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A B S T R A C T

The reconstruction of the fluid phase evolution in deep condensate gas reservoirs can reveal the mechanism of 
condensate gas formation, facilitating the early formulation of drilling strategies. However, the complexity of 
petroleum fluid phase evolution during hydrocarbon generation, migration, and accumulation poses numerous 
challenges for the reconstruction process. Therefore, petroleum fluid inclusion analysis, PVT phase simulation, 
and basin modeling were used to achieve the reconstruction of phase states during key geological periods, 
elucidating the phase evolution of the deep condensate reservoirs in the Dongying Depression during the whole 
process. The modeled results show that the mature source rocks contributed to the charging and accumulation of 
liquid oils (38–14 Ma). Next, a low oil cracking conversion rate limited the increase of gaseous hydrocarbon 
fraction, so the accumulated hydrocarbons remained in a liquid phase (14–0 Ma). The late external gas inputs 
significantly increased the gas-oil ratio in the reservoirs, leading to the transition from the liquid oil phase to the 
condensate phase (5–0 Ma). The fluid compositions obtained from hydrocarbon inclusions and the physical 
properties of present-day condensates can effectively constrain basin modeling, leading to reliable simulation 
results. This work revealed that the hydrocarbon generation controls the initial hydrocarbon components in the 
traps for the phase evolution. Furthermore, the secondary alterations including oil cracking and gas inputs in
fluence the proportion of methane of petroleum in the deep reservoirs, which dominates the phase evolution. 
Deep petroleum fluid phase changes mainly require the molar ratio of the input gas more than 50%. A model was 
proposed to explain the formation of deep condensate reservoirs. A series of gas inputs and escape in the suc
cessive lithological traps controls an orderly phase change of deep petroleum, and the amount of deeper gas 
determines the range of the existence of condensate gas reservoirs. This study not only guides the exploration of 
deep condensate in the Dongying Depression but also offers a workflow for the research on the formation and 
evolution of condensate reservoirs in other global regions.

1. Introduction

Global condensate gas fields are found in the West Siberian Basin, 
Persian Gulf Basin, Gulf of Mexico Basin, and Tarim Basin (Novikov, 
2022; Milkov, 2010; Kamali et al., 2022; Thompson et al., 1990; Zhang 
et al., 2015). Condensate gas reservoirs produce both natural gas and 
condensate. These oils show significant economic value due to their low 
density and viscosity. Changes in temperature and pressure conditions in 
the reservoirs can induce the condensation of liquid from vapor, which is 
called retrograde condensation (Harrison et al., 2022; Igwe et al., 2022). 

This characteristic will bring challenges to production due to liquid 
condensate blocking flow channels (Haji-Savameri et al., 2020; Shi 
et al., 2022). Therefore, the reconstruction of the phase evolution of 
deep oil and gas is important as it can guide for predicting the distri
bution of condensates, facilitating the formulation of development 
strategies.

The phase behavior in petroleum fluids is tied to hydrocarbon 
composition, temperature, and pressure. Moreover, the hydrocarbon 
composition directly determines the phase envelope and critical point. 
Under varying temperature and pressure conditions, petroleum with the 
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same fluid composition can appear as liquid oil phase, condensate, or 
gas phases (Danesh, 1998; Di Primio and Horsfield, 2006). Variations in 
composition, temperature, and pressure may occur during hydrocarbon 
generation, migration, and accumulation (Hunt, 1990; Ungerer et al., 
1990; Abrams, 2005). For the oil and gas accumulated in traps, fluctu
ations in composition, temperature, and pressure driven by geological 
processes control the phase states. These geological processes can be 
classified into two categories: (1) effects on oil and gas composition, 
including water washing (Lafargue and Barker, 1988; Xiong et al., 
2019), biodegradation (Peters et al., 2005; Atlas and Hazen, 2011), 
crude oil cracking (Claypool and Mancini, 1989; Horsfield, 1992), 
evaporative fractionation (Thompson, 1988; Zhu et al., 2014), and TSR 
(Krouse et al., 1988; Zhang et al., 2019); (2) temperature and pressure 
reduction caused by uplift. In the case where the hydrocarbon compo
sition remains unchanged, as temperature and pressure decrease, oil or 
gas can transition from single phase to gas-liquid two-phase. The for
mation of condensate gas reservoirs requires traps to contain enough 
gaseous hydrocarbons in appropriate temperature and pressure envi
ronments, providing conditions for liquids to dissolve in gases (Danesh, 
1998). The main origins of gas condensate are (1) thermogenic 
condensate from the thermal degradation of kerogen or thermal 
cracking of oil (Zhang et al., 2015); (2) retrograde condensate from 
evaporative fractionation (Thompson, 2010); (3) paleo-oil pool mixed 
with late charged gases (Su et al., 2020). Additionally, the hydrocarbon 
phase behavior is commonly controlled by various factors under a 
complex geological context, adding to the challenges in reconstructing 
phase evolution.

Chen et al. (2019) discussed the in-situ fluid evolution in the deep 
light oil reservoir in the central Tarim Basin through PVT simulation and 
basin modeling. However, the influence of secondary alterations (e.g. 
crude oil cracking, water washing and TSR reaction) on hydrocarbon 
fluid composition was not considered. Di Primio and Horsfield (2006)
used the PhaseKinetics approach to determine the compositional evo
lution of fluids generated in source rocks and predicted the phase 
behavior in time and space using petroleum system models. Fu et al. 
(2019) combined thermal simulation experiments and PVT simulation 
to construct phase diagrams of products at different evolutionary stages 
to approximate the fluid phase behavior in the neighboring reservoirs. 
Qiao and Chen (2022) revealed the phase changes during oil cracking 
under high temperature and pressure conditions through thermal 
simulation experiments. Kuske et al. (2019) predicted the fluid physical 
properties and composition of oil and gas in the Eagle Ford Shale using 
the PhaseKinetics model calibrated by a regional PVT database. 
Although many studies have revealed the phase evolution using various 
methods, some have focused on the phase behaviors of hydrocarbons 
within source rocks or only analyzed the phase states of in-situ oil and 
gas over time, lacking comprehensive simulations of petroleum phase 
evolution under the influence of multiple geological processes.

In recent years, breakthroughs have been made in deep oil and gas 
exploration in the Dongying Depression. Well FS1 encountered a 
condensate gas reservoir in the nearshore subaqueous fan at 4400m in 
the fourth member of the Shahejie Formation, achieving high oil and gas 
production. With the deployment of multiple exploration wells, various 
oil and gas phase states have been discovered in the deep strata, 
covering dry gas, condensate, and liquid oil. Drilling results indicate the 
vertical and lateral distribution ranges of various types of petroleum are 
challenging to determine. A lack of understanding of the formation and 
evolution of the reservoirs hinders effective prediction of condensate 
distribution, which impacts drilling strategies, development plans, and 
geological reserve assessments. Therefore, this study aims to reconstruct 
the fluid phase evolution of deep condensate gas reservoirs using a 
combination of fluid inclusions, PVT simulation, and basin modeling. 
This work achieved the following aims: (1) to restore the composition, 
temperature, pressure information, and phase states at each evolu
tionary stage; (2) to check the effect of different geological processes on 
petroleum phase behavior, including hydrocarbon generation, oil 

cracking, and gas invasion; (3) to reveal the mechanisms of formation 
and distribution of deep condensate gas; (4) to provide a solution for 
addressing the deep condensate gas evolution issues in other regions 
globally.

2. Geological setting

2.1. Tectonics and sedimentology

Dongying Depression is regarded as one of the important petrolif
erous depressions in the Bohai Bay basin (Fig. 1a and b) (Wang et al., 
2019; Lei et al., 2024). The Dongying Depression is a faulted continental 
basin and is divided into 4 sags by faults, namely Minfeng Sag, Lijing 
Sag, Liuzhuang Sag, and Boxing Sag (Fig. 1b) (Hao et al., 2023). The 
study area is situated in the Minfeng Sag, characterized by a steep slope. 
The Dongying Depression underwent five stages of tectonic evolution 
(Song et al., 2021). (1) The early stage of fault depression (65–45 Ma). 
(2) The expansion stage of fault depression (45–35 Ma). (3) The stage of 
weakened fault activity (35–24.4 Ma). (4) The uplift and erosion stage 
(24.4–18 Ma). The uplift and denudation thickness averaged about 
300m. (5) The late subsidence stage (18–0 Ma). Active normal faults 
caused the continuous subsidence.

The Paleogene Kongdian (Ek), Paleogene Shahejie (Es), Paleogene 
Dongying (Ed), Neogene Guantao (Ng), Neogene Minghuazhen (Nm), 
and Quaternary Pingyuan (Qp) formations have been filled from the 
early Paleozoic to the present (Fig. 1d) (Song et al., 2019). The Shahejie 
Formation consists of 4 members, namely, the first member of the 
Shahejie Formation (Es1), the second member of the Shahejie Formation 
(Es2), the third member of the Shahejie Formation (Es3), the fourth 
member of the Shahejie Formation (Es4). The Es3 can be divided into the 
upper, middle, and lower parts. The Es4 is divided into the upper and 
lower parts based on lithology (Fig. 1d) (Wang et al., 2022). The Es4 is 
the target layer of this study, which is a typical continental saline 
environment, with lithology covering gray-black mudstone, sandstone, 
and conglomerate, and interbedded with grayish-white gypsum-salt 
rock and gray mudstone (Fig. 1d) (Liu, 2022). The sand body extends 
from the steep slope zone to the sag and covers a large area formed in a 
rapid depositional context (Fig. 1c).

2.2. Petroleum system

In this study, the fourth member of the Shahejie Formation (Es4) is 
the investigative interval, which is buried at a depth exceeding 3500m. 
The Dongying Depression was a huge saline lake during the sedimentary 
period of the Es4 (Jia et al., 2013). Therefore, the gray-black shale and 
gypseous mudstone are the main high-quality source rocks consisting of 
type I-II organic matter. More than 80% of the source rocks bear a total 
organic carbon (TOC) content greater than 2% with a high mature or 
over-mature stage (Liu, 2022). The nearshore subaqueous fan deposited 
in the steep slope zone provides traps and reservoirs for deep hydro
carbons. However, the porosity of pebbly sandstones in the middle fan 
ranges from 1.4% to 10.7%, and their permeability is between 0.02–27.6 
mD, showing a strong heterogeneity in physical properties. The porous 
pebbly sandstones have average values of porosity and permeability of 
6.8% and 1.42 mD, respectively, serving as the main reservoir (Song 
et al., 2019). The sandstones or mudstone interlayers with low perme
ability act as cap rocks to block the upward migration (Fig. 2). The 
proximal fan is dominated by muddy conglomerates with an average 
permeability of 0.21 mD, which prevents lateral hydrocarbon migration. 
As a result, the deep oil and gas are generated from the adjacent mature 
source rocks and migrated laterally into the middle fan sandstones (Yang 
et al., 2023). These seals are made of low permeability rocks formed 
around the reservoir, blocking the oil and gas inside the lithologic traps 
(Fig. 2). A variety of petroleum phases is developed vertically, including 
dry gas, condensate, and light oil (Fig. 2) (Wang et al., 2023). The wells 
FS1, FS1-X1, and FSX101 encountered deep condensate gas reservoirs 
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with a burial depth greater than 4300m (Fig. 2).

3. Methods and data

3.1. Sampling and data

This study collected 4 and 3 core samples from the condensate gas 
reservoirs of wells FS1 and FSX101, respectively. These samples were 
supported by Sinopec Shengli Oilfield (Fig. 2). Meanwhile, the oilfield 
provided the condensate samples from wells FS1, FS1-X1, and FSX101 
under the surface at a depth of approximately 4300m for a detailed PVT 
experiment to obtain hydrocarbon components (Fig. 2). The composi
tion information of the deep condensate gas will be employed to correct 
the simulated fluid phase state. Furthermore, Sinopec Shengli Oilfield 
provided test data that includes formation temperature and formation 
pressure. The vitrinite reflectance Ro of the deep source rocks was 
analyzed in the laboratory of the Shengli Oilfield. The physical prop
erties of condensates (density, viscosity, and GOR) were measured at the 
State Key Laboratory of Petroleum Resources and Engineering, China 
University of Petroleum (Beijing). This data will be used to calibrate the 
basin modeling for petroleum fluid phase reconstruction.

3.2. Fluid inclusion analysis

The core samples were finely ground into thin sections approxi
mately 100 μm in thickness and utilized for volumetric and micro
thermometric measurements conducted at the China National Nuclear 
Corporation (CNNC) Analytical Laboratory of the Beijing Research 
Institute of Uranium Geology (BRIUG). The prepared thin sections were 
observed using a standard Nikon 80I microscope equipped with an ul
traviolet light source. First, the host mineral of each inclusion was 
identified under transmitted light mode, followed by a switch to ultra
violet light mode to identify hydrocarbon inclusions. The occurrence 
and fluorescence color were recorded systematically. Furthermore, the 
diagenetic condition and period when the fluid was trapped can be 
determined based on the occurrence of inclusions. The fluorescent color 
of oil inclusions can indicate maturity (Hagemann and Hollerbach, 
1986; Stasiuk and Snowdon, 1997). As maturity increases, the fluores
cent colors take on a yellow, blue-green, blue-white, blue, and nonflu
orescent successively (Ping et al., 2017). In addition, the fluorescence 
color can indirectly reflect the fluid phase condition, as high-maturity 
petroleum usually has a high percentage of gas-phase components.

Homogenization temperatures (Th) of fluid inclusions were deter
mined by a LINKAM (THMS600) cooling-heating stage, and the mea
surement precision was within ±0.1 ◦C. The confocal laser scanning 

Fig. 1. (a) Location and simple structural pattern map of the Bohai Bay Basin. The Dongying Depression is located at the east of the Jiyang Super-depression, Bohai 
Bay basin. (b) Structural unit map of the top surface of the fourth member of the Shahejie Formation in the Dongying Depression. The study area is located in the 
northeast of the Dongying Depression and is marked by a dotted line. (c) Structural map and sand body distribution of the study area. The circles with colors indicate 
different production wells of deep petroleum, including gas, oil, and condensate. (d) Stratigraphic column and petroleum system elements of the Dongying 
Depression. The data of stratigraphical age refers to Yao et al. (2007).
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microscope (CLSM) was used to measure the volume of vapor phase to 
liquid phase within an individual oil inclusion at 20 ◦C to calculate the 
vapor filling degree (Fv) (Pironon et al., 1998; Aplin et al., 1990). The 
composition of an individual petroleum inclusion was modeled using the 
method proposed by Aplin et al. (1990). Based on the volumetric ratio of 
vapor and liquid of included petroleum (Fv) and its homogenization 
temperature (Thoil), an iteration of PVT properties can be used to 
calculate its composition, phase envelope, and isochore. The series of 
processes can be implemented in PVT simulation software. The pro
cedure and details of the calculation are referred to Aplin et al. (1990). 
Furthermore, the Th of coeval aqueous inclusion can be combined with 
the thermal burial history to determine the trapping time and depth of 
the inclusion. Therefore, based on the paleo reservoir temperature and 
pressure, the composition and phase envelope of the petroleum captured 
in different oil and gas charging periods can be obtained.

3.3. 2D basin modeling

3.3.1. Basin model construction
In this study, two-dimensional (2-D) basin modeling was performed 

to reconstruct the generation, migration, accumulation, and phase 
evolution of the deep condensate gas using the 2D module of PetroMod 
2016.1 software developed by Schlumberger. The south-north cross- 
section of a single fan body in the northern Dongying Depression was 
selected to minimize hydrocarbon lateral migration and leakage (Fig. 2). 
This profile covers several types of petroleum reservoirs, especially deep 
condensate, and includes other petroleum system elements.

A series of customized mixing lithology was constructed for the 2D 
model and the details of mixing are shown in Table 1. Next, the facies 
definition was carried out, which is essential for a realistic simulation. 
The term “facies” contains lithology, source rock geochemical parame
ters, and hydrocarbon generation kinetics. It is used to assign geological 
properties to different locations in the simulated profile. The gold tube 
thermal simulation of the low mature Es4 source rock (type I kerogen) in 
the Dongying Depression was conducted by Sun et al. (2019) to obtain 
the kinetic parameters. The average activation energy of the Es4 source 
rock is 53 kcal/mol with a frequency factor A of 5.00E+15 s− 1, which is 
similar to the boghead coal sample of the United States from lacustrine 

depositional environments. Meanwhile, the burial depth of the Es4 
source rock is over 3500m with the maturity ranging from mature to 
over-mature. Hydrocarbon secondary cracking at high maturity stages 
should be considered. Therefore, the T1_Boghead_coal compositional 
kinetics model combined with a secondary cracking model was selected 
to simulate the petroleum composition during generation and thermal 
cracking (Fig. 3) (Di Primio and Horsfield, 2006; Kauerauf and Hant
schel, 2009). The TOC and HI data of the Es4 source rock were derived 
from the Shengling Oilfield. Based on the deep hydrocarbon accumu
lation simulation, nine types of facies were defined and are listed in 
Table 2. The naming of facies used lithology plus sedimentary envi
ronment. Furthermore, the sedimentary strata were divided into several 
sublayers to enhance the simulation resolution, showing the vertical 
variation in the same formation. Based on the well-logging and core 
data, the two-dimensional geological model was constructed through 
facies assignment (Fig. 4). Meanwhile, the trap-filling model has been 
characterized according to the understanding of the petroleum system 
and the sedimentary facies. The porous sandstones within the middle fan 
are sealed by low-permeability proximal fan muddy conglomerate, 
mudstone, and gypsum-salt rocks, forming lithologic traps (Song et al., 
2019). The oil and gas in the trap can escape from the spill point and 
migrate upward (Fig. 4b). These stacked traps develop at the edges of the 
depression. The location marked by a yellow star indicates the 
condensate gas reservoirs for phase evolution reconstruction in this 
study.

Fig. 2. Petroleum system of deep hydrocarbons in the Dongying Depression. Oil and gas are accumulated in the pebbly sandstones of the middle fan and generated 
from the lateral lacustrine mudstones. Lithologic traps are widely developed due to the heterogeneity in reservoir physical properties. Well FS1-X1 was projected onto 
this profile.

Table 1 
The customized lithology for 2D basin modeling of the Dongying depression.

Customized lithology Lithology and ratio for mixing

Argillaceous 
sandstone

70% sandstone (typical) + 30% shale (organic lean, typical)

Pebbly sandstone 75% sandstone (typical) + 25% conglomerate (typical)
Sandy mudstone 30% sandstone (typical) + 70% shale (typical)
Muddy conglomerate 60% conglomerate (typical) + 40% shale (organic lean, 

typical)
Gypseous mudstone 70% shale (organic-rich, 3% TOC) + 30% gypsum
Argillaceous gypsum 65% gypsum + 30% shale (typical)
Gypsolyte-salt rock 55% gypsum + 45% salt
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3.3.2. Parameters for modeling
The stratigraphic ages were derived from Yao et al. (2007). The 

paleo-water depth data of the Dongying Sag utilized in the simulation 
were obtained from Bo (2008). The sedimentary water interface tem
perature (SWIT) values can be calculated from the sea level temperature 
after a transformation that corrects the surface temperature against the 
paleo water depth (Peters et al., 2017). In this study, the Dongying 
Depression is located in the Northern Hemisphere at a latitude of 35◦ in 
Eastern Asia and the SWIT values were obtained by automatic trans
formation in the PetroMod software. The EASY% Ro model was utilized 
to calculate the vitrinite reflectance (Ro) (Sweeney and Burnham, 1990). 
The heat flow values were referred from Bo (2008) and the thermal 
parameters were adjusted to match the present-day formation temper
ature and Ro data. The migration method used in the 2D basin modeling 
is the combined approach, which uses Darcy flow in low permeability 
units and invasion percolation in high permeability units such as carriers 
and reservoir beds (Hantschel and Kauerauf, 2009; Baur et al., 2011).

3.4. Fluid phase simulation

PVTsim 20 software developed by Calsep was used to calculate the 
phase envelope, critical temperature, and critical pressure. The Soave- 

Redlich-Kwong equation of state (SRK-EoS) was selected in the PVT 
simulation (Soave, 1972). Based on the composition (Mol%), molar 
mass, and liquid density of hydrocarbon components, the fluid database 
was constructed and different heavy reservoir fluids were characterized 
to a unique set of pseudo-components, which is advantageous for 
compositional simulation. Here, the components of reservoired 
condensate were obtained from the PVT experiment in the laboratory, 
and the numerical simulation results in the software should be consis
tent with the experimental data. Furthermore, the phase states of oil 
inclusions were reconstructed based on the composition, 
paleo-temperature, and paleo-pressure. The temperature and pressure 
evolution can be obtained from the basin modeling results.

Due to the introduction of the compositional kinetic and secondary 
cracking model into basin modeling, the simulated fluid composition 
was described as 14 components, including methane (CH4), ethane 
(C2H6), propane (C3H8), i-butane (i-C4H10), n-butane (n-C4H10), i- 
pentane (i-C5H12), n-pentane (n-C5H12), n-hexane (n-C6H14), and 6 
pseudo-components (Fig. 3). The six pseudo-component PK_P10, 
PK_P20, PK_P30, PK_P40, PK_P50, and PK_P60+ grouped C7-15, C16-25, 
C26-35, C36-45, C46-55, and C56-80 carbon number ranges, respectively. The 
fluid phase variation of the deep reservoir during hydrocarbon 
generation-migration-accumulation was simulated by defining the 

Fig. 3. (a) The primary cracking kinetic model of the lacustrine boghead coal from the United States (Di Primio and Horsfield, 2006); (b) Secondary cracking kinetic 
parameters of the heavy hydrocarbon components (Kauerauf and Hantschel, 2009).

Table 2 
The defined facies showing different lithology and geochemical parameters. The T1_Boghead_Coal_Crack kinetic model was chosen for primary hydrocarbon gen
eration simulation. The term source rock is abbreviated as SR.

Facies name Lithology Kinetics TOC (%) HI (mgHC/gTOC) Petroleum system elements

Quaternary mudstone_facies Shale (organic lean, silty) ​ ​ ​ Seal rock
Fluvial and deltaic argillaceous sandstone_facies Argillaceous sandstone ​ ​ ​ Reservoir rock
Freshwater deep lacustrine mudstone_facies Shale (organic-rich, 3% TOC) T1_Boghead_Coal_Crack 5.5 544 Source rock
Saline lacustrine mudstone_facies Gypseous mudstone T1_Boghead_Coal_Crack 5 495 Source rock
Freshwater shallow lacustrine mudstone_facies Sandy mudstone T1_Boghead_Coal_Crack 3.5 443 Source rock
Saline lacustrine evaporite_facies Gypsolyte-salt rock ​ ​ ​ Seal rock
Saline lacustrine argillaceous evaporite_facies Argillaceous gypsum ​ ​ ​ Seal rock
Middle fan and distal fan sandstone_facies Pebbly sandstone ​ ​ ​ Reservoir rock
Proximal fan conglomerate_facies Muddy conglomerate ​ ​ ​ Seal rock
Gneiss basement_facies Gneiss ​ ​ ​ Underburden rock
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pseudo-components.

3.5. Workflow of fluid phase evolution reconstruction

The primary approach to reconstructing the fluid evolution of deep 
condensate gas reservoirs involves utilizing the compositions of oil in
clusions and the high-pressure physical properties of current conden
sates as the point information on the evolutional sequence to constrain 
the basin model, thereby obtaining a reliable complete fluid phase 
evolution process (Fig. 5). The detailed processes are as follows. 

(1) Identify oil inclusions and coexisting aqueous inclusions in deep 
condensate gas reservoirs. The Fv and Thoil of an individual pe
troleum inclusion are brought into the petroleum inclusion 
thermodynamic model to calculate the hydrocarbon composition, 
while the PVT simulation software is applied to calculate the 
phase diagram and critical point.

(2) The forming period and fluid phase types of the hydrocarbon 
inclusions are identified based on the occurrence and fluorescent 
color. The trapping time of oil inclusion is determined by 
combing the Thaqu and burial and thermal histories derived from 
basin modeling. The petroleum phase state in the reservoir during 
the trapping period is identified through the phase envelope of 
the included oil and the paleo-temperature and pressure.

(3) Establish a basin model with appropriate compositional kinetics 
and secondary cracking kinetics to simulate the reservoired hy
drocarbon components during hydrocarbon generation, migra
tion, and accumulation. The condensate compositional data, 
density (20 ◦C, 0.101 MPa), viscosity (20 ◦C, 0.101 MPa), and 
gas-oil ratio (GOR) are used to calibrate the modeled present-day 
oil and gas. The simulated compositions of different geological 
periods are constrained by the component information obtained 
from petroleum inclusions.

(4) Adjust the parameters of the basin model until the simulated 
values match the inclusion data and the wellstream sample data. 
The final reconstructed phase evolution of deep condensate gas is 
obtained. The detailed adjustments and measured data for cali
brating the basin model are presented in Section 4.3.1.

4. Results

4.1. Fluid characteristics of present-day condensate gas reservoir

The phase envelope calculations and the petroleum samples of the 3 
wells were obtained from condensate gas reservoirs with similar depths 
and reservoir conditions (formation temperature and pressure). 
Furthermore, the density of these fluids ranges from 0.77 g/cm3 to 0.78 
g/cm3 at standard temperature and pressure. The wellstream sample 
from well FSX101 has a relatively high viscosity of 1.62 mPa s compared 
to the other two wells. The fluid samples have the measured gas-oil 
ratios over 2000 m3/m3, among which well FS1 has the highest value, 
reaching 2857 m3/m3 (Table 3). Thus, drilling in the deep reservoirs 
often produces both oil and natural gas with a high proportion of natural 
gas.

The hydrocarbon compositions and PVT properties of these 3 pe
troleum samples are shown in Table 4 and Table 5, respectively. The 
critical point was not calculated for the sample from well FSX101, 
probably because the condensate contains few heavy components and 
the critical temperature is low. The heavy components would convert to 
solids at low temperatures, making it impossible to calculate the critical 
point. Meanwhile, the cricondenbar and cricondentherm of hydrocar
bon fluids in well FSX101 are higher than those in FS1 and FS1-X1 
(Table 4). The petroleum composition indicates that the deep petro
leum in the three wells is all condensate gas (Fig. 6a). These fluid 
samples are considered to maintain a condensate gas phase under 
reservoir conditions (Fig. 6b, c, d).

4.2. Fluid phase reconstruction of petroleum inclusions

4.2.1. Fluid inclusion petrography and microthermometry
In the deep condensate gas reservoirs of the Dongying Depression, a 

large number of fluid inclusions are developed. A total of 61 inclusions 
were identified and measured under the microscope in this study. 
Feldspar is the main host mineral for petroleum inclusions (Fig. 7). The 
reservoir mostly contains gas-liquid phase hydrocarbon inclusions, with 
hydrocarbons mainly filling the dissolution pores of feldspars (Fig. 7c1, 
d1, f1, g1, h1). A small portion of hydrocarbons are trapped in secondary 
microfractures of quartz and calcite cement (Fig. 7a1, b1, e1). Numerous 
coeval brine inclusions with similar occurrences surround the 

Fig. 4. (a) The constructed 2D geological model showing the strata and facies. The stratigraphic framework is based on the seismic interpretation from the oilfield. 
Well FS1-X1 is projected on the profile. The profile location is shown in Fig. 1. (b) The trap-filling model is developed based on the petroleum system and sedimentary 
facies of the northern Dongying Depression, showing the petroleum accumulation and spilling. The burial depth of the simulated reservoir is consistent with the 
present condensate pools (~4320 m).
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hydrocarbon inclusions (Fig. 7). Additionally, under fluorescence mode, 
hydrocarbon inclusions with yellow, blue-green, blue-white, and blue 
fluorescence were observed (Fig. 7). The fluid inclusions were classified 
based on their fluorescence colors, and microthermometry was con
ducted on the petroleum inclusions and coeval aqueous inclusions. The 

results show that the temperatures of the yellow fluorescent oil in
clusions homogenized to a vapor phase ranged from 120 ◦C to 135 ◦C. 
The homogenization of the vapor bubbles into a single phase in their 
coeval aqueous fluid inclusions occurred between 140 ◦C and 160 ◦C 
(Fig. 8a). The homogenization temperatures of the blue-green 

Fig. 5. The basic workflow for phase evolution reconstruction.

Table 3 
The physical properties of condensate gas samples from wells FS1, FS1-X1, and FSX101 in a standard condition (20 ◦C, 0.101 MPa).

Well name Depth of the middle part of reservoirs (m) Reservoir temperature (◦C) Reservoir pressure (MPa) Density (g/cm3) Viscosity (mPa⋅s) GOR (m3/m3)

FS1 4330 185 43.9 0.78 0.72 2857
FS1-X1 4285 171 42.7 0.77 0.81 2048
FSX101 4241 165 42.2 0.78 1.62 2250

Table 4 
The PVT properties of condensate gas samples from wells FS1, FS1-X1, and FSX101 derived from the PVT experiment.

Well 
name

Depth of the middle part of 
reservoirs (m)

Dew point pressure at formation 
temperature (MPa)

Critical pressure 
(MPa)

Critical temperature 
(◦C)

Cricondenbar 
(MPa)

Cricondentherm 
(◦C)

FS1 4330 35.10 34.02 58.16 36.86 358.1
FS1-X1 4285 22.29 22.43 41.15 24.19 273.84
FSX101 4241 41.66 \ \ 42.97 370.9
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fluorescent oil inclusions and coeval brine inclusions range from 125 ◦C 
to 140 ◦C and from 145 ◦C to 165 ◦C, respectively (Fig. 8b). The aqueous 
fluid inclusions coexisting with the blue-white fluorescent inclusions 
homogenized to mono-phase liquid at the temperatures between 145 ◦C 
and 165 ◦C. Furthermore, the homogenization temperatures of these 
petroleum inclusions ranged from 135 ◦C to 150 ◦C (Fig. 8c). The vapor 
bubbles disappeared in the blue fluorescent inclusions at temperatures 
between 150 and 160 ◦C, and the coeval brine inclusions homogenized 
to a single phase at temperatures ranging from 175 to 185 ◦C (Fig. 8d).

A total of 8 petroleum inclusions with various fluorescence colors 
were selected for the determination of the gas-liquid volume ratio at 
room temperature. The microthermometry results and the degrees of gas 
bubble filling (Fv) are shown in Table 6. Yellow fluorescence was 
observed in inclusion 1, with a gas phase volume fraction of 16.17% 
(Fig. 7a1, a2). Inclusion 2 and 3 exhibit blue-green fluorescence, with gas 
filling degrees of 19.77% and 22.94%, respectively (Fig. 7b1, b2, c1, c2). 
Inclusions 4 and 5 show blue-white fluorescence with gas-liquid volume 
ratios of 31.58% and 27.23%, respectively (Fig. 7d1, d2, e1, e2). The 
bubbles in blue fluorescent oil inclusions can occupy up to 50% of the 
volume, represented by inclusions 6 and 7 (Fig. 7f1, f2, g1, g2). The 
bubble volume ratio of inclusion 8 was 44.86% (Fig. 7h1, h2). In the 
study conducted by Ping et al. (2012), a sample with the Fv reaching 
72.5% was measured in the condensate gas reservoir of well FS1 and 
designated as inclusion 9.

4.2.2. Hydrocarbon compositions and trapping time of petroleum inclusions
Hydrocarbon fluid inclusions serve as a valuable source of paleo- 

fluid information, enabling the determination of paleo-temperature, 
paleo-pressure, and fluid composition. The composition information of 
the above 9 hydrocarbon inclusions was reconstructed based on the 
petroleum inclusion thermodynamics. From yellow inclusion 1 to blue 

inclusion 9, the methane content increases from ~40% to ~80%, while 
the proportion of heavy hydrocarbons (C11+) decreases gradually from 
~20% to ~5% (Fig. 9a, Table 7). The fluorescence color of oil inclusions 
is correlated with hydrocarbon composition, shifting from yellow to 
blue-green, blue-white, and blue as heavy components decrease and 
light components increase. This phenomenon is in line with the findings 
of Goldstein and Reynolds (1994).

Temperature, pressure, and composition are key parameters deter
mining the phase behavior of oil and gas. Basin modeling was utilized to 
reconstruct the ancient pressures and temperatures at the time of fluid 
inclusion formation (Fig. 9c and d). The information regarding the 
calibration of basin modeling can be found in Section 4.3.1. Generally, 
the homogenization temperature of brine inclusions coexisting with 
petroleum inclusions, combined with burial and thermal histories, can 
determine the trapping time for oil inclusions, although this result may 
be ambiguous (Guo et al., 2012; Volk and George, 2019) Therefore, the 
trapping time needs to be constrained by reservoir diagenesis and fluid 
inclusion petrography to eliminate interpretational ambiguity 
(Goldstein, 2001). Yellow oil inclusions formed between ~39.8 Ma and 
~38.7 Ma, corresponding to the early period of the first phase of hy
drocarbon generation. Blue-green oils were trapped from ~36.7 Ma to 
24.7 Ma. The trapping time of blue-white fluorescent inclusions ranged 
from ~24 Ma to ~18 Ma, coinciding with the late period of the first 
phase of hydrocarbon generation, during the uplift and erosion event of 
the Dongying Depression, facilitating hydrocarbon release and migra
tion (Guo et al., 2020). The blue fluorescent oil inclusions were trapped 
during the period of 5–0 Ma (Table 6, Fig. 9c).

Trapped petroleum fluid phases can be identified by combining 
phase diagrams with temperature-pressure data. The phase diagrams 
reconstructed using PVT simulation software based on the component 
data show that the petroleum in yellow fluorescent inclusion 1 displays a 

Table 5 
The compositional data of the wellstream from the condensate gas reservoirs of wells FS1, FS1-X1, and FSX101.

Well 
name

Depth of the middle part of reservoirs 
(m)

Component (Mol, %)

N2 CO2 C1 C2 C3 iC4 nC4 iC5 nC5 C6 C7 C8 C9 C10 C11+

FS1 4330 0.35 6.80 81.76 3.44 1.70 0.33 0.66 0.54 0.51 1.80 0.99 0.21 0.14 0.12 0.68
FS1-X1 4285 3.23 0.75 71.15 5.73 4.57 1.67 3.17 1.86 1.56 3.11 1.44 0.32 0.24 0.21 0.98
FSX101 4241 / 3.43 81.40 8.99 1.71 0.25 0.50 0.14 0.16 0.28 0.22 0.37 0.51 0.38 1.67

Fig. 6. (a) A triangle method for fluid phase discrimination by petroleum compositions. (b–d) The phase envelopes of the petroleum samples from wells FS1-X1, 
FSX101, and FS1, showing the critical temperature and pressure. Based on the phase diagrams, these fluids remained in condensate phase states under the reser
voir conditions.
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high critical temperature and a low critical pressure. This suggests the 
early heavy oil was trapped by inclusion 1 around 39Ma (Fig. 9b and c). 
Inclusions 2 and 3 show a decrease in critical temperature and an in
crease in critical temperature compared to inclusion 1, with the phase 
envelope line stretching upwards. The included hydrocarbon fluids were 
trapped in a liquid phase between ~31 Ma and ~25 Ma (Fig. 9b and c). 
The phase diagrams of inclusions 4 and 5 show the critical points 
shifting towards the upper left, indicating the trapped unsaturated light 
oil during the uplift and erosion period (24–20 Ma) (Fig. 9b and c). The 
phase diagrams of blue fluorescent inclusions 6, 7, and 8 indicate a 
variety of fluid phase states between ~3 Ma and 2 Ma (Fig. 9b and d). 
The included petroleum in inclusions 6 and 8 remained in a liquid phase 
with characteristics similar to volatile oil. The paleo-reservoir temper
atures of inclusion 7 and 9 are significantly higher than the critical 
temperatures, and the pressures are above the dew point line, indicating 
that the trapped petroleum was in a condensate gas phase. Compared to 
the phase diagram of inclusion 7, inclusion 9 shows a notable reduction 
in critical temperature and pressure, with the critical point dropping to 
the lowest value region (Fig. 9b). The oil inclusions formed in the second 
phase of hydrocarbon generation mark a critical phase transition period 
in the deep oil and gas reservoirs.

4.3. 2D basin modeling

4.3.1. Calibration of the basin modeling
Thermal calibration is crucial for a 2D basin model to yield reason

able results. The vitrinite reflectance curve calculated by the EASY Ro 
model fits well with the measured data from well FS1 and neighboring 
wells, achieved by adjusting the value of heat flow and the thermal 

conductivity of rocks (Fig. 10a). Additionally, the simulated tempera
ture trend closely matches the measured formation temperatures 
(Fig. 10a), indicating that the established basin model can effectively 
evaluate the thermal evolution history and the timing of hydrocarbon 
generation and expulsion. The petroleum physical properties are 
important indicators of fluid phase behavior. When the modeled phys
ical properties are similar to the sample data, the calculated fluid 
compositions can be more reliable. These physical properties are highly 
related to hydrocarbon generation kinetics and thermal conditions. 
Thus, reasonable kinetics and calibrated thermal parameters are 
important for fluid phase modeling. The modeled density of the present- 
day condensate at 20 ◦C and 1atm is 800 kg/m3 (0.8 g/cm3), with a 
viscosity of 2.08 mPa s and a gas-oil ratio of 2137 m3/m3, which is 
similar to the physical properties of the wellstream fluids from wells FS1, 
FS1-X1 and FSX101 (Fig. 10b, c, d, Table 3). Additionally, the evolution 
curves of physical parameters show rapid increases or decreases after 5 
Ma. The fluid composition directly determines the phase envelope, 
making phase diagrams as the parameters with high constraints on the 
results of 2D basin simulation. Thus, adjusting the parameters related to 
expulsion and migration until the simulated condensate gas phase dia
gram matched the phase diagrams of the condensate oil sample and 
petroleum inclusion 9. Key parameters include the mechanical 
compaction curve, the relationship between porosity and permeability, 
and capillary entry pressure (preferably based on experimental data). 
These parameters influence the efficiency of hydrocarbon expulsion and 
migration. Based on the trap-filling model and the simulated hydro
carbon compositions, adjustments are made to the expulsion and 
charging volumes to change the composition. Fig. 10e shows that the 
deep condensate gas phase diagram generated by the 2D model is similar 

Fig. 7. Photomicrographs showing occurrence and fluorescent color of the representative petroleum fluid inclusions and brine inclusions in plane-polarized light 
(PPL; a1, b1, c1, d1, e1, f1, g1, h1) and ultraviolet light (UV; a2, b2, c2, d2, e2, f2, g2, h2) from the deep condensate gas reservoirs in the Dongying Depression. In this 
figure, x1 and x2 are in the same field of view (x = a, b, c, d, e, f, g, h). (1) a1 and a2 show a two-phase yellow fluorescent petroleum inclusion in a healed 
microfracture of quartz in the well FS1. (2) b1 and b2 show a petroleum inclusion hosted in calcite cement that has blue-green fluorescence under UV in the well FS1. 
(3) c1 and c2 show a blue-green fluorescent petroleum inclusion in a healed dissolution pore of feldspar in the well FS1. (4) d1 and d2 show a petroleum inclusion in a 
healed dissolution pore of feldspar, with a gas bubble and blue-white fluorescing oil in the well FS1. (5) e1 and e2 show a two-phase blue-white petroleum inclusion 
hosted in calcite cement in the well FS1. (6) f1 and f2, g1 and g2, and h1 and h2 all show two-phase petroleum inclusions displaying intense blue fluorescence color 
hosted in feldspar in the well FSX101.
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to the phase diagrams of the oil sample and petroleum inclusion. 
Furthermore, the hydrocarbon component distribution of the investi
gated reservoir obtained through basin modeling and the reconstruction 
of petroleum inclusions exhibit remarkable similarity, with a high de
gree of resemblance observed between the calculated phase envelopes 
(Fig. 11). Similarly, by adjusting the parameters mentioned above, the 
output compositions from different geological periods are consistent 
with the petroleum inclusions. The validity of the output results is 
evaluated by analyzing the correlation coefficients between the 
normalized components of both datasets. With constraints from various 
parameters, it is believed that the reconstructed deep condensate gas 
phase evolution by this method is credible.

4.3.2. Hydrocarbon phase evolution
In this study, the fluid phase evolution of deep condensate gas res

ervoirs was reconstructed based on the hydrocarbon generation history 
and structural evolution history, focusing on the phase behaviors during 
petroleum migration and charging. The simulation results at each 
evolutionary period are as follows. 

(1) ~39Ma to 36.8Ma: During the subsidence period, the majority of 
mudstones in the Es4 reached the oil window, leading to the 
generation of liquid petroleum. Additionally, natural gas gener
ation occurred at depths exceeding 4000m. Oil charged into 
adjacent sandstone reservoirs and migrated towards the shallow 
parts of the sandstone fan body under buoyancy (Fig. 12a). The 
gas migration in the sand body was forced by overpressure and 
buoyancy (Fig. 12a). However, the upward migration range was 
limited and did not reach the simulated reservoir. Hydrocarbons 
in the simulated reservoir remained a liquid phase (Fig. 11b). 
During this period, the changes in phase envelopes and the 
movement of critical points indicate an increase in light compo
nents due to enhanced maturity (Fig. 12b). The molar content of 
CH4 increased by ~10% but cannot induce a hydrocarbon fluid 
phase transition (Fig. 11a and b).

(2) ~24.4Ma: The strata reached the maximum burial depth during 
this period. The source rocks of the lower part of the Es4 gener
ated oil and gas (Ro > 1.0%). Meanwhile, a substantial volume of 
natural gas migrated upward, progressively filling the traps by 

Fig. 8. Histograms of homogenization temperature of petroleum inclusions with different fluorescent colors and coeval aqueous inclusions from the deep condensate 
gas reservoirs in the Dongying Depression.

Table 6 
Microthermometry data and petrographic features of the eight oil inclusions and coeval aqueous fluid inclusions. The gas filling degrees were measured for the pe
troleum inclusions.

Number Well name Depth (m) Lithology Occurrence Fluorescence color Thoil (◦C) Thaqu (◦C) Fv (%) Trapping time (Ma)

Inclusion 1 FS1 4349.7 Pebby sandstone Microfracture in quartz Yellow 128 148–150 16.17 39.2
Inclusion 2 FS1 4348.5 Fine sandstone Calcite cement Blue-green 134 152–155 19.77 31.6
Inclusion 3 FS1 4348.5 Fine sandstone Feldspar dissolution pore Blue-green 131 159–160 22.94 25.2
Inclusion 4 FS1 4322.9 Pebby sandstone Feldspar dissolution pore Blue-white 137 151–153 31.58 20.1
Inclusion 5 FS1 4322.9 Pebby sandstone Calcite cement Blue-white 140 157–158 27.23 23.6
Inclusion 6 FSX101 4530.8 Conglomerate Feldspar grain Blue 156 177 55.39 2.8
Inclusion 7 FSX101 4528.5 Pebby sandstone Feldspar grain Blue 158 178 57.49 2.4
Inclusion 8 FSX101 4528.5 Pebby sandstone Feldspar grain Blue 156 171 44.87 2.4
Inclusion 9a FS1 4321.7 Pebby sandstone Quartz grain Blue 150.3 178.7 72.50 2

a The measured results of the inclusion 9 were obtained from Ping et al. (2012).
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steps. The mixing of oil and gas in these traps resulted in the 
formation of gas caps in some of the early-formed oil reservoirs 
(Fig. 12c). During this period, most of the mudstones continued to 
expel liquid hydrocarbons into adjacent traps, where liquid hy
drocarbons were accumulating in traps at depths greater than 
4000 m. The petroleum in the simulated reservoir remained in 
the liquid phase, with an increase of gaseous hydrocarbons, 
exhibiting characteristics of light oil (Fig. 12d). This indicates 
that as maturity increases, the components of the liquid hydro
carbons become lighter.

(3) ~14Ma: The overall uplift and erosion induced a weakening or 
cessation of hydrocarbon generation. The release of overlying 

stress increased the pressure difference between the source rock 
and reservoir, driving the retained oil and gas expulsion and 
migration. Meanwhile, the uplift event also led to the expansion 
of gas vertical migration range (Fig. 12e). The phase envelope of 
the simulated reservoir is similar to that at 24.4 Ma. The reduced 
formation pressure is close to the bubble point curve (Fig. 12f)

(4) ~5Ma to 0Ma: The Dongying Depression underwent the second 
subsidence. The transition from liquid phase to gas phase can be 
observed in the simulated reservoir by comparing the phase di
agrams in Fig. 12h with Fig. 12j. After 5Ma, natural gas migrated 
along the stacked sand bodies to the simulated interval. Mean
while, the ability of source rocks to generate liquid hydrocarbons 

Fig. 9. Hydrocarbon compositions, phase envelopes, trapping time, and trapping temperature-pressure conditions of oil inclusions from the condensate gas reservoir 
reconstructed by petroleum inclusion thermodynamics and basin modeling. (a) The molar fraction of the petroleum components of each measured inclusion. The 
different colors indicate the fluorescent color of the corresponding inclusions. (b) The phase envelopes and critical points of petroleum inclusions with different 
fluorescent colors. The phase state of the hydrocarbon fluid was determined by combining the temperature-pressure condition and the phase diagram when the 
inclusion was trapped. The R1-R9 points indicate the reservoir conditions during the formation of inclusion 1–8. The Cp-1 and Pm-1 represent the critical point and 
the cricondenbar of the inclusion 1, respectively. (c) The burial and thermal histories of well FS1, showing the trapping time of the petroleum inclusions. (d) The 
formation temperature and pressure evolution line for the determination of the paleo reservoir conditions when the petroleum inclusions were formed.

Table 7 
Hydrocarbon components derived from petroleum inclusions in molar fraction (Mol, %).

Component Inclusion 1 Inclusion 2 Inclusion 3 Inclusion 4 Inclusion 5 Inclusion 6 Inclusion 7 Inclusion 8 Inclusion 9

N2 0.5 0.6 0.7 0.8 0.7 2.3 2.3 2.2 ​
CO2 0.6 0.7 0.8 0.9 0.9 0.7 0.8 0.7 ​
C1 38.5 41.3 48.4 56.9 52.9 68.4 70.4 64.9 77.6
C2 3.5 3.7 4.2 4.8 4.5 5.4 5.5 5.1 7.6
C3 3.0 3.0 3.2 3.4 3.3 3.7 3.8 3.6 4.0
iC4 1.0 1.0 1.0 1.0 1.0 1.1 1.1 1.0 0.7
nC4 2.8 2.5 2.5 2.4 2.4 2.2 2.2 2.1 1.5
iC5 2.5 2.3 2.1 1.8 1.9 1.2 1.2 1.2 0.8
nC5 2.9 2.5 2.3 2.0 2.1 1.1 1.1 1.1 1.2
C6 11.1 10.0 8.5 6.7 7.5 3.5 3.3 4.0 1.0
C7 7.1 6.6 5.5 4.1 4.8 2.8 2.4 3.5 1.0
C8 1.7 1.7 1.4 1.0 1.2 0.9 0.7 1.2 0.8
C9 1.3 1.4 1.1 0.8 1.0 0.8 0.6 1.1 0.7
C10 1.1 1.3 1.1 0.8 0.9 0.7 0.5 0.9 0.6
C11+ 22.4 21.4 17.4 12.6 14.9 5.2 4.0 7.3 2.5
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diminished (Fig. 12g and i). The phase envelope lines signifi
cantly shifted to the left, with a rapid decrease in critical tem
perature and pressure, indicating a substantial increase of 
gaseous hydrocarbon. At present, the temperature and pressure of 
the simulated reservoir surpass the critical condition, which 
confirms the condensate gas accumulation (Fig. 12j).

5. Discussion

5.1. Control of hydrocarbon generation on the phase state of trapped oil 
and gas

The trap-filling model indicates that oil and gas will migrate laterally 
and be charged into the neighboring traps (Fig. 4). The distribution of 
hydrocarbon phases may be controlled by the degree of thermal 

Fig. 10. Calibration of the 2D basin model from thermal parameters, petroleum physical properties, and phase diagram. (a) The measured temperatures and vitrinite 
reflectance values were used to correct the modeled curves of well FS1. Some thermal data was derived from nearby wells F8 and FS2. The location of well FS1 is 
shown in Fig. 4. The evolutions of viscosity (b), density (c), and GOR (d) in the deep condensate gas reservoir at the depth of ~4320m, showing a good match with 
the measured data of the current condensate gas reservoir. (e) The phase envelopes reconstructed by petroleum inclusions, PVT experiment for the condensate oil 
sample and 2D basin modeling, indicating that the 2D basin model can generate a reasonable result for phase evolution.

Fig. 11. Component distribution and phase diagrams of the simulated oil and gas reservoir, generation products from lateral source rock, and petroleum inclusions at 
different geological times.
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evolution of the lateral source rocks, because the plane distribution of 
well types in the study area shows a sequence from dry gas wells, 
condensate wells to oil wells, from the center to the north of the Minfeng 
Sag (Fig. 1). Hydrocarbons produced from the reservoirs discovered near 
the center of sag are predominantly of high maturity stages. For 
example, dry gas and condensate were found in deep sandstone reser
voirs by wells FS3 and FS1, respectively (Figs. 1 and 13a). Different 
petroleum phases exhibit a vertical distribution, with oil mainly pro
duced in the reservoirs at depths greater than 4300m, condensate gas 
predominantly accumulating in the sandstones buried at depths of 

4300–4500m, and dry gas being discovered in the formations deeper 
than 4700m (Figs. 2 and 13a). Theory of kerogen thermal degradation 
explains the transformation of kerogen into different phase hydrocar
bons at various thermal evolution stages (Tissot and Welte, 1984). 
Typically, the primary product of organic matter at maturity stages is 
liquid petroleum, corresponding to vitrinite reflectance (Ro) ranging 
from 0.5% to 1.3%. When organic matter reaches high maturity stages 
(Ro = 1.3% ~ 2.0%), kerogen degrades to form short-chain hydrocar
bons, while liquid hydrocarbons are cracked to form low molecular 
weight gaseous hydrocarbons. The main products at this stage are wet 

Fig. 12. Fluid phase evolution of the deep condensate gas reservoir, showing the petroleum migration and accumulation during the geological periods of (a) 36.7 Ma, 
(c) 24.4 Ma, (e) 14 Ma, (g) 5 Ma, and (i) 0 Ma. The temperature-pressure conditions, phase envelopes, and corresponding critical points of the fluids in the simulated 
reservoir at (b) ~39.7 Ma, 38.6 Ma, 36.7 Ma, (d) 24.4 Ma, (f) 14 Ma, (h) 5Ma, (g) 2 Ma and 0 Ma. The phase states of different times can be determined by the phase 
diagrams. The Cp indicates the critical temperature and critical pressure. The Rc point represents reservoir temperature and pressure of the simulated reservoir.
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gas or condensate gas. At over-mature stages (Ro > 2.0%), liquid hy
drocarbons and heavy gaseous hydrocarbons undergo intense decom
position to form methane gas, i.e., dry gas. This indicates that the 
maturity parameter (Ro) or burial depth can be used to predict the phase 
of hydrocarbons generated from kerogen. Therefore, based on the 
relationship between the measured Ro and burial depth in the region, the 
calculated Ro range for the condensate gas pools was 1.23%–1.35% 
(Fig. 13b), which is similar to the thermal maturity obtained from basin 
modeling, with Ro approximately equal to 1.26% (Fig. 12j). According to 
the kerogen thermal degradation theory, the source rocks should be in 
the oil window. However, condensate gas is enriched in the adjacent 
reservoirs. Additionally, wells T764 and TSX401 in the Dongying 
Depression encountered oil reservoirs at similar depths, suggesting that 
the condensate gas found in the region is not directly sourced from the 
lateral mudstones. (Fig. 13a).

The oil inclusions in the reservoirs recorded information about the 
maturity, composition, and PVT characteristics of hydrocarbon prod
ucts, which can be used to infer the characteristics of hydrocarbon fluids 
during the trapping period. The fluorescent color of liquid hydrocarbons 
is primarily determined by the aromatic hydrocarbon conjugated π-bond 
system and the C=O functional group (Van Duuren, 1960; Fu et al., 
2015). Therefore, the cracking of aromatics during thermal evolution 
leads to changes in fluorescence color. The oils transition in fluorescent 
colors from red to yellow, green, blue-white, and blue as organic matter 
matures, accompanied by changes in the proportion of light and heavy 
components (George et al., 2001). Petroleum inclusions in deep 
condensate gas reservoirs show a variety of fluorescence colors (Fig. 7). 
As the gaseous hydrocarbon components, mainly methane, increased, 

the fluorescence color of fluid inclusions transitioned from yellow to 
blue (Fig. 9a). Additionally, the relationship between the gas-liquid 
volume ratio and the fluorescence color of petroleum inclusions in
dicates the response of aromatics cracking into gaseous hydrocarbons 
during thermal evolution (Fig. 13c). The phase diagrams of oil inclusions 
indicate the trapped fluids at different evolutionary stages, ranging from 
early heavy oil to late light oil and condensate gas, which confirms the 
charges of these fluids (Fig. 9b). Further comparison of the trapped oils 
and gases at different times with the products generated from lateral 
source rocks was conducted to analyze the control of hydrocarbon 
generation on fluid phase states. The hydrocarbon components and 
phase envelopes of oils generated by early mature source rocks 
(~39.7Ma) are similar to those trapped by contemporaneous fluid in
clusions at the same time (Fig. 11e). As the source rocks enter the main 
oil generation stage (~36.7Ma) equal to Ro = 0.7–1.0%, the hydrocar
bon components and the phase diagrams of inclusion 2 closely resemble 
the generated petroleum (Fig. 11f). This indicates that the hydrocarbons 
generated by source rocks largely determine the petroleum phase state 
during the early stage. The basin modeling also shows that the oil and 
gas in the traps during this period mainly came from adjacent source 
rocks (Fig. 12a). The physical properties of deep sandstone reservoirs 
vary rapidly in the vertical direction. The sedimentary interfaces of fan 
deposits, muddy conglomerates of the proximal fan, and mudstone in
terlayers can act as low-permeability barriers to hydrocarbon migration 
(Song et al., 2019; Yang et al., 2023). The heterogeneity of sealing 
causes some reservoirs can accumulate hydrocarbons with higher 
maturity from the deeper source rocks. For instance, the oil trapped by 
inclusion 3 has a methane content approximately 10% higher than the 

Fig. 13. (a) Vertical distribution of hydrocarbon phase states in the deep reservoirs (modified from Qiao et al., 2022). (b) The relationship between the measured 
vitrinite reflectance and burial depth. The measured Ro points are same as those presented in Fig. 10a. (c) The gas filling degrees of petroleum inclusions with 
different fluorescence colors.
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oil generated from the lateral source rocks, leading to an upward shift in 
the phase envelope (Fig. 11f). In the late stage of main oil window 
(~24.4Ma), the hydrocarbon components in the fluid inclusions still 
maintain a characteristic of methane molar percentage approximately 
10% higher than the hydrocarbons from source rocks (Fig. 11g). Guo 
et al. (2020) utilized in-situ U-Pb dating by laser ablation to analyze the 
calcite veins in deep mudstones, confirming that around 24Ma was the 
main hydrocarbon accumulation period in the Dongying Depression. 
The allowed relatively high mature hydrocarbons to steadily migrate 
and accumulate vertically (Fig. 12). Additionally, the biomarker com
pounds demonstrated that the shallow oil in structural reservoirs orig
inated from the lower part of the Es4 source rocks, further confirming the 
vertical migration of deep hydrocarbons (Song et al., 2021). The simu
lation results show that a large-scale vertical migration of oil occurred in 
the stacked traps during this period. Furthermore, some traps accumu
lated gas in the deeper region with high maturity (Fig. 12c). During the 
second hydrocarbon generation period following the uplift and erosion 
event, the phase envelopes of the included petroleum represent distinct 
differences from those of the lateral mudstone sourced hydrocarbons, 
showing a significant leftward shrinkage and upward shift. This in
dicates a sharp increase in CH4 content and a decrease in heavy hy
drocarbons of petroleum (Fig. 11h). Meanwhile, between 5 ~ 0Ma, the 
simulated reservoir was charged by gaseous hydrocarbons and became a 
condensate gas pool (Fig. 12i). Therefore, the phase states of deep oil 
and gas are related to gas migration and charging, as well as other 
geological processes that can lead to an increase in gaseous hydrocar
bons. The hydrocarbon generation influenced the early phase state of 
deep oil and gas, providing initial hydrocarbon components for the 
entire evolution. In the deep carbonate rocks of the Leikoupo Formation 
in the Sichuan Basin, native condensate gas pools have been discovered, 
which are sourced from the neighboring mudstones (Zhu et al., 2011). 
Nevertheless, it is difficult for native condensate gas to exist in reservoirs 
with good vertical connectivity.

5.2. Effect of secondary alteration on petroleum phase evolution

The difference in hydrocarbon composition between the included 
petroleum and the hydrocarbons from the lateral source rocks reveals a 
crucial phase transition. During a subsequent hydrocarbon generation 
(~5Ma), the fluid inclusions recorded a large increase in methane 
content with a decrease in heavier hydrocarbon components (Fig. 11d 
and h). Moreover, the temperature and pressure conditions resemble 
those around 24.4Ma (Fig. 9d). Constrained by the reservoir conditions, 
these compositional changes directly result in a shift from oil reservoir to 
a gas-capped reservoir (Fig. 12h). As temperature and pressure continue 
to rise, the deep oil and gas transition into either condensate gas or 
undersaturated light oil (Fig. 12j). Meanwhile, the trends in viscosity, 
density, and GOR indicate that the oils were lightning during the late 
period (Fig. 10b, c, d). Therefore, the primary factor driving the petro
leum phase transition is the increase in gaseous hydrocarbon compo
nents, particularly methane. The variation in methane molar percentage 
mainly affects the cricondenbar, thereby controlling the phase behaviors 
of oil and gas (Di Primio et al., 1998). Indeed, the fundamental cause of 
the changes in hydrocarbon components is the modification of reservoir 
fluids by relevant geological processes, that is, secondary alteration, 
such as cracking of crude oil and gas inputs.

5.2.1. Oil cracking
Oil cracking is a process in which higher-numbered components in 

crude oil are broken down into lower-numbered components under high 
temperatures (Hill et al., 2003). The analysis of maturity suggests that 
the current depth of 4300–4500m corresponds to the Ro values of less 
than 1.3%, which is below the threshold for oil cracking. Measurements 
from three wells indicate current condensate reservoir temperatures of 
165–185 ◦C (Table 3), all exceeding 160 ◦C as a threshold temperature 
for oil cracking in the Dongying Depression (Li et al., 2010). Qiao et al. 

(2022) considered that overpressure in the Es4 and the deposited 
evaporites can restrain maturation in hydrocarbon source rock of the 
Dongying Depression, resulting in lower vitrinite reflectance than ex
pected for normal evolution (Mello et al., 1995). However, the tem
perature of sandstone reservoirs remained unaffected, leading to a 
contradiction in the above inference. Consequently, it is inferred that the 
deep paleo-oil pools underwent cracking at this formation temperature. 
The pyrobitumen observed under the microscope further confirms the 
occurrence of crude oil cracking (Liu et al., 2012). Generally, the in
crease in volume induced by oil cracking will result in overpressures in 
the pores under closed conditions. However, Ping et al. (2017) found 
that the trapping pressure of fluid inclusions in the condensate reservoir 
of well FS1 equaled hydrostatic pressure, indicating that the reservoirs 
maintained normal pressure throughout the entire period of oil and gas 
charging. Additionally, even under a closed reservoir condition, the 
formation of overpressure during oil cracking is related to the extent of 
the cracking. Ping et al. (2014) suggested that a sharp increase in for
mation pressure induced by oil cracking, typically requiring a conver
sion rate of oil cracking of over 40%. Therefore, it is inferred that the 
extent of oil cracking in the investigated zone is less than 40% or even 
lower. Furthermore, the conversion rate of oil cracking (Roc) in the deep 
petroleum reservoirs from the onset of the second phase of subsidence 
(~14Ma) to the present was calculated based on basin modeling results 
using the following formula: 

Roc =
MIC6+ − MRC6+

MIC6+
(1) 

where Roc is the conversion rate of oil cracking, namely the fraction of 
the oil that has been cracked to gas. MIC6+ is the mass of C6+ liquid 
hydrocarbons before cracking, and MRC6+ indicates the remaining mass 
of C6+ liquid hydrocarbons during oil cracking.

The simulated migration pathways indicate that the charge of nat
ural gas into the reservoirs of the target zone occurred after 5Ma 
(Fig. 12g–i). Throughout the entire charging period, the petroleum in
clusions suggest that the hydrocarbons in the deep condensate reservoirs 
originate from the mixing of two parts: (1) hydrocarbons generated from 
the neighboring source rocks and (2) deeper oil and gas with relatively 
higher maturity (Fig. 11e and f). The mixing of hydrocarbons with 
varying maturities will complicate the calculation of the mass of cracked 
oil during migration and accumulation. Therefore, in this study, the 
interference from the mixing was eliminated in the model by assigning 
kinetic parameters of hydrocarbon generation only to the lateral source 
rocks. This model aimed to obtain the oil mass before and after cracking 
and to calculate the conversion rate of oil cracking. According to 
compositional kinetic models, the oil cracking process can be described 
by parallel first-order reactions (Del Bianco et al., 1993). The rate con
stants of the chemical reaction follow the Arrhenius equation, indicating 
that the oil cracking conversion rate is a function of temperature and 
time (Ungerer et al., 1988). Consequently, the adjusted basin model can 
reflect the extent of oil cracking during the evolutionary stages. The 
burial depth range of the present deep condensate gas reservoirs is 
4300–4500m. Simulating the oil cracking processes in the shallowest 
and deepest reservoirs can determine the variation range of the Roc, 
allowing an assessment of the impact of oil cracking on mole fractions of 
components and phase behavior. Fig. 14c illustrates that the crude oil 
cracking rate in the paleo-oil pools ranges between 2.21% and 8.72%, 
indicating a relatively low degree of cracking and an early stage of 
thermal cracking. Qiao et al. (2022) found that the absolute content of 
3- + 4-methyldiamantan as a thermal cracking indicator in the 
condensate is 39.27 × 10− 6, indicating a low oil cracking conversion 
rate. During the cracking of C6+ liquid hydrocarbons, the methane mole 
fraction increased by 3.81%–11.58% and C2-5 gaseous hydrocarbons 
reduced by 1.53%–3.92%, suggesting that the primary cracking product 
is methane (Fig. 14a and b). Furthermore, from Fig. 14a, it can be 
observed that the methane mole fraction comprises approximately 50% 
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of the petroleum before oil cracking. The oil cracking simulation shows 
that the methane mole fraction increases to around 60%, representing a 
difference of 10%–20% compared to the present-day condensate 
(Fig. 14a, Table 5). This indicates that methane generated from in-situ 
cracking can increase the cricondenbar but is insufficient to induce 
phase change, with the hydrocarbon fluids remaining in the liquid phase 
(Fig. 14d and e). Therefore, the impact of in-situ oil cracking in the 
Dongying Depression on the overall phase evolution is limited, which is 
closely related to formation temperature. Oil cracking can increase the 
methane mole fraction in paleo-oil pools by approximately 4%–12%.

5.2.2. Gas inputs
Reservoir petroleum can receive successive charges of gas from 

deeper zones, leading to the enrichment of methane gas in the oils 
(Thiéry et al., 2002). Analysis of the oil cracking indicates that the 
in-situ oil cracking is unable to form condensate gas. Therefore, the 
external gaseous hydrocarbon inputs may be the key factor leading to 
the phase change in deep reservoirs. The discussion in Section 5.1
revealed the presence of vertical migration pathways in the overlapping 
fan bodies. Fig. 2 shows that the thickness of the mudstones in the lower 
part of the Es4 is large. Some mudstones are currently buried at depths 
exceeding 5000m and reach the high-over mature stage with Ro > 1.6% 
(Fig. 13a). The deeper sandstones are enriched with natural gas formed 
by early kerogen degradation and late oil cracking. The molecular 
diameter of gas is relatively smaller than that of oil, making it prone to 
migration and diffusion in sandstones (Stainforth and Reinders, 1990). 
Additionally, the observation of amorphous asphaltene in thin sections 
is believed to be formed by gas invasion into the oils (Liu et al., 2012). 
After the gas is charged into an oil pool, volatile components are 
extracted by the methane gas. The low-carbon-number normal alkanes 
will be lost when the gases escape. This means that evaporative 

fractionation selectively depletes light components in the oil. Qiao et al. 
(2022) reported the losses of C5 ~ C10 normal alkanes in the deep 
condensate. Ping et al. (2017) considered that the gas was injected into 
the deep paleo-oil and remained dissolved in the oils. To sum up, 
abundant natural gas with high maturity has been charged into the early 
paleo-oil reservoirs.

The basin modeling indicates that the major gas injection to the 
simulated reservoir occurred after 5Ma (Fig. 12i and j). Petroleum in
clusions also reveal a marked increase in CH4 content after the second 
subsidence event, accompanied by a decrease in heavy hydrocarbon 
content (Fig. 9a). A comparison between Figs. 12c and i illustrates that 
the strata were buried deeper and the temperatures were higher during 
the second subsidence event. It is generally believed that when the oil 
cracking conversion rate exceeds 62.5%, the liquid phase will 
completely disappear. Modeling results suggest that the oil cracking 
conversion rate in the deeper zone reached 70%, which can provide 
plenty of natural gas. Moreover, the extra fluid pressure generated by oil 
cracking to gas can drive the vertical migration of these gases when the 
overpressures release towards shallower strata. This process will in
crease the efficiency of gas migration and charging to upper reservoirs. 
The contributions to accumulated hydrocarbon components of the 
lateral source rocks and the deeper source rocks were revealed by the 
basin modeling. From 14 Ma to 5 Ma, the molar fraction ratio of hy
drocarbons from deeper and lateral source rocks was approximately 1:1 
(Fig. 15a and b). After 5 Ma, the proportion of methane generated from 
the deeper zone in the reservoir hydrocarbons increased by ~50%, 
resulting in an overall methane molar fraction increase to ~80% 
(Fig. 15a). The contribution ratio of deep-sourced gas exceeded 90% 
(Fig. 15b). Therefore, the influx of methane led to the late-stage trans
formation from the oil phase to the condensate gas phase (Fig. 12 g, i). 
The deep light oil reservoir encountered in Well T764 is located at a 

Fig. 14. (a–c) The changes in the mass fraction and molar fraction of different hydrocarbon components in the two reservoirs, during the process of oil cracking. 
(d–e) The phase diagrams of the petroleum in the two reservoirs before and after oil cracking. The present burial depth of one petroleum reservoir is 4300m, while 
the present burial depth of another is 4500m.
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depth similar to these condensate reservoirs but exhibits a different 
phase state. The light oil of Well T764 is accumulated within sandstone 
lenses enclosed by mudstones, resulting in a lack of migration pathways 
for external natural gas. In this region, relying solely on the gas pro
duced by in-situ oil cracking is insufficient to alter the phase state. This 
further demonstrates the importance of external gas injection for 
condensate gas formation in the Dongying Depression.

Petroleum accumulated in the investigated reservoir at 24 Ma was 
chosen to investigate the phase behaviors when these oils were mixed 
with the late deeper gases at varying molar ratios. As the gas mole 
fraction increases, the critical temperature and cricondentherm gradu
ally decrease, and the critical pressure and cricondenbar initially in
crease and then decrease (Fig. 16). Under a high-temperature and high- 
pressure environment (44 MPa, 175 ◦C), the molar fraction of deeper 
natural gas needs to exceed 50% to form a condensate gas reservoir 
(Fig. 16). This is equivalent to 0.8 m3 of gas per 1 m3 of oil under the 
reservoir condition. Hydrocarbon fluid inclusions at a burial depth 
(~4500 m) in well FSX101 exhibit different phase behaviors. When 
deeper gas constitutes 70% of the mixture, the phase diagram resembles 
that of inclusion 7, indicating the presence of condensate gas. Further
more, the phase diagrams of inclusions 6 and 8 show similarities to those 
of the petroleum with deeper gas molar fractions of 30% and 50%, 
respectively, displaying characteristics of light oil (Figs. 16 and 11h). At 
5 Ma, the oil-gas two-phase system exists in the trap with the current 
burial depth of 4500 m (Fig. 12g). The trapping timing of hydrocarbon 
fluid inclusions is approximately 3 Ma (Fig. 9c). The phenomenon of 
different phase fluids being trapped during the same period may suggest 
a process of phase transformation induced by secondary alterations.

5.3. Formation model of deep condensate gas reservoir

The deep condensate gas reservoirs in the Dongying Depression are 
the result of thermal evolution and gas inputs. The vertical distribution 
of oil and gas in stacked reservoirs is affected by (preferential) vertical 
migration and leaking of gas. Furthermore, the deep condensates are 
mainly developed at depths of 4200–4500m, indicating a limited range 
of gas migration towards shallower formations (Fig. 13a). Basin 
modeling indicates a stepwise occurrence of gas invasion in traps, 
transitioning from deeper to shallower levels. The upward migration of 
natural gas is confined to approximately 4000 m. This study suggests 
that such successive lithologic traps control the range of deeper gas 
migration and the occurrence of condensate gas (Fig. 17). The model 
illustrates the various stages of oil and gas accumulation in these traps. 
Moreover, the calculated oil cracking conversion rates of the reservoirs 
at different period reveal the contributions of cracking gas and external 
deep gas to the hydrocarbon phase changes.

In the early stages, as the source rocks mature, the crude oil migrated 
under buoyancy and accumulated in the traps (Fig. 17a). Natural gas 
generated from source rocks and oil cracking accumulated in the deeper 
zone, with some gas migrating to the upper reservoirs. The oil cracking 
rate in the charged reservoirs was low, and the influx of external gas 
formed gas caps (Fig. 17a). The oil phase was maintained in the simu
lated reservoir (Fig. 17e). Continued burial led to an increased thermal 
evolution in the deeper zone, resulting in a rapid increase of gas content 
and volume in the traps (~24.4 Ma) (Fig. 17b). For a gas reservoir, when 
the fluid volume exceeded the capacity of the trap, gas components will 
escape from the spill point (Fig. 17b). During this process, natural gas 
will be injected into the oil reservoirs, dissolving in the oils and grad
ually inducing a phase change. During this period, the oils in the 
simulated reservoir lightened due to increased thermal maturation 
(Fig. 17f). In the uplift and erosion event, a part of gases from the deeper 
zone was injected in the upper liquid oils, forming oil reservoirs with gas 
caps (Fig. 17c). The decrease of reservoir temperature and pressure did 
not affect the phase state of deep oil and gas (Fig. 17g). It is found that 
the oil cracking rate in reservoirs affected by gas invasion is relatively 
low, resulting in the onset of significant oil cracking occurring later than 
the natural gas injection (Fig. 17a, b, c, d). This leads to gas inputs 
dominating the evolution of hydrocarbon phase behavior. Meanwhile, 
the dissolved oil components in the condensate gas can crack to gaseous 
hydrocarbons. From 5 to 0 Ma, the degree of oil cracking in the early- 
formed condensate gas reservoirs increased, releasing a substantial 
amount of natural gas. The simulated oil reservoir subjected to gas in
vasion gradually transition into condensate gas reservoir (Fig. 17h).

The basin modeling reveals the gas input and subsequent spilling 
(Fig. 12), which will lead to three results: (1) a gradual consumption of 
the gas generated from deeper zone due to dissolution; (2) a loss of light 
hydrocarbons from the oil reservoirs; (3) an orderly petroleum fluid 

Fig. 15. (a) Molar fraction of the components of the hydrocarbons derived from the deeper and lateral source rock at different periods. (b) Contribution percentage 
of the deeper source rocks and the lateral source rocks to C1, C2-5, and C6+ at different periods. The hydrocarbon compositions from the simulated reservoir at the 
burial depth of ~4320m (Fig. 12).

Fig. 16. Phase behavior of the early oil mixed with late deeper gas at different 
molar ratios. The percentage on the envelope indicates the mole fraction of the 
deeper gas after mixing. The circle R indicates the present-day reservoir tem
perature and pressure.

W. Lei et al.                                                                                                                                                                                                                                      Marine and Petroleum Geology 171 (2025) 107210 

17 



phase changes in the deep reservoirs in a vertical direction. Due to the 
limited amount of gas from the deeper zone, it cannot migrate to shal
lower formations after successive charging and consumption (Fig. 17d). 
Therefore, these light oils can be preserved and accumulated in the 
sandstone above the condensate gas reservoirs. The formation of light oil 
reservoirs also involves the gas inputs, where the molar fraction of the 
deeper gas is relatively low, around 20%–40% (Fig. 15). In addition, the 
practical exploration discovered only liquid oil accumulations with no 
gas reservoirs in the shallow strata in the region, which is sourced from 
the mudstones of the lower part of the Es4 (Song et al., 2021). These 

shallow oil pools indicate the significant consumption of deeper natural 
gas during this process. Thus, the condensate gas accumulations indicate 
the farthest distance to which the deeper gas can be supplied upwards.

6. Conclusions

The reconstruction of fluid phase evolution in deep condensate gas 
reservoirs in the Dongying Depression was achieved through a combi
nation of methods involving petroleum inclusion analysis, basin 
modeling, and PVT simulation. The analysis of the fluid phase evolution 

Fig. 17. Formation model of the deep condensate gas in the Dongying Depression. This model was constructed based on basin modeling and phase evolution, which 
explains how the stacked lithological traps control the deep gas migration range and the accumulation of condensate gas. The yellow star indicates the simulated 
reservoir for phase analysis. The Cp indicates the critical temperature and critical pressure. The Rc point represents temperature and pressure in the simu
lated reservoir.
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in deep condensate gas reservoirs revealed several key points. 

(1) The fluid phase evolution in the deep condensate gas reservoirs of 
the Dongying Depression can be divided into three main stages. 
The crude oil charging and accumulation period (38–14 Ma). The 
in-situ oil cracking period (14–0 Ma). The external gas influx 
period (5–0 Ma). The hydrocarbon generation provides the initial 
hydrocarbon components for the phase evolution. The in-situ oil 
cracking has a limited impact on components. Gas inputs domi
nate the alteration of the hydrocarbon physical properties with a 
reduction in critical temperature and pressure, forming the 
present-day condensate gas reservoirs under high pressure and 
temperature conditions.

(2) Hydrocarbon inclusions record the components, temperatures, 
and pressures during the trapping periods, which can be used to 
calibrate the phase states on the timeline. These phase states have 
strong constraints on basin modeling results. Additionally, the 
diversity of hydrocarbons trapped during the same period can 
reflect the different phase transitions in the same reservoir, 
documenting the intermediate phase states during evolution. 
Meanwhile, the high-pressure physical property parameters of 
wellstream fluids serve as reliable constraints for basin modeling.

(3) The stacked lithologic traps developed in the Dongying Depres
sion in succession control the range of deeper gas charging to
wards the upper traps and hydrocarbon phase distribution. The 
model aids in understanding the mechanism of orderly phase 
changes in deep oil and gas, from oil phase to condensate phase, 
and ultimately to gas phase.

Although the method reconstructed the deep petroleum phase evo
lution in the Dongying Depression, several challenges remain to be 
solved. In the basins with multiple episodes of uplift and subsidence, the 
multi-interpretation of fluid inclusion trapping times may bring some 
troubles to constrain the phase evolution on the timescale. Additionally, 
various geological processes in a reservoir will increase the difficulty of 
basin modeling in reconstructing fluid phase evolution, such as crude oil 
cracking, gas invasion, TSR, and biodegradation. In this study, oil and 
gas reservoirs are adjacent to the source rocks. Hence, the compositional 
change after a long-distance migration through faults or sand bodies was 
not evaluated.
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