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Abstract
The condensate reservoir of K1n2 in the Hailar Basin is generated from the coal measure strata and has high gas-oil ratio. 
Although the condensate reservoir has been discovered in the late 90 s, there is still vague about the formation mechanism 
and accumulation model. By analyzing the hydrocarbon generation and expulsion process of the coal measure strata, dis-
secting the evolution of temperature and pressure of oil and gas reservoirs with reference to the paleotemperature recovered 
by apatite fission track, and deeply discussing the mechanism and law of oil and gas accumulation, this paper points out that 
coal measure source rocks have the characteristics of “early generation and early expulsion, continuous hydrocarbon genera-
tion with the predominant gas generation,” which lays a material condition for the formation of condensate oil and gas. A 
stable temperature and pressure system was formed by the sealing of the thick mudstone of the K1n1 overlying the K1n2 with 
the abnormal low pressure, which provides the most ideal temperature and pressure conditions. Two stages of fault system 
are developed in the Hailar Basin. The fault system formed in the fault depression stage is mainly developed in the strata 
of the K1n2 and below. The fault system in rift stage is mainly developed in the strata of the K1n2 and above, and most of it 
disappears in the thick mudstone of the K1n1, effectively preventing the upward loss of oil and gas. Oil and gas are mainly 
distributed in the strata of the K1n2. The coal measure strata of the K1n2 have the characteristics of “integration of source and 
reservoir.” The matching of structure and high-quality reservoir controls the formation of oil and gas reservoir with the oil 
and gas most enriching at the structural high point. By analyzing the controlling factors of oil and gas reservoir formation, 
three oil and gas reservoir forming models are established, including fault step type in steep slope zone, anticline type in 
steep slope zone, and fault step type in gentle slope zone. Some favorable exploration areas, such as the south sag of Huhehu 
depression, the north sag of Hulunhu depression, the north sag of Yimin depression and the South sag of Chagannuoer 
depression, are determined and the exploration works should be focused on the hydrocarbon expulsion center of coal rock.

Keywords  Condensate reservoir · Hailar Basin · Coal measure strata · Fault system · Accumulation model

Introduction

Condensate reservoir is a special type of natural gas reser-
voir, which contains condensate oil under the original for-
mation conditions, with its temperature between the critical 
temperature and the highest condensate temperature (Zhou 
et al. 1996; Nasriani et al. 2014; Ferreira et al. 2018; Wang 
et al. 2021). The basic characteristic of condensate reservoir 
is that natural gas and condensate oil are in a single gas 
phase under formation conditions, and conform to the law 
of retrograde condensation within a certain pressure range 
(Yang and Zhu 2013). As a special oil and gas resource 
(Tong et al. 2018), condensate reservoir has been discov-
ered for more than 100 years. At present, there are more 
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than 100 large condensate oil and gas fields discovered in 
the world (Yang et al. 2010), including Sichuan, Bohai Bay, 
Dagang, North China, Tarim and Beibu Gulf Basin (Zhou 
et al. 1996; Huang et al. 2003; Ping et al. 2012; Zhu et al. 
2012; Yang and Zhu 2013; Cao et al. 2017; Wei et al. 2017; 
Liu et al. 2018; Xue and Li 2018), and more than 20 discov-
ered in Tarim Basin alone (Li et al. 2013; Su et al. 2018). 
The following conditions must be met for the formation of 
condensate reservoir: firstly, the formation is deeply buried 
until the formation temperature reach between the critical 
temperature and the critical condensation temperature of 
hydrocarbons, as well as the formation pressure exceeding 
the leakage point pressure of this temperature. Secondly, the 
quantity of gas must surpass that of liquid, that is, natural 
gas accounts for the vast majority underground in conden-
sate reservoir. In addition, stable temperature and pressure 
system is necessary for condensate reservoir, which mostly 
generated by coal measure strata, as well as the high matu-
rity source rocks.

The discovered hydrocarbon reservoirs in the Hailar 
Basin are mainly distributed in the Urxun and Beier depres-
sons in the middle and south of the basin, which mainly 
produced light oil and medium oil. There are heavy oil res-
ervoirs in the Bayanhushu depresson in the western part 
of the basin. In addition to these conventional reservoirs, 
the Hailar Basin has also discovered condensate reservoirs, 
which mainly distributed in Huhehu depresson in the east of 
the basin and Hulunhu depression in the west of the basin. 
The discovered condensate reservoirs in the Hailar Basin are 
directly related to coal measure source rocks (Lu et al. 2010; 
Shen 2010; Cui et al. 2018; Chen 2015), but their buried 
depth are generally less than 3000 m. However, source rocks 
in that depth are generally in the wet gas stage, which are 
similar to the geological conditions for conventional hydro-
carbon. So far, the geological conditions and distribution 
law of condensate reservoirs are still vague, which influence 
the oil and gas exploration process. By research on the geo-
logical characteristics of condensate reservoir in the Hailar 
Basin, this paper establishes the accumulating mechanism 
and forming models of condensate reservoir, which will help 
to the oil and gas exploration deployment of condensate res-
ervoir in the Hailar Basin and obtain greater industrial oil 
and gas discoveries.

Geological setting

The Hailar Basin is located in the northernmost part of 
Northeast China, bordering Russia to the north and Mon-
golia to the west and southwest, with the area of 4.4 × 104 
km2. The Hailar Basin is a Late Mesozoic-Paleogene fault-
depression basin developed on the Hercynian fold basement 
(Chen et al. 2007). The basin is composed of 16 relatively 

independent depressions (Fig. 1), with a structural pattern of 
three depressions and two uplifts. There are six formations 
developed on the basement of the basin: the Jurassic Tamu-
langou Formation(Li 2013), the Lower Cretaceous Tong-
bomiao Formation (K1t), Nantun Formation (K1n), Damo-
guaihe Formation (K1d) and Yimin Formation (K1y), and the 
Upper Cretaceous Qingyuangang Formation (K2q) (Fig. 2). 
The basin evolution process can be divided into three peri-
ods, there are rifting period (Tamulangou-Tongbomiao 
formation-Nantun formation deposition period), rifting-
depression period (Damoguaihe formation-Yimin formation 
deposition period), and depression period (Qingyuangang 
formation), and the main source-reservoir assemblages 
were developed in the first and second members of the Nan-
tun Formation (K1n1 and K1n2) during the rifting period. 
According to the types of lake water environment during 
the main source rocks developing period, the 7 depressions 
located in the middle of the basin belong to brackish basin. 
The organic matter type is Type II. The Bayanhushu depres-
sion in the west of basin is a saltwater basin, the organic 
matter type is Type I, and the remaining 8 depressions are 
freshwater basins, and the organic matter type is Type II2- 
III (Fig. 1). The discovered condensate reservoirs are dis-
tributed in the Huhehu and Hulunhu depressions. During 
the second members of the Nantun Formation (K1n2), it is 
always swamped basin, which belongs to the typical coal-
measure stratigraphic deposits.

The braided river delta deposition system is developed 
in the gentle slope zone of the swamped basin, the fan delta 
deposition system is developed in the steep slope zone, and 
the shore-shallow lake is the main sub-environment in the 
depression area. Studies on the relationship between sedi-
mentary facies and physical properties show that the plains 
and frontal sand bodies of the fan delta and braided river 
delta have good physical properties, and they are all good 
reservoirs. Vertically, with the increase of buried depth and 
the strengthening of diagenesis, the porosity of the reservoir 
decreases sharply, but secondary dissolved pores develop. 
The physical properties of the upper reservoir of K1n2 are 
the best. The porosity range is 3.6–18.8%, with an average 
of 11.3%, and the permeability is 0.01 ~ 53.10 × 10–3 μm2, 
with an average of 1.09 × 10–3 μm2, which belongs to the 
medium–low porosity and ultra-low permeability reservoir.

The condensate reservoirs in the Hailar Basin mainly 
come from the coal-measure source rocks of K1n2 (Lu et al. 
2010; Shen 2010; Cui et al. 2018). According to the sta-
tistics of 123 samples of dark mudstone and 44 samples 
of coal seam coal rock in K1n2 of Huhehu depression, the 
results show that the coal-measure source rocks of K1n2 in 
Huhehu depression include dark mudstone and coal seams 
(Table 1). The organic carbon of the dark mudstone is dis-
tributed between 0.52 and 7.17%, with an average of 2.71%, 
and the chloroform pitch “A” is distributed between 0.0077 
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and 1.0659%, with an average of 0.1233%, the hydrocarbon 
generation potential is 0.09 ~ 13.98 mg/g, with an average 
of 4.23 mg/g. The organic carbon of coal rocks is distrib-
uted between 23.00 and 79.06%, with an average of 55.19%, 
chloroform pitch “A” is distributed between 0.0042 and 
1.3840%, with an average of 0.6002%, and the hydrocarbon 
generation potential is 26.72 ~ 324.3 mg/g, with an average 
of 111.59 mg/g. The type of organic matter is II2 ~ III, Ro is 
distributed between 0.50 and 1.67%, which is in the mature-
high mature stage.

Samples and methods

Fluid characteristic analysis and carbon isotope 
analysis experiment

In order to understand the fluid characteristics and hydro-
carbon source of condensate reservoir, the carbon isotope of 
condensate gas is analyzed. In this study, 8 gas samples and 
3 oil samples from wells H10, H18, H17, HC3, and HX1 
were taken for fluid characteristic analysis. The gas samples 

were tested by gc6890 gas chromatograph. The sample depth 
and analysis results are shown in Table 2. The test method of 
gas sample is as follows: as the sample is sent to the injec-
tor, it is carried by the carrier gas into the packed column 
or capillary column. Due to the differences of boiling point, 
polarity, and adsorption coefficient of each component in the 
sample, each component is separated in the column, and then 
the detector connected behind the column detects each com-
ponent in sequence according to the physical and chemical 
properties of the components, Finally, the converted electri-
cal signal is sent to the chromatographic workstation, and 
the chromatographic workstation records and analyzes the 
gas chromatogram of each component, so as to obtain the 
analysis results of each component. The depth and analysis 
results of three condensate samples are shown in Table 3. 
The density of crude oil is 20 ℃ and the kinematic viscosity 
is tested in 50 ℃. In addition, in order to clarify the origin 
of condensate gas, three gas samples are selected for carbon 
isotope analysis of natural gas components. The analysis 
results are shown in Table 2. It can be seen from the analy-
sis results that the carbon isotope value gradually becomes 
heavier with the increase of gas carbon number.

Fig. 1   Simplified geological 
map of the Hailar Basin and 
sampling wells location with 
crossing seismic sections
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Fig. 2   Comprehensive stratigraphic column of Huhehu depression
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Simulation experiment of hydrocarbon generation 
kinetics

The generation of oil and gas from source rocks under geo-
logical conditions is a long and complex geological process. 
Since the time temperature compensation relationship was 
put forward, there have been many experimental methods 
to simulate the hydrocarbon generation process of source 
rock by rapid temperature rise. Among them, the kinetic 
parameters obtained from the pyrolysis experiment carried 
out according to the kinetic principle can be used to simulate 
the evolution of hydrocarbon generation under geological 
conditions. In order to understand the influence of hydro-
carbon generation process of coal measure strata on the 
formation of condensate reservoir, coal rock in the depth 
of 2240.99 m and carbonaceous mudstone in the depth of 
1552.26 m of H2 well in Huhehu depression were sampled, 
and the dynamic pyrolysis experiment was carried out with 
gold pipe system. The pyrolysis was carried out at three 
heating rates of 2 ℃/h, 6 ℃/h and 20 ℃/h respectively, and 
the pyrolysis gas products, C6-14, and C14 + were measured 
quantitatively, and the experimental principle and method 
are shown in reference Zhang (2014).

Apatite fission track analysis

The fragments produced by Uranium 238 fission in apatite 
will form fission tracks in apatite. With the increase of tem-
perature in geological time, the track length decreases and 
the density decreases (Duddy and Green 2006; Dou et al. 

2021). Within 1 ~ 100 mA, the annealing temperature of 
apatite fission track is 60 ~ 150 ℃, which is just close to the 
oil generation window (60 ~ 130 ℃), so it is widely used 
in the study of paleogeothermal field in the basin. In order 
to clarify the influence of paleogeothermal changes on the 
formation of condensate reservoirs, samples were taken from 
Huhehu and Hulunhu depressions, and apatite fission track 
test and analysis were carried out. The experimental princi-
ple and method are shown in references Cui et al. 2018 and 
Cui and Ren 2013, and the experimental analysis results are 
shown in Table 3.

Results

Characteristics of condensate reservoirs

The condensate reservoirs discovered in the Hailar Basin are 
distributed in the Huhehu and Hulunhu depressions, and the 
burial depth of the reservoirs is generally less than 2700 m. 
By counting the components of 8 gas samples (Table 4), 
it is found that hydrocarbon gases account for more than 
92% of the total volume of natural gas, and the higher the 
carbon number, the lower the content. The content of CH4 
is between 65.088 and 82.004%, the content of C2H6 is 
between 7.644 and 11.587%, the content of C3H8 is between 
5.089 and 11.291%, the content of iC4H10 is between 1.150 
and 3.197%, and the content of nC4H10 is between 0.715%. 
The content of iC5H12 is between 0.228 and 1.121%, and 
nC5H12 is between 0.167 and 0.638%. Non-hydrocarbon gas 

Table 1   Statistical table of 
organic matter abundance of 
mudstone and coal in K1n2 of 
Nantun Formation in Huhehu 
sag (some data from reference 
of Zhang (2014) and Chen 
2014)

Lithology TOC (%) Chloroform asphalt
“A” (%)

Hydrocarbon generation 
potential (mg/g)

Ro (%)

Mudstone 0.522–7.167
2.708/123

0.0077–1.0659
0.1233/62

0.09–13.98
4.228/120

0.50–1.67

Coal 23–79.061
55.190/44

0.0042–1.384
0.6002/22

26.715–324.37
111.587/43

Table 2   The carbon isotopes of natural gas of K1n2 in Hunan area

Well Depth (m) Methane (‰) Ethane (‰) Propane (‰) Isobutane (‰) N-butane (‰) Isopentane (‰) N-pentane (‰)

H10 1825–1831 -39.689 -27.151 -25.960 -25.671 -26.839 -24.828 -25.911
HX1 2286.2–2449 -39.695 -27.436 -27.755 -28.922 -28.617 -26.680 -27.541
H18 2634–2639.6 -39.081 -25.896 -25.490 -24.117 -25.090 -23.777 -25.181

Table 3   Test results of apatite 
fission track samples

Depression Well Depth (m) Layer Measured value Analog value

Age (Ma) Length (m) Age (Ma) Length (m)

Huhehu H1 1845.13–1853.7 K1n2 67.2 ± 5.6 9.8 ± 2.6 68.7 11.1 ± 2.1
Hulunhu HC3 1817.49–1828.49 57.0 ± 3.5 9.5 ± 2.5 61.6 10.6 ± 2.2
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accounts for 2.340 to 7.496% of the total volume, mainly N2 
and CO2. The N2 content is between 0.992 and 2.765%, and 
the CO2 content is between 0.340 and 5.409%. In addition, 
very low levels of He and H2 were detected in the H18 well 
samples. The natural gas components of the two depressions 
are similar, and both are typical wet gas (Shen 2010; Gao 
et al. 2017). The origin of natural gas can be judged by using 
the carbon isotope data of natural gas components. The car-
bon isotopes of methane, ethane, and propane in Huhehu 
depression are − 39.695 ~  − 39.081‰, 27.436 ~  − 25.896‰, 
and − 27.755 ~  − 25.490‰ (see Table 4). They are coal-
derived gas, oil-type gas, and mixed gas (Dai et al. 1992) 
(Fig.  3). According to the diagram of the relationship 
between methane isotope and composition of Dai et al. 1992, 
the natural gas in the Huhehu depression is located in the 
condensate oil-associated or coal-type gas area (Fig. 4).

The condensate oil in the Hailar Basin has the charac-
teristics of low density, low viscosity, low sulfur content, 
high gas-oil ratio, and high saturated hydrocarbons. The 
crude oil has a density of 0.7047–0.8069 g/cm3, and a vis-
cosity distribution of 0.42–1.98 mPa·s. No sulfur compo-
nents have been detected in the crude oil from Well H10 in 
the Huhehu depression. The saturated hydrocarbon content 
of the Huhehu depression is 70.83%, while the saturated 
hydrocarbon content of the crude oil in the Hulunhu depres-
sion is 82.5–83.7%, with an average of 83.1% (Table 5). The 
condensate-gasoline ratio in Huhehu depression is between 
1450 and 10389m3/m3. According to the classification 
standard for condensate content (SY/T6168-1995 gas reser-
voir classification), it belongs to medium–high condensate 
reservoirs.

According to statistics, the condensate reservoirs discov-
ered in the world are mainly structural reservoirs (Yang and 
Zhu 2013; Wu et al. 2017), and the condensate reservoirs 
in the Hailar Basin are structural and lithological-structural 
reservoirs. In the gentle slope zone of the Huhehu depres-
sion, there are many fault blocks or broken nose traps formed 

by north-east-trending reverse faults, and oil and gas accu-
mulate in high positions of the traps (Fig. 5). Well H10 is 
located at the high part of the trap. Industrial oil and gas 
flows are obtained from the top of K1n2. The average poros-
ity of reservoir is 14.9%, the permeability 4.52 × 10–3 μm2. 
The oil reservoir area controlled by a single fault block in 
Well H10 is 3.3 km2, oil layer thickness is 23 m, and the oil 
column height is 120 m. Well HX1 is located in the lower 
part of the trap. During the drilling process, multiple oil and 
gas displays were seen. The span of the oil and gas displays 
is 420 m, but the burial is 350–600 m deeper than that of 
Well H10, which leads to poorer reservoir physical proper-
ties, with a porosity of 8.0% and a permeability of 0.1 mD, 
the oil test only obtains a small amount of oil flow, which 

Fig. 3   Carbon isotope identifi-
cation plate of condensate gas 
in Huhehu depression. (Note: 
I- coal-derived gas province, 
II- oil type gas province, III- 
carbon isotope series inverted 
mixed gas province, IV-coal-
derived gas and oil type gas 
province, V- coal-derived gas 
and oil type gas and mix gas 
province, VI- biogenic gas and 
the gas province)

Fig. 4   Graphic plate of methane isotope-composition relation of 
condensate gas in Huhehu depression. A: Biogas; B: Biological and 
sub-biogas; C: Sub-biogas; D: associated gas of crude oil; E: Oil-type 
cracking gas; F: oil-type cracking and coal-type gas; G: condensate 
associated and coal-type gas; H: coal gas; I: inorganic gas; J: Inor-
ganic gas and coal gas
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has no industrial value. Therefore, with shallow burial and 
good reservoir physical properties, the area located in the 
high part of the trap is the favorable drilling position for 
obtaining industrial oil and gas flow.

Accumulation mechanism of condensate reservoirs

According to the type of parent material, condensate oil can 
be divided into three categories: condensate oil produced 
by marine sapropel organic matter, condensate oil produced 
by humic organic matter in coal-measure strata, and con-
densate oil produced by mixed continental organic matter 
(Chen et al. 1994). The condensate reservoirs in the Hailar 
Basin are produced by the organic matter of the humus in 
the coal measures. According to the phase change during the 
formation of condensate gas reservoirs, it can be divided into 
primary condensate gas reservoirs and secondary condensate 
gas reservoirs. Primary condensate gas reservoirs are formed 
by gas generated from source rocks and directly migrated 
into traps in the gas phase, while secondary condensate gas 
reservoirs are often natural gas that has been cracked at high 
temperature during the thermal evolution of primary res-
ervoirs. The formation of oil and gas reservoirs (Li 1998).

The thermal evolution of the source rocks of the coal 
measures in K1n2 of the Hailar Basin is in the low-mature 
stage, with Ro in some of source rock greater than 1.3%. 
According to the saturated hydrocarbon chromatographic 
mass spectrometry analysis of crude oil and source rock, 
biomarkers such as sterane and terpane are the most effec-
tive microscopic parameters for oil source comparison. 
Saturated hydrocarbon chromatographic mass spectrometry 
analysis of crude oil from Well H10 in Huhehu depression 
and mudstone as well as coal of K1n2 showed that the chro-
matographic fingerprint characteristics of the three were 
similar (Fig. 6), indicating that the oil and gas came from 
the coal-measure source rock of K1n2. It can be seen from 
the spectrum of terpenes (m/z = 191) that the C30 content 
of the three is the highest, the content of gammacerane and 
tricyclic terpenes is very low, and the Tm is higher than Ts, 
both of which show low maturity. Features, it can be seen 
from the spectrum of sterane (m/z = 217) that the peak of C29 
sterane is higher than the peaks of C27 and C28 sterane, and 
the three spectral peaks are in the reverse “L” shape, which 
is typical of coal-derived oil and gas.

From the comparison of saturated hydrocarbon and aro-
matic hydrocarbon isotope oil sources, it is shown that the 
saturated hydrocarbon carbon isotope values of the crude oil 
in K1n2 of the South Huhehu depression are between − 24 
and − 29‰, and the aromatic hydrocarbon carbon isotope 
values are between − 24 and − 27‰. The isotopic character-
istics of coal and mudstone in the section are similar (Fig. 7). 
The carbon isotope values of saturated hydrocarbons in 
the K1n1 of mudstone range from − 26.8 to − 28.4‰, and Ta
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the carbon isotope values of aromatic hydrocarbons range 
from − 22 to − 24.5‰, which are obviously different from 
the crude oil isotope characteristics of K1n. The generated 
oil and gas directly accumulate in the sandstone reservoirs 
of K1n2. The crude oil and the source rock have the same 
maturity and belong to the primary condensate reservoir.

The original gas-oil ratio and the composition of hydro-
carbons are decisive factors affecting the phase state of 
hydrocarbon (Ding et al. 2018; Bao et al. 2018). Only when 
the formation temperature and pressure reach the critical 
value of the phase transition of hydrocarbons can condensate 
gas reservoirs be formed (Zhang et al. 2016). Appropriate 

Well H10 Well HX1altitude (m)

Oil and gas reservoir Sand

Fault

Legend

T22

T23

SE

-2200

-2000

-1800

-1600

-1400

-1200

0 500 1000 m

Fig. 5   Oil and gas reservoir profile of well H10 ~ HX1 in Huhehu depression

Fig. 6   Comparison of GC–MS 
characteristics of saturated 
hydrocarbons between oil and 
source rocks in K1n2 of Huhehu 
depression

Page 9 of 22    958Arab J Geosci (2022) 15: 958



1 3

temperature and pressure conditions and the coupling of 
temperature and pressure fields determine the formation 
and preservation of condensate gas reservoirs (Jiang et al. 
2016). The special hydrocarbon generation conditions and 
temperature and pressure environment of the coal measures 
in the Hailar Basin have contributed to the formation of con-
densate oil and gas.

First, the characteristics of “early generation and early 
discharge, continuous gas generating” of coal is the prereq-
uisite for the formating of condensate reservoirs. The gas 
content in hydrocarbons far exceeds that of liquids is the 
primary condition for the formation of condensate reservoirs 
(Tissot and Wehe 1984; Danesh 1998). At different stages of 
maturity, the production of condensate is the characteristic 
of coal-measure hydrocarbon generation (Sun et al. 2013; Li 
et al. 2016; Guo and Zhang 2017; Liu et al. 2017), and the 
generated hydrocarbons are dominated by gaseous hydrocar-
bons (Du 2005; Bao et al. 2017). Zhang (2014) carried out a 
high-temperature autoclave thermal simulation hydrocarbon 
generation experiment on the coal measure source rocks in 
the Huhehu Depression, and the results showed that both 
coal and mudstone are mainly gas generated, with very few 
liquid hydrocarbons (Zhang 2014). The total gas production 
of coal samples is 44.19 mg/g rock, the total oil discharge 
is 0.80 mg/g rock, and the total hydrocarbon production 
is 44.99 mg/g rock。However, the total gas production of 
coal measure mudstone is 0.90 mg/g rock, the oil discharge 

is 0.21 mg/g rock, and the total hydrocarbon production is 
1.11 mg/g rock. The oil discharge per unit of coal is 4 times 
that of mudstone, and the gas generation is more than 40 
times that of mudstone. It shows that the hydrocarbon gen-
eration per unit of coal seam is much greater than that of 
coal measure mudstone.

According to the drilling statistics of 20 wells in the 
Huhehu depression, the thickness of the carbonaceous mud-
stone in K1n2 of the South Huhehu depression is 59–475 m, 
and the thickness of the coal rock is 15–143 m. Indicating 
that the natural gas in this area is mainly generated from 
coal-measure source rocks. According to the study by Lu 
(1992), the threshold depth of coal kerogen gas formation 
in K1n2 of the South Huhehu depression is about 900 m (Lu 
et al. 1993) (corresponding Ro is about 0.5%), and the initial 
point of obvious cracking into gas is 1700 m That is to say, 
only small amount of liquid hydrocarbons generated from 
kerogen in coal measure source rocks begin to crack after the 
buried depth exceeds 1700 m (Lu 1996). When the buried 
depth reaches 2500 m, the generated liquid hydrocarbons 
begin to crack into gas in large quantities. Therefore, the coal 
rocks in the Huhehu depression show the characteristics of 
“early hydrocarbon generation and going on for long time, 
mainly gas generation.”

In this study, the experiment of hydrocarbon generation 
kinetics was carried out by sampling coal rock and carbo-
naceous mudstone in the Huhehu Depression. It can be seen 
that the hydrocarbon generation activation energy of source 
rocks is distributed between 36 and 74 kCal/mol, indicat-
ing a wide range of organic matter hydrocarbon generation 
(Fig. 8). Part of the activation energy is greater than 60 kCal/
mol, indicating that the hydrocarbon generation potential can 
be continuously released after entering the mature stage. At 
the same time, there is also low activation energy of 36–52 
kCal/mol, indicating that hydrocarbons can be generated 
under low-mature conditions.

By establishing and calibrating the dynamic models of 
oil, gas and oil pyrolysis gas generation, combined with the 
thermal history experienced by the source rock, the genera-
tion process of oil and gas can be quantitatively evaluated 
from the perspective of chemical kinetics, so as to obtain the 
hydrocarbon generation history of the source rock (Dong 
et al. 2011). It can be seen from the hydrocarbon genera-
tion and expulsion model diagram of coal rock (Fig. 9) that 
the liquid hydrocarbon production rate of coal rock is low, 
and the generated and discharged hydrocarbons are mainly 
gaseous hydrocarbons. When Tmax is 445 ℃ and Ro reaches 
0.73%, a large number of hydrocarbon begin to generation 
and discharge. Research on hydrocarbon generation his-
tory shows that the peak of hydrocarbon generation in the 
Huhehu depression is between 110 and 125 Ma (Fig. 10), 
indicating that a large amount of hydrocarbon began gen-
erating in the early coal measures of the Yimin Formation 

Fig. 7   Oil source comparison chart of saturated hydrocarbon and aro-
matic hydrocarbon isotopic in Huhehu depression
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(K1y), and it continued to this day. The humic kerogen of the 
coal measures in the Hailar Basin is dominated by gaseous 
hydrocarbons during the hydrocarbon generation process, 
forming a high original gas-oil ratio. Therefore, condensate 
oil and gas can be formed in the low-mature stage (Ro is 
0.5–0.7%) system.

According to research on fluid inclusions captured in 
the Sulige gas field, coal produces different types of gas 
at various mature evolution stages (Lan et al. 2007; Zhang 
et al. 2009). Before Ro is less than 0.8%, the CO2 content 
is higher, but when Ro reaches 0.8–1.1%, the highly satu-
rated hydrocarbon of C2+ produced by coal account, and 
when Ro is 1.4%, the amount of CH4 produced increases 
rapidly. The relative density of condensate gas that does 
not contain CO2 and N2 is relatively small. For example, 
the relative density of natural gas in most condensate gas 

Fig. 8   Activation energy distribution map of 2240.99 m coal rock (left) and 1552.26 m carbonaceous mudstone (right) in K1n2 of He2 well in 
Huhehu depression

Fig. 9   Hydrocarbon generation and expulsion pattern of coal and 
rock in Huhehu depression (data from Dong et al. 2011)

Fig. 10   Hydrocarbon generation 
history curve of source rocks in 
Huhehu depression (data from 
Dong et al. 2011)
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fields in the Tarim Basin is relatively low (0.621–0.655), 
and is dominated by secondary condensate reservoirs. 
Condensate gas in the Hailar Basin generally contains 
small amount of CO2, indicating that the CO2 gas and 
hydrocarbon gas generated during the low-maturity period 
have entered the reservoir, further supporting the existence 
of primary oil and gas reservoirs.

Second, a stable temperature and pressure system is the 
guarantee for the formation of condensate reservoirs. Only 
when the formation temperature is between the critical tem-
perature and the critical condensation temperature of the 
hydrocarbon system, and the original formation pressure is 
higher than the dew point pressure at this temperature, con-
densate reservoir will be formed (Wu et al. 2007). According 
to the research of Lu (1996), the Hailar Basin suffered uplift 
and denudation at the end of Nantun Formation and the end 
of Yimin Formation, and the amount of uplift and the larg-
est denudation was at the end of Yimin Formation, reaching 
500–700 m (Lu 1996).

According to the study of ancient geothermal temper-
ature, the Yimin Formation was deposited in a cooling 
process (Cui and Ren 2013). The apatite fission track test 
and analysis were carried out by sampling the Huhehu and 
Hulunhu depression. The results are shown in Table 6. The 
maximum paleo-burial depth of the basin is the end of the 
Yimin Formation, which is also the most important accumu-
lation period. The ancient geothermal gradient in Huhehu 
depression is 4.20 ℃/100 m, the current geothermal gradi-
ent is 3.54 ℃/100 m, and the ancient geothermal gradient in 
Hulunhu depression is 4.05 ℃/100 m, the current geothermal 
gradient is 3.20 ℃/100 m, both of which show that the cur-
rent geothermal temperature is lower than that of the ancient 
geothermal. From the PVT phase diagram of the condensate 
gas reservoir of Well H10 in Huhehu Sag (Fig. 11), the for-
mation temperature of the condensate gas reservoir is 68.75 
℃, the temperature of the critical point K is 63.28 ℃, and the 
critical condensate temperature K1 is 124.1 ℃.

According to the thermal history model of apatite fission 
track restoration in the Huhehu depression (Fig. 12), during 

the deposition period of the Damoguaihe formation, the for-
mation temperature has reached above 60 ℃ and continued 
to rise, and the temperature at the end of the Yimin Forma-
tion was the highest, reaching 105 ℃, the source rock can 
continuously generate hydrocarbons. The Huhehu depres-
sion has been buried and heating up until 90 Ma (the end 
of Yimin Formation), and then cooling down after Yimin 
formation, but the formation temperature has always been 
between the critical point temperature of 63.28 ℃ and the 
critical condensate temperature of 124.10 ℃, which is con-
ducive to the formation of condensate oil and gas. From the 
PVT phase diagram of the condensate gas reservoir of Well 
HC3 in Hulunhu depression (Fig. 11), the formation tem-
perature (83.0 ℃) of Well HC3 is between the critical point 
temperature (K = 52.55 ℃) and the critical condensate tem-
perature (K1 = 120.50 ℃), which just distributed in the con-
densate gas reservoir area. From the thermal history model 
of the apatite fission track recovery in Well HC3 (Fig. 12), it 
can be found that there was one heating process until 90 Ma 
(the end of the Yimin Formation), followed by two cooling 

Table 6   Statistical table of measured formation pressure in Nantun 
Formation in Huhehu depression

Well Formation Depth (m) Pressure (MPa) Pressure 
coeffi-
cient

HC7 K1n2 1488.55 12.40 0.85
H2 K1n1 1645.50 10.87 0.67
H1 K1n2 1646.80 14.10 0.87
H6 K1n2 1664.70 13.82 0.85
H5 K1n2 2072.69 18.57 0.91
H8 K1n2 2317.50 17.82 0.78
H8 K1n2 2528.27 17.40 0.70

Fig. 11   PVT phase diagram of condensate reservoir in well HC 3 
(up) of Hulunhu depression and Well H10 ( down) of Huhehu depres-
sion
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process, but the formation temperature has been at the criti-
cal point of 52.55 ℃ and the critical condensate temperature 
of 120.50 ℃, indicating that the formation temperature from 
the end of the Damoguaihe Formation is favorable for the 
formation of condensate oil and gas.

In the K1d1 of Huhehu and Hulunhu depression, mud-
stone layers are developed with a thickness of 500–1000 m, 
which can effectively prevent the upward loss of oil and gas 
and form a good regional caprock. According to the statis-
tics of 7 measured data from 6 wells, the formation pressure 
coefficient of Nantun formation in Huhehu depression is 
0.67 ~ 0.91, with an average of 0.81 (Table 6), which belongs 
to low abnormal formation pressure. In addition to under 
compaction, the formation pressure will also decrease with 
the decrease of formation temperature (Xu et al. 2009; Zhao 
et al.2017), and the cooling process after the deposition of 
the Yimin Formation will also promote the formation of 
abnormal low pressure in K1n2. The emergence of abnormal 
low pressure reduces the dissolution of gaseous hydrocar-
bons in liquid hydrocarbon (Wang et al. 2015), which is 
more prone to reverse evaporation than formations under 
normal pressure systems or high abnormal pressure systems, 
and higher gasoline ratios are likely to form condensate oil 
and gas.

Main controlling factors of condensate oil and gas 
accumulation

The coal-measure strata in K1n2 have the characteristics of 
“integrated source and reservoir.” The oil and gas generated 
from the coal-measure source rocks can migrate into the 
sand body at a short distance, forming a self-generating and 
storing source-reservoir-cap combination.

First, the effective hydrocarbon expulsion range controls 
the horizontal distribution of oil and gas. From the above 
hydrocarbon generation simulation experiment analy-
sis of coal rock and mudstone, it can be found that the oil 

generation and drainage volume of coal rock is greater than 
that of coal measure mudstone. According to the simulation 
results of hydrocarbon generation and expulsion of unit mass 
coal and mudstone, the hydrocarbon expulsion intensity of 
coal and mudstone at the well point can be calculated. Com-
bined with the plane prediction of thickness and maturity of 
coal and mudstone, the isoline distribution of oil expulsion 
and exhaust intensity of coal and mudstone on the plane can 
be obtained.

From the graphs of coal and mudstone oil and gas dis-
charge intensity (Fig. 13 and Fig. 14), it is clear that the 
south is higher than the north, and most of the wells that 
obtain oil flow or oil and gas shows are located in effective 
source rocks. In the hydrocarbon range, most wells far away 
from the hydrocarbon expulsion range have no oil and gas 
shows. The area with the highest value of coal and rock oil 
discharge intensity on the plane is located between wells 
HC1-H7 in the south, with the highest value being 0.6 × 106 
t/km2, and generally 0.1–0.5 × 106 t/km2. The highest in 
the north is 0.3 × 106 t/km2, and the south is higher than 
the north (Fig. 13). Areas with high exhaust intensity are 
also mainly distributed in the south, up to 50 × 108 m3/km2, 
located near wells H8 and H7, generally 5–30 × 108 m3/km2, 
and the highest in the north is 25 × 108 m3/km2, greater than 
10 × 108 m3/the area of km2 is located between Well H5 and 
Well H1. Oil and gas discharge intensity of mudstone are 
obviously lower than that of coal rock. The maximum oil 
discharge intensity is located near Well HX1 in the south, 
with a value of 0.06 × 106 t/km2, generally 0.02–0.04 × 106 
t/km2 (Fig. 14). The maximum mudstone exhaust intensity 
is located between the HX1 and H8 wells, with a value of 
30 × 108 m3/km2, generally 5–20 × 108 m3/km2, and the 
maximum value in the north is 10 × 108 m3/km2. Drilling 
well revealed that the effective source area and thickness of 
the southern sag of the Huhehu depression are larger than 
those of the northern sag, and the exploration effect is also 
better than that of the Hubei sag, further confirming that the 

Fig. 12   Thermal history model 
of apatite fission track recovery 
in well HC3 of Hulunhu depres-
sion (left) and well H10 of 
Huhehu depression (right)
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Fig. 13   Oil expulsion intensity 
(up) and gas expulsion intensity 
(down) of coal in Huhehu 
depression
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Fig. 14   Oil expulsion intensity 
(up) and gas expulsion intensity 
(down) of mud stone in Huhehu 
depression
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effective hydrocarbon expulsion range of the hydrocarbon-gener-
ating depression controls the horizontal distribution of oil and gas.

Second, sand bodies, faults, and unconformities control 
the direction of hydrocarbon migration. The transport system 
for oil and gas migration in the coal-measure strata of K1n2 
of the Hailar Basin is composed of sand bodies, faults, and 
unconformities. Due to the small scale, thin thickness, and 
poor lateral connectivity of single sand bodies during the rift-
ing- depression period, it is difficult for oil and gas to move 
along the heights. Porous and permeable sand bodies undergo 
large-scale and long-distance migration, mainly in vertical 
migration and short-distance lateral migration (Fig. 15). Long-
term active faults control the direction of oil and gas migration 
(Jia et al. 2017). Not only can faults themselves become good 
channels for oil and gas migration, but also faults can commu-
nicate up and down unconformities or sand bodies, so that oil 
and gas migrate in a “step-like” manner. According to statistics 
of 15 wells in the Huhehu and Hulunhu depression, it is found 
that oil and gas are basically enriched near the unconformity 
surface of T22, and most of the oil and gas shows are concen-
trated within 300 m from the top.

(profile location seen from Fig. 1).
Third, regional caprock controls vertical hydrocarbon 

enrichment horizons. Good preservation conditions are 
the prerequisite for the formation of oil and gas reservoirs 
(Guo et al. 2010), and the formation of large-scale natural 
gas fields is controlled by the regionally stable distribu-
tion of abnormally high pressure mudstones (Osborne and 

Swarbrick 1997; Douglas 2001; Broichhausen et al. 2005; Xue 
and Li 2018). The high-quality caprock has abnormal pore 
fluid pressure, which can effectively prevent the vertical escape 
of condensate gas, maintain a certain oil–gas ratio and a sta-
ble critical condensate temperature and pressure system. For 
example, the gypsum-salt layer of the lower part of the fourth 
member of the Shahejie Formation in the Dongying Sag of the 
Bohai Bay Basin in eastern China (Wang 2007; Yang and Zhu 
2013), the huge thick gypsum-salt rock of the Jidike formation 
of the Neogene in the Kuqa Depression in the west, the mud-
stone of the Sangtam Formation in the central Tarim Basin, 
and the Lianglitage Group marls play an important role in the 
preservation of condensate reservoirs. The thick mudstone of 
K1d1 is a good regional caprock for the oil and gas reservoir of 
K1n2. The Hailar Basin has developed two-stage fault systems. 
The fault systems formed during the rifting period are mainly 
developed in K1n2 and below, and the fault systems formed 
during the rifting-depression period are mainly developed in 
K1n2 and above, most of which disappear at the top of K1d1 
(Fig. 15). Good caprocks in K1d1 can effectively prevent oil 
and gas from dissipating upward, and oil and gas are mainly 
distributed in K1n2.

Condensate hydrocarbon accumulation models

The matching of structures and high-quality reservoirs con-
trols the formation of oil and gas reservoirs. Oil and gas 
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Fig. 15   Hydrocarbon accumulation map of Huhehu depression, southern Hailar Basin
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mainly accumulate in structural traps that are well matched 
to effective reservoirs. The structural high points are the 
richest, and they are distributed in steep and gentle slope 
zones.

The steep slope zone of K1n2 is generally a multi-level 
fault stage composed of depression-controlling faults and 
associated secondary faults. By the control of the structural 
background, fault noses and fault block traps are distrib-
uted in the high part of the fault stage. The fan delta front 
sandbodies controlled by syn-sedimentary faults in the lower 
part of the fault step are pinched in the updip direction near 
the depression area, and the lateral direction is blocked by 
the fault, forming a fault-lithological trap. The steep slope 
zone develops two accumulation modes of fault step and 
anticline types.

The fault-step steep slope zone formed by the main con-
trol fault and the secondary fault is characterized by the 
development of multi-level reverse fault steps. The first sec-
tion of the main control fault forms multiple sub lacustrine 
fans at the root of the main control fault, distributed in the 
dark mudstone, and formed by the fault cutting, source-up-
reservoir fault-lithologic oil and gas reservoirs, due to the 
interaction of fan delta sand bodies with mudstone and coal 

seams in K1n2, matching with the reverse faults, self-gener-
ating and self-reserving fault blocks and fault-lithologic oil 
and gas reservoirs (Fig. 16). The typical well is H1, located 
within the effective source rock range, with the coal thick-
ness of 23.6 m, mudstone thickness of 75 m, and sandstone 
thickness of 29.4 m, located in the lower part of the reverse 
fault block, with large fault distance (55 m), multi-layer oil-
bearing, low-yield oil flow obtained, and structural oil reser-
voirs developed. The southern sag of the Huhehu depression, 
the northern sag of the Hulunhu depression, and the northern 
sag of the Yimin depression all develop fault-step-type steep 
slope belts, which are favorable areas for the exploration of 
condensate reservoirs.

Large-scale rolling anticlines develop under the main 
control fault activity and are complicated by secondary 
faults. The oil and gas generated from the coal measure 
strata in K1n2 directly enters the adjacent sand bodies and 
accumulates in the high part of the trap to form faulted anti-
cline oil and gas reservoirs (Fig. 16). The H17 well area in 
the Huhehu depression is a typical anticline condensate res-
ervoir. Well H17 is located in the effective source rock range, 
with coal of 10.6 m, mudstone of 63 m, sandstone thickness 
of 30 m, and average porosity of 15.3%. It located in the high 

Fig. 16   Petroleum accumulation 
model map of Condensate Oil 
and Gas Reservoir of faulted 
terrace type (up) and anticline 
type( down) steep slope belt
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part of the faulted anticline trap, and contains multiple lay-
ers of oil. The gas test yielded 14,036 cubic meters per day. 
Industrial gas flows and structural oil and gas reservoirs are 
developed. Fluorescent siltstone was seen in the low part of 
Well He7, with poor physical properties and 10.6% porosity. 
There are many rolling anticlines in the Huhehu, Hulunhu, 
and the steep slope belt of the Yimin depression. The accu-
mulation conditions are superior, which is a favorable area 
for the next exploration.

The gentle slope zone has a controlled depression and 
fault tilting action, frequent structural activities, well-devel-
oped faults, and multiple fault steps. The upper fault step 
belt is dominated by forward faults, mainly developed fault 
blocks and fault nose structures, and the strata are overlaid 
and regressed. In the K1d2 and Yimin formation, the oil 
and gas formed in the Nantun Formation migrated upward 
along the depression-controlling faults, forming secondary 
fault-block reservoirs locally. The lower fault step belt is 
dominated by reverse faults, with fault blocks and fault nose 
traps developed. During the deposition of the Nantun For-
mation, braided river delta and fan delta sand bodies were 
widely developed, and adjacent to hydrocarbon-generating 
depressions, they depended on sandbodies-fault-unconform-
ity drainage system migrates in steps, controlled by faults 
and sub-faults in the controlled zone, forming structural, 
lithological-structural oil and gas reservoirs, and locally dis-
tributed sandstone updip pinching and fault-lithological oil 
and gas reservoirs (Fig. 17).

A typical condensate reservoir in the gentle slope zone 
is well H10 reservoir in Huhehu depression. Well H10 is 
located in the braided river delta plain subfacies, in the 

center of hydrocarbon generation of coal and mudstone. 
The thickness of K1n2−1 coal is 5.0 m, mudstone 80 m, and 
the channel sand body is well developed, which located in 
the effective reservoir development area, with the thickness 
of 36 m, porosity 16.8%. It is located in the high part of the 
reverse fault block, with good physical properties (average 
porosity 16.8%), small fault distance (15 m), multi-layered 
oil, and industrial oil and gas flow obtained, and structural 
oil reservoirs are developed. Therefore, oil and gas in the 
fault-step gentle slope zone are mainly enriched in reverse 
fault block traps that match the effective reservoir. The 
southern sag of the Huhehu depression, the northern sag of 
the Yimin depression, and the southern sag of the Chagan-
nuoer depression have similar accumulation conditions and 
are key areas for further exploration.

Discussion

Regarding the source of oil and gas, it has been discussed 
above that the condensate oil and gas in the Hailar Basin 
comes from the coal-measure source rock of K1n2, but 
whether it comes from coal or mudstone is still uncertain. 
Discuss whether the condensate oil and gas mainly come 
from coal or mudstone, which has important indicative sig-
nificance for the next oil and gas exploration. If mudstone 
contributes a large amount of oil and gas sources, the next 
exploration should be carried out around the effective hydro-
carbon expulsion range of mudstone. Conversely, if coal rock 
contributes significantly to the source of oil and gas, explo-
ration should be done around the coal rock hydrocarbon 

Fig. 17   Petroleum accumula-
tion model map of Condensate 
Oil and Gas Reservoir of gentle 
slope belt

958   Page 18 of 22 Arab J Geosci (2022) 15: 958



1 3

expulsion center. From the comparison of saturated hydro-
carbon and aromatic hydrocarbon isotope oil sources in the 
Huhehu depression, it can be found that the isotopes of coal 
and mudstone are distributed in the same area and cannot 
be separated. The organic matter types of coal in K1n2 of 
the Hailar Basin areII2-III, which is similar to the mudstone 
organic matter. Kerogen is mainly hydrogen rich vitrinite, 
including sporophytes, liposomes, and other components, 
indicating that this area is dominated by higher plants, and 
the vitrinite is rich in hydrogen due to biochemical effects 
such as bacterial degradation in the later stage (Fig. 18).

Due to its complex composition and different micro-
scopic components with different oil-generating thresh-
olds, the hydrocarbon generation zone will cover a large 
area. Judging from the activation energy distribution 
obtained from this hydrocarbon generation kinetics experi-
ment, both mudstone and coal have a wide distribution 
range of activation energy for hydrocarbon generation. 
The main activation energy distribution areas are 54–60 
kCal/mol, indicating that mudstone and coal rock have 
similar hydrocarbon generation potential. The results of 
high-temperature and high-pressure thermal simulation 
experiments show that the gas generation volume per unit 
mass of coal rock is more than 40 times that of mudstone, 
and the exhaust gas volume is 4 times that of mudstone. 
From the perspective of the hydrocarbon generation pro-
cess, a large amount of hydrocarbons have been generated 
and expelled from coal samples from 300 °C, and a large 
amount of hydrocarbon gas is still produced when heated 
to 500 ℃, while mudstones begin to generate and expel a 

lot of hydrocarbons only after 350 ℃, which shows that 
in the same geology conditions, the amount of oil and gas 
that can be generated and discharged per unit mass of coal 
is more than that of mudstone.

It is worth noting that in the underground formation, the 
oil and gas reservoir mainly exists in a single gas phase. 
When it is produced on the surface, it forms reverse con-
densate due to the change of temperature and pressure, 
which is also the reason why the condensate oil and gas 
production in Huhehu and Hulunhu depression is mainly 
condensate gas and less condensate oil. From the perspec-
tive of hydrocarbon expulsion intensity, coal is stronger 
than mudstone in terms of oil expulsion intensity, and has 
a wider distribution range. Therefore, exploration around 
the traps developed around the hydrocarbon expulsion 
center of coal is the first choice. Of course, the hydrocar-
bon expulsion centers of coal and mudstone in the Huhehu 
depression are basically the same. Mudstone can be used 
as a local caprock overlying oil and gas reservoirs, which is 
very beneficial to the preservation of oil and gas reservoirs.

Conclusions

Condensate reservoir in the Hailar Basin is generated from 
humus organic matter in coal-measure strata. They have a 
high gas-oil ratio and belong to gas reservoirs containing 
medium–high condensate oil. According to phase changes 
during the formation of condensate gas reservoirs, they are 
primary condensate reservoirs.

Fig. 18   Microscopic fluores-
cence photos of coal measures 
source rocks in K1n2 of Hailaer 
Basin. (a) H6 well, 1492.67 m, 
coal, × 500; (b) HX1 well, 
3062.17 m, coal, × 500; (c) 
H9 well, 1635.94 m, mud-
stone, × 500; (d) H2 well, 
1550.46 m, mudstone, × 500
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The special hydrocarbon-generating conditions and 
geological environment of the coal-measure strata have 
contributed to the formation of condensate reservoirs: 
coal rocks are dominated by gas generation but very few 
oils, and have the characteristics of “early generation and 
discharge, continuous gas generating.” The sealing of big 
thickness mudstone of the K1d1 to form a stable tempera-
ture and pressure system are the guarantee for the forma-
tion of condensate reservoirs.

The distribution range of effective source rocks controls 
the distributed areas of condensate hydrocarbon reservoirs. 
Sand bodies, faults, and unconformity surfaces control the 
direction of oil and gas migration, and the regional caprocks 
of K1d1 control the vertical oil and gas enrichment horizons. 
The oil and gas are mainly distributed in the K1n2 of the 
strata.

The coal-measure strata of K1n2 have the characteristics 
of “integration of source and reservoir.” The matching of 
structure and reservoir physical properties controls the accu-
mulation of condensate reservoirs, which distribute in the 
fault step steep slope zone, anticline steep slope and gentle 
slope fault terrace. The southern sag of Huhehu and Chagan-
nuoer depression, northern sags of Hulunhu, and Yimin 
depression are the favorable exploration areas.
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