
energies

Article

Impact of the Paleoclimate, Paleoenvironment, and
Algae Bloom: Organic Matter Accumulation in the
Lacustrine Lucaogou Formation of Jimsar Sag,
Junggar Basin, NW China

Yuhan Jiang 1,2,3,* , Dujie Hou 1,2,3,*, Hang Li 4, Ziming Zhang 1,2,3 and Ruibo Guo 1,2,3

1 School of Energy Resources, China University of Geosciences, Beijing 100083, China;
2106160019@cugb.edu.cn (Z.Z.); 3006160043@cugb.edu.cn (R.G.)

2 Key Laboratory of Shale Gas Exploration and Evaluation, Ministry of Land and Resources, China University
of Geosciences, Beijing 100083, China

3 Beijing Key Laboratory of Unconventional Natural Gas Geological Evaluation and Development
Engineering, Beijing 100083, China

4 No.8 Oil Recovery Plant of PetroChina Changqing Oilfield Company, Xi’an 710016, China;
c8lh_cq@petrochina.com.cn

* Correspondence: 3006160014@cugb.edu.cn (Y.J.); hdj@cugb.edu.cn (D.H.)

Received: 5 February 2020; Accepted: 20 March 2020; Published: 21 March 2020
����������
�������

Abstract: Shale oil exploration has been a key area of onshore oil and gas exploration in China in
recent years. In this study, organic geochemistry and element geochemistry are united to study
the shale oil and source rock in the Lucaogou formation of Jimusar sag, in order to reveal the
paleoclimate, paleoenvironment, source of organic matter, and factors affecting organic matter
accumulation and shale oil generation. The shale oil in the study area is mainly accumulated in two
strata with good reservoir properties and oiliness, known as the upper sweet spot and lower sweet
spot. Indexes of biomarkers and sensitive elements revealed the warm and semi-arid paleoclimate
during Lucaogou formation, and the water column was brackish to salty. Water stratification caused
a suboxic to anoxic environment in the deep-water column and coincided with the anoxic photic zone
phenomenon. Compared with the lower sweet spot, the more humid climate, deeper and fresher
water, and stronger water stratification characterize the upper sweet spot during sedimentation.
This made the photic zone with freshwater more suitable for the reproduction of algae in the upper
sweet spot. Meanwhile, the organic matter was well-preserved in the anoxic zone. Volcanic ash
caused algae bloom, which promoted primary productivity and ensured the supply of organic
matter. The composition and distribution pattern of biomarkers prove that phytoplankton is the
most important source of organic matter in the study area and the contribution of higher plants is
insignificant. The relationship between parameters of paleoproductivity and the redox condition
versus total organic carbon (TOC) suggests that compared with the preservation conditions, the input
of organic carbon is the most important controlling factor of organic matter accumulation in the
study area.

Keywords: shale oil; geochemistry; biomarkers; volcanic ash; aryl isoprenoids; brackish
lacustrine water

1. Introduction

The mechanism of organic matter (OM) accumulation and hydrocarbon generation in
continental lacustrine basins has always been an important research area in petroleum geology
and geochemistry [1–6]. Although different scholars have different comprehensions of the main factors
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controlling the accumulation of OM and generation of petroleum, it is generally believed that the three
most important controlling factors are (i) high primary productivity, which is the material basis for
OM accumulation; (ii) the decomposition of OM, which determines the abundance of OM preserved in
sedimentary rocks; and (iii) the input of detrital material, which dilutes the OM [7–14]. Changes in the
paleoenvironment directly affect the characteristics of the plant community, the condition of water,
the depth of lakes, the scale of lacustrine basins, and the intensity of weathering and transportation of
clastic material [15–19]. Therefore, they influence the primary productivity, decomposition of OM,
and clastic material input. Rich paleoenvironment information is recorded in the source rocks and
crude oil geochemical characteristics, which provides a clue for deciphering the lake characteristics
that prevailed during source rock sedimentation.

Jimusar sag is a dustpan sag in the south-eastern Junggar basin. In recent years, shale oil
exploration in Jimusar sag has made a series of breakthroughs in the Lucaogou formation, because
many wells with commercial oil flow have been drilled, and this makes Jimsar sag one of the most
significant areas of shale oil exploration in China. Lucaogou formation was mainly developed in a
saline lacustrine sedimentary system, which is more sensitive to high-frequency climate change than
a marine sedimentary system. Saline and alkaline lakes, as extreme environments, have become a
research front due to their high biological, environmental, and economic significance [20,21].

Due to the high ambient temperature, the high light intensity, and the supply of huge amounts
of CO2, saline and alkaline lakes often have several times the primary productivity of freshwater
lakes [22], so saline and alkaline lacustrine sediments often contain a lot of petroleum and alkaline
mineral resources. For example, the widely studied alkaline lacustrine sediments of the Green River
Formation in the Uinta Basin, USA, have a high abundance of OM [23,24] and contain more than
1.3 trillion barrels of shale oil in-place resources [25], with about 77 billion barrels as a potential
economic resource [26].

However, different from the Green River Formation alkaline lacustrine sediments which were
only formed by evaporation [27], many shale oil reservoirs in northwest China, such as the Middle
Permian Lucaogou formation in Jimsar and Malang Sag, and the Lower Permian Fengcheng formation
in Mahu sag, have been proved to be associated with volcanic activity [28–31]. Volcanic eruptions can
eject enormous amounts of ash into the water body and then release the macronutrients and trace
elements [32–35]. Although excessive Cd, Cu, Pb, Zn, and other elements have potential toxicity to
plankton [36,37], there is growing evidence that primary productivity increases greatly after volcanic
ash deposition due to algae bloom [35,38–40].

Some studies have focused on the lithology, source rocks, reservoirs, and shale oil exploitation of
the Lucaogou formation in Jimusar sag [41–45]. However, the geochemistry of crude oil and source
rocks remains to be further studied, especially an analysis of the paleoclimate and paleoenvironment
of the Lucaogou formation. This study focuses on the mechanism of OM enrichment and hydrocarbon
genesis of the Lucaogou formation in Jimusar sag by geochemical methods. It not only provides the
basis for shale oil exploration and development, but also delivers key evidence for revealing the history
of interaction between the atmosphere, lithosphere, and biosphere in the Middle and Lower Permian
in northwest China.

2. Geological Settings

Jimusar sag, with an area of about 1300km2, is located in the south eastern margin of the
Junggar basin. The sag is bounded by the Jimsar fault in the north, Xidi and Laozhuangwan fault
in the south, and Fukang fault in the south, and overlies the Guxi uplift to the east (Figure 1c).
Jimusar sag is a polycyclic sedimentary basin, with the Upper Carboniferous flexure as the basement,
and has experienced several stages of tectonic movements, such as Hercynian, Indosinian, Yanshan,
and Himalayas movement [46,47]. Jimusar sag received Lucaogou formation lacustrine facies
sediments as an independent sedimentary unit in the Middle Permian. Lucaogou strata are
distributed in the whole sag, which is thick in the south and west and thin in the north and
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east [48]. The average thickness is more than 200m, and up to 350m. The Lucaogou formation is
deposited in a shallow to semi-deep lake environment and is mainly composed of siltstone, mudstone,
carbonate rock, and tuff [44,49,50]. The Lucaogou formation has undergone a sedimentary cycle of
regressive–transgressive–regressive–transgressive and can be upward divided into four strata as P2l12,
P2l11, P2l22, and P2l21 in turn [51,52]. Because P2l12 and P2l22 strata have relatively better reservoir
properties and oiliness, they are respectively called the lower sweet spot (LSS) and the upper sweet
spot (USS) (Figure 1d).
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Figure 1. (a) Location of the Junggar Basin in north-western China; (b) location of Jimsar sag in the
south-eastern Junggar Basin; (c) structural configuration of the Jimsar sag and location of wells sampled
in this study; and (d) generalized stratigraphy and lithology of Jimsar sag with oil layer information.

3. Materials and Methods

In this study, 16 crude oil samples were collected from 12 wells, including nine from the upper
sweet spot (USS) and seven from the lower sweet spot (LSS). To limit contamination, all crude oil
samples were sealed in brown glass bottles rinsed with trichloromethane. In addition, 113 core samples
from USS and LSS, including mudstone, siltstone, dolomite, etc., were collected from 13 wells which
cover the major study area, and the lithology was defined by a description. The crude oil samples
were studied by whole oil gas chromatography (GC) and the saturated hydrocarbons and aromatic
hydrocarbons were analyzed by gas chromatography-mass spectrometry (GC-MS) after the separation
process. Rock pyrolysis and a TOC test were carried out on all core samples, and major and trace
element analyses were performed on 16 selected core samples.

The whole oil GC analysis was performed at the Key Laboratory of Shale Gas Exploration and
Evaluation, Ministry of Land and Resources, China University of Geosciences, using an Agilent HP
7890A instrument, equipped with a DB-5 ht capillary column (30 m × 0.32 mm × 0.1 µm). The inlet
temperature and flame ionization detector (FID) temperature were set at 350 and 370 ◦C, respectively.
The oven temperature started at 40 ◦C (hold for 3 min), and was raised to 230 ◦C at 4 ◦C/min and then
to 370 ◦C at 10 ◦C/min, with a final hold of 20 min. Helium was used as the carrier gas at a flow rate of
1.0 mL/min. The injection volume was 1 µL with a 20:1 split ratio.
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The GC-MS analysis of samples was performed on an Agilent HP 7890A GC interfaced with
an Agilent HP 5975 MSD (ionization energy 70 eV) instrument at the Key Laboratory of Shale Gas
Exploration and Evaluation, Ministry of Land and Resources, China University of Geosciences.
Samples were analyzed in full scan mode (m/z 50−580). An HP-5 MS capillary column (30 m × 0.25 mm
× 0.25 µm) was used and helium was the carrier gas. The oven temperature was programmed to
start at 50 ◦C (held for 1 min) and increase to 120 ◦C at 20 ◦C/min, before then increasing to 300 ◦C at
2 ◦C/min and being maintained for 30 min.

X-ray fluorescence spectrometry (XRF) was used to analyze the main element oxides according
to the industry standard GB/T 14506.28-2010 [53] at the Beijing Key Laboratory of Unconventional
Natural Gas Geological Evaluation and Development Engineering. For trace element and rare earth
element (REE) analyses, 50 mg rock powders were pre-treated by HF and HNO3 and analyzed by a
Finnigan MAT Element inductively coupled plasma mass spectrometry (ICP-MS) system in accordance
with the industry standard of GB/T 14506.30-2010 [54] at the Analytical Laboratory Beijing Research
Institute of Uranium Geology.

The TOC content of the samples was determined using a LECO CS-744 analyzer, following the
procedures of industry standard GB/T 19145-2003 [55], at the Key Laboratory of Shale Gas Exploration
and Evaluation, Ministry of Land and Resources, China University of Geosciences. A Rock-Eval
6 instrument was used to obtain free and volatile hydrocarbon (S1), the remaining hydrocarbon
generative potential (S2), and the temperature of the maximum pyrolysis yield (Tmax), according to
the industry standard GB/T 18602−2012 [56], at the Chinese Academy of Geological Sciences National
Research Center for Geoanalysis. Physical properties and carbon isotope data of crude oil samples and
organic petrology, lithology, porosity, and permeability data of cores were provided by the Xinjiang
Oilfield Company.

4. Results

4.1. Total Organic Carbon and Rock-Eval Pyrolysis

The TOC values of the 113 samples range from 0.24% to 13.86%, with an average of 2.82%. S1 + S2

is mostly distributed between 0.15 mg HC/g Rock and 41.96 mg HC/g Rock, with a mean of 13.73 mg
HC/g Rock. Tmax is in the range of 424–455 ◦C (ave. 445.93 ◦C), indicating that the source rocks
are early mature to mature. The hydrogen index (HI) of more than 90% of samples varies between
65.03 and 723.85 mg HC/g TOC, with an average of 324.60 mg HC/g TOC.

Lucaogou formation source rocks have a quite good hydrocarbon generation potential (Figure 2).
The proportion of good and excellent source rocks of USS is 50%, and the proportion of poor source
rocks is only 17%. These two proxies of LSS source rocks are 44% and 31%. Classified by lithology,
the proportion of good and excellent source rocks in mudstone is 63%, and that of carbonate rock is
29%; however, there are no good and excellent source rocks in the siltstone (Figure 2). No significant
difference is shown in the types of OM between the USS and LSS source rocks, which are primarily
type I, II1, and II2 kerogen, and a few are type III kerogen (Figure 2). In accordance with lithologic
classification, mudstone and carbonate rock are principally type I and II1 kerogen, while siltstone is
principally II1 and II2 kerogen (Figure 2). The oil generation capacity of mudstone and carbonate rock
is better than that of siltstone.
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Figure 2. (a) Plot of the TOC content vs. S1+S2 of the upper and lower sweet spots in the samples,
to evaluate the hydrocarbon generation potential; (b) plot of the TOC content vs. S1+S2 of mudstone,
siltstone, and carbonate rock source rocks, to evaluate the hydrocarbon generation potential; (c) plot of
HI vs. Tmax of the upper and lower sweet spot source rocks, to evaluate organic matter types; (d) plot
of HI vs. Tmax of mudstone, siltstone, and carbonate source rocks, to evaluate organic matter types.

S1/TOC represents the hydrocarbon generation per unit mass of organic carbon. It indicates that
the interval has good oil when the ratio is greater than 75. Additionally, it suggests that the interval
has potentially producible oil when the ratio is greater than 100 [57]. The difference between the upper
and lower sweet spots is small (Figure 3). The median of S1/TOC of the USS samples is 81.96, and the
median of the ratio of LSS samples is 85.58, indicating a favorable exploitation prospect. From a
lithology perspective, siltstone has the best oil content, and the median of S1/TOC is 133.24, while the
median of the ratio of carbonate rock and mudstone is 80.00 and 76.95, respectively (Figure 3).Energies 2020, 13, x FOR PEER REVIEW 6 of 24 
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Figure 3. Plot of S1/TOC vs. Tmax to evaluate the oil-bearing level and the effect of hydrocarbon
expulsion or migration.
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The oil-bearing property of the reservoir is affected by both hydrocarbon expulsion from source
rocks and the migration of non-indigenous hydrocarbons. There is a hydrocarbon expulsion effect in the
lower right area (S1/TOC < 100, Tmax > 450 ◦C) of Figure 3: mature source rocks expel hydrocarbons,
so the amount of S1 in the sample decreases and the S1/TOC decreases, while in the upper left area
(S1/TOC > 150, and Tmax < 440 ◦C) of Figure 3, there is a hydrocarbon migration effect: the migration
of crude oil causes the interval to accumulate non-indigenous hydrocarbons, so the amount of S1 in the
sample increases and the S1/TOC value is abnormally high.

4.2. Molecular Marker Composition of Crude Oil Samples

4.2.1. N-Alkanes and Isoprenoids

The N-alkane and isoprenoid parameters for 16 samples are tabulated in Table 1. Crude oil
contains n-alkanes and isoprenoid between C9 and C35 (Figure 4). The mean value of nC23-/nC24+ is
2.14. Compared with the high carbon number n-alkanes (nC24—nC35), the middle and low carbon
number N-alkanes (nC9—nC23) have obvious advantages. Except for a few samples from LSS, which
take nC17 as the main carbon, the rest of the samples take nC23 as the main carbon (Figure 4). The carbon
preference index (CPI) index gradually approaches 1 with the increase of thermal maturity. The CPI is
greater than 1 (1.26–1.52), showing a weak odd carbon advantage. Pristane (Pr) and phytane (Ph) are
the most abundant acyclic isoprene compounds. The ratio of Pr/Ph of USS crude oil is between 1.20 and
1.44, while that of LSS crude oil is between 0.96 and 1.12. In the case of source rocks, the Pr/Ph of the
USS samples varies between 0.68 and 2.30, and the Pr/Ph of the LSS samples ranges from 0.67 to 1.63.
In addition, the nC17 and nC18 in LSS are significantly lower than Pr and Ph (Figure 4). The ratios of
Pr/nC17 and Ph/nC18 in USS are 0.11–2.06 and 0.12–1.42, while those of LSS are 0.71–2.38 and 0.62–5.10,
respectively. Abundant β-carotane was detected in all samples (Figure 4). In the LSS oil samples,
β-carotane/nCmax ranges from 0.74 to 2.07 (ave. 1.41), while in the USS oil samples, β-carotane/nCmax
ranges from 0.16 to 0.47 (ave. 0.33).

Table 1. Saturated hydrocarbon gas chromatogram parameters of Lucaogou Formation shale oil in
Jimsar sag.

Well Sample
Code

Sweet
Spot Pr/Ph Pr/nC17 Ph/nC18 nC23

-/nC24
+ Paq CPI β-Carotane/nCmax

J171 171-1 upper 1.27 1.03 0.93 2.28 0.77 1.34 0.47
J173 173-1 upper 1.28 1.20 0.98 1.98 0.81 1.48 0.21
J174 174-1 upper 1.26 0.85 0.72 2.50 0.84 1.37 0.16
J25 25-1 upper 1.20 0.82 0.73 2.39 0.82 1.36 0.20
J301 301-1 upper 1.31 1.10 0.85 1.90 0.76 1.37 0.35
J302 302-1 upper 1.42 1.03 0.70 1.72 0.76 1.38 0.26
J303 303-1 upper 1.44 1.23 0.87 1.71 0.75 1.39 0.46
J31 31-1 upper 1.44 1.23 0.87 1.71 0.75 1.39 0.46
J37 37-1 upper 1.38 1.17 0.89 1.78 0.75 1.36 0.37
J174 174-2 lower 1.07 1.79 2.59 2.85 0.77 1.45 0.74
J174 174-3 lower 1.08 1.75 2.45 1.82 0.69 1.26 1.27
J305 305-1 lower 1.12 1.36 1.67 2.38 0.76 1.34 1.03
J31 31-2 lower 0.96 1.88 3.31 2.13 0.75 1.52 1.99
J31 31-3 lower 0.96 1.87 3.41 2.09 0.75 1.51 1.81
J33 33-1 lower 1.07 1.25 1.54 2.57 0.77 1.32 0.96
J38 38-1 lower 1.03 1.75 2.80 2.36 0.70 1.43 2.07

Notes: Pr, Pristane; Ph, Phytane; Paq, Paq = (nC23+nC25)/(nC23+nC25+nC29+nC31); CPI = 1
2 ×( nC25+nC27+nC29+nC31+nC33

nC26+nC28+nC30+nC32+nC34
+

nC25+nC27+nC29+nC31+nC33
nC24+nC26+nC28+nC30+nC32

)
.
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Figure 4. Representative gas chromatograms of whole oil samples from the (a,b) upper sweet spot and
(c,d) lower sweet spot.

4.2.2. Terpanes and Steranes

The parameters of terpanes and steranes of 16 samples are tabulated in Table S1. The mass
chromatograms of the m/z191 fragment of all samples show that the hopane relative content has
significant advantages over tricyclic terpanes (TT) and tetracyclic terpanes (TeT) (Figure 5). The ratio
of TT/17 α-hopane in crude oil ranges from 0.033 to 0.052, with an average of 0.040, of which the ratio
of LSS crude oil (ave. 0.044) is higher than that of USS crude oil (ave. 0.037). The extended tricyclic
terpanes ratio [ETR = C28TT + C29TT)/(C28TT + C29TT + Ts)] of the USS samples is in the range of
0.68–0.77, and that of the LSS samples is between 0.73 and 0.88.
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Figure 5. (a) Representative mass chromatograms (m/z 191) showing the tricyclic terpanes, tetracyclic
terpanes; and (b) hopanes of saturated hydrocarbon fraction samples from the upper sweet spot and
lower sweet spot.

High concentrations of C29 norhopane (C29Hop), C30 hopane (C30Hop), and C31—C35 homohopane
(C31Hop—C35Hop), dominated by C30Hop, were detected in all crude oil samples. The ratios of
source parameters like C29Hop/C30Hop and C35Hop 22S/C34Hop 22S lie in the ranges of 0.42–0.75 and
0.34–0.54, respectively. The USS and LSS samples have almost the same C31Hop 22S/(22S + 22R)
(0.56–0.60 for the USS samples and 0.56–0.59 for the LSS samples). This demonstrates that the maturity
of the oil samples from the two members is barely different, and both are close to the equilibrium point
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and in the main stage of oil generation. The ratio Ts/Tm of crude oil in the study area is fairly low,
the ratio of the USS oil samples is within the range of 0.10–0.18, and the ratio of LSS oil samples is
between 0.04 and 0.14. Gammacerane (Ga) was detected in all samples. The maximum value of the
Ga/C31Hop 22R ratio is 1.95, the minimum value is 1.30, and the average value is 1.58.

The regular sterane (Ster) distributions in the upper and lower sweet spot samples all show
the distribution law of C29Ster > C28Ster > C27Ster (Figure 6). The proportions of USS samples are
41.19–46.34%, 38.38–43.64%, and 10.63–20.05% in turn, while those of the LSS samples are 48.12–52.03%,
39.26–41.95%, and 6.02–11.33%. There is no significant difference in C29Ster 20S/(20S+20R) and
C29Sterββ/(ββ+αα) among the USS and LSS samples (Table S1). According to Figure 7, the samples
of Lucaogou formation are in the mature stage, which is similar to the result indicated by other
maturity indexes.
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4.2.3. Chromans and Aryl Isoprenoids

2-methyl-4,8,12-trimethytridecyl chromans (MTTCs) have homologs, such as mono-methyl
(δ-MTTC), dimethyl (γ-MTTC, β-MTTC, and ζ-MTTC), and trimethyl (α-MTTC) based on the number
of methyl substituents. In the crude oil of the Lucaogou formation, except for ζ-MTTC, all the other
four homologs can be identified (Figure 8a, b). The MTTCI [α-MTTC/(γ-MTTC + β-MTTC + δ-MTTC)]
of USS crude oil is between 0.59 and 0.90, while the LSS crude oil MTTCI is between 0.43 and 0.69.
Aryl isoprenoid compounds with C15 homologs as the main peak can also be detected in crude oil
samples (Figure 8c). These compounds are thought to derive from isorenieratene or β-isorenieratene
in green sulfur bacteria (Chlorobiaceae), which is a kind of anoxygenic phototrophic bacteria that
depends on both light and H2S for its survival.
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Figure 8. (a,b) Representative mass chromatograms (m/z = 121, 135, and 149) showing the
2-methyl-4,8,12-trimethytridecyl chroman (MTTC) distribution of upper and lower sweet spot oil
samples; and (c) combined mass chromatograms of m/z 120 + 121 + 133 + 134 showing MTTC and aryl
isoprenoid distributions for crude oils from Jimsar sag.

4.3. Elemental Geochemistry Characteristics of Core Samples

4.3.1. Distribution of Major and Trace Elements.

The source rocks of the Lucaogou formation in Jimusar sag contain SiO2, Al2O3, TiO2, Fe2O3, MnO,
P2O5, CaO, MgO, K2O, and Na2O, as shown in Table S2. Using the upper continental crust (UCC) [58]
to normalize the oxide data, most samples depleted in SiO2, Al2O3, Na2O, K2O, and TiO2. P2O5

and Fe2O3 generally showed enrichment in USS samples and depletion in LSS samples. Because the
Lucaogou formation rocks are primary dolomitic mudstone, limestone, and dolostone, most of the
samples were enriched in MgO and CaO (Figure 9a). The content of Sc, V, Cr, Mo, and Cd shows
little difference between the USS and LSS samples. For the content of Co, Ni, Cu, Zn, Rb, Ba, and Pb,
the USS samples exhibit significantly higher values than those in the LSS samples, while the content of
Sr is more abundant in the LSS samples (Table S2). Compared with the Post-Archean Australian shale
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average (PAAS) [59], the source rocks of the Lucaogou formation are significantly enriched in Ni, Cu,
Zn, Sr, Mo, Cd, and U, but lack Rb, Nb, Th, and other elements (Figure 9b).
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crust); (b) trace elements; and (c) rare earth elements (relative to the Post-Archean Australian shale
average) in upper and lower sweet spot source rocks. The dashed line represents an enrichment index
with a value of 1.

4.3.2. REE Distribution and PAAS Normalized Patterns.

The total rare earth element (ΣREE) content in the samples is between 56.71 and 282.42 ppm
(ave. 118.63 ppm). The average ΣREE in the USS samples is 127.19 ppm, which is slightly higher
than 99.06ppm in the LSS samples (Table S2). The light rare earth element (LREE)/heavy rare earth
element (HREE) that varies from 3.29 to 6.89 shows that LREE is more enriched than HREE; however,
the value is lower than 9.54 for PAAS. Therefore, the REE distribution pattern normalized by PAAS
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shows that the LREE of the samples is deficient compared with PAAS, and the HREE of the samples is
enriched compared with PAAS (Figure 9c). Cerium anomalies (Ce/Ce* = 3CeN/(2LaN + NdN)) were
calculated [60], where N refers to the normalization of concentrations against the PAAS. The Ce/Ce*
values show negative Ce anomalies, and vary between 0.89 and 1.04, with little difference between
upper and lower sweet spots.

5. Discussion

5.1. Paleoclimate and Paleoenvironment

The paleoclimate is key to determining the water depth, weathering, clastic transport, and aquatic
conditions, all of which control the characteristics of deposited OM. Zhao, et al. [61], Cao, et al. [62],
and Moradi, et al. [63] applied the C-value [C-value = Σ(Fe + Mn + Cr + Ni + V + Co)/Σ(Ca + Mg
+ Sr + Ba + K + Na)] as a pointer of paleoclimate. This value may decrease due to paleoclimate
changes from warm and humid to hot and arid, because Fe, Mn, Cr, Ni, V, and Co are enriched under
humid circumstances, whereas Ca, Mg, Sr, Ba, K, and Na are concentrated under arid circumstances.
The C-value of USS samples averaged out at 0.23 and that of the LSS samples averaged out at 0.14,
indicating a warm and semiarid paleoclimate and that the LSS was more arid during the deposition
period. Other frequently used paleoenvironmental geochemical indicators, such as Sr/Cu (averaged
out at 3.88 for USS samples and averaged out at 10.06 for LSS samples) and Rb/Sr (averaged out at
0.20 for USS samples and averaged out at 0.09 for LSS samples), all support the conclusion drawn
from the C-value in the above. The higher (Al + Fe)/(Ca + Mg) ratio can reflect the deeper lake water,
and this ratio of the USS samples is higher than that of the LSS sample, with their average values being
0.79 and 0.62, respectively, signifying that the water was deeper throughout the sedimentary period of
the USS. The parameters of the major and trace elements of 16 samples are presented in Table 2.

Table 2. Element geochemistry parameters of Lucaogou Formation source rocks in Jimsar sag.

Well Depth
(m)

Sweet
Spot A B C D E F G H I J K L

J173 3083.83 upper 13.21 0.22 1.36 0.04 1.45 0.48 1.31×10−2 0.47 3.34 0.62 1.39 0.68
J22 2541.76 upper 10.48 0.22 6.61 0.10 1.36 0.68 1.08×10−2 0.26 2.83 0.82 2.99 0.79
J22 2542.81 upper 11.52 0.38 6.68 0.11 1.95 0.84 7.47×10−3 0.43 4.81 0.83 3.66 0.78
J30 4047.21 upper 8.98 0.27 1.10 0.20 1.02 0.89 9.07×10−3 0.23 3.26 0.80 2.51 0.62
J30 4050.83 upper 7.21 0.25 9.43 0.09 1.95 1.18 6.21×10−3 0.12 2.68 0.83 3.18 1.04
J30 4056.00 upper 8.64 0.20 0.80 0.26 0.75 0.76 7.85×10−3 0.15 2.87 0.74 2.19 0.66
J32 3563.05 upper 12.21 0.48 5.14 0.08 1.99 0.93 7.32×10−3 0.20 6.45 0.79 1.70 0.64
J32 3579.60 upper 9.68 0.13 0.70 0.72 0.26 0.67 6.44×10−3 0.19 2.43 0.75 2.33 0.85
J34 3685.63 upper 13.86 0.26 3.11 0.21 0.52 1.03 1.18×10−2 0.18 3.87 0.48 1.40 0.52
J251 3751.34 lower 8.14 0.10 12.49 0.05 2.99 0.30 9.06×10−3 0.15 1.98 0.88 3.25 0.87
J251 3764.05 lower 12.55 0.12 11.50 0.05 3.46 0.31 8.60×10−3 0.20 2.36 0.84 3.44 0.83
J30 4144.56 lower 2.61 0.19 7.40 0.27 0.60 1.97 4.50×10−3 0.15 1.99 0.79 3.02 1.35
J33 3663.38 lower 12.44 0.13 10.86 0.03 3.06 0.35 8.06×10−3 0.22 2.87 0.85 4.07 0.88
J33 3665.70 lower 9.51 0.17 6.40 0.11 1.87 0.56 8.30×10−3 0.25 2.50 0.76 2.83 0.62
J34 3781.75 lower 5.35 0.14 12.76 0.04 2.62 0.47 6.36×10−3 0.12 2.64 0.80 2.62 0.81
J34 3814.26 lower 11.42 0.13 9.00 0.08 2.38 0.37 9.60×10−3 0.20 2.51 0.81 2.64 0.78

Notes: A, TOC (%); B, C-value = Σ(Fe + Mn + Cr + Ni + V + Co)/Σ(Ca + Mg + Sr + Ba + K + Na); C, Sr/Cu; D, Rb/Sr;
E, Sr/Ba; F, (Al + Fe)/(Ca + Mg); G, Ba/Al; H, P/Ti; I, Fe (%); J, V/(V + Ni); K, V/Cr; L, U/Th.

β-carotane, which evolves from carotenoids, is principally associated with anoxic, saline lacustrine,
or highly restricted marine settings [64,65]. Because precursors of extended tricyclic terpanes are rich in
saline lacustrine settings, extended tricyclic terpane ratio (ETR) is an effective indicator for evaluating
the water salinity [65,66]. The relative abundance of β-carotane, as well as the value of ETR, in the LSS
crude oil is obviously higher than that in the upper sweet spot crude oil (Table S1), indicating that the
water salinity was higher during the LSS period. Ts/Tm is often used to characterize the maturity of
OM. The higher the maturity, the larger the Ts/Tm; however, this ratio for samples in Jimsar sag is
extremely low (Table S1), demonstrating that it was affected by the sedimentary environment and can
no longer be used as a maturity indicator. Peters [65], Moldowan, et al. [67], and Li [68] believe that
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saline lacustrine environments and carbonate rock with low clay mineral will restrict the formation of
Ts. Therefore, the low Ts content in the shale oil may due to the high salinity water condition and low
clay mineral content.

Although the origin and precursors of MTTCs are still controversial [69], using MTTCs’ relative
abundance to evaluate the water salinity can be useful [70–72]. This investigation applies MTTCI
(MTTCI = α-MTTC/

∑
MTTCs) to estimate the paleosalinity and the MTTCI of the LSS samples is

significantly lower than that of the USS samples (Table S1). Since the abundance of αMTTC tends to
decrease in a saline setting, the result indicates that the LSS had a higher salinity during sedimentation.
The salinity of USS and LSS periods was estimated by a Pr/Ph versus MTTCI diagram [70]. The diagram
shows that the LSS samples primarily fell into the normal marine-like salinity zone. In contrast, the USS
samples primarily fell into the semi-saline to freshwater zone (Figure 10). The above conclusion is
supported by the effective inorganic geochemical index Sr/Ba of LSS samples (ave. = 2.42), which is
significantly higher than that of USS samples (ave. = 1.39) (Table 2).
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Figure 10. Correlation of Pr/Ph vs. MTTCI and lacustrine water salinity assessment of the Lucaogou
formation [70].

Gammacerane is highly specific for water-column stratification (commonly due to hypersalinity)
because the principal source of its precursor tetrahymanol appears to be bacterivorous ciliates, which
occur at the interface between oxic and anoxic zones in stratified water columns [65]. The higher
the Ga/C31Hop, the more obvious the stratification of the water-column. According to Figure 11,
the Ga/C31Hop is positively correlated with MTTCI. Meanwhile, the Ga/C31Hop and MTTCI of USS
samples are higher than the LSS samples, which seems a bit contradictory. However, this is because
the water was stratified intensively during the USS period, and the salinity of the bottom water
(aphotic zone) is obviously higher than that of the top water (photic zone). Additionally, MTTCs are
most likely derived from direct biosynthesis by photosynthetic primary producers [73–75], so more
α-MTTC was synthesized in the photic zone with the freshwater setting. Nevertheless, during the LSS
period, resulting from factors such as the relatively shallow water body, the salinity stratification of
the lacustrine was not obvious, and the bottom water has a similar salinity to the top water, so more
δ-MTTC was synthesized in the brackish lake setting. The investigations of Zhang, Jiang, Sun, Xie and
Chai [69] and Kenig, et al. [76] have evidenced this inference.
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between water-column salinity and the stratification level.

5.2. The Provenance of Organic Matter

The distribution pattern of n-alkane with nC23 as the main carbon is common in saline lacustrine
settings and relates to the prosperity of some special algae [70,77]. The Paq index [(nC23 + nC25)/(nC23 +

nC25 + nC29 + nC31)] can indicate the relative relationship between submerged and floating macrophytes
and the input of terrestrial higher plants [78]. The average Paq values of USS and LSS samples are
0.78 and 0.75 (Table 1). The predominance of nC23 and nC25 suggests that an abundant input of
submerged and floating macrophytes were the main provenance of OM. The relationship between
Pr/nC17 and Pr/nC18 indicates that the OM principally originates from phytoplankton (Figure 12),
consistent with the results obtained through Paq.
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Neither crude oil nor source rock samples detected the oleanane, which was produced by
angiosperms [79]. Meanwhile, tricyclic diterpanes and tetracyclic diterpanes, with a high specificity
for various gymnosperm and angiosperm inputs [65], were not detected. The macerals of the source
rocks in the Jimusar Lucaogou formation are primarily sapropelinite, with a content of 5% to 43.1%,
while the sum content of the vitrinite and liptinite is between 0.5% and 4.1%, according to the data
from Xinjiang Oilfield Company. Except for biomarkers and macerals, the average stable δ13C values
of the whole oil, saturated hydrocarbon, and aromatic hydrocarbon in crude oil samples are -31,59%�,
-32.60%�, and -30.30%�. These show that the higher plants barely contributed to the OM.

The relative amount of C27, C28, and C29 regular sterane in oil can determine the sedimentary setting.
Cao, et al. [80] inferred a significant contribution from terrigenous OM of the Lucaogou formation due
to the C29Ster content being the highest and C27Ster content being the lowest. Through the correlation
between the abundance of C29Ster and the abundance of β-carotane, Ding, et al. [81] considered the
biological origin of β-carotane as mainly terrigenous OM transported into the Jimsar Sag, not OM
derived from aquatic bacteria and algae. It must be noted, however, that C29Ster is not only derived
from terrestrial vascular plants. Volkman [82], Volkman, et al. [83], and Moldowan, et al. [84,85]
mentioned that some non-marine benthos brown algae, green algae, and even cyanobacteria may
produce β-sitosterol and C29Ster. Therefore, it is necessary to be careful when using the C29Ster
abundance as an input evaluation criterion for higher plants. Combined with the previous analysis,
the terrestrial higher plant input in the study area is insignificant, and it is considered that the high
abundance of C29Ster is likely to have originated from some special algae related to the saltwater
setting. This also explains why a higher abundance of C29Ster is displayed in the LSS samples with a
higher water salinity. The low sterane/hopane ratio and TT/17 α-hopane ratio (Table S1) in the Jimsar
sag samples may reflect the microbial transformation of dead phytoplankton during deposition.

5.3. Factors Affecting the Enrichment of Organic Matter

Phosphorus (P) is the most important nutrient element of phytoplankton, and also an important
part of the biotic skeleton. According to the DSDP and ODP drilling data, there is often a positive
correlation between the buried phosphorus and the organic carbon [86]. Here, the average P/Ti of
the USS samples is 0.25, which is higher than the 0.18 value of the LSS samples (Table 2). Iron (Fe) is
a necessary limiting nutrient element for photosynthesis. Fe can effectively promote the growth of
phytoplankton in high-nutrient/low-chlorophyll (HNLC) regions and can also regulate the nitrogen
fixation in low-nutrient regions [39,87]. The mean Fe content of the USS and LSS samples in the study
area is 3.651% and 2.407%, respectively (Table 2). As BaSO4 often precipitates with the deposition of
OM, barium (Ba) is an important paleoproductivity estimation index [88,89]. The Ba/Al in USS and
LSS samples is 0.0091 and 0.0078, respectively (Table 2). The parameters of P, Fe, and Ba indicate that
the USS period had higher primary productivity, without exception.

The C29Hop/C30Hop and C35Hop 22S/C34Hop 22S indicate the anoxic lacustrine environment
in the study area. In Figure 13, the LSS data are basically located in the upper right of the USS data,
demonstrating that the oxygen-bearing level in the LSS water is lower. The detection of aryl isoprenoids
from Chlorobiaceae may indicate the anoxic photic zone phenomenon during the deposition period of
the Lucaogou formation.
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By studying the relationship between V/(V + Ni) and the degree of pyritization (DOP), Hatch
and Leventhal [90] considered that when V/(V + Ni) > 0.84 reflects a dissolved H2S euxinic water
column, V/(V + Ni) in 0.54–0.72 reflects an anoxic water column, and V/(V + Ni) in 0.46–0.60 reflects a
dysoxic water column. The V/(V + Ni) of the USS sample is between 0.48 and 0.83, with a mean of 0.74,
and the LSS sample V/(V + Ni) is between 0.76 and 0.88, with a mean of 0.82 (Table 2). V/Cr is also
used to assess the redox conditions. It is generally believed that a ratio of less than 2 reflects an oxic
environment; a ratio greater than 4.25 reflects an anoxic condition; and when the ratio is between 2 and
4.25, it represents a suboxic or dysoxic condition [91]. The average V/Cr value of the upper and lower
sweet spots samples is 2.38 and 3.13, respectively (Table 2). U/Th < 0.75 reflects an oxidic environment,
a U/Th ratio between 0.75 and 1.25 reflects a suboxic environment, and U/Th > 1.25 reflects an anoxic
water environment [92]. The average U/Th of the USS samples is 0.75, which is 0.13 lower than that of
the LSS samples (Table 2). These three ratios reflect the dysoxic to anoxic water column during the
Lucaogou formation and the oxygen content in the LSS was lower.

Compared with the above parameters, the Mo-U enrichment factor ratio (MoEF/UEF) is a relatively
new parameter. Their logarithmic cross plot can reflect the oxygen-bearing characteristics of the water
body in the sedimentary environment [93,94]. Enrichment factors (EF) were calculated as

XEF = [(X/Al)sample/(X/Al)PAAS], (1)

where X and Al represent the weight percent concentrations of elements X and Al, respectively.
Samples were normalized using the PAAS. Figure 14 shows that the Lucaogou formation was deposited
in a dysoxic to anoxic water environment.
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The cerium element mainly exists in the form of Ce3+ in seawater and sediments. In general, Ce3+

can be oxidized to Ce4+ under an oxic condition, resulting in the depletion of Ce. However, under a
dysoxic and anoxic environment, Ce4+ will be reduced to Ce3+, leading to the enrichment of Ce [95,96].
Therefore, Ce/Ce* can reflect the redox conditions. Generally, Ce/Ce* > 0.79 indicates an anoxic
environment [60]. The minor negative Ce anomaly values of USS (0.89–1.02) and LSS (0.90–1.04)
samples suggest an anoxic setting, which is comparable to the analysis deduced above.

There is no obvious correlation between TOC and redox indicators (Figure 15), signifying that the
difference of redox conditions between upper and lower sweet spots cannot have a decisive role in
OM accumulation. Comparatively, based on the correlation diagrams for P/Ti, Ba/Al, Fe, and TOC,
a positive relationship was found, indicating that paleoproductivity is the vital factor controlling the
enrichment of OM (Figure 15). Higher paleoproductivity ensures abundant organic carbon sources.

P, Fe, and other important macronutrients are obviously enriched in the USS samples, which is
likely due to the rapid release of numerous elements carried by volcanic ash. The appropriate number
of nutrient elements meant that a large number of algae were reproduced in the lacustrine basin,
which greatly promoted the transformation from inorganic carbon to organic carbon. The cores with a
banded structure, characterized by the interbed between dark OM layers and light terrigenous clastic
or carbonate mineral layers, indicate the occurrence of the algae bloom. As mentioned in 5.1, during
the USS stage, the lake was deeper and had a lower salinity, and the strong stratification of the water
further intensified the desalination of the USS water. Therefore, the lacustrine environment in the
top layer of the photic zone was more suitable for the survival of phytoplankton. In the process of
deposition after the death of algae, one part of the organic carbon was decomposed and the other
part was preserved. The Lucaogou formation was deposited in an oxygen-depleted setting, and the
anoxic photic zone occurred in both USS and LSS. Although the oxygen content in the USS was slightly
higher than that in the LSS, OM did not undergo more severe decomposition. Organic matter was
well-preserved in both USS and LSS periods.

Li et al. [97], Ding et al. [98], and Liu et al. [99] found volcanic tuff and exhalative rocks with
porphyritic structures in the core samples, which indicates that the Lucaogou formation in the study
area has been affected by volcanic activity. Moderate paleoclimate and ample nutrients released
by volcanic ash promoted algae bloom and ensured adequate OM. At the same time, the anoxic
environment was capable of preserving OM and the weak weathering meant that the OM was only
slightly diluted. As a result, thick organic-rich mudstone and dolomite with a good hydrocarbon
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generation potential have been deposited in the Lucaogou formation, especially USS, in Jimusar sag.
The silty-fine sandstone interbedded with mudstone and dolomite was deposited in the lacustrine
basin during the regressive stage, which became the reservoir of crude oil generated by adjacent
source rocks.
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6. Conclusions

The source rocks of the Lucaogou formation in Jimsar have considerable hydrocarbon-generating
potential. The proportion of excellent source rocks can reach 50%. The main types of OM are type I
and type II1 kerogen, with some type II2 kerogen and very little type III kerogen. The content and type
of OM of the USS samples are both slightly better than the LSS samples.

The Lucaogou formation was deposited in a warm and semi-arid environment. During the
sedimentary period, the LSS was drier and hotter than the USS. The different paleoclimate made
the water evaporation more serious throughout the LSS period, which caused the shallower and
higher salinity water column. Due to the shallower lacustrine basin, salinity stratification during the
LSS period was not as obvious as in the USS period. Simultaneously, both organic and inorganic
geochemical indicators demonstrate that the water body was under an anoxic background, in which
the oxygen was depleted more in LSS than USS.

The shale oil in the Lucaogou formation is principally derived from aquatic organisms such as
algae, while the contribution of higher plants is minor. The high abundance of C29 regular sterane in
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the samples does not come from terrestrial higher plants, but from some special algae living in saline
lacustrine. A cautious attitude must be taken when using the regular sterane distribution pattern as
the means of determining the OM origin in comparable sedimentary environments.

Despite the OM having been modified by microorganisms in the process of sedimentation, owing
to the occurrence of the anoxic photic zone and the exhaustion of oxygen, the oxidative decomposition
was not serious. Meanwhile, the discrepancy of redox conditions among LSS and USS was not sufficient
to result in differences in the preservation and enrichment of OM between them.

With more suitable climate and water conditions, as well as the rich nutrients brought by the
deposition of volcanic ash, aquatic organisms such as algae in the lacustrine basin were more prosperous
throughout the deposition period of USS. The blooming of algae means that the study area has a
high paleoproductivity, and primary productivity is the most important key controlling factor of OM
accumulation and hydrocarbon generation in the study area.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/6/1488/s1:
Table S1: The parameters of molecular markers of crude oil samples; and Table S2: Elemental geochemistry
experiment data of source rocks.
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