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ABSTRACT: Light and condensable oils derived from mature kerogen and residual oil in deep source rocks have contributed
strongly to a rapid increase in oil production. In this study, oil expulsion from kerogen and shale was simulated by selective solvent
extraction (hexane/toluene, 9:1 v/v, instead of the commonly used dichloromethane) and by returning the extracts (so-called “oil
a”) back into a controlled mass of mature kerogen. The maturity intervals and potential of the light oil and condensates were
investigated by analyzing the yields of different hydrocarbons from the subsequent pyrolysis of mature kerogen-“oil a” mixtures. The
gas-to-oil ratio was used to constrain the maturity range for the light oil, condensate, and gas stages. The lowest equivalent vitrinite
reflectance (EVR,, 1.9—2.1%) for the gas stage was compatible with commonly accepted models. The EVR, cutoff of 1.55—1.75%
between light oil and condensate was higher than that in traditional models, although this depended primarily on the generality of
the “condensate” definition. An EVR, ranging between 1.35 and 1.55—1.75% was defined in this work as the “light oil/gas” substage
within the commonly accepted condensate/wet gas stage. Moreover, yields of hydrocarbons from the cracking of “oil a” were
distinctly affected by mature kerogen. This effect showed little difference on the yield of C4_,, hydrocarbons and C,s, hydrocarbons
but notable difference for the gases between types I and II kerogens. The release of C4_;, hydrocarbons was promoted when the
release of C,5, hydrocarbons was notably inhibited. Approximately linear relationships were established between maximum yields of
liquid hydrocarbons and the carbon content of “oil a” (selective solvent extraction products) in the mixtures. This relationship was
helpful in estimating both oil and total petroleum potential of deep source rocks that have undergone oil generation and expulsion,
but it was dependent on the composition of the solvents used in extraction.

1. INTRODUCTION usually denoted as crude oil, with an API gravity of 35—45°,"*
although no consensus exists on the term for this range. For
geochemists, light oil is mostly thought to be formed close to
the end of the oil window with EVR, < 1.35%, whereas the
condensate is formed at the highly mature stage, with an EVR,
in the range 1.35—2.0%.'»'*'® Therefore, petroleum geologists
have defined those stages by using the oil density, the EVR, of
the source rock, and the physiochemical phase data for oils,
among other factors. However, the detailed and systematic
changes in chemical composition (e.g, C;, C,_s, Co_y4 and
C,s, compounds) within those specific stages have rarely been
reported in the literature and need further investigation.

The light oil, condensate/wet gas, and dry gas potential from
kerogens depends on the type and maturities of kerogens,
similar to normal oils. However, another important additional
fact that we should consider is the effects of oil expulsion
because the petroleum yields are mainly derived from crackin%
of mature kerogen and secondary cracking of residual oil, "
thus losing most of the oil-generation potential. With

Petroleum from relatively high maturity source rocks is gaining
a greater importance. One example is the rapid growth of oil
production in the U.S.A., which is primarily attributed to light
and condensable oils produced from tight shales' within the
interval 1.2—1.7% equivalent vitrinite reflectance (EVR,) since
2010.” Conventional condensates from source rocks are also
mainly formed at similar maturities (EVR, 1.3—1.7%).>”’
Notably large condensate fields have also been recently
discovered in several basins in China, including the Tarim
Basin."~'” Unconventional shale gas is produced mostly from
postmature shales.”'"'* The tremendous progress in explora-
tion for these resources has created a demand for assessment of
the separate potentials of light oil, condensate/wet gas, and dry
gas and not as whole oil or whole gas as before.

However, the names and classifications of the oil and gas
stages at high maturity and overmaturity are diversely
described in the literature, and definitions conflict at times.
The condensate/wet gas stage refers to the interval betweelr31
the principal oil formation stage and the dry gas zone. ——
“Condensates” commonly refersg to oil with an iPI gravity Received: February 20, 2020
greater than 45°, which is completely gaseous under reservoir Revised: ~ May 19, 2020 e
conditions but condenses at the surface.'*'> The condensates Published: June 26, 2020
are defined as petroleum with a gas-to-oil ratio (GOR) greater
than 5000 scf/bbl."° In contrast, light oil, the relatively highly
matured product within the oil window of source rocks, is
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Figure 1. Schematics of oil expulsion related to (A) kerogen swelling and subsequent shrinkage and (B) migration of oil out of the shale layer (red
arrows). Panel (A) is modified after Alcantar—Lopez,26 and panel (B) is modified after Pommer and Milliken>” and Loucks and Reed.*®

consideration of oil expulsion, the yield and composition of
gases from shale have been investigated in detail in many
recent studies using pyrolysis experiments.”_21 In contrast,
the formation of hydrocarbons with respect to the maturity
interval from the light oil to condensate/wet gas stages has
been less studied, possibly because light hydrocarbons (the
main fraction of light oil and condensate) are not easily
manipulated in the laboratory. In addition, the preparation of
suitable samples that have experienced oil expulsion to various
degrees is crucial for this investigation.

First, we should determine the maturity of the sample when
oil expulsion might occur. The maturity, which corresponds to
the peak of normal oil generation, might be the best choice.
Second, we must determine how to prepare the matured
samples that represent different oil expulsion -efficiencies
(OEE). Extraction of artificially matured kerogen using strong
solvents (such as chloroform), followed by addition of the
extracts back into mature kerogen with different mass ratios,
has been reported in the literature.”® This process removes all
polar compounds (resins and asphaltenes) that are preferen-
tially retained in kerogen (Figure 1A), causing changes in
hydrocarbon potential for matured kerogen. A kerogen-plus-
sand system in a vessel has been used to study oil expulsion,"”
but it has the weakness of controlling OEE as well as the
likelihood of thermal evaporation of oil from the kerogen to
the sand.

Considering all of these factors, we chose a solvent assembly
method (selective extraction), that is, n-hexane with minor
amount of toluene rather than the normally used chloroform
with excellent solubility, to extract the artificially matured
samples. The material extracted by such a solvent, containing
abundant hydrocarbons, might resemble the oil that can be
easily expelled from the kerogen’” into the inorganic pore
system of the source rock (expellable “oil a”, Figure 1) because
nonpolar hexane is the major component of the solvent
mixture. In contrast, the remaining “oil b” was thought to be
tightly adsorbed or occluded by the kerogen structure and was
thus nonexpellable, and it could coevolve with kerogen upon
further thermal maturation. The adding back of extracts to the
matured sample with different mass ratios formed a series of
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samples with different amounts of “oil a” expelled into the
reservoir (Figure 1B). Although this method might not be
perfect, it overcame many shortcomings of the previous
methods.

Finally, we look to the catalytic effect of kerogen on residual
oil cracking. Secondary cracking of retained oil into gases, as
well as cracking of C,_; to form methane, is promoted by type
II kerogen in shale,'”® which is also true for cracking of oil in
the presence of coal.””** Close contact between the retained
oil and kerogen might have significant effects on late gas
generation.'”**»*> We still do not know the possible effects
of the interactions of oil and coexisting kerogen on the yields
of liquid hydrocarbons (Cg,).

In this study, three types of low-maturity kerogens were first
subjected to an oil-generation process with maturity up to the
oil peak using a gold tube pyrolysis system. Matured samples
experiencing oil expulsion were selected by using a solvent
mixture of hexane and toluene (9:1 v/v), such that the group
composition of the extracts was similar to that of normal oils
(for details, see the Results section). Therefore, the extracts
represented oil that can be expelled from the kerogen
(expellable “oil a”, Figure 1). Adding these extracts back into
the kerogen at different mass ratios was used to obtain a series
of samples with different OEE values. The hydrocarbons
generated from these samples (gases and liquid hydrocarbons)
were further simulated by pyrolysis in a confined system and
compared in detail, thus supplying helpful data for evaluating
the light oil and condensate potentials from deep source rocks.

2. SAMPLES AND EXPERIMENTS

Two outcrop samples of shale were collected for the
concentration of kerogen: Eocene lacustrine Maoming shale
(MM shale) from the southeastern Hainan Basin, China, and
Ordovician marine Pingliang shale (PL shale) from the Ordos
Basin, China. A sample of Jurassic Hongging coal (HQ coal)
from the Ordos Basin was used without pretreatment for
subsequent pyrolysis because of its high total organic carbon
(TOC) content. The shale samples were crushed to —200
mesh powder and demineralized by a normal digestion
procedure using HCl and HF acids. Based on the locations
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on the cross-plots of hydrogen index (HI) versus T, (Figure
2a), MM kerogen, PL kerogen, and HQ coal were classified as
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Figure 2. (a) HI vs T,,,; (b) H/C vs O/C atomic ratio for original
materials (solid symbols) and extracted with solvent mixture of
hexane and toluene, mature kerogen, and coal samples (blank

symbols).

types I, II, and III kerogen that are generally immature to
marginally mature. The MM kerogen had a H/C atomic ratio
of 1.54, almost identical to that of typical type I kerogen.”” ™"

The experiments in this study were composed of two major
phases (Figure 3). The first phase involved the artificial
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Figure 3. Flow chart of the experimental scheme of this study.

Part 11

maturation of marginally mature kerogens to obtain uniformly
matured kerogens and their evolved oils. Oil expulsion was

simulated using selective solvent extraction, allowing a certain
portion of total oil to be retained in the mature kerogen and
chemical fractionation between the expellable “oil a” and
kerogen-retained “oil b” (Figures 1 and 3). The second phase
involved the pyrolysis of kerogen and “oil a” mixtures
representing different oil-expulsion levels.

2.1. Simulation of Oil Expulsion from Kerogens.
2.1.1. Determination of the Qil-Generation Profiles. An
amount of 80—150 mg of each sample powder was placed in a
gold tube (60 mm X 6 mm id.) and sealed in an argon
atmosphere. The sealed tubes were placed in stainless steel
vessels. A constant pressure of 50 MPa, supplied by a water
pump, was exerted to compress the tubes. For each sample, six
such vessels were placed in separate positions in a large
cylindrical furnace and heated from room temperature to 100
°C in 5 h and subsequently to 460 °C at a rate of 20 °C/h. At
each of six preset temperatures (364, 394, 414, 428, 442, and
458 °C; Figure 4a), one of the tubes was removed from the
furnace and cooled in water as quickly as possible. These
temperatures are routinely used in laboratory studies to cover
the main oil generation stages in the pyrolysis of various types
of kerogen. The tube was quickly cut open, and the sample was
ultrasonically extracted by using dichloromethane. The
extracted material was filtered, concentrated, and weighed.
As shown in Figure 4a, the yields of total oil peaked at 414 °C
for MM kerogen and at 394 °C for PL kerogen and HQ coal.
For convenience of comparison at a constant maturity level
and to avoid severe secondary oil cracking released from type
I kerogen, 398 °C was chosen as the temperature for
subsequent preparative pyrolysis.

2.1.2. Preparative Pyrolysis and Selective Solvent
Extraction. Relatively large samples were placed in larger
gold tubes (100 mm X 10 mm i.d.) and pyrolyzed to 398 °C
(see Subsection 2.1.1) to enable sufficient quantities of “oil a”
and mature kerogen to be obtained. After pyrolysis, the gold
tubes were cut open and subjected to selective Soxhlet
extraction using a solvent mixture of n-hexane and toluene (9:1
v/v, part I in Figure 3). These extracts were referred to as
expellable “oil a” (Figures 1 and 3). The “oil a” and remaining
matured kerogens after extraction were separately recovered,
dried, and weighed. A portion of each matured kerogen was
extracted again using the conventional solvent mixture of
dichloromethane and methanol (25:2 v/v) to assess the
amount of “oil b” retained in the kerogen (Figure 1). The “oil
b” and residual solids were also recovered, dried, and weighed.
The fractional compositions of “oil a” and “oil b” were
determined by column chromatography after precipitation of
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Figure 4. (a) Total oil-yield profiles for three sampled materials; (b) relative amounts (wt %) of organic fractions in “oil 2” and mature kerogen
(“oil b” + solids) for the three samples after preparative pyrolysis at 398 °C.
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Table 1. Geochemical Data of Two Kerogen and Coal Samples before (Original) and after (Matured) Preparative Pyrolysis®

S type VR, (%) S, (mg/g) S, (mg/g) S;(mg/g) T,
MM Original 0.45 7.24 402.01 10.84
matured n.d. 5.33 203.41 2.32
PL original 0.76° 21.89 303.23 30.77
matured n.d. 13.16 9591 4.12
HQ original 0.64 0.43 83.27 6.83
matured n.d. 0.22 50.64 1.74

wax (°C)  HI (mg/g) OI (mg/g) TOC (%) H/C 0/C §C (%o)
437 653.7 17.4 61.50 1.54 0.14 —20.8
456 321.6 4.4 63.24 1.00 0.05 —20.5
435 442.0 44.6 68.60 1.21 0.17 -30.8
445 120.8 S.1 79.38 0.65 0.05 -30.7
434 107.5 8.6 77.44 0.95 0.16 —234
441 60.2 7.2 84.09 0.54 0.11 =233

“Mature kerogen was measured after extraction using the hexane/toluene (9:1, v/v) solvent mixture. YReflectance of solid bitumen was measured
and reported because of a lack of vitrinite in the Ordovician shale. “TOC content was determined using an elemental analyzer.

the asphaltene fraction by adding an excess of hexane to the
extracts. Saturated hydrocarbons, aromatic hydrocarbons, and
resins were eluted with hexane, a mixture of hexane and
chloromethane (3:2 v/v), and methanol. Each fraction was
concentrated, dried, and weighed.

2.2. Pyrolysis of Mature Kerogens with Different OEE
Values. 2.2.1. Simulation of Oil Expulsion from Shale at
Different Levels. The migration out of the shale layer of “oil 2",
infilling the various types of inorganic pores (Figure 1B), was
not easily quantified’”** because of several influencing factors
(e.g., internal fluid pressure) related to the total oil potential,
sedimentation characteristics, and structures of inorganic
pores. To simplify this process, “oil a” was mixed with mature
kerogen at different mass ratios (Figure 3, part II). Each
matured kerogen sample was divided into four equal portions
and subsequently mixed with “oil a” solvent in the ratios 1 WR,
2/3 WR, and 1/3 WR, where WR refers to the original mass
ratio of “oil a”-to-mature kerogen (X/Y in Figure 3, part I).
The mixtures were homogenized by successive procedures of
thorough stirring, solvent evaporation, and grinding in an agate
mortar.

2.2.2. Simulation of Hydrocarbon Generation of Ker-
ogens. The mixtures, mature kerogen (containing “oil b”), and
“oil a” were initially heated from room temperature to 250 °C
in 10 h and subsequently pyrolyzed to 600 °C at a rate of 2
°C/h while subjected to a pressure of 50 MPa. The procedure
described below for the analysis of the generated gases was
previously reported.'” Typically, the gold tube was carefully
placed in a customized vacuum line connected to an Agilent
6890N gas chromatograph (GC) modified by Wasson-ECE
Instrumentation. The tube was pierced under vacuum using a
steel needle to release the gas products, which were
automatically introduced into the GC through a connecting
valve, and their molecular compositions were determined. The
external standard method was used in quantification, and the
analytical errors were usually <0.5%.

Another parallel gold tube was used in the analysis of Cg,
compounds to avoid possible loss of light hydrocarbons during
the gas analysis. The tube was first immersed in liquid nitrogen
for 1 min, cut open with scissors, and immediately placed in an
8 mL vial containing 4 mL of chloromethane and an internal
standard (C,, deuterated n-alkane) for quantification. The vial
was sealed with a cap, and its contents were ultrasonically
extracted. The solution of total extracts was analyzed on an
Agilent 7890 GC equipped with a flame ionization detector to
determine the amounts of C4, compounds. The GC-
undetectable polar compounds (resins and asphaltenes) were
not quantified.

During the extraction of “oil a” and successive mixing with
mature kerogen, a certain amount of evaporative loss of light
hydrocarbons (C4_14) in “oil a” could not be avoided. This loss
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was expected to result in a certain decrease of gas yields from
“oil a” and related mixtures. The mass loss of light
hydrocarbons during the oil extraction process was believed
to be less than 5% of the total oil (Cq,) yields after comparing
the GC-detected oil compounds from kerogen MM directly
extracted from the gold tube and “oil a” after concentration.
The process of mixing mature kerogen and “oil a” should not
have significantly influenced the mass loss of C4_,, compounds
because most of the evaporative loss occurred during the
extraction of “oil a”. Therefore, the obtained gas potentials of
“oil a” and the mixtures of “oil a” with mature kerogen were
slightly underestimated in this study.

3. RESULTS

3.1. Compositional Characteristics. 3.1.1. Mature Ker-
ogens with Retained “Oil b”. Types I and II kerogens
exhibited much greater changes in composition than coal
(Figure 2; Table 1) after pyrolysis and selective solvent
extraction. The HI values of the MM and PL kerogens
decreased by 332 and 321 mg/g TOC, respectively, but the
HQ coal showed a notably small decrease (47 mg/g TOC,
Figure 2; Table 1). However, the kerogen and coal samples all
displayed an obvious decrease in the H/C atomic ratio
(between 0.41 and 0.56), indicating that the loss of hydrogen
was larger than the loss of carbon in the matured samples
compared with the original unprocessed materials (Table 1).
This observation is consistent with previously reported
evolution trends for atomic ratios and Rock-Eval indices
defined for three distinct types of kerogen.'”** The two mature
kerogens still have hydrocarbon-generation potentials (HI =
322 and 121 mg/g TOC) and free hydrocarbons (S;/TOC
values of 8.4 and 16.6 mg/g TOC, where S, is the amount of
free hydrocarbons in the sample).

3.1.2. Expellable “Oil a” and Retained “Oil b”. The mass
percentages of total oil (expellable “oil a” plus retained “oil b”)
in the initial samples were 72, 48, and 26% for the type I
kerogen MM, type II kerogen PL, and type III coal HQ,
respectively (Figure 4b), consistent with a decreasing oil
potential for the three samples (Figure 2). Interestingly,
expellable “oil a” also decreased from type I kerogen MM
(59%) to type II kerogen PL (24%) and to coal sample HQ
(2%), as shown in Figure 4b. In contrast, “oil b” retained in the
mature kerogens varied in the order of type I kerogen MM
(13%) < type II kerogen PL (24%) = coal sample HQ (24%).
Considering the retained “oil b”, the OEE values for three
types of kerogen were observed at greatly different levels
(Figure 4), as follows. For mixture 1, the OEE value was 0%
because all of “oil a” had been added back into the mature
kerogen. For type I kerogen MM, mixtures 2 and 3 and the
mature kerogen had OEE values of 27, 55, and 82%,
respectively, and in contrast, these values were 17, 33, and

https://dx.doi.org/10.1021/acs.energyfuels.0c00553
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50%, respectively, for type II kerogen PL. The OEE of the coal
samples ranged from 2 to 7%.

Upon selective solvent extraction, chemical fractionation of
the oil from the three types of kerogen also displayed distinct
characteristics. For type I kerogen MM, nearly all of the
hydrocarbons (saturated and aromatic compounds) and resins
appeared in “oil a” but were absent in “oil b”. Approximately
two-thirds of total asphaltenes were detected in “oil a”, and the
remainder were found in “oil b”. For type II kerogen PL,
approximately 80% of total hydrocarbons and 50% of total
resins were found in “oil a”, and nearly all of the asphaltenes
remained in “oil b”. For type III coal HQ, only 8% of total
pyrolyzates was extracted as “oil a”, with “oil b” occurring
primarily as resins and a notably small amount of hydrocarbons
(<15% of “oil b”). These observations are consistent with the
model illustrating the effects of sorption—fractionation on the
expelled oil quality for various types of kerogen (Figure 11 in
Pepper and Corvi).” In that study, for kerogen with HI of
1000, all of the hydrocarbons and resins and most of the
asphaltenes were expelled. For kerogens with medium HI,
more resins and asphaltenes were retained, and for kerogen
with low HI, most of the generated hydrocarbons and nearly all
of the polar compounds (resins and asphaltenes) were
retained.

3.2. Yields of Gases. Because of the low yields of total
expelled oil from mature HQ_ coal, the yields of gases varied
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minimally with increasing OEE values. In contrast, the MM
and PL kerogens both varied significantly with changing OEE
but to different extents. The curves of total gas generation are
usually illustrated both in volume and in mass for oil cracking
because volume-generation curves might indicate secondary
cracking of C, s gases into methane and mass-generation
curves might indicate cracking of oil (Cg,) into gas.'”*°7*
When the peak of C,_ s generation was reached at 452 °C
(Figure Sc,g), the weight of total gas (C,_s) began to decrease
rather slowly (as shown in Figure Sae). This observation
suggested little contribution to total gas from Cg, cracking and
suggested that the weight loss of total gas was associated with
the formation of pyrobitumen during secondary cracking of
C,_s to methane.”*** However, a decreasing weight of total
gas was seldom observed for the pyrolysis of kerogens with
relatively low oil potential (type II kerogens in Figure Se
compared with type I kerogens in Figure S5a),”” which
supported the suggestion of a relatively small contribution
from oil cracking to total gas. In contrast, the total volumetric
gas yield during oil cracking continued to increase (Figure
Sb,f) beyond the C,_; generation peak (Figure Sc,g) because
further cracking of C, 5 into methane leads to substantial
volume expansion. Because of the smaller contribution from oil
cracking, the dryness of the yielded gases increased with
increasing OEE for kerogens MM and PL (Figure Sdh).

https://dx.doi.org/10.1021/acs.energyfuels.0c00553
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kerogen PL.

Notably, the HQ_coal showed a roughly linear increase in the
total gas yield at elevated temperatures (Figure Si,g).

3.3. Yields of C4, Hydrocarbon. Generally, the change in
the Cg, hydrocarbon yield curves (Figure 6) was not as smooth
as those of gas yield (Figure S), probably resulting from the
off-line analytical procedures applied for Cg4, hydrocarbons. In
addition, the yields of Cg, compounds from coal HQ were
negligible and were not detected by the GC analysis.

3.3.1. C4_;4 Hydrocarbons. Although greatly affected by oil
expulsion, the yield profiles of Cg_;, hydrocarbons of both
kerogen series displayed typical single peak shapes (Figure
6a,c). This observation suggested that the temperature settings
used in the preparation and subsequent pyrolysis covered both
the main generation and cracking stages of C4_,, hydro-
carbons, the principal fraction of light oil and condensates. The
pyrolysis temperature at which the generation peak was
observed was approximately 420 °C (Figure 6a,c), notably
lower than that for C,_g gases (452 °C, Figure Sc,g). The
maximum yield of C4_;, hydrocarbons from type I mature
kerogen MM was notably close to that from type II mature
kerogen PL (~100 mg/g TOC, Figure 6a,c). The maximum
yield of C4_j, hydrocarbons from “oil a” in kerogen MM
(~340 mg/g TOC, Figure 6a) slightly exceeded that from
kerogen PL (~320 mg/g TOC, Figure 6¢). In contrast, the
Cs_14 hydrocarbon yield increased with decreasing OEE (from
mature kerogen to mixture 1) to much greater extent for MM
samples (Figure 6a) than for PL samples (Figure 6c). In
addition, the maximum Cq_,, hydrocarbon yield of mixtures 1
and 2 of kerogen MM (OEE 0, 27%) was comparable to that
of “oil a” (Figure 6a). However, mixture 1 of kerogen PL had a
maximum Cg_;, hydrocarbon yield (~190 mg/g TOC) that
was only approximately 60% of that of “oil a” (Figure 6c).

3.3.2. C;5, Hydrocarbons. Yields of C,s, hydrocarbons at
first remained roughly constant within the relatively low
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temperature interval of 384—408 °C and subsequently showed
an overall decreasing trend with elevated temperatures for both
“oil a” mature kerogens and their mixtures (Figure 6b,d). This
observation suggested almost complete generation of heavy
hydrocarbons after the preparative pyrolysis of the original
kerogens (Figures 3 and 4a). Oil pyrolysis in a confined
system™” also displayed a progressively decreasing trend for
Cys, hydrocarbons. In the Hill et al.*® study, Cis, hydro-
carbons included not only GC-detectable compounds but also
resins and asphaltenes quantified by weight. However, “oil a”
from kerogens MM and PL both contain a notable content of
polar fractions, that is, resins and asphaltenes (Figure 4b),

. 41,42
which are a source of hydrocarbons.

A comparison by
Bowden et al.** between catalytic hydropyrolysis of resins and
asphaltenes and solvent-extracted product from organically
enriched rocks revealed much lower yields of resins than
asphaltenes. Therefore, the generation and secondary cracking
of Cys, hydrocarbons should reach a balance at relatively low
pyrolysis temperatures for both “oil a” and the mature kerogen
series.

The maximum yield of Cs, hydrocarbons of “oil a” from
kerogen MM (~250 mg/g TOC, Figure 5b) was larger than
that of “oil a” from kerogen PL (~200 mg/g TOC, Figure 5d).
In contrast, this yield from type I mature kerogen MM (~86
mg/g TOC) was much greater than that from type II mature
kerogen PL (~29 mg/g TOC). Compared with Cg_y,
hydrocarbons (Figure 6a,c), the maximum yield of the
corresponding Cs, hydrocarbons for both mixture series was
astoundingly lower (Figure 6b,d), probably because the GC-
nondetectable fractions (mainly resins and asphaltenes) were
not included among the C;s, hydrocarbons present.

https://dx.doi.org/10.1021/acs.energyfuels.0c00553
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Table 2. EVR, and Easy% R, Values Determined at Corresponding Pyrolysis Temperature Points

Temp. (°C) 384 396 408 420 436 452 480 508 536 564 600
EVR, (%) 118 127 1.36 145 1.61 1.85 2.08 223 2.51 2.95 3.59
Easy% R, (%) 1.08 122 1.35 1.52 1.75 2.02 2.52 3.07 36 4.04 444

4. DISCUSSION 1 2) Type 1 Mm b) Type IT PL

The primary sources of petroleum in deep source rocks are _ "

mature kerogen and residual oil. Many studies have suggested a 2

catalytic effect of the kerogen on secondary cracking of residual g 107

oil.' %324 %% Promotion of oil cracking into gas by kerogen < /

in shales has long been observed'”** and could be a crucial % 10°3 DES.

factor controlling gas generation from shale.'” A recent study © B

has suggested a delay in gas yield within the C,_s generation 0] o o kerogen

stage and an accelerated subsequent C, 5 cracking into . . . . e e
1.0 1.4 1.8 2210 1.4 1.8 2.2

methane.”” More importantly, that research further demon-
strated that no change occurred in the total-gas potential
(maximal yield) for oil cracking, either with or without the
presence of a type II kerogen.

Therefore, the following sections first focused on the
influence of oil expulsion on the thermal intervals for different
types of petroleum resources based on variations in the relative
amounts of oil and gas. The effects of kerogen on oil cracking
with respect to the yields of individual hydrocarbon fractions
(Cy Cy_s) Co_14 and Cys,) and the relationships between the
oil and total petroleum potentials and the oil-expulsion levels
were also evaluated on that basis.

4.1. Thermal Maturity Ranges for Light Oil and
Condensates. In this study, the EVR, scale was adopted
rather than temperature under geological conditions because
only four or five data points could be used to constrain the
profiles of liquid hydrocarbon generation (Figure 6). This
process was not sufficient to construct the conversion curve
used in kinetic analysis. With respect to the limits for the light
oil and condensate substages, the GOR was applied based on
the existing common definitions and criteria.">*>

4.1.1. EVR, Scale for the Current Experiment Conditions.
The Easy% R, model, originally developed by Sweeney and
Burnham,*® has occasionally been used in simulation experi-
ments with different original materials.'”**** This approach
can be convenient for direct comparison among different
pyrolysis systems or different types of OM but might not be
sufficiently accurate for specific pyrolysis conditions. In
addition, VR, measurement is not an ideal choice for type I/
I kerogens because of the relatively small amounts of vitrinites
available. In this work, previously obtained kinetic parameters
were used in EVR, conversion of one vitrinite isolate®’
pyrolyzed together with type II kerogen under the same
pyrolysis system and conditions used in this study. The EVR,
and Easy% R, values at the sampling temperatures are listed
and compared in Table 2.

4.1.2. Influences of Oil Expulsion. At EVR, values <1.4%
for the two samples, the GOR of the mature kerogen and
related mixtures either increased only slightly or showed little
change (Figure 7). Oil expulsion more evidently affected the
GOR of the MM sample series (Figure 7a) than the PL sample
series (Figure 7b), that is, it increased notably with the
increasing oil-expulsion level, from ~500 scf/bbl for mixture 1
to ~2000 scf/bbl for the mature kerogen (Figure 7a). In
contrast, the GOR of the PL samples showed less variation,
mainly within the range 1000—2000 scf/bbl (Figure 7b).
Within this maturity range (EVR, < 1.4%), the GOR values of
two “oil a” samples were significantly lower than the GOR of
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EVR, (%) EVR, (%)

Figure 7. Variations in GOR with EVR| values for (a) MM samples
and (b) PL samples.

the kerogen series but began to converge toward the kerogen
values (Figure 7). In addition, the GOR values of “oil a” from
type I kerogen MM were almost identical to those reported
previously by Hill et al.*® In contrast, a relatively large
difference in the GOR was noticeable between “oil a” from
type II kerogen PL and the Hill et al.** value. The difference
might have been due to evaporation loss during the separation
and loading processes of the pyrolysis because the solvent
applied for “oil a” had to be removed.

For EVR, > 14%, the GOR of the kerogens and their
mixtures with “oil a” increased rapidly, and a relatively small
difference was observed between the mixtures and “oil a” itself,
as well as the previously reported oil (Figure 7). It was still
evident that the GORs of mature kerogen MM were notably
larger than those of the corresponding mixtures (Figure 7a). In
contrast, the type II kerogen PL and its mixtures showed rather
similar GORs (Figure 7b). The noted GOR variations for
EVR, > 1.4% were highly important because the condensate or
wet gas stage commonly started at this point and persisted up
to an EVR, of 2.0% in commonly accepted petroleum
evolution models.">*!® In addition, the GOR was also critical
for the difference between oil and condensates in conventional
reservoirs.'> A critical GOR of 5000 scf/bbl has been suggested
to represent the upper limit for the presence of a separate oil
phase in a reservoir. This observation is consistent with the
uppermost GOR of “oil” produced in Oklahoma.*> When the
GOR exceeded this value, the oil components (Cg,) were
completely dissolved in gases in reservoir conditions and thus
released condensable oil and gas at the ground level. For type I
kerogen MM and its mixtures, a GOR of 5000 scf/bbl requires
an EVR, of 1.55—1.75%, which increased slightly with
decreasing oil-expulsion levels (Figure 7a). In contrast, type
II kerogen PL and its mixtures displayed a relatively narrow
EVR, range of 1.6—1.7% (Figure 7b). Therefore, these lower
limits of EVR, for the condensate (wet gas) stage defined by
this approach were higher than the normally accepted EVR,
(~1‘35%)‘13,14,16

The uppermost GOR of 20,000 scf/bbl for “oil and gas”
suggested by Boyd*® was adopted as the upper EVR, limit for
the condensate stage. When the GOR exceeded this value, only
gas was produced. This ratio corresponded to the narrow EVR,
ranges of 1.9—2.0% for type I kerogen MM and its mixtures
(Figure 7a) and 2.0-2.1% for type II kerogen PL and its

https://dx.doi.org/10.1021/acs.energyfuels.0c00553
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mixtures (Figure 7b). As such, the two EVR, ranges agreed
well with each other for type I and II kerogens with different

oil-expulsion levels.

In summary, the lower EVR, limit determined for the gas
stage in type I and II kerogens (1.9—2.1%) was consistent with
commonly accepted models (VR, ~ 2.0%)."3'41¢ The
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difference in the EVR, cutoff between the oil and condensate
stages was mainly related to the definition of condensate. In
general, one could imagine that even if both liquid oil and gas
were to exist under reservoir conditions, they could still exhibit
condensable properties once transported to the ground level. It
seemed that the relatively low limit (EVR, ~ 1.35%) for the
condensate stage in commonly accepted models might have
been defined as the point at which the petroleum begins to
show a rapid increase in GOR (Figure 7). In addition, it has
been shown that for Woodford Shale from Oklahoma, the
production of condensates originated mostly from shale with
maturity no more than R, 1.7%.” However, our observation
corresponded to a rigorous definition of the “condensate”
based on GOR ratios (Figure 7). Nevertheless, Cq, hydro-
carbons showed significant cracking from this point (as
indicated in Figure 8), which might suggest notably low
production of condensable oil in practice. Therefore, we
suggest an EVR, range from 1.35% (relatively low GOR) to
1.55—1.75% (disappearance of separate oil phase) as the “light
oil and gas” substage, together with a more advanced maturity
range (EVR, up to 1.9—2.1%, Figure 8) as the “condensate/
wet gas” stage. Petroleum produced from mature kerogens
with EVR, smaller than 1.35%, and possibly as low as 1.0%,
could be classified as “light oil”.

At the lower limits of “gas”, “condensate/wet gas”, and “light
oil/gas” (also the upper limit of “light oil”) substages, the mass
percentages of gases were approximately 72—81, 48—64, and
14—-30%, with C,_s percentages of 12—52, 18—37, and 9—17%
and CH, percentages of 25—60, 13—38, and 5-13%,
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respectively. The relatively large variations of the CH, and
C,_s percentages were related to the oil content of kerogen.
Normally, kerogen with more oil could produce hydrocarbons
with more C,_g gases. However, the total gas (C,_s) content at
each substage boundary was relatively stable.

4.2, Effects of Mature Kerogen on Hydrocarbon
Fractions Generated by Oil Cracking. Following the
procedure suggested in previous studies,”””’ the measured
and calculated hydrocarbon yields were compared for the oil—
kerogen mixes. The theoretical hydrocarbon yields of the oil—
kerogen mixes (Y(o,x) in mg/g of TOC, without considering
any interactions between oil and kerogen) were calculated
from the hydrocarbon yields of the oil and mature kerogen

Yok = (o) X M(o) X C(o) + Yy X M) X Cep)

/(M) + M) X Cio1x)) (1)

where Yy and Y(i) are the hydrocarbon yields of oil and
matured kerogen (mg/g TOC), respectively; Moy and My,
are the weights of oil and matured kerogen (g), respectively;
C(o) and C(x) are the TOC contents of the oil and matured
kerogen, respectively; and C(q,x) is the TOC content of the
mixtures of “oil a” with matured kerogen at the given mass
ratios (Figure 3). The measured TOC contents of oil, matured
kerogen, and their mixtures are listed in the Supporting
Information file, together with their hydrocarbon yields.
4.2.1. Yields of Gases. The typical comparisons of
calculated and measured gas yields for mixture 1 (i.e., when
all generated “oil a” was added back to the mature kerogen) are
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illustrated in Figure 9. The different influences of mature
kerogen on the gas yielded by oil cracking can be observed for
type I MM and type II PL mixtures. At relatively low
temperatures (380—436 °C), the measured yields of individual
gases (C; and C,_;, Figure 9a,b) and of total gases (C,_
Figure 9¢) did not differ from the calculated yields, suggesting
a negligible influence of type I mature kerogen MM on oil
cracking into gas. When the pyrolysis temperature increased to
452 °C, the measured yields of C,_s gases and total gases
increased more slowly than the calculated yields, and the
maximum measured C, s gas yield was considerably lower
than the calculated yield (Figure 9b,c) throughout the entire
cracking stage for C,_s gases (480 °C and above). In contrast,
this difference was observed for methane up to relatively high
temperatures (508 °C and above, Figure 9a). This overall
trend suggested that type I mature kerogen had an inhibiting
effect on the late cracking of oil into C,_g gases (Figure 7b),
and the pyrobitumen formed during the cracking of kerogen
and “oil a” might also reduce the generation of C, 5 gases,
resulting in lower yields of both methane (from cracking of
C,_s gases) and total gases than the calculated yields (Figure
9a,c).

In the case of type II PL kerogen, early promotion of oil
cracking into C,_s gases (380—420 °C, Figure 9¢) was evident
and was also clear in the case of total gases (Figure 9f). At
higher pyrolysis temperatures (436—452 °C), the difference
was less pronounced. Above 452 °C, the measured yield of
C,_s gases was significantly less than that calculated (Figure
9e), but the measured methane yields became noticeably larger
than the calculated values (Figure 9d). The measured yields of
total gases were consistent with the calculated yields within
this interval (Figure 9f). Considering that the measured
maximal gas yields of type II kerogen approximately agreed
with the calculated yields, these findings suggested that type II
kerogen promoted secondary cracking of C, s gases into
methane rather than inhibiting C, s generation, as was found
for type I MM kerogen (Figure 9a—c). Hence, type II kerogen
PL not only promoted oil cracking into gases but also caused
further cracking of C,_s gases into methane, producing drier
gases than those calculated for simple mixing of kerogen and
oil. This observation agrees well with previous reports that
kerogen lowers the thermal maturity required for appreciable
gas generation from oil cracking in source rocks.'”"**

4.2.2. Yields of C4, Hydrocarbons. Many similarities were
observed in the variations in the yields of Cg4, hydrocarbons
generated by the two types of kerogen—oil mixtures (Figure
10). Generally, the measured yields for C,s, hydrocarbons
were much smaller than calculated yields across the entire
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temperature range (type I MM, Figure 8b and type II PL,
Figure 10e). In contrast, the measured and calculated yields of
Ce_14 hydrocarbons were reasonably similar at relatively low
pyrolysis temperatures (<408 °C, Figure 10a,d) but increased
far more than calculated around the generation peak (420 °C).
Taken together, the measured yields for total Cg, hydro-
carbons were first slightly lower than the calculated yields and
became slightly larger than the calculated yields around the
generation peak (420 °C, Figure 10cf). When significant
cracking occurred above 452 °C, the measured and calculated
yields showed little difference.

A previously described mechanism®™® was adopted in this
work to explain the differences discussed above, that is,
preferential a-cleavage of the alkyl side-chain attached to the
aromatic ring system and reincorporation of the corresponding
radical into the aromatic ring system. At relatively low
temperatures, long alkyl chains in the oil might have been
reincorporated into the aromatic ring system of the mature
kerogen, thus leading to the much lower measured amount of
Cys, hydrocarbons than calculated for simple mixing (Figure
10b,e). Nevertheless, enhanced cracking of released Cis,
hydrocarbons into Cg4_;, hydrocarbons in the presence of
kerogen might be a plausible explanation for the difference. At
relatively high temperatures, the incorporated long chains
could be released and might subsequently be cracked into
shorter alkyl chains (Cq4_,4), as catalyzed by the kerogen. The
result could be a larger amount of C4_;, hydrocarbons (Figure
8a,d) but could produce a smaller amount of C;s, hydro-
carbons (Figure 10b,e) than that calculated for the simple
mixing model.

4.3. Overall Effects of Oil Expulsion on Petroleum
Potential. To better illustrate the overall petroleum potential
of deep source rocks, it still remained necessary to explore the
observed variations in the hydrocarbon fractions and in their
combinations with oil-expulsion levels. Therefore, the max-
imum yields of the individual hydrocarbon fractions (C,_s,
Co_14 Cisy), liquid hydrocarbons (Cg,), and total hydro-
carbons (C,,) from the oil-kerogen mixtures were analyzed
further to examine their relationships with the oil-expulsion
levels.

As such, the percentage of organic carbon of expellable “oil
a” (Cy, %) in a specific mixture of “oil a” and mature kerogen
was adopted rather than OEE values because the OEE value
reflected only the percentage of expelled oil in total oil. This
value was calculated as follows
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Therefore, the C,, % values for mature kerogen and
expellable “oil a” were 0 and 100, respectively (Figure 11). The
maximum yields of individual hydrocarbon fractions were
found to be linearly correlated with C;, % only for mature
kerogen and the corresponding mixtures (Figure 11), and their
yields from “oil a” generally deviated appreciably from the
regression lines (both lower and higher), which was consistent
with the different and complex influences of kerogen on oil
cracking exemplified in the previous section (Figures 9 and
10). In addition, the trend of total gas yields showed large
differences for type I MM and type II PL kerogens (Figure
11a). The two regression lines for the yields of C,s, were
clearly different, primarily in terms of the larger intercept (by
~20 mg/g TOC, Figure 11c). In contrast, the trend of C4_y4
yields defined by type I MM kerogens was almost the same as
that defined by type II PL kerogens (Figure 11b). This
observation suggested that the C4_j, potential from source
rocks containing type I/II mature kerogens could be
determined if the amount of expellable “oil a” with respect
to immature kerogen were known. However, one should recall
the dependence of this amount on the composition of the
solvent used in extraction. Clear differences in the yield trends
of total gases and C;, for types I and II kerogens were related
more closely to the larger hydrocarbon yields of type I mature
kerogen than type II (Figure 11a,c), although the C4_,, yields
were almost identical for the two mature kerogens (Figure
11b).

Following the above idea, the yields of total liquid
hydrocarbons (Cg,) and total hydrocarbons (C,,) were further
analyzed (Figure 12). However, regression analysis was
performed only on the combined data for the mixtures, and
data for both mature kerogen and “oil a” were excluded. The
regression line, if the maximum yield for type I and II mature
kerogens were included, showed only notably slight changes in
both slope (4.7677) and intercept (96.7079) compared with
the regression line in Figure 12a. For total hydrocarbons
(Figure 12b), the slope was 6.9980 and the intercept was
134.2959, also without significant variations. These values
demonstrated an overall mass balance for cracking from oil to
total hydrocarbons (C;,) and for cracking from heavy
hydrocarbons (C,s,) to light hydrocarbons (Cq4_,4). Therefore,
the formulas might offer an approximate method of estimating
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the petroleum potential of source rocks after the main oil
generation and expulsion.

5. CONCLUSIONS

Oil expulsion was simulated using the proposed new approach
of selective solvent extraction to show the differences in both
the amount and composition of expellable “oil a” from distinct
types of mature kerogen. Further oil migration from shale was
quantitatively performed by adding back “oil a” to the mature
kerogen in controlled mass ratios. In this manner, the light oil
and condensate potentials from deep source rocks were
investigated by measuring the yields of gas, Cg,, and C4_j,
hydrocarbons from the mature kerogen together with its
admixed “oil a”. The main conclusions are given as follows:

1. The GOR of pyrolyzates was used to determine the
maturity range for the light oil, condensate and gas stages. The
lowest EVR,, that was determined for the gas stage (1.9—2.1%)
was consistent with the EVR, value used in commonly
accepted models. The light oil/condensate cutoff EVR, was
found to be approximately 1.55—1.75%, which was higher than
that of the traditional models. This result was largely related to
the question of whether a general or rigorous definition of
“condensate” was adopted. The EVR, range from 1.35 to
1.55—1.75% was defined in this work as a “light oil/gas”
substage within the usual definition of “condensate/wet gas”.

2. The yields of the individual hydrocarbon fractions from
“oil a” cracking were clearly affected by the presence of mature
kerogens. This effect showed little difference between type I
and type II kerogens on the yield of C,_,, hydrocarbons and a
slightly different yield of C,s, hydrocarbons but a significant
difference in gas yield. For liquid hydrocarbons, the release of
Cs, from “oil a” cracking was inhibited but was promoted for
Cs_14 hydrocarbons. These results were attributed to
reincorporation of the long alkyl chains into relatively low-
maturity kerogen structures, which were subsequently released
and quickly cracked into shorter alkyl chains (C4_y,) catalyzed
by relatively high-maturity kerogen. The influence on gas yields
from “oil a” cracking was complex and was related to the
kerogen type. Total gas yields from oil cracking were promoted
at the early cracking stage only by mature type II kerogen but
were not significantly affected at the late stage because of the
enhanced production of methane. However, the release of
gases at the late cracking stages was clearly inhibited for type I
kerogen.

3. Despite these complicated effects on yield, approximately
linear relationships were nevertheless established between the
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maximum yield of liquids (or total hydrocarbons) and the
carbon content of “oil a” in its mixtures with mature kerogen.
This result was possibly due to the compensation effects of
generation and cracking of multiple hydrocarbon fractions. If
so, the established relationships could aid in the estimation of
the oil and total petroleum potential of deep source rocks that
have undergone oil generation and expulsion. However, such a
method is expected to certainly depend on the total and
residual amount of expellable “oil a” in source rocks, and these
factors were definitely affected by the solvents used in
extraction..
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