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Abstract: Successful breakthroughs have been made in shale oil exploration in several lacustrine basins in
China, indicating a promising future for shale oil exploration and production. Current exploration results
have revealed the following major conditions of lacustrine shale oil accumulation: (1) stable and widely
distributed shale with a high organic abundance and appropriate thermal maturity acts as a fundamental basis
for shale oil retention. This shale exhibits several critical parameters, such as total organic carbon content
greater than 2% , with optimal values ranging from 3% to 4%, kerogen | and [, as the dominant organic
matter types, and vitrinite reflectance ( R,) values greater than 0.9% (0.8% for brackish water
environments). (2) Various types of reservoirs exhibiting brittleness and a certain volume of micro-
nanoscale pores are critical conditions for shale oil accumulation, and these reservoirs have porosities greater
than 3% to 6% . Moreover, when diagenesis is incipient, pure shales are not favorable for medium-to-high
maturity shale oil enrichment, whereas tight sandstone and hybrid rocks with clay content less than 20% are
favorable; however, for medium-to-late-stage diagenesis, pure shales with a clay content of 40% are
favorable. (3) The retention of a large amount of high-quality hydrocarbons is the factor that best
guarantees shale oil accumulation with good mobility. Free hydrocarbon content exceeding a threshold value
of 2 mg/g is generally required, and the optimum value is 4 mg/g to 6 mg/g. Moreover. a gas-oil ratio
exceeding a threshold value of 80 m® /m?® is required, with the optimal value ranging from 150 m®/m® to
300 m’/m’. (4) High-quality roof and floor sealing conditions are essential for the shale oil enrichment
interval to maintain the overpressure and retain a sufficient amount of hydrocarbons with good quality.
Lacustrine shale oil distributions exhibit the following characteristics: (1) major enrichment areas of shale
oil are located in semi-deep to deep lacustrine depositional arcas with external materials. such as volcanic ash
fallout. hydrothermal solutions, and radioactive substances with catalytic action, as inputs; (2) intervals
with “four high values and one preservation condition” govern the distribution of shale oil enrichment
intervals; and (3) favorable assemblages of lithofacies/lithologies determine the distribution of enrichment
area. According to preliminary estimates, China has 131 to 163 X 10® t of total shale oil resources with
medium-to-high thermal maturity, among which 67 to 84 X 10° t is commercial. These resources are
primarily located in the Chang 7'*? interval in the Ordos Basin, Qing 1 + 2 members in Gulong sag in the
Songliao Basin, Kongdian and Shahejie formations of Cangdong sag, Qikou sag and the Jiyang depression in
the Bohai Bay Basin, and Lucaogou Formation in the Junggar Basin.
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1 Introductiom

Marine shale oil exploration and development
in the US have witnessed rapid progress since the
beginning of this century. Seven shale oil produc-
tion areas have been successively developed: Per-
mian, Eagle Ford, Bakken, Anadarko, Haynes-
ville, Appalachia, and Niobrara. The total tech-
nically recoverable resources of shale oil amount
to 1507.94 X 10% bbl (approximately 207 X 10°
tons) , of which the accumulated proven recover-
able reserves amount to 365.40 X 10° bbl (approxi-
mately 50.2 X 10° tons)-"'. Over the past 10 years,
the production of marine shale oil has increased
at an average annual rate of more than 25% ., and
in 2020, the production of crude oil in the US
reached 7.47 X 10° t, making the US the world’s
largest crude oil producer; moreover, shale oil
production reached 3.5 10° t**) despite relatively
low oil prices. Thus, the production of shale oil
not only changed the energy security supply situ-
ation of the US but also reshaped the global geo-
political pattern.

In addition to the large-scale production of ma-
rine shale oil, the US has attempted to apply
horizontal well and hydraulic fracturing technol-
ogy since 2011 to develop the Uteland Butte
member (dolomite with single layer thickness of
0.5 m to 3.0 m), which is in a lacustrine green
river formation in the Uinta Basin and represents
the first successful lacustrine shale oil test in
North America. The initial output of the horizon-
tal well was 178 t/d, and the average daily output
in the first month was 98.4 t. In 2018, the initial
production of well No. 2-263-323-14-1H reached
333.6 t/d, making it one of the highest-producing
horizontal wells in North America. Three key pa-
rameters were considered in the evaluation of la-
custrine shale oil areas: the carbonate mineral
content should be high, formation pressure coef-
ficient should be >1.0, and the R, value, which
is an indicator of the thermal maturity of shale
should exceed 1.0% . However, as the favorable
area is small (overpressure and R,>1.0% for a
superimposed area <1000 km?*), the shale oil in
the Uteland Butte member has not been devel-
oped and utilized on a large scale*".

Following the successful development of ma-
rine shale oil in North America, industry and so-
ciety have been increasingly focusing on the re-
source status and availability of lacustrine shale
oil in China. Numerous studies have been conduc-
ted on the type, reservoir characteristics, forma-
tion conditions, reservoir forming mechanisms,
and enrichment characteristics of lacustrine shale
oil, as well as the evaluation criteria of the “sweet-
spot,” to obtain a better understanding and pro-
mote future exploration and development activi-
ties of shale oil. According to the thermal maturi-
ty of lacustrine shale oil, shale oil that developed
on land in China can be divided into two types:
medium-to-high maturity (R, value >>0.9%) and
medium-to-low maturity (R, value <C0.9%).
The medium-to-high maturity shale oil features
mature liquid petroleum hydrocarbons, light oil
mass, high proportion of movable oil, and huge
potential for geological resources but high uncer-
tainty in the total recoverable resources as well as
the possibility of development and production
using existing horizontal wells and fracturing
technology. The degree of thermal evolution of
organic matter is high, and the R, should be >0.9%
(1.0% to 1.6% is optimal). However, an upper
limit of thermal maturity for medium-to-high
maturity shale oil has not been defined. To en-
sure a high daily output of shale oil by a single
well and maintain an economically feasible cumu-
lative recovery, the thermal maturity should not
be very low; otherwise, thick oil may cause devi-
ations in liquidity, which would affect the eco-
nomic feasibility of shale oil. After establishing
the major enrichment section of shale oil in an
exploration area and achieving economically fea-
sible production through pilot production activi-
ties, the lower R, value limit can be appropriate-
ly lowered to 0.8% to expand the scale of availa-
ble reserves. Several studies have analyzed the
geological characteristics, formation conditions,
and enrichment laws of shale oil based on various
aspects, including the development mechanism of
and lithologic
characteristics, laminar structure type, reservoir
space type, and source reservoir relationship.
While evaluating the sweet-spot zones, researchers
have proposed six (seven) evaluation parameter

organic-rich shale, lithofacies
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standards and methods and predicted a number of
favorable distribution arcas. The exploration and
delineation of shale oil geology and evaluation of
recoverable resources have been conducted in
many exploration areas, thereby playing an inte-
gral role in the evaluation of current shale oil re-
source potential and distribution in China''*%/.

The lacustrine shale oil in China is significantly
different from the marine shale oil in North
America, which is characterized by stable strata
sediments, large reservoir thicknesses, good con-
tinuity, thermal maturity in the light oil to con-
densate window, high gas-oil ratios ( GORs),
high formation energy, and good underground
mobility. High initial and cumulative production
(EUR) can be achieved for a single well, which
leads to good developmental benefits. The sedi-
mentary facies of lacustrine shale oil in China
show high lateral variations, and although the
organic matter type is appropriate, the thermal
maturity is generally low, which results in high-
viscosity crude oil, low GORs, deviations in the
underground fluidity of crude oil, and low for-
mation energy. In addition, such reservoirs have
high clay mineral contents and poor brittleness.
Although a high initial production can be achieved,
the cumulative recovery of a single well greatly
changes. If low-cost development cannot be
achieved, achieving economic efficiency will be
challenging'®.

Based on the analysis of the current explora-
tion and development conditions for lacustrine
medium-to-high maturity shale oil in China, this
study analyzed the enrichment conditions and oc-
currence characteristics of lacustrine shale oil,
proposed evaluation parameter standards for
shale oil-enrichment areas, and cvaluated the
distribution of favorable areas to provide a refer-
ence basis and promote the comprehensive devel-
opment of lacustrine shale oil in China.

2 Current exploration, development, and
pilot production conditions for lacustrine
medium-to-high maturity shale oil in China

The lacustrine shale oil in China can be divided
into tight sandstone shale oil, pure shale oil, and

transitional shale oil. Tight sandstone shale oil
refers to oil resources contained in tight sand-
stone or carbonate rock and sandwiched by a set
of organic-rich shale. Such deposits are observed
in the Qingcheng oilfield, discovered in member
7'"% of the Yanchang Formation in the Ordos Ba-
sin. In this type of shale oil, the organic-rich
shale that is interdistributed with dense sandstone
does not yield a production supply. The petrole-
um hydrocarbons in tight sandstones are obtained
from the adjacent shales, and the hydrocarbons
migrate over short distances and present a rela-
tively homogeneous composition. This type of
reservoir can be developed based on maturation
methods and technologies that apply to low-per-
meability and tight-reservoir development. Pure
shale oil refers to oil resources that are retained
and enriched in the micro-nanopores formed by
the accumulation and transformation of clay par-
ticles and other inorganic minerals and the degra-
dation of organic matter in a set of shale strata
rich in organic matter, and it presents in situ re-
tention characteristics. The hydrocarbons of such
oil are light, medium, and heavy mixtures, and
their mobility is controlled by the retained hy-
drocarbon quality, mineral composition, adsorp-
tion of retained hydrocarbons by the environ-
ment, formation energy, and micro-nanopore
structure. Such deposits are represented by the
shale oil in members 1 and 2 of the Qingshankou
Formation in Gulong Sag, Songliao Basin. At
present, a mature development theory and tech-
nology have not been developed for pure shale
oil; thus, sufficient pilot production cases must
be explored and improved upon. Transitional
shale oil is a resource enriched in mixed rock for-
mations and formed by chemical and traction
flows (including gravity flows). The shale oil of
the Permian Lucaogou Formation in Jimusar,
Junggar Basin, is the most typical, and it is also
distributed within member 2 of the Kongdian
Formation in Cangdong sag of the Dagang Oil-
field and the lower Sha 3 to upper Sha 4 submem-
ber of the Shahejie Formation in the Boxing, Ni-
uzhuang, and Bonan depressions of the Shengli
Oilfield. Transitional shale oil is separately char-
acterized owing to the duality of the lithological
association, which primarily comprises tight sand-
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stone, tight carbonate rock, and organic-rich shale.
All three shale types can yield production but
with varying proportions. Among them, the
characteristics of oil accumulation and seepage of
the tight sandstone shale are similar to those of
tight reservoirs; the hydrocarbon flow character-
istics of the shale layer are similar to those of
pure shale. The characteristics of the carbonate
shale are different from the previous two shale
types (for example, the matrix pores and frac-
tures of the carbonate shale significantly vary,
which has an impact on oil enrichment and hy-
drocarbon mobility ). Therefore, the develop-
ment methods and countermeasures for this type
of shale oil should be selected based on the char-
acteristics of the main production layers.

Since 2010, the China National Petroleum Cor-
poration (CNPC) has conducted shale oil explo-
ration and pilot production activities in key for-
mations, such as the Songliao, Junggar, and Or-
dos basins and Cangdong sag (Bohai Bay Basin).
Sinopec has also conducted drilling and pilot pro-
duction activities for several exploratory wells in
the Jiyang, Jianghan, and Subei oilfields in Bo-
hai Bay. Several important breakthroughs have
been made in the Permian Lucaogou Formation
and Mahu sag Fengcheng Formation in Jimusar
sag of the Junggar Basin, member 2 of the Kong-
dian Formation in Cangdong sag of the Bohai
Bay Basin, member 3 of the Shahejic Formation
in Qikou sag, the Shahejie Formation in the Jiy-
ang depression, the Qianjiang Formation in
Qianjiang sag, and Qing 1-2 member of the Qing-
shankou Formation in the Songliao Basin. Thus,
lacustrine medium-to-high maturity shale oil has
good development prospects. The Qingcheng
tight shale oil field was discovered in the Chang
7'""% shale series of strata in the Ordos Basin, and
it has a proven original oil-in-place (OOIP) value
of more than 10 X 10° t. Morcover, a shale oil
production area'®*'”) of more than one million
tons has been constructed, and it produced 188X
10* t of shale oil in 2021. The shale oil in mem-
bers 1 and 2 of the Qingshankou Formation in
Gulong sag, Songliao Basin, was marked by high
production from the Gulong shale oil Ping 1 well

in early 2020, and rapid exploration and develop-
ment have occurred over the past two years. The
Gulong shale oil Ping 1 well has produced for
more than 480 days, with a crude oil density of 0.
79 g/cm’, good crude oil quality, and high GOR
of up to 1200 m*/m?, and it is the first time that
China has obtained industrial output from a pure
shale series of strata"!*'>*). In 2021, 2 X 10' t
shale oil was produced from pure shale. Current-
ly, a national lacustrine shale oil demonstration
zone with reserves of over one million tons is un-
der construction. If costs can be significantly re-
duced and the cumulative recovery of a single
well C(EUR) can be increased by implementing
appropriate technology and innovative manage-
ment strategies, Gulong shale oil will likely have
considerable development potential. The national
development demonstration zone of shale oil in
the Lucaogou Formation in Jimusar, Junggar Basin,
is currently under large-scale construction‘***!,
and the shale oil production from this zone was
42X10* t in 2021. At present, factors such as low
thermal maturity (R,<C1.0% in the main area),
poor preservation conditions at the top of the Lu-
caogou Formation, and considerable uplift since
the Cretacecous have resulted in the dispersion
and thickening of medium and light hydrocarbon
groups in the shale, which will affect the future
development scale and benefits of shale oil in this
area. Many horizontal wells are under pilot pro-
duction for shale oil in member 2 of the Kongdi-
an Formation in Cangdong sag, Bohai Bay Ba-
sin, and shale oil production reached 10<X10" t in
2021. If costs can be significantly reduced, the
development potential will correspondingly in-
crease-***!. By the end of 2020, China’s accumu-
lative proven OOIP recached 13.06X10° t, with a
tertiary OOIP of 39.15X10°% t, and 1213 horizon-
tal wells had been drilled, with an average hori-
zontal section of 1291 m. In 2021, the lacustrine
shale oil production was 272.6 X 10* t, of which
268 X10" t was produced by the CNPC (Figure 1)
and 4.6 X10* t shale oil was produced by Sinopec.
Therefore, shale oil has become an important re-
source that supports the stable production of
crude oil in China.
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Fig.1 Variations in the annual shale oil production by
the China National Petroleum Corporation (CNPC)

3 Geological background and resource po-
tential for the formation of lacustrine
medium-to-high maturity shale oil in China

The Chinese mainland and adjacent areas are
an aggregation of multiple continental blocks and
orogenic belts with a long and complex evolution-
ary history. Consequently, superimposed sedi-
mentary basins with multi-cycle development have
been formed on land blocks of different sizes.

The Chinese mainland primarily experienced
four cracking-convergence cycles: Proto-Tethys
(Pt,;—€1), Prototethys (Nh—D), Paleotethys
(C—T), and Neo-Tethys (J —Q)'*!. Since the
Permian, three types of lake basin sediments
(fresh water, salt water, and brackish water)
were formed during the expansion of continental
rifts and lake basins, thereby providing a suitable
tectonic background for the formation of multi-
ple sets of lacustrine organic shale. In the early
stage of faulted basin development, semi-deep
lake to deep-lake facies shale developed with a
large thickness but in a limited area. These basins
typically host unique biological assemblages, and
high-quality source rocks are typically formed,
which leads to the occurrence of lacustrine shale
oil. During the basin development period, the
lake basins are broader and present greater water
depths. In addition, volcanic activity introduces a
large amount of external material through vol-
canic ash subsidence, and the basin may be af-
fected by short-term and multi-stage transgres-
sions, thereby increasing the abundance of lake
basin organisms and leading to the development
of large organic shale areas. Such conditions were

observed in the Upper Cretaceous Qingshankou
and Nenjiang formations in the Songliao Basin,
Upper Triassic Yanchang Formation in the Ordos
Basin, and Lucaogou and Pingdiquan formations
in the Junggar Basin.

The Permian lacustrine organic-rich shale de-
veloped in the Junggar Basin includes two sets of
shale: Fengcheng Formation (P;f) and Wuerhe
Formation (P,.;w) or Lucaogou Formation (P,1)!*.
The Triassic lacustrine shale developed in the Ordos
Basin with Chang 7 (T;ch’) shale is the best quality;
Chang 9 (Tsch’) shale also developed-™* but at
a limited scale. A large-scale coal-bearing Jurassic
formation developed in the central and western
regions. The developed shale layer has high or-
ganic matter abundance, although the kerogen is
poor; thus, conditions are not optimal for shale
oil formation. Inland depression-type shallow
lake-semi-deep-water lacustrine deposits devel-
oped in the Sichuan Basin. The early middle Ju-
rassic Ziliujing Formation (J,.z) shale is widely
distributed in central, northern, and eastern Si-
chuan"', and it has low organic matter abun-
dance and few deposits with a total organic car-
bon (TOC) content of 1% to 1.5% or >2%.
However, whether large-scale shale oil formation
occurred remains to be tested. Cretaceous lacus-
trine shale is developed in the Qingshankou and
Nenjiang formations of Upper Cretaceous strata

04 and it has a distribution

in the Songliao Basin
arca of more than 4 X 10' km’. Paleogene lacus-
trine organic-rich shale is widely developed in the
Bohai Bay Basin and is mainly represented by
member 1 (E;s'), member 3 (E;s*), and mem-
ber 4 (E;s') of the Shahejiec Formation, which
are distributed in all depressions of the Bohai Bay
Basin. Moreover, Kongdian Formation shale
(E;k) is observed in the Huanghua and Jiyang
depressions %,

China has huge lacustrine shale oil resource po-
tential, and based on thermal maturity, these re-
sources can be divided into lacustrine medium-to-
high maturity and medium-to-low maturity shale
oils. Among them,
maturity shale oil refers to oil resources retained
in the shale series of strata with R, >0.9%,
which is the focus of this study. However, medi-
um-to-low maturity shale oil is the general term

lacustrine medium-to-high
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for hydrocarbons and solid organic matter that
have not been degraded and transformed in shale
series of strata with 0.5%<CR,<C0.9% . Owing to
the low thermal maturity, a large amount of
organic matter has not been converted into petro-
leum hydrocarbons, and the converted hydrocar-
bon materials are highly viscous and present poor
fluidity. Thus, these oils cannot be commercially
developed based on horizontal well and volumet-
ric fracturing technology and must be initially
processed via underground in situ conversion
technology. Medium-to-low maturity shale oil re-
presents the major fraction of lacustrine shale oil
resources in China. According to preliminary
evaluations, the technical recoverable amount of
lacustrine shale oil can reach tens of billions of
tons. At present, such extraction is still in the
preliminary research and pilot testing stages.
Whether these resources can be developed and
utilized on a large scale can only be determined
after further technological progress and optimi-
zation.

In 2013, the former Ministry of Land and Re-
sources estimated that the shale oil resources in
China amounted to 153X 10°% t; in 2014, Sinopec
reported that these resources amounted to 204 X
10° t; in 2016, the CNPC reported that these re-
sources amounted to 145X 108 t; and in 2019, the
Ministry of Natural Resources estimated that
these resources amounted to 283 X 10° t**"'. From
the parameters used in each evaluation, the esti-
mated 145 to 283 X10° t of lacustrine shale oil re-
sources are primarily medium-to-high maturity
shale oil, although they include minor quantities
of medium-to-low maturity shale oil. Studies have
recently evaluated lacustrine medium-to-high ma-
turity shale oil resources in five key terrestrial la-
custrine shale oil basins based on its definition,
that is, R,>>0.9% ., and the relevant parameters
have been corrected based on the pilot produc-
tion test results from multiple wells in several ex-
ploration areas. The results indicated that the pe-
troleum resources amounted to 131 to 163 X10° t,
of which the shale oil resources with optimum
economic value in the major enrichment areas
(based on a Brent oil price of MYM60/barrel)
accounted for 67 to 84X10° t.

4 Enrichment conditions of lacustrine me-
dium-to-high maturity shale oil

The formation and enrichment of shale oil are
significantly different from those of conventional
oil and gas. Conventional oil and gas reservoirs
are formed by the transportation and accumula-
tion of oil and gas discharged from source rocks
in suitable traps via migration under the action of
water buoyancy. Therefore, to evaluate whether
an oil and gas reservoir is economically recovera-
ble, only an exploratory well and a production
test are required. Shale oil represents the oil and
gas retained in the source rock, and thus, it can
also be called a residue. Whether this residue can
be developed and utilized depends on various fac-
tors. The first factor is the amount of flowable
oil and gas retained in the reservoir. The second
factor is the composition and quality of the re-
tained hydrocarbons, with lighter components
exhibiting better fluidity and greater single well
production and cumulative recovery. The third
factor is the composition and content of shale
and volume and type of pore in shale oil-bearing
strata. Therefore, to determine whether shale oil
has industrial production potential, in addition to
the single well test, additional evaluation param-
cters must be determined, such as the economic
value of the cumulative production volume
(EUR) of a single well and scale of the shale oil
resources and distribution. These factors must be
determined to ensure the economic efficiency of
shale oil, support the construction scale, and
maintain a long and sufficiently stable production
period.

4.1 Stable and large-scale shale with a high organic
matter abundance and appropriate thermal ma-
turity as an important material basis

The presence of high-quality source rocks rich
in organic matter is the geological basis for the
formation and enrichment of shale oil, with the
term “high-quality” indicating a high abundance
of organic matter, suitable type of kerogen, and
continuous and stable distribution range. Lacus-
trine basins in China primarily develop two types
of hydrocarbon source rocks based on whether
the development environment was fresh water or
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salt water. Shale with a high abundance of organ-
ic matter can develop in both fresh and salt water
environments. In the fresh water environment,
the TOC value is generally 3% to 32%. free hy-
drocarbon content (S, value) is 0.2 mg/g to 7.1
mg/g, and pyrolysis hydrocarbon content (S
value) is 0.3 mg/g to 46.1 mg/g. In the salt water
environment, the TOC value is generally 2% to
14%, S, value is 0.01 mg/g to 3.00 mg/g, and S,
value is 0.06 mg/g to 110 mg/g. Source rocks that
developed in fresh water environments are repre-
sented by Chang 7 shale in the Ordos Basin. This
shale is thick and stably and widely distributed.
The black shale area is 4.3 X10* km*, with an av-
erage and maximum thickness of 16 and 60 m,
respectively. The dark mudstone area is 6.2 X 10*
km*, with an average and maximum thickness of
17 and 124 m, respectively. Source rocks that de-
veloped in salt environments are represented by
the Permian Lucaogou Formation in the Junggar
Basin. The highly abundant source rock has a
thickness of 50 to 450 m, with an area of approx-
imately 7 X 10* km?.

The degree of thermal evolution controls the
hydrocarbon generation of lacustrine shale series
of strata and amount and composition of retained
hydrocarbons in source rocks; thus, it highly in-
fluences the shale oil quality, formation energy,
clay mineral transformation, and pore develop-
ment and directly determines the distribution of
enrichment areas/regions, amount of movable
hydrocarbons, and production of shale oil. Ac-
cording to the statistical results, for the forma-
tion of shale oil with optimum economic value,
the TOC should be greater than 2% (preferably
from 3% to 4% ), dominant organic matter type
should be kerogen [ and [I;, and R, value should
be greater than 0.9% (R, value>>0.8% for or-
ganic shale formed in salt environment), which
is the selection criteria for the shale oil enrich-
ment area. Figure 2 shows the relationship be-
tween the shale oil pilot production and R, in
member 2 of the Dagang Oilfield in Cangdong
sag. To avoid the influence of the length of the
horizontal section on the output and achieve
normalization, the pilot production value was
converted to the production value obtained in the

kilometer horizontal section in Figure 2. The fig-
ure shows that for R, values less than 0.8%, the
30-day stable output of the kilometer horizontal
section is generally <10 tons/day. An inflection
point occurs when R, changes from 0.8% to 0.9%,
and production significantly increases after R,>
0.9% . A similar situation is observed for Gulong
shale oil in the Songliao Basin. According to the
analysis results of the Daqing Oilfield, when R,
is approximately 0.9% , free hydrocarbons in the
micro-nanopores of shale significantly increase
(Figure 3), and a value of R,>>0.9% appears ap-
propriate because of the thermal maturity thresh-
old of the sweet-spot for lacustrine medium-to-
high maturity shale oil.
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Fig.3 Formation and evolution of Gulong shale oil in the Songliao Basin (obtained from PetroChina Daging Oilfield)
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From a micro prospective, shale oil is distribu-
ted in micro-nanopores formed by clay particles,
inorganic mineral accumulations, and organic
matter degradation. These hydrocarbon materials
have not experienced large-scale migration and
are characterized by in situ retention. Their com-
position is not only associated with the type and
macerals of parent sedimentary organic matter
but also related to the thermal maturity. Nota-
bly, shale oil has strong heterogeneity, which is
manifested not only in the horizontal variations
in shale oil content (which is large) but also in
the horizontal variations in hydrocarbon compo-
sition (caused by the horizontal variations in par-
ent material composition and abundance of or-
ganic matter). After the conditions for under-
ground shale oil to flow from the formation to
the wellbore are established through artificial
transformation, the shale oil comprising differ-
ent hydrocarbon components is passed through
the “mesh sieve” with many micro-nanopores to
the wellbore. This flow process is extremely com-
plex. When multi-component hydrocarbons are

miscible, the ability of macro-molecular hydro-
carbons to flow through small pores along with
small molecular hydrocarbons will improve, and
the fluidity will considerably differ owing to the
varying contents of light hydrocarbon compo-
nents. At present, a theoretical explanation is
not available for this mechanism, and thus, addi-
tional exploration and development are required.
Moreover, when abnormal pressure occurs in the
formation, the ability of macro-molecular hydro-
carbons to deform under pressure and pass
through the narrow pore throats, which cannot
occur without overpressure in the light hydrocar-
bon environment, will also change; however,
this process is poorly understood at present.
Overall, when light hydrocarbon components ac-
count for a relatively high proportion in the res-
ervoir and if higher formation energy is availa-
ble, some macro-molecular hydrocarbon sub-
stances will flow out of the micro-nanopores;
however, the specific outflow amount must be
guaranteed by a reasonable production system. A
practical example is the composition of crude oil
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produced from the Daqing Gulong shale oil Ping
1 well. Analysis of the crude oil components re-
veals that the hydrocarbon substances flowing
through the micro-nanopores of shale in the pilot
production stage contain all components from
methane to C;; heavy hydrocarbons (Figure 4) in
the environment where light hydrocarbons are
involved; thus, heavy hydrocarbons can flow out
of the micro-nanopores of shale and flow to the
wellbore by mixing with the light components.
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Songliao Basin 1HF
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Fig.4 Comparison of the total hydrocarbon chromatographic analy-
sis results of surface degassed crude oil from Gulong shale oil (with
pressure sampling) (obtained from the PetroChina Daging Oilfield)
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The GOR is an important index reflecting the
quality of retained hydrocarbons. However, ow-
ing to the insufficient time of pilot production in
most exploration areas and differences in storage
conditions, the GOR in several key exploration
areas significantly changes. Thus, determining a
reasonable threshold GOR value as the standard
for selection and evaluation of shale oil enrich-
ment layer may not be practical at present. Based
on the shale oil of member 2 of the Kongdian
Formation in Cangdong sag of the Dagang Oil-
field and member 1 of the Qingshankou Forma-
tion in Gulong sag of the Daqing Oilfield and the
data obtained by the Shengli Oilfield for the
shale oil pilot production of the upper Sha 4 to
lower Sha 3 members of the Bonan and Boxing
depressions, this study proposes reference data
on the lower limit and optimal value of the GOR
in lacustrine shale oil enrichment areas. At pres-

ent, the main enrichment area of Kong 2 in the
Dagang Oilfield has R, values in the range of
0.5% to 1.05%, which represents the transition
from low maturity to medium-to-high maturity.
Many faults are observed in the pilot production
well area. Excluding the influence of faults on
light hydrocarbon loss, a GOR value of 80 m®/
m® can be used as the lower limit for selecting en-
richment area (Fig.5). The R, value of the upper
layer of Sha 4 in the Fanyeping 1 well of the Jiy-
ang depression is 0.75%. This well has been sub-
jected to pilot production for 367 days, and the
GOR is 75 m*/m’ to 88 m*/m’. The Gulong shale
oil in the Daqing Oilfield has a relatively high
thermal maturity. Considering Gulong shale oil
Ping 1 well as an example, the R, value of the
current pilot production well section is >1.4%,
and the obtained GOR value can represent the
quality of high-maturity shale oil. The GOR of
Gulong shale oil Ping 1 well reached 1200 m*/m?
during the initial stage of pilot production. Dur-
ing the pilot production stage, the GOR was
stabilized at 300 m’/m® to 500 m’/m®, and the
current GOR is approximately 300 m’/m?® (Fig.6).
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Fig.5 Relationship between the GOR and R, of shale oil in

member 2 of the Kongdian Formation in Cangdong sag, Huang-

hua depression (obtained from the CNPC Dagang Oilfield, 2021)
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Considering that the R, values of lacustrine shale

oil in most exploration areas in China are be-

tween 0.7% and 1.2%, of which R, of 0.9% to

1.2% is the major window for the distribution of

shale oil enrichment areas, the GOR value of

Gulong shale oil should be appropriately re-

duced; that is, GOR=300 m*/m’ should be used

as the upper limit for the optimal GOR in the

shale oil enrichment area. The Cangdong Kong 2

member has a higher output of GOR; thus, GOR

of 150 m*/m?® should be used as the lower limit of
the optimal GOR. Thus, the GOR threshold val-
ue of the lacustrine shale oil enrichment area is

>80 m*/m®, with the optimal interval from 150

m®/m® to 300 m®/m?.

4.2 Diverse types of reservoirs with brittleness
and volume of micro-nanoscale porous space
as critical conditions for shale oil accumulation

In addition to the quantity and quality of resid-
ual hydrocarbons, whether shale oil is enriched
or economically recoverable and whether suffi-
cient micro-nano reservoir space is available in
the shale formation for oil storage are important
conditions for determining the enrichment degree
and economic potential of shale oil. Based on the
statistics for each exploration areca, Chang 7'** in
the Ordos Basin is taken as an example for the

tight sandstone shale oil reservoir, with a porosi-
ty greater than 6%, main interval of 8% to
10% ., and permeability greater than 0.1 X 10°°
pm?. The physical properties of transitional shale
oil reservoirs greatly vary. Taking the Lucaogou
Formation in Jimusar, Junggar Basin, as an ex-
ample, the average porosity of the upper and
lower sweet-spot is 11%, and good reservoir
physical properties are observed. However, the
effective porosity of the matrix in the shale sec-
tion (including carbonate rock section) of mem-
ber 2 of the Kongdian Formation in Cangdong
sag of the Dagang Oilfield is low; therefore, the
lower limit needs to be set. Taking member 2 of
the Kongdian Formation as an example, the li-
thologies of the sweet spot are dolomite, lime-
dolomite shale, and felsic shale. The effective
porosity of the matrix is 3.1% to 5.8%, with an
average of 4.5%'%). A matrix porosity greater
than 3% is considered as the lower limit for se-
lecting effective shale reservoirs.

The mineral composition of shale not only af-
fects the fracturing effect but also has an impact
on the hydrocarbon adsorption and mobility.
Thus, more attention should be paid to the min-
eral composition of pure shale and migmatite res-
ervoirs. Pure shale is mostly present in members 1
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and 2 of the Gulong Qingshankou Formation in
the Songliao Basin and the Chang 7° member of
the Yanchang Formation in the Ordos Basin. The
content as well as the composition and diagenetic
stage of clay minerals should be analyzed. Gulong
shale in the Songliao Basin primarily comprises
felsic shale and clay felsic shale, in which quartz
and feldspar account for 51 to 59%, carbonate
and pyrite account for approximately 11%, and
clay minerals account for 32.8% to 36.3%.
Among the clay minerals, illite is the major com-
ponent, with a proportion >>70%, followed by
chlorite at <{15%. In addition, the proportion of
illite-smectite mixed layer is <<10%, and the ka-
olinite content is <(5%. A large amount of smec-
tite is transformed to illite during diagenesis,
which increases the shale brittleness. Moreover,
a siliceous material is precipitated during the
transformation from smectite to illite, which in-
creases shale brittleness. Therefore, for pure
shale, a high clay mineral content is unfavorable
for the fluidity and recovery of shale oil. Owing
to high clay mineral content, large proportion of
smectite and kaolinite minerals with strong ad-
sorption, and poor shale brittleness, a pure shale
layer with a low diagenesis cannot be included in
the lacustrine medium-to-high maturity shale oil
for exploration. For tight sandstone and transi-
tional shale oils, the clay mineral content should
be <C20% ., and with high degree of diagenesis,
the increased brittleness can compensate for the
lack of high clay content. For pure shale oil, the
clay mineral content can reach 40%. As the pro-
portion of carbonate minerals is high in mixed
shale formations, the clay mineral content is low
and shale brittleness is good. Taking Lucaogou
Formation in Jimusar sag and member 2 of the
Kongdian Formation in Cangdong sag of the Da-
gang Oilfield as examples, the clay mineral con-
tent is generally <{18%, and the major clay min-
erals are illite, chlorite, and illite-smectite mixed
layer, with a proportion >>50% to 95%. There-
fore, although the proportion of illite-smectite
mixed layer is slightly high, the brittleness will
not be greatly affected owing to the low clay content.

Laminar structures are widely developed in la-
custrine shale formations, and some are consist-
ent with lamellation, which can provide favora-

ble conditions for shale oil enrichment. Analyses
reveal that wavy laminar and horizontal laminar
shales have good reservoir performance, and mi-
cro-nanopores are developed. With the lithology
changing from shale—>mud-shale—>mudstone, the
layered structure changes from laminar—layered
— massive, reservoir performance deteriorates.
Among the aforementioned lithologies, laminar
shale is a high-quality reservoir facies. The lithol-
ogical association that constitutes lamellation has
a “ternary” structure comprising carbonate-quartz-
feldspar-clay mineral-organic matter-pyrite or a
“binary” structure comprising clay mineral-organic
matter-pyrite and carbonate-quartz-feldspar-organic
matter-pyrite. Not all laminar shales exhibit
lamellation, and the peelability may differ. Some
of the laminae observed in core and microscopic
analyses have poor peelability; therefore, such
material may not have more reservoir space or
represent a channel that allows hydrocarbon to
flow.

Shale oil reservoir performance is important in
shale oil evaluations. However, lacustrine shale
reservoirs have high contents of organic matter
and clay minerals, and have small pores, poor
permeability, and strong heterogencity. Howev-
er, methods for accurately evaluating the quality
of shale oil reservoirs are still in the exploration
stage. Thus, this study clarifies some evaluation
criteria for the reservoir “sweet-spot,” which
need to be practically tested.

4.3 High-quality roof and floor sealing conditions
of shale oil-enriched intervals essential for
maintaining overpressure and retaining suffi-
cient amounts of hydrocarbons with good quality

Shale oil represents the mature petroleum hy-
drocarbons retained in the source rock. The
quantity and quality of retained hydrocarbons de-
termine whether the shale oil is economically re-
coverable. In addition to the abundance., type,
and thermal maturity of organic matter, preser-
vation conditions are key factors that determine
the quantity, quality, and formation energy of
retained hydrocarbons; thus, these conditions
should be prioritized. Taking the Lucaogou For-
mation in Jimusar, Junggar Basin, as an exam-
ple, the organic matter abundance (average TOC
of 5.16%) of shale formations, reservoir physical
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properties (average ® of 11%) , thermal maturity
(Ro between 0.8% and 1.1%), reservoir thick-
ness (31 m for the upper and lower sweet-spots) ,
and oil saturation (So>>73%) have reached the
level of the high-quality shale oil enrichment sec-
tion; however, the shale oil in the Lucaogou
Formation is generally thicker (crude oil density
of 0.89 g/cm’ to 0.91 g/cm’), and the lower
sweet-spot is thicker and holds formation crude
oil with a high viscosity (6.5 mPa.s to 31.9 mPa.
s) and low GOR (only 13 m*/m® to 24 m*/m®);
the GOR of the lower sweet-spot is lower than
that of the upper sweet-spot. At the initial stage
of shale oil discovery, the total amount of petro-
leum resources controlled and implemented by
multiple exploratory wells was 11.12 X 10® t,
which included 9.18 X 10° t of Class I and II re-
sources. After further evaluation and pilot pro-
duction, the proven reserves are only 1.53 X 10° t.
The main reasons for the poor quality and recov-
crability of the shale oil in the Lucaogou Forma-
tion are considered to be the large-scale uplift
and denudation at the end of Cretaceous and
poor preservation conditions of the shale roof.
Statistical results show that the amount of stratum
erosion by the end of Cretaceous was >2000 m.
This erosion resulted in the loss of a large amount
of light hydrocarbons owing to the expansion as a
result of uplift and unloading, which are the ma-
jor reasons for the increase in density and viscosi-
ty of the underground crude oil. In addition, an
unconformity occurred at the top of the Lucao-
gou Formation, and the glutenite of the Wutong
Formation directly covered the shale of the Luca-
ogou Formation; therefore, part of the hydro-
carbon materials with good fluidity left in the up-
per sweet-spot migrated to the Wutong Forma-
tion for accumulation, thereby reducing the
amount of movable hydrocarbons in the upper
sweet-spot. Economic shale oil enrichment does
not easily occur in the Lucaogou Formation when
conventional reservoirs are available in the Wu-
tong Formation (Fig.7). Similar conditions are
observed for the shale oil in Gulong sag, Songliao
Basin, particularly the Q; shale oil in member 1
of Qingshankou. The floor is sandstone in mem-
ber 4 of the Quantou Formation, and parts of
this member with good reservoir performance

will form a Fuyang tight oil layer. Furthermore,
the amount of stagnant movable hydrocarbons in
the corresponding Q; member will be reduced,
adversely impacting quality. This characteristic
will become increasingly evident with additional
pilot production data.
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5 Enrichment and distribution characteris-
tics of lacustrine medium-to-high matu-
rity shale oil

5.1 Major enrichment areas of shale oil located
in semi-deep to deep lakes under the influ-
ence of external material injection or trans-
gression

As mentioned above, shale with a high organic
matter abundance (TOC>2% , preferably 3% to

4%), parent material types [ and [[;, and

large-scale distributions is the material basis for

shale oil enrichment. The environment suitable
for the development of such source rocks is pri-
marily deep to semi-deep-water areas of the lake
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basin and a large area of the lake basin above the
semi-deep lake. Taking the shale of the Chang 7°
member of the Yanchang Formation in the Ordos
Basin as an example, the maximum TOC content
is greater than 30%, average TOC content is
13.8% , and distribution arca of favorable deep
to semi-deep lake source rocks is 6.5 X 10* km?.
The external materials primarily consist of sub-
stances originating outside the lake environment,
including volcanic ash fallout, radioactive mate-
rial with catalytic action, and hydrothermal ma-
terial from the deep crust. In addition, intermit-
tent seawater intrusions can moderately change
the salinity of the lake water, improve the pro-
ductivity of lake basin organisms, cause the ver-
tical stratification of the lake basin water, and
improve the protection of organic matter. Many
studies have demonstrated that the injection of
external materials can improve the nutritional
conditions of water bodies in lake basins and pro-
mote biological prosperity, which results in ex-
cessive enrichment of organic matter in shale
strata deposited in the static water arca of deep
to semi-deep lakes'®?*' The following view-
points are based on the findings of the cited stud-
ies: a. an appropriate amount of volcanic ash was
deposited and rapidly hydrolyzed, which can
promote the enrichment of P, Fe, Mo, and V in
the water body, improve the water conditions of
the lake basin, and provide beneficial conditions
for the proliferation of algae, thereby leading to
over-enrichment of the organic matter. b. Radio-
active materials not only participate in the excess
and accelerated growth of organisms but also cat-
alyze the hydrocarbon generation process of or-
ganic matter as follows: (D they accelerate kero-
gen depolymerization, increase hydrocarbon gen-
eration, and increase the proportion of hydro-
carbon generation by 6% and @ they accelerate
the evolution of organic matter to low-carbon hy-
drocarbons. Under the same thermal maturity
conditions, the proportion of light hydrocarbons
generated by organic matter will be higher when
radioactive materials are observed in the environ-
ment. c. Moderately saline water can promote the
flocculation of organic matter and improve the
organic matter capture efficiency. Physical simu-
lation experiments for lake basin salinization re-

veal that when the salinity is increased from 1%
to 3%, the organic matter capture efficiency is
increased by 300%".

5.2 Intervals with “four high values and one
preservation condition” govern the distribu-
tion of shale oil enrichment intervals

The sweet-spot zone of lacustrine shale oil en-
richment area is characterized by a “four high
values and one preservation condition.” Accu-

rately understanding these characteristics is im-

portant for selecting appropriate exploration tar-

get areas and horizontal well drilling targets,
which can obtain not only high single-well pro-
duction but also high cumulative production of
single well. The “four high values” indicate the
following: D high TOC content, which has a
recommended minimum threshold value of >2%
and an optimum range of 3% to 5%. A high TOC
content ensures that sufficient residual hydrocar-
bons are available in the shale to support eco-
nomic output; @ high hydrocarbon retention,
which has a low threshold of S,>>2 mg/g with an
optimum range of 4 mg/g to 6 mg/g and movable
oil index (OSI) threshold of >>100 mg/g with an
optimum interval of OSI>150 mg/g. These are
important conditions for ensuring that sufficient
residual hydrocarbons and movable hydrocarbons
are available to support the cumulative economic
recovery (EUR) of shale oil; 3 high maturity,
with a threshold of R,>0.9% (salty environ-
ment=>0.8%) and optimum interval of >>1.0% to
1.2% . Thermal maturity is a key factor for main-
taining a high proportion of light hydrocarbon
components and good fluidity in retained hydro-
carbons; and @ high GOR, with a threshold of
>80 m’/m’ and an optimum range of >150 m®/
m® to 300 m*/m?. A high GOR ensures that un-
derground retained hydrocarbons will flow out of
micro-nanopores and achieve the maximum cu-
mulative recovery under the condition of miscible
hydrocarbon materials. The “one preservation
condition” indicates good sealing of the roof-to-
floor shale oil enrichment area. The roof-to-floor
sealing of shale oil enrichment area is character-
ized by O maintaining overpressure, which en-
sures that the shale oil enrichment area has suffi-
cient formation energy to support and obtain the
maximum cumulative production, and the pres-
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sure coefficient is generally >>1.2, with higher
values corresponding to better conditions; @ en-
suring that light hydrocarbons are not lost. The
amount of light-medium component hydrocar-
bons among the retained hydrocarbons has an im-
portant impact on the economic recoverability of
shale oil, and preventing the loss of light hydro-
carbons implies that the economic recoverability
of shale oil is improved, which is an important
condition for expanding the scale of shale oil eco-
nomic development; (3 maintaining the maximum
recovery, which is because shale formations with
good preservation conditions not only have high
hydrocarbon retention but also have a high light
hydrocarbon contents, particularly gascous hy-
drocarbons, and these characteristics directly af-
fect the cumulative recovery of single wells of
shale oil (EUR) and represent the key factors for
determining the economic recoverability of shale
oil.

5.3 Favorable assemblages of lithofacies and li-
thologies determine the distribution of shale
oil enrichment areas

To identify an effective source rock for con-
ventional oil and gas accumulation, the lower
limit of indicators for evaluating effectiveness is
generally low (for example, TOC>0.5%), be-
cause conventional oil and gas accumulation fol-
lows a metallogenic process from oil and gas dis-
persion to enrichment. For shale oil, this process
involves the retention of oil and gas in the source
rock. Thus, not all areas where source rocks oc-
cur correspond to shale oil enrichment and min-
eralization areas. Therefore, a source rock rich
in shale oil not only requires high index values in
terms of organic matter abundance (TOC) and
hydrocarbon production potential ( HI) but also
good lithological characteristics. (1) First, shale
assemblages are the best lithologic sections for
shale oil enrichment and mineralization, whereas
mudstone is not an optimal lithologic section.

Shale is deposited in deep to semi-deep lakes, ex-

hibiting low deposition rates and varied degrees

of chemical sedimentation. Such deposits have
high organic matter abundance, develop folia-
tion, have a high matrix porosity, relatively low
clay mineral content, and high brittleness. The
organic-rich shale section has a large continuous

distribution range and represents the best section
and main sweet-spot enrichment area for shale oil
economic mineralization. Mudstone is mostly
formed in shallow to semi-deep lakes, exhibiting
fast sedimentation rates and density flow, rela-
tively low organic matter abundance (taking
Chang7?® shale in the Ordos Basin as an example,
the TOC content is 2% to 6% for mudstone and
6% to 16% for shale, with a difference of 3-
fold), lack of foliation, high clay mineral con-
tents, poor brittleness, and lack of matrix pores.
Thus, mudstone is not the main shale oil enrich-
ment and mineralization area®’. (2) The thick-
ness of shale strata controls the amount of hydro-
carbon retention and partly controls the enrich-
ment and distribution of shale oil. Shale forma-
tions with a large thickness and low interaction
frequency with sandstone will have a low hydro-
carbon expulsion efficiency and a high amount of
retained hydrocarbons. However, shale forma-
tions with a low thickness and high interaction
frequency with sandstone will have a high hydro-
carbon expulsion efficiency and low amount of
retained hydrocarbons. (3) Reservoir quality and
scale also play important roles in controlling
shale oil enrichment. Many reservoirs are widely
developed in lacustrine shales, such as terrige-
nous clastic rocks, carbonate rocks, and shale.
Under the influence of climate, environmental
conditions, and material supply, the composi-
tion, particle size, organic matter content, and
carbonate content of sediments may greatly vary
and form a series of laminae with micro-nanop-
ores, which have good reservoir performance
and can provide a large reservoir space for shale
oil enrichment. However, the opposite condi-
tions do not provide a favorable environment for
shale oil enrichment and economic recovery.

6 Distribution evaluation of favorable enrich-
ment areas for shale oil in key basins

6.1 Shale oil of the Chang 7 member in the Ordos
Basin
Tight sandstone shale oil is developed in the
Late Triassic Yanchang 7'"* member in the Or-
dos Basin. In addition, the pure shale type medi-
um-to-low maturity shale oil is developed in the
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Chang 7° member, which has a huge amount of
resources; however, this member is not discussed
herein. Tight sandstone shale oil is the main tar-
get for economic development. The sweet-spots
are primarily distributed in the semi-deep to deep
lake areas in the middle of the lake basin, and
the proven OOIP is 11.53 X10® t, with a built ca-
pacity of 114 X 10" t. Thus, this field can increase
reserves and production over a long period in the
future. Based on the discovery of the Qingcheng
Oilfield, an overall deployment occurred around
the expansion of the peripheral “sweet-spot,”
and the newly implemented oil-bearing area ex-
ceeded 2000 km?. Currently, a favorable arca of
approximately 6000 km® in the Longdong area
has also been controlled. The overall reserves of
tight sandstone shale oil formed by gravity flow
are expected to reach 30 X 10° t. To further ex-
pand the tight sandstone shale oil associated with
the delta front around the lake basin, a favorable
oil-bearing arca of approximately 2000 km® has
been newly implemented in the Wugqi-Zhidan-
Ansai area of northern Shaanxi through explora-
tion, and a reserve scale of approximately 5 X 108
t was preliminarily estimated in the new zone. An
important breakthrough was also made in a re-
cent exploration of tight sandstone shale oil in
the delta front near the deep lake area. In addi-
tion to the 100 million-ton reserves of the
Xin’anbian oilfield that were proven in 2014, a
favorable oil-bearing area of 3000 km* was dis-
covered in the sand body at the end of the delta
front of the Xin’anbian-Wuqi-Zhidan-Ansai area
of northern Shaanxi. The total proven and pre-
dicted OOIP exceeds 3 X 10° t, and the overall
implementation is 10 X 10° t, indicating an im-
portant reserve field for the increased production
of shale oil. For the pure shale type shale oil, a
volume fracturing test of vertical wells was con-
ducted in the shale section, and the industrial oil
flow of 14 wells was obtained, which represented
a breakthrough in oil production. In 2019, two
horizontal wells, Chengye 1 and Chengye 2,
were deployed to conduct frontier exploration
and key research tests for pure shale oil, and 121.
38 t/d and 108.38 t/d high-yield oil flows were
obtained, respectively, thereby effectively pro-
moting the exploration and development of pure

shale type shale oil. The assemblages of thick
shale with thin layers of siltstone and fine sand-
stone are widely distributed in the semi-deep to
deep lake areas, representing favorable source
reservoir configuration conditions. The area with
mature source rock (R,>>0.7%) is approximately
2.6 X 10* km?, and the estimated shale oil pro-
spective resources of this area are approximately
60X 10® t. Thus, this area represents a potential
field for shale oil research and exploration in the
future.
6.2 Distribution of favorable areas for Gulong
shale oil in the northern Songliao Basin
Pure shale oil is developed in member 1 and
member 2 of the Qingshankou Formation in the
Songliao Basin. At present, the national shale oil
exploration and development demonstration arca
is under construction. The thick shale in the low-
er part of member 1 and member 2 of the Qings-
han Formation is primarily distributed in the
sags of Qijia-Gulong,
Changling, and it shows a stable horizontal dis-
tribution and general thickness of 30 to 80 m. A
high organic matter abundance is observed, and
the TOC content of the main body is 1% to 8%,
with an average of 2.41% in the west and 3.81%
in the east. The organic matter type is primarily
type I and type I, kerogen., with type [, domi-
nant in the west (type I exists locally in Qijia
sag) and type I dominant in the east. The thermal
maturity (R,) averages 0.6% to 1.2%, with 1.
0% to 1.6% in the Qijia-Gulong area and 0.8% to
1.2% in the Sanzhao area. An area of 8700 km?
in western Gulong and an area of 1060 km?* in
castern Gulong have values of R,>>1.0%. The fa-
vorable areas for Class I and II deposits, which

main Sanzhao, and

were distributed across a total area of 1.36 X 10*
km?, were comprehensively evaluated based on
the lithofacies, TOC, retained hydrocarbon con-
tent, R,, GOR, and brittle mineral content;
Class I and II resources were distributed over are-
as of 3698 km?* and 9861 km?, respectively. The
prospective resources of the estimated shale oil in
the Daqing Oilfield amount to ~>98 X 10° t, of
which the shale oil resources in the high-maturity
light oil belt with R,>1.2% amount to ~>20 X
10® t. Currently, the predicted OOIP of shale oil
in the Gulong area is 12.68 X 10® t. According to
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the national shale oil demonstration area con-
struction plan, shale oil production is expected to
exceed 100X 10* t in 2025.
6.3 Shale oil of the Lucaogou Formation in Ji-
musar sag. Junggar Basin

The shale oil of Lucaogou Formation in Ji-
musar sag of the Junggar Basin belongs to the
transitional shale oil type, and it has a distribu-
tion area of 1278 X 10* km? and burial depth of
1000 to 4500 m. The shale oil is divided into up-
per and lower sweet-spots, with a cumulative
thickness of 25 to 30 m. The major lithologies are
sandy dolomite and dolomitic siltstone, with a
porosity of 7.8% to 25.5% (13.8% on average),
an oil reservoir permeability of 0.01 X107 pm?* to
9.47X107% pm? (0.096 X 107% pm? on average) ,
and good physical properties. Closed coring anal-
ysis reveals that the median oil saturation of the
Lucaogou Formation reservoir is as high as 73.
4% . The area of type I and type II dolomitic rock
reservoirs are 460 km* and 594 km?, respectively.
The resources in the area that is favorable for
shale oil amount to 11.12 X 10° t, including 2.98 X
10® t Class I resources, 6.2 X 10% t Class II arca re-
sources, and 1.95X10° t Class III area resources.
The Lucaogou Formation in the Junggar Basin is
the first lacustrine shale oil demonstration area
under construction in China. Currently, it has a
proven OOIP of shale oil of 1.53X10° t. In addi-
tion, 180 wells have been completed, including
101 horizontal wells, and 59.3 X 10* t oil has been
produced, with a cumulative capacity of 80.11 X
10* t. According to the construction plan, shale
oil production is expected to reach 173 X 10* t by
2023. After a period of research and pilot pro-
duction, the economically available reserves of
shale oil in the Lucaogou Formation in Jimusar
were found to be smaller than expected. Accord-
ing to the goals for the construction of the na-
tional shale oil demonstration zone, the task will
be difficult to complete on time. Coordination is
underway with the goal of achieving an output of
100X 10* t and stable production by 2025.
6.4 Shale oil in member 2 of the Kongdian For-

mation in Cangdong sag, Bohai Bay Basin

Cangdong sag is a secondary tectonic unit of
the Huanghua depression in Bohai Bay. It has an
arca of 1760 km?, and the favorable distribution

area of shale oil in the Kong 2 member measures
430 km?. This shale oil is a transitional shale oil.
The organic-rich shale section is characterized by
“three high values and one low value,” a high-
frequency laminar structure, high organic matter
abundance, high felsic material content, and low
brittle mineral and clay contents. The TOC con-
tent primarily ranges from 2% to 6%, with an
average of 4.9% and a maximum of 12.9%. The
shale mineral assemblages primarily consist of
quartz, feldspar, and carbonate minerals. The
carbonate minerals present an average content of
34% , and they are primarily microcrystalline mi-
crite calcite and dolomite. The clay minerals have
an average content of only 16%. Felsic laminae
are the main spaces for shale oil enrichment, fol-
lowed by carbonate laminae. The TOC, R,, S,
OSI, clay content, and other parameters are se-
lected as the major factors for evaluating the en-
richment area/section. The distribution area of
the shale oil sweet-spot in member 2 of the Kong-
dian Formation in Cangdong sag is 260 km?. The
cumulative area of seven enrichment layers is
2062 km?, and the controlled reserves of shale oil
wells in member 2 of the Kongdian Formation in
Cangdong sag amounts to 10.96 X 10% t. At pres-
ent, there are 25 horizontal wells with stable
production, and shale oil production reached 10
X 10" t in 2021. According to the oilfield plan,
the shale oil production is expected to exceed 50
X 10* t by 2025.

7 Conclusions and suggestions

According to the predictions by authorized in-
stitutions, such as the Ministry of Natural Re-
sources and the Strategic Research Center of Oil
and Gas Resources of the National Energy Ad-
ministration, the total geological resources of la-
custrine medium-to-high maturity shale oil in
China are approximately 150 to 300X 10° t. Based
on previous research findings and key parame-
ters, we predicted that the total resources of la-
custrine medium-to-high maturity shale oil in
China amount to 131 to 163 X 10® t, of which
shale oil with optimum economic value is 67 to 84
X 10% t according to a Brent oil price of MYM60/
barrel. Following pilot production activities and
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the realization of effective cost reductions and
significant increases in the cumulative oil produc-
tion of a single well based on technological pro-
gress and innovative management strategies,
shale oil will become an important resource that
will contribute to China’s long-term stable annual
crude oil production of 2.0 X10° t.

Lacustrine medium-to-high maturity shale oil is
a new exploration field, and opportunities and
challenges will arise during its future develop-
ment. This field is in the preliminary stage of re-
search with respect to the enrichment law, distri-
bution characteristics, flow mechanism, and de-
velopment countermeasures of shale oil, and
many scientific and technical challenges remain
to be overcome. This study explored and clarified
the enrichment conditions and distribution char-
acteristics of lacustrine shale oil, thereby provi-
ding insights to improve the current understand-
ing of this field. With comprehensive research
and further pilot production activities, the shale
oil enrichment and underground flow mechanism
will be gradually deciphered, and the theory of
lacustrine shale oil enrichment and distribution
will continue developing.

An important objective of this study was to es-
tablish the selection and evaluation criteria for
shale oil enrichment areas that can be applied to
the preliminary stage of lacustrine shale oil ex-
ploration and development. Such data will sup-
port the selection of favorable exploration and
development target arcas, which will reduce the
number of ineffective wells. As comprehensive
theoretical guidance is not available at this stage,
several exploratory wells have been drilled in ex-
ploration zones in areas and intervals where eco-
nomic discoveries are impossible; however, high
initial production has been achieved, and major
breakthroughs appear to have been made. If the
success of exploration is measured by whether the
cumulative production of a single well can reach
the economic threshold, determining whether
these wells are breakthrough wells will be diffi-
cult, and additional testing will be required over
time and during pilot production. This study pro-
posed an evaluation parameter index for lacus-
trine medium-to-high maturity shale oil enrich-
ment areas, which can likely improve the number

of economic discoveries and provide guidance for
reducing the number of ineffective wells.
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