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Abstract: Just as in deep-water sedimentary environments, productive source rocks can be developed
in an evaporitic platform, where claystones are interbedded with evaporites and carbonates. However,
the impact of the paleoenvironment on the organic matter enrichment of shallow water source rocks
in an evaporite series has not been well explored. In this study, two wells in the central uplift of
the Tarim Basin were systematically sampled and analyzed for a basic geochemical study, including
major elements, trace elements, and total organic carbon (TOC), to understand the relationship
between TOC and the paleoenvironmental parameters, such as paleosalinity, redox, paleoclimate,
paleo-seawater depth, and paleoproductivity. The results show that the Lower-Middle Cambrian
mainly developed in a fluctuating salinity, weak anoxic to anoxic, continuous dry and hot, and proper
shallow water environment. The interfingering section of evaporites, carbonates, and claystones of the
Awatag Fm. have higher paleoproductivity and higher enrichment of organic matter. Paleosalinity,
redox, paleoclimate, paleo-seawater depth, and paleoproductivity jointly control the organic matter
enrichment of shallow water source rocks in the evaporite series. The degree of enrichment of
organic matter in shallow water source rocks first increases and then decreases with the increase
in paleosalinity. All the samples with high content of organic matter come from the shallower
environment of the Awatag Fm.

Keywords: evaporite series; paleoenvironment; shallow water source rock; Lower-Middle Cambrian;

Tarim Basin

1. Introduction

People’s understanding of the relationship between evaporites and hydrocarbons can
be traced back to biblical times when people began to discover and use asphalt near the
Dead Sea [1]. The scientific research related to it began in the middle of the last century [2,3].
Later, studies showed that about half of the world’s oil and gas fields developed in evaporite
series [4-7]. Due to this, people began to pay attention to the influence of evaporative
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environments on the hydrocarbon generation potential of source rocks. Based on the study
of hypersaline sea-marginal pools in the Red Sea, Friedman et al. believe that the organic
matter contained in evaporite provides important source material for hydrocarbons [8].
Svetlana et al. discussed the organic inclusions in the Cambrian evaporite deposit from
the southern part of the Siberian platform, and they found four types of hydrocarbon
inclusions from the evaporite series [9]. In recent years, some scholars have focused on the
lacustrine evaporite series of the Lower Cretaceous in the south Atlantic Ocean [10] and
the salinized lacustrine basins in China [11]. They think the evaporitic environment may
be beneficial to the formation of saline lacustrine source rocks. However, studies on the
impact of the paleoenvironment on the organic matter enrichment of shallow water source
rocks in marine evaporite series are still lacking [12-17].

The Lower-Middle Cambrian layers in the platform area of the Tarim Basin are a typi-
cal evaporite series in China, with dominant sedimentary facies like ramp, open platform,
restricted platform, and evaporitic platform [18-20]. Previous studies on the source rocks
of the Cambrian in the Tarim Basin were mainly focused on the black claystones of Lower
Cambrian Yuertus Fm., which were developed in ramps and deep-water basins, with TOC
between 2% and 6%, and even up to 17% in specific areas [21-24]. As the exploration of
Cambrian hydrocarbon accumulations in the Tarim Basin progresses, it became apparent
that the Yuertus Fm. which was deposited in relatively deep water, was not the only
Cambrian source rock with high hydrocarbon potential in the Tarim Basin.

In this study, the evaporite series of the Lower-Middle Cambrian in wells H4 and
ZS1 were systematically sampled. TOC values were assayed in all the samples from both
wells. After that, pyrolysis analysis on the samples from well H4 and major/trace elements
analysis on the samples from well ZS1, respectively, were conducted. The paleosalinity,
redox condition, paleoproductivity, paleoclimate, paleo-seawater depth, and their corre-
lations with organic matter enrichment were analyzed. The main focus is the evaluation
of the factors controlling the formation of the shallow water source rocks. This study not
only advances the theory of the formation mechanism of shallow water source rocks but
also provides guidance for predicting favorable hydrocarbon areas of the Lower-Middle
Cambrian evaporite series in the Tarim Basin and evaporitic platform source rocks all over
the world.

2. Geological Setting

The Tarim Basin is located in northwest China, surrounded by the Tianshan Mountains
in the north, the Kunlun Mountains in the south, the Altun Mountains in the east, and
the Pamir Plateau in the west (Figure 1a). With an area of 56 x 10* km?, the basin is the
largest sedimentary basin in China [18,25]. Controlled by the breakup of the Rodinia
supercontinent, the rifting activities around the Tarim Basin turned the original rift basin
gradually into an ocean basin after the “snowball event” in the Neoproterozoic, while the
Tarim Basin itself gradually evolved into an intra-cratonic depression basin [26-28]. The
palaeogeographic position of the Tarim plate in the Early Cambrian is thought to be in the
subtropics of the northern hemisphere [29]. During the early stages of the Early Cambrian,
the Tarim Basin gradually changed from a carbonate ramp to a carbonate platform. It
turned into an evaporitic platform during the late stages of the Early Cambrian and the
Middle Cambrian. The platform area is positioned in today’s western part of the Tarim
desert and the basin area in the eastern region of Tarim [21]. There are three large-scale
paleouplifts and four paleodepressions separated by them in the Tarim Basin (Figure 1a).
They are the north Tarim uplift, central uplift, southeast uplift, Kuka depression, north
depression (include Awati Depression and Manjiaer Depression), southwest depression
(including Tangguzibasi Depression, etc.), and southeast depression. The central uplift can
be subdivided into the Bachu Uplift, the Central Tarim Uplift, and the East Tarim Uplift.
The well H4 and well ZS1 studied in this paper are located in the Bachu Uplift and the
Central Tarim Uplift, respectively.
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Figure 1. Schematic map showing the distribution of the structure units and drilling cores of the Tarim Basin (in stratigraphic
symbols, AnZ stands for pre-Sinian, Z for Sinian, € ,» for Lower-Middle Cambrian, and €3 for Upper Cambrian, and
other symbols for the strata above Cambrian). (a)The distribution of the structure units, drilling cores, and outcrops [25,26];
(b) north-south stratigraphic section of the Tarim Basin [18,28].

The Cambrian in the Tarim Basin is subdivided into the Lower, Middle, and Upper
Cambrian (Figures 2 and 3). The Upper Cambrian corresponds to the upper part of the
Maolingian and Furongian, the Middle Cambrian to the lower part of the Maolingian, and
the Lower Cambrian to Series 2 and the Terreneuvain. The Lower Cambrian deposits in the
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Tarim Basin can be subdivided into the Yuertus (€1y), Xiaoerbrak (€14), and Wusongger
(€1w) Formations (Figure 2) [30,31]. The Yuertus Fm. disconformably overlies Sinian
strata (Ediacaran) (Figure 1b), with a relatively small thickness. For example, in the Akesu
area, the thickness of the Yuertus Fm. is only about 10 to 20 m. The lower part is mainly
composed of silty or siliceous claystones. The middle part consists of phosphorites with
thin layers of micritic dolomites. The upper part is composed of black carbonaceous
shales, and thin interbeds of shales and argillaceous dolomites [21,32]. The thickness of the
overlying Xiaoerbrak Fm. is about 70-140 m. The lower part mainly consists of argillaceous
dolomites and micritic dolomites, whereas the upper part is mainly made of fine crystalline
dolomites and stromatolitic dolomites. The top part is composed of crystalline dolomites
with abundant dissolution pores [33,34]. The thickness of the youngest Lower Cambrian
formation, the Wusongger Fm., is similar to that of the Xiaoerbrak Fm., at about 80-145 m.
Drilling cores indicate that a large part of the Wusongger Fm. in the inner part of the
platform consists of anhydrite and halite, while coeval outcrops in the Akesu area show
red claystones deposited at the outer platform [33,35]. The Middle Cambrian in the Tarim
Basin is subdivided into the Shayilik (€5) and Awatag (€,,) formations. The Shayilik Fm.
is a relatively thin limestone unit with a thickness of about 50-100 m. A large number of
chert nodules, ranging from 5 to 30 cm in diameter, are observed in the limestones in the
outcrop area near Akesu city. Above it, the Awatag Fm. is characterized by very thick
evaporite layers of about 150400 m in thickness [33,36]. The anhydrite and halite layers in
this formation are much thicker than those in the Wusongger Fm. However, near Akesu
city, there are also non-evaporitic deposit outcroppings such as red claystones interbedding
with micritic dolomites and stromatolitic dolomites.
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Figure 2. Stratigraphy and lithology of the Lower-Middle Cambrian deposits of well H4 in the
Tarim Basin.
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Figure 3. Stratigraphy and lithology of the Lower-Middle Cambrian deposits of well ZS1 in the
Tarim Basin.

Seven sedimentary facies can be distinguished in the Lower-Middle Cambrian evap-
orite series of the Tarim Basin, which are ramp, platform margin, open platform, restricted
platform, evaporitic platform, slope, and basin. Vertically, ramp deposits are mainly dis-
tributed in the Yuertus Fm. in the central and western Tarim Basin. In eastern Tarim, the
ramp continued throughout the Cambrian period. It can be further subdivided into inner,
middle, and outer ramp according to the lithology of sediments. Only very thin layers of
claystones or claystones interbedded with limestones or dolomites with a thickness of no
more than 10 m were found in the northwestern outcrops and the north Tarim uplift. The
platform margin started to take shape during the sedimentary period of Xiaoerbrak Fm.,
which consists of microbial reefs and shoals. Platform margin deposits are developed from
the Xiaoerbrak Fm. to the Awatag Fm. in the north Tarim uplift, east Tarim uplift, and
northwestern outcrop area. The formation of the platform margin led to the evolution of the
original ramp into a platform. At that time, no pronounced shoals and microbial reefs were
developed at the platform margin that affected the water circulation between the platform
and the ocean, so it was an open platform. An open platform also formed in the lower part
of the Xiaoerbrak Fm. (Figures 2 and 3), and the sediments form most of the Shayilik Fm.
Due to the development of shoals and microbial reefs at the platform margin, the originally
open platform gradually turned into a semi-closed restricted platform. Restricted platform
deposits developed in the Xiaoerbrak Fm., usually represented by abundant intra-platform
shoals. During the deposition of the Wusongger Formation, the platform margin gradually
separated the platform from the ocean. Surrounded and restricted by the platform margin
and the subaerially exposed area, a relatively closed sedimentary environment formed in
the central platform area. Due to a dry and hot climate, the salinity increased continuously
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Subaerially
Exposed

until gypsum and halite precipitated in some sort of very large inner platform salina.
Together with dolomite flats, they eventually formed a large evaporitic platform (Figure 4).
Evaporitic platforms are common in the Wusongger Fm. and the Awatag Fm., representing
the precipitates from inner platform salina pans. Such salina areas have been discovered in
the area near well H4. The deep-water basin was located in the Manjiaer Depression and
Kuka Depression.
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Figure 4. A 3-D sedimentary model of the evaporite—carbonate platform of Early Middle Cambrian in the Tarim Basin.

3. Materials and Methods
3.1. Samples

Two hundred and twenty-one samples were collected from the XD, SA, XG, and SGT
outcrops near Akesu city, which is located in the northwest of the Tarim Basin (Figure 1).
About 550 m of drilling cores of wells CT1, ZS1, and ZS5 in the Central Tarim Uplift, wells
K2, F1, H4, H6, and ST1 in the Bachu Uplift, and wells XH1, Xinhel, YH5, and YH10 in
the North Tarim Uplift have been observed and described, and 154 core samples were
collected. From well H4 (Figures 1 and 2), 54 core samples were collected for TOC and
pyrolysis (Table 1). From well ZS1 (Figures 1 and 3), 56 core samples were collected for
TOC, major element, and trace element analysis (Table 2). All the samples were pulverized
to <200 mesh sizes.
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Table 1. Location, lithology, and basic geochemical data for the 54 core samples From Lower-Middle Cambrian of well H4, Tarim Basin.

Depth . . TOC Tmax Sq S, S1+S, Ss HI o1
No. (m) Formation Lithology (%) 0 (mg/g) (mg/g) (mg/g) (mg/g) (mg/g TOC)  (mg/g TOC)
1 5025 €4 micritic dolomite 0.35 428 0.09 0.24 0.33 0.68 69 194
2 5035 €ra micritic dolomite 0.4 415 0.06 0.2 0.26 1.1 50 275
3 5045 €oa micritic dolomite 0.22 426 0.09 0.17 0.26 0.68 77 309
4 5055 €a micritic dolomite 0.18 420 0.1 0.15 0.25 0.55 83 306
5 5065 €ra anhydrite dolomite 0.58 443 0.21 1.02 1.23 0.83 176 143
6 5075 €oa anhydrite dolomite 0.5 440 0.37 0.83 1.2 0.84 166 168
7 5085 €22 micritic dolomite 0.35 429 0.08 0.28 0.36 1.03 80 294
8 5095 €ra micritic dolomite 0.22 445 0.28 0.5 0.78 0.44 227 200
9 5105 €2 micritic dolomite 0.31 422 0.15 0.25 0.4 0.57 81 184
10 5115 €oa micritic dolomite 0.47 428 0.77 0.78 1.55 0.66 166 140
11 5135 €ra micritic dolomite 0.42 416 0.15 0.4 0.55 0.9 95 214
12 5145 €2 anhydrite claystone 1.44 406 0.22 2.21 2.43 5.73 153 398
13 5155 (SHN anhydrite claystone 1.31 403 0.2 1.79 1.99 5.98 137 456
14 5165 €ra anhydrite claystone 1.44 425 0.14 1.77 191 5.03 123 349
15 5175 €oa anhydrite dolomite 0.24 427 0.04 0.11 0.15 0.73 46 304
16 5185 €72 anhydrite dolomite 0.35 420 0.07 0.26 0.33 1.15 74 329
17 5195 €ra anhydrite dolomite 0.47 430 0.08 0.44 0.52 1.54 94 328
18 5205 €oa micritic dolomite 0.37 405 0.07 0.34 0.41 1.34 92 362
19 5215 €, argillaceous dolomite 1.74 413 0.63 2.49 3.12 3.88 143 223
20 5225 €ra anhydrite dolomite 1.18 406 0.48 1.67 2.15 2.57 142 218
21 5235 €a anhydrite claystone 7 / 39.3 66.04 105.34 63.91 199 192
22 5245 (SN anhydrite dolomite 0.31 432 0.07 0.25 0.32 1.17 81 377
23 5255 €ra anhydrite dolomite 0.53 416 0.1 0.29 0.39 1.53 55 289
24 5265 €2 anhydrite dolomite 0.61 438 0.2 047 0.67 0.91 77 149
25 5275 €4 anhydrite dolomite 1.04 438 0.36 14 1.76 2 135 192
26 5285 €ra anhydrite dolomite 0.48 432 0.08 0.42 0.5 2.52 88 525
27 5295 €na micritic dolomite 0.23 425 0.04 0.14 0.18 0.72 61 313
28 5345 € micritic limestone 0.98 425 0.23 0.62 0.85 2.85 63 291
29 5355 (/N micritic limestone 0.41 431 0.07 0.23 0.3 2.01 56 490
30 5375 €5 micritic limestone 0.22 412 0.14 0.14 0.28 0.55 64 250
31 5525 Cw micritic dolomite 0.2 607 0.02 0.05 0.07 0.56 25 280
32 5555 C1w micritic dolomite 0.08 516 0.03 0.06 0.09 0.91 75 1138
33 5575 €1w anhydrite dolomite 0.25 399 0.02 0.08 0.1 0.46 32 184
34 5585 €w micritic dolomite 0.72 400 0.05 0.06 0.11 0.5 8 69
35 5595 C1w micritic dolomite 0.91 396 0.03 0.07 0.1 0.64 8 70
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Table 1. Cont.
Depth . TOC Tmax Sq1 S, S1+S, S3 HI (0]}
. i Litholo 5
No (m) Formation 8y (%) ©C) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g TOC)  (mg/g TOC)
36 5605 Ciw micritic dolomite 0.58 405 0.03 0.06 0.09 0.62 10 107
37 5615 C1w micritic dolomite 0.76 / 0.02 0.08 0.1 1 11 132
38 5625 Ciw micritic dolomite 0.79 394 0.06 0.15 0.21 0.79 19 100
39 5635 Ciw micritic dolomite 0.9 408 0.23 0.53 0.76 1.68 59 187
40 5645 C1w micritic dolomite 0.74 607 0.05 0.05 0.1 0.48 7 65
41 5655 C1w micritic dolomite 0.27 606 0.01 0.06 0.07 0.65 22 241
42 5665 Ciw micritic dolomite 0.58 606 0.02 0.09 0.11 1.11 16 191
43 5675 C1w argillaceous dolomite 2.32 422 1.83 2.51 434 413 108 178
44 5685 €1y micritic dolomite 1.18 415 0.5 1.27 1.77 2.76 108 234
45 5695 C1x micritic dolomite 0.41 411 0.04 0.16 0.2 1.07 39 261
46 5705 C1x micritic dolomite 0.3 415 0.04 0.13 0.17 0.71 43 237
47 5715 €1x micritic dolomite 0.28 416 0.03 0.13 0.92 46 329
48 5725 €1x micritic dolomite 0.24 416 0.03 0.12 0.15 0.69 50 288
49 5735 €1x micritic dolomite 0.34 400 0.02 0.1 0.12 0.63 29 185
50 5745 €1x micritic dolomite 0.34 413 0.09 0.19 0.28 0.65 56 191
51 5755 C1x micritic dolomite 0.71 410 0.11 0.33 0.44 0.95 46 134
52 5765 €1x micritic dolomite 0.55 396 0.2 0.43 0.63 1.36 78 247
53 5785 €1x anhydrite dolomite 0.78 406 0.31 0.59 0.9 1.03 76 132
54 5795 C1x micritic dolomite 0.52 412 0.13 0.48 0.61 1.24 92 238
Table 2. Location, lithology, TOC, major element, and trace element data for the 56 shallow water core samples from Lower-Middle Cambrian of well ZS1, Tarim Basin.
Depth . . TOC AlLO MgO CaO A% C M Ni C Z S B Th 18) CaO/(Al,O .
No. “(m ~ Formation Lithology G G ()  Co  (pm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)  +MgO) = V/(V#ND CwZn SuBa Sr/Cu ThU
1 6217 [S7N argillaceous dolomite 0.35 0.06 21.03 28.43 5.8 7.1 41.46 4.37 1.55 43.1 85.5 195 0.43 0.86 1.35 0.57 0.04 0.44 55 0.50
2 6227 € stromatolite dolomite 112 015 1874 2577 797 1027 5532 514 611 403 91.6 641 058 096 1.36 0.61 002 014 15 061
3 6237 € Very'f;r;’;rflyiff“me 08 002 1511 339 557 766 4796 461 126 108 191 041 08 224 0.55 057 8 051
4 6247 € grain dolomite 0.11 025 1959 2955 664 724 5702 499 279 924 938 206 049 089 1.49 0.57 030 045 34 055
5 6257 (S7N micritic dolomite 0.17 143 18.48 25.48 16 16.01 144.01 7.16 5.43 32.5 990 863 1.83 141 1.28 0.69 0.17 1.15 182 1.30
6 6267 [S7N stromatolite dolomite 0.4 0.31 20.74 28.35 6.77 6.94 65.18 4.65 4.1 148 496 0.56 1.14 1.35 0.59 0.30 36 0.49
7 6277 2 stromatolite dolomite 0.11 037 2001 2715 633 664 6128 426 319 861 2947 954 0.54 1.2 1.33 0.60 037 3.09 925 045
8 6287 (S7N psum 0.7 0.37 19.39 26.21 9.93 11.35 67.46 6.72 4.45 39.7 956 2315 0.63 1.64 1.33 0.60 0.11 0.41 215 0.39
9 6297 € Ooid dolomite 278 084 1879 2516 112 134 7383 627 413 581 793 674 0.79 1.79 1.28 0.64 071 118 192 044
10 6307 € grain dolomite 0.26 0.16 19.37 26.58 8.26 23.33 91.04 8.8 3.6 714 1885 639 0.52 1.77 1.36 0.48 0.05 2.95 524 0.29
11 6317 (SIN sum dolomite 0.26 0.23 20.63 27.99 6.35 9.59 64.10 5.41 3.35 17.5 2535 338 0.51 1.48 1.34 0.54 0.19 7.49 758 0.34
12 6327 € grain dolomite 706 034 16 21.09 997 1098 59.06 536 327 141 3376 660 0.78 1.54 1.29 0.65 023 511 1032 050
13 6337 € grain dolomite 0.29 118 1932 2651 113 1058 7863 567 331 552 8618 1162  1.28 1.61 1.29 0.67 0.60 741 2600 0.80
14 6347 (S7N gypsum claystone 0.13 0.2 19.77 27.34 4.61 5.41 54.81 4.01 1.29 40.0 2606 282 0.41 1.56 1.37 0.54 0.03 9.24 2023  0.26
15 6357 [S7N argillaceous dolomite 0.17 0.37 19.69 27.16 5.67 5.66 60.42 4.31 3.09 27.4 3284 507 0.52 1.33 1.35 0.57 0.11 6.47 1063  0.39
16 6367 2 gypsum dolomite 3.1 15 1745 2058 188  21.04 9397 855 606 261 3358 699 22 1.76 1.09 0.69 023 480 554 125
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Table 2. Cont.

Depth . . TOC ALO; MgO CaO v Cr Mn Ni Cu Zn Sr Ba Th U CaO/(Al,O; .

No. (m) Formation Lithology (%) (%) ) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) +MgO) VI/(V+Ni) Cu/Zn Sr/Ba Sr/Cu Th/U
17 6377 € Very'gg‘focézfetaume 025 038 20 2795 712 746 5741 495 387 105 2044 1326 066 271 1.37 0.59 037 154 528 024
18 6387 € grain dolomite 0.37 2049 2828 492 66 5588 521 151 903 1501 320 043 218 1.38 0.49 002 469 995 020
19 6397 €na gypsum 0.12 1998 281 481 479 4973 432 3386 53 1931 364 035  1.99 141 0.53 007 530 500 0.18
20 6407 = micritic dolomite 183 039 1831 257 889 848 6067 548 438 308 728 812 064 18 1.37 0.62 014 090 166 035
21 6417 € gypsum dolomite 062 007 1912 2742 607 628 4496 472 244 132 2350 438 068 135 143 0.56 537 962 050
2 6427 €na gypsum dolomite 17 2142 2815 329 62 3825 444 105 451 3586 347 02 14 131 0.43 002 1032 3405 0.15
23 6437 € stromatolite dolomite 0.27 2066 29.05 3.05 493 3749 312 276 576 1261 3465 022 125 141 0.49 005 036 457 0.8
24 6447 € argillaceous dolomite 0.38 03 1768 2740 788 719 6146 49 157 128 2779 372 089 144 1.52 0.62 122 746 1774  0.62
25 6457 €na gypsum dolomite 040 038 2041 2804 895 1644 7027 484 185 3093 410 074 203 1.35 0.65 754 1669 037
26 6467 € micritic dolomite 015 002 2238 2992 326 484 4124 381 129 953 234 016 045 1.34 0.46 041 74 035
27 6477 € grain dolomite 024 015 1998 2918 586 1121 6390 442 695 422 3594 039  1.66 145 0.57 012 61 024
28 6487 € Very'grgoﬁfetaume 02 195 1559 2536 167 1609 10006 777 534 919 3565 1634 2 1.75 145 0.68 006 218 668 114
29 6497 € gypsum dolomite 04 006 2138 2872 471 536 5533 39 1.19 107 353 03 1.07 1.34 0.55 030 90 028
30 6507 € grain dolomite 023 0 206 2974 358 787 4508 361 414 143 132 1728 017 048 1.35 0.50 029 008 32 036
31 6527 €5 grain dolomite 0.1 003 2207 2975 423 674 4230 366 155  20.1 123 502 016 048 1.35 0.54 008 025 80 034
32 6537 €a gypsum dolomite 023 003 2208 297 534 2628 5475 485 41 139 2720 029 058 1.34 0.52 005 34 049
33 6547 € stromatolite dolomite 1.85 01 2189 2977 564 1527 4735 395 545  23.1 102 3895 019 031 1.35 0.59 024 003 19 062
34 6557 €s Very'gr;‘focrztséalhr‘e 098 005 2144 2923 508 719 4907 44 58 732 523 450 0.17 05 1.36 0.54 793 012 1 0.34
35 6567 € grain dolomite 021 011 2224 2986 447 1241 4059 48 161 15 784 1112 026 064 1.34 048 011 007 49 041
36 6577 € grain dolomite 021 007 2241 298 425 893 3563 441 149 815 76 219 023 05 133 0.49 018 035 51 045
37 6587 €5 grain dolomite 013 007 2244 2989 474 788 3433 466 079 457 159 029  0.62 1.33 0.50 029 58 047
38 6597 €5 grain dolomite 014 008 2245 2966 562 711 2945 499 108 708 547 202 031  0.89 1.32 0.53 015 027 51 034
39 6607 € gypsum dolomite 03 012 2208 2947 939 2499 6356 966 119 351 786 1722 058 218 133 0.49 034 046 66 027
40 6617 €1w gypsum dolomite 024 045 1897 2765 855 1242 5053 445 39 999 1048 1116 037 181 142 0.66 039 094 269 020
41 6627 €1 gypsum dolomite 037 018 2026 2854 131 1187 7516 614 297 776 7408 2980 153 1.9 14 0.68 038 249 2493 081
42 6637 €1y gypsum dolomite 02 111 1118 2737 119 233 7087 571 748 109 740 1202 106 177 223 0.68 068 062 99  0.60
43 6647 (ST fine crygtalline dolqmite 0 0.73 19.14 27.64 1.39

44 6657 €1w Very'ggi’oiyifeta“me 030 035 1879 25890 172 3151 6910 6.1 999 133 725 1113 101 178 1.35 0.74 075 065 73 057
45 6667 €1w argillaceous dolomite 0.25 08 1997 2741 909 1311 4949 392 344 875 961 1.09 146 1.32 0.70 091 254 075
46 6687 €1 gypsum dolomite 025 102 2016 2686 163 1221 8996 605 585 431 2001 3475 179 173 1.27 0.73 014 058 342 1.03
47 6697 €1 argillaceous dolomite 019 121 1802 2626 14 1009 8674 671 523 345 170 269 217 229 1.37 0.68 015 063 32 095
48 6707 €1y argillaceous dolomite 021 159 1927 2448 159 1147 8462 733 495 162 261 848 217 249 1.17 0.68 031 031 53 087
49 6717 €1 stromatolite dolomite 028 598 1331 173 437 5408 17832 255  19.1 2 972 509 701 229 0.9 0.63 087 019 5 306
50 6727 €1 Very'gr;‘fogtsfﬂme 017 31 1821 2434 198 1629 14872 857 471 334 636 157 304 116 1.14 0.70 141 040 14 262
51 6737 €1 grain dolomite 035 242 1852 2473 206  59.09 16381 936  3.98 542 208 273 112 1.18 0.69 026 14 243
52 6747 €1 stromatolite dolomite 02 328 17.86 2372 233 227 16744 107 563 57.1 223 367 16l 1.12 0.68 026 10 228
53 6777 €1 grain dolomite 027 315 1710 2292 247 2087 19725 7.89 449 599 1039 405 145 1.13 0.76 058 133 280
54 6787 €1y grain dolomite 0.33 06 2084 2827 979 10 25367 561 169 106 759 604 107 067 1.32 0.64 016 013 45 160
55 6797 €1 grain dolomite 029 004 2137 2874 616 104 27333 602 121 22 805 355 053 093 1.34 0.51 006 023 66 057

56 6807 C1x micritic dolomite 0.41 2.68 1855  25.11 203 3436 27217 682 6.66 253 44.5 394 1.47 1.62 1.18 0.75 0.26 0.11 7 0.91
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3.2. Experimental Methods
3.2.1. TOC

For TOC, the carbonate components were first removed using 15% HCI for over
24h. After that, the samples were taken out and rinsed repeatedly with distilled water
until the solvent was neutral. Then, the solid residues were then dried in an oven at
60-80 °C. Lastly, the analysis was conducted with a Leco CS-230 carbon-sulfur analyzer.
For pyrolysis, an OGE-II Rock-Eval analyzer was used to measure various parameters,
including free hydrocarbons (S;), retained hydrocarbons (S;), generated carbon dioxide
(S3), and temperature of maximum pyrolysis yield (Tmax). The Sy is the content of liquid
hydrocarbon expelled from the samples at temperatures up to 300 °C, which includes the
bitumen already present in the rock; the S, is the content of hydrocarbon decomposed
at temperatures from 300 to 600 °C, which is an indicator of the potential of the rock to
generate additional oil and gas; the S3 is the content of carbon dioxide generated during
pyrolysis, which is thought to be related to the amount of oxygen in the pyrolyzed organic
matter. Additional Rock-Eval parameters included the hydrogen index (HI), defined as the
product 100/(S, /TOC), and the oxygen index (OI), defined as the product 100 (S3/TOC).

3.2.2. Major Elements

Major elements, including aluminum trioxide (Al,O3), magnesium oxide (MgO), and
calcium oxide (CaO), were determined by an AXIOS-Minerals XRF spectrometer. During
the experiment, the samples were fused at 1150 °C to create a glass disc with an M-4 gas
automatic melting machine. The analytical precision for major elements was generally
better than 5% utilizing GSR-1, GSR-2, and GSR-3 as standard reference materials.

3.2.3. Trace Elements

Trace element analysis was performed by using an Agilent 7500Ce inductively coupled
plasma mass spectrometer (ICP-MS). For this analysis, the samples were dissolved by a
mixed acid solution of HNO3, HF, and HCIOy. The relative indeterminacies of these tests
were less than 5% utilizing GSR-1, GSR-6, GSR-12, and GSR-13 as standard reference
materials. The parameters including vanadium (V), chromium (Cr), manganese (Mn),
nickel (Ni), copper (Cu), zinc (Zn), strontium (Sr), barium (Ba), thorium (Th), and uranium
(U) were measured.

4. Results
4.1. Petrology

Most Early Middle Cambrian sediments of the evaporite series in the Tarim Basin
are evaporites, carbonates, and claystones. The evaporites are mostly composed of halite
(Figure 5a), anhydrite (Figure 5b), and mixed sediments with at least 50% anhydrite
(Figure 5¢,d). Among them, anhydrite is supposed to be formed by dehydration of gypsum
precipitated from seawater, which occurs during a long period of burial diagenesis. The
main mineral component of the anhydrite mixture is anhydrite, which is often associated
with dolomite (Figure 5c,d) and clay. Evaporites are most widespread in the central
Tarim uplift and the Bachu Uplift in the Wusonger Fm. and Awatag Fm. The carbonates
include dolomites (Figure 6a—c) and limestones (Figure 6d). Dolomites are the most widely
distributed Lower-Middle Cambrian rocks in the Tarim Basin. They occur in various
formations in most areas of the basin and can be subdivided into stromatolitic dolomite,
grain dolomites (or mimetically dolomitized grainstones), micritic dolomites, crystalline
dolomites, and dolomites mixed with gypsum or claystone, in which the proportion of
dolomite is more than 50%. Dolomitized ooidal and peloidal grainstones, as well as
oncoidal rudstones, are mainly found in the Xiaoerbrak Formation. Micritic dolomites
and crystalline dolomites are observed in almost every formation. Limestones are mainly
developed in the Shayilik Fm. (Figure 6d), with a small thickness but a wide distribution,
and exist in the central Tarim uplift, the Bachu Uplift, the northern Tarim Uplift, and
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in the outcrop area in the northwest of the Tarim Basin. The claystones (Figure 7) can
be subdivided into normal claystones, anhydrite claystones (Figure 7a), and dolomitic
claystones. Conceptually, the latter two are both claystones with a clay content of more
than 50% and contain dolomite, anhydrite, and other associated minerals. The anhydrite
claystones were found in the Wusonger Fm. and the Awatag Fm., whereas the dolomitic
claystones were found in almost all the Lower-Middle Cambrian evaporite series.

Figure 5. Typical evaporites from the Lower-Middle Cambrian in the Tarim Basin. (a) Halite, Awatag
Fm., well BT5 (5299.8 m); (b) anhydrite, Awatag Fm., well ZS5 (6193 m); (c) dolomitic gypsum,
thin section (transmitted light) Wusongger Fm., well ZS5 (6600 m); (d) same area as in C but with
crossed polars.

Ll mmiy

Figure 6. Thin sections (transmitted light) of typical Lower-Middle Cambrian carbonates in the Tarim
Basin. (a) Stromatolitic dolomite, Xiaoerbrak Fm., well ST1 (1885 m); (b) dolomicrite, Xiaoerbrak
Fm., well XH1 (5789 m); (c) argillaceous dolomite, Wusongger Fm., well YH5 (6022 m); (d) bioclastic
dolomitic limestone, Shayilik Fm., well K2 (5291 m).
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Figure 7. Typical Lower-Middle Cambrian claystones from outcrops and cores. (a) Anhydrite claystone, thin section

(transmitted light), Awatag Fm., well YH10 (6212 m); (b) siliceous claystone, thin section (crossed polars), Wusongger Fm.,

well BT5 (5647 m).

4.2. Organic Matter Content

The TOC analysis results of 54 samples from well H4 and 56 samples from well ZS1
show that TOC ranges from 0 to 7.06% and averages 0.66%. Specifically, the TOC ranges
from 0.11% to 7.06% and averages 0.85% in the Awatag Fm., from 0.1% to 1.85% and
averages 0.46% in the Shayilik Fm., from 0 to 2.32% and averages 0.5% in the Wusongger
Fm., and from 0.17% to 1.18% and averages 0.41% in the Xiaoerbrak Fm. (Tables 1 and 2).
The data from the 54 pyrolysis samples from well H4 show that the S;+S, ranges from
0.07 to 105.34 mg/g and averages 2.68 mg/g. Specifically, the 5;+5; ranges from 0.15 to
105.34 mg/g and averages 4.79 in the Awatag Fm., from 0.28 to 0.85 mg/g and averages
0.48 in the Shayilik Fm., from 0.07 to 4.43 mg/g and averages 0.48 in the Wusongger Fm.,
and from 0.12 to 1.77 mg/g and averages 0.52 in the Xiaoerbrak Fm. The result indicates a
relatively low content of organic matter in the Lower-Middle Cambrian evaporite series.

As shown in Figure 4, there is an obvious positive correlation between the TOC and
the 51+S; of the platform source rocks of the Lower—-Middle Cambrian evaporite series
in the Tarim basin, indicating that the higher the TOC of the shallow water source rocks,
the greater the hydrocarbon generation potential. According to the evaluation criteria of
marine carbonate source rocks [37-39], rocks with TOC values less than 0.5% are ineffective
source rocks, accounting for 65% of sampled formations from this study. Those with TOC
values between 0.5% and 1% are poor source rocks, and those with TOC values between 1%
and 2% are fair source rocks, accounting for 10% of sampled formations. Finally, those with
TOC values greater than 2% are good source rocks, accounting for 5% (Figure 8) of sampled
formations. In the Awatag Fm., 37% of the TOC values are greater than 0.5%; 14% are poor
source rocks, 16% are fair source rocks, and 7% are good source rocks. In the Shayilik Fm.,
25% of the TOC values are greater than 0.5%; 17% are poor source rocks and 8% are fair
source rocks. In the Wusongger Fm., 37% of the TOC values are greater than 0.5%; 33% are
poor source rocks and 4% are good source rocks. In the Xiaoerbrak Fm., 28% of the TOC
values are greater than 0.5%; 22% are poor source rocks and 6% are fair source rocks.

4.3. Organic Matter Type

Fifty-four pyrolysis datapoints of well H4 show that the HI of shallow water source
rocks ranges from 7 to 227 mg HC/g TOC and averages 78 mg HC/g TOC. Specifically,
in the Awatag Fm., the HI ranges from 46 to 227 mg HC/g TOC and averages 110 mg
HC/g TOC. In the Shayilik Fm., HI ranges from 56 to 64 mg HC/g TOC and averages
61 mg HC/g TOC. In the Wusongger Fm., the HI ranges from 7 to 108 mg HC/g TOC
and averages 31 mg HC/g TOC. In the Xiaoerbrak Fm., the HI ranges from 29 to 108 mg
HC/g TOC and averages 60 mg HC/g TOC. The Tmax ranges from 394 °C to 607 °C and
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averages 434 °C. In detail, the Tmax ranges from 403 °C to 445 °C and averages 424 °C
in the Awatag Fm., from 412 °C to 431 °C and averages 423 °C in the Shayilik Fm, from
394 °C to 607 °C and averages 481 °C in the Wusongger Fm., and from 396 °C to 416 °C
and averages 410 °C in the Xiaoerbrak Fm. (Table 1). The plot of HI versus Tmax can
be used to classify the type of organic matter [40], and it shows that the kerogen in most
samples of the Lower-Middle Cambrian evaporite series is predominantly Type IIL; only
six samples were Type II (Figure 9).

100 4
3 ¢ Awatag Fm. (N=27)
®  Shayilik Fm. (N=3) y=1.6911x = o
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Figure 8. TOC versus (S1 + Sy) plot showing that the Lower-Middle Cambrian shallow water source
rocks in the evaporite series are mainly fair-poor source rocks (maturation scale from ref [37]).
N = number of samples.
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Figure 9. Hydrogen index (HI) versus Tmax plot showing the kerogen type of the Lower-Middle
Cambrian evaporite series in Tarim Basin (maturation scale from ref. [40]). N = number of samples.

Plots of S, versus TOC can also be used to study the organic matter type. As the data
show, the S, ranges from 0.05 to 66.04 mg HC/g rock and averages 1.73 mg HC/g rock. In
detail, the S, ranges from 0.11 to 66.04 mg HC/g rock and averages 3.14 mg HC/g rock
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in the Awatag Fm., from 0.14 to 0.62 mg HC/g rock and averages 0.33 mg HC/g rock in
the Shayilik Fm., from 0.05 to 2.51 mg HC/g rock and averages 0.3 mg HC/g rock in the
Wusongger Fm., and from 0.1 to 1.27 mg HC/g rock and averages 0.36 mg HC/g rock
in the Xiaoerbrak Fm. (Table 1). The TOC and S; are positively correlated in all of the
four formations, and the fitting coefficients R? were 0.8971, 0.7957, 0.9957, and 0.9397 from
the Xiaoerbrak Fm. to the Awatag Fm. As the plot of S; versus TOC shows, most of the
organic matter is dominated by Type III kerogen but with minor Type I and Type Il in the

Wusongger Fm (Figure 10).
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Figure 10. TOC versus S2 plot showing the kerogen types of the Lower-Middle Cambrian evaporite
series in Tarim Basin (maturation scale from ref [41]). N = number of samples.

4.4. Major Elements
The major element results of the Lower-Middle Cambrian of well ZS1 are shown in
Table 2 and Figure 11. The aluminum trioxide (Al,O3) ranges from 0 to 5.98% and averages
0.79%. In detail, the AlO3 in the Xiaoerbrak Fm. has the highest value, which ranges from
0.04% to 5.98% and averages 2.66%. Next is the Al,O3 in the Wusongger Fm., which ranges
from 0.18% to 1.59% and averages 0.83%. Then, the Al,O3 values in the Awatag Fm. range
from 0.02% to 1.95% and average 0.46% and the Al,Os in the Shayilik Fm. has the lowest
and most stable values, ranging from 0 to 0.12% and averaging 0.07%. The magnesium
oxide (MgO) ranges from 11.18% to 22.45% and averages 19.54%. However, the trend of
the MgO is just the opposite of that of the Al;O3. The MgO values in the Shayilik Fm. are
the highest, ranging from 21.44% to 22.45% and averaging 22.12%. Next is the MgO in the
Awatag Fm., which ranges from 15.11% to 22.38% and averages 19.36%. Then, MgO ranges
from 11.18% to 20.26% and averages 18.42% in the Wusongger Fm. The lowest value is
in the Xiaoerbrak Fm., which ranges from 13.31% to 21.37% and averages 18.22%. The
trend of the calcium oxide (CaO) is similar to that of the MgO. The average values from the

Xiaoerbrak Fm. to the Awatag Fm. are 24.39%, 26.9%, 29.68%, and 27.26%.
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Figure 11. Geochemical data versus depth of the Lower-Middle Cambrian shallow water source rocks in the evaporite series, Tarim Basin: (a) TOC versus depth; (b) Sr/Ba ratio versus
depth; (c) V/(V+Ni) ratio versus depth; (d) Th/U versus depth; (e) Cu/Zn versus depth; (f) nickel (Ni) versus depth; (g) Sr/Cu versus depth; (h) CaO (Al,O3 + MgO) versus depth; (i)
chromium (Cr) versus depth; (j) manganese (Mn) versus depth. N = number of samples.
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4.5. Trace Elements

The measurement results of the trace elements, including V, Cr, Mn, Ni, Cu, Zn, Sr, Ba,
Th, and U, are shown in Table 2 and Figure 11. On average, element content data show
that the most abundant trace elements in the shallow water source rocks of the Lower—
Middle Cambrian evaporite series are Sr (1295 ppm), Ba (957.46 ppm), Mn (82.28 ppm), Zn
(34.25 ppm), Cr (13.77 ppm), and V (10.46 ppm). The concentrations of other trace elements
are lower than 10ppm; for example, Ni (5.96 ppm), Cu (5.03 ppm), U (1.35 ppm), and Th
(1.05 ppm). All the elements vary significantly with increasing burial depth. V, Mn, Ni, and
Th share a similar trend; these elements present the highest concentration values in the
Xiaoerbrak Fm. and the lowest values in the Shayilik Fm. Cr is only a little different from
the last four elements in that the lowest value is in the Awatag Fm. The concentrations of Sr,
Zn, and U in the Awatag Fm. and the Wusongger Fm. are higher than those in the Shayilik
Fm. and the Xiaoerbrak Fm. However, the trend of Cu is the opposite; the concentrations
of Cu in the Awatag Fm. and the Wusongger Fm. are lower than that in the Shayilik Fm.
and the Xiaoerbrak Fm. When it comes to Ba, the concentrations in the Wusongger Fm.
and the Shayilik Fm. are much higher than that in the Awatag Fm. and the Xiaoerbrak Fm.

The Sr/Ba ratio and the Sr/Cu ratio in the Awatag Fm. are the highest and the most
unstable values in the four formations. The Cu/Zn ratio, on the contrary, is higher in the
Shayilik Fm. and the Xiaoerbrak Fm. than in the other two formations. The V/(V+Ni) ratio
and the Th/U ratio are both higher in the Lower Cambrian than in the Middle Cambrian.

5. Discussion
5.1. Lithologies, Facies, and their Meaning in the Paleoenvironment

In a broad sense, the term “evaporite” refers to rocks of chemical origin, including
halite deposits, gypsum, and some carbonates, which are driven by solar evaporation
and gradually condense brine to saturation, so that different salts crystallize according to
their solubility [42,43]. The evaporite series mentioned in this paper refers to a series of
sedimentary units that formed in a restricted area during times of increasing salinity on
the platform, whereas coeval claystones and other carbonate rocks of the same age formed
on the outer, less restricted platform areas and on the slope.

Gypsum and halite are usually precipitated from high-salinity brine under arid cli-
mate conditions. Gypsum can be converted into anhydrite by dehydration during burial
diagenesis. For facies, the evaporite sediments usually correspond to the evaporitic plat-
form, which is developed in the Wusongger Fm. and the Awatag Fm. However, in addition
to evaporites, evaporitic platform deposits also include claystones, carbonates, and the
interbedded assemblages made up of them. Just like the anhydrite claystones and dolomitic
claystones, the mixture of claystones, carbonates, and evaporites are formed during periods
of fluctuation of seawater in the evaporitic platform. Claystone deposits are developed
in the short deep water stage during the evaporitic platform period, which begins to
precipitate carbonate and gypsum, with seawater becoming shallower and saltier. As a
result, claystones mixed with carbonate and gypsum were formed. In the process of burial
diagenesis, calcite gradually evolved into dolomite, and gypsum gradually evolved into
anhydrite and finally formed dolomitic claystone and anhydrite claystone.

Stromatolite dolomite and grain dolomite are usually the main components of mi-
crobial reefs and shoals. Considering the palaeogeographic pattern of the Early Middle
Cambrian in the Tarim Basin, the microbial reefs and shoals in the North Tarim Uplift and
the East Tarim Uplift should be platform margin sediments, while those in the Central
Tarim Uplift and the Bachu Uplift are intra-platform deposits. The development of intra-
platform microbial reefs and shoals without evaporite deposits shows that the platform is
a restricted platform with a semi-closed hydrological cycle to the open ocean. The upper
part of the Xiaoerbrak Fm. (Figures 2 and 3) is a typical example. Similarly, without
intra-platform microbial reefs, shoals, and evaporite deposits, the platform is an open
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platform with an open water cycle. This corresponds to the lower part of the Xiaoerbrak
Fm. of well H4 (Figure 2) and well ZS1 (Figure 3).

Generally speaking, since the formation of the platform within the Xiaoerbrak Fm.,
the study area has experienced two evolutionary cycles from open platform to restricted
platform and evaporitic platform. The hydrological cycle between the platform area and
the open ocean has also undergone an evolution from open to closed. The fluctuations of
the paleo-sea level during the evaporitic platform period lead to the hydrological cycle’s in-
stability, which further leads to the interbedding of evaporites, carbonates, and claystones.

5.2. Paleosalinlity and Its Implication for Organic Matter Enrichment of Shallow Water
Evaporitic Environment

Previous studies show that salinized lakes or salinized lagoons are beneficial to the
accumulation of organic matter and hydrocarbon source rocks [11,42,43]. Generally, the
Sr/Ba ratio in seawater positively correlates to the water salinity [41,44,45]. Therefore, it is
used to analyze the paleosalinity of the shallow water environment of the platform area
during the Early and Middle Cambrian.

As Figure 12a shows, the Sr/Ba ratio and TOC show no correlation in the Awatag
Fm. with an R? of 0.0002 and a strong positive correlation in the Wusongger Fm., with
an R? of 0.7098. Their sedimentary facies are evaporitic platforms (Figure 3). However,
the correlations are negative in the Shayilik Fm. with an R? of 0.2094 and the Xiaoerbrak
Fm., with an R? of 0.2846. The sedimentary facies developed in the Shayilik Fm. and the
Xiaoerbrak Fm. are restricted platforms and open platforms, which reflect lower salinity
(Figure 11b). There is also a clear partition in the Awatag Fm. (Figure 12b). When the
Sr/Ba ratio <1.2, the TOC increases rapidly with the increase in the Sr/Ba ratio, with an R?
of 0.6778, while when the Sr/Ba ratio >1.2, the TOC increases slowly with the increase in
the Sr/Ba ratio, with an R? of 0.0138. This indicates that shallow water source rocks can
effectively accumulate organic matter only in a seawater environment with appropriate
salinity. When the paleosalinity is so low as to deposit only carbonates, such as the
carbonate layers of the Xiaoerbrak Fm. and the Shayilik Fm., the TOC value is negatively
correlated with the salinity. When the paleosalinity is high enough to deposit only thick
layers of evaporites, for example, the thick layers of halites or anhydrite in the Wusongger
Fm. and the Awatag Fm., the TOC value can be as low as 0 (Figure 2, Figure 3, and a and
Tables 1 and 2). Only when the paleosalinity is between them is the TOC value proportional
to the salinity.
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Figure 12. Correlation between Sr/Ba ratio and TOC content of the Lower-Middle Cambrian shallow water source rocks in

the evaporite series, Tarim Basin. (a) Samples from all the four formations; (b) samples from the Awatag Fm. N = number

of samples.
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5.3. Redox Proxies and Its Implication for Organic Matter Enrichment of Shallow Water
Evaporitic Environment

The V/(V+Ni) ratio can be used as an index to study the redox properties. The
larger the V/(V+Ni) ratio is, the stronger the reducibility of the sedimentary environ-
ment. V/(V+Ni) ratio ranges between 0.84 and 1, 0.6 and 0.84, 0.43 and 0.6, and less
than 0.43 correspond to anoxic, weak anoxic, weak oxic, and oxygen-rich sedimentary
environments, respectively [44,46]. As shown in Figures 11c and 13a, the V/(V+Ni) ratio
of 56 samples from well ZS1 is generally greater than 0.43 and less than 0.84, suggesting
that the platform area was generally in a weak oxic to weak anoxic environment during
the deposition of the Lower-Middle Cambrian evaporite series in the Tarim Basin. Most of
the samples in the Xiaoerbrak Fm. and the Wusongger Fm. have V/(V+Ni) ratios greater
than 0.6, suggesting that they were developed in a weak anoxic environment (Figure 11c).
The Shayilik Fm. was developed in a weak oxic environment because all the V/(V+Ni)
ratios of the samples in this formation are less than 0.6. The Awatag Fm. shows alternating
oscillations of weak oxic and weak anoxic environments because the V/(V+Ni) ratios of the
29 samples fluctuate around 0.6. Comparatively, the redox conditions of the Xiaoerbrak Fm.
and the Wusongger Fm. have a higher level of anoxia than the upper two formations, but
the redox conditions of the Awatag Fm. vary more than the other formations, suggesting
stronger heterogeneity. There is a positive correlation between the TOC and the V/(V+Ni)
ratio in the Lower-Middle Cambrian evaporite series (Figure 13a). The fitting coefficients
R? are 0.0907 in the Awatag Fm., 0.6111 in the Shayilik Fm., 0.0734 in the Wusongger Fm.,
and 0.0038 in the Xiaoerbrak Fm. However, there is also a relatively obvious regionalization.
While some of the samples with high TOC values in the Awatag Fm. and the Shayilik Fm.
have a strong positive correlation with the V/(V+Ni) ratios, the others have a relatively
weak positive correlation (Figure 13a).

The Th/U ratio is another index of redox conditions. A Th/U ratio between 0 and
2 represents an anoxic environment, a Th/U ratio between 2 and 8 represents an oxygen-
lean environment, and a Th/U ratio greater than 8 represents an oxic environment [47,48].
As shown in Figure 11d, except for few of the samples from the Xiaoerbrak Fm. where the
Th/U ratio is greater than 2, all the other data show Th/U ratios that are less than 1 or
just around 1, suggesting that the Lower-Middle Cambrian evaporite series were mostly
deposited in an anoxic environment and that only a small portion of the Xiaoerbrak Fm.
was formed in an oxygen-lean environment. The correlation analysis between TOC values
and Th/U ratios shows positive correlations in the Awatag Fm. and the Shayilik Fm., and
negative correlations in the Wusongger Fm. and the Xiaoerbrak Fm. As far as the redox
index is concerned, the indicative meaning of the Th/U ratio is slightly different from that
of the V/(V+Ni) ratio, but it also shows that there are obvious differences between the
Middle Cambrian and the Lower Cambrian (Figure 13a,b).

The Cu/Zn ratio is another index of redox conditions; the lower the ratio is, the more
anoxic the environment. A Cu/Zn ratio less than 0.21 represents an anoxic environment,
a Cu/Zn ratio between 0.21 and 0.38 represents a weak anoxic environment, a Cu/Zn
ratio between 0.38 and 0.5 represents a transition from a weak anoxic to a weak oxic
environment, a Cu/Zn ratio between 0.5 and 0.63, represents a weak oxic environment,
and a Cu/Zn ratio greater than 0.63 represents a relatively oxic environment. As shown in
Figures 11e and 13c, the evaporite series in the platform area represented by the well ZS1
were generally deposited in an anoxic to weak anoxic environment, except small portions
of the Wusongger Fm. and the Xiaoerbrak Fm. which were deposited in a relatively oxic
environment. In terms of the correlation between the Cu/Zn ratio and TOC, only the
Xiaoerbrak Fm. shows a weak negative correlation, while the other formations show weak
positive correlations.
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Figure 13. Correlation between redox parameters and TOC content of the Lower-Middle Cambrian shallow water source
rocks in the evaporite series, Tarim Basin. (a) V/(V+Ni) ratio versus TOC; (b) Th/U ratio versus TOC; (¢) Cu/Zn ratio
versus TOC; (d) nickel (Ni) versus TOC. N = number of samples.

There are some slight differences between the three methods above. The V/(V+Ni)
ratio analysis indicates that the Xiaoerbrak Fm. and the Wusongger Fm. were developed in
a weak anoxic environment, the Shayilik Fm. was developed in a weak oxic environment,
and the Awatag Fm. was developed in an environment with weak oxic and weak anoxic
reciprocating changes. The Th/U ratio analysis indicates that they were mostly deposited
in an anoxic environment and that only a small portion of the Xiaoerbrak Fm. was formed
in an oxygen-lean environment. Finally, the Cu/Zn ratio analysis indicates that most of
them were deposited in an anoxic to weak anoxic environment, except a small portion of
the Wusongger Fm. and the Xiaoerbrak Fm., which were developed in an oxic environment.
The contradictions may be caused by the different evaluation criteria of previous studies on
other basins or just by the different number of samples in each method. However, all the
indexes of redox conditions show that most of the shallow water source rocks of the Lower—
Middle Cambrian were deposited in a weak oxic to weak anoxic or anoxic environment,
and most of them suggest a weak positive correlation between redox conditions and TOC.

5.4. Paleoproductivity and Its Implication for Organic Matter Enrichment of Shallow Water
Evaporitic Environment

Paleoproductivity is a very important parameter to evaluate the organic matter enrich-
ment of source rocks [41,49]. Ni can be accumulated gradually during the decomposition
of organic matter, so it can be used as an important index to reflect the surface productivity
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of ancient seawater. The higher the content of Ni, the higher the paleoproductivity of the
surface seawater [41]. As shown in Figures 11f and 13d, the Ni contents in the Xiaoerbrak
Fm. are the highest in the Lower-Middle Cambrian evaporite series in the Tarim Basin,
with an average value of 10.06 ppm. The Ni contents in the Wusongger Fm. are the second
highest, with an average value of 5.8ppm. The Ni contents in the Shayilik Fm. are the
lowest, with an average of 4.8 ppm. Just like the previous indexes, there is an obvious
partition of the Ni contents in the Awatag Fm. The samples with TOC values greater than
0.5 have Ni contents less than 7 ppm, and the TOC values increase rapidly with the Ni
content, while the samples with Ni contents greater than 7 ppm only have very low TOC.
However, further analysis indicates that the correlation between TOC and Ni contents is
only weakly positive in the Awatag Fm., with an R? of 0.0469, while the correlations in
the other formations are all weakly negative (Figure 13d). As the analysis showed, the
paleoproductivity is only beneficial to the enrichment of organic matter in some parts of
the Awatag Fm.

5.5. Paleoclimate and Its Implication for Organic Matter Enrichment of Shallow Water
Evaporitic Environment

The Sr/Cu ratio is an index commonly used in paleoclimate studies [47]. The higher
the Sr/Cu ratio, the dryer the paleoclimate. Ratios of Sr/Cu ranging between 1.3 and
5 represent a humid climate; ratios of Sr/Cu greater than 5 represent a dry and hot
climate [47]. As shown in Table 2 and Figure 11g, all the Sr/Cu ratios of the samples from
well Z51 are greater than 5, suggesting that all the Lower—-Middle Cambrian shallow water
source rocks were developed in a dry and hot environment. In detail, the Sr/Cu ratios
have the highest values in the Awatag Fm., with an average of 746. The second highest
values are in the Wusongger Fm., with an average of 451, and the lowest values are in the
Shayilik Fm. and the Xiaoerbrak Fm., with average values of 43 and 36. Comparatively, the
paleoclimate of the Awatag Fm. and the Wusongger Fm. during sedimentation was much
dryer and hotter than that of the Shayilik Fm. and the Xiaoerbrak Fm. Further analysis of
the correlation between the TOC and the Sr/Cu ratios indicates that the correlation is only
negative in the Shayilik Fm., but weakly positive in the other formations (Figure 14a).
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Figure 14. Correlation between paleoclimate parameters and TOC content of the Lower-Middle Cambrian shallow water

source rocks in the evaporite series, Tarim Basin. (a) Sr/Cu ratio versus TOC; (b) CaO/(Al,O3+MgO) ratio versus TOC. N =

number of samples.

The CaO/(Al,O3+MgO) ratio is another index used to evaluate paleoclimate. The
smaller the CaO/(Al,O3+MgO) ratio, the wetter and cooler the climate; on the contrary,
the drier and hotter the climate [48]. According to Table 2, Figure 11h, and Figure 14b, the
CaO/(Al,O3 + MgO) ratios are higher in the Awatag Fm. and the Wusongger Fm., with
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average values of 1.39 and 1.44, than in the Shayilik Fm. and the Xiaoerbrak Fm., with
average values of 1.34 and 1.16. This indicates that the paleoclimate in the Awatag Fm. and
the Wusongger Fm. was dryer and hotter than the other formations during sedimentation.
The correlation between the CaO/(Al;O3 + MgO) ratio and TOC is positive in the Shayilik
Fm. and the Xiaoerbrak Fm. and negative in the other two formations.

The comparison of multi-parameters does not seem to prove the direct influence of
paleoclimate conditions on the enrichment of organic matter in shallow water source rocks,
but it can be seen from the statistical data (Table 2 and Figure 11) that the indexes reflecting
paleoclimate change correspond to the evolution of sedimentary facies. The dry and hot
climate corresponds to the evaporitic platform, while the relatively warm and humid
climate corresponds to the open platform.

5.6. Paleo-Seawater Depth and Its Implication for Organic Matter Enrichment of Shallow Water
Evaporitic Environment

The Cr content is important index to evaluate the paleo-seawater depth since Cr is
mainly adsorbed on clay minerals, and its content increases with the increase in seawater
depth and distance from the coast [50]. Therefore, the content of Cr has a positive correlation
with the paleo-seawater depth. As shown in Table 2 and Figure 11i, the Cr content decreases
gradually from the Xiaoerbrak Fm. to the Awatag Fm., with average values of 28.45 ppm,
15.75 ppm, 12.47 ppm, and 9.62 ppm, respectively. This suggests that the platform area of
the Tarim Basin became shallower throughout the Early and Middle Cambrian. Just like
the Mn content, the correlations between Cr content and TOC are mainly positive but not
that obvious because the fitting coefficient R? values are all very small (Figure 15a).
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Figure 15. Correlation between paleo-seawater depth parameters and TOC content of the Lower-Middle Cambrian shallow

water source rocks in the evaporite series, Tarim Basin. (a) Chromium (Cr) versus TOC; (b) manganese (Mn) versus TOC.

N = number of samples.

Previous studies [44,50,51] have shown that Mn can stably exist in ionic solutions, so
in the seawater environment, Mn is more likely to be enriched in the still water seafloor
far from the coast. Therefore, the content of Mn in marine mudstone, shale, and micritic
limestone is used as an index to analyze the distance from the coast or the depth of paleo-
sea water. The greater the Mn content, the greater the depth of the paleo-seawater [44]. As
shown in Table 2 and Figure 11j, the Mn content is the highest in the Xiaoerbrak Fm., with
an average value of 206.84 ppm, while the contents in the Wusongger Fm., the Shayilik
Fm., and the Awatag Fm. have average values of 72.06 ppm, 44.21 ppm, and 63.87 ppm,
respectively. TOC and Mn content have a weakly positive correlation in all of the four
formations but with very small fitting coefficient R? values (Figure 15b). As shown in
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Figure 15a,b, although the correlation between the TOC values and the contents of Mn and
Cr in each formation is not ideal, it can be seen that the samples with TOC values greater
than 0.5% have lower contents of Mn and Cr, while the samples with higher contents of
Mn and Cr have TOC values lower than 0.5%. This shows that the enrichment of organic
matter in shallow water source rocks only occurs in a certain paleo-seawater depth.

5.7. Factors Controlling Organic Matter Enrichment and Its Implications for Organic-Rich Source
Rock Prediction

Generally, paleosalinity, redox condition, paleoproductivity, paleoclimate, and paleo-
seawater depth all influence the enrichment of organic matter in shallow water source rocks
of the Lower-Middle Cambrian evaporite series in the Tarim Basin. In detail, paleosalinity
and paleo-seawater depth need to be within a certain range in order to facilitate the accu-
mulation of organic matter in shallow water source rocks, so they are the main controlling
factors. The parameters reflecting the redox conditions show that the evaporite series in the
platform area was mainly developed in a weak anoxic sedimentary environment, so the
redox conditions have no obvious effect on organic matter enrichment. Paleoclimate does
not directly control the enrichment of organic matter but corresponds to the development
of sedimentary facies. The correlation between paleoproductivity and organic matter
enrichment seems to be valid only in Awatag Fm., indicating that paleoproductivity is
indeed the controlling factor of organic matter enrichment but not a direct factor. Therefore,
the total evidence seems to suggest that the formation of the shallow water source rocks
with high TOC values in the Awatag Fm. benefits from the weak anoxic environment of the
unstable paleosalinity and paleo-seawater depth of the evaporitic platform in the dry and
hot paleoclimate, in which the paleoproductivity promotes the accumulation of organic
matter. Thus, the exploration of hydrocarbon source rocks in the Lower-Middle Cambrian
in the Tarim Basin should also focus on the shallow water source rocks in the evaporitic
platform, developed in the environment of appropriate salinity, weak anoxia, and moder-
ate paleo-seawater depth. Such an environment is usually formed in the unstable period
of platform water, so the target of shallow water source rocks can be selected with the
interbedded layers of evaporites, carbonates, and claystones, like the evaporite series in
the Awatag Fm. in the Tarim Basin.

According to these results, the platform source rocks probably formed in a period
characterized by high-frequency sea-level fluctuations. They are common in the lower
parts of the Wusongger Formation and Awatag Formation. Taking well H4 as an example
(Figure 2), the upper part of the Wusongger Formation was deposited during a stable period
of very high salinity, and the thick continuous halite inhibited the formation of platform
source rocks such as anhydrite claystone and dolomitic claystone. In contrast, during the
deposition of the Shayilik Formation, a large amount of limestone formed, indicating more
or less normal marine conditions on the platform. Due to the well-oxygenated water, most
of the produced organic matter was decomposed on the seafloor, and thus the TOC content
of the sediments did not increase. During the deposition of the lower part of Wusongger
and Awatag Formations, however, rapidly changing lithologies of halite, gypsum, and
claystone, including dolomitic claystone and gypsum claystone, indicate minor but high-
frequency sea-level fluctuations. Probably, during short-term rises, low-TOC limestones
formed in well-oxygenated, more or less normal marine water (Figure 16a). Later, with
ongoing restriction of the platform and reduced water exchange, a salinity-stratified water
body developed on the platform with well-oxygenated surface water but less oxygenated
or even anoxic bottom water. Organic matter produced in the surface water was only
incompletely decomposed in the strongly stratified water body, resulting in the formation
of TOC-rich but carbonate-poor shallow platform source rocks lacking evidence of benthic
life (Figure 16b). The overall salinity of the platform water during these times was probably
elevated but not high enough for evaporation. The uppermost part of the water bodies
contained sufficient free oxygen and evaporation led to relatively high salinity, which was
suitable for the survival of aerobic halophil algae and zooplankton. Deposits from such
settings are often characterized by high TOC contents resulting from abundant halophilic
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algae microorganisms and thus can form hydrocarbon source rocks [5,11,12]. The late
stages of these cycles are characterized by very shallow conditions and very high salinity,
resulting in the formation of evaporites (Figure 16c). These evaporites have very low TOC
content because the salinity was too high for planktic production. During the late stage of
the Awatag Formation, evaporative conditions persisted for a long time, and the deposition
of thick monotonous halites suppressed the formation of shallow platform source rocks.
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Figure 16. Models of the formation of the three main lithologies on the platform. During stage b, the
shallow water source rocks formed. (a) very poor exchange; (b) poor exchange; (c) good exchange.

6. Conclusions

Based on the analyses of geochemical parameters for the accumulation of organic
matter of the Lower—-Middle Cambrian shallow water source rocks in the Tarim Basin, the
following conclusions are drawn:

(1) The shallow water source rocks of the Lower-Middle Cambrian evaporite series in
the Tarim Basin mainly developed in the Awatag Fm. and the Wusongger Fm., in which
37% of the samples have TOC values greater than 0.5%, which are mainly fair or poor
source rocks. The kerogen in the shallowest water source rocks is mainly of Type III

(2) The enrichment of organic matter first increased and then decreased with the
increase in paleosalinity. The platform area of the Tarim Basin was generally in a weak
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anoxic to an anoxic environment in the Early and Middle Cambrian. The paleoclimate was
dry and hot in the Wusongger Fm. and the Awatag Fm.; it was relatively warm and humid
in the Xiaoerbrak Fm. and the Shayilik Fm. The paleo-seawater depth became shallower
from the Xiaoerbrak Fm. to the Awatag Fm., but all the samples with high content of
organic matter come from the shallower environment. The paleoproductivity has little
effect on the enrichment of organic matter, and it is only positively correlated with TOC in
the Awatag Fm.

(3) The key factors controlling the enrichment of organic matter in shallow water
source rocks are paleosalinity and paleo-seawater depth. Redox conditions, paleoclimate,
and paleoproductivity play indirect roles in controlling shallow water source rocks, espe-
cially the interbedded layers of evaporites, carbonates, and claystones in the Awatag Fm.
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