 1.80 4.09 1.24 78.84 9.35 11.82
FS1-P1 0.01 0.01 0.05 4.18 0.92 87.55 5.13 7.32
FS1-P1 0.17 0.14 0.70 4.24 1.15 80.17 9.38 10.45

nCy: n-heptane; MCH: methylcyclohexane; Tol: toluene; nCs_7: C5—Cy n-alkanes; iCs_7: C5—-Cy isoalkanes; CyCs_7:
C5—C7 cycloalkanes.

120 :
| —e—FSI-XI
100 | —B@-FSI-PI
I —o—FsSXll
" I —A—-YX229
2 80 17T —E8-Y22-X100
@ i
= '
= i
= 60
o i
] 1
- 1
= '
N i
2 40
) i
o i
20
0 ..’Q.‘t.

8 9 10 I1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Peaks for diamondoid hydrocarbons

Figure 7. Concentrations of individual diamondoid hydrocarbons in condensate samples. (The peak
number corresponds to the ordinal numbers in column 1 of Table 4).

Table 4. Concentrations of individual diamondoids in the light oil samples in this study (ng/g).

FS1-X1 FS1-P1 FSX11 YX229 Y22-X100

No. Compound Abbreviation 4402-4419 4599-4770 4309-4467  4171-4250 4266-4273
Es4l Es4l Es4l Es4l Es4l
1 Adamantane A 15.90 17.15 28.96 13.86 26.8
2 1-Methyladamantane 1-MA 53.76 71.05 84.68 34.54 85.77
3 2-Methyladamantane 2-MA 17.86 35.16 57.76 26.13 52.61
4 1-Ethyladamantane 1-EA 15.51 47.31 27.15 11.32 20.59
5 2-Ethyladamantane 2-EA 18.40 60.39 28.20 14.57 29.10
6 1,3-Dimethyladamantane 1,3-DMA 38.54 66.29 57.13 22.55 61.06
7 1,4-Dimethyladamantane (cis) 1,4-DMA 32.64 73.50 48.10 19.09 49.15
8 1,4-Dimethyladamantane (trans) 1,4-DMA 44.15 108.94 63.15 30.23 60.31
9 1,2-Dimethyladamantane 1,2-DMA 41.84 112.39 59.70 25.56 55.55
10 1-Ethyl-3-methyladamantane 1 Et,3-MA 16.66 55.83 28.64 13.80 23.60
11 1,3,5Trimethyladamantane 1,3,5-TMA 14.48 28.32 18.03 7.13 19.67

12 1,3,6-Trimethyladamantane 1,3,6-TMA 22.76 65.73 30.89 14.40 35.74
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Table 4. Cont.

FS1-X1 FS1-P1 FSX11 YX229 Y22-X100
No. Compound Abbreviation 4402-4419 4599-4770 4309-4467 4171-4250 4266-4273
Es4l Es4l Es4l Es4l Es4l
13 1,3,4-Trimethyladamantane (cis) 1,3,4-TMA 23.47 65.63 32.81 13.93 33.53
14 1,3,4-Trimethyladamantane (trans) 1,3,4-TMA 27.44 62.29 35.76 16.3 37.98
15 1-Ethyl-3,5-dimethyladamantane 1 Et,3,5-DMA 16.34 48.74 27.94 5.67 25.14
16 1,3,5,7-Tetramethyladamantane 1,3,5,7-TeMA 2.68 5.96 3.15 1.40 3.51
17 1,2,5,7-Tetramethyladamantane 1,2,5,7-TeMA 13.03 16.20 15.22 5.78 17.20
18 Diamantane D 3.34 8.78 5.22 3.58 4.68
19 4-Methyldiamantane 4-MD 12.62 17.01 40.44 50.17 30.22
20 1-Methyldiamantane 1-MD 7.35 13.96 24.96 28.68 16.79
21 3-Methyldiamantane 3-MD 447 4.81 12.57 10.47 10.82
22 4,9-Dimethyldiamantane 4,9-DMD 1.33 2.81 3.46 2.75 2.46
23 1,2- + 2,4-Dimethyldiamantane 1,2 +2,4-DMD 2.78 5.41 6.48 7.21 6.57
24 4,8-Dimethyldiamantane 4,8-DMD 1.03 2.34 3.54 3.86 2.68
25 3,4-Dimethyldiamantane 3,4-DMD 2.69 5.35 7.99 7.30 6.13
26 Total diamondoid hydrocarbons 451.07 1001.35 751.93 390.28 717.66

4.3. Natural Gas Molecular Compositions

Molecular and stable isotopic compositions of natural gas can help identify its source [48-50].
Gas samples exhibit methane (CHy) contents ranging from 63.0% to 95.2%, averaging 79.1%,
and dryness coefficients ranging from 71.0% to 95.2%, with an average of 84.3% (Table 5).
These results indicate a predominance of wet gases in the area, characterized by low
methane content and dryness coefficients.

Table 5. Molecular and stable isotopic compositions of gases from the Dongying Depression.

Molecular Composition, mol % 513C PDB, %o

GOR, o

Well (m3/m3) DI, (%) 13 13 13 13 13
m-/m C, C, Cs Cy Cs N, COp, 8%C; 8&7Cy 6867C; 87°C4 67Cs

F8 8805 82.8 815 74 4.0 4.2 1.3 1.6 0.0 —-491 -325 -28 nd nd

FS1 1448 91.7 90.7 4.6 1.7 1.5 0.4 0.0 1.1 -50.4 308 —26.8 nd nd

FS1-P1 2937 88.4 786 4.6 2.5 2.0 1.3 8.6 24 —474  -30 256 237 nd
FS1-X1 2048 71.0 63.0 7.0 6.7 7.5 44 8.5 29 —-479 =306 —26.1 255 251
FSX11 1619 77.5 67.7 75 5.6 4.7 1.9 9.0 3.6 —485 313 273 =27 =266

YX229 208 759 69.1 8.6 6.6 4.8 2.0 3.5 5.4 -502 -329 29 283 272
FSX101 2119 92.1 899 43 1.8 1.0 0.5 0.3 2.1 nd nd nd nd nd
FS3 nd 95.2 921 32 0.9 0.6 0.0 0.1 3.1 —447 =30 234 nd nd

GOR: gas-to-oil ratio; DI: dryness index; nd: not determined.

5. Discussion
5.1. Genesis and Migration Fractionation of Natural Gas

Natural gas comprises two types: thermogenic and microbial. Microbial gas results
from organic matter degradation at temperatures below 80 °C, while thermogenic gas forms
when organic matter thermally matures at temperatures above 65 °C [51,52]. Qiao et al.
(2022) found that the reservoir temperature exceeded 140 °C during two petroleum charging
periods in the northern part of the Dongying Depression [35]. This indicates that the area
is mainly thermogenic gas. This is further supported by the 313C; versus C1/(Cy + C3)
cross-plot, which predominantly places the sample points within the thermogenic zone
(Figure 8A).
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Figure 8. Several cross-plots of parameters related to compositions and carbon isotopes of natural
gas indicating gas origin and maturity, 313Cy vs. C1/(Cy + C3) (A), Ln(Cq /Cyp) vs. Ln(Cy/C3) (B)
(after [53]), Cp/C3 vs. §13C,-513C5 (C) (after [54]), reciprocal intersection of carbon isotope and carbon
number of natural gas (D).

Li et al. (2017) used measured natural gas data and experimental simulations to
introduce a cross-plot of Ln (C; /Cy) versus Ln (C,/C3) for distinguishing oil cracking gas
from kerogen degradation gas at high maturity [53]. The gas samples exhibit Ln (C; /Cy)
and Ln (C,/C3) ratios ranging from 2.71 to 3.99 and 0.43 to 1.65, respectively. These values
position the natural gas samples in the transitional zone between kerogen degradation
gas and oil cracking gas (Figure 8B), indicating that they likely represent a mixture of late
oil-cracking gas and early associated gas generated from organic matter.

Natural gas types can be distinguished using §'3C,-6'3C3 versus C,/Cj cross-plots,
including primary gas cracking, secondary oil cracking, secondary oil and gas cracking, and
secondary gas cracking [54]. The gas samples from Wells FS1-X1, FSX11, and YX229 align
with the zone of secondary oil cracking, while samples from Wells FS3, FS1, F8, and FS1-P1
are situated in the zone of secondary oil and gas cracking, indicating a higher maturity
(Figure 8C). The equivalent vitrinite reflectance (EqVRo) distribution of gas in this area
ranges from 0.9% to 1.5%.

Differences in 5!3C;_5 fractionation rates cause enrichment of low-molecular-weight
isotopes as migration distance increases, leading to carbon isotope migration fractiona-
tion [55,56]. Generally, methane undergoes more pronounced carbon isotope fractionation
during migration compared to C,_5 gas [57]. Cross-plots of carbon isotopes and the re-
ciprocal of carbon number for natural gas (Figure 8D) reveal that the majority of samples
exhibit a “convex type” distribution of methane isotopes, ranging from —50.4%o to —47.4%o,
indicating significant influence from migration fractionation [16]. Only the FS3 well exhibits
a “concave type” isotope distribution, with the heaviest methane isotope value of —44.66%..
This divergence is attributed to the FS3 well’s depth of 4753 m, proximity to the source
rock, and higher formation temperature, which have a greater impact on its isotope [58,59].

Furthermore, the analysis of other natural gas parameters, including the dryness
coefficient, methane carbon isotope, and gas—oil ratio, reveals a depth-related decrease,



Energies 2024, 17, 3734

12 of 19

Depth (m)

Dry gas
reservoir

indicating the presence of migration fractionation during the upward migration of natural
gas (Figure 9 and Table 5) [20]. The phases of petroleum transition from deep to shallow
include the gas phase, unsaturated condensate phase, and saturated condensate phase. Dur-
ing petroleum migration, the relevant parameters show corresponding changes: methane
terminal enrichment and carbon isotope fractionation.

A/B
FSX101

Condensate  Volatile oil Petroleum Gypsum .
reservoir reservoir migration direction and salt rock Ek2

Art

Figure 9. The deep reservoir profiles showing the migration fractionation during the upward
migration of deep natural gas in the northern part of the Dongying Depression.

5.2. Evaporative Fractionation on the Oil

In the process of evaporative fractionation, medium and light oil components migrate
out of the reservoir with the gas phase, leaving behind enriched heavy components in
the residual oil. Normally, the carbon number distribution of n-alkanes in oil follows a
linear pattern with the logarithm of the molar concentration of n-alkanes in the absence of
evaporative fractionation [60]. Nevertheless, Figure 10 illustrates a substantial depletion of
light n-alkanes, signaling evident evaporative fractionation in the reservoir.

Simulation experiments and geological sample analyses reveal that residual oil follow-
ing evaporative fractionation exhibits a high aromatic index and a low paraffin index [2].
Thompson (1987) introduced a B-F model diagram (Figure 11A) that utilizes aromatic index
(B, Tol/nCy) and paraffin index (F, nC;/MCH) to characterize diverse secondary actions
in petroleum reservoirs, considering the impact of thermal maturity, biodegradation, and
washing on these parameters [2]. The analyzed oil samples exhibit nC;/MCH values
ranging from 0.92 to 1.83, averaging 1.13, and Tol/nC; values ranging from 3.29 to 4.75,
averaging 4.01 (Figure 11B, Table 3). In comparison to the analysis of condensate samples
from the Xihu Depression in eastern China, an area with a similar geological background to
the study site and known for significant evaporative fractionation, it can be concluded that
the oil samples in this study have also experienced noticeable evaporative fractionation.
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5.3. Evaporative Fractionation on the Oil
5.3.1. Effect of Evaporative Fractionation on the Diamondoid Concentrations

Diamondoids, characterized by their robust thermal stability owing to their unique
carbon skeleton structures, find extensive utility in assessing oil maturity and cracking
levels [61-66].

Dahl et al. (1999) noted that the concentration of 3- + 4-methyldiamantane (MD)
increases with increased thermal cracking [63]. They utilized a cross-plot correlating
3- 4+ 4-MD concentration versus acocoi(20R)-Cypg sterane concentration to evaluate oil crack-
ing. In this cross-plot, the YX229 volatile oil exhibits a 3- + 4-MD concentration of 60.64 pug/g,
higher than that of condensate from deeper reservoirs (Figure 12A). This phenomenon
may be related to evaporative fractionation, supported by recent studies showing its sig-
nificant impact on diamondoid concentrations in oil. During evaporative fractionation,
diamondoids in the oil migrate out with light hydrocarbons [17,18,65,67]. Moldowan et al.
(2015) found that oil without evaporative fractionation maintains a consistent ratio of
1- + 2-methyladamantane (MA) to 3- + 4-MD [65]. However, during evaporative fractiona-
tion, the gas carries more 1- + 2-MA than 3- + 4-MD as it escapes from the oil reservoirs and
migrates. As shown in Figure 12B, FS1-X1 and FS1-P1 oils have ratios within the normal
range of (1- + 2-MA) to (3- + 4-MD), while FSX11, YX229, and Y22-X100 show deviations,
with YX229 having the most significant deviation. This suggests that the FS1-P1 oil reser-
voir, being deeper and closer to the source rocks, experienced the strongest evaporative
fractionation, resulting in a lower concentration of diamondoid molecules.
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Figure 12. Diamondoid parameter cross-plot, concentration of xax(20R)-Cyg sterane versus concen-
tration of (3- + 4-) MD (A) (after [63]), concentration of (1- + 2-) MA versus concentration of (3- + 4-)
MD (B) (after [65]), Change of MAI and MDI with evaporation fractionation intensity (C) (after [67]),
MDI versus VRo (D) (Source rocks data from [68]).

5.3.2. Effect of Evaporative Fractionation on the Diamondoid Ratios

Chen et al. (1996) introduced the methyldiamondoid index (MAI) defined as 100 x
1-MA/[1-MA + 2-MA] and the methyldiamondoid index (MDI) defined as 100 x 4-MD/[1-
MD + 3-MD + 4-MD] to serve as maturity indicators for highly mature oil [61]. They
also established quantitative relationships between these indices and vitrinite reflectance
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(VRo). Subsequent studies have demonstrated the greater reliability of MDI during thermal
evolution [69,70].

Li et al. (2014) conducted experiments related to evaporative fractionation in conden-
sate reservoirs [67]. They calculated MAI and MDI values based on these experiments. The
results revealed that MAI values decreased gradually with increasing levels of evaporative
fractionation, whereas MDI values exhibited minor fluctuations (£8.7%) during the entire
evaporative fractionation experiment (Figure 12C). Chen et al. (2008), in their examination
of deep source rock samples from the Dongying Depression, established a correlation
between MDI and vitrinite reflectance [68]. According to this relationship, the EqVRo
values of the oil samples in this study fall within the range of 1.55-1.82% (Figure 12D),
indicating their high maturity.

5.4. Genesis of Light Petroleum Reservoir in Dongying Depression

The mudstone in the Es4" of this study area primarily consists of types I and II organic
matter, indicating a high potential for hydrocarbon generation [36]. It was suggested that
the reservoir has undergone two oil filling events: the early filling of large amounts of
petroleum when the source rocks enter the oil generation window and the late filling of high-
maturity gas formed by the cracking of oil in deep reservoirs [35]. Drawing from previous
petroleum research in the northern Dongying Depression, the genesis and accumulation
patterns of various petroleum reservoir types in this region are summarized as follows:

Deep Dry Gas Reservoir: As reservoir depth and temperature increase, profound oil
cracking occurs in deep reservoirs, generating a significant volume of highly mature oil
cracking gas. Simultaneously, deep source rocks enter a high maturity stage, releasing a
relatively smaller amount of highly mature kerogen pyrolysis gas. The combination of
these two gas types gives rise to typical dry gas reservoirs, as exemplified by well FS3
(Figure 13A,B(®). Methane exhibits a §'3C value of —44.7%. and a methane percentage of
95.2%, indicating dry gas that has undergone substantial thermal cracking and fractionation.
Severe oil cracking primarily governs its formation.
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Figure 13. A diagram showing the gas invasion and fractionation model (A) and the dominant
controlling factors (B) for the deep light oil reservoirs. In both maps, a sequence of oil and gas
reservoirs that typically occur from deep to shallow in the basin is characterized.

Deep Volatile and Condensate Reservoirs: Oil-cracking gas from deep reservoirs
migrates into shallower oil reservoirs through fractures, resulting in the formation of light
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oil reservoirs (Figure 13A,B@-®). Variations in burial depth, associated pressure, and
temperature give rise to the transformation of these oil reservoirs into condensate and
volatile oil reservoirs. For example, F8 represents a condensate reservoir formed along a
fault (Figure 13A,B@®). It exhibits a CHy percentage of 81.5%, a §'3CHy value of —49.1%o,
and an oil density of 0.72 g/cm? (20 °C). FS1-P1 is another condensate reservoir formed
along carry beds (Figure 13A,B®) with a CH4 percentage of 78.6%, a §'*CHy value of
—47.4%0, and an oil density of 0.82 g/cm3 (20 °C). YX229 represents a volatile oil reservoir
(Figure 13A,B@®) with a CH4 percentage of 69.1%, a §'3CHy value of —50.2%0, and an oil
density of 0.82 g/cm? (20 °C).

Normal Oil Reservoir: Crude oil generated within the oil window migrates into traps,
forming reservoirs with limited or no influence from gas intrusion or fractionation caused
by deep oil cracking gas (Figure 13A,B(®). An illustration of this is well Y228, situated at a
depth of 4200 m and exhibiting an oil density of 0.84 g/cm? (20 °C).

Heavy Oil Reservoir: Crude oil migrates along the filling pathway into shallow traps,
accompanied by processes like strata uplift, denudation, biodegradation, oxidation, and
water washing. These shallow traps cause the loss of LMWH], resulting in the thickening of
crude oil (Figure 13A,B(®). For example, the FS5 well exhibits an oil density of 1.47 g/cm?
(20 °C).

Shallow Gas Reservoirs: Shallow depths may give rise to shallow biogenic natural gas
reservoirs. Additionally, poor preservation conditions within normal petroleum reservoirs
can lead to natural gas leakage and migration to shallow traps, forming gas reservoirs.
Tectonic uplift can reduce formation pressure, causing natural gas to be released from the
original reservoir and migrate to shallow traps (Figure 13A,B®).

6. Conclusions

Analysis of molecular and stable isotopic compositions indicates that the gas primarily
comprises late-filling oil-cracking gas, with a mixture of oil-associated gas generated during
the source rock’s “oil window” maturity. Methane exhibits a §'3C range of —50.4%o to
—44.7 %o, averaging —48.3%.. As natural gas migrated from deep to shallow, significant
migration fractionation occurred, resulting in a consistently low 5'C value.

Conventional biomarker analysis indicates a 20S/(20S + 20R) isomer distribution of
Cyg steranes ranging from 0.55 to 0.57, signifying the attainment of thermal equilibrium and
high oil maturity. The comparable contents of C;7 and Cpg steranes suggest a mixed source
of terrestrial and aquatic organic matter. Further analysis of light hydrocarbon parameters
(Tol/nCy, nC7/MCH) and the molar percentage of n-alkanes reveals the occurrence of
evaporative fractionation in the hydrocarbon reservoirs of this region.

Analysis reveals that evaporative fractionation significantly impacts diamondoid
concentrations. As evaporative fractionation intensifies, owing to differing gas solubilities
between 1- + 2-MA and 3- + 4-MD, a substantial proportion of 1- + 2-MA migrates and
re-aggregates, resulting in a relatively higher 3- + 4-MD concentration in the original
reservoirs. This process leads to the formation of accumulations with elevated levels of
1- + 2-MA and 3- + 4-MD in certain relatively shallow reservoirs. Methyladamantane index
(MALI) values decrease during evaporative fractionation, whereas the Methyldiamantane
index (MDI) remains relatively stable. This indicates that MAI cannot be applied to evaluate
oil maturity under the influence of strong evaporative fractionation. However, MDI can
effectively evaluate oil maturity.

This study underscores the critical role of evaporative fractionation in the formation
of deep condensate and volatile oil reservoirs. This is highly significant for deep and
ultra-deep petroleum exploration.
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