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Abstract: Shale oil is hosted in nanopores of organic-rich shales, so pore characteristics are significant
for shale oil accumulation. Here we analyzed pore characteristics of 39 lacustrine shale samples
of the Late Cretaceous Qingshankou Formation (K,qn) in the Songliao Basin, which is one of the
main shale oil resource basins in China, using field emission-scanning electron microscopy (FE-SEM),
and low-pressure nitrogen adsorption. We accomplished fractal analysis, correlation analysis using
correlation matrix and multidimensional scaling (MDS), and prediction of fractal dimensions, which
is the first time to predict pore fractal dimensions of shales. Interparticle pores are highly developed
in Kogn. These shales have mesoporous nature and slit-shaped pores. Compared with the second and
third members (Kyqn??), the first member of the Qingshankou Formation (Kqn!) has a larger average
pore diameter, much smaller surface area, fewer micropores, simpler pore structure and surface
indicated by smaller fractal dimensions. In terms of pore characteristics, Koqn' is better than Koqn??
as a shale oil reservoir. When compared with marine Bakken Formation shales, lacustrine shales
of the Qingshankou Formation have similar complexity of pore structure, but much rougher pore
surface. This research can lead to an improved understanding of the pore system of lacustrine shales.

Keywords: pore characteristics; fractal dimension; multidimensional scaling (MDS); lacustrine;
shale oil

1. Introduction

With the increasing energy demands of the world, the transition from conventional petroleum
to unconventional petroleum is inevitable [1-6]. Shale oil, as a kind of unconventional petroleum
resource, is attracting growing attention [7-10]. Multistage-fractured horizontal drilling dramatically
enhances the production performance of shale reservoirs [11]. Natural fracture spacing significantly
affects shale reservoir performance [11]. It is more profitable to find oil instead of gas since oil has
more energy density and it is easier to transport, store, and use [9].

A shale oil reservoir is a kind of self-contained source-reservoir system. The pores and
micro-fractures in inorganic minerals and organic matter constitute a complicated pore-fracture
system in shales [1,2,12,13]. Shale oil is stored in four types of pores, i.e., intraparticle (intraP) pores,
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interparticle (interP) pores, organic-matter pores, and micro-fractures [4]. Intraparticle pores are
located within particles. Interparticle pores exist between particles and crystals. They are possible
to be part of an active pore network. Organic-matter pores are intraparticle pores located within
organic matter, and they are also likely to be part of an interconnected network since organic-matter
particles are interconnected [14]. Different pore-size scales also have different contributions to the pore
network [15]. The pores not only store hydrocarbons but also are potential flow paths for hydrocarbon
production [16]. Therefore, understanding the pore characteristics in shales is crucial.

Since different kinds of pore types and pore sizes exist, pore characterization in shales is
challenging [15]. The pore characteristics of marine shales have been extensively studied [17-24], such as
Bakken Shale from the Williston Basin [25-27] and Longmaxi Shale from the Sichuan Basin [28-32].
The Bakken Shale is not only the world-class source rock but also the dominating production zone [33].
The major pores in the Bakken Shale are mesopores and macropores [25]. The fractal dimension of
the pores in the Wufeng-Longmaxi Shale is primarily related to micropores, and undoubtedly helpful
to represent the complexity of pore structure and reveal the degree of micropore development [29].
The nature of adsorption/desorption isotherms gives a quantitative assessment of the porous structure
of the materials [34-37]. Xe* plasma focused ion beam scanning electron microscopy (PFIB) has also
been applied in shales [15]. In addition, most researchers have used univariate linear regression
with 2D scatter plots to figure out the correlations between pore parameters and mineral content
and total organic carbon (TOC) [38,39]. Only seldom researchers have applied multivariate linear
regression, and 3D scatter plots to analyze these relationships to eliminate Simpson’s paradox to some
degree [22]. One manifestation of Simpson’s paradox is a counterintuitive statistical appearance of
data in a complex system with the interaction of multiple variables [40]. However, shale oil reservoirs
in China are terrestrial shales, and the research on pore characteristics of terrestrial shale oil reservoirs,
especially lacustrine shales, is still lagging behind.

The Songliao Basin is both a major terrestrial petroleum basin and a significant shale oil resource
basin in China. Petroleum production potential evaluation and horizontal drilling have been conducted
in the Songliao Basin [33]. Lacustrine organic-rich shale in the Late Cretaceous Qingshankou Formation
is the primary shale oil source rock in the Songliao Basin [10]. Qingshankou Formation shale is
characterized by a high content of organic matter at the oil generation stage and is of considerable
thickness. Moreover, the SK-1 scientific drilling project under the International Continental Scientific
Drilling Project framework is the world’s first continental drilling project aiming to retrieve complete
and continuous Cretaceous terrestrial strata [41,42]. SK-1 scientific drilling project recovered continuous
cores with a total length of 2485.89 m, from the Late Turonian to the end of the Cretaceous [41,43,44].
There are continuous cores with a length of 497.02 m in the Qingshankou Formation in the SK-1s well,
which is quite convenient for doing this research.

In this study, we collected 39 samples of shale in the Qingshankou Formation (Kpqn) of the SK-1s
well and conducted FE-SEM and low-pressure nitrogen adsorption analysis. The primary objectives of
this study are 1) to study pore morphology, pore structure, and pore fractal characteristics of lacustrine
shales; 2) to analyze relationships between fractal dimensions and pore structure parameters using
correlation matrix and MDS and to predict pore fractal dimensions of shales for the first time, using
stepwise regression and 3D scatter plots, and 3) to choose a better shale oil reservoir from Qingshankou
Formation in terms of pore characteristics and to understand the differences between marine and
lacustrine shale oil reservoirs pore characteristics.

2. Geological Setting

The Songliao Basin covers approximately 260,000 km? in Heilongjiang, Jilin, and Liaoning
provinces of northeast China (Figure 1a). It is about 750 km in length in the north-south direction and
350 km in width in the east-west direction [45,46]. The Songliao Basin was a long-lived lake basin in
the Cretaceous, and it has continuous Cretaceous strata. This basin preserved as much as 10,000 m
of alluvial fan, volcaniclastic, fluvial, and lacustrine sediments [45]. The basin trends in an NNE
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direction with a diamond-shaped basin floor. It went through three major tectonic events, including
rifting, thermal subsidence, and structural inversion [46]. During the Late Mesozoic, the interaction
between the Pacific and Eurasian plates resulted in an extended rift-valley system in south Mongolia
and northeast China [47,48]. From the Late Jurassic to the Cretaceous, the Songliao Basin, which was
in northeast China, was developed as a rift basin in this extended system [46—48]. During thermal
subsidence, lithospheric cooling and extension during the whole Cretaceous resulted in regional
deformation and subsidence [46]. The Songliao Basin gently developed into a considerable lake
with lake-level fluctuations and probable marine incursions [49]. Generally, the thickness of typical
sediment packages is about 3000-4000 m. These sediment packages are composed of lacustrine,
alluvial, and fluvial sediments [45]. Sediments in the SK-1 well cores were deposited during this
stage. Structural inversion, which included uplift and folding, started with the deposition of the
Upper Nenjiang Formation and culminated at the end of the Cretaceous [46]. Six structural units
have been established in the Songliao Basin. They are Central Depression Zone, North Plunge Zone,
Northeast Uplift Zone, Southeast Uplift Zone, Southwest Uplift Zone, and West Slope Zone, respectively
(Figure 1b) [50].

v - N v - Basin Boundary i . .
Ca, N Strata Depth|Lithology] Sampling
e, A E First-order Structural Boundary (m) depth
b Izl City e [ SKis0l
: 1300 | sKiso2
2, E] SK-1borehole SK1803
ond * North %
ATNE 0100 km Plunge %] Quaternary-Palacogene -
—
E Sifangtai-Mingshui Formation 2 SKis0d
Northeas! £ f—— SK1505
46'Np s 7up|in Zone q [Ka] Nenjiang Formation 2
- . SK1S06
*
,~$a‘ o ( Suihua - Yaojia Formation
-~ n
ony & { Central ingshankou Formation §
45°Np= 5“ west Ypepression 3“’ L - Qing L SK1807
& Slope Zong . I
G ST iK-lus'%/ E@ Quantou Formation 5 s
aan N S .[.\nlp;h;;m"“sh" eﬁ"?' [Ed] Denglouku Formation g ] L sxisto
T ~ plift Zone =
Southwest <.. / §§’ - Yingeheng Formation :‘S‘, £ —— sKisi1
Uplift Zone 7' Changehun Jyit @S 2|z
Tongliao . S J:;;" §e:§ - Shahezi Formation i | SKisiz
3N (o] o L . . . )
4 - — Az . - - Huoshiling Formation g .§ - — SKIS13
122°E 124°E 126°E 128°E = -g
c SK-In SK-Is <l s [
[ SKIS15
-1000 F==SKIS16 5517
-2000 SKISIS
T -3000 =
£ -4000 1700 :f RISTT sKk1s21
=3 — EEE 3
2 -5000 5 I== SKIS24
RS P
-6000 5 o E§§ sklulgquz'}:::f
-7000 ==L
-8000 Mudstone Silty mudstone Muddy siltstone Sandstone  Dolommite

Figure 1. (a) Location map of the Songliao Basin (modified after [41]); (b) major structural zones in the
Songliao Basin (modified after [41]); (c) structural cross-section across the central part of the Songliao
Basin (modified after [46]); and (d) stratigraphic histogram of Qingshankou Formation in the SK-1s
well (modified after [43]) and sampling depths.

The SK-1 drilling project includes two boreholes, the north borehole (SK-1n) and the south borehole
(SK-1s). Figure 1b shows the locations of these two boreholes. These two boreholes are 60 km apart.
The six stratigraphic formations in the SK-1 cores (Figure 1c) are primarily composed of mudstones,
siltstones, and sandstones, deposited in various paleoenvironments from deep lakes to flood plains [45].
The Qingshankou Formation (1285.91-1782.93 m in SK-1s well) is primarily composed of black-gray
mudstone interbedded with gray sandstone, siltstone, and dolomite. The black mudstone in the first
member of the Qingshankou Formation (Kpqn'!), which is also the most significant petroleum source
rock in the Daging Oilfield, was deposited in a deep lake environment [46]. The black-gray mudstone
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in the second and third members (K,qn??) was deposited mainly in a semi-deep lake environment [50].
The Qingshankou Formation is Late Turonian to Late Coniacian in age [50].

3. Sampling and Analytical Techniques

3.1. Sampling

A total of 39 lacustrine shale samples were selected from K,qgn in the SK-1s well. Among them,
20 samples were from Kpqn!, and 19 samples were from Kyqn®?. Figure 1d shows the strata and
sampling depths. Since these core samples were well preserved without weathering, the measured
data is accurate. Each sample was divided into several pieces for conducting low-pressure nitrogen
adsorption, and FE-SEM studies.

3.2. Field Emission-Scanning Electron Microscopy (FE-SEM)

We used an argon ion beam to polish one piece of each sample (about 10 mm in length, 10 mm
in width, and 3-5 mm in height) to generate a flat and smooth surface by Leica RES102 Ion Milling
System of Leica company from Germany at the Petroleum Geology Research and Laboratory Center.
Every single sample was carbon-coated (13 nm thick). An Apreo FE-SEM of FEI company then imaged
the samples. The maximum resolution of a single-pixel is 0.9 nm. Energy-dispersive spectrometer
(EDS) measured the semi-quantitative analysis of mineral composition. We can directly observe pore
types, pore morphology, and pore distribution [17,19].

3.3. Low-pressure Nitrogen Adsorption

Low-pressure nitrogen adsorption was conducted with a Micromeritics ASAP 2020HD88 Surface
Area and Porosity Analyzer of Micromeritics company from the U.S. at Beijing Center for Physical and
Chemical Analysis, China. Equivalent surface areas were determined with the Brunauer-Emmett-Teller
(BET) method. Pore volumes were calculated using the Density Functional Theory (DFT) model.
Average pore diameters were calculated with the adsorption branch by the Barrette-Joyner—-Halenda
(BJH) model. There is a comprehensive description of the different theories mentioned above [51].
In this study, with the DFT model, micropores with pore size from 1.6 nm to 2 nm, mesopores with
pore size from 2 nm to 50 nm, and macropores with pore size from 50 nm to 148 nm were detected [52].

4. Results

4.1. Pore Morphology from FE-SEM

Four types of pores were recognized in this study, including organic-matter pores, interparticle
(interP) pores, intraparticle (intraP) pores, and micro-fractures.

4.1.1. Organic-Matter Pores

Organic-matter pores in the Qingshankou Formation are moderately developed and show high
heterogeneity. Some organic-matter pores are elongated, with maximum pore size up to 10 um long
and 2.5 um wide (Figure 2a—c). Some organic-matter pores are oval or round, with maximum pore size
up to 15 um in diameter (Figure 2d). There are also some honeycomb-like organic-matter pores, with a
wide range of pore sizes between 0.1 pm and 7 um (Figure 2e,f). Some irregular band-like organic
matter with clear and sharp boundaries does not have visible pores (Figure 2g). Nevertheless, when
band-like organic matter concentrates together and is in contact with each other, a small number of
interparticle pores form with pore size up to 5 um long and 1 um wide (Figure 2h). Some gridded-like
pores are found within organic matter, which coexists with clay minerals, calcite grains, and pyrite
particles (Figure 2i). Some pores are also found within organic matter, and are surrounded by pyrite
circle (Figure 2j) or coexist with pyrite particles within pyrite circle (Figure 2k). Some pores can be
observed within the organic matter in pyrite framboids (Figure 21).
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Figure 2. FE-SEM images of organic-matter pores. (a) SK1516, mudstone; (b) SK1516, mudstone;
(c) SK1S32, mudstone; (d) SK1S16, mudstone; (e) SK1516, mudstone; (f) SK1538, mudstone; (g) SK1S16,
mudstone; (h) SK1532, mudstone; (i) SK1536, mudstone; (j) SK1536, mudstone; (k) SK1536, mudstone;
and (1) SK1536, mudstone.

4.1.2. Interparticle Pores

Interparticle pores are highly developed and are the most significant pore type in the Qingshankou
Formation. Some interP pores can be found between organic matter and inorganic minerals (Figure 3a).
Some grain-edge interP pores exist among pyrite particles, clay minerals, and other minerals (Figure 3b).
Some interP pores are present around rigid grains (Figure 3c,d). There are also many interP pores
between clay platelets (Figure 3e,f).
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Figure 3. FE-SEM images of interparticle pores. (a) SK1516, mudstone; (b) SK1538, mudstone;
(c) SK1S16, mudstone; (d) SK1S38, mudstone; (e) SK1538, mudstone; and (f) SK1538, mudstone.

4.1.3. Intraparticle Pores

Intraparticle pores are found within particles. Some of them are intercrystalline pores,
but intragranular pores also exist. Intercrystalline intraP pores within pyrite framboids can be
easily observed in the Qingshankou Formation, with pore size up to 0.5 um (Figure 4a). Cleavage-sheet
and cleavage-wedge intraP pores are also common within clay aggregates (Figure 4b,c). There are also
some intragranular pores in dolomite grains, with a maximum pore size up to 0.5 um (Figure 4b,c).
Lots of dissolution-rim pores are observed in dolomite grains (Figure 4d). Some intragranular pores
exist in K-feldspar grains, with pore size up to 0.8 um (Figure 4e). Some intragranular pores are
observed within plagioclase grains (Figure 4f).
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Figure 4. FE-SEM images of intraparticle pores. (a) SK1516, mudstone; (b) SK1525, mudstone;
(c) SK1S25, mudstone; (d) SK1525, mudstone; (e) SK1516, mudstone; and (f) SK1536, mudstone.

4.1.4. Micro-Fractures

Micro-fractures, which are a crucial part of an active pore network, can be found in the Qingshankou
Formation. Some micro-fractures with a length of more than 400 pm and a width of 8 um that are filled
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with organic matter are also observed (Figure 5a). Some micro-fractures are not filled with organic
matter (Figure 5a—c).

5 °
or

a3 ¢ 5 § .
S Micro-fractures| ? : Micro-fractures

Organic matter

Figure 5. FE-SEM images of micro-fractures. (a) SK1536, mudstone; (b) and (c) SK1516, mudstone.

4.2. Analysis of Nitrogen Adsorption

4.2.1. Nature of Isotherms and Hysteresis Loops

The nitrogen adsorption/desorption isotherms for samples in Koqn! and Kqn?? are shown in
Figure 6a,b, respectively. Adsorption/desorption isotherms show obvious hysteresis loops, which
are visible when relative pressure is about 0.45 (Figure 6). This phenomenon is called the ‘forced
closure’ of the desorption branch due to the Tensile Strength Effect [53]. Various interpretations have
been proposed for hysteresis [54-56], with a possible interpretation being capillary condensation
in mesoporous structures [56]. All the studied samples are of Type IV [56]. Type IV isotherm
is characterized by its hysteresis loop, which is related to capillary condensation taking place in
mesopores, and the limiting uptake over a range of high relative pressure. Due to monolayer-multilayer
adsorption, the first part of the Type IV isotherm follows the same path as the corresponding part of
a Type Il isotherm. This indicates that mesopores are the dominating pores of the samples in both
Kpqn! and Kpqn?3. Most of the isotherms in Koqn'! and Kpqn?? rise rapidly or even vertically when
relative pressure is close to 1 (Figure 6a,b), which indicates these samples might have macropores or
fractures [29,56].
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Figure 6. Low-pressure nitrogen adsorption/desorption isotherms of studied lacustrine samples in
(a) Koqn'! and (b) Koqn?2.
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Though these samples display isotherms with hysteresis patterns, these isotherms show some
differences in shape. Some isotherms show steep slopes when relative pressure is close to 1,
and others show moderate or gentler slopes. The slope of the isotherms indicates the development of
macropores [35]. The parameter AV, which is the difference in volumes of gas adsorbed at the last
two highest relative pressures recorded, was used to calculate the slope of the isotherms [57]. However,
the slope should be calculated with the difference in volumes of gas adsorbed at the last two highest
relative pressures recorded divided by the difference in the last two highest relative pressures recorded
(AVG/A(P/Py)) in Figure 6. Therefore, we used the parameter AVg/A(P/Py) instead of the parameter
AV to represent the slope of the isotherms in this study.

All the AVg/A(P/Py) values are shown in Table Al. Some samples, such as SK1504, SK1S05,
SK1512, and SK1S38, show high AVg/A(P/Py) values, and correspondingly show steep isotherms
(which was interpreted to be indicative of macropores [35]) at the highest two relative pressure steps
(Figure 6). However, the presence of apparent hysteresis of these shales also represents the existence of
mesopores. Some samples, such as SK1528 and SK1S37, show low AV/A(P/Py) values, as the slopes
are gentle. Along with the hysteresis patterns, it indicates that these samples are mainly mesoporous.
Other samples, such as SK1501, SK1511, SK1518, SK1526, and SK1539, are marked by the existence of
both mesopores (visible hysteresis pattern) and macropores (lower in concentration relative to samples
with high AVg/A(P/Py) values).

According to the types of hysteresis loops [56], the hysteresis patterns shown by the samples
are mainly of two types: (1) H3, such as SK1501, SK1504, SK1505, SK1511, SK1512, SK1518, SK1526,
SK1538, and SK1S39; and (2) the combination of H3-H4, such as SK1528 and SK1537. The H3 hysteresis
pattern, which does not show any limiting adsorption at high relative pressure, is observed with
aggregates of plate-like particles producing slit-shaped pores [56]. The H4 hysteresis pattern is typically
related to porous materials containing narrow slit-shaped pores [56]. However, explaining the pore
shapes with hysteresis patterns might be not accurate [29], since the actual pore shape might be a mix
of various pore types, which have also been observed in the FE-SEM images.

4.2.2. Pore Structure Parameters

The quantitative pore structure parameters of the studied samples from low-pressure nitrogen
adsorption are shown in Table A1l. The statistic values (minimum value, average value, and maximum
value) of pore structure parameters in Kyqn! and Kyqn?? are shown in Figure 7. When comparing pore
structure parameters and fractal dimensions of two different members (Kyqn! and K,qn??), the average
value of each member can represent the overall level of each member. Therefore, the average value
has been applied here. The average pore diameter in Kyqn varies from 7.34 nm to 18.22 nm, with
an average of 11.89 nm. The average pore diameter in K,qn?? (9.42 nm on average) is smaller than
that in Kyqn! (14.24 nm on average) (Figure 7a). BET specific surface area (BET SSA) in K,qn exhibits
a wide range of values from 3.04 m?/g to 64.57 m?/g, with an average of 22.70 m?/g. BET SSA in
Kyqn?? (36.75 m?/g on average) is enormously more massive than that in Kpqn! (9.36 m?/g on average)
(Figure 7b). Total pore volume in Koqn is in the range of 12.13-65.40 x 1073 cm®/g, with an average of
38.35 x 1073 cm3/ g. Total pore volume in qun2f3 (44.73 x 1073 Cm3/g on average) is bigger than that in
Koqn'! (32.30 x 102 cm®/g on average) (Figure 7c). Micropore volume in Koqn is in the range of 0-8.52
x 1073 cm3/g, with an average of 1.90 x 1073 cm3/g. Micropore volume in Koqn?? (3.85 x 1073 cm®/g
on average) is dramatically more massive than that in qunl (0.04 x 1073 cm3/g on average). There is
almost no micropore in K2qn1 (Figure 7d). Mesopore volume in Kyqn varies from 7.77 X 1073 cm3/g to
47.50 x 1073 cm3/g, with an average of 28.75 x 10~2 cm®/g. Mesopore volume accounts for 74.97% of
total pore volume, which indicates mesopore is the dominating pore type in Kyqn. Mesopore volume
in Kogn?? (33.39 x 1073 cm3/g on average) is larger than that in Koqn'! (24.33 X 1073 cm®/g on average)
(Figure 7e). Macropore volume in Koqn'! (7.93 x 10=3 cm?/g on average) is a little bigger than that
in K,qn?? (7.48 x 1073 cm®/g on average), with an average of 7.71 x 107 cm?/g in Koqn (Figure 7f).
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These pore structure parameters in Koqn are much larger than those of marine shales from the Early
Cambrian Niutitang Formation in the Sichuan Basin, southwest China [22].
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Figure 7. The statistic values of pore structure parameters and fractal dimensions in Koqn! and Kyqn®3.
(a) Average pore diameter; (b) BET SSA; (c) total pore volume; (d) micropore volume; (e) mesopore
volume; (f) macropore volume; (g) Dy; and (h) D,.

4.3. Fractal Dimensions from Nitrogen Adsorption Isotherms

The fractal Frenkel-Halsey-Hill (FHH) model based on gas adsorption isotherms has been
proven to be a useful model and is broadly used in shales [58]. The FHH model involves applying
Equation (1) [59,60]:

In(V/Vy) = Alln(In(Py/P))] + constant 1)
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where P is the equilibrium pressure; Py is the saturation pressure of the gas; V is the volume of adsorbed
gas molecules; V) is the volume of monolayer coverage; A is the power-law exponent, which depends
on the fractal dimension (D) and the mechanisms of adsorption.

D value can be calculated from the slope (A) of the straight line in the In V versus In(In(Py/P))
FHH plot using either Equations (2) or (3):

D=A+3 @)

D=3A+3 3)

Both Equations (2) and (3) have been applied to calculate the fractal dimension D [59,61].
Equation (2) is applied in the capillary condensation regime in which the hysteresis loops start to
appear, while Equation (3) is used in the case of the van der Waals force [62].

Following the FHH model, the plots of In V versus In(In(Py/P)) in Koqn' and K,qn?? are shown
in Figure 8a,b, respectively. There are two different linear segments at the P/Py intervals of 0-0.5 and
0.5-1, which indicates that fractal characteristics exist in these two distinct regions [63]. The fractal
dimensions in these two distinct regions represent different types of pore features. D; is at higher
P/Py and represents the pore structure fractal dimension, whose behavior is controlled by capillary
condensation. Dj is at lower P/Py and represents the pore surface fractal dimension, whose adsorption
behavior is called monolayer-multilayer adsorption controlled by van der Waals forces [60].

q 4

-5 -4 3 -2 -1 0 1 2 -5 4 3 -2 1 0 | 2
In(In(P,/P)) In(In(P,/P))

Figure 8. The plots of InV versus In(In(Py/P)) of studied lacustrine samples in (a) K, qn1 and (b) K, qn2'3.

In general, the fractal dimension (D) varies in the range of 2-3. It is affected by the geometrical
irregularities and roughness of the surface [64]. The larger the D values are, the more complicated and
irregular the surfaces are [29]. Table A2 shows fractal fitting parameters and fractal dimensions of the
studied samples. Using Equation (2), D; varies from 2.4507 to 2.7498 (2.5982 on average), which meets
the conditions of the fractal theory of porous structures [65]. However, D; calculated by Equation (3)
varies from 1.3521 to 2.2494, which shows deviations from the definition of fractal dimension, so it is
unreasonable and useless [65]. The same thing happens to D,. The fractal dimension varies from 2 for
an entirely typical smooth solid surface to 3 for an extremely complicated surface. In this situation,
only Equation (2) is used to calculate Dy and D; in this study.

Both segments have good linear relationships, and all the coefficients of determination (R;? and
R,?) are higher than 0.9775 (Table A2), indicating that shales in Kyqn are fractal [64]. Comparing with
the fractal dimensions in these two formations, the values of Dy in qunl have a narrower distribution
ranging from 2.4507 to 2.5600 with an average of 2.5196, while the values of D; in K,qn?? range
between 2.5669 and 2.7498 with an average of 2.6809 (Figure 7g). The lower average value of D,
indicates that shales in Koqn'! have simpler pore structures than those in K,qn?3. The values of D, in
qun1 have a narrower distribution from 2.3478 to 2.4559 (2.4298 on average), and the values of D, in
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Koqn?? vary from 2.4368 to 2.6092, with an average of 2.5287 (Figure 7h). It suggests shales in Kpqn!
have smoother pore surfaces than those in Kyqn®2.

5. Discussion

5.1. Relationships between Pore Structure Parameters

Multidimensional scaling (MDS) [66—68] is a method used in data sciences to visualize and
compare similarities and differences of high dimensional data. Its application in geostatistics helps
visually evaluate and interpret multivariate data in a lower dimension. MDS does this by projecting
the multivariate distances between entities to a best-fit configuration in lower dimensions that we can
see [69]. More details can be seen in Reference [69]. To investigate the relationships between pore
structure parameters in Koqn, we used MDS in this study.

The correlation matrix and multidimensional scaling of multivariate pore structure parameters
are shown in Figure 9a and b, respectively. The correlation matrix shows the Pearson correlation
coefficients between these pore structure parameters (Figure 9a). The Pearson correlation coefficients
vary from —1 to 1 and represent from extremely negatively correlated to extraordinarily positively
correlated. The multidimensional scaling plot shows the degree of correlation between these parameters
(Figure 9b). The distances of these parameters are based on three coordinates, X; (shown as horizontal
axis), Xy (shown as vertical axis), and X3 (shown as color from cold to hot), respectively. The closer
the two parameters are observed in the MDS plot, the more positive correlation exists between them,
and vice versa.

a Correlation Matrix MDS Coordinates

pore BET  Total pore Micropore Mesopore Macropore
diameter ~ SSA volume  volume volume volume D, D, Xl xz x:

1: 1373 -0317 -0.003

1.00
2: -0.445 -0.059 0.024

volume

Tl pors 0.55 0. 0.55 054 | 3:-0109 0255  0.036

Micropore
volume

4: -0.391 -0.283 0.022
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Figure 9. (a) Correlation matrix, and (b) multidimensional scaling of multivariate pore structure
parameters and fractal dimensions of studied lacustrine samples in Kyqgn.
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We analyzed the correlations among average pore diameter, BET SSA, total pore volume, micropore
volume, mesopore volume, and macropore volume in this part. From the MDS plot in Figure 9b,
we can get a general impression that BET SSA and micropore volume are more positively related
because these two dots are close to each other, and total pore volume and mesopore volume are more
positively related for the same reason.

From the MDS plot in Figure 9b, we can tell that the dot representing the average pore diameter is
quite far away from other parameters, except the dot representing macropore volume. The average
pore diameter has a weak positive correlation with macropore volume, with a correlation coefficient
of 0.24 (Figure 9a), which is reasonable. The two dots representing BET SSA and micropore volume
are quite far away from the dot representing the average pore diameter in Figure 9b, with correlation
coefficients of —0.83 and —0.73 (Figure 9a), which shows they have strong negative correlations with
average pore diameter. The more micropores the samples have, the smaller the average pore diameter
they have, and the larger BET SSA they have, which is reasonable. Total pore volume and mesopore
volume are flocking together in Figure 9b and medium negatively correlated with average pore
diameter, with correlation coefficients of —0.58 and —0.59 (Figure 9a), respectively. In brief, the most
important parameters influencing average pore diameter are BET SSA and micropore volume, which
show strongly negative correlations with the average pore diameter.

The BET SSA is close to micropore volume in Figure 9b, and the correlation coefficient between
them is 0.98 (Figure 9a), which means these two parameters are extremely positively correlated. The dot
representing BET SSA is a little bit far away from the dot representing mesopore volume compared to
the dot representing micropore volume in Figure 9b, and the correlation coefficient between BET SSA
and mesopore volume is 0.59 (Figure 9a), which means these two parameters are medium positively
correlated. The dot representing BET SSA is far away from the dot representing macropore volume in
Figure 9b, with a correlation coefficient of —0.14 (Figure 9a), which shows these two parameters barely
correlate. Since micropore is smaller than mesopore, it has more BET SSA than mesopore. For the same
reason, mesopore has more BET SSA than macropore. In brief, the most critical parameter influencing
BET SSA is micropore volume, which is positively correlated with BET SSA.

The total pore volume and the mesopore volume are so close to each other in Figure 9b, and they
have an exceedingly positive correlation (correlation coefficient 0.98) (Figure 9a), which indicates that
mesopore is the primary pore type in Koqn. This result is consistent with the results mentioned earlier
that mesopore volume accounts for 74.97% of the total pore volume.

5.2. Relationships between Fractal Dimensions and Pore Structure Parameters

From the MDS plot in Figure 9b, we can find out Dy, D,, BET SSA, and micropore volume
cluster together, which indicates that these four parameters are strongly positively related. Two fractal
dimensions (D; and D) are quite close to each other, and they have a correlation coefficient of 0.89
(Figure 9a), which means D; and D, have a significantly positive correlation. This result is different
from the inconsistency in D; and D, of coals [60], which might indicate lacustrine shales with more
complicated pore structures usually have rougher surfaces.

Both two fractal dimensions (D; and D,) have strongly positive correlations (correlation coefficients
larger than 0.85) with BET SSA and micropore volume, which indicates more micropores and larger
BET SSA lead to more complex pore structures and much rougher surfaces. Both two fractal dimensions
(D1 and Dy) are moderately close to the mesopore volume in Figure 9b, which means mesopore makes
a moderate contribution to the complexity of the pore structure and the roughness of the pore surface.
These two dots representing D; and D; are far away from the dot representing macropore volume in
Figure 9b, with correlation coefficients of —0.26 and —0.23 (Figure 9a). This indicates macropore makes
some contribution to simpler pore structure and smoother pore surface. These two dots representing
D; and D; are exceedingly far away from the dot representing the average pore diameter in Figure 9b,
with correlation coefficients of —0.96 and —0.80 (Figure 9a), which shows larger pores are useful for
making pore structure simpler and pore surface smoother.
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5.3. Prediction of Fractal Dimensions with Pore Structure Parameters

Multivariate linear regression is a kind of traditional regression technique of response surface
modeling (RSM). Multivariate linear regression can be applied to predict a single dependent response
variable using multiple independent predictor variables [22]. Stepwise regression, which is a kind
of multivariate linear regression, has been used in this study to predict fractal dimensions with pore
structure parameters.

Five independent variables were used in this study, including average pore diameter, BET SSA,
micropore volume, mesopore volume, and macropore volume. In the criterion section, F-to-Enter is
set to 4.0 (default value), and F-to-Remove is set to 3.9 (default value). P-value to reject is set to 0.05
(default value). Confidence intervals is set to 95% (default value). Generally, significance tests should
be conducted on the regression equation (mainly including the test of goodness of fit and F test) and
regression coefficients. However, the F test on the regression equation and the significance test on
the regression coefficients are included during the regression process [22]. Therefore, only the test
of goodness of fit is required. Table 1 lists the statistics from the regression models and the variance
analysis results. The coefficient of determination, which is the square of multiple correlation coefficient,
can be applied to judge the fitting degree of linear regression and illustrate how independent variables
can explain the variations of dependent variables. The coefficient of multiple determination, which is
the corrected coefficient of determination, is used to remove the effects produced by the number of
explanatory variables.

Table 1. Statistics of the regression models and the variance analysis.

Multiple Correlation Coefficient of Coefficient of Multiple

Model Coefficient Determination Determination FStatistic  p-Value
1 0.981 0.962 0.960 459.630 < 0.001
2 0.949 0.901 0.895 163.618 <0.001

5.3.1. Prediction of Dy

In Model 1, as shown in Table 1, the coefficient of multiple determination is 0.960, and the P-value
is less than 0.001, which is much less than the default value (0.05). It suggests that Model 1 has passed
the significance test. The regression equation of Model 1 can be expressed as:

y = —0.0214x; + 0.0018x, + 2.8110 4)

where y denotes Dy; x1 denotes average pore diameter (nm); xo denotes BET SSA (m2/g).

Figure 10a shows the 3D scatter plot and the response surface of Model 1. D; shows a negative
correlation with the average pore diameter and a positive correlation with BET SSA, which is consistent
with the result mentioned above.

Figure 10. The 3D scatter plots and the response surfaces of (a) Model 1, and (b) Model 2.
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5.3.2. Prediction of D,

In Model 2, as shown in Table 1, the coefficient of multiple determination is 0.895, and the P-value
is less than 0.001, which is much less than the default value (0.05). It suggests that Model 2 has passed
the significance test. The regression equation of Model 2 can be expressed as:

y = 0.0186x1 — 0.0061x7 + 2.5150 ®)

where y denotes D,; x; denotes micropore volume (10-2 cm®/g); x, denotes average pore diameter
(nm).

Figure 10b shows the 3D scatter plot and the response surface of Model 2. D, shows a positive
correlation with micropore volume and a negative correlation with average pore diameter, which is
consistent with the result mentioned above.

5.4. Relationships between Free Hydrocarbon Content and Fractal Dimensions

Table A1 shows the free hydrocarbon content (Sy). S; of Kpqn! is ranging from 0.06 mg HC/g to
4.30 mg HC/g, with an average of 1.95 mg HC/g. However, S; of Kpqn?? is in the range of 0.05-1.46 mg
HC/g, with an average of 0.44 mg HC/g, which is much smaller than that of Kyqn!. Therefore, Koqn'! is
much better than Kyqn?? in terms of free hydrocarbon content. Figure 11 shows the correlations
between fractal dimensions (D; and D;) and free hydrocarbon content (S;). S; of lacustrine shale
samples is negatively correlated with D; and D,. The coefficient of determination (r?) between S
and Dj is more significant than that between S; and D,, which demonstrates that D; can be applied
to characterize the shale oil content. Shale samples with more free oil usually have a smaller Dy,
probably because free o0il prefers being stored in larger pores, and a simpler pore structure makes oil
flow smoother. This is quite distinct from coal and gas shale, which reveal that gas adsorption capacity
is positively correlated with fractal dimensions [21]. It is because rougher surfaces (with larger fractal
dimensions) can supply more adsorption sites for gas molecules. However, oil molecules, which are
much bigger than gas molecules, only can be stored in larger pores (with smaller fractal dimensions).
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Figure 11. The 2D scatter plot of free hydrocarbon content versus fractal dimensions.

Therefore, considering the effects of pore structure parameters on fractal dimensions, and the
correlations between fractal dimensions and oil content (Figure 11), we found that lacustrine shales
with larger average pore diameter, smaller BET SSA and fewer micropores will have more oil content,
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and these shales are better as a shale oil reservoir in terms of pore characteristics. Hence shales in
Kpqn! are better than those in Kyqn?? as a shale oil reservoir in the Songliao Basin.

5.5. Comparison between Marine Bakken Formation Shales and Lacustrine Qingshankou Formation Shales

The Bakken Formation shale is one of the largest shale oil reservoirs worldwide located in the
Williston Basin (North America) [25]. The Bakken Formation shale is a typical marine shale oil reservoir
and has been studied extensively [25-27]. We chose marine Bakken Formation shales to compare
with lacustrine Qingshankou Formation shales to see the difference of pore structure characteristics
between them.

The Bakken Formation shales have organic-matter pores, interparticle pores, and intraparticle
pores [27]. These kinds of pores also exist in the Qingshankou Formation shales. The isotherms
from nitrogen adsorption of Middle Bakken Formation shales are closed and show distinct hysteresis
loops, which indicates the existence of the mesopores in the Middle Bakken Formation [25]. However,
the isotherms of Upper and Lower Bakken Formation shales are not closed and do not show visible
hysteresis loops [25]. All the isotherms from nitrogen adsorption of the Qingshankou Formation shales
are closed. They show apparent hysteresis loops, which are the same as Middle Bakken Formation,
but different from Upper and Lower Bakken Formation. The Bakken Formation shales have both
plate-shaped pores and silt-shaped pores, while the Qingshankou Formation shales have slit-shaped
pores and some narrow slit-shaped pores.

Figure 12 shows the statistic values (minimum value, average value, and maximum value) of pore
structure parameters and fractal dimensions in the Qingshankou Formation and Bakken Formation.
Pore structure parameters and fractal dimensions of the Bakken Formation are from Reference [25].
The average pore diameter of the Qingshankou Formation (11.89 nm on average) is a little bit larger
than that of the Bakken Formation (10.43 nm on average) (Figure 12a). BET SSA of the Bakken
Formation (4.02 m?/g on average) is much smaller than that of the Qingshankou Formation (22.70 m?/g
on average) (Figure 12b). The total pore volume of the Bakken Formation, with an average of 10.30 X
1073 cm®/g, is much smaller than that of the Qingshankou Formation, with an average of 38.35 x 1073
cm®/g (Figure 12c). The micro-mesopore volume of the Qingshankou Formation (30.64 x 1073 cm?/g on
average) is much larger than that of the Bakken Formation (9.27 x 10~ cm3/g on average) (Figure 12d).
The pore structure fractal dimension (D) of the Qingshankou Formation (2.598 on average) is almost
the same as D; of the Bakken Formation (2.601 on average) (Figure 12e), which demonstrates shales of
these two formations have similar complexity of pore structure. However, the pore surface fractal
dimension (D,) of the Qingshankou Formation (2.478 on average) is much larger than D; of the
Bakken Formation (2.135 on average) (Figure 12f), which means the Qingshankou Formation shales
have much rougher pore surface than the Bakken Formation shales. The average pore diameter
is strongly negatively correlated with D; in both Bakken Formation and Qingshankou Formation.
However, the correlations between total pore volume and D; are opposite in these two formations.
The Bakken Formation shows a negative correlation [25], while the Qingshankou Formation shows a
positive correlation.
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Figure 12. The statistic values of pore structure parameters and fractal dimensions in the Qingshankou
Formation and Bakken Formation. (a) Average pore diameter; (b) BET SSA; (c) tota pore volume;
(d) micro-mesopore volume; (e) Dy; and (f) D;.

This research was performed on the Qingshankou Formation shale, which is considered to be
representative of lacustrine shale oil reservoirs in China. The pore characteristics of Qingshankou
Formation can also represent more widely of general lacustrine organic-rich shale properties. These
methods, including correlation analysis between pore structure parameters and fractal dimensions,
and stepwise regression method, can be more extensively applied in other lacustrine organic-rich shales.

6. Conclusions

In this study, a total of 39 lacustrine shale samples from the Late Cretaceous Qingshankou
Formation in the Songliao Basin were examined using the FE-SEM technique and low-pressure nitrogen
adsorption. Fractal dimensions were calculated by the FHH model using nitrogen adsorption isotherms.
The correlations between fractal dimensions and pore structure parameters were demonstrated using
correlation matrix and multidimensional scaling. Prediction of fractal dimensions with pore structure
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parameters was analyzed using stepwise regression. Based on the results and discussion, the following
conclusions can be drawn:

1.  Interparticle pores are highly developed and are the most significant pore type in the Qingshankou
Formation. Organic-matter pores are moderately developed and show high heterogeneity.
Intraparticle pores and micro-fractures can also be found in the Qingshankou Formation.

2. The nitrogen adsorption/desorption isotherms of Qingshankou Formation shales are of Type
IV, which represent mesoporous nature. According to the slope of isotherms measured by
AVg/A(P/Py), most of the samples might have macropores or fractures. The hysteresis patterns
are H3 and combination of H3-H4, which demonstrate these shales have slit-shaped pores
produced by aggregates of plate-like particles and some narrow slit-shaped pores. Compared
with shales in Kpqn??, shales in Koqn! have larger average pore diameter, much smaller BET SSA,
and fewer micropores.

3.  Both Dj and D5 in qun1 have narrower distributions and smaller values than those in qun2'3,
which suggests shales in Kyqn'! have simpler pore structures and smoother pore surfaces compared
to shales in Koqn?®.

4. Using correlation matrix and multidimensional scaling, we can find that BET SSA, micropore
volume, Dy, and D; are positively correlated. Average pore diameter shows strongly negative
relationships with BET SSA, micropore volume, D; and D,. Free oil content has negative
relationships with D; and D;. Lacustrine shales with larger average pore diameter, smaller BET
SSA, and fewer micropores will have more oil content, and these shales are better as a shale oil
reservoir in terms of pore characteristics. Hence shales in Kpqn' are ideal compared to those in
K,qn?? for a shale oil reservoir in the Songliao Basin.

5. The lacustrine Qingshankou Formation shales and the marine Bakken Formation shales have
similar pore types, but they have different pore shapes. Average pore diameter, BET SSA,
total pore volume, and micro-mesopore volume in the Qingshankou Formation are larger
than those in the Bakken Formation. These two formations have similar complexity of pore
structure, but Qingshankou Formation shales have much rougher pore surface than Bakken
Formation shales.
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Appendix A
Table Al. Quantitative pore parameters from low-pressure nitrogen adsorption analyses and free hydrocarbon content.
. Ave.rage Pore 1 BET SSA Total Pore Micropore Mesopore Macropore AV/A(P/Py) 2g,
Formation Sample ID  Depth (m) Diameter 2 Volume Volume Volume Volume 3
(nm) m78) (103 cm’g) (103 cm¥g) (103 cm’g) (103 cmdy /8 (mg HC/g)

SK1501 1286.5 7.34 64.57 45.10 8.41 33.18 3.51 736.25 0.06

SK1502 1305.0 8.44 58.56 47.37 7.81 33.05 6.51 980.41 0.12

SK1S03 13194 9.06 44.80 34.86 6.31 22.71 5.84 945.18 0.05

SK1504 1361.4 9.22 62.80 56.97 8.52 39.18 9.27 1325.12 0.17

SK1505 1380.5 8.94 56.16 51.45 7.32 37.21 6.92 1060.65 0.12

SK1S06 1400.5 9.62 41.14 51.63 5.14 38.70 7.79 784.75 0.12

SK1S07 1440.3 8.95 42.24 47.12 5.02 35.96 6.14 703.65 0.18

SK1508 1463.2 9.75 29.13 41.81 1.98 32.45 7.38 682.22 0.42

SK1S09 1474.7 9.16 37.56 41.57 3.79 31.57 6.21 751.45 0.21

Kpqn? SK1S10 1492.7 10.75 30.13 65.40 1.95 47.50 15.95 1120.61 0.64
SK1S11 1516.1 8.30 26.36 24.37 2.16 18.66 3.54 583.29 0.32

SK1512 1539.9 9.15 42.47 45.46 4.82 32.09 8.54 1056.87 0.17

SK1513 1559.8 8.59 40.00 50.73 4.67 38.06 8.00 943.46 0.33

SK1514 1601.1 13.27 8.15 28.23 0.19 20.06 7.98 447.92 1.06

SK1515 1619.6 9.88 21.96 44.38 0.89 34.92 8.57 838.53 0.62

SK1516 1637.7 8.68 21.76 35.28 1.26 28.31 5.71 535.95 0.71

SK1517 1640.0 9.57 29.30 45.87 1.44 36.55 7.88 814.66 0.79

SK1518 1660.1 10.94 16.82 43.21 0.32 34.21 8.69 617.73 1.46

SK1519 1700.9 9.42 24.29 49.00 1.15 40.14 771 706.49 0.77
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Table Al. Cont.

. Ave.rage Pore 1 BET SSA Total Pore Micropore Mesopore Macropore AV/A(P/Py) 2g,
Formation SampleID  Depth (m) Diameter (m?/g) Volume Volume Volume Volume (em®/g) (mg HC/g)
(nm) mig 103 em¥/g) (103 em¥/g) (103 emP/g) (103 em®/g) 8 mg Hg

SK1S20 1703.5 13.06 12.73 40.89 0.10 30.82 9.97 671.08 0.06

SK1521 1705.7 14.70 8.08 31.38 0.00 23.22 8.16 474.00 1.52

SK1522 1709.2 12.27 13.12 41.12 0.20 32.48 8.45 548.68 1.45

SK1S23 1714.9 12.44 11.37 35.80 0.08 27.68 8.04 584.48 1.90

SK1524 1726.8 13.88 10.35 34.91 0.00 26.06 8.85 516.84 2.00

SK1525 1734.5 16.96 3.04 12.13 0.00 7.77 4.36 283.67 0.38

SK1526 1739.4 12.76 13.71 41.16 0.12 33.07 7.97 795.15 1.40

SK1527 1741.3 15.29 8.52 33.77 0.00 24.68 9.09 574.32 1.57

SK1528 1744.3 12.45 7.63 23.42 0.01 17.94 5.47 406.42 1.90

Kpgn! SK1S29 1747.3 14.52 6.85 25.96 0.00 19.51 6.45 433.66 2.16
SK1S530 1750.9 14.45 11.57 44.50 0.00 34.33 10.17 654.10 2.66

SK1S31 1759.2 15.78 7.52 29.92 0.00 21.55 8.37 589.95 2.95

SK1532 1760.3 18.22 5.05 24.35 0.00 16.34 8.01 532.01 1.95

SK1S533 1764.5 15.95 9.52 41.56 0.05 30.09 11.42 702.37 1.93

SK1S34 1767.3 16.08 8.72 35.58 0.00 26.55 9.03 631.13 4.30

SK1535 1768.2 14.15 8.99 32.06 0.00 24.72 7.34 560.67 2.00

SK1536 1770.0 12.26 9.65 23.23 0.09 18.23 491 379.43 2.68

SK1S37 1773.3 13.91 5.56 18.74 0.00 13.96 478 291.79 221

SK1538 1777.3 12.47 13.21 38.02 0.07 29.59 8.35 1039.69 2.14

SK1539 1780.4 13.19 11.98 37.46 0.10 28.02 9.34 756.46 1.84

1 BET SSA = Brunauer-Emmett-Teller specific surface area; 25, = free hydrocarbon content.
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Table A2. Fractal fitting parameters and fractal dimensions calculated using the FHH model.

P/P() > 0.5 P/P() <0.5
Sample ID Fitting Equation (1) R;2 D1 Fitting Equation (2) R,2 D>

A+3 3A+3 A+3 3A+3
SK1S01 y =—0.2502x + 3.1998 0.9951 2.7498 2.2494 y = —0.4219x + 3.1049 0.9998 2.5781 1.7343
SK1S02 y = —0.2775x + 3.0525 0.9981 2.7225 2.1675 y = —0.3975x + 2.9925 0.9998 2.6025 1.8075
SK1S03 y = —0.2656x + 2.7784 0.9971 2.7344 2.2032 y = —0.3908x + 2.7216 0.9997 2.6092 1.8276
SK1S04 y = —0.2760x + 3.1365 0.9945 2.7240 2.1720 y = —0.3963x + 3.0626 0.9998 2.6037 1.8111
SK1S05 y = —0.2730x + 3.0498 0.9917 2.7270 2.1810 y = —0.4071x + 2.9558 0.9999 2.5929 1.7787
SK1506 y = —0.3229x + 2.7124 0.9944 2.6771 2.0313 y = —0.4046x + 2.6480 0.9995 2.5954 1.7862
SK1S07 y = —0.2989x + 2.7747 0.9905 2.7011 2.1033 y = —0.4245x + 2.6840 0.9997 2.5755 1.7265
SK1S08 y = —0.3448x + 2.4185 0.9943 2.6552 1.9656 y = —0.4840x + 2.3269 0.9994 2.5160 1.5480
SK1S09 y = —0.3186x + 2.6422 0.9960 2.6814 2.0442 y = —0.4350x + 2.5673 0.9998 2.5650 1.6950
SK1S10 y = —0.3537x + 2.4980 0.9910 2.6463 1.9389 y = —0.5228x + 2.3635 0.9991 24772 1.4316
SK1S11 y = —0.2720x + 2.3440 0.9937 2.7280 2.1840 y = —0.4993x + 2.2174 0.9995 2.5007 1.5021
SK1512 y = —0.2868x + 2.7835 0.9946 2.7132 2.1396 y = —0.4376x + 2.6896 0.9996 2.5624 1.6872
SK1513 y = —0.2876x + 2.7347 0.9932 2.7124 2.1372 y = —0.4591x + 2.6348 0.9997 2.5409 1.6227
SK1S14 y = —0.4331x + 1.2115 0.9909 2.5669 1.7007 y = —0.5459x + 1.0720 0.9968 2.4541 1.3623
SK1515 y = —0.3673x + 2.1866 0.9933 2.6327 1.8981 y = —0.5498x + 2.0528 0.9982 2.4502 1.3506
SK1S16 y = —0.3232x + 2.1825 0.9903 2.6768 2.0304 y = —0.5492x + 2.0325 0.9989 2.4508 1.3524
SK1S17 y = —0.3566x + 2.4424 0.9952 2.6434 1.9302 y = —0.5145x + 2.3375 0.9988 2.4855 1.4565
SK1518 y = —0.3976x + 1.9525 0.9872 2.6024 1.8072 y = —0.5632x + 1.7861 0.9979 2.4368 1.3104
SK1519 y = —0.3578x + 2.3141 0.9918 2.6422 1.9266 y = —0.5516x + 2.1517 0.9981 2.4484 1.3452
SK1S520 y = —0.4517x + 1.6215 0.9937 2.5483 1.6449 y = —0.5516x + 1.5094 0.9987 2.4484 1.3452
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Table A2. Cont.

P/Py > 0.5 P/Py < 0.5
Sample ID Fitting Equation (1) R;2 D1 Fitting Equation (2) R,2 D2

A+3 3A+3 A+3 3A+3
SK1521 y =—-0.4828x + 1.1693  0.9925 2.5172 1.5516 y = —0.5482x + 1.0569 0.9990 2.4518 1.3554
SK1522 y =—0.4436x + 1.6852  0.9938 2.5564 1.6692 y = —0.5546x + 1.5484 0.9971 2.4454 1.3362
SK1523 y = —0.4400x + 1.5360  0.9911 2.5600 1.6800 y = —0.5685x + 1.3961 0.9989 2.4315 1.2945
SK1524 y = —0.4724x + 1.3882  0.9939 2.5276 1.5828 y = —0.5542x + 1.2998 0.9996 2.4458 1.3374
SK1525 y =—-0.4925x + 0.1024  0.9964 2.5075 1.5225 y = —0.5652x + 0.0652 0.9962 2.4348 1.3044
SK1526 y = —0.4615x + 1.6783  0.9950 2.5385 1.6155 y = —0.5441x + 1.5832 0.9992 2.4559 1.3677
SK1S527 y =—-0.4995x + 1.1759  0.9945 2.5005 1.5015 y = —0.5606x + 1.1019 0.9987 2.439%4 1.3182
SK1528 y =—-0.4439x + 1.1264  0.9939 2.5561 1.6683 y = —0.5662x + 0.9992 0.9983 2.4338 1.3014
SK1529 y = —0.4898x + 0.9685  0.9951 2.5102 1.5306 y = —0.5743x + 0.8868 0.9993 2.4257 1.2771
SK1S30 y = —0.5019x + 1.4791 0.9937 2.4981 1.4943 y = —0.5883x + 1.4054 0.9986 24117 1.2351
SK1531 y =-0.5162x + 0.9899  0.9970 2.4838 1.4514 y = —0.5882x + 0.9684 0.9959 24118 1.2354
SK1532 y = —0.5493x + 0.5102  0.9980 2.4507 1.3521 y = —0.6522x + 0.5561 0.9775 2.3478 1.0434
SK1533 y =—-0.5212x + 1.2377  0.9968 2.4788 1.4364 y = —0.5942x + 1.2033 0.9953 2.4058 1.2174
SK1534 y =—-0.5326x + 1.1192  0.9969 2.4674 1.4022 y = —0.5844x + 1.1048 0.9941 2.4156 1.2468
SK1535 y = —0.4876x + 1.2452  0.9957 2.5124 1.5372 y = —0.5591x + 1.1607 0.9996 2.4409 1.3227
SK1536 y = —0.4430x + 1.2818  0.9947 2.5570 1.6710 y = —0.5510x + 1.2179 0.9992 2.4490 1.3470
SK1537 y = —0.4745x + 0.7383  0.9960 2.5255 1.5765 y = —0.5855x + 0.6728 0.9992 2.4145 1.2435
SK1538 y = —0.4507x + 1.6421 0.9952 2.5493 1.6479 y = —0.5544x + 1.5458 0.9994 2.4456 1.3368
SK1539 y = —0.4530x + 1.5381 0.9944 2.5470 1.6410 y = —0.5602x + 1.4458 0.9997 2.4398 1.3194
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