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Abstract: Nine samples collected from the Upper Cretaceous Second White Speckled Shale Formation
at the Highwood River outcrop in southern Alberta were geochemically characterized for their oil
contents, physical states, and chemical compositions. Cold extraction was performed on 8–10 mm
and 2–5 mm chips sequentially to obtain the first and second extractable organic matter (EOM-1
and EOM-2), while Soxhlet extraction was performed on powder from previously extracted chips to
obtain the third extract (EOM-3). EOM-1 can be roughly regarded as free oil and EOM-2 is weakly
adsorbed on mineral surfaces, while EOM-3 may represent the oil strongly adsorbed on kerogen.
While both extraction yields and Rock-Eval pyrolysates differed from their original values due to
the evaporative loss during outcropping, there was a generally positive correlation between the
total EOM and total oil derived from Rock-Eval pyrolysis. EOM-1 was linearly correlated with
Rock-Eval S1, while the extractable S2 content was well correlated with the loss of TOC, suggesting
that TOC content was the main constraint for adsorbed oils. A bulk composition analysis illustrated
that EOM-1 contained more saturated hydrocarbons, while EOM-3 was enriched in resins and
asphaltenes. More detailed fractionation between the free and adsorbed oils was demonstrated by
molecular compositions of each extract using quantitative GC-MS analysis. Lower-molecular-weight
n-alkanes and smaller-ring-number aromatic compounds were preferentially concentrated in EOM-1
as compared to their higher-molecular or greater-ring-number counterparts and vice versa for EOM-3.
Fractionation between isoprenoids and adjacent eluted n-alkanes, isomers of steranes, hopanes,
alkylnaphthalenes, alkylphenanthrenes and alkyldibenzothiophenes was insignificant, suggesting no
allogenic charge from deep strata. Strong chemical fractionation between saturated and aromatic
hydrocarbon fractions was observed with EOM-1 apparently enriched in n-alkanes, while EOM-3
retained more aromatic hydrocarbons. However, the difference between free and adsorbed state
oils was less dramatic than the variation from shales and siltstones. Lithological heterogeneities
controlled both the amount and composition of retained fluids. Oil that resided in shales (source
rock) behaved more similar to the EOM-3, with diffusive expulsion leading to the release of discrete
molecules from a more adsorbed or occluded phase to a more free phase in siltstones with more
connected pores and/or fractures (reservoir). Under current technical conditions, only the free oil
can flow and will be the recoverable resource. Therefore, the highest potential can be expected from
intervals adjacent to organic-rich beds. The compositional variations due to expulsion and primary
migration from source rocks to reservoirs illustrated in the present study will contribute to a better
understanding of the distribution of hydrocarbons generated and stored within the shale plays.

Keywords: hybrid shale oil system; sequential extraction; oil physical state; molecular compositions;
second white speckled shale formation
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1. Introduction

Shale oil plays are generally defined as self-sourced petroleum systems in which the
source rock and reservoir are the same [1,2], whereas Boak and Kleinberg [3] termed those
produced from fine-grained, organic-rich sedimentary rocks, or closely associated with such
type of rocks, as tight oil. A broad definition proposed by Jarvie [4] that shale oil includes
not only the organic-rich mudstone or shale itself, but also the juxtaposed, interlayered,
organic-lean rocks, such as siltstones and carbonates in the shale depositional sequence,
is widely accepted by many researchers (Curiale and Curtis, 2016 [5]; Wu et al., 2021 [6]).
While the boundary between tight oil and shale oil remains unclear and the controversy
will continue in the literature, it is clear that both types of oil are difficult and costly to
produce, and they benefit greatly from horizontal drilling, massive multistage hydraulic
fracturing, and microseismic monitoring.

The oil storage behavior is one of the most important controlling factors for shale oil
production (Zhang et al., 2019 [7]). While the bulk of the oil storage in source rocks is in
kerogen, some oils are retained in the adsorbed state on organic matter, while others exist
in a free state in the pores and fractures (Larter et al., 2012 [8]; Raji et al., 2015 [9]; Zink et al.,
2016 [10]). However, to determine the proportion of adsorbed and free oil in shales remains
difficult (Abrams et al., 2017 [11]). Sequential extraction, a classic method to gain insight
into the petroleum generation and primary migration mechanisms (Price and Clayton,
1992 [12]) that is widely used to investigate oil charge history (Wilhelms et al., 1996 [13];
Schwark et al., 1997 [14]; Leythaeuser et al., 2007 [15]), is one of the practical methods
to study the oil storage behavior in shales. Mohnhoff et al. [16] applied the sequential
flow-through extraction of shales to elucidate fluid flow and fluid/rock interactions in the
subsurface. Qian et al. [17] used different solvent combinations to achieve the quantitative
characterization of extractable organic matter (EOM) in different shale oil reservoir states,
while Zhang et al. [18] proposed a combination of cold, sonication, and Soxhlet extraction
on three particle sizes to determine the free oil, adsorbed oil, and residual oil in shales.
Rock-Eval pyrolysis is likely the most widely used technique to assess the quality and
quantity of the source rocks (Behar et al., 2001 [19]), and has been adapted to determine
the physical state of oil in shales by modifying heating programs. Jiang et al. [20] divided
pyrolysates into four peaks instead of the traditional S1 and S2 peaks. The first peak de-
tected in the 100–200 ◦C range was named S1–1, and is considered light, movable oil. The
second peak detected in the 200–350 ◦C range was termed S1–2, and is regarded as heavy,
movable oil. The sum of S1–1 and S1–2 represents the free oil. The third peak detected in
the 350–450 ◦C range was called S2–1, and is considered adsorbed oil. The fourth peak
detected in the 450−600 ◦C range was called S2–2, and is classified as residual oil potential
cracked from kerogen. Romero-Sarmiento et al. [21] developed a shale play method by
using a new Rock-Eval pyrolysis program to evaluate shale resource plays. The modified
temperature program started at 100 ◦C and was then ramped to 200 ◦C to obtain the Sh0
peak, which corresponded to the free lightest hydrocarbons. A second peak of Sh1 was
obtained between 200 ◦C and 350 ◦C that represented heavier adsorbed hydrocarbons.
The third peak of Sh2 was detected in the temperature range of 350−650 ◦C, which corre-
sponded to hydrocarbons released from thermal cracking of kerogen and bitumen. The
hydrocarbon content was revised as Sh0 + Sh1, and the hydrocarbon quality was defined
as Sh0/(Sh0 + Sh1). Abrams et al. [11] proposed a multi-step thermal extraction protocol
by using different combinations of heating rates and holding times coupled to a flame
ionization detector to provide more compositional details of the retained bitumen. The
total oil was calculated from the sum of P200 ◦C, P250 ◦C, P300 ◦C, and P350 ◦C, while
the ratio of P200 ◦C/(P300 ◦C + P350 ◦C) could be used to identify high oil saturation and
producible zones.

In order to plan optimal economic oil extraction, measurement of the oil-in-place
volumes has been an important and powerful starting point. Oil-in-place can be measured
quantitatively using measurements of the distillable oil in an oil shale, specifically from the
S1 measurements of a standard Rock-Eval analysis (Peters, 1986 [22]). However, a much
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higher oil content revealed by multistage pyrolysis than that from standard pyrolysis and
a large difference between solvent extracted and unextracted pyrolysate yields indicated
that a significant amount of solvent extractable hydrocarbons was not captured in the S1
and rolled over into the S2 peak (Jarvie, 2012 [4]; Han et al., 2015 [23]; Raji et al., 2015 [9]).
Collins and Lapierre [24] noted that 20%–65% of the S2 peak was soluble in common organic
solvents. Zink et al. [10] found that the total oil included the extractable S2 component
was 2.2 to 3.6 times higher than that determined from S1 only. This phenomenon not only
overestimates the remaining hydrocarbon generation potential (S2) but also substantially
underestimates the amount of original-oil-in-place in sedimentary basins (Abrams et al.,
2017 [11]; Han et al., 2017 [25]). Han et al. [23] illustrated for Barnett Shale sequences
that the amount of oil-in-place would increase by around 54% when the extractable S2
components were considered. The difference between thermal and solvent extraction
yields seemed to be maturity-dependent, and the gap decreased with increasing maturity
(Zhang et al., 2020 [18]). However, the proportion of the “total oil” that could be producible
remains difficult to determine and requires further investigation.

Another interesting topic in shale oil plays is the compositional difference between
free and adsorbed oils. The comparison between oil produced from the reservoir and
extract from the source rock can be used as an analogue. Some molecules are preferen-
tially retained in source rock, while others more easily migrate to the reservoir. Generally,
the expulsion sequence of petroleum components is governed by the size and polarity
with saturated hydrocarbons over aromatic hydrocarbons and over resin and asphaltenes
(Leythaeuser et al., 1982 [26], 1988 [27], 1988 [28]; Lafargue et al., 1990 [29]; Sandvik et al.,
1992 [30]; Ritter, 2003 [31]; Kelemen et al., 2006 [32]; Eseme et al., 2007 [33]). While molecular
fractionation has been observed from intraformational migration over the centimeter scale
(Han et al., 2015 [23]), a comparison between the residual oil (bitumen composition after
expulsion) and the composition of the expelled oil is still rare in hybrid shale petroleum
systems. Here, we report on bulk and molecular compositions of a thermally mature
outcrop of the Second White Speckled Shale Formation (2WS) from the Highwood River
area in southern Alberta, where organic-rich and organic-lean intervals are interleaved.
This formation is one of the emerging hybrid shale oil plays in North America. This study
focused on the oil content and composition of those samples regarding physical status
and compositional differences. The objective of this study was to provide the opportunity
for an in-depth analysis of a source-reservoir system in a typical shale succession. The
compositional variations due to expulsion and primary migration from source rocks illus-
trated in the present study will contribute to a better understanding of the distribution of
hydrocarbons generated and stored within the hybrid shale plays.

2. Geological Background

The Upper Cretaceous Second White Speckled Shale Formation (2WS) is widely dis-
tributed in the Western Canada Sedimentary Basin. It recorded sedimentation during a
period of sea level transgression in the Western Interior Seaway (WIS) during the late
Cenomanian to Early Turonian (93–91 Ma) (Bloch et al., 1999 [34]). The 2WS depocenter
lies in the forebulge region, which developed in the Rocky Mountains southeast of British
Columbia and southwest of Alberta during the Late Cenomanian. Warm Tethyan waters of
normal salinity entered the northern parts of the basin and induced planktic foraminifera
to migrate north. Dynamic marine conditions led to sea-level change and variable mixing
of Boreal and Tethyan water in the WIS, which resulted in variability of foraminiferal and
nannofossil assemblages. Dinoflagellate assemblages also became more diverse near the
Cenomanian/Turonian boundary (Block et al., 1999 [34]). There is no evidence of significant
wave activity or influence on sedimentary structures, indicating deposition in relatively
deep water, primarily below storm wave bases. This formation has been described as
laminated, non-bioturbated limestones to marlstones in Saskatchewan, calcareous shale to
siltstone in eastern and southern Alberta, and calcareous siltstone in northwestern Alberta.
Abundant millimeter-sized fecal pellets composed mainly of calcareous coccolithic debris
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gives the dark shales a white speckled character, the origin of the formation name. A
basinwide sea-level drop occurs above the 2WS Formation, as evidenced by the change in
organic matter type (to Type III), the disappearance of planktic foraminifera and coccol-
iths, and the deposition of clastic sandstones and conglomerates northwestern of Alberta
(Schröder-Adams et al., 1996 [35]; Bloch et al., 1999 [34]).

The abundance of pelagic organisms, coupled with highly reducing preservation
conditions, resulted in high total organic carbon (TOC) values across the entire basin, which
provide good to excellent source rocks for oil and gas exploration (Bloch et al., 1999 [34];
Furmann et al., 2015 [36]; Synnott et al., 2017 [37]; Huang et al., 2022 [38]). Thermal maturity
of the 2WS increases from immature in the east to overmature in the west toward the thrust
front of the Rocky Mountains. The immature oil shale near the Manitoba Escarpment
has been mined to recover the retortable oil. Giant biogenic gas production has occurred
in southeastern Alberta and western Saskatchewan, while normal and light oils sourced
from the 2WS were recovered in western Alberta, mainly from the overlying Cardium
Fm. (Mossop and Shetsen, 1994 [39]; Bloch et al., 1999 [34]) (Figure 1). It contains more
than 450 billion barrels of original oil-in-place, as estimated by the Geological Survey of
Canada (Chen and Osadetz, 2013 [40]). The combination of an organic-rich, thermally
mature hydrocarbon source rock with intervals of brittle lithology and naturally developed
fracture make the 2WS an excellent unconventional oil and gas reservoir (Clarkson and
Pedersen, 2011 [2]; Synnott et al., 2017 [37]; Aviles et al., 2019 [41]; Creaney and Allan,
1990 [42]).
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Figure 1. Thermal maturity of the 2WS and its related petroleum distribution in the Western Canada
Sedimentary Basin (adapted with permission from Huang et al., 2022 [38]).

3. Samples and Methods
3.1. Samples

The studied samples were collected from a Highwood River outcrop located within
the Canadian Rocky Mountain Foothills in southwestern Alberta (Figure 1). The section
examined is 60 m thick. The bottom part of the exposed section belongs the Belle Fourche
Fm., which is characterized by the presence of a thin bioclastic debris bed. The lower
part of the 2WS consists of massive organic-rich shales (2WS shale), which is conformably
overlying the Belle Fourche Fm. The Jumping Pound sandstone interval overlying the 2WS
shale represents a regressive deposition in shallow water, succeeded in turn by another
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organic-rich black shale, deposited in deep water (Carlile Fm.). Nine samples were selected
for the present study, including a pair of adjacent shale and fine-grained siltstone (HRS1
and 2), two shales (HR1 and 7), and 5 silty shales to siltstones (HR2-6). The photographs of
the outcrop illustrate the changes in lithology across the exposed section (Figure 2).
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Figure 2. Stratigraphic column of the 2WS along Highwood River outcrop at southwestern Alberta
(modified from Komaromi and Pedersen, 2014 [43]), sample location and photograph, together with
measured total organic carbon content.

3.2. Analytical Methods
3.2.1. Rock-Eval Pyrolysis

Rock-Eval pyrolysis is widely used for the assessment of the quality and maturity of
potential source rocks. It was performed using a Vinci Technologies Rock-Eval 6 Turbo
device following the basic method as described by Behar et al. [19]. A flame ionization
detector was equipped for monitoring the amounts of hydrocarbons, while an infrared de-
tector was used for monitoring the amounts of CO and CO2. Aliquots of each homogenized
powder sample (approximately 50 mg) before and after extraction were used in a single
Rock-Eval analysis. A standard program of isothermal at 300 ◦C for 3 min, then heating
to 650 ◦C with a heating rate of 25 ◦C/min was applied for hydrocarbon analysis. The
residual carbon and inorganic carbon content were determined through oxidation in air
and further heating up to 850 ◦C. The temperature at the maximum of S2 peak (TpS2) was
converted to Tmax (◦C). Parameters included S1 (mg HC/g rock), S2 (mg HC/g rock), S3
(mg CO2/g rock), TOC (wt %), HI (mg HC/g TOC), OI (mg CO2/g TOC), production index
(PI= S1/[S1 + S2]) and MinC (mineral carbon, wt %). Refer to Behar et al. [19] for details.

3.2.2. Sequential Extraction

A sequential extraction technique was applied to rock samples of three particle-size
splits using a dichloromethane/methanol (DCM:MeOH, 93:7, v/v) solution to evaluate
the oil physical status in the studied samples. The first extraction step was carried out



Minerals 2022, 12, 802 6 of 23

on 8–10 mm diameter shale chips. The samples were weighed and soaked in a clean
beaker at room temperature for 48 h, and the solution was agitated by ultrasonication
(15 min) for 3 times/day. After the extracted solution was decanted, the chip samples
were washed with deionized water three times and then air-dried at room temperature.
After the solvent was evaporated, the extract was quantified as the first extractable organic
matter (EOM-1), which was considered as free oil. Then, the extracted samples were
air-dried, further crushed, and sieved to a particle size of 2–5 mm. The weighed aliquot
was re-extracted at room temperature for another 48 h following the same procedure as
step 1. The obtained extract was termed EOM-2, which was regarded as adsorbed oil.
Finally, the residual samples were dried and ground to a fine powder (~100 mesh) and
Soxhlet-extracted for 72 h to obtain the third extract (EOM-3), which was considered to be
residual oil.

3.2.3. Gross Composition Separation (SARA)

SARA refers to 4 groups of compounds in oil or bitumen (saturated hydrocarbons,
aromatic hydrocarbons, resins, and asphaltenes). The asphaltene fraction was separated by
a precipitation process with excess cold hexane, filtered, and weighed. The deasphalted
fraction (maltenes) was further separated on a silica gel/alumina column using hexane
to elute the saturated hydrocarbon fraction, petroleum ether:DCM (9:1, v/v) to elute the
aromatic hydrocarbon fraction, and chloroform to elute the resin fraction, respectively.
Only two samples were subjected to SARA separation.

3.2.4. Gas Chromatography–Mass Spectrometry (GC-MS)

About 50 mg of EOM was transferred to a vial, and a suite of internal standards
(cholestane-d4, adamantane-d16, phenyldodacane-d30, naphthalene-d8, phenanthrene-d10,
and 1,1-binaphthalene) was spiked. Afterwards, polar Florisil solid phase extraction (SPE)
cartridges were used to remove asphaltene, and the maltene fraction was transferred to a
C18 SPE column to extract the hydrocarbon fraction. The hydrocarbon fraction was further
separated into the aromatic and saturated hydrocarbon fractions using silica gel liquid
chromatography. A blank control and two standard oils were processed in the identical
way as the rock extract to assure quality control.

The total hydrocarbon fraction, as well as saturated and aromatic hydrocarbon frac-
tions, were analyzed using GC-MS in a selected ion-monitoring mode on an Agilent 7890B
gas chromatograph linked to an Agilent 5977A MSD system. The GC column used for
separation was a DB-1MS (60 m × 0.32 mm i.d. × 0.25 µm film thickness), and the GC oven
was programmed from 50 ◦C (1 min) to 120 ◦C at 20 ◦C/min, then increased to 310 ◦C at
3 ◦C/min with a final hold for 25 min. Helium was used as the carrier gas with a constant
flow rate of 1 mL/min. The injector and interface temperature was set at 300 ◦C, and the
ion source was operated in the electron ionization (EI) mode at 70 eV. Concentrations were
calculated based on peak area without response factor calibration.

4. Results
4.1. Rock-Eval Pyrolysis

Rock-Eval pyrolysis results of duplicates of both unextracted and extracted samples
are listed in Table 1. A comparison of the Rock-Eval data from the unextracted and extracted
sample series demonstrated that differences were most pronounced for S1 values, but large
differences existed for the S2 as well. The free volatile hydrocarbon content (S1) ranged
from 0.34 mg/g rock to 1.32 mg/g rock, with an average of 0.56 mg/g rock in unextracted
samples. The total organic carbon (TOC) content fell in the range of 0.76 to 4.35 wt %,
with one sample bearing excellent generative potential and the others bearing fair to good
generative potential. Based on lithology and TOC content, three samples (HRS1, HR1, and
HR7) were arbitrarily classified as source rocks, while the other six samples (HRS2 and
HR2-HR6) were classified as reservoirs in the present study. Plotting the S1 yield against
the TOC showed a positive correlation, with a much higher S1 of per 1% TOC in relatively
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fresh samples (HRS1 and 2) (Figure 3a). The oil saturation index (OSI = S1/TOC) varied
between 21 and 102 mg HC/g TOC. The source rock samples were characterized by much
lower OSI than the reservoirs; however, an overall low OSI in the studied section was
associated with the sample nature from the outcrop.

Table 1. Rock-Eval pyrolysis analysis results of the unextracted and extracted samples from High-
wood River section.

Sample Height S1 S2 PC TOC Tmax PI
HI OSI

(m) (mg/g Rock) (mg/g Rock) (%) (%) (◦C) (mg/g TOC) (mg/g TOC)

HR7 58.5 0.43 2.44 0.24 2.07 450 0.15 118 20.77
HR6 54 0.37 1.15 0.13 0.82 448 0.24 140 45.12
HR5 51 0.34 1.03 0.11 0.78 447 0.25 132 43.59
HR4 47 0.36 1.24 0.13 0.76 445 0.23 163 47.37
HR3 44 0.43 1.6 0.17 1.31 452 0.21 122 32.82
HR2 42 0.48 2.15 0.22 1.58 452 0.18 136 30.38
HR1 25.1 0.48 2.68 0.26 1.99 452 0.15 135 24.12

HRS2 17.05 0.85 2.37 0.27 0.83 439 0.27 286 102.41
HRS1 17 1.32 11.04 1.03 4.35 443 0.11 254 30.34
HR7’ * 58.5 0.08 2.16 0.19 1.96 448 0.04 110 4.08
HR6’ 54 0.04 0.68 0.06 0.59 447 0.06 115 6.78
HR5’ 51 0.05 0.74 0.07 0.66 446 0.06 112 7.58
HR4’ 47 0.03 0.71 0.06 0.63 447 0.04 113 4.76
HR3’ 44 0.06 0.89 0.08 1.01 452 0.06 88 5.94
HR2’ 42 0.09 1.54 0.14 1.27 447 0.06 121 7.09
HR1’ 25.1 0.1 2.38 0.21 1.93 448 0.04 123 5.18

HRS2’ 17.05 0.01 0.57 0.05 0.53 448 0.02 108 1.89
HRS1’ 17 0.03 11.14 0.93 4.28 450 0 260 0.7

* After extraction.

The residual petroleum generation potential (S2) varied from 1.03 mg/g rock to
11.04 mg/g rock with a mean S2 value of 2.86 mg HC/g rock, indicating a fair quality of the
source rocks. The S2 yield was almost linearly correlated with the TOC, although differences
between more weathered and relatively fresh samples were noticeable (Figure 3b). The
hydrogen index (HI = S2 × 100/TOC) varied from 118 to 286 mg HC/g TOC. Most samples
had an HI below 200 mg HC/g TOC because the samples were thermally mature.

The S1 peak was strongly diminished as expected in the extracted samples, with
residual thermally extractable bitumen < 0.1 mg/g rock (Table 1). Solvent extraction
fraction removed 81%–99% of S1. There were consistent reductions in the TOC and S2
after solvent extraction in comparison with the unextracted samples. The S2 peak in the
extracted samples varied in the range of 0.57−10.54 mg/g rock (Table 1), suggesting that
the extractable S2 content (S2–S2′ , herein) varied from 4.5% to 59.1% of the unextracted S2,
with an average value of 30.1%. The TOC contents ranged from 0.63 wt % to 4.28 wt %
in the extracted samples (Table 1), while the loss of TOC varied from 1.6% to 36.1%, with
an average value of 16.6% after extraction. There was some authigenic organic matter in
those silty shale reservoir samples. The HI values were in the range of 88−246 mg HC/g
TOC (Table 1), which dropped 3.0%–35.9%, with an average value of 17.4%. While a
small proportion of S1 was non-extractable by the selected solvent, its content was poorly
correlated with the loss in TOC (Figure 3c). On the contrary, the proportion of extractable S2
was well correlated to the loss in TOC, with a linear correlation coefficient of 0.9 (Figure 3d).
The “S2 oil” proportion, and similarly the % HI loss upon extraction, decreased with
increasing TOC (Figure 3e,f). A rather constant proportion of compounds was solvent-
extractable from the organic and mineral matrices.
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Jarvie [4] proposed a method for estimating the so-called “total oil content” of rocks
using Rock-Eval pyrolysis data (S1, S2) combined with solvent extraction, a similar ap-
proach to those described elsewhere (Delvaux et al., 1990 [44]; Han et al., 2015 [23];
Zink et al., 2016 [10]). The extractable S2 fraction was termed “S2 oil” by Jarvie [4], while
the unextractable S1 was subtracted from the S1 in the total oil calculation. Therefore, the
total oil can be defined as (S1 − S1′ ) + (S2 − S2′ ), which varied from 0.58 mg/g rock to
2.24 mg/g rock in the studied samples (Table 1). This “S2 oil” increased the total oil amount
compared to the conventional free oil (S1) by factors ranging between 1.4 and 2.6, with an
average factor of 2.0.

The maximum temperature at the S2 peak (Tmax) in the unextracted samples ranged
from 439 ◦C to 452 ◦C, indicating the source rocks were thermally mature. The Tmax values
for the extracted samples were, as expected, overall similar to the unextracted ones. How-
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ever, an increase in Tmax was observed for the relatively fresh samples (HRS1 and 2) when
large proportions of soluble bitumen were removed, whereas more weathered samples
(HR1-7) clearly showed a shift to lower Tmax values after extraction (Table 1). Theoretically,
the removal of the extractable organic matter after Soxhlet extraction will result in a shift
to higher Tmax values due to the bitumen impregnation effect (Delvaux et al., 1990 [44];
Han et al., 2015 [23]; Zink et al., 2016 [10]). A lower Tmax after extraction in some samples
suggested that a large proportion of free hydrocarbons (S1 peak) had already been lost due
to outcrop weathering.

The production index (PI = S1/(S1 + S2)) values were used to assess the degree
of thermal maturity of the investigated source rocks. Generally, low PI values (<0.3)
indicated immature or postmature organic matter. However, the low PI values in the
studied samples, coupled with their poor correlation with the Tmax values, suggested
other alteration processes, especially the loss of hydrocarbons during outcropping and
weathering, were involved.

4.2. Sequential Extraction

The sequential extraction results for the studied samples are shown in Figure 4. The
total EOM content was in the range of 0.4–3.04 mg/g rock, with an average of 0.95 mg/g
rock. The EOM-1 yield was in the range of 0.19–1.24 mg/g rock, and accounted for
44.1% of the total EOM content. The EOM-2 and EOM-3 yields varied in the ranges
of 0.09–1.07 mg/g rock and 0.08–0.74 mg/g rock, and accounted for 29.4% and 26.4%,
respectively. Two relatively fresh samples (HRS1 and 2) had much higher extractable
organic matter than other samples, and the difference between each step was also much
sharper. The source rock (HRS1) showed a gradual decrease of EOM yield from each step,
corresponding to 40.7%, 35.1%, and 24.2% of total EOM, respectively, while the reservoir
(HRS2) showed a strikingly different EOM yield from each step, corresponding to 79.3%,
13.4%, and 7.3% of total EOM, respectively. Other samples had much lower EOM yields,
and displayed irregular patterns with extraction steps (Figure 4).
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There was a generally positive correlation between the total EOM and total oil derived
from the Rock-Eval pyrolysis. However, reservoirs contained more total oil than the total
EOM, while source rocks displayed the opposite trend, where the total EOM was higher
than the thermally desorbed oil (Figure 5a). The correlation between TOC and EOM is
shown in Figure 5b. A positive correlation between each EOM and TOC can be observed,
especially those between EOM-2, EOM-3, and TOC, suggesting that TOC content was the
main constraint for adsorbed and residual oils. A linear correlation between EOM-1 and
Rock-Eval S1 can be observed for the studied samples regardless of the lithology variation
(Figure 5c). While EOM-2 can be considered as the adsorbed oil, and should be closely
related to “S2 oil”, the overall correlation between them was weak. The reservoirs seemed
to behave differently from the source rocks. A good correlation between EOM-2 and “S2
oil” can be observed for the source rock samples, but not for the reservoirs (Figure 5d). A
similar relationship can be noted between EOM-2 and S1 (Figure 5e), but the correlation
between EOM-3 and “S2 oil” was poor for both source rocks and reservoirs (Figure 5f).
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4.3. SARA Compositions

SARA separation was performed on two representative samples (HR1 and HR3) by
using the extracts from the large chips (EOM-1) and powder (EOM-3). Since both samples
were weathered outcrop, the bulk fraction could hardly represent their original composi-
tions. The saturated hydrocarbon content in HR1 was much higher than that in HR3, likely
reflecting different preservation conditions. HR3 had suffered more extensive hydrocar-
bon loss than HR1. Overall low saturated hydrocarbons, together with a high content of
asphaltenes in the large chip extracts, were governed by the nature of the outcrop samples,
which differed significantly from the fresh core, but the trend remained meaningful. Both
samples showed similar changes in EOM-1 and EOM-3. The decrease in the relative abun-
dances of saturated and aromatic hydrocarbons accompanied by substantial increase of the
relative abundances of asphaltenes indicated the removal of adsorbed hydrocarbon phases.
However, the proportion of resins showed the opposite trend: it increased slightly in HR1
but decreased in HR3 (Table 2).

Table 2. SARA compositions of representative samples from sequential extraction.

Sample Fraction %Sat %Aro %Resin %Asph

HR1
EOM-1 47.7 25.6 5.8 20.9
EOM-3 42.9 19.4 6.3 31.4

HR3
EOM-1 29.1 23.6 14.5 32.7
EOM-3 27.2 20.5 11.5 40.8

4.4. Molecular Compositions

The GC–MS analyses of total the hydrocarbon fraction from free oil, adsorbed oil,
and residual oil were performed on seven samples (HR1-7), while GC–MS analyses of
saturated and aromatic hydrocarbon fractions were performed for all extracts. The total
ion chromatograms (TIC) of the total hydrocarbon fraction illustrated conspicuous molecu-
lar composition differences between the source rock (represented by HR1 and HR7) and
reservoir (represented by HR3 and HR5). Molecular compositions in the source rock ex-
tracts were characterized by the dominance of alkylnaphthalenes and alkylphenanthrenes,
while n-alkanes and branched alkanes were largely masked. However, the molecular
compositions in reservoir extracts were dominated by n-alkanes in the range of C13–C30,
while alkylnaphthalenes and alkylphenanthrenes were less important constituents. The
difference between free oil and residual was less dramatic than the variation from lithology,
but was still perceptible. The relative abundance of GC amenable aromatic compounds was
more concentrated in the EOM-3, and high molecular components were relatively enriched
(Figure 6).

Numerous molecular parameters are available in literature that can be applied for
organic source input, maturity, biodegradation, and migration diagnosis. The present
study had no intention to explore all details of the molecular parameters, but adopted a
few classical parameters to illustrate the variation during sequential extraction. The pris-
tane/phytane (Pr/Ph) ratio is one of most widely used parameters to indicate depositional
conditions of source rocks. The Pr/Ph ratios for EOM-1, EOM-2, and EOM-3 fell in the
relatively narrow ranges of 1.3−1.7, 1.4−1.6, and 1.1−1.6, respectively. This observation
was similar to the results of Lafargue et al. [45], who detected no fractionation effects
on the Pr/Ph ratio during expulsion experiments performed on shale source rocks. For
isoprenoid/n-alkane, ratios (i.e., Pr/n-C17 and Ph/n-C18) in EOM-1 ranged from 0.4 to
0.8 and 0.4 to 0.7, respectively. Similar ratio ranges were obtained for EOM-2 and EOM-3
(Figure 7a). No preferential extraction of n-alkanes relative to acyclic isoprenoids was
discerned during sequential extraction.
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Figure 6. Total ion chromatograms (TIC) of the total hydrocarbon fraction from the EOM-1 and EOM-3 in
representative samples. 13–23: carbon number of n-alkanes; N: naphthalene; MN: methylnaphthalenes;
C2N: ethylnaphthalenes + dimethylnaphthalenes; C3N: trimethylnaphthalenes; P: phenanthrene; MP:
methylphenanthrenes; C2P: ethylphenanthrenes + dimethylphenanthrenes.

Gammacerane is an irregular C30 pentacyclic triterpane, and its most likely biological
precursor is tetrahymanol. A high abundance of gammacerane in source rock extracts and
oil samples normally indicates highly reducing, hypersaline depositional environments,
or water-column stratification (Sinninghe Damsté et al., 1995 [46]; Huang, 2017 [47]). The
gammacerane index (=gammacerane/C30 hopane) and C35/C34 homohopane ratio are
sensitive to redox conditions at the time of sediment deposition (Peters and Moldowan,
1991 [48]). Sequential extraction indicated little variability in these ratios related to deposi-
tional environment due to their narrow range and lack of discrimination between extraction
steps (Figure 7b).
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The C27 pentacyclic triterpane ratio, 18α(H)-22,29,30-trisnorneohopane (Ts) vs. 17α(H)-
22,29,30-trisnorhopane (Tm), has been used extensively as an indicator of maturity in
samples containing similar source materials. Tm is believed to represent the biologically
produced structure, while Ts is formed during thermal maturation processes and exhibits a
greater thermal stability than Tm (Peters et al., 2005 [49]). C29Ts (18α(H)-30-norneohopane)
is characterized by a high thermal stability, and it has virtually the same geochemical
behavior as Ts. With increasing thermal maturity, C29Ts shows a marked increase in
apparent concentration relative to the C29 norhopane (C29H) (Peters et al., 2005 [49]). A
clear positive correlation between Ts/(Ts + Tm) and C29Ts/(C29H + C29Ts) ratios was
illustrated in the studied samples. While the difference was subtle, slightly lower ratios
could be observed from the EOM-3 (Figure 7c).

The isomerization of C29 steranes can derive two commonly used maturity indi-
cators; i.e., 20S/(20S + 20R) and ββ/(ββ + αα). The proposed equilibrium range for
20S/(20S + 20R) was 0.52–0.55 and for ββ/(ββ + αα) was 0.55–0.60, corresponding to peak
oil generation in sediments (Peters et al., 2005 [49]). Both ratios approached the equilibrium
end-point in the studied samples. Likewise, both ratios in the EOM-3 were slightly lower
than those in the EOM-1 and 2 (Figure 7d).

The distributions of alkylated aromatic hydrocarbons and aromatic sulfur compounds
can also be used for maturity assessment. In the present case, a few parameters derived
from alkylnaphthalenes, alkylphenanthrenes, and alkyldibenzothiophene were illustrated.
Based on thermodynamic considerations, the most thermally stable trimethylnaphthalene
(TMN) isomer was 2,3,6-TMN, and one of the least stable isomers was 1,2,5-TMN, which is
often abundant in low-maturity oil samples. Among the tetramethylnaphthalenes, 1,3,6,7-
TeMN was the most thermally stable isomer, whereas 1,2,5,6-TeMN was the least thermally
stable, and usually the most abundant isomer in samples of low maturity. Under the
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chromatographic conditions used here, 1,2,5,6-TeMN co-eluted with 1,2,3,5-TeMN; these
were isomers with very similar stabilities. Therefore, throughout this paper, the abundances
of 1,2,5,6- and 1,2,3,5-TeMN were measured as one sum referred to as 1,2,5,6-TeMN + 1,2,3,5-
TeMN. In another study, van Aarssen et al. [50] defined the trimethylnaphthalene ratio
(TMNr) as 1,3,7-TMN/(1,3,7- + 1,2,5-TMN) and the tetramethylnaphthalene ratio (TeMNr)
as 1,3,6,7-TeMN/(1,3,6,7- + 1,2,5,6 + 1,2,3,5)-TeMN. Both ratios behaved quite similarly,
and clustered together with slightly higher values in the two relatively fresh samples
(Figure 8a). No fractionation between alkylnaphthalene isomers could be observed during
sequential extraction.
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The methylphenanthrene index [MPI-1 =1.5 × (2-MP + 3-MP)/(P + 1-MP + 9-MP)]
proposed by Radke et al. [51] is probably one of the most widely used aromatic maturity
parameters to estimate the level of thermal maturity of sediment extracts and oils. The
MPI-1 values fell in a narrow range of 0.55−0.65 without obvious fractionation during
sequential extraction. The methyldibenzothiophene (MDBT)-derived maturity ratios relied
on the same chemical basis as methylphenanthrenes; i.e., a shift in predominance from rela-
tively thermally unstable isomers toward more stable isomers with increasing maturation
(Radke et al., 1986 [52]). The methyldibenzothiophene ratio (MDR = 4-MDBT/1-MDBT)
showed a relatively wide range of variation, but the difference among extraction steps was
insignificant (Figure 8b).

The n-alkanes are the most abundant components in oil, and their distributions reflect
organic input and maturity level. The concentrations of individual n-alkane present in the
sequential extraction samples are illustrated in Figure 9. A wide range of n-C9 to n-C37
alkanes without any odd-over-even carbon number predominance could be detected from
all studied samples. The n-alkanes in EOM-1 were dominated by C13–C20 with a unimodal
distribution and maximal peak at C15, except the HR3, which had the maximal peak at
C17 (Figure 9a). The unimodal n-alkane distributions, generally peaking at C15 and C17,
were indicative of a uniform source, where marine algae and bacterial lipids could be the
major contributors of n-alkanes. The chromatograms of the EOM-2 samples also displayed
a unimodal distribution pattern, but the relative proportion and heavy end increased
perceptibly. The maximal peak in some samples was shifted to a slightly higher carbon
number. For instance, the main carbon number in HRS2 was n-C19 (Figure 9b). Samples of
EOM-3 were enriched in long-chain n-alkanes. A typical bimodal n-alkane distribution with
a second maximum at n-C25 to n-C26 could be observed from HR1 and HR3 (Figure 9c). The
n-alkanes’ pronounced fractionation effects according to molecular chain lengths could also
be illustrated by the ∑C20

−/∑C21
+ ratio. Generally, low ∑C20

−/∑C21
+ ratios of outcrop

samples may be caused by evaporative loss of light components during long weathering
exposure. Systematic changes could be observed from the sequential extraction with the
∑C20

−/∑C21
+ ratios in EOM-1 > EOM-2 > EOM-3. The early extracts tended to have higher

relative abundances of C9 to C20 n-alkanes (Figure 9d).
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In the aromatic hydrocarbon fraction, the difference between the number of substituents,
such as the ratio of dimethylnaphthalene and tetramethylnaphthalene (∑C2N/∑C4N), was
subtle and sometimes inconsistent (data not shown), while the relative content of com-
pounds with different ring numbers changed systematically. Alkylnaphthalenes were
relatively concentrated in the first extract, while alkylphenanthrenes were more enriched
in the third extract, and the ratio of ∑C0–5-alkylnaphthalenes/∑C0–3-alkylphenanthrenes
showed a general decreasing trend with the proceedings of sequential extraction (Figure 10).
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Figure 10. The ratio of ∑C0–5–alkylnaphthalenes/∑C0–3–alkylphenanthrenes (∑C0–5N/∑C0–3P) in
sequential extracts of the studied samples.

There is a general consensus that saturated hydrocarbons are more easily expelled
from kerogen than aromatic hydrocarbons; however, the difference during sequential
extraction has not been observed. The total hydrocarbon chromatograms indicated that
extracts from source rocks were enriched in aromatic hydrocarbons, while those from
reservoirs were enriched in saturated hydrocarbons. Here, peak areas of representative
compounds in the total hydrocarbon fraction were used to elucidate such changes during
sequential extraction. The n-C13 had a retention time similar to methylnaphthalenes, and
the n-C19 had a retention time similar to methylphenanthrenes. The ratios of ∑MN/n-C13
and ∑MP/n-C19 showed sharp differences between source rocks and reservoirs, with
much higher values in the former. During sequential extraction, a dramatic difference was
apparent in both ratios. For instance, the ∑MN/n-C13 ratio in EOM-1 of HR7 was 5.1, while
that in EOM-3 was 15.2. Similarly, the ∑MP/n-C19 ratio EOM-1 of HR7 was 12.1, while
that in EOM-3 was 29.8. However, these ratios in typical reservoirs (HR3-HR6) were much
lower (Figure 11).
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5. Discussion
5.1. Oil Physical Status Illustrated by Sequential Extraction

Oils in shale systems are dominantly free and adsorbed, but oil dissolved in gas and/or
water cannot be excluded. However, to determine the proportion of free oil and adsorbed
oil in a specific sample remains a challenge due to the lack of a standardized procedure. The
EOM content can evaluate total residual hydrocarbons in a shale series, but has difficulty
distinguishing free and adsorbed states. For such purposes, multiple isothermal stages of
pyrolysis might hold some merit (Romero-Sarmiento et al., 2015 [21]; Jiang et al., 2016 [20];
Abrams et al., 2017 [11]; Zhang et al., 2020 [18]), but variable heating rates, temperatures,
and holding time do not seem to reflect the same nature of pyrolysates. Sequential extraction
of shale by using a combination of different solvents, extraction methods, and particle sizes
can theoretically separate free oil from residual oils adsorbed on mineral or organic matter
surfaces (Qian et al., 2017 [17]; Zhang et al., 2019 [7]; Li et al., 2021 [53]), because the particle
size can limit the ability of organic solvents to efficiently extract soluble organic matter
from the interior of dense shale particles (Sajgo and Maxwell, 1983 [54]; Price and Clayton,
1992 [12]). Sajgo and Maxwell [54] used crushed chips (1–2 cm) and Soxhlet extraction to
obtain a “coarse extract”, which represented oil in “open” pores, and the powder to obtain
a “fine extract”, which represented bitumen from the “closed” matrix.

Three steps of extraction were performed in this study. The first extract (EOM-1) can
be roughly regarded as free oil based on the following consideration. The pioneer work
performed by Sajgo and Maxwell [54] used a similar particle size to obtain the extractable
material in the open pores, which represented a fraction that was able to migrate. The
EOM-1 in the present study was easily accessible to the solvents and ready for expulsion
from the rocks, which shared the same nature as the first extract in open pores as defined by
Sajgo and Maxwell [54]. The EOM-1 also would be expected to be affected by migration of
material within or out of the strata, as evidenced by molecular compositional fractionation
(see below). Additional evidence that EOM-1 can be regarded as free oil can be derived from
the Rock-Eval S1, which is often regarded as free oil even though the S1 does not account for
all free hydrocarbons. The linear correlation between EOM-1 and the S1 indicated intrinsic
linkage between the two parameters, while the correlation between the total EOM and
total oil was not straightforward (Figure 5). Due to the nature of outcrop in the present
study, the yields from the Rock-Eval analysis and solvent extraction experienced variable
evaporative loss, especially for the free oil, while the adsorbed oil may have been less
affected. Therefore, the values of both EOM-1 and S1 may have differed from the fresh core
samples, but conventional programmed pyrolysis S1 was still a valid parameter to estimate
the mobility of shale oil (Jarvie, 2012 [4]).

The nature of EOM-2 is somewhat cryptic. Zhang et al. [7,18] regarded this fraction
as adsorbed oil, which normally refers to liquid hydrocarbons released from kerogen
(Sandvik et al., 1992 [30]; Pepper and Corvi, 1995 [55]; Larter et al., 2012 [8]). As the particle
size was artificially selected and the release of free oil through solvent extraction in the
first step could not be complete, the EOM-2 likely contained some free oil, but mostly
weakly adsorbed oil on mineral surfaces through the interaction of the van der Waals force.
The additional adsorbed oil was more efficiently recovered by Soxhlet extraction of the
powder, as a significant proportion of the products of petroleum generation by kerogen
breakdown would be expected to be found initially in the closed pores, which are thought
to be closed to major solvent penetration during the previous cold extraction steps. The
crushed shale with a smaller particle size reduces the path length of solvent penetration and
improves the oil/bitumen extraction efficiency because the particles offer a larger surface
area and can be easily accessed by the solvent. By gradually removing asphaltene coatings
that are clogging narrow pores, the solvent gradually comes into contact with finer and
finer pores. Therefore, the third extract (EOM-3) may have represented the oil residing
in the finest pores that either had sufficiently small throats and volumes, or were not
interconnected to other more open pores. They were strongly adsorbed by kerogens, and
represented the non-migrated residue. The pore structure of fine-grained rocks facilitated
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the presumed necessary adsorption–desorption processes to a greater extent. Therefore, the
EOM-3 represented oil adsorbed on kerogen. This interpretation is consistent with classical
oil-expulsion mechanisms in which most oil is diffusively released through kerogen to
higher-permeability regions of the reservoir at slow rates (Larter, 1988 [56]; Stainforth and
Reinders, 1990 [57]; Pepper and Corvi, 1995 [55]; Kelemen et al., 2006 [32]). The sequential
extraction allowed comprehensive quantitative evaluation of movable hydrocarbons close
to an actual production situation, and provides a reference for related research (Wu et al.,
2021 [6]).

5.2. Compositional Fractionation during Sequential Extraction

The compositional fractionation is well documented during primary oil migration
based on both observations in natural systems and experimental data. A general expul-
sion sequence is: saturated hydrocarbons > aromatic hydrocarbons > resins > asphaltenes
(Leythaeuser et al., 1988 [27,28]; Lafargue et al., 1990 [29]; Sandvik et al., 1992 [30]; Pepper
and Corvi, 1995 [55]; Ritter, 2003 [31]; Eseme et al., 2007 [33]; Han et al., 2015 [23], Han et al.,
2017 [25]). Several fractionation mechanisms have been proposed in the past to explain
the observed compositional differences between source bitumens and crude oils, which
include: (i) the interaction of petroleum with minerals; (ii) the partitioning of petroleum
compounds between oil, gas, and water; (iii) kerogen absorption and adsorption; and (iv)
diffusion of petroleum compounds through organic material (Sandvik et al., 1992 [30]).
The present study illustrated that sequential extraction can provide new insights into the
mechanisms of compositional fractionation. When sequential extraction is performed,
every step of partial extraction of oil from source rocks naturally induces compositional
fractionation between extracted and residual fractions. Limited bulk fraction (SARA) re-
sults showed that the free oil (EOM-1) was highly enriched in saturated hydrocarbons,
while the polar species were more retained and were recovered in EOM-3. Oil expulsion
and compositional fractionation can be more conspicuously illustrated by molecular com-
positions. n-Alkane expulsion showed pronounced compositional fractionation with a
greater expulsion of lower-molecular-weight n-alkanes, as evidenced by systematically
higher ∑n-C20

−/∑n-C21
+ ratios in EOM-1 than in EOM-2 and EOM-3 (Figure 9). This was

consistent with the early observations of Leythaeuser et al. [27] on a shale–sandstone suc-
cession, for which they calculated that the expulsion efficiencies for n-C15 was ~80%, while
that for n-C25

+ was close to zero. The lower-molecular-weight and less polar material was
able to be expelled more easily than the higher-molecular-weight and more polar material,
which can also be illustrated by the C0-5N/C0-3P ratio. Systematically higher ratios in
EOM-1 than in EOM-3 suggested a preferential expulsion of aromatic hydrocarbons with a
lower ring number (Figure 10).

The expulsion preference between n-alkanes and isoprenoids is commonly demon-
strated by the pristane and phytane, and their adjacently eluted n-C17 and n-C18. Some
studies revealed that the expulsion efficiencies for pristane and phytane were lower than
for n-C17 and n-C18 (Mackenzie et al., 1983 [58]; Leythaeuser et al. 1988 [27]), while other
studies suggested that fractionation of pristane and phytane with respect to n-C17 and
n-C18 was insignificant (Price and Clayton, 1992 [12]; Lafargue et al., 1994 [45]). Data in
the present study showed that pristane and phytane were expelled as readily as n-C17
and n-C18 because the ratios of Pr/n-C17 and Ph/n-C18 in sequential extracts showed no
obvious difference (Figure 7a).

The fractionation of biomarker parameters derived from steranes and hopanes during
sequential extraction behaved slightly differently. Most organofacies and maturity related
parameters such as Gam/C30H, C35H/C34H and C29 20S/(20S + 20R), and ββ/(αα + ββ)
ratios showed no systematic change (Figure 7b,d), while the ratios of Ts/(Ts + Tm) and
C29Ts/(C29Ts + C29H) did show a slightly lower value in EOM-3 than in EOM-1 and EOM-2
(Figure 7c). However, such maturity discrimination did not occur in parameters derived
from alkylnaphthalenes, alkylphenanthrenes, and alkyldibenzothiophenes (Figure 8). To
explain those differences remains a challenge. The overall uniform maturity of aromatic
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hydrocarbons suggested that invasion of higher maturity oil from elsewhere could be
excluded because aromatic hydrocarbons were sensitive to high-maturity end-product con-
tamination, while biomarkers were sensitive to low-maturity end-product contamination
(Huang et al., 2022 [38]). The C29 20S/(20S + 20R) and ββ/(αα + ββ) ratios did not appear
to have been fractionated because their isomerization reactions approached an equilibrium
point. The ratios of Ts/(Ts + Tm) and C29Ts/(C29Ts + C29H) had a wider valid maturity
range than parameters from sterane isomerization (Peters et al., 2005 [49]), and slightly
lower ratio values likely indicated partial release of bound biomarkers mainly occluded by
asphaltenes or kerogens (Li et al., 2020 [59]).

Strong chemical fractionation between saturated and aromatic hydrocarbon fractions
was observed through sequential extraction, although the difference between bulk fractions
was less obvious. The ratios of MN/n-C13 and MP/n-C19 increased drastically from EOM-1
to EOM-3. Alkylnaphthalenes and alkylphenanthrenes, due to their greater polarizability,
apparently were more strongly retained in the adsorbed oil when compared to n-alkanes
with a similar retention time (Figure 11). The data illustrated here were consistent with
a case study reported by Leythaeuser et al. [28] in which the concentration of aromatic
compounds systematically decreased toward the edges of the thick source-rock units. Their
calculated relative expulsion efficiencies for di- and trimethylnaphthalenes were 30–40%,
and for C15 to C30 n-alkanes were 80–95%.

The marked compositional differences between extracts from initially connected and
easily accessible pore spaces and those that were only accessed after the sample had been
crushed (EOM-1 vs. EOM-3) could have been caused by fractional adsorption effects. The
actual process would be diffusion of discrete molecules from a more adsorbed or occluded
phase to a more free phase in connected pores and/or fractures. Diffusive expulsion can
lead to enrichment of the more mobile and less polar hydrocarbons in the open pores, while
the polar species, especially resins and asphaltenes, increase in relative concentration in the
closed pores. Molecular diffusion could be the initial and rate-determining step in expulsion,
which in turn governs the primary migration from the source rock, predominantly in the
open pores. The movement of material from the adsorbed to the free states could help
accumulate oils in the open pores to form a continuous phase, which would eventually
migrate further along bedding planes and fractures to the carrier bed and/or form the tight
oil play. Within the geological time scale, they may be sufficient to explain the intrasource
migration process as observed in the Barnett Shale (Han et al., 2015 [23]).

5.3. Lithological Constraint on Oil Physical State and Exploration Potential

Since adsorption plays a significant role in shale oil plays, kerogen in source rocks
complicates the chemistry of hydrocarbon storage and transport in source rocks compared
to sandstone reservoirs, which are devoid of kerogen. However, in hybrid shale oil plays,
kerogens are inevitably involved in the entire interval; therefore, the differences in the com-
positions between source rocks and reservoirs are less clear than conventional petroleum
system. Nevertheless, reservoirs in hybrid shale oil systems are considered to be units that
contain migrated oils, and the oil-saturated horizon contains a great quantity of free oil,
while source rocks in the organic-rich shales contain the part that has not been expelled
after hydrocarbon generation. Both free and adsorbed oils are mainly stored within organic
(kerogen) porosity and have not migrated. Expulsion can yield dramatically different
compositional profiles between source rocks and reservoirs.

In reservoirs represented by HRS2, the EOM-1 was about an order of magnitude
greater than the EOM-3, while in source rocks represented by HRS1, the first extract was
only slightly higher than the third one. About 80% of EOM could be recovered from the
reservoir during the first extraction, while only about 40% of EOM was recovered from the
source rock. Sharp differences within the adjacent sample pairs could also be characterized
by very different hydrocarbon content in the TOC. The EOM-1/TOC in HRS2 was 4 times
higher than that in HRS1 (Figure 4, Table 1). The current data demonstrated that the total oil
from the Rock-Eval and EOM were in a similar range; however, the source rock tended to
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have more EOM, while the reservoir had more total oil (Figure 5a). That solvent extraction
liberated more oil from the source rocks, suggesting that additional oil occupied pores
only accessible by the presence of solvents, whereas the Rock-Eval showing more oil from
reservoirs indicated that the “S2 oil” played a more important role in the migrated oils. The
“S2 oil” to S1 ratio in the reservoir (HR2-HR6) ranged from 0.85 to 1.65 with an average of
1.36, which was much higher than that in the source rock (HR1 and HR7) average of 0.55
(Table 1).

The compositional differences between reservoirs and source rocks echo the differ-
ences between free and adsorbed oils demonstrated by sequential extraction. Generally,
the reservoir was more close to the EOM-1, while the source rock tended to show char-
acteristics more similar to a residual extract exhibited by the EOM-3. The reservoir was
expected to be influenced by migration of material between strata or across strata, while the
source rock was expected to be only affected by chemical fractionation associated with the
movement of material toward open pores. The source-rock samples showed a larger extent
of fractionation than the reservoir samples, as evidenced by the n-alkane concentration
profiles (Figure 9a–c) and various other parameters. The qualitative comparison revealed
that those n-alkanes were removed by expulsion with lower-molecular-weight n-alkanes
preferentially expelled from source rocks (Figures 9d and 11). However, the source rock
represented by HRS1 contained more short-chain n-alkanes than did the corresponding
reservoir represented by HRS2 (Figure 9d), which was in contrast to the result of the
expulsion fractionation. This pattern might be interpreted as either further migration
fractionation from the reservoirs or evaporative loss during outcropping.

While the adsorption of oil by solid organic matter and/or mineral surfaces is impor-
tant in both source rocks and reservoirs in a hybrid shale oil system, lithological hetero-
geneities control the composition and amount of retained oils. Under current technical
conditions, only the free oil can flow and will be the recoverable resource. Oil expelled into
organic-lean lithofacies (reservoir) does not exhibit the high adsorption affinities found in
organic-rich shales (source rock), thereby allowing better production potential, whereas
adsorbed oil is difficult to be produced during the pressure drawdown if natural frac-
ture systems are not well developed. Therefore, juxtaposed organic-lean lithofacies such
as carbonates, sands, or silts in a shale petroleum system are very important to higher
productivity due to short distances of primary migration and low sorption affinities.

6. Conclusions

The Second White Speckled Shale Formation at the Highwood River outcrop is
thermally mature in terms of oil generation. The interbedded organic-rich shale and
organic-lean siltstone intervals represent a significant natural laboratory for hybrid shale
oil evaluation.

Sequential extraction of various particle sizes and cold and Soxhlet extraction methods
separated two oil phases with free-moving oil in the first extract (EOM-1), oil weakly
adsorbed on mineral surfaces in the second extract (EOM-2), and strongly adsorbed oil in
the third extract (EOM-3).

About one-third of the Rock-Eval S2 was solvent-extractable, and the amount of “S2
oil” was linearly correlated with the loss in TOC after extraction, suggesting TOC was the
main control for oil retention. While the thermolysis and solvent extraction yields may have
been significantly lower than their original values, depending on the degree of weathering
and evaporative loss from the outcrop, linear correlation between the Rock-Eval S1 and
EOM-1 suggested that both parameters were indicative of a free oil state in the hybrid
shale reservoirs.

Chemical fractionation associated with the movement of material from the adsorbed
to the free states during expulsion can be observed in both gross and molecular com-
positions. Lower-molecular-weight and fewer aromatic-ring-number compounds were
preferentially expelled and enriched in EOM-1, while heavier and more polar compounds
were more retained and thus recovered in EOM-3. The molecular ratios illustrated a
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strong fractionation between saturated and aromatic hydrocarbons, while the fractionation
between isoprenoids and adjacent eluting n-alkanes and among steranes, hopanes, alkyl-
naphthalene, alkylphenanthrene, and alkyldibenzothiophene isomers was insignificant.
The uniform maturity suggested that the invasion of higher-maturity oil from elsewhere
could be excluded.

While the adsorption by kerogen and/or mineral surfaces is important in both shales
and siltstones, lithological heterogeneities control the composition and amount of retained
oils. The differences between source rocks and reservoirs echo the differences between
adsorbed and free oils demonstrated by sequential extraction. Free oil mainly resides in
connected and easily accessible pore space and may contain migrated fractions, while
the adsorbed oil is expected to be only affected by chemical fractionation associated with
the movement of material toward open pores, and can be accessed after sample crushing
and heating.

The markedly different compositions of source rock and reservoir within the Second
White Speckled Shale Formation is controlled by their position in the sequence in which
they are located. Adsorbed oil dominantly in shale is less mobile during the pressure
drawdown and has low productivity, whereas oil expelled into organic-lean, tight reservoir
is more mobile, thereby allowing better production potential.
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