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Abstract: This research investigates the environmental characteristics of the saline lake in the Jiangling
depression, southwestern Jianghan Basin from Paleocene to Eocene using bulk-rock geochemistry. The ratios
of FeO/MnO, ALO3/MgO and C-value indicate a semi-humid to semi-arid climate in the early-middle
Paleocene. There was a rapid shift to a humid climate during the late Paleocene to early Eocene, following a
short-time intense dryness. The Eocene climate was arid, but experienced intermittent humidity. The variation
trend of CIA, CIW and PIA is similar to that of FeO/MnO, Al203/MgO and C-value, so the chemical weathering
was influenced by climate changes. The redox conditions of lake in the Jiangling depression during Paleocene
to Eocene were reconstructed using the ratios of U/Th, Ni/Co, and V/Cr. In the humidity and alternations of
aridity and humidity, the lake water received external water input, resulting in weak stratification, so the
sediments were in oxidation condition. In the aridity, lakes become a still water environments, leading to
sediments formed in reduced condition. The salinity of the lake in Jiangling depression from Paleocene to
Eocene was determined through the analysis of sedimentary sequences and the change of Sr/Ba ratio. In the
early-middle Paleocene, the salinity of lake varied greatly. From the late Paleocene to the early Eocene, the
salinity of lake decreased. In the Eocene, the salinity of the lake increased, and the halite precipitated, and
finally the salinity of the lake decreased due to humid climate.

Keywords: Jiangling depression; Paleocene-Eocene saline lake; climate; redox conditions; salinity

1. Introduction

The Jianghan Basin is a Mesozoic-Cenozoic rift basin in central China, which has experienced
multi-stage tectonic movement. In the Paleocene, the Jianghan Basin deposited abundant evaporites,
and potassium and lithium-rich brine ore (Wang et al., 2013, 2021; Liu, 2013; Shen et al., 2014; Liu et
al., 2015). In view of the sedimentary characteristics of evaporite in a series of rifted basins in south
China, Liu et al. (2013, 2016) proposed that the formation of evaporite deposits was controlled by
tectonics, provenance and climate. This is because some scholars once believed that Jianghan Basin
was affected by the subtropical highs controlled by the planetary wind system during the Late
Cretaceous-Early Paleogene, and the climate was mainly hot and arid (Sun and Wang, 2005; Guo et
al., 2008). However, with the discovery of PETM, there is evidence that the precipitation in Jianghan
Basin increased significantly during the Early Paleogene, and the climate was mainly warm and
humid (Teng et al., 2021; Xie et al., 2022; Yan et al., 2022). The latest research results challenge the
view that evaporite was formed in arid climate environment, so it is urgent for us to carry out more
detailed research on evaporite strata in the Jiangling depression, southwestern Jianghan Basin to
determine the paleoenvironment and paleoclimate at that time.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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At present, there are many researches on the climate and environment characteristics of the early
Paleogene in the Jiangling depression, but there are great differences due to the experimental objects
and methods. The analysis of palynological types shows that the climate in Jianghan Basin was
subtropical arid during Paleocene, and alternating between humid and arid in Eocene (Sun and
Wang, 2005; Wang et al., 2020). And Wang et al. (2013) revealed the change of paleoclimate conditions
from hot and arid Paleocene to humid Eocene in the Jiangling depression by using the changes of
carbon and oxygen isotope composition of carbonate in lacustrine sediments. However, Li et al. (2015,
2016), based on the fluid inclusion temperature test of anhydrite and halite, believed that the
temperature in the early Eocene was between 14.9 and 38.5 °C, which decreased compared with the
Paleocene, but the climate was still mainly hot and arid. Therefore, we try to use different analysis
and testing methods to study the Paleocene-Eocene climate and environmental characteristics of the
Jiangling depression. After many years of development, geochemical parameters have been widely
used in paleoenvironmental conditions, tectonic setting and clastic rock provenance (e.g., Nesbitt and
Young, 1982; Bhatia, 1986; McLennan et al., 1995; Hetzel et al., 2011; Fang et al.,, 2023). And the
composition of clastic sedimentary rocks is controlled by a combination of factors such as parent rock
composition, weathering (physical and chemical), transport, sedimentation, and diagenesis
(Johnsson, 1993). Therefore, geochemical data analysis can provide a reliable basis for reconstructing
the paleoenvironment of evaporite sedimentary strata in the Jiangling depression.

2. Geological Setting

The Jianghan Basin located in the Yangtze Block of central China, is a large Mesozoic-Cenozoic
rift basin, with a total area of 36,360 km? (Gilder et al., 1991; Yu et al.,, 2003; Teng et al., 2019). It is
surrounded by various geological features, such as the Qinling orogen in the north, the Dabie
Terrance in the northeast, the Edong fold-thrust belt in the east, the Jiangnan orogen in the south, and
the Huangling massif and the Xiang’exi fold-thrust belt in the west (Hu et al., 2006; Shen et al., 2012;
Li et al., 2015; Wu et al., 2017; Wang et al., 2022) (Figure 1A). The Presinian metamorphic basement
of the Jianghan Basin was formed during the Late Proterozoic. The basement of the Jianghan Basin
consists of two parts: the underlying crystalline basement and the overlying pre-rift strata. The
crystalline basement of the Jianghan Basin mainly consists of Archean-Proterozoic metamorphic and
metasedimentary rocks (Wu et al., 2017). During the Sinian to the Early Triassic, with the influence
of the regional Indosinian movement spreading to this area, the Jianghan Basin uplifted to different
degrees under the background of dramatic and rapid crustal rise, and the sea water slowly withdrew
westward, forming a set of extensive coastal clastic rocks interbedded with Marine carbonate rocks
(Dai et al., 1996; Yao et al., 2015). The Middle Triassic to Jurassic sediments in the Jianghan Basin were
mainly terrestrial conglomerate, sandstone and mudstone, and interbedded with coal seams formed
from Carboniferous to Early Triassic (Chen et al., 2013; Shu et al., 2008). Under the influence of the
Yanshanian movement, a NW-trending fault belt was formed in the Jianghan Basin from Late Jurassic
to Early Cretaceous (Hu et al., 2006). From the late Cretaceous to Paleogene, the Jianghan Basin
experienced the active upwelling of the upper mantle induced by the rolling of the Pacific plate and
the Indo-Asian collision, resulting in multi-stage rifting and the formation of extensive siliceous
clasts, evaporites and a large number of basalts in the basin, and finally formed the present
geographical characteristics (Liu et al., 2004; Li et al., 2015).
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Figure 1. Geologic and tectonic sketch maps of the Jianghan Basin region. (A) modified after Chen et
al., (2013).
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The Jianghan Basin is composed of several secondary structural units and depressions. The
Jiangling depression is the largest secondary negative tectonic unit in Jianghan Basin, which was
formed on the Yanshanian fold basement under the depression setting of Late Cretaceous to
Paleogene (Figure 1B). The growth and development of the Jiangling depression are controlled by
Qingshuikou fault, Jishansi fault, Wen’ansi fault and Gongan-Songzi fault, and divided into two
independent units by Wancheng fault (Wang et al., 2013; Yang et al., 2003; Yu et al., 2018) (Figure 2).
In 2016, we obtained a 2,302.03 m long well (ZK0303) in the southwest of the Jiangling depression.
The core is mainly composed of purplish pink silty mudstone and dark gray mudstone, interbedded
with anhydrite, glauberite and halite. According to the existing palynological records and the
stratigraphic correlation study of adjacent well, it is preliminarily believed that the boundary between
Paleocene and Eocene is around 680 m of the drilling core (Yan et al., 2022).
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Figure 2. Tectonic map of the Jiangling depression (modified after Teng et al., 2019), and stratigraphic
column of well ZK0303.

3. Sampling and Methods

A total of 55 samples were collected from Well ZK0303 based on the criteria of vertical
differences, changes in sediment color, particle size and physical properties (Figure 2). We split the
core ZK0303 into two halves in the longitudinal, and selected the fresh part that was not
contaminated. All samples were stored in plastic bags to avoid secondary pollution and oxidation as
much as possible. Before the geochemical analysis all samples were air-dried, crushed to 200 mesh
and thoroughly mixed. The major elements were analyzed by X-ray fluorescence spectrometer (XRF),
and the analytical accuracy was estimated at 1% for SiO2 and 2% for the other oxides. The trace and
rare earth elements were tested by inductively coupled plasma mass spectrometry (ICP-MS), and the
the analytical uncertainties were estimated at approximately 10% and 5% for trace and rare elements
with abundances of <10 ppm and >10 ppm, respectively.
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Before the experiment, the samples were crushed in an agate mortar to less than 200 mesh. After
that, the powdered samples were heated and poured into the mixture of anhydrous lithium
tetraborate, lithium fluoride and ammonium nitrate to melt into glass sheets, which were continued
to be heated in a mulffle furnace to determine loss on ignition. Finally, the fused samples were heated
to 800°C and analyzed using a sequential X-ray fluorescence spectrometer (AB104L, Axios-mAX).
Calibrations of accuracy and reproducibility were conducted using the GB/T 14506.14-2010 and GB/T
14506.28-2010 standards.

The content of trace and rare earth elements were measured by inductively coupled plasma mass
spectrometer (ICP-MS, ELEMENT XR). Heat the powdered samples with HF and HNQs. After
evaporation to dryness, HNOs was added to dissolve the samples. Then, HNOs was added to samples
again and heated to 130°C. Finally, the distilled water was added to the solution and the contents of
trace elements were measured. All geochemical analyses were carried out in the Analytical
Laboratory Beijing Research Institute of Uranium Geology.

4. Results

4.1. Major Elements Geochemistry

Among the major elements, the contents of SiO2 (15.65-58.40 wt.%, average 44.22 wt.%), Al20s
(4.14-17.58 wt.%, average 13.24 wt.%) and CaO (3.85-19.37 wt.%, average 8.84 wt.%) are the top three
(Table 1). The contents of Fe20s (1.65-7.05 wt.%, average 5.07 wt.%), MgO (2.02-8.09 wt.%, average
4.75 wt.%), K20 (1.10-4.83 wt.%, average 3.29 wt.%) are all more than 1%. The contents of Na2O and
FeO are around 1 wt.%, and the contents of TiO2, MnO and P20s are all less than 1 wt.%. And the
major element contents of all samples were allocated according to the Average Post-Archean
Australian Shale (PAAS), almost all the contents of SiO2, Al20s, Fe20s, TiO2 and MnO in Well ZK0303
are lower than PAAS (Figure 3A). In contrast, the contents of all CaO and MgO and most of Na2O
were higher than those of PAAS and show strong enrichment (Figure 3A).

Table 1. Major elements from the samples of well ZK0303, Jiangling depression.

No. DepthSiO2Al2:0sFe20:Ti02MnO CaO MgOK:0Na:0P205FeO LOI

m  wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%wt%wt%
ZK1 339 43.8414.49 547 0.61 0.12 7.67 5.87 3.37 1.19 0.16 1.5416.9
ZK2 363 58.4010.13 3.79 0.51 0.07 8.10 2.77 2.36 1.93 0.121.4511.4
ZK3 387 2791 8.73 3.21 0.34 0.11 1598 7.87 1.91 1.70 0.121.68 11.5
ZK4 400.5 52.8311.96 4.28 0.64 0.11 8.45 3.97 2.55 2.31 0.11 0.9012.3
ZK5 457 2556 8.04 2.76 0.30 0.05 15.98 7.30 1.97 3.91 0.12 1.4520.1
ZK6 504.5 15.65 4.14 1.65 0.17 0.03 11.85 8.09 1.12 14.44 0.06 0.84 16.7
ZK7 5385 16.13 427 1.79 0.16 0.04 14.32 4.44 1.1012.62 0.050.94 14.3
ZK8 550 43.8813.52 5.17 0.61 0.08 6.34 4.53 3.42 3.82 0.131.78 16.6
ZK9 573 37.08 9.65 3.61 0.44 0.06 10.50 5.81 2.62 4.20 0.101.3518.0
ZK10 585 28.37 8.89 3.37 0.36 0.06 13.38 4.72 2.29 6.30 0.11 1.2015.2
ZK11 601 35.55 9.57 3.79 0.41 0.08 13.38 7.06 2.52 2.39 0.131.9422.1
ZK12 620.5 26.33 7.25 2.80 0.31 0.07 15.29 8.03 1.68 4.75 0.10 1.29 22.5
ZK13 650 40.9712.08 4.74 0.52 0.08 10.42 3.65 2.74 3.30 0.19 2.24 16.2
ZK14 681.5 55.9411.79 4.34 0.61 0.08 8.76 2.02 2.87 1.99 0.10 1.60 11.0
ZK15 710 51.7016.26 6.49 0.66 0.06 5.28 2.67 4.12 2.25 0.11 1.44 9.9
ZK16 779.5 49.3316.76 6.30 0.61 0.05 4.87 3.60 4.83 1.82 0.152.5111.1
ZK17 790 50.1211.01 4.77 0.64 0.06 11.91 2.49 2.63 2.01 0.121.90 13.8
ZK18 809.9 22.91 6.29 2.18 0.26 0.08 19.37 7.74 1.23 1.61 0.101.90 10.7
ZK19 853 49.9416.84 6.57 0.68 0.06 3.85 5.14 4.33 1.69 0.192.7217.1
ZK20 870 43.8714.42 5.55 0.58 0.05 8.57 4.49 3.68 1.44 0.141.6110.6
ZK21 911.5 41.7315.22 6.06 0.52 0.09 7.28 6.93 3.87 1.46 0.20 1.90 10.8
ZK22 930.5 45.3216.36 6.86 0.58 0.05 5.55 5.51 4.40 1.29 0.17 2.22 9.6

doi:10.20944/preprints202311.0490.v1
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ZK23 951 48.2716.64 6.23 0.63 0.06 5.57 3.98 4.14 1.92 0.16 2.01 14.7
ZXK24 970.5 40.0313.35 5.30 0.50 0.06 10.50 5.55 3.38 1.09 0.14 2.26 13.3
ZK25 977.5 47.6917.13 6.27 0.64 0.05 5.21 4.29 4.60 1.25 0.16 1.9311.9
ZK26 993 45.9715.97 6.25 0.56 0.04 5.13 6.15 4.12 1.32 0.172.2012.7
ZK271027.551.7410.46 3.87 0.60 0.08 9.25 4.22 2.33 1.44 0.131.56 12.8
ZK28 1040 48.5416.68 6.83 0.67 0.06 5.17 4.50 4.32 1.08 0.152.0214.9
ZK29 1050 45.9015.57 6.03 0.56 0.05 6.31 4.97 4.05 0.97 0.16 2.02 12.0
ZK30 1090 47.5917.58 6.82 0.62 0.06 4.43 5.65 4.34 1.09 0.18 2.19 12.0
ZK311099.548.2717.07 6.44 0.63 0.07 4.78 4.94 4.36 1.08 0.171.9111.2
ZK321129.551.3312.46 4.66 0.63 0.06 9.67 3.43 3.00 1.21 0.121.5213.0
ZK33 1145 48.3517.61 6.95 0.64 0.05 4.51 3.98 4.74 0.99 0.16 2.28 11.5
ZK34 1175 47.8114.60 6.07 0.65 0.07 8.79 3.95 3.76 1.04 0.151.7412.6
ZK35 1185 48.6316.42 6.21 0.63 0.07 6.40 4.35 4.20 1.10 0.151.7011.3
ZK361203.542.8514.59 4.87 0.56 0.10 8.87 6.60 3.43 1.00 0.152.04 16.5
ZK371213.546.3916.34 5.71 0.66 0.09 5.77 6.76 3.80 1.21 0.182.26 13.1
ZK38 1260 50.1014.15 5.75 0.66 0.06 7.89 3.96 3.39 1.18 0.16 1.84 12.2
ZK39 1295 40.0413.50 4.96 0.52 0.06 10.47 3.98 3.31 0.90 0.131.5711.1
ZK40 1325 39.47 9.79 3.08 0.52 0.06 13.90 2.96 2.28 0.98 0.101.4411.3
ZK411346.548.4516.38 6.19 0.60 0.08 4.57 6.40 3.94 1.05 0.16 2.1111.8
ZK421370.552.5211.72 4.64 0.63 0.11 9.54 3.20 2.55 1.64 0.141.59 12.9
7ZK431388.547.6913.29 5.39 0.65 0.07 9.42 4.48 3.17 0.96 0.151.98 13.5
ZK441426.536.2812.75 4.57 0.46 0.07 16.50 4.34 3.16 1.27 0.152.4517.9
ZK451434.549.4716.79 7.01 0.66 0.05 4.84 4.34 4.53 0.86 0.17 2.2510.7
ZK461457.550.4615.80 5.60 0.71 0.05 6.79 3.66 4.04 0.96 0.151.89 11.7
ZK47 1465 51.7816.31 6.58 0.66 0.07 4.91 3.92 4.05 1.17 0.151.9410.3
ZK48 1485 54.1513.76 5.00 0.63 0.09 6.85 3.37 3.23 1.31 0.141.7210.9
ZK491505.538.2711.79 4.63 0.48 0.11 16.44 3.31 2.86 1.00 0.11 2.08 14.2
ZK501525.551.27 9.04 3.54 0.57 0.11 11.15 4.27 1.94 1.17 0.121.78 14.5
ZK51 1543 46.8416.56 5.87 0.61 0.07 5.86 5.28 4.41 0.94 0.18 2.60 12.0
ZK521560.549.5017.71 7.05 0.65 0.05 3.44 4.86 4.54 0.96 0.153.49 9.1
ZK53 1567 50.0311.60 4.91 0.65 0.06 11.30 3.19 2.88 1.09 0.14 1.74 13.9
ZK541581.547.6414.62 524 0.60 0.08 7.49 4.31 3.70 1.04 0.152.0013.1
ZK551599.555.4512.25 4.70 0.61 0.06 7.22 3.64 3.01 1.25 0.14 1.88 11.6
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Figure 3. (A) PAAS-normalized major element diagram of samples in Well ZK0303, Data of the PAAS
are from McLennan, 1989; (B) UC-normalized trace-element diagram of samples in Well ZK0303, Data
of the UC are from Taylor & McLennan, 1985; (C) Chondrite-normalized rare element diagram of
samples in Well ZK0303, Data of the Chondrite are from Boynton, 1984.

4.2. Trace and Rare Elements Geochemistry

The three elements with the highest average content are Sr (161.0-14887.0 ppm), Ba (152-656
ppm) and Rb (33.0-225.0 ppm), and their average contents are 2044.8 ppm, 383.9 ppm and 144.6 ppm,
respectively (Table 2). And the contents of U (1.5-13.2 ppm, average 4.2 ppm), Hf (0.7-4.4 ppm,
average 3.0 ppm) and Ta (0.3-1.1 ppm, average 0.9 ppm) are the lowest. The preservation state of each
element varies greatly if they are normalized to Upper Crust (UC) data. The contents of Sr and Cs are
enriched relative to UC, the contents of Nb, Ta, Zr and Hf show strong depletion (Figure 3B).

For REE, the Ce contents range from 17.5 to 88 ppm, averaging 62.51 ppm, the La contents range
from 9.4 to 74.7 ppm, averaging 35.11 ppm, and the Nd contents range from 8.04 to 61.40 ppm,
averaging 29.34 ppm (Table 3). They are the three most abundant REEs. The LREE/HREE ratios range
from 7.70 to 13.83, averaging 8.93. In the chondrite-normalized diagram (Figure 3C), all samples show
a set of steep dips of the light REE (LREE) curves, whilst the curves of the heavy REE (HREE) are flat.
And Eu contents represent negative anomalies, they are V-shaped in the standardized diagram.
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Table 2. Trace elements from the samples of well ZK0303, Jiangling depression.

No. D;Pt Sc V CrCoNiCuZnGaRb Sr Y Cs Ba Pb Th U Nb Ta Zr Hf B
m PP PP PP PP PP PP PP PP PP PP PP PP PP PP PP PP PP PP PP PP

m m m m m Im m Im m m m m m m m m m m m m

ZK1 339 14.390.775.915.736.836.083.718.8 1%)1'1440.021.115.33%3'22.2 9.3 5412.20.9 88.3 2.6 93.5

ZK2 363 9.4 47.054.8 8.0 24.449.751.612.693.0 498.0 18.3 8.0 3t4' 6.1 65 1.5 93 0775722624

ZK3 387 8.6 70.544.6 9.0 28.123.065.911.178.61033.013.8 7.0 2Z)6'17.4L 69 56 7.1 0.551.7 1.7 75.8

(())5' 256.023.07.6 422' 14.010.22512.11.0 1%3' 35941

ZK5 457 7.9 75.640.8 8.6 25.824.536.310.473.51353.012.4 8.1 2::))6'10.6 74 7.0 6.8 0.538.8 12749

ZK4400.511.367.466.312.631.817.565.315.3 1

ZK6504.5 3.3 26.717.8 3.7 13.612.021.2 4.2 33.03393.0 6.1 3.4 2%5' 50 3.1 23 3.3 0.3 23.6 0.8 86.6

ZK7538.5 3.9 40.920.4 5.2 18.839.0 1%2' 5.3 36.01803.0 6.5 3.5 1%2' 8.2 4.0 6.0 3.4 0.317.7 0.7 63.6

ZK8 550 13.987.864.513.830.343.161.6 18.111)7' 834.0 21.710.5320'18.414.2 591351.159.6 2.2 1%0'

ZK9 573 9.2 47.248.8 9.2 25.616.843.612.394.2 948.0 16.8 7.2 3%3' 92 89 21 92 0.7 647 23 1%7'

ZIO<1 585 8.6 58.842.9 8.8 24.622.538.911.181.03345.013.2 7.3 4%)6' 12670 3.3 7.2 0.6 47.5 1.7 1%0'

05 54 159.

211(1 601 9.5 70.852.310.329.532.540.513.110 "3798.017.312.0 02' 9.6 8.1 4.5 8.6 0.7 66.5 2.1

ZzKl 620.5 6.5 48.532.57.2 21.817.427.5 8.4 58.63414.012.5 6.0 4%7'13.5 6.0 5.0 6.4 0.5 38.8 1.3 90.2

V4 298 30.

ng 650 12.692.362.413.333.134.756.2 16.411)2' 609.0 19.411.1 0 '21.812.19.511.2 0.9 64.6 2.0 10

22.
0
ZK1 147 480 113 194.

710 15.196.774.514.535.713.977.821.0 0 ©209.0 24.112.5 0 '14.213.42.413.0 1.0 0 4.0 0

ZI6<1 779.516.490.596.1 16.342.225.885.222.51%5' 280.0 24.132.0421'14.214.6 3411911971 3.5 1%3'

ZK1 790 10.469.160.0 9.4 29.621.760.6 13.411)3' 339.0 22.217.8220' 9411.63312.71.1 87.3 3.2 93.3

Zi(l 681.510.861.257.510.126.129.678.3 14.211)1' 446.02147.8 4%6' 9.6 92 2112109 91.7 3.1 !

leq 809.9 5.6 58.731.4 7.1 24.120.338.9 7.3 55.03208.0 9.1 10.43%3'28.3 6.613.153 0435614514
ZIg(l 853 15.289.078.713.035.229.1 88.620.81%3' 165.0 24.919.9424' 7.514.03.213.31.1 985 3.8 2%0'
ZIO<2 870 13.182.865.910.231.319.868.3 17.81:2)8' 1012.020.118.1329' 6.8 10.8 2.6 10.5 0.9 81.5 3.0 1%)9'
Zlfz 911.515.996.878.914.938.346.2 1%7'21.3123'3874.021.930.34%1'13.311.2 5.512.10.8 92.8 3.0 1%2'
ZK2 186 472 207

930.517.090.483.616.941.562.789.521.8 0 1 692.024.324.7 0 "17.114.03.912.6 1.0 94.4 3.3 0 '

ZK2 951 16.588.978.615.840.840.1 78.221.4175' 415.0 24.722.4431'36.210.9 3.311.81.0 103. 3.6 179.

3 0 0 0 0
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ZK2 16

970.513.479.472.615.038.629.978.217.2 08' 1040.019.265.5 3

%5'20.312.4 5.810.80.9 83.4 2.9 130.

ZI;Z 977.5 17.81%)4'94.821.945.031.096.022.62%3' 303.0 23.930.84%9'17.014.7 3.0 14.0 1.0 96.7 3.5 1%8'

ZK2 993 16.1 1%2'84.716.743.128.892.719.42%5' 666.0 22.052.13%2' 9.811.63.211.11.0 88.7 2.8 126'

ZI;2 1057' 9.0 55.249.510.126.217.858.711.1 1%4'11%37'19.231.13%9' 9.1 8.7 2.310.80.8 84.7 2.6 84.7

ZK2 03 04 361 00. 137.

1040 16.710 '86.718.242.926.498.921.620 " 272.0 25.839.5 0 "14.313.12.813.1 1.0 10 3.5 0

219<2 1050 16.595.2 85.613.840.620.397.721.22(())4' 639.0 22.850.2320' 891242611.209 82.8 3.1 1%8'
ZK3 1090 16.91%)4'86.315.439.534.5 1%7'21.61%8' 1247.023.650.8420' 15.313.7 4.4 12.6 1.0 96.6 3.7 134'

ZK3109. 17.3 102'90.1 15.741.736.2111'21.8200' 673.0 26.040.0427'17.614.3 3.512.81.0 99.7 3.8 144.
1 5 0 0 0 0 0
ZK31129.

2

ZK3

11.873.763.212.132.820.476.0 14.91%)9' 289.0 21.425.831)1'11.811.8 2.812.31.0 83.9 3.0 99.9

%5'23.121)9' 502.0 25.845.94%9' 14915333 1351.1 1%1' 3.7 1?)0'

ZK3 1175 14.474.772.115.139.026.190.4 18.61%7' 380.0 24.734.13%6'18.312.8 3.012.71.0 92.7 3.4 1%6'

114517.9 1%)4' 93.916.641.730.6 1

ZK3 118517.2 1(())2'68.014.137.525.0 102'22.0194' 212.0 25.739.6411'14.514.1 2913311 0. 3.8 140.

0 0 0 0 0

ZI6<3 12;)3' 14.177.970.018.840.138.786.6 17.61%6'3076.022.258.64%6'20.711.8 45109 0.9 88.6 3.3 45.0

ZI7<3 12513'15.085.270.614.636.629.589.9 18.21%7' 6262.023.053.63%3'13.112.1 8.6 12.3 1.0 92.5 3.5 1%6'

ZK3 1260 13.480.267.412.033.222.584.317.1 1%)7' 3030.023.034.6424'16.212.7 321241189434 1%5'

ZK3 1295 13.275.362.315.136.324.580.9 16.91%5'3024.020.354.5320'24.1 11.7 2.6 10.0 0.9 86.2 3.2 1%)9'

ZIO<4 1325 8.3 48.746.2 9.5 25.816.551.510.495.9 13%68'14.925.16%6' 9.1 85 3.8 93 0872125 105.

211(4 13;16' 16.374.054.313.634.625.993.320.1 1%9' 708.0 24.550.545())0' 9.31254.712.01.0 1%2' 3.9 1?68'

le<4 13570'11.769.555.812.229.220.875.9 14.411)4' 323.0 25.822.33?)7'16.311.5 2813111 1%2' 4.0 1%3'

ZK4 1388. 122.

3 5
Z{fl 14526' 12.279.260.512.536.147.5 1?)2' 15.31%3'2804.018.884.63%3'13.810.313.2 8.8 0.7 70.4 2.5 96.9

ZIS<4 14;’4' 17.461.677.916.441.125.8 1%1'21.221)6' 161.0 26.061.93%9' 14.515.0 3.4 13.4 1.1 99.5 3.6 1%)7'
111. 113.

ZI6<4 1457' 15.960.458.713.136.921.189.0 19.12%2' 816.0 26.061.83%6'10.014.5 3.013.81.1 0 4.1 0

ZI7<4 1465 16.272.964.513.834.825.689.420.4128' 165.0 27.942.24%6'13.313.0 3413311 1%)6' 44 11)6'

ZIS<4 1485 13.287.566.518.234.167.985.217.1 1%)0' 647.0 26.131.94%3'17.711.9 3.313.01.0 1(())8' 3.899.4

Zlg<4 1505'12.058.958.516.544.425.866.714.4 1%)4' 857.0 19.156.12%8'43.510.7 46 9.7 0.875.6 29 83.2

13.068.865.619.039.128.183.115.6 14(1)4' 2288.023.639.93%6'20.1 12.33.712.31.0 94.2 3.4
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ZIO<5 1525. 7.8 42.842.0 8.0 21.828.358.6 9.1 84.114%87'18.427.52%8' 7.0 81 2910.60.8 779 3.0 72.8

211<5 1543 16.571.864.616.438.027.597.9 19.72%)5'4382.024.678.5421'19.214.6 5312.71.0 96.3 3.7 1%)5'

212<5 15560'18.286.884.117.641.038.2 1%5'22.521)8' 242.0 26.076.34%6'34.916.0 6113111 1%6' 41 14(1)1'

ZI3<5 1567 11.161.258.311.433.440.6 1%6' 12.81%2' 287.0 23.827.63%6'15.311.7 2.71271.094.6 3.4 924

255 1581. %5' 2949.021.348.4 4%4

ZIS<5 15599'12.353.654.911.331.528.668.4 14.6 14(1)0' 264.0 20.732.6329' 8.211.02.511.8 1.0 89.5 3.0 80.4

08.

14.474.360.715.935.429.892.6 16.31 '17.612.25.7 11.50.9 90.4 3.4 10
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Table 3. Rare elements from the samples of well ZK0303, Jiangling depression.

No. Depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

m_ppmppmppmppmppmppmppmppmppmppmppmppmppmppm
ZK1 339 338619 71 271 49 1.0 44 07 42 07 22 04 21 03
ZK2 363 25.649.6 58 221 37 08 3.7 06 32 05 19 03 19 03
ZK3 387 23.1444 53 183 32 06 3.0 05 27 04 16 02 14 02
ZK4 400.5 339 60.1 7.7 285 5.0 12 48 09 43 08 27 04 22 04
ZK5 457 204 375 45 163 3.0 06 26 05 22 04 13 02 12 02
ZK6 5045 94 175 21 80 13 03 13 02 12 02 06 01 06 0.1
ZK7 5385 109 194 25 95 1.6 03 14 03 14 02 07 01 07 0.1
ZK8 550 395681 83 31.8 52 1.2 48 09 45 08 24 04 24 04
ZK9 573 244461 56 21.0 3.7 08 32 06 33 06 1.8 03 1.8 0.3
ZK10 585 21.4 40.7 47 175 28 07 26 05 25 05 14 02 15 02
ZK11 601 23.4 445 54 203 36 08 3.1 06 30 06 16 03 1.8 0.3
ZK12 620.5 20.1 37.6 44 17.6 30 0.7 25 05 25 04 13 02 1.3 0.2
ZK13 650 33.859.2 72 271 45 11 40 07 3.6 07 21 04 20 03
ZK14 6815 31.0 57.3 72 279 45 1.0 42 08 38 0.7 23 04 23 04
ZK15 710 35.0 65.0 79 324 54 13 48 09 48 09 29 05 31 05
ZK16 779.5 42.0 73.6 89 33,5 52 14 50 08 51 09 28 05 3.0 05
ZK17 790 33.359.5 7.5 299 50 12 45 0.8 45 0.8 25 04 26 04
ZK18 809.9 15.0 269 35 140 22 05 20 04 19 03 1.0 02 1.1 02
ZK19 853 39.470.2 87 352 63 15 52 09 53 09 29 05 3.0 05
ZK20 870 333 61.6 7.6 293 48 1.0 46 08 41 07 22 04 25 04
ZK21911.5 46.9 88.0 11.140.0 52 1.1 52 0.8 4.1 0.8 25 04 22 04
7ZK22930.5 40.2 63.4 83 32.6 54 12 51 0.8 47 09 27 05 28 04
ZK23 951 35.664.1 8.1 31.0 51 1.0 48 09 46 09 27 04 27 05
ZK24 9705 395 71.1 85 33.1 48 1.0 46 07 39 0.7 23 03 21 03
ZK25977.5 74.7133.015.7 614 78 16 73 1.1 54 09 3.0 05 27 04
ZK26 993 37.6 629 8.0 31.6 51 09 44 0.8 40 0.8 25 04 24 04
ZK271027.528.1 509 6.4 256 43 1.0 40 0.6 3.7 0.7 21 04 2.0 03
ZK28 1040 423 71.7 89 343 54 11 52 09 49 09 27 04 29 04
ZK29 1050 394 679 7.7 312 49 1.0 44 08 42 08 24 04 25 04
ZK30 1090 39.4 68.9 8.3 33.0 55 12 49 09 48 0.8 26 04 25 04
7ZK311099.541.7 72.4 89 35.0 6.0 13 54 09 50 1.0 29 05 29 04
ZK321129.533.6 584 7.3 29.1 51 11 43 08 41 0.8 24 04 25 04
ZK33 1145 465 76.7 9.6 362 62 13 56 09 50 1.0 3.0 04 29 05
ZK34 1175 38.1 68.4 84 33.1 6.0 12 51 09 50 09 28 04 26 04
ZK35 1185 41.6 734 9.1 357 63 13 54 09 53 09 29 05 28 04
7ZK361203.534.3 60.6 7.5 28.0 50 1.0 4.6 0.8 4.6 0.8 25 04 24 04
ZK371213.536.8 62.1 8.0 298 54 1.1 47 0.8 45 0.8 24 04 25 04
ZK38 1260 37.8 65.6 8.6 31.8 56 1.2 50 0.8 47 0.8 27 04 24 04
ZK39 1295 31.5 589 72 263 46 1.0 42 0.7 41 07 24 04 23 04
ZK40 1325 29.8 539 6.9 24.1 43 0.8 36 0.6 30 06 19 03 1.6 0.3
ZK411346.535.9 66.0 84 29.0 56 12 49 08 46 09 27 05 28 04
ZK421370.541.3 76.2 10.0 35.6 6.0 1.2 57 1.0 52 09 29 04 27 04
ZK431388.536.0 64.5 8.6 30.6 53 1.2 50 0.8 47 0.8 28 04 24 04
7K441426.531.3 56.2 7.0 253 45 0.8 3.8 0.7 3.7 0.7 22 03 20 03
7K451434.543.1 74.2 9.6 341 60 12 53 09 50 09 29 04 25 04
ZK461457.541.8 73.5 95 333 6.0 1.2 53 09 49 09 3.0 04 26 04
ZK47 1465 384 672 89 321 6.1 13 54 1.0 52 1.0 31 05 28 05
ZK48 1485 354 625 79 295 57 1.1 48 0.8 49 09 29 04 27 04
7K491505.529.9 58.3 6.9 25.8 46 0.8 3.8 0.7 3.8 0.7 22 03 19 03
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ZK501525.526.5 47.0 6.2 222 41 09 37 0.6 36 06 19 03 19 03
ZK51 1543 41.7 705 88 31.8 59 13 50 09 48 09 27 04 27 04
ZK521560.542.4 72.7 9.3 351 6.0 1.1 51 09 49 09 29 04 28 05
ZK53 1567 34.8 633 79 295 56 12 48 09 48 08 26 04 25 04
ZK541581.543.6 77.6 9.7 350 56 1.1 50 0.8 44 08 25 04 24 04
ZK551599.5329 61.3 7.8 285 54 1.1 45 0.8 41 08 24 03 23 0.3

5. Discussion

5.1. Palaeoclimate and Palaeoweathering

The elemental geochemistry, such as FeO/MnO, Al20s/MgO, is a good indicator of palaeoclimate
changes. This is because Mn content is relatively high in arid environment, while the opposite is true
in humid environment. And Fe is easy to precipitate quickly in the form of Fe(OH) colloid in humid
environments. So the high ratio of FeO/MnO in the sediment corresponds to the humid climate, while
the low value is a response to the arid climate (Zhang et al., 2016). For A12Os/MgO, the high value is
a representative of water desalination and humid climate, while the low value indicates an arid
climate. Worash (2002) believes that the distribution, composition and relative concentration of some
trace elements in mudstone may indicate the palaeoclimate and palaeoenvironment. Zhao et al. (2007)
and Cao et al. (2012) proposed using C-value as an indicator of palaeoclimate. The calculation formula
of C-value is as follows: C-value = £(Fe + Mn + Cr + V + Ni + Co)/Z(Ca + Mg + Sr + Ba + K+ Na). This
is because the Fe, Mn, Cr, V, Ni and Co elements are relatively enrich in humid conditions, while in
arid conditions, evaporation precipitates saline minerals, resulting in the concentration of Ca, Mg, K,
Na, Sr and Ba elements.

In arid climate, the source rocks are dominated by physical weathering, in which they can only
be mechanically broken down into smaller grain sizes without significant changes in mineralogical
and chemical composition (Wanas and Assal, 2020). And the chemical weathering plays a dominant
role in humid climates and strongly controls the major and trace element composition of siliceous
clastic sediments (Nesbitt and Young, 1982; Harnois, 1988; Middelburg et al., 1988; McLennan et al.,
1993; Fedo et al.,, 1995). It directly affects the removal of mobile elements (Na, K, Ca) and the
enrichment of immobile elements (Al Si) in the sediments (Nesbitt and Young, 1982). The chemical
index of alteration (CIA= Al20s/(AL20s + CaO* + Na20 + K20) x 100, Nesbitt and Young!?; CaO*= CaO
- 10/3 x P20s5, McLennan et al., 1993) can determine the mobility of elements during chemical
weathering and potassium metasomatism during diagenesis, and evaluate the weathering history
and source rock composition. Besides, chemical index of weathering (CIW= ALlOs/(Al20s + CaO +
Na20) x 100, Harnois, 1988), plagioclase index of alteration (PIA=100x (AL20s- K20)/(AL20s + CaO* +
Na:O - K2O), Fedo et al., 1995) are also important bases for assessing the source area-
palaeoweathering. The higher the values of CIA, CIW and PIA indicate the stronger the chemical
weathering in the source area (Nesbitt and Young, 1982).

In the Figure 4 and Table 4, the ratios of FeO/MnO, Al:Os/MgO and C-value have similar
changing trends. From 1599.5 to 800 m, the ratio of FeO/MnO (from 15.00 to 64.63), Al20s/MgO (from
0.81 to 4.42) and C-value (from 0.07 to 0.51) fluctuates in a large range, and the change frequency is
high. The complex variation trends of FeO/MnO, Al:Os/MgO and C-value indicate that the climate in
the Jiangling depression during the early-middle Paleocene was very unstable and changed rapidly
between aridity and humidity, so the climate type should be semi-humid and semi-arid. The change
of climate also changes the degree of chemical weathering in the source area. The ratios of CIA, CIW
and PIA are well matched with the changes of climate indicators, such as Al20s/MgO and C-value
(Figure 4), indicating that the climate of alternating aridity and humidity during the early-middle
Paleocene in the Jiangling depression greatly affected the degree of weathering in the source area.
From 800 to 630 m, the ratios of FeO/MnO, Al20s/MgO and C-value are higher, and the values of CIA,
CIW and PIA are also increased (Figure 4). The simultaneous increased indicators of climate and
chemical weathering show that during the late Paleocene to early Eocene, precipitation increased and
the climate became humid, which led to the intensification of chemical weathering. From 630 to 339
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m, the change trends of A:Os/MgO, C-value and chemical weathering indicators (CIA, CIW and PIA)
are different with FeO/MnO, they have several increases (Figure 4). This indicates that although the
climate of the Eocene was generally arid, it became humidity in several times. And although the
climate of Eocene was arid enough to allow the deposition of halite, it experienced a short-time
humidity (Figure 4).

Table 4. Selected element ratios from samples of well ZK0303, Jiangling depression.

No. FeO/MnOAI:0:/MgOC-value CIA CIW PIA U/ThNi/CoV/CrSr/Ba

ZK1 1252 247 0.31 55.3363.5057.17 0.58 2.34 1.19 3.97
ZK2  20.14 3.66 0.25 45.7751.2344.62 0.23 3.06 0.86 1.45
ZK3 15.56 1.11 0.12 31.2833.5728.31 0.81 3.13 1.58 3.74
ZK4  8.26 3.01 0.25 48.0353.5147.53 0.24 2.52 1.02 0.62
ZK5 2843 1.10 0.10 27.2629.2123.750.95 299 1.85 5.73
ZK6 2471 0.51 0.05 13.2113.7010.38 0.73 3.69 1.50 12.80
ZK7 2541 0.96 0.06 13.2813.7510.58 1.48 3.59 2.00 11.86
ZK8 23.12 2.98 0.29 50.6758.1250.90 0.42 2.20 1.36 2.14
ZK9 2250 1.66 0.16 36.2340.1832.86 0.23 2.78 0.97 2.48
ZK10 20.69 1.88 0.13 29.1431.5125.46 0.47 2.78 1.37 8.04
ZK11 23.66 1.36 0.15 34.9138.4431.51 0.56 2.86 1.35 7.01
ZK12 1843 0.90 0.10 25.3226.9022.04 0.84 3.02 1.49 7.81
ZK13 29.47 3.31 0.24 43.2647.9741.62 0.79 2.49 1.48 2.04
ZK14 20.78 5.84 0.28 47.0253.1046.14 0.23 2.58 1.06 0.96
ZK15 2571 6.09 0.46 59.0669.4662.93 0.18 2.46 1.30 0.44
ZK16 55.78 4.66 0.42 60.3273.0165.82 0.23 2.59 0.94 0.68
ZK17 34.55 4.42 0.25 40.5444.8938.27 0.28 3.14 1.15 1.26
ZK18 23.75 0.81 0.07 22.3423.3619.69 1.99 3.4 1.87 10.59
ZK19 46.90 3.28 044 64.6177.4971.88 0.23 2.71 1.13 0.40
ZK20 31.57 3.21 0.31 52.1660.1852.95 0.24 3.07 1.26 2.67
ZK21 21.84 2.20 0.31 56.0365.3458.44 0.49 2.57 1.23 8.99
ZK22 41.89 297 0.41 60.5472.3265.63 0.28 2.46 1.08 1.47
ZK23 36.55 4.18 0.40 59.9970.5164.23 0.31 2.58 1.13 0.96
ZK24 37.05 241 0.26 47.9254.5347.25 0.47 2.57 1.09 2.93
ZK25 37.12 3.99 0.41 61.9074.2467.83 0.21 2.05 1.20 0.61
ZK26 51.16 2.60 0.38 61.5173.1166.86 0.28 2.58 1.20 1.84
ZK27 19.75 248 0.21 45.4150.5244.24 0.26 2.59 1.12 29.67
ZK28 35.44 3.71 0.46 62.3874.4068.29 0.21 236 1.19 0.75
ZK29 42.08 3.13 0.37 59.0469.7563.04 0.21 294 1.11 1.73
ZK30 39.11 3.11 0.44 65.4678.0872.84 0.32 2.56 1.32 3.04
ZK31 28.09 3.46 0.43 63.8776.3270.59 0.25 2.66 1.13 1.58
ZK32 26.21 3.63 0.27 48.0654.3547.47 0.23 2.71 1.17 0.93
ZK33 4222 442 049 64.5078.0572.22 0.22 251 121 1.14
ZK34 24.17 3.70 0.35 52.7060.9853.71 0.23 2.58 1.04 1.07
ZK35 23.61 3.77 0.39 59.4470.1063.57 0.21 2.66 1.50 0.52
ZK36 20.40 221 0.25 53.2460.8654.32 0.38 2.13 1.11 7.58
ZK37 25.68 242 0.32 61.6371.9466.30 0.71 2.51 1.21 15.93
ZK38 29.68 3.57 0.35 54.2562.3555.74 0.25 2.77 1.19 7.32
ZK39 26.17 3.39 0.27 48.6255.2148.19 0.23 24 1.21 817
ZK40 23.23 3.31 0.15 36.7940.2334.05 0.44 2.72 1.05 21.14
ZK41 26.05 2.56 0.39 64.4476.2670.92 0.38 2.54 1.36 1.57
ZK42 15.00 3.66 0.28 46.8852.2146.08 0.24 2.39 1.25 0.90
ZK43 28.70 297 0.30 50.4557.3550.59 0.30 2.06 1.05 6.43

ZK44 36.03 294 0.18 38.4442.4935.721.28 2.89 131 7.72
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ZK45 41.67 3.87 0.48 63.4876.6070.50 0.23 2.51 0.79 0.41
ZK46 35.00 4.32 0.36 58.3568.5861.90 0.21 2.82 1.03 2.23
ZK47 29.39 4.16 0.47 62.9174.5568.77 0.26 2.52 1.13 0.36
ZK48 19.33 4.08 0.34 55.7864.1857.83 0.27 1.87 1.32 1.61
ZK49 19.62 3.56 0.20 37.1640.8434.33 0.43 2.69 1.01 3.20
ZK50 16.18 2.12 0.18 39.4943.1537.35 0.36 2.74 1.02 49.96
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Figure 4. Distribution diagram of major and trace element ratios from well ZK0303, Jiangling

depression (Legend as in Figure 2). Orange areas represent semi-humid to semi-arid environments,
yellow areas represent arid environments, and blue areas represent humid environments.

The cause of the semi-humid to semi-arid climate of the Paleocene in Jianghan Basin may be
related to the instability of the subtropical highs controlled by the planetary wind system (Lu et al.,
2007; Johanson and Fu, 2009; Hasegawa et al., 2012). And this significant climate changes during the
late Paleocene to early Eocene appears to be potentially linked to PETM (Paleocene-Eocene thermal
maximum). During the PETM, the global water cycle changed, which also led to an increase in
precipitation in the Jianghan Basin (Teng et al., 2021; Xie et al., 2022). On the one hand, the arid climate
and the frequent short-time humidity of Eocene may be related to the instability of the subtropical
highs, on the other hand, they may be related to the hyperthermals after the PETM, such as ETM2,
H2, 11, 12 (Samanta et al., 2013; Chen et al., 2014; Abels et al., 2015).

5.2. Redox Conditions

The solubility of trace elements such as U, Ni, V, Mo, and Co is controlled by the redox
conditions, so they are generally enriched in sediments formed in reducing environment”*-$2(Francois,
1988; Authur and Sageman, 1994; Yuri et al., 2008; Hetzel et al., 2011). In the sedimentary
environment, they are easily soluble under oxic condition, insoluble under anoxic condition, and
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almost no migration in diagenesis, maintaining the original record of deposition, so they can be used
as a judge index to restore the redox environment of the ancient water (Tribovillard et al., 2006). In
the study of late Jurassic redox environment in northwestern Europe, Jones and Manning (1994)
concluded that the ratios of U/Th, Ni/Co, V/Cr are reliable substitutes for redox conditions. In general,
the high ratios of U/Th, Ni/Co, V/Cr indicates a anoxic environment, while the low ratios indicates
an oxic environment.

In the Figure 5 and Table 4, the values of U/Th, Ni/Co and V/Cr in the section of 1599.5 to 800 m
are generally low, while the values in individual sediments are high. And in the 809.9 m, the ratios
of U/Th, Ni/Co and V/Cr all showed an abnormal increase, but the indicators of climate and chemical
weathering declined significantly (Figure 4). From 800 to 339 m, the range of low ratios of U/Th,
Ni/Co and V/Cr almost coincide with the humid region, while the higher ratios of U/Th, Ni/Co and
V/Cr are mostly in the arid region (Figure 5). According to the changes trends of U/Th, Ni/Co and
V/Cr from 800 to 339 m, in the Eocene, the water body of lake in humid climate is in oxidation
condition, while the water body of lake in arid climate is in reduction condition. The reason for this
phenomenon may be that the lake is more likely to accept the replenishment of external water bodies
in a humid environment, which makes the lake water rich in oxygen and the stratification is not
strong, so the sediment at the bottom of the lake is mostly in oxidation condition. However, when the
climate becomes arid, the external recharge is decreased, the lake is in a still water environment, the
water body is obviously stratified, and the bottom of the lake is anoxic, making the sediment mostly
in reduced condition. The rapid changes of arid and humid climate in the Paleocene allowed the lake
to receive frequent replenishment from external water bodies, so that the sediments were almost in
oxidation condition, except for extremely arid climates (such as a significant aridity recorded at 809.9
m).

Ni/Co v/Cr U/Th Sr/Ba
ZK0303 2.0 3.0 4.0 0.6 1.0 1. 4 1.8 0.0 03 1.0 135 2.0 0 10 20 30 40 50
___ Depth | I 1 | I T NI Lol P by by wdelobelalaly
(m)

400

Eocene

600

56Ma

700

800

900

1100

Palcacene

Figure 5. Distribution diagram of trace element ratios from well ZK0303, Jiangling depression
(Legend as in Figure 2). Orange areas represent semi-humid to semi-arid environments, yellow areas
represent arid environments, and blue areas represent humid environments. Stage I: playa-lake, stage
II: brackish lake, stage III: saline lake, stage I'V: brackish playa-lake.

5.3. Palaeosalinty
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The most direct and effective way to distinguish lake salinity is to identify sedimentary
sequences, especially in salt lake sedimentary systems. According to lithology, grain size and
sedimentary structure, the 1600-320 m section of well ZK0303 is divided into four main lake facies
types: playa lake, shallow to semi-deep brackish lake and deep saline lake and brackish playa lake
(Figures 6 and 7).

512 m

anh

Figure 6. Photographs of major sedimentary structures in the 320-1600-m segment of well ZK0303. a:
mud crack (white arrow); b: wavy cross-bedded siltstone, burrow (white arrow); c: massive halite; d:


https://doi.org/10.20944/preprints202311.0490.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 November 2023

doi:10.20944/preprints202311.0490.v1

17

conformable contact of halite and organic matter-rich mudstone*; e: mudstone interbedded with
dolomite and glauberite; f: conformable contact of halite, glauberite and mudstone*; g: organic matter-
rich mudstone interbedded with layered dolomite; h: massive mudstone®; i: cross-bedded siltstone,
burrow (white arrow); j: thin-layer dolomite and banded anhydrite; k: cross-bedded siltstone and
thin-layer anhydrite; I: siltstone interbedded with anhydrite; m: cross-bedded siltstone and mud crack
(white arrow); n: herringbone cross-bedded and bedded anhydrite; o: herringbone cross-bedded
siltstone; p: parallel-bedded siltstone, burrow (white arrow). All photographs are oriented vertically.
m: mudstone; s: siltstone; ha: halite; dol: dolomite; glau: glauberite; anh: anhydrite. *potential
hydrocarbon source rocks.

Epoch| . . Diagnostic . o Sedimentary |
Fm. | Stratigraphic column THretase Lithology description e Stages
Depth (m) ==} | I'hin bedded massive grey-green dolomite and )
= thick bedded fuchsia siltstone with cross, Bl'aCkli:‘ v
(=S parallel and wavy bedding. Evidence for playa lake
== Y g
400 == [V | bioturbation, mud cracks, and a small amount
% ] of syndepositional anhydrite.
Qo
@ 500 Layered halite, thin layers of glauberite and
- banded anhydrite al'tcmalc with dark-gr:ay Saline lake m
layered or salt-bearing mudstone, massive
600 % - and without evidence for bioturbation.
56 Ma
700 Thick layers of gray mudstone and fuchsia
- % siltstone interbedded . Mudstone is mostly
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200 ;‘4"; g siltstone is mostly cross-bedded and Brackishlake| T
parallel-bedded: partly characterized by soft
é i sediment deformation. Burrows occur
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1000
2
g
2 1100
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Figure 7. Lithofacies in the 320 to 1600 m section of well ZK0303 (Legend as in Figure 2).

= — .
:-{7‘-'; Cross-bedding Parallel bedding

—~

Banded structure

Playa-lake (stage I):

Rocks are mainly composed of thick layers of mostly coarse-grained fuchsia-red siltstone, partly
interbedded with grey mudstone and bedded white anhydrite (Figures 6 and 7). Bioturbation traces
such as burrows and signs of exposure such as mud cracks occur in this section (Figures 6 m, n and
p)- And there are cross bedding, herringbone cross bedding and parallel bedding in the siltstones
(Figures 6 n, o and p). The mostly relatively coarse grain size and the cross bedding indicate flowing
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waters, and the burrows and mud cracks show that the sediments were accumulated in shallow, well
oxygenated waters and were exposed from time to time.

Brackish lake (stage II):

Mudstone and siltstone units are interbedded, and thin layers of anhydrite appear sporadically.
(Figures 6 and 7). In this section, mud cracks formed in the exposed environment were not observed,
and only a few bioturbation traces appeared (Figure 6 i). And siltstone and mudstone are mainly
massive, and some sandstones are cross or parallel bedded (Figures 6 i and 1), while a small amount
of mudstone are horizontally bedded (Figure 6 j). Horizontal bedded and bioturbation traces indicate
a relatively calm semi-deep lake environment, while coarse-grained siltstone interbedded with fine-
grained mudstone and cross bedding indicate a shallow lake environment and a dynamic
hydrological environment with flow.

Saline lake (stage III):

This section is dominated by fine-grained dark gray mudstone, containing dolomite, anhydrite,
glauberite, and halite (Figures 6 and 7). The mudstones are mostly massive (Figure 6 h), and they are
partly horizontally bedded, or interbedded with banded anhydrites, thin layers of glauberite or halite
(Figures 6 e and g). And in this section, the evidences for bioturbation or mud cracks were not
observed. The horizontal bedding results from sediment accumulation in a stable calm environment.

Brackish playa-lake (stage IV):

Characteristics similar to those in the section between 1600-1200 m occur in the uppermost
sequence of the core again, indicating the reestablishment of a playa-lake environment (Figures 6 and
7). However, in addition to siltstone, it is mainly dolomite, and anhydrite clumps are occasionally
seen.

The climate of Jiangling depression was in rapid alternations of arid and humid during the early
and middle Paleocene (Figure 5). In an arid climate, evaporation increases the salinity of the lake, and
gypsum deposited, but when the climate becomes humidity, the salinity of the lake decreased due to
weaker evaporation and increased recharge. Therefore, the salinity of lake water varied greatly in the
early to middle Paleocene (stage I). The late Paleocene climate changed from an ephemeral extreme
arid to a long-time humid (Figure 5), so the salinity of the lake water decreased (stage II). In the
Eocene, the climate of Jiangling depression was mainly arid (Figure 5), the salinity of the lake
increased and the halite deposited (stage III). Finally, as the climate changed to humid, the salinity of
lake became less (stage IV).

Some trace elements are very sensitive to changes in salinity, so they can be used to indicate the
paleosalinity, such as Sr/Ba ratio (Meng et al., 2012; Jia et al., 2013; Fu et al., 2016). In general, with the
increase of salinity, Sr and Ba are precipitated by the formation of sulfate, but BaSOu preferentially
precipitates, and SrSOs will precipitates when the salinity reaches a certain high value. Therefore, a
high Sr/Ba ratio indicates a higher salinity of the water. From the Figure 5 and Table 4, in the stage [,
the Sr/Ba ratio experienced multiple increases, indicating great changes in salinity. After that, the
Sr/Ba ratio decreased and increased only in the significant arid (stage II). In stage III, Sr/Ba ratio
increased, but decreased in humid region. In stage IV, the Sr/Ba ratio in humid region was lower than
that in arid region.

The sedimentary sequences and Sr/Ba ratio show that the climate of Jiangling depression greatly
controlled the salinity of lake water during the Paleocene to Eocene. The climate in the early and
middle Paleocene alternated frequently between aridity and humidity, and the salinity of the lake
varied greatly. During the late Paleocene-early Eocene, the climate changed from arid to humid, and
the salinity of the lake water also changed from increasing to decreasing. In the Eocene, the climate
was mainly arid, and the salinity of the lake increased, but when the humid climate came, the salinity
of the lake would decrease again.

6. Conclusions
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According to the chemical characteristics of major and trace elements, we reconstructed the
environment of the Paleocene-Eocene saline lake in the Jiangling depression, southwestern Jianghan
Basin, and obtained the following understandings:

(1) The Jiangling depression experienced a semi-humid to semi-arid climate during the early-
middle Paleocene. There was a rapid shift to humid climate during the late Paleocene to early Eocene,
following a short-time intense dryness. In the Eocene, the climate was arid, but it experienced many
short humidity. The trend of chemical weathering is similar to that of climate change. The instability
of the subtropical highs controlled by the planetary wind system, the hyperthermals (such as PETM,
ETM2, H2, I1, I12) may be important factors in the climate changes.

(2) The climate of the Jiangling depression underwent frequent fluctuations between humid and
arid conditions during the Paleocene-Eocene. In the humidity and alternations of aridity and
humidity, the lake water received external water, resulting in a weak stratification of the lake water,
so sediments are formed under the oxidation condition. In the aridity, the lake becomes a still water
environment, which makes the sediment are formed under the reduced condition.

(3) Under the control of climatic condition, the salinity of the lake changed greatly in the early-
middle Paleocene; from the late Paleocene to the early Eocene, the overall salinity of the lake was low;
in the Eocene, the salinity of the lake increased, but there were still several decreases.
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