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The clay mineral content of Daqing Gulong shale is in the range of about 35%–45%, with particle sizes less
than 0.0039 mm. The horizontal fluidity of oil in Gulong shale is poor, with near-zero vertical flowability.
As a result, Gulong shale has been considered to lack commercial value. In recent years, however, inter-
disciplinary research in geoscience, percolation mechanics, thermodynamics, and surface mechanics has
demonstrated that Gulong shale oil has a high degree of maturity and a high residual hydrocarbon con-
tent. The expulsion efficiency of Gulong shale in the high mature stage is 32%–48%. Favorable storage
spaces in Gulong shale include connecting pores and lamellar fractures developed between and within
organic matter and clay mineral complexes. The shale oil mainly occurs in micro- and nano-pores, bed-
ding fractures, and lamellar fractures, with a high gas–oil ratio and medium–high movable oil saturation.
Gulong shale has the characteristics of high hardness, a high elastic modulus, and high fracture tough-
ness. This study achieves breakthroughs in the exploration and development of Gulong shale, including
the theories of hydrocarbon generation and accumulation, the technologies of mobility and fracturing,
and recoverability. It confirms the major transition of Gulong shale from oil generation to oil production,
which has extremely significant scientific value and application potential for China’s petroleum industry.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Few scientists believed that commercial oil resources could be
generated from non-marine sedimentary systems. In 1942, Pan
put forward the new concept of ‘‘terrestrial origin of petroleum”
for the first time in an article titled ‘‘Geological notes: non-
marine origin of petroleum in north Shensi and the Cretaceous of
Szechuan, China” published in the American Association of
Petroleum Geologists (AAPG) Bulletin [1], and thereby provided a
scientific basis for oil discovery in China’s continental basins. The
first large-scale oil field discovered in terrestrial facies was the
Daqing Oilfield in the Songliao Basin, in the late 1950s. After
60 years of exploration and development, the proven geological
reserves of conventional oil in the Daqing Oilfield are 6.37 � 109

tonnes [2,3], and the cumulative oil production is 2.399 � 109 ton-
nes [4]. Currently, recovery frommajor oil fields has reached 52.2%,
recovery of recoverable reserves has reached 92.33%, the compre-
hensive water cut of the Changyuan Oilfield has reached 95.92%
[4,5], and the proven rate of conventional oil in the Daqing Oilfield
has reached 68.35%. New questions are now arising: Are there any
other new oil resources? If so, where are they, and how can they be
found and developed? With the concept of ‘‘looking for a new Daq-
ing Oilfield below and outside of the Daqing Oilfield,” the people
working at Daqing are trying to find new oil and gas resources.
The Qingshankou Oilfield Formation’s shale has been established
as a new target for research, and the newly completed Well Guyey-
oping 1 drilled in the formation has revealed new insights.

The concept of ‘‘shale oil” is well known in industry and acade-
mia. Nearly a hundred years ago, in 1929, the Chinese geologist Xie
divided oil shale into two types in his book Petroleum: One type is
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shale that is saturated with oil, and the other is shale without oil—
although, after distillation, the organic matter in the latter form of
shale can still combine to form oil [6]. The first of these types is
now known as shale oil. However, shale oil was not properly
explored and exploited until this century, particularly in the last
ten years. The shale oil and gas revolution, which has mainly
involved marine shales in the United States, has greatly increased
that country’s oil and gas self-sufficiency rate, changed the global
oil and gas supply–demand structure, and had a profound impact
on world geopolitics [7–12].

As early as the 1960s, signs of oil and gas (SO&G) were found in
many wells in the Qingshankou Formation shale. It was found that
oil seeps along the bedding planes [13]. In the Daqing Oilfield, a ser-
ies of industrial practices, divided into three periods, have been car-
riedout to test theproductioncapacityof the shale. In thefirstperiod
(1981–1997), vertical wells were used to extract oil from conven-
tional reservoirs with mudstone fractures. Exploration during this
period confirmed the oil-bearing properties of the mudstone frac-
tures and recognized their complexity and strong heterogeneity. In
the second period (1998–2011), horizontal wells and volume frac-
turing were adopted to extract oil from tight sandstone reservoirs
mixedwith thin layers in the shales. In the initial production period,
the oil production of the tight sandstone reservoirs mixed with thin
layers was increased by using horizontal wells. However, the explo-
ration results were ultimately poor due to the thin reservoirs, lim-
ited resources, and unstable production. In the third period (2012–
current date), the pure shale reservoirs are being explored by com-
bininghorizontalwells and large-scale composite volume fracturing
[3,5]. In 2012,Wells Ying57x andYing58xweredeployed in Longhu-
pao Terrace for the shale reservoir in the Qingshankou Formation.
The wells were completed in March and April 2013, respectively,
and their daily oil production was 3.3 and 6.7 tonnes, respectively.
In 2018, researchers used innovative new concepts in oil explo-
ration, studied and deployed the source layers as reservoirs, and
drilled Well Guye 1 in the lower part of the Gulong Sag. Systematic
coring of the shale in the Qingshankou Formation established that
the cumulative thickness of oil layers above class I was 133m. Daily
oil production after fracturing was 2.5 tonnes, and vertical single-
layer testing confirmed the oil production capacity in multiple oil
layers in the shale of the Qingshankou Formation. In 2019, Well
Guyeyouping 1 was deployed in the shale layer with high organic
content at the bottom of Well Guye 1, and the horizontal section
length of Well Guyeyouping 1 was 1562 m. High-yield industrial
oil and gas flow with a daily oil production of 30.5 tonnes and daily
gas production of 13 032 m3 was achieved in Well Guyeyouping 1.
After two years of oil production, the daily oil productionwas stable
at about 10m3, and the cumulative oil production exceeded 1� 104

m3, thus representing a major historic strategic breakthrough. After
the breakthrough in Well Guyeyouping 1, wells were intensively
drilled in the Qijia–Gulong light oil belt, including 47 vertical test
wells. Testing in these wells found oil traces in every well and layer.
The single-layer tests showed oil production in all the layers. Nine
horizontal wells were tested and obtained high production of more
than 10 m3. Among them, four wells had a daily oil production of
more than 30m3, and production from the productionwellswas rel-
atively stable. Recently, many horizontal wells have been upgraded
and optimized using fracturing, drainage, and recovery technolo-
gies. These new horizontal wells are characterized by the high pro-
duction. The initial daily oil production was more than 20 m3.
After around three months of production, formation pressure
remained high. Based on theoretical understanding and drilling
findings, shale oil resources with an area of more than 1 � 104 m3

were evaluated in the middle-high maturity area of the Qing-
shankou Formation in the northern Songliao Basin. The oil resources
in the light oil belt of the Qijia–Gulong Sag were calculated to be
5.500 � 109 tonnes, and the newly increased predicted oil in place
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was 1.268 � 109 tonnes. Based on these discoveries, a national con-
tinental shale oil demonstration zone was established in Gulong,
Daqing, and research determined that the continental pure shale
strata is capable of producing industrial oil flows.

NorthAmerican shale oil ismainlyproduced from late Paleozoic–
Mesozoic marine sedimentary strata. The main lithologies of the
marine sedimentary strata are fine sandstones, dolomitic siltstones,
dolostones, and marls, which have high porosity and permeability
and a clay mineral content of generally less than 30%. For example,
the clay mineral content of the Bakken Formation in the Williston
Basin of the United States is 21.5%, that of the Eagle Ford Formation
in the West Bay Basin is 15.0%–30.0%, that of the Wolfcamp Forma-
tion in the Permian Basin is about 10%, that of the Barnett Formation
is 24.2% on average, that of the Douwen Formation in the Western
Canada Basin is about 26.0%, that of the Vaca Muerta Formation in
the Neuquen Basin in Argentina is 10.0%–20.0%, and that of the Baz-
henov Formation in the Siberian Basin is about 2.0%–27.0%. The con-
tent of brittle minerals can reach 60.0%–80.0%. All of these data
confirm the high fracturing properties of shale [14–16].

Currently, the lithological combinations of shale oil belts that
have been explored and developed in China are similar to those
in North America. China’s shale oil mainly comes from tight sand-
stones, siltstones, and lacustrine carbonate interlayers. For exam-
ple, the shale oil layers of the Chang 7 Member in the Ordos
Basin are mainly composed of siltstone and fine sandstone layers
in the Chang 71 and Chang 72 Members. The clay mineral content
is less than 20.0% [17,18]. The shale oil layers of the Lucaogou
Formation in the Jimusar Sag in the Junggar Basin are mainly
composed of silty dolomite and dolomitic siltstone, and the clay
mineral content is less than 25.0% [19]. The main lithologies of
the Kong 2 Member in the Cangdong Sag in the Bohai Bay Basin
are felsic shale and mixed shale, and the average clay mineral
content is 15.7% [20–22]. The main lithologies of the Shahejie For-
mation in the Jiyang Depression of the Bohai Bay Basin are laminar
argillaceous limestone and calcareous mudstone, and the clay min-
eral content is 20.0%–30.0% [23,24]. The Paleogene Lower Gan-
chaigou Formation in the Qaidam Basin is mainly composed of
grey dolomitic shale, and the clay mineral content is 10.0%–40.0%
[25]. The clay mineral content in the Second Member of the Juras-
sic Daanzhai Formation of the Sichuan Basin is 21.0%–39.0%, with
an average of 17.0% [26]. The content of clay minerals in the lacus-
trine shale of the Lianggaoshan Formation in Well Ping’an 1 is rel-
atively high, with an average of 44.3%–48.6% [27]. However,
Gulong shale oil is different from the shale oil at home and abroad,
having been produced from the interbedded or transitional litho-
logic combination of tight sandstone, mixed rock, or carbonate
rock. Gulong shale oil is mainly produced from clay minerals com-
ponents which have higher oil contents, better storage spaces, and
better fracability and could be first choice for engineering sweet
spot [2,3,28–30]. As a result, during the exploration and develop-
ment of Gulong shale oil, it is difficult to imitate and copy the
theories, methods, and technologies developed for shale oil explo-
ration at home and abroad (Table 1).

Gulong shale oil in the Songliao Basin mainly occurs in micro-
nano pores, bedding fractures, and lamellar fractures, with poor
plane and vertical fluidities [31,32]. The shale is black shale with
a thickness of more than 100 m, which has excellent hydrocarbon
generation potential and provides large amounts of hydrocarbons
for conventional oil and gas fields. However, there is few know-
ledge on several scientific problems, such as hydrocarbon reten-
tion, occurrence space and facies, the oil accumulation and oil
preservation in the shale systems, and no consensus has been
reached at the industrial application problems, such as the
petroleum resource potential and industrial production. Based on
a large number of experimental analyses and a great deal of pro-
duction data—especially detailed experimental data from the three



Table 1
Differences between Gulong shale oil and other shale oils in China and North America.

Parameter Depth (m) Lithology Clay
mineral
content
(%)

Thickness
(m)

Kerogen
type

TOC (%) HI
(mg�g�1)
TOC

OSI
(mg�g�1)
TOC

S1
(mg�g�1)

Ro (%) Tmax (�C) Peak
carbon

Pressure
coefficient
(CP)

Cretaceous
Gulong
shale

1500–2600 Clay rich
shales

40–60 100–150 I 1.5–4.0 600–850 50–600 4.0–15.0 0.75–1.70 400–445 C8 1.20–1.60

Permian
Lucaogou
Formation

1800–4000 Dolomitic
sandstones,
dolostones,
and shales

< 20 15–35 I, II1 1.5–9.0 200–800 — 3.0–12.0 0.55–1.10 420–460 C17 1.10–1.30

Triassic Chang
7 member

1500–3000 Tight
sandstones
and shales

30–50 15–35 II 3.0–16.0 100–400 20–300 1.5–9.0 0.75–1.20 430–460 C15,
C16

0.75–0.85

Devonian
Bakken
shale

2590–3200 Tight
sandstones
and
dolomitic
sandstones

< 30 5–12 II 10.0–15.0 50–600 25–100 3.0–5.0 0.60–1.20 425–445 — 1.35–1.50

Cretaceous
Eagle Ford
shale

914–4267 Marl and
shales

< 10 20–60 II 3.0–7.0 200–650 50–150 0.5–4.5 0.70–1.30 415–455 — 1.35–1.80

TOC: total organic carbon; HI: hydrogen index; OSI: oil saturation index; S1: free hydrocarbon content from rock eval analysis; Ro: vitrinite reflectance.
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full-coring wells of Well Guye 2HC, Guye 3HC, and Guye 8HC—this
study analyzes the generation, expulsion and retention, storage
space, occurrence state, and flow mechanism of Gulong shale oil,
revealing the entire process from generation to production for con-
tinental shale oil. This study is of great scientific significance and
industrial value for the global production and efficient production
of similar continental shale oils.

2. Geological background, lithology, and mineralogy

During the sedimentary period of the Qingshankou Formation,
the Songliao Basin’s structure settled into a stable state. The lake
basin had a massive size with a water depth of more than 30 m.
It was mostly deposited as continental saltwater/semi-deep fresh-
water lake/deep lake facies. Shale with a high clay content was sta-
bly distributed regionally in the lake basin, as supplies from
onshore sources were transported for long distances and had little
impact on the interior of the lake basin. Previous studies have
shown that organic matter accumulates more easily and is better
preserved in sedimentary environments with fresh water, warmth
and humidity, reduction, insufficient terrigenous clastic supply,
and volcanic eruption events. Some studies have concluded that
the middle and upper parts of the first member of the Qingshankou
Formation were deposited in a stable, highly saline, brackish envi-
ronment and that the lower part was deposited in a brackish-saline
to saline environment with layered salinity. The rapid increase of
salinity in the Qingshankou Formation on the short term could
be related to periodic transgression events [33–37]. The sedimen-
tary area of the First Member of the Qingshankou Formation is
8.7 � 104 km2, and the sedimentary area of the semi-deep lake/
deep lake facies is greater than 3.0 � 104 km2. The lake basin in
the Second Member of the Qingshankou Formation shrank gradu-
ally from 90.1 Ma, and the sedimentary area decreased to
5.4 � 104 km2. The sedimentary area of the Third Member of the
Qingshankou Formation is decreased into 3.5 � 104 km2.

Currently, based on the sedimentary cycles, lithological charac-
teristics, mineral compositions, and total organic carbon (TOC)
contents, the strata from the First Member to the lower part of
the Second Member in the Qingshankou Formation can be further
divided into nine layers (Q1–Q9) from bottom to top, with a cumu-
lative thickness of 100–150 m (Fig. 1).

Gulong shale is mainly composed of shale, which accounts for
more than 95% of the total thickness. The shale generally consists
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of fine-grained (< 0.0039 mm) clastic minerals such as quartz, clay
mineral, feldspar, and small amounts of calcite. The clay mineral
content is generally high, the carbonate mineral content is low,
and the felsic mineral content is high. The shale is mixed with
thin-layer siltstone, dolomite, and shell limestone, with the thick-
ness of a single layer generally being 1–5 cm. For example, the Q1

oil layer is 14.6 m thick, including 51 layers of grey–black shale
with a total thickness of 13.36 m, eight layers of siltstone with a
thickness of 0.52 m, four layers of dolomite with a thickness of
0.49 m, and a layer of shell limestone 0.23 m thick. The organic car-
bon content of the Q1 layer is 0.8%–4.5% with an average of 2.6%,
and the lamellar density is 2000–3000 pieces�m�1 [30].

A mineral content analysis of Well Guye 2HC (Fig. 2) reveals
quartz contents of 26%–32% and feldspar contents of 15%–30%,
which do not change significantly across the analysis. However,
the contents of dolomite (6%–75%) and calcite (5%–30%) vary sig-
nificantly. The clay content is 35%–45%, including illite (19%–80%,
with an average of 68%), an illite-montmorillonite compound layer
(9%–36%, with an average of 17%), and chlorite (5%–71%, with an
average of 14%). The plane distribution shows that the proportion
of illite in the clay minerals slightly decreases from Well Guye 1 to
Well Guye 2HC and to Well Guye 3HC.

A mineral content analysis shows that the Gulong shale is
mainly composed of felsic shale, clayey shale, and mixed shale
(Fig. 3). Of these, the TOC content of the clay shale is relatively
high. The mineral compositions in vertical single-well facies are
relatively constant, with only the carbonate mineral content
changing significantly. The Q1–Q6 Members are mainly composed
of clay shale and mixed shale. Felsic shale increases in the Q7–Q9

Members (Fig. 4). In the plane distribution of lithofacies in Wells
Guye 1, Guye 8HC, Guye 2HC, and Guye 3HC, these three lithofacies
change little. The clay mineral content of Well Guye 1 in the central
lake basin increases. In the first member of the Qingshankou For-
mation, mixed shale is the most developed, accounting for 37%–
40%, with clay shale accounting for 32%–40% and felsic shale
accounting for only 15%–22%.
3. Organic geochemistry

The source rock in the Qingshankou Formation of the Songliao
Basin has high organic matter abundance (TOC contents mostly
more than 2%) and is one of the major source rocks in China’s



Fig. 1. Comprehensive column of the Cretaceous strata in the Songliao Basin. (a) Location of key wells in Gulong Sag and (b) lithology, TOC, and mineralogy of Well Guye 3HC.
K1: lower Cretaceous; qn: Qingshankou Formation; GR: Gamma ray log.

Fig. 2. Mineral composition distribution of the Well Guye 2HC in the Songliao Basin.
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largest continental oil field [38,39]. The oil in the Daqing
placanticline comes from the depressions on both sides, and the
oil of the Putaohua, Gaotaizi, and Fuyu oil layers predominantly
comes from the source rocks in the Qingshankou Formation [40].
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During the sedimentary period of the Qingshankou Formation,
planktonic algae flourished, and the organic matter was mostly
layered algae [33–35,37]. Lamalginite in different depressions
and sedimentary facies belts accounted for 83%–92%, and terrige-



Fig. 3. Shale facies characteristics of the Qingshankou Formation in the Well Guye 2HC. (a) Felsic shale facies, 2492.05 m; (b) mixed shale facies, 2299.3 m; and (c) clay shale
facies, 2330.6 m.

Fig. 4. Vertical variation of the lithofacies of three wells in the Gulong Sag, Songliao Basin. (a) Well Guye 8HC, (b) Well Guye 2HC, and (c) Well Guye 3HC.
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nous organic matter was generally less than 10%. The sedimentary
environment was generally anaerobic–anoxic, and the organic
matter was mainly oil-prone types I and II1 kerogens. Development
of alginite was an important basis for hydrogen accumulation and
the high potential for oil generation in Gulong shale. The shale of
the Qingshankou Formation has high organic matter abundance.
The TOC content is generally 1.50%–2.50%, with an average of
2.20% and individual high values of up to 13.25%. The hydrogen
index (HI) value reaches 600–800 mg�g�1, with an average of 750
mg�g�1. The HI value of the First Member in the Qingshankou For-
mation is up to 1000 mg�g�1, and that of the Second Member is up
to 700 mg�g�1. The hydrocarbon generation conversion rate is up to
78.4%, and the high-quality lacustrine organic matter has excellent
oil generation potential. The vitrinite reflectance (Ro) is 0.75%–
1.70%, showing medium–high maturity. Chloroform bitumen A is
0.27%–1.32%, with an average of 0.63%. The free hydrocarbon con-
tent from rock eval analysis S1 values representing free hydrocar-
bons are generally 2–8 mg�g�1, with an average of 5.31 mg�g�1.
Vertically, the S1 value of the shale in the lower part of the First
Member in the Qingshankou Formation is the highest, generally
greater than 8 mg�g�1, followed by 6 mg�g�1 in the upper part of
the First Member and the Second Member, with a thickness of
100–240 m (Fig. 5). On the plane, the free hydrogen content in
the center depression is the highest, gradually decreasing toward
the margin.
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Within the classic pattern of hydrocarbon generation and the
evolution of kerogen established by Tissot and Welte [40], the
hydrocarbon generation threshold can be determined from the
hydrocarbon generation quantities of different types of organic
matter. However, the residual hydrocarbon quantity and hydrocar-
bon generation evolution in the source rocks have not been further
analyzed. Until the discovery of shale oil and gas, more attention
was paid to a detailed study of the hydrocarbon expulsion effi-
ciency and the accumulation potential of residual hydrocarbons.
Chen et al. [41] believed that the types I and II organic matter in
the source rocks are similar in their hydrocarbon expulsion effi-
ciency and expulsion patterns. The relative hydrocarbon expulsion
efficiency of the organic matter is less than 45% in the lowmaturity
period, 85%–90% during the peak of oil generation, and up to 90% at
the lower limit of the oil generation window. Based on Tissot’s
hydrocarbon generation and evolution pattern, Zhao et al. [10]
established the hydrocarbon generation, expulsion, and retention
patterns of organic matter in continental shale. According to this
pattern, when Ro is 1.0%–1.6%, large amounts of liquid hydrocar-
bons are generated; when the Ro value is about 1.0%, the residual
hydrocarbon reaches the maximum, accounting for about 25% of
the total hydrocarbons generated. When Ro is higher than 1.3%,
there is almost no residual liquid hydrocarbon in the shale, which
is inconsistent with the current exploration-based understanding
of Gulong shale oil.



Fig. 5. Comprehensive geochemical evaluation of Well Guye 3HC in the Songliao Basin. S2: hydrocarbon content of rock eval test during 300–600 �C; K2: upper Cretaceous; q:
Quantou Formation.
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The current geothermal gradient of the Qingshankou Formation
in the Songliao Basin is 3.5–6.0 �C per 100 m [42], while the paleo-
geothermal gradient during the Middle and Late Cretaceous was
5.25–6.30 �C per 100 m. Clearly, the paleogeotemperature in the
Songliao Basin was higher than the current temperature, and the
paleogeothermal gradient in this location is higher than that in
other domestic basins. The oil generation threshold of the Songliao
Basin is relatively shallow. Early research established that strata in
the Songliao Basin with a depth of 1500–2200 m reached the oil
generation window (with a corresponding Ro of 0.7%–1.3%) and
then entered the condensate and wet gas period [39,40]. However,
the lacustrine shale generation period and the oil properties cannot
be accurately determined due to the absence of vitrinite and Ro

values, as type-I organic matter in the lacustrine environment is
rich in alginite. The traditional Easy% Ro index model, which is
based on foreign type-III organic matter [43] and the discrete dis-
tribution of activation energy, Ro ¼ e�1:6þ3:7r (where r represents
the conversion rate), is not applicable for the lacustrine
hydrogen-rich shale in this study. Therefore, this study established
a Ro correction model for Gulong shale (Fig. 6) with a linear model
and a new normal activation energy distribution scheme:
Ro ¼ 6:7r þ 0:3. Using the Ro calibration of 32 typical wells, the
paleotemperature evolution history of Gulong shale was recon-
structed in this study. The Qijia–Gulong Sag had a high paleotem-
perature and experienced the highest paleogeotemperature in the
late sedimentary period of the Minghuazhen Formation, reaching
175 �C. This high paleotemperature field promoted the maturity
of the source rocks, resulting in a high hydrocarbon generation
conversion rate of the organic matter in Gulong shale. As a result,
the main sag entered hydrocarbon generation early, with large
quantities of oil generated. The calculated total oil generation
quantity of the First Member of the Qingshankou Formation in
the north Songliao Basin is 4.48 � 1010 tonnes, including an accu-
mulated oil generation quantity of 1.16 � 1010 tonnes in the late
sedimentary period of the Nenjiang Formation and 2.15 � 1010

tonnes in the late sedimentary period of the Sifangtai Formation,
which is mainly distributed in the Gulong Sag.

During sample preservation and experimental treatment, light
hydrocarbons may be lost. Therefore, based on quantitative nuclear
magnetic resonance (NMR) analysis with forward modeling of
hydrocarbon generation and expulsion, this study recovered the lost
hydrocarbons, corrected the amounts of adsorbed hydrocarbon in
low-maturity shale samples of the Qingshankou Formation, and
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established a calculation model for the hydrocarbon expulsion effi-
ciency of the source rocks in the Qingshankou Formation (Eq. (1)). It
is calculated that the hydrocarbon expulsion efficiency inWell Chao
21 is 16.5%whenRo is 0.83%; that inWell Zhao2911 is 39.0%whenRo

is 0.93%; that inWell Guye 36 is 32.0%when Ro is 1.13%; that inWell
Ao34 is 48.0%whenRo is 1.23%; that inWellGuye2HC is 46.0%when
Ro is 1.38%; and that inWellGuye3HC is 48.0%whenRo is 1.40. These
data reveal that at least half of the liquid hydrocarbons remained
undischarged after the peak period of oil generation, which is an
important basis for shale oil accumulation.

EEF ¼ hydrocarbon expulsion quantity
hydrocarbon generation quantity

¼ HP0 � ðHPþ LhÞ
HP0 � S2a

ð1Þ

where EEF is the hydrocarbon expulsion efficiency (%); HP is the
current hydrocarbon generation potential (S1 + S2) (mg�g�1); HP0
is the initial hydrocarbon generation potential (mg�g�1); Lh is the
light hydrocarbon loss correction (mg�g�1); S2 is hydrocarbon con-
tent of rock eval test during 300–600 (mg�g�1); and a is the correc-
tion coefficient of adsorbed hydrocarbon (0–1), (S2 – 4S2)/S2.

4. Storage space and physical property

There are many reservoir spaces in Gulong shale oil, which can
be characterized into two main types; micro–nano pores and
microfractures (lamellar fractures) [30]. The pores include inter-
granular pores of clastic minerals, intergranular pores of clay min-
erals, organic matter pores, and dissolution pores (Fig. 7). Analysis
of nitrogen adsorption and high-pressure mercury injection shows
that the pore diameters are mainly 10–30 nm [3,29]. The inter-
granular pores of clastic minerals include intergranular pores of
clay minerals and intergranular pores formed by quartz, feldspar
particles, and other minerals. These pores are residual pores under
compaction, with relatively large pore diameters, and are one of
the major providers of storage space in Gulong shale reservoirs.
The intercrystalline pores of clay minerals are mainly pores formed
between illite, kaolinite, and other minerals, as well as pores
formed after the dissolution of secondary quartz minerals, feldspar,
and calcite. These pores are formed with a small scale, poor con-
nectivity, and strong heterogeneity [44]. The reservoir spaces are
mainly pores related to clay minerals, but they cannot form contin-
uous flow channels on a micro-nano scale, as the connectivity of
the matrix pore-throat system is poor, with the pore-throat coordi-
nation number being less than 0.1. Organic matter pores include



Fig. 6. Activation energy distribution of the vitrinite reaction. (a) Distribution of the activation energy of the Easy% Ro vitrinite reaction; (b) distribution of the activation
energy of the Gulong vitrinite reaction.

Fig. 7. Typical inorganic pores, fractures, and organic matter pores in Gulong shale. (a) Scanning electron microscope (SEM) image of intra-clay mineral pores, and the clay
minerals are dominated by illite; (b) SEM image of inter-granular pores, and the pores are distributed among albites and quartzs; (c) SEM image of organic matter pores and
the organic matter is distributed in the illites; (d) SEM image of micro-fractures that are developed in the clay minerals; (e) SEM image of inter-carbonate mineral pores, and
obvious oil seepage was observed in the lower right part; (f) SEM image of organic matter pores, and pyrites were observed in the organic matter. The percentage of pore-
fracture combinations related to clay minerals, pores related to non-clay minerals, and organic matter pores are 70%, 20%, and 10%, respectively. Py: pyrite; Cm: clay mineral;
Po: pore; OMP: organic matter pore; Qz: quartz; Fra: fracture; Do: dolomite; Ca: calcite.
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pores formed during the evolution of organic matter [45] and pores
developed in the complex of organic matter and clay minerals,
which generally have small pore-throats and large quantities.
The pores developed in organic matter account for about 10%,
while the pores formed in the complex composed of newly
discovered organic matter and clay minerals account for about
40%, providing favorable reservoir spaces for Gulong shale. Field
emission scanning electron microscope (FE-SEM) statistics show
that organic matter pores with diameters less than 10 nm account
for 45.3% of the total quantity, and pores with diameters greater
than 30 nm account for 97.5% of the total area. The results show
that pores with diameters greater than 30 nm play a key role in
shale oil storage and recoverability.

The reservoir spaces in Gulong shale are characterized by
microfractures, including lamellar fractures, hydrocarbon genera-
tion fractures, and diagenetic fractures. Microfractures connecting
with pores can form hundreds of millions of fracture-pore
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reservoirs—not only reservoir spaces but also seepage channels
for shale oil development. As mentioned above, Gulong shale has
many well-developed millimeter-scale laminar textures. Based on
differences in mineral compositions, the textures in Gulong shale
can be divided into three types: ostracod-carbonate laminar, felsic
silty sand laminar, and clay mineral laminar. These three lamina
types are the base for the development of lamellar fractures.
Macroscale observation confirms that the density of the lamellar
fractures is about 1000–3000 pieces�m�1. In the First Member of
the Qingshankou Formation, the density is up to 2000–3000
pieces�m�1, which is the maximum. Based on observation and
statistics of the fine core description, the average density of the
lamellar fractures in the Q1–Q3 oil layers is the highest, close to
2000 pieces�m�1, and the density decreases upward. The average
density of the Q9 oil layer is 800–900 pieces�m�1. Analysis using
nitrogen adsorption and high-pressure mercury intrusion shows
that the pore diameter is mainly 10–30 nm. The width of the



Fig. 8. Pore-fracture texture of (a) 10 lm and (b) 3 lm, and (c) connectivity related
to clay minerals in Gulong shale (the different colors in (c) represent different
fracture systems).
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lamellar fractures is concentrated at 10–40 lm and is up to the
millimeter level. The effective porosity is 1.18%, and the contribu-
tion rate to the reservoir space is up to 14%. The high-porosity
areas are connected with the fractures and extend vertically up
to 250 lm. The lamellar fractures and adjacent pores are connected
to form fracture-pore reservoirs, which greatly improve the reser-
voirs’ physical properties.

In general, pore-fracture combinations in the matrix of the
Gulong shale related to clay minerals comprise the main storage
spaces (Figs. 7(a) and (d)), accounting for 70% of the total storage
spaces. These pore-fracture combinations can be divided into three
types: termination at the end of fracture dislocation, bending and
turning of fractures, and grapevine column connections (Fig. 8).
These connection methods provide effective space for pure shale
reservoirs and favorable seepage channels for shale oil accumula-
tion and high production.

Upon combining simulation experiments of hydrocarbon genera-
tion with the physical properties of the shale, it was found that the
porosity and permeability of the shale are primarily controlled by
the initial organic carbon content. The higher the initial organic
carbon content, the larger the porosity and the permeability. With
increasing maturity, complex fracture networks form in the shale
[46,47]. During different evolution periods, scanning electron
microscope (SEM) images of Gulong shale reveal that contraction
and hydrocarbon generation from layered algae form organic pores
that are distributed along the layers (Fig. 7). This is different from
the marine shales in Longmaxi, Sichuan, China, and in North
America, which easily form honeycomb-like organic pores. Organic
matter pores and fractures increase with increase of Ro and TOC
content. When Ro > 1.0%, organic pores and fractures proportion
ranges from 10% to 70%. With increasing maturity, the lamellar
algae in Gulong shale formed a large number of organic pores
and fractures along the layers. Under FE-SEM, it was found that
the density of lamellar fractures may exceed 1 � 104 pieces�m�1

and that the proportion of organic fractures and pores can reach
as high as 68.2%. With an increase in Ro, chlorite flake aggregates
form around the organic clay complex, with the pores being sup-
ported by the angular chlorite flakes. Authigenic quartz can
develop in the pores, which improves the reservoir’s properties
and brittleness.

The reservoir properties differ in the different layers of Gulong
shale. The measured porosity of a core tested using helium is about
8.4%–9.1%, and the differences between the oil layers are small. The
effective porosities of the Q8 and Q9 oil layers are high. Field full-
diameter two-dimensional (2D) NMR evaluation technology was
used to measure the core in real time when it was out of the well.
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The effective porosity is 6%–8%, and the total porosity is 16%–18%,
which is 3% higher than the laboratory results. Under overpressure
formation conditions, the underground porosity should be higher
than that measured under surface experimental conditions, and
the reservoir properties are also improved. The horizontal perme-
ability of the shale measured by a surface gas test is generally
1.00 � 10�5–5.00 � 10�4 lm2, and the vertical permeability is gen-
erally 1.00 � 10�6–5.00 � 10�5 lm2. The horizontal permeability is
normally about ten times the vertical permeability. Vertically,
there is no clear distinction between each oil layer’s permeability.
The permeabilities of the Q5–Q7 oil layers are relatively high. The
horizontal permeability is higher than 1.00 � 10�4 lm2, and the
vertical permeability is higher than 1.00 � 10�5 lm2. Vertically,
the Q1–Q4 layers are mainly composed of organic pores and frac-
tures, while the Q5–Q9 layers are mainly composed of organic
and non-organic pores and fractures. Nitrogen adsorption andmer-
cury injection experiments show that the porosity of clay shale is
the highest, at about 7%–9%, which is higher than that of siltstone
and shell limestone.

It is worth mentioning that the formation porosity under over-
pressure is 5.5%–28.1%, which is higher than that under normal
fluid pressure. With the increase of pore pressure, the measured
value of shale porosity increases gradually. Under overpressure
conditions (i.e., a pore fluid pressure of 45 MPa and a pressure coef-
ficient of 1.7), compared with the normal pressure of 25 MPa, the
porosity of the sample from Well Guye 7 increases by 13.5%–
28.1%, with an average of 22.4%, while the porosity of the sample
from Well Guye 8 increases by 5.5%–9.5%, with an average of 7.6%.

Oil generation, pore formation, mineral transformation, corro-
sion transformation, and overpressure in Gulong shale are corre-
lated, which controls the target layers and the accumulation
areas of the shale oil. Pore evolution correlates well with the ther-
mal evolution of organic matter and minerals.
5. The shale oil accumulation mechanism

Research on conventional oil and gas accumulation in the
Songliao Basin confirms that, after entering the oil generation
window, the source rocks in the First Member of the Qingshankou
Formation discharged hydrocarbons upward into the middle oil-
bearing assemblage, including the Saertu, Putaohua, and Gaotaizi
oil layers, and discharged hydrocarbons downward into the lower
oil-bearing assemblage, including the Fuyu and Yangdachengzi oil
layers [38–40]. Oil and gas accumulation in the Qijia–Gulong Sag
can be divided into three periods: The first period is the late sedi-
mentary period of the Nenjiang Formation; the second period is
the end of the Cretaceous (the sedimentary period of the Sifang-
tai–Mingshui Formations); and the third period is the end of the
Paleogene. On the plane, the oil and gas generated in the
Qijia–Gulong Sag migrated eastward under the action of fluid
potential, to the Daqing placanticline [40]. Based on geochemical
analysis of the crude oil, we found that the terpane content of
the oil in the Daqing placanticline is 50–900 lg�g�1, the sterane
content is 40–110 lg�g�1, and the triarylsterane content is
0.37–6.97 lg�g�1, which is the same as source rocks with an Ro

of 0.8%–1.0%. It is therefore considered that the oil in the First
Member of the Qingshankou Formation of the Daqing placanticline
was produced during an evolution period when the Ro was 0.8%–
1.0%. Analysis of inclusion accumulations also proves that Gulong
shale oil was generated at the same time as the late self-sealing
of the shale. One phase of oil inclusions with blue fluorescence
occurs in the calcite vein of Well Guye 8HC in the First Member
in the Qingshankou Formation, reflecting the light quality of the
oil. The main peak of homogenization temperature of the
associated brine inclusions is 130–150 �C. Combining the burial



Fig. 9. Burial and thermal history of Well Guye 8HC.
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and thermal histories reveals that the inclusions formed in the sed-
imentary period of the Yi’an Formation and reflect the late self-
sealing of the shale oil (48–18 Ma) (Fig. 9). The self-sealing and
accumulation of oil and gas may be the result [48] of the in situ
preservation of oil and gas molecules under overpressure [29].
The overpressure may have been generated by blocked outflows
of oil and gas and the blocked entrance of external fluid when
the capillary pressure and the adsorption force on the fluid are
greater than the buoyancy, which might have been caused by the
reservoirs’ tightness as thermal evolution progressed.

Based on the geochemical characteristics, the Q1–Q9 oil layers
from the First to the Second Members of the Qingshankou Forma-
tion in Gulong Sag can be divided into four sections: Q9, Q8–Q7,
Q6–Q5, and Q4–Q1. The oil and gas characteristics of these four sec-
tions vary noticeably, and the methane carbon isotope levels of the
mud gas imply segmentation and abrupt interfaces. With an
increase in depth, the TOC changes little, Tmax increases, and the
HI decreases, indicating that the maturity gradually increases
going downward. Isotope analysis of the group components in
the extractives shows that the saturated hydrocarbon content
increases gradually in the Q9 layer, decreases in the Q8–Q7 layers,
increases again in the Q6–Q5 layers, and decreases slightly in the
Q4–Q1 layers, while the isotopic evolution of components is just
the opposite. The aromatic hydrocarbon content shows the oppo-
site trend, but its component isotope evolution is consistent.
Abrupt changes in shale oil properties and isotopes occur at the
key lithofacies interfaces and lithology interfaces, and the lithology
interfaces often correspond with the calcite cemented tight sand-
stone or carbonate strata.
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There are clear differences in oil composition, Pr/nC17 and
Ph/nC18 values, and carbon isotope differences between non-
hydrocarbon asphaltene and saturated hydrocarbon in different
layers of Gulong shale. Gulong shale oil evolved segmentally
(Fig. 10), controlled by the hydrocarbon migration and accumula-
tion process or the differences between initial kerogen types.
Migration within the shale oil layers of Q1–Q9 may also explain
the differences in oil and gas properties in different layers.
6. Rock mechanics and fracability

On the microscale, the lamellar and laminar textures of Gulong
shale are developed, and the rock mechanical properties and frac-
turing mechanism are complex. Gulong shale has a high clay min-
eral content and strong diagenesis, showing characteristics of high
hardness, a high elastic modulus, and high fracture toughness. In
addition, both the interlayer hardness ratio and the resistance to
fracture propagation through the layers are high. The content of
brittle minerals in the shale is relatively stable, and the content
of quartz is 25%–35%. The mechanical properties and fracture
mechanism of the laminar shale are different from those of the
pure shale. The laminar shale is composed of large dispersed parti-
cles, while the pure shale is composed of small particles mixed
with clay. Based on a microscale hydraulic fracturing numerical
model reconstructed from digital cores, we discovered that lamel-
lar textures can prevent the vertical extension of hydraulic frac-
tures, and that penetration of the fractures is controlled by in situ
stress, drainage, and fracturing fluid viscosity. Physical simulation



Fig. 10. Isotopic evolution of group components in extracts from Well Guye 3HC.
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tests of hydraulic fracturing with similar materials show that, with
an increase in the lamellar angle, the fracture initiation pressure
decreases, the lamellar texture becomes easier to open, the frac-
ture geometries tend to be more complex, and major vertical frac-
tures are not observed near the wellbore.

Reconfigured by in situ stress, Gulong shale shows increased
strength and stronger plastic characteristics. Compared with lami-
nar shale, pure shale samples are more significantly affected by
restoration and reconfiguration by in situ stress. At high tempera-
tures, the influence of lamellar textures on fracture extension is
more significant. As a result, major fractures are not obvious. The
peak load is significantly increased, the elastic modulus is
increased, the fracture toughness is increased, and the rate of frac-
ture opening is reduced, indicating stronger plasticity of the rocks
under high temperatures and more difficult fracture initiation.
Based on these characteristics, a ‘‘multilayer pancake”
semi-analytical fracture height growth model (FRACMI) is estab-
lished for Gulong shale. The shear-slip mechanism of Gulong shale
can be characterized by splitting the fracture width into two parts:
a non-slip component and a bedding-slip disturbance component,
which effectively characterizes the shear-slip mechanism related
to the bedding interaction. The bedding density can reach 10–20
pieces�m�1.
7. Discussion

7.1. Oil occurrence in different types of shales

The oil in the Songliao Basin generally has a density of 0.6947–
0.9804 g�cm�3 and is primarily medium oil with a density of 0.85–
0.90 g�cm�3. The oil-producing layers mostly occur in the Saertu,
Putaohua, and Gaotaizi oil layers of the Daqing placanticline; the
Fuyu and Yangdachengzi oil layers in the east of the Daqing placan-
ticline; and the Heidimiao, Saertu, and Gaotaizi oil layers in the
west of the Daqing placanticline. Light oil with a density of
0.805–0.850 g�cm�3 is mainly found in the western slope area,
the Qijia–Gulong Sag, the Daqing placanticline, the Sanzhao Sag,
and the Chaoyanggou Terrace. Volatile oil with a density of 0.75–
0.80 g�cm�3 is found in the Putaohua oil layer of the Qijia–Gulong
Sag and in the Yufu and Yangdachengzi oil layers in the Sanzhao
Sag [29]. The surface density of Gulong shale oil is generally less
88
than 0.84 g�cm�3. For example, the oil density in the Q2 oil layer
of Well Guyeyouping 1 is 0.798 g�cm�3; in the Q2 oil layer of Well
Guye 2HC, it is 0.782 g�cm�3; in the Q2 oil layer of Well Songyeyou
1HF, it is 0.837 g�cm�3; and in Well Yingye 1H, it is 0.820 g�cm�3.
Formation crude oil generally has a viscosity of less than 0.8 mPa�s,
a gas–oil ratio of 70–800, an average content of saturated hydro-
carbon of 84.2%, and low contents of aromatic hydrocarbons,
non-hydrocarbons, and asphaltene.

The occurrence spaces of Gulong shale oil indicate that all kinds
of lithologies and pores contain oil. Organic matter generates
hydrocarbons in situ, and oil and gas occur in situ. Oil is found in
9 nm pores, and lamellar fractures are rich in oil. According to
microscopic observation using environmental scanning electron
microscope (ESEM), crude oil in the shale occurs in intergranular
pores and intercrystalline pores as free oil film and occurs in clay
contraction fractures in an adsorption state [49]. Large amounts
of spilled crude oil can be observed under FE-SEM, indicating large
oil-bearing areas and good oil-bearing properties. The dolomite
and siltstone interlayers are relatively tight, with poor porosity
and oil-bearing properties. We characterized the oil-occurrence
pore diameters in different lithofacies, with the results showing
that the major pore space of the clay shale oil is 26–80 nm, the
major pore space of the felsic shale oil is 40–80 nm, and the major
pore space of the mixed shale oil is 40–80 nm. The oil-occurrence
pore diameters in different lithofacies differ. More than 90% of the
hydrocarbons in Gulong shale are weak-polar hydrocarbons, and
light volatile hydrocarbons occupy most of the pore spaces, while
weak-polar macromolecular hydrocarbons occupy pores with
diameters less than 32 nm and greater than 64 nm.

The characteristics of pore spaces occupied by different fluids
can be revealed by combining a series of oil washing and nitrogen
adsorption experiments based on different reagents such as n-
hexane and dichloromethane [50–53]. The clay shale is composed
of large-diameter pores and large amounts of saturated hydrocar-
bon, and clay shale oil mainly occurs in pores with diameters less
than 32 nm. Mixed shale is formed with medium-diameter pores
and medium saturated hydrocarbons, and mixed shale oil mainly
occurs in pores with diameters less than 8 nm and greater than
64 nm. Felsic shale is formed with small-diameter pores and small
amounts of saturated hydrocarbon. Felsic shale oil mainly occurs in
pores larger than 64 nm and in a small number of pores smaller
than 8 nm. The oil saturation of the First Member of the
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Qingshankou Formation, as measured by fluid adduction, is 35%–
55%, with an average of 47%. The oil saturation measured by vari-
ous NMR methods is typically 55%–60%, with a maximum of more
than 70%. The movable oil saturation characterized by the nuclear
magnetic method is generally 30%–45%.

Multi-channel laser confocal fluorescence analysis shows that
there are also differences in the occurrence locations of light and
heavy hydrocarbons in the shale layers with different lithologies
and depths in a single well. An analysis of 38 samples from Well
Guye 8HC found that the shale is generally oil-bearing, but the con-
tents of light and heavy hydrocarbons in different lithologies differ.
In clay shale at a depth of 2369.6 m, light hydrocarbons account for
8.21% and heavy hydrocarbons account for 8.42%, with a ratio of
light to heavy hydrocarbons of 0.98. The distribution of light and
heavy hydrocarbons is relatively uniform. In mixed shale at a depth
of 2421.1 m, light hydrocarbons account for 9.21% and heavy
hydrocarbons account for 6.99%, with a ratio of 1.32. There is little
Fig. 11. Micro-distribution of oil and gas in samples from different layers of Well Guy
2369.6 m, where light hydrocarbon accounts for 8.21%, heavy hydrocarbon accounts for
heavy hydrocarbon in mixed shale at the depth of 2421.1 m, where light hydrocarbo
hydrocarbon ratio is 1.32. The classification of light and heavy hydrocarbons is based on
are 405 and 480 nm, respectively.
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differentiation between light and heavy hydrocarbons (Fig. 11).
The distribution of light and heavy hydrocarbons in the felsic shale
is affected by the quantity of organic matter. In felsic shale with
low TOC contents, the organic matter abundance is 0.868%, light
hydrocarbons account for 3.48%, heavy hydrocarbons account for
0.35%, and the ratio of light to heavy hydrocarbons is 9.94. There
is obvious differentiation between light and heavy hydrocarbons.
In felsic shale with a high TOC content, the organic matter abun-
dance is 3.74%, light hydrocarbons account for 14.00%, and heavy
hydrocarbons account for 13.99%, so the ratio of light to heavy
hydrocarbons is 1. The distribution of light and heavy hydrocar-
bons is relatively uniform. Clearly, the micro-distribution of light
and heavy hydrocarbons is affected by maturity and burial time.
Mixed shale and clay shale with high TOC contents have similar
contents of light and heavy hydrocarbons. Felsic shale with many
sandy laminae and a low TOC content contain a large amount of
light and small amounts of heavy hydrocarbons.
e 8HC. (a) Light hydrocarbon; (b) heavy hydrocarbon in clay shale at the depth of
8.42%, and the light-heavy hydrocarbon ratio is 0.98; (c) light hydrocarbon; and (d)
n accounts for 9.21%, heavy hydrocarbon accounts for 6.99%, and the light-heavy
the laser length, and the wavelength used to classify light and heavy hydrocarbons



Fig. 12. An oil and gas migration model in a shale reservoir with nano-pores. Blue:
water; red: adsorbed phase; green: dissociated phase; orange: free phase.

Fig. 13. Pressure–temperature (P–T) phase diagram of fluids with different pore
sizes and diameters in Well Guyeyouping 1 with a gas–oil ratio of 500 m3�m�3.
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7.2. The relationship between movable fluid saturation and shale

Gulong shale oil has high thermal maturity and good fluidity.
With a high degree of thermal evolution, large amounts of oil
and gas are generated with light weight, and the gas–oil ratio
increases to 70–800 m3�m�3, or even up to 2000 m3�m�3. After
72 h of continuous extraction with dichloromethane, the results
show that Gulong shale has a high conversion rate and is generally
oil-bearing. The S1 values of the shale show weak-polar hydrocar-
bons, and about 80% of the S2 value also shows generated heavy
hydrocarbons. The charging effect observed under an electron
microscope shows largely lost mobile oil, while some heavy hydro-
carbons are almost immobile, displaying adsorption and having the
negative effect of blocking pore-throats. Samples with relatively
high TOC values contain more volatile hydrocarbons. Weak-polar
hydrocarbons and volatile hydrocarbons occupy most of the pore
spaces. The heavy-polar hydrocarbons also increase, and it is diffi-
cult for oil flow to occur. As a result, the porosity of the reservoir is
reduced due to adsorption and blockage.

High-speed centrifugation and NMR experiments were carried
out, and it was found that, when the centrifugal force is 2.6 MPa,
the total movable oil ratio is 8.66%–26.22%, with an average of
13.15%. Nanoscale and microscale movable oils are the principal
components, accounting for 36.11% and 40.63%, respectively.
Almost all saturated oils in lamellar fractures, microfractures, and
other areas are movable oil. TOC and lithofacies control the mobi-
lity of Gulong shale oil. When the TOC is 1%–3%, it is not easy to
block pore-throats with large diameters, high hydrocarbon con-
tents, and medium-polar hydrocarbon content. As a result, clay
shale and mixed shale have the best oil content and mobility. Clay
shale with a TOC greater than 3% has a high hydrocarbon content,
but high-polar hydrocarbons may lead to pore-throat blockage and
poor mobility. Felsic shale with a TOC less than 1% has a low hydro-
carbon content and small quantities of movable oil. The proportion
of movable oil controlled by the large throat of laminated felsic
shale is greater than that of clay shale, and more oil can be pro-
duced under a small production pressure difference. The higher
the clay content, the less the movable oil, the larger the average
pore size, and the more movable the oil.

High-pressure physical property analysis of formation fluid
samples shows that, in areas with an Ro less than 1.4%, the Gulong
shale reservoir can be described as a single reservoir in a critical
state (gas–liquid two-phase). High-pressure mercury injection
shows that the Gulong shale pores are mainly nano pore-throats.
Due to a reduction in pore sizes, more gas components are dis-
solved in the liquid phase, and the fluid gradually changes from
oil-gas two-phase to a single-phase fluid. Due to the space confine-
ment effect on the nano-pores, the critical temperature and pres-
sure of the fluid are lower than those of the bulk fluid. The nano-
pore fluid diagram is flatter than the bulk fluid diagram, while
the critical point of the nano-pore fluid diagram is lower than that
of the bulk fluid diagram.

Inorganic minerals are mostly water-wet, while organic pores
are oil-wet. The inorganic pore size is relatively large, and the sur-
face energy of the oil is greater than that of water. Oil can enter
both the organic and inorganic pores, while water can only enter
the inorganic water-wet pores. The flow caused by molecular
movement and wall scattering in organic pores conforms to the
Knudsen diffusion principle. When the effective stress exceeds
the threshold, the oil in the organic matter is squeezed out, and
the pore pressure decreases. Diffusion and imbibition mainly occur
in the inorganic pores. As a result, the fluid flows, the pressure in
the pores decreases, and the effective stress increases. The fluid
in the organic matter is attracted by the organic matter molecules
and has no flow. When the organic matter is squeezed and shrunk
by inorganic matter, the pore pressure and effective stress increase.
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Free oil in the inorganic pores accounts for 40.0%–85.0% and
decreases with an increase in the TOC content. The average per-
centage of organic pores is 20.19%, free oil accounts for 62.0%–
85.0%, and adsorbed miscible oil accounts for 8.5%–37.8%. The
higher the TOC, the more oil is in an adsorbed miscible state and
contained in the organic matter.

The interaction between fluids and pore walls means that the
fluid and bulk fluid properties—such as the critical pressure,
temperature, viscosity, and interfacial tension—in confined nano-
spaces are quite different. In the nano-porosity oil and gas migra-
tion model of the shale reservoir (Fig. 12), the adsorbed phase on
the pore wall migrates through adsorption and saltation. The free
components near the pore wall migrate by adsorption and disso-
ciation. The free components in the middle parts of the pores are
not affected by adsorption. Based on the Young–Laplace equation
(Eq. (2)), Peng–Robinson equation of state (PR-EOS, Eq (3)), as well
as the van der Waals equation of state and the Wilson equation
(Eq. (4)), the Research Institute of the Daqing Oilfield Exploration
and Development established critical property relationships for
fluids in pores of different sizes. Due to the nano-pore confinement
effect, the critical temperature and pressure of the fluids in the
pores are lower than those of the bulk fluid, and the phase diagram
of the pore fluids shows flatter characteristics and lower critical
points than that of the bulk fluid. Based on the relationship
between critical properties and the bulk-phase fluid component
model in Well Guyeyouping 1, with a gas–oil ratio of
500 m3�m�3, we calculated the critical properties of each compo-
nent in the confined space fluid with a pore size of 3.5, 10.0,
20.0, and 50.0 nm respectively, and drew corresponding pres-
sure–temperature (P–T) phase diagrams (Fig. 13). With decreasing
pore diameters, the critical pressure and critical temperature of the
pores also decreased, with the critical properties in pores below
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5 nm decreasing significantly (Eqs. (4) and (5)). The confinement
effect delayed the initiation of two-phase flow and decreased the
fluid viscosity in the nano-pores. Compared with the bulk fluid
model, the oil and gas production stability of the model including
nano-pores is stronger.

Young—Laplace equation: Pcap ¼ 2c
re

cosh ð2Þ
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where, Pcap is the capillary pressure; c is the interface tension, h is
the contact angle of the vapor–liquid interface with respect to the
pore surface; re is the effective pore radius; P is the system pressure;
R is the gas constant, which equals 8.314 J�(mol�K)�1; T is the system
temperature; a and b are EOS constants; v is the molar volume; Tc is
the critical temperature; Pc is the critical pressure; i represents the
physical parameters of component; x is the acentric factor; Tcb is
the bulk critical temperature; Pcb is the bulk critical pressure; Tcp
is the critical temperature in pore scale; Pcp is the critical pressure
in pore scale; D is the pore diameter, and r is the Lennard–Jones
size parameter.

8. Conclusions

The Gulong shale oil reservoir is primarily composed of clay
minerals, which distinguishes it from other shale oil reservoirs at
home and abroad. Industrial oil production from Gulong shale is
a complex scientific process involving sedimentology, geochem-
istry, rock mechanics, seepage force, surface mechanics, and
mechanics. By studying the factors of hydrocarbon retention,
occurrence state, and reservoir space, this study reveals a geologi-
cal frontier of shale from oil generation to oil production that has
enormous scientific importance. Following pilot production, the
oil recovery and cumulative oil production of single wells in the
Gulong Sag can be effectively improved through progress in theo-
ries and technologies. The main findings of this work are as fol-
lows:

(1) The clay-grade particles of Gulong shale are less
than 0.0039 mm, and the clay mineral content is more than 35%;

(2) Gulong shale is characterized by high-quality organic
matter, high maturity, and high residual hydrocarbon content;

(3) The favorable reservoir spaces in Gulong shale are the
fracture-pore reservoirs composed of pores and the lamellar
fractures developed between organic matter and clay mineral
complexes;

(4) Gulong shale oil accumulation was formed by late self-
sealing;

(5) Clay shale has good oiliness, and its oil occurs in small
pores, while felsic shale oil occurs in large pores;

(6) There is higher saturation of movable fluid in the laminar
shale;

(7) Gulong shale is characterized by high hardness, a high
elastic modulus, and high fracture toughness.
91
In addition, great improvements have been made in economic
development of Gulong shale oil due to the substantial cost reduc-
tions achieved by the implementation of advanced engineering
technologies and good management. The exploration and develop-
ment of Gulong shale oil have broad prospects and hold great
strategic significance for supporting the sustainable development
of the Daqing Oilfield and realizing the continental shale oil revo-
lution in China.
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