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Abstract: Various isotopic and palynological indicators have shown interspersed periods of aridity
and humidity for the late Paleocene to early Eocene in central China, so the paleoclimate conditions
remain unclear. This research investigates the environmental characteristics of a saline lake in the
Jiangling depression, southwestern Jianghan Basin, from the Paleocene to the Eocene, using bulk-rock
geochemistry in a 1280 m sediment core. The ratios of FeO/MnO, Al2O3/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 of intense dryness. The
Eocene climate was arid, but experienced intermittent humidity. The variation trend of the CIA, CIW
and PIA was similar to that of FeO/MnO, Al2O3/MgO, and the C-value, so chemical weathering of
the surrounding rocks was controlled by climate change. The lake redox conditions in the Jiangling
depression from the Paleocene to the Eocene were reconstructed using the ratios of U/Th, Ni/Co,
and V/Cr. During humidity and alternations of aridity and humidity, the lake water received external
water input, resulting in weak stratification, so the sediments were in oxidizing conditions. During
aridity, lakes become endorheic, leading to sediments forming in reduced conditions. The salinity
of the lake in the Jiangling depression from the Paleocene to the Eocene was determined through
analysis of sedimentary sequences and the trend of the Sr/Ba ratio. In the early–middle Paleocene,
lake salinity varied greatly. From the late Paleocene to the early Eocene, lake salinity decreased. In
the Eocene, lake salinity increased and halite precipitated, but lake salinity finally decreased due to a
humid climate. During the late Paleocene–early Eocene, the occurrence of multiple humid climates in
the Jiangling depression were not merely regional effects. The most significant humidity was caused
by a global hyperthermal (PETM), which caused a huge increase in precipitation in the whole of East
Asia and even in low latitudes around the world.

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 multistage tectonic movement. In the Paleocene, the Jianghan Basin deposited
abundant evaporites, and potassium and lithium-rich brine ore [1–5]. In view of the
sedimentary characteristics of evaporite in a series of rifted basins in south China, Liu et al.
(2013, 2016) [3,6] proposed that the formation of evaporite deposits was controlled by
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tectonics, provenance, and climate. This is because some scholars once believed that the
Jianghan Basin was affected by subtropical highs controlled by the planetary wind system
during the late Cretaceous–early Paleogene, and that the climate was mainly hot and
arid [7,8]. However, in the early Paleogene (about 59–50 Ma), Earth’s surface experienced a
series of abrupt, short-term global warming events (called hyperthermals), most notably
the Paleocene–Eocene thermal maximum (PETM). The PETM lasted less than 200 kyr, but it
resulted in a global temperature increase of about 5–8 ◦C [9,10], accompanied by a negative
carbon isotope excursion (CIE) of 2–7‰ [1–15]. There is evidence that the PETM led to a
significant increase in precipitation at the low and middle latitudes of East Asia [16–18].
The latest research results challenge the view that East Asia was in a hot and arid climate
for a long time in the early Paleogene. More detailed studies are needed to determine the
paleoenvironment and paleoclimate at that time.

At present, there is much research on the climate and environmental 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 showed that the
climate in the Jianghan Basin was subtropical arid during the Paleocene, and alternating
between humid and arid in the Eocene [7]. Wang et al. (2013) [1] revealed the change of
paleoclimate conditions from hot and arid Paleocene to humid Eocene in the Jiangling
depression by using changes in the carbon and oxygen isotope composition of carbonate in
lacustrine sediments. Li et al. (2015, 2016) [19,20], 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, a decrease compared with the Paleocene, but the climate was still mainly
hot and arid. However, there is evidence that precipitation in the Jianghan Basin increased
significantly during the PETM [16,17]. Therefore, we try to use different analysis and
testing methods to study the Paleocene–Eocene climate and environmental characteristics
of the Jiangling depression, and reveal the influence of the PETM on the hydrological cycles
in East Asia.

After many years of development, geochemical parameters have been widely used in
paleoenvironmental conditions, tectonic settings, and clastic rock provenance [21–25]. The
geochemical indicators of major and trace elements are rarely affected by lithology changes,
and are widely used to indicate characteristics of the paleoclimate and paleo-environment
from marine and terrestrial sediments [26–30]. 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 km2 [31–33]. 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 Xiang’exi fold-thrust belt in the west [34–38] (Figure 1A). The
Presinian metamorphic basement of the Jianghan Basin was formed during the late Protero-
zoic. 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 [37]. Dur-
ing the Sinian to the early Triassic, with the influence of the regional Indosinian movement
spreading to this area, the Jianghan Basin uplifted to various degrees against a background
of dramatic and rapid crustal rise, and sea water slowly withdrew westward, forming
a set of extensive coastal clastic rocks interbedded with marine carbonate rocks [39,40].
The middle Triassic to Jurassic sediments in the Jianghan Basin were mainly terrestrial
conglomerate, sandstone, and mudstone; interbedded with coal seams formed from the
Carboniferous to early Triassic [41,42]. Under the influence of the Yanshanian movement, a
NW-trending fault belt was formed in the Jianghan Basin from the late Jurassic to the early
Cretaceous [34]. From the late Cretaceous to the Paleogene, the Jianghan Basin experienced
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the active upwelling of the upper mantle induced by the rolling of the Pacific plate and the
Indo-Asian collision, resulting in multistage rifting and the formation of extensive siliceous
clasts, evaporites, and a large number of basalts in the basin, finally forming the present
geographical characteristics [43,44].
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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 the Jianghan
Basin, which was formed on the Yanshanian fold basement under the depression setting
of the late Cretaceous to the Paleogene (Figure 1B). The growth and development of the
Jiangling depression is controlled by the Qingshuikou fault, the Jishansi fault, the Wen’ansi
fault, and the Gongan-Songzi fault, and is divided into two independent units by the
Wancheng fault [1,45,46] (Figure 2). In 2016, we obtained a 2302.03 m long well core
(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 a stratigraphic
correlation study of the adjacent well, it is preliminarily believed that the boundary between
the Paleocene and Eocene is around the 680 m mark of the drilling core [47].
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Figure 2. Tectonic map of Jiangling depression (modified after Teng et al., 2019 [33]), and stratigraphic
column of well ZK0303.

3. Sampling and Methods
3.1. Analyses of Major and Trace Elements

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 core ZK0303 into two halves in the longitudinal direction, and selected the fresh part



Minerals 2024, 14, 234 5 of 18

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 using 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 via inductively coupled plasma mass spectrometry (ICP-MS), and the analytical
uncertainties were estimated at approximately 10% and 5% for trace and rare elements
with abundances of <10 ppm and >10 ppm, respectively.

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 a mixture of
anhydrous lithium tetraborate, lithium fluoride, and ammonium nitrate to melt into glass
sheets, which continued to be heated in a muffle furnace to determine loss on ignition. Fi-
nally, the fused samples were heated to 800 ◦C and analyzed using a sequential wavelength
dispersive X-ray fluorescence spectrometer (AB104L, Axios-mAX, Malvern Panalytical,
Almelo, The Netherlands). The detailed calibrations can be found in Lang et al. (2018) [48].

The trace earth element content was measured via inductively coupled plasma mass
spectrometer (ICP-MS, ELEMENT XR). The powdered samples were heated with HF and
HNO3, then evaporated to dryness, and HNO3 was added to dissolve the samples. Then,
HNO3 was added to the samples again and heated to 130 ◦C. Finally, distilled water
was added to the solution and the trace element content was measured. All geochemical
analyses were carried out in the Analytical Laboratory of the Beijing Research Institute of
Uranium Geology.

The minimum detection limit (MDL) of all elements can be found in Supplementary Table S1.

3.2. Indicators of Paleoclimate and Paleoenvironment

The elemental geochemistry, such as FeO/MnO and Al2O3/MgO, is a good indicator
of paleoclimate changes [49–51]. This is because Mn content is relatively high in an arid
environment, while the opposite is true in a humid environment; Fe precipitates quickly
in the form of an Fe(OH) colloid in humid environments [52]. Worash (2002) [53] found
that the distribution, composition, and relative concentration of some trace elements in
mudstone may indicate the paleoclimate and palaeoenvironment. Zhao et al. (2007) [54],
and Cao et al. (2012) [55], proposed using the C-value as an indicator of paleoclimate.
The calculation formula of the C-value is as follows: C-value = ∑(Fe + Mn + Cr + V +
Ni + Co)/∑(Ca + Mg + Sr + Ba + K + Na). This is because the Fe, Mn, Cr, V, Ni, and Co
elements are relatively enriched 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 an arid climate, 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 [56]. Chemical weathering plays
a dominant role in humid climates and strongly controls the major and trace element
composition of siliceous clastic sediments [21,57–60]. It directly affects the removal of
mobile elements (Na, K, Ca) and the enrichment of immobile elements (Al, Si) in the
sediments [21]. The chemical index of alteration (CIA = Al2O3/(Al2O3 + CaO* + Na2O +
K2O) × 100 [61]; CaO* = CaO − 10/3 × P2O5 [59]) can determine the mobility of elements
during chemical weathering and potassium metasomatism during diagenesis, and evaluate
the weathering history and source rock composition. The chemical index of weathering
(CIW = Al2O3/(Al2O3 + CaO + Na2O) × 100 [57]), and the plagioclase index of alteration
(PIA = 100 × (Al2O3 − K2O)/(Al2O3 + CaO* + Na2O − K2O) [60]), are also important bases
for assessing source area paleoweathering. The higher the values of CIA, CIW, and PIAc,
the stronger the chemical weathering in the source area [21].

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 envi-
ronments [24,62–64]. In a sedimentary environment, they are easily soluble under oxic
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conditions. During diagenesis, trace elements are practically immobile and maintain the
original record of deposition, so they can be used as a standard index to reconstruct the
redox environment of ancient water [65]. In their study of the late Jurassic redox environ-
ment in northwestern Europe, Jones and Manning (1994) [66] concluded that the ratios
of U/Th, Ni/Co, and V/Cr are reliable substitutes for redox conditions. In general, high
ratios of U/Th, Ni/Co, and V/Cr indicate an anoxic environment, while low ratios indicate
an oxic environment.

Some trace elements, such as the Sr/Ba ratio [67–69], are very sensitive to changes in
salinity, so they can be used to indicate paleosalinity. In general, with an increase in salinity,
Sr and Ba are precipitated by the formation of sulfate, but BaSO4 preferentially precipitates
first. When BaSO4 is completely precipitated, SrSO4 begins to precipitate.

4. Results
4.1. Major Elements Geochemistry

Among the major elements, the SiO2 (15.65–58.40 wt.%, average 44.22 wt.%), Al2O3
(4.14–17.58 wt.%, average 13.24 wt.%), and CaO (3.85–19.37 wt.%, average 8.84 wt.%) are
the top three by content (Supplementary Table S1). The content of Fe2O3 (1.65–7.05 wt.%,
average 5.07 wt.%), MgO (2.02–8.09 wt.%, average 4.75 wt.%), and K2O (1.10–4.83 wt.%,
average 3.29 wt.%) is each more than 1%. The content of Na2O and FeO is around 1 wt.%
each, and the content of TiO2, MnO, and P2O5 is each less than 1 wt.% each. The major
element content of all samples was allocated according to the average post-Archean Aus-
tralian shale (PAAS); almost all the SiO2, Al2O3, Fe2O3, TiO2, and MnO content in Well
ZK0303 was lower than PAAS (Figure 3A). In contrast, the content of all CaO and MgO, and
most of Na2O, was higher than those of PAAS and show strong enrichment (Figure 3A).
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4.2. Trace and Rare Elements Geochemistry

The three elements with the highest average content are Sr (161.0–14,887.0 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 (Supplementary Table S1). The content 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) is the lowest. The preservation state of each element varies greatly if they
are normalized to upper crust (UC) data. The content of Sr and Cs is enriched relative to
UC, the content of Nb, Ta, Zr, and Hf show strong depletion (Figure 3B).

For REE, the Ce content ranges from 17.5 to 88 ppm, averaging 62.51 ppm; the La
content ranges from 9.4 to 74.7 ppm, averaging 35.11 ppm; and the Nd content ranges from
8.04 to 61.40 ppm, averaging 29.34 ppm (Supplementary Table S1). 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 in the light
REE (LREE) curves, whilst the curves of the heavy REE (HREE) are flat. The V-shaped Eu
pattern in the standardized diagram represents negative anomalies.

4.3. Change Trends of Element Ratios

In Figure 4 and Supplementary Table S2, the ratios of FeO/MnO, Al2O3/MgO, C-
value, CIA, CIW, and PIA have similar changing trends. From 1599.5 to 853 m, the ratios
of FeO/MnO, Al2O3/MgO, and the C-value fluctuate in a large range, and the change
frequencies are high. The change trends of the CIA, CIW, and PIA range are similar to
the FeO/MnO, Al2O3/MgO, and C-value. From 853 to 650 m, the ratios of FeO/MnO
are low except for the high at 779.5 m, and the ratios of Al2O3/MgO, C-value, CIA, CIW,
and PIA are high except for the low at 809.9 m. From 650 to 363 m, the change trend of
FeO/MnO is relatively stable; however, there is a significant decrease at 400.5 m. The ratios
of Al2O3/MgO, C-value, CIA, CIW, and PIA are in the low range from 650 to 363 m, but
significantly increase at 550 m and 400.5 m. At 339 m, the ratios of C-value, CIA, CIW, and
PIA values increase, but the ratios of FeO/MnO and Al2O3/MgO decrease.
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In Figure 5 and Supplementary Table S2, the values of Ni/Co, V/Cr, and U/Th in the
section from 1599.5 to 853 m are generally low, while the values in individual sediments are
high. From 853 to 650 m, the ratios of Ni/Co, V/Cr, and U/Th are low except for the high
at 809.9 m (Figure 5). From 650 to 339 m, the ratio of Ni/Co is high except for the low at 550,
400.5, and 339 m; the ratios of V/Cr and U/Th are high except for the low at 573, 400.5, and
363 m (Figure 5). From 1599.5 to 853 m, the ratio of Sr/Ba experiences multiple increases.
From 853 to 650 m, the ratio of Sr/Ba is low except for the high at 809.9 m (Figure 5). From
650 to 339 m, the change trend of Sr/Ba is similar to V/Cr and U/Th (Figure 5).
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areas represent arid environments, and light blue areas represent humid environments. Stage I:
playa-lake, Stage II: brackish lake, Stage III: saline lake, Stage IV: brackish playa lake.

In order to verify the reliability of the above chemical indicators, principal component
analysis was carried out on the data. In Figure 6, climate indicators (FeO/MnO, C-value)
and chemical weathering indicators (CIA, CIW, and PIA) are in the same quadrant, in-
dicating a clear positive correlation between them. Al2O3/MgO, which is also a climate
indicator, is not in the same quadrant as FeO/MnO, C-value, CIA, CIW, and PIA, but they
are not far apart and on the same side, which indicates that although the correlation is not
high, they still have similar trends. Therefore, a change in FeO/MnO and C-value should
be paid attention in the identification of climate. Sr/Ba, which indicates salinity, is in oppo-
sition to climate indicators (FeO/MnO, C-value) and chemical weathering indicators (CIA,
CIW, and PIA), indicating that salinity decreases with increasing humidity and chemical
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weathering. Ni/Co, V/Cr, and U/Th are all in the same quadrant, indicating that the redox
condition indicators have good reliability.
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5. Discussion
5.1. Paleoclimate and Paleoweathering

High ratios of FeO/MnO, Al2O3/MgO, and C-value in the sediment correspond to a
humid climate, while low value is a response to an arid climate [49,50,54]. The complex
variation trends of FeO/MnO, Al2O3/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 have been semi-humid
and semi-arid. However, Ephedripites and Ulmaceae dominate the pollen assemblages of the
Jianghan Basin during the early–middle Paleocene, reflecting a dry and warm climate [7].
The δ13C and δ18O of carbonates also indicate that the climate of the Jianghan Basin during
the Paleocene was dry and hot, and changed to humid in the Eocene [1]. The palynological
data of Sun and Wang (2005) [7] came from the summary of complex data, while the δ13C
and δ18O data of Wang et al. (2013) [1] came from evaporite section, so they could not
reflect the whole Paleocene climate. The increases of FeO/MnO, Al2O3/MgO, and C-value
ratios in the Jianghan Basin during late Paleocene–early Eocene reflect the humid climate
characteristics at that time. The ratios of FeO/MnO, Al2O3/MgO, and C-value in the
Jianghan Basin during Eocene are low on the whole, but have increased many times. This
indicates that although the climate of the Eocene was generally arid, it became humid
several times. Although the Eocene climate was arid enough to allow the deposition of
halite, it experienced short periods of humidity (Figure 4). The temperature data of the
Eocene halite fluid inclusion of the Jianghan Basin reflect the existence of high temperatures
when the halite was deposited [19,20], and the δ13C and δ18O of the whole evaporite section
indicate that there was a humid climate during the interval of halite deposition [1]. These
conclusions are consistent with the reconstructed Eocene climate of the Jiangling depression
in this study.

The cause of the semi-humid to semi-arid climate of the Paleocene in the Jianghan
Basin may be related to the instability of subtropical highs controlled by the planetary wind
system [73–75]. This significant climate change during the late Paleocene to early Eocene
appears to be potentially linked to the PETM. During the PETM, the global water cycle
changed, which also led to an increase in precipitation in the Jianghan Basin [16,17]. One
interpretation is that the arid climate and the frequent short periods of humidity of the
Eocene may be related to the instability of the subtropical highs. Alternatively, they may be
related to hyperthermals after the PETM, such as ETM2, H2, I1, and I2 [15,76,77].
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From 1599.5 to 853 m, the ratios of CIA, CIW, and PIA rapidly changed between low
and high values (Figure 4), indicating that chemical weathering of the Jiangling depression
was unstable in the early to middle Paleocene. From 853 to 650 m, the ratios of CIA, CIW,
and PIA experienced a dramatic shift from low to high (Figure 4). This suggests that
chemical weathering increased rapidly from low intensity to high intensity during the late
Paleocene to early Eocene. The variation trends of chemical weathering indicators (CIA,
CIW, and PIA) from 650 to 339 m indicate that the intensity of chemical weathering was
low in the Eocene, but experienced several increases. The fluxes of precipitation and water
promote mineral dissolution by providing water to mineral surfaces in regolith, reducing
the concentration of mineral dissolution in regolith pore water, and drive the net dissolution
reaction forward [78]. An increase in humidity and temperature will accelerate the rate of
chemical weathering [79–82]. Sheldon et al. (2002) [83] reported that the degree of chemical
weathering increases with precipitation. In Figure 4, the indicators of chemical weathering
(CIA, CIW, and PIA) and humidity (FeO/MnO, Al2O3/MgO, and C-value) showed a similar
change trend, which may indicate that the increase in humidity led to intensification of the
degree of lake sediment chemical weathering in the Jiangling depression. The most intense
period of chemical weathering of sediments in the Jiangling depression was during the
PETM (Figure 4). Korasidis et al. (2022) [84] argued that the precipitation of high latitudes
increased, and the middle to low latitudes became arid during the PETM. The latitude
of the Jiangling depression during the PETM was about 21.25◦ north [85], so the climate
at that time should have been dry. However, Xie et al. (2022) [17] believed that higher
temperatures produced stronger ocean–land thermal contrast, transporting abundant
moisture from the tropical oceans to East Asia, and that the strengthened hydrological
cycle in response to elevated temperature counterbalanced the negative impact of the lower
Tibetan Plateau on precipitation. Climate simulations suggest that an active atmospheric
river stretched from the tropical proto-Indian Ocean, transporting plentiful oceanic moisture
to East Asia during the PETM [86]. The above factors led to the significant increase of
precipitation in the Jiangling depression during the PETM, which also greatly enhanced
the degree of chemical weathering of sediments.

5.2. Redox Conditions

According to the changing trends of U/Th, Ni/Co and V/Cr from 800 to 339 m, the
Eocene lake was oxic during a humid climate, but the lake was in reducing condition during
an arid climate. The reason for this phenomenon may be that the lake was in a closed
still water environment; because the external recharge was reduced during the dry period,
the water body was stratified and the bottom of the lake was anoxic, creating reducing
conditions in the sediment [66]. When the climate became humid, the lake accepted the
replenishment of the external water body and became open; this made the lake water rich
in oxygen, so most of the sediment at the bottom of the lake was in oxic conditions. The
rapid changes between an 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 oxic conditions, except for during extremely arid climates (such as the significant
aridity recorded at 809.9 m).

5.3. Paleosalinity

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 320–1600 m section of well ZK0303 is divided into four
main lake facies types: playa lake, shallow to semi-deep brackish lake, deep saline lake,
and brackish playa lake (Figures 7 and 8).
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Figure 7. Photographs of major sedimentary structures in 320–1600-m segment of well ZK0303.
(a) Mud crack (white arrow); (b) wavy cross-bedded siltstone, burrow (white arrow); (c) massive
halite; (d) 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; (l) siltstone interbedded with anhydrite; (m) cross-bedded siltstone
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and mud crack (white arrow); (n) herringbone cross-bedded and bedded anhydrite; (o) herringbone
cross-bedded siltstone; and (p) parallel-bedded siltstone, burrow (white arrow). Depth indicator for
each panel corresponds to middle of panel. All photographs are oriented vertically. m: mudstone;
s: siltstone; ha: halite; dol: dolomite; glau: glauberite; anh: anhydrite. * potential hydrocarbon
source rocks.
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5.3.1. 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 7 and 8). Bio-
turbation traces such as burrows and signs of exposure such as mud cracks occur in this
section (Figure 7m,n,p). There are cross bedding, herringbone cross bedding and parallel
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bedding in the siltstones (Figure 7n–p). The mostly relatively coarse grain size and the
cross bedding indicate flowing 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.

5.3.2. Brackish Lake (Stage II)

Mudstone and siltstone units are interbedded, and thin layers of anhydrite appear
sporadically (Figures 7 and 8). In this section, mud cracks formed in the exposed environ-
ment are not observed, and only a few bioturbation traces appear (Figure 7i). Siltstone
and mudstone are mainly massive, and some sandstones are cross or parallel bedded
(Figure 7i,l), while a small amount of mudstone is horizontally bedded (Figure 7j). Horizon-
tal bedded and bioturbation traces indicate a relatively calm semi-deep lake environment,
while coarse-grained siltstone interbedded with fine-grained mudstone and cross bedding
indicates a shallow lake environment and a dynamic hydrological environment with flow.

5.3.3. Saline Lake (Stage III)

This section is dominated by fine-grained dark gray mudstone, containing dolomite,
anhydrite, glauberite, and halite (Figures 7 and 8). The mudstones are mostly massive
(Figure 7h), and they are partly horizontally bedded, or interbedded with banded an-
hydrites, thin layers of glauberite, or halite (Figure 7e,g). In this section, the evidence
for bioturbation or mud cracks was not observed. The horizontal bedding results from
sediment accumulation in a stable calm environment.

5.3.4. Brackish Playa-Lake (Stage IV)

Characteristics similar to those in the section between 1200–1600 m occur in the
uppermost sequence of the core again, indicating the reestablishment of a playa-lake
environment (Figures 7 and 8). However, in addition to siltstone, it is mainly dolomite, and
anhydrite clumps are occasionally seen.

The climate of the Jiangling depression was in rapid alternations of aridity and hu-
midity 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
humid, 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 aridity to a long period
of humidity (Figure 5), so the salinity of the lake water decreased (stage II). In the Eocene,
the climate of the Jiangling depression was mainly arid (Figure 5), the salinity of the lake
increased and halite was precipitated (stage III). Finally, as the climate became more humid,
the lake became less saline (stage IV). The changes of climate also appear to have influenced
the sediment input of the paleo-saline lake in the Jiangling depression. The transport
dynamics of suspended sediment in small headwater catchments contribute a great deal
to sediment generation and delivery to downstream reaches, and thus determine the sedi-
ment budgets of large river basins [87–89]. Rainfall-runoff events are the most important
factors determining suspended sediment transport [90–92]. The alternations of aridity
and humidity in the Jiangling depression during the early to middle Paleocene resulted
in unstable sediment input, with large sediment input in the humid period resulting in
coarse-grained siltstone formation, and limited sediment input in the arid period resulting
in mudstone formation (Stage IV). The climate changed rapidly from arid to humid during
the late Paleocene–early Eocene, and sediment input increased, resulting in a transition
from mudstone to siltstone (Stage III). The long-term dry period in the Eocene resulted
in low sediment input, and the lithology was mainly mudstone (stage II). However, the
short-term strong humid climate increased the sediment input, and eventually siltstone
was formed (stage I).

A high Sr/Ba ratio indicates a higher water salinity [66]. The sedimentary sequences
and Sr/Ba ratio show that the climate of the Jiangling depression greatly controlled the
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salinity of lake water during the Paleocene to the 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 with
the onset of a humid climate, the salinity of the lake would decrease again.

6. Conclusions

According to the chemical characteristics of major and trace elements, we recon-
structed the environment of the Paleocene–Eocene saline lake in the Jiangling depression,
southwestern Jianghan Basin, and obtained the following conclusions:

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

(2) The climate of the Jiangling depression underwent frequent fluctuations between
humid and arid conditions during the Paleocene–Eocene. In the humid periods and
alternations of aridity and humidity, the lake received external water, resulting in a
weak stratification of the lake water, so sediments were formed under oxic conditions.
In the arid phase, the lake became a still water environment, leading to reducing
conditions for sedimentation.

(3) Under the control of climatic conditions, 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.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/min14030234/s1, Table S1: Major, trace and rare elements
from the samples of well ZK0303, Jiangling depression; Table S2: Selected element ratios from samples
of well ZK0303, Jiangling depression.
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