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Abstract: In China, pre-Quaternary solid potash deposit has only been discovered in the Simao Basin,
and the Lower Cretaceous Mengyejing (MYJ) Formation (Fm.) is the productive layer of potash
deposit. In this study, we investigated the clay conglomerates which are distributed in upper and
lower members of the potash-bearing salt rock layer. We analyzed the relative contents of major
elements (Al2O3, Fe2OT

3 , MgO, CaO, Na2O, K2O) and trace elements (B, Ba, Co, Cr, Cu, Ga, Mn, Ni,
Rb, Sr, V, Zn, Zr) in the samples. The results show that MgO and CaO in the major elements are rich
relative to Post Archean Australian Shale (PAAS), whose average enrichment factor values of the
MgO (EFMgO) is 2.61 and CaO (EFCaO) is 4.57, and the others major elements are relatively minor;
trace elements (B, Ga, Mn, Zr) are rich relative to PAAS, and the others trace elements are minor
relative to PAAS. The study of paleogeographic conditions using various parameters shows that the
paleoclimate is generally dry and hot during the period of clay conglomerate deposition, but it was
warm and humid in certain periods; the main sedimentary environment is weak oxidation condition
with strong oxidation conditions in individual periods; the average value of paleosalinity is ~21‰,
and the highest is no more than ~92‰. The significance of the paleogeographic characteristics of
MYJ Fm. to potash mineralization are as follows: (1) they indicates that the clay conglomerates of
MYJ Fm. are not clastic sediments in brine formed by seawater, because the paleosalinity of clay
conglomerates deposition period is obviously lower than that of seawater; (2) MYJ potassic salt ore is
not formed by evaporation and concentration of seawater in clay conglomerates in the sedimentary
basin, because there is no carbonate rock and sulfate rock of corresponding scale after the deposition
of clay conglomerates in the basin; (3) clay conglomerates of MYJ Fm. were deposited in continental
shallow water basin; (4) the matter source of potash minerals is deep marine strata; (5) in the MYJ Fm.
sedimentation period, deep source salt moved to the surface under the background of extensional
structure, and the subsequent sedimentary clastic rock formed a protective layer of potash-bearing
rock, thus completing the “deep source and shallow mineralization” metallogenic process.

Keywords: evaporites; Simao Basin; Mengyejing Formation; Cretaceous; paleogeography; potash

1. Introduction

There are a lot of evaporites in the Tethys domain. Potash deposits have been discov-
ered in the Maha Sarakham Fm. in the Khorat Basin and the Mengyejing (MYJ) Formation
(Fm.) in the Simao Basin, all in the east of Tethys. The surrounding rocks of the potash
deposits in the Simao Basin are clay conglomerates, and the corresponding scale of carbon-
ate and sulfate deposits are lacking. According to the difference in mineral composition,
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clay conglomerates can be further divided into silty clay conglomerates, lime clay conglom-
erates, gypsum clay conglomerates, and salt-soluble clay conglomerates. Previous studies
on clay conglomerates have mainly focused on provenance and paleoclimate during depo-
sition [1–3]. However, there are few reports on paleosalinity and redox conditions in the
sedimentary environment, and there is still space for further discussion on paleoclimate.
In this paper, emission spectra, X-ray fluorescence spectra, and plasma mass spectra in
addition to chemical analysis and other data for this research were collected and used
to thoroughly analyze the geochemical characteristics of main elements, trace elements,
and clay minerals of the MYJ Fm. in MZK-3 and discuss paleogeographic characteristics
such as paleoclimate, redox conditions, and paleosalinity of the clay conglomerates’ sed-
imentary period. It is hoped that it can provide useful reference for understanding the
genesis of potash deposits.

2. Geological Setting

The Simao block is located in the north of Indo-China block, bounded by the Jinshajiang-
Ailaoshan suture to the east and the Jinghong suture zone to the west [4–6] (Figure 1).
Paleomagnetic data show that Simao block was located in the southern hemisphere before
the Carboniferous period and gradually migrated to the present position in the northern
hemisphere with the evolution of Tethys [7,8].

Figure 1. Tectonic location of the study area.
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Since the Cenozoic Era, due to the collision between India plate and Eurasia plate,
strike-slip and thrust-nappe structures occurred in Simao block and Indo-China block
together [9]. They also rotated clockwise relative to the modern magnetic field, and the
strike rotated clockwise from nearly EW to NNW [8,10].

Simao Basin is the main geological unit in Simao block. The East and West boundaries of
Simao Basin are Jinshajiang-Ailaoshan fault zone and Lancangjiang fault zone, respectively.
The main direction of strata and faults are NW-SE [11–13]. Influenced by the closure
of Paleo-Tethys, Simao Basin belongs to retro-arc foreland basin in Triassic [14]; due to
collision between Indian plate and Eurasian plate, it belongs to strike-slip and pull-apart
basin in Cenozoic [12,13]; Jurassic-Cretaceous belongs to active continental margin rift
basin [12,15], and the dynamic mechanism is the strike-slip and pull-apart caused by land
and land collision after the closure of the Paleo-Tethys.

The sedimentary basement of Simao Basin is Precambrian–Lower Paleozoic green-
schist facies metamorphic complex [16], and the sedimentary caprock are mainly Mesozoic
strike-slip and thrust-nappe structures Cenozoic [14,17]. Among them, the Triassic lacks the
Lower Triassic, and the Middle-Upper Triassic mainly develops marine clastic rocks and
carbonate rocks [11,17], the Lower Jurassic mainly develops tidal flat and lagoon facies fine-
grained clastic rocks [11,18], and the Middle Jurassic is characterized by transgressive [13].
The main lithology of the Upper Jurassic is continental red fine clastic rock [11]. The Creta-
ceous is a set of typical fluvial lacustrine sandstone, shale, and conglomerates [12,17].

MYJ Fm. is developed in the uppermost member of Cretaceous. According to the anal-
ysis of sporopollen, the age of MYJ Fm. is Aptian–Albian [19], and the SHRIMP U-Pb ages
of the upper interlayer tuff are between 100 and 110 Ma [20]. According to the International
Chronostratigraphic Chart of 2020 [21] and the deposition rate of the stratigraphy [20],
the ages of MYJ Fm. are in the upper members of Cretaceous, and the sedimentary age is
likely to be Aptian–Cenomanian. The clastic rocks of MYJ Fm. were formed in the lake,
delta, and alluvial plain environments [11,13]. The textural and composition maturity of
clastic rocks are lower, and the bedding is not developed, which reflects the characteristics
of high fluid density and viscosity in the sedimentary environment [11].

The studied area is located in the southeast of Simao Basin, near the border of
China, Laos, and Vietnam (Figure 2). It is the only pre-Quaternary solid potash de-
posit in China. The outcrop strata in the mining area from old to new were Cretaceous,
Neogenes and Quaternary. The Cretaceous outcropping strata include Jingxing Fm.,
Nanxin Fm., Houtousi Fm., and MYJ Fm. (Figure 3). The distribution direction of the
strata and main faults is consistent with the tectonic setting of Simao Basin, which is all
NW-SE direction.
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Figure 2. Geographical location, stratum, and fault distribution characteristics of the Simao Basin.



Minerals 2021, 11, 338 5 of 19

Figure 3. Geologic map of the Mengyejing (MYJ) potash deposit (after [22]).

3. Samples and Analytical Methods
3.1. Samples

Samples are collected from the MZK-3 well (GPS: 22◦40′12.00′′ N, 101◦37′23.80′′ E;
Figure 3), located in the west of the known potash ore body. MYJ Fm. is developed in the
depth of 101.9 to 306.7 m. The main lithology can be divided into three parts: red-brown
clay conglomerates (101.9 to 178.1 m); potash-bearing salt rock (178.1 to 249.3 m); and red-
brown clay conglomerates (249.3 to 306.7 m) (Figure 4). The main research objects of this
paper are the clay conglomerates that are distributed in the upper and lower member of
the salt rock (Figure 4).

The gravels of clay conglomerates in the upper member of the salt and the lower mem-
ber of the salt are poorly sorted, subangular, and subrounded, and the main components
are calcareous, argillaceous, and silty. The overall characteristics of petrography show
that there is less water supply to the sedimentary environment and evaporation is greater.
The genetic type of clay conglomerates may be clastic in the basin. In addition, there are
thin layers of grayish-green siltstone and red-brown calcareous argillaceous siltstone be-
tween the lower member of salt clay conglomerates, which reflects the sedimentology
characteristics of large changes in water supply. Mudstone substrate generally contains
a lot of calcareous matter, mainly in the form of fissure or pore filling and well-rounded
medium coarse sand grade calcareous clastic particles, and a small amount of fine silty cal-
careous clastic particles exist in the mudstone matrix (Figure 5). This phenomenon may be
caused by the co-deposition of primary carbonate rock with clastic particles after physical
weathering and crushing, and the intrusion of carbonate rich hydrothermal solution into
the cracks and pores of the clay conglomerates after diagenesis.
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Figure 4. Lithological column of the MZK-3 well, sampling locations, lithology description, and weathering parameters
(1:1000).

Figure 5. Shapes of carbonate rocks in mudstone substrate: (a) (MZK-3-8, 267.4 m), photomicrograph (crossed polar-
ized light), carbonate rock exists in the fracture; (b) (MZK-3-15, 299.1 m), photomicrograph (crossed polarized light),
and carbonate rock is broken with the shapes of crumb particles present in the intermediate.

3.2. Methods
3.2.1. Boron

We used a planar grating spectrograph (model: WP-1, Beifen-Ruili Company, China)
to determine the content of boron. A mixture of sodium fluoride, potassium pyrophosphate,
aluminum oxide, carbon powder, and germanium dioxide was selected as buffer, Ge as
the internal standard element, and alternating current arc (AC-ARC) as the excitation
light source. Two parallel measurements were made by perpendicular electrode emission
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spectrometry. The average value of the to parallel analysis results was used as the content
of B in the samples.

3.2.2. X-ray Fluorescent Spectrometry

The relative contents of Ba, Cr, Mn, Rb, Sr, V, Zr, Al2O3, Fe2OT
3 , MgO, CaO, Na2O,

and K2O in the samples were measured by powder tableting-X-ray fluorescence spec-
troscopy. The X-ray fluorescence spectrometer model was PW2440 (Philips Company,
Netherlands) and empirical coefficients and the internal standard method was used for the
correction of matrix effects.

3.2.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Co, Cu, Ga, Ni, and Zn in the sample was analyzed by using inductively coupled
plasma-mass spectrometry (ICP-MS, ThermoFisher Company, Germany) at the Institute of
Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences.

Firstly, special care was taken to avoid sampling bias, several samples of 0.2500 g (ac-
curate to 0.1 mg) of each powder (<74 µm) were taken in a Teflon vessel. Then, mixed acid
of HF (~10 mL) at a concentration of 22.5 mol/L, HNO3 (~5 mL) at a concentration of
12 mol/L, and HClO4 (~2 mL) at a concentration of 16.1 mol/L were added and put on
the 200 ◦C electric heating plate for decomposition and steam drying (if the sample is not
completely decomposed, acid of HF and HNO3 can be added before drying). Waited for
the samples to cooler slightly and then add aqua regia of 8 mL (mixed acid of 250 mL
HNO3 and 750 mL HCl, shake well) and then heated it on the electric heating plate until
3 mL to 5 mL of the solution remains. Rinsed the cup with deionized water (~10 mL),
and heated for 5 to 10 min until the solution was clear and bright. After cooling, transfered
the solution to a polyethylene tube and dilute the solution with water until 25 mL. In the
end, Used a pipettor to take 0.5 mL of solution, Rh was added as an internal standard and
diluted with acid of HNO3 (3 + 97) to 5 mL, shaken well, and prepared for determination
by ICP-MS.

We used model is I-cap-Qc (ThermoFisher Company, Germany). The linearity of trace
elements measured in standard samples (GSR-1, GSS-22, GSS-25, GSS-26) and repeated
experiments was good, the analysis error was basically less than 5% and rarely more than
10%. The test results of the same samples were consistent, and the test results were accurate
and reliable. The final results of each test sample were averaged three times.

3.2.4. Clay Mineral Analysis

Clay minerals were analyzed using oriented sample of clay size fraction <2 µm,
which were separated by sedimentation following Stokes’ law. Sample were studied using
Panalytical X’Pert PRO X-ray diffractometer (Panalytical Company, The Netherlands).
Cu was used as the target material with tube voltage/current at 40 kV and 40 mA. X-ray
diffraction traces of oriented sample preparations were scanned between 3◦ and 30◦2θ at
a step size of 0.02◦2θ. Samples were saturated by ethylene glycol, and heated at 450 ◦C
for 2.5 h.

4. Results

The relative contents of major elements (Al2O3, Fe2OT
3 , MgO, CaO, Na2O, K2O) and

trace elements (B, Ba, Co, Cr, Cu, GA, Mn, Ni, Rb, Sr, V, Zn, Zr) in 16 samples were tested,
with the results listed in Tables 1 and 2, respectively. The relative content of clay minerals
in 14 samples were tested, and the results are listed in Table 3.

Taking the content of corresponding elements in PAAS as a reference, if the content of
a certain element in the samples is obviously higher than that of PAAS, it indicates that
the element is relatively enriched; otherwise, it is relatively deficient. Opal or biogenic
carbonate rocks can dilute the enrichment of trace elements. In order to eliminate this
effect, enrichment factors (EF) can be used to express the enrichment degree of an element
in the sample [23–26]. In this study, Al was used to standardize other 12 trace elements and
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6 major elements except B element. The enrichment factors (EFX) of an element (X) can be
expressed as: EFX = (X/Al)sample/(X/Al)PAAS If the enrichment factors EFX of an element
X is greater than 1, it indicates that the element is enriched; otherwise, it is deficient.

4.1. Major Elements

The average contents of MgO (5.7 wt%, standard deviation = 3.6 wt%) and CaO
(5.9 wt%, standard deviation = 2.5 wt%) in the major elements were higher than PAAS.
The enrichment factor of MgO (EFMgO) ranged from 0.90 to 5.95 (average = 2.61, standard de-
viation = 1.62); EFCaO range from 0.49 to 7.90 (average = 4.57, standard deviation = 1.95).

The average contents of Al2O3 (13.8 wt%, standard deviation = 2.1 wt%), Fe2OT
3 (5.2 wt%,

standard deviation = 1.1 wt%), Na2O (0.4 wt%, standard deviation = 0.3 wt%), and K2O
(3.1 wt%, standard deviation = 1.1 wt%) in the main elements are lower than PAAS.
The values of EFAl range from 0.48 to 0.90 (average = 0.73, standard deviation = 0.11),
EFFe range from 0.48 to 1.02 (average = 0.72, standard deviation = 0.15), EFNa range from
0.09 to 0.90 (average = 0.84, standard deviation = 0.30).

It is worth noting that the relative PAAS enrichment of K2O in the upper member of
salt rock layer between 0.98 to 1.27 (average = 1.12, standard deviation = 0.09); the relative
PAAS minor in the lower member of salt rock layer between 0.45 to 0.95 (average = 0.62,
standard deviation = 0.20).

4.2. Trace Elements

The boron (B) content in the samples range from 43.2 to 253.3 µg/g (average = 115.5 µg/g,
standard deviation = 62.4). The average B content in the crust is 35 µg/g for sandstone
and the average B content in the crust is 100 µg/g for shale [27]. Compared with this value,
the average B content of the sample is relatively higher.

The enrichment factors of the remaining 12 trace elements are shown in Table 4. It can
be seen from Table 4 that the average enrichment factors of Ga, Mn, and Zr are higher
than 1 and relatively enriched, except for some abnormal high values; the enrichment
factors of other elements are less than 1 and are relatively minor. The reason for this
phenomenon may be that the amount of quartz and calcite in the sample is higher than
PAAS. In addition, except for Rb and Zn, the enrichment factors of the other 10 trace
elements in the upper member of the salt rock member are lower than those of the samples
under the salt rock member.

Table 1. The major element concentrations of the MYJ Formation (Fm.).

Samples Depth [m] Lithology
Major Element Concentrations (wt%)

CIA PIA CIW
Al2O3 Fe2OT

3 MgO CaO Na2O K2O

MZK-3-1 109.2 C. C. 13.7 4.9 3.8 7.9 0.1 4.1 74 97 98

MZK-3-2 118.3 C. C. 13.7 4.6 4.3 5.1 0.1 4.3 73 97 98

MZK-3-3 146.9 C. C. 14.6 6.2 6.4 7.6 0.3 4.0 73 91 94

MZK-3-4 156.1 C. C. 14.0 5.9 7.8 8.3 0.4 3.9 72 88 91

MZK-3-5 164.9 C. C. 14.1 5.0 6.2 6.2 0.2 4.4 72 93 96

MZK-3-6 169.0 C. C. 14.5 5.3 6.6 4.3 0.7 3.6 70 82 86

MZK-3-7 173.1 C. C. 12.9 4.7 3.7 8.4 1.1 4.7 60 68 78

Salt / / / / / / / / / /

MZK-3-8 267.4 C. C. 12.6 4.8 13.1 0.6 0.9 3.5 66 77 83

MZK-3-9 270.5 C. C. 14.4 4.3 11.7 4.0 0.6 1.9 78 86 88
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Table 1. Cont.

Samples Depth [m] Lithology
Major Element Concentrations (wt%)

CIA PIA CIW
Al2O3 Fe2OT

3 MgO CaO Na2O K2O

MZK-3-10 277.3 C. C. 13.8 3.5 11.2 7.3 0.4 1.8 81 90 91

MZK-3-11 281.4 C. C. 9.0 3.8 2.7 7.3 0.3 1.9 75 88 90

MZK-3-12 293.1 C. C. 13.5 7.4 3.6 7.2 0.3 3.4 74 91 93

MZK-3-13 295.6 C. C. 16.3 5.9 2.0 2.8 0.2 1.7 87 96 96

MZK-3-14 298.1 C. C. 10.2 4.0 3.7 10.3 0.2 2.0 78 92 94

MZK-3-15 299.1 C. C. 17.0 6.5 2.4 3.0 0.3 2.0 84 94 95

MZK-3-16 305.2 C. C. 16.5 6.1 2.5 4.7 0.3 2.3 83 93 94

Notes: C.C., clay conglomerates; Fe2OT
3 , Total iron content; CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100 [28]; PIA = [(Al2O3 − K2O)/

(Al2O3 + CaO* + Na2O − K2O)] × 100 [29]; CIW = [Al2O3/(Al2O3 + CaO* + Na2O)] × 100 [30] where CaO* is the amount of CaO
incorporated in the silicate fraction of the rock. CaO* can be calculated according to the molar ratio of CaO/Na2O in the sediment sample.
If the ratio is >1, the molar content of Na2O is used to replace the CaO* content. If the ratio is <1, CaO* is calculated directly by the molar
content of CaO [31]. All these indices are molecular proportions.

Table 2. The trace element concentrations of the MYJ Fm.

Numbers Depth [m] Lithology
Trace Element Concentrations [µg/g]

B Ba Co Cr Cu Ga Mn Ni Rb Sr V Zn Zr

MZK-3-1 109.2 C. C. 86.7 371.1 12.8 74.0 13.0 15.0 765.5 29.3 113.0 73.1 92.4 41.5 189.1

MZK-3-2 118.3 C. C. 140.8 357.5 13.6 70.1 63.6 15.4 680.0 28.0 114.9 82.3 84.9 44.6 189.2

MZK-3-3 146.9 C. C. 69.0 278.1 16.8 73.3 14.1 14.3 609.7 34.6 122.4 92.5 94.7 102.3 135.1

MZK-3-4 156.1 C. C. 67.3 239.1 19.1 67.0 20.9 16.5 703.2 35.4 121.6 99.8 93.3 78.1 117.9

MZK-3-5 164.9 C. C. 72.6 248.5 9.5 65.3 7.5 16.8 643.7 30.4 117.4 45.4 90.9 57.7 177.2

MZK-3-6 169.0 C. C. 195.9 224.9 11.2 69.4 4.7 16.2 284.1 35.5 106.9 144.8 95.7 70.6 193.5

MZK-3-7 173.1 C. C. 72.9 271.5 12.2 64.0 14.2 15.8 513.4 30.8 104.0 63.4 78.2 57.2 158.2

Salt / / / / / / / / / / / / / / /

MZK-3-8 267.4 C. C. 105.3 196.0 12.2 73.0 5.6 14.9 410.7 33.3 92.7 30.9 85.9 41.2 149.9

MZK-3-9 270.5 C. C. 235.6 200.4 9.1 71.2 13.2 16.4 243.4 46.2 61.7 91.4 89.3 43.8 184.0

MZK-3-10 277.3 C. C. 253.3 205.1 15.2 73.6 22.6 16.2 378.0 36.5 60.0 1102.9 105.2 45.9 166.6

MZK-3-11 281.4 C. C. 81.6 5216.6 8.2 68.6 12.3 10.6 752.0 20.3 71.4 131.2 91.5 36.4 262.6

MZK-3-12 293.1 C. C. 144.6 256.2 28.8 73.6 7.4 14.3 515.2 63.6 101.1 76.9 97.5 86.1 174.6

MZK-3-13 295.6 C. C. 88.0 340.1 15.3 95.8 38.6 18.4 701.3 38.3 85.1 284.0 117.8 38.9 229.1

MZK-3-14 298.1 C. C. 43.2 489.9 13.9 64.3 17.1 11.6 858.6 22.7 71.8 61.7 78.7 46.2 224.0

MZK-3-15 299.1 C. C. 100.4 334.4 17.4 99.8 51.9 19.6 924.0 45.2 96.1 254.8 128.2 46.9 172.9

MZK-3-16 305.2 C. C. 90.3 871.9 16.0 95.5 24.6 18.4 933.9 39.4 105.8 240.3 124.4 46.1 189.3

Post Archean Australian Shale (PAAS) / 650 23 110 50 20 850 55 160 200 150 85 210

Chondrite 6.2 5 1300 6600 250 12 7400 40,000 5 20 200 1300 37

Chondrite data according to Brownlow [32].

4.3. Clay Mineral

Clay mineral analysis results show that 14 samples contain illite, most of them contain
kaolinite and some contain a small amount of chlorite (Table 3). Among them, illite and
chlorite are the main clay mineral assemblages in the upper member of the salt rock,
while illite and kaolinite are the main clay mineral assemblages in the lower member of the
salt rock. This combination of clay minerals is also reflected in the relative content of K2O
(The enrichment coefficient of the samples in the upper member of the salt layer is greater
than 1, and that of the sample in the lower member the salt rock layer is less than 1).
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Table 3. The clay minerals content of the MYJ Fm.

Samples Depth [m]
Results/wt% RML/S%

Illite Kaolinite Chlorite I/S C/S

MZK-3-2 118.31 73 3 8 16 /

MZK-3-3 146.88 84 3 5 8 /

MZK-3-4 156.08 80 1 6 13 /

MZK-3-6 168.95 76 6 12 6 /

MZK-3-7 173.05 74 5 9 12 /

Salt / / / / / /

MZK-3-8 267.35 64 0 6 27 3

MZK-3-9 270.5 32 15 26 11 16

MZK-3-10 277.3 56 0 44 0 /

MZK-3-11 281.43 78 12 6 4 /

MZK-3-12 293.05 76 12 / 12 /

MZK-3-13 298.05 59 32 / 9 /

MZK-3-14 295.6 53 41 / 6 /

MZK-3-15 299.05 43 52 / 5 /

MZK-3-16 305.15 44 40 / 16 /
Note: I/S, illite and montmorillonite mixed-layer; C/S, chlorite and montmorillonite mixed-layer; RML, ratio of
mixed-layer.

Table 4. The enrichment factors of trace element of the MYJ Fm.

Samples Depth [m]
EF (Enrichment Factors)

Ba Co Cr Cu Ga Mn Ni Rb Sr V Zn Zr

MZK-3-1 109.2 0.8 0.8 0.9 0.4 1.0 1.2 0.7 1.0 0.5 0.9 0.7 1.2
MZK-3-2 118.3 0.8 0.8 0.9 1.8 1.1 1.1 0.7 1.0 0.6 0.8 0.7 1.2
MZK-3-3 146.9 0.6 0.9 0.9 0.4 0.9 0.9 0.8 1.0 0.6 0.8 1.6 0.8
MZK-3-4 156.1 0.5 1.1 0.8 0.6 1.1 1.1 0.9 1.0 0.7 0.8 1.2 0.8
MZK-3-5 164.9 0.5 0.5 0.8 0.2 1.1 1.0 0.7 1.0 0.3 0.8 0.9 1.1
MZK-3-6 169.0 0.4 0.6 0.8 0.1 1.1 0.4 0.8 0.9 0.9 0.8 1.1 1.2
MZK-3-7 173.1 0.6 0.8 0.9 0.4 1.2 0.9 0.8 1.0 0.5 0.8 1.0 1.1

Salt / / / / / / / / / / / / /
MZK-3-8 267.4 0.5 0.8 1.0 0.2 1.1 0.7 0.9 0.9 0.2 0.9 0.7 1.1
MZK-3-9 270.5 0.4 0.5 0.9 0.3 1.1 0.4 1.1 0.5 0.6 0.8 0.7 1.2

MZK-3-10 277.3 0.4 0.9 0.9 0.6 1.1 0.6 0.9 0.5 7.6 1.0 0.7 1.1
MZK-3-11 281.4 16.8 0.7 1.3 0.5 1.1 1.9 0.8 0.9 1.4 1.3 0.9 2.6
MZK-3-12 293.1 0.6 1.8 0.9 0.2 1.0 0.8 1.6 0.9 0.5 0.9 1.4 1.2
MZK-3-13 295.6 0.6 0.8 1.0 0.9 1.1 1.0 0.8 0.6 1.6 0.9 0.5 1.3
MZK-3-14 298.1 1.4 1.1 1.1 0.6 1.1 1.9 0.8 0.8 0.6 1.0 1.0 2.0
MZK-3-15 299.1 0.6 0.8 1.0 1.2 1.1 1.2 0.9 0.7 1.4 0.9 0.6 0.9
MZK-3-16 305.2 1.5 0.8 1.0 0.6 1.1 1.3 0.8 0.8 1.4 0.9 0.6 1.0
Average / 1.7 0.9 0.9 0.6 1.1 1.03 0.9 0.8 1.2 0.9 0.9 1.2

5. Discussion
5.1. Paleoclimate of MYJ Fm. in Sedimentary Period

In the late Cretaceous, the Simao Basin was located between 21.2 and 28.8◦ [7]. The pa-
leoclimate in this latitudinal zone was dominated by hot and dry [33], with development
of evaporites and calcareous breccia (Figure 6). Under such climate, the weathering degree
of parent rock is relatively moderate, and calcium oxide and sodium oxide are leached
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to a certain extent, which will lead to higher values of chemical index of alteration (CIA),
plagioclase index of alteration (PIA), and chemical index of weathering (CIW) [28,30,34].

Figure 6. Late Cretaceous paleogeographic location and paleoclimatic types of Simao Basin.

Generally, the CIA values for basaltic parent rock not affected by weathering range
from 30 to 45, those of granitic parent rock range from 45 to 55, and those of strongly
weathered samples are close to 100 [28]; the PIA value of parent rock not affected by
weathering is generally 50, and that of strongly weathered sample is close to 100 [29];
the CIW values of parent rocks not affected by weathering are usually range from 32 to 76,
and those of strongly weathered samples are close to 100 [30].

The CIA index of clay conglomerates in MYJ Fm. of MZK-3 well ranges from 60 to
87 (average = 75, standard deviation = 7); the PIA index ranges from 68 to 97 (average
= 89, standard deviation = 8); and the CIW index ranges from 78 to 98 (average = 92,
standard deviation = 5) (Table 1). The calculated results are in accordance with the weath-
ering strength of MYJ Fm. sandstone obtained by Wang [35] and have reliable reference
value. These parameters reflect that Na, K, and Ca in silicate minerals leach more from
the parent rock, indicating slight to moderate chemical weathering at the source area and,
consequently, may reflect the hot and dry paleoclimatic conditions.

The three indexes of upper member of salt and lower member of salt clay conglomer-
ates are different. Among them, the average values of CIA, PIA, and CIW of upper member
of salt clay conglomerates are 71 (standard deviation = 5), 88 (standard deviation = 10),
and 92 (standard deviation = 7), respectively, while those of lower member of salt clay
conglomerates are 79 (standard deviation = 6), 90 (standard deviation = 6), and 92 (stan-
dard deviation = 4), respectively, reflecting the feature that the weathering degree of upper
member is weaker than that of lower member. It indirectly reflects that the drought degree
of the upper paleoclimate is stronger than that of the lower member, and the leaching of
Ca and Na is relatively weak.

Illite and illite/montmorillonite in clay minerals represent arid and semi-arid climatic
conditions, while kaolinite represents humid climate with higher weathering degree [36,37].

The content of illite in MYJ Fm. ranges from 32.0% to 84.0% (average = 63.7%,
standard deviation = 16.2), while the content of illite/montmorillonite mixed-layer ranges
from 0.0% to 27.0% (average = 10.4%, standard deviation = 6.7) (Table 3). The content
of illite and illite/montmorillonite is dominant, which reflects a kind of arid paleocli-
matic condition. Among them, the content of illite and illite/montmorillonite in upper
salt clay conglomerates is relatively high, ranging from 82.0% to 93.0% (average = 88.4%,
standard deviation = 4.5); the content of illite and illite/montmorillonite in lower salt clay
conglomerates vary greatly, but the content increases from deep to shallow, reflecting the
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gradual increase of drought degree of paleoclimatic conditions (Figure 7). The content of
kaolinite in the samples decreased gradually with the increase in drought degree (Figure 7).

Figure 7. Clay mineral relative content of the MYJ Fm. in the lower member of rock salt layer.

The relative contents of some trace elements can also be used to analyze paleocli-
mate. Generally, Ga/Rb ratio values are relatively lower in arid climate conditions [38,39];
Sr/Cu > 5.0 in dry and hot climate, and 1.3 to 5.0 in warm and humid climate [40–42].

The ratio values of Ga/Rb range from 0.12 to 0.27 (average = 0.17, standard deviation
= 0.05), and ratio values of Sr/Cu range from 1.29 to 48.89 (average = 10.46, standard de-
viation = 12.15) (Table 5), reflecting a dry and hot paleoclimatic condition. Among them,
the average ratio value of Ga/Rb of upper salt clay conglomerates is 0.14 (standard devia-
tion = 0.01), lower than that of lower salt clay conglomerates (average = 0.19, standard de-
viation = 0.05); the Sr/Cu ratio value of upper part of salt clay conglomerates is relatively
stable; and the Sr/Cu ratio value of lower member of salt clay conglomerates changes
greatly, reflecting the fluctuation of paleoclimate, which is consistent with the change of
lithology (the occurrence of a small value is related to the increase in sandy or silty content).

Table 5. Paleoclimatic parameters of trace elements in mudstone of the MYJ Fm. from MZK-3 well.

Samples Depth [m] Ga/Rb Sr/Cu Numbers Depth [m] Ga/Rb Sr/Cu

MZK-3-1 109.2 0.13 5.63 MZK-3-9 270.5 0.27 6.94

MZK-3-3 118.3 0.13 1.29 MZK-3-10 277.3 0.27 48.89

MZK-3-3 146.9 0.12 6.58 MZK-3-11 281.4 0.15 10.68

MZK-3-4 156.1 0.14 4.77 MZK-3-12 293.1 0.14 10.40

MZK-3-5 164.9 0.14 6.05 MZK-3-13 295.6 0.22 7.35

MZK-3-6 169.0 0.15 30.51 MZK-3-14 298.1 0.16 3.60

MZK-3-7 173.1 0.15 4.47 MZK-3-15 299.1 0.20 4.91

MZK-3-8 267.4 0.16 5.51 MZK-3-16 305.2 0.17 9.76
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Through the study of weathering degree of samples, we can indirectly understand
the paleoclimatic conditions of MYJ Fm. during the sedimentary period. The weathering
degree of clay conglomerates in MYJ Fm. of MZK-3 well is weak, which reflects the arid
paleoclimate conditions. The paleolatitude of the study area has a hot paleoclimate back-
ground. Therefore, the paleoclimatic conditions of MYJ Fm. in the deposition period are
hot and dry. This understanding has been confirmed by other studies such as sporopollen
assemblage [19], paleogeography [43], fluid inclusion thermometry [44].

The weathering degree of the lower part of salt clay conglomerates is stronger than
that of the upper part of salt clay conglomerates, which may be caused by the warm
and humid climatic conditions in individual periods. Those paleoclimatic conditions not
only increased the content of detritus, but also increased the differentiation of major and
trace elements.

5.2. Redox Conditions

It has been found by scholars that black shales cannot all be assigned to anoxic environ-
ments and red-brown shales cannot all be assigned to oxidation environment [45], which in-
dicates that the oxidation–reduction conditions of sedimentary environment cannot be
accurately identified only based on the color of sedimentary rocks. Therefore, the redox
conditions of the red-brown clay conglomerates of MYJ Fm. were studied in this paper.
V, Ni, Mo, Cu, Cr, and Mn can be used as sensitive elements for redox conditions to indicate
a paleomarine environment [46–49]. In an oxidation environment, V, Ni, Cr appear in the
form of soluble ions; in the reduction environment, V and Cr appear in the form of insoluble
oxides or hydroxides [46,49]. Ni is still soluble under moderate reduction conditions, but at
the sulfate reduction stage, it will appear in pyrite in the form of NiS, and the reduction
sensitivity of Ni is weaker than that of V and Cr [49].

Based on the above geochemical properties of V, Ni, and Cr, V/(V + Ni) and V/Cr can
be used to indicate the redox properties of sedimentary water bodies. Higher values indi-
cate stronger reduction conditions [50–52]. Among them, a V/(V + Ni) value greater than
0.84 indicates a reduction environment, less than 0.60 indicates an oxidation environment,
and between 0.60 to 0.84 indicates a weak oxidation and weak reduction environment;
a value for V/Cr ratio greater than 4.25 indicates a reduction environment, less than 2.0
indicates an oxidation environment, and between 2.0 to 4.25 indicates a weak oxidation
and weak reduction environment [50,53,54].

The values of the V/(V + Ni) ratio of clay conglomerates in the MYJ Fm. of the MZK-3
well range from 0.61 to 0.82 (average = 0.73, standard deviation = 0.05), which reflects that
the sedimentary environment is in the condition of weak oxidation and weak reduction;
the value of V/Cr range from 1.18 to 1.43 (average = 1.29, standard deviation = 0.08),
which reflects the partial oxidation of sedimentary environment. Based on the V/(V + Ni)
ratio value and V/Cr ratio value, it is considered that the clay conglomerates of MYJ Fm.
were deposited in and oxidation environment but which had not reached the degree of
strong oxidation. Among them, the V/(V + Ni) ratio values of upper salt clay conglomerates
range from 0.72 to 0.76 (average = 0.74, standard deviation = 0.02); the V/Cr ratio values
range from 1.21 to 1.39 (average = 1.31, standard deviation = 0.08); the V/(V + Ni) ratio
values of lower salt clay conglomerates range from 0.61 to 0.82 (average = 0.73, standard
deviation = 0.06); and the V/Cr ratio values range from 1.18 to 1.43 (average = 1.28,
standard deviation = 0.07). The average ratio values of V/(V + Ni) and V/Cr of the lower
clay conglomerates are slightly lower than those of the upper samples, indicating that the
redox potential of the sedimentary environment may be relatively high.

Manganese (Mn) in sedimentary water is not easily adsorbed by organic matter or
combined with other minerals, and its content increases with the increase in environmental
oxidation [55]. Under oxidation conditions, Mn forms insoluble Mn3+ or Mn4+ hydroxides
or oxides, which are co-deposited with detrital particles in the environment; under reduc-
tion conditions, Mn is reduced to soluble Mn2+, and Mn content in sediments is relatively
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lower [46,48,49]. In the samples, the average enrichment factor of Mn is slightly higher
than 1.0 (Table 4), which is also a reflection of weak oxidation environment.

In combination with the relative contents of Fe and V in sediments, some scholars
have proposed that [45] (1) under strong oxidation conditions, Mn and Fe appear in
the form of oxides, and the relative contents are relatively high (Mnaverage = 1300 ppm,
Feaverage = 56,000 ppm); (2) under the condition of neutral pH nitrate sulfate reduction,
the content of Mn in sediments is lower (average = 310 ppm), and Fe is still in the form of
oxides; and (3) under the conditions of strong reduction, the V content in the sediment is
particularly high, while the content of Mn and Fe is relatively lower.

The content of Mn varies from 243.4 to 933.9 ppm (average = 619.8 ppm, standard devia-
tion = 213.5 ppm); the content of Fe varies from 35,000 to 74,000 ppm (average = 52,000 ppm,
standard deviation = 11,000 ppm). The content of V varies from 78.2 to 128.2 ppm (aver-
age = 96.8 ppm, standard deviation = 14.9 ppm). This reflects the overall partial oxidation
of the sedimentary environment, but has not reached the degree of strong oxidation.
This conclusion is consistent with that obtained from the relative contents of V, Ni, and Cr.

In order to identify the redox conditions of sedimentary environment by using the
relative contents of Fe, Mn, and V, we firstly reduced the relative content of Fe by 100 times,
and then constructed the ternary scatter plot (Figure 8). In Figure 8, area 1 represents
strong oxidation environment, area 2 represents weak oxidation environment, and area
3 represents reduction environment. The data points of clay conglomerates in MYJ Fm. of
MZK-3 well fall in areas 1 and 2, indicating that the sedimentary environment is partial
oxidation, and some periods are still in strong oxidation environment. The understanding
that MYJ Fm. is in a strong oxidation environment in some periods is also supported by
the results of high and low frequency susceptibility tests [56].

Figure 8. The relative content of Mn, Fe, and V and the discrimination of deposition environment.
1, strong oxidation zone; 2, weakly oxidized area, where nitrate and sulfate reduction reactions can
occur; 3, reducing area.

5.3. Paleosalinity

B in sediments mainly exists in clay minerals, which may replace Si or Al atoms in the
lattice of clay minerals, and its content is mainly controlled by the B content in sedimentary
water besides the parent B content. The concentration of boron in sediment water is linearly
related to salinity, so it can be used to restore the salinity of sedimentary water.
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The relationship between B content in sediment and salinity of sediment water can be
established as follows (Freundlich isotherm adsorption equation):

logBk = C1logSp + C2 (1)

Bk = B/(4Xi + 2Xm + Xk) (2)

In the equation, Bk is the B content of kaolinite (ppm); B is the measured content (ppm);
Xi, Xm, Xk are the relative contents of illite, montmorillonite, and kaolinite in clay minerals,
respectively; SP is the paleosalinity (‰); and C1 and C2 are constants. According to the
relationship between B content of kaolinite in modern sedimentary water and salinity,
C1 and C2 are 1.28 and 0.11, respectively [57].

According to (1) and (2), the paleosalinity of the clay conglomerate sedimentary water
body in MYJ Fm. of MZK-3 well vary from 10‰ to 92‰ (average = 30‰, standard devia-
tion = 23‰), which is similar to the salinity of modern seawater (Table 6). Among them,
the paleosalinity of upper salt clay conglomerate sedimentary water body ranges from
12‰ to 38‰ (average = 21‰, standard deviation = 12‰); The paleosalinity of lower salt
clay conglomerate sedimentary water body ranges from 10‰ to 92‰ (average = 35‰,
standard deviation = 27‰). The numerical characteristics show that (1) the paleosalinity
of the upper part of the salt is lower than that of the lower part of the salt, which reflects
the gradual desalination process of the water body in the clastic rock sedimentary environ-
ment; (2) in the lower part of salt clay conglomerates deposition period, the paleosalinity
of the water body in the sedimentary environment is relatively high, but it fluctuates
violently, and the lowest values of Sr/Cu appear, which is consistent with the occurrence
of gray-green siltstone intercalation and is obviously affected by the warm and humid
climate in individual periods; and (3) the salinity of sedimentary water does not reach
the stage of salting out in both the upper member of salt and the lower member of salt
clay conglomerates.

Table 6. Boron content and paleosalinity of clay conglomerates in the MYJ Fm. from MZK-3 well.

Samples Depth [m] B [ppm] B Content of Kaolinite [ppm] Paleosalinity (‰)

MZK-3-2 118.3 140.8 47.5 29

MZK-3-3 146.9 69.0 20.3 12

MZK-3-4 156.1 67.3 20.9 13

MZK-3-6 169.0 195.9 63.1 38

MZK-3-7 173.1 72.9 24.1 15

Salt / / / /

MZK-3-8 267.4 105.3 40.5 25

MZK-3-9 270.5 235.6 152.0 92

MZK-3-10 277.3 253.3 113.1 69

MZK-3-11 281.4 81.6 25.2 15

MZK-3-12 293.1 144.6 45.6 28

MZK-3-13 295.6 88.0 32.7 20

MZK-3-14 298.1 43.2 17.0 10

MZK-3-15 299.1 100.4 44.7 27

MZK-3-16 305.2 90.3 41.5 25

The main reason for the difference of salinity between upper member of salt and lower
member of salt clay conglomerates may be paleoclimatic conditions. Under the background
of arid and hot paleoclimate, the salinity of catchment basin mainly comes from recharge
water body, and the salinity depends on the type and quantity of recharge water. If the
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supply of hydrothermal brine and salt spring water is not considered, only atmospheric
precipitation can supply, then the strong rainfall can increase the debris flow into the
basin, the size of debris at the same location, and the total amount of salt dissolved in the
water body. The salinity of this kind of water body is lower in the initial formation period,
but since the large amount of salt dissolved in the water, the salinity of the sedimentary
environment after evaporation and concentration is higher than that in the period of less
precipitation supply. The paleoclimate background of the above salt and lower part of salt
clay conglomerate sedimentary period is exactly like this: in the upper part of the salt clay
conglomerates’ sedimentary period, the paleoclimate was dry and hot, the salt supply in
the catchment basin was relatively less, and the salinity of the sedimentary environment
was relatively low; in the lower part of the salt clay conglomerates’ deposition period,
the paleoclimate was dry and hot as a whole, and only a few periods of atmospheric
precipitation supplied more salt, which led to the increase of salt supply in the catchment
basin, and the water body sank after evaporation and concentration. The salinity of the
sedimentary environment is relatively high.

The characteristics of paleosalinity in the sedimentary period of clay conglomerates
in MYJ Fm. indicate that the contact relationship between the salt rock and the clay
conglomerates is transilient, and the sequence of evaporation between them has not formed.
It can be interpreted as the clay conglomerates not being clastic sediment in the critical brine
(A critical state that before evaporate into halite.) based on the paleosalinity recovery and
mineral combination characteristics, which show that the paleosalinity of the sedimentary
environment of the clay conglomerates does not reach the stage of evaporate into halite.
The critical brine were not concentrated in the original evaporation basin after the clay
conglomerate deposition, because there is no carbonate rock and gypsum on the clay
conglomerate, and they should be the salt that precipitates before the seawater concentrates
to the critical brine.

A reasonable explanation for the genesis of the potash deposits in the clastic rocks of
MYJ Fm. is the metallogenic model of “deep source and shallow mineralization” [18,58].
The core idea of this theory is that the potash deposit in Simao Basin was formed by
the diapir of the Middle-Jurassic Hepingxiang Fm. source salt compressed by tectonic
activity to MYJ Fm. This genetic model can not only reasonably explain the objective
phenomena—such as the source of salt being seawater, the salt-related clastic rocks in
continental environment, the lack of carbonate and sulfate rocks in the corresponding
scale, and the special structural morphology of salt bodies—but also reasonably explain the
abrupt contact between salt rock and clastic rock without the transition of the evaporation
sequence and the salinity difference in the salt-related clastic rock sedimentary system.
Another reasonable explanation is that the concentrated brine which has reached the stage
of precipitating halite evaporates and concentrates in the basin, but the source of this brine
is still difficult to trace.

6. Conclusions

During the clay conglomerate sedimentary period of MYJ Fm., the paleoclimate was
dry and hot with slight to moderate chemical weathering, which led to the higher values of
CIA, PIA, and CIW. Such paleoclimatic conditions make the value of trace elements Ga/Rb
lower and Sr/Cu higher, and the clay conglomerates are mainly composed of illite and
illite–montmorillonite mixed-layer. The geochemical characteristics of trace elements in the
clay conglomerates reflect that the sedimentary environment is in weak oxidation condition
as a whole, and strong oxidation conditions occur only in a few periods. The results of
quantitative restoration of paleosalinity show that the salinity of the sedimentary water
body is similar to that of modern seawater, and can reach ~92 ‰ in some periods. Under the
overall arid and hot paleoclimate background, the salinity of sedimentary water body is
related to the intensity of atmospheric precipitation. The stronger precipitation in a few
periods can bring more salt into the catchment basin. Evaporation and concentration
lead to relatively high salinity in the sedimentary environment, and relatively coarse-
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grained clastic rocks appear in the stratum. However, the paleosalinity of the sedimentary
environment of both the clay conglomerates which are distributed in upper and lower
members of the salt rock did not reach the boundary of salt evolution, which indicates that
the clastic grains of MYJ Fm. and the potash-bearing rock salt are not in the same original
sedimentary system. The “deep source and shallow mineralization” potash metallogenic
model can better explain the MYJ Fm. mechanism of potash deposits.
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