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Abstract: The Huanggang depression in eastern China is a significant Cenozoic salt-bearing basin that
formed during the alternating dry and wet climate periods from the Eocene to the Oligocene. Despite
the economic importance of the Huanggang depression, its saliferous model remains controversial.
To address this issue, we conducted comprehensive analyses of the sedimentology and elemental
geochemistry on the YZR1 borehole core, which hosts a relatively complete sedimentary record of
the Huanggang depression, consisting of five lithofacies’ assemblages. The combined lithofacies and
geochemical ratios, including B/Ga, Sr/Ba, and V/(V + Ni), provide insights into the paleolake’s
evolution in the Huanggang depression. Our analyses indicated that the paleolake underwent a
transition from a freshwater lake to a brackish water/saline lake, subsequently transforming into a
salt lake, reverting back to a brackish water/saline lake, and ultimately returning to its original state
as a freshwater lake. These changes are reflected in the sedimentary record and inform the six stages
of evolution of the paleolake of the Dawenkou Formation. We propose two metallogenic models to
explain the accumulation of the thick halite (LA1) and thin halite layers (LA2), respectively. LA1 is
primarily dominated by halite deposition, forming in an extremely shallow water environment under
arid climate conditions. In contrast, LA2 records the alternating deposition of halite, anhydrite, and
mudstone, and formed in a shallow water environment under arid to semi-arid climatic conditions.
LA1 has a much drier climate and higher salinity than LA2. Our results suggest that the salt-forming
period in the Huanggang depression occurred from the late Eocene to the early Oligocene. The halite
in the Huanggang depression formed in a shallow water environment, providing the basis for the
halite deposition model of the depression. This study sheds light on the formation mechanism of
halite in the Paleogene in eastern China.

Keywords: petrography; major/trace elements; depositional and metallogenic model; Paleogene;
Huanggang depression

1. Introduction

Halite is a critical component of human life, but its metallogenic model has been the
subject of ongoing debate. Prior to the 1960s, the traditional salt formation model was
proposed based on the theory of salt formation via evaporation in shallow waters and
basins. This model suggests that salt was formed in shallow water under arid conditions,
represented by the “Sandbar Theory” and the “Desert Theory” [1], which correspond
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to the arid environments of marine and terrestrial shallow waters, respectively. How-
ever, since the 1960s, the theory of salt formation in “deep basin–deep water” has gained
momentum [2–6], and it is supported by evidence of deep-water sedimentation found in
numerous large ore deposits around the world, as well as salt deposits on the seafloor and
the Dead Sea [7,8]. Additionally, several salt-forming models have been proposed, includ-
ing the sabkha salt-forming theory [9,10], high mountains and deep basins, oscillation and
aridification, synchronous basin differentiation theory [11,12], and multi-level salt lake salt
formation [13]. Recently, Sirota et al. (2018) presented a halite thickening mechanism in
deep-basin hypersaline environments under arid conditions based on their analysis of the
halite deposition record formed after the decline in the water level in the modern Dead
Sea [6]. Previously, Roveri et al. (2014) proposed a halite forming mechanism during the
Mediterranean Messinian salinity crisis, whereby supersaturated brine that formed in the
peripheral basins experienced gravity flow into the sedimentary center, resulting in the
deposition of rock salt [14]. These theories provide important context for understanding
different rock salt mineralization models.

During the Paleogene, numerous salt-bearing basins developed in eastern China, and
are characterized by thick halites and accompanying oil shale deposits. Two contrasting
debates on the genesis of halite deposition in these basins have been proposed: “deep-water
salt-forming” and “shallow-water salt-forming” [15]. For example, Cenozoic saline lake
basins, such as the Dongpu Depression, the Dongying Depression, and the Hongze De-
pression in eastern China, are considered to share characteristics of “deep water evaporite
deposition” [16–19]. In a stable and deep-water environment, the brine is stratified, and
the salt concentration increases as the surface lake water evaporates. Under the influence
of gravity, the brine migrates downward into salt deposits [11,12,16–19]. However, some
scholars have identified markers of shallow-water salt-forming processes based on lithol-
ogy and sedimentary structures, such as red mudstones, mud cracks, rain marks, and
crossbedding [20]. Additionally, “syngenetic sandstone breccia” and “mudstone tearing
debris” have been found as massive sandstones, indicating a shallow-water environment
induced by the evaporation and concentration of lake water during arid climates, with a
successive precipitation of carbonate, gypsum, and halite after brine saturation [21]. The
newly discovered large-scale halite deposits in the Huanggang Depression in eastern China
provides excellent sedimentary record and samples (i.e., continuous salt-bearing strata
in the YZR1 borehole) for studying the mechanism of halite deposition, and potentially
resolving the deep-water vs. shallow-water salt-forming debate in eastern China. The
region is predominantly overlain by the Quaternary system, with concealed strata ranging
from the Neoarchean Mount Taishan Group through to the Ordovician Majiagou Group,
the Carboniferous–Permian Yuemengou Group, the Permian Shihezi Group, the Paleogene
Guanzhuang Group, and the Neogene Huanghua Group [22].

2. Geological Settings

The Huanggang Depression is a fault basin that formed during the late Cretaceous
period east of the North China Plate and is situated in the southwestern region of Shandong
Province in eastern China at approximately 116◦E longitude and 34.5◦N latitude [23–26]
(Figure 1). The basin is a terrestrial fault basin formed under the action of the Tantanlu
strike–slip fracture system in eastern China, and a large rock salt deposit with a reserve of
more than 20 billion tons was deposited during the Paleogene period. During the Eocene–
Oligocene epoch, a continuous and widespread shallow and saline lacustrine succession,
rich in halite, gypsum, and other salt minerals, developed in the Dawenkou Formation,
Guanzhuang Group of the Huanggang Basin [22,27]. The Dawenkou Formation consists
of three sections, with the lower section being primarily composed of brownish-red to
purplish-red mudstone and argillaceous siltstone. The middle section contains a salt-
bearing succession comprising grayish-white gypsiferous mudstone/halite interbedded
with dark-gray mudstone/silty mudstone. And the upper section is predominantly com-
posed of gray/grayish-green mudstone, yellow/light-yellow silty mudstone, and siltstone,
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with occasional gravel beds at the bottom [26]. The sedimentary sequence reflects the
cyclicity of the water desalination–salinization processes, with evaporation and deposition
occurring from the bottom to the top of the formation (Figure 2).
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3. Sampling and Methods

We performed a sedimentological analysis by examining the petrographic character-
istics of the rock core to infer the sedimentary environment. Lithofacies are commonly
used to study depositional environments. In the Huanggang Depression, we sequentially
drilled four boreholes (YZR1, ZK01, YZK2, and YZK1) and selected the YZR1 well, which
has an entire column of lithofacies and lithofacies associations to obtain a sense of how the
Dawenkou depositional environment evolved during the Paleogene. The cores from hole
YZR1 were all collected continuously and are well preserved.

Mudstone and gypsiferous mudstone samples were collected every 10 m from various
lithofacies of well YZR1, with densified sampling in key layers. A comprehensive set
of 117 core samples was systematically retrieved from the Dawenkou Formation within
the Guanzhuang Group. Specifically, 24 samples were procured from the upper section,
67 from the middle section, and the remaining 26 from the lower section of the Dawenkou
Formation. Major, trace, and rare-earth element analyses were performed on all rock
samples. The major elements include Al2O3, K2O, TiO2, and P2O5, and the trace elements
include B, Ga, Sr, Ba, V, Ni, Mn, Cu, Th, U, etc. By conducting a meticulous examination of
the lithological assemblage features in the drill cores and microscopic mineral characteristics
(refer to Figures 2 and 3), coupled with advanced geochemical analysis techniques, we
aimed to comprehensively characterize the sedimentary phases of the Paleoproterozoic
Dawenkou Formation within the Huanggang Depression and elucidate the corresponding
sedimentary phase assemblages (detailed in Tables 1 and 2).
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Figure 3. Sedimentary characteristics of the Dawenkou Formation in the Huanggang Depression.
(a–d) Light-yellow fine sandstone, purplish-red siltstone, grayish-black thin-layer mudstone, and
mudstone intercalated with banded anhydrite. (a’–d’) The microstructure of (a–d), respectively.
(e–h) Interbedding of carbonate and anhydrite rocks, interbedding of micrite limestone and mud-
stone, white halite and anhydrite, and purplish-red argillaceous siltstone; (e’–h’) correspond to the
microstructure of (e–h).
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Table 1. Lithofacies characteristics of well YZR1 in the Huanggang Depression.

Lithofacies Type Feature Description Sedimentary Environment

Wave-parrel bedding fine-grained
sandstone (FSwp)

Greenish-gray to brownish-gray, containing
calcareous or argillaceous cement. Clay minerals
as the base material, while the clastic
composition mainly consists of well-sorted
medium ellipse quartz and feldspar, with a small
amount of mica. Plagioclase can be seen as
polycrystalline twin, and potassium feldspar can
be seen as lattice twin, with pore cementation
(Figure 3a).

Fluid flow under low flow conditions,
deposited in braided river or delta front
mouth bar [28,29].

Siltstone (S)

Purplish-red, containing thin mudstone and fine
sandstone layers. The fine sandstone interlayers
are generally sorted but with good roundness
(Figure 3b).

Usually appears in alluvial fan
depression, fan delta, or flood plain of
fluvial deposit [30].

Mudstone (M)

Gray–green or gray–black, mainly composed of
argillaceous minerals, silty sand, organic matter,
etc. Clay minerals are microscopically scaly or
cryptocrystalline, with grain size generally less
than 0.004 mm. The aggregates are slightly
semi-oriented, forming a weak layered structure.
Silty sand is mainly composed of feldspar and
quartz fragments, which are mostly angular and
distributed unevenly in gaps or bedding.
Biological debris of Ostracoda, Lamellibranchia,
and calcium globes can be seen occasionally
(Figure 3c).

Formed in a stable water environment,
such as a lakeside environment or a deep
to semi-deep lacustrine environment [29],
or in a flood plain, such as a sedimentary
crevasse fan [30], or in an alluvial fan, a
depression between the braided channels
of a fan-delta plain, both during the
humid climate [30].

Interbedding with grey mudstone
and anhydrite (M-A)

The mudstone is grayish-green or grayish-black,
with a lamina thickness of 0.05~25 mm, and
contains few felsic clasts, calcite, and pyrite. Illite
is the dominant clay mineral distributed in
scale-like direction. Angular-shaped feldspar
clasts and heteromorphic granular-shaped
calcite. Most anhydrite rocks are distributed in
thin layers or banded layers, with thickness
ranging from 0.2 to 20 mm. The anhydrite crystal
is columnar, with a grain size of 0.02 to 0.8 mm
(Figure 3d).

Mainly formed in the alternating
environment of deep-lake evaporation
and lake dilution [31].

Gypsiferous mudstone (GpM)

Mainly consists of grayish-green mudstone.
Massive anhydrite is produced in mudstone, in a
thin or block-mass structure. The
thin-block-mass gypsum layer has an irregular
and massive internal structure, such as pores,
small nodules or a broken and deformed internal
clastic structure. Small crystal cores in the block
are often surrounded by large gypsum crystals.
The massive block gypsum is formed from the
hemispherical or small-nodule-shaped
consolidated gypsum, without intermediate
lamination (Figure 3d,e).

Thin-layer block anhydrite is commonly
found in shallow lake deposits, such as
shallow salt lakes. Large-block anhydrite
appears in shallow-lake environment,
which is shallower than that of thin-block
gypsum [32].
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Table 1. Cont.

Lithofacies Type Feature Description Sedimentary Environment

Interbedding with carbonate and
anhydrite (Aab)

Composed of irregularly alternating anhydrite
layers (white) and carbonate layers (dark gray).
Anhydrite mainly occurs in carbonate in the
form of a strip, layer, and lens, and the thickness
of laminae varies from 0.2 to 20 mm. Carbonate
is in an argillaceous structure, mainly composed
of calcite and dolomite, in a granular shape, with
grain size less than 0.01 mm, mixed with a small
amount of felsic clasts (Figure 3e,f).

The alternating light and dark laminated
limestone represents the dynamic
environment and flood events with
seasonal strong/weak alternation, which
mostly occur in deep-water deposits
[33,34]. The rhythm of banded and
lenticular gypsum alternates and the
local water ripple marks indicate that the
lenticular thin gypsum layer was formed
in a deep-lake environment during the
lake water dilution period [31].

Halite (H)

Grayish-white or colorless, allomorphic or
semi-idiomorphic grain. The grain size is about
2~10 mm. Grains are closely inlaid, with cubic
cleavage developed for some particles,
occasionally occurring as a ‘ladder’ structure.
Contain terrigenous clasts, the mineral
composition is mainly halite, with the thickness
varying from 0.82 to 53.96 m. Primary fluid
inclusions form a herringbone pattern in the
chevron halite, as well as in the funnel-shaped
cumulate halite (Figure 3g).

Herringbone crystal is a crystal–chemical
feature of the growth of bottom halite up
along the triple axis. When herringbone
and funnel crystals appear at the same
time, this indicates an extremely shallow
water environment [35–37].

Oil shale (OS)

Yellowish-brown, locally mixed with siltstone
and mudstone, containing horizontal bedding,
argillaceous texture, and foliation texture, with
thickness almost always greater than 1 m,
containing bioclastic.

Formed in the still-water environment of
a semi-salty to salty shallow lake under a
humid and hot climate. The highest
dry–hot degree during the dry/wet
alternation process at this stage has not
reached the halite precipitation state [38].

Purplish-red Argillaceous
Siltstone (ASp)

Light red or purplish-red, porous cementation,
consisting of quartz, feldspar, clay minerals,
carbonate, and muddy particles.
Angular-shaped detritus, with a grain size of
0.02~0.25 mm, mainly feldspathic clasts, little
mica. The clay mineral of the base materials is
mainly illite, microscopically scaly. The
carbonate is mainly calcite, which is in an
allomorphic granular shape, and the particle size
is less than 0.05 mm (Figure 3h).

Usually appears in alluvial fan, fan delta,
or fluvial deposits [31]. Generally, it is the
product of turbidite sandy sediment
mixed with deep-lake muddy sediment,
which may be the result of periodic
turbidite events [29].

Table 2. Typical lithofacies assemblage characteristics of well YZR1 in the Huanggang Depression.

Number Assemblages Sedimentary Environment and Characteristics

FA1 FSwp, M, S Lakeside environment, with laminae at the bottom

FA2 M, GpM Deep to semi-deep lacustrine environment, commonly
developed laminae

FA3 M-A, Aab Semi-deep to deep saline lacustrine environment, with
laminae

FA4 H, GpM, OS Shallow saline lacustrine environment
FA5 ASp, M, S Fan delta (turbidity current deposits) without laminae

The major and trace element analyses of the rock samples were conducted at the
Shandong Academy of Geological Sciences (Jinan Mineral Resources Supervision and
Inspection Center of the Ministry of Natural Resources of Shandong Province, Jinan,
China), a research institution in the field of Earth sciences. We utilized a constant chemical
analysis and inductively coupled plasma atomic emission spectrometry (ICP-AES, Thermo
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Fisher iCAP-7400, Waltham, MA, USA) for the primary and secondary elemental analysis,
as well as inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher iCAP
RQ, Waltham, MA, USA) for the trace and rare-earth element analyses. Measurement errors
were generally less than 5%. The paleoclimatic and paleoenvironmental conditions during
sedimentation were assessed using the multi-element ratio of sensitive elements. (1) The
B/Ga and Sr/Ba ratios are used to assess the paleosalinity during the sedimentation process;
the criteria for the delineation of paleosalinity were adopted from previous studies. (2) The
(V + Ni + Mn) ratio and major element ratios of Al2O3, K2O, TiO2, and P2O5 are used to
assess the paleowater depth. (3) The Sr/Cu ratio is used to assess the paleoclimate. (4) The
V/(V + Ni) ratio and δU are used to assess the oxidation reduction state of the sedimentary
environment, which can be calculated using the formula δU = U/[0.5 × (U + Th/3)].

4. Results
4.1. Lithofacies and Lithofacies Associations

We identified nine lithofacies and five lithofacies assemblages from our analysis of
the petrological and sedimentary structural characteristics of rock cores obtained from the
Huanggang Depression (Table 1). Each assemblage provides insights into the corresponding
sedimentary environment (Table 2 and Figure 3).

The lithofacies assemblage FA1 comprises three facies: wave-parallel-bedding fine-
grained sandstone (FSwp), mudstone (M), and siltstone (S). FSwp is primarily composed of
quartz and feldspar, with a small amount of dark minerals, and exhibits moderate rounding
and good sorting of its debris [29]. The mudstone in this environment is a bioclastic due
to sufficient oxygen and sunlight. The expansion of the lake during the lakeshore facies
deposition process resulted in the regional formation of oil shale. Unstable oil shale deposits
suggest limited deep-water areas for algae deposition [39–42].

The lithofacies assemblage FA2 consists of mudstone (M) and gypsiferous mudstone
(GpM) facies, which are indicative of deep to semi-deep lacustrine facies. The absence of
wave action in the deep-water environment and anoxic conditions resulted in the formation
of fine-grained sedimentary rock with a darker hue. Laminated and alternating laminated
structures commonly develop in evaporite. The upper dark-gray to gray–black mudstone
and bottom laminated gypsum are horizontally layered, suggesting a deep to semi-deep
lake sedimentary environment [29]. The development of wavy bedding at intermediate
depths indicates the influence of rivers or seasonal floods.

The lithofacies assemblage FA3 comprises grey mudstone (M-A) and carbonate (Aab)
facies, both interbedded with anhydrite. The FA3 facies assemblage represents a transitional
phase from a salt to a freshwater lake. Blocky anhydrites commonly develop near thin
intervals of halite layers, indicating a concurrent evaporation during deposition. Secondary
nodular gypsum and banded secondary gypsum are visible at locations further away
from the halite layers. We infer that the primary evaporite may have been transformed
into secondary rock due to atmospheric precipitation, groundwater, or flood season. This
lithofacies assemblage is interpreted as deep to semi-deep saline lake facies.

The lithofacies assemblage FA4 comprises three lithofacies: grayish-white halite (H),
gypsiferous mudstone (GpM), and oil shale (OS). The FA4 facies has a thickness of approx-
imately 260 m. This assemblage indicates a shallow salt lake sedimentary environment
located below the wave base surface. It is characterized by a weak redox environment with
moderate to weak hydrodynamic forces and a high organic matter content. Interbeddings
of evaporates, such as halite, lenticular/agglomerate anhydrite, dolomitic mudstone, and
oil shale, occur under dry conditions. There is a limited sedimentary record of biologic
activity due to the high salinity. The alternating combination of halite, anhydrite, and
mudstone in the longitudinal direction indicates the frequent expansion and contraction of
the lake.

The lithofacies assemblage FA5 comprises purplish-red argillaceous siltstone (ASp),
mudstone (M), and siltstone (S). The purplish-red siltstone and argillaceous siltstone are
typically a mixture of sandy turbidite and deep-lake muddy sediments, possibly due to
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periodic turbidite events [30]. The purplish-red and grayish-green alternating colors of silty
mudstone gradually transition upward in successions of weak laminae. A small amount of
laminated anhydrite is intercalated at the top. This lithofacies assemblage indicates a deeper
water environment, likely a fan-delta turbidite sedimentary environment supplemented by
surface runoff.

4.2. Elemental Geochemistry

Trace elements are usually preserved, and they reflect the original geochemical compo-
sition of the paleoenvironmental conditions at the time of deposition. This study provides
a detailed statistical analysis of 117 main and trace element test results from the YZR1 well
in the Huanggang Depression, and we conducted a phased comparative analysis based on
the change characteristics.

In the lower section (2005.99–1753.53 m) of the Dawenkou Formation, the average
B/Ga value of 24 samples is 2.74, with a maximum value of 4.91. Among these samples,
15 fall within the range of 1.28 to 3. The average Sr/Ba ratio is 0.65, with 12 samples dis-
tributed between 0.35 and 0.5. The Th/U ratio within the 23 samples exhibits a distribution
ranging from 1.74 to 3.52, with an average value of 4.28 and a single sample registering a
value of 0.11. All samples in this section have combined values of V + Ni + Mn exceeding
190 µg/g, with an average value of 760.57 µg/g. The Sr/Cu ratios range from 2.38 to 89.53,
with an average value of 26.92. Among these values, 19 samples exceed 10, while five
samples fall below this threshold. The V/(V + Ni) ratios of 23 samples fall between 0.60
and 0.84, with an average value of 0.72. Only one sample exhibits a ratio lower than 0.60
(Figure 4 and Table 3).
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952 w38 Mudstone 72.24 17.59 653.50 256.10 66.70 25.76 20.19 4.16 12.30 0.0763 12.83 2.04 0.49 0.09 
962 w40 Mudstone 39.10 9.94 698.50 430.20 37.09 16.22 11.14 2.24 6.68 0.0669 6.88 1.38 0.25 0.10 
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972 w43 Mudstone 54.80 18.12 533.70 216.20 62.27 19.76 17.80 2.26 11.08 0.0516 13.25 2.65 0.40 0.12 
982 w45 Mudstone 69.18 15.94 561.50 444.80 59.25 21.52 17.14 3.21 11.33 0.0965 11.62 2.20 0.44 0.19 
992 w47 Mudstone 62.33 17.20 512.40 574.50 61.77 22.59 13.58 2.42 12.10 0.0613 12.94 2.46 0.48 0.15 
1002 w49 Mudstone 87.18 19.03 5158.0 987.30 69.21 22.03 19.62 3.71 13.02 0.0688 13.88 2.61 0.47 0.13 
1012 w51 Mudstone 65.84 24.78 851.00 403.60 90.01 25.46 19.42 2.79 14.64 0.0494 18.15 3.45 0.58 0.15 
1022 w53 Mudstone 73.03 15.46 1072.0 384.20 59.08 18.92 15.66 3.13 10.68 0.0646 11.39 2.18 0.39 0.11 
1032 w55 Mudstone 78.35 17.33 671.00 460.10 66.41 23.90 19.58 3.59 12.12 0.0694 12.84 2.86 0.49 0.12 
1042 w57 Mudstone 68.35 15.05 778.40 326.30 52.17 16.68 14.24 2.28 9.75 0.0464 10.98 2.43 0.37 0.11 
1052 w59 Carbonate 89.73 19.23 604.00 235.40 62.97 21.12 17.20 2.56 11.85 0.0419 14.05 2.94 0.41 0.15 

Figure 4. Variation diagram of the trace element contents and ratios in core YZR1 of the
Huanggang Depression.

Table 3. The elemental geochemical analysis data of well YZR1 in Huanggang Depression.

Depth
(m)

Sample
No. Lithology

Trace Element Content Main Element Content

B
(µg/g)

Ga
(µg/g)

Sr
(µg/g)

Ba
(µg/g)

V
(µg/g)

Ni
(µg/g)

Cu
(µg/g)

U
(µg/g)

Th
(µg/g)

MnO
(%)

Al2O3
(%)

K2O
(%)

TiO2
(%)

P2O5
(%)

902 w26 Mudstone 31.98 13.55 201.20 795.60 44.74 17.81 16.68 0.82 7.08 0.0487 12.31 1.02 0.42 0.02
912 w28 Mudstone 28.03 11.62 176.00 965.30 67.32 40.17 17.57 1.53 7.66 0.4094 8.54 1.06 0.37 0.05
922 w30 Mudstone 55.26 18.69 600.60 1205.0 72.86 40.52 21.81 3.96 12.89 0.0777 13.40 2.22 0.52 0.08
927 w32 Mudstone 23.42 10.25 175.20 701.80 33.39 11.09 9.80 1.98 6.63 0.1430 7.40 1.12 0.24 0.05
932 w33 Mudstone 39.71 11.05 502.30 644.90 38.82 13.55 10.61 2.23 8.24 0.1183 8.57 1.57 0.33 0.11
942 w35 Mudstone 46.22 12.89 598.10 427.30 47.81 16.70 12.95 3.26 9.11 0.0869 9.82 1.72 0.36 0.08
947 w37 Mudstone 83.16 20.98 404.70 365.60 73.61 20.96 15.75 2.28 13.14 0.0602 15.09 2.77 0.53 0.11
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Table 3. Cont.

Depth
(m)

Sample
No. Lithology

Trace Element Content Main Element Content

B
(µg/g)

Ga
(µg/g)

Sr
(µg/g)

Ba
(µg/g)

V
(µg/g)

Ni
(µg/g)

Cu
(µg/g)

U
(µg/g)

Th
(µg/g)

MnO
(%)

Al2O3
(%)

K2O
(%)

TiO2
(%)

P2O5
(%)

952 w38 Mudstone 72.24 17.59 653.50 256.10 66.70 25.76 20.19 4.16 12.30 0.0763 12.83 2.04 0.49 0.09
962 w40 Mudstone 39.10 9.94 698.50 430.20 37.09 16.22 11.14 2.24 6.68 0.0669 6.88 1.38 0.25 0.10
967 w41 Mudstone 35.08 9.27 794.30 355.20 32.46 14.35 9.52 1.57 5.99 0.0549 6.83 1.50 0.24 0.05
972 w43 Mudstone 54.80 18.12 533.70 216.20 62.27 19.76 17.80 2.26 11.08 0.0516 13.25 2.65 0.40 0.12
982 w45 Mudstone 69.18 15.94 561.50 444.80 59.25 21.52 17.14 3.21 11.33 0.0965 11.62 2.20 0.44 0.19
992 w47 Mudstone 62.33 17.20 512.40 574.50 61.77 22.59 13.58 2.42 12.10 0.0613 12.94 2.46 0.48 0.15
1002 w49 Mudstone 87.18 19.03 5158.0 987.30 69.21 22.03 19.62 3.71 13.02 0.0688 13.88 2.61 0.47 0.13
1012 w51 Mudstone 65.84 24.78 851.00 403.60 90.01 25.46 19.42 2.79 14.64 0.0494 18.15 3.45 0.58 0.15
1022 w53 Mudstone 73.03 15.46 1072.0 384.20 59.08 18.92 15.66 3.13 10.68 0.0646 11.39 2.18 0.39 0.11
1032 w55 Mudstone 78.35 17.33 671.00 460.10 66.41 23.90 19.58 3.59 12.12 0.0694 12.84 2.86 0.49 0.12
1042 w57 Mudstone 68.35 15.05 778.40 326.30 52.17 16.68 14.24 2.28 9.75 0.0464 10.98 2.43 0.37 0.11
1052 w59 Carbonate 89.73 19.23 604.00 235.40 62.97 21.12 17.20 2.56 11.85 0.0419 14.05 2.94 0.41 0.15
1057 w61 Mudstone 77.36 18.83 539.50 441.80 67.86 23.67 20.93 3.73 13.22 0.0659 13.29 2.66 0.50 0.08
1062 w62 Mudstone 54.55 18.37 1127.0 384.10 72.81 27.23 23.79 4.01 13.29 0.0775 12.54 2.54 0.46 0.07
1072 w64 Mudstone 95.78 20.28 318.30 346.80 74.49 23.58 24.13 2.99 13.78 0.0481 14.78 2.68 0.53 0.11
1082 w66 Mudstone 29.74 6.58 807.00 177.00 22.37 9.48 6.77 0.94 3.83 0.0459 4.58 1.08 0.14 0.07
1092 w68 Carbonate 28.32 6.18 869.30 204.10 23.92 11.05 6.45 1.40 4.11 0.0406 4.23 1.06 0.16 0.11
1102 w70 Mudstone 64.40 15.95 1020.0 181.70 61.56 24.46 19.32 3.57 10.99 0.0675 11.59 2.04 0.42 0.09
1112 w72 Oil shale 70.23 21.30 679.80 278.50 82.04 33.78 30.87 4.60 13.29 0.0851 14.20 2.54 0.51 0.11
1122 w74 Mudstone 65.27 15.39 1373.0 504.90 56.35 20.97 16.70 3.90 12.31 0.0692 12.03 2.27 0.45 0.11
1132 w76 Mudstone 89.52 16.62 1863.0 560.40 71.20 25.37 20.81 3.70 11.96 0.0749 12.37 2.32 0.48 0.21

1142 w78 Gypsiferous
mudstone 37.38 6.15 3950.0 366.60 23.57 9.41 7.50 1.26 4.35 0.0191 4.47 0.95 0.16 0.04

1152 w80 Gypsiferous
mudstone 11.64 1.98 1922.0 59.25 6.89 5.12 3.71 0.39 1.27 0.0068 1.26 0.29 0.05 0.02

1162 w82 Gypsiferous
mudstone 39.17 6.52 2073.0 164.40 25.30 10.21 7.83 1.57 4.76 0.0296 4.68 0.92 0.17 0.05

1172 w84 Oil shale 35.97 12.42 1093.0 268.90 49.30 21.73 18.31 4.19 8.71 0.0688 8.72 1.61 0.30 0.14

1182 w86 Gypsiferous
mudstone 79.87 10.64 2410.0 433.80 38.30 13.74 11.51 2.69 8.01 0.0413 8.20 1.66 0.29 0.07

1192 w88 Gypsiferous
mudstone 86.83 10.38 2478.0 409.00 39.57 14.30 10.97 2.31 7.62 0.0569 7.66 1.50 0.27 0.08

1202 w90 Gypsiferous
mudstone 45.71 6.29 2139.0 520.90 26.40 9.58 6.79 1.41 4.17 0.0499 4.39 0.86 0.15 0.12

1212 w92 Gypsiferous
mudstone 17.17 2.60 2865.0 132.20 9.33 5.40 3.98 0.72 1.65 0.0190 1.73 0.37 0.06 0.03

1222 w94 Gypsiferous
mudstone 77.23 8.14 2883.0 254.40 30.02 12.19 9.78 2.06 5.94 0.0282 5.97 1.37 0.21 0.07

1232 w96 Halite 1.20 0.46 199.00 5.88 <0.3 0.61 0.41 0.06 0.06 0.0011 0.03 0.01 0.00 0.00
1242 w98 Halite 17.56 2.58 4325.0 130.00 9.93 6.17 4.58 0.70 1.69 0.0091 1.86 0.46 0.06 0.03
1252 w100 Halite 3.96 1.05 543.70 19.69 3.62 2.37 1.64 0.19 0.49 0.0100 0.50 0.14 0.02 0.02

1262 w102 Gypsiferous
mudstone 79.96 10.29 243.80 191.30 39.10 15.21 12.50 2.56 7.31 0.0574 7.58 1.65 0.26 0.09

1272 w104 Mudstone 80.04 12.23 1418.0 537.40 45.62 16.28 13.06 2.57 8.63 0.0526 9.64 2.22 0.35 0.10
1282 w106 Halite 2.84 0.79 692.40 20.28 2.23 1.67 1.29 0.14 0.36 0.0023 0.37 0.08 0.02 0.01
1292 w108 Halite 3.28 0.78 36.76 10.08 2.24 1.33 1.20 0.15 0.28 0.0027 0.34 0.06 0.01 0.00
1302 w110 Mudstone 75.99 10.33 1573.0 388.30 33.95 12.74 9.99 2.00 6.91 0.0367 8.35 2.08 0.28 0.07
1312 w112 Halite 3.71 1.25 1349.0 43.67 3.47 3.15 2.41 0.28 0.68 0.0036 0.71 0.18 0.03 0.01
1317 w113 Halite 1.69 0.43 179.10 7.03 <0.3 0.83 0.63 0.14 0.07 0.0012 0.06 0.02 0.01 0.00
1322 w115 Mudstone 54.18 6.15 623.30 248.60 23.31 9.98 6.90 1.33 4.29 0.0588 4.55 1.13 0.17 0.11
1332 w117 Halite 1.41 0.37 1281.0 13.10 <0.3 0.95 0.58 0.11 0.06 0.0012 0.04 0.01 0.01 0.00

1342 w119 Gypsiferous
mudstone 8.65 1.64 2468.0 53.71 5.02 3.34 2.29 0.32 0.82 0.0069 1.00 0.26 0.03 0.01

1352 w121 Halite and
anhydrite 10.38 2.74 1517.0 104.90 8.04 4.13 3.31 0.59 1.51 0.0076 1.97 0.54 0.06 0.02

1362 w123 Gypsiferous
mudstone 40.57 6.04 4418.0 244.90 20.78 9.89 8.12 1.51 4.08 0.0187 4.69 1.16 0.17 0.04

1372 w125 Halite and
anhydrite 124.64 11.86 3251.0 288.80 44.72 15.80 13.92 2.29 7.84 0.0469 8.86 2.26 0.28 0.09

1382 w127 Mudstone 122.08 10.07 1796.0 358.40 42.87 16.12 16.22 2.96 7.55 0.0531 7.73 1.61 0.28 0.08
1392 w129 Mudstone 127.78 13.32 568.00 252.30 49.12 25.90 23.41 3.11 9.92 0.0521 10.02 2.50 0.39 0.11

1402 w131 Gypsiferous
mudstone 48.35 7.74 765.30 391.10 22.98 9.13 6.93 1.33 4.76 0.0600 6.34 1.66 0.21 0.09

1412 w133 Gypsiferous
mudstone 211.90 16.01 262.50 387.70 55.98 24.51 20.66 2.67 12.39 0.0446 12.68 3.33 0.56 0.11

1422 w135 Halite 6.78 1.11 703.20 31.43 2.86 1.77 1.33 0.24 0.59 0.0044 0.58 0.14 0.02 0.01
1432 w137 Oil shale 23.16 7.68 280.20 504.90 14.22 7.01 4.71 1.35 4.25 0.0263 6.81 1.98 0.15 0.05
1442 w139 Halite 1.02 0.45 1193.0 16.02 0.74 0.75 0.83 0.11 0.07 0.0025 0.02 0.01 0.00 0.00
1452 w141 Mudstone 34.03 3.85 2677.0 141.70 13.18 7.29 5.48 0.81 2.48 0.0217 2.56 0.56 0.08 0.04
1462 w143 Mudstone 44.51 3.40 3270.0 180.80 11.16 6.30 4.87 0.96 2.25 0.0211 2.33 0.54 0.08 0.02
1472 w145 Mudstone 124.20 8.46 1633.0 235.50 26.94 9.92 9.34 1.59 5.34 0.0305 6.10 1.34 0.19 0.06
1482 w147 Carbonate 25.58 2.54 2294.0 111.40 8.45 4.96 3.79 0.68 1.60 0.0195 1.81 0.39 0.06 0.02
1492 w149 Carbonate 18.83 3.38 1861.0 133.30 10.90 5.93 4.14 0.84 2.04 0.0140 2.35 0.56 0.08 0.03
1502 w151 Halite 46.06 4.66 2042.0 138.90 14.69 7.14 5.44 1.01 3.03 0.0241 3.33 0.74 0.11 0.03
1512 w153 Mudstone 86.85 8.16 1228.0 173.20 32.10 13.16 10.57 1.88 5.60 0.0486 5.85 1.33 0.21 0.08
1522 w155 Mudstone 106.24 9.79 2754.0 213.40 33.51 13.69 11.70 2.29 6.47 0.0284 7.16 1.46 0.23 0.05

1532 w157 Gypsiferous
mudstone 154.19 11.26 2527.0 330.50 43.18 16.48 13.89 3.32 7.69 0.0379 8.33 1.81 0.28 0.06

1542 w159 Mudstone 33.34 3.94 1886.0 141.40 13.13 6.62 5.72 1.01 2.51 0.0188 2.74 0.68 0.09 0.03
1552 w161 Halite 1.28 0.46 121.80 8.13 <0.3 0.77 0.63 0.07 0.10 0.0009 0.05 0.02 0.01 0.00
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Table 3. Cont.

Depth
(m)

Sample
No. Lithology

Trace Element Content Main Element Content

B
(µg/g)

Ga
(µg/g)

Sr
(µg/g)

Ba
(µg/g)

V
(µg/g)

Ni
(µg/g)

Cu
(µg/g)

U
(µg/g)

Th
(µg/g)

MnO
(%)

Al2O3
(%)

K2O
(%)

TiO2
(%)

P2O5
(%)

1562 w163 Mudstone 9.20 1.92 1937.0 29.18 5.49 4.60 3.22 0.35 1.08 0.0059 1.17 0.24 0.04 0.01

1572 w165 Halite and
anhydrite 91.94 11.08 1635.0 290.70 38.93 15.04 12.14 2.02 7.34 0.0278 8.24 1.75 0.29 0.05

1582 w167 Oil shale 130.77 16.55 1037.0 484.80 58.63 22.21 20.02 3.71 11.50 0.0525 12.65 2.81 0.45 0.09

1592 w169 Gypsiferous
mudstone 116.96 8.16 2387.0 279.30 30.07 12.13 10.40 1.94 5.45 0.0308 5.96 1.22 0.20 0.05

1602 w171 Halite 4.87 1.01 2130.0 40.57 2.52 2.68 1.84 0.22 0.45 0.0032 0.50 0.12 0.02 0.01
1612 w173 Oil shale 31.33 4.45 1190.0 214.40 12.04 5.62 4.88 0.96 2.35 0.0159 3.52 0.84 0.10 0.03
1622 w175 Oil shale 66.76 6.90 1197.0 303.80 19.50 8.36 7.03 1.38 4.71 0.0291 5.36 1.32 0.17 0.05

1632 w177 Gypsiferous
mudstone 93.52 9.64 2203.0 315.20 38.15 14.88 12.39 4.27 6.80 0.0566 7.13 1.41 0.23 0.08

1642 w179 Gypsiferous
mudstone 3.03 1.17 967.80 29.09 3.13 2.55 1.76 0.23 0.59 0.0063 0.64 0.14 0.02 0.01

1652 w181 Halite 58.49 7.48 1343.0 252.10 23.78 9.71 8.44 1.76 5.07 0.0316 5.81 1.23 0.19 0.05
1662 w183 Halite 3.05 0.92 182.30 19.49 1.70 1.27 1.21 0.18 0.32 0.0045 0.32 0.06 0.02 0.00

1672 w185 Gypsiferous
mudstone 37.38 5.22 2927.0 257.60 15.73 7.00 6.24 1.34 3.20 0.0224 3.74 0.85 0.12 0.04

1682 w187 Gypsiferous
mudstone 174.16 13.83 767.30 293.80 51.83 18.22 16.47 3.17 9.42 0.0692 10.53 2.19 0.35 0.08

1692 w189 Halite 13.92 2.85 261.70 69.48 7.38 3.32 3.25 0.45 1.62 0.0116 1.82 0.36 0.07 0.02
1702 w191 Mudstone 158.36 16.49 1318.0 458.80 58.40 21.46 20.12 3.50 10.58 0.0540 12.10 2.58 0.42 0.08
1707 w193 Mudstone 10.96 1.70 3162.0 93.51 5.34 5.32 3.39 0.43 1.03 0.0051 1.01 0.24 0.04 0.01
1712 w194 Mudstone 84.59 10.19 3066.0 309.70 34.56 14.51 12.01 2.58 7.05 0.0345 7.55 1.69 0.26 0.05
1722 w196 Mudstone 5.12 0.99 1962.0 16.87 2.49 4.14 2.54 0.17 0.53 0.0023 0.48 0.10 0.02 0.01
1732 w198 Mudstone 78.89 12.56 516.90 156.60 44.62 15.80 13.62 3.07 8.57 0.0640 9.49 1.87 0.32 0.11
1742 w200 Mudstone 82.99 17.64 770.60 299.20 65.12 26.31 21.05 4.29 13.31 0.0721 13.12 2.56 0.48 0.08
1747 w201 Mudstone 115.56 21.52 2884.0 526.80 84.59 28.90 27.33 4.15 14.06 0.0715 15.95 3.35 0.56 0.12

1752 w211 Argillaceous
siltstone 25.56 11.07 385.30 737.80 31.04 8.42 7.58 1.44 6.98 0.0559 10.76 2.56 0.36 0.11

1762 w213 Mudstone 38.29 11.89 990.40 526.80 44.64 26.70 14.58 3.94 8.55 0.0988 9.63 2.12 0.38 0.17
1772 w215 Mudstone 80.88 23.41 198.90 494.60 99.37 30.59 21.61 3.84 15.55 0.1082 17.21 3.58 0.68 0.20
1782 w217 Mudstone 79.58 22.92 299.40 561.20 103.93 33.51 21.14 3.17 15.58 0.0982 17.28 3.65 0.66 0.13
1792 w219 Mudstone 59.99 18.68 439.20 395.40 66.41 25.36 19.03 3.30 13.63 0.0825 13.68 2.88 0.57 0.14
1802 w221 Mudstone 40.71 15.79 275.30 663.80 59.30 19.42 12.83 2.35 10.89 0.1120 12.56 2.72 0.50 0.12
1812 w223 Mudstone 77.04 26.15 192.40 532.70 109.70 33.24 24.79 3.72 17.36 0.0672 19.41 3.59 0.74 0.11
1822 w225 Mudstone 37.88 15.53 302.50 639.70 60.25 18.24 15.94 2.06 9.86 0.0858 12.43 2.71 0.47 0.12
1832 w227 Mudstone 65.16 19.36 276.30 509.90 78.08 28.91 23.53 2.84 12.43 0.0334 15.50 3.26 0.54 0.07

1842 w229 Argillaceous
siltstone 65.83 19.26 276.30 691.40 77.54 25.98 15.95 3.11 14.30 0.0898 14.49 2.84 0.63 0.12

1852 w231 Carbonate 1.19 0.64 1249.0 143.30 <0.3 6.53 1.39 2.15 0.23 0.1530 8.97 2.15 0.23 0.06

1862 w233 Argillaceous
siltstone 74.61 25.81 175.10 503.20 99.76 31.13 24.64 4.05 17.80 0.0569 18.65 3.60 0.69 0.12

1872 w235 Mudstone 74.96 27.93 124.60 315.60 127.97 34.30 52.55 3.37 16.83 0.0221 20.64 3.94 0.71 0.04
1882 w237 Mudstone 59.80 21.24 393.50 417.30 87.59 32.19 21.35 3.73 15.23 0.0976 15.47 2.96 0.61 0.15
1892 w239 Mudstone 46.56 17.24 266.00 706.00 68.06 23.77 21.87 2.82 11.97 0.1009 12.61 2.42 0.56 0.13

1902 w241 Argillaceous
siltstone 46.27 12.71 392.60 749.20 48.08 13.38 10.31 2.64 12.83 0.1110 11.00 2.33 0.55 0.16

1912 w243 Mudstone 19.61 12.55 1325.0 710.20 54.59 17.18 14.84 4.99 8.69 0.1045 9.46 1.84 0.33 0.11

1922 w245 Argillaceous
siltstone 39.61 15.96 358.60 682.00 60.03 18.88 12.42 2.59 13.30 0.0886 12.65 2.50 0.53 0.15

1932 w247 Sandstone 18.88 11.16 312.10 800.60 31.17 9.35 8.66 1.45 7.08 0.0870 10.44 2.43 0.32 0.10

1942 w249 Argillaceous
siltstone 34.71 16.57 272.50 697.10 57.48 19.72 13.14 3.48 11.52 0.0803 12.58 2.34 0.50 0.12

1952 w251 Sandstone 13.34 10.39 464.70 677.30 24.78 8.13 5.81 1.21 5.74 0.0504 10.11 1.87 0.24 0.07
1962 w253 Mudstone 36.62 17.50 413.90 817.20 70.85 22.82 31.50 2.60 12.53 0.0778 13.09 2.76 0.54 0.16
1972 w255 Mudstone 52.62 10.71 734.10 321.70 41.55 14.68 11.76 2.46 7.63 0.0542 8.52 1.90 0.30 0.11
1982 w257 Mudstone 45.28 14.99 304.70 350.00 55.85 17.62 12.64 2.51 11.18 0.1300 11.69 2.29 0.47 0.10
1992 w259 Mudstone 39.95 20.70 207.30 576.40 84.01 30.18 22.40 2.65 14.07 0.0873 14.94 2.79 0.67 0.14

Moving to the middle section (1753.53–1112.17 m), the B/Ga values of 67 samples
exhibit a distribution between 2.29 and 14.69, with an average value of 7.05. Out of these,
41 samples exceed six. The Sr/Ba ratios in this section range from 0.52 to 74.47, with an
average of 14.79. Among the tested samples, 64 exceed a ratio of one. The Th/U ratios of
all samples are distributed within the range of 0.52 to 4.86, with an average value of 2.74,
and the majority of ratios fall between two and four. The combined values of V + Ni +
Mn range from 8.05 to 677.08, with an average value of 267.99 µg/g. Among these values,
30 samples fall below 190 µg/g. The Sr/Cu ratios consistently exceed 10, with an average
of 350.17. The V/(V + Ni) ratios range from 0.24 to 0.79, with an average of 0.64. Sixteen
samples exhibit ratios lower than 0.60 (Figure 4 and Table 3).

Lastly, in the upper section (1112.17–900 m), the average B/Ga value of 26 samples is
3.77, with all samples falling within the range of two to six. The average Sr/Ba ratio is 2.08,
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and 13 samples exhibit ratios below two. Additionally, out of the 12 samples in the lower
portion of this section, nine exceed a ratio of 2.11. The Th/U values of all samples range
from 2.79 to 5.77, with an average of 3.85. The values of V + Ni + Mn for the 26 samples in
the upper section exceed 190 µg/g, with an average value of 604.41 µg/g. These samples
are distributed between 10 and 263.16, with an average value of 53.09. This suggests a
relatively low ratio in the upper portion. Furthermore, the Sr/Cu ratios for all samples fall
within the range of 10 to 263.16, with an average of 53.09, and the majority of ratios are
concentrated between 20 and 90. The V/(V + Ni) ratios in the upper section consistently
fall between 0.63 and 0.78, with an average value of 0.73 (Figure 4 and Table 3).

The variations in Al2O3, K2O, TiO2, P2O5, and other major elements show a consistent
pattern. The middle section of the Dawenkou Formation exhibits relatively low concen-
trations, while the lower and upper sections have higher concentrations (Figure 5 and
Table 3).
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5. Discussion
5.1. Sedimentary Environment Evolution
5.1.1. Sedimentary Environment Inferred from Lithofacies

In the lower section of the Dawenkou Formation, specifically in the middle and lower
part of FA5, there is predominant deposition of purple–red and brick-red fine sandstone
and siltstone. As the sandstone layers gradually decrease upwards, the proportion of
siltstone increases. These sediments continuously deposit in four boreholes, namely YZR1,
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ZK01, YZK2, and YZK1. The initial depth of the deposition, centered around borehole
ZK01, gradually becomes shallower towards both sides, indicating a probable deposition
in a fan-delta environment. The sandstone layers gradually decrease while the shale layers
increase up-section, indicating a fan-delta depositional environment. No deposits of halite
or gypsum are observed during this period, and there is a lack of laminations, suggesting
turbid-flow deposition under warm and humid climatic conditions (Figures 2 and 6). The
lake basin at the period of deposition appears to be in a compensational state with relatively
high water levels.
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The upper part of the lower section of the Dawenkou Formation (FA3) is mainly
composed of shale deposits with a small amount of siltstone due to a dynamic equilibrium
between the sediment transport mechanism and sedimentation. Towards the lower part of
the middle section of the Dawenkou Formation (FA3), there is the appearance of gypsum-
bearing shale, with gypsum mainly occurring as thin layer-like lenses. A small amount of
thin-bedded rock salt deposits are present, indicating a transition from a warm and humid
climate to a more arid one. This increase in salinity suggests a deep-lake to semi-deep-lake
depositional environment.

The middle and lower part of the middle section of the Dawenkou Formation (FA4) is
characterized by thick rock salt deposits with interspersed gypsum-bearing shale, indicating
that arid conditions persisted. Gypsum mainly occurs as nodules and massive gypsum,
with an increasing thickness of continuous rock salt deposits and massive salt beds. There is
a presence of cruciform shapes and a few funnel crystals in these salt beds, likely from fluid
inclusions. When herringbone and funnel crystals appear at the same time, this indicates
extremely shallow water with high salinity associated with a shallow-lake depositional
environment [35–37].

As the arid conditions weaken and transition to a semi-arid climate, thin-bedded rock
salt with interbedded gypsum-bearing shale and shale were intermittently deposited in the
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middle and upper part of the middle Dawenkou Formation (FA4). This suggests periodic
climatic changes, with shallow water and relatively high salinity, indicating continued
shallow-lake depositional conditions.

The upper part of the middle section of the Dawenkou Formation (FA2) primarily
consists of gypsum-bearing shale and shale reflecting a transition from arid/semi-arid to
warm and humid conditions. In the YZK2 and YZK1 boreholes located at the basin margin,
a small amount of muddy sandstone is observed. The shale exhibits a deep-gray color,
while the gypsum occurs as horizontal layers with developed laminations. This indicates
a transition from shallow to deep lake conditions and a decrease in salinity, reflecting
deposition in a deep-lake to semi-deep-lake environment.

The upper section of the Dawenkou Formation (FA1) is mainly composed of fine
sandstone, shale, and siltstone, which reflects the warm–humid climatic condition. The
base of this section exhibits laminations, indicating a shallow water environment. In some
parts of the shale, there are visible fragments of biogenic debris and small amounts of
interbedded oil shale. This suggests limited deposition in a shallow-water area dominated
by algal sedimentation, with a decrease in lake water salinity that is typical of a lacustrine
shoreline depositional environment (Figure 6).

5.1.2. Trace Element Geochemistry

Trace elements have special geochemical properties that are closely related to their
depositional environment, and are usually not affected by anadiagenesis. Thus, analyzing
the trace element content and distribution in sedimentary rocks, especially the ratio of
some related elements, can infer the depositional environment and geological conditions
during the period of formation [43–45]. The ratios of the macronutrient and trace element
concentrations, as well as the geochemistry of some elements in sediments, are often used
for sedimentary environment discrimination and paleoclimate reconstruction [46,47].

Paleosalinity

The ratios of B/Ga, Sr/Ba, and Th/U have been demonstrated to be effective indicators
of paleosalinity during the sedimentation process [48–56]. Zhong et al. (2012) proposed a
comprehensive indicator for the different types of paleosalinity based on Sr/Ba and B/Ga
values: when the B/Ga ratio exceeds six and the Sr/Ba ratio surpasses one, it signifies a
saline or ultra-saline water environment. In instances where the B/Ga ratio ranges from
greater than two to less than six, and the Sr/Ba ratio falls between 0.5 and 1, it denotes a
brackish water environment. Conversely, a B/Ga ratio below two coupled with a Sr/Ba
ratio under 0.5 indicates a freshwater environment [55]. However, boron enrichment
resulting from volcanic and hydrothermal activities can impact the discrimination of B/Ga
in paleosalinity [57]. Since there was no volcanic or hydrothermal activity in the Huanggang
Depression during the Paleogene period, boron enrichment is negligible. The Th/U can be
used as an index to distinguish marine and terrestrial deposits. Generally, a Th/U greater
than seven indicates a terrestrial freshwater environment, two to seven indicates a brackish
sedimentary environment, and less than two indicates a marine saline environment [58].

The results from this study show a strong correlation of the B/Ga, Sr/Ba, and Th/U
ratios within the Dawenkou Formation (Figure 4 and Table 3). In the lower section, the
majority of B/Ga and Sr/Ba ratios fall within the range of freshwater to slightly brackish
water (the B/Ga value was 1.28–4.91; the Sr/Ba value was 0.35–0.94; and the Th/U value
was 1.74–5.32). These ratios exhibit an increasing trend from deeper to shallower sections.
The lithology in this section predominantly consists of purple–red muddy siltstone at the
base, transitioning gradually to alternating purple–red and gray–green siltstone towards
the top section. Additionally, there is a small amount of hard gypsum present at the
uppermost part, indicating the transition of the water body from freshwater to slightly
brackish and saline conditions.

The mineral-bearing layers in the middle section of the Dawenkou Formation are
characterized by a high salt content. The B/Ga, Sr/Ba, and Th/U ratios in this section



Minerals 2024, 14, 131 15 of 23

suggest a brackish water to hypersaline water environment (the B/Ga value was 2.29–14.69;
the Sr/Ba value was 0.52–34.14; and the Th/U value was 0.52–4.86), with the higher values
aligning well with the occurrence of rock salt layers. Notably, the ratios of rock salt are
higher in thicker layers compared to thinner layers.

Moving to the upper section, the B/Ga ratio remains within the range of slightly
brackish water (2.28–4.72), while the Sr/Ba ratio falls within the range of slightly brackish
water to saline water (0.18–5.61) and the Th/U ratio is similar to the situation of Sr/Cu
(2.79–5.77). These ratios gradually decrease from deeper to shallower sections, accompanied
by lithological changes from mudstone and gypsiferous mudstone at the base to sandstone
and mudstone towards the top section. The observed lithological variations and trace
element ratios provide insights into the evolution of the salinization and desalinization
processes of the water body. Based on these findings, we conclude that the mineral-
bearing layers in the middle section of the Dawenkou Formation represent a depositional
environment characterized by brackish water to hypersaline water conditions.

Paleowater Depth

Previous studies on modern sedimentation have demonstrated that V + Ni + Mn
values serve as reliable indicators of paleowater depth [48,50,59,60]. Liu (1986) found that
the concentration of V + Ni + Mn gradually increases from fluvial to lacustrine mudstone
in the Cretaceous mudstone of the Songliao Basin [59]. Deng et al. (1993) estimate the
value of V + Ni + Mn concentration in the fluvial phase as <150 µg/g; in the shallow
lacustrine phase as 150~170 µg/g; in the semi-deep-lake phase as 170~190 µg/g; and in the
deep-water lake phase as >190 µg/g [60].

In the lower and upper sections of the Dawenkou Formation, the V + Ni + Mn value
exceeds 190 µg/g by a significant margin. The average value in the upper section reaches
760.57 µg/g, while the lower section records an average value of 604.41 µg/g. Notably,
both sections have a localized layer of well-developed mudstone and hard gypsum rock,
suggesting a depositional setting characterized by deep-water fluvio-lacustrine facies.
Conversely, the V + Ni + Mn values in the middle section are markedly lower than those of
the upper and lower sections. From the 67 samples analyzed, 30 samples have values below
190 µg/g, while 26 samples have values below 170 µg/g. The high values above 190 µg/g
are predominantly found in proximity to the upper and lower sections of the formation
and matches with the occurrence of mineral-rich rock salt-bearing layers. Notably, no
layered texture is observed in this section, and the rock salt inclusions primarily exhibit
a chevron crystal morphology (Figure 3g’). Characteristics such as the development of
lithofacies, variations in V + Ni + Mn values, and herringbone crystals suggest that the
middle section is predominantly associated with relatively shallow water depths within
the mineral-bearing layers (Figure 4).

The Al2O3, K2O, TiO2, and P2O5 concentrations represent the mud content of the
terrestrial detritus, and their values increase with the deepening of the water body [61],
consistent trends in the variations in the four major elemental indicators. The high-value
interval is in the lower section of the Dawenkou Formation, while relatively higher values
are observed in the upper section. On the other hand, the low-value interval is found in the
middle section of the formation. These patterns align with the V + Ni + Mn concentration
trend and appear to match well with the lithological characteristics. While there is no
halite development in the deep-water lower and upper members, the shallow-water middle
member features the development of thick, extensive halite deposits.

Paleoclimate

Sensitive trace elements (e.g., Ni, Co, Fe, Mn, Mo, Co, and Cu) in argillaceous sedi-
ments are important indicators of past climatic and environmental conditions. Changes in
their concentrations and ratios can be used to infer climatic conditions, such as the ratios of
dry-loving elements (Sr) and moisture-loving elements (Cu) [48,50,62,63]. The Sr/Cu ratio
(ranging from 1 to 10) indicates a humid–subtropical climate, while a ratio greater than
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10 suggests an arid or semi-arid climate. Fe, V, Cr, Mn, Co, and Ni reasonably concentrate
under moist climatic conditions. Conversely, the increase in water alkalinity because of
evaporation enables the precipitation of saline minerals under arid climates; consequently,
concentrations of Ca, Na, Mg, K, Ba, and Sr are relatively enriched. Regarding the different
geochemical behaviors of these two groups, their ratios of Σ(Fe + Mn + Cr + Ni + V +
Co)/Σ(Ca + Mg + Sr + Ba + K + Na) (termed as C-value) are considered to be a climate
proxy and used broadly for paleoclimate interpretation. Therefore, different scientists
have suggested that C-values of 0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0 represent arid,
semi-arid, semi-arid to semi-humid, semi-humid, and humid climates, respectively [64–66].

The results from this study show that 19 samples from the lower section of the
Dawenkou Formation exhibit Sr/Cu ratios greater than 10, while five samples fall be-
low this threshold. The C-values of the 19 samples range from 0.21 to 0.64, with an average
value of 0.32, while five samples fall below this threshold. This indicates a gradual transi-
tion in the climate from warm and humid conditions to a drier, semi-arid climate. In the
middle section, the Sr/Cu values are consistently greater than 10, with an average value of
350.17, and the majority values of C are notably below 0.2, indicating an arid climate. Simi-
larly, in the upper section, all samples consistently show Sr/Cu ratios greater than 10, with
an average value of 53.09. The average C-value is 0.17, with 10 out of 26 values exceeding
0.2. Notably, shallower portions of the section display lower Sr/Cu ratios compared to the
deeper portions, signifying a transition from aridity towards more temperate and humid
conditions (Figure 4).

Furthermore, it is worth noting that the middle section of the Dawenkou Formation
represents a salt-bearing layer, as evidenced by significantly higher Sr/Cu ratios and
lower C ratios compared to the upper and lower sections. These results suggest that
the Dawenkou Formation was deposited under different climate conditions. The mid-
dle member of the formation, which contains thick halite deposits, was deposited in an
arid/semi-arid climate environment, while the upper and lower members were deposited
under humid–subtropical conditions. The Sr/Cu and C ratios provide valuable information
for understanding past climatic trends and their impact on sedimentation processes.

Redox Control in Paleoenvironments

The distribution of V and Ni is influenced by oxidation–reduction conditions; thus,
their accumulation or depletion in the sedimentary record is useful for tracking redox
processes in ancient landscapes. Hatch and Leventhal (1992) compared V/(V + Ni) ratios
to other geochemical redox indicators, and suggested ratios greater than 0.84 for euxinic
conditions, 0.54 to 0.82 for anoxic waters, and 0.46–0.60 for dysoxic conditions [50]. Since
then, many scholars have adopted this [67–69].

Data from this study show that the V/(V + Ni) values in the lower and upper sections
of the Dawenkou Formation suggest an anaerobic and/or weakly reducing environment.
The middle section, comprising a total of 67 samples, has an average V/(V + Ni) value of
0.64, and ranges from 0.24 to 0.79. These data suggest an oxidizing to weakly reducing
environment within the middle section of the Dawenkou Formation (Figure 4).

Uranium (U) is often found in argillaceous rocks and is known for its active properties,
ease of oxidation, and leaching loss, indicating a strong migration ability. The δU method is
commonly used to determine the oxidation–reduction state of the sedimentary environment,
which can be calculated using the formula δU = U/[0.5 × (U + Th/3)]. In normal water
environments, δU < 1, while in anoxic reduction environments, δU > 1 [70–72].

Most of the δU values for the upper and lower members of the Dawenkou Formation
are slightly less than one. By contrast, 40 out of the 67 values in the middle member are
greater than one (Figure 4). Based on the above two indicators, it can be inferred that the
sedimentary environment of the Dawenkou Formation was generally characterized by
weak oxidation–reduction conditions.
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5.1.3. Evolution of the Sedimentary Environment

Based on sedimentological and geochemical indicators, the evolution of the paleolake
in the Huanggang Depression from the Eocene to the Oligocene can be divided into six
distinct stages. These stages include a cyclical transition from a freshwater lake to a brackish
water and then to a saline lake, followed by a transition to a salt lake, and finally back to a
freshwater lake. We utilized trace element concentrations and ratios such as B/Ga, Sr/Ba,
and V + Ni + Mn to discriminate between these transitional phases (Figure 2).

In the freshwater environment, the dominant lithological assemblage is interbedded
mudstone and sandstone, with minerals mainly composed of calcite, illite, feldspar, and
quartz. A small number of bioclasts are observed in the mudstone, while layered gypsum
is partially present. Evaporation-enriched elements, such as B and Sr, are present in very
low concentrations. The transition between freshwater and saline environments is not
characterized by abrupt changes, but rather by the presence of transitional brackish water
conditions. This is evidenced by elevated levels of B and Sr, as well as an increase in the
B/Ga and Sr/Ba ratios. The lithological assemblage primarily consists of thinly layered
gypsum, mudstone, and intermittent occurrences of carbonate rocks.

Under saline-lake and salt-lake conditions, the concentrations of B and Sr, as well as
the B/Ga and Sr/Ba ratios, significantly increase. The lithofacies assemblages are mainly
composed of alternating layers of anhydrite, halite, and a small amount of mudstone, with
thin layers of oil shale locally intercalated. This suggests that halite in the Huanggang
Depression was primarily developed in a shallow water environment.

5.2. Depositional Models

Large salt deposits around the world are mainly located in arid zones within the sub-
tropical high belt, typically between latitudes 15◦ and 35◦ in both hemispheres [23,42,73,74].
The location of the subtropical climate zone changes over geological timescales, and during
the Eocene and Oligocene, the Huanggang depression was situated within this zone [74–77]
(Figure 7). This suggests an alignment between regional and global climate changes. During
the early Oligocene, the previously arid climate gradually became cold and dry, leading
to strong evaporation, the concentration of water bodies, and the accumulation of salt
minerals that formed salt deposits. By the middle Oligocene, the climate had become warm
and humid. Sedimentary records and pollen data from the Dawenkou Formation in the
Dawenkou Basin, which were contemporaneous with the Huanggang Depression, show a
transition from dry and hot to warm and humid conditions during the Eocene and early
Oligocene [78].
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The trace elements and petrographic characteristics of well YZR1 indicate that the
paleoclimate was the main control for the halite deposition pattern in the study area
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during certain tectonic settings. Two metallogenic models can be proposed based on
this observation.

The first model (LA1) infers the metallogenic model of thick rock salt. During slow
tectonic subsidence or periods of stable tectonic activity, the paleoclimate plays a major role
in mineralization. In continuous drought conditions, when the rate of evaporation exceeds
the rate of tectonic subsidence and the lake falls to a shallow water level, brine waters
become highly concentrated, and since there is no precipitation at this stage, the brine
waters evaporate, which leads to the formation of mineralized salts as residue. Geochemical
indicators, such as B/Ga, Sr/Ba, and V + Ni + Mn from trace elements, recorded high values,
while the major elements, e.g., Al2O3, K2O, TiO2, and P2O5, have lower values. This overall
trend shows a gradual and coherent pattern (Figures 4 and 5). The primary lithological
composition of this layer predominantly consists of gray–black rock salt interspersed
with blocky gypsum formations. Notably, the fluid inclusions within the rock salt are
characterized by “Λ”-shaped crystals, while some hopper crystals have a similar “V”
shape (Figure 3g’). Solar radiation and an arid climate are two major reasons for brine
concentration, water level reduction, and evaporite deposition [79,80]. However, in arid
climate regimes, an insufficient fresh water supply may result in a further decrease in water
levels and cause clastic sediments to be loosely packed. As a result, sand silts are carried
into shallow lakes by surrounding terrestrial fresh water and wind, promoting desalination
and dissolution to some extent. The dissolved salt substances in the brine of the lake
basin exhibit a prominent migration pattern from the margin to the center as the lake level
gradually decreases. In arid climatic conditions, the rapid rate of evaporation surpasses the
replenishment rate of freshwater, resulting in a sustained shallowness of the water body.
Consequently, salt substances precipitate and co-deposit with the primary rock salt, forming
extensive halite layers of significant thickness (Figure 8a). Freshwater, carrying sediment-
laden debris, is introduced into the lake. As the salinity of the water body decreases and
salt precipitation ceases, this process triggers the deposition of gypsiferous mudstone and
mudstone. The re-deposited rock salt layer exhibits a reduction in primary fluid inclusions.
Additionally, certain sections of the white-colored, thick salt layers demonstrate relatively
lower densities, suggesting a weakened compaction process during the dissolution and
re-deposition phases. This phase roughly corresponds to the low amplitude of the ultra-
long eccentricity cycle, indicating a small seasonal variation [27], further supporting the
proposed hypothesis.

The second model (LA2) explains the metallogenic model of thin rock salt. During the
transitional phase from arid to semi-arid paleoclimates, the periodicity in climatic variations
emerged as the major control, leading to the episodic deposition of thin rock salt layers
that exhibit a strong correspondence with the minimum values of the short eccentricity
cycles [27]. Within this specific layer, trace elements, including B/Ga, Sr/Ba, and V + Ni
+ Mn, have an overall modest concentration compared to LA1, while the major elements
(Al2O3, K2O, TiO2, and P2O5) have a slight increase in their concentrations. Both the
trace and major element concentration values display intermittent wave-like patterns. The
lithologic composition of this distinct stratigraphic layer primarily consists of alternating
rock salt and evaporitic mudstone, occasionally intercalated with minor amounts of shale.
Notably, the gypsum formations within this layer predominantly manifest as being thinly
bedded with indurated structures. In dry summers and dry/cold winters, the rate of
evaporation of the lake exceeds the rate of tectonic subsidence and results in the formation
of thin layers of halite at the lake bottom as the water becomes saturated. In contrast, under
hot/humid summers and warm winters, the lake water is replenished by atmospheric
precipitation and surrounding fresh water, which transports argillaceous sediments to
the center of the lake. The evaporation rate of the lake water is close to or less than the
sedimentation rate of the lake basin, causing the lake to deepen and gypsiferous mudstone
to be deposited at these intervals. During this process, the consolidated halite layers are
dissolved by freshwater, resulting in dissolution and recrystallization cycles. During the
rapid and repetitive cycles of expansion and contraction of the lake’s surface area, the influx
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of terrestrial particles, either transported by the lake shore or wind, becomes a part of the
sedimentary material during the crystallization process. Consequently, a portion of the
rock salt formations acquires an ashen–black hue, highlighting the dominance of mud-like
constituents in the crystallization process (Figure 8b).
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enhanced surface water replenishment, reduced evaporation, lower salinity than LA1, and frequent
lake level changes.

Based on the comparison of the different salt-forming models and the comprehensive
analyses of the sedimentary record and elemental geochemistry, we suggest that thick halite
layers in the Huanggang Depression mainly formed in shallow lake environments under a
persistent arid climate, while the thin halite layers formed in shallow lake environments
under periodic dry and wet climates.

6. Conclusions

During the Paleogene period, massive halite deposits were formed in eastern China.
In this study, we conducted a comprehensive analysis of the petrography and primary
trace geochemistry of drill core YZR1 in the Huanggang Depression, located in eastern
China. Our investigation aimed to provide a preliminary examination of the paleocli-
mate variations. These are embedded within the thick and thinly layered saline-gypsum
mudstone-mudstone lake-phase depositional rhythms documented in the drill cores.
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(1) The middle Dawenkou Formation in the Huanggang Depression is characterized
by saline-to-hypersaline lake water deposits, which likely formed during arid to semi-arid
climatic conditions. Throughout the process of salt-rock formation, the lakes were character-
ized by relatively shallow water depths, indicative of an overall oxidizing–weakly reducing
environment. The geochemical and petrographic analyses from this study show consis-
tent evidence of salinization and desalinization processes in the lake with corresponding
changes in the paleoclimate.

(2) The results from this study indicate that the halite deposit in the Huanggang
Depression can be explained using two sedimentary models, LA1 and LA2. Thick halite
layers formed under the LA1 model through shallow-water evaporation and deposition in a
continuously drought-affected environment, while the LA2 model describes an intermittent
deposition of thin halite layers due to seasonal periodic changes of dry and wet climates.
By comparing the two metallogenic models, we conclude that the thick halite layers in
the Huanggang Depression were mainly formed in shallow lake environments under an
arid climate, while the thin halite layers were formed in shallow lake environments under
periodic changes of dry and wet climates. This study provides a valuable example for
understanding Paleogene halite mineralization, shedding light on the paleoclimate and
paleoenvironment of the period in eastern China.
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