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a b s t r a c t

Tight oil and gas in the Cretaceous has been found in the Liuhe Basin, but the rules of tight reservoir and
oil and gas accumulation are not clear. This paper discusses the developmental characteristics and
evolution law of pores and fractures in the Cretaceous tight reservoir in the Liuhe Basin, and reveals its
controlling effect on tight oil and gas accumulation. The results show that intercrystalline pores, inter-
granular pores and dissolution pores are scattered and only developed in shallow tight reservoirs, while
microfractures are developed in both shallow and deep layers, which are the main type of reservoir space
in the study area. The results of mercury intrusion porosimetry and nitrogen gas adsorption show that
with the increase of depth, the proportion of macropores (microcracks) increases, while the proportion
of micropores decreases. There are two stages of microfractures developed in the study area, corre-
sponding to the initial fault depression stage from late Jurassic to early late Cretaceous and compres-
sional uplift at the end of late Cretaceous. According to the principle of “inversion and back-stripping
method”, combined with the data of optical microscopy and inclusions, the time of each key diagenesis
and its contribution to porosity are revealed, and the porosity evolution history of reservoirs in different
diagenetic stages is quantitatively restored. The porosity reduction rate of compaction can reach more
than 80%, which is the main reason for reservoir densification. The relationship between pore evolution
history and oil and gas accumulation history reveals that during the oil and gas filling period of the
Xiahuapidianzi Formation (90e85 Ma), the reservoir porosity is only 1.15%, but the development of
microfractures in the first stage of the reservoir is conducive to oil and gas accumulation.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the increasing depletion of conventional oil and gas, tight
oil and gas has become the most realistic replacement resource at
present (Dai et al., 2012). Compared with conventional reservoir,
tight reservoir has the characteristics of poor physical properties,
strong heterogeneity and complex microscopic pore-throat sys-
tems (Feng et al., 2013; Qiao et al., 2019, 2020). Tight reservoir is
characterized by micro or nano-sized pore throat while micro or
centimeter-scale pore throat dominates in the conventional reser-
voir (Zou et al., 2015). Thus, microscopic pore structure of tight
reservoir is an important factor which affects its reservoir
y Elsevier B.V. on behalf of KeAi Co
performance and seepage capacity. It is of great significance to
clarify the microscopic pore structure for understanding the
enrichment mechanism of tight oil and gas. In recent years,
research works have been focused on microscopic pore structure
characteristics of tight reservoir through analysis of mercury
intrusion porosimetry (MIP), nitrogen gas adsorption (N2GA), field
emission scanning electronmicroscopy (FE-SEM), nuclear magnetic
resonance (NMR) and other methods (Schmitt et al., 2013; Anovitz
and Cole, 2015; Li et al., 2016; Xiao et al., 2016; Zhang et al., 2017,
2020; Lai et al., 2018; Gao et al., 2019; Tian et al., 2019; Hu et al.,
2020; Kong et al., 2020; Wang et al., 2021; Zhao et al., 2021). In
addition, the natural fractures may be relatively developed in tight
reservoir under the diagenesis and tectonic effects, which can be
used as important reservoir space and infiltration channels for tight
reservoir, and is of great significance for oil and gas accumulation
(Nelson et al., 2000; Zeng and Li, 2009; Wang et al., 2020; Micheal
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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et al., 2021). The micro-nano pore-throat network system of tight
reservoir is developed, capillary pressure limits the effect of
buoyancy, oil and gas migration and accumulation are mainly due
to the difference in pressure between source rock and reservoir. The
oil and gas migration distance is generally short, which is mainly
primary migration or short-distance secondary migration (Zou
et al., 2009; Zhang et al., 2018). Therefore, the mechanism of oil
and gas charging, migration and accumulation in the micro-nano
pore-throat network system is the core scientific issue of the
tight oil and gas accumulation mechanism.

Although there is only one exploration well (Well LC1) in the
Liuhe Basin, outcrops show there are a large number of black-
brown oils in the sandstone fractures of the Hengtongshan For-
mation and the Xiahuapidianzi Formation. However, there are no
research work on the Cretaceous tight reservoir and oil and gas
accumulation in the Liuhe Basin. Thus, this paper discusses the
characteristics of micro-pore structure, fracture and porosity evo-
lution of the Cretaceous tight reservoirs in the Liuhe Basin, and
reveals the controlling effect of pore and fracture evolution on oil
and gas accumulation.
2. Geological background

The Liuhe Basin, located between the Dunhua-Mishan fault and
the Yalu River fault, is adjacent to the Huihua Basin in the north and
the Tonghua Basin in the south. The basin consists of five parts,
which are the western Slope Belt, the southern Xinbin Uplift, the
Shengshui Depression, the Ankou Depression and the Xiangyang
Depression (Fig. 1a and b) (Zhang et al., 2017; Xu et al., 2019). The
Well LC1 is located between the Ankou Depression and the
Shengshui Depression around the Hengtong Town, close to the
Dunhua-Mishan fault (Fig. 1b). The base of the basin is Proterozoic
metamorphic rocks, and the late Paleozoic, early Mesozoic strata
are missing. The tectonic evolution of the basin is controlled by the
activity of the Dunhua-Mishan fault. And the lacustrine facies and
volcanic eruption facies are mainly developed in the Liuhe Basin.
The basin experienced the early initial fault depression period from
late Jurassic to late Cretaceous, extruding and uplifting stage at the
end of the late Cretaceous, and the uplift and denudation in the
Paleogene, resulting in the formation of continental volcanic
Fig. 1. (a) Tectonic division of the Liuhe B
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sedimentary basin (Wang et al., 2020).
Above the base, there are the Jurassic Houjiatun Formation, the

Cretaceous Lamenzi Formation, Dashatan Formation, Baodaqiao
Formation, Xiahuapidianzi Formation, Hengtongshan Formation
and Heiwaizi Formation, and the Paleogene Meihe Formation
(Fig. 2). Purple siltstone intercalatedwith yellow-green argillaceous
siltstone, black siltstone and carbonaceous shale are mainly
developed in the Houjiatun Formation. Andesite, tuffaceous sand-
stone, gray conglomerate, sandstone and siltstone are deposited in
the Lamenzi Formation. The lithology of the Dashatan Formation
mainly includes grayish green and white thin gravel sandstone,
siltstone and shale. Grayish green and yellowish green tuffaceous
fine sandstone and siltstone with local tuff are mainly developed in
the Baodaqiao Formation. Yellow, gray siltstone, carbonaceous
shale, sandstone intercalated with coal seam are developed in the
Xiahuapidianzi Formation. The Hengtongshan Formation is mainly
composed of tuffaceous conglomerate, sandstone and shale, inter-
calated with coal seam. The Heiwaizi Formation is mainly
composed of red, purple, variegated conglomerate and interbedded
sandstone and siltstone, while the Meihe Formation develops gray
glutenite, gray-black mudstone and shale (Fig. 2). The Mesozoic
hydrocarbon source rocks in the basin are the Lower Cretaceous
Dashatan Formation, Xiahuapidianzi Formation and Hengtongshan
Formation, among which the gray-black mudstone of the Xiahua-
pidianzi Formation has the best hydrocarbon potential, with an
average TOC of 1.37% (Xu et al., 2019). Clastic rocks, volcanic rocks
and pyroclastic rocks of the Cretaceous Lamenzi Formation,
Dashatan Formation, Baodaqiao Formation, Xiahuapidianzi For-
mation and Hengtongshan Formation may be explored as reser-
voirs. Generally, it is characterized as a typical tight reservoir by
ultra-low porosity and ultra-low permeability (Xu et al., 2019).
3. Quantitative characterization of reservoir space

3.1. Type of reservoir space

Optical microscopy and SEM revealed that the Cretaceous
reservoir in the Liuhe Basin was tight and the pores are sporadic.
Calcite intergranular pores (Fig. 3a), clay mineral intergranular
pores (Fig. 3b), and solution pores formed by weak dissolution of
asin; (b) Structural map of Well LC1.



Fig. 2. Generalized stratigraphy of the Liuhe Basin. Er, Erathem; Sy, System; SE, Series; For, Formation; Ce, Cenozoic; Me, Mesozoic; Pa, Paleogene; MH, Meihei Formation; HWZ,
Heiwaizi Formation; HTS, Hetongshan Formation; XHPDZ, Xiahuapidianzi Formation; BDQ, Baodaoqiao Formation; DST, Dashatan Formation; LMZ, Lamenzi Formation; HJT,
Houjiatun Formation.
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feldspar can be observed under microscope (Fig. 3c). However, the
pores are mainly developed in the shallow layer with a buried
depth of less than 1000 m, and most of the pores are filled with
cements (Fig. 3). Microfractures are commonly distributed in both
shallow and deeper layers, and are the main type of reservoir space
in this area, which can be further divided into structural fractures
(Fig. 3d) and diagenetic fractures (Fig. 3e and f). These micro-
fractures are often filled with asphalt (Fig. 3d, e, f), which suggest
that the development and distribution of microfractures may
control the oil and gas distribution in the study area.
1941
3.2. Quantitative characterization of reservoir space

3.2.1. MIP analysis
AutoPore IV 9500 porosimeter was used to carry out the MIP

experiment. Before analysis, samples should be dried in a vacuum
oven for 1 hwith the temperature 150 �C, and details were reported
in Li et al. (2017). According to the results of MIP, the percentage of
pore throat in the range of 10e100 mm, 1e10 mm (super-capillary
pores), 0.1e1 mm (capillary pores), 0.01e0.1 mm (micro-capillary
pores) and less than 0.01 mm (nano-capillary pores) were calculated
respectively, and the variation law between pore throat and depth



Fig. 3. Types of reservoir space of Cretaceous tight reservoir in the Liuhe Basin. (a) Well LC1, 754 m, Xiahuapidianzi Formation, gray glutenite, calcite intercrystalline pores; (b) LC1,
400 m, Hengtongshan Formation, silty mudstone, clay mineral intergranular pores; (c) Well LC1, 790 m, Xiahuapidianzi Formation, tuff, feldspar solution pores; (d) Well LC1,
1237 m, Xiahuapidianzi Formation, silty dolomitic mudstone, “trigeminal fracture”; (e) Well LC1, 825 m, Xiahuapidianzi Formation, argillaceous siltstone, diagenetic fracture; (f)
Well LC1, 1237 m, Xiahuapidianzi Formation, silty dolomitic mudstone, diagenetic fracture.
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was discussed (Fig. 4). The results show that the proportion of pores
with throat radius of 10e100 mm and 1e10 mm is less than 10%, and
the change is not obvious with the increase of depth (Fig. 4). The
proportion of pores with throat radius between 0.1e1 mm and
0.01e0.1 mm increased significantly with the increase of burial
depth, while the pores with throat radius less than 0.01 mm sharply
decreased with the increase of burial depth (Fig. 4). The above re-
sults show that with the increase of depth, the proportion of
macropores increases gradually, while the proportion of micro-
pores decreases gradually. Combined with the analysis results of
reservoir space types, it is revealed that with the increase of buried
depth, the proportion of macropores or microfractures in total
pores increases gradually. Due to the influence of compaction, the
Fig. 4. The relationship between percentage of
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pore size of micropores decreases sharply when the burial depth
increases, so the proportion of micropores decreases obviously.

3.2.2. N2GA analysis
ASAP2460 automatic surface area and pore size analyzer is used

to carry out the N2GA experiment. Before analysis, samples should
be smashed to 40e80 mesh and dried for 6 h with the temperature
110 �C, and details were listed in Tian et al. (2019). The shape of the
adsorption curve can qualitatively evaluate the pore size distribu-
tion of tight rocks. Based on the classification of deBoer hysteresis
loops, IUPAC recommended a new classification standard, which
divided hysteresis loops into four categories: H1, H2, H3 and H4.
The pore throat shapes of the corresponding adsorbents are
pores with different throat size and depth.
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cylindrical holes with openings at both ends (type H1), “ink bottle”
shaped pores with thin openings and wide bodies (type H2), slit
pores with parallel plate structure (type H3) and slit pores with
conical structure (type H4), respectively (Sing et al., 1985). With the
increase of burial depth, the pore shapes gradually change from H2
to H3 (Fig. 5), which is from the “ink bottle” shaped pores with thin
openings andwide bodies to the slit pores of parallel plate structure
(Wang et al., 2010; Janssen et al., 2011). As can be seen from the
results of reservoir space types, pores can hardly be detected in
tight reservoirs with buried depths greater than 1000 m in the
study area, while fractures are developed in both shallow and deep
layers. Therefore, it can be considered that the slit pores mentioned
above were microfratures. Among them, two samples with depths
of 70 m and 313 m (Fig. 5a and b) are typical “link bottle” pores.
While samples with depths of 1146.6m and 1385.1m (Fig. 5c and d)
are transitional or partial microfractured type (mainly micro-
fractures, with a small amount of “ink bottle” pores). And two
samples of 1745 m and 2458 m (Fig. 5e and f) represente the
microfractured type. With the increase of depth, the proportion of
mesoporous pores decreases gradually, while the proportion of
macropores gradually increases (Fig. 6), that is, the proportion of
microfractures in total pores gradually increases, which is consis-
tent with the results of MIP.
Fig. 5. Nitrogen adsorption-analytical curve of tight reservoir samples at low temperature. (
Hengtongshan Formation, tuffaceous breccia; (c) Well LC1, 1146.6 m, Xiahuapidianzi Format
medium sandstone; (e) Well LC1, 1745 m, Baodaqiao Formation, gray porphyry; (f) Well LC
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4. Evolution characteristics of fracture and porosity

4.1. Fracture evolution sequence

The Liuhe Basin has experienced two stages of tectonic move-
ment: the initial faulting stage from late Jurassic to early stage of
late Cretaceous and the compressional uplift stage from late
Cretaceous. Therefore, two stages of tectonic fractures have been
formed correspondingly. The evolution sequence of micro-fractures
in this area was determined by microscopic thin section observa-
tion, combined with the analysis of the intersecting relationship
between micro-fractures and mineral intersection and dissolution-
filling (Fig. 7aed). The evolution sequence is described below:
tectonic fracture in the first stage/weak dissolution/ asphalt or
carbonate mineral filling /tectonic fracture in the second stage.
From the above analysis, it can be seen that as the buried depth
increases, the proportion of micro-fractures in the total pores in
tight reservoirs gradually increases. Areal porosity of the micro-
fracture is calculated with the results of most samples in the
range from 0.5% to 2.5% (Fig. 8). Areal porosity of the micro-fracture
also gradually increases with the increase of burial depth (Fig. 8).
a) Well LC1, 70 m, Hengtongshan Formation, dark gray mudstone; (b) Well LC1, 313 m,
ion, tuffaceous mudstone; (d) Well LC1, 1385.1 m, Xiahuapidianzi Formation, dark gray
1, 2458 m, basement, dark gray tuff.



Fig. 6. The relationship between the proportion of mesoporous pores and macropores and depth.

Fig. 7. The evolution sequence of micro-fractures. (a) Well LC1, 1846 m, Baodaqiao Formation, felsic mylonite, dissolution fracture associated with tectonic movement; (b) Well LC1,
825 m, Xiahuapidianzi Formation, argillaceous siltstone, bitumen filled in fractures; (c) Well LC1, 815 m, Xiahuapidianzi Formation, trachyandesite, fracture filled by calcite; (d) Well
LC1, 1528 m, Xiahuapidianzi Formation, feldspar lithic sandstone, the second tectonic fracture formed above the fillings in the first tectonic fracture.
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Fig. 8. The relationship between areal porosity of microfracture of the tight reservoir
and depth.
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4.2. Evolution characteristics of porosity

In order to illustrate the characteristics of porosity evolution, it
is necessary to clarify the diagenetic evolution sequence. Through a
large number of optical microscope observation, the contact rela-
tionship between authigenic minerals and various pores was
analyzed (Fig. 9aed), and the evolution sequence of reservoir
diagenesis was established: Compaction/ Dissolution of feldspar
or debris/ Carbonate cementation/ Pyrite metasomatism. The
evolution sequence is mainly due to the following phenomenon:
(1) The dissolution residue of feldspar can be observed, and the
dissolution pores are filled with calcite, indicating that carbonate
cementation occurred after dissolution. (2) Since the agglomerated
and cubic pyrites replace the carbonate cements, it can be inferred
that the metasomatism period of the pyrites is later than the for-
mation time of the carbonate cements. According to the data of
inclusions, the time of dissolution and cementation can be deter-
mined. The Xiahuapidianzi Formation, for example, began to de-
posit in 122 Ma, when the lowest homogenization temperature of
quartz inclusions is 81 �C. According to the corresponding time of
thermal history, 111 Ma is considered to be the beginning of
dissolution. The lowest temperature of calcite inclusions is 91 �C.
According to the thermal history, the corresponding time is 108Ma,
which is considered to be the beginning of carbonate cementation,
and the highest temperature of calcite inclusions is 110 �C. Ac-
cording to the thermal history, the corresponding time is 97 Ma,
corresponding to the end of carbonate cementation.

Under the constraint of diagenetic evolution, the variation of
reservoir porosity caused by different diagenetic events was ob-
tained by using human-computer interactive image analysis tech-
nology, and the inversion stripping method was used to restore the
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reservoir porosity of the main diagenetic stages in the geological
history period (Xi et al., 2015a, b; Ma et al., 2015; Wang et al., 2018;
Teillet et al., 2019). Among them, the original porosity was mainly
affected by particle sorting, and the original porosity of the reser-
voir sample can be obtained according to the particle size data. The
reduced porosity of cementation and the increased porosity of
dissolution can be obtained according to the area porosity method.
The pore reduction of compaction was restored by inversion
stripping method.

As compaction runs through the whole diagenesis, the
compaction pore reduction should be allocated to each diagenetic
stage reasonably according to correction rules. Taking the samples
of the Xiahuapidianzi Formation at 1139 m as an example, the
porosity evolution characteristics are shown in Fig. 10. The
compaction ratio can quantitatively describe the strength of
compaction, and the cementation porosity is a parameter that re-
flects the influence of cementation on the original pore space vol-
ume. The compaction porosity reduction rate of the study area is
basically more than 80% (Fig. 11), and the cementation porosity
reduction rate is in the range from 5.4% to 26.3%. Thus, compaction
is the main reason for reservoir densification in the study area.

5. The process of tight oil and gas accumulation

Xiahuapidianzi Formation is taken as an example to discuss the
tight oil and gas accumulation rules. There was light oil in the
microfractures of the samples from the Xiahuapidianzi Formation,
showing strong yellow-green and green fluorescence. Most of the
inclusions are distributed in lines or belts along the microfractures
that cut through the tuff quartz crystal fragments, with very low
development abundance (GOI < 1%), and they are all natural gas
inclusions and hydrocarbon-bearing brine inclusions (Fig. 12). The
homogenization temperature of the brine inclusions associated
with hydrocarbon fluid inclusions can reflect the hydrocarbon
accumulation period. The oil and gas charging period of the Xia-
huapidianzi Formation was in the middle and late Late Cretaceous
(90e85 Ma) according to the distribution characteristics of the
homogenization temperature of the inclusions, combining with the
thermal history and burial history of the study area. At that time,
the Xiahuapidianzi Formation source rocks were in the mature
stage and had entered the period of a large amount of hydrocarbon
generation (97e70 Ma). The reservoir was affected by strong
compaction, and the porosity reduction effect was obvious, which
makes the physical property poor. The porosity of the reservoir was
only 1.15% during oil and gas charging period (Fig. 13). However, the
development of microfractures in the first stage of the reservoir
(before 90 Ma) is conducive to oil and gas accumulation. It can be
observed under the microscope that the fractures in the Xiahua-
pidianzi Formation are filled with asphalt more commonly (Fig. 14),
indicating that micro-fractures are the main type of storage space
in the study area. The formation and evolution of the fractures have
obvious control effect on oil and gas charging. The caprock was
formed at 94 Ma, with good sealing properties, and was less
affected by the late structure (70 Ma to present). Therefore, the
hydrocarbon accumulation process of the Xiahuapidianzi Forma-
tion can be summarized as: the source rocks of the Xiahuapidianzi
Formation began to form a large amount of oil and gas in the early
Late Cretaceous, and accumulated in the microfractures of the
Xiahuapidianzi Formation reservoirs.

6. Conclusions

The pores of the Cretaceous tight reservoirs in the Liuhe Basin
are scattered, and only a small amount of calcite intercrystalline
pores, clay mineral intergranular pores and feldspar dissolution



Fig. 9. Characteristics of diagenetic evolution sequence of the tight reservoir. (a) Well LC1, 321 m, Hengtongshan Formation, gray medium-sandstone, dissolution pores cemented by
calcite; (b) Well LC1, 542 m, Hengtongshan Formation, gray fine sandstone, ferrodolomite metasomatism; (c) Well LC1, 1027 m, Xiahuapidianzi Formation, dark gray tuff, bent
deformed mica; (d) Well LC1, 276 m, Hengtongshan Formation, dark gray tuff, ferrodolomite replaced by pyrite.

Fig. 10. Porosity evolution characteristics of the Xiahuapidianzi Formation.

Fig. 11. Porosity reduction effect on compaction and cementation of the tight reservoir.
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pores are developed in the shallow layers with the buried depth
less than 1000 m. The type of reservoir space is mainly micro-
fracture, which is distributed in both shallow and deep tight res-
ervoirs. Two stages of microfracture formed related to the two
stages of tectonic movement. With the increase of depth, the pro-
portion of micropores in tight reservoir gradually decreases, while
the proportion of microfractures in total pores gradually increases,
and the areal porosity of the micro-fracture also increases.

The quantitative study of reservoir porosity evolution shows
1946
that porosity reduction rate of the compaction is more than 80%,
which is the main factor causing the tight reservoir densified in the
study area. The matching relationship between pore evolution
history and hydrocarbon accumulation history reveals that during
the oil and gas filling period of the Xiahuapidianzi Formation
(90e85 Ma), the reservoir porosity is only 1.15%, but the



Fig. 12. The pictures showing characteristics of natural gas inclusions in the tight reservoir of the Xiahuapidianzi Formation.

Fig. 13. The profile showing hydrocarbon accumulation process.
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development of microfractures in the first stage of the reservoir is
conducive to oil and gas accumulation.
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Fig. 14. Pictures showing bitumen distribution characteristics in the tight reservoir of the Xiahuapidianzi Formation. (a) Well LC1, 825 m, Xiahuapidianzi Formation, argillaceous
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1527 m, Xiahuapidianzi Formation, dark fine sandstone.
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