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Abstract: This study investigated the influence of movable oil on the pore structure of various shale
types, analyzing 19 shale samples from Well X in the Mahu Sag of the Junggar Basin. Initially, X-ray
diffraction (XRD) analysis classified the shale samples. Subsequently, the geochemical properties
and pore structures of the samples, both pre and post oil Soxhlet extraction, were comparatively
analyzed through Total Organic Carbon (TOC) content measurement, Rock-Eval pyrolysis, and
nitrogen adsorption experiments. Additionally, fractal theory quantitatively described the impact
of movable oil on the pore structure of different shale types. Results indicated higher movable oil
content in siliceous shale compared to calcareous shale. Oil extraction led to a significant increase
in specific surface area and pore volume in all samples, particularly in siliceous shale. Calcareous
shale predominantly displays H2-H3 type hysteresis loops, indicating a uniform pore structure with
ink-bottle-shaped pores. Conversely, siliceous shale exhibited diverse hysteresis loops, reflecting
its complex pore structure. The fractal dimension in calcareous shale correlated primarily with
pore structure, exhibiting no significant correlation with TOC content before or after oil extraction.
Conversely, the fractal dimension changes in siliceous shale samples do not have a clear correlation
with either TOC content or pore structure, suggesting variations may result from both TOC and
pore structure.

Keywords: oil extraction; nitrogen adsorption; pore structure; fractal dimension

1. Introduction

Unconventional oil and gas resources hold significant strategic importance within
the global energy landscape. As research into shale gas advances and exploration and
development activities rapidly progress, shale oil has emerged as a topic of widespread
interest and importance in recent years. Currently, the industrial-scale production of shale
oil has been successfully achieved in various geological basins worldwide, notably in the
Upper Paleozoic and Mesozoic basins in the United States (e.g., Bakken Basin, Permian
Basin, Eagle Ford Basin) and the Mesozoic—Cenozoic basins in China (e.g., Songliao Basin,
Bohai Bay Basin, Junggar Basin) [1-4]. Shale oil, herein referred to as petroleum, that has
been generated and is still contained within micro- and nano-scale reservoir spaces within
organic-rich mud shale formations, presents a complex reservoir system characterized by
diverse pore types. These pores include interparticle mineral pores, intraparticle mineral
pores, organic-matter (OM) pores, and microfractures [4,5]. Consequently, the development
and characterization of shale pores stand as pivotal factors influencing the distribution and
retention of shale oil within reservoirs.
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The development of pores within shale formations is predominantly governed by mul-
tiple factors, including total organic carbon (TOC) content, maturity, and the composition
of minerals [6,7]. The organic matter fosters hydrocarbon generation, thereby inducing a
notable augmentation in organic matter pores and consequent enhancing shale reservoir
porosity [8]. In the case of early-mature or mature lacustrine shales, the presence of residual
bitumen and hydrocarbons within pores significantly influences pore structure [9,10]. Min-
eral composition also plays a crucial role, with quartz exhibiting resistance to compaction
and preserving intergranular pores, while minerals such as feldspar and calcite are prone
to dissolution, resulting in the formation of secondary pores [11-13]. Many techniques are
currently available for quantitatively or qualitatively characterizing shale pore structure,
such as Low-temperature N, adsorption (LTNA), High-pressure mercury porosimetry
(HPMP), nuclear magnetic resonance (NMR). Their experimental data can be used to calcu-
late pore structure parameters such as specific surface area, pore volume [14-17]. Given the
complex and self-similar nature of shale reservoirs, fractal theory serves as a valuable tool
for characterizing the roughness and complexity of shale pore surfaces and structures [18].
Currently, experimental data derived from nitrogen adsorption are analyzed using fractal
theory, often utilizing approaches such as the Frenkel-Halsey-Hill (FHH) theory, alongside
the Neimark and Wang-Li theories [17,19-21].

For lacustrine shale with strong heterogeneity, movable oil is the most realistic shale
oil resource that can be exploitable. The Junggar Basin is an important oil-producing
basin in China, with the Mahu Sag being a significant oil-rich sag in the basin. This sag
stands as a critical area for augmenting shale oil production within the country [22,23].
However, the emphasis on factors affecting the mobility of shale oil varies from region
to region. The main influencing factors include burial depth, external temperature and
pressure, reservoir physical properties, and organic matter abundance [24]. For example,
in the lower sub-member of the Shahejie Formation in the Dongying Sag, the abundance
of movable shale oil resources is mainly influenced by burial depth [25]. The mobility of
low-maturity shale oil in the Nenjiang Formation in the sag is affected by TOC, lithofacies
and mineral composition [26]. The pore structure of the Chang 7 Member shale oil reservoir
in the Ordos Yanchang Formation plays a major role in controlling fluid mobility [27]. The
Fengcheng Formation in the Mahu Sag is a typical alkali lake deposit. Compared with
freshwater lake basins, saline lake basins have the characteristics of mixed lithologies of
terrigenous clastic and endogenous carbonates, resulting in complex reservoir physical
properties [28]. To date, research on shale oil within the Fengcheng Formation has predom-
inantly centered on shale oil reservoir typology, pore diameter distribution, and organic
matter abundance [29-31]. However, studies exploring the impact of reservoir mineral
composition on shale oil distribution remain limited, with scarce utilization of fractal theory
for related investigations.

In this study, 19 core samples were meticulously selected from the oil window maturity
range within the Fengcheng Formation shale of Well X located in the Mahu Sag of the
Junggar Basin, China. Employing a combination of X-ray diffraction, rock pyrolysis, and
low-pressure nitrogen adsorption/desorption techniques, a comprehensive comparison
of Total Organic Carbon (TOC) content and pore structure was conducted on the samples
before and after Soxhlet extraction. Furthermore, the analysis was augmented with an
examination of the fractal dimension using the Wang-Li model, facilitating a thorough
understanding of the shale’s characteristics.

The main purpose of this study are as follows: (1) to compare the movable oil content
in different types of shale samples; (2) to determine the changes in pore volume and
pore structure between shale samples before and after extraction, and propose a possible
mechanism for the changes in pore structure; and (3) to discuss the relationship between
TOC, pore structure parameters, and fractal dimension of different types of shale samples.
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2. Geological Setting and Sample

The Mahu Sag, situated in the northwestern region of the Junggar Basin as illustrated
in Figure 1a, constitutes a secondary negative structural unit within the Central Depression,
spanning approximately 5000 km?. Adjacent to the western perimeter of the sag lie the
Wuxia Fault Zone, Kebai Fault Belt, and Zhongguai Uplift, arranged from north to south.
Conversely, the eastern sector of the depression comprises the Shiyingtan Uplift, Yingxi
Sag, Sangequan Uplift, Xiayan Uplift, and Dabasong Uplift, in sequential order [32-34].
Previous investigations [23,34,35], alongside empirical exploration endeavors, affirm the
Fengcheng Formation as a principal oil-yielding stratum within the Mahu Sag. Throughout
the depositional epoch of the Fengcheng Formation, alternating seasonal humid and
arid conditions prevailed, contributing to high salinity levels in the lake waters. This
depositional phase epitomizes a characteristic closed semi-deep to deep alkaline lake
sedimentation regime, typified by the emergence of fan-delta to lacustrine sedimentary
systems [36,37].
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Figure 1. (a) Structural setting of the Mahu Sag, Junggar Basin and sampling location of Well X;
(b) columnar graph of lithology of Well X (modified from [30,38]).

The sedimentary thickness of the Fengcheng Formation ranges from 500 to 1580 m,
and the thickness became thinner from west to east until it pinched out. Vertically, the
lower Permian Fengcheng Formation can be divided into three members (in sequence
from bottom to top) according to the different lithological associations and well logging
characteristics, which is the lower member (Pif1), the middle member (Pif;) and the
upper member (Pif3). Among these, Pif; and Pyf3 are typical source -reservoir integrated
shale oil reservoirs [39]. During the early depositional period of the lower member (P1f1),
there was frequent volcanic activity and intense tectonic activity. A large of amount of
pyroclastic rocks and sedimentary pyroclastic rocks were deposited, followed by organic-
rich mudstone, dolomite, and dolomitic rocks [35,40]. Subsequently, the salinity of the
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water inside the lake basin gradually increased, resulting in the deposition of alkaline
minerals such as wegscheiderite and shortite mainly in the central part of the depression
during the depositional of the middle member (P1f7). During the upper member’s (P1f3)
depositional period, a decline in lake basin salinity was observed, concomitant with an
increased influx of terrestrial clastic sediments, particularly concentrated in the vicinity
of Zaire Mountain. Notably, the content and grain size of these clastic rocks exhibited a
gradual upward trend [33,36,41].

Core samples utilized in this study were extracted from the Early Cretaceous Fengcheng
Formation section of Well X (refer to Figure 1a). Specifically, the sampling site ranged from
a depth of 4716.34 to 4851.11 m (see Figure 1b), spanning both the lower member (P1f1)
and the middle member (P1f;) of the formation.

3. Experimental Methods

To achieve a systematic and comprehensive understanding of the physical properties,
microstructure, and fractal characteristics of rocks, this study conducted a series of experi-
ments. These experiments included X-ray diffraction (XRD) analysis, total organic carbon
(TOC) content testing, Rock-Eval pyrolysis, Soxhlet extraction, and low-temperature Np
adsorption/desorption analysis. We divided the sample into three parts, one for XRD
experiment, one for TOC content testing and Rock-Eval pyrolysis tests, and one for Soxhlet
extraction and nitrogen adsorption/desorption test.

3.1. Mineral Composition Analysis

Each mineral exhibits a unique X-ray diffraction pattern in its crystal formation [42].
The shale samples were finely ground to 300 mesh and analyzed by quantitative X-ray
diffraction using a Bruker AXS X-ray diffractometer. The mineral compositions and relative
mineral percentages of the shale samples were determined according to the Chinese oil and
gas industry standard SY /T 5163-2010 [43].

3.2. Geochemistry Analysis

The shale samples underwent crushing to a fineness of 200 mesh for Total Organic
Carbon (TOC) content testing. Initially, dilute hydrochloric acid was employed to dissolve
carbonates present in the rocks. Subsequently, the organic carbon within the samples was
oxidized to CO; through combustion in a high-temperature oxygen stream using a C5-230
analyzer. The TOC value was then determined using an infrared detector, following the
guidelines outlined in the Chinese national standard GB/T 19145-2003 [44]. Rock-Eval
pyrolysis tests were performed using a core pyrolysis analyzer according to the Chinese
national standard GB/T 18602-2012 [45], and the geochemical parameters obtained include
the free hydrocarbon (S;), the cracking hydrocarbon of kerogen (S;), the thermal maturity
parameter (Tmax) and the hydrogen index (HI).

3.3. Oil Extraction

The original shale samples were finely crushed to a particle size of 60-70 mesh and
subsequently dried at 105 °C. Chloroform was utilized as a solvent in the Soxhlet extraction
process to extract hydrocarbons from the shale samples. The extraction procedure was
carried out at a temperature of 70 °C for a duration of 48 h to maximize the removal of
movable oil from the shale samples. Upon completion of the extraction experiment, the
shale sample particles devoid of movable oil were recovered and subjected to re-drying at
105 °C. Subsequently, Total Organic Carbon (TOC) experiments were conducted anew on
these extracted samples.

3.4. N Adsorption/Desorption

The samples, both pre- and post-oil extraction, were selected for further analysis. They
were subjected to vacuum conditions at pressures of 30 mmHg, maintained at temperatures
of 60 °C and 100 °C, and subsequently dried at 100 °C for a duration of 24 h to eliminate ex-
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cess water and impurity gases. Using the low-temperature nitrogen adsorption equipment
ASAP2420, nitrogen adsorption and desorption measurements were conducted at critical
temperatures. Experimental data were processed according to the standards outlined in
SY/T 6154-1995 [46], including the acquisition of low-temperature nitrogen adsorption and
desorption curves, as well as pore size distribution before and after extraction. In this study,
the Brunauer—-Emmett-Teller (BET) model was selected for the determination of specific
surface area (SSA) [47], while the Barrett-Joyner—-Halenda (BJH) model was employed for
the calculation of pore volume and average pore size [47,48].

3.5. Fractal Analysis

Fractal analysis serves as a valuable tool for characterizing the geometric and struc-
tural properties of solid surfaces. The quantitative assessment of fractal geometry typically
involves the determination of the fractal dimension value, denoted as D, which serves
as an indicator of solid surface roughness or structural irregularity [38,49,50]. The fractal
dimension is constrained within a range from 2 to 3, where a value of 3 indicates completely
irregular or rough surfaces, while a value of 2 signifies completely smooth surfaces [49].
Hence, the determination of the fractal dimension can be accomplished through the appli-
cation of the Wang-Li fractal model utilizing N, adsorption data. The Wang-Li model can
be elucidated as follows [21]:

Let

NG IOANG) - [Ny~ N(X]Y2

A(X) = — - 1
then the fractal dimension can be calculated by this equation:
InA(X) = constant + D x InB(X) ()

where X = P/Py is the relative pressure; P is the equilibrium pressure on the sample
and Py is the saturation pressure of nitrogen at 77 K; N is the adsorption amount at the
relative pressure P/Py and absolute temperature T; Ny is the amount adsorbed at X
tending to 1; respectively; r is the average radius of curvature of the meniscus at the
condensation adsorbate-gas interface calculated using Kelvin’s equation, which increases
with the increase in relative pressure X increases; D is the fractal dimension. Therefore,
according to the Wang-Li model, the plot of InA(X) versus [nB(X) shows a liner relationship,
and the slope is the fractal dimension D.

4. Results and Discussions
4.1. Mineral Compositions

The X-ray diffraction (XRD) results, as depicted in Table 1, reveal the predominant
mineral compositions present in the samples, notably felsic minerals (ranging from 29.7%
t0 69.9%) and carbonate minerals (ranging from 15.5% to 62.5%), with a lesser abundance
of clay minerals (ranging from 1.2% to 13.7%), predominantly illite and illite/smectite
formation (I/S). Considering the depositional environment of the Fengcheng Formation
within the Mahu Sag, characterized by semi-deep to deep alkaline lake phases, we adopt
the classification scheme devised for fine-grained rocks from China’s saline lakes [51]. In
accordance with this classification scheme, the samples are categorized into three distinct
types based on the predominance of (quartz + feldspar), (dolomite + calcite), and (clay)
minerals as the three end members, with a typical mineral content of 50% serving as the
threshold (refer to Figure 2). Type I samples exhibit a carbonate mineral content exceeding
50%, thus classified as calcareous shale (depicted by the gray area in Figure 2). Conversely,
Type II samples demonstrate a felsic mineral content surpassing 50%, designating them as
siliceous shale (represented by the blue area in Figure 2). Type III encompasses samples
wherein the combined content of carbonate and felsic minerals falls below 50%, identified
as calcareous-siliceous mixed shale (depicted by the green area in Figure 2). Given the
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limited number of Type III samples, they were not subject to further analysis. Subsequent
analysis and discussions centered on Type I and Type II samples.

Table 1. Sample number, depth, lithology and mineralogical parameters obtained by XRD analysis.

Sample Depth Lithology Qtz + Fsp  Total Carb  Total Clay Pyrite -
Number (m) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) ype
1 4716.34 Argillaceous silty dolomite 29.7 62.5 42 3.6 I
2 4738.73 Dolomitic mudstone 45.1 40.6 9.5 48 11
3 4740.43 Silty argillaceous dolomite 50.9 39.2 6.4 3.5 I
4 47449 Silty dolomitic mudstone 61.6 33.1 2.5 2.7 II
5 4751.36 Dolomitic mudstone 38 50.5 9.9 1.7 I
6 4759.42 Argillaceous dolomite 415 52.5 4.4 1.5 I
7 4766.56 mudstone 54.7 38.7 3.7 3.0 I
8 4773.99 Silty argillaceous fine sandstone 66.6 22.6 3.2 7.6 I
9 4790.94 Dolomite argillaceous fine sandstone 66 25.6 29 44 II
10 4799.67 Dolomite silty mudstone 39.9 56 3.1 1.1 I
11 4800.45 Dolomitic mudstone 46.7 49.8 2.3 1.2 I
12 4800.98 Silty mudstone 57 33.1 43 5.5 I
13 4802.2 Argillaceous dolomitic fine sandstone 36.1 44 13.7 3.8 I
14 4804.95 Dolomitic fine sandstone 69.9 15.5 6.6 6.8 I
15 4816.79 Calcareous mudstone 40.8 55.3 1.2 2.7 I
16 4830.31 Fine sandy dolomite 56.4 32.6 57 3.8 II
17 4835.28 Silty dolomite 37.9 50.4 7.4 43 I
18 4850.43 Silty argillaceous fine sandstone 61.3 16.8 9.2 7.6 II
19 4851.11 Dolomitic silty mudstone 61.6 16.3 9 7.2 II

Note: Qtz = Quartz; Fsp = Feldspar; Total Crab = Total Carbonate (dolomite + calcite).

0
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Figure 2. Triangular plot of shale mineral composition (modified from [30]).

4.2. Geochemical Properties

Before oil extraction, the TOC content of all samples varied from 0.46% to 1.42%. After
extraction, the TOC content of the samples slightly decreased to a range of 0.27% to 0.94%
(Table 2). The hydrogen index and Tmax can be used to determine the type of kerogen [52].
Therefore, based on the HI-Tmax and S,-TOC crossplot (Figure 3), the type of organic
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matter in the sample is mainly Type II kerogen, and the organic matter abundance ranging
from poor to moderate.

Table 2. TOC content, and Rock-Eval parameters obtained from quantitative phase analysis of

samples.
Type Sample TOC-Original TOC-Extracted St S, Tmax HI
Number (wt.%) (wt.%) (mgHC/grock) (mgHC/grock) Q) (mgHC/gTOC)

1 0.83 0.5 0.88 1.09 4241 131.71
5 0.92 0.68 0.42 1.93 440.1 209.23
6 0.62 0.38 0.27 0.87 432.1 140.42
I 10 0.72 0.56 0.75 2.19 436.8 302.86
11 0.54 0.45 0.35 147 438.2 273.12
15 0.76 0.57 4.29 2.55 421.6 335.47
17 1.04 0.94 0.12 0.87 424.6 83.45

Average 0.78 0.58 / / / /
3 1.07 0.64 0.21 1.58 431.1 147.49
4 1.42 0.84 0.52 2.33 437.1 164.4
7 0.72 0.44 0.97 142 432.3 198.05
8 1.06 0.85 0.16 2.36 440.1 223.09
9 0.46 0.27 0.82 0.89 420.7 193.86
1 12 133 0.83 121 2.01 4313 150.84
14 0.82 0.56 0.31 1.85 433.6 226.98
16 0.58 0.43 0.26 1.18 436.8 205.72
18 0.77 0.3 1.06 1.39 425.7 181.26
19 0.78 0.38 0.72 1.24 429.7 159.57

Average 0.90 0.55 / / / /

Note: TOC = Total Organic Carbon; S; = the Free Hydrocarbon; S, = the Cracking Hydrocarbon; Tmax = the

Thermal Maturity Parameter; HI = Hydrogen Index.
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Figure 3. Intersection diagram of organic matter-type classification (modified from [50]).

The pyrolysis peak temperatures observed in the shale samples ranged from 420 °C
to 440 °C. Drawing upon insights gleaned from previous research and production prac-
tices [53,54], it is inferred that samples extracted from the depths of Well X are situated
within a maturity stage conducive to the generation of liquid hydrocarbons. Furthermore,
a substantial volume of hydrocarbons is retained within the shale matrix, occupying a
significant portion of pore space. During the extraction process, organic solvents dissolve
hydrocarbon molecules trapped within the shale pores, thereby facilitating their removal
and consequent alteration of the pore structure [55].
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Before extraction, the TOC content of Type I samples (calcareous shale) changed from
0.54% to 1.04%, with an average value of 0.78%. After extraction, the TOC content of the
samples changed from 0.38% to 0.94%, with an average value of 0.58%.

Prior to extraction, the Total Organic Carbon (TOC) content of Type II samples
(siliceous shale) spanned from 0.46% to 1.42%, yielding an average value of 0.90%. Fol-
lowing extraction, the TOC content of these samples ranged from 0.27% to 0.85%, with an
average value of 0.55%.

Through the statistical analysis of the TOC changes before and after extraction for the
two types of samples, we found that the extraction process has a certain impact on samples
of different types. The rationale behind this phenomenon lies in the action of organic
solvents during extraction, which effectively rinses away a significant portion of movable
oil contained within the pore spaces. Therefore, based on the difference in TOC between
the two types of samples before and after extraction (0.3% and 0.35%), it is deduced that
siliceous shale harbors a greater amount of movable oil compared to calcareous shale.

4.3. N, Adsorption and Desorption Isotherms

The determination of pore shape is predicated upon the examination of morphological
alterations and the types of low-temperature nitrogen isothermal adsorption—desorption
curves (refer to Figure 4). The nitrogen adsorption—desorption isotherms of both pre-
and post-extraction samples at 77.15 K are depicted in Figure 5. Notably, the adsorption
capacity of all samples exhibited a significant increase post-extraction compared to their
original state, accompanied by the emergence of hysteresis loops in the nitrogen adsorption
isotherms of both pre- and post-extraction samples. Subsequently, the hysteresis loops of
nitrogen adsorption before and after extraction will be categorized in accordance with the
classification standards outlined by the International Union of Pure and Applied Chemistry
(IUPAC), as illustrated in Figure 4 [56].
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Figure 4. Types of hysteresis loops from the IUPAC standard (modified from [56]).

For the first type of sample (mainly carbonate minerals), the hysteresis loop types
before and after extraction belonged to the H2-H3 type, with large hysteresis loops. The
desorption curve exhibited a step-like rise at the relative pressure range of 0.4~0.5 (like
sample #15), corresponding to the pore morphology—ink-bottle-shaped pores (narrow neck,
wide body pores). After oil extraction, the adsorption volume of nitrogen gas significantly
increased, and the step-like rise of the hysteresis loop became larger.

For the second type of samples, predominantly comprising felsic minerals, they were
further categorized into three subcategories based on the alterations observed in hysteresis
loops before and after extraction.

(1) The hysteresis loop was classified as a H3 type, characterized by the adsorption curve
closely paralleling the desorption curve. It was narrow and gradually emerged during
the mid to high-pressure stages (P/Pg > 0.80), sharply rising as it approached the
saturated vapor pressure (observed in sample #12). This signifies the presence of
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slit-shaped pores with parallel plates in the sample, with minimal changes observed
in the hysteresis loop before and after extraction.

(2) The hysteresis loop fell within the H3-H4 category, featuring a narrow loop emerging
at a relative pressure of 0.4. Similar to the first subcategory, there was minimal change
observed in the hysteresis loop before and after extraction (observed in sample #14),
corresponding to the pore morphology characterized by slit-like pores that are open
all around.

(3) The hysteresis loop was identified as the H2-H3 type, exhibiting a large loop. Notably,
both the adsorption and desorption curves manifested a step-like rise at the relative
pressure of 0.4~0.5. Following oil extraction, the hysteresis loop expanded significantly,
with a more pronounced increase observed (observed in sample #19), indicative of
ink-bottle-shaped pores in the pore morphology.
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Original adsorption — — Original desorption Extracted adsorption — — Extracted desorption

Figure 5. Isothermal adsorption-desorption curves of typical samples before and after extraction.

Therefore, based on the hysteresis loops formed by nitrogen adsorption-desorption
curves, it is inferred that ink-bottle-shaped pores were mainly developed in calcareous
shale, and the pore structure was relatively simple. This is primarily due to the dissolution
of carbonate minerals by organic acids, mainly calcite and dolomite. In siliceous shale,
slit-like pores and ink-bottle-shaped pores and other types are developed, indicating a
more complex pore structure. This complexity arises from the abundance of quartz in
siliceous shale, which exhibited strong resistance to compaction, thereby preserving more
intergranular pores and exerting a supporting influence on reservoir pores. Meanwhile, the
dissolution of siliceous cement can lead to secondary enlargement of quartz and filling of
pores, resulting in variable pore shapes. Feldspar serves as the main body of the dissolution,
forming dissolution pores and then providing pore space [5,12,13].

The parameters of pore structure mainly include pore volume and specific surface area
(SSA), which can be obtained from N; adsorption, as shown in Figure 6. After extraction, all
samples exhibit larger pore volume and specific surface area compared to before extraction.
The pore structure parameters of Type I samples showed a small range of changes, while
those of Type II samples showed a larger range of changes.
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Figure 6. Changes in pore structure of samples before and after oil extraction.

The difference in specific surface area of Type I samples (calcareous shale) before and
after extraction ranged 0.28~4.20 m? /g, with an average value of 1.32 m?/g; the difference
in pore volume ranged 0.001467~0.016789 cm3/g, with an average value of 0.005674 cm>/g;
the difference in average pore diameter ranged from —4.33 nm to —2.38 nm, with an
average value of —3.23 nm.

For Type II samples (siliceous shale), the variation in specific surface area before
and after extraction ranged from 0.11 m?/g to 4.43 m?/g, with an average of 1.32 m?/g.
Similarly, the disparity in pore volume spanned from 0.000621 cm?/g to 0.010796 cm?®/g,
with an average of 0.004271 cm3/g. Additionally, the difference in average pore diameter
ranged from —7.41 nm to —1.37 nm, with an average of —3.07 nm.

Upon analyzing the extracted shale samples, a notable augmentation in both pore-
specific surface area and volume was observed. This enhancement can be attributed to the
accumulation of a substantial quantity of oil within the pores prior to oil washing, with
some of the oil being adsorbed onto the surface of the pores and throats. Following oil
washing, a portion of the movable oil was removed, consequently unveiling the pore space
and throat channels that were initially occupied by the oil. Considering the alterations in
specific surface area and pore volume for the two types of samples before and after oil
washing, it is deduced that shale dominated by felsic minerals harbors a greater proportion
of pore space occupied by oil and gas.

Furthermore, an unexpected trend was observed in which the average diameter of the
pores exhibited a reduction after oil washing, contrary to our prior understanding. This
phenomenon can be elucidated by considering the limitations inherent in nitrogen adsorp-
tion measurement techniques, as expounded by Clarkson et al. [15,57]. According to their
research, the effective measurement range of pore diameter using nitrogen adsorption is
limited to 100 nm, beyond which larger pores cannot be accurately quantified. Subsequent
to oil washing, certain pores expanded, surpassing the measurement capability of the in-
strument, thereby rendering this segment of the pore inaccessible for precise measurement.
Consequently, this instrumental constraint contributed to the observed diminishing trend
in calculated average pore diameters. Moreover, the removal of oil by organic solvents
results in the release of nanopores, further contributing to the reduction in average pore
size [29].



Fractal Fract. 2024, 8, 242

11 of 17

4.4. Fractal Analysis of Gas Adsorption

Previous research [58] has established the utility of fractal dimension in characterizing
shale pore structures. Shales exhibiting higher fractal dimensions typically manifest more
irregular pore surfaces or intricate pore structures, along with larger total pore volumes or
specific surface areas [18]. In fractal dimension calculations, researchers commonly employ
the Frenkel-Halsey-Hill (FHH) model, delineating the relative pressure at which hysteresis
loops begin to appear (typically 0.5) as the dividing point, and subsequently computing D1
(P/Pg < 0.5) and D2 (P/Py > 0.5) separately. Here, D1 signifies the surface fractal dimension,
while D2 represents the pore structure fractal dimension [7,58]. However, as observed in
Section 4.3, the relative pressure at which hysteresis loops emerge varied among different
samples. Consequently, employing 0.45 as the dividing point to segment the adsorption
curve for fractal analysis proved unsuitable for the samples in this study. Conversely, the
Wang-Li model circumvents this issue; thus, in this paper, we chose the Wang-Li model to
calculate the fractal dimension.

The Wang-Li fractal model was applied to the adsorption branch of the isotherm of all
samples for fractal dimension analysis. Based on the Wang-Li model, A(X) and B(X) were
calculated from experimental data of the adsorption volume and maximum adsorption
volume at relative pressure P/Py and absolute temperature T. The logarithms of A(X) and
B(X) were plotted, with In A(X) as the vertical coordinate and In B(X) as the horizontal
coordinate, and the slope of the resulting graph was the fractal dimension D, as shown in
Table 2. Figure 7 illustrates the change in fractal dimension of sample #8 before and after
oil extraction.
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Figure 7. The Wang-Li fractal analysis of sample #8 (adsorption branch).

Based on the fractal dimension results presented in Table 3, it is evident that the
fractal dimensions of Type I samples (calcareous shale) before 0il extraction ranged from
2.1921 to 2.2499, with an average value of 2.2206. Following oil extraction, these samples
exhibited fractal dimensions ranging from 2.1911 to 2.2508, with an average value of 2.2204.
Conversely, for Type Il samples (siliceous shale), the fractal dimensions before oil extraction
varied from 2.1759 to 2.4024, with an average value of 2.2746, while after oil extraction, the
fractal dimensions ranged from 2.1765 to 2.4054, with an average value of 2.2795. These
findings suggest that for Type I samples, there is minor fluctuation in fractal dimensions
before and after oil extraction, with overall similarity and minimal differences observed. In
contrast, Type Il samples exhibit overlapping fractal dimension ranges before and after oil
extraction, albeit with a slightly higher average fractal dimension post-extraction.

Upon comparing the nitrogen adsorption fractal dimensions of the two types of
samples before and after oil washing, it becomes apparent that the pore structure of shale
dominated by felsic minerals is more complex, irrespective of pre- or post-oil washing
conditions. Previous research findings [33,59] indicate that the material source of the
Fengcheng Formation siliceous shale in the northern slope area of Mahu Sag primarily
comprises continuously input terrestrial sediments, which underwent recrystallization at a
later stage due to biological activity influences. Quartz, originating from terrigenous detrital
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sources, demonstrated robust resistance to compaction, thereby forming and preserving
large pores during burial [5,60]. Concurrently, quartz may undergo secondary enlargement,
reducing pore and throat space due to the dissolution of siliceous cement, thereby enhancing
pore structure heterogeneity and resulting in a larger fractal dimension for Type Il samples.

Table 3. Calculating the fractal dimension of shale samples using Wang-Li fractal theory.

Type I Type II
Samples Doriginal Dextracted AD SamP les Doriginal Dextracted AD
1 2.2298 2.2306 0.0008 3 2.2425 2.2406 —0.0019
5 2.2499 2.2508 0.0009 4 2.3157 2.3093 —0.0064
6 2.2099 22131 0.0032 7 2.226 2.2256 —0.0004
10 2.2257 2.2261 0.0004 8 2.2756 2.321 0.0454
11 2.1921 2.1911 —0.001 9 2.2282 2.234 0.0058
15 22347 2.2307 —0.004 12 2.4024 2.4054 0.003
17 2.2022 2.2004 —0.0018 14 2.2335 2.2329 —0.0006
16 2.1759 2.1765 0.0006
18 2.3096 2.3124 0.0028
19 2.3367 2.3373 0.0006
Average 2.2206 2.2204 —0.0002 Average 2.2746 2.2795 0.0049

Note: Doriginal = fractal dimension of shale samples before oil extraction; Dextracted = fractal dimension of shale
samples after oil extraction; AD = difference in fractal dimension before and after extraction, namely Deyracted
minus Doyiginal-

Moreover, it is evident from Table 3 that the fractal dimensions of the two types of
shale samples before and after oil washing exhibit minimal differences. This suggests
that the relationship between shale oil mobility and reservoir pore complexity is not
particularly significant. This conclusion aligns with previous findings [25], indicating that
while the mobility of shale oil in reservoirs correlates with pore structure, factors such
as burial depth and organic matter abundance must also be taken into account. These
research findings hold significant implications for estimating recoverable reserves and
predicting the productivity of shale oil and gas reservoirs. However, they also underscore
the importance of considering the comprehensive impact of various factors during the
development process to achieve more efficient exploitation of shale oil and gas resources.

For exploring the influence of TOC and mineral composition content on the complexity
of shale pore structure, a correlation analysis was conducted between these data and fractal
dimension (Figure 8). Ideally, the variation in fractal dimension should be correlated with
changes in TOC or pore structure to explain the differences in fractal dimension changes
between different types of shale samples before and after oil washing.

However, the correlation analysis conducted in this study revealed that for samples
predominantly composed of carbonate minerals (Type I), there was no significant corre-
lation between the fractal dimension and TOC before and after oil washing (Figure 8a).
Nonetheless, on a broader scale, the fractal dimension tended to increase with higher TOC
levels, suggesting that changes in TOC might have some influence on the pore structure of
the sample, thereby affecting the magnitude and direction of the fractal dimension. Specifi-
cally, the fractal dimension appeared to be predominantly influenced by the pore structure,
including parameters such as pore-specific surface area, pore volume, and average pore
diameter (Figure 8b—d). The overall fractal dimension of Type I shale samples shows a
positive correlation with specific surface area and pore volume, while displaying a negative
correlation with average pore diameter. This implies that larger specific surface areas
and total pore volumes, coupled with smaller average pore diameters, contribute to more
irregular inner surface structures of the pores and thus a more complex pore architecture.
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Figure 8. Relationships between fractal dimension and TOC (a), specific surface area (b), pore volume

(c) and average pore diameter (d) of Type I samples.

For shale samples predominantly composed of quartz—feldspathic minerals (Type
II), we found that the fractal dimension has no obvious correlation with TOC and pore
structure, whether before or after oil washing. The changes in TOC and pore structure
before and after oil washing could not be directly linked to the changes in fractal dimension
(Figure 9). Therefore, for the changes in fractal dimension of siliceous shales before and
after oil extraction, we believe that they are the result of the combined effects of TOC and
pore structure, rather than being solely dominated by a single factor. Of the two factors,
TOC may play a more important role.

The rationale behind this observation is as follows: organic matter harbors a multitude
of pores, particularly micropores and fine mesopores, which contribute substantially to the
pore space within shales [61]. These pores exhibit characteristics akin to fractal “branch-
ing”, thereby effectively influencing the fractal dimension. Moreover, the TOC content
significantly impacts the pore structure of shale, encompassing aspects such as the genesis
and distribution of organic matter, its interaction with inorganic minerals, and the stability
of the pore structure. Consequently, alterations in the fractal dimension of siliceous shale
stem from the combined interplay of numerous intricate factors.



Fractal Fract. 2024, 8, 242

14 of 17

1.6 6
(a) [ ®
14+ o~ o 5
12l R*=0.4314 < R?=0.0443
. o4t
AN 8
O 1.0} =3}
(@) X =]
o8t o ATA w
A - o2f
06F A 5
, 81 A 4 AR?=0.0271
0.4+ R<=0.2218 (% A A I /
0F - VAN - AN
02 1 1 1 1 1 1 1 1 1 1 1 1
2.15 2.20 2.25 2.30 2.35 2.40 245 2.15 2.20 2.25 2.30 2.35 2.40 2.45
Fractal Dimension Fractal Dimension
0.012 18 -
() o (A~ ,
0.010 } E sl © N R =0.0497,
g 0.008 | © AN A AT
= O 14t
© 0.006 |- R?=0.0138 o
> O 1oL
o
© 0.004
o (0]
o 0.002 | g 1o
' o ) o R?=0.0912
0.000f A 5 A A8 ~R*=0.027 Z s}
2.15 2.20 2.25 2.30 2.35 2.40 2.45 2.15 2.20 2.25 2.30 2.35 2.40 2.45
Fractal Dimension Fractal Dimension
A Original Extracted

Figure 9. Relationships between fractal dimension and TOC (a), specific surface area (b), pore volume

(c) and average pore diameter (d) of Type II samples.

5. Conclusions

In this study, we employed a multi-method approach to scrutinize the alterations in

pore structure exhibited by distinct shale types before and after oil extraction. Subsequently,
the following primary conclusions were derived:

@

@)

®)

4)

The extraction of organic solvents led to a significant decrease in TOC content. The
impact of oil washing on organic matter in siliceous shale was greater compared to
calcareous shale, indicating a higher content of movable oil in siliceous shale than in
calcareous shale.

For shale samples predominantly composed of carbonate minerals (Type I), the preva-
lent H2-H3 type hysteresis loop suggests a preponderance of ink-bottle-shaped pores,
indicative of a relatively uniform pore structure within calcareous shale. Conversely,
samples dominated by quartz-feldspathic minerals (Type II) exhibited diverse hystere-
sis loop types both before and after oil washing, underscoring the complex pore struc-
ture inherent to siliceous shale, characterized by the presence of multiple pore types.
After oil extraction, both Type I and Type II shale samples showed a significant
increase in specific surface area and pore volume, indicating that the oil washing
process released the pore space previously occupied by hydrocarbons, especially
the shale dominated by quartz-feldspathic minerals containing more such of pores.
Additionally, due to the limitations of nitrogen adsorption measurement technology,
some large-diameter pores could not be effectively measured, leading to a trend of
shrinking average pore diameter.

Before and after oil extraction, the fractal dimension of shale samples predominantly
composed of carbonate minerals was primarily influenced by pore structure, exhibit-
ing no discernible correlation with TOC. Conversely, the changes in fractal dimension
observed in shale samples dominated by quartz-feldspathic minerals did not exhibit
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a clear correlation with either TOC or pore structure. This suggests that alterations in
fractal dimension may result from the combined effects of TOC and pore structure,
with TOC potentially playing a more significant role in this study.
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