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ABSTRACT

The geochemistry and reservoir characteristics of the lacus-
trine shale in the Eocene Dongying depression are described in
detail based on thin-section and field-emission—scanning elec-
tron microscope observations of well cores combined with x-ray
diffraction, physical property testing, and geochemical indica-
tors. The Eocene Shahejie (Es) Formation Es4s-Es3x shale
member is predominantly carbonate, clay minerals, and quartz.
Six lithofacies were identified: (1) laminated limestone
(organic-rich laminated limestone and organic-poor laminated
limestone), (2) laminated marl, (3) laminated calcareous
mudstone, (4) laminated dolomite mudstone, (5) laminated
gypsum mudstone, and (6) massive mudstone. The Es4s-Es3x
shale samples from three cored wells had total organic carbon
(TOC) contents in the range of 0.58 to 11.4 wt. %, with an
average of 3.17 wt. %. The hydrocarbon generation potential
(free hydrocarbons [S1] + the hydrocarbons cracked from
kerogen [S2]) values range from 2.53 to 87.68 mg/g, with an
average of 24.19 mg/g. The Es4s—Es3x shale of the Dongying
depression has a high organic-matter content with very good or
excellent hydrocarbon generation potential. The organic mac-
eral composition is predominantly sapropelinite (up to 95%).
The hydrogen index (being S2/TOC) versus the maximum yield
temperature of pyrolysate (Tpa.y) indicates that the organic
matter is predominantly type I kerogen, which contains a high
proportion of convertible organic carbon. The Es4s—-Es3x shale
is thermally mature and within the oil window, with the vitrinite
reflectance values ranging from 0.46% to 0.74% and the T,,.y
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EDITOR’S NOTE

Color versions of Figures 1-10 and 12 can be
seen in the online version of this paper.

value ranging from 413°C to 450°C, with the average being 442°C.
The shale contains interparticle pores, organic-matter pores, dis-
solution pores, intracrystalline pores, interlaminar fractures, tec-
tonic fractures, and abnormal-pressure fractures. The primary
matrix pore storage is secondary recrystallized intercrystal pores
and dissolution pores that formed during thermal maturation of
organic matter. The TOC content and effective thickness of the
organic-rich shales are the primary factors for hydrocarbon gen-
eration. The reservoir capacity is related to the scale, abundance,
and connectivity of pore spaces, which are controlled by the
characteristics of the lithofacies, mineral composition, TOC con-
tent, and microfractures.

INTRODUCTION

Shale oil and gas is an unconventional petroleum system in
which the shale is both the source and reservoir, which is derived
from the organic matter within the shale via biogenic and/or
thermogenic processes (Hill et al., 2007; Jarvie et al., 2007,
Hao et al., 2013). For shale oil and gas plays, a large number of
studies focus on marine shale, including marine siliciclastic shale,
such as the Mississippian Barnett Shale in the Fort Worth Basin
and Mississippian Bakken Formation in Williston Basin, and
marine calcareous shale, such as Upper Cretaceous Eagle Ford
shale in Western Gulf Basin and Upper Cretaceous Niobrara
member of the Mancos Shale in the San Juan Basin (Loucks
and Ruppel, 2007; Abouelresh and Slatt, 2012; Kuhn et al,,
2012; EI Attar and Pranter, 2016; Fairbanks et al., 2016). All
these shales have commercial shale oil or gas. With the suc-
cessful exploration and development of marine shale oil and
gas, the lacustrine shale gradually becomes the focus of atten-
tion. The studies on lacustrine shale have been carried out in the
Green River Formation, Uinta Basin; Brown Shale in the Sumatra
Basin; and other Southeast Asia Mesozoic and Cenozoic lacus-
trine rift basins (Schenk et al., 2010; Burton et al., 2014; Schenk
et al., 2015). Generally, studies on lacustrine shales, particularly
carbonate-rich (~50% carbonate) shale, are relative sparse (Bai
et al., 2009; Jia et al., 2013; Wang et al., 2013).

Lacustrine shales are widely present in the Mesozoic and
Cenozoic terrestrial lacustrine strata of East China and have vastly
different mineral components than marine shale (Liu et al., 2001;
Jiang, 2011; Jiang et al., 2013; Wang et al., 2013). In recent years,
because of the increasing demand for unconventional oil and gas
exploration, especially for shale oil and gas in China (Wang et al.,
2013; Zou et al., 2013), the Sinopec Shengli oilfield conducted
research on lacustrine-shale oil exploration in the Dongying
depression of the Bohai Bay Basin. The study interval was the
Paleogene Shahejie (Es) Formation Es4s-Es3x shale, which is
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Figure 1. Regional index map showing the study area. (A) The location of Bohai Bay Basin in China. (B) The location of Dongying
depression in the Bohai Bay Basin. (C) Tectonic features mapped on the top of the Shahejie Formation Es3x interval of Dongying depression
and the locations of key wells. (D) Stratigraphic column of the study area.

predominantly carbonate and clay minerals with
a carbonate content of up to 80 wt. %. Currently,
several wells have commercial oil flow, which fully
demonstrates the great potential for shale oil explo-
ration (Lu et al, 2012; Song et al., 2013). Un-
derstanding the characteristics of shale facilitates
the analysis of the lacustrine-shale oil exploration
potential and the contrasts of marine and lacustrine-
shale reservoir characteristics.

GEOLOGICAL SETTING

The Dongying depression is located in the southeastern
part of the Bohai Bay Basin in East China (Figure 1A).
It is 5700 km? (2200 mi?) in area and bordered by
the Tuoshengyong fault, Chenjiazhuang uplift, and
Binxian uplift in the north; the Luxi uplift and
Guangrao uplift in the south; the Linfanjia tectonic belt
and Gaogqing uplift in the west, and the Qingtuozi
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uplift in the east. The Dongying depression is com-
posed of several secondary structural units, including
the Lijin sag, Boxing sag, Niuzhuang sag, Minfeng sag,
central anticline belt, north steep slope belt, and south
slope belt.

The study area comprises Cenozoic rift basin
strata that have local thicknesses of up to 5000 m
(16,400 ft) in the depocenter, consisting of the
Kongdian, Es, Dongying, Guantao, Minghuazhen,
and Pingyuan Formations. The Es Formation is
subdivided into four members from the top to
base: Esl, Es2, Es3, and Es4. The basin started to
expand after the Mesozoic. The Es4s-Es3x mem-
bers are the main expansion period and the period
in which the lake level reached a maximum (Qiu
et al., 2006; Sheng et al., 2008; Xue et al., 2013). In
this period, the Dongying depression was a semideep
lake environment with the anoxic conditions at the
bottom of the lake (Liu et al., 2004) that promoted
preservation of organic matter. The warm and hu-
mid paleoclimate during this period promoted high
levels of organic productivity (lacustrine algae) (Zhu
et al., 2005; Wang, 2012). The combination of high
organic productivity, anoxic conditions, and rift
basin subsidence resulted in deposition up to 400 m
(1312 ft) of organic-rich black shale in the upper Es4

Table 1. Well Information

member (Es4s) and lower Es3 member (Es3x), which
is our study interval (Figure 1B).

PREVIOUS STUDIES

The Shengli oilfield proposed a series of projects on
shale oil exploration in Dongying depression begin-
ning in 2009. Studies show that Dongying depression
has abundant shale oil resources in the Es4s-Es3x,
with resources of 24 x 108 t (1.76 x 10'° bbl) (Wu
et al., 2013). Currently, there are 110 wells that
produce (or are capable of producing) oil and gas
from the Es4s-Es3x shale in Dongying depression
(Song et al., 2013; Wang et al., 2013). The oil sat-
uration of the Es4s—Es3x shale ranges from 4.5% to
72%, and the formation reaches a maximum at
3700 m (12,150 ft) depth, which corresponds to the
peak of hydrocarbon generation (Zhang et al.,
2014). Studies suggest that the total movable oil can
reach 9%-30% within the depth of 2800-4000 m
(9200-13,100 ft) (Zhang et al., 2014; Li et al., 2016).
Several wells have flowed oil at a commercial level
(Table 1) with cumulative production of 10,000 t
(73,500 bbl) through 2009, which fully demon-
strates the great potential for shale oil exploration

Oil Rate (t/day Gas Rate (m*/day Thickness
Well Interval [b/day]) [ft}/day]) Method Lithology TOC (wt. %)  (m [ft])
DF1  Es3x 24 (176.4) nd Acidification ~ Shale with interbedded siltstone nd 47 (154)
F41  Es3x 4.49 (33) nd Swabbing Oil shale, calcareous shale 72 21 (68.9)
F119 Es4s 15.9 (116.9) 1480 (52,266)  Flowing Marl, sandy limestone 25 15 (49.2)
F120 Es4s 5.14 (37.8) nd Testing Oil shale, marl and calcareous shale 4.89 25 (82)
F140 Es4s 21.1 (155.1) nd Testing Oil shale with interbedded dolomite 3.36 68 (223.1)
and siltstone
G7  Esas 14.4 (105.8) nd Fracturing Oil shale with interbedded dolomite nd 54 (177.2)
H54 Es3x 91.3 (671.1) 2740 (96,762)  Flowing Oil shale with interbedded siltstone 2.8 45 (147.6)
H88 Es4s 5.89 (43.3) nd Swabbing Calcareous shale 32 12 (39.4)
L758 Es3x 5.81 (42.7) nd Swabbing calcareous shale and marl nd 62 (203.4)
S13  Es4s-Es3x  12.1 (88.9) nd Testing calcareous shale and marl 463 180 (590.6)
W76 Esds 21.5 (158) nd Testing Oil shale, calcareous shale 3.1 78 (255.9)
XLS1 Es4s 99.9 (734.3) 25,448 (898,689) Testing Oil shale with interbedded siltstone nd 125 (410.1)
Y20 Es3x 8.9 (65.4) nd Testing Oil shale with interbedded dolomite 3.87 91 (298.6)
Y54  Es3x 46.5 (341.8) nd Testing Calcareous shale with interbedded 5.57 188 (616.8)
siltstone

See well locations in Figure 1A. Data from Wang et al. (2013).

Abbreviations: Es = Shahejie Formation; nd = no data available; TOC = total organic carbon.
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(Luetal., 2012; Wu et al., 2013; Chen et al., 2015).
These commercial oil wells are mostly vertical, with
partial acidification or artificial fracturing (Table 1).
The Es4s-Es3x unit is overpressured at 2800-4000 m
(9200-13,100 ft) (Zhang et al., 2009; He et al., 2012),
with the formation pressure coefficient ranging from
1.5 to 1.7 (Liu et al., 2012; Li et al., 2015; Nie et al.,
2016). The formation pressure coefficient refers to
the ratio of actual pore pressure to hydrostatic pres-
sure at the same depth, and the value greater than 1
indicates overpressure (Guo et al., 2016). The oil is
characterized by a low gas—oil ratio and a high wax
content, ranging from 17.24% to 21.54% (Zhang et al.,
2014; Saraji and Piri, 2015; Li et al., 2016).

DATA AND METHODS

The basic data include a total of 800 m (2600 ft)
of core and 816 thin sections from 3 wells (NY1,
LY1, and FY1, Figure 1A), 48 field-emission-scanning
electron microscope (FESEM) samples, well logs
and oil production from 106 wells, rock pyrolysis
analysis, maceral composition and organic carbon
data from 300 samples, and x-ray diffraction data
from 300 samples.

The thin-section observations were taken using a
Zeiss microscope Axio Scope Al, and samples were
prepared with a thickness of 0.03 mm. The mineral
x-ray diffraction was performed using a D/max-
2500 theta/theta rotating anode x-ray diffractom-
eter. Prior to analysis, each sample was oven dried
at 40°C for 2 days and ground to less than 40 mm
using an agate mortar to thoroughly disperse the
minerals. Computer analysis of the diffracto-
grams enabled the identification and semiquan-
titative analysis of the relative abundance (in
weight percent) of the various mineral phases.
The organic carbon content was determined using
a Leco carbon-sulfur analyzer CS600 and gas-
shows evaluation instrument. The test tempera-
ture was 27°C. The measurement technique is
based on the combustion of the sample in an oxygen
atmosphere to convert the total organic carbon
(TOC) to CO; (Charles and Simmons, 1986). The
asphalt extraction was done before pyrolysis, and
the Rock-Eval parameters measured included the
free hydrocarbons (S1), the hydrocarbons cracked
from kerogen (S2), the carbon dioxide relieved

from organic matter (S3), and the maximum yield
temperature of pyrolysate (Tp.,) (Barker, 1974; Es-
pitalie et al., 1986). Ar-ion-beam milling, which
provides flat surfaces for high-magnification imaging
(Loucks et al., 2012), was used to prepare samples
for imaging nanopores. High-resolution FESEM was
used to observe minerals and micro- and nano-
sized pores. The samples were gold coated and
observed using a Hitachi S-4800 FESEM with
a working current set at 10 kV. The porosity and
permeability were measured using Boyle’s law in-
struments of an Ultrapore-200A He porosimeter
and Ultra-perm TM200 permeameter. These mea-
surements were performed under room temperature
conditions at 25°C, with humidity at 40%.

MINERALOGY

The Es4s-Es3x shale predominately consists of
carbonate minerals, clay minerals, and quartz,
with subordinate plagioclase, potassium feldspar,
and pyrite (Tables 2, 3). Calcite is the dominant
mineral (Figure 2), ranging from 1 to 79 wt. %, with
an average of 37.8 wt. %, and dolomite content ranges
from 1 to 56 wt. %, with an average of 13.1 wt. %.
The carbonate is mostly clay- to silt-sized crystal-
line calcite (Figure 3A) and dolomite, with a small
amount of calcareous biological debris, such as
ostracod fragments and calcispheres (Figure 3B).
The clay minerals range from 2 to 53 wt. %, with an
average of 21.2 wt. %. Clay minerals are domi-
nantly illite and illite-smectite mixed layer min-
erals. The relative content of illite is 41-100 wt. %
(average: 85.3 wt. %), and the illite—smectite mixed
layer is 1-57 wt. % (average: 15.2 wt. %). Quartz is
also common, with a content ranging from 2 to
39 wt. % and an average of 21.9 wt. %. The quartz is
clay-silt size and is in two forms: terrigenous
clastic particles, found in the massive and lami-
nated silty shale, with a particle size of tens of mi-
crons, and microcrystalline quartz, which is smaller
than 10 um and surrounded by clay minerals
(Figure 3C). The plagioclase content ranges from 1
to 17 wt. %, with an average of 5.8 wt. %. The py-
rite content ranges from 1 to 10 wt. %, with an average
of 3.1 wt. %, which mostly occurs as framboidal
pyrite, with a size of 5-20 um, surrounded by clay
minerals (Figure 3D).
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Table 2. The TOC Content, Pyrolysis Parameters, and Mineral Content (wt. %) of the Es4s—Es3x Shale in Well NY1

Clay
Fraction
S1 4+ I (%) Mineral Content (wt. %)
Sample TOC/wt. % S1 (mg/g) S2 (mg/g) (mg/g) (°C[°F]) Bitumen "A" I/S | Total Clay Qtz Pl Cal Dol Py
NY1-1 55 5.48 37.81 4329 445 (833) 1.53 15 85 15 20 4 58 1 2
NY1-2 6.21 5.56 43.64 49.2 446 (834.8) 1.54 11 88 26 25 4 37 4 4
NY1-3 2.25 2.54 12.83 1537 442 (827.6) 0.75 nd nd 24 26 6 35 3 5
NY1-4 2.18 1.9 13.34 1524 442 (827.6) 0.82 16 84 16 30 3 4 4 2
NY1-5 1.62 1.46 9.12 10.58 442 (827.6) 05 18 80 27 28 4 29 7 4
NY1-6 3.33 438 22.23 26,61 444 (831.2) 1.13 nd nd 19 21 2 51 4 2
NY1-7 1.58 2.11 7.94 1005 442 (827.6) 0.65 nd nd 34 26 3 33 1 2
NY1-8 3.38 42 23.03 2723 443 (829.4) 1.2 21 78 13 25 1 32 27 2
NY1-9 1.95 1.64 9.91 1155 442 (827.6) 1.08 1 98 31 29 2 3% 0 2
NY1-10 3.18 3.81 19.25 23.06 446 (834.8) 1.12 13 85 21 25 2 48 1 2
NY1-11 293 452 17.19 21.71 443 (829.4) 1.26 nd nd 11 26 1 57 3 2
NY1-12 2.18 2.78 12.44 1522 446 (834.8) 093 21 77 24 23 4 40 5 3
NY1-13 2.61 3.31 15.82 19.13 446 (834.8) 0.86 nd nd 14 29 2 48 4 2
NY1-14 341 4,01 21.71 25.72 447 (836.6) 1.22 nd nd 18 31 3 38 6 3
NY1-15 418 247 11.76 1423 443 (829.4) 1.53 18 82 25 18 4 42 7 3
NY1-16 6.53 10.72 44.02 54.74 446 (834.8) 3.01 15 85 19 31 2 4 2 2
NY1-17 2.26 4.49 14.09 1858 445 (833) 1.03 nd nd 12 24 2 45 15 2
NY1-18 2.26 3.44 13.87 1731 446 (834.8) 0.84 10 90 16 38 5 32 5 3
NY1-19 242 4.62 13.58 18.2 443 (829.4) 1.18 nd nd 35 28 4 11 18 4
NY1-20 3.02 7.15 19.68 26.83 443 (829.4) 1.58 13 87 4 18 1 50 27 0
NY1-21 235 472 14.09 1881 443 (829.4) 1.15 nd nd 19 22 3 49 3 3
NY1-22 2.29 3.93 1441 1834 447 (836.6) 0.96 nd nd 23 13 4 50 5 3
NY1-23 2.39 42 13.07 1727 443 (829.4) 1.15 20 80 17 16 4 45 17 1
NY1-24 2.12 3.92 13.23 17.15 446 (834.8) 0.94 nd nd 13 8§ 2 66 9 2
NY1-25 432 6.36 30.17 36,53 448 (838.4) 1.5 0 100 6 4 1 34 52 3
NY1-26 3.46 5.6 22.21 27.81 446 (834.8) 1.27 nd nd 14 18 3 57 5 2
NY1-27 2.51 3.76 16.06 19.82 447 (836.6) 1.03 nd nd 23 17 5 37 15 2
NY1-28 2.05 297 10.34 1331 441 (825.8) 0.89 26 74 19 13 5 36 22 5
NY1-29 4.71 5.44 2742 32.86 443 (829.4) 1.32 15 85 14 15 2 2 5 10
NY1-30 2.62 744 10.6 18.04 430 (806) 1.83 nd nd 23 14 5 43 14 1
NY1-31 3.42 6.68 15.29 2197 439 (822.2) 1.53 12 87 16 17 9 48 8 2
NY1-32 1.13 423 4.39 8.62 425 (797) 0.85 nd nd 3 8 2 53 31 3
NY1-33 2.86 3.65 11.34 1499 440 (824) 091 0 98 28 17 7 13 27 6
NY1-34 1.95 3.1 6.48 9.58 434 (813.2) 0.88 13 85 9 8 6 70 3 4
NY1-35 0.39 0.82 0.82 1.64 425 (797) 0.26 nd nd 50 25 6 5 4 4
NY1-36 0.36 0.23 0.31 0.54 410 (770) 0.14 21 77 47 32 1 0 7 2
NY1-37 1.23 1.86 2.67 453 418 (784.4) 0.65 nd nd 53 23 11 4 4 4
NY1-38 0.99 3.26 3.63 6.89 429 (804.2) 0.73 8 92 2 0 17 79 2 0
NY1-39 1.38 393 3.74 7.67 425 (797) 0.80 18 82 39 21 11 3 18 4
NY1-40 244 9.98 1.7 1769 433 (811.4) 1.95 15 85 36 17 9 9 24 2

Because of space limitations, only the data of well NY1 are listed. The illite and I/S content indicate the clay mineral fraction.
Abbreviations: Cal = calcite; Dol = dolomite; Es = Shahejie Formation; | =illite; I/S = illite-smectite mixed layer; nd = no data available; Pl = plagioclase; Py = pyrite; Qtz = quartz;
S1 = free hydrocarbons; S2 = hydrocarbons cracked from kerogen; T,.x = maximum yield temperature of pyrolysate; TOC = total organic carbon.
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Table 3. Average Mineral Content (wt. %) of the Es4s-Es3x Shale in the Dongying Depression

Clay Fraction

Mineral Content (wt. %) (%)
Well Interval Total Clay Qtz Cal Dol Pl Py lilite I/S
NY1 3295-3500 m (10,810-11,483 ft) 22.1 18.9 35.7 13.1 6.6 3.0 83.5 154
FY1 3051-3451 m (10,010-11,322 ft) 21.1 24.1 375 10.0 4.1 3.1 875 11.2
LY1 3581-3700 m (11,749-12,139 ft) 28.8 245 30.7 6.9 46 3.2 713 19.7

Theillite and illite-smectite mixed clayey (I/S) contents indicate the ratio in the clay mineral. Because of space limitations, only the average mineral content data of every well are

listed.

Abbreviations: Cal = calcite; Dol = dolomite; Es = Shahejie Formation; Pl = plagioclase; Py = pyrite; Qtz = quartz.

LITHOFACIES
Laminated Limestone

Organic-Rich Laminated Limestone

Organic-rich laminated limestone (LL-1) is charac-
terized by a high carbonate content (up to 80 wt. %)
and high TOC content (4.0-9.8 wt. %), whereas
clay minerals and terrigenous silts are rare (Table 4).
The cores and thin sections show the clear laminar
boundaries, and laminae have pure mineral compo-
nents (Figure 4A). The light laminae are composed of
recrystallization calcite, which occurs as “needles” or
closely packed grain crystals (Figure 5A). The dark
laminae are composed of clay minerals, organic
matter, and pyrite.

Organic-Poor Laminated Limestone

Carbonate mineral content is greater than 50 wt. %
(Table 4). Laminae are well developed and horizontal
or wavy (Figure 4B). The light laminae are micritic
calcite with subordinate quartz and feldspar, whereas
the dark laminae consist of clay and organic matter. The
organic laminae are thin, and the TOC content is rela-
tively low: less than 2.0 wt. %. The cores and thin sec-
tions show that the calcite laminae are dominant in the
organic-poor laminated limestone with relatively high
thickness (Figure 5B). Some calcite laminae are lenticular
(Figure 5B), suggesting the result of current deposition.

Laminated Marl

The calcite content is extremely high, with an aver-
age of 56 wt. %, whereas the content of terrige-
nous clastic (clay minerals and silt) is relatively
low (Table 4). The TOC content ranges from 2.0 to

4.0 wt. %. Bright and dark laminae are interbedded,
with clear boundaries between laminae observed in
both hand specimens and microscopic sections
(Figure 4C). Bright laminae are composed of micrite
calcite, and dark laminae are clay minerals with or-
ganic matter. Typically, light laminae are thicker
than dark laminae (Figure SD). Sparry calcite locally
occurs at the edge of micritic calcite laminae with
large and clean crystals (Figure 5D) as a result of
the recrystallization process.

Laminated Calcareous Mudstone

In hand specimens, laminated lime mudstone is
grayish black or dark gray, with the calcium carbonate
content ranging from 25 to 50 wt. %. The TOC con-

tent is 2.0-4.0 wt. % (Table 4). Laminae are 1-4 mm
thick; dark laminae are thicker than bright laminae,

Clay

Carbonate 50 Quartz,feldspar,
(calcite, dolomite, pyrite
ankerite, siderite)

Figure 2. Ternary diagram of the mineral composition of the
Shahejie Formation Es4s—Es3x shale.
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Figure 3. Mineral character-
istics of the Formation Es4s—Es3x
shale. (A), (B), (E), and (F) Thin-
section images. (C) and (D) Sec-
ondary electron field-emission-
scanning electron microscope
(FESEM) images of non-Ar-ion-
beam polished samples. (A)
Cross-polarized light (CPL) view
showing columnar and granular
calcite crystals, well FY1,
3385.54 m (11,107.41 ft). (B) A
CPL view showing calcareous bi-
ological debris in the limestone,
well FY1, 3301.33 m (10,831.13 ft).
(C) An FESEM view showing
microquartz (diaQ) surrounded
by clay minerals, grain size 4 um,
well FY1, 3308.4 m (10,854.33 ft). Clay
(D) An FESEM image showing
framboidal pyrite surrounded by
clay minerals, well NY1, 3402.3 m
(11,162.40 ft). (E) Fluorescent
organic-rich laminae, well FY1,
332549 m (10,9104 ft). (F)
Fluorescence image showing
sporinite in the shale, NY1,
3437.2 m (11,276.90 ft). Frag. =
Fragment; OM = organic matter.

(c) 14.8mm x8.00k SE(M)

which are composed of calcite (Figure 4D). Dark lam-
inae are clay minerals with organic matter (Figure 5E).

Laminated Dolomite Mudstone

The laminated dolomite mudstone (LDM) is typi-
cally light-gray to gray colored in hand specimens.
The dolomite content ranges from 25 to 50 wt. %
(Table 4) and may occur as mud crystal, microcrys-
tal, and sparry crystal, part of which is associated
with rhombic automorphic crystals of anhydrite.
The lithofacies is poor in organic matter, and the
TOC content is less than 2.0 wt. %.

Laminated Gypsum Mudstone

The anhydrite content ranges from 20 to 50 wt. %,
and most of the remaining materials are clay (Table 4).
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4.9mm x1

The anhydrite occurs as laminae or fragments, and
anhydrite with swallowtail twins can be observed in
the well cores (Figure 4E). This lithofacies is interpreted
to have been deposited in an evaporation environ-
ment. This lithofacies develops at the lower Es4s.

Massive Mudstone

This lithofacies is gray or blue gray and massive in
well cores (Figure 4F), locally developing indistinct
horizontal bedding. Massive mudstone (MM) is over-
lain by laminated shale or siltstone, exhibiting a sharp
contact at the base (Figure 4F). The mineral compo-
sition is clay minerals (~50 wt. %), calcite (ranging from
10 to 20 wt. %), and siliceous debris (ranging from 10
to 35 wt. %). In addition, a small amount of ostracod
debris and oriented charcoal debris can be found
(Figure 5F). The MM is poor in organic matter, with
TOC content ranging from 0.4 to 0.8 wt. % (Table 4).



Table 4. Average Value of TOC Content, Mineral Composition, Porosity, and Permeability of Different Lithofacies

Mineral Composition (wt. %)

Lithofacies ~ TOC/wt. % Range (Average) Cal. Dol. An.  Qtz+PlL  Total Clay  Porosity/%  Permeability/md

LL-1 4.0-9.8 (4.68) 642 101 0 109 14.8 7%-10% >1
LL-2 1.6-2.0 (1.87) 65.6 8.7 0 145 122 5%—-6% 0.5-1
LM 2.0-4.0 (2.73) 56 8.2 0 19.3 184 6%-7% >1
LCM 2.0-4.0 (2.56) 394 6.6 0 233 30.7 6%-8% >1
LDM 0.8-1.9 (1.06) 59 318 182 105 336 4%-5% <0.5
LGM 0.9-1.38 (1.22) 36 155 302 13.8 369 3%-5% <0.5
MM 0.4-0.8 (0.67) 10.7 6.6 0 332 495 4%-5% <0.5

Abbreviations: An. = anhydrite; Cal. = calcite; Dol. = dolomite; LCM = laminated calcareous mudstone; LDM = laminated dolomite mudstone; LGM = laminated gypsum
mudstone; LL-1 = organic-rich laminated limestone; LL-2 = organic-poor laminated limestone; LM = laminated marl; MM = massive mudstone; PI. = plagioclase; Qtz =
quartz; TOC = total organic carbon.

Figure 4. The macrocharacteristics of lithofacies. (A) Organic-rich laminated limestone with lenticular calcite, well LY1, 3660.28 m
(12,008.79 ft). (B) Organic-poor laminated limestone, well NY1, 3383.51 m (11,100.75 ft). (C) Laminated marl, well NY1, 3322.4 m
(10,900.26 ft). (D) Laminated calcareous mudstone, well NY1, 3446.46 m (11,307.28 ft). (E) Gypsum claystone with swallowtail twins in the
anhydrite, well NY1, 3492.08 m (11,456.95 ft). (F) Gray massive mudstone, well NY1, 3473.7 m (11,396.65 ft).
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Figure 5. The thin-section im-
ages show microscopic charac-
teristics of lithofacies. (A)
Organic-rich laminated limestone
with columnar and granular cal-
cite crystals, well NY1, 3464.89 m
(11,364.83 ft), plane-polarized
light (PPL). (B) Organic-poor
laminated limestone with lentic-
ular micritic calcite, well NY1,
3403.15 m (11,165.19 ft), cross-
polarized light. (C) Biological shell
limestone with ostracod frag-
ments and calcispheres, well LY1,
3833.92 m (12,578.48 ft), PPL.
(D) Laminated marl, well NY1,
3430.38 m (11,253.28 ft), PPL. (E)
Laminated calcareous mudstone,
well NY1, 3488.56 m (11,445.41 ft),
PPL. (F) Massive mudstone, well
FY1, 3338.35 m (10,952.59 ft), PPL.

The identification of lithofacies is based on the
well cores and x-ray data, and the lithofacies of non-
cored wells are based on the well cuttings and wireline
logging data. The lateral continuity and vertical dis-
tribution of lithofacies are illustrated by lithofacies
cross sections (Figure 6). The Es4s-Es3x shale is lat-
erally continuous. The organic-rich lithofacies in-
creases and silt content decreases from the edge to the
center of the basin. The two sections show that the
lithofacies have good lateral continuity. The LL-1
is mostly developed in the Es3x-2 interval, and the
LDM is predominantly distributed in the Es4s-2 interval.

ORGANIC GEOLOGICAL CHARACTERISTICS

Total Organic Carbon Content and Rock-Eval
Pyrolysis

The Es4s-Es3x shale samples from four cored wells
have TOC contents in the range of 0.58 to 11.4

1844 Shale Oil Potential of Lacustrine Black Shale

wt. %, with an average of 3.17 wt. %. The S1 values
range from 0.54 to 22.3 mg/g, with an average of 4.66
mg/g. The S2 values range from 1.99 to 73.51 mg/g,
with an average of 19.53 mg/g. The hydrocarbon gen-
eration potential (S1 + S2) values range from 2.53
to 87.68 mg/g, with an average of 24.19 mg/g (Fig-
ure 7, Table 2). In general, the Es4s-Es3x shale of
the Dongying depression has a high content of or-
ganic matter, which is closely related to the high
paleoproductivity, warm humid climate, and deep-
water environment (Zhu et al., 2005; Jia et al., 2013).

Organic-Matter Types

The organic maceral content is dominantly sapro-
pelinite (up to 95%) with subordinate amounts of
vitrinite and exinite. The Rock-Eval analysis showed
that the hydrogen index (HI) is primarily between
281.34 and 887.1 mg hydrocarbons (HC)/g TOC,
with an average of 593.72 mg HC/g TOC. The
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Tmax value ranges from 413°C (775°F) to 450°C
(842°F), with an average of 442°C (828°F)
(Figure 6; Table 2). The plot of the HI versus the
pyrolysis Ty, is used to classify the maturity and type
of organic matter (Figure 8) and shows that the or-
ganic matter is predominantly type I to type II ker-
ogen, although a few samples are located in the type
Il kerogen area, which is consistent with the organic
maceral results. The organic matter is predominantly
planktonic algae, such as ditch whip algae, coccoliths,

and Bohai algae (Wang, 2012).

Thermal Maturity

As mentioned above, the vitrinite is rare in most
samples, and the vitrinite values for vitrinite reflec-
tance (R,) measurement in every sample range from 8
to 15 in this study. Therefore, the plots of HI versus
Tmax and R, are both used to analyze the thermal
maturity synthetically. The R, ranges from 0.46%
to 0.74%. The Es4s-Es3x shale is thermally mature,
which is also supported by the T,,.. value between
430°C and 450°C (806°F-842°F) (Figure 8).

PORE CHARACTERISTICS
Interparticle Pores

Interparticle pores identified from FESEM secondary
electron images mostly occur within the clay floc-
culates, fecal pellets, quartz, feldspars, and framboidal
pyrite grains. In the Es4s—Es3x shale, some residual
interparticle pores persist between compacted grains
that underwent burial, for example, the pores at
the edge of organic-matter grains, framboidal pyrite
grains, and clay minerals (Figure 9A-C), with pore
sizes ranging from 0.5 to 2.5 um. These pores are
typically irregular and occur at the grain edge.

Organic-Matter Pores

Round to oval-shaped organic-matter pores exist
within densely beaded or “honeycomb” masses within
the organic matter. Organic-matter pores range in
diameter from 50 to 500 nm, with a small amount
up to 1 um (Figure 9D-F). In the Es4s—Es3x shale,
organic pores are common but not well developed.
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Figure 8. Plot of the hydrogen index (HI) vs. the pyrolysis

maximum yield temperature (T,a,) for the Shahejie Formation

Es4s-Es3x shale, showing the kerogen quality and thermal ma-
turity stages. HC = hydrocarbons; TOC = total organic carbon.

The formation of organic-matter pores is related
to organic-matter maturation and hydrocarbon
generation (Loucks et al., 2012). During the process
of organic-matter maturation, organic-matter pores
develop in the organic matter and clay minerals
rich in organic matter, forming honeycomb pores,
which can be observed by FESEM (Figure 9E).
Loucks et al. (2012) showed that organic pores
were absent or extremely rare in the Barnett Shale
at levels of thermal maturity of less than 0.6% R,.
Schieber (2010) noted that the type of organic
matter may control the organic pore formation in
thermally mature rocks. Studies suggest that type I
and type II kerogen may be more prone to the
development of organic pores than type III kero-
gen (Slatt and O’Brien, 2011). In the Es4s-Es3x
shale, the TOC content is typically high: up to
8.6 wt. %. The types of organic matter in the
Es4s—Es3x shale are type I and type II kerogen. Yet,
few organic-matter pores were observed because
of the relatively low level of thermal maturity

(0.46%-0.74% R.).

Dissolution Pores

Dissolution pores are observed in calcite and
feldspar grains. The dissolution of calcite laminae
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forms dissolution pores extending along the lam-
ina edge (Figure 9G). The dissolution pores are
elliptical, with pore sizes ranging from 0.1 to 2 um
(Figure 9H, J).

The formation of dissolution pores is thought to
be related to organic acids formed during hydrocar-
bon generation. As mentioned above, the organic
matter of Es4s-Es3x shale reaches the mature stage,
which will generate abundant organic acidic fluids.
These acidic fluids partially dissolve the carbonate
and feldspar minerals, resulting in the dissolution
pores.

Intracrystalline Pores

Grain-size analyses of modern mud suggest that
most particles that are smaller than 10 um are de-
posited as floccules (Aplin and Macquaker, 2011).
This provides an important mechanism for mud
transportation. Floccules are lumps of electro-
statically charged clay flakes that sink toward the sea
floor in ion-enriched seawater. The floccules can
form a “card-house” structure (Bennett et al., 1991).
The floccules are porous, which has been con-
firmed by the freeze-dried flocculated illite in
distilled water (O’Brien, 1971), and the porous
floccules are available for hydrocarbon storage
(Slatt and O’Brien, 2011). The floccule pores are
1-10 um (Figure 9J) and rich in the clay-rich

laminae or shale (Figure 9K). These pores are
well connected, which can provide effective path-
ways for hydrocarbon flow. Some pores contain
solid bitumen cement (degraded oil) (Figure 9L),
fully demonstrating the effectiveness of these pores.

Deposited in the semideep-lake reducing envi-
ronment (Zhu et al., 2005; Wang, 2012), the Es4s—
Es3x shale contains abundant pyrite, which pre-
dominately exists as pyrite framboids. Framboid
diameters range from 1 to 10 um. Large amounts
of intracrystalline pores exist among the pyrite
crystals (Figure 9M). These pores are 20-50 nm and
connective within the pyrite framboids, whereas
the pyrite framboids are relatively isolated. These
pores are effective for shale gas and oil storage,
whereas the oil in these pores is relatively difficult
to extract because of the small pore size.

Recrystallization intercrystal pores, including
calcite recrystallization intercrystal pores (Figure
ON) and dolomite recrystallization intercrystal
pores (Figure 90), are common in the Es4s-Es3x
shale. They are mostly developed in the recrys-
tallized calcite, and a few are developed in the
dolomite. Compared with the dolomite recrys-
tallization intercrystal pores, the calcite recrys-
tallization intercrystal pores have larger pore
diameters, ranging from tens to hundreds of mi-
crons, with bitumen filling in the pores (Figure 9N).
The dolomite recrystallization intercrystal pores
are typically less than 5 pum.

Figure 9. Representative pore types. (A)-(C) Field-emission-scanning electron microscope (FESEM) images illustrating intergranular
and intercrystalline pores with Ar-ion-beam polishing samples (APS). (A) Pores at the edge of organic matter (OM) grain, well NY1,
3436.23 m (11,273.72 ft). (B) Pores at the edge of pyrite framboid with pore sizes of approximately 2 um, well LY1, 3662.1 m (12,014.76 ft),
APS. (C) Pores between clay platelets with pore sizes approximately 1-5 um, well NY1, 3436.23 m (11,273.72 ft). (D)-(F) The FESEM images
illustrating organic pores with APS. (D) Beaded organic pores with pore sizes of approximately 50-500 nm, well N38, 3350 m (10,990.81 ft).
(E) Honeycomb organic pores with pore sizes of approximately 20-1000 nm, well LY1, 3662.1 m (12,014.76 ft). (F) Organic pores
associated with pyrite, pore sizes of approximately 0.05-2 um, well LY1, 3805.95 m (12,486.71 ft). (G)-(O) Intraparticle pores. (G) Thin-
section image illustrating interpreted interlaminar fractures and possible dissolution pores (blue [in online version]) along the edge of calcite
laminae, well N38, 3332.7 m (10,934.06 ft), cross-polarized light. (H) An FESEM image illustrating interpreted dissolution pores in calcite
with pore sizes of approximately 0.1-2 um, well FY1, 3331.55 m (10,930.28 ft), non-Ar-ion-beam polishing sample (NAPS). (I) An
FESEM image illustrating interpreted dissolution pores in feldspar grains with pore sizes of approximately 0.5-2 um, well N38, 3266.11 m
(10,715.58 ft), NAPS. (J) An FESEM image illustrating “card-house” porous floccules with the pore sizes of approximately 1-10 pm, well
FY1, 3308.4 m (10,854.33 ft), NAPS. (K) An FESEM image illustrating enrichment of multiple floccule pores in the clay laminae with
average pore sizes of approximately 5 pum, well NY1, 3436.23 m (11,272.96 ft), APS. (L) An FESEM image showing clay-mineral floccule
intercrystalline pores partially filled with bitumen, well NY1, 3436.23 m (11,272.96 ft), APS. (M) An FESEM image illustrating pores
between pyrite crystals in the framboid with the pore sizes of approximately 20-50 nm, well N38, 3297.7 m (10,819.25 ft), APS. (N) Thin
section illustrating interpreted pores in recrystallized calcite with the pore sizes of approximately 5-50 pum, well FY1, 3419.6 m
(11,219.16 ft), plane-polarized light. (O) An FESEM image illustrating intercrystalline pores in recrystallized dolomite with pore sizes
of approximately 0.5-5 um, well NY1, 3460.53 m (11,353.44 ft), NAPS. Cc = calcite; Fs = feldspar.
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Figure 10. Fracture characteristics. (A) Multiple sets of tension fractures (microfaults) exhibiting offset laminae of 2-10 mm, well NY1,
3379.51 m (11,087.63 ft). (B) Low-angle shear fractures with smooth and straight fracture surfaces, well NY1, 3323.7 m (10,904.53 ft). (C)
Interlaminar fractures along laminae, well NY1, 3410.46 m (11,189.17 ft). (D) Well-developed interlaminar fractures in the shale, well NY1,
3457.7 m (11,344.16 ft). (E) Vertical stylolites interpreted as expulsion fractures, partially filled with bitumen, well NY1, 3401.45 m
(11,159.61 ft). (F) Field-emission-scanning electron microscope (FESEM) image illustrating mineral-contraction fractures with 1-4 um
widths and 5-20 um lengths, well NY1, 3301.16 m (10,830.58 ft), non-Ar-ion-beam polishing sample (NAPS). (G) An FESEM image
illustrating mineral-contraction fractures with 0.5-2 pm widths and 10-20 pum lengths, well NY1, 3474.55 m (11,399.44 ft), NAPS.

FRACTURE CHARACTERISTICS
Tectonic Fractures

The observation of well cores shows that the fracture
surface is straight, laminae are typically faulted, and
some fractures are partially or completely filled with
calcite (Figure 10A, B). These fractures extend
2-20 cm (0.8-8 in.), with the fractures having
openings of 50-200 um. Tectonic fractures are
abundant in the Es4s—Es3x shale and greatly con-
tribute to reservoir permeability in the area. The

1850 Shale Oil Potential of Lacustrine Black Shale

fracture network formed because of the tectonic
stress. The high brittle-mineral content is conducive
to the development of tectonic fractures.

Interlaminar Fractures

Interlaminar fractures are characterized as long and
continuous (Figure 10C, D), with fractures having
openings of 50-200 um. These fractures develop along
the laminae and between different laminae, such as
the calcite laminae, clay-rich laminae, and silt-rich



laminae. The fractures can be generated because of
differences in the mechanical properties of different
laminae. The interlaminar fractures are well developed
in laminated shale and can be an excellent lateral mi-
gration channel as well as important storage space for
shale oil and gas.

Abnormal-Pressure Fractures

Observed in well cores, the fracture surfaces are short
and typically irregular. These fractures extend sub-
vertically through undisturbed laminae (Figure 10E).
The fractures typically extend 2-10 cm (0.8-4 in.),
with fractures opening 50-200 um. These fractures
are abundant in organic-rich lithofacies and nearly
perpendicular to the laminae. The fractures are ir-
regular, bifurcated, and filled with bitumen, sug-
gesting that they are nontectonic fractures and act as
the pathway for hydrocarbon expulsion. The forma-
tion of these fractures may be related to the local
abnormal pressure generated during the evolution
of organic matter (Ding et al., 2012; Jiu et al., 2013).
In the closed shale system, the hydrocarbon genera-
tion can create sufficient pressure to exceed the frac-

ture threshold of the rock fabric (Jarvie et al., 2007).

Mineral-Contraction Fractures

The fractures are 5-50 um in length and 0.5-5 um in
width. Mineral-contraction fracture commonly oc-
curs in the clay-rich laminae. The generation of these
microfractures is related to the contraction of clay
minerals. In the Es4s-Es3x shale, the clay minerals
are illite and illite-montmorillonite mixed layers.
The dehydration of clay minerals and the hydrocar-
bon expulsion of organic matter lead to the genera-
tion of many microfractures in the clay laminae
during the diagenesis process (Aplin and Macquaker,
2011), both of which can be valid reservoir space
in shale (Figure 10F, G).

DISCUSSION

Impact of Organic Matter on Reservoir
Properties

Organic-matter pores in shale gas reservoirs are
widely reported (Slatt and O’Brien, 2011; Loucks

et al.,, 2012; Liang et al., 2016); however, whether
such porosity is effective in shale oil reservoirs re-
mains unclear. Although the TOC content typically
has a roughly positive correlation with the porosity
(Figure 11A), organic pores do not appear in large
numbers in the Es4s—Es3x shale based on the FESEM
observations after Ar-ion polishing, which means
that organic pores likely do not act as the main stor-
age space. How the TOC content controls the char-
acteristics and porosity of a reservoir remains unclear.

Pores other than organic pores are related to
trends in organic matter. As noted above, organic acid
expelled during the organic-matter evolution may
dissolve carbonate minerals and feldspar, generating
dissolution pores (Figure 9H). Meanwhile, organic-
matter evolution is prone to cause recrystallization,
accompanied by large intercrystal pores, which
commonly occur in the recrystallization calcite and
dolomite. Zones with a higher TOC content are
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Figure 11. Relationship between (A) porosity, (B) fracture
density, and total organic carbon (TOC) content.
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thought to generate more organic acid, causing
more micritic calcite to recrystallize and grow into
larger crystals. The dissolution and recrystallization
caused by the hydrocarbon generation provide re-
crystallization intercrystal pores (Figure 9N), disso-
lution pores, and interlayer storage space, increasing
the porosity to a certain extent. Furthermore, the
recrystallization of calcite causes changes in the
mechanical properties of rocks and increases the
brittleness of the rock (Li, 2013), which is benefi-
cial for shale reservoir fracturing.

Organic matter in shale reservoirs also impacts
fracture development. Statistics show that fracture
development is closely related to the TOC content,
and the fracture density increases exponentially
with TOC content (Figure 11B). This correlation
occurs because the carbon left after organic-matter

Present depth Thickness

TOC content (%) Ro (%)

2 3mi 0 400 800 1200ft 0

expulsion increases the brittleness of shale and easily
generates factures in the external force.

Hydrocarbon Generation and Reservoir
Brittleness

The Es4s-Es3x shale of the Dongying depression is
predominantly type I kerogen, which is the type of
organic matter most advantageous for hydrocarbon
generation potential (Slatt and O’Brien, 2011; Loucks
et al., 2012). This shale is thermally mature (0.46% <
R, <0.74%) and has entered the oil window. An
abundance of organic matter provides the neces-
sary material basis for the enrichment of shale oil.
For shale reservoirs, the hydrocarbons are pro-
duced in situ (Jarvie et al., 2007; Curtis et al., 2012;
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Figure 12. Comparison of Shahejie Formation Es4s—Es3x lacustrine shale with other shales in China and the United States (data obtained
from the references shown in Table 5). R, = vitrinite reflectance; TOC = total organic carbon.
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Zou et al., 2013). Therefore, the effective thickness of
the shale becomes another important indicator of shale
oil enrichment. The Es4s-Es3x shale was de-
posited in arelatively stable deep-water environment,
characterized by a wide horizontal distribution and
relatively continuous vertical thickness. The
thickness of organic-rich shale (TOC > 2 wt. %) is
greater than 50 m (164 ft), and the area can reach
1024 km® (395 mi?) (Wang et al., 2013). The
source-rock quality, thermal maturity, and effective
thickness of organic-rich shales are advantageous for
hydrocarbon generation.

Studies reveal that rock brittleness is related to
the mineral composition and increases with an
abundance of brittle minerals (Curtis, 2002; Liang
et al., 2014). Tectonic processes, diagenesis, and ar-
tificial fracturing can form large quantities of differ-
ent scales of fractures in brittle strata, which may
interconnect isolated pores, thus creating migration
pathways within the shale (Gale et al.,, 2007, Tang
etal,, 2012; Jiu et al., 2013; Ferrill et al., 2014). As noted
above, the content of brittle minerals in the Fs4s-Fs3x
shale ranges from 51 to 87 wt. %, with an average of
72 wt. %. The relatively high content of brittle minerals
facilitates artificial fracturing during the exploitation of
shale oil and gas. With the increase of compaction and
maturity, unstable clay minerals gradually transform
into more stable clay minerals (such as illite), which
make shale dense. In addition, some microquartz
originated from the desiliconization of clay minerals,
increasing the brittle-mineral content and the quartz/
quartz + calcite + clay ratio, which is closely related to

3.0

Chloroform bitumen A
L

MM LL-2 LGM LDM LL-1 LCM LM

Figure 13. Chloroform bitumen “A” of different lithofacies.
LCM = laminated calcareous mudstone; LDM = laminated
dolomite mudstone; LGM = laminated gypsum mudstone;
LL-1 = organic-rich laminated limestone; LL-2 = organic-poor
laminated limestone; LM = laminated marl; MM = massive
mudstone.
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the brittleness. Therefore, the brittleness of shale is
also impacted by the diagenesis (Jarvie et al., 2007;
Li, 2013).

The Es4s-Es3x shale was deposited in the
semideep and deep lake environment and formed
at the basin expansion phase. The depositional
environment and process of the lacustrine carbonate-
rich Es4s-Es3x shale are different from the marine-
continental transitional and marine shales, such as
the Shanxi Formation in the Liaohe depression, the
Yanchang Formation in the Ordos Basin and Bohai
Bay Basin, and the Cambrian Niutitang and Silurian
Longmaxi shales in Sichuan Basin, South China (Bai
etal., 2009; Hao et al., 2013; Wang et al., 2014; Nie
etal., 2016). Comparative analysis demonstrated that
the TOC content and carbonate minerals of lacus-
trine shale are much higher compared with the
marine and marine-continental transitional shale
(Figure 12; Table 5).

In addition, compared with some major shales in
the United States, the Es4s—Es3x shale is characterized
by deep burial depth, low thermal maturity, high
carbonate content, and low quartz content (Figure 12;
Table 5). These differences affect the types of pores
developed in the Es4s-Es3x shale as compared
with most marine shales (Hill et al., 2007; Jarvie
etal., 2007; Wangetal., 2014; Yangetal., 2015). As
mentioned above, the organic-matter pores are
the key storage space in the marine gas shales but
not in the Es4s-Es3x shale. The carbonate re-
crystallization intercrystal pores and dissolution
pores act as the main matrix pores in the Es4s—-Es3x
shale. The differences in lithology, pore type, and
thermal maturity will bring new challenges of
lacustrine-shale oil and gas exploration and ex-

ploitation (Wu et al., 2013; Zou et al., 2013).

The “Sweet Spot”

For shale reservoir exploration, achieving the sweet
spot (the favorable lithofacies) is critical. In contrast
to the various lithofacies noted above, the LL-1
contains abundant reservoir space, such as re-
crystallization intercrystal pores, interlaminar frac-
tures, and organic pores (Table 3); LL-1 has high
TOC content (average of 4.68 wt. %), chloroform
bitumen A content (average of 2.6 wt. %, Figure 13),
and brittle-mineral content (average of 70 wt. %). For



high-quality shale reservoirs, abundant reser-
voir space and good connectivity, high organic
abundance and hydrocarbon potential, high brit-
tleness, and other factors are indispensable
(Montgomery et al., 2005; Hill et al., 2007; Jarvie
et al., 2007).

The cumulative thickness of LL-1 is 36 m
(118 ft) in the Es4s—Es3x shale of well NY1, with
single-bed thickness of 2-6 m (7-20 ft). In addition,
LL-1 is associated with other lithofacies with rela-
tively good reservoir properties and hydrocarbon
potential, such as laminated calcareous mudstone
(LCM) and laminated marl (LM). The Es3x-2 in
which the LL-1 is well developed is the most fa-
vorable exploration interval (Figure 6).

CONCLUSIONS

Lacustrine black shale is well developed in the
Dongying depression and primarily developed as
five lithofacies: laminated limestone, LM, LCM,
laminated gypsum mudstone, and MM. Evaluation
of the organic geochemical and petrographic data
shows that the calcareous organic-rich lithofacies
possess good potential for hydrocarbon genera-
tion. Reservoir spaces include pores and fractures:
interparticle pores, organic-matter pores, dissolu-
tion pores, intracrystalline pores, interlaminar
fractures, tectonic fractures, and abnormal-pressure
fractures. Organic-matter pores are the key storage
space in marine gas shales but are poorly developed in
the Es4s-Es3x shale because of low thermal matu-
rity. The recrystallization intercrystal pores and dis-
solution pores associated with the organic-matter
evolution are the main form of matrix pore storage.
The high organic-matter content and effective
thickness of the organic-rich shales are the basis
for the hydrocarbon generation and accumulation.
The relatively high brittle-mineral content (up to
87%) facilitates both natural and artificial fractures
that are believed to be critical for exploitation of the
shale oil. The Es4s-Es3x shale is characterized by
deep burial depth, low thermal maturity, high
carbonate content, and low quartz content. Un-
derstanding these differences of marine and
lacustrine shales helps with analyzing the lacustrine-
shale oil exploration potential and favorable ex-
ploration target selection.
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