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ABSTRACT 

Only a few basin modeling studies have been completed at a depression-scale for the southern 

Western Depression, Liaohe Basin, Bohai Bay Basin Group. Such studies are essential for 

advancing our understanding of the hydrocarbon accumulation history and to predicting potential 

reservoirs. This study analyzed the petroleum system of the Shahejie Formation within the 

southern Western Depression using techniques of one- and two-dimensional basin modeling and 

structural restorations. The results showed that the mudstones in the fourth and third member of 

the Eocene Shahejie Formation (Es4 and Es3) are the primary source rocks for the Shahejie tight 

gas sand system in the study area, which is in agreement with earlier findings. They are rich in 

organic matter with TOC content up to 2.83%. Tight sandstones with measured porosity values 

ranging from 2% to 10% in the Es3 member are the deepest proven hydrocarbon reservoir rocks. 

To further analyze the petroleum generation and accumulation history of Shahejie Formation, 

forward basin models were developed based on reconstructions of the burial, thermal, maturity, 

structural, and migration histories. The present-day and paleo heat flows of the studies basin in 

1D models were calibrated with measured borehole temperature and vitrinite-reflectance data. 

Results indicate that the present-day heat flow is ca. 50 mW/m2. Paleo heat flow increased from 

43 to 36 Ma, with a peak of 83.68 mW/m2 at approximately 36 Ma and then decreased till present. 



vii 

 

The source rocks are presently at a thermal maturity stage of condensate and gas generation 

window, while some deep-buried areas in the central Depression are in the dry gas threshold. In 

order to assess the geometry and displacement of listric normal faults and growth faults in the 

study area, a 2D balanced cross section was reconstructed. This structural model was used in 2D 

basin modeling to depict the structure of the basin and therefore provide a more robust estimation 

of the hydrocarbon migration history. The expulsion and accumulation results were calibrated 

using the homogenization temperatures of fluid inclusion in rock samples from 7 wells in the study 

area. The model suggests that hydrocarbon generation started at 40 Ma and peaked during 38 

Ma to 36.5 Ma. Moreover, major expulsion, migration, and accumulation of hydrocarbon occurred 

during 36.5 Ma to 20 Ma. 
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Chapter 1 Introduction 

The Bohai Bay Basin Group consists of several Cenozoic intraplate rift basins located in 

eastern China (Figure 1).  The basins cover an area of about 200,000 km2 (including 

onshore and offshore areas), and is the most petroliferous area in China. The major 

basins include Dongpu Basin, Neihuang Basin, Xinxian Basin, Lankou Basin, Liaohe 

Basin, Jiyang basin, and Jizhong basin (Zeng et al., 2013). Each of these basins has a 

distinct petroleum system. The study area is located in the Liaohe Basin. 
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Figure 1 Location of the Liaohe Basin in the Bohai Bay Basin Group, China. DP = Dongpu Basin; NH 

= Neihuang Basin; XX =Xinxian Basin; LK = Lankou Basin; LiaoHe = Liaohe Basin; JY = Jiyang 

Basin; JZ = Jizhong Basin (modified from Zeng et al., 2013). 
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The Liaohe Basin is mainly located in the Liaoning Province of China. The basin covers a 

total area of about 10000 km2 with 6500 km2 onshore and 3500 km2 offshore. The 

surface elevation of the basin is currently near sea-level; the elevation increases 

northward with a maximum elevation of 6 m. The east, north, and west part of the basin 

are adjacent to mountain belts while the south part is connected to the northeast end of 

Bohai Bay. The onshore part of the basin is subdivided into 7 structural units (Figure 2), 

which include the Western, Eastern, Damintun, and Shenbei depressions, and the 

Central, Western, and Eastern uplifts. The data used for petroleum system and basin 

modeling are mostly from the southern Western Depression. 
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Figure 2 Structural division of the Liaohe Basin with study area highlighted (after Luo et al., 2005) 
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The petroleum system of the Liaohe Basin as a whole is relatively well-established. 

However, the hydrocarbon accumulation history is not as well studied as other processes 

(i.e., petroleum generation, migration, and trap formation) within the petroleum systems. 

Although several models have been proposed for the hydrocarbon accumulation history 

within the Liaohe Basin and adjacent basins within Bohai Bay Basin Group at different 

scales (Hu et al., 2005 and Hao et al., 2009), the lack of calibration with measured 

thermal data and structural restoration renders these models unsubstantiated, especially 

when the complicated fault system, and the low porosity and low permeability reservoir 

characteristics of the Shahejie Formation may lead to unconventional accumulation 

systems. Thus, the goal of this study is to develop a localized model for hydrocarbon 

accumulation of the southern Western Depression. The prerequisite for such a model is a 

solid structural reconstruction (which none of the above-mentioned models established) 

and basin modeling with calibration using more recent and complete data.  

In this study structural reconstructions and basin modeling are integrated to understand 

the hydrocarbon accumulation history. For structural restoration, a cross section was 

reconstructed (using Move® by Midland Valley Exploration) to better understand the 

structural settings throughout the geologic history of the basin. The results were utilized 
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in basin modeling. For the basin modeling part of this analysis, a two-dimensional 

approach (using Petromod® by Schlumberger) with emphases on generation history and 

accumulation history was employed. The modeling process (discussed in more detail 

below) involved four steps. The first step was to construct of the physical model and the 

stratigraphic framework including ages, erosion, hiatus and lithology in the study area. 

Ages and thicknesses of deposition and erosion events were compiled from published 

data on biostratigraphic ages, magnetic reversal stratigraphy, lithostratigraphy, and 

radiometric ages of volcanic rocks. The second step was to build the thermal model that 

includes the thermal history of the basin. The model is then calibrated by varying the heat 

flow to produce results that match present day temperatures and vitrinite reflectance. The 

third step included building the general model that includes the source rock and their 

organic facies variations using geochemical parameters such as TOC (total organic 

carbon) and HI (hydrogen index). Both TOC and HI data are measured rock-eval data 

from over 20 wells of the study area. The last step was to build the accumulation and 

migration history from the balanced sections of structural restorations. This model was 

calibrated using homogeneous temperature of inclusions from 9 wells (Jin310, Huan614, 
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Huannan 5, Huannan 7, Shuang102, Shuang105, Shuang107, Shuang118, and 

Shuang208) to improve the accuracy. 
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Chapter 2 Geological settings 

Tectonic evolution of the Bohai Bay Basin 

Three tectono-stratigraphic sequences have been recognized in the Bohai Bay Basin 

Group (Qi and Yang, 2010). They include the pre-Cenozoic basement (late Jurassic to 

early Cretaceous), the Paleogene sequence (Eocene to Oligocene) and the Neogene-

Quaternary sequence (Figure 3). The Paleogene sequence is composed of lacustrine 

and alluvial fan sandstones and conglomerates interbedded with oil shale in a half-

graben setting. The Neogene–Quaternary sequence is dominated by fluvial and alluvial 

fan conglomerates, sandstones and interbedded mudstones. 

The dynamics of the Bohai Bay Basin during the Cenozoic have long been argued. A 

pull-apart nature has been proposed (Mann et al., 1983, Chen and Nábelek, 1988, Allen 

et al., 1997, and Schellart and Lister, 2005) based on the rhombic plan view geometry 

and presence of regional scale strike slip faults. Others favored the interpretation of a 

rifted basin (Ma and Wu, 1987 and Li, 1982). They argued that during the Mesozoic, 

Bohai Bay Basin was formed as a back arc basin and then evolved into an intracratonic 

rift basin during Cenozoic (Hao et al., 2009). The basin fits the simple shear model from 
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Mckenzie (1978) with northeast trending major normal faults developed during the syn-rift 

stage (Ma and Wu, 1987). Half grabens and grabens associated with the major faults 

have later become large basins as a result of thermal subsidence during the post rift 

stage (Hao et al., 2009). Qi (2010) integrated previous ideas and suggested that the fault 

systems in Bohai Bay basin were formed by both active and passive rifting. The initial 

rifting phase was thought to be active in nature, induced by mantle upwelling, while the 

succeeding subsidence is mainly caused by strike slip faults and shows characteristic of 

passive rifting.  
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Figure 3 Schematic cross-sections showing the tectonic evolution of the Liaohe Basin (after Ge and 

Chen, 1993). 
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The most recent overview and reevaluation by Li et al. (2012) indicates that the tectonic 

evolution of the East China region is mainly controlled by the interactions between 

Euroasian, Indian, and Pacific plates where the latter two plates collided with each other 

and subducted beneath the Euroasian plate simultaneously. The major fault systems 

associated with the Cenozoic tectonic framework are Tan-Lu fault system and Lan-Liao 

fault system. Moreover, Li ruled out tectonic driving mechanisms such as mantle plumes 

or delamination and proposed that magmatic underplating is the mechanism which 

results in a slow opening rate and the presence of a linearly distributed basaltic lava belt. 

Despite the complicated tectonic history of the Bohai Bay Basin as a whole, the anatomy 

of the tectonic elements is rather clear for the study area of this thesis. Western 

Depression of Liaohe Basin (WDLB) is divided into nine secondary tectonic units for the 

purpose of exploration (Zhang et al., 2013), i.e., Western slope, Qingshui subsag zone, 

Shuangtaizi structural zone, Eastern Slope, Xinglongtai buried hill tectonic zone, Lengjia 

compression and shear tectonic zone, Panshan-Chenjia subsag, Niuxingtuo-Tai’an 

subsag, and Inversion structural zone of Niuxintuo (Figure 4). According to their different 

structural behaviors in seismic lines along the strike, it is subdivided into four zones, 

southern, middle-southern, middle-northern and northern WDLB. As shown in five 
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seismic lines, the northern Western Depression is a half graben which is heavily 

influenced by strike-slip faults (Line 4, 5), and the southern Western Depression is a 

typical rifted half graben (Line 1). Middle-southern and middle–northern zones are 

influenced by both rifting and strike-slip (Figure 5). The study area is at southern Western 

Depression (Figure 6), which shows the distinct features indicative of a rift basin.  
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Figure 4  Structurally division of West Depression, Liaohe Basin (after Zhang et al., 2013) 
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Figure 5 Five seismic cross lines showing different structures throughout the Western Depression, 

various faults are color-coded and horizons are interpreted by Zhang et al., 2013. 
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Figure 6 Locations of the wells with calibration data. 
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Tectonic evolution’s control over sedimentation 

Like most main petroliferous basins in eastern China, the Cenozoic Liaohe Basin has 

experienced two-stage tectonic evolution: multi-episodic rift stage in the Paleogene and 

post-rift stage in the Neogene-Quaternary. The Paleogene rifting stage is further divided 

into four stages: initial rifting stage, intense faulting stage, rifting to post-rift transition 

stage, and uplifting stage.  



17 

 

Stratigraphy 

Basement 

The sedimentary rocks within the pre-Cenozoic basement can be subdivided into four 

sequences separated by unconformities from bottom to top: Archean to Paleo-

Proterozoic, Neo-Proterozoic to early Paleozoic (Cambrian-Ordovician), late Paleozoic-

middle Triassic, and Mesozoic (Jurassic-Cretaceous) sequences (Figure 7). The 

basement also contains Lower Proterozoic and Archean crystalline-metamorphic rocks.   
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Figure 7 Stratigraphic chart of Liaohe Basin (modified from Ge and Chen, 1993). 
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Sedimentation 

Due to the changes in the structure, paleo-geography, provenance, and climate, the 

pattern of deposition changed correspondingly during the different evolutionary stages in 

the Western Depression. Episodic rifting was characterized by alternating active and 

stationary tectonic phases, which caused the expansion and shrinkage of the inner 

continental lake respectively. According to the tectonic development and evolutionary 

characteristics, the Paleogene depositional evolution of the Western Depression can be 

divided into four corresponding stages with various characteristics (Zhang et al., 2013). 

The Cenozoic sequence in the Liaohe Basin is well-established. Formations identified 

within the Cenozoic sequence include:  Fangshenpao Formation (Ef), Shahejie Formation 

(Es), Dongying Formation (Ed), Guantao and Minghuazhen Formation (Ng and Nm), and 

Pingyuan Formation (Np) (Ge and Chen, 1993). 

Fangshenpao Formation (65.0‐45.5 Ma) 

The Fangshenpao Formation is composed of pyroxene basalt, olivine basalt, and 

interbedded dark purple mudstone and course sandstone. This formation is distributed 



20 

 

widely with thickness ranging from 0 to 1000 m. It is bounded by an angular unconformity 

with underlying Paleocene strata.   

Shahejie Formation 

4th member of Shahejie Formation ‐ Initial stage of lacustrine basin filling 

Es4 member was deposited during the initiation of extension within an open lake 

environment. Thick dark-colored mudstones were deposited. Fan-delta was the main 

depositional system during this period with depo-center located around Damingtun and 

Niuxintuo. The maximum thickness of Es4 strata reaches 640 m and the bottom of the 

strata is marked by an unconformity with underlying Fangshenpao Formation. 

3rd member of Shahejie Formation ‐ Expansion stage of lacustrine basin 

Es3 member was deposited during the stage of rapid subsidence and is characterized by 

semi-deep to deep lake environments with large siliciclastic influx. Wedge-shaped strata 

started to develop in the basin. The gentle slope (northwest) was dominated by fan-delta 

deposits and the steep slope (southeast) developed lens-shaped turbidites. Deep lake 

fans were developed in the deep basin center. The maximum thickness of Es3 strata is 

about 2089 m. 
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1st and 2nd members of Shahejie Formation ‐ Continuous expansion of the lacustrine basin 

Es2 and Es1 are usually referred to together as Es1+2 because that the boundary between 

the two members is obscure. Moreover, Es1 and Es2 were deposited during the same 

tectonic stage that Es2 strata are associated with the beginning of transgression while Es1 

strata are associated with the transition from transgression to regression.  Due to the 

transgressive nature, Es2 strata were only developed in some parts of the basin with 

conglomerate, calcareous sandstone, limited mudstone, ooilitic limestone and bioclast 

limestone. On the contrary, Es1 strata show wide distribution as the lake level reached 

the maximum extent during transgression and deposited thick dark mudstone which are 

considered a good regional seal.  

Dongying Formation ‐ Shrinkage stage of the lacustrine basin (36.5‐24.6 Ma) 

Then shoreline regressed during the deposition of the Dongying Formation and thin-

bedded shallow water deposits spread uniformly throughout the paleo-lake. The main 

depositional systems during this period include delta, shallow lake and fluvial. 
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Following a depositional hiatus, deposition resumed with alluvial fan and fluvial originated 

sequence, forming Guantao, Minhuangzhen, and Pingyuan Formations (Hu et al. 2005).  

The maximum thickness of the Dongying Formation is around 2278 m. 

Guantao and Minghuazhen Formations (since 20 Ma) 

Guantao and Minghuazhen formations are not well developed in the study area. In other 

surrounding basins, Guantao and Minghuazhen are dominated by coarse-grained fluvial 

strata with limited conglomerate and deltaic sandstone. The combined thickness of 

Guantao and Minghuazhen ranges from 800-1000 m in the Liaohe Basin (Ge and Chen, 

1993).  
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Chapter 3 Petroleum systems 

There are three petroleum systems in the study area, the pre-Cenozoic petroleum 

system, Cenozoic tight gas sand petroleum system, and shallow biogenetic gas 

petroleum system. The target zone of this study is in the Shahejie Formation and the 

Cenozoic tight gas sand petroleum system.  

Cenozoic tight gas sand petroleum system (Shahejie Formation) 

The Cenozoic petroleum system consists of the Eocene Shahejie formation, Oligocene 

Dongying Formation, and Neogene Guantao Formation from bottom to top.  

Source Rock 

As a hydrocarbon-rich depression, four source rock intervals were identified throughout 

the Cenozoic strata in the Western Depression, Liaohe Basin, including Es4, Es3
3, Es1, 

and Ed (Figure 8). Among these intervals, Es4 and Es3
3 source rocks show most wide 

distribution, favorable kerogen type (type II), high organic content (weight TOC up to 2.83 

mg/g) and high maturity (Table 1). Water depth played the most crucial role for the 

resulting source rock thickness and organic matter content (Fuhrmann, 2009). Therefore, 

the deep water environment was favorable for the deposition of high organic content 
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mudstones. Es1 and Ed members, on the other hand, show limited burial depths during 

geological time with low maturity and relatively low organic content (weight TOC average 

in 1.85 % and 1.07 %, respectively). Therefore, Es1 and Ed members are not considered 

effective source rock intervals in this study. 
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Figure 8 Generalized stratigraphic column showing the lithology, carrier beds, tectonic history, and 

sedimentary facies of the study area with different shadings indicating the corresponding shale 

color (Hu et al., 2005). 



26 

 

Table 1 Source rock properties of different intervals 

Source rock 

intervals 

Thickness 

(average) 

Main kerogen 

type 

TOC (%) 

Ed 175 m III 1.07 

Es1 250 m II 1.85 

Es3 500 m II 1.99 

Es4 350 m II 2.83 

Reservoir 

Turbidites and fan delta sandstones are the main types of reservoir sandstone within Es3 

member of the Shahejie Formation. The depocenter migrated in response to the changes 

in rifting strength (Zhang et al., 2013). The sandstone bodies spread from the margin to 

the center of the basin horizontally, and stack over one another vertically. Alluvial fan 

delta sandstones and turbidites of Es3 member (especially the upper and middle part of 

the Es3 member) are well known as the Dalinghe (DLH) and Rehetai (RHT) reservoirs, 

with porosity range of 21%- 28% and permeability range of 1.0-1.91 μm2.  
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 Seal 

Both regional and local seals developed in Liaohe Basin. The mudstones of Es3
3 and Es4 

was qualified for local self-seal during the deposition of Es3
2. However, due to burial 

diagenesis, smectites were transformed into illites and chlorites with high Si4+ and 

Ca2+content (Meng, 2005). Thus, the mudstones of Es3
3 and Es4 became highly brittle 

and show low sealing capacity within parts of the basin. On the other hand, the 

mudstones of Es1 member show limited maturity and little petroleum expulsion, with high 

sealing capacity (Jiang, 1999). Moreover, the mudstones of Es1 directly capped the 

reservoirs as local seals. Dongying Formation is extensive distributed within the 

depression, which allows it to be an effective regional top seal.  

Relationship between the thickness of direct seal and the height of the hydrocarbon 

column of reservoirs was studies based on the statistical data from a large number of 

reservoirs in the Bohai Bay Basin Group (Jiang, 1999). The differences in hydrocarbon, 

especially gas, abundance is mainly the result of the sealing effectiveness of the seal. 

Among reservoirs close to each other and are formed under similar geological conditions, 
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the hydrocarbon column height is proportional to the critical thickness (i.e., minimum 

thickness) of the seal. 
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Chapter 4: 1D modeling 

Software and Method 

A 1D model was built for Well Shuangshen3 to examine the timing of hydrocarbon 

generation and expulsion in the southern Western Depression. Shuangshen3 well is an 

exploration well that penetrates through to the basement. The well was selected for 

modeling because of the amount of calibration data available, including bottom hole static 

temperature (BHST), vitrinite reflectance (VR), and Rock-Eval pyrolysis.  

Modeling procedures are repeated with adjustments of boundary conditions, including 

paleo-water depth (PWD), sediment-water interface temperature (SWIT) and heat flow 

(HF) to meet the following criteria: 1) the calculated present-day temperature field 

matches the BHST, and 2) the modeled trend of VR complies with the well-based 

measurements. 
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Figure 9 Flow chart of PetroMod 1D modeling 
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Inputs 

Main Input 

Main input data for modeling include formation (“Layer”) and erosion depth (“Eroded”), 

absolute ages (“Depo. from” and “Depo to”), lithologies, petroleum system elements 

(PSE), kinetics, TOC and HI values (Table 2). 

Table 2 Main input of Well Shuangshen3 

 

Stratigraphic framework 

Stratigraphic framework used in the model was provided by the Research Institute of 

Liaohe Oilfield. From bottom to top, the Cenozoic strata are composed of Shahejie 

Formation (Es1, Es2, Es3
1, Es3

2, Es3
3 and Es4), Dongying Formation (Ed1, Ed2, and Ed3), 

Guantao Formation and Minghuazhen Formation (together as Q+N) (Table 3). Data on 
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absolute ages of the events were compiled from Ge and Chen (1993) and Liu et al. 

(2010).  

Table 3 Stratigraphic frame used in the 1D model of Well Shuangshen3 

Layer Depo. From Depo. To 

Q+N 20.0 2.0 

Ed1 27.0 24.6 

Ed2 30.8 27.0 

Ed3 36.5 30.8 

Es1+2 38.6 36.5 

Es3
1 40.0 38.6 

Es3
2 41.8 40.0 

Es3
3 43.0 41.8 

Es4 44.2 43.0 

Mud logs are used to determine the lithological composition and picks of the 

corresponding formations through the whole study area. To ensure the precision of 1D 

model, mixed lithologies are created in Lithology Editor® (PetroMod v2012.1) for each 

deposition event according to the relative percent of accumulative thickness for various 

lithologies (Table 4). Petrophysical data, including density, initial porosity, compressibility, 

thermal conductivity, heat capacity, permeability, and capillary entry pressure were 
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calculated for customized lithologies based on the properties of pure sandstone and 

mudstone and constrained by the specific percentage weight of each lithology. These 

petrophysical data are recalculated in each geological time step, and reflect the dynamic 

model with the burial or erosional events. 
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Table 4 Lithology composition for mixed lithologies in the model 

Horizon Sandstone (%) Mudstone (%) 

Q+N 58.68 41.32 

Ed1 38.81 61.19 

Ed2 36.91 63.09 

Ed3 3.66 96.34 

Es1+2 66.15 33.85 

Es31 43.95 56.05 

Es32 55.44 44.56 

Es33 46.02 53.98 

Es4 74.91 25.09 

Hiatuses and their corresponding periods were compiled from previous studies (Ge and 

Chen, 1993). The basin experienced two major uplifts which lead to drastic erosion. The 

unconformity between Neogene and Paleogene was formed during the tectonic transition 

from rift to post-rift. Yang (2006) suggests that the basin experienced an uneven erosion 

during the uplift in the Paleogene. By the end of Oligocene, the north end of Tan-lu Fault 

changed from extensional to right lateral strike-slip fault with the northern block being 

uplifted and heavily eroded up to 1700 m. The southern block, on the other hand, was 

only removed up to a maximum of 500 m. The erosion thickness of Well Shuangshen3 
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was estimated from the eroded thickness contour from earlier work (Yang, Yang and Yu, 

2006). 

Source‐rock parameters 

Specific values are assigned to TOC and hydrogen index (HI) to describe the quantity 

and quality of hydrocarbon available for petroleum generation. The concentration of 

organic material or TOC in source rocks is represented by the weight percent of organic 

carbon. A TOC value of 1% is considered the minimum for an effective source rock. HI is 

proportional to the amount of hydrogen in the kerogen, which indicates the capacity of the 

source rock to generate oil. The relationship is expressed in the following equation: 

 (1) 

where S2 is the amount of hydrocarbons generated by thermal cracking during pyrolysis 

in unit of mg HC/g (Hantschel and Kauerauf, 2009b). 
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Table 5 Rock-Eval data of Shuangshen3 Well 

Sample Rock 
Unit S1 TOC

HI(mg/g 
TOC) Tmax(℃) Lithology 

1 Es3 0.08 0.71 108 447 Sandy mudstone 
2 Es3 0.08 0.71 108 447 Sandy mudstone 
3 Es3 12.28   175 437 Coal 
4 Es3 12.28   175 437 Sandy mudstone 
5 Es3 0.18 1.51 195 445 Sandy mudstone 
6 Es3 0.50 0.83 207 425 Sandy mudstone 
7 Es3 0.72 1.61 227 448 Coal 
8 Es3 0.62 1.59 266 444 Coal 
9 Es3 0.14 1.65 272 445 Sandy mudstone 
10 Es3 0.03 0.15 300 441 Sandy mudstone 

For modeling purpose, an average TOC value of 1.1 and HI value of 203.3 mg/g is 

chosen for Well Shuangshen3. 

Source rock kinetics, as well as TOC and HI, are critical for source rock. They control the 

calculation of hydrocarbon generation, and could be revealed by lab pyrolysis 

experiments. Experiments at different heating rates are conducted to calculate 

corresponding activation energies, and pre-exponential factors (Hantschel and 

Kauerauf, 2009). The assumption is made that the conversion of kerogen to hydrocarbon 

is irreversible and is defined by a series of parallel pseudo-reactions. Difference types of 

kerogen are different in chemical and maceral compositions, thus have different kinetics. 

The type of hydrocarbon depleted is also decided by kerogen’s atomic ratio among 

hydrogen, carbon, and oxygen. By plotting HI against Tmax  on a Van Krevelen diagram 



37 

 

(Tissot, 1984), one can see that the source rocks in Es3 interval are dominantly type II 

(Figure 10). Pepper and Corvi’s kinetics for type II kerogen is assigned in this model 

(Pepper and Corvi, 1995). Minor adjustments were made in Kinetics Editor® (PetroMod 

v2012.1) by referring to the Fuhrmann’s former experiments on organic facies and 

petroleum generating characteristics (Fuhrmann et al., 2004). 
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Figure 10 Kerogen type determination of source rock of Well Shuangshen3 according to Rock-Eval 

data through plotting HI and Tmax data set on Van Krevelen diagram (data showed in Table 5). 

 

Boundary Conditions 

Boundary conditions that were used in PetroMod are basal heat flow (HF), paleo water 

depth (PWD) and sediment water interface temperature (SWIT). The boundary conditions 

define the basic energetic conditions for the temperature development in different layers, 
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especially the source rock which consequently determines the conditions for maturation 

of organic matter through time (Goodarzi, 1987). 

Paleo water depth 

Paleo water depth was estimated based on facies (Ren et al., 2001). Deep lake, shallow 

lake and shoreface facies correspond to PWD ranges of >50 m, 15-30 m and <15 m, 

respectively (Table 6 and Figure 11). 

Table 6  Paleo water depth of Well Shuangshen3 

Age (Ma) 24.6 30.8 33.5 36 38 43 45.4 

Facies Shoreface Deep lake Shoreface Deep 

lake 

Shallow 

lake 

Shallow 

lake 

Shallow 

lake 

PWD (m) 15 50 15 50 30 30 30 
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Figure 11 Paleo water depth of the Paleogene clastic strata in the Liaohe Basin (Modified from Ren, 

2001) 

Sediment‐water interface temperature 

SWIT is the upper boundary for the heat flow (Hantschel and Kauerauf, 2009b), and 

could be assigned to the model automatically by the program based on the geological 

time and latitude of sedimentation. The Liaohe Basin is located in the Northern 

hemisphere at a latitude of 41° (Figure 12). 
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Figure 12  Auto-assigned SWIT of Well Shuangshen3 

Heat flow  

Based on the geological evolution, the paleo HF trend is first designated following the 

classic McKenzie stretch model build in PetroMod (McKenzie, 1978), using a rift phase 

from 45 to 40 m.y. ago, and then thermal cooling until today. And the stretching factor is 

set at 2.00. Then the heat flow is modified by calibrating with bottom hole temperatures 

(BHT) and VR values. The final heat flow trends yield temperature and vitrinite 

reflectance trends match the calibration data (Figure 14 and Figure 15). The fit between 

model and calibration data is merely through visual inspection rather than a quantitative 
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calculation. PetroMod provides functions like zoom-in a certain part of the curve, setting 

fixed min/max value of vitrinite reflectance and depth, and logarithmic transformation of 

the data for closer examinations.  
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Figure 13 Heat flow of Well Shuangshen3 
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Figure 14 Modeled and present temperature profiles of Well Shuangshen3 



45 

 

 

Figure 15 Modeled VR trend and measured VR values of Shuangshen3 Well.  

Output 

Burial history 

Subsidence is controlled by both non-tectonic and tectonic factors. Non-tectonic factors 

include sediment loads and global eustatic movements, while tectonic factor is tectonic 

subsidence caused by crustal dynamics, such as rifting and pull-apart (Hu et al., 2001).  
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Subsidence during the syn-rift phase consists of two stages of sub-rifting process (Figure 

16). The first stage starts with a rapid initial (prior to 40 Ma) rifting subsidence (I1) and a 

subsequent (40–27 Ma) thermal subsidence (T1). The second stage includes initial (24.6-

27 Ma) rifting subsidence (I2), which coincide with former results by Zuo et al., 2011. If 

the regional unconformity at the top of the Dongying Formation is included, this rifting 

should have been maintained until 20 Ma. Since Shuangshen3 Well is located in the 

middle of the Western Depression, the uplift and sub-aerial erosion are relatively subtle. 

Rapid sedimentation, together with immediate deep burial, resulted in poor condition for 

porosity preservation, which is partially responsible for the low porosity and permeability 

of the reservoirs. The Post-rift thermal subsidence phase (T2) is followed. Rift stage 

started by the beginning of deposition of the Shahejie Formation, and continued to the 

deposition of Dongying Formation. The deposition rate was estimated as fast as 185.49 

m/Ma and slowed down when entering post-rift stage. The sedimentation rate during 

Neogene Period was as slow as 48.7 m/Ma.  
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Figure 16 Burial history of Well Shuangshen3. I1 and I2 denote first and second initial rifted 

subsidence; T1 and T2 denote the first and second thermal subsidence.  

Organic maturation history 

The organic maturation profile is an illustration of the thermal maturation condition at a 

certain point (or a certain well) throughout geological history (Figure 17). When source 

rock of Es4 and Es3
3 was just deposited, organic matter (OM) was immature. During the 

deposition of Es3
2, the source rock entered hydrocarbon threshold with VR > 0.5%. OM in 

Es4 became mature during the deposition of Es3
1 with VR > 0.7%, while OM in Es3

3 was 

still pre-mature to early mature with 0.5% < VR < 0.7%. During the rapid deposition of Es2 

and Es1, OM in both Es4 and Es3
3 reached oil generation peak with VR > 1.0%. After that, 
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heat flow decreased, subsidence ceased and cooled down, the organic maturity of the 

Shahejie Formation was not increased significantly.  

 

Figure 17  Organic maturation evolution of Well Shuangshen3 
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Chapter 5 Structural reconstruction 

Event and Paleo stepping 

The predictions of the location, time, volumes, and composition of accumulation in the 

study area is increasingly difficult due to its highly-faulted nature.  

In basin modeling, most forward models are based on the backstripping approach, in 

which the paleo-geometries of various ages are de-compacted and reconstructed (i.e. 

“backstripped”) from the present day geometries (mostly from seismic work) and 

porosities using the equation (Hantschel and Kauerauf, 2009):  

dPD/dini=(i- Φini)/(1- ΦPD),   

where d = thickness, Φ = porosity, ini = initial, and PD = present-day. 

This equation allows the approximation of the paleo-geometries of most models. Then 

compaction through time is calculated using a forward-modeling approach which is then 

compared to the initial model input data. If the calculated result does not match the given 

one, an iterative improvement of the match between the input thicknesses and the final 

model thicknesses is performed (Figure 18). Since the accuracy of the model is based on 
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the number of depositional events, and event is also the basic increment of the model, it’s 

also called event stepping.   

Although eventstepping is effective in pure vertical movements, it could be rather 

problematic when facing complex tectonic environments when major extensional faulting 

yielded strongly deformed geometries (Hantschel and Kauerauf, 2009a). For this reason, 

PetroBuilder 2D allows structural geologists to reconstruct the structural evolution of the 

2D profile separately in 2D Move® (by Midland Valley), and pass on the results to 

PetroMod environment through 2D TecLink®. Therefore, when running the model, 2D 

Simulator® jumps from one predefined paleogeometry to another chronogically (Figure 

18). The reconstructed intermediate paleo-geometries act as a guideline for the regular 

forward simulation and is directly intergrated into the modeling process as so-called 

“paleo-models” (Baur et al., 2009).  
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Figure 18 Schematic diagram depicting event-stepping and paleo-stepping (modified from 

Hantschel and Kauerauf, 2009). 

   



52 

 

Balanced sections 

The structural reconstruction of balanced section based on a 2D seismic profile through 

Shuangshen3 is generated before 2D basin modeling to better understand the original 

depositional style.  

Two principals were proposed by Dahlstrom (1969) for establishing a balanced section. 

The first principle is geometrically reasonable, which means the strata have either 

consistent length or volume when there is no erosion. The second principle is 

geomechanically correct, which means the choices of deformation (extension, thrust, 

strike-slip etc.) must be admissible and based on the general knowledge of deformation 

in the given tectonic setting. Besides, no overlaps, gaps, fault offsets, curved layers, or 

non-horizontal layers are allowed in a balanced section. A balanced section is not 

necessarily correct, but is likely to be more correct than a section that cannot be 

balanced (Fossen, 2010).  

In 2D Move, Midland Valley adopts 5 general rules: 1) Rock volume is conserved during 

deformation; 2) Rock volume is only altered by erosion and sediment compaction; 3) 

Dominant deformation mode is brittle faulting; 4) Folding is related to faulting; 5) Volume 
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losses attributed to pressure solution and tectonic compaction is assumed to be minimal 

(Midland Valley Exploration, 2003). 

Besides kinematic restoration, flexural isostasy is taken into consideration as well. 

Restoration is applied to determine the magnitude of lithospheric extension during rifting 

by estimating the post-rift subsidence rate from burial history.  

Structural restoration techniques 

There are two groups of techniques used in 2D Move structural restorations: unfolding 

restoration and move on fault restorations (Figure 19). Unfolding restorations are mostly 

used where the fault geometries can be ignored. Move on fault restorations are used 

where the effects of the fault geometry on hanging wall deformation are considered 

(Midland Valley Exploration, 2003). Considering the existence of listric faults (Figure 20), 

move on fault restorations method is adopted in the study (Figure 19).  

2D Move provides various restoration techniques regards to different geological 

conditions. They are: line length unfolding, restore, flexural slip unfolding, inclined shear, 

fault parallel flow, and trishear. Inclined shear technique was used in this study for it 

models the relationship between fault geometry and hanging wall deformational features. 
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2D Move suggests that the inclined shear algorithm is most applicable to rollover 

structures that developed on non-planer normal faults, and growth faults, where the 

thickness of bed increases (Midland Valley exploration, 2003).  
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Figure 19 Structural restoration techniques options in 2D Move (adapted from Midland Valley 

Exploration, 2003). Techniques used in this study are bold. 

 

Figure 20 Seismic profile of Profile 1.  
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Workflow 

The structural restoration procedure includes back-stripping of stratigraphy, 

decompaction of stratigraphy, restoration of fault, and unfold stratigraphy to a certain 

elevation (Figure 21). The original profile was interpreted from a seismic line after depth 

conversion (Figure 20). Decompaction is conducted on the top layer after assigning the 

horizon and strata polygon of the top layer as the target, the oldest horizon as Basement 

Bed, and the rest of layers as Intermediate Objects. Then Inclined Shear algorithm is 

used to remove faults’ influences by following the workflow shown in Figure 22. Then, 

Unfolding was performed by using Flexural Slip algorithm. A Pin was added to the point 

with least deformation. The top layer was then selected as Template Objects, and the 

rest of layer Polygons and horizons as Passive Objects. Then the top layer was Unfolded 

to Datum. At this point, the top layer was structurally restored. After removal of the top 

layer, the former second-top layer became the new top layer. Then the workflow was 

repeated until all the layers are restored. (Terms used in the software are Italic to avoid 

confusion.) 
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Restoration of Dongying Formation needed extra step for an unconformity that is present 

on top of it. Since the faults formed before erosion, they are restored after the erosion 

was estimated and restored. 

 

Figure 21 Workflow of 2D structural restoration in 2D Move. 
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Figure 22 Inclined shear workflow in 2D Move (summarized from Midland Valley Exploration, 

2003), terms used in the software are bold and Italic.  

Results 

The structural evolution history of Profile 1 is controlled by long-term active successive 

rifts. And there are four stages of rifting: 

Initial rifting stage – 4th member of Shahejie Formation 

During middle Eocene, NW-SE trending rifting was active. A few normal high-angle 

basement faults developed mainly in NW or SE direction, which controlled the 

stratigraphic distribution and the scale of half grabens (Figure 24). 

Select the fault on which the lines to be moved will be displaced

Select the objects to be moved

Move the objects using Join Beds

Toggling on Fault Auto extend to allow the fault to 
be automatically extended with a chosen orientation

Apply Inclined Shear
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Intense rifting stage – 3rd member of Shahejie Formation 

The late Eocene is the main rifting stage and expanding period. During this period, the 

half-grabens were largely expanded. The embryonic outline of half-grabens dipping to the 

southeast were formed by the intense faulting activities of a former smaller fault. It was 

southeast-faulted and northwest-overlapped, and sediments were thicker at south than 

north.  

Transition stage‐ 1st and 2nd members of Shahejie Formation 

However, during the deposition of Es2 and Es1, the rifting activities were weakened, only 

developing some successive fault blocks. The unified fault system began to appear 

(Figure 24). 

Uplifting stage – Dongying Formation 

During the deposition of Dongying Formation (middle to late Oligocene), the rifting 

activities further strengthened with rapid subsidence, which resulted in also southwest-

dipping half-graben with larger relief. During Neogene, the area entered into post-rifting 

stage with weaker fault activities, and the thickness of the Neogene strata were uniform 

in the whole area (Figure 23).  
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Figure 23 Stuctural evolution reconstruction of Profile 1 (0 Ma-36.5 Ma) 
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Figure 24 Stuctural evolution reconstruction of Profile 1 (37 Ma-40 Ma) 
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Chapter 6 2D Basin Modeling 

The 2D model was built based on a cross-section went through the key wells in 1D 

modeling (Figure 25).By importing the paleo sections and assign depositional ages to 

different modeling events, the time frame and paleo geometries are set. The workflow of 

2D modeling is shown in Figure 26.  

Inputs 

Age and event assignments are consistent with those used in 1D modeling. In addition, 

boundary conditions such as paleo water depths, heat flow, and SWIT were incorporated. 

Source rock properties, such as TOC, HI, and kinetic parameters for petroleum 

generation, were also inputted as descriptions for facies. Since Profile 1 goes through 

Well Shuangshen3, most of the parameters used here are derived from its 1D model 

values.  
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Figure 25 Location of Profile 1. 
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Figure 26 2D TecLink workflow (Schlumberger, 2012). 
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Faults 

Faults are critical in hydrocarbon migration. Open faults are vertical routes for migration, 

and closed faults are perfect seal for accumulation. In this study, faults are imported from 

2D Move files, gridded (as vertically and horizontally increments) and assigned ages, 

type (open/close), shale gouge ratio (SGR), (FCP) and permeability. SGR is the 

volumetric ratio of grains smaller than 100 nm to the larger grains, and it’s a simplification 

of volumetrics of fault adjacent sediments for each point on the fault surface (Hantschel 

and Kauerauf, 2009a). FCP is the transformation of SGR into capilary entry pressures 

and permeabilities (Yielding et al., 1997 and Yielding, 2002). These fault parameters are 

constantly changing during geological time period, and are difficult to calculate. 

Therefore, PetroMod simplifies it as ideal open (SGR < 18%, FCP < 0.1 MPa) and ideal 

closed (SGR >95%, FCP > 50 Mpa).  

The active age of certain fault (“Age from” and “Age to”) is determined by the ages of the 

strata that it cuts through. According to petrological study (Zhang et al., 2013), most faults 

were open during the main generation and expulsion periods, and were later 

predominantly closed by diagenesis and cementation processes.  
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Blocks 

The concept “block” has been introduced to the 2D TecLink Model to avoid multiple layer 

occurrences along one depth-line. A block is defined as an individual fault sheet bounded 

by layers and faults without vertically repetitive strata. While each fault block represents 

an indicidual sub-model on the input side, all blocks are combined into a single integrated 

model with each block has its own suitable and varying coupling conditions between the 

block boundaries during the simulation (Hantschel and Kauerauf, 2009a). In this way, 

blocks retain their structural integrity during the model’s tectonic evolution, but are 

connected with respect to all geophysical and geochemical parameters. The amount of 

blocks increases along paleosteps, for a former “parent block” can evolve into several 

“child blocks” due to faulting compartmentation. For example, in Figure 27 Block A2 

(parent block) breaks into Block A21, A22, A23 and Block A24 (child blocks) during 43 

Ma to 41.8 Ma.  

Input information for blocks includes shape, age, location and hierarchy of all blocks 

throughout both space and time (Baur et al., 2009). The geometrical input is inherited 

from the structural model (Figure 23, Figure 24, and Figure 25). The age assignment for 
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the paleo-models (Figure 26) puts blocks into correct chronological order. The affiliation 

and derivation of each block in the case of block splitting is deducted geologically through 

paleo-sections using a “parent-child-block” concept, and is concluded in a block definition 

table as another important input (Figure 28).  
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Figure 27 Paleo-sections tie with blocks definition. 
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Figure 28 The block definition table for Profile 1. 
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Calibration 

The simulation results are calibrated by the modeled 1D results from Well Shuangshen3, 

Qi13, Qi62, and Shuang11 and homogeneous temperature of inclusion.  

Inclusion homogeneous temperature 

Cements in reservoirs and migration pathways contain both oil and aqueous fluid 

inclusion, and temperature data from water inclusion adjacent to oil inclusions can be 

used to relate reservoir diagenesis to hydrocarbon burial and migration history. When 

inclusion was first captured, it was homogeneous. However, during the cooling after 

entrapment, differential shrinkage of trapped fluid leads to multiphase inclusion. The 

cooling process could be reversed in lab by heating the inclusions under the microscope 

until it’s homogeneous. The homogeneous temperature (Th) was chosen as paleo geo-

thermometer (McLimans, 1987). 

Inclusions from nine wells and Th from 131 samples were measured. Histogram (Figure 

29) shows that the major migration in the study area happened during when the 

geotemperature between 90°C to 140°C, mainly around 110°C.  
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Figure 29 Distribution of homogenization temperatures of fluid inclusions. 
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Well Shuang102 is located in the shallower part of the Central Depression, and 10 

samples from Es2 were heated to measure Th. The distribution of homogenization 

temperatures is shown in Figure 30. The Ths range from 100 to 120 °C. Combines with 

the burial and thermal history simulated by PetroMod 1D, it appears that the petroleum 

charge occurs during 33 Ma to 30 Ma.  

Well Shuang202 is also located in the shallower part of the Central Depression. 12 Ths 

were measured for Shuang 202 as shown in Figure 31. The Ths range from 130 to 

180 °C. By combining with burial and thermal history, the hydrocarbon migration time is 

determined to be 34 Ma to 33 Ma. 
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Figure 30 Histogram of Th measured in Well Shuang102 and the burial history of Well Shuang102. 

The blue band shows temperature range of 100-120°C, and the yellow band shows the deposition 

of Es1+2. The overlapping area of the two bands (red) shows the accumulation time. 

 

Figure 31 Histogram of Th measured in Well Shuang202 and the burial history of Well Shuang202. 

The blue band shows temperature range of 130-180°C, and the yellow band shows the deposition 

of Es31. The overlapping area of the two bands (red) shows the accumulation time. 
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Output 

Hydrocarbon generation and expulsion  

According to the organic maturation history portrayed in 1D modeling (Figure 17), 

hydrocarbon generation started at 40 Ma when Es4 enters oil threshold. PetroMod uses 

the parameter expulsion onset to show source rock units’ first time of expulsion, which 

depends primarily on heat flow history and assigned kinetics. The expulsion onset history 

(Figure 32) shows that the source rocks of Es4 and Es3
3 expulsed at 40 Ma at 

Shuangtaizi Structural Zone and Qingshui Subsag. Such early expulsion was resulted 

from deeper burial and higher temperature of source rocks at Subsag compared to the 

ones at Western Slope. The source rocks at Western Slope began to partially expulse at 

38 Ma, and expulsion reached the whole Western Slope at 33.5 Ma. 

The modeled time of expulsion predates the estimated results from Well Shuang102 and 

Shuang202 (Figure 30 and Figure 31).  Since profile 1 is in the deeper part of Qingshui 

Subsag and the reference wells (Shuang102 and Shuang202) are located at Shuangtaizi 

Uplift near the Western Slope (Figure 34)., the differences between measured and 
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modeled accumulation time were interpreted to simply reflect the fact that the 

hydrocarbon migration pathway is from Qingshui Subsag to Western and East slopes.
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Figure 32 Onset expulsion history at (a) 40 Ma, (b) 38 Ma, (c) 36 Ma, (d) 33.5 Ma, (e) 20 Ma, and 

(f) 0 Ma. 
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Figure 33 (continued) Onset expulsion history at (a) 40 Ma, (b) 38 Ma, (c) 36 Ma, (d) 33.5 Ma, (e) 

20 Ma, and (f) 0 Ma. 
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Figure 34 Location of Profile 1 and Wells Shuang202 and Shuang102. 

  



80 

 

Migration and accumulation 

Results showed that hydrocarbon generation started at 40 Ma, and main accumulation 

formed around 36.5 Ma (Figure 33). Migration pathway is illustrated by colored vectors 

(red for oil, green for gas), and accumulations are marked with the same color codes. 

Figure 33 demonstrates that at 40 Ma, oil migration started from the deep Qingshui 

Subsag laterally toward both of Eastern and Western Slope. At 38 Ma, migration reached 

the Western Slope, and gas migration started from the Qingshui Subsag. The migration 

peaked at 36.5 Ma, forming large oil and gas accumulations. The migration pathways 

towards the Western Slope are much more effective compared to the ones towards east 

although the east slope is much steep (Figure 36). Such difference in migration 

effectiveness is interpreted to be the result of different degrees of fault developments. 

Since faults are the main conduits for hydrocarbon migration in this model, hydrocarbon 

will preferably migrated towards intensely faulted area (in this case, the Western Slope). 

Therefore, the sequential order for hydrocarbon accumulation in different reservoirs is 

related to the migration distances from source to reservoirs. PetroMod calculated an 

approximately 337.89 MMbbls of oil and 343.12 MM3 of gas accumulation.  
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Figure 35 Hydrocarbon expulsion, migration, and accumulation overlaid with Easy%Ro for Profile 1 

at (a) 40 Ma, (b) 38 Ma, (c) 36.5 Ma, and (d) present. 
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Figure 36 Zoomed in screenshot from PetroMod showing preference migration westward. Liquid 

vectors are shown every 3rd of it and vapor vectors are shown every 4th of it for clearer illustration.  
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Chapter 7 Discussion 

Hydrogen suppression 

Vitrinite reflectance (VR) has been used as a sensitive indicator for organic matter 

maturation. However, there are cases when exceptions occur. In the study area, VR are 

found retarded in many wells during their high hydrogen index intervals. This effect is 

illustrated in Well Shuang202 (Figure 37).  

In the depth interval from 2600 m to 3800 m (mainly Es1), VR value shows minimum 

variance rather than increase along with burial depth. At the same interval, HI averages 

at 175 mg/g with a maximum value of 410mg/g. 

The same phenomenon has been observed first by coal experts(Hutton and Cook 1980) 

as vitrinite reflectance value ranges were significantly lowered when alginite is present. 

Then coal maceral analysts (Goodarzi, 1987 and Kalkreuth and Macauley, 1987) and 

organic geochemistry analysts (Price and Baker, 1985 and Raymond and Murchison, 

1991) found anomalously low VR in hydrogen-rich (exinite or amorphous rich) kerogen 

worldwide. Petroleum geochemist H. B. Lo from Exxon considers certain hydrogen-rich 

macerals are easily misidentified as vitrinite during vitrinite reflectance measurement 
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because of their similar appearance under microscope (Lo, 1993). With data accessed 

from North America, Europe and Australia, Lo also proposed a chart to correct the 

misread VR value (Lo, 1998). 

Correction 

According to Lo (1998), the suppression takes place under two circumstances. First, 

high-hydrogen and vitrinite-like macerals present (e.g., alginite, exinite). Second, the 

analyst misidentified them as vitrinite and observed their reflectance as VR values as 

maturation parameter. Thus, the error range varies from analyst to analyst on the same 

batch of samples. To deal with the individual differences, a group of samples in a narrow 

depth range by the same analyst are selected and the highest VR value is chosen as the 

lower boundary. Then the sample with the lowest VR and highest HI, estimate its HIo 

(original HI) was chosen to estimate the upper boundary of the "corrected" VR using 

Figure 38 and values from the previous step (VR and HIo).  
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Figure 37 Hydrogen suppression of Well Shuang202 
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Figure 38 A chart to estimate the upper bound of the "corrected" VR from HIo (Lo, 1998). 
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Result 

The corrected VR is shown in Figure 39. The corrected values are more geologically 

reasonable, also agree much better with the model. VR values of Es1 (depth interval 

3297 m- 3745 m) were largely shifted while those of Ed (depth interval 1387m- 3297 m) 

were barely effected. It’s mainly because Es1 consists of Type II kerogen while Ed has 

Type III kerogen, which contains less hydrogen-rich macerals (Table 1). 

In basin modeling, the model is just as accurate as the parameters we input and calibrate 

with. Incorrect calibration data would lead to wrong models. In this case, suppressed VR 

would easily lead the modeler to lower paleo heat flow to meet the wrong values. If so, 

the model would be built with lower thermal maturity. More significant, it will result in 

erroneous estimations of hydrocarbon generation and expulsion timing. Therefore, 

Shuang202 was not selected as the 1D model in this study even after the correction. 
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Figure 39 Corrected VR value against depth in Well Shuang202 
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Heat flow and tectonic history 

The thermal history is not only an important parameter for petroleum-system modeling 

but also reflects the tectonic history of the basin. Present heat flow is set at 50 mW/m2 

(about 1.18 HFU) to match with BHT (Figure 14), which also complies with previous study 

(Wang and Wang, 1986). Tectonically, the Liaohe Basin is a part of the North China 

Graben System. During Late Cretaceous and Paleogene, it experienced rifting and 

extensive magmatic activity with heat flow as high as 83.68 mW/m2. However, the high 

thermal state did not last due to the drastic change of the entire tectonic environment in 

West Pacific. During this period, the overall trend of geothermal development showed a 

decline. As a result, the relatively high thermal settings in the Liaohe Basin still remain 

due to its thick Cenozoic “duvet” and the relative short time interval of decay since the 

Late Paleogene.   
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Chapter 8 Conclusion 

1D and 2D basin models and structural models are built for Western Depression, Liaohe 

Basin, to study the generation, expulsion, migration, and accumulation of hydrocarbons. 

Conclusions as such are observed: 

1. Two adjacent source rocks, Es4 and Es3
3, are identified with high organic matter 

content, favorable kerogen type, and sufficient thickness. 

2. Main hydrocarbon generation and expulsion begins at 40 Ma, and peaks at 38.6 

Ma to 36 Ma. It varies laterally within Qingshui Subsag, West Slope and East 

Slope in sequential order.  

3. Vitrinite reflectance, as the major calibration data for thermal history modeling, 

requires correction when high hydrogen kerogen macerals exist.  

4. The highly faulted nature of rifted basin requires structural restoration before 2D 

basin modeling. The concept of balanced profile is practiced. The result showed 

that the study area went through four stages during rifting, initial rifting, intense 

rifting, transition, and uplifting stages.  
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5. Hydrocarbon migration started at 40 Ma, and main accumulation formed around 

36.5 Ma, which matched well with fluid inclusion homogeneous temperature data.  

6. The hydrocarbon migration is a combination of vertical and lateral flows, with a 

clear westwards preference, which is favored by more developed fault systems.  
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Appendix 

1D basin model results with calibration data. (a) Burial History with Sweeney and 

Burnham (1990) Easy Ro% overlay; (b) modeled temperature with bottom hole 

temperature calibration; (c) modeled vitrinite reflectance trend with real vitrinite 

reflectance values calibration.  
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