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ABSTRACT: The mixed deposition constitutes the external clastic, intrabasinal, OM enrichment  Kerogentype ~ OM maturity

and pyroclastic components in both marine and lacustrine environments. The fine-
grained mixed lacustrine source rocks are rich in organic matter and present good  Clay Carbonate Terrigenous clastic
unconventional energy resources. However, the mixed lacustrine source rock
systems have extremely low permeabilities and need hydraulic fracturing to ~ \1assive Fine laminae Thick laminae
stimulate oil from the complex nanoscale matrix. The role of rock fabric, organic Rock fabric

matter, and mineral compositions in full-scale pore structures is still unclear,
especially for the source rock from a mixed sedimentary environment. This
restricts sweet spot identification. Here, we use three groups of Permian Lucaogou
source rock samples with fine laminated, thick laminated, and massive rock fabric Mixed source rock system
to investigate the relationship between rock fabric, organic matter, and pore

structure using a combination of mineralogy, organic geochemistry, low-pressure

nitrogen adsorption, micro-CT, and mercury injection capillary pressure data. The results indicate that the Lucaogou source rocks
mainly contain type I and type II kerogen and show good to excellent hydrocarbon generation potential. The source rock was
deposited in a mixed environment with high contents of carbonate and less siliceous minerals, showing good frackability. The
mineralogy-based ternary classification shows that the source rock mainly belongs to high total organic carbon (TOC > 4%) mixed
carbonate mudstone and high TOC mixed mudstone. For mixed lacustrine source rock, the full-scale pore-fracture distribution
shows that the average percentage values of pore volume for micropores (<10 nm), transitional pores (10—100 nm), mesopores
(100—1000 nm), and macropores (fracture) (>1000 nm) are 11.14, 21.62, 10.77, and 56.47%, respectively. However, the average
percentage values of pore surface area for the abovementioned pores are 62.45, 30.45, 5.47, and 1.63%, respectively. Both quartz and
terrigenous clast present a weak-medium unimodal correlation with the TOC content. Both terrigenous clast and clay minerals
control the source rock hydrocarbon generation potential. The carbonate and terrigenous clast mineral content play a significant role
in micropores and transitional pores, while the clay mineral presents a negative impact on macropore development. The effect of
rock fabric on shale oil potential is negligible compared with organic matter abundance. Shales with thick parallel laminae and
medium TOC (2% < TOC < 4%) possess favorable shale oil potential.

<10nm  10-100nm 100-1000nm
Full-scale pore network
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1. INTRODUCTION pore system that percolates over a sufficiently large length
Increasing energy demands make fine-grained sedimentary scale.'” Apart from the above parameters, lamina development is
rocks become the active research field of petroleum explora- a widespread phenomenon in natural sedimentary rock."* 7%
tion.'~ Specifically, the uptick in crude oil production in North The effect of laminae development is significant on the pore
America is mostly from shale oil. However, due to extremely low structure and intrasource migration of lacustrine shale.”' ~** Li et
permeabilities and the need for hydraulic fracturing to stimulate al?' presented that microfracture occurrence was at the

oil from nanoscale shale matrixes,”” the current shale oil
recovery rate is less than 10%.%~'> The current low oil recovery
rate is strongly affected by shale pore structures and components
including organic matter (OM) and minerals."'

The total organic carbon (TOC), mineral components, and
maturity stage of shale affect the pore structure parameters and
hydrocarbon primary migration.'”~'® A productive shale system
should contain sufficient organic matter to support a percolating
network, and this organic matter should be mature to build a

boundary of laminae, and laminated shale had a better
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Figure 1. (a) Geological location of the Junggar Basin and detailed geological units in the Junggar Basin (modified from Cao et al.*”) (b) Location of
the wells of samples from Jimusar Sag (modified from Cao et al.*). (c) Generalized stratigraphic units in Jimusar Sag (modified from Huang et al*®).

connectivity than massive Shahejie mudstone in Zhanhua Sag, pore division scheme recommended by the International Union
Eastern China. Lei et al.” analyzed the difference between silty of Pure and Applied Chemistry (IUPAC), the classification
laminae and clay laminae of Zhangjiatan Shale in the Ordos method by Hodot on pore structures for shale is applied as
Basin. Their results showed that silty laminae had fewer well.***” Considering the scope of each method, in this study,
micropores than adjacent clayed laminae, and the silty laminae we follow the Hodot coal pore classification, and pores in the
play a role as a primary migration conduit. The solvent flow- source rock samples are divided into micropores (<10 nm),
through extraction experiment on shale from Eocene Shahejie transitional pores (10—100 nm), mesopores (100—1000 nm),

Formation indicated that well-developed laminae could provide and macropores (>1000 nm).>
horizontal fracturing along the laminae boundary.”® Further- Generally, the sweet spot interval is mainly oil-bearing and
more, Liang et al.”’ analyzed the diagenetic fluid transport in presents greater values of porosity and permeability.*’ Under the
Eocene lacustrine shale from Niuzhuang Sag, Bohai Bay Basin at current technical level, the oil production from the sweet spot
the laminae scale. They concluded that varied laminae section is economical.”’ In recent decades, the organic-rich
combinations are the key factors driving the distinct diagenetic laminated source rocks become a specific geologic sweet spot for
characters. Specifically, laminated calcareous shale is strongly shale oil resources.”*” Detailed research of the shale pore
influenced by calcite recrystallization in the laminae boundary network development under varied rock fabrics is necessary for
between calcite laminae and organic matter laminae. shale oil resource potential evaluation.'””® The Permian
The connectivity and morphological characters of pores in Lucaogou Formation (P,]) in the Jimusar Sag, Junggar Basin is
shale can be detected directly by micro-CT scanning'® and fluid one of the hoariest world-class hydrocarbon-bearing shale
invasion methods including low-temperature N, adsorp- intervals.*>*" Interestingly, it is mixed with siliciclastic,
tion'****’ and mercury intrusion capillary pressure (MICP).*® carbonate, and tuffaceous deposits in the saline lake environ-
These analysis methods are widely utilized to analyze the pore ment.*” The unique multisource mixed sedimentary of the
volume (PV), the pore size distribution (PSD), and the specific Lucaogou Formation makes the source rocks heterogeneous in
surface area (SSA) quantitatively.'**>% Apart from the classic both compositions and structures.”” Shale oil exploration in this
8162 https://doi.org/10.1021/acs.energyfuels.2c01484
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Table 1. TOC, R,, Depth, and Maturity of Lucaogou Source Rock Samples

sample R, (%) depth (m) TOC (wt %) S, (mg/g) S, (mg/g) Toax (°C) HI (mg HC/g TOC)
24-18-FL 0.82 1691.40 1.06 1.01 5.77 43S 545.37
22-8-FL 0.58 2541.40 5.27 3.22 31.26 446 592.83
43-12-FL 0.76 2950.50 5.99 2.61 37.18 443 620.39
305-9-FL 0.71 3405.86 4.57 4.49 25.51 438 558.21
32-6-FL 0.90 3577.40 10.58 2.32 54.15 437 S511.81
23-10-TL 0.70 2295.50 6.12 2.82 35.93 443 587.48
301-2-TL 0.70 2751.93 2.14 2.47 10.7§ 439 501.87
31-14-TL 0.70 2859.20 2.61 11.99 16.88 434 647.24
43-1-TL 0.61 2953.00 11.44 3.20 58.61 439 512.33
303-9-MS 0.84 2577.80 1.66 1.53 6.18 442 373.41
27-8-MS 0.70 2298.40 2.50 1.97 14.93 446 598.16
301-9-MS 0.90 2756.10 4.57 1.20 21.76 445 475.94
37-5-MS 0.71 2853.90 7.58 2.20 40.04 445 528.02
176-6-MS 0.80 3171.70 7.78 4.06 32.79 442 421.36
type of interval is still a big challenge. Three kinds of The Permian Lucaogou Formation from Jimusar Sag (Figure
sedimentary structures are interpreted from decreasing laminae 1b) is a hot shale oil resource target.*’™" The Jimusar Sag
thickness, i.e., thick laminated (TL), fine laminated (FL), and (Figure 1b) has been the first national shale oil demonstration
massive (MS).** The interbedded mudstone, siltstone, carbo- area in China in 2020.>” The sweet-spot intervals from the upper
nate, and some tuffaceous laminae were widely distributed in and lower Lucaogou Formation contribute to the majority of
Permian Lucaogou Formation.”® The accumulation morphol- shale oil production. Until 2020, a total of 52 vertical wells and
ogy of organic matter in laminated Lucaogou source rock is 37 horizontal wells have been drilled; among them, the total
mainly along the laminae; however, these organic materials in shale oil production from the 28 production wells is as high as
massive source rocks are mainly dispersed without preferred 370 t/d. Typically, the cumulative oil production of well J172 is
orientation.** The diagenetic alterations in different rock fabrics above 1.9 X 10*t, the average shale oil production is about 4 t/d,
of mixed source rocks were examined in the literature.* and the total shale oil prospective resources in the whole Junggar
However, the full-scale pore distribution and its relationships Basin is 50 x 10° t.**
with mineral composition and geochemical parameters of the
mixed source rocks are still unclear. The aims of this study are as 3. SAMPLES AND METHODS
follows: (1) provide a comprehensive analysis of pore structures 3.1. Samples. In this study, 14 original Lucaogou shale and
for mixed source rocks across <10 nm and 10° nm by using N, mudstone samples were selected from 12 vertical wells allocated in the
adsorption, MICP analysis, and X-ray uCT; (2) investigate the Jimusar Sag (Figure 1b). All these 14 source rock samples are drilled
full-scale pore network differences among fine laminae, thick parallel to the core bedding in depth from 1691.4 to 3577.4 m (Table
laminae, and massive rock fabric within the Lucaogou mixed 1). The samples cover the current maturity stage of Lucaogou source
source rock system; and (3) clarify the effect of rock fabric, rock from immature to the peak oil window. The samples contain
lithofacies, and organic matter on hydrocarbon transport and thickly laminated, fine laminated, and massive rock fabrif:s. The limit.ed
. . . . 14 samples represent the Lucaogou source rocks relatively well with
conduit development. The results obtained in this study offered three kinds of rock fabrics. The rock material used for analvsis in thi
; . . . ysis in this
anew perspective on the resource potential of mixed source rock study was well preserved whole rock with no sign of weathering or
systems with varied rock fabrics. oxidation.
3.2. Methods. The X-ray diffractometer (XRD) analysis of the
2. GEOLOGICAL SETTING source rock samples was performed using a Bruker D2 PHASER X-ray
diffractometer, which was equipped with a copper X-ray source (30
The Junggar Basin is petroliferous in NW China, and it is kV,10 mA) and a scintillation X-ray detector. The emissive and
enclosed by Delun, Halaalt, and Zhayier mountains in the receiving slits of the instrument were 0.6 and 8 mm, respectively. All
northwest and Kelameili and Qinggelidi mountains in the samples were tested over an angular range of 6—50° with a step size of
. o 53,54
northeast. The south boundary consists of Bogda and 0.02° (26).””" The source ‘TOCk sample§ were used by a Rock-Eval 6
Yilinhebiergen mountains (Figure la). Jimusar Sag is a analyzer to get the organic geo.chemlstry parameters. TOC, f?ree
subordinate tectonic unit in the southeast Junggar Basin (Figure Eyjrocarbon content (S,), pyrolysis peak temperat‘ure (Tna), cracking
. > ydrocarbon (S,), and reflectance (R,) were obtained.
1b). Upon the pre-Carboniferous basement, the sag deposited To study pore structure characteristics at different rock structures in
multiple source rocks in the Carboniferous, Permian, and the current oil window, N, adsorption, MICP analysis, and X-ray uCT
Jurassic strata (Figure 1c). The Permian Lucaogou Formation is were performed to display full-range pore size distribution (PSD)
the main source rock in Jimusar Sag. It was deposited in a salty characteristics. N, adsorption was tested by a Micromeritics NOVA
lake environment after the relict sea close-off."**>*® The shale 4200e apparatus. Ten shale sample aliquots weighing 3 g were analyzed
generally has a laminar structure. Specifically, the dark gray-black with N, at a bath temperature of 77 K to obtain information about
dolomitic shale of Lucaogou Formation has horizontal laminar TICropores g:IO nm) ) anq transitional pores (10-100 nm in
fabric, a high proportion of organic matter along with the diameter). ™™ A multi-point Brunauer—Emmett—Teller (BET)
K gh prop . & . g model was used to obtain the specific surface area (SSA), and the
bedding, deeper lake with a low-energy environment. However, multi-point Barret—Joyner—Halenda (BJH) model was applied to
for the silt-bearing massive mudstone, some with disturbance obtain the pore volume (PV) and the pore size distribution (PSD) of
fabric, the organic matter distribution is weakly oriented, usually source rock samples. A detailed depiction of the theories and methods
deposited in the shallow to shore shallow lake environment. ™ can be found in Thommes et al. and Sing et al > Mercury intrusion
8163 https://doi.org/10.1021/acs.energyfuels.2c01484
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Figure 2. Cross diagrams of (a) TOC vs S; + S,, (b) TOC vs HI, (c)

T,

'max VS HI, and (d) TOC vs S, of the Lucaogou source rock samples.

(MICP) was tested on a Micromeritics AutoPore IV 9500 instrument.
The mercury injection pressure ranged up to 420.58 MPa, which
corresponds to mercury injected into a 3 nm pore throat. Pore size
distribution (PSD) was calculated from the Washburn equation.*® 3D
pore and throat network topologies were reconstructed by X-ray micro-
CT. CT scanning was conducted using a ZEISS Xridia Versa-500
Micro-CT instrument. The resolution of images obtained from all
samples was 1.0S pm/voxel. The working electric current and voltage of
the X-ray source were 89 A and 90 kV, respectively. The selected 14
representative core samples used the multiscale CT scanning data and
maximum-ball method.”***° Due to the limited resolution of the
equipment, in this study, only macropores (>1.0 yum) were investigated
by X-ray uCT. The Avizo 9.0 software (FEI, Hillsboro, OR, USA)*’ was
used to process images. The images were processed with a median filter.
An interactive thresholding method was used to generate a binarized
representative organic matter network. The detailed methodology and
procedure of processing X-ray yCT data have been explained in
previous studies.”*%~%*

4. RESULTS

4.1. Organic Geochemistry. TOC and Rock-Eval pyrolysis
can identify the source rock quality, organic matter type, thermal
maturity, and oil-generating potential.”> The Rock-Eval results
and TOC contents are summarized in Table 1. Source rock with
TOC contents at <0.5, 0.5—1, 1-2, 2—4, and >4 wt % can be

8164

evaluated as poor, fair, good, very good, and excellent source
rock, respectively.64 The TOC content of 14 source rock
samples ranges from 1.06 to 11.44 wt % (mean 5.28 wt %). The
TOC content indicates that the Lucaogou source rocks are very
good and excellent. When the S, value is at >10and 20 mg HC /g
rock, it can be considered as having a very good and excellent
hydrocarbon generation potential.”® Rock-Eval S; and S, of
Lucaogou samples are 1.01—11.99 and 5.77—-58.61 mg HC/g
rock, respectively. The average S, value is 27.98 mg HC/g rock,
indicating excellent hydrocarbon generation potential. The
source rock samples have the S, + S, values of 6.78—61.88 mg
HC/g rock (mean 31.20 mg HC/g rock). The hydrogen index
(HI) differs widely from 373.41 to 647.24 mg HC/g TOC.
The relationship between the TOC content and Rock-Eval S;
+ S, shows that all source rock samples are grouped into the zone
of good to excellent source rock (Figure 2a). The source rock
samples are mainly scattered in the oil zone, and some samples
are grouped into the gas/oil zone in the cross plot of TOC
content versus hydrocarbon index (Figure 2b). As illustrated in
the cross plot of Ty, versus HI, the 14 source rock samples from
the Lucaogou Formation were mainly scattered into the mature
oil window of Type I to Type I, kerogen (Figure 2c). The plots
of S, versus TOC content are also widely used to identify the
kerogen type.65 The plot of S, versus TOC content shows a

https://doi.org/10.1021/acs.energyfuels.2c01484
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Figure 3. Mineral compositions of Lucaogou source rock samples.
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scattered range of variation for both S, and TOC. This denotes
that type I and type II kerogen are present according to this
method (Figure 2d). In addition, both the T,,, and measured
vitrinite reflectance (%R,) values of the Lucaogou source rock
samples are listed in Table 1. Ty, values range from 43S to 446
°C. The Lucaogou source rock has R, values of 0.58—0.90%
(mean = 0.75%) (Table 1). This indicates that the source rocks
have entered the mature stage, and some samples are in the peak
oil window. Overall, high TOC contents with high S, and HI
values indicate that Lucaogou source rock has good quality
organic matter for petroleum generation over the current
geological age.”

4.2. Lithology and Mineralogy. The Lucaogou source
rock samples were pulverized into particle sizes less than 300
mesh for XRD analysis to measure the mineral compositions,
and the results are plotted in Figure 3. Figure 3 shows that
carbonate (dolomite and calcite), clay, quartz, and plagioclase
are the primary minerals for the studied source rock samples.
Specifically, the carbonate mineral content ranges from 12.9 to
76.1%, with an average of 41.01%. The clay mineral content
varies from 8.3 to 56.7% with an average of 23.2%. Meanwhile,
the siliceous mineral content (quartz) ranges from 4.5 to 27.0%,
with an average of 14.1%. This is inconsistent with the Barnett
Shale from the Fort Worth Basin with a higher content of
siliceous mineral content. For the economic development of the
lacustrine shale system, the content of quartz and carbonate
should be higher than 40%, and the clay mineral content should
be less than 30%.°° These results infer that the Lucaogou source
rock was deposited in a mixed environment with a high content
of carbonate and low content of siliceous minerals (Figure 3).
The average brittle mineral content is 69.0%, which is favorable
for hydraulic fracturing. This is consistent with the previous
study.®”

In this study, quartz, feldspar, pyrite (QFP), carbonate
minerals, clay minerals from XRD data, and OM were used as
lithologic identification factors for qualitative analysis. The
mineralogy-based ternary classification scheme of source rock
proposed by Gamero-Diaz et al.”® was used to classify the type of
mineral facies. TOC contents of 4, 2, and 1% are used as the
threshold of high-TOC, medium-TOC, and low-TOC source
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rock, respectively. As illustrated in Figure 4, the Lucaogou
source rock samples mainly belong to high-TOC mixed

TOC: Wi%
o
9

Clay (%)
100

Argillaceous/
Sili
‘mudstone

ilica-rich

100 m‘;type \ Siliceous mudstone ate Rudxlonc o
0 20 40 60 80 100
Quartz, Feldspar, Pyrite (QFP) (%) Carbonate (%)

Figure 4. Ternary diagram of the XRD of the identified mineral facies
and the terminology and classification for source rock facies.

carbonate mudstone and high-TOC mixed mudstone. More-
over, some samples were also plotted at medium-TOC mixed
argillaceous mudstone, high-TOC silica-rich carbonate mud-
stone, and low-TOC clay-rich carbonate mudstone (Figure 4).

4.3. Pore Structure Analysis of MICP. The MICP test can
measure pore volume (PV) through the injected mercury
volume and requires only small sample pieces or fragments. 7
Table 2 shows the values of grain density, bulk density, total pore
volume, and permeability gained from MICP tests. The MICP
experiment shows that the total porosity ranges of samples with
fine laminae (FL), thick laminae (TL), and massive (MS)
samples are 1.37—4.66%, 2.63—7.32%, and 2.00—8.74%,
respectively. The data shows that the permeability of the FL
sample, TL sample, and MS samples are 0.367—0.869, 0.099—

https://doi.org/10.1021/acs.energyfuels.2c01484
Energy Fuels 2022, 36, 8161-8179


https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig4&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c01484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

Table 2. Physical Properties of 10 Source Rock Samples Based on MICP Analysis

grain density bulk density total pore volume total pore area total porosity permeability average pore diameter
samnple (g/em) (g/em) fem/) (cm?/g) &) (mD) (om)
24-18-FL 2.58 2.46 0.019 10.735 4.66 0.480 7.06
43-12-FL 242 2.34 0.014 5.243 3.16 0.869 10.28
305-9-F1 247 2.43 0.006 3.344 1.37 0.367 6.72
32-6-FL 2.13 2.09 0.009 4.967 1.86 0.464 7.18
23-10-TL 2.37 2.20 0.033 17.659 7.32 1.407 7.54
31-14-TL 2.66 2.51 0.023 0.982 5.73 0.099 93.12
43-1-TL 2.38 2.31 0.011 6.497 2.63 0.767 7.01
303-9-MS 2.54 2.31 0.038 21.592 8.74 3.017 7.00
301-9-MS 247 2.32 0.026 12.293 6.05 1.477 8.50
176-6-MS 2.52 2.47 0.008 4.745 2.00 0.986 6.80
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Figure S. Pore size distribution defined by incremental pore volume for (a) FL shale, (b) TL shale, and (c) MS mudstone samples and surface area of
(d) FL shale, (e) TL shale, and (f) MS mudstone samples using mercury injection capillary pressure (MICP) analyses. Pore diameters range between 3

nm and 400 ym. FL: fine laminae, TL: thick laminae, MS: massive.

1.407, and 0.986—3.017 mD. No significant differences in
porosity and permeability are observed among samples with
varied rock fabrics.

The curves from the incremental pore volume (PV) and pore
surface area (SSA) versus pore diameter results perfectly reflect
pore network distribution. The pore size distribution parameters
obtained from the MICP analysis are between 3 and 36,171 nm
covering the micropores, transitional pores, mesopores, and
macropores as shown in Figure 5 with the PV and SSA. Overall,
all samples used in the mercury experiments mainly present a
bimodal correlation at the micropores and transitional pores
with pore diameters ranging from 3 to 100 nm and some of the
macropores with pore diameters more than 3000 nm (Figure S).

Previous studies reported that the PV generally presents a
positive correlation with the PSD, and there is a negative
relationship between SSA and the PSD under the given PV.”*”"
However, for Lucaogou source rock, as the pore size increased
from micropores to macropores, the incremental pore volume
(PV) decreased. The majority of the total PV is from the
micropores (<10 nm) and transitional pores (10—100 nm).
These pores contribute to both the majority of PV and SSA for
Lucaogou source rocks in the oil window (Figure S). This
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specifies that the connected pore network identified from MICP
is mainly from micropores and transitional pores. The
inconsistency of PSD in different lithofacies and organic matter
content indicates a strong heterogeneity of pore networks. A
negative correlation between TOC and pore volume was
observed for the FL source rocks (Figure Sa). In contrast, for the
MS samples, a positive correlation between PV and TOC was
observed (Figure Sc).

4.4, Pore Structure Analysis of Gas Adsorption. Low-
pressure N, adsorption was applied to characterize the
micropore (<10 nm) and transitional pore (10—100 nm)
structures. The relative volume of nitrogen gas adsorbed under
varied relative pressure intervals presents the percentage of
pores within the detectable pore size range.”* According to the
TUPAC classification, N, adsorption isotherms belong to type
IV. This indicates that pores smaller than S0 nm are well-
developed.”” The hysteresis loops of type H2 are well developed
and indicate the presence of ink-bottle or polymorphism pores.
Furthermore, some samples show unclosed hysteresis loops at
relatively low pressures (Figure 6), which is due to micropore
swelling or an adsorption effect.”” In this study, the maximum
adsorbed N, volumes range from 0.345 to 21.788 cm®/g, and the
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Figure 8. 3D microfracture network of the (a—c) sample 24-18-FL, (d—f) sample 31-14-TL, and (g—i) sample 301-9-MS.

average value is 4.844 cm’/g. The BET surface areas of the
studied source rocks range between 0.17 and 21.49 m?/ g, with
an average of 3.73 m”/g. For FL source rock, the log differential
PV presents an increasing pore volume and surface area as the
TOC decreases (Figure 7a,d). Similarly, for MS source rock
(Figure 7¢f), low-TOC clay-rich carbonate mudstone 303-9-
MS presents the highest pore volume and surface area. However,
the medium mixed argillaceous mudstone 27-8-MS shows a
lower pore volume and surface area. For high-TOC mixed
carbonate mudstone 176-6-MS, the PV and SSA decreased to a
low level. This indicates that the high content of organic matter
might hinder micropore and transitional pore development in
FL and MS samples. In contrast, the TOC content from the TL
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shale samples presents a positive correlation with the pore
volume and surface area (Figure 7b,e).

4.5. Pore Structure Analysis of Micro-CT. MICP, gas
adsorption, and CT scanning are frequently used laboratory
techniques for quantitative evaluation of shale pore structures.
The N, gas adsorption and MICP are fluid saturation methods.
They can detect the interconnected pores at 2—200 and 3—
400,000 nm, respectively. As a nondestructive technology, CT
scanning provides intuitive pore morphology and quantitative
evaluation for pores and throats on a micron-scale (>1 ym). In
this study, all 14 samples were examined by X-ray micro-CT, and
representative 2D grayscale tomographic images, 3D pore-
throat spatial distribution, and porosity at each slice from low-
TOC mixed shale 24-18-FL, medium-TOC silica-rich carbonate

https://doi.org/10.1021/acs.energyfuels.2c01484
Energy Fuels 2022, 36, 8161-8179


https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig8&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c01484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels pubs.acs.org/EF
1.6x10° 6
2010 [ 24-18-FL
B 24-18-FL a : (b)
1.4x10° -+ [l 31-14-TL @) 1.8x10° - -2(1)'11‘9";1]4
L 1301-9-Ms lmoe_'\:l 9-MS
1.2x10° o |
"E \Eg 1.4x10°
5 1.0x10° P 1
= g 1.2x10°
£ 50010 8 1.0x10°
2 T
£ 6.0x10° 1 & 8.0x10"7
o e 1
A £ 6.0x10°
4.0x10° 1
4.0x10°
5 | ]
2.0x10 5 0x105
0.0 - =1 0.0 - —
<1 12 2-5 5-10 10-20 <1 1-2 25 5-10 10-20
Pore diameter (pm) Pore diameter (pm)
60
s [ 24-18-FL (c) o5 | I 24-18-FL (d)
; B 3i-14-TL { I 31-14-TL
301-9-MS 07 301-9-Ms
g 6 - 45
25 § 401 . ]
:s N
5 = 354
< x hn)
& 4 - X 5 307
=2 “ 2 "
"3 5 25
s o X
S £ 20 x
£ [=
24 1.98 2.07
1.54 1.57 o (1.62 15
122 12.54
1 0.79 1.02 L 1.02 10 7 2{% 2 1920
| L 5 8.9 ) 4.42
07 0] 223 3.22 1"
T T T T T T
24-18-FL 31-14-TL 301-9-MS 24-18-FL 31-14-TL 301-9-MS

Figure 9. (a) Pore and microfracture volumes and (b) pore surface area, (c) throat radius, and (d) throat length distribution obtained by micro-CT for

the Lucaogou source rock 24-18-FL, 23-10-TL, and 301-9-MS.

shale 31-14-TL, and high-TOC mixed carbonate mudstone 301-
9-MS are displayed in Figure 8. The 3D visualization results
reveal evident differences in the pore system between the three
lithofacies of source rock from the Lucaogou Formation. In the
low-TOC mixed shale 24-18-FL sample, the microfracture is not
well-developed and the fracture length is limited (Figure 8a—c).
For medium-TOC silica-rich carbonate shale 31-14-TL, the
microfractures are more developed at the carbonate laminae
with a distinct higher porosity (Figure 8d—f). For the high-TOC
mixed carbonate mudstone 301-9-MS samples, several well-
connected microfractures were observed with a slice porosity at
10%. These well-propagated fractures only occurred at high-
TOC mudstone. This implies that abundant organic matter
might enhance microfracture propagation (Figure 8g—i).
Overpressure and volume shrinkage of OM during hydrocarbon
generation are the main drivers of microcracking. In the oil
window, more solid kerogen in the high TOC source rocks
converts into low-density liquid oil, and the fluid volume
expansion drives overpressure and creates fractures. Under
overpressure, the optimal fracture propagation direction is along
the zone where the energy consumption is the least. This is
supported by thermal shrinkage fractures at the boundary
between organic matter and inorganic minerals (Figure 8g/h).
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In 3D space, most pores are isolated with poor connectivity.
Figure 9 shows the relationship between the micro-CT pore
volume and pore diameter. With increasing pore size, the
volume of macropores (>1 pm) first increases and then
decreases. At 2—5 pum, both the macropore volume and surface
area achieve their peak values (Figure 9a,b). The morphology of
the pores varies from spherical to irregular, in which ink-bottle-
shaped pores are most developed (Figure 8b,e). Some elongated
and jagged curves microfractures are observed, and the average
fracture length is between 3.12 and 9.20 ym. The throat equal
radius is between 1.22 and 1.66 um (Figure 9¢,d).

The comprehensive comparison between multiscale pores is
significant and applicable. Lei et al.** combined the data from
gas adsorption, MICP, NMR, and CT scanning into different
scales according to the order of magnitude. First, the vertical
coordinates should be unified into pore volume per unit of mass.
Take sample 24-18-FL as an example. Based on micro-CT
scanning and the 3D reconstruction data, the macropore PV
with 0.78—10.59 ym from 24-18-FL is 1.36 X 10° um?>. The
volume results detected from the micro-CT 3D dataset (cubic
with side length at 500 pm) is 1.25 X 10® um®. The measured
source rock density is 2.457 g/cm?, and the mass of the micro-
CT 3D dataset is calculated to be 3.07 X 107> g. The pore
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Table 3. Macropore (>1 gm) Volume Distribution from Different Ranges of PSD for All Lucaogou Source Rocks

R, TOC <1 um 1-2 ym 2—5 um 5—10 um 10—20 um
sample lithofacies (%) (wt %) (cm®/g) (cm®/g) (cm®/g) (cm®/g) (em®/g)
22-8-FL mixed shale 0.82 527 473 x107° 3.79 x 1074 1.60 X 1073 547 x 1074 0.00 X 10°
43-12-FL  mixed carbonate shale 0.58 5.99 445 % 107° 526 x 1074 242 %1073 1.04 x 1073 2.14 X 1075
305-9-FL  mixed shale 0.76 4.57 2,69 x 107° 3.51x 1074 212 %1073 1.60 x 1073 393 x 1074
32-6-FL silica-rich carbonate shale 0.71 10.58 7.16 X 107° 9.25x 107+ 7.65 % 1073 8.02 X 1073 6.78 X 107*
24-18-FL  mixed shale 0.90 1.06 1.10 x 107* 1.18 X 1073 2.52 % 1073 588 x 1074 321%x107°
301-2-TL  mixed carbonate shale 0.70 2.14 8.48 X 107° 626 x 1074 898 x 107™* 8.75 X 107* 1.63 x 107*
43-1-TL  mixed carbonate shale 0.70 11.44 1.15x 107* 1.62 x 1073 7.49 x 1073 123 x 1073 0.00 x 10°
23-10-TL  mixed shale 0.70 6.12 828 X 107° 7.84 x 107+ 2.53% 1073 1.50 X 1073 8.37 X 107°
31-14-TL  silica-rich carbonate shale 0.61 2.61 3.99 X 107° 6.11 x 107* 480 % 1073 2.59 X 1073 339 x 107°
301-9-MS  mixed carbonate mudstone 0.84 4.57 7.77 X 107° 6.96 x 107+ 391x1073 2.87 X 1073 143 x 107*
176-6-MS  mixed carbonate mudstone 0.70 7.78 3.66 X 107° 407 x 107* 2.56 % 1073 1.15x 1073 227 X 1075
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Figure 10. Correlation between multiscale pore volume and pore size distribution combined with N, adsorption, MICP, and micro-CT. FL: fine

laminae, TL: thick laminae, and MS: massive rock fabric.

(fracture) volume (0.78—10.59 um) of the unit mass source
rock samples is 4.44 X 107> cm?®/g. The detailed calculation
description is referred to Guo et al.”” The macropore volume for
all the source rock samples is listed in Table 3. Overall, based on
statistical data from micro-CT, the micron-scale pore space is
mainly supplied by macropores and microfractures at 1—10 gm.

5. DISCUSSION

5.1. Full-Scale Pore-Fracture Distribution in the Mixed
Lucaogou Source Rock. Depending on the mixed sedimen-
tary environment, complex mineral fabric, varied TOC, and pore
types, the source rock pore-fracture structures are different. In
the current study, the range of PSD measured using multiple
methods was between 2 and 10° nm. The micropore (<10 nm),
transitional pore (10—100 nm), mesopore (100—1000 nm), and
macropore (>1000 nm) are quantified in the Lucaogou
Formation source rocks based on measured PSD data from N,
adsorption (<50 nm), MICP (50—1000 nm), and micro-CT
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scanning (>1000 nm). The calculation method follows Guo et
al.”® and Lei et al.*® For example, the unit mass values of
micropore, transition pore, mesopore, and macropore (frac-
tures) volumes of sample 43-12-FL are 3.39 X 1074 1.63 X 1073,
5.19 X 107* and 4.00 X 10 cm?/g, respectively. The unit mass
values of micropore, transition pore, mesopore, and macropore
(microfracture) surface areas are 2.51 X 1074, 5.42 X 1072, 3.29
X 1073, and 1.17 X 107 m*/g, respectively. Figures 10 and 11
illustrate the full-scale pore size distribution of 10 source rock
samples from the Lucaogou Formation.

The results display that the average percentage values of pore
volume for micropores, transitional pores, mesopores, and
macropores (fracture) are 11.14, 21.62, 10.77, and 56.47%,
respectively (Figure 10). Overall, for Lucaogou source rock, the
transitional pore and macropore (fracture) contribute the
majority of pore volume, and the contribution from the
micropore and mesopore is limited (Table 4). Moreover, the
pore surface areas for micropores, transitional pores, mesopores,
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and macropores are of 62.45, 30.45, 5.47, and 1.63%,
respectively (Figure 11). This indicates that the majority surface
area of Lucaogou source rock is from micropores and
transitional pores. The surface area is an indicator of adsorption
capacity in porous media. A higher surface area implies a larger
adsorption space,”” indicating that the oil in micropores and
transitional pores are mainly in the adsorbed phase. The low oil
fluidity in these pores has been supported by molecular dynamic
simulation.”* Fortunately, more than half of the pore volume is
from macropores and micron fractures (Figure 10). This pore
network distribution is beneficial for oil transport and storage.

Shale oil is mainly stored in the pore-fracture networks as free
and adsorbed oil.”* The adsorbed oil content has a stronger
correlation with the micropore content, while the occurrence
space for the free oil is primarily related to large intra- and
intergranular pores and fractures in the micron scale.”””* In this
study, the average micropore (<10 nm) volume of the Lucaogou
source rock is 0.00187 cm®/g, accounting for about 11.14% of
the total pore volume and 62.45% of the total specific surface
area of the source rocks. However, the average micron-scale
macropore (Figure 12a,b) and fracture (>1000 nm) (Figure
12¢) volume is 0.00698cm?/ g, accounting for about 56.47% of
pore volume and 1.63% of the total specific surface area of source
rocks, indicating great potential for free oil accumulation. The
free and adsorbed oil content are indicators of varied adsorption
capacity among organic matter and non-organic mineral
components. Accordingly, the organic matter (Figure 12b,d)
shows the strongest adsorption capacity for oil followed by clay
minerals (Figure 12d), quartz (Figure 12c), and calcite.”® The
results in this study are significant to the comprehensive
understanding of pore-fracture network development in the
mixed lacustrine source rock system.

5.2. Relationship between Organic Matter and
Mineral Content. The mineral composition plays a significant
role in hydrocarbon retention and generation.”” Quartz in the
Devonian shales and Longmaxi shale are biogenic origins as
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supported by the positive relationship between quartz and TOC
content.””’” However, the Lucaogou source rock was deposited
in a mixed lacustrine environment, and both quartz and
terrigenous clast present a weak-medium unimodal correlation
with the TOC content (Figure 13a,b). When TOC increased to
6%, the terrigenous clast and quartz mineral contents reached
their peak at around 30 and 20%, respectively. This implies that
the origin of quartz is mixed with both terrigenous and biogenic
origins. A negative relationship between TOC and terrigenous
clastic minerals from marine lower Silurian Longmaxi shale
indicates the organic matter was diluted by terrigenous clastic
material.”® For Lucaogou source rock, when TOC is higher than
6%, the dilution effect of terrigenous detrital input on organic
matter becomes stronger as indicated by decreasing trends of
both quartz and terrigenous mineral contents (Figure 13a,b).
Moreover, the quartz content shows a medium positive role with
clay minerals (Figure 13c). For Lucaogou source rock in
Santanghu Basin, a negative correlation between carbonate
minerals and TOC was observed, and it was attributed to the
dilution of carbonate minerals.”” However, for Lucaogou source
rock in the Junggar Basin, no apparent correlation was observed
between TOC, HI, and carbonate minerals (Figure 13d). This
signifies that carbonate mineral plays a limited role in organic
matter deposition and generation potential. For the Lucaogou
source rocks, a slight increase in hydrogen index (HI) was
observed with increasing terrigenous clast and clay minerals,
especially when the clay minerals are more than 20% (Figure
13e,f). This indicates that both terrigenous clast and clay mineral
control the source rock hydrocarbon generation potential for
mixed Lucaogou source rocks.

5.3. Effect of Mineral Contents on Pore Structures.
When the carbonate mineral content is less than 45%, a negative
correlation was observed between carbonate and micropore
(<10 nm) and transitional pore (10—100 nm) volume (Figure
14a). However, when the carbonate increases from 45 to 80%,
the carbonate presents a positive relationship with pore volume
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Table 4. Volume Content of Different Types of Pores (Unit: cm®/g)

303-9-MS
8.43 x 1073

43-12-FL 305-9-FL 32-6-FL 24-18-FL 43-1-TL 23-10-TL 31-14-TL 301-9-MS 176-6-MS
2.64 % 1074 2.07 X 107* 423 %1073 1.41 x 1073 179 x 1074 2.77 X 1073 2.51x107*

3.39x 107

pore type

micropore

pore size (nm)

<10

6.40 X 107*

2,15 x 1074 1.81 x 107 433 %1073 632 x107* 9.48 x 107+ 1.54 x 107 2.89 x 1073 240 x 107* 6.97 X 1073

3.64 x 107*

transitional pore

10-25
25-50

237 x 1074 127 x 1074 1.00 x 107* 273 % 1073 4.63 x 107* 9.69 x 107* 6.83 X 107° 1.35x 1073 1.91 x 107 3.80 X 1073

transitional pore

1.03 x 1073 1.84 x 107* 413 x 1074 1.84 x 107* 3.10 x 107* 8.31x 107* 1.20 X 1073 9.14 x 107+ 235%x107* 8.44 x 107+

transitional pore

50—-100
100—-200

200-500

1.30 x 107* 241 x107* 1.57 x 107* 2.18 x 107* 5.17 x 107* 1.32x 1073 471 x 107* 1.74 x 107 4.60 x 107*

1.83 x 107

mesopore

8.48%x 107° 1.72 x 107* 8.56 X 107™° 1.70 x 107* 331 x107* 4,04 x 1073 3.54 x 107* 1.30 x 107* 246 % 107*

243 x 1074

mesopore

5.52x107° 7.17% 1073 838 X 107° 1.62 x 107* 9.74 x 1073 2.30 x 1074 526 X 107° 1.04 x 107*
1.18 X 1073

2.65% 1073

9.34 x 107°

mesopore

500—1000
1000-2000

2000—5000

7.84 x 1074 6.11 x 107* 6.96 x 107* 407 x 1074 8.55 x 107*

1.62 x 1073

3.51x 1074 925 % 107*

526 x 1074

macropores

212 %1073 7.65 x 1073 2.52 %1073 7.49 x 1073 2.53x 1073 4.80 X 1073 391 x 1073 2.56 X 1073 2.67 X 1073

242 x 1073

macropores

8.02 x 1073 5.88 x 107* 123 x 1073 1.50 X 1073 2.59 x 1073 2.87 X 1073 1.15x 1073 1.15x 1073
0.00 x 10°

1.60 X 1073

1.04 x 1073

macropores

5000—10,000

3.39% 107° 1.43 x 107* 227 X 107° 1.54 x 1073

8.37x 107°

3.93x 1074 6.78 X 107* 321%x107°

2.14 X 107°

macropores

10,000—20,000
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(Figure 14a). There is no apparent relationship between the
carbonate content and transitional pore (100—1000 nm) and
macropore (>1000 nm) volume (Figure 14b). For the
terrigenous clast minerals, both micropore and transitional
pore volume decreased when terrigenous clast mineral is
between S and 35%; this suggests that the terrigenous matrix
input hindered the micropore and transitional pore develop-
ment (Figure 14c), while the mesopores (100—1000 nm) and
macropores (>1000 nm) are not affected by terrigenous
contents in this study (Figure 14d). The origin of this
phenomenon is likely associated with diagenetic alteration. In
Lucaogou Formation, the terrigenous clastic particles are rock
fragments, quartz, and feldspar. The authigenic quartz might
occupy the dissolution pores in feldspars, and the euhedral
microcrystalline quartz cement in mixed layers of smectite/illite
also decreases the micropore and transitional pore volume,**°
The clay mineral presents a distinct effect on pore volume with
varied pore size distribution. When clay mineral content is at
15%, the peak pore volume for micropores, transitional pores,
and mesopores is observed for Lucaogou source rock (Figure
14e), and the macropore volume presents a decreasing evolution
trend with clay mineral increased from 0 to 30% and shows a
slight increase from 30 to 40% (Figure 14f). Overall, for mixed
source rock from Lucaogou Formation, the carbonate mineral
shows an “up concave” type relationship with the micropore and
transitional pore volume, and terrigenous clast mineral exhibits a
negative impact on micropore and transitional pore volume. The
clay mineral plays a negative role in macropore development.
5.4. Effect of Organic Matter on Pore Structures. The
previous study shows that during the late oil window, the low-
TOC (<5.5%) shale presents a positive trend between TOC and
porosity. However, for high-TOC (>5.5%) shale, there is a weak
or no relationship in porosity with arising TOC content.”" This
indicates that for the high maturity Marcellus shale (R, 1.0—
2.1%), TOC plays a stronger role in OM-hosted pore
development than thermal maturity.81 However, in this study,
for mixed lacustrine source rock in the oil window, TOC
presents a medium negative relationship with porosity and no
apparent relationship with permeability (Figure 15a,b). This
indicates that the OM-hosted pore system is not well developed
and TOC plays a complex role in full-scale pore network
development. Specifically, the TOC content plays a medium
negative role in micropore (<10 nm) and transitional pore (10—
100 nm) volume (Figure 15¢,d), indicating that the ductile
organic matter might foster intense compaction, and the
generated hydrocarbon mi%ht clog the mineral interstices in
the range less than 100 nm. 782 However, as the TOC content
increases from low TOC (<2 wt %) to high TOC (>4 wt %), the
macropore volume starts to increase at a high rate (Figure 15f).
This suggests that a productive source rock system should
comprise sufficient organic matter to support a percolating
network, and abundant hydrocarbon volume expansion might
trigger micron fracture development (Figure 12b,c). The
organic matter content shows no relationship with mesopore
(100—1000 nm) volume (Figure 1Se). The lack of correlation
between TOC and mesopore volume suggests that organic
matter is not the main pore space contribution at 100—1000 nm.
5.5. Effect of Rock Fabric on Shale Oil Potential and
Pore Structures. Jarvie et al.*” used the oil saturation index
(OSI = S,/TOC X 100) to evaluate the shale oil potential and
defined that when OSI > 100 mg HC/g TOC, the source rock
reached the threshold recoverable oil value. Jin et al.** reported
that high-TOC laminated shale retains a higher content of free
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oil than mudstone. However, for Lucaogou source rock samples
with TL, FL, and MS rock fabric, only shale (301-2-TL) with
medium-TOC thick laminated fabric has OSI > 100 mg HC/g
TOC (Figure 16a). The majority of Lucaogou source rock
contains OSI less than 100 mg HC/g TOC. Moreover, no
apparent difference in OSI was observed among FL, TL, and MS
source rocks. Interestingly, a negative relationship between
TOC and OSI was also observed for all mixed source rock
samples (Figure 16a). This indicates that the effect of rock fabric
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on shale oil potential is negligible compared with organic matter
abundance (Figure 16a).

The discrepancy in rock composition and organic matter
quality between laminated shale and massive mudstone
determines their contributions to shale oil resources.** Based
on N, adsorption, MICP, and micro-CT analysis, it is
remarkable that compared with MS mudstone, FL and TL
shales possess similar total pore volume. However, the detailed
pore volume distribution is different between shale and
mudstone. Specifically, the macropores and fractures are
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Figure 14. Relationship between minerals and pore volume. (a) Carbonate vs micropore and transitional pore volume. (b) Carbonate vs mesopore and
macropore volume. (c) Terrigenous clast vs micropore and transitional pore volume. (d) Terrigenous clast vs mesopore and macropore volume. (e)
Clay vs micropore, transitional pore, and mesopore volume. (f) Clay vs macropore volume.

relatively more developed in laminated shale (Figure 16b,c),
especially in TL shale samples (Figure 16c). In contrast, for
massive mudstone, the micropores, transitional pores, and
macropores are relatively more developed than mesopores
(Figure 16d). For Lucaogou source rock in Jimusar Sag, the
micropore (<10 nm) and transitional pore (10—100 nm)
volume in laminated shale are smaller than those in mudstone
(Figure 16b—d). This is controlled by pore morphology with
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pores in mudstone.

With the same rock fabric, the organic matter and lithofacies
can influence pore-fracture network development. For the FL
shale, high-TOC mixed carbonate shale (43-12-FL) and mixed
shale (305-9-FL) present relatively higher macropore volumes.
The high-TOC silica-rich carbonate shale (32-6-FL) contains
the highest macropore volume, and this might contribute to its
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slit-like pores in laminated shale and plate-like and ink-bottle

https://doi.org/10.1021/acs.energyfuels.2c01484
Energy Fuels 2022, 36, 8161-8179


https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01484?fig=fig14&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c01484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels pubs.acs.org/EF

10 10

@ ®)

Porosity (%)
/
/
Permeability (mD)
| |

e
-
1
| |

TOC (%) TOC (%)

0.020 10 0.020
®  <I0nm ® 10-100nm
- — Fitted Y of <10nm (© ’- - -Fitted Y of 10-100nm O

0.015 0.015

R?=0.58

Pore volume (cm’/g)
S
=
1
Pore volume (cm®/g)
S
=
1

0.005 ~ 0.005 S~ o

|

~
0.000 —m —a L il ’ | ! 0.000 T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12

TOC (%) TOC (%)

0.020 0.020

100-1000nm (e) v >1000nm (f)
Fitted Y of 100-1000nm — — - Fitted Y of >1000nm v

0.015 0.015

0.010

Pore volume (cm*/g)
g
=
Pore volume (cm®/g)
\
\

000s{ R>=0.10 0.005 e g -~y

0.000 - - 0.000 T T T T T

0 2 4 6
TOC (%) TOC (%)

w_
=
N
=
N
»
(=)
o«
=
N
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high TOC content (Figure 15f). In contrast, the mixed shale Being influenced by the mixed sedimentary environment, the
source rock pore structures are diverse. Here, using a
combination of multiscale experimental methods, the full-scale
PSD of Lucaogou source rocks is characterized. The macropores
(>1 ym) and transitional pores (100—100 nm) contribute to the

(24-18-FL) presents a relatively higher micropore and transi-
tional pore volume corresponding to its clay content at 15.6%
(Figure 14e). For the TL shale, the medium-TOC silica-rich

carbonate shale (31-14-TL) (Figure 16c) presents the highest majority of the pore volume. This is significant in the uptick in
pore volume. This implies that shales with thick parallel laminae oil production from mixed lacustrine source rock systems. Apart
and medium-TOC content possess favorable shale oil potential. from geochemical restraints on the shale pore network, the
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Figure 16. Differences among source rock with FL, TL, and MS rock fabric on (a) TOC vs OSI; (b) pore volume bar charts of shale with fine laminae;
(c) pore volume bar charts of shale with thick laminae; and (d) pore volume bar charts of mudstone with massive fabric. TOC: total organic carbon,
OSI: oil saturation index, FL: fine laminae, TL: thick laminae, MS: massive.

results obtained in this study clarify the effect of rock fabric, and 3. There exists a distinct feature between laminated and

lithofacies on PSD, this provides a new perspective on the massive rock fabric. For the micropores and transitional

resource potential of mixed source rock systems with varied rock pores, the SSA and BJH PV of FLS and TLS are lower

fabrics. than MS. However, macropores and microfracture are

more developed in samples with laminae rock fabric than
6. CONCLUSIONS with massive fabric. A negative relationship between TOC

The main findings of this study are concluded as follows: and OSI was also observed for all mixed source rocks.

4. The micropore (<10 nm) and transitional pore (10—100
nm) volumes in laminated shale are smaller than those in
mudstone. Shales with thick parallel laminae and
medium-TOC content possess favorable shale oil

1. The Lucaogou source rocks contain mainly type I and
type II kerogen and show good to excellent hydrocarbon
generation potential. The mixed Lucaogou source rock
contains a high content of carbonate and a low content of

siliceous minerals, showing a higher content of brittle potential.
minerals.
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