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Abstract
There has been significant progress in hydrocarbon exploration of the eastern Kuqa Depression, Tarim Basin, whose Jurassic 
reservoir is a key area for abundant hydrocarbon with poorly understood accumulation mechanism. This study conducts an 
integrated investigation comprising petrographic observations, microthermometry measurements, and fluorescence spectros-
copy analyses on fluid inclusions to reconstruct hydrocarbon accumulation history in the Jurassic reservoir. These conclu-
sions are combined with biomarker characteristics to reveal the burial history and thermal evolution of the study area. The 
results show that (1) there were two episodes of oil charging that occurred at 6~4 Ma and 4~2 Ma, respectively. The QGF 
experiment response and yellow fluorescent oil inclusions indicated that low-maturity medium crude oil from the Triassic 
source rocks was expelled into the upper Ahe Formation. In the second charging stage, some mature oil generated from 
Jurassic source rocks was charged into the reservoir of the Kezilenuer and Yangxia formations, while the condensate from 
the Triassic source rocks was migrated upward to the Jurassic reservoir, consistent with smaller QGF-E intensity values and 
blue-white fluorescent petroleum inclusions. (2) There were two kinds of hydrocarbon accumulation models including the 
lower-generation and upper-storage and the self-generated and self-stored models. (3) It was noted that active faults were 
developed under the compression stress to provide channels for hydrocarbon vertical migration. Moreover, the early reservoir 
was destroyed resulting from the strata denudation and a large amount of crude oil was escaped to the surface. The findings 
of this study can help for better understanding of hydrocarbon accumulation mechanism in the eastern Kuqa Depression and 
provide theoretical guidance for further oil and gas exploration.
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Abbreviations
GC–MS  Gas chromatography-mass spectrometry
QGF  Quantitative grain fluorescence
QGF-E  Quantitative grain fluorescence on extract
Th  Homogenization temperature
TT  Tricyclic terpane
ST  Regular sterane

λ max  Maximum fluorescence emission wavelength
pc  Photometer count
POWC  Paleo-oil–water contact

Introduction

The hydrocarbon accumulation mechanism has always been 
an important scientific issue for geologists (Anees et al. 
2019, 2022). The charging process of oil and gas in hydro-
carbon-bearing basins is complex, and, therefore, it is impor-
tant to comprehensively analyze the accumulation character-
istics to aid oil and gas exploration (Zhao et al. 2004). The 
analysis of fluid inclusions is a new method to investigate 
oil and gas accumulation process (Chen et al. 2000). Fluid 
inclusions have become a hot topic within hydrocarbon basin 
research, because it not only contains abundant informa-
tion of accumulation and mineralization, but also provides 
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indications on the oil and gas accumulation and resource 
evaluation or exploration (Burruss et al. 1983; Haszeldine 
et al. 1984a; Parnell 2010; Guo et al. 2016a). When petro-
leum is expelled into the reservoir, some fluid inclusions of 
the rock-forming and ore-forming components are captured 
by the cement and micro-fractures during the process of 
mineral crystallization, and these inclusions record informa-
tion on fluid temperature, pressure, and composition during 
oil and gas migration (Chen et al. 2000; Parnell et al. 2010). 
The geological properties of hydrocarbon inclusions and 
brine inclusions contain important information on migra-
tion and accumulation and help in the study of hydrocarbon 
accumulation chronology (Horsfield et al. 1984; Goldstein 
2001; Liu et al. 2013; Thanh et al. 2020; Thanh et al. 2022). 
Investigations of fluid evolution in petroliferous basins are 
critical for understanding petroleum migration and accumu-
lation and have significance for predicting the distribution of 
hydrocarbon resources (Guo et al. 2016b; Thanh et al. 2019). 
The Kuqa Depression is rich in oil and gas resources and 
regarded as a key area for hydrocarbon exploration (Wei and 
Jia 1998; Qin et al. 2002; He et al. 2004; Jia and Li 2008). 
The depression has widely distributed and thick coal meas-
ures strata, with rich gas source rocks containing abundant 
organic matter (Dai et al. 2012).

Previous studies have shown that the Kuqa Depression 
has significant geological features to enable multi-source 
hydrocarbon supply, multi-phase charging and late accumu-
lation (Ma et al. 2003; Zhu et al. 2012; Guo et al. 2016b, 
2018). It is generally believed by most scholars that natu-
ral gas charging has occurred in the Kuche stage, and the 
reservoir formed in the early stage has suffered structural 
destruction and adjustment in the late (Zhao and Dai 2002; 
Li et al. 2013). However, there are some differences regard-
ing the sources and charging periods of crude oil. Some 
scholars think that there is only one stage of oil charging 
in the Kuqa Depression, which is contributed by Triassic 
lacustrine mudstone (Zhao and Lu 2003; He et al. 2013; Li 
et al. 2016). Others believe that there is not only the lacus-
trine oil charging but also the second stage oil migration 
caused by the Jurassic coal measure source rocks (Zhao and 
Dai 2002; Wu et al. 2016b; Zhao et al. 2019). We find that 
the predecessors only take multiple sets of fluid inclusions 
analyses or source rocks and crude oil biomarker compound 
comparison for the research of hydrocarbon accumulation, 
which restricts the comprehensive geological understanding 
of the hydrocarbon exploration potential in the Kuqa Depres-
sion. Therefore, our study investigates the geochemical char-
acteristics of fluid inclusions combined with the biomarker 
compounds of crude oil to discuss hydrocarbon accumula-
tion mechanism of Jurassic reservoir in the eastern Kuqa 
Depression systematically.

In this study, we take the Jurassic reservoir of Well 
MN1 in the eastern Kuqa Depression as the research object 

and focus on three scientific issues: (1) which source 
rocks produced petroleum; (2) when the hydrocarbon was 
charged into the reservoir; and (3) when the hydrocarbon 
reservoir was formed. Firstly, the geological setting is pre-
sent. Then, the sample preparation and the operation flow 
of different experimental methods are introduced. Thirdly, 
experimental results are showed and discussed to analyze 
the hydrocarbon accumulation mechanism. Moreover, the 
core samples are divided into three parts for experimental 
testing (Fig. 1). Gas chromatography-mass spectrometry 
(GC–MS) analysis is used to analyze the biomarker char-
acteristics of saturated hydrocarbon for oil-source correla-
tion identification, to identify the contribution of different 
types of organic matter, and to determine the sedimentary 
environment. Observations of the petrographic charac-
teristics and homogenization temperature measurements 
for fluid inclusions are conducted to identify the different 
charging periods and determine the time of hydrocarbon 
migration for each phase based on the burial history and 
thermal evolution of the source rocks. The fluorescence 
spectroscopy analyses can indicate the development of 
hydrocarbon reservoir in the Jurassic strata. This study 
aims to establish the Jurassic hydrocarbon accumulation 
model in the eastern Kuqa Depression, update the under-
standing of oil and gas geology, and provide theoretical 

Fig. 1  Flowchart of experiment and analysis of geological problems
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guidance for further petroleum exploration and develop-
ment in the study area.

Geological settings

The Tarim Basin is a superimposed basin and the area with 
the largest oil and gas resources in Northwest China (Guo 
et al. 2016a) (Fig. 2A). The Kuqa Depression, as a Meso-
zoic-Cenozoic basin, has abundant oil and gas resources 
and covers an area of 37,000  km2 (Jia 2003) (Fig. 2B). The 
depression is a regenerated foreland basin and divided into 
four belts and three sags (He et al. 2005; Wu et al. 2016a) 
(Fig.  2C). The north-dipping and nearly EW-trending 
Yiqikelike fault is developed in the Triassic to Palaeogene 
strata and has played an important role in the distribution 

of gas reservoirs (Wei et al. 2016). The study area in this 
work is located in the Tugerming area, which is to the 
west of the Yiqikelike tectonic belt (Fig. 2C). The accurate 
interpretation of clutter seismic reflection data and drilling 
data from previous research show that the Ahe Formation 
has been drilled in the study area and the Jidike Formation 
is in an unconformable contact with the Jurassic strata in 
well MN 1 (Chai et al. 2020) (Fig. 2D).

The Kuqa Depression is a terrigenous clastic deposit 
dominated by Mesozoic and Cenozoic sediments with a 
thickness of over 8000 m (Qin et al. 2002). During the Late 
Triassic ~ Middle Jurassic, thick lacustrine and lacustrine-
marsh source rocks were deposited in the Kuqa Depres-
sion under a warm and humid climate (Zhao and Zhang 
2002). The source rocks of the Mesozoic strata are char-
acterized by large thickness and wide distribution, a high 

Fig. 2  A Map showing the 
location of the Tarim Basin in 
China; B location map showing 
the tectonic units of the Tarim 
Basin and the Kuqa Depression 
adjacent to the South Tianshan 
Mountains; C distribution of 
the tectonic units in the Kuqa 
Depression and the location of 
well MN 1 in the Yiqikelike 
thrust belt; D cross-section AB 
showing the stratigraphic distri-
bution in Well MN 1 in the east-
ern Kuqa Depression  (Modified 
from Chai et al. (2020))
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abundance of organic matter, and high maturity. They are 
composed of three sets of lacustrine source rocks and three 
sets of coal source rocks (Du et al. 2006; He et al. 2013) 
(Fig. 3). Moreover, the Lower Jurassic reservoir’s rock types 
are dominated by lithic sandstones with medium sorting, 
subrounded-subangular grinding, and low cement content 
with primary intergranular pores and intergranular dissolved 
pores, a small amount of intragranular dissolved pores, and 
fractures (Ju et al. 2014).

There are two sets of source-reservoir assemblages in the 
eastern Kuqa Depression: (1) the oil and gas generated from 
the Lower Triassic strata were migrated upward to the reser-
voir of the Ahe Formation, and sealed by the coal measures 
strata at the bottom of the Yangxia Formation; (2) hydrocar-
bon generated from the source rocks of the Yangxia Forma-
tion were stored in situ and sealed by the upper mudstone 

(Ju et al. 2014). The tight contact relationship between the 
source-reservoir-cap assemblages developed in the eastern 
Kuqa Depression improved the efficiency of hydrocarbon 
expulsion, which was beneficial to the hydrocarbon accu-
mulation in the tight sandstone reservoir.

Samples and methods

There are 24 sandstone samples from Well MN 1 of the 
Tugerming area in the eastern Kuqa Depression (Fig. 2C). 
These samples are selected from the depth interval of 
417.2~1154.6 m, including 6 from the Kezilenuer Formation 
 (J2kz), 3 from the Yangxia Formation  (J1y), and 15 from the 
Ahe Formation  (J1a). Their basic information and lithologi-
cal features are listed in Table 1.

Fig. 3  Comprehensive columnar 
map of the strata and the major 
petroleum system elements 
in the eastern Kuqa Depres-
sion. Modified from Guo et al. 
(2016a)
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Systematic experimental analyses were adopted to study 
the hydrocarbon accumulation characteristics of the Juras-
sic strata, including gas chromatography-mass spectrometry 
(GC–MS), fluid inclusion analyses (petrographic observa-
tions and microthermometric measurements), and fluores-
cence spectroscopy (QGF and QGF-E). All experiments 
were conducted at the Key Laboratory of Basin Structure 
and Hydrocarbon Accumulation, CNPC, Beijing.

Gas chromatography‑mass spectrometry (GC–MS)

The saturated hydrocarbon in the samples was eluted with 
n-hexane, toluene, and chloroform. They were then extracted 
by column chromatography followed by deasphalting with 
n-hexane. Gas chromatography–mass spectrometry analy-
sis was systematically conducted on the extracted saturated 
hydrocarbon. The tricyclic terpanes and regular steranes 
were detected on the m/z 191 and 217 mass chromatogram, 
respectively. The GC–MS analysis was conducted with an 
ISQ 7000 single-quad mass spectrometer coupled to a Trace 
1310 gas chromatograph equipped with an HP-5MS capil-
lary column (60 m × 0.25 mm i.d., film thickness 0.25 μm). 

The oven temperature was initially set at 60 °C and pro-
grammed to 260 °C at a heating rate of 6 °C/min, and then 
increased to 320 °C at a rate of 1.5 °C/min and then persisted 
for 20 min. The mass spectrometer was operated in the full 
scan mode at an ionization energy of 70 eV and a source 
temperature of 310 °C. Helium was used as the carrier gas.

Fluid inclusion analyses

Doubly polished sections of approximately 100 mm in thick-
nesses were prepared from the five core samples for fluid 
inclusion petrographic analyses and microthermometric 
measurements. Additionally, all sandstone samples were 
disaggregated into individual grains by physical crushing 
(diameters of 0.063 ~ 1 mm) for the fluorescence spectros-
copy analyses, including quantitative grain fluorescence 
(QGF) and QGF on extracts (QGF-E) analyses.

Petrographic observations of fluid inclusions

The thin sections were put under a Zeiss Axiovert 200 micro-
scope equipped with both transmitted light and incident 

Table 1  Characteristics of the 
core samples analyzed in the 
study

J2kz Kezilenuer Formation; J1y Yangxia Formation; J1a Ahe Formation; PM = petrographic observation 
and microthermometric measurement, GC–MS gas chromatography–mass spectrometry technique; QGT 
quantitative fluorescence technique referring to the quantitative grain fluorescence (QGF) and QGF on 
extract (QGF-E)

Sample No Depth/m Formation Lithology Type Analysis

MN1-1 417.2 J2kz Medium sandstone Core PM, GC–MS, QFT
MN1-2 418.6 J2kz Medium coarse sandstone Core GC–MS, QFT
MN1-3 421.0 J2kz Siltstone Core GC–MS, QFT
MN1-4 603.5 J2kz Sandy conglomerate Core PM, GC–MS, QFT
MN1-5 604.7 J2kz Sandy conglomerate Core GC–MS,QFT
MN1-6 607.5 J2kz Sandy conglomerate Core GC–MS,QFT
MN1-7 777.6 J1y Sandy conglomerate Core GC–MS,QFT
MN1-8 780.0 J1y Sandy conglomerate Core GC–MS,QFT
MN1-9 781.9 J1y Coarse sandstone Core GC–MS,QFT
MN1-10 951.7 J1a Medium sandstone Core PM,GC–MS,QFT
MN1-11 954.8 J1a Medium sandstone Core QFT
MN1-12 963.9 J1a Medium coarse sandstone Core PM,GC–MS,QFT
MN1-13 967.3 J1a Coarse sandstone Core GC–MS,QFT
MN1-14 970.8 J1a Coarse sandstone Core QFT
MN1-15 1024.6 J1a Coarse sandstone Core GC–MS,QFT
MN1-16 1029.0 J1a Coarse sandstone Core GC–MS,QFT
MN1-17 1032.2 J1a Sandy conglomerate Core PM,QFT
MN1-18 1034.8 J1a Coarse sandstone Core PM,GC–MS,QFT
MN1-19 1036.4 J1a Coarse sandstone Core GC–MS,QFT
MN1-20 1081.3 J1a Sandy conglomerate Core PM,GC–MS,QFT
MN1-21 1084.5 J1a Conglomerate Core GC–MS,QFT
MN1-22 1147.9 J1a Sandy conglomerate Core QFT
MN1-23 1150.7 J1a Sandy conglomerate Core QFT
MN1-24 1154.6 J1a Medium sandstone Core PM,QFT
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ultraviolet light (UV) sources (λ = 365 nm) to observe the 
distribution, shape, size, phase state, color, and fluorescence 
of the fluid inclusions. Most fluid inclusions had a clear-cut 
outer boundary observed at room temperature using a trans-
mitted light microscope due to the difference in the refrac-
tive index between the host mineral and the fluid inclusion 
(Jayanthi et al. 2020). With maturity increasing, the compo-
sition of the hydrocarbon inclusions changed from heavy oil 
through to medium oil and light oil and then to gas, which 
was coincident with a change in color from black or brown 
to tan, yellow, light yellow, and finally gray or colorless, and 
a further change in fluorescence colors from dark brown to 
brown, tan, yellow, yellow-green, blue-green, blue-white, 
and finally blue (Goldstein 2001).

Microthermometry measurements of the fluid inclusions

The principle and condition of the homogenization tem-
perature measurements of the fluid inclusions were that the 
captured fluid was a uniform single-phase and closed system 
with constant volume characteristics (Liu and Gu 1997). The 
fluid inclusions were first heated at 10 °C/min until the phase 
boundaries disappeared. The homogenization temperatures 
(Th) of the fluid inclusions were then subsequently deter-
mined using a calibrated Linkam TH-600 stage apparatus. 
The results had a precision of ± 1 °C.

In this study, we used the PetroMod basin simulation soft-
ware to simulate the burial history of Well MN 1. Previous 
results on the terrestrial heat flow value in the Kuqa Depres-
sion (Wang et al. 2005) and the model of vitrinite reflectance 
proposed by Burnham and Sweeney (1989) were used to 
reconstruct the thermal evolution of the well in this study.

Fluorescence spectroscopy analyses

Fluorescence spectroscopy analyses were conducted on a 
Varian Cary-Eclipse fluorescence spectrophotometer. The 
fluorescence intensity and spectral characteristics were 
identified to distinguish the geochemical information of 
the hydrocarbon inclusions adsorbed on the surface of the 
reservoir or inside the particles to identify and discuss the 
paleo/current oil–water interface and reservoir properties 
(Liu and Eadington 2005; Liu et al. 2007). Heavy miner-
als and cuttings were then removed by magnetic separa-
tion before the remaining grains were placed in a beaker 
and rinsed sequentially with a dichloromethane (DCM): 
methanol mixture (50:50), 30% hydrogen peroxide, and 
finally 3.6% dilute hydrochloric acid to remove free hydro-
carbons, adsorbed hydrocarbons, and mineral impurities. 
Details of the approaches and methods used are given in 
Liu and Eadington (2005). The methods used a highly sensi-
tive spectrophotometer to analyze ~ 1 g of clean, dry, whole 

quartz grains in bulk volume (QGF) and the solvent extract 
(QGF-E) after a pre-cleaning procedure removed the surface 
contaminants.

Results

Characteristics of the biomarker compounds

Saturated hydrocarbon extracted from the Jurassic core 
samples was subject to GC–MS analysis to qualitatively 
and quantitatively identify the characteristics of the bio-
markers. A series of tricyclic terpane and regular sterane 
compounds were identified and are shown in Figs. 4 and 
5, respectively, and significant biomarker parameters were 
calculated and are shown in Table 2 based on their relative 
abundances in the representative mass chromatograms.

The mass chromatograms of m/z 191 showed the rela-
tive abundance of  C19~C25 tricyclic terpanes in the studied 
samples (Fig. 4). The tricyclic terpane compounds dis-
played a normal distribution in the relative abundance with 
a peak of  C21 tricyclic terpane  (C21TT) in most samples. 
Higher amounts of  C20 tricyclic terpane  (C20TT) relative 
to  C21 tricyclic terpane  (C21TT) were also observed in 
some samples such as sample MN1-6 (Fig. 4B). Moreover, 
the biomarkers were quantitatively investigated to calcu-
late the content percentage among the  C19 ~  C23 tricyclic 
terpane compounds. The sum percentages of  C19TT and 
 C20TT were measured in a range of 27.93% ~ 49.96%, in 
which the highest percentage was found in the sample 
MN1-2 of the Kezilenuer Formation. The  C23 tricyclic ter-
pane  (C23TT) compound was typically detected in a low 
abundance in all samples, varying from 16.48 to 33.87%. 
The  C21TT compounds were detected in relative contents 
of 31.87% ~ 40.52% in the Jurassic samples. Interestingly, 
most samples from the Ahe Formation displayed a pre-
dominance of  C21TT components. However, the majority 
of the samples from the Kezilenuer Formation had a higher 
abundance of  C19TT and  C20TT rather than  C21TT.

The distributions of  C27 to  C29 regular steranes were 
identified along with remarkable differences in the repre-
sentative reservoir samples, as shown in the m/z 217 mass 
chromatograms of the saturated hydrocarbon sections. 
There were three types of regular sterane distributions 
according to their relative abundances. The predominance 
of  C27 regular sterane  (C27ST) was present in the extracted 
hydrocarbon from the Kezilenuer Formation, forming an 
“L” shape (Fig. 5A,B). A few samples were dominated by 
 C29 regular steranes  (C29ST), showing an inverse “L” type 
in the sediments from the Yangxia Formation (Fig. 5C,D). 
Additionally, there was a very similar abundance in  C27ST 
and  C29ST, characterized by a “V” pattern in the samples 
from the Ahe Formation (Fig. 5E,F,G,H). A relatively 
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Fig. 4  Mass chromatograms of saturated hydrocarbon fractions show-
ing distributions of tricyclic terpanes (m/z 191) in the representative 
samples from Jurassic reservoir of Well MN1. A: 417.2 m,  J2kz, gray 
medium sandstone; B: 607.5  m,  J2kz, gray coarse sand conglomer-
ate; C: 777.8 m,  J1y, gray coarse sand conglomerate; D: 781.9 m,  J1y, 

gray coarse sandstone; E: 951.7 m,  J1a, gray medium sandstone; F: 
963.9 m,  J1a, gray medium coarse sandstone; G: 1024.8 m,  J1a, gray 
coarse sandstone; H: 1084.5 m,  J1a, gray conglomerate. TT tricyclic 
terpane
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Fig. 5  Mass chromatograms of the saturated hydrocarbon fractions 
showing distributions of regular steranes (m/z 217) in the representa-
tive samples from the Jurassic reservoir of Well MN1. A: 417.2 m, 
 J2kz, gray medium sandstone; B: 607.5  m,  J2kz, gray coarse sand 
conglomerate; C: 777.8  m,  J1y, gray coarse sand conglomerate; D: 

781.9 m,  J1y, gray coarse sandstone; E: 951.7 m,  J1a, gray medium 
sandstone; F: 963.9  m,  J1a, gray medium-coarse sandstone; G: 
1024.8  m,  J1a, gray coarse sandstone; H: 1084.5  m,  J1a, gray con-
glomerate. ST regular sterane
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higher abundance of  C27 regular steranes was detected in 
most samples, and its percentage content was in the range 
of 26.41% ~ 68.00% (averaging 38.11%).  C29ST was the 
second most abundant component in the samples, show-
ing a relative abundance of 22.28% ~ 51.18% (averag-
ing 38.78%). The  C27/C29ST ratios were in the range of 
0.58 ~ 3.05, reflecting a significant variation in the Jurassic 
samples. The lowest value of  C27/C29ST was 0.58, which 
was from the MN1-20 sample.

Petrographic characteristics of the fluid inclusions

Minor amounts of hydrocarbon-bearing fluid inclusions and 
coexisting aqueous inclusions were observed in the selected 
samples throughout the Jurassic reservoir. In particular, fluid 
inclusions were relatively widely trapped by quartz in the 
Ahe Formation. Hydrocarbon inclusions were distinguished 
from aqueous inclusions according to their fluorescent prop-
erties. In addition, the petrographic characteristics of the 
petroleum inclusions were significantly helpful to classify 
them into different categories. In this study, these inclusions 
were classified into two types of hydrocarbon inclusions and 
associated aqueous inclusions within the Jurassic reservoir 
according to petrographic observations. They are shown in 
Fig. 5 and described as follows.

 i. Some hydrocarbon inclusions fluoresced yellow and 
were accompanied with colorless aqueous inclusions 
under UV observation. However, these oil inclusions 

appeared colorless in transmitted light. The inclusions 
were distributed in a cluster or scattered off the host 
grains (Fig. 6A,B,C), with a diameter of 6~10 μm in 
circle, elliptical, or irregular shapes. Obviously, the 
pure liquid-phase petroleum inclusions of yellow 
fluorescence color were developed in the quartz grain 
(Fig. 6A) or found along micro-fractures in line dis-
tributions (Fig. 6B). Few oil inclusions located in the 
quartz mineral surface were presented in the gas–liq-
uid phase, but were dominated by the liquid phase 
(Fig. 6C). The oil inclusions also contained a colorless 
bubble under transmitted light, while the bubble had a 
dark color under ultraviolet light.

 ii.  Other hydrocarbon-bearing fluid inclusions showed 
blue-white fluorescence color under UV and were 
colorless in the transmitted light. Their amounts were 
lower than that of the yellow fluorescent oil inclu-
sions. Generally, the inclusions showed a pure liquid 
phase with a small diameter of 4~8 μm and occurred 
in elliptical or irregular shapes. Under the microscope, 
these inclusions were gathered in the corrosion hole 
of the detrital grains (Fig. 6D) or at the contact of the 
detrital grains (Fig. 6E). Similar to the oil inclusions 
with yellow fluorescence, the blue-white fluorescent 
petroleum inclusions were also found in a line distri-
bution along the micro-fractures (Fig. 6F).

Table 2  Biomarker parameters 
in the saturated hydrocarbon 
fractions for studied samples

TT tricyclic terpane; ST regular sterane

Sample No Tricyclic terpanes Regular steranes

%C19 + C20TT %C21TT %C23TT %C27ST %C28ST %C29ST C27/C29ST

MN1-1 44.80 36.30 18.90 64.48 5.34 30.19 2.14
MN1-2 49.96 31.87 18.16 68.00 9.71 22.28 3.05
MN1-3 45.39 35.58 19.03 35.75 15.55 48.70 0.73
MN1-4 36.99 36.36 26.65 27.86 28.66 43.47 0.64
MN1-5 32.54 33.59 33.87 25.86 29.52 44.61 0.58
MN1-6 49.51 34.00 16.48 62.47 11.42 26.12 2.39
MN1-7 39.57 35.93 24.50 43.00 12.19 44.81 0.96
MN1-8 31.62 36.29 32.09 26.41 29.57 44.02 0.60
MN1-9 34.91 37.62 27.47 29.12 28.25 42.63 0.68
MN1-10 41.66 36.78 21.56 37.74 26.40 35.87 1.05
MN1-12 36.51 36.39 27.09 30.09 35.91 33.99 0.89
MN1-13 36.67 37.17 26.16 37.72 28.76 33.52 1.13
MN1-15 34.63 36.53 28.84 37.24 28.66 34.11 1.09
MN1-16 33.72 35.11 31.16 29.52 19.30 51.18 0.58
MN1-18 34.34 36.19 29.47 32.88 26.89 40.24 0.82
MN1-19 35.99 36.82 27.20 38.66 23.02 38.31 1.01
MN1-20 27.93 39.07 33.01 26.53 27.39 46.08 0.58
MN1-21 28.73 40.52 30.75 32.66 29.45 37.89 0.86
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Fig. 6  Photomicrographs of 
hydrocarbon inclusions under 
transmitted and ultraviolet 
light. A: 1154.6 m,  J1a, medium 
sandstone, pure colorless 
liquid-phase oil inclusions 
under transmitted light showing 
yellow fluorescence under ultra-
violet light; B and C: 1032.2 m, 
 J1a, coarse sand conglomerate, 
colorless oil inclusions under 
transmitted light showing yel-
low fluorescence under ultravio-
let light, present pure liquid and 
gas–liquid phase, respectively; 
D: 1032.2 m,  J1a, coarse sand 
conglomerate, pure colorless 
liquid-phase oil inclusions 
under transmitted light showing 
blue-white fluorescence under 
ultraviolet light; E: 1034.8 m, 
 J1a, coarse sandstone, colorless 
oil inclusions under transmit-
ted light showing blue-white 
fluorescence under ultraviolet 
light; F: 1081.3 m,  J1a, coarse 
sand conglomerate, pure color-
less liquid-phase oil inclusions 
under transmitted light showing 
blue-white fluorescence under 
ultraviolet light
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Homogenization temperature and charging age 
of the fluid inclusions

Due to the different shrinkage rates of the bubbles inside 
the inclusions, there was a significant difference in the mean 
temperature of the hydrocarbon inclusions and the accom-
panying brine inclusions with a difference of 20~40 ℃ (Shi 
et al. 1987). The homogenization temperature (Th) measure-
ments of the variable inclusion assemblage played a vital 
role in the analysis of the hydrocarbon charging phases. The 
burial history of the reservoirs in the study area was recon-
structed using the PetroMod 1D simulation software (Fig. 7). 
The time of hydrocarbon expulsion was determined based on 
the homogenization temperature values of the different kinds 
of aqueous inclusions, which was related to the stability of 
the brine inclusion’s properties during the burial process 
(Bourdet et al. 2008).

The geothermal gradient of the Kuqa Depression 
was relatively low, being estimated to be in the range of 
2.9~3.2 °C/100 m during the Mesozoic, around 2.9 °C/100 m 
during the Paleogene and Neogene, and around 2.5 °C/100 m 
at present (Wang et al. 2000). The Th values of the coeval 
aqueous inclusions associated with the yellow fluorescent 
hydrocarbon inclusions were calculated to be in the range of 
80 ~ 95 °C, which corresponded to the burial age of 6~4 Ma. 
Additionally, the aqueous fluid inclusions associated with 
the blue-white fluorescent hydrocarbon inclusions had Th 
values of 105 ~ 120 °C, which was consistent with the burial 
age of 4~2 Ma.

QGF and QGF‑E responses

The fluorescence spectroscopy technique can accurately iden-
tify the compositions and properties of hydrocarbons that are 
adsorbed on reservoir surfaces or in particles to detect paleo-
oil or residual-oil deposits (Liu et al. 2007). The spectral 
parameters were expressed by the QGF index, the QGF-E 
intensity, and the maximum wavelength (λ max). The QGF 
index values had an average spectral intensity between 375 
and 475 nm, and were normalized to a spectral intensity at 
300 nm. The QGF-E intensities were described as the maxi-
mum spectral intensities normalized to 1 g of quartz sand in 
20 ml of DCM solvent. The results of previous research (Liu 
and Eadington 2005) indicated that paleo-oil layers usually 
exhibited strong QGF index values greater than 4, whereas the 
values of water layers were usually below 4. In addition, resid-
ual-oil layers usually had strong QGF-E intensities greater 
than 40 photometer counts (pc), whereas the values below 20 
pc were considered to be water layers.

The results of the QGF and QGF-E analyses at the depth 
interval between 417.2 m and 1154.6 m in the Jurassic res-
ervoir are given in Fig. 8 and Table 3. The QGF index and 
QGF-E intensity parameters were measured on the rock 
samples to determine the development of the paleo and 
current reservoir. The QGF index values ranged from 0.34 
to 6.65, with the maximum value at a depth of 1029 m in 
the Ahe Formation, which showed an increasing trend as 
the burial depth decreased. The deepest sample (MN1-24) 
had the lowest QGF index value of 0.34. It should be noted 
that the locations below 1084.5 m had QGF index values 
in the range of 0.34 ~ 0.38, while all the samples above had 
values higher than 4.00. This indicated that the depth of 

Fig. 7  Burial history of well 
MN 1 in the eastern Kuqa 
Depression
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1084.5 m could be considered to be a paleo-oil–water con-
tact (POWC). Additionally, the QGF fluorescence spectra 
of all the samples were obtained. The four deepest samples 
displayed weak spectrum responses. The other samples pre-
sented a unimodal distribution with a distinct peak around 
400 nm in the QGF fluorescence emission of the fluores-
cence spectra, which was coincident with the features of 
medium crude oils. The QGF-E intensity values were lower 
than 40.00 photometer counts in all samples. The maximum 
value of 36.15 photometer counts was obtained from the 
sample MN1-2. Unlike the variation trend of the QGF index 
values, the QGF-E intensity presented a complex change 
distribution as shown in Fig. 8. On the whole, it displayed 
an increasing upward trend with decreasing burial depths in 
the Jurassic strata interval. The QGF-E fluorescence spectra 
were characteristic of a similar regular pattern in all current 
samples. Furthermore, the λ max values ranged from 360 to 
390 nm, which were lower than that of the QGF fluorescence 
spectra. This indicated that the residual oil in the reservoir 
showed the typical features of condensate oil.

Discussion

Identification of source rocks for oil generation

The correlation between oil and source rocks is key to iden-
tifying the organic matter types for hydrocarbon generation 

and investigating the geological problems of hydrocarbon 
accumulation (Peters et al. 2005a, b). Qualitative and quan-
titative analyses of biomarkers in source rocks or crude oil 
are performed through gas chromatography–mass spec-
trometry experiment to reveal the type of parent material 
and the sedimentary environment during deposition of the 
organic matter (Alberdi et al. 2001; Guo et al. 2015; Tang 
et al. 2019). Furthermore, Liu et al (2019) showed that the 
measured maturity of Jurassic oil was approximately 1.0%, 
which indicated that the biomarkers in the extracted oil sam-
ples were helpful for identifying the geologic features of the 
organic matter.

Tricyclic terpanes are regarded as effective indicators 
of organic matter types resulting from different relative 
amounts of diverse organic matter sources (Ekweozor 1981; 
Bao et al. 1999). It has been proposed that compounds with 
carbon numbers less than 21 in the tricyclic terpane series 
are derived from higher plants (Ekweozor 1981). Moreo-
ver, the predominance of the  C19TT compounds is generally 
accepted as the typical feature of coal-formed oil (Bao et al. 
1999; Tao et al. 2015). In the Kuqa Depression, previous 
studies have demonstrated that the tricyclic terpanes of coal-
measure source rocks show a stepped distribution pattern 
with a prominent peak of  C19TT, displaying a decreasing 
trend in the relative abundance of tricyclic terpanes with 
increasing carbon numbers (Liu et al. 2018; Li et al. 2019). 
Higher abundances of  C21TT or  C23TT in the tricyclic ter-
pane series reflect the contributions of aquatic organisms, 

Fig. 8  Stratigraphic profiles of the quantitative grain fluorescence 
(QGF) index, QGF on extract (QGF-E) intensity, and the fluorescence 
spectra of well MN 1 in the eastern Kuqa Depression. The QGF index 
is the average spectral intensity between 375 and 475 nm normalized 

to the spectral intensity at 300 nm. The QGF-E intensity is the maxi-
mum spectral intensity of a QGF-E spectrum normalized to weight 
and volume. POWC means paleo oil–water contact
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which occur in the Triassic source rocks with a normal dis-
tribution in the corresponding mass chromatograms (Tang 
et al. 2019). This was to say that the Jurassic hydrocarbon 
was mainly originated from algal organic matter, consistent 
with a normal distribution in the relative abundances with 
a peak at  C20TT or  C21TT in the tricyclic terpane series. 
Additionally, regular steranes also are remarkable param-
eters for determining the biological sources of oil and source 
rocks (Peters and Moldowan 1993). The relative contents of 
 C29 and  C27 regular steranes are often used as evidence to 
distinguish distinct types of organic matter, where higher 
contents of  C29 regular steranes indicate a larger contribu-
tion of higher plants (Peters et al. 2005b). Coal-derived oil 
is present as inverse “L” patterns in the relative abundance 
of  C27 ~  C29 regular steranes, while organic matter mainly 
from aquatic organisms shows an “L” shape pattern (Zhao 
et al. 1998). Almost all the samples in this study had abun-
dant  C27ST compounds and presented an “L” shape in the 
representative mass chromatograms, indicating a much 
higher contribution from aquatic organisms. Some samples 
displayed a similar abundance of  C27ST and  C29ST, and 

 C27 ST /C29 ST ratios of approximately 1.0, supporting an 
algal input into the source rocks. Nevertheless, a few sam-
ples had higher contents of  C29ST in the regular steranes 
with an inverse “ L”-shaped distribution pattern, confirming 
that some terrestrial plants also contributed to hydrocarbon 
generation. The tricyclic terpane distributions in the studied 
samples also reflected the depositional environment of the 
organic matter. High concentrations of  C21 tricyclic terpanes 
were characteristic of sediments deposited in freshwater 
lacustrine environments, while abundant  C23 tricyclic ter-
panes were strongly related to saline lacustrine depositional 
environments.  C19 and  C20 tricyclic terpanes were recorded 
in high abundance under swampy environments (Xiao et al. 
2019). Taking the quantitative analysis of the relative abun-
dances of  C19 +  C20TT,  C21TT, and  C23TT compounds and 
placing them into the sedimentary environments chart estab-
lished by Xiao et al (2019) (Fig. 9), it was found that most 
of the parameter points exhibited a relatively clustered dis-
tribution, and were concentrated in the freshwater lacustrine 
environment zone.

Based on this source rock-oil correlation from the bio-
marker information, it was inferred that the crude oil of the 
Ahe Formation was mainly generated from the lower Trias-
sic lacustrine mudstone, which was deposited in a fresh-
water environment. The petroleum in the Kezilenuer and 
Yangxia formations was mainly generated from the Triassic 
lacustrine mudstone, with some contribution from Jurassic 
coal measure source rocks. This conclusion was similar to 
that of the source rocks of the Jurassic hydrocarbons in the 
Dibei area, indicating that the Jurassic strata in the eastern 
Kuqa Depression had the potential to have formed oil and 
gas reservoir (Li et al. 2019).

Table 3  Quantitative grain fluorescence (QGF) and QGF on extract 
(QGF-E) parameters of the studied samples

Sample No QGF QGF-E

Index Intensity/
pc

λ max/nm Intensity/
pc

λ max/nm

MN1-1 5.60 0.69 395.56 24.60 373.00
MN1-2 5.30 0.69 396.68 36.15 370.00
MN1-3 5.68 0.65 399.41 22.32 379.00
MN1-4 5.34 0.98 401.02 5.76 375.00
MN1-5 5.07 1.16 403.16 4.12 369.00
MN1-6 5.41 1.15 399.28 13.76 381.00
MN1-7 4.81 1.36 399.92 2.76 365.00
MN1-8 4.82 1.42 400.92 1.13 386.00
MN1-9 5.08 1.54 399.43 1.05 372.00
MN1-10 4.23 0.76 396.28 23.86 374.00
MN1-11 4.78 0.85 397.05 13.32 369.00
MN1-12 5.20 1.69 400.30 2.68 377.00
MN1-13 5.89 1.77 401.29 1.71 384.00
MN1-14 6.23 1.10 399.17 2.29 366.00
MN1-15 6.10 1.81 400.29 2.93 365.00
MN1-16 6.65 1.43 403.38 1.43 372.00
MN1-17 5.69 1.39 401.66 11.01 364.00
MN1-18 5.73 1.19 399.93 2.26 373.00
MN1-19 5.74 1.20 399.54 27.25 385.00
MN1-20 4.61 1.76 402.53 22.58 380.00
MN1-21 0.38 0.27 306.19 3.64 375.00
MN1-22 0.37 0.19 312.05 9.36 379.00
MN1-23 0.37 0.22 309.44 3.60 373.00
MN1-24 0.34 0.18 303.81 5.21 369.00

Fig. 9  Relative abundances of tricyclic terpane biomarker parameters 
for determining depositional environments
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Characteristics of the hydrocarbon charging phases

Hydrocarbon charging characteristics are determined by the 
matching of tectonic activity periods and hydrocarbon gen-
eration and expulsion history (Zeng 2004). The strong lateral 
compression in the Himalayan orogeny led to the uplift of 
Mt. Tianshan and the subsidence of the Kuqa Depression, 
thereby influencing the thermal evolution of the source rocks 
in the Mesozoic strata (Zhao and Dai 2002). The sediments 
underwent slow subsidence in the Mesozoic and uplift in 
the Late Cretaceous, resulting in a low maturity of the Tri-
assic and Jurassic source rocks before the Late Tertiary (Du 
et al. 2006). Since the Neogene, the rapid burial of Meso-
zoic strata accelerated the thermal evolution of organic mat-
ter, causing the Triassic source rocks to reach the peak of 
their oil generation capacity in the early Neogene. However, 
the Jurassic source rocks reached their peak oil generation 
capacity in the Neogene when the Triassic source rocks 
quickly entered the generation stage of wet gas and dry gas 
(Wang et al. 1999; Zhao and Lu 2003).

Fluid inclusion analyses have been widely used in petro-
leum geology research to provide important insights into 
the processes and timing of hydrocarbon migration in 
structurally complex basins (Goldstein 2001). The fluores-
cence properties of hydrocarbon inclusions are related to 
the thermal evolution of oil. The hydrocarbon shows more 
stable and strongly polar fluorescent components with the 
increasing maturity (Stasiuk and Snowdon 1997; George 
et al. 2001). The fluorescence colors vary from brown to 
blue when the hydrocarbon compositions change from heavy 

oil to condensate oil, respectively (Hagemann and Holler-
bach 1986; George et al. 2001). Moreover, the maximum 
fluorescence emission values in the spectral measurements 
can be used as an indicator of thermal maturity (Liu et al. 
2016). Generally, the higher of crude oil density, the more 
content of heavy oil, and the higher λ max values is present.

Consequently, two episodes of hydrocarbon charge were 
identified based on the detailed study of fluid-inclusion 
petrography, microthermometry, and fluorescence spec-
troscopy characteristics. The spatio-temporal distribu-
tion of the hydrocarbon charging activity and the thermal 
evolution of the source rocks were analyzed based on the 
simulated thermal evolution history. It was suggested that 
the first charging stage was characteristic of mature oil 
during the late Miocene to early Pliocene (circa 6 ~ 4 Ma), 
resulting in higher λ max values and yellow fluorescence 
colors. At that time, the Triassic source rocks entered into 
the oil-generating window, while the Ro of the Jurassic 
coal-measure source rocks was distributed in the immature 
stage (Fig. 10). The oil inclusions with the fluorescence 
colors of blue-white and the coexisting aqueous inclusions 
recorded the second period of oil charging, which was cor-
responded to the Pliocene (4 ~ 2 Ma). Both the presence 
of the smaller λ max values in the QGF-E fluorescence 
spectra and the blue-white fluorescence of the oil inclu-
sions indicated that the oil was dominated by a light com-
position in the form of condensate oil. During this period, 
Jurassic source rocks entered the oil window and produced 
mature oil, and the Ro of the Triassic source rocks could 
reach 0.9%. This was to say that the light oil in the Juras-
sic reservoir was sourced by Triassic mudstones rather 
than Jurassic coal seams. Previous studies on the tectonic 

Fig. 10  The thermal evolution 
of well MN 1 in the eastern 
Kuqa Depression
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evolution of the study area (Chai et al. 2020) showed that 
the main thrust fault in the area was well developed since 
the Miocene and the fault have provided a dominant verti-
cal migration conduit for oil. The oil generated from the 
Triassic source rocks could migrate into the Jurassic res-
ervoir along the fault. In addition, fractures were formed 
by the tectonic activity and they supported the lateral oil 
migration channels. Therefore, small amounts of mature 
oil from Jurassic coal-measure source rocks were expelled 
into the reservoirs with high-quality physical properties. 
In contrast to the three stages of oil and gas charging in 
the Jurassic reservoir of the Dibei area (Li et al. 2019), 
there were only two episodes of oil charging in the Jurassic 
strata, which was due to the shallow burial of the Meso-
zoic strata and the medium thermal maturity of the source 
rocks, making it difficult to generate natural gas.

Process and mechanism of hydrocarbon 
accumulation

Favorable fault structure development, large-scale hydro-
carbon charging, and trap formation are necessary condi-
tions for hydrocarbon accumulation. The Kuqa Depression 
has experienced multi-stage tectonic movements, marked 
by the Cretaceous Yanshan movement and the Tertiary 
Himalayan movement, with the former serving as the key 
period to form faults and structures in the depression, char-
acterized by a series of northward thrust faults that formed 
under the large horizontal extrusion force of the Tianshan 
Mountains. Moreover, a series of east–west linear anticlines 
were present in the Kuqa Depression and these were influ-
enced by the rising Tianshan Mountains and the movement 
of faults during the late Himalayan movement (Qin et al. 
2002). The Yiqikelike structural belt in the eastern Kuqa 
Depression had folds and thrust deformations, and numerous 
thrust faults and fault anticlines have formed in the Meso-
zoic strata (Shang et al. 2012). In particular, intense tectonic 
deformation was present in the Tugerming area and these 
were controlled by palaeo-uplifts in the early; furthermore, 
the strata has experienced late erosion (Zhang et al. 2019). 
The Mesozoic-Cenozoic tectonic evolution and hydrocarbon 
accumulation mechanism in the eastern Kuqa Depression 
were seriously affected by the Himalayan orogeny, which 
provided the main impetus for structural movement (Char-
reau et al. 2006). The intensity of the structural activity was 
relatively weak from the Neogene to the Miocene and the 
strong compression of the strata due to the active Hima-
layan orogeny played an essential role in the hydrocarbon 
charging during the Pleistocene to Quaternary; further, the 
structural features were finalized during the deposition of 
the Kuqa Formation in response to the peak of the Himala-
yan movement (Zhang et al. 2019). Multi-channel seismic 
data throughout MN1 have been interpreted to reveal the 

characteristics of the Mesozoic tectonic deformation in the 
Tugerming area (Fig. 2D). The reservoir properties and the 
hydrocarbon generation, migration, accumulation, adjust-
ment, and preservation history were primarily controlled by 
the tectonic activity of the southern Tianshan Mountains 
because tectonic compression produced rapid sedimentation 
and thrust-fault reactivation (Jia and Li 2008).

The Triassic mudstone and Jurassic coal-measure source 
rocks could supply sufficient organic matter for hydrocar-
bon generation, and regional mudstone rocks in the Neogene 
Jidike Formation acted as effective cap rocks in the Kuqa 
Depression (Jia 1999). Multiple sets of sandstone reservoir 
were developed in the Jurassic strata, and the Lower Jurassic 
reservoir was regarded as the preferred reservoir space for 
hydrocarbon migration, which were controlled by dissolu-
tion and primary intergranular pores with higher porosity 
and permeability (Li et al. 2018). The peak period of oil 
and gas generation and the formation period of traps in the 
Kuqa Depression were in the late Kuche period, and, thus, 
the hydrocarbon accumulation must have occurred recently, 
which was conducive to the formation of large- and medium-
sized gas fields (Zhao and Lu 2003). There were two sets of 
hydrocarbon accumulation models developed for the Jurassic 
strata: (a) the lower-generation and upper-storage model and 
(b) the self-generated and self-stored model (Fig. 11).

During the Middle and Late Miocene (6 ~ 4 Ma), the 
Triassic source rocks entered the low-mature stage and a 
small number of oil inclusions in yellow fluorescence color 
became trapped in the sandstone. However, the organic mat-
ter in the Jurassic strata was immature because of the shal-
low burial depth. At that stage, the early thrust fault formed 
a low amplitude anticlinal structure driven by the compres-
sion from the South Tianshan Mountains. At the same time, 
faults were active and provided channels for hydrocarbon 
migration (Shang et al. 2012). The mature oil mainly gener-
ated from the Huangshanjie Formation was expelled into the 
Ahe Formation along faults under the force of buoyancy to 
form paleo-oil reservoirs. Consequently, this hydrocarbon 
accumulation mechanism was regarded as lower-generation 
and upper-storage model.

During the Pliocene Epoch (4 ~ 2 Ma), as the burial depth 
quickly increased, the source rocks in the Jurassic and Trias-
sic strata experienced rapid thermal maturation due to the 
uplift of Mt. Tianshan. Consequently, the vitrinite reflec-
tance of the Jurassic source rock (estimated at 0.5~0.7%) 
showed that the source rocks generated mature oil that 
migrated and was stored in the Kezilenuer and Yangxia for-
mations. This hydrocarbon accumulation mechanism was 
of the self-generated and self-stored model. The Triassic 
organic matter generated condensate oil that migrated into 
Jurassic reservoir. At the same time, the amplitude of the 
structural uplift became larger under the intense compres-
sion caused by tectonic activities of South Tianshan. The 
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light oil effectively accumulated in the trapping structure 
and was associated with the blue-white fluorescence color 
of the oil inclusions.

The period since the Quaternary was the time of struc-
tural finalization that corresponded with the late Himala-
yan orogeny movements. The strong tectonic activity of 
the Himalayan orogeny during the late evolutionary period 
provided the main force for structural movement (Charreau 
et al. 2006). The anticline’s core was subjected to intense 
uplifting and denudation. The fault cut through the upper 
mudstone cap rocks to the surface, and the strata in the struc-
tural high were uplifted and denuded, and thus the old oil 
reservoirs suffered from severe destruction and abundant oil 
was lost to the surface. Similarly, the Dibei gas field has 
experienced strong tectonic compression associated with 
intense thrust-fault reactivation (Pang et al. 2019); how-
ever, several thick mudstones and gypsum mantles cover 

the natural gas reservoirs and the conservation of the natural 
gas was superior in the Dibei area (Li et al. 2015).

Summary and conclusions

(1) The petroleum in the Jurassic reservoir was mainly 
derived from Triassic mudstones deposited in fresh-
water lakes, with some contribution from Jurassic coal 
measure source rocks.

(2) The integrated analysis of fluid inclusions composed 
of petrography observations, microthermometry meas-
urements, and fluorescence spectroscopy showed that 
there were two periods of oil charging in the Jurassic 
reservoir (corresponding to 6 ~ 4 Ma and 4 ~ 2 Ma).

(3) We integrated the fluid inclusions and biomarker com-
pounds experiments to systematically discuss the mech-
anism of hydrocarbon accumulation in the Jurassic res-

Fig. 11  Hydrocarbon accumu-
lation process in the Jurassic 
reservoir of the eastern Kuqa 
Depression. A: During 6 ~ 4 Ma, 
mature oil was generated and 
expelled to charge the Jurassic 
reservoir; B: During 4 ~ 2 Ma, 
the light oil was expelled into 
the Jurassic reservoir; C: Since 
the Quaternary, most of the oil 
escaped to the surface, with a 
small amount remaining in the 
reservoir
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ervoir. There were two accumulation models including 
the lower-generation and upper-storage model and the 
self-generated and self-stored model. It indicated that 
the study area had great oil and gas exploration poten-
tial.

(4) Tectonic activities significantly controlled the accu-
mulation mechanism and the preservation of the oil 
reservoir. A large amount of stored hydrocarbon was 
escaped to the surface due to poor preservation con-
ditions resulting from the strong denudation of the 
shallow-buried strata.
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