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ARTICLE INFO ABSTRACT

Keywords: Organic-rich fine-grained rocks are key carriers of unconventional oil and gas resources, making it crucial to
Fine grained rock understand their hydrocarbon generation and evolution characteristics. This study examines the fine-grained
Cyanobacteria rocks of the second member of the Lucaogou Formation (Psly) in the Tiaohu and Malang Sags of the Santan-
I((?ir:;ricilgae ghu Basin, focusing on how different organic matter (OM) backgrounds - primarily green algae and cyanobac-

teria - affect hydrocarbon generation and crude oil properties. Kinetic analysis and hydrous pyrolysis
experiments on shales rich in green algae, cyanobacteria, and their mixtures revealed that green algae - derived
OM requires lower activation energy to initiate hydrocarbon generation, results in an earlier oil generation peak,
and has a broader oil window. Conversely, cyanobacteria - derived OM needs higher activation energy to start
hydrocarbon generation, has a later oil peak, and a more concentrated generation period. These findings led to
two models: the "green algae origin - early hydrocarbon generation - early oil peak - broad oil window model"
and the "cyanobacteria origin - late hydrocarbon generation - late oil peak - concentrated oil generation model."
Correlation analysis showed that aromatic hydrocarbons, resins, and asphaltenes significantly degrade crude oil
quality. Hydrous pyrolysis experiments indicated that the heavy component content (aromatic hydrocarbons +
resins + asphaltenes) in liquid hydrocarbons follows the order: residual oil > absorbed oil > expelled oil, with
content initially increasing and then decreasing with maturity, and the color change of liquid hydrocarbons in
dichloromethane reflects heavy component content changes effectively. Calculations of density and viscosity of
liquid hydrocarbons, based on heavy component content and crude oil properties, were compared with the
longitudinal distribution of crude oil properties in the study area. Results show that the hydrocarbon generation
characteristics of green algae and cyanobacteria control crude oil properties, highlighting significant intra-source
differentiation in the Pl, shale and validates the phase separation approach in hydrous pyrolysis experiments.
The P,l; shale, with its high OM content and substantial hydrocarbon generation, holds great potential for shale
oil exploration, but both reservoir quality and crude oil property evolution under different OM backgrounds
should be considered when selecting favorable areas.

Lucaogou formation

1. Introduction determining optimal conditions for shale oil extraction [4-6]. Based

mainly on the principle of temperature-time complementarity, many

Fine-grained rocks, characterized by significant thickness and
abundant organic matter (OM), are widely distributed in sedimentary
basins, making them important hosts for shale oil and tight oil in pe-
troleum exploration and development [1-3]. The kinetic characteristics
of hydrocarbon generation in organic-rich shales are crucial for

scholars conduct high-temperature, rapid pyrolysis experiments in the
laboratory to evaluate hydrocarbon potential, pyrolysis mechanisms,
and pore evolution characteristics of immature or low-maturity stage
OM [7,8]. The heterogeneity of lacustrine fine-grained sedimentary
source rocks results in significant variations in the deposition and
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preservation of OM across various sedimentary environments [9],
leading to distinct hydrocarbon generation kinetics [10,11]. This dif-
ference is reflected not only in the activation energy between different
types of kerogens but also in the kinetic parameters of hydrocarbon
generation even within the same type of kerogen [6,7]. Generally,
experimental systems for hydrocarbon generation kinetics analysis are
classified into open, semi-open, and closed systems [12,13]. Among
them, open and closed system thermal simulations are more commonly
used due to their frequent application in studying kerogen decomposi-
tion and heavy hydrocarbon cracking processes [5,7,11].

Long-term oil and gas exploration has confirmed that OM such as
spores, pollen, bacteria, algae, and higher plants play a significant role
in the formation of hydrocarbons [14-16]. For instance, the OM in the
Green River Shale in the United States is primarily composed of cya-
nobacteria and green algae [17], In Australia, the Rundle-type shale is
mainly composed of Pediastrum from the Chlorophyceae family [18],
while the Alberta Shale in Canada primarily consists of cyanobacteria
[19]. Many scholars have conducted hydrocarbon generation kinetic
analyses on organic-rich source rocks [20-22]. For example, Meng et al.
[23] conducted hydrocarbon generation simulations on benthic algae,
clarifying their bimodal hydrocarbon generation characteristics. Yu
et al. [16,24] compared the hydrocarbon generation kinetics of lamal-
ginite from two saline lakes in the Junggar Basin, providing a basis for
further hydrocarbon source analysis in the region. Similarly, Liu et al.
[25] compared the hydrocarbon generation characteristics of lamal-
ginite and telalginite from the Lucaogou Formation in the Jimsar Sag of
the Junggar Basin, offering new insights into the enrichment mecha-
nisms of shale oil sweet spots. Furthermore, Li et al. [11] added modern
spores and pollen to shale samples from the Bozhong Sag in the Bohai
Bay Basin, successfully explained the bimodal hydrocarbon generation
origin of OM in the research area.

In favorable conditions, some of the crude oil generated in source
rocks can migrate and be expelled into reservoirs with better physical
properties, forming conventional or tight oil reservoirs, while the
remaining crude oil accumulates within the source rock itself, forming
shale oil reservoirs [26]. However, most of the aforementioned hydro-
carbon generation kinetic studies primarily simulate the quantity and
expulsion of oil generated from OM, with relatively few studies focusing
on the geochemical characteristics of the oil that influence its migration
and in-situ accumulation, such as the physical properties of the crude oil
[7,8,10]. For example, determining whether the density and viscosity of
crude oil generated from different types of the OM vary at different
stages of evolution is crucial for identifying shale oil enrichment areas
and selecting “sweet spots” for shale oil development [27,28].

The second member of the Lucaogou Formation (P3ly) in the San-
tanghu Basin is characterized by the deposition of fine-grained sedi-
ments primarily derived from air-fall volcanic ash, with OM
predominantly composed of cyanobacteria and green algae [29-32].
Previous studies suggest that volcanic activity influences climate con-
ditions, which in turn affects the development of OM [31]. During vol-
canic eruption periods, the climate is relatively warm and humid,
resulting in lower water salinity and a dominance of cyanobacteria.
Conversely, during inter-eruption periods, higher water salinity favors
the development of green algae or a mixture of cyanobacteria and green
algae [29-32]. The primary aim of this study is to build on previous
research regarding the mechanisms of OM enrichment in the Pjly,
integrating hydrocarbon generation kinetics experiments and relevant
geochemical analyses. The main objectives are to establish hydrocarbon
generation models for OM primarily derived from cyanobacteria and
green algae, determine the evolution patterns of hydrocarbon products
from different organic sources, and provide insights for selecting “sweet
spots” in shale oil exploration.

2. Regional geology

The Santanghu Basin is located in the northeastern of Xinjiang
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Province, China, extending in a northwest-southeast direction [33]. The
western and southern parts of the basin are adjacent to the Junggar
Basin and the Turpan-Hami Basin, respectively, covering an area of
approximately 23,000 km? (Fig. 1a) [34,35]. The basin has undergone
multiple phases of tectonic evolution, including the early Permian
extensional fault depression-subsidence basin formation stage, the late
Permian to early Triassic regional compression and transformation
stage, the mid-late Triassic to Paleogene subsidence basin formation
stage, and the Neogene compressional thrust-slip transformation and
intermontane basin formation stage [36]. Currently, it can be divided
into three primary structural units: the northern uplift belt, the southern
thrust belt, and the central depression belt [37,38]. The central
depression belt is divided into six sags and five uplifts (Fig. 1b) [39],
with the study area primarily located in the Tiaohu and Malang Sags,
covering a total area of approximately 3200 km?, which is currently the
most explored area of the basin [33,40,41].

The Santanghu Basin lacks both the Upper and Lower Permian, with
only the Middle Permian remaining, which is unconformably in contact
with the underlying Upper Carboniferous and the overlying Mesozoic
strata [42,43]. Drilling reveals that the Middle Permian strata have a
thickness exceeding 1000 m and exhibit a south-thickening, north--
thinning characteristic, with the Lucaogou Formation and Tiaohu For-
mation deposited sequentially from oldest to newest (Fig. 1c) [44].
Drilling in the Lucaogou Formation reveals a thickness ranging from
approximately 100 to 700 m, which can be vertically divided into three
members based on electrical characteristics, from oldest to newest:
member 1, member 2, and member 3 of the Lucaogou Formation
(Fig. 1a) [45]. During the Pyly depositional period, periodic volcanic
activity around the basin led to the deposition of significant volcanic ash
in the lake, resulting in a set of lacustrine fine-grained sediments
dominated by volcanic materials and carbonate minerals [31,32,46].
The sediment thickness ranges from 150 to 300 m, with high OM con-
tent, making it an excellent source rock with various types of pores, and
a primary target for current shale oil exploration [37].

3. Materials and methods

In this study, over 200 samples were collected from more than ten
wells in the Tiaohu and Malang Sags of the Santanghu Basin for sys-
tematic organic petrology observations. The results indicate that the
enrichment levels of cyanobacteria and green algae vary among
different lithologies of fine-grained rocks, closely related to volcanic
eruption cycles and paleoclimate conditions [32]. Based on analyses of
total organic carbon (TOC), rock pyrolysis (Rock-Eval), vitrinite reflec-
tance (Ro), and Scanning electron microscope (SEM), three samples with
lower organic maturity were selected from well LY1 in the Malang Sag,
with organic compositions predominantly consisting of cyanobacteria
(sample LY1-a) (Fig. 2a and d; Table S1), green algae (sample LY1-b)
(Fig. 2e and h), and a mix of cyanobacteria and green algae (sample
LY1-c) (Fig. 2i and 1). Notably, cyanobacteria are often associated with
felsic minerals (Fig. 2b, ¢, j and k), while green algae remain
well-developed even in environments with high carbonate mineral
content (Fig. 2f, g, j and k). The TOC content of the three samples is
5.57 %, 3.66 %, and 3.87 %, respectively (Table S1), with Rock-Eval Sy
values of 40.20 mg/g, 17.39 mg/g, and 23.96 mg/g, and hydrogen
index (HI = Sy x 100/TOC) of 722 mg/g TOC, 475 mg/g TOC, and
619 mg/g TOC, indicating high OM abundance and primarily Type I and
Type II kerogen. Additionally, the Tmax and Ro values for all three
samples are around 438°C and 0.71 %, indicating low maturity
(Table S1). Furthermore, kerogen was prepared from these samples for
kerogen carbon isotope (613Ckerogm) analysis (Table S1), enhancing the
rationale for sample selection. The 613Ckemgen values for samples LY1-a
(cyanobacteria - origin), LY1-b (green algae - origin), and LY1-c (mixed
origins of cyanobacteria and green algae) are —30.3 %o, —25.7 %o, and
—27.9 %o, respectively, indicating that the Slgckemgen in the
cyanobacteria-rich sample is lighter, in the green algae-rich sample is
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Fig. 1. (a) Geographical location of the Santanghu Basin; (b) Geologic map of the Santanghu Basin; (c) Stratigraphic column of the Pl,.
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Fig. 2. Microscopic and SEM images of the investigating samples. (a-c) Cyanobacteria exhibiting yellow fluorescence are associated with felsic minerals., Well LY1,
3303.5 m; (d) SEM image of cyanobacteria, Well LY1 3303.5 m; (e-g) Green algae exhibit orange fluorescence and remain abundant even in high-carbonate envi-
ronments, with Mbg showing yellow-orange fluorescence, Well LY1 3342.4 m; (h) SEM image of green algae, Well LY1 3342.4 m; (i-k) Cyanobacteria with yellow-
orange fluorescence are associated with felsic minerals, green algae with orange fluorescence are linked to carbonate minerals, and Mbg exhibits yellow-orange
fluorescence, Well LY1 3294.1 m; (1) SEM image of cyanobacteria and green algae, Well LY1 3294.1 m. Abbreviations: Mbg, mineral bituminous groundmass.

heavier, and in the mixed sample is intermediate.

Hydrocarbon generation kinetics analysis was conducted on these
three typical samples under both open and closed systems. In the closed
system, hydrous pyrolysis was performed using an autoclave device. The
resulting liquid hydrocarbons were subjected to quantitative and
component analyses, while the gaseous hydrocarbons were quantita-
tively analyzed for their gas components, and the post-reaction rock
samples were measured for Ro. It is noteworthy that each sample used in
the hydrocarbon generation kinetic analyses was thoroughly mixed to
avoid the effects of lacustrine fine-grained rock heterogeneity on the

experimental results. Thus, the hydrocarbon generation kinetic analysis
process can be considered a series of continuous test experiments. All
experiments were conducted on freshly cut sample surfaces. Addition-
ally, we collected data on crude oil density, viscosity, wax content, and
group component analyses from 29 shale oil samples provided by the
PetroChina Tuha Oilfield Company.

3.1. Kinetic analysis in an open system

Kinetic experiments on the three typical samples were conducted
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using a Rock-Eval VI device, following procedures similar to those
described by Yu et al. [16] and Li et al. [11]. First, four 100 mg
powdered parallel samples were prepared from each sample, and the
instrument was set to activation energy analysis mode. One sample was
placed in the crucible and heated at a constant temperature of 200°C for
5 minutes. Then, the sample was heated from 200°C to 600°C at
different heating rates. The procedure was repeated with different
heating rates after each reaction, and the heating rates used in this study
were 10 °C/min, 30 °C/min, 40 °C/min, and 50 °C/min. Finally, data on
cumulative hydrocarbon generation and activation energy at different
heating rates were collected, and temperature-hydrocarbon generation
rate curves were plotted.

3.2. Hydrous pyrolysis

Hydrous pyrolysis experiments on the three samples were conducted
using a GPM-3 autoclave device with an approximate continuous testing
approach. First, the samples were crushed into small pieces approxi-
mately 1x1x1 cm, thoroughly mixed, and divided into seven portions,
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each weighing more than 15 g. For each heating cycle, 15 g of the
sample were placed into a high-pressure reactor along with about 15 ml
of deionized water. The reactor chamber was then evacuated and
observed for 5 minutes to ensure good airtightness, after which the
samples were heated to the set temperatures at a rate of 2 °C/min and
held at each temperature for 48 hours. The set temperatures for this
experiment were 280°C, 300°C, 320°C, 340°C, 350°C, 370°C, and
400°C. After the experiment, gaseous hydrocarbons were collected using
the water displacement method with a supersaturated NaCl solution.
The collected liquid hydrocarbons included three phases: expelled oil,
absorbed oil, and residual oil. Expelled oil was washed out directly from
the reactor with dichloromethane, absorbed oil was obtained by soaking
the post-reaction sample for 30 minutes, and residual oil was extracted
from the post-reaction rock using Soxhlet extraction. These liquid hy-
drocarbons were separated into saturated hydrocarbons, aromatic hy-
drocarbons, resins, and asphaltenes using chromatography columns
packed with alumina and silica gel, allowing for the determination of
their relative contents at different maturities. Additionally, an Agilent
6890 four-valve, five-column multidimensional gas chromatograph was
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M. Yu et al.

used to analyze the collected gases, differentiating between hydrocar-
bon and non-hydrocarbon gases. The detailed procedures for TOC, Rock-
Eval, organic petrology, SEM, Ro analysis, and carbon isotope analysis
are provided in the Supplementary Material.

4. Results and discussion

4.1. Differences in hydrocarbon generation rates based on activation
energy

The Hydrocarbon Transformation Rate (HTR) curves of the three
samples exhibit different characteristics (Fig. 3a, ¢, and e; Table S2).
Generally, an HTR of 10 % and 90 % corresponds to the lower limit of
effective hydrocarbon source rock generation and the hydrocarbon
equilibrium point, respectively [47]. An HTR of 10 %-25 %, 25 %-65 %,
and 65 %-90 % represents the early, main, and late stages of hydro-
carbon generation, respectively [48]. Under different heating rates, the
temperatures at which the three samples begin hydrocarbon generation
(HTR = 10 %) vary, with sample LY1-a ranging from 415°C to 440°C
(avg. 430°C), sample LY1-b from 285°C to 360°C (avg. 333.75°C), and
sample LY1-c from 380°C to 400°C (avg. 393.75°C) (Table S3). Gener-
ally, the higher the heating rate, the higher the temperature at which
hydrocarbon generation begins, which may be related to kinetic effects
and heat transfer processes, as many researchers have concluded similar
results [49,50]. This characteristic is most evident in sample LY1-b,
where the temperature difference between heating at 10 °C/min and
50 °C/min is 75°C, and regardless of the heating rate, sample LY1-b
begins hydrocarbon generation the earliest, followed by sample LY1-c
and sample LY1-a, with LY1-b requiring an average temperature
nearly 100°C lower than sample LY1-a to start generating hydrocarbons
(Table S3). During the main hydrocarbon generation stage (HTR =
25 %-65 %), the hydrocarbon generation characteristics of the three
samples also differ significantly. Firstly, before reaching the main hy-
drocarbon generation stage, sample LY1-a requires a higher reaction
temperature, averaging about 445°C, while sample LY1-b requires only
around 407°C, and sample LY1l-c falls in between at about 430°C
(Table S3). Moreover, under different heating rates, the average tem-
perature spans for the main hydrocarbon generation stage of samples
LY1l-a, LY1-b, and LY1-c are 17.5°C, 42.5°C, and 25°C, respectively.
Therefore, during the main hydrocarbon generation stage, sample LY1-a
exhibits concentrated oil generation with a higher HTR, whereas sample
LY1-b and sample LY1-c have wider hydrocarbon windows and lower
HTR. In the effective hydrocarbon generation stage (HTR = 10 %-90 %),
the three samples display similar characteristics, with average temper-
ature spans of 66.25°C, 155°C, and 105°C for samples LY1-a, LY1-b, and
LY1-c, respectively (Table S3). However, during the late hydrocarbon
generation stage (HTR = 65 %-90 %), the temperature spans of the three
samples differ by less than 10°C (Table S3), showing no significant
difference. The activation energy distribution characteristics of the three
samples further validate the above analysis results. The activation en-
ergy distribution range and pre-exponential factor for samples LY1-a,
LYl-b, and LYl-c are 175-500kJ/mol and 2.88x10* s,
100-625 kJ/mol and 9.87x10' s7!, and 100-600kJ/mol and
2.58x10Ms71, respectively (Fig. 3b, d, and f; Table S4). In the activation
energy range of 250-275 kJ/mol, the HTR for sample LY1-a can reach
58.47 %, while the activation energy distribution for hydrocarbon
generation in sample LY1-b and sample LY1-c is more dispersed, indi-
cating that oil generation in sample LY1-a is more concentrated.

The hydrocarbon generation characteristics reflect the differences in
hydrocarbon generation among samples predominantly composed of
cyanobacteria, green algae, and their mixtures. When the OM is mainly
cyanobacteria origin (sample LY1-a), the activation energy required to
start hydrocarbon generation is higher, and the hydrocarbon generation
process is more concentrated. In contrast, when the OM is mainly green
algae origin (sample LY1-b), the activation energy required is lower, and
the process is more dispersed. For mixed OM (sample LY1-c), the
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hydrocarbon generation is also dispersed but still shows characteristics
of cyanobacteria hydrocarbon conversion. For instance, LY1-c has an
HTR of 27.17 % in the activation energy range of 250-275 kJ/mol
(Fig. 3; Table S4), reflecting the influence of cyanobacteria-derived OM
on its hydrocarbon generation characteristics. Such activation energy
distribution characteristics are not surprising. Previous studies have
shown that algal OM in saline lacustrine environments often requires
higher activation energy during decomposition. For instance, the acti-
vation energy peak for OM in the saline lacustrine Qingshuihe Forma-
tion of the Cretaceous in the Junggar Basin is approximately 300 kJ/
mol, while the peak for the OM in the saline lacustrine Paleogene
Anjihaihe Formation is around 340 kJ/mol [16]. Additionally, the
activation energy distribution for OM in the Permian Lucaogou For-
mation in the Jimusaer Sag of the Junggar Basin ranges from 100 to
600 kJ/mol, with a peak around 310 kJ/mol [51]. In contrast, the
activation energy for OM in the freshwater or brackish water Chang 7
Member of the Ordos Basin is significantly lower [52,53]. The differ-
ences in hydrocarbon generation between OM mainly from green algae
and that mainly from cyanobacteria may be related to their cell struc-
tures and biochemical compositions [54,55]. Green algae, being eu-
karyotes with more complex cell structures including nuclei,
chloroplasts, and mitochondria [56], allow multiple metabolic activities
to occur simultaneously, which affects the interactions between mole-
cules and reduces bond energy. On the other hand, cyanobacteria have
unique metabolic pathways, such as oxygenic photosynthesis, which
produce more complex organic compounds that require higher energy to
break down during pyrolysis [57-59]. In terms of cell chemical
composition, higher salinity may lead to thinner or even absent cell
walls in green algae to balance osmotic pressure [60], and green algae
contains a higher proportion of lipids (e.g., oils and fatty acids), which
have simpler molecular structures. These lipids break and recombine
more easily into hydrocarbons when heated, resulting in lower activa-
tion energy required for hydrocarbon generation [61]. In contrast,
cyanobacteria have higher proportions of proteins, carbohydrates, and
complex polysaccharides (e.g., peptidoglycan) [62-64], which require
more energy to decompose due to their complex molecular structures.
Consequently, shale with green algae as the main OM has a broader oil
generation window, while shale with cyanobacteria as the main OM
exhibits late but concentrated oil generation.

4.2. Differences in hydrocarbon generation characteristics based on
hydrous pyrolysis

4.2.1. Hydrocarbon yield characteristics

Three samples were subjected to hydrous pyrolysis in autoclave de-
vice, yielding both liquid and gaseous hydrocarbons (Table S5). All three
samples primarily produced oil, with the amount of generated oil
initially increasing and then decreasing (Fig. 4a). In the Ro < 1.0 %
range, the amount of generated gaseous hydrocarbons was very low
(<70 mg/g TOC) (Fig. 4b). Significant amounts of gaseous hydrocar-
bons were only produced during the higher maturity stage of oil
cracking (Ro > 1.0 %), which is consistent with the hydrocarbon gen-
eration characteristics of bacteria and algae [14]. Regarding the liquid
hydrocarbon yield, using 100 mg/g TOC as the threshold for substantial
oil production, the sample rich in green algae (sample LY1-b) began
producing substantial oil at an earlier stage (Ro approximately 0.78 %),
the sample rich in cyanobacteria (sample LY1-a) entered the substantial
oil production stage later (Ro approximately 0.88 %), and the sample
with mixed algae (sample LY1-c) began substantial oil production at an
intermediate stage (Ro approximately 0.82 %) (Table S5). Additionally,
the oil generation peaks of the three samples differed, with the peak for
sample LY1-a occurring at Ro = 1.06 % and a maximum oil yield of
about 581.11 mg/g TOC, sample LY1-b’s peak at Ro = 0.95 % with a
maximum oil yield of around 360.65 mg/g TOC, and sample LY1-c’s
peak at Ro = 1.01 % with a maximum oil yield of roughly 425.4 mg/g
TOC (Table S5).
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Fig. 4. The relationship between liquid hydrocarbon yield (a) and hydrocarbon gas yield (b) with Ro of the investigating samples during the hydrous pyroly-

sis experiment.

The hydrocarbon generation characteristics from hydrous pyrolysis
of the three samples align with the activation energy analysis results.
Based on this, hydrocarbon generation models for different types of the
OM in the Pyl, shale were established: the "green algae origin - early
hydrocarbon generation - early oil peak - broad oil window model"
(GEEB model) (Fig. 5a) and the "cyanobacteria origin - late hydrocarbon
generation - late oil peak - concentrated oil generation model" (CLLC
model) (Fig. 5b). Additionally, considering the principle of mass con-
servation, where approximately 50-60 % of crude oil is converted into
hydrocarbon gas during cracking [65-67], the GEEB model can generate
290.56-348.67 mg/g TOC of hydrocarbon gas, while the CLLC model
can produce 180.33-216.39 mg/g TOC. Moreover, kerogen cracking can
yield around 100 mg/g TOC of hydrocarbon gas [68]. Therefore, the
GEEB model can produce approximately 390.56-448.67 mg/g TOC of
hydrocarbon gas, while the CLLC model can generate about
280.32-316.39 mg/g TOC. Given that the current maturity of OM in the
P;l, is generally between 0.5 % and 1.2 %, and no tight gas reservoirs
have been found [35,39], it is likely that some of the early-generated
hydrocarbon gases are present as condensate gas, considering the dif-

ferences between simulation conditions and actual geological
conditions.
Product yield (mg/gTOC)
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Fig. 5. The hydrocarbon generation model of cyanobacteria-rich shale (a) and
green algae-rich shale (b) in the investigating samples.

4.2.2. Components of liquid hydrocarbons

The components of crude oil refer to the proportions of saturated
hydrocarbons, aromatic hydrocarbons, resins, and asphaltenes present
in the oil [69]. Crude oil with a higher concentration of small molecular
compounds, such as saturated and aromatic hydrocarbons, generally has
lower density and viscosity, signifying superior quality, whereas oil with
a greater content of resins and asphaltenes tends to exhibit higher
density and viscosity, indicating inferior quality [25,27,70]. Addition-
ally, it is generally believed that as the maturity of crude oil increases,
the proportion of large molecular compounds like resins and asphaltenes
decreases, leading to an improvement in oil quality [71]. However, some
researchers argue that crude oil density initially increases and then de-
creases with rising maturity, reaching its maximum near the oil gener-
ation peak [28,72]. In this study, a significant negative correlation was
found between the content of saturated hydrocarbons and the density
and viscosity of crude oil (Fig. 6a and b; Table S6). Conversely, the
density and viscosity of crude oil increased with the rising content of
aromatic hydrocarbons, resins, and asphaltenes. This finding contrasts
with previous research suggesting that an increase in aromatic hydro-
carbons, being small molecular compounds, improves oil quality [25].
This discrepancy may be related to the molecular structure of aromatic
hydrocarbons, which typically feature benzene rings and polycyclic ar-
omatic structures, making the molecules more compact [73]. Addi-
tionally, the strong bonding energy of the carbon-carbon bonds in
aromatic hydrocarbons contributes to forming a stable and dense
structure [74]. The sum of aromatic hydrocarbons, resins, and asphal-
tenes (heavy component content) showed a significant correlation with
crude oil density and viscosity (Fig. 6¢; Table S6), indicating that their
relative content is a key factor affecting oil quality. There was also a
strong positive correlation between wax content and the proportion of
saturated hydrocarbons in crude oil (Fig. 6d; Table S6), but no obvious
correlation with the relative content of aromatic hydrocarbons, resins,
and asphaltenes. This is not surprising given that, as the OM in the Psly,
although composed of bacteria and algae [29,31,32,42], has a molecular
composition with a very high proportion of medium and high molecular
weight n-alkanes, predominantly n-Ca3 and n-Cys [32,75,76], which are
more prone to crystallize and form wax at lower temperatures [77].

Further research revealed that during hydrous pyrolysis of the three
samples, the heavy component content in the three liquid hydrocarbon
phases initially increased and then decreased with increasing maturity
(Fig. 7a, b, and c; Table S7). Additionally, the relative heavy component
content followed the pattern of expelled oil > absorbed oil > residual oil
(Fig. 7a, b, and c), a phenomenon similar to the differentiation effect of
crude oil components under geological conditions, where smaller mo-
lecular weight n-alkanes and free-state heavy components are easily
expelled from tight rocks, while adsorbed heavy components and
cycloalkanes tend to remain in rock pores due to capillary forces [78,
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crude oil.

79]. The color changes of crude oil in dichloromethane at different
maturities also support this conclusion, as the maturity increases, the
color of liquid hydrocarbons changes from colorless to brown (black)
and then gradually to light yellow (Fig. 7d-1), reflecting changes in the
heavy component content of the liquid hydrocarbons [11,16], which can
also be explained by the theory that oil quality is poorest at the oil
generation peak [45]. Sample LY1-a reaches its oil generation peak later,
and thus at 350°C and 370°C, the hydrocarbon color is the darkest
(Fig. 7d, g, and j), corresponding to the highest heavy component con-
tent, with the heavy component content in the residual oil reaching
65.61 % at Ro = 1.06 %, nearly tripling from the initial evolution stage.
Sample LY1-b, with a lower activation energy for oil generation and a
lower Ro value at the oil generation peak, shows the darkest hydro-
carbon color around 350°C (Ro = 0.8 %) (Fig. 7e, h, and k), with a heavy
component content in the residual oil of about 54.39 %. Overall, the
heavy component content in the liquid hydrocarbons of sample LY1-b
changes less significantly compared to the initial evolution stage, sup-
porting the conclusion of its wider oil window. The hydrocarbon gen-
eration characteristics of sample LY1-c are similar to those of the other
two samples, exhibiting both an early oil generation peak (darkest color
at 350°C) and a high heavy component content in the generated hy-
drocarbons (Fig. 7f, i, and 1). Notably, after Ro > 0.95 %, the heavy
component content in all three liquid hydrocarbon phases of sample
LY1-b decreases rapidly (Fig. 7a, b, and c), contrasting sharply with
sample LY1-a, where the heavy component content remains high and
decreases slowly during the maturity stage. Thus, based on the hydro-
carbon generation models proposed in Section 4.1, OM mainly of green
algae origins (sample LY1-b) also exhibit the characteristic of generally
lower heavy component content in the generated liquid hydrocarbons,
while OM predominantly of cyanobacteria origins (sample LY1-a) show
significant variations in heavy component content during evolution.

4.3. Geological implication

The research area has Ro values ranging from 0.51 % to 1.10 %
(average 0.74 %), showing a good correlation between Ro and depth
(Fig. 8). Using this linear relationship, the approximate burial depths
corresponding to different thermal evolution stages for the three sam-
ples were calculated (Table S8). The results indicate that the simulated
burial depths for samples LY1l-a, LY1-b, and LY1l-c are 2981.5m-
4214.2 m, 3011.3m-4248.3 m, and 3011.3m-4179.6 m, respectively
(Table S8), a depth range that well covers the main exploration depths of
the current P, shale oil [34,35,80,81]. Based on the relationship be-
tween heavy component content and crude oil density and viscosity
shown in Fig. 6¢, the density and viscosity of different phases of crude oil
generated at various thermal evolution stages for the three samples were
calculated (Table S8). The calculations show that the density and vis-
cosity of liquid hydrocarbons generated by sample LY1-a range from
0.85 g/cm® to 0.93 g/cm® (average 0.89 g/cm®) and 10.03 mPa's to
735.55 mPa-s (average 151.01 mPa-s), respectively (Table S8). For
sample LY1-b, the density and viscosity range from 0.85 g/cm® to
0.91 g/cm® (average 0.88 g/cm®) and 10.63 mPa-s to 252.42 mPa-s
(average 79.01 mPa-s), respectively. For sample LY1-c, the density and
viscosity range from 0.86 g/cm® to 0.92 g/cm® (average 0.89 g/cm?®)
and 11.13 mPa-s to 380.6 mPa-s (average 102.08 mPa-s), respectively.
Additionally, collected crude oil samples from depths of 2744.5 m to
3947 m (Table S6) have densities ranging from 0.85g/cm® to
0.94 g/cm?® (average 0.89 g/cm®) and viscosities from 9.07 mPa-s to
1106 mPa-s (average 130.86 mPa-s), which are consistent with the
density and viscosity distributions obtained from the hydrous pyrolysis
of the three samples. Therefore, the simulation results can be used to
explain the distribution characteristics of crude oil density and viscosity.

As burial depth increases, the density and viscosity of crude oil and
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hydrous pyrolysis liquid hydrocarbons initially rise and then fall with
increasing maturity (Fig. 9), reflecting the influence of OM differences
on the density and viscosity of crude oil. However, even at the same
depth, crude oil samples can exhibit variations in density and viscosity
due to the differential enrichment of OM [16,28]. Additionally, the
component differentiation effect caused by primary migration within
the source rock can also influence these variations [79]. During primary
migration, lighter components, due to their lower molecular weight,
more easily migrate through microfractures and pores, resulting in a
relative increase in the proportion of heavy components remaining in
the source rock, thereby increasing the density and viscosity of the crude
oil [82,83]. Therefore, under the same degree of OM enrichment, the
density and viscosity of residual heavy hydrocarbons are more consis-
tent with the physical evolution curve of residual oil in the experiment,
while the density and viscosity of more mobile free-state crude oil are
more consistent with those of expelled oil and absorbed oil.

The Lucaogou Formation develops upper, middle, and lower sweet
spots, while the P,l; mainly develops upper and middle sweet spots [1,
80,84]. the Psly is generally a source-reservoir integrated shale oil
reservoir, where hydrocarbons generated by the source rock primarily
undergo primary migration and in-source enrichment [35,36,38,42].
The main lithologies of the Psly, which can be classified based on the
relative content of felsic and carbonate minerals into tuff, dolomitic tuff,
tuffaceous dolomite, and dolomite [31,84], are well correlated with
volcanic eruption cycles: tuff and dolomitic tuff are primarily deposited
during periods of intense volcanic activity, while dolomite and tuffa-
ceous dolomite are deposited during weaker volcanic activity or
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volcanic hiatuses [32]. The OM in the Pyly dolomite is mainly green
algae, while in tuffaceous dolomite and dolomitic tuff, it consists of
green algae or a mixture of green algae and cyanobacteria, with cya-
nobacteria being the dominant OM in some dolomitic tuff and tuff. Due
to the short duration of intense volcanic eruptions, the organic compo-
sition of the Pyl is dominated by green algae or a mix of green algae and
cyanobacteria. Consequently, the evolution of crude oil density and
viscosity are found to be more similar to those of samples LY1-b and
LY1-c (Fig. 9). If the crude oil samples are assumed to be derived from
dolomitic tuff or tuff formed during volcanic eruptions, their density and
viscosity evolution trends might resemble those of sample LY1-a.

The dolomitic reservoirs in the P,l, formation are characterized by
good physical properties and pore structures, having undergone multi-
ple diagenetic alterations, making them favorable reservoirs [45,80].
Additionally, these reservoirs predominantly contain green
algae-derived OM, which generates significant amounts of liquid hy-
drocarbons at relatively low maturity levels, and throughout the evo-
lution process, the produced liquid hydrocarbons exhibit relatively low
density and viscosity, making these reservoirs advantageous targets for
the Psl, shale oil exploration. However, it is noteworthy that for sample
LY1-a, the density and viscosity of the generated liquid hydrocarbons
only increase significantly at burial depths greater than 3500 m (Ro >
0.95 %). Therefore, when Ro < 0.95 %, dolomitic tuff or tuff reservoirs
formed during periods of intense volcanic eruptions, if of good quality,
can also be favorable targets for the Pjly shale oil exploration.
Conversely, when Ro > 0.95 %, even if the tuff reservoirs have under-
gone favorable diagenetic alterations, the hydrocarbons present will
have very high density and viscosity, making them less favorable for
shale oil exploration.

5. Conclusions
The Pyl, shale primarily contains two types of OM: cyanobacteria

and green algae. Analysis of hydrocarbon generation activation energy
and hydrous pyrolysis experiments reveals differences in their

hydrocarbon generation characteristics. OM mainly derived from green
algae requires lower activation energy to initiate significant hydrocar-
bon production, exhibits a broader oil window, and lacks a pronounced
oil generation peak. In contrast, OM mainly derived from cyanobacteria
generates limited hydrocarbons at low maturity stages but shows a
concentrated oil generation peak. Based on these observations, two
hydrocarbon generation models were established: the GEEB model and
the CLLC model.

Aromatic hydrocarbons, resins, and asphaltenes show a positive
correlation with crude oil density and viscosity, constituting the heavy
components that degrade oil quality. Hydrous pyrolysis of samples
containing green algae, cyanobacteria, and a mixture of both shows that
the heavy component content in their liquid hydrocarbons initially in-
creases and then decreases with increasing maturity. Additionally, at
different evolutionary stages, the heavy component content follows the
pattern of residual oil > absorbed oil > expelled oil. Compared to cya-
nobacteria, green algae exhibit relatively smaller changes in heavy
component content during evolution. Furthermore, the color changes of
crude oil in dichloromethane effectively reflect the variations in heavy
component content.

The density and viscosity of the three types of liquid hydrocarbons
from the hydrous pyrolysis experiment were calculated, along with their
corresponding relationship to depth, and then compared to the physical
property distribution of the P,ly crude oil. The results indicate that
differences in OM hydrocarbon generation characteristics control the
density and viscosity of the Psl; crude oil. Furthermore, crude oil sam-
ples from the same depth exhibit significant variations in density and
viscosity, which may be influenced not only by the evolution of OM but
also by the differentiation effect of in-source oil migration. This un-
derscores the rationale for distinguishing phases in liquid hydrocarbons
during hydrous pyrolysis experiments, making this analytical method
practically significant for predicting favorable targets in shale oil
exploration.
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