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Abstract: The sulfate isotope record of marine sedimentary sulfate through time has been used
successfully to determine global variations in the composition of seawater sulfate. The variations
in the sulfur isotope composition of marine sulfate reflect changes in the global sulfur cycle and are
also closely related to changes in the atmospheric oxygen cycles. However, data for the Paleocene are
very sparse and the stratigraphic evolution of the sulfur isotope composition of seawater is poorly
constrained due to the small number of samples analyzed. The Yarkand Basin, as a northeastern
part of the eastern Paratethys ocean with the trumpet-shaped bay, in which a suite of evaporitic
sequences named the Aertashen Formation was continuously developed in the Paleocene and was
principally composed of massive gypsum interbedded fragmental rocks. The values of sulfur
isotopic composition are from 12.2%o to 20.6 %o (8%* Scpr or 5% Sycpr) and the mean is 17.7%. in
97 gypsum samples in the basin. Three gradually increasing trends of sulfur isotopic curves reflect
that enrichment of §%* S occurred in seawater sulfate, and indicate oxidation of seawater sulfide.
These may hint to at least three oxidation events or the bacterial reduction of seawater sulfide that
occurred in the Paleocene, and that three oxygen-enriched events or the biological sulfur cycle might
exist in this epoch. The sulfur isotopic composition (8% Scpr or 8%* Sycpr) in the seawater of the
northeastern part of the eastern Paratethys ocean was about 15.0%o to 20.6%., and averaged 17.9 %o
in the Paleocene. Combined with the previous global sulfur isotopic composition of seawater, the
final range of global sulfur isotopic composition of seawater might be from 15.0%o to 21.0%., with
17.9%0—-18.3%o the average in the Paleocene, so the variations in the sulfur isotope composition of
Paleocene seawater sulfate are reconstructed and supplemented.
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1. Introduction

The concentration of sulfate in the ocean reflects the balance between the terrestrial
weathering of sulfur-bearing minerals and the burial of sulfur as evaporites and sedi-
mentary sulfides in the oceans [1,2]. The isotope record of marine sedimentary sulfate
through time has been used successfully to determine global variations in the composition
of seawater sulfate [3]. The variations in the sulfur isotopic composition of marine sulfate
reflect changes in the global sulfur cycle and are also closely related to changes in atmo-
spheric oxygen cycles [4-6]. A global sulfur isotope record for the Phanerozoic based on the
analysis of sulfate minerals in evaporites was first reconstructed by Holser and Kaplan [7],
Holser [8], and Claypool [9], and some researchers have given good supplementary datum
later [3,5,10-12]. However, data for the Paleocene are very sparse and the stratigraphic
evolution of the sulfur isotopic composition of seawater is poorly constrained due to the
small number of samples analyzed. One of the main problems with evaporite-based re-
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constructions of the §3* S of marine sulfate is the discontinuous occurrence of evaporites
deposits, due to an unfavorable depositional environment and lack of diagnostic fossils.

Evaporites are closely related to geotectonic activity and marine transgressive-regressive
cycles [13-16]. Massive evaporites sequences generally occur at the end of global geotec-
tonic cycles, which are usually associated with global marine regression [17]. Multiple
marine transgressive-regressive cycles and evaporites sequences have been identified
in the northwestern Tarim Basin (also named the Yarkand Basin) of China in the Late
Cretaceous—Paleogene [18-21], as a northeastern part of the eastern Paratethys ocean with
the trumpet-shaped bay in which lagoon deposits occurred and recorded the evolutionary
history of sulfur isotopic composition on the eastern Paratethys seawater.

In the Paleocene, a suite of evaporitic depositional sequences named the Aertashen
Formation continuously developed in the Yarkand Basin, principally composed of massive
gypsum-interbedded thin fragmental rocks in an intermittent marine regression environ-
ment (Figure 1a). The accumulated thickness of some gypsum outcrops ranges from several
to hundreds of meters. The evaporites of the Aertashen Formation spread almost across the
whole Yarkand basin, with the three main gypsum field outcrops spread across this area
as well. These outcrops are named Dashankou (hereinafter DSK), Aertashen (hereinafter
AET), and Keliyang (hereinafter KLY) (Figures 1a and 2a-d), respectively. The Aertashen
Formation covers the area from the South Tianshan and West Kunlun piedmonts in the
west, to the Hotan area in the south, and from the Markit slope in the east to the vicinity
of Mincl in the southeast, with additional evidence found in boreholes Mincl and Mac1l
(Figure 1a). It is viable to reconstruct the variations in the sulfur isotopic composition of
marine sulfate in Paleocene seawater, and to provide a good supplement to the global
sulfur isotope record.
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Figure 1. (a) Isopach map of gypsum, gypsum outcrops, boreholes of gypsum occurred in the
Yarkand basin in the Paleocene; (b) Tectonic sketch map of the Yarkand Basin.
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Figure 2. Three main marine sulfate outcrops and mineral characteristics of gypsum in KLY outcrop
in the Yarkand Basin (Gyp: Gypsum. Hl: Halite). (a) Keliyang (marked by KLY) gypsum outcrop
with underlying Tuyiluoke formation (Late Cretaceous) and overlying Qimugen formation (early
Eocene); (b) photograph of part of the panel a; (c) Aertashen (marked by AET) gypsum outcrop;
(d) Dashankou (marked by DSK) gypsum outcrop; (e) gypsum of KLY outcrop; (f) gypsum of AET
outcrop; (g) gypsum of KLY sample; (h) SEM image of KLY sample with grey white halite in the
gypsum; (i) EDS spectrum graphs.

2. Geological Setting

The Yarkand Basin is located in the western Tarim Basin, as a foreland basin that
developed from the Pre-Sinian basement and has been reformed multiple times by tectonic
superimpositions [22]. From the West Kunlun piedmont to the interior of the basin, it
is characterized by a piedmont thrust belt and central sag, which divided the Kashgar
and Yecheng-Hotan sags, the Markit slope belt, and the Bachu frontal uplift zone sequen-
tially [23,24] (Figure 1b). The Yarkand Basin was an inherited graben basin in the early
Cretaceous, but during the late Cretaceous—Paleogene it had begun to develop into a
foreland basin, with its depositional center distributed along the West Kunlun to South
Tianshan piedmonts [25]. Since the Cenozoic era, the basin has subsided and deformed,
developing several subsiding centers and very thick depositional cap rocks due to the
collision of the Indian and Eurasian plates [26]. In the Neogene, the maximum depositional
thickness of this basin was located in the Yecheng-Hotan sag, but its depositional center has
already migrated along the northwest line to the Kashgar sag since the Quaternary [27].

In the early Cretaceous, the Yarkand Basin was a strip-shaped graben basin with NW-
SE orientation located at the West Kunlun piedmont with the largest subsiding center [28].
Sedimentation into the basin was controlled by the provenances of the South Tianshan
and West Kunlun orogens. Sediments were distributed along the long strip-shaped West
Kunlun piedmont, with thickness gradually decreasing from SW to NE orientation, devel-
oping into an alluvial fan, fan delta, and shore-neritic sub-facies [29]. In the late Cretaceous,
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a braided river delta, supratidal evaporated sand—-mud flat, and a carbonate platform
developed sequentially [30], and a salt-gypsum flat was deposited in the basin. In the
Paleocene—early Eocene, this basin developed into a semi-closed estuarine and lagoon
environment. Affected by terrigenous debris and subtropical dry climate [31,32], clastic
rocks, in addition to evaporites and carbonates, were developed during this period [33-35].
The main evaporative sequences are the Tuyiluoke and Aertashen Formations; the former
usually belongs to the Later Maastrichtian stage [36-38] and the latter to the Paleocene
[33,36-38], but the former is smaller than the latter in extent or scale. The Tuyiluoke For-
mation, mainly composed of sandstones, mudstones, gypsiferous mudstone interbedded
with poor gypsum, and small lenticular-shaped halite deposits in the late Cretaceous, is
intermittent occurrence in the basin.

3. Methods

Thirty-eight samples were collected from the Keliyang gypsum outcrops
(Figures 1a and 2a,b). From bottom to top, the continuous stratigraphic units of the
outcrops can be divided into the upper Cretaceous Tuyiluoke Formation, the Palaecogene
Aertashen Formation, and Qimugen Formation (Figure 2a—c). The total vertical thickness
of the KLY profile is about 28.4 m, from bottom to top the sample interval is 0.5 m with
the first five, and about 0.8 m with the later 33 samples for the fine sample. Moreover,
fifty-nine data of sulfur isotopic composition of gypsum are cited to make a contrastive
analysis of the fluctuation of sulfate isotopic composition from Cao et al. [39,40]. The
datum of the sulfur isotopic composition of the additional 59 gypsum samples in the basin
comes from the AET and DSK profiles and Wx1, Wb1, Macl, Mincl, and Tc2 boreholes
(Table 1, Figure 1a). All the samples are from the marine depositional gypsum of evaporites
outcrops of the Aertashen Formation in the Yarkand Basin, and the integrity of the gypsum
record is confirmed to ensure the pristine nature of the record and lack of postdepositional
alteration. The geological phenomena of dissolved sulfate (such as gypsum) or biological
sulfur cycle have not been observed so far in the field or SEM/flake image.

Table 1. Sulfur isotopic composition of seawater gypsum in the Paleocene [39,40].

634 S 634 S 634 S 534 S
Samples (%, CDT) Samples (%, CDT) Samples (%, CDT) Samples (%, CDT)
AET-G15 17.5 DSK-G26 17.1 DSK-G11 18.1 Wb1-6191 17.8
AET-G14 20.6 DSK-G25 18.4 DSK-G10 19.5 Wb1-6195 18.2
AET-G13 18.2 DSK-G24 18.0 DSK-G9 18.4 Wb1-6196 19.1
AET-G12 18.7 DSK-G23 19.3 DSK-G8 16.7 Minc1-3685 17.0
AET-G11 19.6 DSK-G22 19.2 DSK-G7 16.4 Minc1-3686 17.2
AET-G10 19.7 DSK-G21 20.6 DSK-G6 17.6 Minc1-3687 17.2
AET-G9 20.5 DSK-G20 18.9 DSK-G5 16.7 Minc1-3688 17.1
AET-G8 17.6 DSK-G19 18.2 DSK-G4 15.1 Minc1-3689 17.2
AET-G7 18.8 DSK-G18 18.6 DSK-G3 12.2 Mac1-2051 16.6
AET-G6 17.4 DSK-G17 15.0 DSK-G2 16.7 Mac1-2052 16.6
AET-G5 20.3 DSK-G16 16.6 DSK-G1 15.9 Mac1-2053 16.9
AET-G4 17.8 DSK-G15 18.1 Wx1-3560 17.6 Tc2-4441 17.7
AET-G3 17.1 DSK-G14 19.0 Wx1-3583 17.9 Tc2-4474 16.8
AET-G2 18.9 DSK-G13 19.7 Wx1-3588 17.7 Tc2-4478 17.7
AET-G1 16.6 DSK-G12 19.8 Wx1-3640 18.1

All of the samples were analyzed at the Analysis and Testing Center of Beijing Institute
of Geology of Nuclear Industry. An appropriate amount of sulfate sample containing sulfur
about 15 mg was taken to extract barium sulfate by a semi-melting method using the mixed
solvent of sodium carbonate and zinc oxide. Mix barium sulfate, vanadium pentoxide,
and quartz sand in a weight ratio of 1:3:3.5. In the near vacuum state (2.0 x 1072 Pa)
was heated and oxidized at 980 °C to generate sulfur dioxide gas, which was gathered
by freezing method and then analyzed by Delta V Plus gas isotope mass spectrometry
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for sulfur isotope composition. The calculated results were recorded by 63 Sy.cpr with
CDT as standard; the analytical accuracy is better than 40.2%.. The reference standard of
sulfide is GBW-04414 and GBW-04415 silver sulfide, and its §%* S is —0.07 £ 0.13%. and
22.15 4 0.14 %o, respectively.

4. Results

The results of the sulfur isotopic composition of samples collected from KLY profile
are presented in Table 2. The 38 values of 5%* Sycpr range from 13.8%o to 19.0%o., and the
mean is 17.6%o. If one discounts samples KLY-G35 to G38 (located in the upper profile
and the values altered sharply), the values range from 16.2%0 (sample KLY-G1) to 19.0%o
(sample KLY-G15), and the mean is 17.9%o. The values of the 5%* Sycpr range from 16.2,
increase to 19.0 and then decline to 17.7 (sample KLY-G25), abruptly increase to 18.3
(sample KLY-G26), and then decline to 16.5, ultimately persistently declining to 13.8 (sample
KLY-G38) although momentarily increasing to 15.8 (sample KLY-G37).

Table 2. Sulfur isotopic composition of gypsum in KLY outcrop in the Paleocene.

634 S 634 S 634 S
Samples (%, VCDT) Samples (%, VCDT) Samples (%, VCDT)
KLY-G38 13.8 KLY-G25 17.7 KLY-G12 18.8
KLY-G37 15.8 KLY-G24 17.9 KLY-G11 18.7
KLY-G36 13.9 KLY-G23 17.2 KLY-G10 18.6
KLY-G35 14.0 KLY-G22 17.5 KLY-G9 18.7
KLY-G34 16.5 KLY-G21 17.3 KLY-G8 18.5
KLY-G33 17.0 KLY-G20 17.5 KLY-G7 18.5
KLY-G32 17.4 KLY-G19 17.1 KLY-G6 18.3
KLY-G31 17.8 KLY-G18 18.5 KLY-G5 17.6
KLY-G30 17.5 KLY-G17 18.6 KLY-G4 17.2
KLY-G29 18.0 KLY-G16 18.6 KLY-G3 17.8
KLY-G28 18.6 KLY-G15 19.0 KLY-G2 16.8
KLY-G27 18.4 KLY-G14 18.4 KLY-G1 16.2
KLY-G26 18.3 KLY-G13 189

5. Discussion
5.1. Sulfur Isotopic Composition of Gypsum in the Yarkand Basin in the Paleocene

Due to the great thickness of the overlying Neogene and Quaternary strata (near
7900 m) and the few boreholes in the interior of the Yarkand basin, it is difficult to collect
borehole data in the Kashgar and Yecheng-Hotan sags (Figure 1b). Although there are some
boreholes, none of them reached the evaporitic depositional sequences of the Aertashen
Formation. Therefore, the boreholes of gypsum observed are mainly located in the periph-
ery areas of this basin, including the West Kunlun and South Tianshan piedmonts and the
Markit slope, totaling 21 boreholes (Figure 1a). Therefore, some data of the sulfur isotope
composition of gypsum in the basin are selected from the AET (15 samples) and DSK
(26 samples) profiles and Wx1 (four samples), Wb1 (three samples), Macl (three samples),
Mincl (five samples) and Tc2 (three samples) boreholes (Figure 1a, Table 1), and are used to
analyze the history of sulfur isotopic composition of the eastern Paratethys in the Paleocene.
The Aertashen Formation gypsum is mainly composed of gypsum (Figure 2e,f), such as
the KLY profile (Figure 2g); small quantities of halite (Figure 2h,i) in the gypsum by flake
analysis, scanning electron microscope (SEM) and energy dispersive X-ray spectrometer (EDS).

The sulfur isotopic fractionation is weak but significant (only 0.2%. of instrumental
error) in the precipitation process of gypsum. The sulfate in modern evaporitic basins and
bays where evaporites are developed have almost the same sulfur isotopic composition
[7,41]. The sulfur isotopic composition of modern ocean water and sea water replenished
by non-continental rivers is similar to that of the ocean (such as the Red Sea), and the
value of 5** Scpr generally ranges from 18%o to 25%o. [42]. The ratio of sulfur isotope
8% Scpr in the ocean near estuaries is reduced, and the value of §** Scpr is 8.6%. to
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Age (Ma)

7.7 %o, respectively [43,44]. The sulfur isotopic variation of ancient seawater evaporites is
sometimes no more than +2%o (6°* Scpr) in the same basin and geological stage (such as
evaporites with an area of 5000 mi? in the Mississippi stage) [41], but occasionally 6%. of
variation in the vertically depositional profile during the same geological epoch [42]. The
variation is generally interpreted by changes in depositional surroundings in the evaporitic
basins. It is generally believed that sulfur isotopic values in marine evaporitic gypsum
range from 15 %o to 23 %o.. The sulfur isotopic values of interactive marine-terrestrial gypsum
range from 10%o to 15%. and that of terrestrial gypsum is less than 10%. [43-45].

A total of 97 samples from this study (38 samples) and the literature (59 samples) [39,40]
have been considered to trace the composition of Paleocene sulfate in the Yarkand basin.
The values of sulfur isotopic composition from 12.2%o to 20.6 %o (8% Scpt or 8% Sycpr), the
mean is 17.7%o. The sulfur isotopic composition of the KLY profile ranges from 16.2 %o
(sample KLY-G1) to 19.0%0 (sample KLY-G15), and the mean is 17.9%. (except samples
KLY-G35 to G38). The values are from 16.6%o to 20.6 % and the mean is 18.6%. in the
AET profile, from 12.2%o to 20.6 %o with a mean of 17.7%. in the DSK profile, from 17.6 %o
to 18.1%0 with the mean 17.8 %0 in Wx1 borehole, from 17.8 %o to 19.1%. with the mean
18.4%0 in Wb1 borehole, with minor fluctuation from 17.0%o to 17.2 %0 with the mean
17.1%o0 in Minc1 borehole, from 16.6 %o to 16.9 %0 with the mean 16.7 %0 in Mac1 borehole,
and from 16.8%o to 17.7 %o with the mean 17.4%. in Tc2 borehole (Tables 1 and 2). It
is almost the same as the already existing global values of sulfur isotopic variations
of seawater sulfate during the Paleocene (Figure 3); the depositional environment of
evaporitic gypsum must be due to the marine sedimentary surroundings in the Yarkand
Basin during the Paleocene. This should also be verified again.

5"S (%0 CDT) 8"S (%0 CDT) 8"S (%0 CDT) 8“S (%0 VCDT) 'S (%0 VCDT) &S (%0 VCDT)
16 21 26 10 18 26 16 20 24 14 20 26 14 20 15 17 19 21 23
S T (I R TN T T I Y L1l I I B
1a] 1b] C] & [F [d el R
s & 0 Qo )
- o2 & {
> ’)l : '.\ 5 f v/‘
20 2 ] ‘ |
.2)3‘ g { s
o2 \ w
Y | \
B M | 3
40 : . /
¥ / -
D J ( ~
60— ¢ 7 - bt b (R Beoay El gy T 1 \ """"
......................................................... Q............._ eccccsccccccnccnchkeas .......::. - PR aas 2
X /‘ '\‘
80— O Evaporites | /
(marine and non-marine) seawater sulfate O Marine barite Evaporites \’:au’jm.]:@': .\lurinc\{mrilc
100 / P

Figure 3. Sulfur isotopic variations of seawater sulfate in the Paleocene. (a) The values of 534 Scpr
range about from 17.2%0-20.4%o [9]; (b) The values of 5% Scpr range about from 16.2%0—19.1%. [3];
(c) The values of 5** Scpr range about from 17.4%0.—19.3%. [5]; (d) The values of 5%* Sycpr range
from about 17.0%0—21.0%. [12]; (e) The values of §** Sycpr range about from 18.1%0-19.1%. [11];
(f) The values of 53 Sycpr range about from 17.34%, + 0.2-19.11 + 0.3% [45].

5.2. Sulfur Isotopic Fluctuation of Gypsum in the Yarkand Basin in the Paleocene

Three sulfur isotopic curves with gradually increasing (or decreasing) trends
can be observed clearly in Figure 4. Combined with the values of sulfur isotope
(Tables 1 and 2), from the bottom to the top of the AET profile, the curve showed
three fluctuation trends: 16.6 %0 —20.3 %o, and 17.4 %0 —20.5%., then slowly reduced to
18.2%o, and increased to 20.6 %o, ultimately decreasing to 17.5%.. Three cycles showing
a down-up trend and a primarily marine depositional environment are revealed in the
AET profile. Similarly, the 53 S values of samples in the DSK profile fluctuated from
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15.9%o0 to 19.8 %o, then declined to 15.0%., then steadily increased to 20.6%., and then
gradually decreased to 17.1 %o, which may reflect the two cycles from interactive marine—
terrestrial to the marine sedimentary environment during the period. Compared with
the above two profiles, the sulfur isotopic curve is also presented with two waved trends
in the KLY profile. The variation range of values are 16.2 %o —19.0%o and 17.7 %o —18.3 %o
respectively, declining to 16.5%., and lastly persistently declined to 13.8 %o.

fine sandstone
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Figure 4. The sulfur isotopic curve of marine gypsum in the Yarkand Basin in the Paleocene. (a) AET
profile; (b) KLY profile; (c) DSK profile.

limestone limestone

The gradually increasing trend of sulfur isotopic composition was previously inter-
preted as the expansion of transgressive extent in the evaporites basin [37,46-48], but it
is perhaps not true. The evaporites such as gypsum and halite usually occur in a closed
or semi-closed basin, and in an arid climate or intensely evaporative surroundings. The
fluctuation in 83 S values is usually caused by bacterial sulfate reduction or a lack of
sufficient/continual supplement of seawater in the closed evaporites basin, but normally
no more than £2%. [7,49-51], and the sulfur isotopic composition is kept steady range
with the persistent supplement of seawater in nearly semi-closed basin as lagoon. If a
sudden expansion of transgressive extent in evaporites basin had occurred, the salinity of
water in ancient saline lakes would be reduced; accordingly, a depositional termination of
evaporites appeared. There is a nearly successive deposition of gypsum in the profiles of
KLY (Figures 2a,b,e and 4a) and AET (Figures 2¢,f and 4b) except DSK profile (Figures 2d
and 4c), which indicates that the seawater cannot have entered into the Yarkand ancient
saline lake in this stage. The increasing values of sulfur isotopic composition reflect that
enrichment of 5* S occurred in seawater sulfate, and indicate oxidation or bacterial reduc-
tion of seawater sulfide in the Paleocene. On the one hand, these may be a hint of slowly
increasing oxygen content in the air; meanwhile, the terrestrial sulfide decreased in the
ancient ocean. Considering the three profiles, at least three events involving oxidation of
seawater sulfide occurred, and perhaps three oxygen-enriched events might have existed
in the Paleocene. However, on the other hand, it has now been established that consider-
able sulfur-isotope fractionation occurs in the biological sulfur cycle and that the bacterial
reduction of sulfate, which leads to the enrichment of S** in sulfate and its depletion in
sulfide, and is largely responsible for the wide fluctuations in isotope ratios which occur in
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marine sediments [52]. Furthermore Boschetti et al. [50,51] have verified that an increase of
5% S in gypsum results in bacterial sulfate reduction (534 S increased in residual dissolved
sulfate and then deposition occurred again).

The 5%* S values of samples in the DSK profile range from 12.2%o to 20.6 %o, which
belongs to the marine and interactive marine-terrestrial sedimentary environment
[43,44], and may reflect the two times of transformation from interactive marine-
terrestrial to the marine sedimentary environment during the period. Compared with
the AET and KLY areas, the DSK area might be high-relief topography, and is nearer
the South Tianshan piedmont, and it is possible that abundant terrestrial freshwater
enriched sulfide from the piedmont had been injected into the ancient saline basin
during that period. In the same way, the KLY area might be higher ancient topography
than that of the AET area for its two waved trends and the gypsiferous mudstone
interbedded in the profile is also verified (Figure 4).

On the top of three profiles (AET, DSK, and KLY), the same trend in which the
values of the sulfur isotope gradually decreased occurred at the end of the Paleocene,
the values decreased to 17.5%o (5°* Scpr), 17.1%0 (53* Scpt) and 13.8%. (6%* Sycpr)
respectively. The sulfur isotopic composition in AET and DSK regress to the initial
datum of the bottom profiles (17.5%0 and 17.1%.), but 13.8 %0 in KLY, which might hint
that sulfate reduction in near-shore organic material occurred or terrestrial fragments
of sulfide were carried to the saline lake by freshwater rooted in peripheral rivers of
the basin in the end.

Due to the difficulty involved in the collection of gypsum rock debris (or core)
from coorporation-owned oil fields, only five samples of borehole debris are collected
to analyze sulfur isotopic composition. The range of sulfur isotopic values in the five
boreholes is quite narrow compared with the three profiles. It is from 16.6%o to 19.1 %o
(8%* Scpr), and the mean is 17.5%0, approaching the total mean of 17.7%. (97 samples in
the basin). The cause might be a short interval or a small number of samples collected.
Though the samples were located in different parts of the borehole profiles, the sulfur
isotopic values are fluctuant around the mean of 17.5%o. It is clear that the values
of the sulfur isotope in the Wbl and Wx1 boreholes are higher than these of Mincl,
Macl, and Tc2 boreholes, which hints that the ancient seawater must come from the
northwestern Yarkand Basin, and all the other borehole areas were far away from the
seawater estuary in the basin in the Paleocene.

5.3. Depositional Environment and Sulfur Isotopic Composition on the Eastern Paratethys
Seawater in the Paleocene

The Paleocene Aertashen Formation is stable in thickness and widespread in the
Yarkand basin [40]. In the Paleocene, seawater had been invaded from the Alay graben
in the northwest of Tarim Basin, then blocked by the middle-low hills of West Kunlun
Mountain, forming a lagoon in Yarkand Basin. The semi-closed lagoon with a water
depth of 20-50 m, and a hot-arid climate [53,54], lagoon facies, and very shallow-water
evaporation-platform facies were developed [34]. In the Paleocene, the Yarkand basin
was a depression [24], which was controlled by the tectonic framework initiated during
the Late Cretaceous and the flexure deformation of the piedmont thrust belt in the
foreland basin. The subsided and depositional center of this basin was located at
the West Kunlun piedmont, and the deposits gradually thinned along the SW-NE
orientation in the basin [25]. Though the topography of the ancient saline lake was
higher in the eastern part than that in the western, the evaporites at the edge of this
saline basin were similar in thickness except for the area of bore Wx1 and Wbl (the
thickness of gypsum may be influenced by tectonic compression). For instance, the
thickness of the evaporites is between 58-96 m (78.0 m averaged) at the South Tianshan
piedmont, between 6-231 m (average 64.5 m average) at the West Kunlun piedmont,
and that at the Markit slope is between 17-131 m (60.1 m average) (Table 3). The
isopach map of gypsum is seen in Figure 1a. There are five main depositional centers
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of gypsum in the basin, two in the South Tianshan piedmont (the areas of Wx1 and
DSK), two in the West Kunlun piedmont (the areas of Wb1 and AET), and one in the
Markit slope (the areas of Q6 and Tc2) (Figure 1a).

Table 3. Thickness of gypsum in the Yarkand Basin in the Paleocene.

Boreholes Thickness (m) Boreholes Thickness (m) Boreholes Thickness (m)

Wx1 164 P1 6 Md1 17
Wbl 253 Ps2 28 H2 37
Akl 58 Ks101 108 H3 52
Ak2 80 Kd1 54 Sh2 48
Ys1 101 Kd101 74 Lnl 26
S1 10 Mincl 29 Tc2 131
T1 40 Macl 62 Q6 110
DSK 96 AET 231 KLY 28.4

Notes: All the data are from Cao (2022) expect for DSK (96 m), AET (231 m) and KLY (28.4 m) profiles.

It is difficult to confirm the sulfur isotopic composition of evaporites of the ancient
ocean in the same geological epoch because of the dispersive component of the world.
However, to date, research results verifies that sulfur isotopes of seawater sulfate can
be a useful tool for stratigraphic correlations. Secular data of seawater sulfur isotopes
archived in evaporite, carbonate-associated sulfate, and marine barite from worldwide
locations allow reconstruction of a continuous seawater sulfate sulfur isotopic curve for the
Phanerozoic [55]. The Yarkand Basin, as a northeastern part of the eastern Paratethys ocean,
in which evaporites nearly successive deposited and directly recorded the evolutionary
history of the sulfur isotope in eastern Paratethys seawater. Thode [52] had identified
the minimum sulfur isotopic values as the §3* S of global seawater about the evaporites
stratum with the same geological epoch and in different areas because of the consistency of
the minimum values, and the other values were interpreted by regional characteristics of
sulfate reduction action. However, it is in conformity with results from the Caspian Sea
and Rhine Graben evaporites basins, and some means are higher than the actual value
of ancient seawater [7]. Combined with the latest published data and LOWESS curve of
sulfur isotope (from 66.06 &= 0.3 Ma to 56.13 & 0.2 Ma) [45], we tried to obtain the evolution
of Eastern Paratethys seawater using the sulfur isotopic composition of gypsum in the
Paleocene. In this paper, we think that some abnormal values need to be rejected when
the sulfur isotopic composition of ancient seawater is estimated as the values (near or less
than 10%.) of evaporites samples occurring in terrestrial facies surroundings, and other
isotopic (Sr, C, and O, etc.) analysis is needed under beneficial conditions, such as improved
funding for research.

The sulfur isotopic values (8%* Scpr or 5% Sycpr) of global marine sulfate ranges
about from 16.2%0 —21%. in the Paleocene (Figure 3), and the mean of the mid-values is
18.4%o. However, in the Yarkand Basin in the Paleocene, the range of values is from 12.2 %o
t0 20.6%o0 (8%* Scpr or 5** Sycpr), and the mean is 17.7 %o. It is relatively lower compared
with global data, and can be observed clearly in Figure 5 (sulfur isotopic curves of marine
gypsum and barite from the last c.66 Ma-56 Ma). Though some fluctuations occurred in the
four curves, the general trend of a single curve can be identified easily in the figure. The
sulfur isotopic curves show the same trend of overall decrease between of KLY profile and
global LOWESS curve for about the last 66 Ma-56 Ma generated from barite data, similarly
to the curves of the AET and DSK profiles with an overall increasing trend. Comparing
with the four sulfur isotopic curves, the reason for the differences in the overall trend is not
clear, especially with KLY, AET, and DSK profiles in the same basin. The two areas of AET
and DSK were perhaps located in different depositional environments and influenced by
the biological sulfur cycle (the bacterial reduction of sulfate).
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Figure 5. Sulfur isotopic curves of marine gypsum and barite. The cinereous LOWESS curve from the
global marine barite data from the last c.66 Ma-Ma [45]. The blue, red, and green curves are from the
data of AET, DSK, and KLY gypsum profiles of the Yarkand Basin during the Paleocene, respectively.

Considering the data of only the marine depositional environment in the basin (the
values equal to or greater than 15%. selected [43-45]), if some values are discounted, such as
KLY-G35, G36, and G38, and DSK-G3, then the new range is 15.0%o to 20.6 %o in the Yarkand
Basin, the mean of total 93 samples is 17.9%., and the sulfur isotopic values of Yarkand
Basin clearly approach the data of global marine sulfate (18.4%o0). Considering only the
latest data [45], the mean is 18.3%o. from about the last 66-56 Ma, and the same values are
also approached. Considering the overall downward trend of sulfur isotopic composition
during the Paleocene (Figure 5) and three up-down fluctuations at least in the basin, we
possibly infer that sulfur isotopic composition (63* Scp or 6% Sycpr) in the seawater of the
northeastern part of the eastern Paratethys ocean was about 15.0%o to 20.6 %o, and 17.9 %o
averaged in the Paleocene. Synthetically, considering the global sulfur isotopic composition
of seawater, the final range might be from 15.0%o to 21.0%., with 17.9 %0 —18.3%. averaged
in the Paleocene. Therefore, the data of sulfur isotopic composition in the paper are a
supplement for the global ancient seawater in the Paleocene. Moreover, sulfur isotopes can
also better reflect the changes in the marine-terrestrial depositional environment. By the
study of sulfur isotope geochemistry of gypsum in the profile of the evaporites basin, the
paleo-sedimentary environment and its changes can be revealed.

6. Conclusions

The Yarkand Basin with the trumpet-shaped bay belongs to the northeastern part of
eastern Paratethys ocean, in which a suite of evaporitic sequences was continuously devel-
oped and composed of massive gypsum interbedded fragmental rocks in the Paleocene.
The values of sulfur isotopic composition are from 12.2%o to 20.6%o (63* Scpt or §** Sycpr),
the mean is 17.7 %o in total of 97 gypsum samples. Considering the three profiles, the three-
fold increase in the values of sulfur isotopic composition demonstrate that enrichment of 534
S occurred in seawater sulfate, and hint that at least three episodes of oxidation or bacterial
reduction of seawater sulfide occurred in the Paleocene, and three oxygen-enriched events
or the biological sulfur cycle might exist in this epoch. The sulfur isotopic composition
(8%* Scpr or 6% Sycpr) in the seawater of the northeastern part of the eastern Paratethys
ocean was about 15.0%o to 20.6%., and 17.9%. averaged in the Paleocene. Therefore, the
ultimate range of global sulfur isotopic composition of seawater might be from 15.0%o to
21.0%o, with 17.9%0—18.3 %o averaged in the Paleocene. which is a supplement for the global
ancient seawater in the Paleocene.
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