7

"
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Genetic Model of Mud-Clast Conglomerates in Salt Rocks and Their
Significance for Salt Mineralization in Mohei Area, Simao Basin,
China: A Case Study of Well L-2

Pengcheng Lou, Zhongying Miao,* Mianping Zheng, Nina Ma, Qihui Xu, and Xinmin Li

Cite This: ACS Omega 2022, 7, 15547-15560 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: The Simao Basin is one of the most important Mesozoic salt

basins in China, and the salt rocks generally contain mud-clast conglomerates. - ’

The characteristics of mud-clast conglomerates can provide effective AN BRRRENNNY
information indicating the evolution process of the salt deposits. A combined rine thatthestage of

halite precipitation

YN

analysis of trace elements and clay minerals was performed to characterize the
genetic model of mud-clast conglomerates in the salt rocks. The results show
that the sedimentary materials are felsic rocks from the Upper Crust. Ternary
plot diagrams show that the tectonic settings are between the continental
margin and the continental island arc. The clay minerals in the samples mainly
contain illite and illite—smectite mixed layers. A dry and hot climate prevailed
during the deposition of the Mengyejing Formation, and the warm-humid
climate that also occurred is interspersed in some periods. Evaporation makes
the water bodies shallower, and the concentrated brine starts to precipitate salt
under the arid and hot climate conditions. Redox proxies indicate that most of
the samples were deposited in relatively oxic conditions. The Sr/Ba ratios (average of 0.5) and paleosalinity (average of ~35%o)
during the depositional period indicate an increase in terrigenous freshwater input and carry of clasts into the evaporation basin.
Furthermore, the freshwater supply enhances the hydrodynamics; as a result, the detritus that deposited in the early stage is broken
into mud-clast conglomerates and co-deposited with the salt rocks. The results provide a geochemical basis for further study of mud-
clast conglomerates in the Simao Basin and supply recommendations for the origin of salt deposits in similar basins around the
world.

te Saltrock Strike-slip fault Brine

1. INTRODUCTION at a shallower depth; “deep source and shallow mineraliza-
tion”’ —this viewpoint suggested that sources of the deposit are
from a deep marine stratum and the metallogenic epoch of the
deposit is during the clastic depositional stage of the Mengyejing
Formation (MY]J Fm.).

The characteristics of mud-clast conglomerates in the salt can

The Simao Basin is located in the southeast of the Tethys
tectonic domain, which is the important salt and potash salt
basin in southwest China."”” The Mengyejing potash salt deposit
in the Simao Basin at present is the only known pre-Quaternary

solid potash deposit in China. Previous studies have been carried

. . . provide effective information indicating the evolution process of
out on sedimentary stratigraphy, petrography, salt sedimentary . . 1718
. 34 . . Lo Yy brine and reflect environmental changes of the salt deposits.
geochemistry,”” isotopic characteristics, salt structure,

. Z . . . It is of great significance for understanding the genetic
metallogenic era,”*7'' and mineralogical characteristics'**? & § § §

and through relevant research result in understanding of the mechanism of p OtéSh deposits. Previous studies on mud-clast
. N ) conglomerates mainly focused on provenance and paleocli-
genesis of the salt deposits in the basin. However, the mate.”1°=22 However. there are a few studies on the senetic
metallogenic model of the Mengyejing potash deposit has mod.el of mud—clast’ conglomerates, especiall mu%i-clast
been a subject of debate and controversy: there are viewpoints conelomerates in the salt grhe Mohe,i area is lo}éate d in the
such as the “marine incursion continental primary sedimentary & ’
potash deposit””'”"*—this viewpoint suggested that the potash
deposits in the Simao Basin were formed by marine incursion as
sources of potash under the continental environment and
evaporation of salt under the arid and hot climates; “two-story
potash forming model”"'¥'*—this viewpoint suggested that the
genesis of the Mengyejing potash deposit is deep solid salts
diapirs triggered by tectonic activities for forming a potash mine
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Figure 1. (a) Location map of the Simao Basin. (b) Main structural units around Simao Basin. (c) Distribution of the salt-bearing belt of the Simao
Basin. (d) Paleogeographic map of Mengyejing Formation during the depositional period in the Simao Basin. 1, Mojiang Uplift; 2, Yingpanshan Uplift;
3, Jinghong Uplift; 4, Mengyuan Uplift; S, Jiangcheng Depression; 6, Mohei-Mengla Depression; 7, Jinggu Depression; 8, Dadugang Depression.

middle of the Simao Basin, at the north of the Mohei-
Zhengdong salt-bearing belt. It is an important salt resource
production base in the basin. However, there are few reports on
the genesis of salt deposits in this area.

In this paper, the main research object is the core sample of
well L-2 in the Mohei area. This paper focuses on the
geochemical characteristics of trace elements, rare earth
elements (REE), and the content of clay minerals in the mud-
clast conglomerates in the salt rocks. We intend to the analysis of
relevant parameters such as element relative content, identi-
fication diagram, paleoclimate, and paleoenvironment, identify-
ing the provenance, tectonic background of provenance area,
sedimentary conditions, paleoclimate conditions, paleosalinity
of mud-clast conglomerates in salt rocks. Furthermore, we
constructed the genetic model of mud-clast conglomerates
bearing salt rocks, which provides a basis for analyzing the
genesis of mud-clast conglomerates in salt rocks and the genesis
of salt deposits.

2. GEOLOGICAL SETTING

The Simao Basin is located in the southwest of Yunnan Province,
China (Figure la). Its tectonic location is in the northwestern
Indochina Block (Figure 1b), belonging to the east Tethys
tectonic domain. The Simao Basin is a Meso-Cenozoic
intracontinental basin developed after the disappearance of
Lancangjiang and Jinshajiang and is bounded to the east by the
Jinshajiang-Ailaoshan suture zone and to the west by the
Lancangjiang suture zone.”””* Its north is connected with the
Lanping Basin. The southern boundary of the Simao Basin
extends to the boundary with the Vientiane Basin and Korat
Basin and forms a series of evaporite basins.

The properties of the basin are closely related to the tectonic
evolution of the Mesozoic orogenic belt.”® At the Triassic is a
back-arc foreland basin; the Cenozoic is a strike-slip and pull-
apart basin affected by the collision between the Indian Plate and
the Eurasian plate; after the closure of the Paleo-Tethys
continent—continent collision, the Jurassic—Cretaceous period
is a continental marginal rift basin. The results of paleomagnetic
indicate that the Simao Block and Indochina Block have
undergone differential internal rotational deformation since the
Cenozoic,”* *® and the block rotated clockwise from near EW,
forming the present NNW.*’

The Simao Basin can be divided into four uplifts and four
depressions, a total of eight secondary tectonic units. The salt
deposits discovered so far are developed in the Jinggu Sag,
Jiangcheng Sag, and Mohei-Mengla Sag. At present, no salt
deposit has been found in the Dadugang Sag (Figure 1c). The
paleogeographical pattern of the MYJ] Fm. during the
depositional period was the Lanping-Simao inland arid plain
between the Ailao Mountains and the Lancangjiang Mountains,
on which a series of salt lakes developed. The sediments are
brown-red mudstone, siltstone, and mud-clast conglomerate,
generally containing gypsum-salt rock and local potash. The
study area has evolved into the halite lake stage at this period
(Figure 1d).

The sedimentary basement of the Simao Basin is the
Precambrian-Lower Paleozoic greenschist facies metamorphic
complex,”” and the sedimentary cover fill consists of Mesozoic—
Cenozoic strata. Among them, the main lithology of the Triassic
is limestone, sandstone, and mudstone; the Middle Jurassic
sedimentary fill consists of marine biological limestone; the
Upper Jurassic is mainly continental red beds. Due to
transgression and regression, the strata in the basin are generally
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Figure 2. Location of the well L-2, its surrounding geology, and sampling location.
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Figure 3. Mud-clast conglomerate-bearing salt rocks of well L-2. (a) L-2-70-1-R, (b) L-2-79-1-R, (c) L-2-14-1-R, (d) L-2-19-1-R, (e) L-2-19-2-R, (f)

L-2-69-2-R, (g) L-2-68-3-R. (h) Mud-clast conglomerates scheme image.

characterized by marine facies, marine continental transitional
facies, and continental facies combination."”>*" MY]J Fm. is the
main occurrence layer of salt rock in the basin. The analysis of
the sporopollen record shows that the age of MYJ Fm. is
Aptian—Albian and in the uppermost part of the Cretaceous.’”

The salt-bearing strata of the MYJ Fm. are mainly composed
of salt rock deposits (mainly including halite, gypsum, and

15549

https://doi.org/10.1

potash) and fine-grain clastic rocks. The MYJ Fm. can be divided
into three members: the lower member consists of an evaporite-
bearing (gypsum and anhydrite) succession of red-brown mud-
clast conglomerates, mudstones, and sandstones; the middle
member is mainly composed of red-brown red siltstone,
mudstone, and a small amount of fine sandstone, yellow
mudstone, and marlstone intercalation; the upper member is
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mainly ore-bearing, including halite, sylvite, and gypsum
interbedded with mud-clast conglomerates and siltstones.
According to the difference in mineral composition, mud-clast
conglomerates can be further divided into silty mud-clast
conglomerates, lime mud-clast conglomerates, gypsum mud-
clast conglomerates, and salt soluble mud-clast conglomerates.

3. SAMPLES AND METHODS

3.1. Samples. The samples selected in this paper were from
well L-2 in the Mohei-Zhengdong salt bearing zone (GPS: 23°
9’ 1.5" N, 101° 9’ 28.7” E). MYJ Fm. is exposed around the
borehole of L-2, as well as Nanxin Fm. and Jingxing Fm. of the
Lower Cretaceous, Bazhulu Fm. and Hepingxiang Fm. of the
Jurassic and Luma Fm. of the Upper Triassic are also exposed
around the wellhead. The main body develops NW-SE reverse
faults with an angle of dip ranging from 40° to 60° (Figure 2).

There are two salt-bearing sections in well L-2, the depth is
from 125.87 to 232.25 m and from 469.05 to 721.42 m, and the
cumulative thickness of salt-bearing sections by the full-hole is
358.75 m (Figure 2). The diameter of the mud-clast
conglomerates in the salt rocks of Well L-2 is distributed
between 0.5 and S cm, the sorting is not obvious, and most of
them are in a breccia shape. Part of the mud-clast conglomerates
has a certain roundness and is not directional. Mud-clast
conglomerates are randomly distributed in the salt rocks, and the
content varies with different parts and the samples primarily with
mud-clast conglomerate bearing salt rocks. A total of fourteen
samples were selected from a 145 to 632 m depth section
(Figure 3). Deionized water was used to fully dissolve the mud-
clast conglomerate-bearing salt rocks and extract the water-
insoluble matter. The water-insoluble matter was dried in an
oven at 60 °C, taken it out, and crushed to 200 meshes for
analysis.

3.2. Testing Methods. Before geochemical analyses, all
fresh samples were chipped and pulverized (200 mesh).
Geochemical samples (250 mg) were analyzed for trace element
(Ba, Co, Cr, Cu, Ga, Ni, Rb, Sr, V, Zn, Zr, Th, U, Hf, Sc)
concentrations using inductively coupled plasma mass spec-
trometry (ICP-MS, Thermo Fisher Company, Germany) in the
Institute of Geophysical and Geochemical Exploration, Chinese
Academy of Geological Sciences. Then, mixed acid solutions of
5 mL of HNOj; (16.1 mol/L) + 10 mL of HF (22.5 mol/L) + 2
mL of HCIO, (12 mol/L) with geochemical samples were put
into a Teflon vessel and heated for decomposition and steam
drying at 200 °C. Next, we waited until the sample is completely
decomposed and waited again for the samples to cool slightly,
then aqua regia of 8 mL of mixed acid of HNO; (250 mL) + HCI
(750 mL) was added, and the solution was shaken well, then
heated on an electric heating plate until 3 to S mL of the solution
remained, which was heated for 5 to 10 min until the solution
was clear and bright. After cooling, the solution was transferred
to a polyethylene tube and was diluted with water to 25 mL.
Finally, 0.5 mL of the solution was taken, Rh was added as an
internal standard and diluted with HNOj; acid (3 + 97) to S mL,
and the solution was shaken well and prepared for geochemical
analzrses. The calculation is corrected, and the error is less than
5%.7

A planar grating spectrograph (model: WP-1, Beifen-Ruili
Company, China) was used for the determination of boron
content. A mixture of NaF, K,0-S,, Al,0;, GeO,, and carbon
powder was selected as a buffer, germanium as the internal
standard element, and alternating current arc as the excitation
light source. Two parallel measurements were made by

perpendicular electrode emission spectrometry. The average
value of the parallel analysis results was used as the content of
boron in the samples.

The clay mineral compositions of the samples were analyzed
using a Panalytical X’Pert PRO X-ray diffractometer (Panalytical
Company, Netherlands). X-ray diffraction traces of oriented
sample preparations were scanned between 3° and 30° 26 at a
step size of 0.02° 26. Samples were saturated with ethylene
glycol and heated at 450 °C for 2.5 h.**

4. RESULTS

4.1. Trace Elements. The trace element (B, Ba, Co, Cr, Cu,
Ga, Ni, Rb, Sr,V, Zn, Zr, Th, U, Hf, Sc) compositions of samples
from the MYJ Fm. are listed in Table 1.

To use trace element concentrations to reconstruct
paleoenvironment conditions, one must assess whether they
are relatively enriched or depleted. Commonly, the degree of
enrichment or depletion of a trace element in a sample is
evaluated relative to its concentration in a reference that is
commonly the Post Archean Australian Shale (PASS).*
However, the calcium carbonate and opal in the sedimentary
rocks may dilute the abundance of trace elements in a sample. In
order to eliminate this effect, it is customary to normalize the
trace element concentrations of sedimentary rocks in terms of Al
or Th content and express them as enrichment factors.’* ™’ In
this paper, Th was used to standardize the other trace elements
except for boron. The enrichment factors (EFy) of an element
(X) can be expressed as EFy = (X/Th)gympie/ (X/Th)pass. If EFy
is greater than 1, then the element is enriched relative to average
shales; if EFy is less than 1, it is depleted. This allows an
examination of the degree of elemental enrichment in
sediment.”>*’

Table 2 gives values for EFy from samples. The average
enrichment factors of Zn, Ga, Sr, and U are greater than 1, which
means that they are relatively enriched. The EFyx of other
elements is less than 1, which means that they are relatively
depleted (Figure 4).

The boron content of samples from the MY]J Fm. ranges from
70 to 134 ppm, with an average of 101 ppm. The average boron
content in shale is 100 ppm, and the average boron content in
sandstone is 35 ppm."' Compared with the above values, the
average boron content of the samples is relatively higher.

4.2. REE. The REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu) compositions of samples from the MY] Fm. are
listed in Table 3.

The ZREE of mud-clast conglomerates in MY] Fm. ranges
from 114.72 to 150.06 ppm, where the average value is 135.45
ppm, lower than the average value of North American Shale
Composite (NASC) (163 ppm). It is close to the average
content in the Upper Crust (146 ppm). The value of light rare
earth elements (LREE) ranges from 102.29 to 134.21 ppm,
where the average value is 101.24 ppm; the value of heavy rare
earth elements (HREE) ranges from 11.13 to 16.33, where the
average value is 14.21 ppm. The values of XLREE/XHREE
range from 7.75 to 9.79, where the average value is 8.58. After
the NASC-normalized REE, the values of 6Eu ranges from 0.87
to 0.94, where the average value is 0.89; the value of §Ce ranges
from 0.93 to 0.96, where the average value is 0.94; the value of
Lay/Yby ranges from 1.06 to 1.45, where the average value is
1.18. After the chondrite-normalized REE, the value of 6Eu
ranges from 0.56 to 0.61, where the average value is 0.58; the
values of 6Ce range from 0.96 to 0.99, where the average value is

https://doi.org/10.1021/acsomega.2c00292
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Table 1. Trace Element Contents (Ppm) of the MYJ Fm. of Well L-2, Simao Basin®
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Hf

Cr Co Ni Cu Zn Ga Rb Sr Ba Zr Th
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130.0
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“PASS date according to Taylor and Mclennan.

0.98; the value of Lay/Yby ranges from 8.09 to 11.04, where the
average value is 9.00.

4.3. Clay Minerals. The results derived from semi-
quantitative clay mineralogical analysis of the studied samples
are listed in Table 4. The bulk composition for all the studied
samples is mainly formed of illite, illite—smectite mixed layer (I/
S), and chlorite.

5. DISCUSSION

5.1. Provenance Properties of Mud-Clast Conglom-
erates. The REE distribution patterns of the sedimentary rock
can provide meaningful information regarding provenance and
the sedimentary environment.*>*® There are two ways to study
the REE distribution patterns of sedimentary rocks: one is to
normalize by the chondrite, which has been considered as the
original material of the earth, so chondrite standardization can
reflect the differentiation degree of samples relative to the
original material of the earth and explain the characteristics of
the sediment source region; the second is to normalize by the
NASC to understand the influence and differentiation degree of
mixing and homogenization in the process of sedimentation.

According to Table 3 and the corresponding calculation
results, Figure Sa is the normalized REE distribution pattern of
chondrite. The REE from the Upper Crust of the continent is
characterized by LREE enrichment, stable HREE content, and
negative Eu anomaly.*”** If the parent rocks of clastic sediments
originate from the Upper Crust, the REE distribution pattern
should be consistent with that of the Upper Crust.*” From the
shape of the curve, all the samples have the characteristics of a Eu
negative anomaly and Ce negative anomaly with enrichment of
LREE and deficient of HREE, and the distribution pattern is the
same as that of the Upper Crust. Generally speaking, the MY]J
Fm. has the characteristics of homology, the provenance is stable
in the process of deposition, and its original material should
come from the Upper Crust. Figure Sb shows the normalized
distribution pattern of shale in NASC. The pattern curves of
most samples are similar, that is, a gentle curve slightly to the
right, showing LREE enrichment and HREE deficiency. It is
characterized by a slight negative Eu anomaly and a slight
negative Ce anomaly. It reflects that the sedimentary environ-
ment is an oxidation environment. The overall curve is relatively
flat, indicating that there is no obvious difference between the
mud-clast conglomerates in the salt rock of MYJ Fm. and NASC.

Shields and Stille®® believe that diagenesis can change the Ce
anomaly value, the result will be negative the value of 6Ce, and
OEu has a good negative correlation. There is an apparent
positive correlation between the value of §Ce and REE. Mud-
clast conglomerates of MYJ Fm. in well L-2, and the correlation
coeficient of the value of 6Ce and dEu is 0.07; the correlation
coeflicient of 5Ce and REE is 0.17. It shows that diagenesis has a
limited influence on REE of mud-clast conglomerates in MY]J
Fm,, so it should be reliable to use REE characteristics to reflect
source attributes.

Trace elements in detritus can provide information about the
provenance properties of sedimentary rocks. The comparison of
characteristic trace element ratios of MYJ Fm. clastic rocks and
crustal elements (Table 5) shows that the element characteristic
values of mud-clast conglomerates are close to those of the upper
continental crust but far from those of the lower continental
crust and oceanic crust. To further reveal the parent rock
attributes, the samples were mapped by using Hf-La/Th (Figure
6a),”* La/Sc-Co/Th (Figure 6b),”> La/Yb-REE (Figure 6¢c),”*
and Th/Sc-Zr/Sc (Figure 6d)™ parent rock attribute discrim-
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Table 2. Enrichment Factors of Trace Element of MYJ Fm. of Well L-2, Simao Basin

samples lithology ~ depth/m A% Cr Co Ni Cu Zn Ga Rb Sr Ba Zr U Th Hf Sc

L2-12-1.R  M.C. 14503 086 086 081 095 070 141 119 090 247 071 047 182 060 056  1.07
L2-14-1.R  M.C. 15512 074 079 083 077 041 098 106 093 042 058 045 145 071 056 094
L2-19-1-R M.C. 198.96 0.83 0.84 0.76 0.88 0.79 1.18 1.15 0.89 1.26 0.66 0.48 4.27 0.62 0.58 1.06
12-68-2-R M.C. 514.08 0.77 0.77 0.70 0.75 0.78 1.08 1.03 0.81 0.78 0.61 0.65 229 0.71 0.81 0.98
12-68-3-R M.C. 517.49 0.78 0.78 0.68 0.78 0.86 1.89 1.08 0.78 1.17 0.61 0.73 2.03 0.67 0.86 1.02
L2-70-1.R  M.C. 52320 075 077 072 073 067 145 104 094 065 049 066 186 073 090 101
L2-70-3-R  M.C. 53230 073 074 068 074 108 198 103 080 102 058 077 204 072 089 096
L2-722R  M.C. 54391 076 075 068 074 144 177 102 083 124 061 074 186 070 086  0.99
12-72-3-R M.C. 545.35 0.73 0.75 0.69 0.78 1.0 2.86 1.02 0.80 1.18 0.66 0.74 2.12 0.69 0.87 0.99
12-79-1-R M.C. 571.47 0.75 0.78 0.71 0.77 091 1.53 1.06 0.93 1.05 0.95 0.72 1.97 0.73 0.88 0.99
12-89-1-R M.C. 613.36 0.81 0.81 0.72 0.80 1.07 1.59 1.09 0.85 1.45 0.70 0.58 2.65 0.68 0.71 0.99
L2-892R  M.C. 61570 079 081 072 077 070 151 110 080 095 059 063 208 067 077 103
L2-91-1-R  M.C. 62854 080 078 078 082 069 171 111 092 115 069 074 204 061 076 105
L2-91-2R  M.C. 63178 067 064 065 077 054 114 092 092 141 096 063 168 075 082 090
mean 077 078 072 079 084 158 106 08 116 067 064 216 069 077 100

Table 4. Relative Contents of Clay Minerals in MYJ Fm. of

4 Well L-2, Simao Basin”

results (wt %)

w3 samples lithology depth/m I/S illite chlorite RML (S%)
§ L2-12-1-R M.C. 14503 28 46 26 9
2 L2-14-1-R M.C. 155.12 39 Ny 11 9
:%) 2 L2-19-1-R M.C. 198.96 34 44 22 6
: L2-68-2-R M.C. 514.08 15 57 28 7
M | L2-68-3-R M.C. 517.49 40 39 21 9
L2-70-1-R M.C. 52320 46 43 11 10
L2-70-3-R M.C. 532.20 40 42 18 9
P R S T S SR T T ST S S S L2-72-2-R M.C. 54391 36 45 19 9
V Cr CoNi CuZn GaRb Sr BaZr U Th Hf Sc L2-72-3-R M.C. 545.35 49 39 12 9
Figure 4. Enrichment factors of trace elements in mud-clast L2-79-1-R M.C. S71.47 36 46 18 10
conglomerates in well L-2. 1289 1R MC. 61336 38 43 19 9
L2-89-2-R M.C. 615.70 32 44 24 9
ination diagrams. Most of the samples in Figure 6a fall into the L2-91-1-R M.C. 628.54 49 38 13 10
source area of the felsic and basic mixture, and most of the L2-91-2-R M.C. 63178 39 49 12 10
samples in Figure 6d fall into the source area of felsic volcanic mean 37 45 18 9
rocks. For Co/Th (Figure 6b), the date displays low and 1/8, illite—smectite mixed layer. RML, ratio of mixed layer.
relatively constant Co/Th ratios with an average of 1.14, also
Table 3. Rare Earth Element Contents (ppm) of Mud-Clast Conglomerates of MYJ Fm. of Well L-2, Simao Basin“
samples lithology ~ depth/m La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
L2-12-1-R M.C. 145.03 25.40 49.20 5.90 23.30 4.43 0.75 3.40 0.56 2.92 0.55 1.54 0.27 1.65 0.24
L2-14-1-R M.C. 155.12 31.10 60.50 7.41 28.80 5.47 0.93 4.60 0.84 4.47 0.82 2.19 0.37 2.24 0.32
L2-19-1-R M.C. 198.96 24.10 48.40 5.93 23.70 4.51 0.77 3.48 0.59 3.0 0.58 1.60 0.29 1.80 0.24
L2-68-2-R M.C. 514.08 30.40 57.10 6.83 26.40 493 0.84 4.25 0.74 4.03 0.79 222 0.40 2.58 0.36
L2-68-3-R M.C. 517.49 29.00 54.10 6.40 24.70 4.68 0.80 3.89 0.69 3.81 0.72 2.06 0.37 2.42 0.33
L2-70-1-R  M.C. 52320 31.50 5990 715 2790 515 089 437 077 436 085 242 042 277 038
L2-70-3-R M.C. 532.20 30.70 56.70 6.80 26.10 4.90 0.83 4.08 0.71 3.93 0.78 2.16 0.40 2.53 0.36
L2-72-2-R M.C. 54391 29.80 55.60 6.55 24.80 4.72 0.80 3.92 0.69 3.81 0.75 2.11 0.39 2.40 0.34
L2-72-3-R M.C. 545.35 28.40 53.90 6.46 25.00 4.63 0.83 3.90 0.68 3.80 0.74 2.13 0.39 2.41 0.33
L2-79-1-R M.C. 571.47 31.90 60.10 7.06 27.40 5.04 091 4.18 0.76 3.98 0.79 2.23 0.42 2.58 0.37
L2-89-1-R M.C. 613.36 28.50 55.00 6.70 25.40 4.79 0.78 3.75 0.63 3.31 0.65 1.83 0.33 2.10 0.29
12-89-2-R M.C. 615.70 29.20 54.70 6.58 25.20 4.67 0.79 3.87 0.68 3.66 0.72 2.07 0.38 2.35 0.32
L291-1-R  M.C. 628.54 2320 4580 569 2250 433 077 3.58 063 334 063 172 031 195 027
L2-91-2-R M.C. 631.78 29.90 55.20 6.58 26.00 4.95 0.93 4.31 0.76 4.27 0.82 2.35 0.43 2.65 0.37
mean 2879  S473 657 2551 480 083 397 069 377 073 205 037 232 032
chondrite 0.24 061  0.10 047 015 006 021 004 025 006 017 003 017 003
NASC 31.50 66.50 7.90 27.00 5.90 1.18 5.20 0.79 5.80 1.04 3.40 0.50 2.97 0.44

“Chondrite date according to Boynton.”> NASC date according to Haskin and Haskin.**
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Figure S. Chondrite-normalized (a) and NASC-normalized (b) REE of MYJ Fm. samples in well L-2.

Table S. Elemental Ratios of the Samples from Well L-2%

source La/Sc
ucCcC 2.70
LCC 0.30
oC 0.10
L-2 2.63

“UCC, upper continental crust. LCC, lower continental crust. OC,

. 51
oceanic crust.

Sc/Th

1.0
34.0
1.7
1.1

0

3
0

Cr/Th Co/Th
3.30 0.90
222 33.0
1227 214
5.71 1.14

O0Eu

and the upper continental crust.

0.61
1.07
1.02
0.58

suggesting dominantly felsic source rocks. Also, most of the
samples in Figure 6¢ fall into the granite area. In conclusion, the

parent rock composition of the mud-clast conglomerates in the
MY]J Fm. in the Simao Basin is derived from felsic igneous rocks

5.2. Geologic Structure Background of Mud-Clast
Conglomerates. Bhatia and Crook®® studied the REE
characteristics of sandstone formed under different structural
backgrounds. The characteristics of REE in the sandstone under
different source areas are established (Table 6). The results
show that the ZREE in the mud-clast conglomerates of MY]J Fm.

in well L-2 is close to the average value of La/Yb in the

continental island arc, which is the same as that of the active
continental margin. The average value of (La/Yb)y is 9.0, which
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Figure 6. Relationships of Hf-La/Th (a), La/Sc-Co/Th (b), La/Yb-REE (c), and Th/Sc-Zr/Sc(d) of the mud-clast conglomerates from well L-2,

Simao Basin.
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Table 6. Comparison of REE Characteristic Parameters from
Well L-2 with Clastic Rocks in Different Tectonic Settings”

La/ (La/
source La(ppm) Ce(ppm) XZREE Yb Yb)y L/H 6Eu
OIA 8.0 19.0 58.0 4.2 2.8 3.8 1.0
CIA 27.0 59.0 146.0 11.0 7.5 7.7 0.8
ACM 37.0 78.0 186.0 12.5 8.5 9.1 0.6
PM 39.0 85.0 210.0 159 10.8 8.5 0.6
L-2 28.8 54.7 13S8.5 12.5 9.0 8.6 0.6

“Note: Date according to Bhatia and Crook,® 6Eu = Eu*/Eu = Euy/
1/2 X (Smy + Gdy). OIA, oceanic island arc; CIA, continental island
arc; ACM, active continental margin; PM, passive margin; L/H-
LREE/HREE.

is close to the average value of active continental margin; the
average content of Ce is 54.7, which is not different from that of
the island arc; it has the negative abnormal characteristics of Eu.

To further reveal the structural properties of parent rocks, the
La-Th-Sc, Th-Sc-Zr, and Th-Co-Zr discrimination diagrams are
used to analyze the mud-clast conglomerates in MYJ] Fm.
(Figure 7).°*” The results show that on the La-Th-Sc and Th-
Sc-Zr diagrams, most of the samples have the characteristics of a
continental island arc, while on the Th-Co-Zr diagram, the
samples fall on the active continental margin. The discrim-
ination diagrams of La-Th-Sc, Th-Sc-Zr, and Th-Co-Zr show
that the tectonic setting of the mud-clast conglomerates of MY]J
Fm. in the study area should be between the continental island
arc and the continental margin. In conclusion, the provenance of
sediments in MY] Fm. may be provided by active continental
margin and continental island arc.

5.3. Paleoclimate of the Mud-Clast Conglomerate
Depositional Period. The relative contents of some trace
elements are often used to analyze paleoclimate. In general, the
values of Sr/Cu > 5.0 and Ga/Rb are relatively lower in an arid
and hot climate,”®*? and the Sr/Cu ratio values range from 1.3
to 5.0 in the warm and humid climate.*>*“°! The Ga/Rb values
in MYJ Fm. of well L-2 ranges from 0.12 to 0.17, with an average
value of 0.15. The Sr/Cu ratio ranges from 3.44 to 14.06, with an
average value of 5.87, showing a dry paleoclimate condition and
a warm and humid climate condition in individual periods.

The content of clay minerals can be used as a climate index,”
in which illite and illite—smectite mixed layers represent the arid
and semi-arid climate conditions and kaolinite represents the
humid climate with a high weathering degree.””** The clay
minerals in the mud-clast conglomerates of MYJ Fm. are mainly
I+ C +1/S type. The illite content ranges from 38 to 57 wt %,
and the average value is 45 wt %. The content of illite/smectite
mixed layers is between 15 and 49 wt %, with an average value of

37 wt %. The abundance of illite and illite—smectite mixed layers
in all samples is suggestive of the prevailing of stable hot and dry
paleoclimate conditions during the formation of the MYJ Fm.
sediments.

Our understanding of the paleoclimatic conditions of the MY]
Fm. during the sedimentary period is indirectly obtained
through the qualitative and quantitative analysis of the clay
minerals and relative content of elements in the MYJ Fm. of well
L-2. During the Cretaceous, the Simao Basin was located
between 21.2° and 28.8° N.°° The paleoclimate in this latitude
zone was mainly dry and hot,*® with evaporite and calcareous
conglomerates (Figure 8). According to the results of geo-
chemical analysis, it is considered that the paleoclimate
condition of MYJ Fm. was hot and dry. This understanding is
also consistent with the conclusions of sporopollen records,*”
paleogeography, and fluid inclusion thermometry.®”

5.4. Redox Conditions of Mud-Clast Conglomerate
Depositional Period. The solubility of redox-sensitive
elements in the sedimentary water is controlled by the redox
state of the sedimentary environment, showing the phenomenon
of continuous migration and autogenous enrichment to the
reducing water and sediment. V, Cr, Co, Ni, and other redox-
sensitive elements are easily soluble in the oxidation condition
and insoluble in the reduction condition in the sedimentary
environment and are autogenous and enriched in the oxygen-
poor environment. Compared with Cr, V is easier to be adsorbed
and precipitated by colloidal particles and clay in the reduction
environment. Ni is mainly enriched in the form of sulfide
precipitation in a reduction state, so its ratio can be used as an
indicator of the oxidation—reduction state. It is generally
believed that the V/Cr value greater than 4.25 and Ni/Co value
greater than 7 indicate an anoxic environment. The values of V/
Cr ranges from 2 to 4.25 and Ni/Co ranges from 5.0 to 7.0,
indicating a weak oxidation environment with weak stratifica-
tion. The V/Cr value less than 2 and Ni/Co value less than 5
indicates that the water body is an oxidation environment.’” The
V/Cr ratio of MY]J Fm. in well L-2 ranges from 1.28 to 1.44, with
an average of 1.36, which indicates that the samples were in an
oxidation environment during the depositional period. The Ni/
Co ratio ranges from 2.23 to 2.84, with an average of 2.61,
indicating the oxidation environment.

According to the difference of U and Th behavior, the U/Th
value can also be used as a parameter to identify the redox
environment. Generally, a U/Th value greater than 1.25
represents an anoxic environment, a U/Th value between 0.75
and 125 represents a weak oxidation environment and
subreducing environment, and a U/Th value less than 0.75
represents an oxidation environment;”°~* the U/Th values of

La

Zr/10

Sc Th

Th Sc

Th

Co

Zr/10

Figure 7. Tectonic setting discrimination diagrams of the mud-clast conglomerates based on La-Th-Sc (a), Th-Co-Zr (b), and Th-Sc-Zr (c).
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Figure 8. Outline of global Cretaceous paleoclimate zoning (base map adapted with permission from ref 68. (a) Early Cretaceous (Berriasian—
Aptian). (b) Late Cretaceous (Aptian—Turonian). (c,d) Schematic regional paleogeography map during the Early and Late Cretaceous (adapted with
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MY]J Fm. samples in well L-2 ranges from 0.30 to 3.09, with an the Mohei area of the Zhengdong salt-bearing belt in the Simao

average of 0.62, reflecting the oxidation environment. Basin are previously in an oxidation sedimentary environment.

V and Ni are also iron group elements. Their ionic valence 5.5. Paleosalinity of the Mud-Clast Conglomerate
state changes with the degree of oxidation and is mainly Depositional Period. The deposition of salt mainly depends
adsorbed and precipitated by colloidal particles or clay, but V is on the salinity of water bodies, so the salinity of ancient water
easy to be absorbed and enriched in the oxidation environment bodies is an important index to judge the deposition of salt.
while Ni is more easily enriched in the reduction environment. According to the migration ability of strontium and the

Therefore, the V/(V + Ni) value can reflect the redox
environment of the sedimentary water.”””> The high ratio
(0.84—0.89) reflects the anaerobic environment of water
stratification and H,S in the bottom water. The medium ratio
(0.54—0.82) is an anoxic environment with weak stratification.
The low ratio (0.46—0.60) is the oxidation environment. The V/
(V + Ni) value of clastic rocks in MY] Fm. of well L-2 is
distributed between 0.70 and 0.76, with an average value of 0.73,
which reflects the weak oxidation environment.

The above discriminant indexes are selected for parameter
intersection (Figure 9). Most of the samples in Figure 9a,b are
located in an oxidation environment, and only L2-19-1-R is
located in a weak oxidation environment, which can intuitively
show that the mud-clast conglomerate in the salt rock

geochemical properties of barium, the ratio value of Sr/Ba can
be used as a sensitive indicator of paleosalinity. In addition, the
regularity of the Sr/Ba value is strong, which reflects that the
water quality is the same, that is, the Sr/Ba value is positively
correlated with paleosalinity. Generally, the value of Sr/Ba in
freshwater sediments is less than 1 while that in saltlake
sediments is more than 1. The Sr/Ba values of MY] Fm. in well
L-2 range from 0.10 to 1.08, with an average of 0.50. Therefore,
it is inferred that the mud-clast conglomerates of MY]J Fm. were
deposited in a freshwater environment.

Boron in sediments mainly exists in clay minerals, which may
replace silicon or aluminum atoms in the lattice of clay minerals,
and its content is mainly controlled by the boron content in

depositional period of MYJ] Fm. is mainly an oxidation sedimentary water bodies, the content of parent boron. The
environment. The V/(V + Ni) ratio was used as the discriminant concentration of boron in sediment water is linearly related to
index, and cross plots were made with other redox parameters salinity, so the salinity of sediment water can be recovered by
(Figure 9¢,d). It can be seen that the results tend to be in the boron content in the sediment.
weak oxidation environment. Therefore, based on all the above The relationship between boron content in sediments and
analysis results, it can be seen that during the period of mud-clast salinity of sedimentary water bodies can be expressed as follows
conglomerates in the salt rocks of MY] Fm., the water bodies in (Freundlich isothermal adsorption equation):
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log B, = C, log S, + C, (1)

)

By is the boron content of kaolinite (ppm), B is the measured
boron content (ppm), X;, X,,, and X are the relative contents of

B, = B/(4X; + 2X,, + X;)
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illite, montmorillonite, and kaolinite in clay minerals, S, is the
paleosalinity (%), and C; and C, are constant. According to the
relationship between the boron content of kaolinite and salinity
in modern sedimentary water, C; and C, are 1.28 and 0.11,

176
respectively.
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According to formulas 1 and 2, the paleosalinity distribution
of mud-clast conglomerate depositional water in MYJ Fm. of
well L-2 ranges from 21%o to 52%o, with an average value of
~35%o. The results of quantitative calculation of paleosalinity
and Sr/Ba ratio have the same change trend (Figure 10). This
result is also verified by the mud-clast conglomerates of MY]J Fm.
in the MZK-3 well near the Mengyejing potash mine. According
to the boron content calculation, the paleosalinity of the water
body during the deposition period of the mud-clast conglom-
erate ranges from 10%o to 92%o, with an average of ~35%0.
The paleosalinity value of the mud-clast conglomerates in the
MY]J Fm. of the MZK-3 well is close to that of the samples in this
paper, which indicates that the salinity of the water bodies did
not reach the stage of salt precipitation during the deposition of
the clastic rocks in the MYJ Fm.

5.6. Genesis of Mud-Clast Conglomerates in Salt Rocks
and Their Salt Mineralization Significance. Based on the
existing research results of the basic geology and salt deposit
geology of the Simao Basin combined with the results of trace
elements and paleosalinity characteristics, the genetic model of
the mud-clast conglomerates in the salt rocks of well L-2 may be
(Figure 11) in the late Early Cretaceous, and the Simao Basin

has evolved into a large continental basin, controlled by deep
and large faults, with the good closed condition. At this time, the
paleoclimate is generally dry, the evaporation is strengthened,
and the brine that has been concentrated to the stage of salt
precipitation forms salt rocks under this background. The
terrestrial freshwater replenishes the evaporation basin. On the
one hand, it desalinates the brine, and on the other hand, the
argillaceous debris carried can be used as a protective layer for
the early precipitation of salt rock to prevent it from being
dissolved. Under the arid climate background, the evaporation
rate is much higher than the freshwater supply rate, resulting in
the shallower water bodies, and the supply of freshwater also
enhances the hydrodynamics in the basin, so that the
incompletely consolidated clastic sediments are broken into
mud gravel shapes and co-deposited together with the
evaporated salts to form mud-clast conglomerate-bearing salt
rock. In this way, the process of salt precipitation and
desalination alternates, forming a thick layer of mud-clast
conglomerate-bearing salt rock. The evidence under the
microscope of the desalination—precipitation process is that
some of the halite minerals are precipitated in the clastic in the
form of crystals."
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The interpretation of the genesis of mud-clast conglomerates
in salt rocks is of great significance for understanding the genesis
of salt deposits: The sedimentary background of salt
precipitation is a continental basin, that is, the age of
sedimentary salt precipitation is the Late Early Cretaceous,
and mud-clast conglomerates deposited with salt have obvious
characteristics of terrigenous replenishment, mainly from the
Upper Crust felsic material. Before converging to the
evaporation basin, the brine has been concentrated to the
stage of rock salt precipitation. In the deep middle Jurassic
Hepingxiang Fm. of the basin, there is an obvious marine
sedimentary background, shell limestone and gypsum rock are
developed, and there is a strong indication of salt content. Salt
frost and salt springs are all over the region, and most of the solid
salt deposits have faults connecting the deep brine bearing
strata; therefore, it has the conditions to provide the original
brine. In the process of evaporation and salt precipitation,
terrestrial freshwater continues to carry debris into the
sedimentary basin. This repeated salt precipitation—desalination
process causes the salt material deposited in the earlier stage to
undergo a process of dissolution—recrystallization, salt with
mud-clast conglomerate co-deposition, and mineralization.

6. CONCLUSIONS

(1) The geochemical characteristics of mud-clast conglom-
erates in the salt rocks of MYJ Fm. indicate that the source
of mud-clast conglomerates is terrigenous, belongs to
felsic rocks, and derived from the Upper Crust, and the
source structure is mainly based on the active continental
margin. It has the characteristics of the provenance area
supplied by the continental arc. The paleoclimate during
the mud-clast conglomerate depositional in the salt rocks
of MY]J Fm. is dry and hot as a whole, the warm and humid
climate is interspersed in individual periods, and the main
sedimentary background is the oxidation environment.
The salinity of water bodies in the mud-clast conglom-
erates depositional period of salt rock is similar to that of
current seawater, with an average value of ~35%o, which
is far from reaching the stage of rock salt precipitation.

(2) According to the trace element results of mud-clast
conglomerates and the characteristics of paleosalinity, the
genetic model may be as follows: The brine that has been
concentrated to the stage of precipitating salt evaporates
to form salt in a shallow continental basin, and then the
terrigenous freshwater input into the basin dissolved the
salt rocks, and the debris carried by it formed a protective
layer so that the previously deposited salt rocks could not
be completely dissolved. In the evaporation basin, brine
and freshwater are alternately recharged, and the clastic
sediments in the early diagenetic stage broken into mud-
clast conglomerates with salt are deposited and
mineralized at the same time.
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