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Abstract: Distinguishing itself from marine shale formations, alkaline lake shale, as a significant
hydrocarbon source rock and petroleum reservoir, exhibits distinct multifractal characteristics and
evolutionary patterns. This study employs a combination of hydrous pyrolysis experimentation,
nitrogen adsorption analysis, and multifractal theory to investigate the factors influencing pore
heterogeneity and multifractal dimension during the maturation process of shale with abundant
rich alkaline minerals. Utilizing partial least squares (PLS) analysis, a comparative examination
is conducted, elucidating the disparate influence of mineralogical composition on their respective
multifractal dimensions. The findings reveal a dynamic evolution of pore characteristics throughout
the maturation process of alkaline lake shale, delineated into three distinct stages. Initially, in Stage 1
(200 °C to 300 °C), both AD and H demonstrate an incremental trend, rising from 1.2699 to 1.3 and
from 0.8615 to 0.8636, respectively. Subsequently, in Stages 2 and 3, fluctuations are observed in
the values of AD and D, while the H value undergoes a pronounced decline to 0.85. Additionally,
the parameter D exhibits a diminishing trajectory across all stages, decreasing from 0.859 to 0.829,
indicative of evolving pore structure characteristics throughout the maturation process. The distinct
alkaline environment and mineral composition of alkaline lake shale engender disparate diagenetic
effects during its maturation process compared with other shale varieties. Consequently, this disparity
results in contrasting evolutionary trajectories in pore heterogeneity and multifractal characteristics.
Specifically, multifractal characteristics of alkaline lake shale are primarily influenced by quartz,
potassium feldspar, clay minerals, and alkaline minerals.

Keywords: Fengcheng formation; hydrous pyrolysis; pore structures; multifractal analysis

1. Introduction

In recent years, there has been a notable escalation in the global pursuit of shale oil
and gas exploration and exploitation [1-3]. Shale formations exhibit significant pore hetero-
geneity, manifesting as a complex network of pores ranging from minuscule dimensions
(<1 nm) to those spanning several micrometers [4-6]. Within the shale oil and gas system,
shale serves a dual role, acting both as a source rock for hydrocarbons and as a crucial
reservoir for the oil and gas it inherently generates [7]. A comprehensive understanding of
shale pore and multifractal characteristics yields profound insights into the fluid dynamics
and storage potential of porous media. Consequently, this understanding serves as pivotal
guidance in the exploration and exploitation of shale oil and gas resources [8].

The maturation state significantly influences the pore heterogeneity and multifractal
characteristics of shale formations [9-12]. Under high temperatures, potential mineral
transformations or recrystallizations may occur, resulting in significant variations in the
geometric and topological features of the pores. Consequently, the reservoir capacity and
hydrocarbon accumulation mechanisms in shale are profoundly affected [13-16]. The
maturation process of organic matter delineates distinct phases in shale evolution, during
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which the generation and release of oil, bitumen, and gas occurs within various pore
types [7]. Furthermore, the temperature during pyrolysis plays a critical role in determining
the efficiency of hydrocarbon generation and release within shale formations. The release
of hydrocarbons in shale induces the production of acidic substances, leading to dissolution
processes that significantly impact the development of shale pores [17,18].

Numerous techniques and methods have been employed for the investigation of shale
pore structure. Through two-dimensional/ three-dimensional imaging technologies such as
optical microscopy (OM), scanning electron microscopy (SEM), micro-focus X-ray computer
tomography (u-CT), focused ion beam scanning electron microscopy (FIB-SEM), and NMR
cryoporometry and thermoporometry techniques, the geometric shape and connectivity of
shale pores can be characterized [19-23]. Various experimental methods, including fluid
injection (high-pressure mercury intrusion), gas adsorption (CO, /N, adsorption), and
small/ultra-small angle neutron scattering (SAXS/USAXS), facilitate the acquisition of
shale pore structure-related parameters [24-27]. However, the significant heterogeneity
and connectivity of shale pores pose considerable challenges for their characterization
solely through imaging observations and pore parameter analysis. Traditional Euclidean
geometry-based methods often prove inadequate for describing shale pores [28,29]. There-
fore, the application of fractal dimension theory serves as a valuable tool for quantifying
the complexities and heterogeneities inherent in shale pore structure [30,31]. Fractal dimen-
sions serve as indicators of pore surface roughness and complexity, offering insights into
the characteristics of pore structures within a confined unit [28,32]. However, the inherent
heterogeneity of shale pores, which are distributed quasi-randomly within a specific range
and exhibit various self-similarities across pore size intervals, poses a challenge to the
singular fractal dimension’s ability to provide a detailed representation of the diverse pores
comprising the shale matrix [8,28]. In response, multifractal dimensions are employed
to accurately characterize system heterogeneity and capture local fluctuations through a
continuous dimension spectrum, thereby facilitating a comprehensive depiction of both
local and global features [4,8,33]. Serving as an extension and refinement of the fractal
dimension, multifractal analysis enhances the representation of pore structure information,
thus offering a more precise illustration of shale composition [8,34-36].

In recent years, scholars have devoted significant attention to investigating the fractal
dimension and pore structure characteristics of marine and continental shale formations
undergoing pyrolysis processes. Key research areas include examining the influence of
thermal maturity on pore configuration, elucidating the relationship between clay minerals
and pore structure, and analyzing the effects of hydrocarbon production from organic
matter on pore structure evolution during pyrolysis progression [24,26,36,37]. Moreover,
multifractal theory has emerged as a widely utilized framework in the study of various
shale formations such as Bakken shale, Perth shale, Barnett shale, Marcellus shale, and
Bohai Bay Basin shale [37,38].

Alkaline lakes typically exhibit pH values ranging from 9 to 11, with total salinity levels
spanning 100 to 350 g/L, predominantly composed of cations such as K+, Na+, Ca?*, and
Mg2+. However, in contrast with marine shale formations, the global distribution of alkaline
lake shale is relatively limited. Representative examples of alkaline lake shale worldwide
include the Eocene Green River Formation shale in the western United States, the Lower
Cretaceous Coqueiro and Macabu Formation shales in the Campos Basin of Brazil, and the
Fengcheng Formation shale in the Mahu Sag of northwest China [39-41]. Distinguishing
itself from typical marine shales, shale deposited in an alkaline environment commonly
contains abundant alkaline minerals, including reedmergnerite, shortite, searlesite, eitelite,
nahcolite, trona and wegschiderite [30,42—44]. During early diagenesis, carbonate cement
within alkaline lake shales fills some intergranular pores, thereby impeding compaction
and enhancing pore structure heterogeneity [16,39,45]. Additionally, alkaline lake shale,
rich in silica, aluminosilicate minerals, and volcanic debris, is prone to dissolution during
diagenesis, facilitating optimal reservoir formation [46,47]. Furthermore, alkaline lakes
characterized by substantial biological productivity, well-developed algal presence, and ex-
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cellent organic matter preservation contribute to early hydrocarbon generation, prolonged
duration, and oil production catalyzed by alkaline minerals, thus serving as superior source
rocks. Nevertheless, investigations into alkaline lake shale remain notably scarce, primarily
focusing on lithofacies categorization, diagenesis, geochemical features, and pore structure
characteristics. Consequently, research exploring fractal dimensions and pore heterogeneity
evolutions during thermal maturation remains relatively sparse [40,45,48-51].

In this study, samples of shale rich in alkaline minerals sourced from the Fengcheng
Formation in the Mahu Sag of the Junggar Basin in China were selected for analysis.
Artificially matured shale samples were obtained through pyrolysis experiments. Utilizing
nitrogen adsorption experiments, multifractal analysis was conducted on these samples to
elucidate the evolution patterns and determinants of multifractal dimensions throughout
the pyrolysis process. Furthermore, by comparing marine shale with alkaline lake shale,
potential environmental influences on multifractal dimensions and pore heterogeneity were
analyzed. This research represents a practical application of fractal theory across disciplines
and aims to refine current understanding of the multifractal nature and pore structure
heterogeneity of alkaline lake shale. Moreover, the findings of this study provide theoretical
support for the exploration and exploitation of shale oil and gas resources in China.

2. Geological Settings

The Mahu Sag is located at the northwestern margin of the Junggar Basin. It is a sag
formed on the basis of the pre-Carboniferous folded basement and controlled by peripheral
fault-thrusting activities [52]. The western boundary is surrounded by the Zhongguai
Uplift, the Kebai Fault Zone, and the Wuxia Fault Zone from south to north, adjacent to
the Dabasong and Xiayan Uplift in the southeast, and connected to the Yingxi Sag in the
east, with an area of about 5000 km? [52,53]. The strata in the Permian of Mahu Sag mainly
include the Jiamuhe Formation, Fengcheng Formation, Xiazijie Formation, Lower Urho
Formation, and Upper Urho Formation from bottom to top [53]. The studied horizon in
this paper is the Fengcheng Formation. The Fengcheng Formation develops delta facies
and lacustrine sedimentation, and the burial depth generally exceeds 4000 m (Figure 1) [53].
The shale of the Fengcheng Formation in the Mahu Sag has been verified to be alkaline lake
shale by many scholars [43,54-56]. As one of the important hydrocarbon source rock strata,
the Fengcheng Formation is also a key field in shale oil exploration in recent years [57-60].
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Figure 1. (a) Location map of Junggar Basin, northwest China; (b) structure map of Mahu Sag and
location of well M2 (modified from Zhang et al., 2024 [53]).
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3. Methodology
3.1. Samples

Organic-rich shale samples containing alkaline minerals in Well M2 from the Fengcheng
Formation in the Mahu Sag of the Junggar Basin in northwest China were selected for
this study. During sampling, column samples of identical depth and parallel orientation
were chosen and subsequently divided into six equal parts after grinding into powder and
being mixed together (depth of the samples: 4155.82 m). Each part underwent pyrolysis
experiments at different temperatures to mitigate the potential impact of heterogeneity on
the experimental outcomes.

3.2. Hydrous Pyrolysis

In accordance with the time-temperature compensation principle, a methodology was
adopted to simulate a continuous sequence of long-term and low-temperature geological
evolution processes under elevated temperatures within a relatively short experimental
duration. The HXHTST-II high-pressure pyrolysis simulator and HXSRDE-II source rock
diagenetic evolution simulator were employed within a semi-closed system. The six shale
samples were subjected to incremental heating cycles at temperatures of 200 °C, 250 °C,
300 °C, 350 °C, 400 °C, and 450 °C, respectively (each sample was straightly heated under
200 °C, 250 °C, 300°C, 350 °C, 400 °C, and 450 °C). Each pyrolyzed shale sample was
labeled accordingly: M-200, M-250, M-300, M-350, M-400, and M-450. Subsequently, the
temperature was maintained for a period of 48 h to ensure thermal equilibrium throughout
the system.

Organic geochemical, petrological, and low-temperature gas adsorption experiments
were conducted on each specimen to obtain comprehensive data on geochemical param-
eters, mineralogical attributes, and pore structure characteristics across varying thermal
maturation levels. Additionally, multifractal theory was employed for numerical simulation
to analyze the alteration in pore structure heterogeneity.

3.3. XRD and Geochemical Analysis

To determine the mineral composition of the rock samples, X-ray diffraction (XRD)
experiments were conducted using the Bruker D8 advance X-ray diffractometer, yielding
comprehensive mineralogical data. Total organic carbon (TOC) tests were carried out using
a Leco C5230 analyzer, with the samples ground to an approximate granularity of 100 um
prior to analysis. Rock Eval pyrolysis was performed following standard procedures,
enabling the determination of key geochemical indicators such as Sy, S;, Ss, etc. Sy and Sy,
respectively, represent the residual hydrocarbons generated by organic matter in the rock
but not yet expelled, and the organic matter that can generate hydrocarbons but has not
yet. The sum of S; and S; is known as the hydrocarbon generation potential, indicating
the rock’s hydrocarbon generation capacity. S3 stands for the amount of carbon dioxide
produced by the pyrolysis of kerogen in the rock.

3.4. Gas Adsorption

The Micromeritics ASAP 2460 apparatus was employed under 77 K (LNA) conditions
to characterize the structures of mesopores (2~50 nm) and macropores (>50 nm) through
low-pressure N, adsorption. Prior to experimentation, the samples were pulverized to
a granularity of 35~80 mesh. Subsequently, the pulverized samples underwent an ap-
proximately 8 h degassing process within the apparatus to remove any adsorbed gases or
contaminants. Following degassing, the samples were subjected to cycles of increasing and
decreasing Ny relative pressure, corresponding to the adsorption and desorption processes.
The acquired N, adsorption isotherms were analyzed using the Brunauer—-Emmett-Teller
(BET) model to quantitatively assess the pore size distribution. This analysis enabled the
determination of the size distribution of mesopores and macropores and the generation of
the pore size distribution (PSD) curve [61-63].
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3.5. Fractal Analysis

Shale pore structures are known for their pronounced heterogeneity, making fractal
theory a common tool in shale pore studies. Among the various fractal models utilized
by scholars, the Frenkel-Halsey-Hill (FHH) method stands out as a frequently employed
approach. In this article, we utilized data obtained from N; adsorption experiments to
calculate the fractal dimensions of porous media using the FHH model. The calculation
method for determining the fractal dimensions is outlined as follows:

In(V) = (D — 3) In(In( ))+C 1)

1
P/P,

In the formula, P/P, represents the relative pressure, V denotes the volume of ad-
sorbed Ny, and C is a constant parameter. According to fractal theory, the fractal dimension
(D) typically ranges between 2 and 3, with an increase in the D value indicating greater
heterogeneity and complexity within the pore structure [2,8,47,62-64].

In many cases, the intricate nature of shale porosity poses a challenge for singu-
lar fractal dimension models, such as the FHH model, to offer a precise representation.
Previous studies on shale pores often resort to the box-counting technique for multifrac-
tal analysis, which allows for a more comprehensive examination of the complex pore
structure [2,40,48,62,63].

A series of uniformly sized boxes, each with a length denoted as k, was utilized and
placed over the interval of the recorded signal for analysis. The probability density within
each box can be expressed as follows:

Pi(k) = Vi(k)/ % v (k) @)

where P;j(k) is the probability density function; Vj(k) represents the pore volume of the
Number 1 box; N(k) is the total number of boxes, N(k) = 2a (a =0,1,2, ...). For each interval
of size k, the exponential function relationship between P;j(k) and k can be represented
as [62,63,65]:

P;(k) ~ k4 @3)

where «; is the singularity index, indicating that as i approaches 0, the singularity of the
system approaches infinity [8,63,66]. For the multifractal distribution characteristics of the
interval of size k, as k decreases, N(k) increases in the form of a power function, the specific
form is:

Na (k) ~ k) @)

where N (k) is the number of boxes with singular strength between different « values in
the function P;j(k), and f(x) represents the multifractal spectrum or singularity spectrum.
Finally, «(q) and f(x) can be calculated based on the related equations in the research results
of Chhabra [67].

w(q) o [Y_ % Xi(q, k) x log P;(K)] /log (k) 5)

f(q) o [ Xi(q, k) x LogXi(q, k)] /log (k) ©)
Xi(q, k) is derived from the weighted sum of the qth power of P;(k), and also follows
the power function of k:
Xi(q k) = Y Pl ek @)
where q is the index representing the fractal characteristics of the object at different scales.

In this study, the value of q is taken as continuous unit steps ranging from —10 to 10. For
multifractal applications, the probability distribution function is defined as [61,64]:

u(g k) = YN (k)9 ~ k7@ (8)
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t(q) = lim[In ) "P;(k)4/ In(1/k)] 9)
k—0 T
where 1(q), the mass scaling function of order g, can be defined as [63]:
Dq =1(q)/(q—1) (10)
whenq=1:
N(K)
D; = lim( P;(k) InP;(k))/ In(k) (11)
k—0 i=1
4. Results

4.1. Petrophysical and Geochemical Characteristic

The mineralogical and geochemical data of the shale samples at various temperatures
are presented in Table 1. The Tnax value of the original sample is 417 °C, indicating that
the shale sample is immature. With increasing pyrolysis temperature, observable trends
emerge in the quartz, feldspar, and clay mineral content of the samples, displaying an
increase—decrease—increase cycle. Specifically, the quartz content exhibits an ascending
trend within the 200-250 °C range, reaching 12.5% at 250 °C, before declining to 6.4%
within 250-350 °C. Both feldspar and clay mineral contents rise within the 200-300 °C
range, decrease within the 300-350 °C interval, and then rise again beyond 350 °C. The
carbonate mineral content initially decreases rapidly to 1.4% with increasing pyrolysis
severity, maintaining a relatively stable value within the 250-400 °C range. However, upon
surpassing 400 °C, the carbonate content sharply increases to 8.5%. The proportion of
hornblende remains low (<1.5%) within the 200-300 °C interval, reaching 10.1% at 350 °C
before decreasing back to a lower prevalence with further pyrolysis. The trend of eitelite
content follows a similar pattern to that of hornblende. Within the 200-300 °C range, the
eitelite content remains below 2%. After reaching a value of 40.1% at 350 °C, it gradually
decreases back to less than 2%. The total organic carbon (TOC) value undergoes a rapid
decrease within the 200-250 °C range, followed by a slower decline between 250 and 350 °C,
and subsequently increases within the 350-400 °C range before sharply decreasing after
400 °C. The increase in TOC content between 350 and 400 °C is potentially linked to the
release of hydrocarbons and kerogen graphitization [65]. Both S; and S; reach a high value
at 200 °C and decline rapidly with increasing pyrolysis temperature. While S; exhibits an
increasing trend from 300 °C to 400 °C, S; remains relatively stable within the 250 °C to
300 °C and 350 °C to 400 °C intervals. The variations in total organic carbon (TOC), 51, and
S; throughout the thermal evolution process are indicative of organic matter transformation,
hydrocarbon generation, and asphaltene formation [41,48,68]. As the pyrolysis temperature
increases, the combined S; + S, content progressively decreases.

Table 1. Mineralogy and geochemical characteristics of the samples during hydrous pyrolysis.

Mineral Composition (%) Geochemical Characteristics
Sample
Potassium . . o 1s Clay TOC S1 S, S1+S; S3
Number Quartz Feldspar Plagioclase Calcite Hornblende Eitelite Minerals (%) (mg/g) (mg/g) (mg/g) (mg/g)
M-200 9.8 4.5 67.1 11.7 3.5 1.2 2.1 0.468 0.29 0.66 0.95 1.7
M-250 12.5 5.8 729 14 3.9 1 24 0.254 0.15 0.39 0.54 0.4
M-300 10.7 6.9 74.1 0.5 3.8 0.6 2.9 0.244 0.05 0.36 041 0.51
M-350 6.4 3.6 36.7 15 10.1 40.1 1.7 0.232 0.08 0.17 0.25 0.48
M-400 7.0 55 59.3 1 8.2 17.2 1.8 0.305 0.1 0.16 0.26 0.64
M-450 8.5 6.8 67.2 8.5 5 21 1.9 0.176 0.03 0.05 0.08 0.64

4.2. N, Adsorption and Pore Structure

The gas adsorption data reveal an increasing trend in maximum adsorption volume
with increasing thermal maturity. Based on the IUPAC classification, the hysteresis loops
observed in the samples under different temperatures primarily exhibit Type H3 (see
Figure 2). Type H3 hysteresis loops are typically associated with non-rigid particulate
aggregates containing slit-like pores. In petrology, this phenomenon may be attributed to a
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Adsorption Volume(cm'/g)

lower content of clay minerals and a higher content of relatively stable minerals such as
feldspar and quartz [7,65,69,70]. During the pyrolysis process, as the total organic carbon
(TOC) content of the source rocks decreases, the expulsion of hydrocarbons could poten-
tially lead to the minor dissolution of unstable minerals such as feldspar and carbonates.
Insufficient dissolution processes may result in the local generation of ink-bottle pores with
narrow throats and large diameters. Although all samples develop an H3-type hysteresis
loop (Figure 2b—e), the shape of the hysteresis loop in the samples changes slightly with
increasing pyrolysis temperature. Specifically, at pyrolysis temperatures of 200 °C and
450 °C, the curve is not smooth (Figure 2a,f). These observed changes in the desorption
curve during the pyrolysis process indicate alterations in the pore structure.

0 10 8
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Figure 2. Adsorption/desorption curves of the samples during hydrous pyrolysis.

The pore structure undergoes continuous changes throughout the pyrolysis process.
The pore size distribution (PSD) curve illustrates the relationship between pore radius
and pore volume for all samples within the range of 2 nm to 120 nm (Figure 3). The pore
size distribution exhibits a bimodal pattern, characterized by two peaks in pore diameter
at 20 nm and 40 nm, respectively, with the majority of pore diameters exceeding 20 nm.
Additionally, the pore volume demonstrates an initial increase followed by a subsequent
decrease in both pore diameter ranges (Figure 4).
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Figure 3. Pore size distribution of the samples during hydrous pyrolysis.
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Figure 4. Variation and relationship of different types of pore volumes and SSA during hydrous pyrolysis.

According to Figures 4 and 5, as the pyrolysis temperature increases, both the total
pore volume and specific surface area exhibit a trend of initial increase followed by gradual
decrease. The total pore volume ranges from 0.005 cm?®/g to 0.0116 cm3/g, while the
specific surface area spans from 0.8345 to 2.2188. Mesopore volume predominates over
macropore volume, ranging from 0.00821 cm? /g to 0.00347 cm?/g. The alteration trend in
mesopore volume initially escalates before receding, similar to the transformation pattern
of total pore volume and specific surface area. In contrast, the macropore volume fluctuates
more subtly, oscillating between 0.00342 cm®/g and 0.00154 cm3 /g (Table 2).

0.014
y = 0.0056x — 0.0001
R?=0.9548
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Figure 5. Relationship between SSA and total pore volume of the samples during hydrous pyrolysis.
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Table 2. SSA and pore volume of the samples during hydrous pyrolysis.
Sample Number SSA Total Pore Mesopore Macropore
P (m?/g) Volume (cm3/g)  Volume (cm3/g)  Volume (cm3/g)
M-200 1.986 0.011625203 0.008207142 0.00341806
M-250 2.2188 0.012160499 0.008856538 0.003303961
M-300 1.7884 0.008924058 0.006689192 0.002234866
M-350 1.8952 0.010977099 0.00790145 0.003075649
M-400 1.1754 0.005916112 0.004359051 0.001557061
M-450 0.8345 0.00500682 0.003471779 0.001535041

4.3. Fractal Characteristic

During hydrous pyrolysis, water and newly formed hydrocarbons react with minerals,
causing significant physical and chemical changes. These changes result in varying alter-
ations in shale pore structure at different stages of artificial maturation, ultimately leading
to fluctuations in the fractal dimension [47,71,72]. As depicted in Figure 6, the fractal dimen-
sions of the samples M-200, M-250, M-300, M-350, M-400, and M-450 are calculated to be
2.4713 (Figure 6a), 2.4652 (Figure 6b), 2.46 (Figure 6¢), 2.4766 (Figure 6d), 2.4995 (Figure Ge),
and 2.4895 (Figure 6f), respectively. Figure 7 illustrates the trend of fractal dimensions with
the variation of pyrolysis temperature, displaying an overall pattern of initial decrease,
subsequent increase, and then decrease again. The decrease in fractal dimensions signifies a
reduction in complexity on the surfaces and structures of the pores, resulting in a tendency
towards greater uniformity. This evolution may stem from the generation of bitumen
and hydrocarbons, which block more complex branched pores, thereby accentuating the
dominance of larger pores [47,73]. Alternatively, it may be attributed to extensive mineral
dissolution at this stage, which has led to an improvement in the pore structure to a certain
extent. Conversely, the increase in fractal dimensions indicates an enhancement in the
heterogeneity of the pore structure. This could be attributed to poorer pore connectivity
and an uneven distribution of pores in space [74-78].

The decrease in fractal dimensions signifies a reduction in complexity on the surfaces
and structures of the pores, resulting in a tendency towards greater uniformity. This
evolution may stem from the generation of bitumen and hydrocarbons, which block more
complex branched pores, thereby accentuating the dominance of larger pores. Alternatively,
it may be attributed to extensive mineral dissolution at this stage, which has led to an
improvement in the pore structure to a certain extent. Conversely, the increase in fractal
dimensions indicates an enhancement in the heterogeneity of the pore structure. This could
be attributed to poorer pore connectivity and an uneven distribution of pores in space.
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Figure 6. Fractal characteristics of the samples during hydrous pyrolysis (based on FHH theory).



Fractal Fract. 2024, 8, 335

10 of 21

251

2.49 1

2.48

2.47 1

2.46 1

245

100

T
200

T
300
Pyrolysis Temperature(°C)

400 500

Figure 7. Variation of the fractal dimension (FHH theory) of the samples during hydrous pyrolysis.

Based on the results of the nitrogen adsorption experiments, the generalized dimension
Dy of nitrogen adsorption is calculated for all samples. As demonstrated in Figure 8, the
generalized dimension spectrum obtained from the nitrogen adsorption shows an inverted
“S” curve. The calculation results in Table 3 show that the generalized dimensions of
the samples follow Dy > Dy > D,. Furthermore, Dq monotonously decreases within the
interval of q = —10 to 10, indicating that the shale pores within the 2~120 nm range display
multifractal characteristics during the nitrogen adsorption process.

2
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Figure 8. Generalized dimensions of the samples from the N, adsorption during hydrous pyrolysis.
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Table 3. Multifractal characteristics of the samples during hydrous pyrolysis.
Sample Number D_qo D1o Dy Dq AD Hurst (H) D
M-200 1.7418 0.4719 1 0.857 1.2699 0.8615 24713
M-250 1.7466 0.476 1 0.859 1.2706 0.8635 2.4652
M-300 1.7838 0.4838 1 0.847 1.3 0.8636 2.46
M-350 1.7157 0.4682 1 0.842 1.2475 0.8598 2.4766
M-400 1.6726 0.4843 1 0.838 1.1883 0.8509 2.4995
M-450 1.7134 0.4488 1 0.829 1.2646 0.85 2.4898

In the generalized dimension spectrum, Dy denotes the singularity of non-empty boxes
within a continuous interval. The multifractal dimension calculation results reveal that all
samples have identical Dy values of 1, indicating that the singularity of non-empty boxes
remains consistent irrespective of the distribution characteristics of the pores within the
boxes. D; typically represents the information entropy dimension in multifractal analysis,
providing insight into the distribution of various apertures within the system [8,79]. It is
commonly used to depict the density distribution of shale pores within a unit interval [80].
A higher D; value generally indicates a more concentrated distribution of the shale’s pore
size distribution (PSD) curve [81]. As the pyrolysis temperature increases, the D; value
exhibits a decreasing trend, ranging from 0.859 to 0.829. This suggests that the pyrolysis
process induces certain alterations in the pore space of shale samples, thereby amplifying
the dispersion in the size distribution of shale pores.

Within the generalized dimension spectrum, D, represents the correlation dimension.
The Hurst index, calculated as H = (D; + 1)/2, typically falls within the range of 0.5 to 1.
A higher H value indicates increased autocorrelation within a size-dependent porosity
distribution [8,82,83]. Moreover, the Hurst index serves as a measure of pore connectiv-
ity, with higher values suggesting improved pore connectivity. The Hurst index values
for all samples from the hydrous pyrolysis experiment range between 0.85 and 0.86355.
Initially, the Hurst index slightly increases with the elevation of pyrolysis temperature;
however, it subsequently decreases rapidly, indicating that pyrolysis ultimately disrupts
pore connectivity.

Within the generalized dimension spectrum, the range of Dy spans from 0.4488 to 0.4843,
while the range of D_j( extends from 1.6726 to 1.7838 (Table 3). The difference between
D_1p and Dy, denoted as AD, serves as a key indicator of the overall heterogeneity inherent
in the pore size distribution data. The heterogeneity of pore structure, as represented by
AD, is primarily influenced by volume changes among different types of pores. A higher
AD value indicates a greater deviation in the dispersion of pore dimensions [8,82,84].
The AD values for samples at various pyrolysis temperatures range from 1.1883 to 1.3.
Corresponding with an increase in pyrolysis temperature, AD demonstrates a trend of
initial elevation, subsequent reduction, and final increase.

5. Discussion
5.1. The Relationship between Pore Structure and Multifractal Dimension during Pyrolysis

Throughout the hydrous pyrolysis experiment, changes in organic matter and hydro-
carbon generation lead to modifications in pore characteristics, resulting in heterogeneity
of the pore structure [15,42,85]. To investigate the relationships among SSA, pore volume,
and multifractal dimension, we conducted Pearson’s correlation analysis (Figure 9).

The correlation between AD and SSA, total pore volume, mesopore, and macropore
volume appears relatively weak. This suggests that changes in pore radius size and volume
do not maintain a strong absolute correlation during the hydrous pyrolysis experiment.
Conversely, parameters H, D, and D; demonstrate a robust correlation with mesopore
volume and specific surface area. This phenomenon can be attributed to the hydrous
pyrolysis process, wherein newly generated hydrocarbons initially occupy smaller pores.
Moreover, for the samples with rich alkaline minerals, dissolution exerts a more pronounced
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Macropore Volume

Mesopore Volume

Pore Volume

SSA

AD

modifying effect on smaller pores, resulting in a greater amplitude for mesopore volume
(Figure 4). Small diameter pores, which contribute to increased SSA, significantly influence
changes in surface area. Additionally, the characteristics of mesopore exert a profound
influence on pore connectivity, heterogeneity, and distribution dispersion across the entire
shale sample. Therefore, parameters H, D, D;, and SSA exhibit a stronger correlation with
mesopore volume compared with macropore volume.

Pore Mesopore Macropore
AD H D D, SSA" Volume Volume Volume

0.391 0.813  -0.677 0.851 0.922 0.982 0.966 1

0.419 0912 |-0.773 0.896 0.989  0.997 1

0.414 0.89 | -0.751 0.889 0.977 1

0.422 0.942 | -0.804 0.918 1

0.38 0.853 | -0.726 1

-0.856  -0.95 1

0.661 1

1 -0.95 1

Figure 9. Correlation coefficients between pore structure parameters.

As depicted in Figure 4, the amplitude of macropore volume is comparatively smaller.
Notably, between 300 °C and 400 °C, the volume of macropores displays significant volatil-
ity, a phenomenon catalyzed by the metamorphism and transmutation of minerals under
an alkaline environment. The volume of macropores exhibits a strong correlation with
parameters H and D, while its connection with D appears slightly weaker. This suggests
that the development of larger pores has a limited impact on the heterogeneity of the
pore structure.

5.2. The Variation of Pore Heterogeneity and Multifractal Dimension during Hydrous Pyrolysis

Figure 9 illustrates the interrelations among various parameters (H, D, D1, AD) charac-
terizing the heterogeneity of pores. Throughout the hydrous pyrolysis experiment, D1 and
H demonstrate similar evolution tendencies, while D and AD exhibit an inverse trend (refer
to Figure 9). There is a strong correlation among H, AD, and D, whereas D; shows a weak
correlation with AD and a significant correlation with H and D. These findings suggest a
robust association between pore interconnectivity, pore distribution, and the heterogeneity
of the sample.

The analysis focuses on the variation of multifractal dimension during the hydrous
pyrolysis experiment, which is divided into three stages.

During Stage 1, spanning from 200 °C to 300 °C, both the D and D; values exhibit
a downward trend (Figure 10a,d), while the H and AD indices encounter an escalation
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(Figure 10b,c). Throughout the pyrolysis experiment, S, represents the hydrocarbon yield
during the thermal maturation phase of the source rock, whereas the sum of S; and S,
signifies the potential hydrocarbon yield. The data presented in Table 1 illustrate significant
declines in both S, and the sum of S; and S;, indicating the generation of hydrocarbons in
the shale samples as thermal maturation progresses. Shale produces a substantial volume
of organic acids (such as carboxylic and phenolic acids) and acidic gases (such as CO,
and H;S). These acidic fluids are primarily neutralized by adjacent alkaline minerals (such
as eitelite), maintaining a moderated level of alkalinity within the samples. Throughout
this progression, due to the substantial dissolution of alkaline minerals, larger dissolution
pores are liable to emerge. The advent of these dissolution pores commonly enhances pore
interconnectivity and augments the dispersion of pore size distribution, resulting in an
increase in Dy and H and a decrease in the D value. An increase in the frequency of larger
pore spaces induces an uneven distribution of pore dimensions within the entire shale
sample, leading to a small surge in the AD index.
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Figure 10. Variation trend of multifractal parameters during hydrous pyrolysis.

In Stage 2, within the temperature range of 300400 °C during pyrolysis, the D value
rises (Figure 10d) whereas the H, D;, and AD values decrease (Figure 10a—c). Alkaline
hornblende class minerals and eitelite are formed in an alkaline environment (300-350 °C).
Due to the mineral composition of alkaline lake shale and formation water environment,
after the acidic fluid is neutralized by alkaline minerals, the formation water environment
usually continues to maintain its alkalinity [86]. Quartz granules in an alkaline environment
are subjected to dissolution, primarily manifesting intragranular pores of limited intercon-
nectivity and minute scale [87]. Additionally, feldspar, which typically forms micrometer
dissolution pores in acidic environments, is susceptible to erosion in alkaline conditions,
leading to the development of nanometer scale honeycomb dissolution pores [87-90].

In the temperature range of 400 °C to 450 °C in Stage 3, the increase in S3 indicates
a higher conversion of organic matter to CO,. During this phase, quartz dissolution
ceases, leading to an increase in its content, while feldspar undergoes dissolution and
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metamorphism, transforming into alkaline minerals such as eitelite. At 450 °C, bitumen
undergoes pyrolysis, forming an internal pore network that enhances pore development to
some extent. These newly formed pores moderately improve the overall surface roughness
and complexity of the pore structure in shale [91], resulting in an increase in AD (Figure 10c)
and a decrease in D (Figure 10d).

In Stages 2 and 3, the interaction between CO; and the alkaline reservoir fluid typi-
cally leads to the transition of the reservoir fluid from alkaline to neutral [86,92]. Quartz
dissolution ceases during this stage, accompanied by an increase in content, while feldspar
undergoes dissolution, transforming into alkaline minerals such as eitelite. During the
hydrothermal transformations of feldspar into eitelite within an alkaline environment,
an instantaneous thin fluid film forms on the mineral particle surface, exhibiting distinct
chemical and rheological properties compared with the primary fluid [93,94]. As reactions
proceed, insoluble elements released by mineral particles are immediately reprecipitated
at the interface through the thin fluid film, while soluble elements migrate into the main
fluid [93-96]. Therefore, even in conditions where the secondary mineral ions in the main
solution are undersaturated, the reprecipitation of secondary minerals remains plausi-
ble [95,97,98]. In summary, during the intermineral transformation process occurring
between 300 °C and 450 °C, newly formed minerals typically precipitate on mineral grain
surfaces influenced by the thin fluid film, gradually occupying larger pores such as residual
original pores and dissolution intergranular pores. With the increasing CO, partial pressure
and high Ca?* concentration in the formation water, calcite reforms during this stage, filling
the large pores [99-101]. Following the dissolution-reprecipitation coupling mechanism of
hornblende, hornblende dissolves and undergoes transmutation under high temperatures
influenced by CO,, resulting in the formation of numerous small pores on the particle
surface and the transformation of hornblende into clay minerals such as chlorite [102-104].
The surface dissolution and transmutation amplify the number of small pores, enhancing
pore heterogeneity, a change further augmented by the newly formed clay minerals. Based
on previous diagenesis studies, the substitution of feldspar by alkaline minerals in samples
is a widespread phenomenon in geological strata. This alteration process results in the for-
mation of new minerals, such as carbonates, characterized by internal particle opacity and
extensive development of intragranular micropores, while maintaining regular particulate
boundaries [49,50,75]. The simultaneous filling of macropores and the genesis of numer-
ous poorly connected micropores suggest a phase in which shale reservoir connectivity
decreases, heterogeneity intensifies, and pore distribution becomes uneven. Consequently,
the fractal dimension (D) exhibits an upward trend (Figure 10d), while the Hurst index
(H) and the information entropy dimension (D;) show a downward tendency within the
temperature range of 300450 °C (Figure 10a,b).

5.3. The Influence of Mineralogy on Multifractal Dimension Based on Comparison

Based on previous scholarly contributions and the findings of this study, the differ-
ences in pore heterogeneity and multifractal characteristics observed in alkaline lake shale
compared with other types of shales primarily stem from two key factors.

The sedimentary environment of shale rich in alkaline minerals is situated within a lake
basin characterized by elevated pH values. This fundamental disparity in the sedimentary
environment instigates changes, wherein terrigenous detrital matter undergoes dissolution
and transformation under alkaline influences. The alkaline conditions foster the dissolution
of terrigenous fine or silt quartz upon deposition in the lake, resulting in a significantly
reduced quartz content within the alkaline lake shale. Detrital clay minerals such as
montmorillonite, unstable in alkaline water conditions, are easily dissolved or transformed
to new silicate minerals, such as Fe-illite, Mg-smectite, K-feldspar, and analcime during
burial processes [55,105-107].

Secondly, volcanic materials undergo instability within alkaline water, leading to dis-
solution and metamorphosis, resulting in the formation of novel silicate and silica minerals.
The evolution of alkaline lakes is primarily linked to volcanic activities and associated
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hydrothermal events. The clastic fragments and volcanic matrices, rich in volcanic materi-
als, are widely distributed within the Fengcheng Formation shale. Exposed to an alkaline
environment, these materials release abundant K*, Na*, Ca2*, Mg2+, and alkaline formation
water, subsequently transforming into autogenic silicate minerals such as sodium feldspar
and potassium feldspar [55,108]. In comparison with marine shale, the differences in min-
eralogy further contribute to variations in reservoir formation mechanisms and diagenesis.
This serves as the fundamental rationale for the distinct pore structure and multifractal
dimensions observed in alkaline lake shale compared with other shale types.

To investigate the influence of mineralogy on shale multifractal dimension, partial
least squares regression (PLS) analysis was conducted. Data from marine shale samples
sourced from the Mesoproterozoic Xiamaling Formation in North China, as documented
by Wu et al. in 2023 [18], were utilized for comparative purposes. The objective was to
discern the similarities and differences in the impact of mineral composition on multifractal
dimensions between alkaline lake shale and other shale varieties. In this analysis, the Hurst
index (H) and AD (=D_j9 — Djp) were chosen as dependent variables, while the mineral
content data from Table 1 and Wu et al.’s study were utilized as independent variables for
each mineral. The findings are presented in Figure 11.

Potassium

Quartz Feldspar Plagioclase  Calcite Hornblende  Eitelite ~ Clay Minerals Dolomite Pyrite
-0.234 =03l -0.151 0 0 0 -0.002 0.371 -0.488
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0.609 -0.728 -0.178 -0.133 -0.243 0.185 0.590 0 0
=057 0.567 0.102 0.115 0.246 -0.112 0,589 0 0

A-Shale= Alkaline-lake shale

M-Shale= Marine shale

0=No data

-0.728 0.609

Figure 11. PLS analysis results based on comparison between alkaline lake shale and marine shale.

In the hydrous pyrolysis of shale rich in alkaline minerals, the fractal dimension is
predominantly influenced by quartz, potassium feldspar, and clay minerals, followed by
alkaline minerals such as alkaline hornblende and eitelite. In contrast, typical marine
shale exhibits relatively less effective control over the fractal dimension by quartz and
potassium feldspar during hydrous pyrolysis. Carbonate exerts a more pronounced im-
pact on the fractal dimension in marine shale. Additionally, in marine shale, quartz and
potassium feldspar cease to be primary drivers influencing the fractal dimension during
hydrous pyrolysis. The clay mineral content in marine shale significantly affects pore
interconnectivity, with pyrite and dolomite largely influencing the heterogeneity of pore
diameter distribution. Despite the high concentration of quartz in marine shale, the absence
of an alkaline environment inhibits dissolution during the diagenesis process, limiting
quartz’s control over the multifractal dimension. The diagenetic disparities suggest that
the increased concentration of quartz results in poorer pore interconnectivity in alkaline
lake shale but enhances the heterogeneity of pore size distribution. Conversely, the effect
on marine shale is the opposite.

Both shale rich in alkaline minerals and marine shale exhibit low concentrations of
potassium feldspar. However, due to the absence of potassium feldspar dissolution and
metamorphism during the hydrous pyrolysis of marine shale, the effect on the multifractal
dimension differs between marine shale and alkaline lake shale. The influence of clay
minerals on both types of shale varies significantly. Specifically, in alkaline lake shale,
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the content of clay minerals has a notable negative effect on pore interconnectivity and a
positive effect on the heterogeneity of pore diameter distribution. Conversely, clay minerals
exert a robust negative influence on pore interconnectivity in marine shale. Throughout
the hydrous pyrolysis procedure, the content of hornblende and eitelite also has crucial
impacts on the fractal dimension. However, due to their marked fluctuations in content,
ranging from low to high and then back to low, they compromise the accuracy of the PLS
analysis to some extent.

6. Conclusions

This study aims to assess the evolution of pore heterogeneity and fractal characteris-
tics of alkaline lake shale through artificial hydrous pyrolysis experiments. The method
employed combines nitrogen adsorption experiments with multifractal analysis. Addition-
ally, a comparative analysis is conducted between alkaline lake shale and marine shale to
elucidate their differences.

(1) During the maturation process of shale, changes occur in the pore characteristics
due to the conversion of organic matter and hydrocarbon generation, resulting in
alterations in the heterogeneity of the pore structure. The distribution of the total pore
volume spans from 0.005 cm®/g to 0.0116 cm® /g, while the specific surface area (SSA)
ranges from 0.8345 to 2.2188. Mesopore volume fluctuates between 0.00821 cm®/g and
0.00347 cm® /g, whereas macropore volume varies from 0.00342 cm?/g to 0.00154 cm3/g.
The trends of SSA, total pore volume, and mesopore volume exhibit similarity, with
minimal volatility observed in the macropore volume. The distribution ranges of AD
and D are 1.1883 to 1.3 and 2.46 to 2.4995, respectively, indicating opposite trends.
With increasing pyrolysis temperature, both D1 and H gradually decrease, with ranges
of 0.859 to 0.829 and 0.85 to 0.86355, respectively. These findings suggest that the
pyrolysis process ultimately results in a more dispersed distribution of shale pore
sizes and diminishes the connectivity among pores.

(2) In the thermal maturation progression of shale rich in alkaline minerals, a direct corre-
lation between pore radius distribution and pore volume is not evident. Mesopores
exhibit a greater volume compared with macropores, with mesopores being more sus-
ceptible to diagenetic alterations and hydrocarbon modifications during the pyrolysis
process. Consequently, the correlation between mesopore volume and other parame-
ters related to pore heterogeneity and multifractal dimensions is more pronounced.
Compared with macropores and mesopores, the mesopores (between 2-50 nm) exert
a more significant influence on pore heterogeneity and multifractal characteristics.

(3) The changes in multifractal dimensions and pore heterogeneity in alkaline lake shale
occur in three consecutive stages. Firstly, the generation of hydrocarbons from organic
matter, coupled with the neutralization of alkaline minerals by organic acids, initiates
shale dissolution, thereby improving the pore structure. Secondly, a complex diage-
netic process ensues, characterized by the mutual transformation between alkaline
minerals and feldspar. Newly formed minerals typically precipitate around particle
edges and fill intergranular pores. Quartz and feldspar tend to develop intragranular
dissolution pores rather than experiencing erosion at the granular periphery in an
alkaline environment. The filling of substantial intergranular pores, along with the
formation of numerous intragranular small pores, accentuates pore heterogeneity. In
the third stage, the transformative effects of dissolution on shale diminish significantly.
The pyrolysis of hydrocarbons, such as bitumen, triggers the formation of small pores,
thereby enhancing the complexity of the pore structure to some extent.

(4) Diverse sedimentary environments contribute to variations in shale mineral com-
position. The presence of alkaline conditions and distinctive mineral constituents
precipitates disparate diagenetic processes during hydrous pyrolysis, resulting in con-
trasting developments in pore structure heterogeneity and multifractal characteristics
between alkaline lake shale and marine shale. Throughout the hydrous pyrolysis pro-
cess, the evolution of alkaline lacustrine shale is predominantly governed by quartz,
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potassium feldspar, and clay minerals, further influenced by alkaline minerals such
as hornblende and eitelite. In contrast, dolomite plays a primary role in regulating
pore heterogeneity and multifractal dimensions in marine shale, with additional
contributions from quartz and potassium feldspar.
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