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The strong heterogeneity of lacustrine shale oil occurrences and the lack of proper parameters representing the
shale oil content are impediments to assessing shale oil reserves. The shale oil content was characterized in the
study using petroleum compositional characteristics determined by loss light hydrocarbon restoration and
chemical kinetics decomposition and reconstruction of hydrocarbon groups; the shale oil spatial occurrence of
the Second Mbr of the Funing Fm in Haian Sag, Subei Basin was determined using logging prediction and

measured data; and finally, the controlling factors of shale oil content were discussed. Organic matter abun-
dance, thermal maturity, and lithofacies have the primary impact on shale oil content. Shale oil enrichment
intervals are distributed in an adjacent part of the maximum flood surface in the third-order sequence and some
ascending semi-cycles in the fourth-order sequences in the deep sag area. This work has implications for
exploration target optimization and resource potential evaluation of shale oil.

1. Introduction

The success of the North American shale revolution has reshaped the
global energy landscape and set off an upsurge of unconventional oil and
gas exploration around the world (Han et al., 2021; Soeder, 2018).
Unconventional oil and gas resources have shown great promise as a
replacement for conventional oil and gas resources (EIA, 2017; Jin et al.,
2019; Zou et al., 2019). In recent years, China has made significant
progress in the exploration and development of lacustrine shale oil (Li
et al., 2020a, 2020b; Wang et al., 2019). The accurate evaluation of
shale oil content and the fine portrait of shale oil spatial occurrence are
the prerequisites for calculating shale oil reserves and prioritizing
exploration targets. However, the relevant research is impeded by the
strong heterogeneity of lacustrine shale oil spatial occurrences and a

lack of proper parameters representing the shale oil content.

Oil exists primarily in two forms in organic-rich shale: adsorbed in
the interior of kerogen and on the surface of hydrophobic kerogen/
mineral particles, and free in the nanometer to micrometer scale pore-
fracture system (Li et al., 2020a, 2020b; Sang et al., 2018; Wang et al.,
2015). QOil content is the hydrocarbon content retained in the shale
reservoirs (Zhang et al., 2012). It can be qualitatively evaluated through
core observation, fluorescence thin-section observation, logging wells,
oil production tests, and well completion data; and it can also be
quantified by geochemical parameters, experimental analysis, formation
energy analysis and calculation, and logging evaluation, etc. Some
common shale oil content parameters, such as extractible organic matter
(EOM), pyrolysis Si, and oil saturation, are commonly used to describe
the occurrence and enrichment characteristics of shale oil (Nikolaev and
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Fig. 1. Map showing the location of Subei Basin and study area: (a) the location of the Subei Basin; (b) tectonic framework of the Subei Basin and the location of the
study area (Chen et al., 2009; Shu et al., 2005); and (c) the top surface depth contour map of the Second Mbr of the Funing Fm in the study area (Jiang et al., 2018).

Kazak, 2019), evaluate resource potential, and prioritize favorable in-
tervals. Oil saturation is calculated by the ratio of oil volume to pore
volume in samples. For tight reservoirs, it is very difficult to obtain these
key parameters to calculate oil saturation, such as oil volume, water
volume, porosity, etc. By contrast, the pyrolysis S; and EOM are more
available. However, the volatilization loss of low-carbon number com-
ponents is caused by sample pulverization, long-time heating, and
evaporation-concentration during the extraction process. The S; derived
from Rock-Eval may be a more appropriate parameter to present the oil
content of lacustrine shale with a high degree of heterogeneity due to its
shorter experimental duration, lower cost, and lower sample consump-
tion. Large molecular heavy oil, bitumen, or migrated oils in shale, on
the other hand, will result in S; “carry-over” and an overestimation of S.
There are currently two main ways to deal with this problem: one is
experimental methods, either that compare pyrolysis results derived

from the extracted sample and the original sample, and then quantita-
tively determine the heavy hydrocarbon components (Jarvie, 2012; Zink
et al., 2016), or that change the pyrolysis temperature program to
directly detect the heavy hydrocarbon component content (Abrams
et al., 2017; Jiang et al., 2016a; Romero-Sarmiento et al., 2016;
Romero-Sarmiento, 2019); the other method is to use mathematical
methods to decompose and reconstruct various components or products
based on the chemical kinetic properties of petroleum components and
kerogen in shales (Chen et al., 2018a; Li et al., 2018, 2020c). Further-
more, the loss of gaseous and light hydrocarbons can reach Cjg, even
Cis, during the drilling and coring, storage, and sample pretreatment
processes (Jiang et al., 2016b; Michael et al., 2013). Therefore, the
restoration of gaseous and light hydrocarbons is a must for using these
parameters to characterize shale oil content. Although a series of
methods have been used to explore the restoration of gaseous and light
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hydrocarbon losses in previous studies, such as closed extraction tech-
nology (Wang, 2015), components simulation based on hydrocarbon
generation kinetics (Xue et al., 2016), phase-state, and formation energy
analysis (Chen et al., 2020; Zhang et al., 2014), hydrocarbon generation
and expulsion mass balance method (Chen et al., 2018b), etc. Due to the
strong heterogeneity of lacustrine shale, the generalization and appli-
cability of these methods still need to be further verified.

The occurrence states are closely related to petroleum compositional
characteristics (di Primio and Horsfield, 2006), impacting the produc-
tion capacity and recovery of shale oil. Movable oil in shale is the pe-
troleum resource that can be extracted under current economic and
technical conditions (Zhang et al., 2012). Extractable oil is the light
component of shale oil that can typically be extracted by stratum energy,
and it is a part of movable oil (Zhu et al., 2021). Accurate evaluation of
oil mobility is a prerequisite for the effective exploration and production
of lacustrine shale oil. In this regard, the relationship between oil con-
tent parameters (S; and EOM) and organic matter abundance, such as
Qil Saturation Index (OSI = S;/TOC x 100) (Jarvie, 2012), the classi-
fication of TOC and S, TOC and chloroform bitumen “A” (Li et al., 2015;
Lu et al., 2012), and free hydrocarbon difference (AS;) (Li et al., 2016a),
is frequently used to depict shale oil mobility. Some experimental
methods, such as improved pyrolysis (Jiang et al., 2016a), sequential
extraction (Zhang et al., 2020), saturation-centrifugal nuclear magnetic
resonance (NMR) tests (Gong et al., 2020), two-dimension NMR tests (Li
et al., 2020d), and so on, have been used to distinguish different pe-
troleum groups and to determine movable oil in shales. In addition,
Zhang et al. (2014) established a formation energy-driven production
model to determine underground hydrocarbon compositions and pro-
duction. From a microscopic standpoint, Wang et al. (2015) and Sui
et al. (2020) investigated the phase-state characteristics of hydrocarbon
fluids in a limited space using molecular dynamics simulation; and Li
et al. (2017) developed a mathematical model to evaluate adsorbed oil
amount, free oil amount, and their ratio using a hydrocarbon vapor
adsorption test. However, these schemes evaluating shale oil mobility
have their own application limitations to varying degrees. For example,

Argillaceous

v ‘\ Descending semi-cycle

lacustrine shales with high heterogeneity may have low S;, low TOC,
and high OSI, resulting in an error in assessing the movable oil in the
shale; some experimental analyses, such as sequential extraction and
NMR tests, are costly and time-consuming; a model driven by formation
energy necessitates a large number of fundamental data, such as
porosity, rock mechanical properties, oil saturation, gas-oil ratio (GOR),
crude oil saturation pressure, etc., which is unsuitable for the majority of
lacustrine shales at the early stages of exploration; and there is a gap
between the simulation results and geological reality, because molecular
dynamics simulation, which can only be applied to a limited pore size
range and a single hydrocarbon component, can not accurately reflect
the complex compositional characteristics of lacustrine shale oil
currently. For the strongly heterogeneous lacustrine shale, it is urgent to
establish a suitable, economic, and efficient method for evaluating oil
content and mobility.

Lacustrine shales in eastern China are mostly from Cenozoic and
Mesozoic, and present relatively low thermal maturity and relatively
weak diagenesis evolution, resulting in a low GOR, high density of crude
oil, and complicated spatial distribution of shale oil (Li et al., 2020a;
Wang et al., 2019). Previous work paid more attention to shale oil
content characterization (Jarvie, 2012; Li et al., 2015, 2018, 2020c; Lu
et al., 2012; Jiang et al., 2016a). Although some research has discussed
the oil content variation vertically based on measured samples or log-
ging interception (Jarvie, 2012; T. Hu et al., 2018a; Li et al., 2016a; Liu
et al., 2021), research on the spatial occurrence of shale oil is still scarce
due to the strong heterogeneity of lacustrine shale and the lack of proper
parameters representing the shale oil content.

The shale oil content of the Second Mbr of the Funing Fm (corre-
sponding to E1f? shale in Chinese stratigraphic notation) in Haian Sag,
Subei Basin, is accurately characterized in the study based on petroleum
compositional characteristics using a combination of light hydrocarbon
restoration and chemical kinetics decomposition and reconstruction of
hydrocarbon groups. As a result, the spatial distribution of shale oil in
the Second Mbr of the Funing Fm is determined, and the controlling
factors of oil content and mobility in the lacustrine shale are discussed.
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This study presents a novel quantitative characterization of the diverse
oil contents in lacustrine shales by recovering the loss of light hydro-
carbons during different stages and decomposing-reconstructing pyrol-
ysis hydrocarbons. It is significant to prioritize favorable shale oil
exploration targets and to understand lacustrine shale oil accumulation
and occurrence, which provides the effective parameters for calculating
shale oil reserves.

2. Geological setting

Subei Basin, located in the east of China (Fig. 1a), has experienced
multi-period tectonic movements since the Cretaceous, including
regional depression in the late Cretaceous, fault depression in Paleo-
gene, and overall subsidence depression in Neogene. Haian Sag, with an
area of 3200 kmz, is located in the Subei Basin’s southeast (Fig. 1b). The
sag-controlling faults divide it into seven sub-sags and a high, including
Sunjiawan Sub-sag, Fengbei Sub-sag, Xincao Sub-sag, Fu’an Sub-sag,
Xinjie Sub-sag, Haibei Sub-sag, Qutang Sub-sag, and Haizhong High
(Chen et al., 2009; Wang et al., 2012). The Qutang Sub-sag and the
Haibei Sub-sag of the Haian Sag are two lacustrine rift basins governed
by the Qutang and Beiling Faults, respectively (Fig. 1c) (Chen et al.,
2012).

The sedimentary formations from Late Cretaceous to Tertiary include
the Taizhou Formation in Cretaceous, the Funing Formation, the Dainan
Formation and the Sanduo Formation in Paleogene, and the Yancheng
Formation in Neogene (Shu et al., 2005) (Fig. 2). The Funing Formation
is made up of lacustrine sediments with fluvial and transitional deposits
and is divided into four members, from the first to the fourth member
upward. The Second Mbr of the Funing Fm is mostly fine-grained sedi-
ment from semi-deep to deep lake facies, with mostly dark limy or
dolomitic shale/mudstone lithologies. The buried depth of the Second
Mbr of the Funing Fm is mostly from 2500 to 4500 m with a thickness of
150-400 m. The Second Mbr of the Funing Fm is the dominant source
rock in the Haian Sag (Hu et al., 2018b).

The seismic reflection termination relationship demonstrates that a
third-order sequence consists of the second member and third member
of the Funing Formation (Ran et al, 2012). Furthermore, the
high-frequency sequence stratigraphic framework of the Second Mbr of
the Funing Fm is established by integrating wavelet transform technol-
ogy with a natural gamma curve, and the Second Mbr of the Funing Fm
consists of an early expanding system tract (EEST), a late expanding
system tract (LEST), and an early highland system tract (EHST) in a
third-order sequence, corresponding to six fourth-order sequences
(Guan, 2021).

3. Sample and methods
3.1. Sample and experiment

All 24 samples were pulverized in tightly sealed apparatus cooled by
online liquid nitrogen and then were applied to a Hawk Pyrolysis for
pyrolysis analysis. Li et al. (2020c) describe the pyrolysis program in
detail. FID signals were obtained, and parameters such as free hydro-
carbon (S;), thermal cracking hydrocarbon (S2), peak temperature
(Tmax), and hydrogen index (HI), among others, were quantified.

A Bruker D2 PHASER X-ray diffractometer was used to determine the
mineral components. Powder shale samples (<300 mesh) were placed in
the sample plate and then scanned from 4.5° to 50° with a step length of
0.02°. The identified mineral components’ contents were calculated
using the Rockquan+2012 software.

Thin sections were produced by being coated with epoxy resin and
polished, and then were observed using a microscope under fluorescence
light and reflected light.

Furthermore, existing data from the Zhejiang Oilfield was gathered
to evaluate the spatial distribution and controlling factors of shale oil
content in the Second Mbr of the Funing Fm, such as pyrolysis S; from
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Fig. 3. Gaseous and light hydrocarbon loss during the different processes: (a)
gaseous hydrocarbons loss caused by volumetric changes under different
physical conditions during drilling and sample collection (Chen and Jiang,
2020); (b) correlation between S1 and light hydrocarbons loss ratio during
sample storage (Qian et al., 2019); and (c) plot of S1 (RM) and S1 (LN) showing
light hydrocarbons loss from sample pretreatment (Qian et al., 2019).

geochemical logging and pyrolysis experiments, mineral components
from X-ray diffractometer, and crude oil density.

3.2. Shale oil content evaluation methods

3.2.1. Restoration of lost light hydrocarbon

There is a significant loss of gaseous and light hydrocarbons (S11) in
shale samples from sample collection to testing, which mainly includes
three stages: 1) When drilling and coring, the phase balance in the
sample is broken due to changing temperature and pressure conditions
from the reservoir to the ground, and the single-phase liquid hydro-
carbon under the formation conditions transforms into two-phase gas
and liquid. Because the pore space cannot accommodate the expanded
gaseous hydrocarbons, the gaseous hydrocarbons quickly dissipate
(Chen et al., 2020), resulting in Sy1¢ (Fig. 3a). 2) The sample is stored in
the core library, and the light hydrocarbon components in the sample
slowly dissipate due to a lack of packaging and sealing (Beti et al., 2020;
Qian et al., 2019), which is Sjig (Fig. 3b). And the longer the storage
time, the greater the loss of light hydrocarbons. 3) Before testing, sam-
ples are pulverized at room temperature in the laboratory and the
original storage conditions are destroyed. Some light hydrocarbon dis-
sipates during this process (Qian et al., 2019), and this part is Syrp
(Fig. 3¢).

Due to the lack of fresh coring samples of the Second Mbr of the
Funing Fm in Haian Sag, the conditions for in-site testing are not
available. To accurately evaluate the oil content of the Second Mbr of
the Funing Fm, it is necessary to restore gaseous and light hydrocarbons.

When the shale formation is in the oil generation window or wet gas
generation stage, the hydrocarbons in the reservoir are typically oils or
condensates with some dissolved gaseous hydrocarbons (di Primio and
Horsfield, 2006). Following the collection of the sample from the
reservoir to the ground, changing temperature and pressure conditions
result in the progressive exsolution of the gaseous hydrocarbon. The
original pore space is unable to contain the expanded gaseous hydro-
carbon, and gaseous hydrocarbon components escape from samples.
These components of gaseous hydrocarbons are identical to the natural
gas released after crude oil is collected on the ground from the reservoir.
Chen and Jiang (2020) proposed a novel method for estimating gaseous
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Fig. 4. Diagram showing decomposition and reconstruction of hydrocarbon groups by using FID programs: (a) FID signal from regular pyrolysis; (b) the Ea dis-
tribution derived from the FID signal based on chemical kinetics transformation; (c) the Ea distributions after splitting based on components properties; and (d) four

petroleum groups determined by the corresponding Ea distributions.

hydrocarbon loss based on reservoir fluid phase behavior equations. The
crude oil formation volume factor (B,) and the pyrolysis data are used to
calculate the gaseous hydrocarbon loss of the sample. By appropriating
Si1c as the natural gas released from crude oil as a result of phase
behavior change, Si;¢ can be determined by the oil mass difference
between the reservoir condition and the surface condition.

According to mass balance, the mass of underground crude oil (mffil)
is equal to the mass of crude oil after degassing (mS;) plus the mass of
natural gas (mgas or Sji¢) on the ground:

mR

oil

=m’, +m (€D)]

gas

In this study, sample pretreatment in cooled conditions by online
liquid nitrogen causes little or no loss of light hydrocarbons. As a result,
the weight of oil on the ground is equal to the sum of S; and Sy;s. Syrpisa
must-consideration for S; with sample pretreatment at room tempera-
ture. When B, is the ratio of the volume of crude oil in the reservoir to
the volume on the ground, formula (1) can be transformed into

R
Mgy = (81 +51Ls+51u’)*30*[% @

oil

where pS; is the density of crude oil after degassing on the ground, and
the density (20 °C) of the Eof; shale crude oil produced in J204 and QX1
wells are 856.7 kg/m® and 868.4 kg/m®, respectively. Therefore, the
crude oil density of the shale oil in the Second Mbr of the Funing Fm is
supposed to be 860 kg/m?; pR, is the crude oil density in the reservoir,
which can be determined by the surface crude oil density and GOR:
/)S ‘ ps.
R _ wgas 4 Poil
Pi= GOR*5 411 3)
The amount of gaseous hydrocarbon loss during coring can be
obtained:

R
= Sic = (S1 +Sus +S1LP)*(BO*@7 ) 4
oil

S11s is affected by many factors, so it is difficult to determine the loss
amount during the storage stage by exploring the influence of a single
factor. In this regard, the loss of light hydrocarbons during storage can
be calculated by comparing the S; differences of samples taken at the
same location at different times. S;g can be calculated by comparing the
difference between S; derived from geochemical logging and Rock-Eval
in the study.

By comparing the difference in S; between samples pulverized at
cooled conditions by online liquid nitrogen and at room temperature,
S11p can be determined. It has been discovered that low-temperature
experimental conditions can significantly reduce the light hydrocar-
bon loss caused by the pulverizing process. Pyrolysis analysis is an
important aspect of geochemical logging that has been widely applied to
core and cuttings samples in the field of well drilling to obtain
geochemical parameters and evaluate the hydrocarbon generation po-
tential of source rocks. Usually, core and cuttings samples are collected
from underground and the Rock-Eval is performed simultaneously.
Thus, the pyrolysis S; derived from geochemical logging only has
gaseous and light hydrocarbon loss during the processes of drilling,
coring, and sample pretreatment.

3.2.2. Petroleum compositional grouping

The rate constant for thermal evaporative kinetics depends on the
reaction temperature, and the formulation of evaporative kinetics shows
a similar form to that of chemical reaction (Penner, 1952). As a result,
the thermal evaporative behavior can be described using a chemical
reaction formulation. Li et al. (2018, 2020c) and Chen et al. (2018)
considered petroleum thermal evaporation in an open pyrolysis system
to be pseudo-thermal decomposition and proposed a mathematical
method for separating different substances in shale. Here we use
pseudo-chemical reaction kinetics to differentiate different petroleum



M. Guan et al.

Table 1
Sample list and results of Rock-Eval in the Second Mbr of the Funing Fm.

Marine and Petroleum Geology 138 (2022) 105522

No. Well Name Depth (m) S; (mgHC/gRock) S, (mgHC/gRock) Tmax (°C) TOC (wt.%) HI (mgHC/gRock) OI (mgCO,/gRock)
1 J19 3808.24 1.03 7.59 445 3.08 246 13
2 J19 3813.70 0.46 4.32 446 2.26 191 14
3 J19 3818.55 1.59 7.09 446 2.93 242 11
4 J19 3823.49 1.46 12.87 447 3.41 377 14
5 J19 3825.05 2.25 23.79 446 5.40 440 7
6 J19 3841.45 1.60 2.90 431 2.45 118 21
7 J19 3848.30 0.24 1.50 437 0.91 164 69
8 J19 3853.00 0.63 2.84 439 1.70 167 38
9 J19 3857.71 3.38 11.24 444 3.97 282 8
10 J19 3878.25 0.30 1.65 438 1.16 142 46
11 J19 3886.00 0.65 2.42 439 1.53 158 29
12 J19 3888.00 1.01 3.07 443 1.46 210 35
13 J19 3890.90 0.98 2.46 433 1.42 172 33
14 J19 3895.00 2.87 6.76 437 2.43 278 12
15 J19 3902.36 1.47 2.78 445 1.22 227 27
16 J19 3908.40 1.26 3.99 440 1.67 239 23
17 J19 3911.65 1.12 3.69 439 1.65 223 24
18 J19 4015.05 1.94 3.33 437 1.76 189 18
19 J19 4021.05 1.69 2.54 437 1.47 173 22
20 J19 4028.50 4.18 7.84 435 2.86 274 19
21 J7 3559.15 0.05 0.32 429 0.65 48 85
22 J106 3558.60 0.21 1.94 443 1.17 165 28
23 J204 4283.75 0.04 0.11 446 0.74 15 42
24 Gl 1323.71 0.07 3.28 436 1.55 211 39

Note: TOC = Total organic carbon; OI = Oxygen index.

substances with similar or identical physical and chemical properties.
Let x represent the effective carbon in shale samples with a hydrocarbon
generation capacity, and f(x) be a function of x to describe the kerogen
conversion hydrocarbon generation reaction. The thermal degradation
process of kerogen in source rock can be approximated as follows
(Burnham and Braun, 1999):

dx

—_—= ackyf (xx) )
a ; k k

where ay is the relative contribution of the kth component, and ki rep-
resents the reaction rate constant dependent on temperature that can be
determined using the Arrhenius equation:

E;
ky =A*exp <7ﬁ> 6)

A new formula to reflect the mixture of three types of thermal
products during programmed pyrolysis is expressed as follows (Chen
et al., 2018; Li et al., 2020c¢):

! m n
_% = Z akf (x;) + Z ajk}-f(x,-) + Z arkif (xi) 7
t i=1 j=1 k=1

where the first term on the right side is the thermal evaporative com-
ponents; the second term is the thermal decomposition equivalent part
of pseudo-kerogen, such as heavy oil or asphalt; and the third term is the
thermal degradation product of kerogen. In the equation, 1, m, and n
represent the number of (pseudo) activation energies for free hydro-
carbons, heavy oil or asphalt, and kerogen, respectively.

The activation energy distribution of the three different components
in different thermal reaction processes can be calculated using the same
frequency factor (A), as can the mixed activation energy distribution of
the entire pyrolysis process. A more generalized expression is shown as
follows (Burnham and Braun, 1999; Chen et al., 2017a, 2017b):

o t

x= / exp| —A / k(T)dt | D(E)dE ®

0 0

where D(E) is the activation energy density function and [ D(E)dE = 1.
0

The non-dimensional discrete activation energy distribution model is
used to describe the changing products in different processes.

In this study, Kinetics 2015 software was used to realize the
decomposition and reconstruction of hydrocarbon components. The
specific operation process is as follows:

1) Use the module of “analysis” in Kinetics2015 software to convert the
original pyrolysis FID curve into the activation energy distributions
of thermal evaporative hydrocarbon products and thermal degra-
dation hydrocarbon products (heavy hydrocarbons or asphalt, and
kerogen) (Fig. 4a and b);

2) According to the relative contribution of thermal evaporative prod-
ucts (S1) and thermal degradation products (Sz), the activation en-
ergies of thermal evaporative hydrocarbon products and thermally
degradation products (heavy hydrocarbons or asphalt, and kerogen)
are jointed to establish the entire mixed activation energy distribu-
tion (Fig. 4b);

The activation energy distribution of samples can be divided into

four parts. Each part is an assembly of components with similar

physical and chemical properties, but the physical and chemical
properties of each assembly are very different. The resulting acti-
vation energy distributions include a) the first with the lowest Ea of

25-28 kcal/mol corresponding to the low-molecular-weight oils; b)

the second with a middle Ea of 29-43 kcal/mol that is mid-to high-

molecular-weight oils; c) the third with Ea of 44-52 kcal/mol that is
mostly heavy oil or bitumen; d) the last one with the highest Ea of

53-67 kcal/mol corresponding to kerogen (Fig. 4c). The Ea ranges of

different groups are similar to those of the Qiangjiang Formation in

Jianghan Basin (Li et al., 2020c¢);

In Kinetics2015 software, use the “Apply” module to calculate the

relative yields of different groups, assign the hydrocarbon generation

potential (S; + S3) based on the relative contribution of different
groups, and quantify different groups (Fig. 4d).

3

-

4

—

4. Results
4.1. Geochemical and petrological characteristics

4.1.1. Bulk geochemical characteristics
The geochemical parameters from Rock-Eval are listed in Table 1.
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Fig. 5. Geochemical characteristics of the Second Mbr of the Funing Fm: (a) plot of TOC vs S; shows oil crossover for some shale samples and confirms good shale oil
potential for the Second Mbr of the Funing Fm; and (b) plot of TOC vs S, demonstrates various organic matter types in the Second Mbr of the Funing Fm.

Table 2

Mineral components of the Second Mbr of the Funing Fm.

Well Name Depth (m) Mineral components (wt, %)
Clay Quartz Feldspar Calcite Dolomite Siderite Pyrite Analcime

G1 1323.71 42.8 19.7 12.8 12.4 9.7 0.5 0.5 -
J19 3825.05 30.4 31.2 4.7 27.8 - - 4.2 -
J19 3848.30 42.7 18.3 5.0 20.8 12.2 - - -
J19 3865.65 33.1 24.0 4.9 1.7 26.6 - - 6.6
J19 3867.23 43.3 28.8 3.2 23.3 - - - -
J19 3886.00 36.3 18.3 5.6 10.6 16.3 - 3.0 9.9
J19 3895.00 30.8 23.4 9.5 16.1 17.2 - 3.0 -
J19 3902.36 17.7 22.4 11.6 9.7 31.9 - 6.8 -
J19 3905.20 30.6 14.2 4.2 10.2 121 26.3 2.5 -
J19 3914.00 39.7 24.1 9.2 14.1 9.5 - 3.4 -
J19 3942.00 27.1 16.4 13.2 16.6 20.8 - 2.8 -
J19 3956.00 31.3 22.2 12.1 27.4 - - - 4.3
J19 3977.00 22.0 16.3 9.3 21.0 24.6 - 2.5 3.3
J19 3986.00 29.9 15.1 7.0 11.6 21.7 - 2.8 9.2
J19 4001.00 29.6 17.5 9.8 23.8 14.9 - 1.5 -
J19 4013.00 27.1 18.1 14.2 15.2 19.0 - 3.8 -
J19 4015.05 22.4 18.7 10.7 14.1 27.1 - 6.9 -
J19 4021.05 13.3 12.5 8.9 13.4 45.5 - - -
J19 4028.50 19.3 12.9 14.2 7.7 38.6 - - -
J19 4036.00 19.7 20.1 14.5 14.0 26.3 - 4.4 -
J19 4048.00 22.0 18.2 11.6 13.3 29.1 1.1 3.9 -
J19 4052.00 24.7 17.0 7.6 20.3 26.7 - 3.7 -
J204 4022.68 41.0 20.2 3.2 15.5 14.7 4.5 0.9 -
J204 4024.41 49.4 28.1 10.9 10.1 - - - -
J204 4026.53 35.7 16.3 2.6 14.3 - 28.7 1.9 -
J204 4141.18 43.2 20.2 6.5 17.4 9.0 - 3.7 -
J204 4146.21 39.6 20.6 7.2 13.5 13.6 - 4.7 -
J204 4283.75 44.9 27.3 10.7 11.0 6.1 - - -
J204 4286.59 36.8 37.9 8.5 10.1 5.3 - - -

The Second Mbr of the Funing Fm shows medium to high organic
abundance with TOC ranging from 0.65 wt% to 5.40 wt%, and the
samples with TOC exceeding 1% are more than half. S; values vary from
0.04 to 4.18 mgHC/gRock, with an average of 1.27 mgHC/gRock. S;
values rise as TOC rises, and some samples exhibit oil crossover (Fig. 5a).
The S, values range from 0.11 to 23.79 mgHC/gRock, with a mean of
5.01 mgHC/gRock. A diverse TOC-Sy zone demonstrates that various
organic matter types, ranging from gas-prone to oil-prone, exist in the
Second Mbr of the Funing Fm (Fig. 5b). Tmax values range from 429 °C
to 447 °C, and Ro (vitrinite reflectance) values vary from 0.7% to 1.5%
(Guan, 2021), indicating a wide range of thermal maturity.

4.1.2. Petrological characteristics

The primary minerals in the Second Mbr of the Funing Fm include
clay, quartz, feldspar, calcite, dolomite, and siderite. Clay mineral
content varies from 13.3% to 49.4% with an average of 31.9%; quartz
content is from 12.5% to 37.9% with an average of 20.7%; feldspar
content has a range of 2.6%-14.5% and an average of 8.7%; calcite
content ranges from 1.7% to 27.8% with an average of 15.1%; dolomite
content varies from 5.3% to 45.5% with an average of 19.9%. Siderite
content is relatively low, except for two samples that exceed 26%
(Table 2). The Second Mbr of the Funing Fm shows relatively even
primary mineral content and mainly belongs to clay-rich mixed shale
and carbonate-rich mixed shale (Fig. 6).

The sedimentary structure is an important indicator that can reflect
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Fig. 6. Lithofacies determined by the mineral compositions showing predom-
inant clay-rich mixed shale and carbonate-rich mixed shale in the Second Mbr
of the Funing Fm.

paleoclimate and paleoenvironment at the stage of shale deposition. The
sedimentary structure of shale can be classified as laminae (fractions of
millimeters to millimeters in thickness), bed (millimeters to tens of
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centimeters in thickness), and massive structure (more than tens of
centimeters in thickness) (Lazar et al., 2015). Massive and lamellar
structures are more common than bedded structures in the Second Mbr
of the Funing Fm. The massive structure is most common in pure
mudstone with a high clay content (Fig. 7a and b), whereas the lamellar
structure in the Second Mbr of the Funing Fm consists primarily of
organic matter laminae, carbonate laminae, and clay laminae (Fig. 7¢
and d).

4.2. Estimation of oil content
4.2.1. Estimation of gaseous and light hydrocarbon loss
(1) Loss of gaseous hydrocarbon at the process of drilling and coring

There is a lack of measured GOR data for the Second Mbr of the
Funing Fm in Haian Sag. Based on the correlation between GOR and the
depth of the Second Mbr of the Funing Fm in the adjacent Qintong Sag,
GOR is determined to be 9-51 m®/m® with a depth range of approxi-
mately 2000-4300 m (Guan, 2021). GOR and Bo usually have a good
correlation. According to the relationship between GOR and B, of the
Upper Devonian Duvernay Formation shale oil in the Western Canada
Basin (Chen et al., 2019), the GOR of 9-51 m3/m3 corresponds to a B, of
about 1.04-1.20. According to the relative contribution of C;-Cs from
gas logging in the Second Mbr of the Funing Fm, the density of gaseous

Fig. 7. Thin-section photographs showing sedimentary structure characteristics in the Second Mbr of the Funing Fm: (a) Ji19 well, 3809.40 m, massive mudstone; (b)
Jil9 well, 3840.25 m, massive silty dolomite mudstone; (c) Ji1l9 well, 3923.5 m, clay-organic laminae in lime mudstone; and (d) Jil9 well, 3850 m, carbonate-

organic matter and clay laminae in the calcite-bearing dolomitic mudstone.

Table 3
Hydrocarbon loss of the Second Mbr of the Funing Fm during sample storage.
No. Well name Depth/ S; from logging well/ S, in the study/ Sirs/ Loss rate/
m mgHC-gRock ™ mgHC-gRock ™ mgHC-gRock ™! %
1 J19 3808.24 2.39 1.03 1.36 57
2 J19 3813.70 1.18 0.46 0.72 61
7 J19 3848.30 0.36 0.24 0.12 33
17 J19 3911.65 1.94 1.12 0.82 42
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Fig. 9. Pyrolysis S; from crushing sample in liquid nitrogen condition and at room temperature condition showing hydrocarbon loss during sample storage for the
Second Mbr of the Funing Fm: (a) histogram and (b) plot of pyrolysis S; from liquid nitrogen condition and room temperature conditions.

hydrocarbons on the surface is about 1.05 kg/mg. Thus, Sjic in the
Second Mbr of the Funing Fm accounts for about 1%-6% of S; via Eq. (3)
and Eq. (4) in the study, and S;1¢ increases as the burial depth increases.
The low GOR in the Second Mbr of the Funing Fm is caused by the high
crude oil density, low gaseous hydrocarbon content from gas logging
data, and a high percentage of Cy-Cs content, which accounts for
approximately 70%. As a result, the amount of gaseous hydrocarbons
lost during the drilling and coring processes is minimal.

(2) Loss of light hydrocarbon at the process of sample preservation

The S; differences between geochemical logging and measured
samples in this study are obtained to determine the loss amounts of shale

oil during sample preservation. The result shows that the amount of light
hydrocarbons lost is 0.12-1.36 mgHC/gRock and the loss rate is 33%-—
61%. (Table 3 and Fig. 8). The greater the original S; in the sample, the
greater the amount of light hydrocarbon lost. According to the com-
parison results, using Sjis and the S; tested in this study to establish a
recovery model for Syrs:

S]LS:0-95 X Sl +0.08 (9)

(3) Loss of light hydrocarbon at the process of sample pretreatment

The loss amount of light hydrocarbons in the Second Mbr of the
Funing Fm caused by sample pulverization at room temperature is be-

Table 4
Hydrocarbon loss of the Second Mbr of the Funing Fm during sample preparation.
No. Well Name Depth/m Room temperature condition Liquid nitrogen cooling condition Si1p/
mgHC-gRock !
S1/ Sa/ S1/ Sa/ g8
mgHC-gRock * mgHC-gRock mgHC-gRock mgHC-gRock !
5 J19 3825.05 1.38 21.93 2.25 23.79 0.87
11 J19 3886.00 0.26 2.34 0.65 2.42 0.39
12 J19 3888.00 0.77 3.03 1.01 3.07 0.24
18 J19 4015.05 0.70 3.00 1.94 3.33 1.24




M. Guan et al.

Table 5

Marine and Petroleum Geology 138 (2022) 105522

Petroleum composition grouping results from light hydrocarbon restoration and the chemical kinetic decomposition.

No. NG Pyrolysis parameters Computed groups Various shale oil content/
(mgHC/gRock) (mgHC/gRock) (mgHC/gRock)
Sy Sy Sip, S1a S12 Si3 So1 St Sm Sp

1 1.3 x 10 1.03 7.59 1.22 0.24 0.87 1.18 6.34 3.50 2.33 1.46
2 6.0 x 10™ 0.46 4.32 0.54 0.13 0.39 0.57 3.69 1.64 1.06 0.68
3 1.3 x 10 1.59 7.09 1.88 0.25 1.42 1.09 5.92 4.64 3.55 2.13
4 1.3 x 10" 1.46 12.87 1.72 0.23 1.28 0.68 12.15 3.91 3.23 1.95
5 1.3 x 10 2.25 23.79 2.66 0.27 1.98 0.24 23.55 5.15 4.91 2.93
6 1.3 x 10™ 1.60 2.90 1.89 0.13 1.58 1.35 1.43 4.96 3.61 2.02
7 1.3 x 10 0.24 1.50 0.28 0.06 0.20 0.49 0.99 1.04 0.54 0.35
8 1.3 x 10 0.63 2.84 0.74 0.10 0.59 0.98 1.80 2.41 1.43 0.84
9 1.3 x 10™ 3.38 11.24 3.99 0.22 3.34 1.13 9.94 8.68 7.55 4.22
10 1.3 x 10 0.30 1.65 0.35 0.03 0.29 0.57 1.06 1.24 0.68 0.39
11 1.3 x 10 0.65 2.42 0.77 0.05 0.65 0.77 1.60 2.24 1.47 0.82
12 1.3 x 10 1.01 3.07 1.19 0.06 1.02 0.69 2.32 2.96 2.27 1.25
13 1.3 x 10 0.98 2.46 1.16 0.11 0.94 1.03 1.37 3.23 2.20 1.27
14 1.3 x 10 2.87 6.76 3.39 0.26 2.80 2.01 4.56 8.46 6.46 3.65
15 7.0 x 10 1.47 2.78 1.74 0.09 1.50 0.67 1.98 4.00 3.33 1.83
16 1.3 x 10 1.26 3.99 1.49 0.13 1.20 1.23 2.68 4.06 2.83 1.62
17 1.3 x 10 1.12 3.69 1.33 0.09 1.12 1.23 2.37 3.76 2.54 1.42
18 1.3 x 10 1.94 3.33 2.30 0.14 1.91 1.02 2.20 5.37 4.35 2.44
19 1.3 x 10" 1.69 2.54 2.00 0.07 1.72 0.81 1.63 4.60 3.79 2.08
20 1.3 x 10 4.18 7.84 4.96 0.16 4.24 1.41 6.20 10.77 9.36 5.12
21 1.3 x 10 0.05 0.32 0.06 0.00 0.05 0.10 0.22 0.21 0.11 0.06
22 1.3 x 10 0.21 1.94 0.25 0.01 0.21 0.36 1.56 0.83 0.47 0.26
23 1.3 x 10 0.04 0.11 0.05 0.00 0.04 0.02 0.09 0.11 0.09 0.05
24 1.3 x 10 0.07 3.28 0.08 0.02 0.06 0.78 2.49 0.94 0.16 0.10

tween 0.24 and 1.24 mgHC/gRock (Fig. 9 and Table 4). Qian et al.
(2019) found that the loss amount of light hydrocarbon is about 17% of
S; at room temperature for Qianjiang Formation in Qianjiang Sag,
Jianghan Basin. By integrating the pyrolysis results at different prepa-
ration conditions from Qianjiang Formation with that from the Second
Mbr of the Funing Fm, S1;p is about 18% of S; with sample pretreatment
in room temperature (Fig. 9b):

Sip=0.18 x S (RT) (10)

4.2.2. Compositional grouping
(1) Activation energy characteristics

By fixing frequency factor A, pyrolysis programs of the 24 shale
samples (Fig. S1) were converted into activation energy domains and the
resulting Ea distributions were obtained (Fig. S2). Most samples have
two distinct clusters, one with an Ea < 43 kcal/mol and the other with an
Ea > 43 kcal/mol, corresponding to thermal evaporative and thermal
degradation products, respectively. The S; curves and resulting Ea dis-
tributions are primarily derived from the thermal evaporation of low-
and mid-molecular-weight petroleum compositions in samples. While
the Sy curves and the corresponding Ea distributions come from thermal
evaporation and thermal decomposition of large-molecular-weight pe-
troleum and kerogen. The Ea distributions from S; curves present
unimodal or bimodal distributions, representing two major petroleum
groups overall, including the one with an Ea of 25-28 kcal/mol and the
other with an Ea of 29-43 kcal/mol. The Ea distributions derived from
Sy curves show unimodal or bimodal distributions, representing high-
molecular-weight petroleum and kerogen that correspond to the Ea of
44-52 kcal/mol and 53-67 kcal/mol, respectively.

(2) Compositional characteristics

According to the Ea distribution mode of partition results, the Ea
distributions of different sub-groups of the shale samples can be trans-
formed into sub-group yields by using the fixing frequency factor A
(Table 5). By reassembling the Ea distributions of these shale samples,
the four sub-groups dependent on temperature space are reconstructed

10

(Fig. 10), and each of them represents a group with close or similar
physical and chemical properties. The first group in Fig. 10 represents
the low-molecular-weight oils in samples and can be denoted by S;.1; the
second group in Fig. 10 is mid-to high-molecular-weight oils in samples
and can be denoted as Sj.p; the third group in Fig. 10 denotes mostly
heavy oil or bitumen in samples and can be identified as S;_3; the last
group in Fig. 10 is kerogen in samples and can be called Sy ;.

5. Discussion
5.1. Shale oil content evaluation model

Jiang et al. (2016a) demonstrated a range of nC;o-nCss in the total
hydrocarbon chromatogram of the lacustrine shale oil from the lower
part of the third Mbr of the Shahejie Fm in Jiyang Depression and sug-
gested low-molecular-weight hydrocarbons with the alkane maxima at
nCje and mid-to high-molecular-weight hydrocarbons with the alkane
maxima at nC;o-nCss. Given the similar sedimentary conditions, close
hydrocarbon generation potential, and thermal maturity of the lower
third Mbr of the Shahejie Fm and the second Mbr of the Funing Fm,
petroleum compositions from the second Mbr of the Funing Fm may be
comparable to those of the lower third Mbr of the Shahejie Fm. The
petroleum content in the Second Mbr of the Funing Fm was demon-
strated by S1.1, S1.2, and Sj_3, respectively. S;_; is a low-molecular-weight
hydrocarbon with a high concentration of nCy~ alkanes; S; 3 is a mid-to
high-molecular-weight hydrocarbon with predominant nCyy-nCs al-
kanes; S;.3 is high-molecular-weight heavy oil in which nCso™ alkanes
predominate.

Shale oil content and mobility can be evaluated according to various
petroleum compositional characteristics. Total oil content (St) is the
sum of all hydrocarbon components in the samples, including Sy, S1.1,
S1.2, and S;.3. Movable oil content (Syp) is the sum of Sy, S1.1, and Sq.o,
which represent the hydrocarbon component content of the samples
other than adsorbed hydrocarbons. The producible oil content (Sp) is S1,
plus S1.1, which denotes a gas and a light hydrocarbon with a low boiling
temperature and viscosity. The oil content in sorption (Sg) is Sp.3, cor-
responding to bitumen and heavy hydrocarbons. The good correlations
between pyrolysis S; and various oil contents, including St, Sy, and Sp



0.000! 0.000!

M. Guan et al. Marine and Petroleum Geology 138 (2022) 105522
0.015 0.01 0.015 0.01
#1 #2 #3 #4
0.010r 0.010F 0.010f 0.010p
0.005¢ 0.005f 0.005f 0.005f
0.000 0.000 0.000 0.000'
0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
0.015 0.01 0.015 0.01
#5 #6 #7 #8
0.010r 0.010f 0.010f 0.010f
0.005F 0.005f 0.005f 0.005f
0.000! 0.000! 0.000! 0.000'
0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
0.015 0.01 0.015 0.01
#9 #10 #11 #12
0.010r 0.010f 0.010f 0.010r
0.005F 0.005f 0.005f 0.005F
=
]
‘= 0.000 0.000! 0.000! 0.000!
= 0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
rg 0.015 0.01 0.015 0.01
=
o #13 #14 #15 #16
8 0.010F 0.010f 0.010f 0.010f
o
2 0.005F 0.005f 0.005f 0.005f
=
<
]
O 0.000 0.000! 0.000! 0.000!
M 0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
0.015, 0.01 0.01 0.01
#17 #18 #19 #20
0.010r 0.010f 0.010f 0.010f
0.005¢ 0.005F 0.005F 0.005f
0.000 0.000 0.000 0.000'
0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
0.015 0.01 0.015 0.01
#21 #22 #23
0.010r 0.010F 0.010F 0.010r
0.005¢ 0.005F 0.005f 0.005f
0.000 0.000'
0 0 0

200 400 60

=)

200 400

600

200 400 60

S

Temperature(°C)

Fig. 10. Four petroleum compositional grouping constructed from FID pyrograms for the Second Mbr of the Funing Fm based on different physical/chemical
properties: S;.; is low-molecular-weight oils; S;. is mid-to high-molecular-weight oils; S;_3 is mostly heavy oil or bitumen; and S,.; is kerogen.

(Fig. 11a—c), demonstrate that it may be feasible to evaluate various
shale oil contents by using pyrolysis S; unavailable for decomposition
and reconstruction of petroleum groups. Furthermore, the relationship
between oil content in sorption and TOC is complicated. There is a
positive correlation when TOC is less than 2%. However, when TOC
exceeds 2%, the relationship between TOC and oil content in sorption is
ambiguous (Fig. 11d), which could be due to the diversity of organic
matter types and thermal maturity in different shale samples.

5.2. Spatial variations of shale oil content

The neural network model can integrate logging responses with the
corresponding measured value and then quickly establish the nonlinear

1

—

relationship between logging curves and measured data without
considering their internal relationship. The Multilayer Perceptron (MLP)
is a forward-structured artificial neural network that maps a group of
input vectors to a group of output vectors and quickly establishes a
nonlinear functional relationship between the input layer and the output
layer via at least one hidden layer (Fig. S3). Therefore, MLP in Statistical
Product and Service Solutions software is utilized to carry out logging
prediction for shale oil content in the Second Mbr of the Funing Fm.
By integrating the St and the corresponding logging responses from a
series of logging curves, including natural gamma (GR), spontaneous
potential (SP), elemental capture spectroscopy (K, TH, and U), neutron
(CNL), density (DEN), acoustic (AC), and resistivity (Rt), the evaluation
model of shale oil content was established. By combining the logging
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Fig. 13. The vertical variation of the shale oil content for Second Mbr of the Funing Fm in Haian Sag from northwest to southeast showing that J204 well in deep sag
zone develops multi-layers with high oil content, some intervals in J10 wells have high oil content, and H102 and S1 wells in the slope area has a lowest oil content.

Fig. 14. The vertical variation of shale oil content for Second Mbr of the Funing Fm in Haian Sag from southwest to northeast showing that J19 well in deep sag zone
develops multi-layers with high oil content, some intervals in J7 and J20 wells have high oil content, and B1 and C1 wells in Haibei Sub-sag have lowest oil content.
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prediction model with logging responses, shale oil content can be pre-
dicted for the layer with no measured shale oil content. The St deter-
mined by the measured data is consistent with the logging prediction
(Fig. S4), indicating that it is feasible to carry out the prediction of shale
oil content in the Second Mbr of the Funing Fm using an MLP neural
network. Furthermore, Sy; and Sp can be calculated using a predicting St
and a shale oil content evaluation model.
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The vertical continuous distribution characteristics of shale oil in the
J19 well were determined by combining St from measured data and
logging prediction (Fig. 12). There are multi-layers with high St in the
J19 well, mainly developing in the vicinity of the maximum flooding
surface in third-order sequence and the ascending semi-cycle of the
PSS3. This work lays the foundation for spatial heterogeneous distri-
bution evaluation of the shale oil content in the Second Mbr of the
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Fig. 15. Correlations between TOC and various oil content in the Second Mbr of the Funing Fm shale showing the increasing TOC bring about higher shale oil

content: (a) plot of TOC vs St; (b) plot of TOC vs Sy; (c) plot of TOC vs Sg.

Funing Fm.

There are a large number of geochemical logging pyrolysis S;
available to the Second Mbr of the Funing Fm in many wells, including
C1, J7, J10, J20, J204 well. In addition, some measured pyrolysis S;
data were also collected from the Second Mbr of the Funing Fm in the
B1, HI02, and J19 well. Based on pyrolysis S; collected from geochem-
ical logging and measured samples, the light hydrocarbon recovery
model and the oil content evaluation model are used to calculate the
resulting St, Sm, and Sg. The well profile was established to investigate
the variation of shale oil content in the Second Mbr of the Funing Fm.
Overall, St, Sy, and Sg in the deep sag of the Qutang Sub-sag are the
highest, and J19 and J204 wells in this zone show the highest St, Sy, and
Sg values. Individual intervals in J10 and J20 wells show relatively high
shale oil content, despite the shallow sag area having a low oil content
background. The slopes of the Qutang Sub-sag and the Haibei Sub-sag
contain the least shale oil, and St does not exceed 1.0 mgHC/gRock
overall (Figs. 13 and 14). Vertically, oil content at the joint part of PSS4
and PSS5 is the best, followed by the ascending semi-cycle of PSS3, and
the ascending semi-cycle of PSS2 in the J204 well also shows high oil
content (Figs. 13 and 14).

5.3. Controlling factors of shale oil content
(1) Organic matter abundance

Organic matter is the material basis for hydrocarbon generation and

determines the hydrocarbon-generating potential of source rocks. For
source rocks with similar organic matter types in the oil window stage,
the higher the organic matter abundance, the greater the amount of
hydrocarbons generated. The TOC of the Second Mbr of the Funing Fm is
typically less than 4% and has a positive correlation with oil content. St,
Sm, and Sg continue to rise as TOC rises, with St showing the strongest
upward trend (Fig. 15a—c). The correlation between TOC and shale oil
content in different wells, on the other hand, is different. The oil content
of J19 well in the deep sag area of the Qutang sub-sag increases
significantly with the increase of TOC, whereas the oil content of H102
well in the slope of Qutang sub-sag and that of B1 well in Haibei sub-sag
increases slightly, implying that TOC is not the only factor affecting oil
content (Han et al., 2017). The deep sag area has better organic matter
abundance and higher shale oil content.

(2) Thermal maturity

Thermal maturity has a significant impact on shale oil content and
shale oil mobility. The Second Mbr of the Funing Fm has a wide range of
burial depths, resulting in a great variation of thermal evolution degrees
in different structural positions. However, the relationship between TOC
and shale oil content in different wells is obviously different. The wells
in the slope or shallow sag area, such as B1, C1, J7, J10, J20, and H102
wells, etc., have lower oil content, whereas those in the deep sag area,
such as J19 and J204 wells, show higher oil content.

As the burial depth increases, OSI, St, and Sg, first increase and then

0SI(mgHC/gTOC)

S;(mgHC/gRock)

S,(mgHC/gRock)
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Fig. 16. Correlation between various oil content and depth for the Second Mbr of the Funing Fm showing that the first increase and then decrease in shale oil content
with the increasing depth: (a) plot of OSI vs. Depth; (b) plot of St vs Depth; and (c) plot of Sp vs Depth.
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decrease, and reach their maximum at about 4150 m, corresponding to
an OSI of 650 mgHC/gTOC, St of 16 mgHC/gRock, and Sg of 6.97
mgHC/gRock, respectively (Fig. 16a—c). When buried depth exceeds
3300 m, OSI begins to exceed 100 mgHC/gTOC, indicating that 3300 m
may be the depth boundary for the shale oil enrichment in the Second
Mbr of the Funing Fm of the study area. When the burial depth exceeds
3300 m, shale oil in the Second Mbr of the Funing Fm begins to effec-
tively accumulate and shows better production capacity, corresponding
to St of 3 mgHC/gRock and Sg of 1.36 mgHC/gRock, respectively.

(3) Lithofacies determined by primary mineral compositions

The influence of mineral components on shale oil content can be
attributed to differences in the wettability of clay and other types of
minerals to hydrocarbon substances (Siddiqui et al., 2018), which result
in differential adsorption and the occurrence of hydrocarbon composi-
tions (Cao et al., 2021; Li et al., 2016b). This, in turn, affects shale oil
mobility and local enrichment, resulting in variations in oil distribution
across different types of shale lithofacies.

For shales with a TOC exceeding 2%, the carbonate-rich mixed shale
has the highest St, Sy, and Sg, followed by the felsic-rich mixed shale.
Low Sr, Su, and Sg values are found in clay-rich mixed shale and clay
shale (Fig. 17a). The carbonate-rich/felsic-rich mixed shale and car-
bonate shale have higher oil content than the clay-rich mixed clay shale
and clay shale for shale with TOC less than 2%. (Fig. 17b). For shales
possessing similar hydrocarbon generation potential and different lith-
ofacies, the increasing content of felsic and carbonate minerals will
generate better storage space for shale oil accumulation (Li et al., 2019),
thus showing higher oil content in carbonate-rich and felsic-rich mixed
shale than that in clay-rich mixed shale and clay shale.

(4) Sedimentary structure

The thin-section observation results show that the fluorescence
characteristics in the laminated shale and the massive shale are signif-
icantly different (Fig. 18). The speckled fluorescence in the shale sam-
ples with laminae is distributed linearly along the laminated plane or
locally concentrated (Fig. 18d), whereas the fluorescence in the massive

Fig. 18. Fluorescence thin sections under plane-
polarized light and fluorescence light showing oil
content characteristics of shales with different sedi-
mentary structure: (a) and (b) J19 well, 3851.5 m,
massive shale has dispersed organic matter and
speckled fluorescence on the edge of coarse-grained
light-colored minerals; (c) and (d) J19 well,
3906.5 m, laminated shale develops organic matter-
clay-dolomite lamellae, and a microfracture is over-
all medium-light blue fluorescence, and spot-like
fluorescence is locally concentrated on the edge of
organic matter. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 19. Oil content characteristics of shales with different pore structures in Second Mbr of the Funing Fm based on T, spectra from NMR, SEM images, and thin-
section images under fluorescence (after Liu et al. (2020)). I type pore structure shows a large T, amplitude difference and develops microfracture and matrix particle
pores, and the framework grains emit bright blue fluorescence. II type pore structure has obvious T, amplitude difference and develops intercrystalline pores and
particle dissolution pores, lamina emit light blue fluorescence. III type pore structure has low T, amplitude difference and develops organic pores, organic matter
emits scattered dark blue fluorescence; IV type pore structure shows lowest T, amplitude difference and only has organic pores, rare fluorescence appear in
framework grain. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

shale is scattered in speckled features (Fig. 18b), demonstrating that the
laminae play an important role in the local enrichment of shale oil. A
large number of researchers have also confirmed that laminae in shale
can greatly improve the permeability of shale reservoirs (Liu et al.,
2019). The laminated structure is a key factor that needs to be consid-
ered in the selection of favorable reservoirs for lacustrine shale oil (Xi
et al., 2020).

(5) Pore structure

Liu et al. (2020) identified four types of pore structure dependent on
the Ty spectra characteristics of the NMR in the Second Mbr of the
Funing Fm, including L, II, III, and IV types (Fig. 19). Shale with type I of
pore structure develops microfracture and matrix particle pores; shale
with type II of pore structure develops intercrystalline pores and particle
dissolution pores; shale with type III of pore structure develops organic
matter pores, intraparticle dissolution pores, and interparticle pores;
and shale with type IV of pore structure only has organic pores. The
shales with type I and II pore structures show strong blue fluorescence in
thin sections and good fluid mobility, owing to better reservoir quality,
higher porosity of NMR test, better pore structure, more microfractures,
and large pore size pores in these shales.

A detailed examination of the primary controlling factors of shale oil
enrichment in the Second Mbr of the Funing Fm is summarized. The
layer of shale oil enrichment is characterized by high TOC, high
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porosity, good pore structure, and high oil content and develops clay-
rich mixed shale, felsic-rich mixed shale, and carbonate-rich mixed
shale (Fig. 20). The intervals with laminated structures have the highest
oil content. There is a good correlation between organic matter abun-
dance and oil content, and high organic matter abundance often corre-
sponds to high oil content. Carbonate-rich/felsic-rich mixed shale
usually has better physical properties and pore structure than clay-rich
mixed shale. Laminae can act as the flow channels of shale oil and
play a key role in the local accumulation of shale oil (Xi et al., 2020). In
addition, when the burial depth is 3300-4150 m, the shale oil is highly
enriched and has a production capacity. The greater the burial depth in
this range and the higher the thermal maturity, the higher the oil
content.

6. Conclusion

The lacustrine shale oil content of the Second Mbr of the Funing Fm
in Haian Sag (Subei Basin) was determined, the spatial occurrence of
shale oil content was determined, and the primary controlling factors
(TOC, thermal maturity, and lithofacies) of shale oil content were also
defined.

A restoration model was developed for light hydrocarbon loss during
drilling and coring, sample preservation, and sample pretreatment; the
loss amount is greatest during sample preservation. The various petro-
leum groups are quantified by using chemical kinetics to decompose and
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reconstruct FID pyrograms, and more accurate shale oil information is
determined to reflect shale oil content and mobility. The total oil con-
tent, as a result, is approximately 3.55 times that of pyrolysis S;.

TOC, thermal maturity, and lithofacies have a primary impact on the
shale oil content. Shale oil in the Second Mbr of the Funing Fm prefers to
accumulate in carbonate-rich and felsic-rich mixed, laminated shales
with high TOC, high porosity, and good pore structure. This research
provides effective parameters for prioritizing favorable shale oil explo-
ration targets and calculating shale oil reserves in lacustrine shales with
high heterogeneity, and it has implications for understanding oil accu-
mulation and occurrence in shales with similar geological settings.
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