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Abstract: The well-developed mudstone and gypsum mudstone in the Oligocene Linhe Formation
(E3l) in the Hetao Basin are the main source rocks for gypsum. However, the sedimentary environment
and organic matter (OM) enrichment factors of E3l are not clear, and this inhibits the prediction of
hydrocarbon source rock distribution and resource calculation. Major and trace elements, total organic
carbon (TOC), pyrolysis using the Rock-Eval II, and saturated hydrocarbon gas chromatography–
mass spectrometry (GC–MS) analyses were performed in this study. The results show that E3l
was deposited in brackish water and saline–ultrasaline water, with weak oxidation reduction in an
arid and hot environment. Terrestrial input inhibits OM enrichment, while the redox, paleosalinity,
paleoclimate, and paleoproductivity play a catalytic role. The main controlling factors of the same
lithologic source rocks are different: terrestrial input and paleoclimate have a greater impact on
mudstone, and the redox and paleosalinity were more favorable to gypsum mudstone. Although the
main controlling factors are different for different lithologies, their OM enrichment characteristics
are still consistent. The E3l water body was deep, and the contribution of nutrients from terrigenous
debris to OM enrichment was less. In addition, the water retention environment changed significantly
during the E3l sedimentary period, resulting in fewer nutrients, which limited the improvement of
surface water paleoproductivity. The arid climate increased water evaporation and salinity, which to
some extent prevented consumption and decomposition. Weak oxidation-reduction fluctuations and
the stratification of the water body were obvious, and this was not only conducive to the enrichment
of OM but also to its preservation.

Keywords: saline lake; organic enrichment; paleoenvironment; source rock; Hetao Basin

1. Introduction

Many large terrestrial oil and gas fields have been developed in saline lake basins [1–4].
The characteristics of the paleo-sedimentary environment and the development model
of source rocks in saline lake facies are important scientific issues in petroleum geology,
geochemistry, and lacustrine sedimentology. Compared with freshwater lake basins, the
biological development characteristics, sedimentary environment, and organic matter (OM)
development models of source rocks in saline lake basins are special [5–7]. First, changes
in water salinity affect the development of microorganisms and algae [8,9]. Secondly, the
special stratification of sedimentary water in the saline lake basin will lead to corresponding
changes in the temperature, light transmittance, and redox properties of sedimentary water
with depth, which is more conducive to the production and preservation of OM [9,10].
Finally, saltwater lake basins have obtained abundant hydrocarbon production [11,12],
confirming good research prospects.
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Typical paleo-sedimentary environments and development models of lacustrine source
rocks include the large-scale deep-water anoxic lake basin model, the high-salinity enclosed
lake basin model, the medium-deep tropical lake basin model, and the oligotrophic lake
basin model [13–17]. Based on the sedimentary theory and previous research experience,
the study of the paleo-sedimentary environment mainly includes terrestrial input [18],
redox conditions [19], paleosalinity [20], paleoclimate [21], paleoproductivity [22], sedi-
mentation rate, paleowater depth [23], etc. Terrestrial inputs introduce plant detritus but
also dilute OM availability [18]. Reducing the environment reduces consumption and con-
tributes to OM enrichment [13–19]. Adequate salinity is more conducive to biogenesis [8].
Climate affects water evaporation and is closely related to conservation [24]. Paleoproduc-
tivity directly affects the hydrocarbon generation capacity [25]. The sedimentation rate
and paleowater depth affect water redox and productivity, and they further affect OM
development [23,26].

At present, there are few studies on the source rocks of the Linhe Formation (E3l)
in the Linhe Depression of Hetao Basin. Seismic facies are studied for their source rock
distribution [27], organic geochemistry [28], oil source correlation [29], structural prediction
of exploration prospects [30], etc. Ancient sedimentary environment characteristics of
E3l mudstone and gypsum mudstone have not been systematically studied. There is
no distinction between their sedimentary environments. This is not conducive to the
correct assessment of hydrocarbon generation capacity and distribution characteristics.
In addition, the ancient sedimentary environment and development model of saline lake
source rocks in E3l are clarified. This can not only enrich the theoretical research of saline
lake source rocks but also enrich the content of sedimentology, environmental chemistry,
and petroleum geology.

Based on the characteristics of organic geochemistry and the inorganic elements of
source rocks, this study will discuss the effects of terrestrial input, redox, paleosalinity,
paleoclimate, sedimentation rate, and paleowater depth on organic matter enrichment in
mudstone and gypsum-bearing mudstone. It will present an innovative discussion on
organic matter enrichment factors in the source rocks of mudstone and gypsum mudstone,
and this will also provide a good guiding role in the exploration and development of source
rocks in saline lake basins.

2. Geological Setting

The Hetao Basin has an area of approximately 40,000 square kilometers, between the
Yinshan and Helan Mountains, and it is adjacent to the Ordos Basin (Figure 1a) [28]. In
the regional tectonic position, the basin is sandwiched between the North China plate, the
Alxa plate, and the Central Asian orogenic belt [30,31]. The Linhe depression is located
in the western part of the basin and has the largest area of 2.43 × 104 km2, which is
the main sedimentary depression and oil-bearing area (Figure 1a,b) [32–34]. It can be
divided into the Jilantai sag in the south and the Bayannaoer sag in the north. It has the
structural characteristics of east–west zoning and north–south zoning [35]. Among them,
the east–west direction of the Bayannaoer sag can be divided into the central fault belt and
the Huanghe depression (Figure 1b). The Jilantai sag is divided into the Jixi depression
and the Jibei uplift. The basement of the basin is the metamorphic rock series of the
Paleoproterozoic–Archaean Wulashan Group. Its stratigraphic distribution is shown in
Figure 1c. The Linhe Formation is a better source rock, while the Wuyuan formation is a
better cap rock [28].
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Figure 1. Geographical location map (a), tectonic unit division map (b), and stratigraphic column 
map (c) of Hetao Basin. 

3. Materials and Methods 
A total of 78 core samples were collected for experiments. A total of 42 samples (23 

mudstones and 19 gypsum mudstones) were used for total organic carbon (TOC), Rock-
Eval pyrolysis and saturated hydrocarbon gas chromatography—mass spectrometry 
(GC–MS). We collected 36 core data (10 mudstones, 11 sandstones, and 15 gypsum mud-
stones) from the Linhe Formation of well H6 for major and trace element analysis experi-
ments. The sampling location is shown in Figure 1b. The main trace element sampling 
diagram and core photos are shown in Figure 2. Because the cores shown in both Figure 
2a,b are sandstones, this section was not continuously sampled. Lithology of LH-13, LH-
14 and LH-15 is a gypsum-bearing argillaceous siltstone, which is summarized as gypsum 
mudstone in data processing. 

Before analysis, the samples were washed and dried with methanol/dichloromethane 
(1/9) solution and ground to powder. Total organic carbon (TOC) analysis was conducted 
using a LECO CS-125 carbon sulfur analyzer. Specific analysis steps can be found in Xiao 
et al. [36]. After the air in the instrument was removed by helium, it was analyzed by a 
Rock-Eval II instrument and heated to 600 °C. The pyrolysis parameters were recorded 
according to the analysis steps of Su et al. [37]. 

GC–MS analysis was performed on Agilent 6890 chromatographic column with Ag-
ilent 5975 mass spectrometer detector. The saturated hydrocarbon was separated on a 30 
m-long HP-5MS elastic silica capillary column (0.25 mm in diameter and 0.25 µm in wall 
thickness). The gas chromatography heating program was 50 °C constant temperature for 
1 min, then 3 °C/min to 310 °C, and a constant temperature of 30 min. Its carrier gas was 
at a constant current mode, with a flow rate of 1.0 mL/min. 

Major and trace elements have been mentioned many times in the literatures, and the 
experimental procedures of this current experiment mainly refer to the experimental 
methods of Wang et al. [38] and Li et al. [27]. 

Analysis of trace boron was carried out with  sodium hydroxide melt on an induc-
tively coupled plasma mass spectrometer (Model 7900). The sample was weighed in a 
nickel crucible, and the sodium hydroxide flux was added to the sample. After fully 

Figure 1. Geographical location map (a), tectonic unit division map (b), and stratigraphic column
map (c) of Hetao Basin.

3. Materials and Methods

A total of 78 core samples were collected for experiments. A total of 42 samples
(23 mudstones and 19 gypsum mudstones) were used for total organic carbon (TOC), Rock-
Eval pyrolysis and saturated hydrocarbon gas chromatography—mass spectrometry (GC–
MS). We collected 36 core data (10 mudstones, 11 sandstones, and 15 gypsum mudstones)
from the Linhe Formation of well H6 for major and trace element analysis experiments.
The sampling location is shown in Figure 1b. The main trace element sampling diagram
and core photos are shown in Figure 2. Because the cores shown in both Figure 2a,b
are sandstones, this section was not continuously sampled. Lithology of LH-13, LH-14
and LH-15 is a gypsum-bearing argillaceous siltstone, which is summarized as gypsum
mudstone in data processing.

Before analysis, the samples were washed and dried with methanol/dichloromethane
(1/9) solution and ground to powder. Total organic carbon (TOC) analysis was conducted
using a LECO CS-125 carbon sulfur analyzer. Specific analysis steps can be found in
Xiao et al. [36]. After the air in the instrument was removed by helium, it was analyzed by
a Rock-Eval II instrument and heated to 600 ◦C. The pyrolysis parameters were recorded
according to the analysis steps of Su et al. [37].

GC–MS analysis was performed on Agilent 6890 chromatographic column with Ag-
ilent 5975 mass spectrometer detector. The saturated hydrocarbon was separated on a
30 m-long HP-5MS elastic silica capillary column (0.25 mm in diameter and 0.25 µm in wall
thickness). The gas chromatography heating program was 50 ◦C constant temperature for
1 min, then 3 ◦C/min to 310 ◦C, and a constant temperature of 30 min. Its carrier gas was
at a constant current mode, with a flow rate of 1.0 mL/min.
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Major and trace elements have been mentioned many times in the literatures, and
the experimental procedures of this current experiment mainly refer to the experimental
methods of Wang et al. [38] and Li et al. [27].

Analysis of trace boron was carried out with sodium hydroxide melt on an inductively
coupled plasma mass spectrometer (Model 7900). The sample was weighed in a nickel
crucible, and the sodium hydroxide flux was added to the sample. After fully mixing, it
melted at a high temperature. After cooling, the melt was dissolved and diluted in 100 mL
deionized water. An equal amount of HCl was added to the solution, fully mixed, and
analyzed by inductively coupled plasma mass spectrometry. After the spectral interference
between the elements was corrected, the final analysis result was obtained.

4. Results
4.1. Organic Geochemistry

Table 1 summarizes the geochemical data of source rocks.

Table 1. Statistical table of geochemical data of source rocks in the Linhe Depression, Hetao Basin.

Well Lithology Depth (m) Pr/Ph Pr/nC17 Ph/nC18 GI S1 (mg/g) S2 (mg/g) Tmax (◦C) TOC (%) HI (mg
HC/g TOC)

H1 mudstone 3340 0.23 0.31 3.79 1.22 0.31 2.13 424 0.79 269.62
H1 mudstone 3362 0.26 0.13 1.52 0.84 0.75 14.63 416 2.97 492.59
H1 mudstone 3365 0.30 0.45 1.38 1.36 0.75 12.10 418 1.20 1008.33
H1 mudstone 3369 0.14 0.82 6.28 1.27 0.38 10.01 420 1.90 526.84
H1 mudstone 3371 0.19 0.50 3.38 1.35 0.28 1.82 427 0.74 245.95
H1 mudstone 3472 0.34 0.48 1.50 1.82 0.61 1.52 427 0.80 190.00

H1 gypsum
mudstone 3450 0.23 0.69 4.63 1.01 0.16 1.05 424 1.52 68.90

H1 gypsum
mudstone 3462 0.38 0.49 2.86 0.95 0.09 0.51 416 1.98 25.76

H1 gypsum
mudstone 3580 0.20 0.41 4.29 1.10 1.00 0.86 426 0.63 136.51

H1 gypsum
mudstone 3710 0.23 0.43 4.18 0.99 0.13 1.26 428 0.64 196.88

H2 mudstone 3635 0.20 0.26 5.19 0.59 0.10 0.97 419 0.51 189.51
H2 mudstone 3758 0.20 0.26 4.80 0.87 0.17 2.66 423 0.81 328.65
H2 mudstone 3855 0.30 0.53 2.78 0.91 0.36 4.25 419 1.18 360.25

H2 gypsum
mudstone 3930 0.25 0.43 3.05 0.90 0.17 2.08 429 0.69 301.74

H2 gypsum
mudstone 4015 0.27 0.65 3.18 1.14 0.17 1.71 425 0.55 311.67

H2 gypsum
mudstone 4130 0.34 0.53 2.38 0.93 0.20 1.98 428 1.58 125.41

H3 mudstone 4197 0.31 0.32 1.96 0.57 0.08 0.26 422 0.11 232.61
H3 mudstone 4215 0.21 0.27 3.50 0.54 0.13 0.92 424 0.44 206.31
H3 mudstone 4236 0.66 0.39 1.68 0.29 0.04 0.11 432 0.22 51.06
H3 mudstone 4238.2 0.87 0.66 1.43 0.60 0.08 1.64 435 0.61 269.38

H3 gypsum
mudstone 4238.4 0.52 0.32 0.52 0.28 0.10 0.86 417 0.44 196.99

H3 gypsum
mudstone 4238.8 0.42 0.42 1.42 0.16 0.11 0.27 412 0.23 119.39

H3 gypsum
mudstone 4242.9 0.26 0.35 0.89 1.07 0.27 0.32 421 0.14 228.43

H3 gypsum
mudstone 4243 0.46 0.28 0.56 0.55 0.21 1.20 426 0.49 243.46

H3 gypsum
mudstone 4328 0.45 0.35 0.81 0.23 0.53 4.62 424 1.43 323.35

H3 mudstone 4380 0.37 0.50 1.42 0.91 0.73 3.91 421 1.65 236.93
H3 mudstone 4470 0.38 0.66 1.81 0.94 0.27 1.33 418 0.69 191.62
H3 mudstone 4535 0.38 0.54 1.51 1.86 0.19 0.60 417 0.35 172.31
H3 mudstone 4600 0.48 0.73 1.60 1.51 0.15 0.68 418 0.46 147.83
H3 mudstone 4670 0.47 0.66 1.40 1.08 0.17 0.78 419 0.48 162.50
H4 mudstone 4455 0.64 0.42 0.94 0.30 0.08 0.38 422 0.61 61.37
H4 mudstone 4580 0.50 0.50 1.28 0.33 0.11 0.48 421 0.52 91.87

H4 gypsum
mudstone 4655 0.42 0.75 2.04 0.57 1.35 13.24 434 3.02 438.30

H4 gypsum
mudstone 4750 0.34 0.39 1.11 1.23 1.25 9.20 432 1.29 712.97

H4 gypsum
mudstone 4815 0.59 0.84 1.48 0.73 0.09 1.24 434 0.56 222.97
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Table 1. Cont.

Well Lithology Depth (m) Pr/Ph Pr/nC17 Ph/nC18 GI S1 (mg/g) S2 (mg/g) Tmax (◦C) TOC (%) HI (mg
HC/g TOC)

H5 mudstone 4027 0.31 0.24 2.35 0.71 0.89 18.76 431 2.91 644.54
H5 mudstone 4272 0.32 0.46 2.98 0.63 0.16 2.39 427 0.88 270.77

H5 gypsum
mudstone 4397 0.31 0.65 2.38 0.67 0.52 10.29 429 2.08 494.61

H5 gypsum
mudstone 4445 0.23 0.64 2.66 0.80 0.14 1.19 425 0.67 178.89

H5 gypsum
mudstone 4497 0.41 0.69 1.94 0.90 0.07 0.55 427 0.42 131.81

H5 gypsum
mudstone 4553 0.35 0.70 2.00 0.88 0.10 1.26 427 0.64 197.21

H5 mudstone 4650 0.43 0.75 1.82 1.24 0.11 1.00 418 0.53 187.18

TOC represents the total amount of all organic matter in the rock [39,40]. The S1 repre-
sents free hydrocarbon (mg/g), i.e., liquid hydrocarbon content per unit mass of source rock
detected at 300 ◦C. The S2 (mg/g) represents the amount of kerogen cracked by heating in
source rocks from 300 to 600 ◦C [41,42]. The hydrogen index (HI) is S2/TOC × 100% [40,41].
The pyrolyzed hydrocarbon (Tmax) maximum temperature represents the temperature cor-
responding to the highest point of peak S2, which can be used to indicate OM maturity [43].

The TOC values of mudstone samples in the study area were 0.11–2.97%, with an av-
erage of 0.95%. The S1 value was between 0.04 mg/g and 0.89 mg/g, averaging 0.31 mg/g.
The content of S2 was from 0.11 mg/g to 18.76 mg/g, averaging 3.76 mg/g. The Tmax
values were between 416 ◦C and 435 ◦C, with an average of 423 ◦C. The average HI value
was 293 mg HC/g TOC. The parameters of gypsum mudstone were similar to mudstone.

Source rock quality can be assessed by TOC and S2 [40]. The quality of E3l source rock
mudstone and gypsum mudstone in the Hetao Basin was the same, which is distributed
from Poor to Very Good (see Figure 3a). OM types are mainly II2 and III, and some are
I and II1 (Figure 3b). Most source rock samples are distributed between immature and
mature (Figure 3b).

In the m/z 85 mass chromatogram of the study area, the peak of pristane (Pr) is lower
than that of phytane (Ph). The Pr/Ph ratio of mudstone is 0.14–0.87 (average 0.36), and
the parameter of gypsum mudstone is 0.20–0.59 (0.36). In addition, γ and β-carotene are
detected in the gypsum mudstone (Figure 4). The source rocks in the study area have high
gammacerane. The gammacerane index (gammacerane/C30 hopane) (GI) in mudstones is
0.29–1.86 (average 0.97), and the GI ratio in gypsum mudstones is 0.16–1.23 (average 0.77).
They all have the ‘tail up’ phenomenon of C31–C35 hopane (Figure 4).

4.2. Geochemistry of Elements
4.2.1. Major Elements

SiO2 content in the main elements is high, averaging 50.11%, followed by Al2O3 and
CaO. The Al2O3 content is 3.40–18.29%, with an average of 10.89%, and CaO content is
1.25–27.00%, averaging 8.39%. Compared to Union Carbide Corporation (UCC) elements,
SiO2 in sandstone is relatively enriched while other major elements are relatively depleted.
The variation trend of elements in mudstone and gypsum mudstone is similar. However,
P2O5 in mudstone is relatively enriched, and in gypsum mudstone it is relatively depleted
(Figure 5, Table 2).
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Figure 5. The mean value line chart of major elements/UCC of different lithology in E3l of H6 well.

Table 2. Statistical table of TOC and major elements in the Linhe Formation of well H6.

Number of
samples

Depth
(m) Lithology TOC

(%)
SiO2
(%)

Al2O3
(%)

CaO
(%)

MgO
(%)

TFe2O
3(%)

K2O
(%)

Na2O
(%)

TiO2
(%)

P2O5
(%)

Al2O3 + K2O +
Na2O

(%)

LH-1 4999.8 mudstone 0.219 51.38 15.12 7.26 3.72 5.41 3.45 1.60 0.67 0.35 20.17
LH-2 5000.33 mudstone 0.186 56.23 15.54 5.50 2.84 5.25 3.52 1.66 0.71 0.14 20.72
LH-3 5000.8 mudstone 0.21 53.67 15.10 5.99 2.66 6.21 3.28 1.94 0.68 0.14 20.32
LH-4 5001.13 mudstone 0.17 53.97 16.48 4.89 2.86 6.05 3.67 1.92 0.69 0.14 22.07
LH-5 5001.87 mudstone 0.18 38.47 11.59 10.90 7.96 4.93 2.58 1.62 0.47 0.15 15.79
LH-6 5002.5 mudstone 0.95 33.90 10.32 13.40 9.05 4.47 2.36 1.34 0.40 0.23 14.02
LH-7 5002.9 mudstone 1.81 43.21 12.86 11.60 3.93 5.22 2.82 1.86 0.53 0.14 17.54
LH-8 5003.57 mudstone 0.583 13.33 3.40 27.0 8.81 1.71 0.73 0.65 0.14 0.09 4.78
LH-9 5004.15 sandstone 62.21 4.89 11.00 0.38 1.24 1.66 1.42 0.08 0.01 7.97
LH-10 5004.68 sandstone 77.29 6.77 2.70 0.74 2.04 1.99 2.16 0.23 0.02 10.92
LH-11 5005.35 sandstone 78.69 7.01 2.53 1.23 1.88 1.99 2.25 0.23 0.02 11.25
LH-12 5006.25 sandstone 79.47 6.92 2.10 1.09 2.13 2.07 2.29 0.20 0.02 11.28

LH-13 5233.06

gypsum-
bearing

argillaceous
siltstone

2.36 46.33 13.21 6.37 4.77 5.70 3.07 1.43 0.54 0.17 17.71

LH-14 5233.2

gypsum-
bearing

argillaceous
siltstone

1.86 29.54 8.51 13.65 11.50 3.61 2.00 0.95 0.36 0.11 11.46

LH-15 5233.6

gypsum-
bearing

argillaceous
siltstone

0.213 37.53 8.24 16.35 3.60 3.29 1.78 1.36 0.42 0.10 11.38

LH-16 5234.1 gypsum
mudstone 0.166 54.80 18.29 1.25 4.31 6.81 4.76 1.24 0.71 0.12 24.29

LH-17 5234.5 gypsum
mudstone 2.01 52.64 16.96 2.45 5.31 6.62 3.88 1.35 0.70 0.18 22.19

LH-18 5234.8 gypsum
mudstone 0.151 45.81 14.68 5.74 6.16 6.55 3.49 1.18 0.61 0.16 19.35

LH-19 5235.5 sandstone 61.60 4.78 9.48 4.02 1.52 1.34 1.44 0.11 0.02 7.56

LH-20 5236.17 gypsum
mudstone 0.228 17.64 5.66 13.65 19.05 3.29 1.30 0.57 0.22 0.09 7.53

LH-21 5236.73 gypsum
mudstone 0.161 49.58 17.14 3.48 5.29 6.92 3.96 1.28 0.67 0.16 22.38

LH-22 5237.2 gypsum
mudstone 0.169 34.07 11.35 14.75 4.63 4.29 2.63 0.89 0.48 0.11 14.87
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Table 2. Cont.

Number of
samples

Depth
(m) Lithology TOC

(%)
SiO2
(%)

Al2O3
(%)

CaO
(%)

MgO
(%)

TFe2O
3(%)

K2O
(%)

Na2O
(%)

TiO2
(%)

P2O5
(%)

Al2O3 + K2O +
Na2O

(%)

LH-23 5237.82 gypsum
mudstone 0.0763 46.18 15.04 5.86 7.09 5.89 3.46 1.20 0.59 0.16 19.70

LH-24 5238.1 gypsum
mudstone 0.111 46.60 15.97 4.77 6.17 6.41 3.69 1.21 0.64 0.16 20.87

LH-25 5238.55 gypsum
mudstone 0.0895 49.01 16.45 4.05 5.88 6.00 3.91 1.16 0.65 0.15 21.52

LH-26 5239.1 gypsum
mudstone 0.119 45.54 15.19 6.52 6.17 5.53 3.53 1.11 0.60 0.15 19.83

LH-27 5239.48 gypsum
mudstone 0.254 43.06 13.51 9.06 6.39 5.28 3.08 1.10 0.57 0.14 17.69

LH-28 5239.9 sandstone 35.03 10.61 14.15 6.73 4.44 2.39 0.87 0.44 0.12 13.87
LH-29 5240.45 sandstone 65.40 6.52 7.69 2.18 1.55 1.48 1.70 0.25 0.03 9.70

LH-30 5241.19 gypsum
mudstone 3.97 23.78 7.38 18.60 11.80 3.07 1.76 0.64 0.30 0.09 9.78

LH-31 5241.6 sandstone 52.43 5.10 13.15 3.16 1.59 1.55 1.16 0.22 0.03 7.81

LH-32 5242.37 sandy
mudstone 2.98 63.16 10.03 4.39 4.70 3.43 2.36 1.71 0.46 0.10 14.10

LH-33 5243.5 mudstone 1.47 35.82 11.56 10.80 9.42 4.54 2.89 0.99 0.46 0.10 15.44
LH-34 5244.1 sandstone 77.15 5.18 4.40 0.23 1.67 1.87 1.33 0.41 0.02 8.38
LH-35 5244.5 sandstone 72.28 6.91 4.45 3.16 1.78 2.24 1.68 0.21 0.03 10.83
LH-36 5246.1 sandstone 77.02 7.89 2.19 1.14 2.08 2.56 1.89 0.26 0.03 12.34

UCC 66.00 15.20 4.20 2.20 5.08 3.40 3.90 0.65 0.15 22.50

4.2.2. Trace Elements

Table 3 summarizes the trace elements content. Enrichment factor (EF) is often used to
evaluate the trace elements enrichment [44,45]. The formula is XEF = (X/Al) sample/(X/Al)
UCC, where X and Al represent element content. The enrichment degree of elements
is divided into slight enrichment (EF > 1), moderate enrichment (EF > 3) and strong
enrichment (EF > 10), and EF < 1 indicates depleted [44,45]. The calculated trace element
enrichment factor profile of the Linhe Formation in the study area is shown in Figure 6.
The EF of trace elements obviously changes with lithology and can be divided into four
cases, which are represented by four colors in Figure 6.

(1) BaEF, NaEF and KEF have little difference in mudstone and gypsum mudstone, but
they are relatively enriched in sandstone. NaEF is relatively depleted in mudstone and
gypsum mudstone (EF < 1), and it is slightly enriched in sandstone (1 < EF < 3). (2) CoEF,
CrEF, CuEF, FeEF, ThEF, NiEF and VEF show the opposite characteristics. They are relatively
high in mudstone and gypsum mudstone, and they are depleted in sandstone (EF < 1).
(3) PEF, MnEF, MoEF, MgEF, CaEF and UEF are characterized by moderate enrichment and
strong enrichment in lithologic transition areas. (4) RbEF and TiEF do not change with
lithology. RbEF is slightly enriched and TiEF is relatively depleted.
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Table 3. Statistical table of trace elements in the Linhe Formation of well H6.

Number of
samples Lithology Depth (m) V Cr Co Ni Cu Sr Mo Th U Ba Al Mg Fe P Rb Ca Mn K Na Ti

µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g % % % µg/g µg/g % µg/g % % %

LH-1 mudstone 4999.8 112 78 16.20 39.20 29.80 222 0.96 13.65 3.50 540 7.53 2.13 3.78 1530 130.50 5.20 899 2.91 1.18 0.37
LH-2 mudstone 5000.33 102 75 17.60 39.50 36.00 184 0.42 13.35 2.30 400 7.54 1.58 3.51 580 125.00 3.85 444 2.88 1.19 0.39
LH-3 mudstone 5000.8 106 76 18.30 42.70 38.90 193 1.23 13.35 2.80 420 7.52 1.50 4.29 610 123.00 4.30 443 2.74 1.39 0.38
LH-4 mudstone 5001.13 114 78 18.40 43.00 42.00 166 0.73 13.35 2.50 400 7.91 1.55 4.04 590 124.50 3.42 386 3.01 1.36 0.37
LH-5 mudstone 5001.87 102 60 15.00 31.00 37.50 349 10.75 9.93 9.20 370 5.74 4.66 3.38 670 99.50 7.72 668 2.17 1.17 0.27
LH-6 mudstone 5002.5 103 57 14.40 33.90 36.40 267 33.40 9.23 11.00 600 5.34 5.50 3.17 1050 95.20 9.53 759 2.06 1.01 0.23
LH-7 mudstone 5002.9 106 65 17.10 40.40 53.70 641 14.15 11.55 12.20 570 6.51 2.27 3.67 600 115.50 8.27 582 2.40 1.39 0.30
LH-8 mudstone 5003.57 30 27 4.60 10.20 10.80 1000 7.27 2.78 6.60 300 1.78 5.29 1.25 410 28.80 19.35 535 0.63 0.53 0.08
LH-9 sandstone 5004.15 8 10 1.40 3.30 4.00 1360 5.16 1.42 0.60 440 2.50 0.22 0.86 40 46.90 8.17 87 1.41 1.07 0.05

LH-10 sandstone 5004.68 18 31 2.60 6.90 6.00 335 1.51 2.48 0.80 660 3.42 0.41 1.50 100 54.30 2.03 213 1.67 1.61 0.13
LH-11 sandstone 5005.35 19 24 2.50 6.30 6.00 229 0.81 2.63 0.90 630 3.52 0.71 1.27 100 53.30 1.90 259 1.67 1.70 0.13
LH-12 sandstone 5006.25 17 24 2.30 6.10 6.20 205 0.73 2.39 0.70 730 3.46 0.63 1.46 70 55.60 1.55 238 1.71 1.68 0.12

LH-13 gypsum-bearing
argillaceous siltstone 5233.06 150 73 21.00 46.50 53.80 820 48.80 10.20 22.90 860 6.63 2.76 3.98 690 118.00 4.62 436 2.57 1.06 0.30

LH-14 gypsum-bearing
argillaceous siltstone 5233.2 64 41 10.00 24.40 20.00 1345 2.73 7.26 4.10 390 4.34 6.93 2.56 480 76.30 9.71 515 1.71 0.71 0.21

LH-15 gypsum-bearing
argillaceous siltstone 5233.6 52 41 8.70 21.30 17.00 1300 3.73 7.56 2.90 290 4.18 2.04 2.28 440 63.10 11.40 426 1.49 1.02 0.23

LH-16 gypsum mudstone 5234.1 118 80 18.60 45.50 36.50 168 1.06 13.65 2.30 360 9.11 2.48 4.66 520 158.50 0.92 282 3.92 0.92 0.39
LH-17 gypsum mudstone 5234.5 121 77 18.10 44.50 36.80 305 1.16 14.45 2.30 460 8.63 3.14 4.65 770 139.00 1.82 471 3.31 1.00 0.39
LH-18 gypsum mudstone 5234.8 116 65 25.00 48.00 37.60 937 11.90 12.80 9.40 520 7.55 3.69 4.58 730 134.00 4.21 540 2.99 0.90 0.35
LH-19 sandstone 5235.5 11 16 1.70 4.30 4.80 1610 0.99 1.60 0.70 840 2.45 2.34 1.01 80 37.00 6.82 341 1.13 1.09 0.07
LH-20 gypsum mudstone 5236.17 61 30 8.10 18.80 18.40 1260 18.60 4.88 10.80 600 2.91 11.45 2.27 360 48.50 9.53 889 1.11 0.42 0.13
LH-21 gypsum mudstone 5236.73 118 70 16.20 41.40 32.70 227 1.03 14.15 2.30 340 8.41 3.01 4.70 700 140.00 2.46 439 3.22 0.92 0.37
LH-22 gypsum mudstone 5237.2 81 52 14.10 30.90 29.70 1030 0.93 9.17 2.20 560 5.64 2.64 2.95 480 92.60 10.20 456 2.18 0.68 0.27
LH-23 gypsum mudstone 5237.82 105 65 15.10 37.50 29.20 201 1.65 12.20 3.30 300 7.48 4.14 4.07 670 124.00 4.19 727 2.88 0.87 0.33
LH-24 gypsum mudstone 5238.1 113 70 21.70 47.90 36.10 299 1.24 14.05 3.30 400 7.99 3.60 4.43 660 135.50 3.42 546 3.07 0.89 0.36
LH-25 gypsum mudstone 5238.55 118 71 16.40 42.50 32.50 240 3.76 13.80 3.90 370 8.25 3.46 4.15 660 140.50 2.92 484 3.20 0.88 0.37
LH-26 gypsum mudstone 5239.1 110 62 15.80 37.30 32.60 374 6.43 12.70 5.10 350 7.57 3.60 3.85 630 128.00 4.66 531 2.94 0.81 0.34
LH-27 gypsum mudstone 5239.48 97 54 12.20 30.90 20.10 904 0.57 11.15 1.70 660 6.85 3.77 3.69 620 114.00 6.55 519 2.61 0.85 0.32
LH-28 sandstone 5239.9 77 43 10.60 26.90 22.20 1060 2.12 9.00 2.40 390 5.31 3.97 3.11 510 83.80 10.00 660 2.01 0.65 0.25
LH-29 sandstone 5240.45 18 17 3.10 6.60 6.60 1395 1.03 3.68 0.80 360 3.17 1.22 1.01 150 43.20 5.41 198 1.19 1.23 0.14
LH-30 gypsum mudstone 5241.19 58 38 9.60 23.30 23.40 1200 8.78 6.71 9.20 350 3.74 7.05 2.03 410 68.40 12.65 542 1.46 0.50 0.17
LH-31 sandstone 5241.6 16 21 2.90 6.50 6.80 5420 0.95 3.33 0.90 100 2.56 1.80 1.03 140 47.60 9.18 325 1.27 0.87 0.12
LH-32 sandy mudstone 5242.37 53 46 9.00 23.70 20.80 1090 1.26 7.99 1.90 800 4.99 2.79 2.27 460 80.50 3.12 372 1.96 1.27 0.26
LH-33 mudstone 5243.5 100 62 17.40 42.20 38.50 356 32.90 9.73 12.20 660 5.81 5.72 3.00 450 112.00 7.57 492 2.40 0.73 0.27
LH-34 sandstone 5244.1 12 18 2.50 4.50 8.10 971 2.78 3.13 2.60 500 2.57 0.13 1.09 70 51.00 3.20 127 1.53 0.99 0.22
LH-35 sandstone 5244.5 18 17 3.00 6.90 8.40 199 1.16 2.98 1.00 680 3.37 1.80 1.16 120 63.00 3.15 305 1.84 1.22 0.12
LH-36 sandstone 5246.1 20 23 3.40 8.40 7.50 443 1.21 3.95 0.80 1120 3.85 0.65 1.42 150 71.00 1.60 203 2.09 1.38 0.15
UCC 107 83 17.00 44.00 25.00 350 1.50 10.70 2.80 550 8.04 1.33 3.50 700 112.00 3.00 600 2.80 2.89 0.41
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Figure 6. (a) Profile of trace element enrichment factor in the upper Linhe Formation of well H6. 
(b) Profile of trace element enrichment factor in the lower Linhe Formation of well H6. 
Figure 6. (a) Profile of trace element enrichment factor in the upper Linhe Formation of well H6.
(b) Profile of trace element enrichment factor in the lower Linhe Formation of well H6.
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4.2.3. Rare Earth Elements

Rare Earth Elements (REEs) are generally divided into light rare earth elements
(LREEs) and heavy rare earth elements (HREEs). LREEs include La~Eu, while HREEs
include Gd~Lu [46–48]. Due to the strong stability of REEs, they are often used in paleo-
sedimentary environment analysis [48,49]. The average ∑REEs is 134.6 µg/g in mudstone,
47.7 µg/g in sandstone and 149.4 µg/g in gypsum mudstone. The average value of ∑REEs
in UCC is 146.4 µg/g, and the gypsum mudstone is higher than the Union Carbide Cor-
poration (UCC), while the mudstone is lower. The differentiation degree of ∑REEs can be
reflected by the ratio of LREEs to HREEs ∑LREEs/∑HREEs [50–53]. The average value
of ∑LREEs /∑HREEs in mudstone is 10.32, in sandstone 9.63, and in gypsum mudstone
10.65. The ratio of mudstone and gypsum mudstone is similar, which is higher than UCC
(average 9.54) (Table 4), indicating that the differentiation is large, the LREEs are enriched
and the HREEs are depleted. The mean slope ((La/Yb)N) of the UCC-normalized REE
distribution pattern in mudstone is 1.28, and that in gypsum mudstone is 1.33 (Figure 7),
indicating weak LREEs. Values less than 1 in Figure 7 are all sandstone samples.
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Table 4. Statistical table of rare earth elements in the Linhe Formation of well H6.

Number of
Samples Lithology Depth

m
La

µg/g
Ce
µg/g

Pr
µg/g

Nd
µg/g

Sm
µg/g

Eu
µg/g

Gd
µg/g

Tb
µg/g

Dy
µg/g

Ho
µg/g

Er
µg/g

Tm
µg/g

Yb
µg/g

Lu
µg/g ∑REE ∑LREE ∑HREE ∑ LREE/

∑ HREE (La/Yb)N

LH-1 mudstone 4999.8 33.10 67.10 7.86 29.70 5.83 1.17 4.39 0.67 3.98 0.74 2.25 0.31 1.98 0.32 159.40 144.76 14.64 9.89 1.23
LH-2 mudstone 5000.33 35.70 74.10 8.27 31.20 6.28 1.25 4.67 0.69 3.91 0.75 2.10 0.31 1.90 0.31 171.44 156.80 14.64 10.71 1.38
LH-3 mudstone 5000.8 37.10 72.10 8.32 30.90 6.19 1.24 4.69 0.71 3.93 0.76 2.13 0.31 1.94 0.32 170.64 155.85 14.79 10.54 1.40
LH-4 mudstone 5001.13 33.40 70.30 8.22 31.40 5.98 1.20 4.46 0.66 3.80 0.72 2.03 0.30 1.87 0.30 164.64 150.50 14.14 10.64 1.31
LH-5 mudstone 5001.87 26.60 53.90 6.07 23.20 4.52 0.87 3.34 0.51 2.94 0.57 1.61 0.24 1.54 0.25 126.16 115.16 11.00 10.47 1.27
LH-6 mudstone 5002.5 27.10 52.60 6.11 23.50 4.64 0.90 3.45 0.53 3.05 0.59 1.68 0.24 1.52 0.26 126.17 114.85 11.32 10.15 1.31
LH-7 mudstone 5002.9 33.20 66.70 7.49 28.40 5.64 1.08 4.12 0.63 3.55 0.71 2.07 0.29 1.84 0.30 156.02 142.51 13.51 10.55 1.32
LH-8 mudstone 5003.57 9.30 18.95 2.25 8.60 1.66 0.33 1.28 0.19 1.16 0.22 0.63 0.09 0.55 0.09 45.30 41.09 4.21 9.76 1.24
LH-9 sandstone 5004.15 4.70 8.77 1.10 4.10 0.74 0.23 0.52 0.07 0.49 0.10 0.30 0.04 0.28 0.05 21.49 19.64 1.85 10.62 1.23
LH-10 sandstone 5004.68 8.30 16.35 2.04 7.60 1.50 0.39 1.12 0.16 1.02 0.21 0.59 0.09 0.65 0.10 40.12 36.18 3.94 9.18 0.94
LH-11 sandstone 5005.35 8.60 17.00 2.11 8.00 1.57 0.42 1.24 0.18 1.12 0.22 0.67 0.10 0.64 0.11 41.98 37.70 4.28 8.81 0.99
LH-12 sandstone 5006.25 8.00 15.80 1.94 7.10 1.30 0.35 0.96 0.14 1.28 0.19 0.57 0.08 0.59 0.09 38.39 34.49 3.90 8.84 0.99

LH-13 gypsum-bearing
argillaceous siltstone 5233.06 29.70 61.30 7.12 26.70 5.36 1.08 3.97 0.60 3.39 0.66 1.85 0.27 1.68 0.28 143.96 131.26 12.70 10.34 1.30

LH-14 gypsum-bearing
argillaceous siltstone 5233.2 21.30 42.50 5.05 19.10 3.79 0.72 2.85 0.41 2.46 0.48 1.36 0.20 1.28 0.21 101.71 92.46 9.25 10.00 1.22

LH-15 gypsum-bearing
argillaceous siltstone 5233.6 21.10 43.70 5.11 19.60 3.81 0.73 2.69 0.40 2.40 0.45 1.24 0.18 1.19 0.19 102.79 94.05 8.74 10.76 1.30

LH-16 gypsum mudstone 5234.1 38.00 78.20 8.71 33.40 6.52 1.31 4.86 0.74 4.19 0.83 2.29 0.34 2.11 0.34 181.84 166.14 15.70 10.58 1.32
LH-17 gypsum mudstone 5234.5 40.90 83.40 9.38 35.20 6.95 1.42 5.42 0.77 4.40 0.86 2.38 0.34 2.11 0.36 193.89 177.25 16.64 10.65 1.42
LH-18 gypsum mudstone 5234.8 36.10 73.10 8.24 31.20 6.22 1.23 4.62 0.72 4.24 0.83 2.39 0.37 2.30 0.38 171.94 156.09 15.85 9.85 1.15
LH-19 sandstone 5235.5 6.70 12.15 1.53 5.70 1.12 0.34 0.92 0.14 0.85 0.17 0.50 0.08 0.48 0.08 30.76 27.54 3.22 8.55 1.02
LH-20 gypsum mudstone 5236.17 15.20 30.70 3.60 13.90 2.74 0.52 1.98 0.29 1.74 0.34 0.95 0.14 0.86 0.14 73.10 66.66 6.44 10.35 1.30
LH-21 gypsum mudstone 5236.73 40.60 84.10 9.39 35.60 6.85 1.39 5.23 0.79 4.45 0.86 2.47 0.35 2.26 0.37 194.71 177.93 16.78 10.60 1.32
LH-22 gypsum mudstone 5237.2 26.40 55.00 6.18 24.10 4.59 0.91 3.21 0.47 2.66 0.50 1.40 0.21 1.22 0.20 127.05 117.18 9.87 11.87 1.59
LH-23 gypsum mudstone 5237.82 35.70 74.60 8.35 31.60 6.01 1.21 4.56 0.69 3.88 0.76 2.27 0.32 2.03 0.32 172.30 157.47 14.83 10.62 1.29
LH-24 gypsum mudstone 5238.1 38.30 80.20 8.80 33.40 6.38 1.30 4.93 0.74 4.13 0.83 2.27 0.34 2.04 0.34 184.00 168.38 15.62 10.78 1.38
LH-25 gypsum mudstone 5238.55 37.90 78.70 8.98 33.50 6.49 1.33 5.10 0.76 4.28 0.85 2.36 0.35 2.22 0.39 183.21 166.90 16.31 10.23 1.25
LH-26 gypsum mudstone 5239.1 35.00 71.20 8.11 30.90 5.94 1.16 4.44 0.67 3.88 0.76 2.14 0.32 1.96 0.32 166.80 152.31 14.49 10.51 1.31
LH-27 gypsum mudstone 5239.48 34.00 69.30 7.77 29.20 5.61 1.09 4.17 0.63 3.42 0.68 1.88 0.27 1.70 0.28 160.00 146.97 13.03 11.28 1.47
LH-28 sandstone 5239.9 24.40 50.10 5.46 21.20 4.20 0.84 3.20 0.47 2.71 0.55 1.51 0.22 1.60 0.23 116.69 106.20 10.49 10.12 1.12
LH-29 sandstone 5240.45 8.00 19.60 2.50 9.60 1.78 0.39 1.28 0.19 1.01 0.20 0.58 0.09 0.57 0.10 45.89 41.87 4.02 10.42 1.03
LH-30 gypsum mudstone 5241.19 16.20 36.50 4.27 15.80 2.95 0.52 2.12 0.32 1.73 0.35 1.02 0.14 0.91 0.15 82.98 76.24 6.74 11.31 1.31
LH-31 sandstone 5241.6 6.70 17.95 2.34 9.10 1.83 0.37 1.38 0.21 1.14 0.22 0.67 0.10 0.59 0.09 42.69 38.29 4.40 8.70 0.83
LH-32 sandy mudstone 5242.37 22.10 46.40 5.73 22.00 4.15 0.76 3.23 0.48 2.59 0.50 1.52 0.21 1.34 0.22 111.23 101.14 10.09 10.02 1.21
LH-33 mudstone 5243.5 22.80 49.80 5.84 21.50 4.17 0.69 3.05 0.46 2.58 0.51 1.53 0.22 1.42 0.23 114.80 104.80 10.00 10.48 1.18
LH-34 sandstone 5244.1 7.20 17.60 2.27 8.60 1.44 0.31 1.01 0.15 0.90 0.18 0.61 0.09 0.63 0.09 41.08 37.42 3.66 10.22 0.84
LH-35 sandstone 5244.5 8.20 18.55 2.39 8.80 1.74 0.47 1.40 0.22 1.20 0.23 0.69 0.10 0.64 0.10 44.73 40.15 4.58 8.77 0.94
LH-36 sandstone 5246.1 12.40 25.90 3.21 11.80 2.12 0.44 1.46 0.21 1.39 0.23 0.66 0.10 0.65 0.10 60.67 55.87 4.80 11.64 1.40
UCC 30.00 64.00 7.10 26.00 4.50 0.88 3.80 0.64 3.50 0.80 2.30 0.33 2.20 0.32 146.37 132.48 13.89 9.54 1.40
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5. Discussion

Table 5 summarizes the data for all the elements discussed in this section. The distri-
bution of these elements on the profile is shown in Figure 8. Table 6 shows the range of
some parameters and the reference information.
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Table 5. Statistical table of parameters indicating environmental significance of inorganic elements in riverfront formation.

Number of
Samples Depth (m) Lithology TOC (%)

Terrigenous Input Redox Paleosalinity

Al2O3 (%) TiO2 (%) δU V/(V+Ni) Ce/La U-EF Mo-EF Sr/Ba CaO/(CaO+Fe) MgO/Al2O3 × 100 B(µg/g) S(‰)

LH-1 4999.8 mudstone 0.22 15.12 0.67 0.87 0.74 2.03 1.33 0.68 0.41 0.66 24.60 248 32.55
LH-2 5000.33 mudstone 0.19 15.54 0.71 0.68 0.72 2.08 0.88 0.30 0.46 0.61 18.28 242 29.43
LH-3 5000.8 mudstone 0.21 15.10 0.68 0.77 0.71 1.94 1.07 0.88 0.46 0.58 17.62 235 26.08
LH-4 5001.13 mudstone 0.17 16.48 0.69 0.72 0.73 2.10 0.91 0.49 0.41 0.55 17.35 213 17.40
LH-5 5001.87 mudstone 0.18 11.59 0.47 1.47 0.77 2.03 4.60 10.04 0.94 0.76 68.68 209 16.09
LH-6 5002.5 mudstone 0.95 10.32 0.40 1.56 0.75 1.94 5.91 33.53 0.45 0.81 87.69 218 19.14
LH-7 5002.9 mudstone 1.81 12.86 0.53 1.52 0.72 2.01 5.38 11.65 1.12 0.76 30.56 243 29.93
LH-8 5003.57 mudstone 0.58 3.40 0.14 1.75 0.75 2.04 10.65 21.89 3.30 0.96 259.12 233 25.18
LH-9 5004.15 sandstone 4.89 0.08 1.12 0.71 1.87 0.69 11.06 3.09 0.93 7.77
LH-10 5004.68 sandstone 6.77 0.23 0.98 0.72 1.97 0.67 2.37 0.51 0.64 10.93
LH-11 5005.35 sandstone 7.01 0.23 1.01 0.75 1.98 0.73 1.23 0.36 0.67 17.55
LH-12 5006.25 sandstone 6.92 0.20 0.94 0.74 1.98 1.30 2.14 0.28 0.59 15.75

LH-13 5233.06 gypsum-bearing
argillaceous siltstone 2.36 13.21 0.54 1.74 0.76 2.06 0.72 1.74 0.95 0.62 36.11 258 38.31

LH-14 5233.2 gypsum-bearing
argillaceous siltstone 1.86 8.51 0.36 1.26 0.72 2.00 1.01 1.99 3.45 0.84 135.14 246 31.48

LH-15 5233.6 gypsum-bearing
argillaceous siltstone 0.21 8.24 0.42 1.07 0.71 2.07 2.90 5.80 4.48 0.88 43.69 226 22.20

LH-16 5234.1 gypsum mudstone 0.17 18.29 0.71 0.67 0.72 2.06 0.85 1.84 0.47 0.21 23.56 207 15.46
LH-17 5234.5 gypsum mudstone 2.01 16.96 0.70 1.26 0.73 2.04 0.60 1.68 0.66 0.35 31.31 225 21.80
LH-18 5234.8 gypsum mudstone 0.15 14.68 0.61 1.38 0.71 2.02 0.58 1.13 1.80 0.56 41.96 215 18.08
LH-19 5235.5 sandstone 4.78 0.11 1.14 0.72 1.81 9.92 39.45 1.92 0.90 84.10
LH-20 5236.17 gypsum mudstone 0.23 5.66 0.22 1.23 0.76 2.02 2.71 3.37 2.10 0.86 336.57 217 18.78
LH-21 5236.73 gypsum mudstone 0.16 17.14 0.67 0.66 0.74 2.07 1.99 4.78 0.67 0.43 30.86 210 16.41
LH-22 5237.2 gypsum mudstone 0.17 11.35 0.48 0.84 0.72 2.08 0.72 0.62 1.84 0.83 40.79 223 21.01
LH-23 5237.82 gypsum mudstone 0.08 15.04 0.59 0.90 0.74 2.09 0.77 0.72 0.67 0.59 47.14 224 21.40
LH-24 5238.1 gypsum mudstone 0.11 15.97 0.64 0.83 0.70 2.09 3.58 8.45 0.75 0.52 38.63 216 18.43
LH-25 5238.55 gypsum mudstone 0.09 16.45 0.65 0.92 0.74 2.08 0.82 2.17 0.65 0.49 35.74 215 18.08
LH-26 5239.1 gypsum mudstone 0.12 15.19 0.60 1.09 0.75 2.03 10.66 34.26 1.07 0.63 40.62 223 21.01
LH-27 5239.48 gypsum mudstone 0.25 13.51 0.57 0.63 0.76 2.04 0.79 0.66 1.37 0.71 47.30 220 19.87
LH-28 5239.9 sandstone 10.61 0.44 0.89 0.74 2.05 1.12 0.88 2.72 0.82 63.43
LH-29 5240.45 sandstone 6.52 0.25 0.79 0.73 2.45 1.27 1.18 3.88 0.88 33.44
LH-30 5241.19 gypsum mudstone 3.97 7.38 0.30 1.61 0.71 2.25 1.19 0.83 3.43 0.90 159.89 256 37.10
LH-31 5241.6 sandstone 5.10 0.22 0.90 0.71 2.68 1.36 2.44 54.20 0.93 61.96
LH-32 5242.37 sandy mudstone 2.98 10.03 0.46 0.83 0.69 2.10 1.93 4.55 1.36 0.66 46.86
LH-33 5243.5 mudstone 1.47 11.56 0.46 1.58 0.70 2.18 0.71 0.45 0.54 0.78 81.49
LH-34 5244.1 sandstone 5.18 0.41 1.43 0.73 2.44 7.06 12.58 1.94 0.80 4.44
LH-35 5244.5 sandstone 6.91 0.21 1.00 0.72 2.26 1.09 1.35 0.29 0.79 45.73
LH-36 5246.1 sandstone 7.89 0.26 0.76 0.70 2.09 6.03 30.35 0.40 0.61 14.45



Processes 2023, 11, 2114 16 of 26

Table 5. Cont.

Number of
Samples Depth (m) Lithology TOC (%)

Paleoclimate Paleoproductivity

Sedimentation
Rate and

Paleowater
depth

Sr/Cu CIA Mg/Ca Rb/Sr C Ni/Al P/Ti P/Al Vs H(m)

LH-1 4999.8 mudstone 0.22 7.45 55.33 0.41 0.59 1.34 5.21 4146.34 203.19 535.57 24.61
LH-2 5000.33 mudstone 0.19 5.11 59.36 0.41 0.68 0.98 5.24 1506.49 76.92 491.38 28.00
LH-3 5000.8 mudstone 0.21 4.96 57.48 0.35 0.64 0.94 5.68 1618.04 81.12 472.47 29.70
LH-4 5001.13 mudstone 0.17 3.94 61.22 0.45 0.75 0.93 5.44 1577.54 74.59 449.18 32.04
LH-5 5001.87 mudstone 0.18 9.31 43.50 0.60 0.29 1.07 5.40 2518.80 116.72 546.24 23.89
LH-6 5002.5 mudstone 0.95 7.34 37.73 0.58 0.36 0.99 6.35 4487.18 196.63 582.03 21.72
LH-7 5002.9 mudstone 1.81 11.94 44.20 0.27 0.18 0.59 6.21 2033.90 92.17 496.37 27.58
LH-8 5003.57 mudstone 0.58 9.26 10.71 0.27 0.00 0.06 5.73 5256.41 230.34 1877.35 3.75
LH-9 5004.15 sandstone 340.00 25.78 0.03 0.03 0.06 1.32 784.31 16.00
LH-10 5004.68 sandstone 55.83 49.73 0.20 0.16 0.26 2.02 757.58 29.24
LH-11 5005.35 sandstone 38.17 50.89 0.37 0.23 0.34 1.79 757.58 28.41
LH-12 5006.25 sandstone 33.06 51.74 0.41 0.27 0.29 1.76 608.70 20.23

LH-13 5233.06 gypsum-bearing
argillaceous siltstone 2.36 15.24 54.98 0.60 0.14 0.36 7.01 2300.00 104.07 363.28 44.05

LH-14 5233.2 gypsum-bearing
argillaceous siltstone 1.86 67.25 33.94 0.71 0.06 0.34 5.62 2296.65 110.60 884.38 11.60

LH-15 5233.6 gypsum-bearing
argillaceous siltstone 0.21 76.47 29.75 0.18 0.05 0.31 5.10 1938.33 105.26 1088.02 8.50

LH-16 5234.1 gypsum mudstone 0.17 4.60 71.71 2.70 0.94 0.81 4.99 1326.53 57.08 466.45 30.28
LH-17 5234.5 gypsum mudstone 2.01 8.29 68.98 1.73 0.46 0.80 5.16 1984.54 89.22 503.13 27.03
LH-18 5234.8 gypsum mudstone 0.15 24.92 58.62 0.88 0.14 0.47 6.36 2091.69 96.69 306.90 56.73
LH-19 5235.5 sandstone 335.42 28.06 0.34 0.02 0.15 1.76 1230.77 32.65
LH-20 5236.17 gypsum mudstone 0.23 68.48 26.76 1.20 0.04 0.51 6.46 2769.23 123.71 1033.54 9.18
LH-21 5236.73 gypsum mudstone 0.16 6.94 66.40 1.22 0.62 0.99 4.92 1902.17 83.23 595.79 20.97
LH-22 5237.2 gypsum mudstone 0.17 34.68 38.36 0.26 0.09 0.35 5.48 1804.51 85.11 593.21 21.11
LH-23 5237.82 gypsum mudstone 0.08 6.88 58.95 0.99 0.62 1.66 5.01 2030.30 89.57 617.89 19.86
LH-24 5238.1 gypsum mudstone 0.11 8.28 62.40 1.05 0.45 0.98 5.99 1848.74 82.60 376.93 41.68
LH-25 5238.55 gypsum mudstone 0.09 7.38 64.45 1.18 0.59 1.00 5.15 1803.28 80.00 561.89 22.90
LH-26 5239.1 gypsum mudstone 0.12 11.47 57.75 0.77 0.34 0.89 4.93 1863.91 83.22 570.55 22.38
LH-27 5239.48 gypsum mudstone 0.25 44.98 50.58 0.58 0.13 0.39 4.51 1937.50 90.51 849.00 12.33
LH-28 5239.9 sandstone 47.75 37.91 0.40 0.08 0.51 5.07 2056.45 96.05
LH-29 5240.45 sandstone 211.36 37.51 0.23 0.03 0.13 2.08 1102.94 47.32
LH-30 5241.19 gypsum mudstone 3.97 51.28 26.03 1.23 0.06 0.40 6.23 2356.32 109.63 838.65 12.56
LH-31 5241.6 sandstone 797.06 24.34 0.20 0.01 0.06 2.54 1176.47 54.69
LH-32 5242.37 sandy mudstone 2.98 5.24 54.33 0.89 0.07 0.24 4.75 1755.73 92.18 1059.39 8.85
LH-33 5243.5 mudstone 1.47 9.25 44.11 0.76 0.31 0.61 7.26 1679.10 77.45 429.86 34.22
LH-34 5244.1 sandstone 119.88 40.55 0.04 0.05 0.11 1.75 324.07 27.24
LH-35 5244.5 sandstone 23.63 45.25 0.57 0.32 0.38 2.05 1043.48 35.61
LH-36 5246.1 sandstone 59.07 54.34 0.41 0.16 0.15 2.18 1027.40 38.96



Processes 2023, 11, 2114 17 of 26

Table 6. Scope of some parameters and references.

Meaning of Indication Parameter Content References

Terrigenous input Al2O3 The greater the ratio, the greater
the terrestrial input [27,44]TiO2

Oxidation Weak oxidation Reducing References

Redox
δU <1 >1 [33]

V/(V + Ni) <0.46 0.46–0.57 >0.57 [50]
Pr/Ph >3 1–3 <1 [40]

Fresh water Brackish water Salt water References

Paleosalinity
Sr/Ba <0.5 0.5–1.0 >1.0 [51]

CaO/(CaO + Fe) <0.2 0.2–0.5 >0.5 [52]
MgO/Al2O3 × 100 <1 1~10 >10 [30]

Paleoclimate

Warm and humid Cold and dry
Sr/Cu 1.3~5.0 >5 [53]
Mg/Ca High values indicate dry and low values indicate moist [46]Rb/Sr High values indicate moist, low values indicate dry

Cold and dry Warm and humid Hot humid
CIA 50~70 70~80 80~100 [54]

Arid climate Semi-arid to semi-moist
climate Hot humid

C <0.2 0.2~0.8 >0.8 [24]

Paleoproductivity
Ni/Al The greater the ratio, the greater

the ancient productivity [3,12]P/Ti
P/Al

5.1. Terrigenous Input

Input from terrestrial debris can have multiple effects on OM enrichment [54,55].
As a diluent, it directly reduces OM content, or carries terrigenous OM into the lake
bottom, increasing sediment abundance. Preservation of underwater sediments can also
be disrupted by affecting burial rates [39,56]. Al and Ti are the main components of
the continental crust. Due to the low Ti content in the samples, Al2O3 and TiO2 are
used to characterize the terrestrial input (Table 6). Depending on the profile changes, the
terrigenous input in mudstone and gypsiferous mudstone is similar, while that in sandstone
is significantly lower (Figure 8). By analyzing the correlation between Al2O3, TiO2 and
TOC, the Hetao Basin terrestrial input is used as a diluent to reduce the content of OM,
which is not conducive to the enrichment (Figure 9a,b). The influence of terrestrial input on
mudstone is greater than that of gypsum mudstone.
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5.2. Redox

Biomarker complex parameters Pr/Ph, Gammacerane index (GI) (Gammacerane/C30hopane),
Pr/nC17 and Ph/nC18 may reflect redox and stratification of water bodies [57–59]. The
Pr/Ph ratio of less than 1.0 indicates a strong reducing environment [58], and a high GI
indicates water stratification and salinity [60]. Through the intersection diagram of Pr/nC17
and Ph/nC18 parameters (Figure 10a), it is observed that the source rocks in the whole
study area are in a strong reducing environment. At the same time, Pr/Ph is less than
1, with a high GI value (Figure 10b), which proves that the E3l source rocks have strong
reduction and water stratification characteristics.

Processes 2023, 11, 2114 23 of 31 
 

 

 
Figure 9. The correlation between elements Al2O3 (a) and TiO2 (b) and TOC. 

5.2. Redox 
Biomarker complex parameters Pr/Ph, Gammacerane index (GI) (Gammac-

erane/C30hopane), Pr/nC17 and Ph/nC18 may reflect redox and stratification of water bodies 
[57–59]. The Pr/Ph ratio of less than 1.0 indicates a strong reducing environment [58], and 
a high GI indicates water stratification and salinity [60]. Through the intersection diagram 
of Pr/nC17 and Ph/nC18 parameters (Figure 10a), it is observed that the source rocks in the 
whole study area are in a strong reducing environment. At the same time, Pr/Ph is less 
than 1, with a high GI value (Figure 10b), which proves that the E3l source rocks have 
strong reduction and water stratification characteristics. 

 
Figure 10. The Pr/nC17 and Ph/ nC18 parameter crossplot (a) reflecting the sedimentary environment, 
and the Pr/Ph and Gammacerane /C30hopane crossplot (b). Crossplot of UEF and MoEF (c), and cor-
relation of δU and TOC. SW: modern seawater (d). 

The concentrations of U and Mo in the continental crust are low (U = 2.8 µg/g, Mo = 
1.5 µg/g), which are mainly transported to the ocean through rivers [61]. The concentra-
tions of U and Mo in marine plankton are also low, but the residence time is long. In-
creased absorption by sediments under anoxic conditions results in beĴer water redox 

Figure 10. The Pr/nC17 and Ph/nC18 parameter crossplot (a) reflecting the sedimentary environment,
and the Pr/Ph and Gammacerane /C30hopane crossplot (b). Crossplot of UEF and MoEF (c), and
correlation of δU and TOC. SW: modern seawater (d).

The concentrations of U and Mo in the continental crust are low (U = 2.8 µg/g,
Mo = 1.5 µg/g), which are mainly transported to the ocean through rivers [61]. The
concentrations of U and Mo in marine plankton are also low, but the residence time is long.
Increased absorption by sediments under anoxic conditions results in better water redox
characteristics [61]. Other elements, such as V, Ni, Ce, La and Th, are also sensitive to redox
changes. The parameters used in this study were δU (δU = 2 × U/(Th/3 + U), V/(V + Ni)
and Ce/La (Table 6) [19].

Based on the results of previous studies, 0.3SW < MoEF/UEF < SW, SW < MoEF/UEF < 3SW,
3SW < MoEF/UEF < 10SW indicate suboxic, anoxic, and euxinic environments (SW is
modern seawater), respectively [61]. Source rock samples in the study area are basically
located in the purple area in Figure 10c (representing an ‘unrestricted ocean’ (UM) trend,
which is characteristic of the eastern tropical Pacific), and they have an increasing trend with
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the increase in enrichment coefficient. Other redox parameters showed weak oxidation-
reduction changes in the profile (Figure 8), indicating that the water body fluctuated during
deposition and that there was obvious stratification. The value of δU in the oxidation
parameter changes obviously, and the correlation between this parameter and TOC is
selected (Figure 10d). It was found that the source rocks in the study area are enriched
with OM with the increase in water reduction, and that gypsum mudstone is more affected
than mudstone.

Multiple well data were selected for biomarker parameters, indicating that the Linhe
Formation was deposited in a reduced environment. Inorganic elements were analyzed
from longitudinal data of a single well. Through comprehensive analysis, the following
conclusions can be drawn, the source rocks of E3l in the Hetao Basin were in a reduced
environment as a whole, but the vertical stratification of water bodies was obvious, and
there was a weak alternating oxidationreduction transformation phenomenon.

5.3. Paleosalinity

Water salinity is an important indicator of sedimentary environment. This study charac-
terizes paleosalinity from a qualitative and quantitative perspective. The parameters of Sr/Ba,
CaO/(CaO + Fe) and MgO/Al2O3 × 100, which are sensitive to the change in water salinity,
were selected. Their parameter indication ranges are shown in Table 6. The Sr/Ba parame-
ters of the source rocks in the study area are 0.41–4.48 (1.35), and the CaO/(CaO + Fe) ratio
is between 0.21 and 0.96, with an average value of 0.66. MgO/Al2O3 × 100 is 17.35–336.57
(69.66). According to the changes in the profile in Figure 8, these parameters all have
interbedding changes, which reflect that the water body has both brackish water and salt
water characteristics during deposition.

Boron (B) is a reliable indicator of salinity in muddy sediments [62,63]. This study
measured 23 B elements in mudstone and gypsum mudstone. The formula is estab-
lished by Li et al., 2003 [64] according to the formula of saline lake basin in China:
LgS = (LgB−2.0272)/0.2428. Among them, B is the measured element, S is the ancient
salinity (‰), and the use range is 0–40‰. The calculation results are shown in Table 5.
Adams (1965) pointed out that the water salinity division standard is S < 10‰ for brackish
water–freshwater environment, 10~25‰ for brackish water, 25~35‰ for salty water, and
S > 35‰ for ultra-saline water. The paleosalinity of E3l ranges from 15.46‰ to 38.31‰,
with an average value of 23.27‰. There is a change in backwatersaline-ultrasaline water. It
shows that there was also stratification of water salinity.

Crossplots of Sr/Ba, CaO/(CaO + Fe), B, and GI parameters characterizing salinity
with TOC showed that OM abundance increased with salinity (Figure 11a–c). The correla-
tion between B element and TOC in gypsum mudstone was the best (Figure 11c), indicating
that changes in water salinity have the greatest influence on OM enrichment in gypsum
mudstone. It is worth noting that TOC increases first and then decreases with the index of
GI (Figure 11d). This shows that for the source rocks in the whole study area, TOC increases
with the increase in salinity within a certain range, but if salinity is higher, OM abundance
may decrease with the increase in salinity. This is consistent with previous conclusions that
high salinity is not conducive to biological life [9].

5.4. Paleoclimate

The paleoclimate parameters selected in this study include Sr/Cu, Mg/Ca, Rb/Sr,
chemical alteration index (CIA) and C, and their parameter indication ranges are shown in
Table 6. CIA = 100 × Al2O3 × (Al2O3 + NaO + K2O + CaO *), CaO * = CaO − (3 × P2O5/10) [54].
C = ∑(Fe + Mn + Cr + V + Co + Ni)/∑(Ca + Mg + Sr + Ba + K + Na) [24].

Changes in the profile occur through each indicator (Figure 8). The E3l is in a cold
and dry environment as a whole, but the parameters on the profile change, indicating
that the climate changes with deposition. Figure 12 shows the correlation between each
paleoclimatic index and TOC. Overall, the arid climate is conducive to the enrichment of
OM. The TOC correlation between CIA and mudstone and gypsum mudstone is weak
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(Figure 12a). Mg/Ca, Rb/Sr and C values have a large influence on the abundance of OM
in mudstone, but have little influence on gypsum mudstone (Figure 12b–d).
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5.5. Paleoproductivity and Water Body Limitation

Paleoproductivity is the basis for the formation of organic-rich sediments [65]. Phos-
phorus (P) is an important nutrient in the process of biological metabolism. It is also an
integral part of the skeleton of many marine organisms and can enter sediments after the
organism decomposes [66]. Ni content indicates organic carbon input and also reflects
higher paleontological productivity. Ratios of P to Ni and Al to Ti eliminate the effects
of P and Ni from land [66]. The increase in paleoproductivity should be conducive to
OM enrichment and increased TOC, but the P/Ti and P/Al of mudstone in Figure 13 are
inversely proportional to mudstone (Figure 13b,c). The reason may be that the terrestrial
input studied in 5.1 has a greater impact on the mudstone, resulting in the ancient produc-
tivity shown by the parameters is inversely proportional. If these three abnormal values
are ignored, ancient mudstone productivity is positively correlated with TOC.
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The connection between basin water and the open sea has an influence on the nutrient
supply of surface water in the basin. As the degree of water limitation increases, the
exchange between water bodies weakens, and the supply of reducing element Mo from
the open sea decreases. According to the restricted degree chart of anoxic water body
established by Algeo [66] (Figure 13d), the sample data in the study area are scattered,
from weak to strong retention, which is consistent with the conclusion of stratification and
fluctuation of the water body.

5.6. Sedimentation Rate and Paleowater Depth

(La/Yb)N (UCC normalized) is considered to be an effective indicator of REE differ-
entiation. When the value of (La/Yb)N is close to 1, it indicates that the degree of REE
differentiation is weak or there is almost no differentiation, indicating a high deposition
rate. If the (La/Yb) N value is significantly higher or lower than 1, it reflects a low depo-
sition rate [26]. The (La/Yb)N ratios of the source rocks in the study area are 0.83–1.58,
with an average of 1.22, indicating that the E3l source rocks have a high deposition rate
during deposition.
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The Co element method is a commonly used quantitative index of paleowater depth.
It mainly uses Co element and deposition rate to restore paleowater depth. The cal-
culation formula of the deposition rate with Co is based on Wu and Zhou, 2000 [67]:
Vs = Vo × Nco/(Sco-t × Tco). Vs is the deposition rate of the sample; Vo is the deposition
rate of normal lakes, 300m/Ma; Nco is the mass fraction of Co in normal lake sediments,
20 ppm; Sco is the abundance of Co in the sample µg/g, and t is the ratio of La abundance
in the test sample to the average value of La in the terrigenous clastic rock (31 µg/g). Tco
represents the abundance of Co in terrigenous clastic rocks (4.68 µg/g). The calculation
formula of ancient water depth is H = 3.05 × 105/(Vs1.5) [67]. The calculation results are
shown in Table 5. The deposition rate ratio is between 306.90 and 1877.35 µg/g, with an
average of 666.58 µg/g, indicating that the E3l had a high deposition rate. The ancient
water depth range is 3.75–56.73 m, with an average of 23.82 m, indicating that the water
body was relatively deep.

Sedimentation rate and paleowater depth vary significantly in the profile (Figure 8).
However, there is no correlation with TOC change, which has little effect on OM enrichment
in the Linhe Formation source rocks.

5.7. Enrichment Model

The environmental control factors of mudstone and gypsum mudstone in E3l of Hetao
Basin are different. Terrestrial input has a stronger inhibitory effect on the enrichment of
mudstone OM, and the arid paleoclimate is more favorable. Reducing the environment and
salinity of water are more conducive to promoting OM enrichment of gypsum mudstone.
For the sampled well H6, the gypsum mudstone deposited earlier than the mudstone, and
the main controlling factors of the environment were different in different periods, but for
the whole Hetao Basin, the main controlling factors of OM enrichment were unchanged.

There was evidence from the northwest and southeast of the study area [68]. Although
the provenance was abundant, the nutrient content was low due to the deep-water body and
less input of terrigenous clastic material, which was not conducive to the enrichment of OM
in the study area. In addition, the water retention environment changed significantly during
the E3l sedimentary period, resulting in less nutrients, which limited the improvement
of surface water paleoproductivity. The above reasons may explain the low TOC in the
study area. The arid climate increased water evaporation and salinity, which to some
extent prevented the consumption and decomposition of OM. The source rocks in the study
area are in a low oxidation-reduction fluctuation environment, and the stratification of the
water body is obvious, which is not only conducive to enrichment, but also conducive to
preservation (Figure 14).
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Both mudstone and gypsum-bearing mudstone can be used as good source rocks, but
the environment has different effects on them, which can provide a basis for studying the
hydrocarbon generation potential of source rocks. In addition, clarifying the influencing
factors of organic matter enrichment can also explain the generally low abundance of
organic matter in the saline lake basin.

6. Conclusions

There are two types of source rocks, mudstone and gypsum mudstone, in E3l of the
Hetao Basin, but their hydrocarbon generation potential is the same. By analyzing the
characteristics of their sedimentary environment, the following conclusions can be drawn:

1. The correlation between Al2O3 and TiO2 and TOC shows that terrestrial input is used
as a diluent to reduce OM content, which is not conducive to enrichment. The effect
of terrestrial input on mudstone dilution is greater than that of gypsum mudstone.

2. Pr/Ph, Pr/nC17, Ph/nC18, δU, V/(V + Ni), Ce/La, UEF and MoEF represent redox.
The source rocks of E3l were in a reduced environment, and there were weak changes
in oxidation-reduction in the vertical direction. The more reducing the environment,
the more conducive OM enrichment.

3. GI, Sr/Ba, CaO/(CaO + Fe) and MgO/Al2O3 × 100 are used to qualitatively charac-
terize paleosalinity, and B is used for quantitative calculation. Analysis results show
that E3l was in a saline water environment, and there was water stratification on
the profile. Paleosalinity promotes OM enrichment, which has a greater impact on
gypsum mudstone.

4. The paleoclimatic parameters of Sr/Cu, Mg/Ca, Rb/Sr, CIA and C indicate that
the E3l was in a cold and dry environment, and the arid environment promotes the
enrichment of OM, especially for mudstone.

5. Paleoproductivity, water restriction and deposition rate are weakly correlated with
TOC, and the water body is deeper.

In this study, good preservation conditions, including reduction conditions, water
stratification, and hot and dry climate, were the main controlling factors for OM enrichment.
On the basis of clarifying the main controlling factors of organic matter enrichment, further
research will be carried out in the future on the hydrocarbon generation mechanism of
source rocks and oil and gas resources in the basin.
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