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This paper discusses the effect of the source rock-reservoir assemblage and the assemblage-induced variability in
hydrocarbon expulsion and the subsequent molecular composition as well as molecular thermal maturity within
a hybrid shale system. The characterization work was conducted on lithofacies and microlamina scales using core
samples from the Chang 73 sub-member of the Triassic Yanchang Formation in the Ordos Basin, China. Samples
were collected from a narrow interval with a depth range of less than 15 m, and the main characterization work
was performed by Rock-Eval pyrolysis and GC-MS analysis. The results show that chemical fractionation of
preferential expulsion and migration of the saturated fraction exists in the source rock-reservoir assemblages at
both the lithofacies and lamina scales. However, the molecular composition behaves differently at the lithofacies
and lamina scale’s source rock-reservoir assemblages, in which > Cg;_/> Caz; is higher in lamina scale reservoir
but lower in lithofacies scale reservoir. It is assumed that the low-molecular weight n-alkanes also follow mo-
lecular fractionation. The lithofacies reservoir has a lower } Ca;_/Y Caa. because of the strong storage capacity
of the laminated micro-reservoir within shale, which prevents the newly generated lighter oil from being charged
into the lithofacies reservoir. The variation trends of thermal maturity indices Ts/hopane, the relative pregnane
content, and TA(I)/TA(I + II) ratios, which have the same chemical basis with > Cg;_/> Caz,, carry the same
maturity signature as > Ca;_/> Caz4. The above profile of the molecular composition and molecular-derived
thermal maturity parameters indicate that within the short interval of a shale system where no differences in
thermal maturity are expected, chain scission reactions and their derived thermal maturity indicators are very
sensitive to source rock and reservoir. In addition, within a shale system, oil is more easily to expel out from the
organic-rich lithofacies that are interbedded with organic-lean lithofacies. Oil expulsion may promote both chain
cracking of oil and subsequently kerogen decomposition. This may provide geological evidence to explain why
the frequent-stacking assemblage of source rock and reservoir lithofacies in a hybrid shale system is an ideal
target for shale oil exploration.

1. Introduction

Thermal maturity is an indispensable factor used to evaluate the
hydrocarbon generation capacity and shale oil producibility of uncon-
ventional source-rock reservoirs. If the source rock contains vitrinite,
vitrinite reflectance measurement is undoubtedly the most appropriate
method to assess thermal maturity. Although not as common as vitrinite,
reflectance of other macerals (such as graptolite, chitinozoan, and spore)
and kerogen transformation products (pyro-) bitumen are alternative
components that can be used to obtain maturity features (e.g., Hackley
and Cardott, 2016; Peterson et al., 2020). In addition to petrographic
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approaches, numerical method like basin modelling (e.g., Rodon and
Littke, 2005), geochemical methods such as Rock-Eval pyrolysis (e.g.,
Tissot et al., 1987; Jarvie et al., 2001) and gas chromatography—mass
spectrometry (GC-MS) (e.g., Peters et al., 2005) are also secondary
options. Apart from such methods, solid state spectroscopic methods,
such as Raman spectroscopy (e.g., Jubb et al., 2018; Henry et al., 2019),
Fourier transformation infrared spectroscopy (FT-IR) (e.g., Lis et al.,
2005; Chen et al., 2012), and *3C nuclear magnetic resonance (*3*C NMR)
(e.g., Kelemen et al., 2007; Mao et al., 2010) can be used to investigate
chemical changes in the structure of organic matter and thus to track
thermal maturation. Numerous vitrinite reflectance equivalent thermal
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maturity parameters can be calculated from the Tp,x of Rock-Eval py-
rolysis, (non-) biological makers in GC-MS, and relative concentrations
between aliphatic and/or aromatic signals in Raman spectroscopy, FT-
IR, and 3¢ NMR (e.g., Radke et al., 1982; Jarvie et al., 2001; Lis
et al., 2005; Mao et al., 2010; Hackley and Liinsdorf, 2018). In this
respect, Rock-Eval pyrolysis and GC-MS are extensively applied, owing
to their efficient, reproducible, and less labor-intensive characteristics.

Heterogeneity creates difficulties when assessing thermal maturity in
shale systems, due to the lateral and vertical frequent variations in
organic matter richness, the mineralogy, and the stratigraphic fabric. In
a typical shale source-rock reservoir, the organic-rich source rock
(usually shale) and organic-lean reservoir lithofacies (such as carbonate,
sandstone, and siltstone) are often juxtaposed (overlying, underlying, or
interbedded) (Jarvie, 2012). Within individual organic-rich lithofacies,
the lamina of finer grains rich in organic matter are usually interspersed
with lamina of coarser grains that contain less organic matter, and this
results in various stacking styles (such as parallel, wavy, and lenticular)
(Knapp et al., 2017; Yawar and Schieber, 2017; Chukwuma et al., 2021).
At lithofacies scale, oils can be expelled from shale into the interbedded
sandstone, while at lamina scale, oils generated by organic-rich lamina
are more easily drained to the interlaminated organic-lean silty lamina
(Jarvie, 2012b; Ma et al., 2022). The heavy fractions of migrated oil in
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the interbedded sandstone and interlaminated silty lamina are not al-
ways readily vaporized at 300 °C, which results in the production of a
measurable signal in the low temperature range of the S, peak, leading
to suppressed Tpax values (Espitalié et al., 1977; Clementz, 1979; King
et al., 2015). Numerous studies have reported the effects of oil expulsion
or retention within hybrid shale system on Tpax as an indicator of
thermal maturity (Jarvie, 2012; Han et al., 2015; Li et al., 2018). For
example, the case study of Li et al. (2018) focused on the Eocene-
Oligocene Qianjiang Formation (Jianghan Basin, China) and the re-
sults indicated that the presence of large amounts of expelled oil in beds
with larger pore spaces resulted in a low Ty value. Another example
relates to the 2,4 interval of Barnett Shale (Carboniferous, USA), which
isrich in quartz, lean in organic matter, and receives hydrocarbons from
the adjacent organic-rich intervals; a ATy value greater than 10 °C was
reported before and after the rocks were solvent extracted (Han et al.,
2015). However, petroleum geochemist rarely measures rock powder
from lamina scale. Rock powder usually made up of centimeter scale
core or even cutting chips, which would inevitably mask some micro-
scale geochemical signatures.

In the present study, we mainly focused on the spatial variations of
the bulk and molecular compositions in a self-sourced and self-reserved
shale system. Our main objective was to investigate the influences of the
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Fig. 1. (a) Simplified tectonic units of the Ordos Basin and location of the studied well C30 (marked with black solid circles). (b) Lithological features and lamina
distribution of the studied well. (c) A piece of shale (1963.7 m) selected for microdrilling.
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lamina and the lithofacies assemblage on the (non-) biological molecular
composition as well as molecular-derived thermal maturity indicators of
shale oil.

2. Geological background and sample set
2.1. Geological background and sample set

The study area was the seventh member of the Triassic Yanchang
Formation (Chang 7 shale) in the Ordos Basin, China (Fig. 1a). The basic
lithologic characteristic for Chang 7 shale oil system is hybrid system
with a combination of juxtaposed organic-rich and organic-lean in-
tervals. The word “sandwiched” is specifically used to describe the
stacked siltstone and mudrocks lithologies in the Chang 73 sub-member.
Core samples were collected from the Chang 73 sub-member of the C30
well in the southern part of the basin. The Chang 73 sub-member of the
C30 well mainly comprises thick layers of deep to semi-deep lacustrine
shale interbedded with thin layers of deep-water gravity flow siltstone or
sandstone (Zou et al., 2012). In the upper interval of the thick shale
layer, the sediments mainly comprise fine-grained organic matter and
tuff presenting as interlaminated or lenticular. The silt-sized deposits
increase with depth, and these mainly comprise long strips of detrital K-
feldspar or sharply angular detrital K-feldspar. In the lower interval of
the thick shale layer, coarser grain-sized lamina with thicknesses of even
centimeter is developed within the shale lithofacies. For convenience,
this work uses previously defined nomenclature and refers to the fine-
grained deposits in shale as organic-rich lamina and the silt-sized de-
posits in shale as silty lamina (Ma et al., 2022). Further down, the
lithofacies become thin layers of interbedded silt-to sandstone and shale,
and finally to thick silt-to sandstone with tear-shaped mudstone debris
(Fig. 1b).

Twelve samples were used for analysis, including two samples from
the uppermost and the lowermost muddy siltstone and siltstone, four
shales samples mainly comprising organic-rich lamina, three shale
samples enriched with silty lamina, and three interbedded siltstones
(Table 1). The sample set covered a narrow depth range of less than 15
m. Although a 15-m interval is such a small interval and it’s like a micro-
environment, considering the basic cyclic overlapping lithologic fea-
tures of sandstone and shale, the basic unit can be extrapolated to a
larger interval. To reveal the generation and expulsion features on a
microlamina-scale, one shale with thick and well-defined lamina was

Table 1
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selected and microdrilled to separate the organic-rich lamina from the
organic-lean lamina (Fig. 1c). The detailed microdrilling process used is
provided in Ma et al. (2022).

2.2. Analytical procedure

All rock samples were pulverized in preparation for solvent extrac-
tion and pyrolysis analysis. Extractable organic matter (EOM) for rock
samples was obtained by an accelerated solvent extractor (ASE, Dionex
ASE-200) using dichloromethane (DCM)/methanol (93:7, v:v) as the
solvent. The ASE was operated at 1500 psi and at 120 °C by first pre-
heating for 5 min and then flushing with 80 mL of solvent for 10 min. For
the microdrilled samples, due to limited sample quantity, the EOM was
obtained via ultrasonic extract using the same organic solvent as that
used for rock samples. After mass quantification, approximately 20-30
mg of the rock extracts and all the microdrilled sample extracts were
prepared for group component separation. Asphaltenes were firstly
precipitated by excess petroleum ether, and the remaining fractions
were then separated using a silica gel (80-100 mesh)-alumina (100-200
mesh) (1:3, w:w) chromatography column. Petroleum ether was
employed to elute the saturates, followed by petroleum ether/DCM (1:2,
v:v) to isolate the aromatics, and finally DCM was used to obtain the
resins.

GC-MS analysis of the saturated and aromatic fractions were per-
formed on an Agilent 8890 gas chromatograph coupled with a 5977B
mass spectrometer. The GC was equipped with a HP-5MS fused silica
capillary column (30 m x 250 pm i.d. x 0.25 pm film thickness). The
programmed temperature for GC oven was maintained at 50 °C for 2
min, ramped to 300 °C at 3 °C/min, and finally held for 10 min. Helium
was used as the carrier gas at a constant of 1 mL/min. The analysis was
conducted using selective ion monitoring mode.

Both the extracted and unextracted rock and microdrilled samples
were subjected to pyrolysis using a Rock-Eval 7 VINCI instrument. Ac-
cording to the organic richness of the samples, between 5 mg and 40 mg
of powder was loaded to prevent saturation of the flame ionization de-
tector (FID) and infrared (IR) detectors. For pyrolysis, the temperature
program started isothermally at 300 °C and held for 3 min to yield free
hydrocarbons S;, and subsequently increased to 650 °C at a heating rate
of 25 °C/min to yield residual hydrocarbon potential S;. TOC data are
also obtained from Rock-Eval pyrolysis (refer to Behar et al., 2001 for
details).

Sample description, concentrations of extractable organic matter (EOM), relative proportions of group components in EOM, and Rock-Eval parameters of the unex-

tracted and extracted rocks.

Sample Description Extracted bitumen Rock-Eval pyrolysis of unextracted samples Rock-Eval pyrolysis of extracted samples
depth
(:;]; EOM Sat Aro S/A S S, TOC  Tmax HI S1/TOC S Sy TOC  Tmax’ HI
(mg/g (%) (%) - (mg/ (mg/ (wt [§O)] (mg/ (mg/g (mg/ (mg/ (wt ()] (mg/
TOC) 2) g) %) g) TOC) g) g) %) g)
1957.6  Muddy siltstone 669.2 625 13.8 454 391 578 1.45 422 399 269.7 0.04 0.1 0.69 454 117
1960.9  Shale 61.2 250 231 1.08 3.15 2379 1237 442 192 25.5 0.08  21.14 1318 440 160
1961.5  Shale 95.6 342 198 173 153 1275 673 444 189 22.7 0.04  9.89 719 445 138
1963.7  Shale 109.9 31.9 218 1.46 471  30.07 1401 442 215 33.6 0.07 21.97 1458 445 151
1964.9  Shale 85.5 300 225 1.33 452  27.03 13.65 443 198 33.1 0.09 2231 1428 445 156
1966.5  Shale 61.8 19.3 231 083 604  46.64 2628 441 177 23.0 0.3 43.94  28.44 443 155
1966.9 :i}l’taslt:r"ed with 3300 463 137 3.37 3.83 2239 528 439 424 725 0.09 647  3.66 446 177
1967.7  Shale 65.4 263 236 112 681  46.44 2477 443 187 27.5 0.3 41.41 2554 443 162
1968.9 Siltstone 488.9 540 124 435 258 413 1.45 431 285 177.9 0.02  0.83 0.87 449 95
1969.2  Shale 78.9 243 261 093 692  40.15 19.49 444 206 35.5 0.15 3583 21.47 445 167
1969.8  Sandstone 520.2 61.2 114 538 3.05 351 1.26 420 279 242.1 0.02  0.48 0.68 446 71
Siltstone mixed
1970.7  with mudstone 139.0 326 191 171 101  3.38 247 442 137 40.9 0.04  1.94 215 448 90
debris
1963.7 gﬁ?::'lean 1027 444 170 261 374 2477 949 447 261  39.4 021 2126 918 453 232
1963.7  Organic-richlamina  33.7 300 263 1.4 591 4314 231 443 187 25.6 0.22 3914  23.82 442 164
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3. Results and discussion
3.1. Profile of hydrocarbon expulsion or retention

The EOM and Rock-Eval analysis results for the unextracted and
extracted samples are listed in Table 1. The Tmax-HI diagram (Fig. 2a) of
the extracted shale samples reveals that the organic matter is thermally
mature and within the hydrocarbon generation stage. According to the
previously proposed Tmax-%Ro equations (Jarvie et al., 2001; Wust
et al., 2012; Mastalerz et al., 2015; Evenick, 2021; Lohr and Hackley,
2021), the equivalent %Ro of the organic-rich shale samples are in the
range of 0.7%-0.9%, and thus within the oil window (Table 2). In our
previous study involving non-hydrous semi-open pyrolysis experiments
on the Chang 7 shale, which is from the same layer as the present
samples, the kerogen experienced the most intense bond-breaking re-
actions at 0.7%-1.0%Ro, which would thus directly result in a peak
hydrocarbon generation (Ma et al., 2019; Hou et al., 2020).

Compared with organic-rich lithofacies shales, although the TOC of
the organic-lean lithofacies is lower, the TOC-normalized concentrations
of retained oil (S1/TOC x 100 and EOM/TOC x 100) and HI of the rocks
are higher. In addition, all the FID pyrograms of the unextracted
organic-lean sandstones demonstrate bimodal S2 peak, exhibiting
obvious responses in the 350-450 °C range (Fig. 2b). The bimodal S2 is
the result of the heavier components in the S1 not being liberated at the
lower temperatures, and thus carried over into the S2 peak. The carry-
over oil was confirmed to be the heavy components of the migrated oil
(Clementz, 1979; King et al., 2015). Therefore, it is considered that the
EOM of the siltstones are mainly introduced from the juxtaposed
organic-rich shales. Affected by carry-over effect, the Tmax values are
clearly suppressed. After solvent extraction, the TOC of the sandstones
are reduced by more than 40%, the S, values are decreased by more than
70%, the HI values are decreased by more than 65%, and the Tmax
values shift 7-32 °C toward higher temperature. For organic-rich shales,
before and after solvent extraction, the changes in TOC, Sy, HI, and
Tmax are much lower than those of the siltstones.

Under microscope, the organic-lean lithofacies are extensively
saturated with oil (Fig. 3a-c). The in-migrated oils are presented as
yellow to brown fluorescent hydrocarbons absorbed on the mineral
surfaces, yellow to blue fluorescent inclusions inside the cracks of
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Table 2
%Ro-Tmax equations and calculated minimum and maximum vitrinite
reflectance.

Reference Equation Tmax Tmax %Ro %Ro
(°C) min (°C) max min max
Jarvie et al. %Ro(Tmax) =
. ’ 0.018 x (Tmax) — 440 445 0.76 0.85
2001
7.16
%Ro(Tmax) =
b 0.0149 x (Tmax) — 440 445 071 079
2012
5.85
Mastalerz %Ro(Tmax) =
etal. 2015 0.0151 x (Tmax) 440 445 0.73 0.81
’ h —5.9127
%Ro(Tmax) =
Evenick, 2021 0.013 x (Tmax) — 440 445 0.72 0.78
5.0
Lohr and %Ro(Tmax) =
Hackley, 0.0317 x (Tmax) — 440 445 0.72 0.88
2021 13.224

mineral grains, and non-fluorescent solid bitumen in dissolved pores
(Fig. 3b). Some of the solid bitumen show bright gray reflectance under
reflected white light (Fig. 3c). Raman spectroscopy was conducted on
the high gray reflecting substances, and the spectra exhibit two distinct
Raman bands for organic matter: disordered (D) and graphite (G) bands
(the detailed analytical practices of Raman spectroscopy are reviewed in
Henry et al., 2019) (Fig. 4a, b). As the microscopically observed solid
bitumen are only partially dissolved, the remaining generative poten-
tials (HI and Sy) of the sandstone may be largely attributed to the
insoluble components of solid bitumen (Hackley and Cardott, 2016;
Mastalerz et al., 2018).

At micro lamina-scale, the relatively organic-lean lamina also ex-
hibits (1) higher TOC-normalized EOM, and (2) obvious Tmax right shift
after extraction. Different from that of the organic-lean lithofacies rocks,
the TOC of the organic-lean lamina was still as high as 9.18%, even after
organic solvent extraction. We infer that the remaining generation po-
tentials detected in silty lamina are contributed by nonvolatile solid
bitumen, which is also the solid residue of degraded liquid hydrocarbons
generated by and in migrated from the organic-rich lamina.
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Fig. 2. (a) Tmax-HI diagram of the rock samples before and after solvent extraction. (b) Rock-Eval flame ionization detector (FID) pyrogram of organic-lean rock
samples. Note: the red curve in (b) records the temperature of the inlet rod of the sample crucible. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Bituminite;mixed with:SB

Fig. 3. Petrographic images of organic matter occurrence in interbedded siltstone (a-c), organic-rich lamina (d-f), and silty lamina (g-i). (a) Thin section photo-
micrograph (plane-polarized) showing embayment texture of solid bitumen by euhedral mineral crystal terminations (b) Same view as (a) under UV showing
dissolution pores filled with solid bitumen (DP-SB), and yellow-blue fluorescent hydrocarbon fluid inclusions (FI). The pale brown fluorescent material may be
hydrocarbons absorbed by clay minerals. (c) Same view as (a, b) under reflected light (dry objective), the white arrows are at the same position as in (b). (d) Thin
section photomicrograph (ultraviolet fluorescence, UV) showing “schlieren” bituminite and thermal conversion product solid bitumen (SB) in matrix of fluorescent
mineral bituminous groundmass. (e) Thin section photomicrograph (ultraviolet fluorescence, UV) showing close view of bituminite mixed with solid bitumen, solid
bitumen (SB), and suspected alginite (AL). Solid bitumen presents as long strip. (f) Same view as (e) under reflected light (dry objective). (g) Thin section photo-
micrograph (plane-polarized) showing mineral dissolution pores (DP) in silty lamina. (h) Same view as (g) under UV showing dissolution pores filled with solid
bitumen (DP-SB). Solid bitumen presents as block-like aggregates. (i) Same view as (g, h) under reflected light (dry objective), the white arrows are at the same
position as in (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In organic-rich lamina within shale, the organic matter is mainly
composed mineral bituminous groundmass (Fig. 3 d-f). Under fluores-
cent, “schlieren” bituminite, occurring as elongated stringers, dark yel-
low suspected alginite and non-fluorescent elongated solid bitumen
streaks are dispersed in mineral bituminous groundmass (Fig. 3e). The
dark brown or non-fluorescent elongated streaks, which are in close
proximity to the yellow suspected alginite, exhibit bright gray reflec-
tance under white reflected light (Fig. 3f). This observation may suggest
the in-situ conversion of alginite to solid bitumen. In microscale reser-
voir, i.e., organic-lean lamina within shale, mineral dissolution pores are
common (Fig. 3g). Organic matter is mainly presented as solid bitumen
filling dissolution pores (Fig. 3h, i and Fig. 4c, d). Solid bitumen in
organic-lean lamina occurs as block-like aggregates, obvious different
from that in organic-rich lamina, in which solid bitumen mainly occurs
as long strips. Therefore, the organic matter in the organic-lean lamina is
most likely remobilized oil residue that generated and migrated from
organic-rich lamina, and then accumulated in dissolution pores, instead
of generated in-situ. In the previous study (Ma et al., 2022), we char-
acterized the occurrence of organic matter under microscope in a low
thermal matured shale that is also comprised of organic-rich lamina and
organic-lean lamina. Microscopically, primary macerals are rarely
observed in the organic-lean lamina, further confirming that the organic
matter in it was not indigenously generated. The silty lamina in the low

thermal matured shale samples have the same sedimentogenesis with
the thermal matured shale samples in this study. Therefore, we infer that
the silty lamina mainly received oil from the interlaminated organic-rich
lamina, similar to the lithofacies shale and (silt-) sandstone pairs.

3.2. Composition of EOM in source rock and reservoir lithofacies

3.2.1. Bulk composition

The relative proportions of the saturated fractions and the saturates/
aromatics (S/A) ratios in the organic-lean lithofacies and lamina are
consistently greater than those in the organic-rich counterparts
(Table 1). This chemical fractionation effect of preferential expulsion
and migration saturates over aromatics has been verified both in the
field and in laboratory experiments (e.g., Sandvik et al., 1992; Han et al.,
2015). The 1958.5-1966.5 m interval is thick shale lithofacies. From the
center to the edge of this interval, the TOC-normalized EOM show a
decreasing trend, which indicates that the edges of the source rock may
have expelled more oil than the middle. A similar enhanced expulsion
effect toward the reservoir lithofacies was noted more than thirty years
ago by Leythaeuser et al. (1988). Because the edges of the thick shale
interval expelled more oil, more saturates may be expelled as well, as
revealed by lower saturated fraction proportion and S/A ratio. In addi-
tion, in the lower interval below 1965 m, thin shale source rocks are
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Fig. 4. Raman spectroscopy of solid bitumen in siltstone and organic-lean silty lamina (a-d), and solid bitumen filled fracture (e). (a) Photomicrograph shot by the
microscope matched with Raman spectroscopy (partial plane-polarized and partial reflected light) showing (SB, white arrows) and measuring point (red dot) of
Raman spectra, C30 1969.8 m, siltstone. (b) Raman spectrum of the test point in (a). (c) Photomicrograph shot by the microscope matched with Raman spectroscopy
(partial plane-polarized and partial reflected light) showing (SB, white arrows) and measuring point (red dot) of Raman spectra, C30 1967.7 m, organic-lean lamina
in shale. (d) Raman spectrum of the test point in (c). (e) Thin-section photomicrograph (plane-polarized) showing fracture filled with SB, C30 1963.7 m, organic-lean
lamina in shale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

interbedded with siltstone reservoirs, and silty laminae are very abun-
dant within single shale lithofacies. Such lithofacies characteristics
provide favorable conditions for the expulsion and migration of oil into
the interlaminated silty lamina or interbedded sandstone. This also il-
lustrates that a meter-scale source-reservoir lithofacies stacking pattern
is beneficial for oil migration, as demonstrated by Zhang et al. (2021). As
a result, the relative concentration of saturates and the S/A ratios in the
lower thin shale interval are generally lower than the upper thick shale
interval.

3.2.2. Molecular composition

Compared with the undisputable understanding on chemical frac-
tionation of preferential expulsion and migration saturates over aro-
matics described above, the molecular fractionation of Cy5; n-alkanes
remains highly controversial. Mishra et al. (1996) used a hydrous py-
rolysis experiment together with a stepwise extraction technique and
found that short chain n-alkanes migrate or expel more easily than long
chain ones. Their study used the same organic solvent, but different
sample sizes. Similar results were obtained by Pan et al. (2002), who
also used multi-step extraction method, but based on different organic
solvent. However, the conclusions derived from these experiments are
inconsistent with field observations. Some studies observed no evidence
for expulsion fractionation, and authors concluded that oil was pressure-
driven and expelled as single-phase liquid (Leythaeuser et al., 1988;
Wilhelms et al., 1990; Eseme et al., 2007). Other studies found that
higher-molecular-weight (HMW) n-alkanes were more intensely
expelled when the source rocks were type-III kerogen and the oil was
expelled by dissolution in a gas phase (Leythaeuser et al., 1984, 1988).
Some recent studies also found that lower-molecular-weight (LMW) n-
alkanes were enriched in the organic-rich source-rock interval (Han
et al., 2015; Zou et al., 2019).

In this study, at lithofacies-scale, higher > Cg;_/> Cg2; ratios were
observed in the organic-rich source-rock lithofacies, and such result is
similar to Han et al. (2015) and Zou et al. (2019) (Fig. 5a). However, at
lamina-scale, a higher Y Ca;_/) Cao; ratio was observed in the silty

lamina. Han et al. (2015) ascribed the lithofacies-scale higher > Ca;_/
> Caa. ratios in reservoir to phase separation. According to Han et al.
(2015), fractures develop in the oil-received interval. During the open-
ing of the fracture, a sudden pressure decrease caused phase separation,
which selectively transfers lower molecular weight hydrocarbons into
the vapor phase, leaving the heavy-end liquid phase remaining in the
respective interval (Larter and Mills, 1991). Phase separation is not a
favorable explanation in the present study, because it cannot explain the
contradictory > Cg;-/> Coo; ratio at lamina scale. In the organic-lean
oil-received lamina, fractures are common (Fig. 4e). However, the
silty lamina still has higher proportion of Y Cy;_. In the work of Jarvie
(2014), he found that during sample handling, the evaporative loss of
light hydrocarbon in the organic-lean rock is more intense than that in
the organic-rich rock. Because of relatively low TOC content, the ab-
sorption capability of reservoir rock is weaker than that of source rock.
In addition, the porosity and permeability of reservoir rock is higher
than that of the source rock. Therefore, during sample crushing and
EOM extracting, the reservoir rock lost much more volatile light hy-
drocarbons than source rocks. Light hydrocarbon evaporative loss effect
can explain the higher > Cy;_/> Cay. ratio in the organic-rich source-
rock lithofacies, but cannot explain the lower > Cg;_/> Coz ratio in the
organic-rich lamina. Because both organic-rich shale and lamina have
higher TOC and poor reservoir quality than their organic-lean counter-
parts. However, the total ion chromatogram (TIC) of the saturated
fraction in GC-MS analysis shows identical n-alkane distribution range
between organic-rich lamina and organic-lean lamina (Fig. 6a, c). In
addition, the n-Cy4 and n-C; 5 peak of the silty lamina is obviously higher
than that of organic-rich silty lamina.

In the present circumstances, we envisage a scenario in which LMW
n-alkanes do indeed migrate more rapidly than HMW n-alkanes, as
revealed by the distribution pattern between the micro source rock and
reservoir assemblage. The seemingly inconsistent distribution pattern of
n-alkanes in the organic-lean lithofacies may be caused by different
degree of oil maturity. According to our previous study, the micro
reservoir, i.e., silty lamina, has the privilege to accumulate the
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Fig. 5. Profile of thermal maturity-related parameters. The abbreviations and calculation method were presented in the Appendix. Note that in order to make the

trend more obvious, Ts/hopane was multiplied by 2.

generated products from the immediately adjacent organic-rich lamina
(Ma et al., 2022). Because of the strong storage capacity of silty lamina
within lithofacies-scale source rock (shale), fluids are less readily to
expel out to lithofacies-scale reservoir (sandstone). As a result, the
organic-lean lithofacies reservoirs are less readily to receive the newly
generated and more mature hydrocarbons from the adjacent shales,
resulting in low ) Ca;_/) Cao. ratio that reflects early expelled hy-
drocarbons with low thermal maturity chemical signature. The peak
heights of Cy2, n-alkaness in the muddy siltstone are clearly higher than
that of shale (Fig. 6b, d).

The above inference can be supported by other molecular indicators
(Fig. 5a); please see appendix Al for the detailed calculation method.
From the distribution of the biomarker parameters between the source
rock and the reservoir, the relative Co; and Cos sterane content (also
called relative pregnane content) and Ts/hopane parallel with > Cy;_/
3 "Ca24 at both lamina and lithofacies scales (Fig. 5a). On a chemical
basis, the concentrations of three index-related compounds are syn-
chronized with oil generation, and they partially share the same pre-
cursor—products reaction mechanism. Specifically, in addition to being
directly released from the kerogen structure, lower-molecular-weight
(LMW) hydrocarbons can be generated by thermal cracking of higher-
molecular-weight (HMW) hydrocarbons (Hill et al., 2003), Cy; sterane
(pregnane) and Cyy sterane (homopregnane) can be generated by the
side-chain cleavage of regular steranes (Huang et al., 1994), and Ts is
believed to be generated by side-chain cleavage and rearrangement of
Co9 and higher-carbon-number hopanoids (Volkman et al., 1983).

Additionally, the migration efficiency of pregnane and homopregnane is
greater than that of regular steranes. The studied samples are in the
intense oil generation stage and would thus progressively expel more
mature oil. However, due to the strong storage capacity of the silty
lamina within the organic-rich source-rock lithofacies, the organic-poor
reservoir lithofacies was unable to receive the latest generated mature
oils. Therefore, the oils in interbedded organic-lean lithofacies are most
likely early-expelled products. As the oils in the reservoir are believed to
be less prone to thermal alteration than those in the source rock
(Cornford et al., 1986; Peters et al., 2005), they carry a lower thermal
maturity chemical signature. The profile in which the organic-lean res-
ervoirs possess lower thermal mature biomarkers compared with the
adjacent organic-rich source rocks was also observed by Tang et al.
(2018) in a lacustrine marlstone succession. Another noticeable
biomarker indicator is the variation of TA(I)/TA(I + II) in aromatics
(Fig. 5a); it has the same chemical basis and lithofacies-scale variation
trend as the above-mentioned saturated biomarkers, and the only dif-
ference is that it does not show fractionation at the lamina scale. Maybe
due to the same generation mechanism of direct side-chain cleavage
precursor-products relationship, any two parameters in relative preg-
nane content, Y Ca1_/Y Caay, and TAI)/TA(I + II) share good positive
correlations (Fig. 7).

It is worth mentioning that when analyzing maturity-related indices,
we found that there are also regular variations in the distribution of the
phenanthrene (P) and methylphenanthrene (MP) related parameters,
but the change trends were exactly opposite to those of > Ca1_/> Coa



W. Ma et al.
@ = 1963.7m
S & Organic-rich lamina
o~
S
g
Pr{PH
/ V
\ ,g_.j.r»“‘ A bl el

International Journal of Coal Geology 279 (2023) 104373

3
€ 1961.5m
(®) S Shale
g
8
P PH
/ [/
R _,LJL“‘W‘ jWLJ* LTI

e I T L B et e
20 30 40 50 60 70 80 90

Retention time (min)

n-C17

= 1963.7m
(c) 2 Organic-lean silty lamina

n-C22

n-C27

| J,J“Jh"“ﬂun.u,

=3 O e T ) D R ) R
100 20 30 40 50 60 70 80 90 100

Retention time (min)

§ 1957.6m
(d) < Muddy siltstone
§
5
5
PH
ol
/ Al
| Lolabiibaie

L e e s | LI L B B R R

20 30 40 50 60 70 80 90

Retention time (min)

(I R .3 et ™
10020 30 40 50 60 70 80 90 100

Retention time (min)
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in EOM.

and the relative pregnane content (Fig. 5b). At lamina scale, the ratios of
MP/P (MPR 1, 2, 3, and 9) in organic-rich lamina are higher than those
in silty lamina, while at lithofacies scale, the ratios are greater in
sandstones than in shales. As with the n-alkanes and (homo-) pregnanes,
the increased abundance of phenanthrene homologous occurs simulta-
neously with intense hydrocarbon generation (Radke et al., 1986; Radke
and Willsch, 1994; Requejo, 1994). However, their generation mecha-
nism changes with increasing degree of thermal alteration and the
fractionation effect remain indefinite conclusions (Radke et al., 1982;
Radke et al., 1986; Radke, 1988). The comparatively well-supported
chemical basis for the thermal maturity-driven methylation reaction of
P to MP (Radke, 1988) fails to explain the lower MP/P ratios in the
shales compared to siltstones. The specific reasons for this phenomenon
need to be further revealed. In the present study and for the Chang 73
sub-member shale system, more work is needed to be done when using
MP/P ratios to indicate maturity.

Some of the other commonly used thermal maturity indicators

(Fig. 5¢) exhibit either indistinguishable changes (such as moretanes/
hopanes, Ts/(Ts + Tm), C29Ts/(Ca9 hopane + Cy9Ts)) or unsystematic
variations (such as tricyclics/17a-hopanes). The chemical basis for these
thermal maturity parameters is isomerization reaction or selective loss
of unstable homologs or epimers. The ratio of moretanes/hopanes would
be balanced at early oil generation stage, and that tricyclics/17a-
hopanes was less specific after thermal mature stage.

Therefore, we conclude that specific reactions, such as those
involving chain scission reactions, are very sensitive to the reaction
environments in source rocks and reservoirs. This results in thermal
cracking of specific compounds, which further results in the chain
breaking-induced maturity-related parameters showing obvious differ-
ences, even within the short interval of a shale system where differences
in thermal maturity were not expected. Need to mention that, although
thermal maturity of these shales is overall about 0.9%, the retained oil in
these shales has been cracked to a considerable content. According to
pyrolysis experiment, the kerogen decomposition of the Chang 7 shale is
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accompanied by cracking of Cjs; fractions. After about 1.1% Ro, the
rate of oil cracking exceeds that of oil generation (Ma et al., 2020).

Coincidentally, The difference in molecular composition between
organic-rich and organic-lean lithofacies is similar to the Rock-Eval
Tmax. As we have mentioned in section 3.1, the Tmax of organic-lean
reservoir samples before solvent extraction is lower than that of
organic-rich source rock samples. The three parameters > Ca1_/> Ca2+,
relative pregnane content, and TA(I)/TA(I + II) of the organic-lean
reservoir samples are also relatively smaller than that of organic-rich
source rock samples. Therefore, in the correlation figure of Tmax vs.
molecular parameter, the organic-lean and organic-rich lithofacies were
separated (Fig. 8).

It should be noted that, comparisons of the bulk and molecular
composition were only made between source rock and reservoir at the
same scale. The EOM composition of the lithofacies-scale source rock
cannot be compared with that of the lamina-scale source rock, and the
EOM composition of the lithofacies-scale reservoir cannot be compared
with that of the lamina-scale reservoir, either. This is because the rock
samples and the microdrilled samples were extracted by different
method, as described in section 2.2. The temperature, pressure, and
duration extraction are different between ASE and ultrasonic extraction.
Therefore, there should be differences in the absolute yield and chemical

composition of EOM obtained by the two methods. This defect needs to
be improved in the future work.

3.3. The effect of hydrocarbon expulsion on the thermal evolution of EOM

The molecular composition of EOM is not only influenced by the
lithofacies, as discussed above, but also affected by the lithofacies
assemblage. In the profile of the molecular composition variations
(Fig. 5a), the Y Ca21-/> Ca2+, Ts/hopane, relative pregnane content, and
TA(I)/TA(I + 1I) in the shale interval below 1966.5 m were generally
greater than those in shale intervals above 1966.5 m. The lithofacies
below 1966.5 m is thin layers of interbedded silt-to sandstone and shale.
As discussed in Section 3.2.1, proximity to reservoir enables the oil in
the shale rock more easily to expel out. Therefore, from the higher
proportion of chain breaking products  Cg;_, Ts, C21 + Cag sterane, and
TA(I) compared to their precursors, it is reasonable to infer that oil
expulsion promotes further chain breaking reaction of the oil retained in
the source rocks.

Many studies have been conducted to investigate the impact of
retention or expulsion on oil and gas generation from kerogen decom-
position. Burnham and McConaghy (2014) demonstrated that hydro-
carbon expulsion increases the yield of oil and gas. Wu et al. (2019)
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suggested that oil expulsion promotes long chain cracking within
kerogen. Carr (1999) found that prevention of oil expulsion during
maturation retards further kerogen maturation. In the present study,
similar result was obtained for secondary cracking of retained oil.
Because the kerogen decomposition and oil cracking occur simulta-
neously over a period of time, we speculate that hydrocarbon expulsion
will promote both secondary cracking of oil and subsequently kerogen
decomposition, because the two processes are an inherited continuous
process, as Carr (1999) proposed that retention of reaction products in
the structures of the organic matter would suppress the rate of further
maturation reaction.

It has been concluded that shale system with frequent stacking as-
semblages of source rock and reservoir is an ideal target for shale oil
exploration, because it (1) provides conduits or spaces for oil migration
and storage, (2) is more easily to be fractured and thus simple produc-
tion characteristics (Jarvie, 2012; Zhang et al., 2021). In addition to the
above-mentioned reasons, we assume that the enhanced thermal evo-
lution of shale oil caused by hydrocarbon expulsion may be another
reason to explain why source-reservoir lithology stacking assemblages
provide good conditions for the development of shale oil.

4. Conclusions

In this study, the effect of the lamina and lithofacies assemblage
within a typical hybrid shale system and the associated assem-
blage-induced hydrocarbon expulsion differences on the molecular
composition of EOM were discussed. Chemical fractionation,

10

preferential migration and expulsion of saturate fraction occurs at both
lithofacies and lamina-scale source rock-reservoir assemblages. Molec-
ular fractionation, preferential expulsion of LMW n-alkanes occurs at
lamina-scale source rock-reservoir assemblages. At lithofacies scale, due
to the strong storage capacity of the laminated micro reservoir within
shale, the lithofacies-scale reservoir cannot receive the newly generated
oil, and thus it exhibits low thermal maturity signature and have a lower
> Co1-/3 Cooy.

Chain scission reactions of oil are very sensitive to the reaction en-
vironments in source rocks and reservoirs. This results in the chain
breaking-induced maturity-related parameters such as > Ca;_/> Caay,
relative pregnane content, Ts/hopane and TA(I)/TA(I + II) being lower
in the reservoir lithofacies even within a short interval of a shale system.

In a shale system where interbedded organic-lean lithofacies is
developed, oil in the organic-rich lithofacies is more easily to be expelled
out. Oil expulsion promotes further secondary cracking of the oil
retained in the source rocks, and subsequently kerogen decomposition.
This inherited continuous process provides an additional reason to
explain the frequent-stacking assemblage of source rock and reservoir
lithofacies as an ideal shale oil exploration target.
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Compounds used to calculate thermal maturity parameters and associated calculation methods.

Parameters

Related compounds and calculation methods

Relative pregnane content
Ts/hopane

TAQ)/TA( + 1)
Moretanes/hopanes

Ts/(Ts + Tm)

Ca9Ts/(Cag hopane + CagTs)
Tricyclics/17a-hopanes

(Ca; sterane + Cag sterane)/Ca7—Cag a0 sterane)
Ca7-181-22,29,30-trisnorneohopane/Cag-17a(H),21(H)-hopane

Cy0—Co; triaromatic sterane/ (Coo—Co; triaromatic sterane + Cpg—Cog triaromatic sterane)
C30-17p(H),21a(H)-hopane/Czg-17a(H),21p(H)-hopane
Ca7-181-22,29,30-trisnorneohopane/(Cz7-18-22,29,30-trisnorneohopane + Cay-17a-22,29,30-trisnorhopane)
C29-181,21p-30-norneohopane/(Cao-18a,21-30-norneohopane + Cgg-171,21p-30-norhopane)

Ca5-Ca9 (S + R) tricyclic terpane/Cga9-C33 17a-hopanes

MPR1 1-Methylphenanthrene/Phenanthrene

MPR2 2-Methylphenanthrene/Phenanthrene

MPR3 3-Methylphenanthrene/Phenanthrene

MPR9 9-Methylphenanthrene/Phenanthrene
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