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Abstract: The well-developed mudstone and gypsum mudstone in the Oligocene Linhe Formation
(Esl) 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 Esl 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.
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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 x 10* km?, 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 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 um 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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Figure 2. (a) Core photos and microelement experimental sampling location map of upper Linhe

Formation in well H6. (b) Core photos and microelement experimental sampling location map of
lower Linhe Formation in well H6.
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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.

i o HI (m,

Well Lithology Depth (m) Pr/Ph Pr/nCyy Ph/nCys GI S1 (mg/g) S, (mg/g) Tmax (°C) TOC (%) HC/g T(%C)

H1 mudstone 3340 023 031 3.79 1.22 031 213 424 0.79 269.62

H1 mudstone 3362 026 0.13 1.52 0.84 0.75 14.63 416 2.97 49259

H1 mudstone 3365 030 045 1.38 1.36 0.75 12.10 418 1.20 1008.33

H1 mudstone 3369 0.14 0.82 6.28 127 038 10.01 420 1.90 526.84

H1 mudstone 3371 0.19 0.50 338 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 3450 023 0.69 463 1.01 0.16 1.05 424 152 68.90
mudstone

H1 sypsum 3462 0.38 0.49 2.86 0.95 0.09 051 416 1.98 25.76
mudstone

H1 sypsum 3580 0.20 0.41 429 1.10 1.00 0.86 426 0.63 136.51
mudstone

H1 sypsum 3710 023 043 418 0.99 0.13 1.26 428 0.64 196.88
mudstone

H2 mudstone 3635 0.20 0.26 5.19 059 0.10 0.97 419 051 189.51

H2 mudstone 3758 0.20 026 4.80 0.87 0.17 2.66 423 0.81 328.65

H2 mudstone 3855 030 0.53 278 091 036 425 419 118 360.25

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

H2 sypsum 4015 027 0.65 3.18 1.14 0.17 171 425 055 311.67
mudstone

H2 sypsum 4130 0.34 053 238 093 0.20 1.98 428 158 125.41
mudstone

H3 mudstone 4197 031 032 1.96 0.57 0.08 0.26 422 0.11 232,61

H3 mudstone 4215 021 0.27 350 0.54 013 0.92 424 0.4 20631

H3 mudstone 4236 0.66 0.39 1.68 0.29 0.04 0.11 432 0.22 51.06

H3 mudstone 42382 0.87 0.66 143 0.60 0.08 1.64 435 0.61 269.38

H3 gypsum 42384 0.52 0.32 0.52 0.28 0.10 0.86 417 0.44 196.99
mudstone

H3 sypsum 4238.8 042 042 1.42 0.16 0.11 027 412 0.23 119.39
mudstone

H3 sypsum 42429 0.26 035 0.89 1.07 027 032 421 0.14 22843
mudstone

H3 sypsum 4243 0.46 0.28 0.56 055 021 1.20 426 0.49 243.46
mudstone

H3 gypsum 4328 045 035 0.81 023 053 462 424 143 323.35
mudstone

H3 mudstone 4380 037 0.50 142 091 073 391 421 1.65 236.93

H3 mudstone 4470 038 0.66 1.81 0.94 0.27 1.33 418 0.69 191.62

H3 mudstone 4535 038 0.54 1.51 1.86 0.19 0.60 417 035 172.31

H3 mudstone 4600 0.48 0.73 1.60 151 0.15 0.68 418 0.46 147.83

H3 mudstone 4670 047 0.66 1.40 1.08 0.17 0.78 419 048 16250

H4 mudstone 4455 0.64 0.42 0.94 030 0.08 0.38 422 0.61 61.37

H4 mudstone 4580 0.50 0.50 1.28 033 0.11 0.48 421 052 91.87

H4 gypsum 4655 042 0.75 2.04 057 135 13.24 434 3.02 438.30
mudstone

H4 gypsum 4750 0.34 0.39 111 1.23 1.25 9.20 432 1.29 712.97
mudstone

H4 sypsum 4815 059 0.84 148 073 0.09 124 434 0.56 22297

mudstone
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Table 1. Cont.

i o HI (m
Well Lithology Depth (m) Pr/Ph Pr/nCyy Ph/nCys GI S1 (mg/g) S, (mg/g) Tmax (°C) TOC (%) HClg T(%C)
H5 mudstone 4027 0.31 0.24 2.35 0.71 0.89 18.76 431 291 644.54
H5 mudstone 4272 0.32 0.46 2.98 0.63 0.16 2.39 427 0.88 270.77
H5 gypsum 4397 031 0.65 238 0.67 0.52 10.29 429 2.08 49461
mudstone
H5 gypsum 4445 0.23 0.64 2.66 0.80 0.14 1.19 425 0.67 178.89
mudstone
H5 gypsum 4497 041 0.69 1.94 0.90 0.07 0.55 127 0.42 131.81
mudstone
H5 gypsum 4553 0.35 0.70 2.00 0.88 0.10 1.26 427 0.64 197.21
mudstone
H5 mudstone 4650 043 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 S; repre-
sents free hydrocarbon (mg/g), i.e., liquid hydrocarbon content per unit mass of source rock
detected at 300 °C. The S; (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 Sp / TOC x 100% [40,41].
The pyrolyzed hydrocarbon (Tmax) maximum temperature represents the temperature cor-
responding to the highest point of peak S;, 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 S; value was between 0.04 mg/g and 0.89 mg/g, averaging 0.31 mg/g.
The content of S; 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 S; [40]. The quality of Esl 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 I, and III, and some are
I'and II; (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, v and -carotene are
detected in the gypsum mudstone (Figure 4). The source rocks in the study area have high
gammacerane. The gammacerane index (gammacerane/Csy 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 C3;—Cs5 hopane (Figure 4).

4.2. Geochemistry of Elements
4.2.1. Major Elements

SiO;, content in the main elements is high, averaging 50.11%, followed by Al,O3 and
CaO. The Al,O3 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,
5i0; 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,
P,05 in mudstone is relatively enriched, and in gypsum mudstone it is relatively depleted
(Figure 5, Table 2).



Processes 2023, 11, 2114

7 of 26

S,(mg/g)

100 1000 -
(a) (b) Immature N Mature!_High-over mature
- i dst
Excellent 0% 900 @ mudstone
R . . *- \3 A\ 800 Type | e gypsum mudstone
V d %’ ¥
Good yRe g 700
o
a = 600
Poor .. on
1.0 ’ O 500
T
. o0
S e @ 400
= T 300
0.1 * -
S £ 2001 Type1l
¢ mudstone = o e 100 * &
0.01 L@ gypsum mudstone |& - Good = s 0 o i*
0.1 1.0 10 380 400 420 440 460 480 500
TOC(%) Tmax(°C)

Figure 3. TOC and S; cross plot (a), the quality classification of source rocks, Tmax and HI cross plot
(b), and the type classification.

PA
100
180 g C,,Hopang Gammacerane
¢ 3
1609 m/z 85 - < ggim/z 191
140 = H
< 0 2
s
120 $3 ® 60
100 $2
80 >$ z
= i C3,-C;sHopane
60 N
40 20 )
20
10 15 20 25 30 35 min 42 44 46 48 50 52 54 56 58 60 62 64 6min
H1,3580m,E,L, gypsum mudstone
PA
100,
180
g
160 H
80
140 E
=
120 = 60
100
" Im :
Z 40
" l || [ e [
ov é
20
10 15 20 25 30 35 min 42 44 46 48 50 52 54 56 58 60 62 64 66min
H3,4236m,E,L, mudstone
PA
180 oo
160 é w0
140 E
=
120 = 60
100
80 H
Z 40
60 i
40 20
20
10 15 20 25 30 35 min 42 44 46 48 50 52 54 56 58 60 62 64 66 min

H5,4027m,E,L, mudstone

Figure 4. Mass chromatogram of saturated hydrocarbon m/z 85 and m/z 191 of E3l source rocks in
the Linhe Depression, Hetao Basin.



Processes 2023, 11, 2114

8 of 26

Sample/UCC average

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

= mudstone

sandstone

gypsum mudstone

Si0,

ALO,

CaO

MgO TFe,0,

K,0 NaO TiO,

Major elements

P,0,

Figure 5. The mean value line chart of major elements/UCC of different lithology in E31 of H6 well.

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

A1203 + Kzo +

Number of Depth . TOC SiO, Al,O5 CaO MgO TFe; O K0 Na,O TiO, P,0s5
samples (m) Lithology %) ) (%) (%) ) s ) ) (%) (%) 1‘{3/2)0
LH-1 4999.8 mudstone 0219 5138 1512 7.26 372 541 345 160 067 035 20.17
LH-2 500033  mudstone 0186 5623 1554 550 284 525 352 166 071 014 20.72
LH-3 5000.8 mudstone 021 5367 1510 5.99 266 621 328 194 068 014 2032
LH-4 5001.13  mudstone 0.17 5397 1648 4.89 286 605 367 192 069 014 22.07
LH-5 5001.87  mudstone 0.18 3847 1159 1090 796 493 258 162 047 015 15.79
LH-6 5002.5 mudstone 095 3390 1032 1340 905 447 236 134 040 023 14.02
LH-7 5002.9 mudstone 1.81 4321 1286 1160 393 522 282 186 053 014 17.54
LH-8 500357  mudstone 0583 1333 340 27.0 8.81 171 073 065 014  0.09 478
LH-9 500415  sandstone 6221 489 11.00 038 124 166 142 008 001 7.97
LH-10 500468  sandstone 7729 677 2.70 074 204 199 216 023 0.2 10.92
LH-11 500535  sandstone 7869 701 2553 123 1.8 199 225 023 0.2 11.25
LH-12 500625  sandstone 7947 692 210 109 213 207 229 020 0.2 11.28
gypsum-
LH-13 5233.06 bearing 236 4633 1321 6.37 477 570 307 143 054 017 17.71
argillaceous
siltstone
gypsum-
LH-14 5233.2 bearing 1.86 2954 851 1365 1150 361 200 095 036 011 1146
argillaceous
siltstone
gypsum-
LH-15 5233.6 bearing 0213 3753 824 16.35 360 329 178 136 042 010 11.38
argillaceous
siltstone
LH-16 5234.1 sypsum 0166 5480 1829 1.25 431 6.81 476 124 071 012 24.29
mudstone
LH-17 52345 sypsum 2.01 5264 1696 245 531 662 388 135 070 0.8 2219
mudstone
LH-18 5234.8 gypsum 0.151 4581  14.68 574 6.16 6.55 349 1.18 061 016 19.35
mudstone
LH-19 5235.5 sandstone 61.60 478 9.48 402 152 134 144 011 002 7.56
LH-20 5236.17 sypsum 0228 1764 566 1365 1905 329 130 057 022  0.09 7.53
mudstone
LH-21 5236.73 sypsum 0.161 4958  17.14 3.48 5.29 6.92 3.96 1.28 067 0.6 22.38
mudstone
LH-22 5237.2 sypsum 0.169 3407 1135 14.75 463 429 263 089 048 011 14.87

mudstone
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Table 2. Cont.

Number of

Depth

TOC  Si0, ALO; CaO MgO TFe,0 KO NayO TiO, P05 AkOs+K0+

samples (m) Lithology %) ©) (%) %) @) %) %) ) %) (%) Moz
0,

LH-23 5237.82 sypsum 00763 4618  15.04 5.86 709 58 346 120 059 0.6 19.70
mudstone

LH-24 5238.1 gypsum 0.111 4660 1597 477 617 641 3.69 121 064 016 20.87
mudstone

LH-25 5238.55 sypsum 00895 4901 1645 405 588 600 391 116 065 015 21.52
mudstone

LH-26 5239.1 sypsum 0119 4554 1519 6.52 617 553 353 111 060 015 19.83
mudstone

LH-27 5239.48 sypsum 0254 4306 1351 9.06 6.39 5.8 3.08 1.10 057 0.4 17.69
mudstone

LH-28 5239.9 sandstone 3503  10.61 14.15 673 444 239 087 044 012 13.87

LH-29 524045  sandstone 6540 652 7.69 218 155 148 170 025  0.03 9.70

LH-30 5241.19 gypsum 3.97 2378 738 18.60 11.80  3.07 1.76 0.64 030 0.9 9.78
mudstone

LH-31 5241.6 sandstone 5243 510 13.15 316 159 155 116 022 003 7.81

LH-32 5242.37 sandy 298 6316  10.03 439 470 343 236 171 046 010 14.10
mudstone

LH-33 52435 mudstone 147 3582 1156  10.80 942 454 289 099 046 010 15.44

LH-34 5244.1 sandstone 7715 518 440 023 167 187 133 041 002 8.38

LH-35 5244.5 sandstone 7228 691 445 316 178 224 168 021 003 10.83

LH-36 5246.1 sandstone 7702 7.89 219 114 208 256 189 026  0.03 12.34

Ucc 66.00 1520 420 220 508 340 390 065 015 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 Xgg = (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) Bagr, Nagp and Kgr have little difference in mudstone and gypsum mudstone, but
they are relatively enriched in sandstone. Nagg is relatively depleted in mudstone and
gypsum mudstone (EF < 1), and it is slightly enriched in sandstone (1 < EF < 3). (2) Cog,
Crgp, Cugp, Fepr, Thgr, Nigp and Vip show the opposite characteristics. They are relatively
high in mudstone and gypsum mudstone, and they are depleted in sandstone (EF < 1).
(3) Pgp, Mngg, Mogg, Mggr, Cagp and Ugg are characterized by moderate enrichment and
strong enrichment in lithologic transition areas. (4) Rbgr and Tigr do not change with
lithology. Rbgr is slightly enriched and Tig is relatively depleted.
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Table 3. Statistical table of trace elements in the Linhe Formation of well H6.

Number of Litholo Depth (m) v Cr Co Ni Cu Sr Mo Th U Ba Al Mg Fe P Rb Ca Mn K Na Ti
samples o P ng/ls  mugls  mg/ls  wgls  mgls  ngls  mgls mgls  ngls  mgls % % %  ugls mgls % mgls % % %
LH-1 mudstone 4999.8 112 78 1620 3920  29.80 22 09  13.65 350 540 753 213 378 1530 13050 520 899 291 118 037
LH-2 mudstone 5000.33 102 75 1760 3950  36.00 184 042 1335 230 400 754 158 351 580 12500 385 444 288 119 039
LH-3 mudstone 5000.8 106 76 1830 4270 3890 193 123 1335 2.80 420 752 150 429 610 12300 430 443 274 139 038
LH-4 mudstone 5001.13 114 78 1840 4300  42.00 166 073 1335 250 400 791 155 404 590 12450 342 386 301 136 037
LH-5 mudstone 5001.87 102 60 1500 3100  37.50 349 1075 993 9.20 370 574 466 338 670 9950 772 668 217 117 027
LH-6 mudstone 5002.5 103 57 1440 3390 3640 267 3340 923 11.00 600 534 550 317 1050 9520 953 759 206 101 023
LH-7 mudstone 5002.9 106 65 1710 4040 5370 641 1415 1155 1220 570 651 227 367 600 11550 827 582 240 139 030
LH-8 mudstone 5003.57 30 27 4.60 1020 1080 1000 727 278 6.60 300 178 529 125 410 2880 1935 535 063 053 008
LH-9 sandstone 5004.15 8 10 1.40 330 4.00 1360 516 142 0.60 440 250 022 08 40 4690 817 8 141 107 005
LH-10 sandstone 5004.68 18 31 2.60 6.90 6.00 335 151 248 0.80 660 342 041 150 100 5430 203 213 167 161 013
LH-11 sandstone 5005.35 19 24 250 6.30 6.00 29 081 263 0.90 630 352 071 127 100 5330 190 259 167 170 0.3
LH-12 sandstone 5006.25 17 24 230 6.10 6.20 205 073 239 0.70 730 346 063 146 70 5560 155 238 171 168 012
LH-13 gypsum-bearing 5233.06 150 73 2100 4650  53.80 820 4880 1020 2290 860 663 276 398 690 11800 462 436 257 106 030
argillaceous siltstone
LH-14 gypsum-bearing 5233.2 64 41 1000 2440  20.00 1345 273 726 410 390 434 693 256 480 7630 971 515 171 071 021
argillaceous siltstone
LH-15 gypsum-bearing 5233.6 52 41 8.70 21.30 17.00 1300 373 7.56 2.90 290 418 204 228 440 6310 1140 426 149 102 023
argillaceous siltstone
LH-16 gypsum mudstone 5234.1 118 80 1860 4550 3650 168 106  13.65 230 360 911 248 466 520 15850 092 282 392 092 039
LH-17 gypsum mudstone 52345 121 77 1810 4450  36.80 305 116 1445 2.30 460 863 314 465 770 13900 182 471 331 100 039
LH-18 gypsum mudstone 5234.8 116 65 2500 4800  37.60 937 1190  12.80 9.40 520 755 369 458 730 13400 421 540 299 090 035
LH-19 sandstone 5235.5 11 16 1.70 430 4.80 1610 099 160 0.70 840 245 234 101 80 3700 682 341 113 109 007
LH-20 gypsum mudstone 5236.17 61 30 8.10 1880 1840 1260 1860  4.88 10.80 600 291 1145 227 360 4850 953 889 111 042 013
LH-21 gypsum mudstone 5236.73 118 70 1620 4140 3270 27 103 1415 230 340 841 301 470 700 14000 246 439 322 092 037
LH-22 gypsum mudstone 5237.2 81 52 1410 3090 2970 1030 093  9.17 220 560 564 264 295 480 9260 1020 456 218  0.68 027
LH-23 gypsum mudstone 5237.82 105 65 1510 3750  29.20 201 165 1220 330 300 748 414 407 670 12400 419 727 288 087 033
LH-24 gypsum mudstone 5238.1 113 70 2170 4790 3610 299 124 1405 330 400 799 360 443 660 13550 342 546 307 089 036
LH-25 gypsum mudstone 5238.55 118 71 1640 4250 3250 240 376  13.80 3.90 370 825 346 415 660 14050 292 484 320 08 037
LH-26 gypsum mudstone 5239.1 110 62 1580 3730 3260 374 643 1270 5.10 350 757 360 385 630 12800 466 531 294 081 034
LH-27 gypsum mudstone 5239.48 97 54 1220 3090 2010 904 057 1115 1.70 660 685 377 369 620 11400 655 519 261 085 032
LH-28 sandstone 5239.9 77 43 1060 2690 2220 1060 212 9.0 240 390 531 397 311 510 8380 1000 660 201 065 025
LH-29 sandstone 5240.45 18 17 3.10 6.60 6.60 1395 103 368 0.80 360 317 122 101 150 4320 541 198 119 123  0.14
LH-30 gypsum mudstone 5241.19 58 38 9.60 2330 2340 1200 878 671 9.20 350 374 705 203 410 6840 1265 542 146 050 0.17
LH-31 sandstone 5241.6 16 21 2.90 650 6.80 5420 095  3.33 0.90 100 256 180 103 140 4760 918 325 127 087 0.2
LH-32 sandy mudstone 5242.37 53 46 9.00 2370 2080 1090 126 7.9 1.90 800 499 279 227 460 8050 312 372 196 127 026
LH-33 mudstone 52435 100 62 1740 4220 3850 356 3290 973 1220 660 581 572 300 450 11200 757 492 240 073 027
LH-34 sandstone 5244.1 12 18 250 450 8.10 971 278 313 2.60 500 257 013 109 70 5100 320 127 153 099 022
LH-35 sandstone 52445 18 17 3.00 6.90 8.40 199 116 298 1.00 680 337 180 116 120 6300 315 305 184 122 012
LH-36 sandstone 5246.1 20 23 3.40 8.40 7.50 443 121 395 0.80 1120 385 065 142 150 7100 160 203 209 138  0.15
ucc 107 83 1700 4400  25.00 350 150 1070 2.80 550 804 133 350 700 11200 300 600 280 289 041
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Sample/UCC

0.1

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 pg/g in mudstone,
47.7 ug/g in sandstone and 149.4 pug/g in gypsum mudstone. The average value of } REEs
in UCC is 146.4 ng/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/Y HREEs [50-53]. The average value
of Y LREEs /Y 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)y) 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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Figure 7. UCC normalized distribution curve of rare earth elements in the Linhe Formation.
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Table 4. Statistical table of rare earth elements in the Linhe Formation of well H6.

Number of . Depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y LREE/

Samples Lithology m ugls ngls mgls wugls ngls  mgls  wugls ngls mgls ugls  mgls ngls  mgls  mgg Db LIREE LHREE  papgy  (LalYb
LH-1 mudstone 49998 3310 6710 786 2970 583 117 439 067 398 074 225 031 198 0.32 159.40 14476  14.64 9.89 123
LH-2 mudstone 500033 3570 7410 827 3120 628 1.25 467 069 391 075 210 031 190 031 17144 15680  14.64 10.71 1.38
LH-3 mudstone 50008 3710 7210 832 3090 619 1.24 469 071 393 076 213 031 19 032 170.64 15585  14.79 10.54 1.40
LH-4 mudstone 5001.13 3340 7030 822 3140 598 1.20 446 066 380 072 203 030 187 030 16464 15050  14.14 10.64 131
LH-5 mudstone 5001.87 2660 5390 607 2320 452 0.87 334 051 294 057 161 024 154 025 12616 11516  11.00 10.47 127
LH-6 mudstone 50025 2710 5260 611 2350  4.64 0.90 345 053 305 059 168 024 152 0.26 12617 11485 1132 10.15 131
LH-7 mudstone 50029 3320 6670 749 2840  5.64 1.08 412 063 355 071 207 029 184 030 15602 14251 1351 10.55 1.32
LH-8 mudstone 500357 930 1895 225 860 166 033 128 019 116 022 063 009 055 0.09 45.30 41.09 421 9.76 1.24
LH-9 sandstone 500415 470 877 110 410 074 0.23 052 007 049 010 030 004 028 0.05 21.49 19.64 185 10.62 123
LH-10 sandstone 500468 830 1635 204 760 150 039 112 016 102 021 059 009 065 0.10 4012 36.18 3.94 9.18 0.94
LH-11 sandstone 500535 860 1700 211 800 157 042 124 018 112 022 067 010 064 0.11 41.98 37.70 428 8.81 0.99
LH-12 sandstone 500625 800 1580 194 710 130 035 096 014 128 019 057 008 059 0.09 38.39 34.49 3.90 8.84 0.99
LH-13 gypsum-bearing 5233.06 2970 6130 712 2670 536 1.08 397 060 339 066 185 027 168 0.28 14396 13126 1270 10.34 1.30

argillaceous siltstone
LH-14 gypsum-bearing 52332 2130 4250 505 1910 3.79 0.72 285 041 246 048 136 020 128 0.21 101.71 92.46 9.25 10.00 122

argillaceous siltstone
LH-15 gypsum-bearing 52336 2110 4370 511 1960 381 073 260 040 240 045 124 018 119 0.19 10279 94.05 8.74 10.76 1.30

argillaceous siltstone
LH-16 gypsum mudstone 52341 3800 7820 871 3340 652 131 486 074 419 08 229 034 211 0.34 181.84 16614 1570 10.58 132
LH-17 gypsum mudstone 52345 4090 8340 938 3520 695 142 542 077 440 08 238 034 211 0.36 19389 17725  16.64 10.65 142
LH-18 gypsum mudstone 52348 3610 7310 824 3120 622 1.23 462 072 424 08 239 037 230 038 17194 15609 1585 9.85 1.15
LH-19 sandstone 5235.5 670 1215 153 570 112 0.34 092 014 085 017 050 008 048 0.08 30.76 27.54 3.22 8.55 1.02
LH-20 gypsum mudstone 523617 1520 3070 360 1390 274 0.52 198 029 174 034 095 014 0386 0.14 73.10 66.66 6.44 10.35 1.30
LH-21 gypsum mudstone 523673 4060 8410 939 3560 685 1.39 523 079 445 086 247 035 226 037 19471 17793 1678 10.60 132
LH-22 gypsum mudstone 52372 2640 5500 618 2410 459 091 321 047 266 050 140 021 122 0.20 12705 11718 9.87 11.87 1.59
LH-23 gypsum mudstone 5237.82 3570 7460 835 3160 601 1.21 456 069 38 076 227 032 203 032 17230 15747  14.83 10.62 1.29
LH-24 gypsum mudstone 52381 3830 8020 880 3340 638 1.30 493 074 413 08 227 034 204 0.34 18400 16838  15.62 10.78 1.38
LH-25 gypsum mudstone 523855 3790 7870 898 3350 649 133 510 076 428 085 236 035 222 039 18321 16690 1631 10.23 125
LH-26 gypsum mudstone 52391 3500 7120 811 3090 594 1.16 444 067 388 076 214 032 19 0.32 166.80 15231 1449 10.51 1.31
LH-27 gypsum mudstone 5239.48 3400 6930 777 2920 561 1.09 417 063 342 068 188 027 170 0.28 16000 14697  13.03 11.28 147
LH-28 sandstone 5239.9 2440 5010 546 2120 420 0.84 320 047 271 055 151 022 160 0.23 11669 10620 1049 10.12 112
LH-29 sandstone 524045 800 19.60 250 960 178 0.39 128 019 101 020 058 009 057 0.10 45.89 4187 402 10.42 1.03
LH-30 gypsum mudstone 524119 1620 3650 427 1580 295 0.52 212 032 173 035 102 014 091 0.15 82.98 76.24 6.74 11.31 131
LH-31 sandstone 5241.6 670 1795 234 910 183 037 138 021 114 022 067 010 059 0.09 42.69 3829 440 8.70 0.83
LH-32 sandy mudstone 524237 2210 4640 573 2200 415 0.76 323 048 259 050 152 021 134 0.22 1123 10114  10.09 10.02 1.21
LH-33 mudstone 52435 2280 49.80 584 2150 417 0.69 305 046 258 051 153 022 142 0.23 11480 10480  10.00 10.48 1.18
LH-34 sandstone 5244.1 720 17.60 227 860 144 031 101 015 090 018 061 009  0.63 0.09 41.08 37.42 3.66 10.22 0.84
LH-35 sandstone 5244.5 820 1855 239 880 174 0.47 140 022 120 023 069 010  0.64 0.10 4473 4015 458 8.77 0.94
LH-36 sandstone 52461 1240 2590 321 1180 212 0.44 146 021 139 023 066 010 065 0.10 60.67 55.87 4.80 11.64 1.40
ucc 3000 6400 710 2600 450 0.88 380 064 350 080 230 033 220 032 14637 13248  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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Figure 8. (a) Profile of parameter distribution with environmental indication in the upper Linhe
Formation of well H6. (b) Profile of parameter distribution with environmental indication in the
lower Linhe Formation of well H6.
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Table 5. Statistical table of parameters indicating environmental significance of inorganic elements in riverfront formation.

Terrigenous Input Redox Paleosalinit
Ns“mbelr of  Depth (m) Lithology TOC (%) 5 i . Y
amples Al1,03 (%) TiO, (%) SU V/(V+Ni) Ce/La U-EF Mo-EF Sr/Ba CaO/(CaO+Fe) MgO/Al,O3 X 100 B(ug/g) S(%o)
LH-1 4999.8 mudstone 0.22 15.12 0.67 0.87 0.74 2.03 133 0.68 0.41 0.66 24.60 248 32,55
LH-2 5000.33 mudstone 0.19 15.54 071 0.68 0.72 2.08 0.88 0.30 0.46 0.61 18.28 242 29.43
LH-3 5000.8 mudstone 021 15.10 0.68 0.77 071 1.94 1.07 0.88 0.46 058 17.62 235 26.08
LH-4 5001.13 mudstone 0.17 16.48 0.69 0.72 0.73 2.10 091 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 095 10.32 0.40 1.56 0.75 1.94 591 3353 045 0.81 87.69 218 19.14
LH-7 5002.9 mudstone 1.81 12.86 053 1.52 0.72 2,01 5.38 11.65 112 076 30.56 243 29.93
LH-8 5003.57 mudstone 058 3.40 0.14 1.75 075 2.04 10.65 21.89 330 0.96 259.12 233 25.18
LH-9 5004.15 sandstone 4.89 0.08 112 0.71 1.87 0.69 11.06 3.09 093 7.77
LH-10 5004.68 sandstone 6.77 023 0.98 0.72 1.97 0.67 237 051 0.64 10.93
LH-11 5005.35 sandstone 7.01 023 1.01 0.75 1.98 0.73 123 036 0.67 17.55
LH-12 5006.25 sandstone 692 0.20 0.94 0.74 1.98 1.30 2.14 0.28 0.59 15.75
LH-13 5233.06 gypsum-bearing 236 13.21 0.54 1.74 0.76 2.06 0.72 1.74 0.95 0.62 36.11 258 3831
argillaceous siltstone
LH-14 5233.2 gypsum-bearing 1.86 8.51 036 1.26 0.72 2.00 1.01 1.99 345 0.84 135.14 246 31.48
argillaceous siltstone
LH-15 5233.6 gypsum-bearing 0.21 8.24 0.42 1.07 0.71 2,07 2.90 5.80 448 0.88 43.69 226 22.20
argillaceous siltstone
LH-16 5234.1 gypsum mudstone 0.17 18.29 071 0.67 0.72 2.06 0.85 1.84 047 021 23.56 207 15.46
LH-17 52345 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 52348 gypsum mudstone 0.15 14.68 0.61 1.38 071 2.02 0.58 113 1.80 0.56 4196 215 18.08
LH-19 5235.5 sandstone 478 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 0.22 123 0.76 2.02 271 337 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 1.99 478 0.67 043 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 15.04 059 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 2.09 358 8.45 0.75 052 38.63 216 18.43
LH-25 5238.55 gypsum mudstone 0.09 16.45 0.65 092 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 1.37 071 47.30 220 19.87
LH-28 5239.9 sandstone 10.61 0.44 0.89 0.74 2.05 112 0.88 2.72 0.82 63.43
LH-29 5240.45 sandstone 6.52 025 0.79 073 245 127 118 3.88 0.88 3344
LH-30 5241.19 gypsum mudstone 3.97 7.38 030 161 071 2.5 1.19 0.83 3.43 0.90 159.89 256 37.10
LH-31 5241.6 sandstone 5.10 022 0.90 071 2.68 1.36 2.44 54.20 0.93 61.96
LH-32 524237 sandy mudstone 2.98 10.03 0.46 0.83 0.69 2.10 1.93 455 1.36 0.66 46.86
LH-33 52435 mudstone 147 11.56 0.46 1.58 0.70 218 071 045 0.54 078 81.49
LH-34 5244.1 sandstone 5.18 0.41 143 0.73 2.44 7.06 12.58 1.94 0.80 4.44
LH-35 52445 sandstone 691 021 1.00 0.72 226 1.09 1.35 0.29 0.79 4573
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
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Table 5. Cont.

Sedimentation
. s Rate and
Numberof ot (m) Lithology TOC (%) Paleoclimate Paleoproductivity Paleowater
Samples depth
Sr/Cu CIA Mg/Ca Rb/Sr C Ni/Al P/Ti P/Al Vs H(m)

LH-1 4999.8 mudstone 022 7.45 55.33 0.41 059 134 521 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 021 496 57.48 035 0.64 0.94 5.68 1618.04 81.12 47247 29.70
LH-4 5001.13 mudstone 0.17 3.94 61.22 045 075 093 5.44 1577.54 74.59 449.18 32.04
LH-5 5001.87 mudstone 0.18 9.31 4350 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 0.58 036 0.99 635 4487.18 196.63 582.03 21.72
LH-7 5002.9 mudstone 1.81 11.94 4420 0.27 0.18 0.59 621 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 1877.35 375
LH-9 5004.15 sandstone 340.00 25.78 0.03 0.03 0.06 132 784.31 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 0.37 023 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 2023
LH-13 5233.06 gypsum-bearing 236 15.24 54.98 0.60 0.14 0.36 7.01 2300.00 104.07 363.28 44.05

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

argillaceous siltstone
LH-15 5233.6 gypsum-bearing 021 76.47 29.75 0.18 0.05 0.31 5.10 1938.33 105.26 1088.02 8.50

argillaceous siltstone
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 52345 gypsum mudstone 2.01 8.29 68.98 173 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 0.47 636 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 023 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 0.99 492 1902.17 83.23 595.79 20.97
LH-22 5237.2 gypsum mudstone 0.17 34.68 38.36 0.26 0.09 035 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 1.05 045 0.98 5.99 1848.74 82.60 376.93 41.68
LH-25 5238.55 gypsum mudstone 0.09 7.38 64.45 118 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 0.89 493 1863.91 83.22 570.55 22.38
LH-27 5239.48 gypsum mudstone 0.25 44.98 50.58 0.58 0.13 0.39 451 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 0.24 475 1755.73 92.18 1059.39 8.85
LH-33 52435 mudstone 1.47 9.25 4411 0.76 031 0.61 7.26 1679.10 77.45 429.86 34.22
LH-34 5244.1 sandstone 119.88 4055 0.04 0.05 0.11 175 324.07 27.24
LH-35 52445 sandstone 23.63 4525 0.57 032 038 2.05 1043.48 35.61
LH-36 5246.1 sandstone 59.07 54.34 0.41 0.16 0.15 218 1027.40 38.96
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Table 6. Scope of some parameters and references.

Meaning of Indication Parameter Content References
. . Al,O5 The greater the ratio, the greater "y
Terrigenous input TiO, the terrestrial input [27,44]
Oxidation Weak oxidation Reducing References
SU <1 >1 [33]
Redox 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
Sr/Ba <0.5 0.5-1.0 >1.0 [51]
Paleosalinity Ca0O/(CaO + Fe) <0.2 0.2-0.5 >0.5 [52]
MgO/Al,O3 x 100 <1 1~10 >10 [30]
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]
Paleodli Rb/Sr High values indicate moist, low values indicate dry
aleoclimate Cold and dry Warm and humid Hot humid
CIA 50~70 70~80 80~100 [54]
Arid climate Semi-arid 'to semi-moist Hot humid
climate

C <0.2 0.2~0.8 >0.8 [24]

Ni/Al .

Paleoproductivity P/Ti The greater the ratio, the greater (3,12]

P/Al the ancient productivity

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, Al,O3 and TiO; 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 Al,O3, TiO, 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.

20 0.8
(a) ¢ mudstone (b) ¢ mudstone
18 +® e gypsum mudstone 0.7 F ® e gypsum mudstone
® °
o 0.6 [
) .
16 é N
) . ° y=-0.0696x+0.613
14 i ~ 05 R R2=0.2966
;\: ¥z, . Y NS * & T S *
S 3 > . A
o112 F y=-1.2347x + 14.155 0.4 F * O
& $ R2=0.1335 2 .
< 10 o S 03 y=-0.0481x +0.5756 ¢
BB 1 e R2=0.1436
o Y=-1.6 X .6
s @ R2=0.4818 02 F®
[ ]
6 e 0.1
4 0.0
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Figure 9. The correlation between elements Al,O3 (a) and TiO; (b) and TOC.
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5.2. Redox

Biomarker complex parameters Pr/Ph, Gammacerane index (GI) (Gammacerane/Csphopane),
Pr/nCi; and Ph/nC;g 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/nCjy
and Ph/nCyg 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.
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Figure 10. The Pr/nC;7 and Ph/nC;g parameter crossplot (a) reflecting the sedimentary environment,
and the Pr/Ph and Gammacerane /Czghopane crossplot (b). Crossplot of Ugr and Mogr (c), and
correlation of U and TOC. SW: modern seawater (d).

The concentrations of U and Mo in the continental crust are low (U = 2.8 ug/g,
Mo = 1.5 ug/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 6U (6U =2 x U/(Th/3 + U), V/(V + Ni)
and Ce/La (Table 6) [19].

Based on the results of previous studies, 0.3SW < Mogr/Ugr < SW, SW < Mogg/Ugp < 3SW,
3SW < Mogg/Ugr < 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 6U 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/Al,O3 x 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/Al,O3 x 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 (%o), and the use range is 0-40%o.. The calculation results are shown in Table 5.
Adams (1965) pointed out that the water salinity division standard is S < 10%o. for brackish
water—freshwater environment, 10~25%o for brackish water, 25~35%o for salty water, and
S > 35%o for ultra-saline water. The paleosalinity of E3l ranges from 15.46%o to 38.31%o,
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 x ALOs x (ALO3; + NaO + K,O + CaO *), CaO * = CaO — (3 x P,O5/10) [54].
C=Y(Fe+Mn+Cr+V+Co+Ni)/Y(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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with TOC.
80 3.0
¢ mudstone ¢ mudstone
70 i
@ gypsum 25 @ gypsum
60 mudstone mudstone
* 2.0
50 9351x +47.617 . °
=< . 0.0035 O y=0.0306x +0.994
O fe . » 2T R2=0.0035
[ ] y=-4.6039x +54.975 s )
30 r¢ R?=0.1158 o 10
20 |
05 | y=0.127x +0.3889
10 * * R2=0.3419
L 4 * -
(a) (b)
0 , ; - ; 0.0 : : : :
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
TOC(%) TOC(%)
1.0 1.8
[ ] ¢ mudstone Lo le ¢ mudstone
0.8 @ gypsum ) @ gypsum
. PS mudstone 1.4t * mudstone
® 12 |
06 |08 1o
« ... y=-0.1822x+0.5466 . .
2 e .. R2=0428 o “osle
y=0.1208x +0.78
06 R2=0.1414
y=-0.0831x +0.3807 04|
R>=0.1216 )
(©) 02} y=0.2615x + 1.0039 " ® d
c R>=0.3899
0.0 L : . . (
4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
TOC(%) TOC(%)

Figure 12. Correlation between paleoclimatic parameters and TOC of mudstone and gypsum mud-
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7.5

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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Figure 13. Correlation between Ni/ Al (a), P/Ti (b), P/ Al (c), Mo (d) and TOC in mudstone and p
gypsum mudstone.

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)y 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) y value is significantly higher or lower than 1, it reflects a low depo-
sition rate [26]. The (La/Yb)y 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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Brackish water:
Prosperity of plankton

Large changes in
salinity and redox

Bottom water: reductive, high salinity

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 x Nco/(Sco-t x 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 pg/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 ng/g). Tco
represents the abundance of Co in terrigenous clastic rocks (4.68 pg/g). The calculation
formula of ancient water depth is H = 3.05 x 10%/(Vs!®) [67]. The calculation results are
shown in Table 5. The deposition rate ratio is between 306.90 and 1877.35 ug/g, with an
average of 666.58 pg/g, indicating that the Esl 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 Esl 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).

Hot dry climate ‘

High evaporation
High deposition rate

| & |Arb0r| = |Phytoplankton

Coniferous
forest Zooplankton

[ ® |Alga

= Om

Gypsum-salt layer

Figure 14. Organic matter enrichment model of E3l in the Linhe Depression, Hetao Basin.
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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 Al,O3 and TiO, 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/nCyy, Ph/nCyg, 8U, V/(V + Ni), Ce/La, Ugr and MogF 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/Al,O3 x 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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