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The Lucaogou Formation in the Jimsar Sag is a typical lacustrine shale oil development
area where the first large-scale shale oil field in China was discovered, and a large
number of studies have been conducted on the genesis and distribution of the shale
oil in this formation. However, few detailed studies have been conducted on the
comparison between the characteristics of the hydrocarbons in the shale and the
adjacent tight reservoirs in the same shale sequence package. In this study, the total
scanning fluorescence (TSF) quantitative fluorescence technique, which has been rarely
applied to and studied in the Lucaogou Formation in the Jimsar Sag, was used to
conduct systematic quantitative fluorescence analysis of the shale, tight reservoirs,
and crude oils in the Lucaogou Formation. The geochemical analysis was also carried
out for all samples. The results revealed that the shale, tight reservoirs, and oils have
similar single-peak TSF spectrograms, and different values of the TSF parameters in
the Lucaogou Formation. The TSF parameters Ry and Ry values of the blocky shale,
fractured shale, tight reservoirs, and produced oils are decreased successively. The TSF
parameters can be used as indicators of hydrocarbon composition, physical properties,
thermal maturity, migration, and oil-producing layers. The values of TSF parameters R
and Ry are generally smaller in the upper section of the Lucaogou Formation (Pal)
than in the lower section (P2ly), indicating that the hydrocarbons in the upper section
have better physical properties and higher thermal maturity. The distribution of TSF
parameters Ry and Ry in the upper section of the Lucaogou Formation is relatively
scattered, indicating that the hydrocarbons have undergone obvious lateral migration.
Based on the TSF parameter comparison of core and oil samples, it was preliminarily
determined that the shale oil in the upper and lower sections of the Lucaogou Formation
was mainly produced from the tight reservoirs in the shale sequence. The results of
this study provide new data and ideas for fine studies of the shale oil in the Lucaogou
Formation in the Jimsar Sag.
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INTRODUCTION

Following the shale revolution in North America, the shale oil
industry has flourished in the Mesozoic-Cenozoic lacustrine shale
in China (Zou et al, 2013; Li et al.,, 2015; Liu et al., 2017,
2021; Zhao et al.,, 2018; Hou et al., 2020a,b,c; Ma et al., 2020;
Wang et al,, 2020). The Junggar Basin has abundant shale oil
resources and is the first basin in China in which shale oil has
been developed on a large scale. China’s first large-scale shale
oil field was discovered in the Jimsar Sag, and the first national-
level shale oil demonstration area in China was built there (Wang
et al., 2019). Well J174 was drilled in the Jimsar Sag, and it was
the first well in China to collect core samples of an entire set
of the shale strata of the Lucaogou Formation (over 200 m).
The shale oil in the Lucaogou Formation in the Jimsar Sag has
been developed for more than 10 years, and numerous studies
have been carried out on the sedimentary environment, shale
oil genesis, source rock evaluation, reservoir characterization, the
patterns of shale oil enrichment and distribution, and shale oil
sweet spot identification in this area (Kuang et al., 2012; Gao et al.,
2016; Qiu et al., 2016; Chen et al., 2018; Pang et al., 2018; Liu
C. et al,, 2019; Zha et al., 2019; Hou et al., 2021a,b). However,
few detailed studies have been conducted on the comparison
between the characteristics of the hydrocarbons in the shale and
the adjacent tight reservoirs in the same shale sequence.

The total scanning fluorescence (TSF) technique has been
widely used in conventional oil and gas research. It is an
important method for fine oil source correlation, exploring
reservoir oil and gas properties, identifying current and ancient
oil layers, and for the fine analysis of oil and gas properties
and migration characteristics (Brooks et al., 1983; Reyes, 1993;
Li et al., 2007; Liu et al., 2014, 2016; Fan et al., 2015; Kong
et al., 2019). However, TSF research results are rarely reported
for the shale oil in the Lucaogou Formation in the Jimsar
Sag. TSF is a new quantitative fluorescence analysis technique
that was developed based on fluorescence spectroscopy in the
1980s. It uses the emission spectrum obtained by scanning
the excitation light with a continuously changing wavelength,
and it is an effective method of measuring the distribution
and concentration of the aromatic hydrocarbon components
(Brooks et al., 1983; Fan et al., 2015; Liu et al., 2016). The
hydrocarbons of different origins or extracted from different
rocks have different TSF fluorescence spectral characteristics,
which are mainly manifested as different indicators, such as
the profile of the spectrogram, the position of the main peak,
the fluorescence intensity of the specific peak, and the ratio
of the fluorescence intensity of two specific peaks. The TSF
technique has a fast speed, high sensitivity, small amount
of sample required, and fine quantitative and comparative
analysis of micro-areas. This technique can be used to perform
systematic, continuous quantitative fluorescence analysis of
the shale and the adjacent tight reservoirs and for the fine
comparison of the fluorescence characteristics of the shale
and the adjacent tight reservoirs in the same shale sequence
package. Therefore, it provides a good method for studying
the factors that control the formation and enrichment of
lacustrine shale oil.

In this study, the TSF technique was used to quantitatively
analyze the fluorescence characteristics of the shale oil in the
Lucaogou Formation in the Jimsar Sag. The shale and the
adjacent tight reservoirs in the upper and lower sections of
the Lucaogou Formation in Well J174 were systematically and
continuously sampled. Oil samples were collected from oil-
producing wells in the Lucaogou Formation in the Jimsar Sag.
The TSF quantitative fluorescence characteristics of the Lucaogou
Formation shale, its adjacent tight reservoirs, and the crude oil
samples were systematically analyzed. In addition, all the samples
were subjected to geochemical analysis. The relationship between
TSF parameters and geochemical parameters were discussed in
order to further explore the TSF characteristics of the Lucaogou
Formation and their use in guiding shale oil exploration. The
results of this study provide new data for the fine studies of
the shale oil in the Lucaogou Formation in the Jimsar Sag
and new ideas for the detailed studies of shale oil in other
lacustrine basins.

GEOLOGIC SETTING

The Jimsar Sag is located in the southeastern edge of the Junggar
Basin in northwestern China. It is a half-graben depression that is
deep in the west and shallow in the east, with an area of 1278 km?
(Graham et al., 1990; Gao et al., 2016; Hu et al., 2018; Figure 1).
The Permian Lucaogou Formation is the main source rock in
the Jimsar Sag and the main stratum for shale oil exploration.
The 100-300 m thick Lucaogou Formation was deposited in a
semi-deep to deep lake environment with an arid climate and a
high salinity (Cao et al., 2016; Ding et al., 2020). The Lucaogou
Formation has a complex lithology and strong heterogeneity.
The multiple sets of interbedded high-quality source rocks are
mainly composed of siliceous and carbonate shales; while the
tight reservoirs are mainly composed of siliceous and carbonate
siltstones (Kuang et al., 2012; Yang et al., 2019). The Lucaogou
Formation consists of an upper section (P,1,) and a lower section
(P21y), each of which contains a set of shale oil sweet spots. The
thickness of the upper Lucaogou Formation shale oil sweet spot
is about 41 m, and the main part is located in the middle of the
depression, with an area of 640 km?. The shale oil sweet spots in
the lower Lucaogou Formation are distributed in the sag, with an
area of 1096 km? and a relatively large thickness in the southern
part of the sag (Zhi et al., 2019).

The exploration of the Lucaogou Formation in the Jimsar
Sag was divided into three stages: In the 2010-2011 exploration
and discovery stage, well J25 was discovered, with a daily oil
production of 18.25 t and a cumulative oil production of 264.94
t. In the 2012-2015 pilot test stage, the drilling of 22 wells
was completed, and 15 wells achieved industrial oil flow. In the
key breakthrough stage from 2016 to 2017, 31 horizontal wells
were deployed, with a new production capacity of 31.95 x 10*
t, achieving an overall breakthrough in the exploration and
development of shale oil in the Lucaogou Formation in the Jimsar
Sag (Wang et al., 2019). Currently, the upper sweet spot has oil
reserves of over 4.5 x 10% t and the lower sweet spot has oil
reserves of over 6.7 x 108 t (Zhao et al., 2020).
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FIGURE 1 | Location of the sampling wells in the Jimsar Sag, Junggar Basin. (A) Locations of Junggar Basin and the Jimsar Sag. (B) Locations of oil wells, with a

SAMPLES AND METHODS

In this study, 22 core samples from the upper and lower sections
of the Lucaogou Formation were collected from Well J174
in the Jimsar Sag. The basic information for these samples
is presented in Table 1. 11 oil samples were collected from
the main oil-producing wells in the Lucaogou Formation in
the Jimsar Sag. The locations of these wells are shown in
Figure 1B, and the basic information for the oil samples is
presented in Table 2. The core samples were subjected to
thin section analysis, X-ray diffraction (XRD) analysis, rock
pyrolysis analysis, total organic carbon (TOC) determination,
and TSF analysis. An extraction experiment was carried out
on the core sample, and the extract was subjected to group
component analysis, gas chromatography (GC) analysis, and gas
chromatography-mass spectrometry (GC-MS) analysis. Physical
property determination, group component analysis, GC analysis,
GC-MS analysis, and TSF analysis were conducted on the
crude oil samples. The TSF analysis was performed in the
Australian Commonwealth Scientific and Industrial Research
Organization (CSIRO) laboratory. The determination of the
physical properties of the crude oil was completed at the Institute
of Experiment and Analysis of the Xinjiang Oilfield Company.
The other analyses were conducted by the Research Institute
of Petroleum Exploration and Development, China National
Petroleum Corporation, Beijing.

The thin section analyses were performed using a Leica
DM4500 microscope equipped with light emitting diode (LED)
illumination and a LAS V4.2 digital camera detection system. The
XRD analyses were conducted using a Rigaku TTR diffractometer
according to Standard No. SY/T 5163-2010 X-ray Diffraction
Analysis Method of Clay Minerals and Common Non-clay
Minerals in Sedimentary Rocks. The rock pyrolysis analyses
and TOC measurements were conducted on original and after-
extracted core samples in parallel. The rock pyrolysis analyses
were completed using a Rock Eval-6 Standard analyzer, and the
amounts of free hydrocarbons (S;) and pyrolysis hydrocarbons
(S2), and the temperature of the maximum pyrolysis yield
(Tmax) were obtained. The TOC determination was performed

using a LECO CS230HC analyzer. The standard procedures of
the rock pyrolysis analyses and TOC measurements reported
by Espitalié et al. (1984) were used. The density of the oil
was measured using a DMA4500M digital densitometer. The
viscosity was measured using a MCR101 rheometer. The wax
content was determined using a DSC204F1 differential scanning
calorimeter. The freezing point was determined using a JRS0919A
freezing point instrument. Soxhlet extraction was conducted on
the core samples using chloroform for 72 h. The core extracts
and oil samples were fractionated via column chromatography
into saturated hydrocarbons, aromatic hydrocarbons, non-
hydrocarbons, and asphaltenes. The GC analyses were performed
using an Agilent 6890N instrument with the flame ionization
detector (FID). The GC-MS analyses were performed using an
Agilent 6890N gas chromatography interfaced with a 5973C mass
spectrometer for biomarker analysis.

The TSF analysis was performed using a Varian Cary-Eclipse
fluorescence analyzer. The fluorescence analyzer was mainly
composed of a spectrophotometer, a specially designed sample
stage, optical filters, and special data analysis software. The
analyzed samples were the hydrocarbons extracted from the
core samples, and the details of the experimental procedure
have been described by Fan et al. (2015) and Liu et al
(2016). The experimental parameters were as follows: the
excitation wavelength range was 220:2:340 nm and the emission
wavelength range was 250:5:540 nm. To avoid Rayleigh scattering
interference, the starting emission wavelength was set to lag
behind the starting excitation wavelength by 30 nm, and the
experiments were performed at room temperature. The TSF
parameters TSF Max, Ey, Ey, R, and R, were obtained via
the TSF analysis. TSF Max is the maximum fluorescence
intensity; Ex is the maximum excitation wavelength; Ep, is
the maximum emission wavelength; R; is the ratio of the
emission intensities at 360 nm over 320 nm, corresponding
to an excitation wavelength of 270 nm; and R, is the
ratio of the emission intensities at 360 nm over 320 nm,
corresponding to an excitation wavelength of 260 nm (Brooks
1983; Liu et al, 2016). In order to eliminate the
influence of the uneven oil contents of core samples, multiple
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TABLE 1 | Characteristics of core samples from the Lucaogou Formation, Jimsar Sag.

Sample Depth (m) Formation Lithology Before extraction

After extraction

Mineral composition (%)

number

TOC (%) Tmax (°C) Si1(mg/g) S, (mg/g) TOC (%) Tmax (°C) Si (mg/g) S, (mg/g) Quartz K-feldspar Plagioclase Calcite Dolomite Clay
1 3113.34 Palo SS 1.89 436.00 8.21 8.17 0.61 437.00 0.1 2.87 27.60 0.00 23.90 48.50 0.00 0.00
2 3114.07 Pl SsSh* 3.39 439.00 4.04 28.40 2.69 438.00 0.26 7.96 40.20 0.00 42.10 0.00 3.10 14.60
3 3115.47 Poly CR 1.45 431.00 6.24 6.53 0.58 448.00 0.02 0.21 12.90 1.00 12.60 0.00 70.10 3.40
4 3119.00 Pols SSh 10.09 436.00 3.57 13.75 2.15 437.00 1.11 15.18 49.70 0.00 38.10 0.00 2.40 9.80
5 3119.20 Polo SS 0.81 440.00 3.92 4.27 0.31 439.00 0.08 1.52 29.00 26.50 26.60 0.00 11.60 6.30
6 3143.30 Poly SS 1.49 439.00 6.14 572 0.07 438.00 0.04 1.61 34.30 12.30 32.00 0.00 11.30 10.10
7 3145.19 Polo CR 1.87 439.00 7.09 7.94 0.61 440.00 0.04 219 18.80 0.00 14.60 0.00 63.00 3.60
8 3146.10 Pl SsSh* 2.06 438.00 2.68 13.50 1.95 437.00 0.09 9.38 27.50 13.40 23.20 6.60 15.10 14.20
9 3199.99 Paly SS 1.15 433.00 5.63 5.28 0.20 435.00 0.12 1.16 30.30 8.50 40.70 9.70 10.80 0.00
10 3242.85 Poly CR 0.90 432.00 5.79 6.86 0.67 434.00 0.23 1.60 17.80 0.00 12.30 0.00 69.90 0.00
11 3263.36 Polq CS 3.34 430.00 28.42 22.98 0.75 435.00 0.12 1.93 27.80 0.00 26.90 0.00 45.30 0.00
12 3272.60 Pol4 SS 1.57 428.00 14.78 13.79 0.23 435.00 0.10 1.04 33.20 9.70 38.00 0.00 9.60 9.50
13 3274.30 Poly SS 4.61 436.00 22.46 17.23 0.65 437 0.19 0.88 17.60 410 42.00 8.30 28.00 0.00
14 3275.25 Polq CS 2.06 435.00 30.74 27.71 0.27 437.00 0.08 1.1 24.40 0.00 50.30 0.00 25.30 0.00
15 3275.68 Polq CSh 10.03 439.00 1.71 78.67 9.50 437.00 0.42 54.08 12.40 0.90 12.30 41.10 27.20 6.10
16 3282.99 Poly SS 2.90 433.00 28.55 32.04 0.12 436.00 0.08 1.14 26.40 18.00 31.20 0.00 16.00 8.40
17 3286.00 Polq CS 3.62 431.00 31.51 22.01 0.34 435.00 0.09 1.69 17.20 0.00 18.10 0.00 64.70 0.00
18 3302.13 Pol4 CS 213 435.00 19.05 17.28 0.12 437.00 0.11 0.88 27.00 0.00 38.40 0.00 34.60 0.00
19 3303.31 Poly SS 1.52 443.00 11.10 22.58 0.90 438.00 0.38 6.15 20.80 10.40 28.40 6.50 18.50 15.40
20 3304.80 Polq CR 1.81 433.00 11.37 11.23 0.37 442.00 0.29 1.17 20.60 0.00 15.30 0.00 64.10 0.00
21 3304.86 Pol4 CSh 5.65 440.00 10.55 31.40 3.64 440.00 0.18 11.61 17.40 0.00 11.10 35.40 19.50 16.60
22 3313.28 Poly Csh 9.56 441.00 2.86 112.83 7.44 440.00 0.74 50.99 25.90 2.00 13.30 6.80 30.10 21.90

SS, siliceous sandstone; SSh, siliceous shale; CR, carbonate rock; CS, carbonate sandstone; CSh, carbonate shale; *, shale with obvious vertical fractures.

‘e 10 OBUZ

IO 8[eysS Jo soisleloeseyD 4S1


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Zhao et al.

TSF Characteristics of Shale Ol

TABLE 2 | Characteristics of crude oil samples from the Lucaogou Formation, Jimsar Sag.

Sample number Well name Depth (m) Formation Density (g/cm?3) Viscosity (50°C Mpa-s) Wax content (%) Freezing point (°C)
23 J172 2920-2970 Palo 0.88 59.90 14.39 32.00
24 J25 3403-3425 Paly 0.89 55.20 10.91 26.00
25 J171 3074-3090 Paly 0.89 55.20 8.31 15.00
26 J31 2742-2746 Paly 0.89 47.60 8.20 20.00
27 J28 3198-3255 Paly 0.89 52.61 8.39 15.00
28 J173 3088-3109 Palo 0.88 49.91 14.40 28.00
29 J32 3755-4988 Paly 0.89 53.03 8.73 22.00
30 J174 3255-3314 Poly 0.92 196.20 4.77 4.00
31 J251 4361-4976 Poly 0.89 56.10 3.50 10.00
32 J36 4209-4255 Poly 0.90 67.00 2.20 8.00
33 J30 4018-4184 Poly 0.89 44.36 6.81 14.00

TSF experiments were carried out at different oil-content
locations on the same core sample. The average values of
the multiple experimental results were used as the TSF
parameters values of the sample in order to compare with
geochemical parameters.

RESULTS

Lithology and Hydrocarbon Generation

Potential Characteristics

The core observations, thin section analysis, and XRD analysis
reveal that the lithology of the collected core samples can mainly
be classified into two categories and five subcategories. The
shale includes carbonate shale (CSh) and siliceous shale (SSh).
The tight reservoirs include carbonate rock (CR), carbonate
sandstone (CS), and siliceous sandstone (SS). Apparent vertical
fractures are developed in samples No. 2 and No. 8. In this study,
the shale with obvious vertical fractrures is named fractured shale,
on the contrary, the shale without obvious vertical fractures is
named blocky shale. Table 1 shows the XRD, rock pyrolysis,
and TOC analysis results of the core samples. The XRD results
reveal that the shale and tight reservoirs contain similar minerals
(Figure 2). In comparison, the shale has a relatively high clay
content, and the tight reservoirs have a relatively high dolomite
content. The clay contents of the shale range from 6.10% to
21.90% (average 13.87%), and the dolomite contents of the tight
reservoirs range from 0% to 70.10% (average 33.93%).

Table 1 shows the TOC and pyrolysis data for the core samples
before and after extraction. The experimental results indicate
that the shale samples are superior to tight-reservoir samples in
terms of organic-matter content and potential for hydrocarbon
generation. For shale samples, TOC is in the range of 2.06%-
10.09% (average 6.80%) for original samples and 1.95%-9.50%
(average 4.56%) for after-extracted samples. S; is in the range
of 1.71-10.55 mg/g (average 4.24), and S, 13.50-112.83 mg/g
(average 46.43) for original shale samples. S; is in the range of
0.09-1.11 mg/g (average 0.47), and S, 7.96-54.08 mg/g (average
24.87) for after-extracted shale samples. For tight reservoir
samples, TOC is in the range of 0.81%-4.61% (average 2.10%)

for original samples and 0.07%-1.22% (average 0.44%) for after-
extracted samples. S; is in the range of 3.92-31.51 mg/g (average
14.74), and S, 4.27-32.04 mg/g (average 14.08) for original tight
reservoir samples. S; is in the range of 0.02-0.41 mg/g (average
0.13), and S, 0.21-6.53 mg/g (average 1.72) for after-extracted
tight reservoir samples.

Bulk Properties of the Hydrocarbons

The group components of the core extracts and crude oil
samples are presented in Table 3. The group components of
the upper and lower sections of the Lucaogou Formation are
vastly different (Figure 3). The upper section of the Lucaogou
Formation has relatively high saturated hydrocarbon contents
of 51.32% to 69% (average 58.92%); relatively low aromatic
hydrocarbon contents of 12.30% to 18.61% (average 15.36%);
and relatively low non-hydrocarbon contents of 14.62% to
30.22% (average 23.39%). The lower section of the Lucaogou
Formation has relatively low saturated hydrocarbon contents
of 38.42% to 59.80% (average 48.31%); relatively high aromatic
hydrocarbon contents of 13.99% to 20.26% (average 16.17%); and
relatively high non-hydrocarbon contents of 15.81% to 43.78%
(average 31.39%).

The experimental results of the physical property parameters
of the crude oil are presented in Table 2. The physical quality of
the crude oil in the upper section of the Lucaogou Formation is
considerably better than that in the lower section. The density of
the crude oil in the lower section of the Lucaogou Formation is
relatively low, with an average value of 0.89 g/cm?; the viscosity
is relatively low, with an average value of 53.35 Mpa-s (50°C); the
wax content is relatively high, with an average value of 10.48%;
and the freezing point is relatively high, with an average of
22.57°C. The crude oil in the lower section of the Lucaogou
Formation has a relatively high density, with an average value of
0.90 g/cm?; a relatively high viscosity, with an average value of
90.92 Mpa-s (50°C); a relatively low wax content, with an average
value of 4.32%; and a relatively low freezing point, with an average
value of 9.00°C.

Biomarker Characteristics
Biomarkers can be used to study the depositional environment,
source, and thermal maturity of organic matter. The key
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FIGURE 2 | Mineral composition of core samples in the Lucaogou Formation, Jimsar Sag.

biomarker parameters of the core and crude oil samples obtained
from the GC and GC-MS analysis are presented in Table 3.

The Pr/Ph, Pr/nCy7;, and Pr/nC;g ratios are excellent
indicators of depositional environment. The Pr/Ph ratio of less
than 1 indicates a suboxic or anoxic depositional environment,
and a ratio of greater than 1 indicates an oxidizing depositional
environment (Didyk et al., 1978). The Pr/Ph ratios of the upper
section of the Lucaogou Formation range from 1.04% to 1.52%
(average 1.24%), indicating a suboxic or anoxic depositional
environment. The Pr/Ph ratios of the lower section of the
Lucaogou Formation range from 0.74% to 1.24% (average 1.00%),
indicating a mildly oxic or suboxic depositional environment.
Figure 4 presents a plot of Pr/nC;7 versus Pr/nCygs, which also
indicates that the upper section of the Lucaogou Formation
was deposited in a more oxidative environment than the lower
section. This finding is consistent with the results of previous
studies (Ding et al., 2019; Su et al., 2019).

The compositions of regular steranes are usually used as
indicators of organic matter origin (Seifert and Moldowan, 1978;
Huang and Meinschein, 1979). Figure 5 presents a ternary plot

of the regular steranes compositions of the core and oil samples
from the Lucaogou Formation. The relative abundances of the
Cy7, Cag, and Cyo steranes are 10.02-23.79%, 31.86-43.85%, and
41.24-53.60%, respectively (Table 3), indicating that the organic
matter was mainly derived from bacteria and advanced plants
(Figure 5). There is a slight difference in the sources of the
organic matter in the samples from the upper and lower sections
of the Lucaogou Formation. In comparison, more organic matter
from advanced plants was input in the lower section of the
Lucaogou Formation. This finding is consistent with the results
of previous studies reported by Ding et al. (2019) and Su et al.
(2019).

The C9a020S/(20S + 20R) and C9fp/(aac + PP) ratios
have always been considered to be effective indicators
of thermal maturity (Mackenzie et al, 1980; Seifert and
Moldowan, 1980, 1986; Peters and Moldowan, 1993). Larger
Cr90a20S/(20S + 20R) and Cyofp/(aar + PP) ratios indicate
a higher thermal maturity. Figure 6 shows the Lucaogou
Formation hydrocarbons are in the mature stage. The thermal
maturity of the shale hydrocarbons in the upper section of
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TABLE 3 | Group component and biomaker parameters in the Lucaogou Formation core extracts and oils, Jimsar Sag.

Sample Formation Rock type Group component (%) Pr/nCy7 Ph/nC4g Pr/Ph Co9 Cyog BB/(cxx + BB) Ts/(Ts + Tm) Sterane abundance (%)
number aaa20S/(S + R)
Sat. HC (o/o) Aro. HC (o/o) NSO (o/o) Asph. (o/o) 027 Czs ng

1 Polp T 58.84 16.72 22.51 1.93 0.93 0.84 1.156 0.49 0.37 0.10 13.63 42.08 44.38
2 Polp FS 56.73 13.46 24.36 5.45 0.99 1.04 1.09 0.41 0.24 0.10 23.79 31.86 44.35
3 Polo T 5417 17.34 27.55 0.95 1.41 1.03 1.62 0.44 0.33 0.08 1717 35.41 47.43
4 Polo BS 61.06 14.95 23.05 0.94 2.02 1.62 1.24 0.41 0.26 0.09 20.99 33.88 4513
5 Polp T 51.32 15.56 27.48 5.63 1.26 1.36 1.16 0.49 0.31 0.09 12.83  41.77 45.39
6 Polo T 54.35 14.42 29.72 1.50 1.23 1.33 1.04 0.48 0.31 0.06 11.76  42.29 45.95
7 Polo T 54.81 12.30 30.21 2.68 1.16 1.28 1.08 0.47 0.31 0.09 1220 4252 45.28
8 Polp FS 53.38 15.43 30.22 0.97 0.561 0.42 1.20 0.40 0.26 0.08 19.48 36.34 4419
9 Polp T 56.18 18.26 25.00 0.56 1.30 1.24 1.24 0.45 0.32 0.06 15.98 34.86 49.16
10 Poly T 41.85 15.17 36.80 6.18 1.77 2.39 1.05 0.40 0.21 0.05 16.68 36.00 47.32
11 Poly T 49.54 15.20 30.69 4.56 1.70 2.37 1.00 0.46 0.29 0.06 10.20 41.52 48.28
12 Paly T 52.11 15.96 28.01 3.92 2.24 3.49 0.86 0.44 0.28 0.05 1450 33.52 51.98
13 Poly T 51.20 14.76 27.41 6.63 1.59 2.24 1.00 0.47 0.30 0.05 10.02  41.50 48.48
14 Paly T 40.35 16.14 41.21 2.31 1.13 1.58 0.97 0.45 0.27 0.05 1114 41.54 47.32
15 Paly BS 48.11 15.07 31.88 4.93 1.04 1.46 0.98 0.46 0.28 0.06 1112 42.39 46.49
16 Poly T 50.00 16.34 30.00 3.67 1.89 3.20 0.91 0.43 0.25 0.04 13.73 32.67 53.60
17 Poly T 52.20 15.09 31.76 0.94 1.99 3.37 0.74 0.43 0.25 0.04 17.09 31.97 50.94
18 Paly T 44.41 17.39 32.92 5.27 1.87 2.64 0.93 0.43 0.27 0.10 11.76  43.85 44.39
19 Poly T 45.08 14.08 38.87 1.97 1.61 2.27 1.02 0.43 0.28 0.14 14.97  40.77 44.26
20 Poly T 46.43 13.99 38.39 1.19 2.25 3.05 1.00 0.40 0.26 0.07 11.51  40.88 47.61
21 Paly BS 38.42 15.82 43.78 1.98 2.25 3.06 1.00 0.42 0.27 0.11 13.45 42.56 43.99
22 Poly BS 43.99 20.26 34.49 1.27 1.02 1.48 0.94 0.41 0.22 0.10 14.54  34.98 50.47
23 Polp / 64.78 14.28 18.28 2.66 0.96 0.82 1.20 0.45 0.30 0.12 13.96 4212 43.91
24 Paly / 59.36 15.20 22.80 2.64 0.80 0.64 1.27 0.48 0.32 0.16 13.93  41.00 45.07
25 Palo / 62.50 18.61 15.83 3.06 1.06 0.94 1.28 0.48 0.34 0.12 12.29 4216 45.55
26 Polo / 65.21 15.33 18.25 1.21 1.14 0.80 1.44 0.42 0.28 0.12 17.24  40.43 42.33
27 Paly / 69.00 14.04 14.62 2.34 1.45 117 1.34 0.45 0.28 0.15 156.02 41.10 43.87
28 Polo / 58.68 14.67 2515 1.50 1.17 0.95 1.30 0.42 0.28 0.18 18.49 40.28 41.24
29 Polo / 62.42 15.22 19.25 3.10 0.97 0.81 1.30 0.49 0.35 0.13 16.16  39.12 44.72
30 Paly / 46.56 18.36 29.84 5.24 1.7 2.32 1.08 0.41 0.26 0.05 14.71  33.54 51.75
31 Poly / 58.79 16.55 19.93 4.73 1.19 1.26 1.156 0.50 0.34 0.10 12.63 40.82 46.55
32 Poly / 52.47 16.50 21.78 9.24 1.31 1.56 1.05 0.51 0.35 0.09 12.89 41.08 46.03
33 Poly / 59.80 18.21 15.81 6.18 0.80 0.76 1.16 0.52 0.42 0.15 12.65 40.20 4715

T, tight reservoirs; BS, blocky shale; FS, fractured shale.
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FIGURE 3 | Group component plots for the Lucaogou Formation core extracts and oils, Jimsar Sag. (A) Aromatic HC vs. Saturate HC; (B) Non-hydrocarbons vs.
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FIGURE 4 | Pr/nC+7 vs. Ph/nCyg plot for the core extracts and oils in the Lucaogou Formation, Jimsar Sag (Modified after Peters et al., 1999).

1 10

the Lucaogou Formation is slightly lower than that the shale
hydrocarbons in the lower section. The average values of the
Cp9001020S/(20S + 20R) and Cy9BB/(ax 4 BP) ratios of the shale
in the upper section of the Lucaogou Formation are 0.41 and 0.25,
respectively. The average values of the Cy9a020S/(20S + 20R)
and Cypp/(aa + PBP) ratios of the shale in the lower section of
the Lucaogou Formation are 0.43 and 0.26, respectively. The
thermal maturity of the hydrocarbons in the tight reservoirs in
the lower section of the Lucaogou Formation is similar to that
of the adjacent shale hydrocarbons. The average values of the
Ca00100120S/(20S + 20R) and Cy9PB/(ait + PP) ratios of the tight
reservoirs in the lower section of the Lucaogou Formation are
the same as those of the shale, i.e., 0.43 and 0.26, respectively.

The above results show that the oil in the tight reservoirs in the
lower section of the Lucaogou Formation mainly came from the
adjacent shale, and the oil did not migrate over a long distance.
In comparison, the thermal maturity of the hydrocarbons
in the tight reservoirs in the upper section of the Lucaogou
Formation is significantly higher than that of the nearby shale
hydrocarbons. The average values of the Cy900tct20S/(20S + 20R)
and CyoPP/(aar + PP) ratios of the upper-section shale in the
Lucaogou Formation are 0.47 and 0.32, respectively. It is inferred
that the oil in the tight reservoirs in the upper section of the
Lucaogou Formation may be partially derived from the relatively
high maturity shale in the deep part of the sag. Compared with
that of the lower section of the Lucaogou Formation, the oil
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TABLE 4 | TSF parameters of cores and oils in the Lucaogou Formation, Jimsar Sag.

Sample number Formation Rock type Analysis ID TSF Max (p.c) Ex (nm) Em (nm) R4 Ry
1 Paly T #1 396.79 253.96 368.96 4.41 5.70
Polo FS #2 503.55 260.00 370.00 5.52 7.04
Paoly T #3-1 1002.46 262.03 377.08 4.02 5.82
#3-2 913.88 262.03 382.08 4.62 6.62
Average 958.17 262.038 379.53 4.32 6.22
4 Poly BS #4-1 337.22 262.03 372.08 7.03 9.22
#4-2 293.66 262.03 377.08 6.35 8.90
Average 315.44 262.03 374.53 6.69 9.06
5 Poly T #5-1 239.44 256.08 371.08 6.18 7.46
#5-2 394.85 256.03 371.08 5.76 7.20
Average 317.15 256.03 371.03 5.97 7.33
6 Poly T #6-1 910.43 262.03 367.03 5.55 7.15
#6-2 551.69 253.96 373.96 5.60 717
#6-3 351.65 253.96 368.96 5.70 7.26
Average 604.59 256.65 369.98 5.62 7.20
7 Paly T #7-1 327.89 253.96 378.96 5.562 6.82
#7-2 403.95 260.00 370.00 5.48 6.88
#7-3 317.96 253.96 368.96 5.88 7.46
#7-4 318.89 260.00 375.00 5.85 7.50
#7-5 579.64 253.96 373.96 5.92 7.95
Average 389.67 256.38 373.38 5.73 7.32
8 Paly FS #8 660.33 265.93 375.93 5.74 7.49
9 Polo T #9-1 209.59 260.00 370.00 4.38 6.36
#9-2 310.28 262.03 372.038 4.53 5.99
#9-3 2456.79 262.03 372.08 4.77 6.39
Average 992.22 261.35 371.35 4.56 6.25
10 Poly T #10 313.07 262.03 367.03 5.53 7.00
iR Pol4 T #11-1 257.45 262.03 372.08 5.35 6.92
#11-2 315.31 260.00 375.00 5.55 7.13
#11-3 298.56 262.03 372.03 5.39 6.97
Average 290.44 261.35 373.02 5.43 7.00
12 Paly T #12-1 553.76 260.00 375.00 5.66 7.54
#12-3 1663.40 264.06 374.06 5.56 7.24
#12-4 947.91 262.03 372.08 5.64 7.56
Average 1055.02 262.03 373.70 5.62 7.45
13 Poly T #13-1 243.76 262.03 372.03 5.62 6.88
#13-2 223.19 262.03 372.08 5.27 7.01
Average 233.47 262.03 372.08 5.45 6.95
14 Poly T #14-1 811.08 260.00 370.00 5.42 6.94
#14-2 323.45 260.00 370.00 5.55 7.16
Average 567.26 260.00 370.00 5.49 7.05
15 Poly BS #15-1 110.22 262.03 372.03 7.46 10.61
#15-2 148.12 260.00 375.00 7.56 10.64
Average 129.17 261.01 373.51 7.51 10.63
16 Poly T #16-1 394.96 262.03 372.03 5.31 6.87
#16-2 230.93 262.03 372.08 5.60 7.32
#16-3 729.21 253.96 373.96 5.27 7.21
Average 451.70 259.34 372.67 5.39 713
17 Pol4 T #17-1 1999.86 262.03 372.038 5.05 6.58
#17-2 250.71 262.03 372.08 5.34 7.05
#17-3 256.57 260.00 370.00 5.30 7.1
#17-4 160.24 262.03 372.08 5.54 6.66
Average 666.85 261.52 371.52 5.31 6.85
(Continued)
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TABLE 4 | Continued

Sample number Formation Rock type Analysis ID TSF Max (p.c) Ex (nm) Em (nm) Ry Ry
18 Paly T #18-1 316.81 260.00 375.00 5.39 6.94
#18-2 575.87 262.03 372.03 5.70 6.71
#18-3 275.11 247.96 362.96 5.23 6.74
Average 389.27 256.66 370.00 5.44 6.80
19 Poly T #19-1 46.40 260.00 370.00 5.35 7.58
#19-2 20.47 253.96 363.96 5.52 6.83
#19-3 101.82 260.00 370.00 5.93 7.34
Average 56.23 257.99 367.99 5.60 7.25
20 Polq T #20 24.37 253.96 368.96 4.97 6.47
21 Polq BS #21 151.14 262.03 372.03 7.23 9.22
22 Poly BS #22 741.39 275.93 400.93 7.71 8.40
23 Polo / #23 59.18 260.00 375.00 415 5.85
24 Polo / #24 207.16 262.03 377.03 3.99 4.96
25 Palo / #25 329.43 262.03 377.03 4.67 6.17
26 Polo / #26 188.61 262.03 377.03 4.30 5.46
27 Polo / #27 248.12 262.03 372.03 3.85 517
28 Paly / #28 214.10 262.00 367.00 410 5.30
29 Polo / #29 162.81 260.00 375.00 4.52 5.91
30 Polq / #30 392.11 262.03 372.03 5.16 6.60
31 Paly / #31 91.43 262.03 372.03 4.58 6.25
32 Polq / #32 545.23 260.00 375.00 4.89 6.52
33 Polq / #33 595.74 262.03 377.03 4.86 6.38

T, tight reservoirs; BS, blocky shale; FS, fractured shale.

in the tight reservoirs in the upper section underwent a longer
distance migration.

TSF Characteristics

The key fluorescence parameters obtained from the TSF
analysis of the core and oil samples are presented in Table 4.
Figure 7 depicts the TSF parameters and spectrograms of
the shale, tight reservoir, and oil samples from the upper
and lower sections of the Lucaogou Formation. The shale,
tight reservoir, and oil samples from the Lucaogou Formation
have very similar TSF spectrogram characteristics. The TSF
spectrograms of the shale, tight reservoir, and oil samples from
the Lucaogou Formation all exhibit a single peak, which is
very similar to the TSF spectrograms of the shale and oil
samples from the Qingshankou Fromation in Songliao Basin
(Liu B. et al., 2019).

The shale, tight reservoir, and oil samples have different
value ranges of TSF parameters (Figure 7 and Table 4). For
the shale in the upper section of the Lucaogou Formation,
the TSF Max values range from 293.66 to 660.33 p.c (average
448.69 p.c), the Ey¢ values range from 260.00 to 265.93 nm
(average 262.50 nm), the E; values range from 370.00 to
377.03 nm (average 373.75 nm), the R; values range from
5.52 to 7.03 (average 6.16), and the R, values range from
7.04 to 9.22 (average 8.16). For the shale in the lower section,
the TSF Max values range from 110.22 to 741.39 p.c (average
287.72 p.c), the Ey values range from 260.00 to 275.93 nm
(average 265.00 nm), the E; values range from 372.03 to
400.93 nm (average 380.00 nm), the R; values range from 7.23

to 7.71 (average 7.49), and the R, values range from 8.40 to
10.64 (average 9.72).

For the tight reservoirs in the upper section of the
Lucaogou Formation, the TSF Max values range from 209.59
to 2456.79 p.c (average 605.39 p.c), the Ey values range
from 253.96 to 262.03 nm (average 257.87 nm), the Ep
values range from 367.03 to 382.03 nm (average 372.56 nm),
the R; values range from 4.02 to 6.18 (average 5.26), and
the R, values range from 5.70 to 7.95 (average 6.86). For
the tight reservoirs in the lower section, the TSF Max
values range from 20.47 to 1999.86 pc (average 453.37 pc),
the Ey values range from 247.96 to 264.06 nm (average
259.93 nm), the E,, values range from 362.96 to 375.00 nm
(average 371.13 nm), the R; values range from 4.97 to
5.93 (average 5.44), and the R, values range from 6.47 to
7.58 (average 7.03).

For the crude oils in the upper section of the Lucaogou
Formation, the TSF Max values range from 59.18 to 329.43
p.c (average 201.35 p.c), the Ey values range from 260.00 to
262.03 nm (average 261.45 nm), the Ep,, values range from 367.00
to 377.03 nm (average 374.30 nm), the R; values range from
3.85 to 4.67 (average 4.23), and the R, values range from 4.96
to 6.17 (average 5.55). For the crude oil in the lower section,
the TSF Max values range from 91.43 to 595.74 p.c (average
406.13 pc), the Ey values range from 260.00 to 262.03 nm
(average 261.52 nm), the E; values range from 372.03 to
377.03 nm (average 374.02 nm), the R; values range from 4.58
to 5.16 (average 4.87), and the R, values range from 6.25 to
6.60 (average 6.44).
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FIGURE 7 | TSF characteristics of shale, tight reservoirs, oils in the Lucaogou Formation, Jimsar Sag.
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DISCUSSION

TSF Parameters vs. Bulk Properties of

the Hydrocarbons

non-hydrocarbon, and asphaltene contents. The above results
demonstrate that the fluorescent substances of the shale oil in the
Lucaogou Formation are mainly aromatic compounds. There is
also a positive correlation between the TSF Max and the aromatic

The TSF Max of the core and oil samples are positively correlated hydrocarbon content of the conventional oil from the North Sea
with the aromatic hydrocarbon content (Figure 8A) but are and the Bohai Bay Basin in China (Barwise and Hay, 1996; Li
not significantly correlated with the saturated hydrocarbon, et al., 2007). Therefore, in a sense, all of the factors related to
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the aromatic hydrocarbon content will have a certain impact on
the TSF parameters.

The physical properties of the crude oil samples are strongly
correlated with the aromatic content (Figure 8B). Therefore,
the TSF parameters exhibit significant correlations with the
physical properties of the oil (Figure 9). The TSF Max and R;
values are positively correlated with the oil density, negatively
correlated with the wax content, and negatively correlated with
the freezing point. The lower TSF Max and R; values indicate
a lower oil density, a higher wax content, a higher freezing

point, and a better quality of the crude oil. The TSF Max and
R; values in the upper section of the Lucaogou Formation are
lower than those in the lower section (Figure 9), indicating
that the physical properties of the oil in the upper section of
the Lucaogou Formation are better than those of the oil in the
lower section. This result is consistent with the actual exploration
results (Table 2). It can be concluded that the quality of the
crude oil affects its TSF characteristics. Therefore, the TSF Max
and R; values can be used to predict the quality of the oil to
a certain extent.
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TSF Parameters vs. Thermal Maturity
Previous studies have shown that maturity is an important factor
affecting the fluorescent fingerprint characteristics of crude oil
(Barwise and Hay, 1996; Li et al., 2006, 2007; Liu et al., 2014;
Wu et al., 2016). The TSF parameter R; values mainly increase
with decreasing thermal maturity, which has been reported for
conventional oil from Europe, Australia, and eastern China
(Barwise and Hay, 1996; Li et al, 2007; Liu et al, 2014).
The emission wavelength of 360 nm mainly represents three-
ring aromatics (such as the phenanthrene series), the emission
wavelength of 320 nm mainly represents two-ring aromatics
(such as the naphthalene series). The R; and R, values represent
the ratio of the heavy fraction to the light fraction in the sample
(Li et al., 2007; Liu et al, 2014, 2016). Therefore, in theory,
the lower the values of R; and Ry, the less the heavy fraction
and the greater the light fraction, indicating a higher degree of
maturity. In this study, the relationships between the R; values
and the Cy9 BB/(axt + PP) and Ts/(Ts + Tm) ratios were analyzed
(Figure 10). The results reveal that the R; values are negatively
correlated with thermal maturity. As the R; values increase, the
CooPP/(aa + BP) and Ts/(Ts + Tm) ratios decrease (Figure 10
and Table 3). Although there are some differences in depositional
environment and organic matter origin between the upper and
lower sections of the Lucaogou Formation, the variation trends of
the R; values and the biomarker maturity parameters still exist in
the two sections, respectively. As above mentioned, the thermal
maturity of the tight reservoirs in the upper section is higher
than that of the tight reservoirs in the lower section (Figure 6),
which may result in better physical properties, lower aromatic
hydrocarbon contents, and smaller R; values in the upper section
than in the lower section of the Lucaogou Formation (Figures 3,
9 and Tables 2-4). It can be concluded that the TSF parameter
is a good indicator of the thermal maturity of the shale oil in the
Lucaogou Formation in the Jimsar Sag.

TSF Parameters vs. Hydrocarbon
Migration and Oil-Producing Layer Type

The lacustrine shale sequence in China are characterized
by complex lithology, strong heterogeneity, and frequent
interbedding of shale and thin tight reservoir layers (Kuang et al.,

2012; Zou et al., 2015; Zhao et al., 2020; Hou et al., 2021a), which
makes it difficult to determine whether the shale oil is mainly
produced from tight reservoirs or the shale in the same shale
sequence package. Previous studies have shown that there is an
obviously positive correlation between TSF fluorescence intensity
and oil content for shale (Liu B. et al.,, 2019), indicating that
the TSF parameters may be used to predict the oil-producing
layer. In this study, it was found that on the condition of similar
depositional environment, organic matter origin, and maturity,
the TSF parameters may be effective indicators for determining
the oil-producing layer is the tight reservoirs or the adjacent shale
in the same shale sequence package. For a set of shale strata
with similar sedimentary environment, organic matter origin,
and maturitiy, the largest difference between the oil in the shale
and tight reservoirs may be the difference in the oil migration
distance. The oil in shale is generated and accumulated in situ,
and the oil basically does not migrate. The oil in tight reservoirs
originates from adjacent shale and migrates a distance, but the
oil migration distance in tight reservoirs is shorter than that in
conventional reservoirs. The light fraction of the hydrocarbons
migrates more easily than the heavy fraction, so as the migration
distance increases, the Ry and R, values decrease. Therefore, it
can be inferred that there may be some differences between the
TSF parameters of the shale and tight reservoirs.

Comparisons of the TSF parameter characteristics of the
blocky shale, fractured shale, tight reservoirs, and produced oil
in the upper and lower sections of the Lucaogou Formation
were carried out. The results reveal that the TSF parameter
characteristics of the oil in the different reservoirs in the
Lucaogou Formation are significantly different. The R; and
R; values of the blocky shale, fractured shale, tight reservoirs,
and produced oils are decreased successively (Figure 11A). The
distributions of the R; and R; values of the tight reservoir and oil
samples from the upper section of the Lucaogou Formation are
scattered. In contrast, the distributions of the R; and R, values
of the tight reservoir and oil samples from the lower section
of the Lucaogou Formation are more concentrated. This shows
that the hydrocarbons in the tight reservoirs in the upper section
of the Lucaogou Formation have migrated over a long distance,
and the fractionation effects are more distinct. In comparison,
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the hydrocarbons in the tight reservoirs in the lower section of
the Lucaogou Formation migrated only a short distance, so the
fractionation effects are not distinct. These findings are consistent
with the above mentioned results revealed by the biomarker
characteristics. By comparing the R; and R, values of the core
and oil samples, it is preliminarily determined that the shale oil
in the upper and lower sections of the Lucaogou Formation is
mainly produced from the tight reservoirs in the shale sequence
(Figure 11). However, since all of the core samples were collected
from Well J174, there is a lack of core samples from the wells
with higher maturity in the deep part of the Jimsar Sag. Therefore,
further studies on the identification of oil-producing layer type of
the Lucaogou Formation in other wells are needed.

CONCLUSION

The TSF analysis of the shale, tight reservoirs, and oils in
the Lucaogou Formation in the Jimsar Sag were carried out.
The relationship between the TSF parameters and geochemical
parameters were discussed. The shale, tight reservoir, and
oil samples from the Lucaogou Formation have very similar
TSF spectrogram characteristics, but different TSF parameter
characteristics. The TSF parameters are good indicators of the
hydrocarbon composition, physical properties, thermal maturity,
migration, and oil-producing layers. The TSF Max and Ry values
are correlated with the aromatic hydrocarbon contents and oil
physical parameters. The R; values increase with decreasing
thermal maturity and migration distance. The hydrocarbons have
lower aromatic hydrocarbon contents, better physical properties,
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