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Abstract: The shale oil reservoir of the Lucaogou Formation in the Jimsar Sag has undergone tectonic
movement, regional deposition and complex diagenesis processes. Therefore, various reservoir
space types and complex combination patterns of pores have developed, resulting in an intricate
pore throat structure. The complex pore throat structure brings great challenges to the classification
and evaluation of reservoirs and the efficient development of shale oil. The methods of scanning
electron microscopy, high-pressure mercury injection, low-temperature adsorption experiments and
thin-slice analysis were used in this study. Mineral, petrology, pore throat structure and evolution
process characteristics of the shale oil reservoir were analyzed and discussed qualitatively and
quantitatively. Based on these studies, the evolution characteristics and formation mechanisms of
different pore throat structures were revealed, and four progressions were made. The reservoir space
of the Lucaogou Formation is mainly composed of residual intergranular pores, dissolved pores,
intercrystalline pores and fractures. Four types of pore throat structures in the shale oil reservoir of
the Lucaogou Formation were quantitatively characterized. Furthermore, the primary pore throat
structure was controlled by a sedimentary environment. The pores and throats were reduced and
blocked by compaction and cementation, which deteriorates the physical properties of the reservoirs.
However, the dissolution of early carbonate, feldspar and tuffaceous minerals and a small amount
of carbonate cements by organic acids are the key factors to improve the pore throat structure of
the reservoirs. The genetic evolution model of pore throat structures in the shale oil reservoir of the
Lucaogou Formation are divided into two types. The large-pore medium-fine throat and medium-
pore medium-throat reservoirs are mainly located in the delta front-shallow lake facies and are
characterized by the diagenetic assemblage types of weak compaction-weak carbonate cementation—
strong dissolution, early medium compaction—-medium calcite and dolomite cementation-weak
dissolution. The medium-pore fine throats and fine-pore fine throats are mainly developed in
shallow lakes and semi-deep lakes. They are characterized by the diagenetic assemblage type of
strong compaction—strong calcite cementation-weak dissolution diagenesis. This study provides a
comprehensive understanding of the pore throat structure and the genetic mechanism of a complex
shale oil reservoir and benefits the exploration and development of shale oil.

Keywords: Jimsar Sag; Lucaogou Formation; shale oil reservoir; pore throat structure; genetic mechanism

1. Introduction

In recent years, the exploration and development of shale oil have developed rapidly in
China, which is currently a research hotspot of unconventional hydrocarbon resources [1-4].
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In China, shale oil is mainly developed in Mesozoic and Cenozoic lacustrine shale strata in
the continental basins. It has huge exploration and development potential [5-9]. Compared
with other reservoirs, shale oil reservoirs are usually characterized by a combination of
multi-scale, multi-type pores, fractures and pore throat structures [10-13]. The study of
microscopic scale pore structure is very important for unconventional reservoir evalua-
tion [14,15], especially for shale oil reservoirs with complex sedimentary environments,
rapid lithological changes and strong heterogeneity. It is difficult to identify the type of
microscopic pore throat structure due to the significant variation of the size of the nano-
scale pore throat. The complex pore throat structure has also brought great challenges
to the quantitative characterization of the pore throat structure in shale oil reservoirs,
which seriously hinders the comprehensive evaluation and efficient exploration of shale
oil [16-21]. Many scholars have proposed discriminant indexes for pore throat structure
and realized a quantitative characterization of pore throat structure. For example, Liu Li
et al. used the high-pressure mercury intrusion testing technology to obtain the microscopic
pore structure parameters of pore throat size, distribution and connectivity of shale oil
reservoirs in the Jiyang Depression and analyzed the contribution degree of different scale
pore throats to seepage capacity. The previous researches mainly focused on a single layer
and discussed the characterization techniques of the pore throat structure of different
lithologies in shale oil reservoirs [22-27]. These studies deepen the understanding of the
pore throat structure in shale oil reservoirs. However, the microstructure and genetic
mechanism between layers have not been compared, and the effects of sedimentation and
diagenetic evolution on microscopic pore throat structure have not been explained.

The shale oil in Jimsar Sag, Junggar Basin, is the first national shale oil demonstration
area in China. It has been a hot spot in the field of shale oil exploration and development [10].
The depositional environment of the reservoir of the Lucaogou Formation in Jimsar Sag is
in a typical salty lacustrine, which is characterized by different types of lithologies. The
Lucaogou Formation has experienced complex deposition, diagenesis and transformation
due to the alternation action between tectonic movement and acid-base fluids. Therefore,
the shale oil reservoir in Jimsar Sag shows a complex pore throat structure and obvious
heterogeneity [28,29]. At present, some problems about the studies of the shale oil reservoir
in Jimsar Sag to be resolved are: (1) the methods of quantitative characterization and
classification of the pore structure in the shale oil reservoir are not established; (2) the
primary controlling factors of the difference of the pore structure in the shale oil reservoir
are not revealed. (3) The genetic evolution models of different pore throat structures are
still unclear. Therefore, solving these problems has great significance in improving the
exploration and development of shale oil.

In this study, the mineral, petrology, pore throat structure and evolution process char-
acteristics of shale oil reservoir were discussed qualitatively and quantitatively by the meth-
ods of scanning electron microscopy, high-pressure mercury injection, low-temperature
adsorption experiments and thin-slice analysis. We finally established the genetic evolution
model of the pore throat structure in the shale oil reservoir. This study clarifies the pore
throat structure and the genetic mechanism of a complex lithological shale oil reservoir
and benefits the exploration and development of shale oil.

2. Geological Setting

The Jimsar Sag is located southwest of the eastern uplift of the Junggar Basin (Figure 1a).
It is deposited on the folded basement of Middle Carboniferous with obvious boundary
characteristics [30-32]. The depression is bounded by the Xidi Fault and Qingl Well South 1
fault to the west, the Jimsar Fault to the north, and the Santai Fault to the south (Figure 1b).
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Figure 1. Geographical location (a) and regional structural map (b) of Jimsar Sag in the Junggar Basin.

The Jimsar Sag has experienced multiple tectonic movements such as Hercynian, Indo-
China, Yanshan and Himalayas [33]. These tectonic movements made the west subside and
the east uplift. Faulting and uplifting occurred simultaneously in the south and north, but
the intensity of deformation was higher in the north. All formations below the Cretaceous
in the eastern part suffered denudation. In general, the Lucaogou Formation deposited
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a relatively complete set of strata from the Permian to the Quaternary [34-37] (Figure 2).
The Lucaogou Formation is thick in the west and south, and becomes thin towards the

surrounding uplifts (Figure 3).
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Figure 2. Stratigraphic column of Jimsar Sag in the Junggar Basin.
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Figure 3. E-W (a) and S-N Stratigraphic characteristics (b) of Jimsar Sag in Junggar Basin.

During the deposition period of the Lucaogou Formation, the provenance mainly
came from the surrounding paleo-uplift. The climate was arid and the salinity of water
was high, which were beneficial for the accumulation of organic matter and the chemical
precipitation of dolomite. With the continual increase in water salinity, a large number of
alkaline minerals were developed in the sag and a relatively independent saline lacustrine
deposition system was formed [34].

3. Data and Methods

This study was based on geological data from six wells covering the different sed-
imentary facies. The X-ray diffraction (XRD) analysis, physical property analysis and
scanning electron microscopy (SEM) were used to determine the reservoir characteristics
of the Lucaogou Formation in Jimsar Sag. Then, the pore throat structure was described
quantitatively by the CT scan, nitrogen adsorption experiment and high-pressure mercury
intrusion experiment. The genetic evolution model will be established by the diagenetic
evolution sequence and different diagenesis.

4. Results
4.1. Petrological and Mineralogical Characteristics

The shale oil reservoir of the Lucaogou Formation in the Jimsar Sag has complex
lithology. The dominant lithology of the Lucaogou Formation can be divided into two
categories and six subcategories under the microscope (Figure 4). Clastic rocks are mainly
fine-grained sediments, including the dolomite sandstone, fine dolomite sandstone, lithic
feldspar fine sandstone and silty mudstone. Carbonate rocks are mainly microcrystalline
dolomite and sandy dolomite.
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Figure 4. Rock types of the Lucaogou Formation in Jimsar Sag. (a). Sandy dolomite. J10012, 3171.7 m, (—) x 200. Dolomite
minerals and felsic minerals are the main mineral compositions and the intergranular pores are filled with organic matter;
(b). Dolomite sandstone. J10016, 3456.37 m, (—) x 100. The intergranular dissolution pores are filled with organic matter;
(c). Dolomite siltstone, J10016, 3320.82 m, (—) x 100. The dolomite minerals in the form of microscopic particles are the

main mineral compositions. The intergranular pores (slits) are distributed along the layer and filled with organic matter;

(d). Microcrystalline dolomite. J10012, 3195.73 m, (—) x 100. The dolomite minerals and felsic minerals are the main

mineral compositions, the intergranular micropores are filled with organic matter; (e). Feldspar detritus sandstone. J10014,

3233.38 m, (—) x 50. The pores are mainly the residual intergranular pores with fine-grained sand-like structure, and the
pores are filled with some of the organic matter; (f). Silty mudstone, J10013, 3192.55 m, (—) x 100. Some of the silt sand
developed in the horizontal bedding.

The mineral components of the Lucaogou Formation in Jimsar Sag mainly consist
of carbonate components, terrigenous clastic components and pyroclastic components.
The minerals mainly consist of quartz, potash feldspar, plagioclase, calcite, dolomite, iron
dolomite, clay minerals and other minerals (Figure 5). The average of feldspar mainly
varies from 5.8% to 29.3%, including potash feldspar and plagioclase. The averages of
quartz and dolomite are similar. The average content of clay is relatively low with an
average of 8.6%. Frequent changes in the vertical distribution indicate that the rock types
of the Lucaogou Formation in Jimsar Sag are complex and changeable (Figure 6). The
frequent changes also reflect that the shale oil reservoir of the Lucaogou Formation in the
Jimsar Sag develops a set of mixed sedimentary rocks.

4.2. Physical Characteristics

The core porosity varies from 0.49 to 21.80% and is mainly distributed in 6.0-19.0%
with an average of 11.35%. The core permeability varies from 0.01 to 1.24 mD and mainly
distributed in 0.01-0.10 mD with an average of 0.14 mD (Table 1). The correlation between
the porosity and permeability of the Lucaogou Formation shale oil reservoir in the Jimsar
Sag is poor. The range of permeability corresponding to the same porosity varies greatly,
reflecting the complex porosity—permeability relationship of the shale oil reservoir in the
Lucaogou Formation of Jimsar Sag (Figure 7).
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Table 1. Porosity and permeability of the reservoir.
Physical Parameters Minimum Max Main Interval Average

Porosity /% 0.49 21.80 6.0-19.0 11.35

Permeability /mD 0.01 1.24 0.01-0.10 0.14
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Figure 7. Correlation diagram of the porosity and permeability of the Lucaogou Formation.

The physical properties of different lithologies are quite different (Figures 8 and 9).
The porosity of feldspar detritus sandstone mainly ranges from 6.0 to 10.0% and the
permeability is mainly distributed in 0.01-1.00 mD. The porosity of dolomitic sandstone
mainly ranges from 2.0 to 8.0%, and the permeability is mainly distributed in 0.01-0.02 mD.
The porosity of sandstone dolomite mainly ranges from 4.0 to 8.0%, and the permeability is
mainly distributed in 0.01-0.32 mD (Table 2). In general, the feldspar detritus sandstone
has the best physical properties and the sandy dolomite is relatively poor.

B Sandstone dolomite Feldspar detritus sandtone M Dolomitic sandstone
45 42
g 24
()
&
e
S5
11
2
0 0 !
—
0-4 4-8 8-12 12-16 16-20 >20
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Figure 8. Frequency distribution of the porosity of the different lithologies in the Lucaogou Formation.
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Figure 9. Frequency distribution of the permeability of the different lithologies in the Lucaogou Formation.

Table 2. Porosity and permeability of the various reservoir rocks.

Lithology
Physical Parameters Feldspar Detritus Dolomitic Sandy
Sandstone Sandstone Dolomite
Max 21.80 13.80 19.80
Minimum 0.50 0.49 1.58
Porosity /% Main interval 6.0-10.0 2.0-8.0 4.0-8.0
Average 11.97 9.98 8.54
Standard deviation 452 4.88 4.65
Max 1.24 1.13 1.83
Minimum 0.01 0.03 0.01
Permeability /mD Main interval 0.01-1.00 0.01-0.02 0.01-0.32
Average 0.18 0.10 0.04
Standard deviation 0.29 0.10 0.47

4.3. Diagenesis Characteristics
4.3.1. Compaction

The shale oil reservoir has widely experienced a medium-intense degree of compaction,
which can be divided into chemical and mechanical types. The dolomite has a single
component and a massive structure with relatively strong compaction. The massive felsic
minerals in the sandy dolomite are distributed directionally by the compaction (Figure 10a).
The content of quartz gradually increases, resulting in the increase in porosity and the
reduction in compaction. The mineral particles in the dolomite siltstone are in obvious line
contact. The sandy dolomite has medium compaction strength and poor rounding.
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Figure 10. Diagenesis types of the Lucaogou Formation in Jimsar Sag. (a). Sandy dolomite, J10016, 3320.82 m, (—) x 200.
The silty felsic minerals show a directional distribution, and a small amount of iron dolomite crystals are uniformly
distributed. Some intergranular micropores are filled with organic matter; (b). Feldspar detritus sandstone, J10012, 3157.7 m,
(=) x 100. The dissolved pores of feldspar are developed. Residual intergranular pores and intergranular dissolved pores
are filled with some organic matter; (c). Lime sandstone, J251, 3767.61 m, (—) x 50. The cementation is strong. The calcite
has the fine-grained structure among the clastic particles, and the surface of the feldspar particles is dirty from dissolving
soil; (d). Feldspar detritus sandstone, J43, 3495.83 m, (—) x 50. The calcite is squeezed between clastic particles and
produced in the form of cement. A large amount of andesite lithic sandstone and pyrite are filled in the intergranular pores;
(e). Feldspar detritus sandstone. J10014, 3233.38 m, (—) x 50. Fine-grained sand-like structure. The pores are mainly the
residual intergranular pores and most of the organic matter is filled in the pores; (f). Feldspar detritus sandstone, J10012,
3157.7 m, (—) x 100. Feldspar is dolomitized by iron dolomite. Intergranular dissolved pores are filled by dolomite and clay

10 of 25

mixed base. The residual intergranular pores are filled with some organic matter.

4.3.2. Dissolution

The shale oil reservoir has an obvious dissolution phenomenon under the action
of acid-base fluid alternating dissolution transformation. The physical properties of the
reservoir have been greatly improved (Figure 10b,e). The surface or edge of quartz and
feldspar mineral particles in sandy dolomite and lime dolomite has different degrees of
dissolution. The intercrystalline pores of dolomite are relatively developed and filled
with organic matter. The dissolution of dolomitic sandstone is relatively strong. The
microcrystalline clay minerals, felsic minerals, and microscopic dolomite minerals are
distributed alternately in the rock. The micropores between grains are directional and most
of the pores are filled with organic matter.

4.3.3. Cementation

The shale oil reservoir has different types of cementation. It is mainly based on
calcite cementation, clay mineral cementation and siliceous cementation (Figure 10c). The
cementation of sandy dolomite is obvious, which is mainly manifested in the distribution
of spun calcite and pyrite crystal aggregates. Dolomite sandstone is mainly cemented by
calcite or iron dolomite. Pyrite crystals and calcite aggregates are distributed in granular
and plaque shapes. Feldspar detritus sandstone is in point-line contact, and the cementation
type is mostly pore-contact cementation. The calcite crystals are squeezed between the
clastic particles, resulting in the cements (Figure 10d). The pyrite crystal aggregates are
filled in the intergranular pores in the form of round particles. Most of the calcites are
strongly replaced by feldspar fragments and some of the feldspar fragments are replaced
by calcite along the cleavage joints (Figure 10f). Feldspar detritus sandstone is mainly
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represented by the replacement of granular plagioclase by clay minerals. Part of the
mudstone clastics is chloritized, and the secondary growth of feldspar and quartz can
be seen.

4.4. Pore Structure
4.4.1. Reservoir Spaces

The pore space of the shale oil reservoir comprises the organic pore, inorganic pore
and microfracture (Figure 11). Organic pores mainly consist of primary and dissolved
organic pores. Inorganic pores can be divided into primary pores and secondary pores,
including the intergranular pore of minerals, intragranular pore of minerals, intercrystalline
pore and intracrystalline pore (Table 3).

Figure 11. SEM images of the shale samples of the Lucaogou Formation in Jimsar Sag. (a). Dolomite sandstone. J10022,
3469.7 m. Albite is partially chloritized and some interlayer seam (Is) and Intercrystalline pores (Ip) can be seen in the thin
section; (b). Dolomite sandstone. J10022, 3469.9 m. Albite is dissolved to form intragranular pores (Ip), filled with a small
amount of clay minerals; (c). Dolomite sandstone. J10022, 3457.9 m. The dissolved pores (Dp) are filled with the scattered
organic matter (Om) and clay minerals (Cm); (d). Dolomite siltstone. J10016, 3317.5 m. The network of micro-cracks and a
small amount of dissolved pores (Dp) are formed by the dissolution of albite (Ab); (e). Feldspar detritus sandstone. J10016,
3296.4 m. The intragranular pores (Ip) are formed by the dissolution of lithic, which are partially filled by clay minerals
(Cm) and authigenic quartz (Q); (f). Feldspar detritus sandstone. J10016, 3452.2 m. The intragranular dissolved pores (Idp)
are filled with authigenic quartz crystals and a small amount of clay minerals (Cm); (g). Sandy dolomite. J10016, 3317.1 m.
The intergranular pores (Ip) are filled with the authigenic quartz crystallites and a small amount of clay minerals, and the
intercrystalline pores develop in the quartz; (h). Feldspar detritus sandstone. J10016, 3296.4 m. The chlorite intercrystalline
pores (Ip) developed in the feldspar and some rutile aggregates (Rn) can be seen in the thin section; (i). Feldspar detritus
sandstone. J10016, 3296.4 m. The detrital minerals are broken by the organic matter. Organic matter pores and microcracks
(M) developed between organic matter (Om) and detrital minerals.
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Table 3. Reservoir space type of the Lucaogou Formation in Jimsar Sag.

Cause . Pore
Type Pore Type Cause Mechanism Feature Size/um

Residual Mostly triangular or

Pri intergranular 1 idual polygonal generally
rimary pores Mostly residual pores AN 30-80
pores between particles 1stributed in
Intercrystalline isolation poor
pores connectivity
.Intergranular Partial dissolution of
dissolution pores .
particles such as feldspar
Secondary  Matrix dissolution or cuttings and partial Irregular, scatter(.ed, >0.01
pores pores dissolution of interstitials ~Small pores and fine

form interstitial throat

Intercrystalline
Y dissolution pores

dissolution pores

The primary pores are mainly remaining intergranular pores with clear pore bound-
aries, and the particles are not filled by miscellaneous bases and cements. They are one
kind of the important storage spaces in the reservoir. The secondary pores are mainly
produced by the dissolution, which are generally developed in most of the lithology in
the reservoir. They are the most important pore type in the reservoir. A microfracture
can be occasionally observed in the study area, but they are relatively undeveloped. The
intragranular pores, intergranular pores and intercrystalline pores are observed by the
scanning electron microscopy, while the degree of development of primary pores and
organic pores are relatively low.

4.4.2. Pore Throat Distribution

The high-pressure mercury intrusion experiment technology can directly and quanti-
tatively describe the distribution of effective pore throat volume and reveal information
such as pore throat size, connectivity and sorting [38—40]. The capillary pressure curve has
low discharge pressure and high mercury removal efficiency, indicating the pore throat
structure and the sorting are good. According to the capillary pressure curve of the shale
oil in the Lucaogou Formation, the mercury curve can be divided into weak platform shape,
low slope linear shape, high slope linear shape and upward convex shape, which represent
different types of pore throat combinations.

High-pressure mercury intrusion curves and pore size distribution curves of 12 sam-
ples are shown in Figure 12, with detailed information shown in Table 4. The results reveal
varied intrusion curves and wide pore size distributions in these samples, indicating strong
microscopic heterogeneity in the pore throat structure. The mercury intrusion curve of
feldspar detritus sandstone is a weak platform. The pore throat radius mainly ranges
from 0.10 to 0.63 pm, and the displacement pressure is scattered with a wider range from
1.27 to 2.55 MPa with an average of 1.91 MPa. The maximum pore throat radius is be-
tween 0.288 and 0.580 um with an average of 0.430 pm. The maximum mercury saturation
mainly ranges from 80.7 to 97.2% with an average of 88.08%. The displacement pressure
of high slope linear samples is usually small and the pore throat radius mainly ranges
from 0.1 to 0.4 pm. The pore throat connection relationship is complex. The displacement
pressure mainly ranges from 0.63 to 2.55 MPa with an average of 1.24 MPa. The maximum
pore throat radius mainly ranges from 0.288 to 1.167 um. The maximum mercury inlet
saturation ranges from 72.8 to 89.8% with an average of 81.125%. The low slope linear
sample has a high displacement pressure with low mercury saturation, but the distribution
range of pore throat is small. The lithology is mainly lithic feldspar sandstone and sand-
stone dolomite. The pore throats radii are between 0.016 and 0.063 um. The displacement
pressure mainly ranges from 10.23 to 20.45 MPa with an average of 12.785 MPa. The
maximum pore throat radii are between 0.036 and 0.072 pm with an average of 0.063 pum.
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The maximum mercury saturation mainly ranges from 75.5 to 83.6% with an average of
79.375%. The convex sample has a high drainage pressure and a low mercury removal
efficiency. The pore throat radius is usually less than 0.03 um. They usually develop
in dolomitic mudstone, which makes it difficult to distinguish the pore and throat. It is
usually composed of clay intercrystalline pores and other intercrystalline pores. In general,
the Lucaogou shale oil reservoir has high displacement pressure, low mercury removal
efficiency, large variation of pore throat distribution and poor pore throat connectivity.
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Figure 12. The curve shape of high-pressure mercury intrusion, and the distribution characteristics
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Table 4. Testing data of high-pressure mercury injection of the Lucaogou Formation in Jimsar Sag.

Curve . - Median Discharge Maximum Maximum
Sha Sample Porosity/%  Permeability/mD Radius/ P /M Pore Throat Mercury
pe adius/um ressure/Mpa . A
Radius/um Saturation/%
J10012-26 10.700 0.030 0.140 1.270 0.580 87.600
Weak J10022-40 14.000 0.040 0.220 1.270 0.580 86.800
platform J10022-41 11.600 0.010 0.100 2.550 0.288 80.700
J10016-47 10.900 0.010 0.070 2.550 0.288 97.200
High J10014-42 1.200 0.020 0.009 2.550 0.288 76.700
slope J10014-08 4.200 0.480 0.028 0.630 1.167 85.200
linear J10016-22 7.600 0.020 0.039 1.270 0.580 72.800
straight J10013-06 3.500 0.020 0.023 0.630 1.167 89.800
Low J10022-37 4.600 0.010 0.007 10.230 0.072 75.500
slope J10012-28 3.700 0.010 0.007 20.450 0.036 83.600
linear J10016-15 10.700 0.010 0.014 10.230 0.072 76.700
straight J10014-07 7.300 0.030 0.011 10.230 0.072 81.700
J10012-29 1.300 0.130 — 10.230 0.072 38.100
Upward J10012-24 0.800 0.020 — 20.450 0.036 20.700
convex J10016-17 1.700 0.200 — 20.450 0.036 32.700
J10013-05 0.500 0.010 — 20.450 0.036 46.200

4.4.3. Pore Throat Structures

The sample specific surface area can be calculated by the BET equation. The pore
diameter distribution, pore volume and the average aperture can be calculated by the BJH
method [41,42]. According to the nitrogen adsorption experiment data of each sample, the
isotherm adsorption/desorption curve and pore size distribution diagram are shown in
Figure 13, with detailed pore structure parameters shown in Table 5. The specific surface
area of the shale oil of the Lucaogou Formation in Jimsar Sag is scattered with a wide range
from 0.61 to 4.23 m?/g. The pore volume mainly ranges from 2.14 to 14.89 mm?/g, and the
average pore diameter is scattered with a range from 8.34 to 45.38 nm.
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Figure 13. Adsorption-desorption isotherm (a) and pore size distribution of shale oil samples (b) of the Lucaogou Formation

in Jimsar Sag.
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Table 5. The pore throat parameters of nitrogen adsorption of the Lucaogou Formation in Jimsar Sag.

Specific Surface 3 . Peak Pore Diameter
Sample Area/m?/g Pore Volume/mm©°/g  Average Pore Diameter/nm Distribution/nm
J10012-26 0.83 5.51 29.40 3.64
J10022-40 0.61 2.14 29.52 27.42
J10022-41 0.71 3.70 45.38 40.02
J10022-37 40.23 14.89 8.34 3.75
J10016-15 1.60 9.49 20.48 3.88
J10016-22 1.12 8.89 26.81 12.86

The adsorption isotherm of most samples basically coincides with the desorption
isotherm. When the relative pressure is close to 1, the amount of nitrogen adsorption
rises sharply and the hysteresis loop has the characteristics of the H3 type hysteresis loop,
which indicates that slit-like pores are developed in shale [43]. The hysteresis loops of
some samples are relatively large, indicating that the pores of various sizes are relatively
developed and the pore connectivity is better. The corresponding pore diameters are mainly
distributed with a range from 1 to 40 nm. The corresponding relationship between the
average pore diameter and the specific surface area of most samples is basically consistent.
The peak pore diameter of shale is from a few nanometers to tens of nanometers, most of
which are less than 50 nanometers, indicating that small pores have a greater contribution
to the pore volume and specific surface area.

5. Discussion
5.1. Classification of Different Pore Throat Structures

According to the analysis of sedimentary diagenesis on pore type and the mechanism
of pore structure development, the pore throat structure can be divided into four types in
combination with the characteristics of different pore pressure curve morphologies and
aperture distribution frequency curves: (i) larger pore medium-fine throats, (ii) medium
pore medium throats; (iii) medium pore fine throats, (iv) fine pore fine throats.

Based on the mercury intrusion data and thin slice data (Figure 14), the pore throat
radius of type I mainly ranges from 0.10 to 0.63 pm with a good sorting. The pore types
are mainly intergranular dissolution pores and residual intergranular pores, which have
the characteristics of large-pore fine throats with a relatively good pore throat connection
relationship. The pore throat radius of type II mainly ranges from 0.1 to 0.4 um. The
intergranular dissolution pores are developed, and the pore throat connection relationship
is relatively good. The pore throat radius of type Il is mainly distributed in 0.016-0.063 pum.
The pore types are mainly the intergranular dissolution pores and intercrystalline pores
with a complex pore throat connection relationship. The pore throat radius of type IV is
mostly less than 0.03 pm with a poor sorting. The clay intercrystalline pores and other
intercrystalline pores together constitute this type of reservoir space. The results of mercury
intrusion experiments and pore structure types show that the pore structures of different
lithology and physical properties are different in characteristics. It is feasible to classify the
pore structure in combination with pore type and pore throat radius distribution frequency.

5.2. Main Controlling Factors of the Pore Throat Structure

Tectonic movement controls the supply direction of provenance, the distribution and
evolution of sedimentary facies. The sedimentation controls the material basis and spatial
distribution of reservoir formation, and the thickness and type of sediments also lay the
foundation for the type and intensity of diagenesis. While the diagenesis is the key factor
that promotes changes in the pore structure of the reservoir.
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Figure 14. Characteristics of the pore throat structures of the Lucaogou Formation in Jimsar Sag.

5.2.1. Tectonism

The Lucaogou Formation in the Jimsar Sag is located in a slope structure and has
experienced multiple periods of tectonic movement such as Hercynian, Indosinian, Yanshan
and Himalayas, but the internal tectonic activity in the sag is relatively weak. The Lucaogou
Formation has not experienced a strong tectonic uplift and did not expose the surface in
the supergene stage, which is conducive to the preservation of dissolved pores [31]. The
Jimsar Sag was affected by strong tectonic subsidence and formed a large-scale lacustrine
sedimentary environment under an extensional background in the early Middle Permian.
Volcanic activities were frequent and a large amount of volcanic ash material provided
a sufficient material basis for the Jimsar Sag in this period. The lake basin water has a
high degree of salinity because of the strong evaporation. The Ca?* and Mg?* released
by the volcanic material are conducive to the precipitation of carbonate components and
provide carbonate components for mixed deposition. Different degrees of dissolution
occurred under the action of alternating acid-base fluid dissolution and transformation,
which greatly improved the physical properties of the reservoir. The difference of the pore
throat structure is due to the various lithologically unstable components and contents.

5.2.2. Sedimentation

The Lucaogou Formation in Jimsar Sag mainly develops lacustrine and delta de-
posits [27,44]. Different sedimentary facies have different rock types and reservoir prop-
erties, which are the basis for various diagenetic processes and the evolution of later
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secondary pores. Sedimentary facies can directly affect the formation and distribution of
different reservoirs [45], leading to the differences in microscopic pore throat structures.
As shown in Figure 1b, the delta front facies mainly developed in the marginal zone of the
depression, dominated by the feldspar detritus sandstone. Most of the pores mainly consist
of the primary intergranular pores and remaining intergranular pores. Many unstable
minerals are corroded by acidic fluids to form dissolved pores, which have good phys-
ical properties, relatively large pores and good pore throat connectivity. The large-pore
medium-fine throat and medium-pore medium throat are the main pore throat structure
types, which are the most favorable reservoirs. The central area of the sag is transformed
into a shallow lake facies, and the overall physical properties become worse. The capillary
pressure curve shape gradually changes from weak platform shape and high slope linear
shape to the low slope linear shape and upward convex shape (Figure 15). Intergranular
dissolved pores of the dolomite sandstone and dolomite in shallow lakes are relatively
developed in an alkaline environment. The main pore throat structure type is medium-pore
fine throats. The physical conditions of the reservoir are improved by the dissolution of
feldspar and dolomite, making the porosity and permeability of shallow lake facies second
to the delta front facies. The argillaceous siltstone, silty mudstone and mudstone are de-
veloped in the semi-deep lake-deep lake facies. The porosity and permeability conditions
are worse than those in the lacustrine and delta front facies. The capillary pressure curve
is mainly a low slope linear shape and upward convex with a pore throat structure of
fine-pore fine throats.
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Figure 15. Distribution characteristics of pore throat structure in different sedimentary facies.

5.2.3. Diagenesis

The shale oil reservoir of the Lucaogou Formation in Jimsar Sag has undergone various
types of diagenetic processes. The major destructive diagenetic processes in the Lucaogou
Formation are the compaction and cementation, which together make the physical proper-
ties worse and the pore throat structure complex. The dissolution is the major constructive
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diagenetic process, which can improve the reservoir quality [46]. In this paper, the porosity
of dominant lithology of Lucaogou Formation in different diagenesis types is restored. The
contribution of different diagenesis stages to the increase or decrease in reservoir porosity
is quantitatively evaluated. Finally, the influence of different diagenesis on reservoir pores
is clarified and the evolution law of different pore structures is discussed [47].

The shale oil reservoir of the Lucaogou Formation in Jimsar Sag has complex lithology
and varied mineral composition. Ten rock samples are selected (the content of terrigenous
detrital component is more than 80%) in the research. The rock sorting coefficient, cement
content, primary intergranular porosity, cement face rate, dissolution pore face rate and the
total face rate are counted (Table 6). Finally, the original porosity of sandstone is calculated
by the empirical formula [48].

Table 6. The reduction in porosity parameters of the Lucaogou Formation in Jimsar Sag.

Litholo Sorting Cement Primary Intergranular Cement Face Dissolution Pore Porositv/% Total Face
8y Coefficient Content Porosity/% Rate/% Face Rate/% % " Rate/%
Detrital
feldspar 6.24 4.32 13.68 13.86 11.97 17.26
sandstone
Dolomitic 5.37 9.36 16.85 1524 9.98 1823
sandstone

Original porosity calculation formula:
@y =20.91 +22.90/S (1)

Sp is the Trask sorting coefficient, Sy = Py5/Pys5, obtained in the cumulative curve of
particle size probability. P»5 is the particle size corresponding to the content of 25% on the
cumulative particle size curve, and P75 is the particle size corresponding to the content of
75% on the cumulative particle size curve.

Compaction is the fundamental reason for the deterioration of the physical properties
of the reservoir. The calculation formula for the porosity of the sandstone after compaction
is as follows [49]:

D1 = [(Ppm + Pca) X Pp/ D] + Cy 2)
DL =Pg — Py (3)
FL = (L /Pg) x 100% 4)

$y—original porosity/%; $1—sandstone porosity after compaction/%; ®;—compaction
loss porosity /%; ®p,—physical property analysis porosity / %; ®t—total face rate/%; ®pm—
primary intergranular porosity/%; ®c—cement face rate/%; Ci—cement content/%;
F; —compacted porosity loss rate/%.

After compaction, cementation and metasomatic diagenesis, the residual porosity is
the post-consolidation porosity. The calculation formula is as follows:

Dy = (I)ps/CDt X q)p ®)
D =Py — O — D, (6)
Fg = (dg/®Pp) x 100% @)

®,—sandstone porosity after cementation/%; ®s—cementation loss porosity /%; ®ps—
intergranular porosity/%; Fs—cemented porosity loss rate/%.

Dissolution can improve the physical properties of the reservoir and improve the
storage performance. The porosity after dissolution is equivalent to the sum of the porosity
after cementation and the porosity increased by dissolution [50]. The calculation formula is
as follows:

CD3 = q)pd /(Dt X CDP (8)
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Op =D3 + Dy )
= (Pp/Py) x 100% (10)

Sedimentary environment Early diagenesis Middle diagenesis

$;—increased porosity by dissolution/ %; $p—porosity after dissolution/%; ®,4—dissolution
pore area ratio/%; Fp—porosity enhancement by dissolution/%.

From the above calculations, it can be seen that the feldspar detritus sandstone of the
Lucaogou Formation in Jimsar Sag has medium-good sorting with a sorting coefficient of
4.20, and the calculated initial porosity is about 26.36%. The sorting of dolomitic sandstone
is relatively poor with a sorting coefficient of 2.60, and the calculated initial porosity is
about 29.72%. The compacted porosity loss rates of feldspar detritus sandstone mainly
range from 15.26 to 38.51% with an average of 28.98%. The cemented porosity loss rate
mainly ranges from 10.86 to 24.35% with an average of 17.60%. The compacted porosity loss
rate of dolomite sandstone mainly ranges from 14.85 to 34.85% with an average of 33.65%.
The cemented porosity loss rate mainly ranges from 12.59 to 35.86% with an average of
16.55%. In general, the compaction is the main cause of pore loss, and the dissolution
is the main cause of porosity increase. The porosity increase rate mainly ranges from
5.34 to 7.96% with an average of 5.38%. The pore throat structure of shale oil reservoirs in
the Lucaogou Formation in Jimsar Sag is mainly controlled by compaction, dissolution and
cementation. The storage properties are improved to a certain extent by the alternating
action of acid-base fluids. This conclusion is consistent with the results observed under
the microscope.

Based on the above analyses, sedimentation, diagenesis, and tectonism worked to-
gether to give rise to pore throat structure differences. The early carbonate mineral dis-
solution of favorable sedimentary facies, the dissolution of a large number of feldspars,
tuffaceous minerals and a small amount of carbonate cements by organic acids are the key
factors to improve the pore throat structure of the reservoir, which have formed a good
larger-pore medium-fine throats and medium-pore medium throats (Figure 16).
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Figure 16. The evolution of pore throat structures under the control of sedimentary environments, diagenetic processes and

tectonism of the Lucaogou Formation in Jimsar Sag.

5.3. Genetic Evolution Models of Different Pore Throat Structures

The sedimentary facies of shale oil reservoirs of the Lucaogou Formation in Jim-
sar Sag are different, which have different diagenetic assemblage types. According
to the basic characteristics of the reservoir and the relationship of different diagenesis,
the diagenetic assemblage types of the study area are divided into three diagenetic as-
semblage types: (1) weak compaction-weak carbonate cementation—strong dissolution.
(2) Medium compaction—strong calcite and dolomite cementation-weak dissolution.
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(3) Strong compaction—strong calcite cementation-weak dissolution. The different di-
agenetic assemblage type has differences in the pore throat structure. The type 1 and type 2
of diagenetic assemblage types mainly develop large-pore middle throats and medium-
pore middle throats. The third type of diagenetic assemblage types mainly develops the
medium-pore fine throats and the fine-pore fine throats.

Combined with the previous studies of the buried thermal evolution history and the
diagenetic evolution sequence of shale oil reservoirs of the Lucaogou Formation in Jimsar
Sag [51], the genetic evolution models of different pore throat structures of the Lucaogou
Formation are comprehensively discussed by the characteristics of a thin section under
microscope and the diagenetic assemblage types.

5.3.1. Genetic Evolution Model of Large Pore Medium Throats and Medium Pore Medium
Throat Reservoirs

For the large-pore medium throat and medium-pore medium throat reservoirs, the
early compaction of the reservoir is relatively weak, and the mineral particles are in point-
line contact. The chlorite film fills the pores in the form of lining edges because of the
alkaline characteristics of formation water during the early diagenetic deposition period,
which increases the ability of the reservoir to resist compaction. Early calcite was produced
in the form of a continuous crystal base, which further cemented the primary intergranular
pores. It is the compaction and cementation that cause the pores to decrease with a range
from 3.91 to 9.19%. At the same time, the diagenetic environment changed from alkaline to
weakly acidic because of the early hydrocarbon generation of early diagenesis. The organic
acids inhibit the cementation of early calcite and at the same time produce a small amount
of feldspar and carbonate minerals to dissolve. A large amount of organic acids entered the
reservoir to cause large-scale dissolution of feldspar, clastics and partial cements during
the middle diagenetic deposition period. The dissolution pores formed by the dissolution
of organic acids mainly ranges from 1.59 to 2.37%. At this time, part of the alkaline feldspar
and acid corrosion product kaolinite reacted to form the illite and illite/smectite minerals.
As a result of the large amount of acidic fluid consumed, the pore water medium gradually
changes from an acidic to alkaline diagenesis environment and switches to the alkaline
diagenesis environment again. The compaction and cementation further occurred at the
same time. The dolomite was cemented in the late stage, and the iron dolomite replaced
calcite. The final reservoir porosity is 10% (Figure 17).

5.3.2. Genetic Evolution Model of Medium Pore Fine Throat and Fine Pore Fine
Throat Reservoirs

A diagenetic law of strong compaction—strong cementation-weak dissolution was
revealed in this study area, which directly controls the evolution of porosity [32]. For
the medium-pore fine throat and the fine-pore fine throat reservoirs, the main diagenetic
assemblage type is strong compaction—strong calcite cementation-weak dissolution. The
early compaction of the reservoir is strong, and the volcanic clastics have certain directional
arrangement characteristics. At the same time, the rock debris undergoes the plastic
deformation and the pseudo hybridization blocks the pore throats, resulting in a significant
decrease in the primary intergranular pores [52]. The porosity drops rapidly, and the
amount of pore reduction because of the compaction mainly ranges from 4.50 to 11.45%.
The primary intergranular pores were further cemented by the early calcite. At this time,
the cementation pore reduction was about 3.49%. The diagenetic environment changed
from alkaline to weakly acidic by the influence of early hydrocarbon generation of early
diagenesis. Organic acids inhibited the early calcite cementation. A part of the feldspar
and carbonate minerals were dissolved by the organic acids. The dissolution of feldspar,
clastics and some cements occurred during the middle diagenetic sedimentation period,
resulting in some secondary pores. The dissolution pores were increased with a range
from 1.41 to 2.10%. The illite and illite/smectite minerals are the product of the acidic
dissolution, which filled in the pores of the grains, occupying the pores and blocking the
throat. As a result of the large amount of acidic fluid consumed, the pore water medium
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gradually changes from an acidic to alkaline diagenesis environment and switches to the
alkaline diagenesis environment again. The compaction and cementation occurred again.
The cementation of late carbonate minerals and clay minerals resulted in a final reservoir
with a porosity of 8% (Figure 18).
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6. Conclusions

The shale oil reservoir of the Lucaogou Formation in Jimsar Sag is characterized
by complex lithology and diverse mineral components. The different lithologies have
great differences in physical properties. The reservoir spaces mainly consist of residual
intergranular pores, dissolved pores, intercrystalline pores and fractures.

The pore throat structure of shale oil reservoirs of the Lucaogou Formation in Jimsar
Sag can be divided into four types. Type I is the large pore medium-fine throats with good
sorting. The pore throat radius of the type I mainly ranges from 0.10 to 0.63 pm. Type Il is
the medium pore medium throats with good sorting. The pore throat radius of the type II
is concentrated in the range from 0.1 to 0.4 pm. Type III is the medium pore fine throats
with poor sorting and a complex connection relationship. The pore throat radius of type III
is mainly distributed in 0.016-0.063 um. Type IV is the fine pore fine throats with extremely
poor sorting. The pore throat radius of the type IV is mostly less than 0.03 pum.

The main factors controlling the differences of pore throat structures are tectonic
movement, sedimentary environment and diagenesis. The volcanic tectonic movement
provides a sufficient material foundation for the Lucaogou Formation in Jimsar Sag. The
lithologies of delta front facies consist of detrital feldspar sandstone, dolomite sandstone
and dolomite, which are characterized by large-pore medium-fine throats and medium-
pore medium throats. The lithologies of shallow lake-semi-deep lake facies consist of
dolomite sandstone, argillaceous siltstone and mudstone. The pore throat structures of
these lithologies mainly consist of the medium-pore fine throats and fine-pore fine throats
with poor physical properties. Early compaction and cementation are the main factors
leading to the reduction in pores and the deterioration of physical properties. The early
carbonate mineral dissolution of favorable sedimentary facies, the dissolution of a large
number of feldspars, tuffaceous minerals and a small amount of carbonate cements by
organic acids are the key factors to improve the pore throat structure of the reservoir.

The genetic evolution models of pore throat structures of shale oil reservoirs of the
Lucaogou Formation in Jimsar Sag are divided into two types. One is the genetic evolution
models of large pore medium-fine throat and medium pore medium throat reservoirs. The
early compaction of the reservoir is relatively weak, and some chlorite films increase the
ability of the reservoir to resist compaction. The large-scale dissolution among feldspar,
clastics and partial cements occur due to the effect of organic acids. The current porosity
of the reservoir decreases up to 10% as a result of these processes. The other one is the
genetic evolution models of medium pore fine throat and fine pore fine throat reservoirs.
The early compaction of the reservoir is strong, resulting in a significant decrease in the
primary intergranular pores. Then the primary intergranular pores were further cemented
by the early calcite. A part of feldspar and carbonate minerals were dissolved by organic
acids and some secondary pores were formed. The cementation of late carbonate minerals
and clay minerals resulted in a final reservoir with a porosity of 8%.
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