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1. Introduction

The 9th national conference on applied geochemistry in China will be held in Chengdu,
Sichuan province, in October 2023, hosted by the committee of applied geochemistry, the
Chinese Society for Mineralogy, Petrology and Geochemistry (CSMPG). In order to facilitate
the academic exchange on applied geochemistry, this Special Issue is intended for the
presentation of new advances and case illustrations in the field of applied geochemistry.

This Special Issue gathers 14 scientific papers that capture various hot and challenging
issues in applied geochemistry. These articles belong to three broad groups: (i) new ad-
vances and case illustrations in resource exploration; (ii) new advances and case illustrations
in environment assessment; and (iii) new advances in the basic theory of geochemistry.

2. Resource Exploration

Geochemical exploration has played an important role in resource prospecting. This
issue includes six papers on geochemical exploration. As discoveries of world-class mineral
deposits continue to decline, shallow deposits are no longer enough to meet the daily needs
of human beings, and exploration in covered areas has received increasing attention. The
first paper, authored by J. Li, B. Zhang, Q. Gong, H. Liu, and N. Liu, presents the fine-
grained soil-prospecting method in the Jiaojia gold deposit in Shandong province [1], where
three lines of evidence on gold concentrations, microscopic morphology, and geochemical
lithogenes were illustrated to explain the gold migration from ore to surface soils in a
covered area. The second paper introduces the theory of the geoelectrochemical exploration
method and presents three case studies on gold prospecting in covered areas [2], authored
by M. Kang, H. Guo, W. Zhu, X. Luo, and J. Yang. Unlike the above two papers, the
third paper, authored by B. Zhou, Z. Zhang, Z. Shi, H. Song, and L. Yu, focuses on the
geochemistry and geochronology of a pluton in western Kunlun orogen [3], where the
formation of the pluton and its mineralization potential on polymetallic deposits were
illustrated. The paper by T. Dong, L. Kang, Y. Zhang, and Y. Gao presents prospecting
on shale oil [4], where shales with higher TOC and lower pore fractal parameters in the
Songliao basin, NE China, are favorable reservoirs.

The remaining two papers focus on determining geochemical anomalies in geochemi-
cal survey data. The first paper, authored by B. Zhao, D. Zhang, R. Zhang, Z. Li, P. Tang,
and H. Wan, describes an advanced workflow of an object-based geochemical graph learn-
ing approach [5], where a case study on multiple mineral anomalies was illustrated in
Southeastern Inner Mongolia, North China. The other paper illustrates a creative method
to determine the tungsten composite anomalies using the geochemical gene technique [6],
authored by J. Li, Q. Gong, B. Zhang, N. Liu, X. Wu, T. Yan, X. Li, and Y. Wu. The mineraliza-
tion similarities of the geochemical metallogene can be viewed as useful integrated indices
on geochemical tungsten exploration with the elimination of the lithological influence.

Appl. Sci. 2023, 13, 8220. https:/ /doi.org/10.3390/10.3390/app13148220 https:/ /www.mdpi.com/journal/applsci
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3. Environment Assessment

The soil quality survey and environment assessment are enduring topics in ap-
plied geochemistry. This issue includes three papers that focus on the evaluation of
soil nutrient status, pollution assessment of heavy metals, and geochemical survey of
geoherbs, respectively.

The first paper, authored by J. Zhang, Y. Liu, S. Hong, M. Wen, C. Zheng, and P. Liu,
presents the geochemical soil survey of heavy metals in a typical mining area [7], where
single and integrated pollution indices were used to assess the environmental quality of
soils, and the speciation of heavy metals were analyzed to discover their mobility. The
second paper presents a LightGBM model to assess the soil nutrient status, authored by
Z.Liang, T. Zou, J. Gong, M. Zhou, W. Shen, and J. Zhang [8], where the tobacco planting
soil in Debao County, Guangxi province, was illustrated as an example. Finally, the quality
of the top-geoherb in Chengde City, Hebei province, was geochemically surveyed in the
paper authored by Z. Sun, W. Shen, W. Fang, H. Zhang, Z. Chen, L. Xiong, and T [9], where
the geochemical signatures of trace elements (especially rare earth elements) and medicinal
components of Scutellaria baicalensis were described.

4. Basic Theory

In this Special Issue, five papers focus on the basic theory of geochemistry, such as the
elemental abundance, the equation of state of multicomponent fluids, geochemical indices
and mechanism, and a new geochemical concept.

The successful return of Chang’E-5 (CE5) samples implores the study of the Moon
in geochemistry. The paper authored by Z. Hou, Q. Gong, N. Liu, B. Jiang, J. Li, Y. Wu,
and J. Huang compiled the reported geochemical data on Moon samples and derived
the elemental abundance of Moon samples [10], where the statistical distributions of
normal, log-normal, and additive log-ratio transformation methods were used to derive
the elemental abundance of major components, trace elements, and rare earth elements,
respectively. Furthermore, Moon samples were classified into two types, low-Ca and
high-Ca samples.

An equation of state (EOS) of CHy-N; fluid mixtures in terms of Helmholtz free
energy is presented in the paper authored by J. Zhang, S. Mao, and Z. Shi [11], which
can reproduce the pressure-volume—temperature-composition (PVTx) and vapor-liquid
equilibrium (VLE) properties of CHy-Ny fluid mixtures. Dendrite is a typical self-similar
morphology. The paper authored by N. Liu, Y. He, S. Xu, L. Xiong, Y. Wei, J. Li, P. Li, and Q.
Gong presents a dendrite developed along the bedding plane in limestone and dolomite
strata in Zhoukoudian, Beijing city [12], where the formation’s dynamic mechanism was
simulated on the diffusion-limited aggregation method on a model of fractal growth.

Sediment provenance is a main topic in research on soils, sediments, and sedimentary
rocks. The paper authored by Z. Dong, L. Zhang, and B. Jin illustrates a case study on
sediment provenance along the Subei coast to the Yangtze estuary [13], where the detrital
mica composition was used as an efficient approach in sediment provenance analysis and
transport tracing. With respect to the provenance and tracing of geological materials, a
promising concept, the geochemical gene, has been presented recently [14], which can
be used not only to classify geological materials [1,15] but also to determine geochemical
anomalies [6]. The last paper, authored by Y. An, X. Yin, Q. Gong, X. Li, and N. Liu, presents
an excellent illustration of the classification and provenance of geological materials [16],
where the rock-soil-sediment system in the Wangquan area of Zhangjiakou, North China,
was investigated and traced on geochemical lithogenes.

Although this Special Issue has been closed, more in-depth research into new advances
and illustrations in applied geochemistry are expected to be presented at the national
conference on applied geochemistry.
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Abstract: In recent decades, the human demand for mineral resources has increased dramatically,
and the mining of shallow deposits has basically been completed. The prospecting direction has
turned to concealed deposits. For this reason, various penetrating geochemical methods have been
developed to find concealed minerals and a series of geochemical exploration techniques have been
proposed. At the same time, the use of the geochemical gene as a new technique presented in recent
years is feasible in discussing component classification and provenance tracing. In this study, we
applied these methods for mineral exploration in the Jiaojia gold deposit in Shandong Province,
China. The results show that a large number of ore-forming element particles can be observed in ores,
fault muds, and soils; compared with Chinese soil, Au has higher enrichment coefficients; according
to the LGO3 lithogene, the ores belong to a neutral composition, and the fault muds and soils belong
to an acidic composition. Based on the above results, it can be found that the ore-forming elements in
the Jiaojia gold deposit have migrated. Although this migration cannot change the original lithology,
it can provide theoretical support for the fine-grained soil-prospecting method.

Keywords: Shandong Jiaojia gold deposit; metal nanoparticles; migration mechanism; LG03 lithogene

1. Introduction

As discoveries of world-class mineral deposits continue to decline, shallow deposits
are no longer enough to meet the daily needs of human beings [1], and people turn their at-
tention to the deep formation and pay more and more attention to geochemical exploration
technology specially designed for the terrain covered by thick regolith. These techniques
include: partial extraction, geogas analysis, electrogeochemistry, biogeochemistry, hydro-
chemistry, and soil fine particle separation [2-15]. Among the numerous geochemical
exploration techniques, soil fine particle separation is an important method with which to
find concealed deposits in thickly covered terrain. It is thought that this method mainly
believes that in the process of the upward migration of elements from deep minerals,
earth gas can carry ultra-fine particles containing metals or metal elements in the form of
tiny bubbles or microflows to migrate upward and reach the surface, so the faults above
the deep concealed minerals, fault muds, and topsoil contain metallic elements that can
reflect anomalies in deep ore bodies. The best way to test this theory is to find ultrafine
metal-bearing particles in soils and fault muds that must have come from deep ore bodies.
After years of research, metal-bearing ultrafine particles from nanoscale studies have been
widely used in soils and fault muds of different types of concealed minerals [7,10,16,17].
Zhang et al. [1] observed the existence of metallogenic metal nanoparticles in the soils and
fault muds of the Shenjiayao gold deposit; Han et al. [18] observed mineralization in the
ore rocks, fault muds, and soils of the Shanggong gold deposit in Henan, with the presence
of metal nanoparticles. Often, the only source of anomalies in fault zones and surface soils

Appl. Sci. 2023, 13, 2126. https:/ /doi.org/10.3390/10.3390/app13042126
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surrounding a mine is the deep ore body. In order to explain the formation mechanism of
the anomaly, the key is to determine the occurrence state and genesis of the ore-forming
elements in the fault zone above the concealed mineral deposits and in the soil.

The geochemical gene is a new developing concept recently proposed in the identifi-
cation and traceability of geological materials [19,20]. The term “gene” has been adopted
in geochemistry from biology for two decades by Xuejin Xie and Xueqgiu Wang [21] who
proposed that the element is the gene of the earth and the geochemical map is the gene
map of the earth surface. This is the “embryo” concept of the geochemical gene. Another
term related to genes is the “gene-profile curve of geochemical elements” presented by
Zhang et al. (2015, 2016) [22,23] in geochemistry which is like the REE pattern or spider
diagram without gene properties [24]. Therefore, this idea can be viewed as the “fetal” stage
of the geochemical gene concept. Although those primitive ideas were inspiring, the geo-
chemical gene with tangible properties such as codes, heredity, inheritance, variability, and
similarity has been proposed only recently [24-26]. The quantitatively defined geochem-
ical gene was firstly presented by Yan et al. (2018) with an illustration on a geochemical
lithogene [25]. It is proposed firstly as a lithogene named LG02 [25], and then followed by
lithogenes called LGO01 [26] and LGO03 [27], gold metallogene (MGAu) [24], tungsten metal-
logene (MGW) [28], and tungsten metallogene (MGW11) [29], and REE (rare earth element)
genes called REEGO01 and REEGO02 [26]. Therefore, there are a total of eight geochemical
genes reported now, which were introduced and reviewed by Gong et al. (2022) [19] and
the lithogene named MGW11 was introduced by Li et al. (2023) [29] recently.

These genes all have different codes and can represent the heritance, inheritance,
variability, and similarity of different samples. According to the 39 elements or oxides
analyzed by the RGNR project [30] and the NMPRGS project [31] in China, the geochemical
gene is constructed in five steps.

The first step is to select elements. Generally, 11 kinds of fixed elements and indicator
elements that can represent different characteristics are selected. The second step is to
determine the reference value. According to the purpose of different genes, we select
different data to standardize the data. For example, the element abundances of the upper
continental crust (UCC) and acidic rocks and basic rocks compiled by Chi Qinghua and
Yan Mingcai are selected for data standardization. The third step is to draw and code gene
lines. The spectral line of the gene is like a spider map on the normalized value of the initial
sequence. The length of the gene code is set to 11 because 11 elements are selected. The
first digit of the code is set to 1, and then the next digit will be 0, 1, or 2 according to the
decrease, stability, or rise of the next normalized value on the spectral line. We use the 0.1
logarithmic unit (base 10) value to evaluate the difference between two adjacent elements
on the log-normalized value, marked as A, calculated as

A;=1g(Cn — 1g(C; — 1)n 1

where i is the sequence number from 2 to 11 of the elements in the spectral line, and the
subscript N represents the normalized value. In addition to the first number set to 1,
another number in the code is labeled g; and set as

2, A;>0.1
g =4 1, —01<A; <01 2
0, A;j < —0.1

where i is from 2 to 11, and the value of g; in gene coding is only 0, 1, or 2. According to
the coding method, the gene of one sample can be 11011020011, and the gene of the other
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sample can be 12210202120. How to evaluate the similarity between two genes is the fourth
step in constructing geochemical genes. The similarity of g; is marked as R; and set as

0.5, Values of g; are similar (1and 0, or 1 and 2) (3)

1, Values of g; ar the same
R =
0, Values of g; are different (2 and 0, or 0 and 2)

Then, the similarity between the two genes is labeled as R and calculated as

n
Yiso Ry,
-

R=
1

% 100% (4)
where 7 is 11 and the value of R is limited between 0% and 100%. For example, the similarity
between Gene A and Gene B is calculated as

GeneA:11011020011

GeneB:12210202120
Rg:050105000050505

R 0,5+0+1+O.5+0+100+0+0.5+0.5+0.5 % 100% = 35%

The last step in constructing geochemical genes is to adjust the sequence of elements
in the spectral lines. According to the different research objects of genes, the most obvious
differentiation can be achieved by adjusting the sequence of elements. For example, the
element sequence of the lithogene LGO3 is to effectively distinguish acidic rock and basic
rock to maximize their genetic similarity. By repeatedly adjusting the initial element
sequence in step 3, the positions of Ni and Cr are exchanged, and then the positions of V
and Cr are exchanged to form the final sequence.

With respect to the lithogenes LG01 and LGO03, the gene properties of their heredity
and inheritance have been tested on many weathering profiles developed over different
lithological rocks in different climate zones in China [26,27,32] according to the similar
gene criterion of >80% on gene similarity by Yan et al. (2018) [25]. Their application
in classifying geological materials is useful and suitable for fresh and altered rocks and
weathered products such as fresh rocks, sediments, and soils [20].

In this paper, TEM was used to observed the ores, fault muds, and soils in the Jiaojia
gold deposit, Shandong Province. Then, the element content of the samples were ana-
lyzed to determine the enrichment degree of different elements in the study area and
the lithogenes such as LG01 and LG03 were used to determine the lithology of the dif-
ferent samples which provided theoretical support for the migration of elements in soil
fine-grained exploration.

2. Regional Settings

The Jiaojia gold deposit is located in the Jiao-xin metallogenic belt in the east and west
of Jiaojiao, including the Jiaojia, Wangershan, Matang, and other gold deposits. The Jiaojia
gold deposit is a super-large gold deposit, and the overall type of the deposit is the trunk
fault of Jiaojia (Figure 1). The Jiaojia-type altered gold deposit is controlled by the fractured
alteration zone within its secondary Wangershan branch fault. The main strike of the fault
in this area is NNE-NE, and the strike of the ore body is the same as the main strike. The
Jiaojia gold deposit is exposed as Neoarchean gabbro on the side of the Jiaojia trunk fault,
and on the east side of the fault is the Linglong sheet of biotite monzogranite. There are
also diorite porphyrite, diabase porphyry, lamprophyre, and other rocks in the area. The
main ore minerals are gold and silver ore, pyrite, siderite, chalcopyrite, galena, sphalerite,
and mirror iron ore. Gangue minerals are mainly quartz, sericite, feldspar, and calcite.
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The bedrock in the study area is covered by the Quaternary system composed of loose
sediments such as gray-brown clay and sandy clay, with a thickness of about 2-40 m [33].
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Figure 1. Sampling points profile of Jiaojia gold mine. 1—quaternary clayey coarse sand and fine
sand; 2—Dbiotite monzogranite; 3—medium-fine-grained gabbro; 4—pyrite sericite granite; 5—pyrite
sericite cataclastic granite; 6—fault; 7—ore body; 8—sampling point.

3. Samples and Methods
3.1. Sample Collection and Pretreatment

This research mainly collects and analyzes the ores, upper fault muds, and soils of
the Jiaojia gold deposit in Shandong Province. The samples include two concealed ore
body samples (R01, R02), two fault mud samples above the concealed ore body (FS01,
FS02), two surface soil samples above the concealed ore body (5506, S507), and two surface
soil samples around the concealed ore body (5508, S509). The collected soil samples were
dried at 80 °C for 1 h, and sieved to <76 pm under the crusher. About 100 g of the fault
muds were then dispersed using an electromagnetic vibrating micrometer shaker, which
was connected to a concentrator and an air extractor (soil fine particle separation device)
(Figure 2). The concentrator contains a 0.45 um microporous filter membrane and six
carbon-coated aluminum TEM (transmission microscope) grid slots, which are used to
collect the oscillated nanoparticles. The shaker was turned on for 3 min to adsorb the
appropriate amounts of nanoparticles on the aluminum grid, and then the six carbon-
coated aluminum TEM (transmission microscope) grids in the concentrator were removed
using tweezers and placed in a box for analysis. For the treatment of the fault mud and ore
samples, the samples were ground to <76 um using a ceramic grinder and the nanoparticles
were separated using the same soil fine particle separation device.

I Air ion device
E C li

Mi particles

Soil/fault gouge/ore powder

FEEFFFEEEEEENR N

Figure 2. Diagram of soil fine particle separation device.
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3.2. TEM Observation

After the pretreatment, the samples to be tested were sent to the Beijing Physical and
Chemical Analysis Center to analyze the TEM grid by transmission electron microscopy to
observe the particle characteristics (such as size, shape, and composition) of the enriched
nanoparticles. The transmission electron microscope (TEM) used for detection has a spot
resolution of 0.20 nm, a lattice resolution of 0.1 nm, and a STEM-HAADF resolution
of 0.17 nm, of which the minimum spot diameter is 0.8 nm. The transmission electron
microscope is equipped with an X-ray energy dispersive spectrometer (EDS) with an
accelerating voltage of 300 kV, and the samples observed under the microscope obtained in
this study were all carried out in this environment. In the study, the composition of the
particles was determined using EDS in the absence of reference substances; therefore, we
cannot report the exact mass percentage of each chemical composition. When observing,
we set the spot radius to <0.2 um. The relative content of a specific element or component in
the particle is expressed in mass percent. Two points were selected to study the background
composition of the Al grid. The results show that the aluminum mesh is mainly composed
of C, O, Al, and Si. One contains C (94.21%), O (3.55%), Al (1.61%), and Si (0.63%); the other
contains C (92.68%), O (3.76%), Al (2.85%), and Si (0.71%) [18].

3.3. Chemical Analysis

The samples of soil, fault mud, and ore were sent to China University of Geosciences
(Wuhan) for trace elements analysis. Inductively coupled plasma mass spectrometry (ICP-
MS) was used for the determination of V, Co, Ni, Nb, Ti, Th, U, La, Y, Cu, Pb, Zn, Zr, Mn,
Li, Ba, W, Ag, and Au concentrations. Atomic absorption spectrometry (AAS) was used to
obtain the Cr and Ag concentrations (Table 1).

Table 1. Analytical detection limits of elements.

Elements v Cr Co Ni Nb Ti Th 8] La Y
Detection limit 2.0 3.0 0.2 1.0 0.01 3.0 0.8 0.003 0.01 0.01

Elements Cu Pb Zn Zr Au Ag Mn Li Ba w
Detection limit 0.2 59 2.0 0.05 0.1 3.0 0.5 1.0 0.5 0.05

Note: Unit is ug/g except Auinng/g.

4. Results and Discussion
4.1. Metal Particles Observed Using TEM

Complex micro-/nanoscale metal particles composed of Au, Cu, and other elements
were observed in carriers (Al grids), which captured particles from soils, fault muds, and
ores above the ore body, as shown in Figure 3. Nanoscale Au particles were found in the
near-ore surface soils above the deposit (Figure 3a,b), the fault muds (Figure 3e,f), and the
ores (Figure 3g,h), but nanoscale Au particles were not found in the near-ore surface soils
above the background area (Figure 3c,d).

The characteristics of the particles in soils, fault muds, and ores are as follows: (1) the
radii of metal particles are mainly in the order of several hundred or several tens of nm, with
some several nm in size; (2) single metal particles are always ellipsoidal or polygonal, and
may form clusters or aggregates (Figure 3e-h); (3) the EDS analysis shows that the metal
particles are composed of metal complexes with Au, Cu-Co-Fe, Cu, and Fe-Co. Particles
collected from background areas mainly contain Fe, Mn, Zn, Al, and Cu (Figure 3c,d). No
Au- or Ag-bearing particles were observed in the background samples.
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4.2. Elemental Composition

The concentrations of trace elements of the samples are listed in Table 2. The average
concentration of Au in soils above the concealed ore body (5506, S507) was 74.8 ppm;
relative to Chinese soil, the enrichment coefficient of S506 is 28.6 and S507 is 84.7; the overall
enrichment coefficient of the two samples is 56.6 (Figure 3i). The average concentration
of Au in soils around the concealed ore body (5508, S509) was 1.86 ppm; the enrichment
coefficient of S508 and S509 is 1.4; the overall enrichment coefficient of the two samples
is 1.4 (Figure 3i). The average concentration of Au in fault muds is 227.61 ppm; the
enrichment coefficient of FS01 is 78 and FS02 is 267; the overall enrichment coefficient of
the two samples is 172 (Figure 3i). The average concentration of Au in ores is 224.34 ppm;
the enrichment coefficient of R01 is 324 and R02 is 15.7; the overall enrichment coefficient
of the two samples is 170 (Figure 3i).

Table 2. Trace element in surface soils, fault muds, and ores.

Element S508 S509 S506 $507 FSo1 FS02 RO1  R02
X X . Chinese Soil
Samples Type Soil Outside Orebody Soil Above Orebody Fault Mud Ore

Co 12.61 11.59 12.7 15.4 3.76 2.29 239 207 12.1
Ni 15.1 14.7 15.7 16.8 2.16 0.3 158 645 25
Cu 222 29.2 51.2 29.4 69.5 50.9 71 224 22
Zn 64.81 67.38 121.2 69.15 256 161 106 129 70
Mn 615 661 707 717 156 82 1620 3979 670
Cr 75.8 66.5 729 815 18.3 13.1 180 166 59
A% 85.2 84.8 87.0 105.7 18.2 14.1 220 132 80
Ti 5019 5223 5029 5173 1351 1199 7925 3697 4105
Li 315 27.7 313 321 43.8 20.7 183  79.6 32
Zr 447 502 417 516 136 135 228.1 139.6 270
Ba 827 830 799 837 214 193 210 121 490
Pb 35.3 50.1 58.3 34.2 443 289 162 202 24
w 1.84 1.95 191 1.89 9.63 8.98 468 723 1.8
Th 7.37 7.8 7.21 7.81 3.82 2.99 l64 87 11.9
8] 1.94 2.07 217 2.21 1.52 1.23 335 473 2.45
Y 27.2 29.6 30.8 27.8 9.02 8.58 29.7 267 25
La 421 45.0 37.6 409 30.1 234 205 32 39
Nb 15.4 15.0 15.1 14.6 10.4 9.1 119 76 16
Au 19 1.8 37.8 111.8 103 352 428 207 1.32
Ag 63.8 261.1 97.7 166.5 359 402 1044 3027 77

Note: unit in ug/g.

Moreover, the average concentrations of Au were significantly higher than those
reported for soil from China by Chi et al. (2007) [34], and other elements, such as W, Pb,
Zn, and Cu are not significantly enriched in this area. At the same time, the enrichment
coefficient of the ore-forming element Au decreases from ores to fault muds to soils.

4.3. Geochemical Lithogene (LG03)

The geochemical gene is a new technique presented in recent years [19]. Although
the term “gene” has been adopted in geochemistry from biology for two decades by
Xuejin Xie and Xueqiu Wang [21,24,34,35] who proposed that the element is the gene of
the earth and the geochemical map is the gene map of the earth surface, and another
term related to genes is the “gene profile curve of geochemical elements” presented by
Zhang et al. (2015, 2016) [22,23] in geochemistry which is like the REE pattern or spider
diagram without gene properties [20,24], the above two studies do not have the essential
connotation of genes, such as codes, heredity, inheritance, variability, similarity, and other
characteristics, only the geochemical characteristics of elements. Therefore, it can be
regarded as the germination and gestation stage of the geochemical gene. Geochemical
genes with these characteristics have just been proposed only recently [24,25,28].

11
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This technique combines the concept of biological gene with geochemistry, and pro-
poses a complete geochemical gene construction process, including gene sequence, gene
coding, and gene similarity calculation methods. Gong et al. (2020) proposed that the
acidic similarities of genes can be used to classify the composition of rocks, soils, and
stream sediment samples according to the characteristics of lithogenes [26]. In recent years,
with the development of lithogenes, great achievements have been made in composition
classification and provenance tracing [20,23,27,32,36-39].

According to the construction steps of a geochemical gene, Li et al. (2021) proposed
a new lithogene labelled LG03 [27]. The gene eliminates the influence of the addition
of aeolian sand, organisms, and other media on lithology determination, and is feasible
in discussing component classification and provenance tracing. Gene coding and acidic
similarities of soils, fault muds, and ores using LGO3 lithogene calculate the following
(Table 3):

Table 3. Gene similarities of 8 samples with different sampling points.

Sample $508 $509 $506 $507 FS01 FS02 RO1 RO2
LGO3 11202020202 12202020202 11201020202 12201020202 10202020202 10202020211 12022001202 12120111200
LGO3_R acidic (%) 95 90 90 85 100 90 55 40

It can be seen from Table 3 that the acidic similarities of ores are 40-55, the fault
muds are 90-100, and the soils are 85-90 (Figure 3j). The proposed lithogene LG02 not
only gives a clear meaning to the gene, but also stipulates the division of gene similarity.
Yan et al. (2018) determined that the gene of acidic rock in China is 11012020211, the gene
of neutral rock in China is 11210002110, and the gene of basic rock in China is 10210102200.
According to the above gene similarity calculation method, the similarity to the other two
rocks of a rock is calculated, respectively. Compared with acidic rock, the genetic similarity
of neutral rock is 50%, and the genetic similarity of basic rock is 40%. Compared with
intermediate rocks, the genetic similarity of basic rocks is 80% [25]. This indicates that the
lithologic gene LG02 can significantly distinguish acidic rocks from the other two rocks.
However, for the two kinds of rocks, neutral rock and basic rock, their differentiation is
relatively low. In order to make up for the deficiency that the lithologic gene LG02 cannot
effectively distinguish basic rock from neutral rock, Gong et al. [26] proposed that the ideal
acidic rock in China (a virtual rock sample represented by the elemental abundance of
acidic rock in China compositionally) has the same gene code of 10202020202 on LG01 and
LGO03, and the ideal basic rock in China also has the same gene code of 12020202020 on these
two lithogenes. The gene similarity of a sample relative to the ideal acidic rock is called the
sample’s acidic similarity and can be labeled as R gic. This also makes up for the fact that
the genetic code of the lithogene LGO02 is not easy to remember when expressing lithology.
According to this definition, the Rpggic of the ideal acidic rock in China is 100%, while
the Racigic of the ideal basic rock in China is 0%. Geological materials can be classified
into three groups: acidic-like composition with Rgigic > 80% labeled 1, intermediate-like
composition with RAcidic between 75% and 25% labeled 2, and basic-like composition
with Racigic < 20% labeled 3. Therefore, according to the acidic similarities, the ores belong
to neutral components, and fault muds and soils belong to acidic components. Three types
of samples were clearly divided into two different components.

In summary, TEM observation and energy spectrum analysis showed that Au nanopar-
ticles were found in the ores, fault muds, and soils above the concealed ore body, but not
in the soils around the concealed ore body. At the same time, the element composition
also proves that Au is much higher in the soils above the concealed ore body than in the
soils around the concealed ore body. The LGO03 lithogene shows that the ores are neutral
components, and the fault muds and soils are acidic components; their sources are different,
thus excluding the possibility that the soils above the concealed ore body are formed by ore
weathering. This also provides an explanation for the source of the high concentration of

12
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Au in the top soil of the ore, that is, by the migration of the bottom ore, which also provides
a basis for soil fine-grained prospecting (Figure 3).

5. Conclusions

(1)  The nanoscale Au particles were found in ores, fault muds, and soils above the concealed
ore body, but not in the soils around the concealed ore body by TEM observation.

(2) The concentration of nanoscale Au particles in ores, fault muds, and soil above the
concealed ore body are much higher than that in Chinese soil and has a higher
enrichment coefficient. On the contrary, the concentration of nanoscale Au particles in
the soils around the concealed ore body are almost the same as that in Chinese soil.

(3) The LGO3 lithogene divides the ores into neutral components, and fault muds and
soils into acidic components, which proved that they have different substrates. It
is proven that the high concentration of nanoscale Au particles in soils above the
concealed ore body migrate from ore to soil, which also provides a basis for soil
fine-grained prospecting.
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e N I

Abstract: The anionic and cationic species of elements from deeply buried deposits migrate to the
near surface driven by various geological forces. The geoelectrochemical exploration method (GEM),
derived from CHIM, consists of the application of an electric field to collect these active ions at the
designated electrode. Prospecting effects have been investigated by researchers since the coming up
of CHIM. However, the cumbersome technical equipment, complex techniques and low production
efficiency have restricted its potential application in field geological survey. This paper presents
the newly developed CHIM that is electrified by a low voltage dipole. The improved technique
allows both anionic and cationic species of elements to be extracted simultaneously in an anode
and in a cathode. Compared with the conventional CHIM method, the innovative techniques called
dipole geoelectrochemical method are characterized by simple instrumentation, low cost and easy
operation in field, and in particular enables simultaneous extraction of anionic and cationic species
of elements, from which more information can be derived with higher extraction efficiency. The
dipole geoelectrochemical method was proposed and applied in the experiments of the Yingezhuang
gold ore from Zhaoyuan, Shandong Province, the 210 gold ore from Jinwozi, Xinjiang Province,
and the Daiyinzhang gold polymetallic deposit from Wutaishan, Shanxi Province. There are clearly
anomalies above the gold ore body, indicating the effectiveness and feasibility of the improved dipole
geoelectrochemical method in both scientific research and mineral exploration. The results of anode
extraction in several mining areas have shown good results, indicating that gold may be mainly
negatively charged. In fact, many metal nanoparticles, clay minerals, or complexes of metal ions are
negatively charged, so they migrate to the anode electrode and enrich.

Keywords: geoelectrochemical method; dipole; low voltage; technique improvement; concealed deposit

1. Introduction

The geoelectrochemical exploration method (GEM), derived from CHIM (Chastichnoe
Izvlechennye Metallov), was invented by Leningrad researchers in the late 1960s to early
1970s, and the method refers to partial extraction of metals. The systematic theory and field
techniques, together with some practical results, were first published by Ryss and Goldberg
(1973) [1]. The laboratory results upon which the method is based, some additional field
conditions, equipment parameters, and speed of coverage of the method were described in
several other papers [1-3].

In the 1970s and 1980s, the CHIM method was extensively applied in Russia in ex-
ploration for base and precious metals, W, U, Be, and oil and gas [4]. In the early 1980s,
experimental research was carried out in China [5,6], and in the late 1980s, geoelectrochem-
ical experimentation was started in India [7]. In the 1990s, this method was applied on
a trial basis in the USA [8] and Canada [9], and then widely applied to search for con-
cealed ore deposits [10,11]. Since the 2000s, a large amount of research on the halo-forming
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mechanism of this method has been performed, and great progress has been made for
its technique improvement [12-15]. Excellent results of searching hidden ore deposits of
Cu, Pb, Zn, Au, Ag, Sn, As and Sb have been obtained with this method [16]. Meanwhile,
application studies have been carried out for different stages of mineral exploration, with
great success [17,18].

The CHIM method has been improved since it was put forward. MDI (Method of
Diffusion Extraction) was first proposed for exploration of buried ore bodies by Milkov
etal. (1981) [19], “Dipole” CHIM was proposed by Levitski (1993) [20], and NEOCHIM was
set up by Leinz and Hoover (1993) [21]. More recently, the adsorption—electric extraction
method was developed by Fei (1992) [22], Liu et al. (1997) [14], Luo (1994) [23] and Tan and
Cai (2000) [15]. However, there are still many disadvantages as follows:

(1)  Formerly, researchers [1-11] intended to extract metal ions, under the influence of
electric current, from a buried deposit through hundreds of meters of overburden into
the element-collectors (ECs) on the surface. To achieve this, a large power generator is
required, and each measurement point is connected with the generator by long wires.
Procedures are complex, and the operation is inconvenient in field, e.g., the power is
easily broken off by accidental factors, such as cars passing by, animal actions, and
people walking, etc.

(2)  Element-collectors (ECs) filled with solution may leak, to a greater or lesser degree, so
that the remaining amount of the solution is very different when the work is finished,
which may have an influence on identifying anomalies.

(3) Element-collectors (ECs) of the adsorption—electric extraction method have some
advantages over the liquid-type ECs. Previous work, however, only employed a
single cathode to extract ions that are in positively charged forms of elements. Levitski
(1993) [20] proposed the “Dipole” CHIM method, which enables a simultaneous
extraction of anionic and cationic species of elements, and the ECs have been improved
greatly as well. However, it is difficult to use in field owing to its weight, complicated
operation procedures, high cost and relatively low production rate.

(4) The improvement of method has received only minimal attention in the English-
language literature. Kang et al. (2003) [12] and Kang et al. (2006) [13] gave a brief
overview of the development and application of the improved method in Chinese,
with an English abstract.

On the improvement of the CHIM method, the authors have carried out some explo-
ration in China and made some progress [12,13], and other researchers [24] also conducted
related research. In order to carry out the research and further improve the technology of
this method on a global scale, the authors systematically summarized the previous research
results and wrote this paper.

Firstly, the development history of geoelectrochemical exploration method (GEM) was
introduced in this paper. Secondly, the halo-forming mechanism was illustrated on mineral
exploration. Then, the basic and the improved geoelectrochemical methods including
equipment and sampling were described, respectively. Finally, three case studies on
concealed gold deposits in China were illustrated to show the applications of the improved
geoelectrochemical method developed.

2. Halo-Forming Mechanism

Deeply concealed ore deposits are dissolved in many forms, such as electrochemi-
cal dissolution. Metal anionic and cationic species of elements from concealed deposits
migrate to near the surface driven by various geological forces, and they are enriched
therein [21,25-28]. Tons with a negative charge go to the anode and positive to the cathode
under the influence of an artificial electric field. The man-made electric field can activate
and change the forms of occurrence of elements in the soil. Firstly, it can bring about
decomposition of a great number of complex anions and other stable or sub-stable form of
elements; secondly, it can make anions and cations move to the extraction electrodes, and
hence accelerate ionic movement [1,17]. The metal ions of electromobile forms are extracted
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in either anodes or cathodes under the influence of a man-made electric field, which are
called GEM anomalies (Figure 1). There are electrically active fine-grained clay mineral
particles in the soil, and charged ions or electrically active ultrafine-grained clay mineral
particles can migrate to the designated electrode and be adsorbed in the foam sample under
the action of an external electric field [29]. GEM ionic halos are in mobile forms, and they
are dynamically related to concealed deposits [7,22,26]. The element composition of the
halos is normally correlated with that of the ores, and the halos occur typically directly over
the deposits [30]. Therefore, GEM ionic halos can be used to search for concealed deposits.
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Figure 1. The formation of geoelectrochemical ionic halos.

3. Materials and Methods

The GEM is a prospecting technique that combines geochemical and geophysical
exploration. That is, ions or charged complexes of the electromobile forms of elements
in soils and rocks are extracted, under the influence of an artificial electric field, into the
specially designed element-collectors (ECs). The ECs are analyzed by ICP-MS for indicator
elements related to ore deposits.
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3.1. Basic GEM-CHIM

The ECs are embedded in the surface sediments along a profile to be explored and are
connected to a DC current source as either anodes or cathodes. The collectors comprise
cylindrical polyethylene vessels with a semi-permeable diaphragm as a base, filled with
specific electrolyte in which a solid electrode is dipped. A common auxiliary electrode is
positioned at “infinity” and is represented by a metal or graphite bar(s). The extraction of
electromobile forms of occurrence of metals is made with an applied current of 100-200 mA,
usually for a duration of 10 or 20 h [7,30-33]. However, the basic CHIM field procedure is
complicated and of high cost. As such, some improvements have been made recently, as
introduced in this paper.

3.2. Improved GEM—"Dipole CHIM” Electrified by a Low Voltage Dipole (Abbreviated as
DL-CHIM)

3.2.1. Theoretical Basis

Both cationic and anionic species may bear useful information, and many metals may
form anionic complexes, especially in the presence of chlorides, particularly in surface
soils. Such complexes include [Cul]~, [CuCl,]~, [CA(NHjz), Cly]>~, [HgCly]>~, etc. [34].
Recognizing that anionic as well as cationic species may provide useful information [33],
the “Dipole CHIM” technique electrified by a low voltage dipole was then proposed.

3.2.2. Method Setting and Field Procedures

The element-collectors comprise a graphite bar wrapped foam electrode pairs con-
nected by a 9-volt alkaline battery (Figure 2). The electrodes were embedded in a rectangular
sampling area with a length of 40 cm, a width of 20 cm and a depth of 30 cm, and were
placed parallel at the bottom of the sampling area at an interval of 30 cm, and then they
were covered with soil while watering and pouring a dilute nitric acid solution of 15%
HNOj;. Generally, water is in the anode area for one liter, and dilute nitric acid solution is in
the cathode area for one liter. These were left for about 24 h, after which time the electrodes
were exhumed (depending on the DC power supply and local geological controls). The
electrodes need cleaning before using again.

@
(+) ar ()

Figure 2. Simplified profile of the DL-CHIM. 1—Anion collector; 2—Cation collector; 3—Current
flow lines; 4—Disposable DC power supply.

Soil samples were collected at each sampling point to compare the application effects
between the DL-CHIM method with the conventional geochemical soil survey (CGS).

3.3. Sample Testing

Acid digestion in pretreating foam samples was made, and the contents of Au were de-
termined by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), and the analytical
work was carried out at Institute of Geophysical and Geochemical Exploration, Langfang,
China and Guilin Research Institute of Geology for Mineral Resources, Guilin.
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4. Results and Discussion
4.1. Case Study on Yingezhuang Gold Deposit

The DL-CHIM method was applied at Yingezhuang gold deposit from Shandong,
210 gold deposit from Xinjiang, and Daiyinzhang gold polymetallic deposit from Shanxi,
China. The Yingezhuang gold deposit is located in the East of China, whose ore body
is situated at a depth of between 100 m and 600 m. The average grade of the ore body
is 4.03 g/t with a thickness ranging from 2 m to 10 m [13]. Figure 3a,b show the results
obtained using the DL-CHIM method. It can be seen from Figure 3 that the DL-CHIM
method identifies distinct anomalies of Au over the gold ore bodies, and that cationic
species anomalies of Au have highest values (41.05 ppb) above the buried ore bodies, and
anion anomalies of Au have high intensity and good continuity, which corresponds closely
to ore body. Anionic species anomalies and cationic species anomalies of Au are much wider
and have better continuity (sample numbers from 18 to 54), which can give anomalous
responses from deep-seated mineralization. Anionic and cationic species anomalies of Au
enable the identification of the position of the deeply buried ore bodies. The maximum
anomalous value in cationic species anomalies of Au clearly corresponds to the gold-rich
ore body of Yingezhuang gold deposit. In the thick transported covered terrains (sample
numbers from 18 to 36), and anion anomalies of Au can show better results for concealed
gold deposits in depth because gold may mainly exist as micro—nano particles in surface
soils, which are negatively charged and can migrate to the designated electrode and be
adsorbed in the foam sample under the action of an artificial electric field. The analytical
results of this field work are tabulated in Table 1.
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Figure 3. Results obtained by employing the DL-CHIM method over Yingezhuang gold deposit
from Shandong, China. (a) Anion anomalies of Au (Anode extraction); (b) Cation anomalies of Au
(Cathode extraction); (c) geological base map [13].
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Table 1. Analytical data of the samples obtained using the DL-CHIM at the Yingezhuang gold deposit.

Anion-Collectors Cation-Collectors
Sample No.
Au (ppb) Au (ppb)
18 2.59 0.39
22 3.09 1.81
26 5.10 2.84
30 3.28
32 1.56 5.68
34 2.95 4.23
36 2.38 3.36
38 0.38 2.49
40 5.03 3.05
44 3.15 2.18
46 494 2.31
48 6.63 41.05
50 4.81 2.06
52 2.25 2.43
54 0.10 2.88
56 1.40 0.10
58 3.99 3.80
60 2.80 0.10
62 5.46 1.20
64 0.73 3.30
66 0.14 0.10
68 0.28 3.08
70 2.28 0.10
72 0.1 3.26
76 3.24 5.60
80 1.64 2.14

4.2. Case Study on 210 Gold Deposit

The 210 gold deposit from Xinjiang is located in the Northwest of China, where arid
residual regolith is about 10 m thick. The ore bodies are hosted in a mylonite belt at depths
between 20 m and 60 m, whose grade varies between 3 g/t and 10 g/t with an average of
4.11g/t [13]. Figure 4 shows the results obtained using the DL-CHIM method along line I
at the 210 gold deposit. It can be seen from Figure 4 that there are obvious anionic species
anomalies of Au above the ore body, and the anomalies of Au have a certain continuity,
indicating that gold may mainly exist as micro-nano particles, clay minerals, or complexes
of metal ions in surface soils, which is negatively charged. Figure 4 indicates that the cation
anomaly of Au only shows a single anomalous point. Thus, it suggests that the DL-CHIM
method is a great improvement over the previous monopole extraction. The analytical
results of this field work are tabulated in Table 2.
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Figure 4. Results obtained by employing the DL-CHIM method over 210 gold deposit from Xinjiang,
China. 1—Quaternary System Holocene; 2—Quaternary System Pleistocene; 3—Gold ore body;
(a) Anion anomalies of Au (Anode extraction); (b) Cation anomalies of Au (Cathode extraction);
(c) geological base map [13].

Table 2. Analytical results of the samples obtained using DL-CHIM method at the 210 gold deposit.

Anion-Collectors Cation-Collectors
Sample No.
Au (ppb) Au (ppb)
0 0.9 14.5
1 0.4 1.7
2 0.3 10.1
3 0.7 24
4 0.7 2.1
5 0.4 1.5
6 0.2 20.2
7 6.5 1.7
8 1.1 5.1
9 0.7 1.6
10 0.8 6.3
11 0.5 8.8
12 0.0 1.2
13 0.4 0.5
14 0.5 0.4

4.3. Case Study on Daiyinzhang Gold Deposit

The Daiyinzhang gold polymetallic deposit is located in the midwestern section of
Wutaishan area from Shanxi, in the middle-high mountainous area. The terrain in the area
is high in the east and low in the west, with developed valleys and severe topography,
where exposed strata mainly consist of the chlorite schist and sericite schist of the Baizhiyan
Formation of the Neoarchean Wutai Group. The alteration phenomena of pyrite mineral-
ization, silicification, tourmaline, sericitization, and carbonation are obvious. The intrusive
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rocks are mainly dominated by Wutai plagioclase granite and Lvliang metamorphic dia-
base [35,36]. The ore body, with strike length 450 m, has a burial depth of 0 m to 558 m and
a thickness of 0.53 m to 2.44 m; its Au average grade is 2.97 g /t. It can be seen from Figure 5
that the cation anomalies of Au mainly occur at measurement points from 11 to 18, and the
anomalous values are in the range from 6.21 ppb to 11.21 ppb, with an average intensity of
8.83 ppb, which basically corresponds to the ore bodies near the surface; in addition, the
extreme values of the anomalies are relatively continuous, which is basically consistent
with the distribution of gold ore bodies. The anion anomalies of Au occur at measurement
points from 5 to 11, and the anomalous values are in the range from 4.65 ppb to 16.98 ppb,
with an average intensity of 9.47 ppb, corresponding to the buried ore bodies. In the
geochemical soil survey, the soil anomalies of Au occur at measurement points from 15 to
19, and the anomalous values are in the range from 4.86 ppb to 481.62 ppb, with an average
intensity of 121.02 ppb, which has some displacement with the ore bodies near the surface;
for buried ore bodies, the soil anomalies of Au are weak, basically showing the background
characteristics. In general, in the thick transported covered terrains (measurement points
from 1 to 10), the geochemical soil survey shows only background characteristics; however,
DL-CHIM method shows obvious anion and cation anomalies of Au at measurement points
for 5, 6 and 8. The analytical results of this field work are tabulated in Table 3.

Table 3. Analytical results of the samples obtained using DL-CHIM method at the Daiyinzhang gold

polymetallic deposit.
Anion-Collectors Cation-Collectors Geochemical Soil Survey
Sample No.
Au (ppb) Au (ppb) Au (ppb)
1 5.34 13.57 2.76
2 5.25 5.49 1.58
3 7.65 478 242
4 5.74 5.79 1.57
5 16.98 8.28 1.38
6 4.65 10.37 2.13
7 5.14 4.72 2.81
8 9.70 4.68 1.29
9 493 6.09 1.28
10 13.14 4.63 1.48
11 11.75 11.21 4.55
12 6.34 9.07 2.90
13 5.73 9.87 9.28
14 5.31 9.01 8.43
15 5.07 7.60 38.55
16 4.78 9.79 4.86
17 7.57 7.86 481.62
18 4.81 6.21 53.16
19 6.67 8.01 26.90
20 4.08 7.34 1.94
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Figure 5. Results obtained by employing the DL-CHIM method and geochemical soil survey over
Daiyinzhang gold deposit from Shanxi, China. 1—Chlorite schist; 2—Sericite schist; 3—Metamorphic
diabase; 4—Plagioclase granite; 5—Gold mineralization; 6—Gold ore body; 7—Drill hole; (a) Soil
geochemical anomalies; (b) Anion anomalies of Au (Anode extraction); (¢) Cation anomalies of Au
(Cathode extraction); (d) geological base map [35,36].

5. Conclusions

(1) The DL-CHIM method, characterized by simple equipment, easy operation and low
cost, is therefore suitable particularly for field surveys.

(2) The DL-CHIM method enables a simultaneous extraction of anionic and cationic
species of pathfinder elements, from which more information can be derived with a
higher extraction efficiency.
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(3) Inthick overburden areas, deep-seated concealed ore bodies are difficult to identify
by conventional geochemical exploration methods, such as geochemical soil survey.
However, the DL-CHIM method can detect obvious anomalies of pathfinder elements
for anionic or cationic species. Additionally, anion anomalies of elements can show
better results for concealed gold deposits in depth because gold may mainly exist as
micro—nano particles in surface soils, which are negatively charged.

(4) The prospecting depth of this technique is much greater than that of conventional
geochemical exploration methods because the detecting objects of this technique are
those mobile forms of elements and ions.
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Abstract: Triassic granitoids are abundant on the northwestern margin of the Tibetan Plateau. The Da-
hongliutan pluton, located in the eastern Western Kunlun orogen, formed in the Late Triassic.Previous
field studies have identified potential mixing of crustal and mantle magmas. In this study, we used
zircon U-Pb ages and major and trace elemental analyses to investigate the tectonic evolution of the
pluton, and to determine whether any exchange of mantle-derived material occurred between the
pluton and the source area. We found that the pluton has relatively high SiO, contents, and the alu-
minum saturation index is consistent with peraluminous high-K calc-alkaline granite. The pluton is
enriched in light rare earth elements; both light and heavy rare earth elements are highly fractionated.
The magma that formed the pluton was predominantly derived from the crust; however, a small
amount of upper mantle material was involved in the early stages of magma formation. The pluton
underwent composite emplacement as a result of tectonic extension and magmatic emplacement,
which may have occurred in the late Triassic post-collisional orogenic stage. Late Triassic magmatism
provided heat and ore-forming material for Pb-Zn, Cu, Fe, and rare metal mineralization, which is of
considerable importance for geological prospecting.

Keywords: zircon U-Pb dating; geochemistry; late Triassic; Paleo-Tethys Ocean; syn-collisional;
Dahongliutan pluton; western Kunlun orogen

1. Introduction

The Western Kunlun orogenic belt is located in the northwestern Qinghai-Tibet Plateau
at the junction of the Paleo-Asian and Tethys tectonic domains. Magmatic activity has
occurred frequently throughout this region, producing granitoid rocks. The Western
Kunlun orogen was accompanied by evolution of the Paleo-Tethys Ocean during the
Indosinian period. As collisional compressive conditions changed to a collisional extension
setting, strong intermediate-acid magmatism occurred along the Mazha-Kangxiwa suture
zone [1]. Determining the characteristics, genesis, and evolution of the emplaced granitoids
is crucial for investigating the evolution of continental orogenic belts.

The Dahongliutan pluton is one of the main plutons of the Sanshiliyingfang Qitaid-
aban granite belt [2]; it is located in the northern Tianshuihai-Karakoram terrane, on the
southern side of the Mazha-Kangxiwa suture zone, and is bounded by the Dahongliutan
Fault to the north. Based on geochronological data, the Bureau of Geology and Mineral
Resources of Xinjiang suggested that the Dahongliutan pluton formed during the late
Cretaceous. Based on petrography, petrochemistry, and chronology, Qiao, et al. [3] sug-
gested that the Dahongliutan monzogranite is a Late Triassic, highly differentiated S-type
granite that experienced crustal source contamination in a collisional setting. Wei, et al. [4]
suggested that the Dahongliutan pluton is a compound pluton produced during a single
period of tectonomagmatic activity that included partial melting of crustal material in
a collisional setting after the closure of the Paleo-Tethys Ocean. Zhang, et al. [5] measured
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an emplacement age of ~217.5 Ma for the Dahongliutan pluton and determined that the
pluton was the product of partial melting of crustal material in a post-collisional setting.
Ding, et al. [6] measured the emplacement age of the Dahongliutan biotite monzogranite
to be 214 4 1.8 Ma, which indicates that the pluton was produced by late Indosinian mag-
matism; they postulated that the magma that formed the Dahongliutan pluton contained
mantle and Mesoproterozoic crustal components [6,7]. The Dahongliutan rare metal peg-
matite deposit is located south of the Mazha-Kangxiwa Fault in the eastern part of the
Western Kunlun orogen and is a large Li-Be-Nb-Ta deposit [8]. More than 400,000 tons of
Li,O resources have been explored, and many of the pegmatite veins have not yet been
evaluated; thus, this deposit has great metal prospecting potential [9].

Exploration data indicate that the Dahongliutan belt has large- and super large-scale
rare metal prospecting potential. The Dahongliutan rare metal pegmatite deposit, a large
Li-Be-Nb-Ta deposit, is located south of the Mazha-Kangxiwa Fault in the eastern Western
Kunlun orogen [8]. More than 400,000 t of Li;O resources have been explored; however,
many of the pegmatite veins have not yet been evaluated and this deposit has great metal
prospecting potential [9]. The pegmatite dikes that surround Triassic rocks in this area
suggest ideal conditions for rare metal mineralization [10]. However, it remains unclear
whether the emplacement ages of the different lithofacies in the Dahongliutan pluton are
consistent. Moreover, it is unclear whether the pluton formed over multiple magmatic
stages. Previous research has suggested that the magmatic source of the Dahongliutan
pluton was crustal; however, this does not account for dioritic enclaves developed in
the samples. The Muztagata pluton (located to the north), Shanggimugan pluton, and
Dahongliutan pluton all formed under similar regional geologic settings and exhibit similar
emplacement ages. They contain dark inclusions, which previous field studies attributed
to mixing of crustal and mantle magmas. Thus, it is important to determine whether any
exchange of mantle-derived material occurred between the Dahongliutan pluton and the
source area.

In this study, we used data obtained by a 1:50,000 mineral prospective survey and
1:50,000 regional geological survey, along with previous research results, to investigate the
petrology, geochemistry, genesis, and tectonic setting of the Dahongliutan pluton and its
geodynamic setting in the Late Triassic. The findings of this study provide important data
for systematic studies on tectonomagmatic events related to the Western Kunlun orogeny.

2. Geologic Setting

The Western Kunlun orogen, which is located at the junction of the northwestern
margin of the Qinghai-Tibet Plateau and the Tarim Block, comprises a composite orogenic
belt formed by multiple arc-continent collisions (Figure 1a). The evolution of the Western
Kunlun orogen is complex and includes three tectonic units: the northwestern Kunlun,
southwestern Kunlun, and Tianshuihai—Karakoram terranes [7,11].

The Dahongliutan pluton is located ~150 km southwest of Hotan County, Xinjiang
Uygur Autonomous Region; the Xinjiang-Tibet highway passes through the north bank
of the Karakash River on the northern side of the study area. The tectonic setting is the
northern Tianshuihai—Karakoram of the Western Kunlun orogen, which lies to the south
of the Mazha-Kangxiwa suture zone. To the north, it is adjacent to the Dahongliutan
Fault. The rocks surrounding the Dahongliutan granite are from the Triassic Bayanhar
and Paleoproterozoic Kangxiwa groups. The pluton, which forms a linear/oval feature
(Figure 1) with its long axis trending NW-SE, was emplaced parallel to the Dahongliutan
fault zone [3]. According to the intrusive relationships, rock types, intrusion sequence,
and genetic types, the intrusive rocks can be divided into seven different types: muscovite
monzogranites (first intrusion, Figure 2a), mica monzogranites (second intrusion, Figure 2b),
biotite granodiorites (third intrusion, Figure 2c), biotite monzogranites (fourth intrusion),
biotite quartz diorites (fifth intrusion, Figure 2d), tonalites (sixth intrusion), and mica
granites (seventh intrusion). These intrusions underwent homologous magmatic and
spatial evolutions and belong to a relatively complete magmatic evolution sequence. All
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the rock types contain gray-black deep-sourced diorite inclusions that are predominantly
elliptical; however, the long axes of inclusions near the edges of the pluton are roughly
parallel to the contact boundary with the surrounding rock. The pluton has experienced
regional or dynamic metamorphism to different degrees, and local sections exhibit flaky
and gneissic structures. The rocks generally contain feldspar phenocrysts, which have
evolved from neutral to acidic (early to late) and form a relatively complete homologous
magmatic sequence. There is a pulsating contact with rocks adjacent to each intrusion in
the sequence, with the presence of condensation edges.

Main Fault

. Figure 1b
P Huangyangling Group

Dé!hon 2

T Bayankalashan Group

Jl‘!l[df = 0z} a F‘
4] GU 21, Clo

Pt, Kangxiwa rock Group | Tarim land mass

Canibiisi Granite I -1 Tiekelike brek belt
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Triassic momzogranite Kunlun orogenic belt
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lithium deposit X
IlI-2 North Qiangtang-Tanggula land

—~—
Chst™ =0,

Figure 1. (a) Geologic map of the Kangxiwa—Dahongliutan area (base map according to [10]), and
(b) a simplified geologic map of the study area (1. Modern snow cover; 2. Holocene alluvium; 3. Pleistocene
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alluvial diluvium; 4. Upper formation of the Bayankala Mountain Group; 5. Middle formation of
the Bayankala Mountain Group; 6. Lower formation of the Bayankala Mountain Group; 7. Upper
formation of the Huangyangling Group; 8. Middle formation of the Huangyangling Group; 9. Lower
formation of the Huangyangling Group; 10. Second member of the upper formation of the Tianshuihai
Group; 11. First member of the upper formation of the Tianshuihai group; 12. Second member of
the lower formation of the Tianshuihai group; 13. First member of the lower formation of the
Tianshuihai Group; 14. Second member of formation B of the Saitula Group; 15. First member
of formation B of the Saitula Group; 16. Second member of formation B of the Kangxiwa Group;
17. First member of formation B of the Kangxiwa Group; 18. Second member of formation A of
the Kangxiwa Group; 19. First member of formation A of the Kangxiwa Group; 20. Late Triassic
seventh intrusive secondary biotite monzogranite; 21. Late Triassic sixth intrusive secondary tonalite;
22. Late Triassic fifth intrusive secondary biotite quartz diorite; 23. Late Triassic fourth intrusive
secondary biotite monzogranite; 24. Late Triassic third intrusive secondary biotite granodiorite;
25. Late Triassic second intrusive secondary biotite monzogranite; 26. Late Triassic first intrusive
secondary muscovite monzogranite; 27. Late Ordovician quartz diorite; 28. Middle Cambrian
second intrusive secondary biotite granite; 29. Middle Cambrian first intrusive secondary granite

porphyry; 30. Fault; 31. Inferred fault; 32. Remote sensing interpreted fault; 33. Geological boundary;
34. Inferred geological boundary; 35. Pulsating contact boundary; 36. Surging contact boundary;
37. Hornization; 38. Marble; 39. Sample locations and numbers).

Figure 2. (a) Rock surrounding a xenolith in muscovite monzogranite. (b) Joints developed inmica
monzogranite. (c) Dark inclusions developed in biotite granodiorite. (d) Tonalite in pulsating contact
with biotite quartz diorite.
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3. Analytical Methods
3.1. Major and Trace Elemental Analyses

We analyzed the major and trace elemental contents of 23 rock samples from the study
area. Sample analyses were performed at the Urumgi Supervision and Inspection Center of
Mineral Resources, Ministry of Land and Resources. Major elements were analyzed using X-
ray fluorescence (model # Axios, manufacturer:Panaco Netherlands, country of origin: The
Netherlands); the analytical accuracy was better than 1-5%. Trace elements and rare earth
elements (REEs) were analyzed using inductively coupled plasma mass spectrometry (ICP-
MS; model # NexION 300x ICP-MS iCAP6300 Simultaneous spectrometer, manufacturer:
PerkinElmer, country of origin: the United States). Detailed descriptions of the analytical
methods and analyses can be found in Liu, et al. [12].

3.2. Zircon U-Pb Dating

Zircon U-Pb dating was performed using laser ablation ICP-MS (LA-ICP-MS) on
six samples (P22-39TW01, P20-25TW01, P25-08TWO01, P25-12, P21-32TW01, and P7-65TW01).
Zircon sorting and analyses were performed at the Shared Collaboration (Beijing) Analysis
and Testing Center. The rock samples were first mechanically crushed, then washed and
sorted using conventional flotation and electromagnetic separation methods. Zircon grains
were carefully chosen using a binocular microscope to ensure grains with good crystal form
and transparency, and without inclusions or cracks. The number of zircon grains sorted
from each sample ranged from 500 to >1000; these grains were then fixed in a colorless
and transparent epoxy resin. Transmitted light, reflected light, and cathodoluminescence
(CL) photography were performed to select analytical spots on zircon grains. The selected
analytical points avoided the locations of internal cracks and inclusions in order to obtain
accurate age values.

Zircon age dating was performed using LA-ICP-MS (Neptune, Finnigan) and a Newwave
UP 213 laser ablation system. The spot beam diameter used for laser ablation was 25 um,
the frequency was 10 Hz, and the energy density was ~2.5]/ cm?; He was used as the carrier
gas. The 2%°Pb, 207Pb, 204pp (*204Hg), and 292Hg signals were received by ion counters,
while 2%8Pb, 22Th, and 238U signals were received by the Faraday cup, allowing for the
simultaneous reception of all target isotopic signals. The analytical accuracy of 207pp, /206,
206pp /238U, and 297Pb /235U was ~2%. Denudation of the sample was measured using the
point denudation method, and GJ-1 was used to debug the instrument before analysis.
Zircons CJ-1 and M12 were used as external standards. Zircon GJ-1 was analyzed twice
before and after every 10 samples for calibration, and one plesovice zircon standard was
measured simultaneously.

Data processing of isotope ratios and elemental contents were performed using ICPMS-
DataCal 8.0. The age calculations and harmonic maps were completed using lsoplot ver. 3.0.
Samples with 2°Pb/204Pb ages of >1000 Ma were excluded from the calculation because
they contained a large amount of radiogenic Pb. For samples with ages of <1000 Ma, the
more reliable 2°°Pb /238U surface age was used. Detailed descriptions of the experimental
procedures can be found in Hou, et al. [13].

4. Results
4.1. Petrographic Characteristics

We collected 23 samples from the northern, central, southern, southwestern, and southeast-
ern parts of the pluton. The muscovite monzogranites (samples P22-55 GS, P22-71 GS, P20-15
GS, and D3801GS01) are gray-white with fine-grained hypidiomorphic-granular and massive
structures. Euhedral plagioclase (30-35%) crystals have dimensions of 0.1 x 0.25-1 x 2.3 mm;
some are replaced by sericite. Interstitial microcline (30%; 0.1-2 x 4.5 mm) is associated with
biotite, plagioclase, and quartz. Fine albite stripes are distributed within coarse microcline grains.
Quartz grains (25-30%; 0.05-1 x 0.5 mm) are xenomorphic-granular and exhibit strong wavy ex-
tinction. Muscovite (5%; 0.05 x 0.2-0.4 x 1.1 mm) is flaky. Flaky biotite (1-5%) is sometimes
replaced by chlorite. Small amounts of apatite and white titanium were also observed.
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The mica monzogranites (samples P22-39XT01, P26-88 GS, P20-19 GS, P20-03 GS,
and P11-15GS01) are gray-white, with fine-grained hypidiomorphic-granular and massive
structures. Mineral grain sizes are 0.05-1.7 x 3.5 mm; however, samples are predominantly
composed of fine-grained minerals. Plagioclase (30-35%) is euhedral and ranges in size;
potassium feldspar (20-25%) exhibits irregular shapes; inclusions of microcline and striped
feldspar often replaced interstitial plagioclase. Quartz (25%) is allotriomorphic-granular
and exhibits strong wavy extinction. Muscovite (10-15%) is flaky, variable in size, and
has an uneven distribution. Biotite (5%) is flaky and commonly replaced by chlorite, with
residual visible crystals. A small amount of apatite is also present, along with sericite
exhibiting strong wavy extinction. Reticular cracks are filled a small amount of calcite.

The biotite granodiorite (samples P25-08XT01, P25-1-05 GS, and D259GS) is gray-
white, with medium to fine-grained hypidiomorphic and massive structures. The main
mineral components are plagioclase (45%), microcline (20-25%), quartz (25-30%), biotite
(5%), and amphibole (1%). Mineral grains are 0.1-4.5 x 5 mm in size; medium-grained
minerals (>2 mm) account for ~45% of the total. Some euhedral plagioclase are replaced
by sericite, which has a random distribution. Microcline is irregular and interstitial, and is
associated with plagioclase and biotite. Quartz is irregular, exhibits strong wavy extinction,
and is associated with plagioclase and biotite. Biotite is flaky, and some grains are replaced
by chlorite. Other minerals include small amounts of euhedral amphibole, epidote, sphene,
and apatite. Samples are jointed and the surface is locally affected by spherical weathering.

The biotite monzogranite (sample P25-12GS) is gray-white with medium-fine-grained
hypidiomorphic-granular and massive structures. The main mineral components are
plagioclase (30-35%), microcline (25%), quartz (30-35%), biotite (10-15%), and amphibole
(1%). Plagioclase crystals are elongate and exhibit ring structures; some grains are replaced
by sericite and zoisite. Microcline is interstitial to plagioclase and biotite. Quartz is
irregular and exhibits strong wavy extinction. Biotite is flaky, and some grains are replaced
by chlorite. Some amphibole grains are associated with biotite. Epidote, apatite, sphene,
and a small number of other minerals are also present. Samples are jointed and the surface
is locally affected by alteration.

The biotite quartz diorite (samples P21-20GS and P23-01GS01) is gray with medium-—
fine-grained hypidiomorphic-granular and massive structures. The mineral grains are
0.1-2.1 x 3.1 mm in size; medium-grained minerals (>2 mm) account for 20-25% of the
total. Plagioclase (50%) is tabular with variable grain sizes; some grains are replaced
by sericite (1-5%). Hornblende (15%) ranges from euhedral to irregular in shape, and is
associated with biotite. Biotite (15-20%) is flaky and randomly distributed. Quartz (15-20%)
is interstitial, exhibits strong wavy extinction, and has an uneven distribution. Epidote,
sphene, apatite, tourmaline, and small amounts of other minerals are also present.

The tonalite (samples P21-32XT01 and P21-08GS) is light gray-white with fine-grained
hypidiomorphic-granular and massive structures. The main mineral components are quartz
(25%), plagioclase (40-45%), biotite (20-25%), and amphibole (10%). The mineral grains are
predominantly 0.1-2.6 mm in size. Plagioclase exhibits a hypidiomorphic plate strip shape,
and some sericite replacement is observed. Biotite is flaky and exhibits weak alteration.

The mica granite (samples P7-65XT03, P9-32GS, and P10-01GS) is gray-white, medium
grained, and exhibits hypidiomorphic-granular and massive structures. The main mineral
components are plagioclase, potassium feldspar, biotite, muscovite, and quartz. Plagioclase
is semi-idiomorphic and columnar; crystals are cloudy and some are extremely undevel-
oped bicrystals. Potassium feldspar is xenomorphic-granular, and the crystals are clean.
Quartz is allomorphic-granular, and the crystals are smaller than those of feldspar. Biotite
and muscovite are hypidiomorphic shaped wafers with low degrees of hypidiomorphism.
Alteration is less pronounced than in other rock types, with only plagioclase kaolinization
and sericitization; however, samples are weathered and the surfaces are broken.
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4.2. Major Element Contents

Major elemental analyses (Table 1) indicate that the Dahongliutan pluton is silica-rich
(Si0, =53.91-73.95 wt.%; average = 68.33 wt.%). The Al,Os content is 12.81-17.41 wt.%
(average = 15.08 wt.%), and the aluminum saturation index (A /CNK) ranges from 1.01
to 1.43, indicating peraluminous rocks (Figure 3a). The NayO content is 2.06-3.39 wt.%
(average = 2.72). The K, O content is 1.76-6.60 wt.% (average = 3.98 wt.%) and the K,O/Na,O
ratio is 0.53-2.73 (average = 1.49). The total alkali content (K,O + Na,O) ranges from
4.24 wt.% to 9.02 wt.% (average = 6.7). The alkali aluminum index (AI) is 0.24-0.63
(average = 0.45) and the Rittman Portfolio Index (o) ranges from 0.96 to 3.18, with all
values < 3.3 (average = 1.82), thereby exhibiting typical calc-alkaline characteristics. On
an Si0,-K,0 diagram (Figure 3b), the samples fall in the high-potassium calc-alkaline series
region. The CaO and TiO, contents are low (0.82-6.47 wt.% and 0.13-0.87 wt.%, respec-
tively). The MgO content is 0.21-3.75 wt.% (average = 1.22 wt.%). The total iron (TFeO)
content is 1.28-9.49 wt.% (average = 4.07 wt.%), and the TfeO/MgO ratio ranges from 2.53
to 8.19 (average = 4.12), indicating the pluton is Fe-rich and Mg-poor. According to the
calculated CIPW norms, corundum (0.16—4.58 wt.%) is present, indicating peraluminous
characteristics. The differentiation index (DI) ranges from 40.3 to 90.51 (average = 75.69),
indicating a high degree of magmatic differentiation. The consolidation index (SI) ranges
from 1.97 t018.21 (average = 7.96), indicating that the magma underwent a high degree
of fractional crystallization and was highly acidic. On a total alkali vs. silica (TAS) di-
agram (Figure 4), 17 samples plot in the granite region. In summary, the Dahongliutan
pluton is therefore characterized by high silica, alkali, and potassium contents, but low
MgO, TiO,, MnO, and P,Os contents. These characteristics indicate that the pluton under-
went strong fractional crystallization and is a peraluminous granite of the potassium-rich
calc-alkaline series.

Table 1. Major element (wt.%) and CIPW norm (wt.%) contents of Dahongliutan granite samples.

Sample P19- P20- P6- P22-55 P22-71 P20-15 D3801GS01 P22- P26-88 P20-19 P20-03 P11-
01XTO01 25XT01 06XTO01 GS GS GS 39XT01 GS GS GS 15GS01
Component 1 2 3 4 5 6 7 8 9 10 11 12
SiO, 73.22 64.68 73.4 73.05 70.74 72.39 72.47 72.16 71.92 73.82 57.01 73.95
TiO, 0.18 0.58 0.16 0.24 0.63 0.18 0.19 0.24 0.17 0.19 0.83 0.13
Al O3 15.02 15.43 14.41 14.22 12.81 15.02 15.11 15.07 15.01 13.93 16.45 14.55
Fe;O3 0.86 2.96 1.06 1.31 2.62 11 1.07 121 1.64 117 4.77 0.77
FeO 1.04 52 1.26 1.65 4.31 135 124 1.46 222 147 7.15 0.95
MnO 0.03 0.12 0.03 0.05 0.07 0.04 0.03 0.11 0.05 0.04 0.16 0.04
MgO 0.36 1.78 0.21 0.5 1.51 0.45 0.33 0.31 0.46 0.46 3.32 0.33
CaO 0.84 4.05 0.83 0.98 1.86 12 0.82 0.96 14 1.02 331 1.23
NayO 2.71 217 2.67 3.1 3.39 3.05 3.25 3.18 2.6 3.14 2.06 3.35
K,O 5.42 273 5.48 4.49 178 4.92 5.19 4.9 4.4 4.41 4.63 4.44
P05 0.28 0.12 0.44 0.36 0.14 0.28 0.26 0.35 0.06 0.32 0.15 0.23
LOI 0.82 0.93 0.9 0.9 0.77 113 0.71 0.88 13 0.6 2.1 0.98
Total 100.78 100.75 100.85 100.85 100.63 101.11 100.67 100.83 101.23 100.57 101.94 100.95
Qz 34.74 27.70 35.50 35.27 36.17 32.76 31.68 32.72 35.31 36.27 11.90 34.56
An 2.34 19.35 1.25 251 8.33 4.13 2.37 2.48 6.56 2.24 15.47 4.60
Ab 22.94 18.40 22.60 26.24 28.73 25.81 27.51 26.92 22.02 26.52 17.46 28.36
C 3.84 1.83 3.63 3.34 2.26 3.17 3.28 3.63 3.57 3.16 2.39 2.55
Hy 1.86 10.97 1.75 2.90 8.71 247 1.96 226 3.69 2.64 16.67 1.79
Mt 1.25 4.21 1.54 1.90 3.75 1.60 1.55 176 2.37 1.69 6.78 112
Ap 0.65 0.28 1.02 0.83 0.32 0.65 0.60 0.81 0.14 0.74 0.35 0.53
DI 89.73 62.26 90.51 88.06 7543 87.65 89.88 88.61 83.34 88.81 56.77 89.16
SI 3.46 12.00 1.97 4.52 11.10 4.14 2.98 2.80 4.06 4.32 15.15 3.35
Mg* 0.55 0.47 0.36 0.50 0.50 0.52 0.49 0.41 0.37 0.50 0.56 0.53
A/NK 1.45 2.36 1.40 143 171 1.45 1.38 143 1.66 1.40 1.96 141
A/CNK 1.34 113 1.34 1.31 121 127 1.28 1.32 1.31 1.29 117 1.21
Al 0.54 0.32 0.57 0.53 0.40 0.53 0.56 0.54 0.47 0.54 0.41 0.54
ﬁzacz)g 8.13 4.90 8.15 7.59 517 7.97 8.44 8.08 7.00 7.55 6.69 7.79
K,O0/Na,O 2.00 1.26 2.05 1.45 0.53 161 1.60 1.54 1.69 1.40 225 1.33
CaO/Na,O 0.31 1.87 0.31 0.32 0.55 0.39 0.25 0.30 0.54 0.32 1.61 0.37
TFeO/MgO 3.92 3.43 8.19 440 3.43 4.04 5.19 6.39 6.24 4.26 2.68 3.87
o 2.19 111 2.18 1.92 0.96 2.16 242 2.24 1.69 1.85 3.18 1.96
R1 2622.00 2816.00 2630.00 2677.00 3014.00 2556.00 2428.00 2496.00 2794.00 2731.00 1848.00  2675.00
R2 403.00 826.00 382.00 409.00 526.00 445.00 401.00 414.00 467.00 404.00 843.00 434.00
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Table 1. Cont.

Sample P25- P25-1-05 D259 GS P25-12 P21-20 P23- P21- P21-08 P7- P9-32 P10-01
P 08XTO01 GS GS GS 01GSo01 32XT01 GS 65XTO03 GS GS
Component 13 14 15 16 17 18 19 20 21 22 23
SiO, 65 69.09 66.88 65.35 60.91 57.78 53.91 64.69 72.32 73.93 72.96
TiO, 0.43 0.33 0.36 0.46 0.67 0.75 0.87 0.5 0.2 0.24 0.17
AlLO; 15.97 13.87 15.35 15.32 15.26 16.23 17.41 16.91 14.33 13.93 15.12
Fe, O3 2.86 2.31 245 291 3.78 3.97 4.16 2.36 1.12 1.2 1.02
FeO 4.32 3.53 3.7 4.35 7.11 7.58 8.46 4.04 1.22 1.53 1.34
MnO 0.1 0.08 0.08 0.1 0.12 0.13 0.16 0.07 0.05 0.04 0.04
MgO 1.5 1.25 142 1.64 2.66 3.05 3.75 1.5 0.32 0.48 0.47
CaO 3.3 3.36 3.33 3.32 4.64 5.61 6.47 4.42 1.06 0.9 1.23
Na,O 2.53 237 2.61 2.61 237 2.34 248 3.27 242 2.6 2.37
KO 3.7 3.61 3.56 3.67 2.09 213 1.76 1.9 6.6 4.83 4.87
P>0s 0.16 0.11 0.14 0.15 0.15 0.17 0.21 0.22 0.33 0.28 0.36
LOI 1.04 1.09 0.76 0.71 0.57 0.85 0.99 0.82 1.24 0.74 1.18
Total 100.91 101 100.64 100.59 100.33 100.59 100.63 100.7 101.21 100.7 101.13
Qz 24.95 30.84 2725 24.68 21.45 15.44 8.80 2513 30.68 37.80 37.59
An 15.35 15.97 15.63 15.51 22.10 26.80 30.84 20.52 3.11 2.64 3.75
Ab 21.44 20.07 2211 22.11 20.10 19.85 21.06 27.70 20.48 22.01 20.06
C 2.19 0.22 1.48 1.38 1.02 0.28 0.16 1.97 2.07 3.46 4.58
Hy 8.91 7.35 7.95 9.23 15.97 17.60 20.66 8.61 1.88 2.70 2.58
Mt 4.09 3.32 3.51 4.15 5.34 5.59 5.89 3.37 1.62 1.74 1.48
Ap 0.37 0.25 0.32 0.35 0.35 0.39 0.49 0.51 0.76 0.65 0.83
DI 68.28 72.26 70.42 68.51 53.94 4791 40.30 64.07 90.18 88.36 86.45
SI 10.06 9.57 10.34 10.81 14.78 16.00 18.21 11.48 2.74 4.51 4.67
Mg” 0.49 0.49 0.51 0.51 0.48 0.50 0.52 0.50 0.49 0.51 0.52
A/NK 1.96 1.78 1.88 1.85 248 2.64 291 227 1.29 147 1.65
A/CNK 1.16 1.02 1.11 1.10 1.07 1.02 1.01 1.13 1.17 1.33 1.43
Al 0.39 043 0.40 0.41 0.29 0.28 0.24 0.31 0.63 0.53 0.48
IIiIZa?OJr 6.23 5.98 6.17 6.28 4.46 4.47 4.24 5.17 9.02 7.43 7.24
K;0/Na,O 1.46 1.52 1.36 141 0.88 091 0.71 0.58 2.73 1.86 2.05
CaO/Na,O 1.30 1.42 1.28 1.27 1.96 240 2.61 1.35 0.44 0.35 0.52
TFeO/MgO 3.57 3.49 3.23 3.30 3.07 2.84 2.53 3.19 541 4.23 3.73
[ 1.76 1.37 1.59 1.76 1.11 1.34 1.63 1.23 2.77 1.78 1.75
R1 2487 2852 2628 2487 2623 2410 2183 2635 2382 2836 2850
R2 742 694 729 738 930 1073 1224 880 411 394 452
Note: 1-7, Damourite Adamellite; 8-12, Two-mica Adamellite; 13-15, Biotite Granodiorite; 16, Bi-
otite adamellite; 17-18, Biotite Quartz Diorite; 19-20, Tonalite; 21-23, Two-Mica Granite; Qz, quartz;
An, anorthite; Ab, albite; Or, orthoclase; C, corundum; Hy, hypersthene; Ilm, ilmenite; Mt, mag-
netite; Ap, agatite; Zr, zircon; Chr, chromite. (1) Mg# = 100 x Mg2+ / (Mger + Fe?*), in which
Mgz* and Fe*™ are molar fractions; (2) A/NK=Al,03/(NayO +K;O) (mol); (3) A/CNK = AlL,O3/
(CaO + NayO + K,0) (mol); (4) Al = (NayO + K;0)/Al, O3 (mol); (5)0 = (NayO + K»0)2/(Si0; — 43) (wt.%);
(6) DI=Qz + Or + Ab + Ne + Le + Kp.
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Figure 3. (a) A/NK vs. A/CNK (according to Maniar, et al. [14]) and (b) K,O wt.% vs. SiO; wt.%
plots for the Dahongliutan pluton (according to Peccerillo, et al. [15]).
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Figure 4. Total alkali vs. silica (TAS) plot of the Dahongliutan pluton samples (according to Middle-
most, et al. [16]).

4.3. Trace Element Contents

Table 2 lists the trace element compositions of the samples. Among the large ion
lithophile elements (LILEs), Rb is enriched and Sr is depleted (Figure 5a). Among the high
field strength elements (HFSEs) Th is enriched, while Ta and Nb are depleted. The observed
Sr depletion may be related to the fractional crystallization of plagioclase. HFSE depletion
indicates that the magma source was predominantly crustal material.

Table 2. Trace (x10~¢) and rare earth element (x10~°) contents of Dahongliutan granite samples.

Sample P19- P20- P6- P22-55 P22-71 P20-15 D3801GS01 P22- P26-88 P20-19  P20-03 P11-
01XT01 25XT01 06XT01 GS GS GS 39XT01 GS GS GS 15GS01
Component 1 2 3 4 5 6 7 8 9 10 1 12
Rb 194 76.3 179 267 98.99 218 229 331 142 263 173 196
Ta 1.66 1.34 12 4.62 1.89 1.89 1 2.07 2.83 3.28 323 1.05
Th 9.07 11.32 12.74 17.48 14.63 8.68 9.84 12.9 11.86 11.83 28.84 6.62
Nb 13.96 15.67 12.74 14.89 14.89 14.52 112 15.47 128 13.59 22.71 12.9
Sr 101 166 69.19 60.98 250 104 118 79.02 152 87.99 143 78.21
Zr 72.3 140 133 106 354 98.42 85.32 110 73.15 86.74 180 65.51
Hf 2.19 7.16 2.62 3.18 9.51 247 213 2.23 33 243 6.6 1.93
\4 10 118 7.04 16.49 79.22 9.03 8.21 13.02 10.48 9.3 147 4.86
Cr 2.59 27.27 11.54 8.45 63.05 444 9.84 15.07 7.5 6.4 86.43 3.66
La 17.8 284 20.3 215 46.1 17 21.6 254 16 27.6 54.8 15.1
Ce 34.5 55.1 429 43.4 78.9 32 48.1 54.2 27 54 142 34
Pr 4.11 6.6 5.1 5.57 10.1 3.83 5.16 6.4 3.39 6.47 12.6 3.68
Nd 14.6 24.9 19.1 21 37.2 139 185 23.7 124 23.6 46.8 132
Sm 3.46 5.1 47 4.76 6.45 3.17 4.1 54 23 5.16 8.53 3.08
Eu 0.66 12 0.57 0.53 1.33 0.7 0.76 0.62 0.73 0.82 1.79 0.39
Gd 3.01 45 3.7 3.79 5.66 2.68 3.1 42 1.82 4.18 7.97 237
Tb 0.46 0.74 0.56 0.56 0.88 04 041 0.57 022 0.56 1.28 0.36
Dy 1.99 38 23 2.16 4.6 161 1.53 22 0.87 2.07 6.92 1.57
Ho 0.28 0.75 0.34 0.31 0.91 0.22 0.19 0.3 0.13 0.28 1.39 0.21
Er 0.66 2 0.72 0.72 2.49 0.51 0.44 0.7 033 0.66 3.95 0.46
Tm 0.09 0.32 0.1 0.09 0.37 0.07 0.06 0.08 0.04 0.08 0.63 0.06
Yb 0.51 22 0.59 0.53 223 0.38 0.32 0.55 023 0.46 3.83 0.36
Lu 0.07 0.32 0.07 0.07 0.34 0.06 0.05 0.07 0.04 0.07 0.6 0.05
Y 8.20 19.60 12.00 8.60 23.50 6.60 5.40 8.40 3.90 8.00 34.40 6.00
Tz (°C) 738 770 786 765 872 757 747 768 740 748 780 724
Sr/Y 12.32 8.47 5.77 7.09 10.64 15.76 21.85 9.41 38.97 11.00 4.16 13.04
Rb/Sr 1.92 0.46 2.59 4.38 0.40 2.10 1.94 4.19 0.93 2.99 121 2.51
Nd/Th 1.61 2.20 1.50 1.20 2.54 1.60 1.88 1.84 1.05 1.99 1.62 1.99
Nb/Ta 8.41 11.69 10.62 3.22 7.88 7.68 11.20 7.47 4.52 4.14 7.03 12.29
Zr/Hf 33.01 19.55 50.76 33.33 37.22 39.85 40.06 49.33 22.17 35.70 27.27 33.94
La/Nb 1.28 1.81 1.59 144 3.10 1.17 1.93 1.64 1.25 2.03 2.41 117
YREE 82.20 135.93 101.05 104.99 197.56 76.53 104.32 124.39 65.50 126.01  293.09 74.89
LREE 75.13 121.30 92.67 96.76 180.08 70.60 98.22 115.72 61.82 117.65  266.52 69.45
HREE 7.07 14.63 8.38 8.23 17.48 5.93 6.10 8.67 3.68 8.36 26.57 544
LREE/HREE  10.63 8.29 11.06 11.76 10.30 1191 16.10 13.35 16.80 14.07 10.03 12.77
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Table 2. Cont.

Sample P19- P20- P6- P22-55 P22-71 P20-15 D3801GS01 P22- P26-88 P20-19 P20-03 P11-
01XTO01 25XT01 06XTO01 GS GS GS 39XT01 GS GS GS 15GS01
Lan/Yby 25.04 9.26 24.68 29.10 14.83 32.09 48.42 33.13 49.90 43.04 10.26 30.09
dEu 0.63 0.77 0.42 0.38 0.67 0.73 0.65 0.40 1.09 0.54 0.66 0.44
5Ce 0.99 0.99 1.03 0.97 0.90 0.97 1.12 1.04 0.90 0.99 1.32 1.12
Sample P25- P25-1-05 D259 GS P25-12 P21-20 P23- P21- P21-08 P7- P9-32 P10-01
08XT01 GS GS GS 01GSo01 32XT01 GS 65XT03 GS GS
Component 13 14 15 16 17 18 19 20 21 22 23
Rb 123 132 136 160 119 95.6 53.8 105 164 264 138
Ta 1.81 2.81 2.32 2.99 1.6 14 1.12 1.97 0.99 547 1.21
Th 23.66 27.7 20.74 18.31 8.74 12.64 7.65 727 11.26 19.39 13.48
Nb 13.75 10.62 11.5 13.96 15.27 15.85 15.27 16.38 14.26 15.82 9.5
Sr 161 188 219 216 264 294 262 316 95.72 76.55 118
Zr 133 110 137 144 156 156 163 258 79.43 104 113
Hf 5.31 5.36 6.06 6.45 8.74 54 438 7.29 1.77 3.11 342
\Y% 83.38 58.11 67.25 85.96 120 120 169 53.36 5.81 12.63 14.62
Cr 7.82 15.15 11.54 18.55 30.86 55.25 37.19 18.66 0.076 4.54 7.53
La 30.5 253 38 30.2 239 453 341 312 23.4 333 23.7
Ce 57.9 454 67.8 55.5 44 89.6 64.7 38.8 48.4 65.5 447
Pr 6.9 6.12 8.52 6.76 5.83 9.82 74 6.02 6 8.2 5.4
Nd 258 233 31.4 254 234 36.6 28.4 22.8 22.8 30.4 19.5
Sm 54 4.94 6.18 54 4.88 6.48 51 4.01 59 6.48 44
Eu 1.2 0.9 1.13 1.14 1.44 1.53 1.8 1.46 0.77 0.63 0.89
Gd 4.6 441 53 4.94 449 5.62 45 3.6 5.1 5.05 3.99
Tb 0.81 0.76 0.83 0.86 0.77 091 0.71 0.54 0.87 0.65 0.72
Dy 43 4.13 4.46 49 44 5.08 3.7 273 3.7 248 3.76
Ho 0.86 0.81 0.85 0.94 0.88 0.96 0.75 0.52 0.54 0.33 0.63
Er 23 2.33 2.35 271 243 2.59 2.1 1.38 1.3 0.75 1.48
Tm 0.39 0.38 0.37 0.44 0.39 0.41 0.34 0.2 0.2 0.1 0.2
Yb 25 242 2.3 2.75 243 2.69 22 1.18 1.2 0.51 1.01
Lu 0.38 0.38 0.36 0.44 0.39 0.45 0.33 0.18 0.17 0.07 0.14
Y 245 26.7 23.1 26.4 23.5 23.8 18.9 13.9 15.7 9.5 174
Tz (°C) 767 746 768 769 766 753 746 821 733 768 778
Sr/Y 6.57 7.04 9.48 8.18 11.23 12.35 13.86 2273 6.10 8.06 6.78
Rb/Sr 0.76 0.70 0.62 0.74 0.45 0.33 0.21 0.33 1.71 345 117
Nd/Th 1.09 0.84 1.51 1.39 2.68 2.90 3.71 3.14 2.02 1.57 1.45
Nb/Ta 7.60 3.78 4.96 4.67 9.54 11.32 13.63 8.31 14.40 2.89 7.85
Zr/Hf 25.05 20.52 22,61 22.33 17.85 28.89 37.21 35.39 44.88 33.44 33.04
La/Nb 222 2.38 3.30 2.16 1.57 2.86 223 1.90 1.64 2.10 249
Y REE 143.84 121.58 169.85 142.38 119.63 208.04 156.13 114.62 120.35 154.45 110.52
LREE 127.70 105.96 153.03 124.40 103.45 189.33 141.50 104.29 107.27 144.51 98.59
HREE 16.14 15.62 16.82 17.98 16.18 18.71 14.63 10.33 13.08 9.94 11.93
LREE/HREE 7.91 6.78 9.10 6.92 6.39 10.12 9.67 10.10 8.20 14.54 8.26
Lan/Yby 8.75 7.50 11.85 7.88 7.05 12.08 11.12 18.97 13.99 46.84 16.83
SEu 0.74 0.59 0.60 0.67 0.94 0.78 1.15 117 0.43 0.34 0.65
5Ce 0.98 0.89 0.92 0.95 091 1.04 1.00 0.69 1.00 0.97 0.97
Note: 1-7, Damourite Adamellite; 8-12, Two-mica Adamellite; 13-15, Biotite Granodiorite; 16, Biotite adamellite;
17-18, Biotite Quartz Diorite; 19-20, Tonalite; 21-23, Two-Mica Granite. The calculation method for zircon
saturation temperature (TZr) was based on [17,18]. Zircon LA-ICP-MS U-Pb dating (Table 3) was performed on
six samples: P22-39TW01, P20-25TW01, P25-08TW01, P25-12, P21-32TW01, and P7-65TW01.
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Figure 5. (a) Primitive mantle-normalized multi-elemental plots (normalizing values from [17])
and(b) chondrite-normalized rare earth element (REE) patterns for the Dahongliutan pluton samples
(normalizing values from [18]).

38



Appl. Sci. 2022, 12, 11591

%86 8T'¢ ¥¥'L1C 99 <0'1CT 69'8L 88'79C S000°0 €¥e0’0 6£00°0 [435 74\ 81000 q1s0°0 6650  T9EYIE  L0VSL 0S'TIT 01—
%86 6£'C 1v'6lc 619 18'61¢ 69'8Z 1€°CLT ¥000°0 97€0°0 <2000 89¢€T°0 91000 G670°0 veero 719¢81 69°G6L 0089 6—
%96 86°C £9'21C e e §T'6S 01°£8¢ 0000 €¥e0'0 £900°0 v.¥T0 ¥100°0 12600 0vse’0  14999C  ¥E076 80'86 8—
%¥8 €9'g 6¥'0TC 90'61 Y1L9ve 89'¢0C 16'8€9 60000 °€ee0’0 6€20°0 €¥LT0 85000 01900 €918°0 €L'asY 10CLe L6'L1 L=
%86 S0 94'91C Le°9 940TC 0T'19 £0°05C €000°0 re00 99000 6CYC0 $100°0 ¢Is00 6¥CC0  09°00TC  ¥¥'T°LY 1T¥L 9—
%oL6 ace 2091¢ 6L'L 84°0¢C 88'88 81'19¢ ¥000°0 1¥€0°0 <6000 9e¥T0 02000 G1€0°0 <000 ¢LSSTT 906 S6'CL -
%96 €Ce 60'91¢C <0'L ae'ece 79'6L 12'86C 0000 1700 9800°0 09%C0 81000 €500 08490  ¥P9SIL  ¥O'¥8L crey v
%66 €Te ¥9'81¢C 6L'L SL'61T 048 96'8¢C S000°0 <a¥e0’0 <6000 9T¥T0 61000 01500 840  ¥OV6CT  98'88F S 9r €=
%oL6 8LC 96'S1¢C 06'8 05°0¢e aq'aot €L91¢ ¥000°0 1¥€0°0 60100 Sereo ¥200°0 82400 we90 78'88¢ 96'69C 9L4°G1 -
%66 S6'l 9I¥IC oS ceele 9999 €C'861 €000°0 8¢€00 69000 8¢€T0 <1000 10500 £6€0°0 (AR €e'es 0g'sy -
ayueISozuowW eIYA TOMLSZ-02d
%596 e 06'0TC 1e'g 8¢'1¢CC eras 0S'¥¥e ¥000°0 £ee00 <9000 9e¥T0 ¥100°0 1€50°0 £800°0 96'960¢ £6'9C 8C9%  0CT—
%96 0r'e 99¥IC |54 £0°20C 9€'0L 9T'vCL €000°0 6€€0°0 <9000 9¢T0 ¥100°0 a8¥0'0 €€10'0  99'¥89¢ 1rve ¥ 61—
%86 12¢ 17'€1C 1cs L1°21T qT'6S 29'69C 0000 £€0°0 $900°0 G8¢T0 €100°0 Is00 €000  T99LEV 06'1¢ ¥eecl 81—
%L6 (7" 0T'¥1C 99°¥ ¥4'80C w9%s 60°0ST €000°0 8€€0°0 95000 8CT0 21000 06700 6000  €48€LT 91T 89/8  LI—
%66 [N 98¥1C ¥y ervic 7819 £€9'60¢ €000°0 6£€00 45000 16€T0 <1000 €0<0°0 02000 €C129¢ £9'6C 0781l 91—
%86 8C'¢ 9¢'€lT €LTL cL01T €9'991 1€l S000°0 £E€0°0 ¥S10°0 90€T0 G€00°0 <6700 SI100 L9981 91T y09  Sl—
%L6 16°C 90°G1¢C 6¥'S 99'01C 99'99 06791 0000 6£€0°0 £900°0 90€T0 $100°0 €6¥0°0 €000  TEI86C 89'1¢C L9  ¥1—
Y%oL6 (4 8V LIC €e's 0¥’ 11¢ 1719 L8°LCT €000°0 €00 <9000 q1eco €100°0 98700 Y1100 9 EFFC 9L LT 8864  €l—
%L6 18T 6€CIT 129 €6'91C €499 LL7€ST 0000 aee0’o 9£00°0 8¢€T0 91000 €100 LL10°0 06°Cr1Ly 1wes 8r'ecl  ¢I—
%66 [4h 4 LSV1T i 8¥'91¢C L9TVL LL7€ST 80000 8¢€0°0 28100 9LETO €000 €100 6C110 8L'9¢L 81°¢8 [ A T A
%E6 ¥8°C (%744 198 19°¢6¢ 769 ¥ LSy S000°0 ¥E¥0°0 €I10°0 €9¢C0 61000 1900 6¥91°0 68°LE8 qT'8¢et 168¢ 01—
%86 19C €8°01¢C 07’8 60'80C Y60l 8061 ¥000°0 2ee00 20100 ¥/42T0 €200'0 66700 €v1ITo 71'80¢CL 88'85¢ 70 1Y 6—
%86 1v'e LT 209 1¢1ce 9€'0L LL7€ST 0000 €¥e0’0 ¥£00°0 SeEveo 91000 €100 2000 ¥T8L0% €Cle 10°2€1 8—
%¥6 R4 8C°01C ¥8'1¢C 86°CCC 8€'CET eryee £000°0 °€ee00 89200 1S¥C0 §S00°0 62500 09€00  T9¥99C €€'C6 L6'78 L=
%9% SO 1T 18°C¥S 6481 [4 39 qq'0¢ 8CC66l 61000 8/80°0 £9%0°0 €Ces’l ¥200°0 aeero G880°0 107671 [ 498 ¥6'LC1 9—
%66 €6l L2CIT e €e'11e 9999 61'11¢C €000°0 aee00 99000 Y1eT0 ¥100°0 10500 99¢0°0 11°08ST 06'29 109 a—
%8L Pyl 1291 8671 29'920C VA e gg'as¥c 62000 G88C°0 9801°0 689¢€9 92000 06ST°0 2620 €099 0'Cel 02081 v
%69 0c'6 17089 F0cT 7064 16'6¢ 6L TEFT 91000 600 08200 18411 81000 €060°0 16700  98'CTsT ¥489 0€0vT [
YlL ya'q 91'IeT C0'ZT 10'70¢ 68'8¢L ££°026 60000 4G9¢0°0 92200 06¥€°0 £¥00°0 26900 €200 84'1¢9 €avl €0'¢eC -
%L6 w$L 89'048 0601 20'688 99'6€ L0'vC6 €100°0 P10 85200 007'T €100°0 86900 9IEY'0 609261  €8TS8 Creoe 1-
arueidozuow S}1A00SNIA TOM.L6E-TT
Ol Nger/9doz O Neer/9diz O1 Adoor/Idiee O Nger/ddopz O Neer/Idiez ©T  Adgoz/Id oz n UL ad ‘ON
juepI0dU0) ML Jods
(eJN) 28V oney drdojosy (9—0L X) UOIEIIUIDdUOD)

-uonid ueniBuoye(y ayj jo synsaz sisAreue adojost qJ — SIN-JIDI-V'] U0dIIZ *€ d[qeL

39



Appl. Sci. 2022, 12, 11591

%66 (4 12°01¢C VAa ¢8'11T vies G8'/4TC €000°0 2ee00 000 02eT0 60000 20500 £10T°0 €9°0S¥Y1 £5726C @91s 91—
%66 8¥'c 6C91C 609 9'qle 0¥'ce 6L'LIC 90000 1700 ¥£00°0 19¢T°0 ¥100°0 10€0°0 6CLC0  €0P8CL  S¥09€ Wi Cgl—
%L6 0S¢ LE'11T 69'9 Ga8'91¢C €499 66'SLT 0000 €ee0'0 69000 18¢C°0 $100°0 81500 areeo €OVL 48'9¢9C LT Y-
%66 0sC 9¢'01¢C €r'8 07'60C ¢e'80L 8061 ¥000°0 cee00 <0100 06CC°0 2000 66700 §905°0 10°9¢C LYYIL L8 cl—
%L6 20T 9¢°¢lT 8¢ G£'80¢ Wiy GL991 €000°0 £2£€0°0 9%00°0 8CC0 60000 26700 60120 68°L01T 99°¢et 286 Cl—
%L6 8C'C 6¥'61C 66'C ¥9°¢ie 9991 £6'88L 0000 9%€0°0 9€00°0 weTo 60000 L6¥0°0 CrIco  80°'1IET  T808C €esy 11—
%96 98'1 LLYIT 98°C 8€'80C 8¥'IE 80°00C €000°0 6£€0°0 <Ge00°0 84TT0 9000°0 48700 98¥C0 198281  S¥'T6E 989¢ 01—
%66 S0C 12'91¢ e ¢991¢ 88'8¢ or'eec €000°0 0¥€0°0 <000 LLETO 60000 20500 92eT0  LT60VL a8'/4ce 80°19 6—
%66 68'L 9'Ele ¥9'¢ (R 4%4 66'7L G8'LTC €000°0 £€€0°0 ¥¥00°0 Yaeco 60000 £0S0°0 €960 90'9691 19007 90°'19 8—
%86 €8'L €0'G1T 9g'¢ cL1IT €0'2E 09891 €000°0 6€€0°0 €¥00°0 81€T0 8000°0 76¥0°0 60€T0  T8CI8T  6481F ST'99 L=
%96 1v'e 9¢€'61C G689 §9°£0C 8888 80°00C ¥000°0 0%€0°0 €800°0 692C°0 81000 88¥0°0 qeLe0 20LE 89'6¢T L6'€L 9—
%86 80C 1¥'81¢C (A4 €9°G1¢ qq'ag [4WA]S €000°0 are00 95000 G9€T°0 <1000 86700 LYTe0 £8'989 €0'eTt £€6'GC -
%86 €L'T 8C91C €9 69°¢lT 19°¢6 €€'60C 0000 1700 9500°0 weTo €100°0 €050°0 6€LY0 80'618 91'88¢ 9L'1E v
%66 Q0T 9¢'L1T qqe °9'L1C 96'LE 0¥'¢eT €000°0 €¥e0’0 €¥00°0 06€T0 60000 90500 80ST0  €04791  ¥1'80¥% S¥'6s €=
%66 LLT 9T'qlT 748 ar91e 88'¢9 §qCaet ¥000°0 07€0°0 70100 ¢LETO 12000 60500 €£05°0 €¢'95C 87’6l 7001 -
%96 ar'e ¢C0se 06’2 [4N\Cr4 Ly 90°0s€ 0000 96€0°0 00100 026T0 61000 aes0’o 84090 8C'88¢C 0C'aZl el 1-
aynuerSozuow a0 MITI-STd
%596 91y 9¢'98¢C 87’6 ¥e'86¢ G892 0C'86¢ £000°0 €av0°0 acroo qIveo 61000 9%<0°0 64150 071891 20618 2908  0C—
%66 i4%4 0€'01C w's €C11T 12es 0v'eee €000°0 €ee0’0 1£00°0 €1eco 91000 9050°0 6€8C0  L0OL6L  LT'THS 9TT9 61—
%66 17'C 91T ee'L 6091C €406 <o 0000 6€€0°0 06000 °LETO 02000 60500 6010  TT9SPL  €F'CSh 6409 81—
%86 @81 61°60C 196 0S'T1C 1989 96'8€C €000°0 0€€0°0 £900°0 910 S100°0 01S0°0 £99C0  109¢¥C 69679 20T8  L1—
%66 781 78°01¢C 9¢'q 90'60¢ 9999 [4WA]S €000°0 2ee00 <9000 98¢C'0 ¥100°0 86700 8G9C°0 98'CS81 197267 9879 91—
%L6 80°C 98'CIT 6€9 ae8le LLLL 01°£8¢ €000°0 9€€0'0 8£00°0 66€C0 81000 02500 88CC0  €6'08CL  LI'ITY 8y Cl—
%96 66'T 20 11T 799 86'L1C °6'SL 90°00¢ €000°0 €e€0’0 6£00°0 S6€T0 £100°0 12500 988C°0  90T9T  89'6L¥ 969¢  VI—
Y%oL6 76l LT¢€lT L6'S 70'81¢ vles 6£'cee €000°0 9¢€00 €£00°0 S96£C°0 91000 91€0°0 £8T0 ¢T0e91 ag'e9y €499 €l—
%96 €6'L [ a4%4 6£'q €8'90C 1989 Ge'601 €000°0 6€€0°0 <9000 65¢C0 ¥100°0 8¥0°0 660€'0  £9'C68C  T¥'968 19201 ¢I—
%86 ar'e €6'€lT ¥9°CL 8¥'91¢C 6€°LST 8C'TCE 90000 €00 ¥S10°0 9LETO 9€00°0 92500 02sT0 LT8VL 09881 09T 11—
%66 S0C €Iy1C 8°S L1¥1C 18°6E €€'60C €000°0 8€€0°0 1£00°0 8¥¢T0 S100°0 €0S0°0 TWT0  69°66CT 1L¥1€ 0s'sy 01—
%86 0s'C [ yqre €9 ¥9°80¢ 2198 8061 ¥000°0 aee00 82000 18¢C0 81000 66700 Yo 90FLIL ae'16c [\ nh4 6—
%86 €9'1L LT€ELT ye'e 10°T1¢ 99'99 £6'88L €000°0 9€€0’0 €900°0 01€T0 ¥100°0 £L6V0°0 9€GT0  66'1€8L  89V9¥ 0099 8—
%66 96'L €8Y1C IT's 16'€1C 9629 €av61 €000°0 6€€0°0 €900°0 S¥ETO0 $100°0 00S0°0 €evT0  L6'045C  89°9C9 17’16 L=
%596 20T ¢L 01T 819 a8'61¢ G892 ce60e €000°0 cee00 92000 LI¥T0 £100°0 92¢<0°0 G20€°0 1T'T661 €CC19 0812 9—
%L6 a8l 1971¢C 009 6C01¢ 9679 GL991 €000°0 6£€0°0 19000 10€T0 €100°0 26700 86C¢E0 QL2681 <0819 9469 a—
%66 L8'1 0C'g1e e ¥L91C ST6S 0v'eee €000°0 6€€0°0 2900°0 08€T0 €100°0 £0S0°0 €CIE0  TO'6L8T  L0'L8S 02°69 v
%66 89'1 6071C €9 LET1T fejepeie} £6'881 €000°0 8¢€0°0 9500°0 9TeT0 21000 £46V0°0 €I¥T0  6£T0CC  ¥TTIES 1008 [
%oL6 a8l qe'11e 167 ¢991¢ erad 6£'cee €000°0 £ee00 09000 LLETO €100°0 41500 2650 07 ¥e81 aq'aly 6199 -
%L6 78'1L 69°01C 1c¢ crare S6'C9 81'19C €000°0 €ee0’0 €900°0 09€T°0 ¥100°0 Y1500 ge8T 0 S0'1s8l 18¥2S 99'2L9 1-
ymorpouers anotg [0MI80-6Zd
Ol Nger/9dooz O Neer/9diz O1 Adoor/Idiee O1  Nger/ddopz O Neer/Idiez ©T  Adgoz/Id oz n UL ad ‘ON
juepI0dU0) /ML Jods
(eJN) 28V oney srdojosy (9—0T X) UOIJRIIUIDUOD)

Ju0D) *¢ A[qeL

40



Appl. Sci. 2022, 12, 11591

%96 69'1 80°90C 657 8G'11C 0¥'£S 01°£8¢ €000°0 €e00 9500°0 L1€T0 €100°0 02500 9260°0 17960  01C0€ 9¢'26  0C—
%66 781 81°90C 6V 7 ¥Tv0T LL7TS 1€TUL €000°0 <ace0’0 $500°0 8¢CT0 1000 S6¥0°0 88010  99'TLEE  6L99¢ 6€90T 61—
%oL6 St ¢LS0T 6L°S ¢8°00¢ 8G°29 06791 ¥000°0 200 <9000 £81T0 G100°0 76700 €¥20°0 08°08¢¢C 0¥'ss 069 81—
%66 17'C €6'70C a8v £28°90C LLLT €avel 0000 £€2¢e00 85000 ¥¥eeo 1000 00<0°0 60£0°0 €C'LESS 8L°T6¢ €6'1LL 91—
%86 8L 81'90C 91’9 8C'80C 66'VL 96'8¢C €000°0 <ace0’0 G£00°0 LLTT0 £100°0 01500 2600 €LeL91 99°CCl 0ges  CI—
%66 19T 89°60C L8°¢ 16'90C juiddd v.91C 20000 ¥2e00 €¥00°0 092T0 01000 <0500 €80T°0 16°0Tvr  68'84Y 78'8¢T  ¥1—
%66 vl 29'50T 9L'¢ 84°60C 718y €avel 20000 Y200 <7000 Yo 01000 00<0°0 19%1°0 Ya'6CLy <S0'169 1St €1—
%96 a8l £T°20T L£°9 ££°00C S96'L8 9T'vCL €000°0 £2€0°0 9£00°0 981C0 £100°0 a8¥0'0 €890°0  99'¢LTc  8T'SSL 9'1L  TU—
%56 €9l 90°60T 18°¢ 9%'961 a8'1s 60°00T 20000 €00 S¥00°0 SEIT0 11000 8/¥0°0 €90T°0  Z9'¢6ee  L¥LSE 11901 TI—
%86 qe'l 79¥0C VAR 84°00¢ 6097 89°CY1 <0000 cce00 <000 ¥81T0 60000 68700 €¥00°0 89°C99¥ 90°0C L6'0¥L  OI—
%56 18'T 29°L0T (34 LE°661 0¥'28 60001 €000°0 £2€0°0 25000 0412°0 <1000 6700 9480°0 €L'¥60¥ 99'85¢ 18'8CL 6—
%96 €'l £1°60T we 96'£61 VL0V 786 20000 €2e00 8€00°0 €91T0 8000°0 08¥0°0 P8IT'0  €0€89y  GLThS L9°EVL 8—
%56 96'L 6€°£L0T <9 08'861T 96'L8 786 €000°0 £2€0°0 G000 €91T0 £100°0 08¥0°0 S960°0 TT°Er8lL 08°241T ¥8'48 L=
%86 (4 e L0T 96'S 67 70C 69'8Z 10941 €000°0 £2€0°0 2000 1€2C0 91000 96700 26600 8¢'045¢C 96'75¢ 2608 9—
%66 89'1 ¥'90C a8'c 18°60C jdid €av6l €000°0 ace0’o 9%00°0 LYo 1100°0 0050°0 €600  Z0'SIIS  SOLLY €0'091 -
%66 81 ¥<'20C 0L'¢ ¥890C 19°¢y €9'90T €000°0 £2€0°0 S¥00°0 65CC0 01000 €050°0 LLLO°0 112997 197C9¢ TT9%1 7=
%86 vle 0£%0C e 8¥'10C 66'66 €avol §000°0 €¢e00 16000 G610 2000 00<0°0 £eL0°0 89'T6EC €C9LT 19'¢L €
%66 g6l €9°20T 8CY £9°£20C 66'6Y 61'11C €000°0 £2€0°0 25000 69¢C°0 11000 10500 78600 711009 cleey €C'84l -
%86 9T £€890C 897 81'70C 08'%9 /8L 0000 92€0'0 9500°0 £2CT0 ¥100°0 86¥0°0 €FeET0 184818 ¥2°T69 ST'¥91L 1-
pueid edHN [OMLS9-Ld
%V6 S6'c 6C'11¢C PUTL 9Tt 1zeet L8'%9¢ 90000 £ee00 £E10°0 ¢sreo 62000 8¢40°0 L1190 0029 9T’ L1E 90¢c 01—
%E6 8¥'c 90'60C 911 £8°€TC el 09°asy 90000 0€€0’0 1710°0 L9%T0 €€00°0 89500 L11S°0 17'66€ 6£70C oyl 6—
%E6 (VA SLTTT 9T'eT 1€°9TC 81'96C oy 1000 €00 48200 870 L00°0 28500 88¢9°0 0C'81¢ £4T°€0C 8¥'CL 8—
%9¢ 6EY 9¢'80C 84991 6£00% L6FIT £8'S00C  £000°0 62€00 00 0¥8¥°0 62000 eclo LEVS0 9¢'8¥Y1 2908 18] L—
%E€S LL€ €£'90C PevL 8/'1¢E 08’801 peesel 90000 92€0'0 96100 G98¢°0 0S00°0 0880°0 geeso 86'71C L6C1L 8L 9—
%96 8LV 80'60C j(\AS ¥L91C 9T'981 LL7€ST 80000 0€e0’0 80200 08€T0 170070 €100 88%9°0 L0°L8Y €091¢ 80°81T -
%6 86'C £9'90C €96 94°0¢C 9%'941 L9y §000°0 92€00 81100 9¢¥T0 0€00°0 19500 97980 al'/¥s Y0'€LY 82°0C -
%6 1e'q 62'90C €0'LT 67°0¢C 86'661 GLESY 60000 200 80200 Sereo 05000 09€0°0 24820 L1'TES o a0y 8861 €
%L6 cre P0'€lC 68 €0'81¢C gc601 29'60¢ S000°0 9€€0°0 60100 S6€T0 §200°0 2500 91¥¥°0 48999 <0'v6C S0vT <
%16 9LV 11°80C 0871 ¥0°22C SG9'991 €9'IEY 8000°0 82€0°0 2810°0 90sT0 700°0 4ags0’0 €LYV 0 Y609 €0'8¢C ¥6'L1 -
SjIeuoL, TOMLZE-1¢d
%66 87T 99°¢€1T [4a4 8¢'alT 69°¢S qeieT 0000 €00 09000 €9¢T0 <1000 8050°0 0€61°0  €£9901 98'60C 698¢  0C—
%86 LT 20°€1T ¥y 0T'91C 04'¢s 6C°CLT 0000 9€€0°0 2500°0 T°LETO 21000 41500 90¥C0  9€9.6T T€°6LE L8°28 61—
%oL6 94T [ 4%4 8LV 8L°61C 4q'ag 90°00¢ 0000 6£€00 84000 LIVT0 €100°0 12500 28610 797891 crore 96'L8 81—
%86 Ir'e €evie 99'8 61°L1C 66'66 6£'¢Ee S000°0 8¢€0°0 90100 G8¢T0 2000 91500 €CIeo 19°96% 60'991T 898l  ZI—
apueidozuow 231301g MIZI-STd
Ol Nger/9dooz O Neer/9diz O1 Adoor/Idiee O1  Nger/ddopz O Neer/Idiez ©T  Adgoz/Id oz n UL ad ‘ON
juepI0dU0) /ML Jods
(eJN) 28V oney srdojosy (9—0T X) UOIJRIIUIDUOD)

Ju0D) *¢ A[qeL

41



Appl. Sci. 2022, 12, 11591

4.4. REE Contents

The total REE contents (Table 2) range from 65.5 x 107° t0 293.09 x 10° and the
pluton is enriched in light REEs (LREEs) and depleted in heavy REEs (HREESs), indicating
pronounced fractionation between the two groups. There is no pronounced Ce anomaly.
The 8Eu is >1 for three samples (P26-88 GS, P21-32XT01, and P21-08 GS), and from 0.34
to 0.94 for the other 20 samples, with relatively pronounced negative Eu anomalies. This
indicates that the fractional crystallization of plagioclase occurred during magmatic dif-
ferentiation. The chondrite standardized REE distribution patterns are all right-inclined
(Figure 5b). Eu is depleted, and the distribution curves all exhibit pronounced Eu depletion,
indicating that all samples shared the same source material and formation mechanism.

4.5. Zircon U-Pb Ages

Table 3 lists the zircon U-Pb isotopic results. Among the light gray-white, fresh,
unaltered granites and diorites (P22-39TWO01, P20-25TWO01, P25-08TWO01, P25-12TW, P21-
32TW01, and P7-65TWO01), zircons are predominantly elongate (100-300 um in length with
aspect ratios concentrated between 2:1 and 3:1) and transparent to light yellow in color.
The crystal surfaces are bright and clear, with straight edges and pronounced rhythmic
bands, consistent with the characteristics of magmatic zircons.

The muscovite monzogranite (P22-39TW01) has 232Th /238 ratios of 0.0070-0.4316
(average = 0.0741; <0.1), with an abnormal Th/U ratio, indicating that these magmatic
zircons crystallized in a magma with a special composition [19-21]. The weighted average
age obtained from 14 points is 214.0 + 1.2 Ma (MSWD = 0.79, n = 14; Figure 6a).

The mica monzogranite (P20-25TW01) has 232Th/?3U ratios of 0.0042-1.0226
(average = 0.4486; >0.4). A strong positive correlation is present between Th and U, indi-
cating that they are typical magmatic zircons [19-21]. The weighted average age obtained
from nine points is 216.6 £ 1.6 Ma (MSWD = 0.47, n = 9; Figure 6b).

The biotite granodiorite (P25-08TWO01) has 232Th/?®U ratios of 0.2413-0.5179
(average = 0.2913), indicating that the Th/U ratios are related to the Th and U contents of
the magma and the distribution coefficient between the zircon and magma [19-21]. CL
images show clearly developed oscillating bands (Figure 7a), which are characteristic of
magmatic zircons. The weighted average age obtained from 19 points is 212.71 4 0.89 Ma
(MSWD = 0.93, n = 19; Figure 6¢).

The biotite monzogranite (P25-12TW) has 232Th/?%U ratios of 0.1930-0.6078
(average = 0.3095), indicating that the Th/U ratios are related to the Th and U contents of
the magma and the distribution coefficient between the zircon and magma [19-21]. CL
images show oscillating bands (Figure 7b) typical of magmatic zircons. The weighted
average age obtained from 19 points is 214.7 + 1.0 Ma (MSWD = 1.10, n = 19; Figure 6d).

The tonalite (P21-32TW01) has 232Th /%3 U ratios of 0.4416-0.8648 (average = 0.5938;
>0.4), with a strong positive correlation between Th and U, indicating that they reflect
magmatic crystallization [19-21]. The weighted average age obtained from eight points is
209.3 + 2.8 Ma (MSWD = 0.45, n = 8; Figure 6e).

The mica granite (P7-65TWO01) has 2>Th /238U ratios of 0.0043-0.1461 (average = 0.0897;
<0.1), with an abnormal Th/U ratio, indicating that these zircons crystallized in a magma
with a special composition [19-21]. The weighted average ages obtained from 19 points is
205.99 + 0.79 Ma (MSWD = 0.36, n = 19; Figure 6f).
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Figure 6. Concordia diagrams for granite samples from the Dahongliutan pluton. (a) P22-39TW01,
(b) P20-25TW01, (c) P25-08TW01, (d) P25-12TW, (e) P21-32TWO01, and (f) P7-65TWO01.
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5. Discussion
5.1. Chronological Significance

Granitoids occur throughout the Western Kunlun region and existing emplacement
age data are predominantly concentrated along the China—Pakistan and Xinjiang—Tibet
highways [22-28]. The main body of the Dahongliutan pluton is located above the snow
line at an altitude of 6000 m. The terrain is relatively steep and the natural environment is
harsh, inhibiting systematic field studies. In recent years, chronological studies of grani-
toids have indicated that the Western Kunlun orogen is a multi-stage intrusive composite
batholith [3]. Although early Paleozoic-Mesozoic granites are exposed the region, the
late Variscan Indosinian and early Yanshanian periods contained the peak magmatic ac-
tivity [29]. The Mesozoic Indosinian granitic belt is the largest tectonomagmatic belt in
the region [30]. According to the emplacement ages of different rock bodies in the West-
ern Kunlun region (Table 4), the 258-200 Ma granitic bodies form a large-scale magmatic
belt that reflects different periods of magmatism under a compressive extensional setting.
Chronological studies of Indosinian granitoids provide an important basis for understand-
ing the spatiotemporal distribution, alteration, and mineralization of Indosinian granites in

the Western Kunlun orogen.

Table 4. Isotopic ages of Indosinian intrusive rocks in the Western Kunlun region.

NS:!r:liler Location Rock Type Al\r/l[aelty}:::;‘l Age/Ma Data Source
1 Bulun Village Gnei ss granite LA-ICP-MS 245 [1]
2 Weizide rock mass Quartz diorite LA-ICP-MS (257.5 £ 4.3) [31]
3 Korzrov rock body No.9 Gneiss quatz diorite LA-ICP-MS 253 [32]
4 Gneiss quatz diorite Gneiss two-mica granite SHRIMP (2429 £ 2.6) [32]
Kayinglik rock mass Garnet-bearing biotite
5 No11 adamellite SHRIMP (240.5 £ 2.6) [33]
6 Sanshiliyingfang Granite Rb-Sr isochron 215 [34]
7 Mustag-Gonger Granodiorite LA-ICP-MS 213 [35]
8 Suyingdi Diorite-porphyrite LA-ICP-MS 213-210 [35]
9 Bayankala terrane Adakite LA-ICP-MS 221-212 [34]
10 Akazi Granite LA-ICP-MS 208 [36]
11 Sou Kudi Granite SHRIMP 215 [23]
12 Mazha Granite SHRIMP 209 [23]
13 Shengligiao Biotite Ar-Ar (211.2 £ 2.6) [24]
14 Noxth rock bady of Biotite K-Ar 207.8 [32]
15 Thal rock mass Granodiorite SHRIMP (2342 £ 2.8) [37]
16 Bandier heath Granodiorite LA-ICP-MS (239.8 £ 1.5) [38]
17 Kegang Amphibole granite TIMS (228.2 £ 1.5) [1]
18 Saturasi Granodiorite Rb-Sr isochron 215 [1]
19 Keliyang Lamprophyre Ar-Ar 237 [23]
20 Pishan Lamprophyre Ar-Ar (228.5 £ 0.3) [23]
21 Dahongliutan Monzogranite SHRIMP (220 +2.2)—-(217.4 £ 2.2) [3]
22 Dahongliutan Two-mica granite LA-ICP-MS (209.6 £ 1.5) [4]
23 Dahongliutan Granite TIMS (217.5 £2.8) [5]
24 Dahongliutan Biotite adamellite LA-ICP-MS (213 +2.1) [39]
25 Dahongliutan Damourite Adamellite LA-ICP-MS (214.0 £ 0.63) This study
26 Dahongliutan Two-mica Monzogranit LA-ICP-MS (216.7 £ 0.82) This study
27 Dahongliutan Biotitized Granodiorite LA-ICP-MS (212.71 £ 0.89) This study
28 Dahongliutan Biotite Adamellite LA-ICP-MS (214.7 £ 1.0) This study
29 Dahongliutan Biotite Quartz Diorite LA-ICP-MS (209.3 £ 2.8) This study
30 Dahongliutan Two-mica Granite LA-ICP-MS (205.90 £ 0.41) This study

The Dahongliutan pluton is located in the eastern Western Kunlun orogen. Previous
studies [3-6] have obtained isotopic ages of 220 £ 2.2-209.6 & 1.5 Ma. This is consistent
with the zircon isotopic ages obtained for the six intrusive units in this study (214.0 + 1.2,

45



Appl. Sci. 2022, 12, 11591

216.6 +£1.6,212.71 £ 0.89,214.7 £+ 1.0, 209.3 + 2.8, and 205.99 + 0.79 Ma). Therefore, the
emplacement age of the Dahongliutan pluton is 220 £ 2.2 to 205.99 + 0.79 Ma, indicating
that the pluton was likely the product of Late Triassic magmatism.

5.2. Genetic Types and Source Material

The LILE contents of the Dahongliutan pluton indicate Rb enrichment and Sr depletion.
The HFSE contents indicate Th enrichment and strongly indicate Ta and Nb depletions. The
total REE contents are 65.5 x 107° t0 293.09 x 10~° and zircons have inherited cores that
share similarities with Himalayan leucogranites [40]. Leucogranites are metasedimentary
rocks formed by the dehydration and melting of hydrous minerals [41,42] and are regarded
as representative S-type and syn-collisional granites [40]. The Zr contents of the Dahongliu-
tan pluton are relatively low (65.51 x 107° to 354 x 10~). Even at low temperatures, zircon
crystallization also requires Zr contents of ~100 x 107 [26]. Therefore, the pluton has
experienced zircon fractional crystallization. Only four samples (D3801GS01, P6-06XT01,
P22-39XT01, and P7-65XT03) have Zr/Hf ratios of >40; the other 19 samples have low
Zr/Hf ratios (17.85-39.85), which supports this conclusion, as zircons have high Zr/Hf ra-
tios (>40). The fractional crystallization of zircon leads to lower Zr/Hf ratios in the residual
magma. The presence of inherited cores indicates that the initial magma was Zr-saturated
during the formation of the pluton. According to Zr-saturation thermometer calculations,
the zircon saturation temperature of the Dahongliutan pluton was 724-872 °C [43,44]. This
is similar to the emplacement temperature of I-type granites (750-850 °C). Among the
sample, two (P22-71 GS and P21-08 GS) had Zr-saturation temperatures of >800 °C; the
remaining 21 samples had Zr-saturation temperatures that were substantially lower than
the emplacement temperature of A-type granite (>800 °C), which is the upper limit for
the initial magma temperature [45]. However, given that zircon fractional crystallization
requires higher temperatures and lower viscosity, the actual temperature of the magma
may have been higher [40].

On an S- and I-type granite discrimination diagram (Figure 8) most of the Dahongliu-
tan pluton samples plot in the S-type granite region, and some plot in the I-type granite
region. The A/CNK of the pluton is 1.01-1.43 (average = 1.21), which is greater than 1.1 and
belongs to the peraluminous granite region. The presence of biotite and Al-rich minerals
such as muscovite and garnet is consistent with S-type granites. Dark elliptical or irregular
diorite xenoliths of different sizes are common, but are unevenly distributed. The bound-
aries between the xenoliths and the surrounding rock are clear. Some boundaries have clear
condensation edges, indicating that the xenoliths had a magmatic origin. Such boundaries
are the result of mixing between relatively more basic and acidic magmas. In summary, the
magma that formed the Dahongliutan pluton mainly originated from the crust and was
an S-type granite. However, a small amount of upper mantle material was involved in the
early stages of magma formation, as reflected by the I-type granite characteristics.

The Dahongliutan pluton samples are enriched in LREEs and depleted in HREEs
(La/Yby = 7.05-49.9), except for three samples (P26-88 GS, P21-32XT01, and P21-08 GS).
One sample has an 5Eu value of >1, with a pronounced negative Eu anomaly, low Y
(~34.4 x 107°%) and Yb (~3.83 x 107%) contents, and a high Sr/Y ratio (~38.97). This
is similar to adakite, and indicates that garnet was present during magma formation.
The other 20 samples have 5Eu values of 0.34-0.94, relatively pronounced negative Eu
anomalies, and insignificant Sr losses, which indicates that no plagioclase residue was
present in the source. Given the lower pressure limit of rutile stability (1.5 GPa), the
formation pressure of the Dahongliutan pluton was likely 1-1.5 GPa. Biotite and polysilicon
muscovite have stronger affinities for Nb than Ta [46] in granitic magmas. In a low pressure
environment (<2 GPa), the melting temperature of polysilicon muscovite is lower than that
of biotite. At 1-1.5 GPa, the melting temperature of polysilicon automica is 760 °C, while
that of biotite is 820 °C [47]. The Nb/Ta ratios of the Dahongliutan samples are high, which
also suggests that dehydration and melting of polysilicon muscovite and biotite may have
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occurred during magma formation. Thus, the Dahongliutan pluton may have formed via
the partial melting of crustal rocks at 1-1.5 GPa.

I-type S-type @)

A M

Figure 8. S- and I-type granite discrimination diagram for the Dahongliutan pluton samples (ac-
cording to Nakada, et al. [48]). A =n (Al,O3 — Na,O — K;0); C =n (CaO — 3.33 P,05); F=n
(FeO + MgO + MnO).

The relative enrichment of LREEs, flat HREE contents, and weak Eu depletion of the
Late Triassic granitoids suggests that the magma may have had mixed crustal and mantle
sources [49]. The granitoids also have pronounced negative Nb, Ta, and Sr anomalies, which
also indicates that their source was predominantly crustal material, and that contamination
by mantle-derived magma may have occurred. The Rb/Sr value of a mantle-derived
magma is <0.05, that of a mixed crustal and mantle source is 0.05-0.5, and that of a crustal
source is >0.5. Four samples have Rb/Sr ratios of 0.21-0.46, indicating a mixed crustal
and mantle source. The other samples have Rb/Sr ratios of 0.62—4.38, indicating magma
with a dominant crustal source. The Nd/Th values of the samples are 0.84-3.71 (average
value = 1.88), which is close to the value of a crustal source (~3) [50], but inconsistent with
a mantle source (>15) [51]. The Nb/Ta values of the samples are 2.89-14.40 (average = 8.05),
which is close to the crustal Nb/Ta value (11) [52]. The Zr/Hf values range from 17.85 to
50.76 (average = 32.32), which is close to the crustal value (33) [52]. The La/Nb values range
from 1.17 to 3.30 (average = 1.99), which is close to the average crustal value (2.58) [52].
Thus, the Dahongliutan pluton predominantly formed as the result of the partial melting of
crustal material, but included some mantle-derived material.

5.3. Tectonic Setting and Geological Significance

Many Middle and late Triassic granites [3,24,25,53] in the Western Kunlun orogen
are predominantly distributed along both sides of the Mazha—Kangxiwa Fault. The Late
Triassic granite belt of the Western Kunlun area is related to the closure of the Paleo-Tethys
Ocean. An LA-ICP-MS zircon U-Pb age of 231.4 Ma was previously obtained for the
Mushitage pluton [25], while the SHRIMP age was 230.3 Ma [53]. This pluton was the
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product of a transition from a mainly collisional compressive tectonic setting to a back arc
extensional setting [40], and of the detachment of the subducted slab in a post-collisional
tectonic setting [53]. Isotopic ages ranging from 213 to 225 Ma have been obtained for
the Akaraz Shan granite [22-24,26], which has been postulated to have formed in post-
collisional, subduction, and syn-collisional settings [23,24,26]. Studies of the Middle and
Late Triassic Yuqikapa, Taer, Mazha, Shengliqiao, and Qitaidaban plutons indicate that
they are related to the subduction and closure of the Paleo-Tethys Ocean and subsequent
continental collisional orogeny [22,27,28,53].

Zircon U-Pb dating of metamorphic rocks in the Kangxiwa Fault zone and fission track
dating of detrital zircons in areas adjacent to the Western Kunlun region indicate that strong
compressive uplift occurred between 235 and 267 Ma in the Western Kunlun region. This
uplift was closely related to the subduction and collision of the Paleo-Tethys Ocean [1,7,54].
Kang, et al. [55] also found that the Western Kunlun region lacks sedimentary records from
the late Permian to the Middle Triassic, which is likely related to the orogenic event that
occurred during this period. Before the late Permian, predominantly marine sedimentation
occurred; after the Middle Triassic, sediment was composed of continental material, which
may indicate the end of the collisional event [55]. Thus, as the Paleo-Tethys Ocean retreated
northward until it closed in the Late Triassic [30,56], continental collision occurred along
both sides of the Kangxiwa Fault zone. This collision resulted in crustal thickening and
large-scale re-melting under a compressive setting, which led to strong magmatism that
formed the Dahongliutan pluton on the southern edge of the Kangxiwa Fault zone.

The Dahongliutan pluton is located in the Hoh Xil-Songpan foreland basin, and
its long axis trends NW-SE. The pluton is controlled by fault structures consistent with
the regional tectonic direction. The steep surrounding rocks were affected by the lateral
compression of the pluton, indicating that magma actively expanded and pushed the
surrounding rock outward during emplacement. The pluton then expanded further through
structural expansion and magmatic encroachment. During the Late Triassic, the study
area underwent large-scale crustal uplift, and heat flow values increased accordingly. The
melting layer moved upwards and Al-rich granitic magma was produced through the
partial melting of the crust. The pluton was emplaced and along a structurally weak zone
in the uplift. As the magma ascended through the crust, the viscosity increased, owing to
crystallization, and the speed of ascent slowed. When ascent stopped, the magma expanded
laterally through tectonic expansion (i.e., along the fault zone). Magma encroachment
occurred into the surrounding rock and produced xenoliths in the pluton. The Dahongliutan
pluton therefore had a composite emplacement mechanism that was dominated by active
expansion supplemented by tectonic expansion and magma intrusion mechanisms.

On a R1-R2 diagram (Figure 9), the data are predominantly in Zone 6 during the
same collision period. On an Rb — Y + Nb diagram (Figure 10a), the data fall into the
volcanic arc granite and syn-collisional granite areas, but are closer to the syn-collisional
area. On an Rb — Yb + Ta diagram (Figure 10b), most data fall into the syn-collisional
granite area. Thus, the Dahongliutan pluton may have formed in a syn-collisional tectonic
setting. The Late Triassic tectonic setting was the extensional post-collisional orogenic stage
of the Paleo-Tethys Ocean [57]. Peak magmatism occurred during the late Hercynian—early
Yanshanian period in the Western Kunlun region. However, there is no chronological
evidence of magmatic activity from 230 to 250 Ma [56], which may be because the strong
compressive stress was not conducive to magmatism [58]. When the tectonic stress changes
to post-collisional extension, decompression melting and magmatic upwelling are more
likely to occur [58], leading to intense magmatism. With the development of extension and
collapse of the orogenic belt, a substantial amount of heat was generated, thereby causing
the partial melting of crustal material that ascended and was emplaced. With continuous
extension and lithospheric thinning, large-scale magma upwelling formed the Late Triassic
intrusive rocks in the Western Kunlun region.
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Figure 9. R1-R2 diagram for the Dahongliutan pluton (according to Batchelor, et al. [59]). @ R1:
45i-11(Na + K) — 2(Fe + Ti); R2: 6Ca + 2Mg + Al; Mantle anorthosite granite; ) Destructive active
plate edge (before plate collision) granite; (3) Granite from the uplift stage after plate collision; @ Late
tectonic granite; (5) Non-orogenic A-type granite; (&) Syn-collisional (S-type) granite; (7) Post-orogenic
A-type granite.
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Figure 10. (a) Y + Nb vs. Rb and (b) Yb + Ta vs. Rb diagrams for the Dahongliutan pluton (according
to Pearce, et al. [17]) (WPG: within-plate granite; VAG: volcanic arc granite; syn-COLG: syn-collisional

granite, ORG: ocean ridge granite).
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5.4. Implications for Geologic Prospecting

Magmatism in the study area not only provided metallogenic hydrothermal fluids,
but also promoted the activation, migration, and enrichment of metallogenic elements in
the surrounding rock, which is often accompanied by mineralization. Minerals often form
in or around plutons. Spatially, most mineralized areas are concentrated in the internal
and external contact zones between the Late Triassic pluton and the surrounding rock.
Compared with their average crustal abundances, the elements enriched in the Late Triassic
pluton include Pb, Zn, W, Sn, Mo, Ag, and Bi. Elements with variation coefficients of >1
include Pb, Zn, As, Sb, Ni, and Ag. The Pb and Zn contents are 1.24-24.37 and 1.03-5.28
times the average value of the Western Kunlun region, respectively. The enrichment of
other elements is less pronounced. The Kangxiwanan Ag-Pb, Kalakashihenan Pb-Ag,
Ahelangan Pb-Ag, Fulugouxiayoubei Pb—Zn, Fulugou Pb-Zn, and Dahongliutanxi Pb ore
deposits are all located in the outer contact zones of Late Triassic rocks. These findings are
consistent with geochemical and remote sensing anomalies observed in the study area.

Rare metal mineralization is closely related to the Late Triassic intrusive rocks. The
granite pegmatites in the study area were derived from the differentiation of these rocks
and provided rare metals, a heat source, and ore-forming materials. The Dahongliutan
and Ahelangan Li-Be ore deposits occur in granite pegmatites. Mineralization in the
study area is predominantly hydrothermal, and was controlled by NW-SE structures.
Mineralization is also mainly distributed in the high strain zones of the regional structures.
The orebodies are controlled by a group of joints that are consistent with the overall strike,
and exhibit contemporaneous mineralization characteristics. In Triassic strata, Li and Be
deposits formed as a result of the intrusion of Indosinian magmatic hydrothermal fluids.
The metallogenic mode of these deposits was predominantly crystalline metasomatism.
The host rock was granite pegmatite and the surrounding rock was anorthosite biotite
quartz schist. The strikes of the orebodies are consistent with those of the regional tectonic
trend. The orebodies exhibit discontinuous, lenticular, and vein distributions that are often
accompanied by strong albitization. The orebodies are controlled by the pegmatite veins,
which have ore bearing properties that are related to the distance between plutons. Poor
ore-bearing properties occur near the pluton, while good ore-bearing properties occur
further from the pluton [10].

6. Conclusions

Based on analyses of the isotopic ages, mineralogy, and geochemistry of the Dahongli-
utan pluton in the Western Kunlun orogen, the following conclusions were drawn:

(1) Combined with the zircon CL images and U and Th data, zircon U-Pb dating indi-
cates that the emplacement age of the Dahongliutan pluton is 220 + 2.2 t0 205.99 + 0.79 Ma,
and was the result of Late Triassic magmatism.

(2) The Dahongliutan pluton is enriched in silica, alkali elements, and potassium. The
A/CNK ranges from 1.01 to 1.43, indicating a strongly peraluminous rock type. LREEs
and HREEs are highly fractionated. The negative Eu anomalies of 20 samples are relatively
pronounced. The pluton is enriched in HFSEs (e.g., Th) and LILEs (e.g., Rb); however, it is
depleted in Sr, Ta, and Nb. Thus, the pluton belongs to the high potassium calc-alkaline
peraluminous rock series.

(3) The Dahongliutan pluton is an S-type granite; however, a small amount of upper
mantle material was involved during early magma formation. The pluton also exhibits
I-type granite characteristics. The negative Eu anomalies, low Y and Yb contents, high Sr/Y
ratios, low Nb, Ta, and Sr contents, and high Nb/Ta ratios (2.89-14.40) indicate that garnet
and rutile residue were present in the source. Thus, the Dahongliutan pluton may have
formed via the partial melting of crustal rocks at 1-1.5 GPa, with the contribution of some
mantle-derived material.

(4) The U-Pb ages and regional geology indicate that the Dahongliutan pluton had
a composite emplacement mechanism that was dominated by tectonic expansion and
magma intrusion, which may have occurred in the same collisional tectonic setting. During
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the Late Triassic, the Western Kunlun region entered the post-collisional stage of the orogeny
and intrusive rocks formed in an extensional setting.

(5) Late Triassic magmatism provided important heat and ore-forming materials for
the mineralization of Pb—Zn, rare metals, Cu, Fe, and other minerals in the study area.
Mineralization in this region is closely related to magmatism, which is important for
geologic prospecting.
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Abstract: The evaluation of pore characteristics in lacustrine shales is of significance for shale oil
and gas exploration in terrestrial sedimentary basins. However, due to the complex depositional
environments, there have been few reports on the quantitative evaluation of lacustrine pores. In
this study, we carry out experiments, e.g., scanning electron microscopy (SEM), nitrogen adsorption,
X-ray diffraction (XRD), and rock pyrolysis, on sixteen lacustrine shale core samples of the Late
Cretaceous Nenjiang Formation (Kn'*?) in the Songliao Basin. At the same time, we bring in the
fractal dimensions to quantitatively characterize the pores of shale samples in Kon'*2. The kerogen
type of shales in the Nenjiang Formation is mainly type I. The shales of Kyn!*2 develop a large number
of mineral intergranular pores and a small number of organic pores and mineral intragranular pores.
The primary minerals of the samples are clay minerals and quartz. The total organic carbon (TOC) has
a correlation with the pore physical parameters, whereas the content of minerals does not correlate
significantly with pore development. The average pore fractal dimensions obtained from the analysis
of nitrogen adsorption data are D1 = 2.5308 and D2 = 2.6557. There is a significant negative correlation
between the fractal dimensions (D1 and D2) and the TOC content: the lower the fractal dimensions,
the higher the TOC, and the more the free oil. In low maturity shales with higher TOC content,
due to hydrocarbon generation, larger pores with a regular shape (small fractal parameters) can be
produced, which can store more free oil. The shale reservoir evaluation of Kzn1+2 in the Songliao
Basin should be focused on shales with higher TOC and lower pore fractal parameters. Our work
provides a reference for the shale oil evaluation of Kyn!*? in the Songliao Basin and complements
studies on lacustrine pore characteristics.

Keywords: shale oil; pore structure; fractal dimension; lacustrine; Songliao Basin

1. Introduction

With the increasing demand for oil and gas resources, shale oil, as a kind of uncon-
ventional resource, has become a research focus [1-5]. Different from conventional oil
and gas reservoirs, shale reservoirs tend to have a more complex pore structure, diverse
pore morphology, and stronger heterogeneity [6-9]. The study of shale pore character-
istics and heterogeneity is of great significance for oil and gas storage, migration, and
exploration [1-5].

Previous studies on pore characteristics have been focused on marine shales, such
as the Barnet Shale in the Fort Worth Basin, the Eagle Ford Shale in the Western Gulf
Basin, and the Bakken Shale in the Williston Basin in the United States [10-13]. China
has also made breakthroughs in the exploitation of shale oil and gas resources, especially
with the recent development in the marine shale Ordovician Longmaxi Formation and
Cambrian Qiongzhusi Formation in the Sichuan Basin [14-21]. Compared to marine shales,
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the pore systems of lacustrine shales are less known due to more complex depositional
environments and lithofacies in lacustrine shales, which may cause different pore struc-
ture characteristics and different influences on shale o0il/gas enrichment and production.
Therefore, the quantitative evaluation of lacustrine pores is significant but has been seldom
reported [18-22].

Shale contains a large number of nano-micron pores and has a very strong hetero-
geneity. The traditional technical methods for pore structure studies have limitations and
cannot effectively describe the pore structure and surface morphology. In this regard,
the characterization of shale pore structure requires a multi-technology, multi-scale, and
multi-faceted method [2,3,8,23-32]. Mandelbrot proposed the fractal geometry theory to
characterize the special structure of many objects with complex shapes in nature; the geom-
etry of shale pores is a typical example of such shapes [33-35]. Pfeifer et al. were the first
to demonstrate the fractal characteristics of reservoir pores by molecular adsorption [36].
Pape et al. used SEM to observe rock samples and found that pores in the range of 0.2 to
5.0 um in sandstones, shales, and carbonates have good fractal properties [35]. Katz and
Thompson also supported the theory by confirming the fractal characteristics of several
sandstones [37]. With the research on the pore structures of shale, fractal theory has become
an effective method to characterize the complexity of pore structures in shale [38-40].

The Songliao Basin in northeast China is a large Cretaceous terrestrial basin and a
petroleum-bearing sedimentary basin [41-45]. There are two sets of shales as source rocks
and shale oil reservoirs: the Qingshankou Formation (K,q) and the Nenjiang Formation
(Kzn) [42,44,46,47]. Multiple methods have been used to characterize the shale pore struc-
ture in K;q and Kyn of the Songliao Basin, including the application of fractal dimensions.
Zhang et al. analyzed the geochemical, pore structural, and fractal characteristics of the Kon
samples from an outcrop section located at the junction zone of the Central Depression and
Southeastern Uplift and showed that the fractal dimension of the K;n shale is positively
correlated with the organic matter, clay content, total pore volume, and specific surface
area [47]. Liao et al. measured the content and proportion of retained hydrocarbons at
different stages of maturity for outcrop samples from Kyn and found that the Kyn shale
in Songliao Basin has the strongest retention capacity but the weakest expulsion capacity
compared to shales in other basins [48]. He et al. showed variation in the permeability of
the low-maturity shale of Kyn with increasing temperatures [49]. Similar to the previous
study, Zhang et al. analyzed the shale pore structures of samples from multiple boreholes
and inferred a positive correlation between the fractal dimension and the organic matter
content [50]. On the contrary, Wang et al. analyzed the pore structure parameters and the
fractal dimension of the K;q shale in the Songliao Basin and found a U-shaped relation-
ship between the fractal dimensions and the TOC content [51]. The different findings on
the relationship between the pore structure and shale composition may be due to differ-
ent studied intervals and discontinuous or weathered samples from multiple cores and
outcrop sections.

The SK-1 scientific drilling project, under the International Continental Scientific
Drilling Program framework, has recovered ~165 m continuous cores of lacustrine shales
from the Nenjiang Formation in Songliao Basin. In this study, we collected 16 samples of
shale in the first and second members of the Nenjiang Formation (Kon'*2) of the SK-1(S) well
and conducted scanning electron microscopy, nitrogen adsorption, X-ray diffraction (XRD),
and rock pyrolysis analysis. The primary objectives of this study were: (1) to study the pore
morphology and pore structure of lacustrine shales, (2) to analyze the relationship between
the mineral content and pore space, and (3) to introduce fractal dimensions to characterize
the pore structure and analyze its relationship with TOC. Our research complements the
vertical variation in the pore characteristics of continuous shale samples and provides a
reference for shale oil evaluation of the Nengjiang Formation in the Songliao Basin.
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2. Geological Setting

The Songliao Basin, which covers roughly 26 x 10* km?, is a large terrestrial basin in
Northeastern China [42-44] (Figure 1). Three tectonic stages are recognized in the Songliao
Basin: the syn-rift stage (Late Jurassic), the post-rift stage (Early to Middle Cretaceous), and
the structural inversion stage (Late Cretaceous) [44,45]. After the structural inversion stage,
according to the topographical characteristics, the basin was divided into six structural
units: the northern dipping area, the northeast uplift area, the southeast uplift area, the
southwest uplift area, the western slope area, and the central depression area [46,47]. Kon
was deposited in the post-rift stage, with a development of gray-black lacustrine mudstone,
oil shale, marl, and tuff [45,46]. At the beginning of the Kyn deposition, the deposition rate
accelerated, and the lake expanded rapidly to cover the whole basin. In the later stage,
thick gray and black mudstones developed in the deep lacustrine environment until the
basin was gradually uplifted, resulting in a shallow lake and the deposition of lighter-color
shales [45,46].
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Figure 1. (left): (a) Location of the Songliao Basin in China; (b) the main structural divisions of
Songliao Basin and drilling sites of SK-1(S) and SK-1(N). (right): Lithology and sampling depth of
Kon!*2 in SK-1(S).

The SK-1 scientific drilling site is located in the central depression area (Figure 1)
and composed of two boreholes—the south borehole (SK1(S)) and the north borehole
(SK1(N)) [52,53]. The coring ratio of SK-1 is as high as 96.46% [46]. The two cores are
correlated by a basin-wide oil shale layer of the Nenjiang Formation (Fm) [46]. The coring
layer of the south borehole of SK-1 is from the top of the third member of the Quantou
Formation to the bottom of the second member of Kyn. This paper focuses on the first and
second members of the Nenjiang Formation in the south borehole of SK-1. The oil shale at
the bottom of the second member of Kyn represents a lake-level peak during the evolution
of the Songliao Basin, with a sedimentary range far beyond the present basin boundary.
The lithology of Kon'*2 is mainly black and gray shale and mudstone (Figure 1) [41-46].
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3. Samples and Methods

Sixteen lacustrine shale samples were obtained from Kon'*2 with a depth range
of 972.26-1128.17 m in the south borehole of SK-1 (Figure 1), and scanning electron
micro-scopy, nitrogen adsorption, X-ray diffraction (XRD), and rock pyrolysis analysis
were conducted.

Field emission scanning electron microscope (FE-SEM) was used to observe the 2D
structure of the pores. Before the samples were observed under the microscope, argon ion
polishing technology (Ar-BIB) was used to etch the surface of the samples (Leica RES102
Ion Milling System of Leica company, Wetzlar, Germany). The cross-sections of the samples
were bombarded by three independent argon ion beams under a voltage of 7.0 kV and
current of 2.6 mA. The polishing time was 5-7 h for each sample. The polished surface was
crescent-shaped with an area of about 2 mm?. For SEM analysis (Apreo FE-SEM of FEI
company, Hillsboro, USA, 5.0 kV, 0.40 nA), the samples were treated by carbon plating to
make the surface conductive. Then the samples were placed in the electron microscope
instrument, the distance between the SEM lens and the top of the sample table was adjusted
to about 4 mm, and the backscattering mode (BSE) was used to observe the rock surface.
Using a high-resolution electron microscope, the distribution of the organic matter, pore size,
shape, contact relationship between the pores and organic matter was clearly observed. At
the same time, the plane distribution of inorganic minerals, such as pyrite, and their contact
relationship with the organic matter and pores were also observed [54-56] (Figure 2).

N

clay mineralintergranular pores

e

/

organic matter-mineral intergranular pores

x| 30ps | A1 um

Figure 2. Pore types of shales by SEM in Kon'*2, Songliao Basin. (a) Mudstone sample at 1082.4 m;
(b) shale sample at 978.2 m; (c) mudstone sample at 1052.1 m; (d) mudstone sample at 1127.8 m.

Low-pressure N, adsorption is an effective method to analyze the nanopore of
shale [55,57-62]. The samples were ground to a 40-80 mesh powder (~178-425 pm particle
size) and dried at 110 °C for 8 h to remove any adsorbed moisture and volatiles. An
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N, adsorption experiment was carried out on the ultra-high performance automatic gas
adsorption system ASAP 2020 produced by the Micromeritics Company (Georgia State,
USA). The range of the pore size distribution was 1.7 to 300 nm. The equivalent surface
areas were determined with the Brunauer-Emmett-Teller (BET) method. The pore volumes
were calculated using the density functional theory (DFT) model. The average pore diam-
eters were calculated using the adsorption branch of the Barrette—Joyner—-Halenda (BJH)
model [54,57-66].

The whole rock mineral composition of shale was analyzed by an X-ray diffractometer
produced by Rigaku Motor Co., Ltd., Tokyo, Japan. The test conditions were carried out
with reference to industry standard SY/T 5163-2010. The whole rock mineral analysis
was carried out on samples of 300 mesh powder. With reference to the K value of the
international standard sample, the mass percentage of each mineral was calculated using
MDI JADE software (6.5, Central South University, Hunan, China).

The analysis of the total organic carbon content (TOC) was carried out in accordance
with the national standard GB/T 19145-2003. The Leco CS230 carbon and sulfur instrument
was used to analyze the TOC. In the first step, a sample powder of ~10 mg was weighed
by electronic balance and put into the porous porcelain crucible (which was heated in a
mulffle furnace to 1000 °C for 2 h). In the second step, a sufficient amount of 12.5% HCl was
added to the electric heating plate at 60 °C for 2 h until the reaction was complete. In the
third step, the crucible was put into the filter container and washed with distilled water
every half an hour to one hour for three days. In the fourth step, the crucible was dried in a
furnace at 60 °C and cooled, and the TOC was determined.

A Rock-Eval 6 pyrolyzer, manufactured by Vinci Technologies, was used for pyrolysis.
The samples were crushed into 0.07-0.15 mm, and then weighed and loaded onto sample
crucibles, which were put into a pyrolysis oven. The pyrolyzed samples were put into
an oxidation oven. Determination parameters: free hydrocarbon (S1) was analyzed at
300 °C for 3 min to detect the free hydrocarbon content in the sample (mg/g); pyrolysis
hydrocarbon (S2) was detected at a temperature rate of 25 °C/min between 300 and 650 °C
to detect the pyrolysis hydrocarbon content in the sample (mg/g). Tmax is the pyrolysis
temperature corresponding to the highest point of the S2 peak (°C). S3 is the amount of
CO; produced by the pyrolysis of organic matter (mg CO,/g Rock), which is generally
used to calculate the oxygen index. The pyrolyzable carbon (PC; from the pyrolysis stage),
residual carbon (RC; from the oxidation stage), total organic (TOC; sum of RC and PC),
hydrogen index [HI; (S2/TOC) x 100], oxygen index [OI; (53/TOC) x 100], oil saturation
index [OSI; (51/TOC) x 100] were determined and calculated. The analysis and calculation
procedures were carried out in accordance with the national standard GB/T 18602-2012.

Correlations among the variables were evaluated by the R?, the F-test, the T-test, and
the p-value. In general, the degree of the variables’ statistical correlation (R?) was judged by
the magnitude of the correlation coefficient (1.0-0.8: very strong correlation, 0.8-0.6: strong
correlation, 0.6-0.4: moderate correlation, 0.4-0.2: weak correlation, 0.2-0.0: very weak or
no correlation); the F-test was used for the overall regression equation significance test; the
T-test was used to determine the significance of the coefficient of variation; and the p-value
was used as a measure of the T-test and F-test [67-70]. In simple linear regression, the
square of the T-statistic of the T-test for the explanatory variables is equal to the F-test for the
overall significance of the equation of the F-statistic, and the two tests are equivalent [63-68].
We measured the correlation and significance of the regression equation using the T-statistic,
p-value, and R?: T-absolute value > 1.65, p < 0.10 regression coefficient is significant at
the 10% level; T-absolute value > 1.96, p < 0.05 regression coefficient is significant at the
5% level; T-absolute value > 2.58, p < 0.01 regression coefficient is significant at the 1%
level [67-70].
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4. Results
4.1. 2D Pore Structure
4.1.1. SEM Analysis

Under the scanning electron microscope, the types of pores observed in the SK1-S-
2, SK1-5-4, SK1-5-5, SK1-5-6, SK1-5-9, and SK1-5-11 samples were intergranular pores
and intragranular pores, but no organic pores were observed. The pores were mainly
intergranular pores, including mineral intergranular pores, organic-mineral intergranular
pores, and clay mineral intergranular pores. Most of the mineral intergranular pores and
organic-mineral intergranular pores were narrow or acicular, and a few were round or
sub-circular. The pore diameters observed under the microscope were about 0.1-1 pm. The
intergranular pores of the clay minerals were mostly in the shape of long strips, and the
pore size was about 0.1 pm (Figure 2a).

Under the scanning electron microscope, the pore types of samples SK1-5-1, SK1-5-8
and SK1-5-12 were observed as mineral intergranular pores, organic-mineral intergranular
pores, mineral intragranular pores, and organic pores. Mineral intergranular pores were
mainly observed in SK1-5-12 with a few organic pores. The pores of SK1-5-1 and SK1-5-8
were mostly circular or subcircular, and their sizes were between 0.1 and 0.5 um (Figure 2b).

The pore types observed in SK1-5-3, SK1-5-13, and SK1-S-7 were mainly intergranular
pores and mineral intragranular pores, but no organic pores were observed. Intergranular
pores of pyrites have developed, which were in the form of microspheres with a pore size
of less than 0.1 um (Figure 2c).

Intragranular dissolution pores are those formed by dissolution inside of the particles
of feldspar, carbonate, and other soluble minerals. They are formed by port-like dissolution
of the particles around the pores. Intergranular dissolution pores are larger than intra-
grain dissolution pores. The intragranular pores observed in the SK1-5-16 sample were
developed in the calcite (Figure 2d).

In summary, the shale of Kon!*? in SK-1(S) has mainly developed intergranular pores,
including mineral intergranular pores, organic-mineral intergranular pores, and clay min-
eral intergranular pores. A small number of mineral intragranular pores have developed,
including calcite intragranular dissolution pores. The distribution of the organic pores was
uneven, and the number of organic pores was small, which shows that Kyn!*2 in Songliao
Basin has oil generation potential.

4.1.2. PCAS Analysis

The pore (particle) and fracture image identification and analysis system (PCAS) is
professional software for the quantitative analysis of the pore system and fracture system.
The software can automatically obtain geometric and statistical parameters and calculate
the depth, area, and fractal dimensions of individual pores. The pores are identified
by importing the SEM pictures of the core samples into the software and adjusting the
grayscale threshold of the pictures. In the SEM pictures, the areas with pores have a darker
color compared to other areas, and the adjustment process can make the darker parts of the
pictures appear darker and the brighter parts appear brighter, thus identifying the physical
parameters of the pores [63].

In this study, the probability entropy and shape factor obtained were mainly calculated
by PCAS software [63]. The probability entropy is mainly used to describe the directionality
of the 2D structure of the pores, which is calculated as follows (Equation (1)):

n
H = —Z Plog, P; 1)
i=1

where H is the probability entropy; P; denotes the percentage of pores in a specific range,
for example, between 0° and 10° when i = 1, in the 2D direction ranging from 0° to 180°,
and divided into eighteen parts, i.e., n = 18, the probability entropy has values between 0
(all pores are arranged in the same orientation) and 1 (pores have random orientation).
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The shape factor (ff) is a descriptor of the characteristic shape and reflects the round-
ness and roughness of the hole edges. It has a maximum value of 1.0 (for a circle) or 0.785
(for a square). Its calculation formula is as follows (Equation (2)):

ff =4nS/C? )

where S is the area of the pore, and C is the perimeter of the pore.

The scanning electron microscope images of the shale samples from Kon'*? were
imported into PCAS software, and the organic and inorganic pores could be identified
by adjusting the gray level of the images. Taking SEM images of sample SK1-S-1 as an
example, the gray level of the SEM images was adjusted to identify the organic pores.
Each organic pore was colored with different colors, and the other inorganic pores were
eliminated. Then some parameters of each organic pore with different colors were obtained
by further calculation in the software (Figure 3) [63].

Figure 3. Original (a) and colorized (b) images of organic pores in sample SK1-S-1 using PCAS
software processing.

Using PCAS software, the scanning electron microscope images were divided into
organic and inorganic pores, the probability entropy and shape factors of different types of
pores were analyzed separately, and the distribution of the pore size were analyzed at the
same time (Table 1). By processing 31 scanned images of Kon!*2 with PCAS software, and
rejecting the unqualified images and obtaining each parameter of the pores, the following
results were obtained by comprehensive analysis: (i) The shape factor of the organic pores
was mainly concentrated between 0.3 and 0.7. The average shape factor was 0.56. The
average probability entropy of the organic pores was ~0.6 (Table 2). (ii) The shape factor of
the inorganic pores was mainly concentrated between 0.5 and 0.6. The average shape factor
was 0.54. The average probability entropy of the inorganic pores was ~0.9 (Table 2). (iii) As
a whole, the number of inorganic pores was much larger than the number of organic pores.

The use of backscattered electron imaging is beneficial to observe the shape, size,
and distribution pattern of nanoscale pores on the smooth and flat surface of the sample
after argon ion polishing [10,15-18]. SEM analysis and PCAS analysis showed the 2D pore
structure characteristics. As image-processing tests on the number of pores have some
limitations, these were specific analyses of typical micro-regions, aiming to complement
the information on pore characteristics. To identify the pore types and quantitatively
characterize the pore structures, nitrogen adsorption and desorption experiments were
applied and are described in the following section.
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Table 1. Parameters of each organic pore obtained from sample SK1-S-1 after PCAS software pro-
cessing. Length: longest diameter; width: shortest diameter; average pore size: average diameter
(longest+ shortest) /2.

Pore Length (um) Width (um) Average Pore Size (nm)
1 0.245308312 0.160560518 202.9344146
2 0.55289136 0.387186408 470.0388843
3 0.320037996 0.275904161 297.9710785
4 0.191697886 0.081227918 136.4629019
5 0.141878096 0.084477035 113.1775655
6 0.14810557 0.104242495 126.1740323

Table 2. Average pore parameters of organic pores and inorganic pores obtained from Kon!*2 by

PCAS software.
Pore Size (nm) Average Average
Porosit Numb o1s
y umber Max Min Average Shape Probability
Factor Entropy
Inorganic pores 6321 3083 103 225 0.54 0.926294
Organic pores 161 1616 112 329 0.56 0.628375

4.2. N, Adsorption and Desorption Isotherms

According to IUPAC classification, there are four types of N, adsorption isotherms [61,62]. In
this study, there were obvious hysteresis loops in the samples, and all of the hysteresis loops
were closed. The existence of a hysteresis loop shows that evaporation from the pores is
obviously different from condensation in the pores, and that capillary condensation occurs
in mesoporous pores [71]. Useful information about the pore structure can be obtained from
the shape of the hysteresis loop. The hysteresis loops of 16 samples were analyzed and it
was found that there was only one type of hysteresis loop: type H3 (Figure 4). H3 hysteresis
occurs with the accumulation of plate-like particles that produce slit-shaped pores, which
corresponds to the slit-shaped and acicular intergranular pores of clay minerals observed
under a scanning electron microscope (SEM) (Figure 2).
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Figure 4. Nitrogen adsorption-desorption isotherms of Kon!*2 samples.

The sample crush size may have an influence on the behavior of low-pressure gas
adsorption and desorption. Through experimental analysis, Hazra et al. showed that
the macro-pore volume in Ny adsorption and desorption increased if the particle-crush
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size was too small [71]. In this study, the crushed size of the samples was in the range of
178-425 pum, which was chosen to take into account the shale matrix and the particle size
distribution within the mineral. This size range falls into the medium particle size range in
the study of Hazra et al. (2018), which showed no significant influence on the N, adsorption
and desorption results [71]. At the same time, the surface chemistry of the sample also
affects the results of the pore characterization by nitrogen adsorption [72]. The presence of
a catalyst on the sample surface attracts the adsorption of nitrogen molecules, resulting in a
decrease in the ability of gas molecules to enter the pores and a shift in the measured pore
size distribution curve toward smaller pore sizes [72]. The adsorption behavior of nitrogen
molecules is also affected by the hydrophilicity or hydrophobicity of the sample surface.
The hydrophilic surface attracts nitrogen molecules, resulting in a high measured specific
surface area, while the hydrophobic surface repels nitrogen molecules, resulting in a low
measured specific surface area [72]. This effect was minimized in the pre-treatments of the
experiments to accurately characterize the pore structure.

Some useful information about the surface area, pore volume, and pore size distribu-
tion (PSD) can be provided by N adsorption experiments. The equivalent surface area was
calculated by the multi-point BET equation (equation describing the theory of adsorption
of multilayers based on the Langmuir equation, proposed by Brunauer, Emmet and Teller),
and the BET repeat calculation was corrected using “BET Surface Identification” (BETSI)
software [23]. The range of the BET surface area of the samples was 9.69-65.91 m?2/ g.
The pore volume and average pore size were estimated by the Kelvin equation and the
Barret-Joyner-Halenda (BJH) model. The pore volume range was 0.0444-0.1187 cm3/ g (av-
erage 0.0768 cm®/g), and the average pore diameter was 8.22-15.40 nm (average 10.10 nm),
which is slightly larger than that of K,q in the Songliao Basin [51] (Table 3).

Table 3. Pore parameters of Kon!*? by low-pressure N, adsorption.

Sample Average Pore BET Surface Total Pore Volume Hysteresis
Diameter (nm) Area (m?/g) (cm3/g) Loop Type
SK1-S-1 8.73 44 0.0750 H3
SK1-S-2 9.80 44 0.0881 H3
SK1-S-3 9.58 31 0.0756 H3
SK1-S-4 9.21 40 0.0883 H3
SK1-S-5 10.01 31 0.0798 H3
SK1-S-6 8.74 38 0.0776 H3
SK1-S-7 9.62 42 0.0935 H3
SK1-5-8 9.77 32 0.0781 H3
SK1-5-9 8.84 35 0.0743 H3
SK1-5-10 10.52 22 0.0636 H3
SK1-5-11 14.61 10 0.0444 H3
SK1-S-12 8.26 50 0.0944 H3
SK1-5-13 8.22 66 0.1187 H3
SK1-S-14 8.51 41 0.0752 H3
SK1-5-15 15.03 10 0.0450 H3
SK1-S-16 12.25 16 0.0580 H3

4.3. Fractal Dimensions

At present, several methods to calculate the fractal dimension based on the gas ad-
sorption method have been proposed, including the BET model method, the PSD model
method, and the Frenkel-Halsey-Hill (FHH) model method [64,65], but the FHH model
gA the most widely used and the most effective method [39,65-67]. In this study, the fractal
dimensions of the 16 shale samples of Kon!*2 in the Songliao Basin were calculated by the
FHH model. The calculation formula (Equation (3)) is as follows:

() -aln(n(2)] o
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where v, is the volume of adsorbed gas at pressure equilibrium P; vy, is the volume of the
saturated adsorption of the monolayer; A is a power-law exponent related to the fractal
dimension; B is the intercept; P is the saturated vapor pressure of the gas. The value A

Un
Ung

data, and the slope of the straight line is equal to A. The method for calculating the fractal
dimension D, (Equation (4)) is as follows:

can be calculated by plotting the In ( ) and In (ln(%)) of the gas adsorption isotherm

D,=A+3 )

Figure 5 shows the FHH diagram of the sample SK1-5-2. At the relative pressures
P% of 0-0.5 (R? = 0.9999) and 0.5-1 (R = 0.9971), there are two different linear seg-
ments because the gas adsorption mechanism was different at different relative pressures
(Appendix A) [63,72-77]. The characteristics of the pores were also different. Considering
the difference in the gas adsorption behavior between pﬁ < 0.5 and PL > 0.5, the fractal
dimensions of the samples were calculated in these two regions, which are defined as D1
and D2. D1 is monolayer-multilayer adsorption controlled by van der Waals forces, and
D2 represents the adsorption behavior controlled by capillary condensation at a higher
L 173-77].
Py
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Figure 5. Fractal calculation results (intercept: A of Equation (4)) from FHH model (Equation (3)) of
N, adsorption at low temperature for sample SK1-S-12 from Kon'!*? of the Songliao Basin, NE China.

The general fractal dimension was between 2 and 3, which was determined by the
geometric irregularity and roughness of the surface. The larger value of D represents a more
complex and irregular surface (with a value close to 2, the surface is smoother and flatter;
with a value close to 3, the surface is rougher and the heterogeneity is stronger) [35-37].
The fractal dimension D1 indicates the irregularity of the sample surface (the larger the
fractal dimension D1, the more irregular and rougher surface) [65]. The fractal dimension
D2 indicates the irregularity of the pore structure (the larger the fractal dimension D2,
the higher the heterogeneity of the pore distribution, the smaller the pore size, the higher
the liquid/gas surface tension, and the lower the gas adsorption capacity) [65]. Fractal
dimensions D1 and D2 represent the pore surface fractal dimensions and pore structure
fractal dimensions, respectively (Figure 5, Appendix A).

The range of the fractal dimension D1 was 2.4406 to 2.6174, and the average value was
2.5308. The fractal dimension D2 ranged from 2.5036 to 2.7197, and the average value was
2.6556. The fractal dimension D values were all higher than 2.5 (Table 4). These results
indicate that the shale pores have good fractal properties in both their internal structure
and surface. The D2 values were larger than the D1 values of the Kon'*2 shale samples,
demonstrating that the pore internal structure has stronger complexity and heterogeneity
than the pore surface, while the smaller pores have stronger complexity and heterogeneity
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than the larger pores. There was a positive correlation (R? = 0.7372, T = 6.56, p = 0.00001)
between D1 and D2 of Kon'*? in the Songliao Basin, indicating that these two fractal
dimensions can be used to characterize the pore structure and pore surface of the shale [51]
(Figure 6).

Table 4. Fractal dimensions calculated by the FHH model.

PIPy < 0.5 PIPy > 0.5
Sample
Fitting Equation R? D1 Fitting Equation R? D2
SK1-5-1 y = —0.3826x + 2.6889 0.9983 2.6174 y = —0.2818x + 2.6962 0.9991 2.7182
SK1-S-2 y = —0.3904x + 2.6925 0.9998 2.6096 y = —0.3156x + 2.6975 0.9988 2.6844
SK1-S-3 y = —0.4956x + 2.3775 0.9999 2.5044 y = —0.3411x + 2.4528 0.9961 2.6589
SK1-5-4 y = —0.4541x + 2.6328 0.9998 2.5459 y = —0.3229x + 2.6938 0.9978 2.6771
SK1-5-5 y = —0.4915x + 2.3774 0.9998 2.5085 y = —0.353x + 2.4526 0.9963 2.647
SK1-5-6 y = —0.4544x + 2.5658 0.9997 2.5456 y = —0.3038x + 2.6377 0.9969 2.6962
SK1-S-7 y = —0.436x + 2.6787 0.9999 2.564 y=—0.3181x +2.733 0.9972 2.6819
SK1-S-8 y = —0.4724x + 2.4215 0.9999 2.5276 y = —0.332x + 2.4910 0.9969 2.668
SK1-S-9 y = —0.4883x + 2.4726 0.9999 25117 y = —0.3145x + 2.5566 0.9972 2.6855
SK1-5-10 y = —0.5229x + 2.0487 0.9995 24771 y = —0.365x + 2.1397 0.9952 2.635
SK1-5-11 y = —0.5476x + 1.2553 0.9991 2.4524 y = —0.4832x + 1.3124 0.9978 2.5168
SK1-5-12 y = —0.4384x + 2.8529 0.9999 2.5616 y = —0.2779x + 2.9299 0.9971 2.7221
SK1-5-13 y = —0.4069x + 3.1168 0.9998 2.5931 y = —0.2803x + 3.1884 0.9962 2.7197
SK1-S-14 y = —0.4129x + 2.6306 0.9997 2.5872 y =—0.2907x + 2.676 0.9996 2.7093
SK1-5-15 y = —0.5594x + 1.2352 0.9988 2.4406 y = —0.4964x + 1.2921 0.9953 2.5036
SK1-5-16 y = —0.5533x + 1.6927 0.9979 2.4467 y = —0.4323x + 1.8071 0.993 2.5677
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Figure 6. Relationship between fractal dimensions D1 and D2 of Kon!*? shale.

4.4. Mineralogy

All samples contained clay, quartz, feldspar, calcite, pyrite, and other minerals. Clay
minerals were the most abundant, with a content between 40.2 wt.% and 56.1 wt.% and an
average of 48.92 wt.%. The second most abundant mineral was quartz, which accounted for
17 wt.% to 35.6 wt.% of the samples (average 27.79 wt.%). The content of carbonate (calcite
and dolomite) was between 3.4 and 24.3 wt.%, and the content of feldspar was between
6.5 wt.% and 15.1 wt.%. The content of pyrite was low, not more than 5.5 wt.% (Table 5).
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Table 5. Mineral composition of Kpn!*2 by XRD (unit: wt.%).

Potash

Sample Quartz Feldspar Plagioclase  Calcite Dolomite Siderite Pyrite Clay
SK1-5-1 35.5 22 8.1 2.3 3.4 / 0.5 48

SK1-S-2 35.6 15 5.1 22 1.3 / 1.9 52.4
SK1-S-3 21.8 2 6.5 8.4 8.3 / 4.3 48.7
SK1-S-4 17.8 1.8 5.1 34 0 / 2.4 472
SK1-S-5 21.7 1.7 4.8 11.2 8.6 / 3.6 48.4
SK1-S-6 18.9 1.7 6.1 8.8 8.2 7.1 2.8 46.4
SK1-5-7 19.3 1.8 5.5 12.8 35 45 0.6 52

SK1-S-8 17 1.8 52 3.8 20.5 / 0.1 51.6
SK1-S-9 21.5 2.6 7.1 6.8 2.8 57 1.4 52.1
SK1-5-10 20.6 1.7 6.7 11.2 49 / 29 52

SK1-5-11 28.4 1.5 8.1 1.6 14.9 / 1.9 43.6
SK1-5-12 21.1 1.7 7.3 5.8 7.7 / 42 52.2
SK1-5-13 19.7 19 7.7 8.3 5.9 / 0.4 56.1
SK1-S-14 24.9 2.8 11.3 9 4.2 / 2.9 449
SK1-5-15 20.5 1.8 13.3 3.5 8.5 / 5.5 46.9
SK1-5-16 20.3 15 12 17.1 4.3 / 4.6 40.2

4.5. Organic Geochemistry

The hydrocarbon generation potential of shale can be evaluated according to the TOC
content and hydrogen enrichment. Although the crushed particle size has an effect on
the rock analysis results, the rock pyrolysis and the total organic carbon content (TOC)
were analyzed more than twice in parallel strictly according to the national standards
GB/T 18602-2012 and GB/T 19145-2003 [78] so as to guarantee analytical precision. Flame
ionization detector (FID) saturation during pyrolysis is a common source of error found
in the analysis of organic-rich rocks, especially those that generate large quantities of
hydrocarbons from kerogen during pyrolysis (large S2 yields). FID saturation usually
occurs when analyzing type II kerogen with thermal evolution in the immature-to-medium
oil window range or with high TOC samples. Considering the TOC content of the samples
and the type of kerogen, the experimental results would not have FID saturation [79-82].

The S2 value of the Kon!*2 shale in the Songliao Basin varied greatly, with an average
of 24.43 mg HC/g rock, ranging from 0.39 to 75.41 mg HC/g rock. The content of TOC
ranged from 0.3 to 8.74 wt.%, with an average of 3.21 wt.% (Table 4). The S2-TOC diagram
shows that there is type I kerogen in the shale of Kon!*? [45] (Figure 7). S2 and the TOC
had a good linear correlation, and the correlation coefficient was RZ =0.9781 (Figure 7). The
slope (S2/TOC) indicates that the trend-based HI (hydrogen index) had a value of about
980 mg HC/g TOC (Slope x 100 = HI = 980 mg HC/g TOC), and the sample was of type I
kerogen oil-prone.

The value of free hydrocarbon (S1) was between 0.04 and 3.38 mg HC/g rock, with an
average of 0.79 mg HC/g rock. S1 had a positive correlation (R2 =0.8973, T > 2.58, p < 0.01)
with the TOC (Figure 7). The range of HI was 131 to 975 mg HC/g TOC, and the average
was 600.8 mg HC/g TOC. The value of the oil saturation index (OSI) ranged from 7.87 to
43.9 mg HC/g TOC, and the average was 18.62 mgHC/g TOC. The Tmax value represents
the temperature at which the S2 peak reached its maximum, ranging from 434 °C to 443 °C,
with an average of 439 °C (Table 6).
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Figure 7. Relationship between TOC content and hydrocarbon generation potential of Kyn!*2 shale.
(a) S2 versus TOC plot showing the quantity and quality of the organic matter, kerogen type, trend
HI (HIL), and dead carbon content. (b) Relationship between TOC content and S1.

Table 6. Rock-Eval data of Kon'*? shale, Songliao Basin.

Sample TOC Tmax S1 S2 HI OSI
(%) (@) (mg/g) (mg/g) (mg/g TOC) (mg/g TOC)
SK1-S-1 1.68 435 0.14 4.59 273 8.33
SK1-S-2 1.46 438 0.15 5.41 371 10.27
SK1-S-3 4.94 442 0.60 42.83 867 12.15
SK1-S-4 1.70 436 0.31 9.16 539 18.24
SK1-S-5 2.73 439 0.55 18.58 681 20.15
SK1-5-6 191 439 0.28 12.18 638 14.66
SK1-S-7 2.10 441 0.31 13.22 630 14.76
SK1-5-8 2.01 438 0.30 12.70 632 14.93
SK1-5-9 1.93 434 0.41 11.57 599 21.24
SK1-5-10 3.92 439 0.94 29.05 741 23.98
SK1-5-11 8.74 441 2.88 75.41 863 32.95
SK1-5-12 1.75 439 0.26 9.48 542 14.86
SK1-5-13 0.30 439 0.04 0.39 131 13.42
SK1-S-14 0.64 441 0.05 1.55 244 7.87
SK1-5-15 7.70 441 3.38 75.05 975 43.90
SK1-S-16 7.85 443 2.06 69.78 889 26.24

5. Discussion

As both the generation and storage of shale oil and gas occur in shales, understanding
the pore characteristics, e.g., the distribution of pore spaces, the fractal dimensions of the
pores, etc., could assist in the study of shale reservoirs. Below, we discuss the relationships
among the mineral composition (quartz, clay minerals, etc.), organic geochemical parame-
ters (TOC content, free oil content S1, etc.), and shale pore parameters (e.g., BET surface
area, average pore diameter, and pore volume), analyze the trends of pore evolution and
the shale oil exploitation potentials of the Kon!*? shales in the Songliao Basin, and make
comparisons with similar pore shales.

5.1. Relationships between Fractal Dimensions and Pore Structure Parameters

The average shape factor was 0.56 for organic pores and 0.54 for inorganic pores
(Table 1). These indicate that both the organic pores and inorganic pores in the shale of Kon
have similar near-square pore shapes. The average probability entropy was about 0.6 for
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the organic pores and about 0.9 for the inorganic pores (Table 2). These indicate that more
than half of the pores in the shale of Kyn have same directional property. This is consistent
with the fracture pores shown by the hysteresis loop of the nitrogen adsorption isotherm.

The fractal dimension D1 ranged from 2.4406 to 2.6174, with a mean value of 2.5308.
The fractal dimension D2 ranged from 2.5036 to 2.7197, with a mean value of 2.6556. The
fractal dimensions indicate that the shale pores have good fractal properties in both internal
structure and surface, the internal structure of the pores has stronger complexity and non-
homogeneity than the surface of the pores, and the smaller pores have stronger complexity
and non-homogeneity than the larger ones. The BET specific surface area of the samples
ranged from 9.69 to 65.91 m2/ g, the pore volume ranged from 0.0444 to 0.1187 cm®/ g
(average 0.0768 cm?/g), and the average pore size was 8.22-15.40 nm (average 10.10 nm).
The average pore diameter of the shale of Kyn was negatively correlated with the fractal
dimensions D1 (R? = 0.5948, T > 2.58, p < 0.01) and D2 (R? = 0.9716, T > 2.58, p < 0.01),
indicating that the fractal dimension increases with the decrease in the average pore
diameter (Figure 8). This trend is consistent with the shale data of the Qingshankou
Formation recorded by Wang et al. and Cao et al. [51,78]. The lacustrine shale samples with
higher D2 values had a more complex pore structure, which may be due to the fact that the
shale samples with a smaller average pore size also contained more micropores.
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Figure 8. Relationship between fractal dimensions and total pore structure parameters of Kpn'*? and
K;q shale. The K;q compared to [78].

The fractal dimensions D1 and D2 increased with the increase in the BET surface area.
The correlation coefficient between D2 and the BET surface area (R? = 0.8002, T > 2.58,
p < 0.01) was slightly higher than that between D1 and the BET surface area (R? = 0.7757,
T > 2.58, p < 0.01, Figure 8). This correlation indicates that the irregularity of the shale
pore structure and the roughness of the surface make the pore surface area increase, and
the complex pore structure provides a greater contribution to the pore surface area than
the pore roughness itself. The fractal dimensions (D1 and D2) also had a good positive
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correlation (R? > 0.5, T > 2.58, p < 0.01, R?p, > R?p;) with the total pore volume of the
lacustrine shale samples, indicating that the irregularity of the pores further increases the
total pore volume (Figure 8). This trend is consistent with the shale data of the Qingshankou
Formation recorded by Cao et al. (Figure 8) [78].

5.2. Relationships among the Sedimentary Environment, Fractal Dimensions, and Mineral Compositions

The minerals comprising the Kyn! shale in the Songliao Basin are clay minerals (50.2%),
quartz (35.6%), calcite (2.3%), and dolomite (2.4%); the Kyn? shale consists of clay minerals
(48.7%), quartz (21%), calcite (8%), and dolomite (7.3%) (Tables 1 and 5). Compared
to the Kon? shale, the Kon! shale consists of more quartz, less calcite, and comparable
clay content. During the evolution of the Songliao Basin, Kon! followed the trend of
rapid lake development by the end of the Yaojia Formation, and the semi-deep lacustrine
sedimentation covered the central depression of the basin [51]. Strong input from terrestrial
sources may have caused the higher quartz content but less authigenic calcite. The basin
area was further expanded during the Kon? deposition period, and the whole basin was in
a deep lacustrine environment with rich organic matter [51], consistent with a decrease in
the quartz content and increases in the calcite and dolomite contents.

Through a comparison of the mineral content and the fractal dimensions, it was found
that there was no correlation between the quartz and the fractal dimensions. Although
the fracturing of quartz could further induce development of the pore space and gain
more storage space, quartz may not be the main factor affecting pore development in the
samples of this study. There was also no clear correlation between the clay minerals and
fractal dimensions, indicating little or no correlation between the clay minerals and fractal
dimension D1 (R? < 0.2, T > 1.96, p > 0.05) and weak correlation between the clay minerals
and D2 (R?>0.2, T >1.96, p < 0.05, Figure 9). It is interpreted that the contribution of clay
minerals to the pore structure complexity of Kon!*2 shale is limited. This is consistent with
the Qingshankou formation results (Figure 9).
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Figure 9. Relationships between mineral compositions and fractal dimensions of Kon'*? and Kq
shale. The K,q compared to [78].

5.3. Relationships between TOC Content and Fractal Dimensions of Shale Pores

The fractal dimensions (D1 and D2) show a clear negative correlation with the total or-
ganic carbon content, indicating that the fractal dimension decreases significantly with the
increase in the TOC content (Figure 10a). This phenomenon is not consistent with the find-
ings of previous studies on the Qingshankou and the Nenjiang Formations [46,50,51,65,78],
which are discussed below.
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For the shales of the Qingshankou Formation within a depth range of 500-2300 m
and a Tmax range of 427460 °C, Wang et al. found that D1 and D2 decreased rapidly with
increasing TOC content when the TOC content was less than 2.5~3.0 wt.% [51]. This is
interpreted as the result of hydrocarbon generation and expansion in low-maturity shale
to create more uniform mesopores, which further lead to lower D1 and D2 and a higher
average pore size [51]. When the TOC value is greater than 2.5 to 3.0%, D1 and D2 increase
with the increase in the TOC content [51]. This indicates that the organic pores may collapse
due to higher TOC levels, burial, and thermal maturation, leading to more complex and
smaller pores.

For the shales of the Nenjiang Formation, previous studies have indicated a positive
correlation between the fractal dimensions and the organic matter content [49,51]. However,
in the present study, we found a negative correlation between the fractal dimensions and
the organic matter content (Figure 10). One possible explanation is that previous studies
have selected discontinuous samples from multiple cores and/or outcrop sections. The
analysis of our 16 continuously distributed shale samples from the SK-1(S) core indicates
that, although the Ty is low, the limited maturation process may still cause expansion
of hydrocarbons to some extent, thus increasing the pore sizes of the Kon!*? shale and
decreasing the fractal dimensions (Figure 10b). The results of the study by Cao et al. support
our explanation (Figure 10).

5.4. Relationships between Fractal Dimensions and Free Oil Content

There was an obvious linear negative correlation between S1, OSI, and the fractal
dimensions of the shale of Kon'*2. The correlation between S1 and D2 (R2 =0.9464, T > 2.58,
p < 0.01) was better than that of S1 and D1 (R =0.6603, T > 2.58, p <0.01), indicating that
D2 can be used to characterize the oil content of shale (Figure 11). This is consistent with
the negative correlation shown between the Qingshankou Formation S1 and the fractal
dimensions (Figure 11, RZDZq > R2D1q). Shale samples with higher free oil levels always
have a lower fractal dimension D2 value, which may be due to the fact that free oil is
mainly stored in large pores, and these pores have lower D2 values. Contrary to shale
gas adsorption, the molecular diameter of shale oil is much larger than that of shale gas.
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Therefore, shale oil is intelligently stored in pores with larger diameters, which causes the
phenomenon that shale with higher free oil content usually has lower D2 [51]. As a result,
combining the influence of the TOC content on the fractal dimensions and the relationship
between the free oil and fractal dimensions, we conclude that the best area for exploitation
in the low maturity shales of the Nengjiang Formation in the Songliao Basin would be the
area with lower pore fractal dimensions and higher TOC content.
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Figure 11. Relationship between fractal dimensions and oil content of Kpn!*? and K;q shale samples,
(a) for S1; (b) for OSI. The Kyq compared to [78].

6. Conclusions

In this study, based on experiments using scanning electron microscopy, XRD, rock
pyrolysis, and nitrogen adsorption, the shale pores of Kon'*? in the Songliao Basin were
studied, and the following conclusions are addressed based on the advantages of the fractal

dimensions in characterizing pores.

(1)  The samples of Kon'*? mainly had mineral intergranular pores and small numbers of
organic pores and mineral intragranular pores. The pores were mainly wedge-shaped.
The inorganic pores were much larger than the organic pores. The clay mineral and
quartz contents had no clear control on the pore development in the Kon'!*? shales.

(2) The negative correlation between the fractal dimensions (D1 and D2) and the TOC
content may be due to expansion of hydrocarbon, which was generated more in
high-TOC intervals. Therefore, when extracting oil resources in the low-maturity
shales of Kon!*? in the Songliao Basin, it would be beneficial to find the area with
higher TOC contents, smaller fractal dimensions, and larger pore size. This provides a
reference for the shale oil evaluation of Kyn!*? in the Songliao Basin and complements
the lacustrine pore characteristics, which provides a reference value for oil and gas
exploration and development in the Songliao Basin and a quantitative evaluation of
continuous lacustrine pore characteristics.
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Abstract: This research describes an advanced workflow of an object-based geochemical graph
learning approach, termed OGE, which includes five key steps: (1) conduct the mean removal
operation on the multi-elemental geochemical data and then normalize them; (2) data gridding
and multiresolution segmentation; (3) calculate the Moran’s I value and construct the geochemical
topology graph; (4) unsupervised deep graph learning; (5) the within-object statistical analysis.
The final product of OGE is an object-based anomaly score map. The performance of OGE was
demonstrated by a case study involving eighteen ore-forming elements (Cu, Pb, Zn, W, Sn, Mo, F, Au,
Fep0;3, etc.) in stream sediment samples in the Bayantala-Mingantu district, North China. The results
showed that the OGE analysis performed at lower levels of scale greatly improved the quality of
anomaly recognition: more than 80% of the known ore spots, no matter what their scales and mineral
species, were predicted in less than 45% of the study area, and most of the ore spots falling outside
the delineated anomalous regions occur nearby them. OGE can extract both the spatial features and
compositional relationships of geochemical variables collected at irregularly distributed centroids in
irregularly shaped image objects, and it outperforms other convolutional autoencoder models such
as GAUGE in anomaly detection.

Keywords: object-based image analysis; graph neural network; geochemical anomalies; fractal
dimension

1. Introduction

Regional geochemical surveys are an important part of geoscience investigations
in both environmental and mineral exploration studies [1]. By discrete data gridding,
the original X-Y-Z (longitude-latitude-element content) regional geochemical data can be
converted into a big matrix, which is analogous to a remote sensing (RS) image: e.g., a
matrix element vs. an image pixel, element content vs. the reflectance value or digital
number [2], a multi-element dataset vs. a multiband image, delineating geochemical
anomalies vs. classifying ground objects, etc. Intuitively, some algorithms developed
for processing the remotely sensed data may be equally applicable to geochemical data
analysis. The object-based image analysis (OBIA) [3] is such an example.

In the RS field, there has been a very rapid growth in the use of OBIA ever since its
documented introduction in late 1990s [3]. The first step of this method is the grouping
of spatially contiguous pixels with similar spectral/textural characteristics into meaning-
ful image objects, which is a process often termed “segmentation”. An object is usually
composed of a group of pixels that are spatially continuous and have high spectral ho-
mogeneity, and the shape of an adaptive object is usually consistent with the shape of a

Appl. Sci. 2022, 12, 10029. https://doi.org/10.3390/10.3390/app121910029

https:/ /www.mdpi.com/journal/applsci
77



Appl. Sci. 2022, 12, 10029

ground target [4]. Once the objects are formed, the next step is to assign appropriate labels
to them by using a supervised or unsupervised classifier [5]. The object-based approach is
a widely accepted solution to process high spatial resolution RS data [6], and obviously,
it applies as well to analyzing regional geochemical dataset if the X-Y-Z matrix is plotted
as an image. However, current geochemical data analysis conducted in the literature is
still on a per-point basis [7], and every sampling point (matrix element) is treated as an
individual unit and is processed without any textural, contextual, neighborhood, and shape
consideration. Therefore, except identification and separation of the anomalies from back-
ground, traditional geochemical analysis rarely contributes new insight [7-9]. In practice,
the geological object, e.g., sedimentary stratum, tectonic line, igneous intrusion, etc., is
usually the minimum mapping unit required for regional geological analysis [9]. Likewise,
it is feasible and better to use the geochemical objects produced by OBIA to do regional
geochemical analysis.

According to [10], OBIA can be carried out in two ways: (1) the object-level analysis:
most of the current object-oriented analysis approaches rely on object-level summary
statistics, such as median, mean, and standard deviation of the pixel values within each
segment. Such summary measures provide one value per band for each segment to describe
its data central tendency or dispersion [11]. (2) The within-object analysis. The pixel
values within an object usually have their own distribution pattern—unimodal Gaussianity
or multiple peaks [3], and it reflects the internal structure characteristics of the object.
In theory, these data-analysis/-mining techniques apply as well to analyzing regional
geochemical datasets characterized by multi-source, multi-stage and multi-genesis [7], and
a large amount of geological information can thus be rediscovered, not just anomaly and
background. Moreover, OBIA is often performed at multiple levels of scale to capture
variably sized image objects, which may help with discriminating between classes that
are differentiable by size (for example buildings versus forests) [12]. At a given scale
parameter, homogeneous areas (background) result in larger objects, and heterogeneous
areas (targets/anomalies) result in smaller objects. The larger the segmentation scale, the
larger the segmented objects grow, and vice versa. Obviously, such a multi-scale design
will help to establish a better understanding of the regional geochemical processes at
different scales.

In OBIA-based image analysis, the standard practice is to conduct “multiresolution
segmentation + machine learning-based classification” [5]. Actually, over the last few years,
machine learning techniques have become an essential tool to advance different branches
of science and engineering, including geochemical anomaly recognition. For example, a
hybrid machine learning method was proposed in [13], which is based on combining K-
Nearest Neighbor Regression and Random Forest Regression to predict Pb and Zn grades
in the Irankuh Mining District (IMD), Iran. Reference [14] goes deeper: it trained four
regression machine learning algorithms, i.e., K neighbor regressor, support vector regressor,
gradient boosting regressor, and random forest regressor, to build a hybrid model to predict
Pb and Zn grades of IMD. After that, the multifractal model [15] was used to classify Pb-Zn
anomalies. Despite the success of the examples in the literature, few studies have explored
the advantages of introducing traditional machine learning algorithms into OBIA-based
geochemical prospecting.

At the same time, over past years, deep learning has yielded impressive results in
image analysis, e.g., the land cover mapping. In particular, neural networks with FCN
(fully convolution networks) structures are widely used in image analysis tasks [16]. In
recent years, there has become an increased focus on the combination of OBIA and FCN.
For example, in [17], the object-based convolutional neural network (OCNN) was proposed
for urban land use classification using high-resolution RS images. Rather than pixel-wise
convolutional processes, OCNNSs rely on segmented objects as their functional units, and
then, FCNs were used to analyze and label objects such as to partition within-object and
between-object variation [10]. Reference [18] presented a multiscale OCNN framework for
large-scale RS land cover classification, in which FCNs pretrained at multiple scales were
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applied for final classification. Additional examples which adopt OCNN as the basic image
analyzer can be found in [19-22]. Although OCNN approaches have achieved astonishing
performance, they require an enormous amount of training data [23]. In fact, supervised
OCNN are unsuitable for regional geochemical exploration because we cannot have a priori
knowledge to make per-point or per-object annotations for multi-element geochemical data.
Unsupervised learning methods, on the other hand, do not rely on labeled samples, and
have become the mainstream methodology in geochemical anomaly recognition [24,25].
GAUGE (i.e., recognition of Geochemical Anomalies Using Graph Learning) [24], One-class
Support Vector Machine [25], and Autoencoders [26] are recent examples. However, there
is still a research gap regarding the combination of OBIA and unsupervised deep learning,
and we wonder if such a combination could produce even more exploration geochemical
information and provide new insights into regional geologic process.

This study mainly follows the idea of GAUGE [24]. GAUGE is a three-step procedure
including: (1) building up a multi-elemental geochemical topology graph at a group of
randomly located sampling points. (2) constructing a symmetric GAT (Graph Attention
Network) autoencoder, namely an attributed graph encoder combined with an attributed
reconstruction decoder [27]. The former is used to model both the spatial structure and
compositional relationships of geochemical variables simultaneously, and the latter is
responsible for reconstructing the input variables with the obtained node embeddings.
(3) conduct the anomaly detection. To be specific, the Euclidean distance between pairs
of original multi-elemental content values and the reconstructed background values at
each sampling point are calculated as the anomaly score, and on this basis, the anomaly
map is created [24]. Inspired by the success of GAUGE, in this article we present a novel
object-based graph learning architecture (OGE) for geochemical anomaly recognition and
analysis, and there are three main differences between GAUGE and OGE: (1) the OGE
approach involves a three-step pre-processing procedure, which is (i) grid the multi-element
geochemical sampling data, and generate a multi-channel image in “Geo-Tiff” format;
(ii) segment the original image into homogeneous objects; and (iii) extract the centroids of
each object, and transform them into topology graphs according to their adjacency relations,
while GAUGE does not. (2) The autoencoder of OGE comprises a GAT-based encoder
and a GCN (Graph Convolution Network)-based decoder [28], while GAUGE involves
a symmetric GAT-based autoencoder. (3) the OGE approach involves post-processing
and post-analysis. For example, the nodal anomaly scores must be assigned back to the
corresponding image objects as the summary statistics. And then, the within-object anomaly
analysis can be conducted. To the best of our knowledge, we are the first to introduce in
the OBIA tasks the unsupervised GNN (Graph Neural Network).

The remainder of this work is organized as follows: Section 2 reviewed the geological
settings of the study area and described the data materials; Section 2 also gave the detailed
methodology of OGE; Section 3 described and analyzed the experiment results; in Section 4,
we discussed the implications and extensions of the results of Section 3; and we concluded
the research in Section 5.

2. Materials and Methods
2.1. Materials
2.1.1. Geological Settings

The study area is located in Eastern Inner Mongolia, North China, and its regional
geology is shown in Figure 1. It can be seen from Figure 1 that: (1) the study area is
heavily covered with Neogene and Quaternary sedimentary layers [29], especially Nob—
red purple variegated mudstone and clay rock. In addition, Jsmk (acid volcanic rocks),
Jamn (tuff), Pysm (limestone, tuff, greywacke, and fine sandstone), and P;e (andesite)
are also sparsely distributed. (2) The igneous intrusive rocks are widely developed in
the study area, dominated by intermediate and acidic granitoids, and their rock-forming
ages extend mainly from Permian to Cretaceous, with a few Neoarchean and Paleozoic
intrusive rocks. Note that there are both I-type (formed by the igneous) and S-type (formed
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by melting of metasedimentary rocks) granitoids in this area. Therein, S-type magmas
are in general more evolved chemically than I-types, are relatively reduced, and when
highly fractionated, are related to Sn-W mineralization; I-types are opposite and are related
to Cu-Mo mineralization [30]. (3) The geological structure in this area is very complex,
including NE- and NW-trending fault zones, NE-trending folds (anticline and syncline),
etc. However, due to the large magmatic events and the widely distributed Cenozoic
sedimentary layers, it is difficult to identify the characteristics of geological structure
occurring before the Mesozoic.

42°33'01"

115°00'02"

S

15°00'0:

42°00'01" 42°00'01"

Figure 1. Generalized geologic map of the study area. Note: 1. Quaternary; 2. Baogedawula For-
mation, Pliocene Series, Neogene; 3. Manitu Formation, Upper Jurassic Series; 4. Manketouebo
Fromation, Upper Jurassic Series; 5. Sanmianjing Formation, Lower Permian Series; 6. Elitu For-
mation, Upper Permian Series; 7. Early Cretaceous alkali-feldspar granite; 8. Early Cretaceous
syenogranite; 9. Early Cretaceous granite porphyry; 10. Late Permian granodiorite; 11. Middle
Permian monzonitic granite; 12. Middle Permian quartz diorite; 13. Early Permian quartz diorite;
14. Early Permian monzonitic granite; 15. Late Ordovician-Middle Silurian monzonitic granite;
16. Neo-Archean Liushugou Formation; 17. fault zone; 18. syncline; 19. anticline; 20. W-Nb-Ta-F
deposit; 21. U-mineralized deposit. The study area is located in Inner Mongolia, North China, as
shown in the overview.

2.1.2. Data Materials

We collected a set of 1:200,000 stream sediments survey data matching the study
area shown in Figure 1, which were provided by China Geological Survey. As the study
area is situated in arid and semiarid regions, the sampling media include soil and stream
sediments (10—40 mesh). The surface organic layer was avoided during the sampling
process. There were 0.25 to 1 sampling points per km?, and samples collected within
4 km? were combined into one composite testing sample. If the stream-sediment samples
cannot be easily collected, the soil samples will be used instead. The sample collection,
preparation, storage, chemical tests, quality control and data preprocessing adhered strictly
to the “criterion of regional geochemical exploration” released by the Ministry of Land
and Resources of China in 2006. For example, the general quality control flow involved
the following steps: (i) analyses of the Geochemical-Standard-Drainage sediment samples;
(ii) analyses of the coded Geochemical-Reference-Drainage sediment samples developed
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by the provincial laboratory; (iii) duplicate analyses of the randomly selected and coded
samples; (iv) rechecked analyses of the samples with anomalous values; and (v) rechecked
analyses conducted by external laboratories, if necessary.

Finally, we got 1325 composite samples, and 39 elements were accurately analyzed
by multiple methods, including 32 elements and 7 oxides. In this article, we mainly focus
on eighteen main ore-forming elements, which are Ag, As, Au, B, Be, Bi, Cu, F, Hg, Mo,
Nb, Pb, Sb, Sn, U, W, Zn, and Fe;O3. Elemental contents of each composite sample are
determined mainly by the ICP-MS (i.e., inductively coupled plasma mass spectrometry)
method [7]. The statistical parameters of them are given in Table 1.

Table 1. Statistical parameters of 17 main ore-forming elements.

Element Ag As Au B Be Bi Cu F Hg
Maximum 4500 248.7 93.5 660 12 272.34 287.8 24,600 5511
Minimum 10 1.24 0.2 29 0.7 0.036 0.8 80 4.5

Median 60 8.60 0.8 38 2.1 0.24 13.3 340 16

Average 71.22 9.83 1.24 42.05 2.25 0.53 14.01 380.05 21.44

cv 1.87 0.97 243 0.92 0.36 14.36 0.88 1.89 7.08

Element Mo Nb Pb Sb Sn U W Zn Fe 03
Maximum 5.64 4468 220.50 13.41 260 4.80 1299.20 841 791
Minimum 0.28 0.7 0.90 0.10 0.10 0.15 0.30 9.10 0.53

Median 0.8 10.1 14.6 0.56 2.5 15 1.36 43.6 3.18

Average 0.90 14.19 16.76 0.65 2.99 1.57 2.57 48.30 3.17

cv 047 8.64 0.70 0.95 2.44 0.32 13.90 0.78 0.31

CV: coefficient of variation; Unit of elemental concentration: Ag/Au/Hg: 10~7; Fe;O3: %, others: 107°.

Previous studies [29] have indicated that the mineralization of Nb, Ta, Li, Be, REE,
U, etc. in the study area is most related to highly fractionated peraluminous granitoids
(S-type); while the mineralization of W, Pb, Zn, Ag, fluorite, tourmaline (B), Au, Cu, etc.
is mainly of quartz-vein type, often occurring within the syenogranitic wall rocks (highly
fractionated I-type) surrounding the peraluminous granitoids. Based on these facts and
according to the metallogenic specialization of granitoids [31], the relevant ore-forming
elements can be divided into two groups: (1) Ag, Au, As, B, Cu, Hg, Mo, Pb, U, Zn, and
Fe,O3, which are closely related to magnetite series granites (I-type); and (2) Be, Bi, F,
Mo, Nb, Pb, Sb, Sn, U, W, and Fe,O3, which are closely related to ilmenite series granites
(S-type) [29]. At the same time, in consideration of the extensive development of granitic
complexes in this area and the complex mineral paragenesis [30] such as Cu-Mo versus
W-Mo, Pb-Zn versus W, Sn-Pb, U-Pb versus Th-U, and pyrite versus Fe,O3, we make Mo,
Pb, U, and Fe,O3 appear in both groups.

2.2. Methodology

The proposed algorithm is a complex multi-step procedure, which involves several
different methodologies and datasets, and the details of each step are given below. At
the center of this algorithm is OGE—a graph network-based autoencoder, and other sub-
algorithms can be regarded as the pre-processing and post-processing for OGE.

2.2.1. Data Pre-Processing

(1) Pre-Processing of Original Geochemical Data

First, based on Python, a mean removal operation was conducted on the original
X-Y-Z geochemical data of the ore-forming elements to remove the background noise,
that is, subtracting the mean values from each value in the X-Y-Z dataset. And then,
normalized them into the range [0, 1]. After that, based on Surfer v11.0 and using the
Kriging interpolation algorithm, the normalized data of each element were expanded into a
matrix of size 405 x 500, and then it was saved as a single-band image in “Info ASCII Grid
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(*.grd)” format, so that it is readable for the eCognition Developer and Python platforms.
Finally, these *.grd files were concatenated along the dimension of channels and saved as a
multi-band *.geotif image, termed Image I.

(2) Multiresolution Segmentation

Using the business image processing software eCognition, the FNEA (Fractal Net
Evolution Approach) multiresolution segmentation was conducted on Image I. The scale
parameter is empirically set as 3.0, the shape parameter is set as 0.1, and the compactness
as 0.5. Finally, we got 663 segmented objects as shown in Figure 2. Note that the Fe,O3-band
in Image I was not involved in the segmentation process. This is because: as the only major
element (or say rock-forming element), the incorporation of Fe,O3 may misguide FNEA to
pay more attention to regional diagenesis, rather than metallogenesis.

Figure 2. The multiresolution segmentation result and the centroids within each image object.

(3) Find the Centroid of Each Object

First, draw the minimum enclosing rectangle (MER) for each image object, and the
centroids of the MERs will act as the centroids of the corresponding objects, see Figure 2.
However, if the centroid falls on or outside the boundary of an image object, it will be recal-
culated in the following way: (i) generating the skeleton lines for each object; (ii) removing
the suspension lines along the main skeleton line; and (iii) finding the midpoint of the
main skeleton line, and taking it as the centroid of the corresponding object. Thanks to the
skimage.morphology, numpy, and other Python packages, these processing steps can be
easily implemented on a computer.

Finally, we note that image segmentation is the process by which an original image
is partitioned into some homogeneous regions/objects [6], so the spectral features of the
centroids can be used to represent the spectral features of the corresponding image objects.
Our proposed algorithm is developed based on this assumption.
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2.2.2. Constructing the Geochemical Topology Graph

As shown in Figure 2, the geochemical dataset can be collected as a group of centroids
in an area. At the suggestion of [24], for regional geochemical exploration, only capturing
the multivariable (multi-elemental) geochemical anomalies may be insufficient because
their spatial distribution also reflects complex geological processes such as mineralization.
To achieve this, the undirected graph (G) [24] which is used to connect closely related
centroids to represent the spatial structure from point data is constructed as:

- = — — F
X={X1, Xy, ..., Xn }, X; € R (@)

1, di; <K

0, df,j > K @

A= {Al, 1, A1,2/ .. 'IAN, N}, Ai,j = {
where X and A represent the set of nodes/centroids, and edges, respectively; N represents
the number of nodes in the graph; F denotes the number of features, namely geochemical
variables (elements), of each node; di,]- denotes the spatial distance between node j and 7; K
represents the distance threshold when constructing the geochemical topology graph, and
generally, the smaller the distance between these two centroids is, the more related they
are [24]; 1—connected edge and 0—disconnected.

In our case, N = 663; F = 11, which means there are 11 I-series or S-series ore-forming
elements; and K is determined by the global Moran’s I analysis according to [24].

Global Moran’s I is a measure of the overall clustering of the spatial data. Figure 3
gives the global Moran’s I values versus different distance bands of all the geochemical
variables. According to [32], if the Moran’s I value decreases rapidly as the distance band
increases, there is a strong dependency relationship between the spatial structure and
distance; on the contrary, if the Moran’s I value decreases slowly as the distance band
increases, this indicates a stable spatial structure [32]. Obviously, the inflection point of the
curve can act as the optimal threshold K to balance partial heterogeneity (i.e., anomaly)
and the background features. An edge connects two adjacent centroids when the distance
between them is less than K, and remains disconnected otherwise.

0.8

0.6

Global Moran's 1

0.4 Background

0.2

0 10 20 30 40 50 60 70 80 90 100 ——w
Distance Band (km)

Figure 3. Variation in global Moran’s I index with different distance bands (namely K).
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It can be seen from Figure 3 that there is a clear turning point at about 20 km for most
of the ore-forming elements. For insurance purposes, here we use K = 22 as the distance
threshold to construct the geochemical topology graph for subsequent network training
and anomaly detection. Figure 4 is the generated topology graph, and each node of it
corresponds to F = 11 features or geochemical variables [33]. Obviously, such a topology
graph integrates both the spatial structural features and multi-elemental concentrations for
a group of centroids in a given area.

Figure 4. The geochemical topology graph in the study area. Red dot—the graph node; black
line—edge.

2.2.3. The Graph Network Architecture

Figure 5 gives the pipeline of the OGE architecture. Its basic components include
a GAT-dominated encoder, a GCN-dominated decoder, the loss function, and so on. A
detailed description of them is provided below.

(1) The GAT-Dominated Encoder.

GAT is one of the most popular GNN (Graph Neural Network) architectures and is
considered as the state-of-the-art architecture for representation learning with graphs [33].
As illustrated in Figure 6, GAT is a two-step procedure: first, it calculates the attention coef-
ficients (or say weights) of each graph edge according to the masked attention mechanism;
afterwards, it aggregates the neighboring node features according to their weights [27].

84



Appl. Sci. 2022, 12, 10029

Legend: 5
=> Foward Propagation| | Encoder Decoder
--» Back Propagation || | ‘
Graph Structured Data
GATvV2 (head=1) GCN
D in=32x8=256; D_in= 8;
: D_out=8 D _out=32 :
GATV2 (head =38) GCN
D_in=11;D_out=32 D in= 32;
: D_out=11;
S . S
v

o Multiple Euclidean Distance
Original Node Features

Reconstructed Features
o 4

-
-="

_..--~"Loss Function
Reconstruction-Errors

Assignment

Object-based Anomaly Score Map

Figure 5. The overall OGE framework for geochemical anomaly identification. GATv2: Graph

Attention Networks (Version 2); GCN: Graph Convolution Networks; D_in/D_out: Number of
input/output channels.

85



Appl. Sci. 2022, 12, 10029

2N

A
LeakyReLU
R

N\
N <f§)~-Neighborhood of Node 2

NN %,.-\"a“ /(m The Relationship Weights between
. 3 Node 2 and its Neighborhood

Softmax [, JEENN
— | atj> { x’z )
\ oo \u/

(a) (b)

Figure 6. Illustration of the GAT layer (Modified after [24]): (a) how to determine the attention
coefficient, corresponding to the Formula (3); (b) aggregating features of the node 2-based attention
mechanism, with neighborhood {1,3,4,7}, corresponding to the Formula 4.

Given an input topology graph G (X, A) containing N nodes/centroids, each node has

a feature vector 3?1 and dimension F. The attention coefficients «;; between nodes i and j is
calculated as:

wjj = softmax (attention (W-J?i, W- J?/))

®)
= softmax(LeakyReLU(;T[W-Z-|| W};]))

where attention() represents a single-layer feedforward neural network with a weight vector
a ; W represents the weight matrix for transforming the input features into higher-level
features; T and | | represent the transposition and concatenation operations, respectively;
LeakyReLU is a non-linear activation function; and softmax() is used to normalize the
neighbors of node i between 0 and 1.
After that, GAT aggregates each neighboring node and obtains the embedded features

as follows:

—

xi’ = 0’< Z M]WJ?;>Z € N; (4)

JEN;

.
where 9?, and x;’ represent the input data and embedded features, respectively; o-sigmoid()
is used to normalize the output between 0 and 1; N; denotes the neighbors of node i. From
the geological point of view, the geochemical signatures of mineralization-favored spaces
inherited from multiple geochemical processes are often anisotropic [7], and Formula (4)
indicates that the anisotropy of the node i in terms of geochemical signatures can be
characterized by the relationship weights a;; of node i’s neighborhood points {x;,j=1,2, ...,
Nj}, including itself, see Figure 6b.

Authors in [34] further pointed out that: in GAT, every node attends to its neighbors
given its own representation as the query, but for any query, the neighbor-scoring is
monotonic with respect to per-node scores. This could be problematic in real-world
applications. To remove this limitation, they proposed GATv2 by just modifying the
order of operations in GAT. Their experiments demonstrated that GATv2 outperforms GAT
in all benchmarks while having the same parametric cost. Inasmuch, as shown in Figure 5,
this study used two GATV2 layers to construct the encoder of OGE, and then, the input
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geochemical topology graph is learned and mapped to a low-dimensional vector space Z.
Our encoder can seamlessly learn the compositional relationships of eleven geochemical
variables (i.e., nodal attributes) and their spatial structural features. On the contrary,
traditional encoders (backbone networks) based on convolutional layers or self-attention
can only process data with regular spatial arrangements, and they cannot be applied to
extract features from graph structured data.

(2) The GCN-Dominated Decoder.

GCN is a type of convolutional neural network that can work directly on graphs and
take advantage of their structural information [33]. To put it simply, for each node, first
we get the feature information from all its neighbors including itself, and then, we take
the average of all its neighbors (assuming we use the average() function), after that, these
average values will be feed into a fully connected neural network [33]. Note that in practice,
we usually use more sophisticated aggregate functions rather than average(). In Figure 5,
a GCN-based decoder, which is symmetric to the encoder architecture, was proposed to
reconstruct the nodal attributes from the encoded latent representations Z. Finally, we use
the sigmoid() function to restrict the reconstructed background values within the range of
[0, 1].

Maybe it is better to use GAT layers to construct the decoder structurally symmetric to
the encoder. If so, D_out of the second GAT layer in the decoder must be divisible by the
number of nodal features (11), or say D_out * 8 (the number of heads) must be equal to 11
and D_out must be an integer, but it is obviously not possible in our case. So instead, GCN
was applied to obtain the nodal reconstructed features.

(3) The Loss Function.

Our OGE is an unsupervised machine learning approach, so its loss function does not
involve manually annotated labels. At the suggestion of Guan et al. [24], here we use the
unsupervised SPRE (i.e., sampling point reconstruction error) function as our loss function,
which is formulized as:

1 N
Lspre = N ZAi ®)

(6)

where x¥ and x’ f represent the kth original and reconstructed nodal features of ith node,
respectively; N and F denote the number of nodes/centroids and variable categories,
respectively; A; denotes the reconstruction error (or say the anomaly score) for each centroid,
namely the multivariate Euclidean distance between the original geochemical values and
the reconstructed background values.

By minimizing the Formula (5), OGE can continuously learn the spatial structural
features and compositional relationship from the input graph structured data by back
propagation, and then approximate iteratively the input attributed graph with encoded
latent features until the Lsprp function converges [24]. After that, we input the original
geochemical topology data into the trained model to obtain the reconstructed geochemical
background values for each node or centroid. And then, we calculate the reconstruction
error (namely A;) for each node. Finally, the geochemical anomaly score map is generated
by assigning the nodal reconstruction errors back to the corresponding image objects as the
summary statistics. This process is summarized and pictured in Figure 5.

2.2.4. Data Post-Processing

After obtaining the object-oriented anomaly score map, we need a binarization thresh-
old defining whether a given image object is anomalous or not. In this article, the threshold
value is empirically set as the 50% quantile (median) of the object-oriented anomaly score
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RSS =Y 0 [

matrix, which is 0.089434 for the I-type elemental association, 0.091733 for the S-type
association, and 0.12807 for all the ore-forming elements.

In addition, as the anomaly score is an object-level summary statistics, so our post-
processing operations will focus on the within-object statistical analysis as mentioned in
the Introduction. From the geological perspective, differentiation-dominant processes are
believed to be the pivotal cause of metallogenesis [30], and the fractal dimension (D) [15]
is introduced here to describe the differentiation degree of each anomalous patch. As
a within-object statistical parameter, D is used to quantify the power-law relationship
between multi-elemental contents and their cumulative summation in a given image object.
It can be computed and interpreted in the following way:

NCH=CrP@r>0) ?)

where r is the multi-elemental content value within an image object, and N(>r) denotes the
summation of content values larger than or equal to a given r; C > 0 is a proportionality
coefficient, and the exponent D is known as the fractal dimension.

Mathematically, a number of straight-line segments (namely scaleless intervals) can be
derived from Formula (7) on the log-log paper. It aims to cluster a dataset into most similar
groups in the same segment and most dissimilar groups in different segments [15]. For two
adjacent straight lines with different slopes, D, & Dy1, the inflection point (T) is routinely
determined by RSS:

InN(r;) + DiInr; — In Cl]z + 1[lnN(ri) +DyIlnr; —In Cz}z — Min (8)

N
i=ip+
where RSS denotes the “residual sum of squares”, and 7;; is the dividing threshold (namely
Tnh,n=1,2,...). Inasimilar fashion, the slopes of several scaleless segments, as well as the
thresholds between them, can be quantitatively determined.

As shown in Figure 7, in this step, they are customarily classified into two segments,
D; and Dj. According to Zhao et al. [15], the dimension D can be used to measure the
clustering degree of a dataset, which is a diagnostic spatial distribution pattern for ore-
related geological objects. The larger the D value, the steeper is the line, the greater is the
rate of change in elemental content, the lower is the degree of clustering, and vice versa.
Note that D; usually represents the low-content background information, and it does not
change much over different image objects, so we use D, as an indicator to quantify the multi-
elemental clustering. Suppose there are L pixels in an image object, and each object has F
data layers representing different geochemical variables, and then, all of the L x F content
values will be fed into the fractal algorithm aforementioned. As the selected elements
are paragenetically associated with each other, and their content values are normalized to
[0, 1] by subtracting the mean values, so if the metallogenesis or differentiation occurs, the
content values of these elements within a given object will become more clustered, which
corresponds to a smaller D,; otherwise, they remain scattered because of the weak feature
of elemental association, which corresponds to a larger D; value. In addition, we do not
have to make a strict assumption that the multi-elemental contents follow a multi-fractal
distribution when conducting the within-object statistical analysis, for the algorithm can
adaptively process or yield new insights for those non-fractal data [35]. Finally, every
image object will be assigned a dimension value that can be used to modify the anomalous
regions delineated by OGE.
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Figure 7. The fractal schema In N(>7) versus In r.

3. Results
3.1. Implementation Details

We implement the proposed OGE model as well as the relevant pre- and post- pro-
cessing using the Python framework which is open source. The most important packages
involved in the programming experiments include but not limited to Pytorch, Pytorch Geo-
metric, Numpy, Networkx, and so on. OGE was conducted on a single NVIDIA Tesla V100
with 32 GB of GPU memory and train for 2000 epochs to make the model converge. We use
the Adam optimizer to train our models from scratch, and the initial learning rate is set to
0.005, and the weight decay coefficient is set to 0.0005 By the way, the primary purpose of
regional geochemical exploration is to delimit areas of interest for further exploration, and
thus, the performance of OGE can be evaluated or described from two perspectives: the
percentage of discovered mineral deposits to the total mineral deposits—the recognition
rate, and the size of the anomalous area.

For a better illustration, taking the I-series elemental association as example, Figure 8
gives the recognition rate versus loss curves during the training phase. As can be seen,
before completing 160 epochs, both the recognition rate and the training loss decrease
sharply. And then, the decreasing trend of loss become slow, eventually stabilizing at
0.124 or so; meanwhile, the growth of the recognition rate rises and became oscillating,
centered at 0.837. So, in order to jump over the oscillation area, here we set the training
epoch as 2000.
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Figure 8. Variation in loss and the recognition rate with number of training epochs. Note that: here
we set the threshold of the anomaly score map as median, and the recognition rate is calculated as
the ratio of the number of ore spots falling within the anomalous areas to the total number of known
ore spots.

3.2. The Object-Based Anomaly Score Map

For the I-series elements, it can be seen from Figure 9 that: (1) most of the known
ore spots/deposits, no matter what their scales and mineral species, fall within the image
objects having higher anomaly scores (brighter colored areas). (2) Using the median value
as the threshold, there are 30 ore spots falling within the delineated anomalous regions,
and 13 spots falling outside. The recognition rate is 69.767%. (3) Using the 60th percentile
value as the threshold, there are 26 ore spots falling within the Level I anomalies, and the
recognition rate is 60.465%. (3) The Level IT anomalous area accounts for 49.778% of the
total area, and the Level I area accounts for 40.079%. (4) Many of the anomalous objects
are barren, especially those on the northwest corner of the study area. (5) Most of the
mineral spots except Au falling outside the anomalous regions occur nearby the anomalous
boundaries. If we create a 4-pixel buffer zone around the Level Il anomalous objects, there
are only 4 ore spots falling outside, and the ore-spot recognition rate comes up to 90.70%.
(6) If we create a buffer zone around the Level I anomalies, the recognition rate increases
to 74.419%.

For the S-series elements, it can be seen from Figure 10 that: (1) there are 40 ore
spots falling within the Level Il anomalous regions, and only 7 spots falling outside. The
recognition rate is 85.106%. (2) there are 33 ore spots falling within the Level I anomalies,
and the recognition rate is 70.213% (3) most of the ore spots falling outside the anomalous
regions occur nearby the anomalous boundaries, and relevant anomaly scores fluctuate
between 0.030 and 0.070. If we create a 4-pixel buffer zone around the Level IT anomalous
patches, there are only one fluorite ore-spot falling outside, and the recognition rate comes
up to 97.87%. (4) If we create a buffer zone around the Level I anomalies, the recognition
rate increases to 78.723%. (5) The Level Il anomalous area without the buffer zone accounts
for 50.054% of the total area, and the buffered anomalous area accounts for 68.24%. (6) The
spatial distribution of the anomalous regions in Figure 10 is generally consistent with that
in Figure 9.

90



Appl. Sci. 2022, 12, 10029

E115° 00" /N42° 35'

E114° 00" / N42° 00’

E114° 00 N42° 00’

Figure 9. (upper) the object-based anomaly-score base map with known I-series ore spots (red
squares) overlaid on it. The image objects with larger scores are represented by brighter tones, while
image objects with smaller scores are represented by darker tones. (lower) the delineated anomalous
regions (green-colored patches—Level Il anomalies, orange-colored patches—Level I anomalies,
delineated by the 60% quantile) with ore spots overlaid on it. We also created a 4-pixel buffering zone
(white colored belts) around the known anomalous regions. Note: the mineral species include Cu,
Au, Fe, Mo, Hg, Ag-Pb-Zn-Fe, Ag-Pb-Zn, Pb-Zn, Cu-Zn, Ag-Pb, Pb, Zn, and U. In the lower picture,
the ore spots not falling in the anomalous objects are labelled with their mineral species. The size of
the ore spots is proportional to the mineralized scale ranging from mineralized spots to small- and
medium-scaled ore deposits. Actually, most of the ore spots shown in Figure 9 are mineralized spots,
namely micro-mineralization outcrops. The ore-spot data are provided by reference [29].
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Figure 10. (upper) the object-based anomaly-score base map with known S-series ore spots (red
squares) overlaid on it; (lower) the delineated anomalous regions (green-colored patches—Level I
anomalies, orange-colored patches—Level I anomalies, delineated by the 60% quantile) with mineral
spots overlaid on it. We also created a 4-pixel buffering zone (white colored belts) around the known
anomalous regions. Note: the mineral species include Fe, Mo, Ag-Pb-Zn-Fe, Ag-Pb-Zn, Pb-Zn, Ag-Pb,
Pb, W, Nb-Ta, Rb-Nb-Ta, Fluorite, W-Mo, Beryl, U, and etc. Other legends in this figure are consistent
with those in Figure 9 if not specified.

Figure 11 gives the anomaly score map of all the ore-forming elements, and we can
observe that: (1) The Level Il anomalous area accounts for 49.881% of the total area. (2) There
are 50 ore spots falling within the Level II anomalous regions, and 18 ore spots falling
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outside. (3) The recognition rate of the Level I anomalies is 66.176%. (4) In the buffered
anomalous area, only 8 mineral spots falling outside, and the recognition rate increases
to 88.24%. (3) Only a few ore spots fall within the image objects with the brightest tone,
namely with the largest anomaly scores.
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Figure 11. (upper) the object-based anomaly-score base map with all the known ore spots (red
squares) overlaid on it; (lower) the buffered anomalous regions (green- and orange- colored patches
edged with white) with ore spots overlaid on it. Note: the mineral species of the ore spots include Cu,
Au, Fe, Mo, Hg, Ag-Pb-Zn-Fe, Ag-Pb-Zn, Pb-Zn, Cu-Zn, Ag-Pb, Pb, Zn, W, Nb-Ta, Rb-Nb-Ta, Fluorite,
W-Mo, Beryl, U, etc. Other legends in this figure are consistent with those in Figure 9 if not specified.
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Given the above, OGE’s performance on S-series elements is even better than that
on I-Series elements. The main drawback of our methodology is that the delineated
anomalous area is too large and many of the anomalous patches are barren, which is not
helpful for guiding the follow-up anomaly verification. As stated before, these results
may demonstrate the possible pitfalls of using object-level anomaly scores due to their
possible misrepresentation of the within-object geochemical characteristics [10]. That is to
say, the anomalies delineated by OGE must be further modified through the within-object
multi-elemental statistical analysis.

3.3. Elemental Within-Object Separability

Figure 12 gives the object-based map of dimension (D,) for the I-series and S-series
elemental associations, respectively. We note that as the geochemical behaviors of the
I-series elements are quite different from those of the S-series elements [30], so the object-
based D, map for all elements was not calculated here. From Figures 12 and 13, we have
delivered three important observations as follows:

(1)  The D; values of the image objects containing the known ore spots vary in a wide
range. For the I-series ore spots, the relevant dimension values fluctuate between 2
and 116 with a peak at 18 (The original D, values were normalized to [0, 255]), and if
we set D, = 116 as the binarization threshold, the obtained anomalous area accounts
for 98.63% of the total area. For the S-series ore spots, the relevant dimension values
fluctuate between 1 and 32 with a peak at 14, and if we set D, = 32 as the threshold,
the obtained anomalous area will account for 78.93%.

(2)  As the histogram of the D, map is usually right-skewed, so we empirically set the
binarization threshold as the mode value + 1 x standard deviation (for a standard
normal distribution, 68.3% of data falls within one standard deviation of the mean, so
we suppose that most, if not all, of the ore-spots would fall within the objects with
the D, value < mode + 1 x standard deviation). For I-series elements, the threshold
is 36, and for S-series, it is 34. Our purpose of image binarization is not to delineate
the anomalous regions like Figures 9-11 do, but to delineate some highly confident
non-anomalous objects. That is why in Figure 12, very few ore-spots fall in the colored
patches. Naturally, by removing these non-anomalous objects from Figures 9 and 10,
we can obtain a moderately reduced prospecting-target-area as shown in Figure 13.

(3) In Figure 13 (upper), the anomalous area of I-series elements decreases to 43.045%
of the total area, and the buffered anomalous area decreases to 61.608%. Only 5 ore-
spots fall outside the reduced anomalous target area, which are Au, Pb-Zn, and
Ag-Zn mineral spots. In Figure 13 (lower), the anomalous area of S-series elements
decreases to 43.172% of the total area, and the buffered area decreases to 61.534%.
Only 2 ore-spots fall outside the target area, which are fluorite and Pb-Zn spots.
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Figure 12. (upper) the object-based D, map for I-series elements with relevant ore spots (red squares)
overlaid on it. (lower) the D, map for S-series elements with relevant ore spots overlaid on it. The
green colored patches represent the delineated non-anomalous regions.
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Figure 13. (upper) the buffered anomalous regions (green colored patches edged with white, delin-
eated by the 50% quantile) for I-series elements with relevant ore spots overlaid on it. (lower) the
buffered anomalous regions for S-series elements with relevant ore spots overlaid on it. The ore spots
not falling in the anomalous regions are labelled with their mineral species. Other legends in this
figure are consistent with those in Figures 9 and 10.
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3.4. Comparison and Validation by Factor Analysis

The best way to validate the effectiveness of our OGE algorithm is to observe how
many ore spots can fall into the anomalous image objects, but this is not enough because
most of the anomalous patches in Figure 13 are barren. Comparing Figure 13 to Figure 1,
we also discover that the presence of ore spots and anomalies is not completely controlled
by the spatial distribution of the outcropped bedrocks and known geological structure.
For example, over a third of the known ore spots occur within the Nob and Quaternary-
covered areas with less geological exposure. Inasmuch, it is difficult to directly validate
the anomalies from the perspective of regional geology. In this Section, the factor analysis
is used to do so. As we know, factor analysis is a well-validated technique that is widely
used to reduce a large number of variables into fewer numbers of factors [32]. Although
irrespective of the spatial structure of geochemical patterns, it facilitates the identification
of multivariate geochemical anomalies. This is consistent with the major aim of OGE. So,
supposing the results of factor analysis are tenable and close to truth, we can cross-validate
the correctness and robustness of our model’s outputs by observing if the factor-score
anomalies overlap considerably with the anomalies delineated in Figure 13.

We can make the following observations from Figure 14: (1) Nearly all the factor-score
anomalies, no matter what the elemental association each factor represents, reside within
the OGE-derived anomalous areas, and occupy most of the interior space. This result
strongly supports the basic correctness of our model’s outputs. (2) Our OGE model is
advantageous since quite a few ore spots that cannot be identified by the factor-score
anomalies are well-identified by OGE. (3) The I-series elemental association can be further
divided into five factors: Factor 1: As-Pb-Zn, Factor 2: Ag-B-Cu, Factor 3: Au-Hg, Factor 4:
Mo-U, and Factor 5: Fe,O3. Likewise, the S-series elements can be divided into: Factor 1:
Bi-W, Factor 2: Pb-Sb-Sn, Factor 3: Mo-U, Factor 4: Nb-Fe,O3, and Factor 5: Be-F. These
divisions improve the interpretability of the extracted anomalies and facilitate the mineral
species-specific geochemical exploration.

E115°00" N42°35' E115°00'/ N42°35"

Legend:
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Figure 14. The geochemical anomalous areas (white) delineated in Figure 13 with relevant factor-
score anomalies (colored polygons) overlaid on them. (Left): the I-series elements. (Right) the
S-series elements. Note that: the factor-score anomalies were obtained by setting the binarization
threshold as mean + 1 x standard deviation. Other legends in this figure are consistent with those in
Figures 9 and 10.

Given the above, by calculating the ore-spot recognition rate and conducting factor
analysis, the OGE-derived anomalies in Figure 13 get validated.
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4. Discussion

In our opinion, there are six meaningful aspects around the proposed network archi-
tecture worth to discuss, which are listed in the following paragraphs.

First, many factors, e.g., steep topography, the weathering and transportation of
chemical compositions in stream sediment samples, surface hydrological processes, etc.,
can cause displacement of geochemical anomalies from the source area [7], and that is why
most of the mineral spots falling outside the delineated anomalous regions occur nearby
them. Inasmuch, it is highly necessary to create buffer zones for the known anomalous
regions, although the total anomalous area increases accordingly.

Second, Figure 15 gives the anomalous score map using the geochemical dataset con-
sisting of seven major rock-forming elements (Fe;O3, Al,O3, SiO;, MgO, Na,O, K,O, and
CaO) as input to OGE. Here we suppose that the anomalies delineated in Figure 15 reflect
the regional diagenesis. It can be seen from Figure 15 that only 6 ore-spots fall outside
the anomalous regions, and the ore-spot recognition rate is as high as 91.176%, exceeding
Figure 11’s 88.24%. The spatial distribution of the anomalous regions in Figure 15 is also
consistent with that in Figures 9-11. Obviously, owing to the strong control of bedrock
geology may exert on the chemical composition of stream sediments or soil samples, the
determination of geochemical anomalies can be heavily affected by the lithology back-
ground in areas with variable lithologies. That is to say, the mineralization is attached to
the diagenesis, and the delineated anomalies in Figures 9-11 primarily reflects the regional
diagenesis, and, to a lesser extent, the mineralization. Zhao et al. [36] further pointed out
that, due to the lower spatial resolution, the 1:200,000 geochemical data cannot directly link
to small-/medium-scaled ore occurrences, especially the micro-mineralization outcrops.
Worse still, taking the image objects as basic analysis units tends to accentuate these trends
rather than mitigate them. These explained why our delineated anomalous area is so large
and is largely controlled by the outcropped bedrocks as displayed in Figure 1.
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Figure 15. The buffered anomalous regions (green colored patches edged with white) with all
the known ore spots overlaid on it. Note that the anomalous regions are generated by using the
geochemical dataset consisting of the major rock-forming elements as input to OGE. We set the
binarization threshold as the 50% quantile: 0.66982. Other legends in this figure are consistent with
those in Figure 11 if not specified.
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Third, in the within-object analysis stage, we use fractal dimension D, to measure
the degree of multi-elemental clustering, but its performance in terms of reducing the
prospecting-target-area is not as good as expected. We also observed that: the overall
distribution pattern of the multi-elemental contents of the “pixels” in an object is usually
right-skewed, thus it can be approximately modelled by a bimodal Gaussian distribution:
one population deals with the normally distributed part, and the other one deals with the
long right tail—although sometimes it is multi-peaked. And then, we can separate them
and obtain their shape parameters, namely 11 and m,: the mean values of two adjacent
Gaussian distributions, respectively, and m; < my; o1 and 05: the corresponding standard
deviations. On this basis, the separability () [37] is calculated as:

J=2(1—¢P),J€0,2], ©)

1 2 1, |0?+0?
B=(m — - 10
8(m1 mz) 012 +0_22 2 20109 ( )

If the metallogenesis or differentiation occurs, the multi-elemental content values
within an image object will have a small separability because of the strong feature of
elemental association; otherwise, they will have a larger ] value.

Unfortunately, like the case in Figure 13, only a moderately reduced prospecting-
target-area was generated based on the object-oriented ] map. These experiments imply
that: Dy, ], as well as other manually designed features may not be a good indicator to
separate multi-elemental anomalies from background, and alternatively, deep features
produced by, e.g., OGE usually perform well in this case.

Fourth, the delineated anomalous area can be dramatically reduced by increasing the
binarization threshold. For example, for the S-series elements, when setting the binarization
threshold as the 60% quantile (0.10562), the anomalous area decreases to 40.005% of the
total area, but 6 ore-spots are excluded from the buffered anomalous regions; when setting
the threshold as the 70% quantile (0.12625), the anomalous area decreases to 29.872%, but
14 ore-spots are excluded; when setting the threshold as the 80% quantile (0.16079), the
anomalous area decreases to 20.157%, but 22 ore-spots are excluded; when setting the
threshold as 0.2202 — the 90% quantile, the anomalous area decreases to 10.022%, but 34
ore-spots fall outside the buffered anomalous regions, and only 13 ore-spots fall within.
The case is similar for the I-series elements. That is to say, the anomaly scores of the
ore-containing image objects vary in a wide range, from the 50% quantile to 100%. In
our opinion, this can be mainly attributed to the low resolution of the geochemical data
in use and its weak ability in detecting the micro-mineralization outcrops. To prove this,
Figure 16 further gives the anomalous regions extracted by 1:50,000 soil/stream-sediment
survey data, which is generated using the geochemical dataset consisting of 12 ore-forming
elements (Ag, As, Au, Bi, Cu, Hg, Mo, Pb, Sb, Sn, W, and Zn) as input to OGE. In Figure 16,
we raise the binarization threshold from the 50% quantile (median) to the 60% quantile,
and the anomalous area decreases to 38.11% of the total area accordingly. Comparing to
Figure 11, a 11.77% reduction in anomalous area has been achieved without affecting the
recognition rate: only 7 ore-spots fall outside the buffered anomalous area. If we raise the
threshold to the 70% quantile, the anomalous area decreases to 29.54%, and only 11 ore-
spots fall outside (the recognition rate remains above 80%). Obviously, due to the improved
spatial resolution, our OGE model is guided to focus more on regional mineralization,
rather than diagenesis.
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Figure 16. The buffered anomalous regions (blue colored patches edged with white) with all the
known ore spots overlaid on it. Note that the anomalous regions are generated by using the 1:50,000
geochemical dataset consisting of 12 ore-forming elements (Ag, As, Au, Bi, Cu, Hg, Mo, Pb, Sb,
Sn, W, and Zn) as input to OGE. We set the binarization threshold as the 60% quantile: 0.10515.
Some ore spots, e.g., fluorite, Nb-Ta, etc., are removed from this figure because of the absence of
relevant geochemical data. The 1:50,000 soil/stream-sediment geochemical data was provided by
the Development Research Center, China Geological Survey. To ensure consistency, the 1:200,000
multiresolution segmentation result shown in Figure 2 is reused to generate the 1:50,000 anomaly
score map. Other legends in this figure are consistent with those in Figure 11 if not specified.

Fifth, in the pre-processing stage, first we interpolate sampled point data into raster
grids, and then, they are aggregated into different image objects, which inevitably intro-
duces uncertainties into the data. Naturally, people may question if a reduced segmentation
scale can help improve the anomaly-detection performance. To answer this question, we
use the scale parameter 2.0 to segment the input geochemical image, and finally we get
2465 objects as displayed in Figure 17. Taking the S-series elements as example, comparing
to Figure 10 (upper), more details about the anomalies have emerged, but their spatial
distribution patterns are generally consistent with those in Figure 10. We still have to set
the binarization threshold as median to keep the ore-spot recognition rate greater than 90%,
whereas if we raise the threshold to the 70% quantile, only 9 mineral spots fall outside the
buffered anomalous area, and the recognition rate remains greater than 80%. Figure 18
gives the big picture: when we set the threshold smaller than or equal to the 60% quantile,
the OGE analysis performed at higher levels of scale has higher recognition rate; whereas
when we set the threshold greater than the 60% quantile, lower levels of scale may perform
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better. Figure 17 is such an example: when the threshold is set as the 70% quantile and
the scale parameter is set as 2, 81.4% of the I-series mineral spots can fall within the corre-
sponding buffered-anomalous-area which accounts for <45% of the study area, and 80.9%
of the S-series ore spots can be included. By contrast, if the scale parameter increases to 3,
only 72% of the I-series ore spots and 70% of the S-series ore spots can be included in the
relevant anomalous areas. Given the above, in order to balance the recognition rate and
anomalous area, it is better to use a smaller scale parameter to segment the multivariable
geochemical image.
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Figure 17. (upper) the object-based anomaly score map for I-series elements with relevant ore spots
(red squares) overlaid on it. (lower) the object-based anomaly score map for S-series elements with
relevant ore spots overlaid on it. The image objects with larger scores are represented by brighter
tones, while the image objects with smaller scores are represented by darker tones. Here we set the
binarization threshold as the 70th percentile value, and the regions delineated by green lines are
the anomalous regions with a 3-pixel buffer zone, which account for approximately 44.375% of the
total area.
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Figure 18. Plot of the recognition rate versus threshold and anomalous area. (left): the I-series
elements; (right): the S-series elements.

Sixth, as our OGE architecture was developed as an updated version of GAUGE by
combining OBIA and GNN (GAT & GCN) into a singular network, so it is necessary to com-
pare the performance between them. As shown in Figure 19, which is generated by using
the geochemical dataset consisting of all 18 ore-forming elements as input to GAUGE, we
found that the spatial distribution patterns of the anomalous areas are generally accorded
with those in Figure 11, but more details have emerged; if setting the binarization threshold
as the 50% quantile, there are more than 19 ore-spots falling outside but being close to
the anomalous regions; if setting the threshold as the 70% quantile, there are 25 missed
ore-spots. As far as the recognition rate is concerned, the performance of GAUGE is no
better than OGE. Nevertheless, even the threshold is set as the 70% quantile, most of the
missed ore spots could fall within the 2 km (i.e., the controlling distance of one sampling
point) buffered anomalous regions, and the ore- spot recognition rate approaches 100%.
However, the resulting anomalous area will increase to >75% of the total area. In addition,
the within-object statistical analysis is not supported by GAUGE. Given the above, our
OGE performed better in anomaly detection: in Figure 17, more than 80% of the known
ore spots were predicted in the buffered anomalous area accounting for less than 45% of
the total area. In fact, both GAUGE and OGE were designed to extract both the spatial
features and compositional relationships of geochemical variables collected at irregularly
distributed locations. For OGE, such irregularity is implemented by the multiresolution
segmentation whose output is a series of irregularly distributed centroids in irregularly
shaped image objects [6], which may reflect the variation of geochemical background
across the space. On the other hand, as shown in Figure 19, the sampling grid is rela-
tively regular, and very few geochemical sampling points are missing in this area. This
implies that GAUGE could not capture the practical spatial distribution characteristics
of geochemical variables, which reflects complex geologic processes (i.e., mineralization).
That is why the visual performance of GAUGE is not as good as expected. Other convolu-
tional autoencoder models available in the literature, such as SCMA (Spatially Constrained
Multi-Autoencoder) [38], were not discussed here because they cannot be applied to an
irregular area for anomaly identification.

From the above, it is still difficult for us to reduce the anomalous area to below 30% of
the study area. However, previous studies on separation of geochemical anomalies in the
literature mainly focus on a singular mineral species, while our study seeks to delineate the
all-mineral-species anomalies. In this sense, a relatively large anomalous-target-area may
be necessary.
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Figure 19. Anomaly map obtained by GAUGE. (left): threshold = the 50% quantile; (right)
threshold = the 70% quantile. Note: the colored dots represent different geochemical sampling
points; yellow dots denote anomalies and blue dots denote the background. All the known ore-spots
(red squares), no matter what their scales and mineral species, are overlaid on the anomaly maps. The
anomaly score maps are generated by using the geochemical dataset consisting of all 18 ore-forming
elements as input to GAUGE.

5. Conclusions

The main contribution of this article is fourfold as follows: (1) to the best of our
knowledge, this is the first time that the OBIA framework has been applied in regional
geochemical prospecting; (2) a novel GNN architecture (OGE) has been designed to extract
multi-elemental geochemical anomalies which can locate most of the known ore spots,
no matter what their scales and mineral species; (3) for the first time the within-object
multi-elemental statistical analysis has been conducted to modify the anomalous regions
delineated by object-level summary statistics; and (4) most studies on separation of geo-
chemical anomalies in the literature focus on a singular mineral species, while our study
attempts to delineate the all-mineral-species anomalies.

Taking the 1:200,000 stream-sediment geochemical survey data in the Bayantala-
Mingantu district, North China as case study, our findings indicated that:

(1) Most of the ore spots falling outside the delineated anomalous regions occur
nearby them. (2) Due to the low resolution of the geochemical data at hand and its
weak ability in detecting the micro-mineralization outcrops, the anomalous area produced
by OGE is relatively large and mainly reflects the regional diagenesis. (3) The within-
object statistical analysis based on handcrafted features, e.g., D2 and J, has a limited
effect on reducing the anomalous target area. (4) OGE can be guided to focus more on
regional mineralization, rather than diagenesis, by using fine-scale geochemical data as
input. (5) Smaller segmentation scales can greatly improve the application of OGE. Finally,
more than 80% of the known ore spots were predicted in less than 45% of the study area.
(6) OGE is designed to extract both the spatial features and compositional relationships of
geochemical variables collected at irregularly distributed centroids in irregularly shaped
image objects, and it performs slightly better in anomaly detection than other convolutional
autoencoder models such as GAUGE.

Future research will focus on improving the OGE in the following respects: (1) to
alleviate the spatial heterogeneity of geochemical backgrounds, it is better to conduct the
mean removal operation within every image object, rather than removing the global mean
values for each element. (2) The optimal segmenting scale can be determined by using
the ESP (estimation of scale parameter) tool proposed in [39]. (3) The possible approaches
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of integrating multiple datasets (e.g., remote sensing data and geophysical data) in the
framework of OGE will also be explored. (4) Improve the within-object statistical analysis
method, so that those strong but false or meaningless anomalies can be eliminated, while
retaining those weak but important or meaningful anomalies.
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Abstract: Geochemical gene is a new promising concept proposed recently in the discrimination and
traceability of geological materials and is also a useful tool to recognize geochemical anomalies in
mineral exploration. Based on the lithogenes of LG01 and LG03, geological materials can be classified
into nine types of LG_CR compositionally. With respect to geological materials with 11 types of
LG_CR, in order to eliminate the lithological influence and to further narrow the prospecting target
area, a tungsten metallogene named MGW11 is proposed for geochemical tungsten exploration
after the tungsten metallogene MGW. Six weathering profiles of 11 types of LG_CR developed on
granitic intrusions in different areas in China are selected to test the stable properties such as heredity
and inheritance of MGW11 and MGW. The results indicate that MGW11 and MGW metallogenes
illustrate stable properties during rock weathering regardless of weathering degrees, although gene
variations of MGW11 and MGW are also observed during extreme weathering. Based on the regional
geochemistry survey data in the Lianyang area in south China, where stream sediments are mostly
11 types of LG_CR compositionally, geochemical maps of mineralization similarities of MGW11 and
MGW are contoured, and the anomaly areas are determined on the mineralization similarity value
of >40%. Comparing the tungsten deposits and anomaly areas determined on MGW11 and MGW
metallogenes spatially, a total of six polymetallic W deposits recognized in the study area are all
located in the anomaly areas. Therefore, mineralization similarities of MGW11 and MGW can be
viewed as useful integrated indices on geochemical tungsten exploration. In areas with 11 types of
LG_CR compositionally, anomaly areas determined on the MGW11 are smaller than those on the
MGW, which indicates that MGW11 is more efficient than MGW in targeting W deposits during
tungsten prospecting because of the elimination of the lithological influence.

Keywords: geochemical gene; MGW; LG_CR; mineralization similarity; Lianyang

1. Introduction

Geochemical gene is a new promising concept proposed recently in the discrimination
and traceability of geological materials [1,2] and is also a useful tool to recognize geochemi-
cal anomalies in mineral exploration [3,4]. Geochemical gene is proposed and illustrated
firstly as a lithogene [5] named LGO02, then followed by lithogenes called LGO1 [6] and
LGO3 [7], gold metallogene (MGAu) [3], and tungsten metallogene (MGW) [4], and REE
(rare earth elements) genes called REEG01 and REEGO02 [6]. Therefore, there are a total
of seven geochemical genes reported till now, which were introduced and reviewed by
Gong et al. [1] recently.

With respect to lithogenes LGO1 and LGO03, their gene properties of heredity and
inheritance during weathering have been tested on lots of weathering profiles developed
over different lithological rocks in different climate zones in China [6-8] according to the
similar gene criterion of >80% on gene similarity [1]. Their application in classifying

Appl. Sci. 2023, 13, 606. https:/ /doi.org/10.3390/10.3390/app13010606

https:/ /www.mdpi.com/journal/applsci
107



Appl. Sci. 2023, 13, 606

geological materials is useful and suitable for fresh and altered rocks and weathered
products such as soils and sediments [2]. The classification method is introduced here
briefly. The ideal acidic rock in China (a virtual rock sample represented by the elemental
abundance of acidic rock in China compositionally) has the same gene code of 10202020202
on LGO1 and LGO3, and the ideal basic rock in China also has the same gene code of
12020202020 on these two lithogenes [6,7]. The gene similarity of a sample relative to
the ideal acidic rock is called the sample’s acidic similarity and can be labeled as Raigic-
According to this definition, the R¢qic of the ideal acidic rock in China is 100%, while
the Racigic of the ideal basic rock in China is 0%. Geological materials can be classified
into three groups acidic-like composition with Ragic > 80% labeled 1, intermediate-like
composition with Ragic between 75% and 25 labeled 2, and basic-like composition with
Racidic < 20% labeled 3. In order to integrate the classification results of LG01 and LGO3,
LG_CR (classification results of lithogenes) with a double-digit is proposed by Wu et al. [2].
The classification result of LG01 is put as the first digit, and the result of LG03 is the second
digit. There is a total of nine types theoretically of LG_CR classified based on LG01 and
LGO03 as 11, 12, 13, 21, 22, 23, 31, 32, and 33 types. The 11 types of LG_CR of a sample
indicates that the values of Rajqic of LG01 and LGO3 of the sample are all >80%. Therefore,
the result of LG_CR can be used to classify geological materials [2].

With respect to the metallogenes of MGAu and MGW, their gene properties of heredity
and inheritance during weathering have also been tested in China [3,4]. The ideal geo-
chemical background samples (all indicator elements are clearly lower than their immobile
elements in gene spectral lines) have the same metallogene code of 10202020202 on MGAu
and MGW. In contrast, the ideal ore samples (in which indicator elements are enriched
clearly in gene spectral lines) will have the same metallogene code of 12020202020 on these
two metallogenes. Like the above mentioned on lithogenes, the gene similarity of a sample
relative to the ideal ore sample is called the sample’s mineralization similarity and can be la-
beled as Rigealore- According to this definition, the Rigeaiore Of the ideal ore sample is 100%,
while the Rigeaiore Of the ideal background sample is 0%. The application of metallogenes is
that their Rygeqjore can be viewed as an integrated index of recognizing geochemical anoma-
lies for mineral prospecting, and the mineralization similarity (Rigeaiore) Value of 40% can
be viewed as the criterion to discriminate samples with or without mineralization [1,3,4].
Although the metallogenes have been used well in geochemical exploration [4,9], the
anomaly area determined on the Rigea10re is commonly too large than deposit areas, which
is unfavorable to targeting deposits promptly and precisely during prospecting. This large
anomaly area determined on Rige10re resulted from the elemental reference values during
the metallogenes’ construction. The reference values are determined by the elemental
abundances of acidic, intermediate, and basic rocks in China. Therefore, the Rigeaiore index
is applicable to geological materials ignoring the lithology of basic-like, intermediate-like,
or acidic-like compositions. If the target deposits, such as tungsten deposits, are located
in the acidic-like composition area, such as the 11 types of LG_CR area, the determined
anomaly areas on the Rigeajore Of MGW are certainly larger than the target area. Therefore,
a tungsten metallogene aiming at 11 types of LG_CR materials should be constructed to
substitute the MGW to determine anomaly areas more efficiently.

In this paper, a tungsten metallogene named MGW11 aiming at 11 types of LG_CR
materials is constructed firstly. Then the heredity and inheritance properties of MGW11 are
tested on lots of weathering profiles developed over 11 types of LG_CR rocks in different
climate zones in China. Finally, the Rigeaiore of MGW11 is used to determine geochemical
anomaly areas in the Lianyang area of south China, and the results are compared with
those derived from the MGW.

2. Construction of MGW11

A geochemical gene is commonly constructed on five steps as a selection of elements,
determination of reference values, spectral line and codes, calculation of similarity, and se-
quence of elements [1,3]. On the basis of the MGW metallogene proposed by Gong et al. [4],
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the selected elements and their sequences of MGW can be adopted to construct the new
tungsten metallogene named MGW11 here. In addition, the methods of coding spectral
lines and calculating gene similarities are also adopted during the construction of the
MGWT11. Therefore, the main task or key step to construct the MGW11 is the determination
of reference values for each selected element.

In MGW and MGAu metallogenes, reference values are determined on the abundances
of five geological materials in China, which are acidic rock, intermediate rock, basic rock,
soil, and stream sediment [10]. The reference values of the six immobile elements, Ti, Th,
Nb, Zr, La, and Y, were calculated as

Crof = 10(18Cmin=0.1) 1)

where C, is the reference value and Cy,;;, is the minimum abundance of each element in
the five materials [3]. While references values of the five indicator elements as Cu, W, Sn,
Zn, Mo in MGW were calculated as

Cref = 101ECmt0) @

where Cpayx is the maximum abundance of each element in the five materials [4]. The
spectral lines of MGW of the five materials are listed in Figure la. The gene codes of
the five materials are the same as 10202020202, which is the ideal background material’s
metallogene code.

L5 + Acidic X Intermediate % Basic + Acidic rock
10 O Soil < Stream Sediment O Soil < Stream Sediment
ga 05} % 05F
’j 0.0 - :% 0.0 -
E S
=
-0.5 | / -0.5 \
\/ (a) MGW * (b) MGW11
qobi+ I I I I I I I I 1.0 I I I I I I I I I I
Ti Cu Th W Nb Sn Zr Zn La Mo Y Ti Cu Th W Nb Sn Zr Zn La Mo Y

Figure 1. Spectral lines of MGW (a) and MGW11 (b) metallogenes for geological materials in China.
Sample data in (a) are from Chi and Yan [10] and data in (b) are from Chi and Yan [10], Hou et al. [11],
Xiang et al. [12] respectively.

With respect to the MGW11, reference values are determined on elemental abundances
of a total of 190 geological materials in China, including 85 records of acidic rocks from Chi
and Yan [10], 48 records of soils from Hou et al. [11], and 57 records of stream sediments
from Xiang et al. [12] which are all 11 types of LG_CR compositionally. The reference values
of the six immobile elements, Ti, Th, Nb, Zr, La, and Y, were calculated as

Cref _ 10(lngin+0.1) (3)

The references values of the five indicator elements, Cu, W, Sn, Zn, and Mo, in MGW,

were calculated as
Cref = 10(18Cm=0-) @

where C,f is the reference value and Cyj, and Cpax are the minimum and maximum
abundances of each element in the 190 materials in China. The spectral lines of MGW11 of
the three materials are listed in Figure 1b with the same gene code of 10202020202, which is
the ideal background material’s gene code. The elemental sequence and reference values of
MGW and MGWT11 are listed in Table 1.
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Table 1. Reference values for tungsten metallogenes of MGW and MGW11.

Gene Elements Ti Cu Th W Nb Sn Zr Zn La Mo Y References
Sequence No. 1 2 3 4 5 6 7 8 9 10 11 -
MGW 1406  69.2 222 2.27 8.26 3.78 119 138 19.1 1.06 13.5 Gong et al. [4]
MGW11 378 37.4 494 3.13 74 6.95 105 107 21.3 1.43 13.5 This study

Note: Unitin ug/g.

If a sample of 11 types of LG_CR is mineralized during tungsten ore-forming processes,
indicator elements will be enriched relative to the other six immobile elements. If the five
indicator elements were all enriched clearly, the sample would have the MGW11 code of
12020202020 and is called the ideal ore sample. Therefore, the MGW11 similarity between
the ideal ore and the ideal background sample is 0%. As aforementioned, the genetic
similarity between a sample and the ideal ore is called the sample’s mineralization similarity
labeled as Rygeaiore, Which can be used as an index to discriminate a geological material as
an anomaly or background sample. The 40% value of the Rigeai0re Was suggested as the
criterion to discriminate samples with or without mineralization or to classify anomaly or
background samples [3,4] which is also adopted here to the MGW11 gene.

3. Test of MGW11
3.1. Materials

The test of a geochemical gene focuses on stable properties such as heredity and
inheritance during rock weathering [1]. Here six weathering profiles of 11 types of LG_CR
are selected from literature to test the properties of the MGW11. The six weathering profiles
are labeled as DH31, TL19D04, LHK55, and LC19 from northeast to southwest in China
and LY18D13 and LY18D06 in Liangyang area of south China (Figure 2, Table 2).

320

Figure 2. Locations of weathering profiles and Lianyang area in China. LY18D13 and LY18D06
weathering profiles are located in Lianyang area.
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Table 2. Information on weathering profiles.

Profiles Parent Rock Longitude Latitude Depth (m) Sample Count References
DH31 Monzogranite E 128°22/22" N 43°18/44" 11 13 [8]
TL19D04 Monzogranite E 123°56/44" N 42°26'16" 6 9 [13]
LHK55 Granite E 112°07/09" N 33°49'06” 5.2 11 [14]
LC19 Granite E 100°18/05" N 22°12/24.2" 14 20 [15]
LY18D13 Granite E 112°15'57.6" N 24°23'00” 14.6 23 [16]
LY18D06 Granite E 112°4/26.76" N 24°9/39.96" 25 29 [17]

The DH31 profile (E 128°22'22", N 43°18'44") developed over the Dunhua monzogran-
ite in a temperate monsoon climate. The depth of DH31 profile is ca. 11 m, and 13 samples
are collected sequentially from the topsoil downward to the monzogranite. Details, includ-
ing descriptions, elemental concentrations, and the analytical qualities of these samples, can
be found in Reference [8]. The TL19D04 profile (E 123°56/44", N 42°26'16'") formed on the
Tieling monzogranite in a temperate continental monsoon climate. The depth of TL19D04
profile is ca. 6 m, and 9 samples are collected sequentially from the topsoil downward to
the monzogranite. Details of these samples can be found in Reference [13]. The LHK55
profile (E 112°07'09”, N 33°49'06") developed over the Taishanmiao granite in a warm
temperate continental monsoon climate. The depth of LHKS55 profile is ca. 5.2 m, and
11 samples are collected sequentially from the topsoil down to the granite. Details of these
samples can be found in Reference [14]. The LC19 profile (E 100°18'05”, N 22°12/24.2")
formed on the Lincang granite in a subtropical monsoon climate. The depth of LC19 profile
is ca. 14 m, and 20 samples are collected sequentially from the topsoil down to the granite.
Details of these samples can be found in Reference [15].

The LY18D13 profile (E 112°15'57.6", N 24°23'), developed over the Lianyang granite in
a subtropical monsoon climate. The depth of LY18D13 profile is ca. 14.6 m, and 23 samples
are collected sequentially from the topsoil down to the granite. Details of these samples
can be found in Reference [16]. The LY18D06 profile (E 112°4'26.76”, N 24°9'39.96"), also
developed over the Lianyang granite, is ca. 25 m, and 29 samples are collected sequentially
from the topsoil down to the granite, which details including descriptions, elemental
concentrations, and their analytical qualities can be found in Reference [17].

3.2. Results

Based on the reported elemental concentrations of samples from each weathering
profile, weathering indices including CIA and WIG, acidic similarities (Racigic) of LGO1
and LGO03 lithogenes, samples’ similarities relative to the top soil and the bottom bedrock,
mineralization similarities (Rigeaiore) of MGW and MGW11 metallogenes are calculated for
each weathering profile and illustrated in Figures 3 and 4.

The CIA (chemical index of alteration) was developed by Nesbit and Young [18] in
reconstructing paleoclimate from Early Proterozoic sediments, and the WIG (weathering
index of granite) was proposed by Gong et al. [19] to describe the weathering degrees of
weathered granitic products in the absence of CO, contents. The calculation methods used
here were detailed and described by Wu et al. [8]. The calculation methods on gene codes
and similarities used here can be found in Reference [1]. Acidic similarities (Racigic) of
LGO01 and LGO3 in each profile were calculated firstly to check whether their products are
11 types of LG_CR or not. The gene similarity (R) of samples is calculated relative to their
bedrock (heredity property) labeled as Rpeqrock, their top soil (inheritance property) labeled
as Rygpsoil, and the ideal ore (mineralization similarity) labeled as Rygealore respectively in
each weathering profile (Figures 3 and 4).
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Figure 3. Weathering indices and gene similarities of samples from weathering profiles of DH31,
TL19D04, LHKS55, and LC19. (a—e) are the weathering indices, acidic similarities, similarities of MGW,
similarities of MGW11, and mineralization similarities respectively in profile DH31. (f-j) are those in
profile TL19D04, (k-o) are those in LHK55, and (p-t) are those in LC19.
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Figure 4. Weathering indices and gene similarities of samples from weathering profiles of LY18D13
and LY18DO06 in Lianyang area. (a—e) are the weathering indices, acidic similarities, similarities
of MGW, similarities of MGW11, and mineralization similarities respectively in profile LY18D13.
(f-j) are those in profile LY18DO06.

The CIA values of samples from DH31, TL19D04, and LHK55 profiles range from 49.8
to 56.6, from 50.9 to 57.4, and from 49.2 to 57.6, respectively (Figure 3a,f k). The WIG values
of samples from these three profiles range from 68.5 to 89.8, from 64.6 to 86.9, and from 63.6
to 94.3, respectively (Figure 3a,f,k). According to the classification values of 60 and 80 on
CIA [20] and values of 20 and 60 on WIG [6,8], these three profiles have undergone incipient
weathering. While CIA values of samples from LC19, LY18D13, and LY18D06 profiles in
south China range from 53.0 to 94.1, from 59.8 to 83.6, and from 50.7 to 93.1, respectively
(Figures 3p and 4a,f). The WIG values from these three profiles in south China range from
5.2 to 76.0, from 15.6 to 67.8, and from 6.3 to 86.1, respectively (Figures 3p and 4a,f). These
values indicate that the profiles in south China have undergone extreme weathering.

The Racigic of samples from all profiles vary from 80% to 100% on LG01 and LG03
(Figures 3b,g,1,q and 4b,g). According to the classification method proposed by Wu et al. [2],
which is also introduced above, samples from the six weathering profiles are all 11 types of
LG_CR compositionally.

In Figure 3, all values of Rpedrock and Ryopsoit of MGW and MGW11 in the four
profiles of DH31, TL19D04, LHK55, and LC19 are >80% which indicates good heredity
and inheritance of MGW and MGW11 metallogenes in each profile (Figure 3c,d h,i,m,n,rs).
Values of Rigeaiore 0t MGW are all <25%, and values of Rigeaiore o MGW11 are all <15%
(Figure 3ej,0,t). This indicates that all samples from these four profiles are background
samples (rather than anomaly samples) according to the discrimination criterion of 40%
of RidealOre-

In Figure 4, values of Rigeaiore 0N MGW are all <30%, and values of Rygeaiore ON
MGWT11 are all <20% (Figure 4e,j). This indicates that all samples from weathering profiles
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in the Lianyang area are also background samples according to the discrimination criterion
of 40% of RIdealOre-

In the LY18D13 profile, values of Rpedrock and Rropsoit of MGW11 (Figure 4d) are
all >85% which indicates stable heredity and inheritance of MGW11. Except for some
upper soil samples, values of Rpedrock Of MGW are higher than 80% (Figure 4c), which
indicates good heredity of MGW except for some variations in the upper soils with extreme
weathering degrees. On the other hand, values of Ryopsoit of MGW are higher than 80%
except for only the bottom bedrock sample (Figure 4c), which indicates a good inheritance
of MGW, excluding the bottom bedrock sample.

In the LY18DO06 profile, values of Rpedrock of MGW and MGW11 are >80% except in
some upper soil samples (Figure 4h,i) with extreme weathering degrees, which indicates
good heredities of MGW and MGW11 except in some variations in the upper soils. However,
values of Ryypsoil 0f MGW and MGW11 are higher than 80% only in the upper soils
(Figure 4h,i), which indicates good inheritance of MGW and MGW11 only in upper soils
and gene variations appear relative to the lower or parent samples in this profile.

In summary, stable properties such as heredity and inheritance of MGW11 and MGW
are verified in six weathering profiles which are all 11 types of LG_CR compositionally
and are all geochemical background samples with different weathering degrees. However,
gene variations of MGW11 and MGW are also observed in some extremely weathered
samples. With respect to the MGW, MGW11 shows better stability in the 11 types of LG_CR
geological materials.

4. Application of Geochemical Exploration in Lianyang Area

The main aim of constructing the tungsten metallogenes such as MGW and MGW11
is to determine geochemical anomalies using their mineralization similarities (Riqealore) @S
an integrated index for tungsten exploration. With respect to the MGW, MGW11 should be
more precise on anomaly determination in the tungsten mineralized area with geological
materials of 11 types of LG_CR compositionally on its construction. Therefore, the Lianyang
area in south China is selected here to test or illustrate the applications of MGW and
MGW11, where some tungsten deposits have been found, and geological materials such as
stream sediments are most 11 types of LG_CR compositionally.

4.1. Geographical and Geological Settings

The Lianyang area is located in south China with an area of ca. 5400 km? ranging from
E 111°47'24” to E 112°40'12" with a distance of 90 km from west to east and N 24°02/24" to
N 24°34/48" with a distance of 60 km from north to south (Figure 5a), which is situated in a
typical subtropical monsoon zone with a humid climate. The mean annual temperature is
ca. 15.5~20.4 °C. The annual rainfall is ca. 1500~2200 mm, most of which falls in summer,
according to the public network data. The topography in the Lianyang area is characterized
by foothills, and the elevation is low in the middle, high in the north and south, and with a
value of 50 to 1900 m a.s.l. Soils are thickly developed, and the regolith thickness commonly
varies from 10 to 25 m depending on the relief. The land is commonly covered by crops
or arbors.

The strata in the study area belong to Cambrian, Devonian, Carboniferous, Permian,
Triassic, Jurassic, and Quaternary periods, respectively, which petrological descriptions
are illustrated briefly in Figure 5a as notes. Faults are mainly trending N-S in the center
and NE-SW in the northwestern, and NW-SE in the northeastern. The main intrusion in
the study area is the Lianyang granitic complex in which two types of lithology can be
recognized gradationally: the medium-grained biotite granite as the main body and the
medium-coarse-grained porphyritic-like biotite granite outcropped locally [21].
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Figure 5. Geological map of Lianyang area (a) and geochemical maps of the LG_CR (b), Rigeaiore Of
MGW (c), and Rygeajore of MGW11 (d). Figure 5a is modified after the G49 with a scale of 1:1000,000
from China Geological Survey with notes are as the followings. 1—Quaternary sand and gravel
mixed with clay silty sand; 2—Cretaceous sandy conglomerate, pebbled sandstone and siltstone;
3—Jurassic sandstone, siltstone, grit stone and mudstone; 4—Triassic limestone and mudstone;
5—Permian limestone and mudstone; 6—Carboniferous dolomitic limestone and dolomite;
7—Devonian sandstone and dolomitic limestone; 8—Cambrian sandstone, slate and siltstone;
9—Proterozoic sandstone, siltstone and slate; 10—Monzogranite; 11—Granodiorite; 12—Quartz-
dioritic porphyrite; 13—Peridotite; 14—Petrological boundary; 15—Fault; 16—Main residential place;
17—Locations of LY18D13 and LY18D06 weathering profiles; 18—Au deposit; 19—Cu deposit;
20—Polymetallic W deposit; 21—Mo-Fe deposit.

Six polymetallic W deposits have been recognized in the study area [22], although they
have not been receiving much attention [23]. The polymetallic W deposits are mainly dis-
tributed around the Lianyang granitic complex contacting with strata and faults (Figure 5a).
Among the six polymetallic W deposits, three deposits are located in the north margin of
the Lianyang granitic complex near the Zhainan town, two deposits in the south margin of
the Lianyang granitic complex near the Zhongzhou town, and one in the northeast margin
of the Lianyang granitic complex near the Yangshan town. In addition, three Cu deposits,
one Au deposit, and one Mo-Fe deposit are also recognized in this area [16,24].

4.2. Materials, Results and Discussion

In the Lianyang area, a total of 1393 geochemical records (or samples) of stream
sediments were retrieved from the database of the RGNR (Regional Geochemistry-National
Reconnaissance) project [12]. In this project or database, stream sediment is the sampling
media with a scale of 1:200,000 and was analyzed with 10 major components (SiO,, Al,O3,
Fe, O3 or TFe; 03, K0, NayO, CaO, MgO, Ti, P, and Mn) and 29 trace elements (W, Sn, Mo,
Bi, Cu, Pb, Zn, Cd, Au, Ag, As, Sb, Hg, Li, Be, Sr, Ba, B, F, V, Cr, Co, Ni, Zr, Nb, Th, U, Y,
and La) [25].
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Based on the geochemical data of each record which represents an area of four square
kilometers, the gene codes and their acidic similarities (Racigic) of LGO1 and LG03 are
calculated on the GGC software [1] firstly. Then the LG_CR results of the 1393 samples are
derived according to the method proposed by Wu et al. [2]. The geochemical map of the
LG_CR in the Lianyang area is illustrated in Figure 5b. Although nine types of LG_CR can
be classified theoretically on double-digit numbers based on the acidic similarities of LG01
and LGO3 lithogenes, only four types are recognized in the Lianyang area as 11, 12, 21, and
22 types. The 11 types of LG_CR are dominant in the whole study area, and the other types
of 12, 21, and 22 are located sporadically in the east and north of the area. Therefore, the
Lianyang area can be viewed as an area of 11 types of LG_CR compositionally by and large.

Based on the geochemical data of the 1393 records, the gene codes and their mineral-
ization similarities (Rigeqiore) of MGW and MGW11 are calculated. The geochemical maps
of the Rigeaiore of MGW and MGW11 in the Lianyang area are illustrated in Figure 5¢,d. In
these maps, the blue areas with 0 < Rygeajore < 20 can be viewed as the normal background
area, the yellow area with 20 < Rygea10re < 40 can be viewed as the higher background area,
and the red area with 40 < Ryge,10re < 100 are the anomaly areas for tungsten exploration.
Furthermore, the anomaly areas can be divided into three zones; the outer zone with
40 < Rygealore < 60, the middle zone with 60 < Rygeaiore < 80, and the inner zone with
80 < Rygealore < 100 (Figure 5¢,d).

By comparing the deposits and the anomaly areas spatially in the Lianyang area, we
can find that a total of six polymetallic W deposits in the study area are all located in the
anomaly areas determined on the Rigeaiore of MGW (Figure 5¢c) and MGW11 (Figure 5d).
This indicated that the mineralization similarities of MGW and MGW11 can be viewed as
useful integrated indices on geochemical tungsten exploration.

With respect to the three Cu deposits in the study area, one is located in the anomaly
area, one is near the anomaly area, and one is in the background area determined on
MGW (Figure 5c) and MGW11 (Figure 5d). With respect to the Au deposit and the Mo-
Fe deposit in the study area, the Au deposit is located in the higher background areas
determined on MGW and MGW11 (Figure 5¢,d), and the Mo-Fe deposit is located in the
background areas (or higher background area determined on the MGW in Figure 5c and
normal background area determined on the MGW11 in Figure 5d. This indicates that
the mineralization similarities of MGW and MGW11 are invalid in Cu, Au, and Mo (Fe)
geochemical exploration.

By comparing the anomaly areas locating the six tungsten deposits, we can find that
the areas determined on the MGW11 are all smaller than the anomaly areas determined
on the MGW, especially in the south and northeast margins of the Lianyang granitic
complex. This is helpful in targeting the tungsten deposits efficiently in geochemical
exploration and is consistent with the aim of this study. Therefore, the mineralization
similarity of MGW11 is an integrated index for recognizing the tungsten anomalies, which
eliminates not only the closure effect of compositional data such as the spider diagrams [26]
and elemental correlations [27] but also the weathering and lithology influences during
geochemical exploration.

In addition, two anomaly areas are determined in the south margin of the Lianyang
granitic complex near the Qiashui town, both on the MGW (Figure 5c) and on the MGW11
(Figure 5d) with outer and middle anomaly zones (or Rigeaiore > 60%) which may be
potential targets for further tungsten prospecting.

5. Conclusions

(1) A tungsten metallogene named MGW11 is proposed for geochemical tungsten
exploration in areas with 11 types of LG_CR compositionally.

(2) The MGW11 and MGW metallogenes illustrate stable properties such as heredity
and inheritance during weathering of rocks with 11 types of LG_CR compositionally
regardless of weathering degrees. However, gene variations of MGW11 and MGW are also
observed during extreme weathering.
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(3) The mineralization similarities of MGW11 and MGW can be viewed as useful
integrated indices on geochemical tungsten exploration. In areas with 11 types of LG_CR
compositionally, anomaly areas determined on the MGW11 are all smaller than those on the
MGW because the MGW11 eliminates the lithological influence on recognizing tungsten
anomalies during tungsten prospecting.
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Abstract: To explore the distribution characteristics and degree of pollution of heavy metals in the
farmland soil around the Dachang tin polymetallic mining area in Guangxi, a total of 140 soil samples
were collected around the mining area in this study. The total amount and various forms of seven
heavy metals (Cu, Pb, Cd, Cr, Zn, As, and Ni) were analyzed by inductively coupled plasma mass
spectrometry, and the improved continuous extraction method of heavy metal speciation analysis in
the soil, the potential ecological risk index (RI), the and Nemerow evaluation index (Py) were used to
evaluate pollution characteristics of the soil and the bioavailability of heavy metals. Corresponding
remediation suggestions were given according to the pollution degree. The results show that the
whole soil in the study area is acidic, reducing, and the content of organic matter is low. The average
content of heavy metal elements is higher than the background value of Guangxi, among which Cd,
Pb, and As exceed the control value and are the main elements of pollution. The speciation analysis of
heavy metals in soil shows that Cd is dominated by the ion exchange form; Cu is mainly residual and
in a humic acid combined form; and the rest of the elements are mainly in residual form. Among the
seven heavy metals, Cd has the strongest mobility, biological toxicity, and ecological risk, followed by
As, Ni, and Zn. The overall pollution level of the soil in the study area is heavily polluted (Py = 39.6),
which is a very strong ecological risk level (RI = 2196.9), and the main pollutants are Pb, As, and
Cd; Cd pollution is the most serious. Correlation (CA) and principal component analysis (PCA)
indicate that the pollution sources of Pb, Cu, Zn, Cd, and As among the seven elements were mainly
controlled by tailings accumulation, mining, and transportation, and the sources of Cr and Ni were
controlled by soil-forming parent materials. Furthermore, according to the actual situation of the
farmland around the mining area, two remediation suggestions are put forward: (1) use stabilization
remediation technology to clean up the pollution source, such as calcium dihydrogen phosphate
to reduce the bioavailability of the most polluted elements, Cd and Pb, in the soil; (2) under the
concept of green environmental protection, use Typha orientalis Presl to repair the industrial and
mining wasteland and some unused land.

Keywords: heavy metal; existing form; bioavailability; risk assessment; Dachang mining area

1. Introduction

The exploitation of mineral resources has greatly promoted the development of re-
gional economies, but long-term mining and the stacking of tailings have also become
the source of environmental hazards under economic prosperity [1,2]. In particular, the
release, migration, and transformation of heavy metals in the environmental medium
have a great impact, causing serious pollution to the surrounding soil, water bodies, and
habitats, threatening the ecological balance and human security [3-5], and restricting the
construction of an ecological civilization. Soil is the most important medium to maintain
balance and stability of an ecosystem, especially the soil quality of agricultural land [6,7].
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The content of heavy metals in soil is mainly controlled by soil-forming parent materials
and human activities. Human activities such as sewage irrigation, mining and smelting of
metal ores, and combustion of industrial wastes and fossil fuels have been proven to be the
main causes of heavy metal pollution in the soil of China [8-10]. Among them, the mining
of metals, beneficiation, and smelting activities are the main human activities that cause
heavy metal pollution in soil, water, and the biosphere [11]. It is reported that the area of
polluted soil is increasing at a rate of 46,700 hm? every year due to mining in China [12].
Therefore, the phenomenon of heavy metal pollution in soil related to mining activities has
always been a research hotspot.

In recent years, studies have shown that mining activities cause soil heavy metal
pollution [13]. In many parts of the world, heavy metals produced by mining activities
cause serious environmental problems, especially when they pollute the surrounding
farmland [14]. Concerns and research surrounding heavy metal polluted soil caused by
mining are increasing all over the world. Redwan et al. evaluated the environment quality
of the Barramiya gold mine area in the eastern desert of Egypt and found that there are
318-500 t tailings in the area, which cause serious heavy metal pollution to the surrounding
environment due to erosion, weathering, and surface runoff [15]. Akoto et al. analyzed
the heavy metals of different solid mine wastes in a Ghana mining area and found that
the degree of ecological risk varies with the type of wastes: tailings > sulfide > oxide [16].
Yun et al. studied heavy metals in farmland around an abandoned gold mine in South
Korea and found that farmland types have an impact on the spatial distribution of heavy
metals in soil [17]. The geochemical characteristics of ore samples and of stream-sediment
samples from the Tri-State district indicated that past mining activities and leaded gasoline
have had significant effects on lead concentrations in river sediments [18]. Taylor et al.
investigated heavy metals (Cd, Cu, Pb, and Zn) from the Pb-Zn-Ag and Cu mines at Mount
Isa, Queensland, Australia, and showed that the heavy metal content in the surface soil
near the mining area (within 2 km) was obviously higher than that far away and that the
ecological risk level of lead was very high [19].

Dachang Town in Guangxi is an important tin polymetallic production area in China.
It is known as “China’s Cenozoic tin capital” and has long-term mining history. However,
in the process of early development and utilization, large amounts of tailings were not
fully utilized and accumulated on the surface due to the constraints of technical conditions
and production concepts. The tailing dumps have been under the action of oxidation for a
long time, and the heavy metal elements (e.g., Cu, Pb, Zn, and Cd) have been gradually
activated, invading the surrounding soil through rainwater leaching, atmospheric dust,
and other ways, threatening the ecological environment of farmland soil and endangering
the health of residents through food chain enrichment. Therefore, it is urgent to carry
out research on heavy metal pollution of soil in the area. By collecting soil samples from
farmland in natural villages around the mining area, analyzing the content of typical heavy
metal elements, organic matter, and pH value, and extracting the occurrence form using the
improved Tessier seven-step continuous method, we thereby reveal the spatial variation
characteristics, migration laws, and pollution sources of heavy metals and comprehensively
evaluate the pollution degree and environmental risk effects of heavy metals. This provides
a scientific basis for the treatment and restoration of heavy metals in soil of the area and
effectively promotes the protective environmental mining of metal mines in the area.

2. Materials and Methods
2.1. Study Site

Dachang mining area is situated in Dachang Town in southwestern Nandan county,
Guangxi (Figure 1a—d). It is the main mineral concentration area in the county. The total
coverage area of the town is 283 km?2, and the total urban population is more than 30,000,
of which 18,000 are mining workers and their family members alone. It is a typical mining
town. The study area involves 22 natural villages. The geographical coordinates are
107°33/44""~107°38'21" E and 24°48'36" ~24°52/25" N. The study area is north of the Tropic
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of Cancer and belongs to the northern climate zone of the middle subtropical zone. It has
the climate characteristics of a plateau mountain area. The annual mean precipitation is
approximately 1400 mm, and the annual mean temperature is 17.2 °C. The natural soil in
the area is mainly loam, followed by sandy loam; the soil color is mainly black, gray-black,
and yellow-brown; and the parent material of the soil is mainly sand shale, followed by
sandstone and shale [20].
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Figure 1. Location diagram of the study area in China and Guangxi (a-d) and distribution diagram
of soil sampling (e).

2.2. Sample Collection and Chemical Analysis

Using geographic information system technology and the grid method, the sample
points are evenly distributed in the whole study area. During the sampling process, acces-
sibility and safety were carefully considered, and 140 sampling points were determined in
combination with the actual topography around the Dachang mining area (Figure 1le). Each
sample was collected from a 0-20 cm thick layer of soil. To maximize the representativeness
of the samples, five subsamples collected from each square were mixed into a compre-
hensive soil sample on site. We removed impurities such as stones and debris from the
samples. The weight of each composite sample was about 1 kg. After being crushed with a
wooden mallet, all the samples were passed through 100 mesh sieves, were fully mixed
and weighed, and were put into a polyethylene sample bottle before chemical analysis.

The sample pretreatment for the determination of the total amount of heavy metals in
soil was in accordance with the Ministry of Ecology and Environment of the People’s Repub-
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lic of China (HJ832-2017) [21]. After the sample was digested by HNO3;—-HCI-HF-HCIO4
(Mars 6 classic, CEM) it was determined by inductively coupled plasma mass spectrometry
(ICP-MS). The pH value and organic matter content of the soil were determined by the
potentiometric method and the potassium dichromate oxidation colorimetric method, and
the EH value was analyzed by an OPR-422 redox potentiometer. The speciation analysis
of heavy metals in soil was extracted step-by-step in strict accordance with the technical
standard for evaluation and analysis of eco-geochemical samples (DD2005-03) [22]. The
reagents used for analysis were superior grade pure. We simultaneously analyzed the total
amount, weak acid extraction form, reducible form, and oxidizable form of the reagent
blank and sediment reference material BCR701 to reduce errors. The recovery of heavy
metals (As, Cd, Cr, Cu, Ni, Pb, and Zn) in the reference materials was 118%, 86%, 88%,
120%, 87%, 109%, and 97%, respectively, which met quality control standards.

2.3. Risk Assessment and Data Processing
2.3.1. Single Factor Pollution Index (SFPI)

The SFPI is one of the most effective methods to evaluate heavy metal pollution degree.
The equation is as follows; however, its results do not reflect the level of pollution in the
whole area:

p== 1)

where P; is the pollution index of element i, C; is the measured data for metal 7, and B; is
the soil background value. The heavy metal content of the soil in Guangxi measured in
1990 was used as the background value of the study. The values of Cd, As, Cu, Pb, Zn, Cr,
and Ni are 0.27, 20.5, 27.8, 24.0, 75.6, 72.1, and 26.6 mg/kg, respectively.

2.3.2. Nemerow Integrated Pollution Index (NIPI)

The NIPI is a perfect supplement to the shortcomings of the SFPI. It can comprehen-
sively evaluate the overall pollution level of the study area and make comparisons between
different areas [23,24]. The index is calculated using the following equation:

Py = </< (Pi) g ! (PO)as”

@)
where Py is the soil pollution index and (P;)ave and (P;)max are the average and maximum
values of the pollution element i within a specific area, respectively. The classification

criteria for assessment of the soil heavy metal pollution index are shown in Table 1 [25].

Table 1. Classification criteria for heavy metal pollution in soil.

Class Pollution Index of Element i Pollution Index of Soil Pollution Class Pollution Level
1 P; <07 Py <07 Secure Clean
2 07<P; <1 07<Py<1 Alert Unpolluted
3 1<P;<2 1<Py<2 Mild Began to be polluted
4 2<P;<3 2<PN<3 Moderate Moderately polluted
5 P;>3 Py >3 Heavy Extremely polluted

2.3.3. Potential Ecological Risk Index (PERI)

The PERI has been proposed by Swedish scientist Hakanson. It is a method to evaluate
heavy metal pollution in soil or sediment from the perspective of sedimentology according
to the properties and environmental behavior characteristics of heavy metals. The method
not only considers the content of heavy metals in soil, but also comprehensively considers
the synergistic effect of multiple elements, toxicity level, pollution degree, and environmen-
tal sensitivity to heavy metal pollution, so it has been widely used in environmental risk
assessment [26]. The expression is as follows:
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where RI represents the PERI of various heavy metals in soil; E, is the potential ecological
risk coefficient of type i heavy metal; C; is the concentration of type i heavy metal (mg/kg);
B; is the parameter ratio of type i heavy metal (mg/kg); T, is the toxicity coefficient of
type i heavy metal. In this study, the toxicity coefficients of As, Ni, Cd, Cr, Cu, Pb, and Zn
are 10, 5, 30, 2, 5, 5, 5, and 1, respectively [27]. Table 2 shows the corresponding values of
ecological risk levels and different indexes.

Table 2. Corresponding range of ecological risk level in soil.

E: RI Potential Ecological Risk
Ei <40 RI <150 Light ecological hazards
40 < Ei < 80 150 < RI < 300 Moderate ecological hazards
80 < EL < 160 300 < RI < 600 Relatively strong ecological hazards
160 < Ei < 320 Strong ecological hazards
El > 320 RI > 600 Extremely strong ecological hazards

2.3.4. The Migration Coefficient (MC) and Bioavailability Coefficient (BC)

Among the seven forms of heavy metals, the water-soluble form and the ion exchange
form are the most easily exchanged by other ions, and easy to be directly used by plants [28].
They have a strong migration ability and are sensitive to environmental changes. These
two forms are usually used to calculate the mobility of heavy metals and are important
indicators for evaluating soil heavy metal pollution. The carbonate-combined form can
be extracted by mild acid, which is easily absorbed and utilized by organisms. Therefore,
the bioavailability of heavy metals in soil is calculated by the sum of the water-soluble
form, the ion exchange form, and the carbonate combined form [7]. The MC and BC are
calculated as follows:

(F1+F2)

Migration coefficient (MC) = (FiT R+ B3+ Fat B 61 ) 4)

(F1+ F2+ F3)
(F1+F2+ F3+ FA+ F5+ F6 + F7)

where F1 and F2 represent the water-soluble form and the ion exchange form, F3 and F4
represent the carbonate combined form and the humic acid combined form, F5 and F6
represent the iron-manganese oxide combined form and strong organic combined form,
and F7 represents the residual form.

Bioavailability coefficient (BC) = (5)

2.3.5. Data Processing

Arithmetic mean and range were used to analyze the concentration of heavy metals in
the study area. The Pearson’s correlation analysis (CA) and principal component analysis
(PCA) were used to explore the sources of metal elements and establish the relationships
between heavy metals and other variables in the soil. All analyses were carried out using
SPSS 26.0 Origin Pro 2021, and Excel. ArcGIS 10.8 and CorelDRAW 2020 were used
for drawing.

3. Results
3.1. Content Characteristics of Heavy Metal in Soil

Table 3 shows the descriptive statistical data of physical and chemical properties and
heavy metal content in the soil around the mining area. The overall soil is acidic, with the
pH value ranging from 3.7 to 7.7 and an average value of 5.9. Among them, 86% of the soil
is acidic and 34% is strongly acidic. The range of organic matter content is 0.5-10.5 g/kg,
with an average of 4.3 g/kg, which indicates that organic matter content in soil is small
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and might affect the activity of heavy metals. The content ranges of heavy metals (Cr,
Ni, Cu, Pb, Zn, As, and Cd) were 32.7-169.2 mg/kg, 9.1-151.7 mg/kg, 13.4-328.7 mg/kg,
1.8-7104.5 mg/kg, 16.8-20,075 mg/kg, 1.2-4097.9 mg/kg, and 0.2-255.9 mg/kg, respec-
tively. The average content shows a change in the trend of Zn (2422.0 mg/kg) > Pb
(730.0 mg/kg) > As (307.1 mg/kg) > Cu (86.5 mg/kg) > Cr (66.9 mg/kg) > Ni (42.7 mg/kg)
> Cd (16.4 mg/kg). Except for Cr and Ni, the average contents of the other five elements
are higher than background values in Guangxi, indicating that the heavy metal elements in
the soil are enriched to different degrees. Among them, Cd and Zn reach 61.4 times and
32.0 times their background values, respectively. Pb reaches 30.4 times the background
value, and As and Cu are 5.3 times and 3.1 times higher than their background values,
respectively. The results show that the mining and smelting of non-ferrous metals can
obviously lead to the accumulation of some heavy metals (e.g., Cd, Zn, Pb) [29,30]. Ac-
cording to the Soil Environmental Quality Risk Control Standard for Soil Contamination
of Agricultural Land (GB15618-2018) [31], Cd, As, Pb, and Zn exceed the risk screening
values, and Cd, As, and Pb even exceed the risk intervention values, indicating that Cd, As,
Pb, and Zn are obviously enriched and the main pollution elements in the soil, a fact that
needs special attention.

3.2. Speciation Characteristics of Heavy Metals

The speciation characteristics of heavy metal in the soil around the mining area
are presented in Table 4 and Figure 2. Cr is mainly in residual form, with an average
content of 58.67 mg/kg, accounting for 82.04% of the 7 forms, followed by humic acid
combined form of 9.52%. Arsenic is mainly in residual form, with an average content
of 172.02 mg/kg, accounting for 69.15% of the 7 forms. Ni, Pb, and Zn are mainly in
residual form, accounting for 59.85%, 57.34%, and 61.11%, respectively, followed by iron—
manganese oxide combined form, of which Pb accounts for the highest proportion, reach-
ing 22.86%. Some studies show that Pb in air dust is mainly in iron-manganese oxide
form [32]. Cu is mainly in residue form and humic acid combined form, followed by
iron-manganese oxide combined form and strong organic combined form. Cd is mainly
in ion exchange form, with an average content of 26.72 mg/kg, accounting for 24.12%,
and the proportions of other forms are in the following order: strong organic combined
form > humic acid combined form > iron-manganese oxide combined form > residual
form > carbonate combined form > water-soluble form.

Table 3. Statistical parameters of pH value, organic matter, and heavy metal content of the farmland
soil around Dachang mining area.

Maximum Minimum Average Reference Risk Screening Risk Intervention
Background * Values Values
pH 7.7 3.7 5.9 55<pH <65 55<pH<65
organic matter 10.5 0.5 43

Cr 169.2 32.7 66.9 82.1 150 850

Ni 151.7 9.1 42.7 26.6 70

Cu 328.7 134 86.5 27.8 50

Pb 7104.5 1.8 730 24.0 90 500

Zn 20,075 16.8 2422 75.6 200

As 4097.9 1.2 307.1 20.5 40 150

Cd 255.9 0.2 16.4 0.27 0.3 2.0

* Refers to China National Environmental Monitoring Center [33].

124



Appl. Sci. 2023, 13,708

Table 4. Contents of different forms of heavy metals in soil around Dachang mining area.

Iron-Manganese

Element Water-Soluble  Ion Exchange Carbonate Humic Acid Oxide Strong Organic Residual
Form Form Combined Form  Combined Form Combined Form Combined Form Form
Cr* 0.16 0.41 0.56 6.81 1.35 3.55 58.67
Ni * 0.36 0.44 1.44 2.36 6.02 5.01 23.30
Cu* 0.40 0.49 2.85 62.38 25.93 20.29 76.84
Pb * 426 0.60 61.50 625.74 1017.02 188.54 2551.00
Zn* 115.21 93.73 387.57 546.96 1253.83 959.23 5273.57
As* 7.01 0.97 6.43 43.51 7.27 11.55 172.02
Cd* 4.72 26.72 10.53 17.64 16.08 20.03 15.04

* Represents the arithmetic mean contents of different speciation.

0% 20% 40% 60%

80%

u water-soluble form ¥ jon exchange form

& carbonate combined form

M residual form

humic acid combined form
® iron-manganese oxide combined form = strong organic combined form

100%

Figure 2. The proportion chart of different forms of heavy metals in the farmland soil around the

Dachang mining area.

Figure 3 shows that the migration ability of each heavy metal element in farmland soil
with the change in environmental conditions is in the following order: Cd > As > Ni > Zn
> Cr > Cu > Pb; the order of the biological availability of each heavy metal element with
the change in environmental conditions is: Cd > Zn > As > Ni > Cu > Cr > Pb. Compared
with other elements, the absolute content of water-soluble, ion exchange, and carbonate
combined forms of Cd is higher. Cd is the most active and easily absorbed and utilized by
plants, thus accumulating toxicity in organisms, followed by As, Ni, and Zn. The residual
form of Cr, Cu, and Pb elements are higher, and the biological activity and mobility of these

heavy metals are poor.
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Figure 3. Column diagram of mobility coefficient and bioavailability coefficient of heavy metal.

3.3. Ecological Hazard Assessment

According to the measured data and Equations (1) and (2), corresponding values (the P;
and Py) can be obtained. The single pollution index range of each pollutant is 0.3-0.6 for Py,
0.3-1.5 for Py, 0.4—4.2 for Py, 0.7-32.5 for Ppy, 2.0-44.9 for Py, 0.5-17.4 for Pg, and 3.3-258.3
for Pcq. The level of P; in the farmland soils around the Dachang mining area can be ordered
as: Pcg (54.7) > Pz, (12.1) > Ppy, (8.1) > Pag (7.7) > Py (1.7) > P (0.6) > Py (0.4). In the whole
study area, the soil is not polluted by Cr and Ni, is slightly polluted by Cu, and is extremely
polluted by the other four elements (Cd, Zn, Pb, and As) [18,19]. The Nemerow integrated
pollution index (Py) is 39.6, and the pollution level is extremely polluted. Notably, Cd
contributes the most to the comprehensive pollution index, with a contribution rate ranging
from 33% to 89%, and its contribution rate is as high as 68% in the whole study area.

According to Equation (3), the PERI of soil samples can be calculated, and the results
are as follows. The level of E; heavy metals in the farmland soils around the Dachang
mining area can be ordered as: Ecq (1842.6) > Epy, (152.1) > Eaq (150.0) > Ez, (12.1) > Ecy
(1.7) > Eni (0.6) > Ecy (0.4). The risk of Cd is the most significant, which belongs to the
extremely strong ecological hazard level, followed by As and Pb, which belong to the
relatively strong ecological hazard level. Zn, Cu, Ni, and Cr belong to the slight ecological
risk level. The potential ecological hazard index (RI) of the study area is 2196.9, which
belongs to the extremely strong ecological hazard level. The contribution rate of Cd is as
high as 84%, which is the main pollution element. This result is highly consistent with the
evaluation result of the Nemerow integrated pollution index.

3.4. Source Identification
3.4.1. Correlation Analysis (CA)

The correlation analysis between heavy metals can reflect whether they have homology
and provide rich information for judging the source of substances. Table 5 shows that Cr
is positively correlated with the other 6 elements, but the correlation is not significant. Ni
is significantly correlated with Cu (p < 0.01) and negatively correlated with Pb (p < 0.05).
There is a significant positive correlation between Cu and Zn, Cd, Pb, and As (p < 0.01).
The correlation coefficients of Zn, Cd, Pb, and As are Zn/Pb, (0.758), Zn/As (0.815), Zn/Cd
(0.964), Pb/ As (0.839), Pb/Cd (0.785), and As/Cd (0.831), which are all greater than 0.75,
indicating a significant positive correlation, meaning they have similar formation causes or
common influence factors. The content of organic matter in soil is negatively correlated
with Cr and Ni (p < 0.05) and positively correlated with Pb and As. The correlation is
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significant, which is in line with the law that the content of Pb and As increases when the
soil changes from acid to neutral. The Eh value is significantly negatively correlated with
Ni, Cu, Pb, Zn, As, and Cd (p < 0.01), indicating that, the lower the Eh value, the stronger
the soil reduction ability and the higher the content of heavy metals.

Table 5. Correlation coefficients among heavy metals, pH, Eh, and organic matter.

Organic

Ni Cu Zn Cd Pb As Matter

pH Eh

organic matter
pH
Eh

0.160
0.037
0.072
—0.560

sk

—0.083

0.132

0.358 ** 1
0.086 0.712 ** 1

—0.570 * 0.631 ** 0.964 ** 1

—0.058 0.633 ** 0.758 ** 0.785 ** 1

—0.047 0.596 ** 0.815 ** 0.831 ** 0.839 ** 1
—0.338 ** 0.129 0.301 0.211 0.266 ** 0.385 ** 1

0.369 ** 0.443 ** 0.547 ** 0.628 ** 0.518 ** 0.512 ** 0.248 1

—0.338 —0.449 ** —0.507 ** —0.581 ** —0.482 ** —0.498 ** —0.206 —0.945 ** 1

Notes: ** Correlation is significant at the 0.01 level (double-tailed), * Correlation is significant at the 0.05 level
(double-tailed).

3.4.2. Principal Component Analysis (PCA)

To identify and quantify the sources of the seven heavy metals in soil, PCA was
used to further analyze the sources of heavy metals in soil more accurately. Firstly, the
data were tested by KMO and Bartlett sphere, and the KMO value of the test result was
0.886. Therefore, the dataset was suitable for PCA. The analysis results are shown in
Tables 6 and 7. The cumulative variance percentage contribution of the front three principal
components is 87.137%, which basically represents the indicators of heavy metal in the
study area. The variance contribution rate of the first principal component is 54.72%. The
load values of Cu, Pb, Zn, Cd, and As are relatively large among the 7 elements, all of
which are greater than 0.6. Meanwhile, they are significantly correlated with each other
in the CA. Field investigation also found that they are high in the farmland soil near the
mining area and along the road, and the mining of tin polymetallic ore produces a large
number of tailings containing a certain amount of Cd, Pb, and Cu. The oxides and sulfides
of the above elements may enter the environment through the weathering process and
cause serious pollution to the surrounding soil [34,35]. Therefore, it is speculated that the
first principal component is enriched by the influence of tailings accumulation, mining,
and transportation. The contribution rate of PC2 (the second principal component) is
17.82%, and the highest load value is Ni. Ni has a significant positive correlation with Cu,
but not with other elements. It is speculated that it may be related to sewage irrigation,
pesticides, and soil-forming parent materials. The load value of Cr is the highest in the
third principal component, with a contribution rate of 14.60%. The correlation between
Cr and the other six elements is not significant. It is considered that Cr is related to the
soil-forming parent materials.

Table 6. Total variance explained and component matrices for heavy metals.

Extraction Sums of Squared Loadings

Rotation Sums of Squared Loadings

Components

Eigenvalues % of Variance Cumulative % Eigenvalues % of Variance Cumulative %

PC1
PC2
PC3
PC4

3.943
1.233
0.923
0.379

56.327 56.327 3.83 54.720 54.720
17.619 73.946 1.247 17.816 72.536
13.191 87.137 1.022 14.601 87.137
5414 92.552
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Table 7. Composition matrix of heavy metals.

. Principal Components Factor Load Rotated Principal Components Factor Load
ements
PC1 PC2 PC3 PC1 PC2 PC3
Cr 0.184 0.488 0.852 0.065 0.063 0.994
Ni 0.132 0.866 —0.396 —0.039 0.959 0.052
Cu 0.750 0.365 —0.199 0.664 0.538 0.069
Zn 0.953 —0.044 0.039 0.941 0.107 0.119
Cd 0.963 —0.039 0.014 0.951 0.125 0.100
Pb 0.843 —0.255 —0.016 0.877 —0.070 —0.036
As 0.884 —0.208 0.009 0.908 —0.034 0.012

3.5. Suggestions for Pollution Remediation

Remediation of heavy metal contamination in soil refers to the process of removing
heavy metals from soil or immobilizing them in soil to reduce their mobility and bioavail-
ability, thereby reducing the health and environmental risks of heavy metals. Common
methods include physical, chemical, and biological methods. According to the heavy metal
pollution elements and the pollution degree of the soil around the mining area, combined
with the actual situation, the following two suggestions are given:

(1) Clean up the pollution source by using stabilization repair technology. The pollu-
tion in the Dachang mining area and its surrounding areas is related to the discharge of
waste slag, wastewater, and exhaust gas in the early stage. Therefore, the remediation of the
soil in this area must start with cleaning up the pollution sources. Due to the large area of
contamination, the guest soil and soil replacement methods are obviously not economically
feasible. Considering the advantages and disadvantages of various remediation technolo-
gies and the actual situation in the field, it is recommended that stabilization reagents be
added in the soil to reduce the mobility and bioavailability of heavy metals in the soil and
prevent the transfer of heavy metals to the food chain. Referring to the study results of [36],
it is suggested to use calcium dihydrogen phosphate to reduce the bioavailability of Pb and
Cd in the soil. After soil remediation is completed, it is useful to plant Pb and Cd resistant
crops, such as corn.

(2) There are serious Cd, As, and Pb pollution issues in the industrial and mining
wasteland and some unused land in the study area. Studies have shown that Typha orientalis
Presl can absorb As, Cd, and Pb in the soil, accumulate, and fix them in the root [37].
Therefore, it is suggested to plant Typha orientalis Presl in these regions to achieve the goal
of remediating and beautifying the environment.

4. Conclusions

(1) The study concludes that the mean concentrations of heavy metals in the farmland
soil around Dachang mining area are in the decreasing order of Zn (2422.0 mg/kg) > Pb
(730.0 mg/kg) > As (307.1 mg/kg) > Cu (86.5 mg/kg) > Cr (66.9 mg/kg) > Ni (42.7 mg/kg)
> Cd (16.4 mg/kg). The soil is generally acidic, in a reduced state, with low organic matter
content. Cd, As, and Pb even exceed the risk intervention values, indicating that Cd, As,
and Pb are significantly enriched and that they are the main pollution elements of soil.

(2) Speciation analysis of heavy metals shows that Cd in soil is mainly in ion-exchange
form, Cu is mainly in residual form and humic acid combined form, and the other elements
are mainly in residual form. Among the seven heavy metal elements, Cd has the strongest
mobility and biological toxicity, followed by As, Ni, and Zn; Cr, Cu, and Pb have poor
biological activity and mobility.

(3) The assessment results show that the overall pollution level of the study area is
heavy, which means a very strong ecological risk level. The main pollutants are Pb, As, and
Cd; Cd is the most serious pollution. CA and PCA showed that the pollution sources of Cu,
Pb, Zn, Cd, and As are mainly affected by tailings accumulation, mining and transportation,
while Cr and Ni sources are controlled by soil-forming parent materials.
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(4) According to the actual situation of the farmland around the mining area, it is
proposed to clean up the pollution source by using stabilization remediation technology,
such as using calcium dihydrogen phosphate to reduce the bioavailability of the most
polluted elements, Pb and Cd, in the soil. In the industrial and mining wasteland and some
unused land, Typha orientalis Presl can be used for repair in order to achieve the goal of
green governance and beautification of the environment.
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Abstract: Soil nutrient status is the foundation of agricultural development. Exploring the features
of soil nutrients and status evaluation can provide a reference for the development of modern
agriculture. LightGBM is an optimization algorithm based on the boosting framework, which uses
histograms to improve the accuracy of the model. Based on the construction of the LightGBM model,
the main nutrient features and status of tobacco planting soil were analyzed in seven towns in Debao
County, Guangxi Province, namely Yantong Town, Longguang Town, Najia Town, Zurong Town,
Du’an Town, Dongling Town and Jingde Town. The confusion matrix results show the accuracy of
the LightGBM model is 94.2%, and the eigenvalue analysis shows that the available potassium (K)
contributes the most to the nutrient status. The pH value of soil ranging from 6.1 to 7.8 is favorable for
tobacco growth, and the contents of soil organic matter, total nitrogen (N), available phosphorus (P),
exchangeable calcium (Ca) and exchangeable magnesium (Mg) are at the appropriate level. Available
potassium (K) and available zinc (Zn) are at a high level, but available boron (B) is slightly insufficient.
The nutrient status of 10% of soil is at an extremely high level, and about 81.03% of soil is medium
level or above. The LightGBM model has high reliability in the automatic evaluation of soil nutrient
status, which not only can accurately monitor the soil nutrient status but also reflects the correlation
and importance of nutrient factors. Therefore, the LightGBM model is significant for guiding soil
cultivation and agricultural production.

Keywords: LightGBM model; tobacco planting soil; confusion matrix; eigenvalue analysis; nutrient
features; nutrient status

1. Introduction

Soil, as a basic environment for crop growth and an important means of agricultural
production, is the primary guarantee for the sustainable development of the biosphere [1,2].
The abundance or shortage of soil nutrients greatly affects the quality of crops, which is
one of the important factors for the development of planting agriculture [3]. Influenced by
landform, climate, altitude and so on, soil nutrients are diverse in different regions [4]. The
level of soil nutrients is not only affected by the independent role of nutrient factors but
also depends on the comprehensive coordination of various nutrient factors [5]. Therefore,
exploring the comprehensive evaluation of soil nutrient status can lead to a deeper under-
standing of the current nutrient features of soil, which has important guiding significance
for farming and fertilization in agricultural areas.

According to previous studies, the evaluation of soil nutrient features and status is
mainly based on the comprehensive evaluation of nutrient factors in the study area [6,7].
However, due to the different locations, soil texture, hydrological conditions and suitable
crop types of various cultivated land soils, there are no standard methods to evaluate
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the soil nutrient status [8]. The commonly used methods include principal component
analysis, cluster analysis, the fuzzy mathematical model membership function, Nemero
comprehensive index and gray correlation analysis [9].

In recent years, machine learning as a new subject has received wide attention in
various fields. As an extension of applied statistics, machine learning is very suitable for
the application and research of agronomy and geosciences [10]. For example, random
forest and XGBoost in integrated algorithms are often used to solve classification and
regression problems in geochemical research due to their good performance [11,12]. Tian
et al. [13] established a random forest model for automatic evaluation of soil nutrient status,
and the results are objective and accurate. Tong et al. [14] found that the results of risk
assessment and prediction are more accurate than the traditional research methods in
the risk assessment of waterlogging in the central cities of the Yangtze River Delta based
on the XGBoost model. LightGBM is the Microsoft’s latest developed source framework,
which uses the histogram decision-tree algorithm and is regarded as an improved version
of XGBoost. Compared with previous models, LightGBM has the advantages of fast
training speed, high accuracy, less memory and more objective training results, which are
mainly used to deal with the classification and regression problems of data analysis [15,16].
Therefore, applying the LightGBM model to the research of soil nutrient status can obtain
more objective and accurate evaluation results.

Debao County is one of the main tobacco planting areas in Baise City, which is the
largest tobacco planting area in Guangxi Province, with an area of about 8167 ha, ac-
counting for 78% of the tobacco planting area in the province [17,18]. At present, there
are few in-depth studies on the evaluation of soil nutrient status and the status of soil
nutrient dynamics in Debao County, and the main research methods are traditional and
lack innovation. The application and research of the new method of machine learning
can evaluate the nutrient abundance and deficiency of local tobacco planting soil more
accurately and objectively, which is conducive to a better local understanding of the current
tobacco planting soil nutrient status and provides the corresponding method reference
for regional soil nutrient status evaluation research, so as to promote the development of
agriculture.

In this study, the data of nine nutrient factors were preprocessed through principal
component analysis in tobacco planting soil of seven towns in Debao County, namely
Yantong Town, Longguang Town, Najia Town, Zurong Town, Du’an Town, Dongling Town
and Jingde Town, and then used as test set to build the LightGBM model. The feasibility of
the LightGBM model was proved using the confusion matrix, and the important differences
between diverse soil nutrient factors were obtained with eigenvalue analysis. Through the
classification and prediction of the LightGBM model, the nutrient status of tobacco planting
soil was evaluated automatically in the study area. Therefore, using the LightGBM model
to study the nutrient status of tobacco planting soil can provide some scientific reference
for the improvement of soil fertility in the local tobacco industry and the rational layout of
tobacco planting.

2. Materials and Methods
2.1. Experimental Sites

The Debao County (106°10'-107°00" E, 23°00'-23°40" N) is located in the southwest
of Baise City, Guangxi Province, with an altitude of 200-1000 m. Its climate is warm and
wet, and the hydrothermal and sunshine conditions are good across four seasons, which
is very suitable for producing high quality tobacco. The local average annual rainfall is
about 1462.5 mm, the average annual temperature is about 19.5 °C and the average annual
sunshine duration is about 1325 h [19]. The soil texture types are mainly clay and loam in
the study. The vast area of cultivated land is conducive to agricultural development [20].
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2.2. Data Source

According to the planting situation of the tobacco planting industry in the study area,
290 soil samples were collected from seven towns in Debao County, namely Yantong Town,
Longguang Town, Najia Town, Zurong Town, Du’an Town, Dongling Town and Jingde
Town (Figure 1). The samples were collected according to the Technical Specification for
Soil Testing and Formulated Fertilization [21]. Among them, every 50 acres of contiguous
tobacco fields was taken as a sampling unit, and the ‘s’ shape distribution method was
adopted for sampling. The isolated and small tobacco fields that are not connected were
used as sampling units, and the ‘plum blossom” point distribution method was adopted for
sampling. During soil collection, the topsoil of 0-20 cm in the tillage layer was selected, and
each sampling unit had 5-8 sampling points. After natural air drying, impurity removal,
grinding, screening and other steps, the nutrient factor indexes were determined and
analyzed.
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Figure 1. Spatial distribution of tobacco planting soil sampling location in Debao County.

2.3. Evaluation Index and Measurement

Based on the commonly used indicators for soil nutrient status evaluation, nine
nutrient factors were selected in this study to assess the soil of Debao County, namely pH
value, organic matter, total N, available K, available P, exchangeable Ca, exchangeable
Mg, available B and available Zn, for content detection and analysis. All indicators were
determined in strict accordance with standard methods (Table 1). According to the Integrated
Management of Tobacco Planting Soil and Tobacco Nutrients in China [22], the grading standard
of abundance and deficiency of different nutrient factors is shown in Table 2.
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Table 1. Determination indexes and methods of soil nutrients.

Measurement Index Determination Method
pH value pH meter electrode method [23]
Organic matter Potassium dichromate titration [24]
Total N Kjeldahl method [25]
Available K, P Combined extraction colorimetric method [26]

Ammonium acetate exchange atomic
absorption spectrophotometry [27]
Boiling water extraction methylimine-H
colorimetric method [28]

DTPA extraction atomic absorption
spectrophotometry [29]

Exchangeable Ca, Mg
Available B

Available Zn

Table 2. Evaluation criteria of abundance and deficiency for nutrients in tobacco planting soil.

Grade
Evaluation Index " N
Very Low Low Moderate High Very High
pH value <4.5 4.5-5.5 5.5-7.0 7.0-7.5 7.5<
Organic matter (g/kg) <10 10-20 20-30 3040 >40
Total N (mg/kg) <500 500-1000  1000-2000  2000-2500 >2500
Available K (mg/kg) <80 80-150 150-220 220-350 >350
Available P (mg/kg) <10 10-15 15-30 3040 >40
Available B (mg/kg) 0.3< 0.3-0.5 0.5-1.0 1.0-3.0 >3.0
Available Zn (mg/kg) 0.3< 0.3-0.5 0.5-1.0 1.0-3.0 >3.0
Exchangeable Ca (cmol/kg) <2 2-4 4-6 6-10 >10
Exchangeable Mg (cmol/kg) <0.4 0.4-0.8 0.8-1.6 1.6-3.2 >3.2

2.4. Research Methods
2.4.1. LightGBM

LightGBM is a new optimization model algorithm based on the GBDT framework
launched by Microsoft in 2017. It is an upgraded version of XGBoost, with more efficient
parallel training, lower memory consumption and more accurate results [30]. LightGBM
adopts the histogram decision-tree algorithm, which can convert a weak learner into a
strong learner. In the continuous combination of multiple groups of tree models, the
calculation complexity is reduced by making use of histogram difference so that the result
is a high-quality tree, which can be used as a classification and prediction model [31].

2.4.2. LightGBM Model Construction

The LightGBM model training is divided into five steps, namely data collection,
feature engineering, model training, cross validation and accuracy evaluation [32]. The data
collection is mainly the experimental data of nine nutrient factors, namely pH value, organic
matter, total N, available K, available P, exchangeable Ca, exchangeable Mg, available B
and available Zn in the soil of the tobacco growing area. The data were preprocessed, and
the model database was established after screening and eliminating the abnormal values.

Feature engineering is an important part of the LightGBM model (Figure 2) construc-
tion. It is mainly used to classify sample data through feature values that can reflect the
nature of classification. In addition, model training and cross validation mainly optimize
the model through continuous learning and training. After that, the accuracy of the sample
set and the test set was evaluated, and the results were output.

The comprehensive analysis of nine nutrient factors, namely pH value, organic matter,
total N, available K, available P, exchangeable Ca, exchangeable Mg, available B and
available Zn, in 1038 sample points in Baise, Hechi and Hezhou City of Guangxi Zhuang
Province was carried out. The data were preprocessed with principal component and
cluster analysis and were used as the training data of the model. The 290 samples in the
study area are the test data. Since the original data were divided into five grades according
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to the nutrient status of tobacco planting soil based on the class average method in cluster
analysis during preprocessing, the class labels of the confusion matrix are also displayed as
five grades during model training [33].

Step 2 Step 3 No | Step 4

e i (
Feature |1. model
| engineering i 1| training
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Step 1
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| processing | L training

Accuracy
evaluation

Figure 2. The LightGBM modeling process framework.

3. Results and Analysis
3.1. Analysis of Nutrient Features

In Table 3, the pH of tobacco planting soil in seven towns of Debao County is generally
between 6.1 and 7.8, with an average value of about 6.9, which is generally weak acidity.
The content of soil organic matter is between 12.1 and 49.3 g/kg, with an average value of
27.5 g/kg, which is moderate, while the average content of organic matter in Najia Town,
Zurong Town and Du’an Town is 38.0, 33.5 and 32.5 g/kg, respectively, which is within the
high range. The average contents of soil total N, available K and available P are 1250, 270.5
and 23.0 mg/kg. Among them, the content of soil total N and available P is in a moderate
state, and available K is in a high state.

Figure 3 shows that the exchangeable Ca content in the tobacco planting soil in seven
towns of Debao County is relatively high, with more than 47% of the soil samples containing
>4 cmol/kg and 22% of the soil samples containing >10 cmol/kg, which is extremely high.
The exchangeable Mg content of soil is good, and the content of most samples is between
0.8 and 1.6 cmol/kg, which is basically within the suitable range for planting high-quality
tobacco. The number of soil samples with available B content lower than the B deficiency
threshold (0.5 mg/kg) [34] accounted for about 35%, and the number of samples with
available Zn content higher than the enrichment threshold (1.0 mg/kg) accounted for about
99.5%. Therefore, the soil available Zn content is very high, but the available B content is
slightly insufficient.
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Table 3. Soil pH values, organic matter, total N, available K, available P content in seven tobacco
planting towns of Debao County.

. Variation
Nutrient Town Range Average Stal}d;{rd Coefficient
Factors Value Deviation (%)
Yantong 6.4-7.2 6.8 0.19 2.84
Longguang 6.3-7.1 6.8 0.22 3.32
Najia 6.6-7.4 7.2 0.21 2.99
pH value Zurong 6.6-7.5 7.2 0.22 3.03
Du’an 74-7.8 7.6 0.10 127
Dongling 7.0-7.6 7.4 0.19 2.55
Jingde 6.1-7.3 6.7 0.26 3.87
Total 6.1-7.8 6.9 0.35 4.99
Yantong 12.8-57.0 252 8.14 32.34
Longguang 23.0-39.4 28.8 5.64 19.58
Najia 29.2-49.3 38.0 4.492 11.83
Organic matter Zurong 20.6-48.8 33.5 7.72 23.06
(g/kg) Du’an 26.9-41.7 323 4.12 12.78
Dongling 14.2-44.1 24.0 9.32 38.89
Jingde 12.1-39.0 25.1 5.0 19.97
Total 12.1-49.3 27.5 7.37 24.99
Yantong 50-2020 930 460 49.03
Longguang 530-2560 1420 519 36.64
Najia 990-3380 1730 671 38.68
Total nitrogen Zurong 610-2620 1680 500 30.28
(mg/kg) Du’an 7601520 1170 177 15.20
Dongling 190-1860 840 532 63.65
Jingde 100-3210 970 356 36.51
Total 50-3380 1120 516 4131
Yantong 37.3-472.5 231.1 96.38 41.71
Longguang 48.1-298.2 171.2 78.09 45.61
Najia 91.8-298.2 183.4 53.32 29.07
Available K Zurong 57.8-298.0 206.7 63.29 30.61
(mg/kg) Du’an 222.3-364.8 299.0 47.32 15.82
Dongling 206.8-379.7 287.0 60.20 20.98
Jingde 49.4-504.8 308.8 81.89 26.86
Total 37.3-504.8 270.5 93.60 38.84
Yantong 3.8-82.3 31.1 20.21 64.96
Longguang 4.6-44.1 225 11.52 51.28
Najia 6.6-60.9 25.8 17.35 67.38
Available P Zurong 9.8-62.5 26.1 12.38 47.46
(mg/kg) Du’an 14.8-41.9 25.1 7.75 30.89
Dongling 9.8-32.1 19.6 7.18 36.68
Jingde 4.2-60.0 19.4 10.88 56.01
Total 3.8-62.5 23.0 14.03 57.97

136



Appl. Sci. 2022, 12, 12354

80% 80% -
(Ca) [ Mg)
70% 70% +
B 60% | é
5 3
2.50% =
g £
.§ 4000 r .§
2 30% o 2
= = 7 =
@ ao, LI = 2z
2 7 )
10% |
<2 24 46 610  >10 >32
i Content grade (cmol/kg) \ Content grade (cmol/kg)
o - 100% =
() I (Zn) v
70% |- 90% ¢ %
N
8 60% | g 0%r ////%
= g 70% - //////
2.50% |- 2 /////
g _ S'60% - %//’//f
= a0% | / o 50% | /%
& .2 ';/,/
2 30% L £ 10% | / ///%
g 2 g
Z 20% 7 ERY ////
B A 20% | g
10% |- 10% L /f//%
<0.3 0.3-0.5 0.5-1.0 1.0-3.0 >3.0 0.3< 03-05 05-1.0 1.0-3.0 >3.0
Content grade (mg/kg) Content grade (mg/kg)

Figure 3. Distribution of exchangeable Ca, exchangeable Mg, available B and available Zn in tobacco
growing soil.

3.2. Pearson Correlation Analysis

The quality of soil nutrient status is a comprehensive reflection of various nutrient
factors, and there is a certain correlation between different soil nutrient factors [8,35].
Pearson correlation analysis of soil nutrient factors of the nine tobacco planting areas
can lead to a better understanding of the relationship between nutrient factors. The
results (Table 4) show that there is a significant positive correlation between pH value and
organic matter, total N, exchangeable Ca and exchangeable Mg and a significant negative
correlation with available B. Among them, the correlation coefficient between pH value
and exchangeable Ca reached 0.613. It can be seen that the acidity and alkalinity of soil
significantly affected the concentration of calcium ions. Where the pH value is high, the
exchangeable calcium content is high.

In addition, the positive correlation coefficient between soil organic matter and total
N is 0.588, and there is a significant positive correlation between the two. The main reason
is that the N content in the soil mainly exists in the form of organic N, and the organic N
mainly comes from the inorganic degradation of organic matter.
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Table 4. Correlation analysis of tobacco planting soil.

Nutrient Ph Organic Total Available Available Exchangeabl Exchangeabl Available Available
Factors Value Matter N K P Ca Mg B Zn
pH
value 1
Organic 0.341 ** 1
matter
Tol 0323+ 0.588 ** 1
A"aﬁable ~0.107 ~0.133* —0.182 %+ 1
A"ag""b'e 0.092 0201 ** 0.031 0.042 1
E"Chacnfeable 0.631 ** 0.525 ** 0411 ** —0.198 ** 0.078 1
E"Ch;‘[‘ggeable 0479 ** 0387 ** 0316 ** 0.052 0.099 0563 ** 1
Avagable —0.356 ** —0.005 —0.002 0.031* 0.075 —0.330** —0.082 1
Awglr?ble 0.078 0.204 ** 0213 ** —0.051 0237 ** 0.099 0.041 0.060 1

Note: *p < 0.05, ** p < 0.01.

3.3. Evaluation of Soil Nutrient Status by Light GBM Model
3.3.1. Confusion Matrix

A confusion matrix, also known as an error matrix, is a standard format for expressing
accuracy evaluation in integrated algorithm model and is also a method for judging the
classification of algorithm model [36]. It is a matrix in which rows represent actual classes
and columns are prediction classes. In the calculation process of the LightGBM model, 1038
samples and 9 nutrient factors in Baise, Hechi and Hezhou City were taken as a data set,
and 70% of the samples were taken as the training sample set and 30% as the validation
sample set according to the ratio of 7:3, for multi-classification prediction.

As shown in Figure 4, 127 of 134 samples in the class I nutrient state were predicted
to be true, with a validation rate of 94.8%. 34, 37, 61 and 35 samples in class II, III, IV
and V were predicted to be true, with a validation rate of 91.9%, 92.5%, 92.4% and 94.6%,
respectively. Of the 312 validation sample sets in the five nutrient status levels, 294 were
verified as true categories, with an overall accuracy of 94.2%. The model has a small
calculation error and high classification accuracy.
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Figure 4. Prediction results of the LightGBM model confusion matrix.
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3.3.2. Eigenvalue Analysis

Eigenvalue analysis is an important part of the feature engineering operation in the
LightGBM model, and it can directly reflect the own features of the independent variables
in classifying the samples. Through its own weight calculation, it can obtain its own
importance to the classification results, which is called the importance of the independent
variables [32]. In the process of the LightGBM model operation, the eigenvalue is the
independent variable, that is, the nine nutrient factors in the nutrient status evaluation. The
importance ranking is shown in Figure 5. The larger the value, the higher the importance.

In Figure 5, the eigenvalue score of available K is more than 1000, which is much
higher than the other eight nutrient factors, indicating that it has the strongest importance
and the greatest contribution to the evaluation and grading of the nutrient status of tobacco
planting soil. The contribution degree from high to low is available K, available P, organic
matter, total N, available B, pH value, available Zn, exchangeable Ca and exchangeable
Mg, which indicates that these nutrient factors have certain differences in the evaluation
of the nutrient status of tobacco planting soil and that it is easy to identify and classify
the models. The top six characteristic values, available K, available P, organic matter, total
N, available B and pH value, are also important nutrient factors for the comprehensive
evaluation of nutrient status of tobacco planting soil. For example, when Guo [37] studied
the nutrient status of tobacco planting soil in the Erhai Lake Basin, the nutrient factors
selected were available K, available P, organic matter, total N and pH value. Mu [38]
showed that available B is one of the trace elements necessary for crop growth, and its
abundance affects the development and quality of tobacco growth. Therefore, according to
the above, the LightGBM model is consistent with the actual research results.

In addition, the contribution rate of available Zn, exchangeable Ca and exchangeable
Mg is low, and the characteristic score is lower than 200. The quality of soil nutrient status
is a comprehensive reflection of various nutrient factors in the soil. The LightGBM model
is reasonable because of the common existence and mutual influence of nine soil nutrient
factors and can obtain more accurate and objective evaluation results of nutrient status.
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Figure 5. Eigenvalue score of LightGBM model.

3.3.3. Nutrient Status Evaluation

A total of 290 tobacco planting soil samples including nine nutrient factors in Debao
County were taken as the test sample sets to conduct automatic classification of nutrient
status evaluation in the LightGBM model. The classification level was consistent with
that of model training and was divided into five classes (Table 5). As shown in Table 5,
Grade I indicates that the nutrient status of tobacco planting soil is at a very high level,
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accounting for 10%. Grade II and III indicate that the nutrient status is high and relatively
high, accounting for 7.24% and 17.59%. Grade IV indicates that the nutrient status of
tobacco planting soil is at the medium level, accounting for 46.2%, which is the largest
part of the nutrient status of tobacco planting soil in the town. Grade V indicates that the
nutrient status of tobacco planting soil is at the general level, accounting for 18.97%.
Based on the evaluation results of nutrient status applied by the LightGBM model,
the distribution of soil nutrient status in seven tobacco planting towns in Debao County
can be obtained using the kriging analysis method (Figure 6). In Table 5 and Figure 6, the
nutrient status of tobacco planting soil in Yantong Town and Jingde Town among the seven
tobacco planting towns in Debao County are at a extremely high level, accounting for 0.69%
and 9.31%. The nutrient status of Yantong Town, Du’an Town, Dongling Town and Jingde
Town in the county are at a medium level or above, while Longguang Town, Najia Town
and Zurong Town are at medium and low level. In general, the soil nutrient status of the
seven tobacco planting towns in Debao County is basically at the medium level or above,
accounting for 81.03%, and the low level of nutrient status accounts for 18.97%.

Table 5. Evaluation of nutrient status based on the LightGBM model.

Proportion of Different Nutrient Grade (%)

Town I I 111 v v
Extremely High High Relatively High Medium Low
Yantong 0.69 1.04 4.14 3.79 6.9
Longguang 0 0 0 1.72 2.41
Najia 0 0 0 3.45 2.76
Zurong 0 0 0 8.28 3.79
Du’an 0 1.03 1.72 3.1 0
Dongling 0 0.34 1.04 1.72 0
Jingde 9.31 4.83 10.69 24.14 3.11
Total 10 7.24 17.59 46.2 18.97
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Figure 6. Spatial distribution of soil fertility.
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4. Discussion

Soil pH directly affects the growth of plants, and the soil with weak acidity is more
suitable for the growth of tobacco [39,40]. The pH of tobacco planting soil in seven towns of
Debao County is generally at an appropriate level, which is conducive to the development
of tobacco agriculture. The contents of soil organic matter, total N, available P, exchangeable
Ca and exchangeable Mg and other nutrient factors are moderate. The average content of
soil available K (270.5 mg/kg) is almost five times the average level of the national tobacco
planting soil (57.5 mg/kg). As tobacco is a typical K-loving crop, K has an important
impact on the growth, development and quality of flue-cured tobacco [41]. Compared with
the national tobacco planting soil, the high soil K in the tobacco area of Debao County
is more conducive to producing high-quality tobacco. The effective zinc content of the
tobacco planting soil in the town is at a very high level, and the effective B content is
slightly insufficient. The application of trace element fertilizer B can be slightly increased
to improve the effective B content of the local tobacco planting soil.

Based on the LightGBM model, the nutrient status of tobacco planting soil is evaluated.
The accuracy of the model is 94.2%, the classification accuracy is high and the reliability is
strong. The feature value of available K is the largest, its contribution rate to the evaluation
of soil nutrient status is the largest and its importance is the strongest in the tobacco planting
area. This also corresponds to the high content of available K in the tobacco planting soil in
the study area. In the evaluation of nutrient status, Yantong Town, Du’an Town, Dongling
Town and Jingde Town have good nutrient status, and the county is generally at or above
the medium level, accounting for 81.03%, which has good tobacco planting value and
is conducive to the development of tobacco industry. Some soil nutrients are slightly
insulfficient. In the future, we can improve the soil nutrients by formulating reasonable and
scientific fertilization measures to provide more fertile soil conditions for the planting of
tobacco crops.

Applying the integrated algorithm to the evaluation of soil nutrient status, the multi-
classification nonlinear mapping relationship between nutrient factors and nutrient status
can be established. The regular and clear evaluation indexes improve the sorting per-
formance of training samples and make the final sorting prediction more scientific. In
this study, LightGBM, as an upgraded and improved version of XGBoost, obtained more
accurate classification and recognition ability through its own full training. Automatic data
processing can make the evaluation results of nutrient status of tobacco planting soil in the
study area more objective and accurate. In addition, due to the reliability and flexibility
of the LightGBM model, it can be widely used in the evaluation of various types of soil
nutrient status and fertility, in order to provide more innovative research methods and
means for the development of new agriculture in the 21st century. At the same time, the
LightGBM model also provides a new and innovative method for the research of other
issues outside the agricultural field.

5. Conclusions

There is weak acidity in the tobacco planting soil in Debao County. The content of
soil organic matter, total N, available P, exchangeable Ca and exchangeable Mg are at the
appropriate level, and available K and Zn are at a high level, but the available B is slightly
insufficient. Therefore, the content of soil available B can be adjusted by artificial means
such as fertilization.

The rate of the contribution of available K to the evaluation of the soil nutrient status of
tobacco planting is the largest in the Debao County. The nutrient status of tobacco planting
soil is at a great level in Yantong Town, Du’an Town, Dongling Town and Jingde Town,
while Longguang Town, Najia Town and Zurong Town are at a medium or low level. In
general, the whole county has reached a medium level and above, which is conducive to
the planting of tobacco crops.

The application of the LightGBM model to the evaluation of soil nutrient status is
accurate, reliable and objective. Due to the good stability and wide adaptability of the
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model, the LightGBM can be widely used to solve other problems in agriculture and
geosciences so that researchers can obtain more accurate and realistic results.

Author Contributions: Z.L.: Writing, editing and figure preparation; T.Z., M.Z. and ].G.: Table
preparation; W.S.: Funding acquisition, review and supervision; J.Z., D.F. and Y.L.: Review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science and Technology Program of Guangzhou, grant
numbers 202002030184 and 201804010190, the National Key Research and Development Program of
China, grant number 2022YFF0801201 and the National Natural Science Foundation of China, grant
numbers 42072229 and U1911202.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kibblewhite, M.G; Ritz, K.; Swift, M.]. Soil health in agricultural systems. Philos. Trans. R. Soc. B. 2008, 363, 685-701. [CrossRef]
[PubMed]

2. Lu, M.Z; Yang, M.Y,; Yang, Y.R.; Wang, D.; Sheng, L.X. Soil carbon and nutrient sequestration linking to soil aggregate in a
temperate fen in Northeast China. Ecol. Indic. 2019, 98, 869-878. [CrossRef]

3. Yageta, Y.; Osbahr, H.; Morimoto, Y.; Clark, J. Comparing farmers” qualitative evaluation of soil fertility with quantitative soil
fertility indicators in Kitui County, Kenya. Geoderma 2019, 344, 153-163. [CrossRef]

4. Meng, B.; Zhou, Y.E; Yang, L.S; Peng, G.Z.; Li, ].Q.; Deng, Y. Nutrient Spatial Distribution and Fertility Evaluation of Sugarcane
Soils in Menghai County. Soils 2022, 54, 277-284. (In Chinese)

5. Shen, ].G.; Wang, Z; Li, D.; Fei, ].H.; Lou, L.; Ma, W.H. The Quality Evaluation of Newly Reclaimed Red Soils in Yuhang District,
Hangzhou. Chin. |. Soil Sci. 2018, 49, 55-60. (In Chinese)

6.  Chen,J; Qu, M.K; Zhang, ].L.; Xie, E.Z.; Huang, B.; Zhao, Y.C. Soil fertility quality assessment based on geographically weighted
principal component analysis (GWPCA) in large-scale areas. Catena 2021, 201, 105197. [CrossRef]

7. Huang, J.; Jiang, D.H.; Deng, Y.S.; Ding, S.W.; Cai, C.F,; Huang, Z.G. Soil Physicochemical Properties and Fertility Evolution of
Permanent Gully during Ecological Restoration in Granite Hilly Region of South China. Forests 2021, 12, 510. [CrossRef]

8. Dai, S.X.; Ren, W].; Teng, Y.; Chen, M.; Ma, W.T. Basic Physico-chemical Properties and Fertility Comprehensive Evaluation of
Main Paddy Soils in Anhui Province. Soils 2018, 50, 66-72. (In Chinese)

9. Yang, WX, Ren, ].X.; Li, Z.Y,; Xu, Y; Li, Z.L.; He, B.H. Soil Fertility in Karst Regions with Analysis of Principal Component and
Fuzzy Synthetic Evaluation. Southwest China ]. Agric. Sci. 2019, 32, 1307-1313. (In Chinese)

10. Hengl, T.; Leenaars, ].G.B.; Shepherd, K.D.; Walsh, M.G.; Heuvelink, G.B.M.; Mamo, T.; Tilahun, H.; Berkhout, E.; Cooper, M.;
Fegraus, E.; et al. Soil nutrient maps of Sub-Saharan Africa: Assessment of soil nutrient content at 250 m spatial resolution using
machine learning. Nutr. Cycl. Agroecosyst. 2017, 109, 77-102. [CrossRef] [PubMed]

11.  Wu, C; Fang, C.; Wu, X,; Zhu, G. Health-risk Assessment of Arsenic and Groundwater Quality Classifcation Using Random
Forest in the Yanchi Region of Northwest China. Expo. Health 2020, 12, 761-774. [CrossRef]

12. Ma, M.; Zhao, G.; He, B.; Li, Q.; Dong, H.; Wang, S.; Wang, Z. XGBoost-based method for flash flood risk assessment. J. Hydrol.
2021, 598, 126382. [CrossRef]

13.  Tian, Y.C.; Xu, M.D. Application of Random forest Pattern Recognition in Soil Fertility Assessment. J. North Univ. China (Nat. Sci.
Ed.) 2019, 40, 464-469. (In Chinese)

14. Tong, J.P; Zhang, H.Y.; Liu, H.; Huang, J.; Hao, Y. XGBoost model-based risk assessment and influencing factors analysis of
waterlogging in core cities of Yangtze River Delta. Water Resour. Hydropower Eng. 2021, 52, 1-11. (In Chinese)

15.  Yan,]; Xu, Y.T.; Cheng, Q.; Jiang, S.Q.; Wang, Q.; Xiao, Y.J.; Ma, C.; Yan, ].B.; Wang, X.F. LightGBM: Accelerated genomically
designed crop breeding through ensemble learning. Genome Biol. 2021, 22, 271. [CrossRef]

16. Shehadeh, A.; Alshboul, O.; Mamlook, R.E.A.; Hamedat, O. Machine learning models for predicting the residual value of heavy
construction equipment: An evaluation of modified decision tree, LightGBM, and XGBoost regression. Autom. ConStruct. 2021,
129, 103827. [CrossRef]

17. Li,Z.L,;Lu, Y.C; Zhao, L.E; Fan, D.S.; Wei, Z.; Zhou, W.L.; Huang, L.G.; Huang, Y.; Huang, ].P; Gu, X.Q.; et al. Evaluation on
Tobacco-planting Soil Fertility in Longlin County of Guangxi. Chin. ]. Soil Sci. 2020, 51, 1042-1048. (In Chinese)

18. Gao, H.J.; Wei, Z.; Luo, G.; Lin, B.S. Status and Conservation and Remediation Technology of Tobacco-growing Soils in Baise City.
Crop. Res. 2016, 30, 736-740. (In Chinese)

19. Li, L.Y,; Su, B.L. Present situation and Countermeasures of silkworm production and development in Debao County, Guangxi.
South China Agric. 2018, 12,116-117. (In Chinese)

20. Li, Q.X. Analysis on climatic conditions of flue-cured tobacco planting in Nandan county. Mid-Low Latit. Mt. Meteorol. 2006, S1,
29-31. (In Chinese)

21.  NY/T 1118-2006; Technical Specification for Soil Testing and Formulated Fertilization. The Ministry of Agriculture of the People’s

Republic of China: Beijing, China, 2006. (In Chinese)

142



Appl. Sci. 2022, 12, 12354

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Chen, J.H.,; Liu, J.L.; Li, Z.H. Soil and Nutrient Status of Tobacco Growing in China. In Integrated Management of Tobacco Planting
Soil and Tobacco Nutrients in China; Science Press: Beijing, China, 2008; pp. 39-55. (In Chinese)

NY/T 1377-2007; Determination of pH in Soil. The Ministry of Agriculture of the People’s Republic of China: Beijing, China, 2007.
(In Chinese)

NY/T 1121.6-2006; Soil Testing Part 6: Method for Determination of Soil Organic Matter. The Ministry of Agriculture of the
People’s Republic of China: Beijing, China, 2006. (In Chinese)

LY/T 1228-2015; Nitrogen Determination Methods of Forest Soils. The State Forestry Administration of the People’s Republic of
China: Beijing, China, 2015. (In Chinese)

NY/T 1848-2010; Method for Determination of Ammonium Nitrogen, Available Phosphorus and Rapidly-Available Potassium in
Neutrality or Calcareous Soil. The Ministry of Agriculture of the People’s Republic of China: Beijing, China, 2010. (In Chinese)

LY/T 1245-1999; Determination of Exchangeable Calcium and Magnesium in Forest Soil. The State Forestry Administration of the
People’s Republic of China: Beijing, China, 1999. (In Chinese)

NY/T 1121.8-2006; Soil Testing Part8: Method for Determination of Soil Available Boron. The Ministry of Agriculture of the
People’s Republic of China: Beijing, China, 2006. (In Chinese)

NY/T 890-2004; Determination of Available Zinc, Manganese, iron, Copper in Soil-Extraction with Buffered DTPA Solution. The
Ministry of Agriculture of the People’s Republic of China: Beijing, China, 2004. (In Chinese)

Tang, Y.F. Research on Loan Default Prediction Model Based on XGBoost Algorithm and LightGBM Algorithm. Mod. Comput.
2021, 27, 33-37. (In Chinese)

Liang, W.Z; Luo, S.Z.; Zhao, G.Y.; Wu, H. Predicting hard rock pillar stability using GBDT, XGBoost, and LightGBM algorithms.
Mathematics 2020, 8, 765. [CrossRef]

Liu, X.W.; Huang, W.B,; Jiang, Y.S.; Guo, R.X,; Huang, Y.X; Song, Q.; Yang, Y. Study of the Classified Identification of the Strong
Convective Weathers Based on the LightGBM Algorithm. Plateau Meteorol. 2021, 40, 909-918. (In Chinese)

Song, Q.F; Niu, S.Z.; Chen, Z.G.; Yin, J.; Zhou, S.J.; Cen, C.J. Evaluation of nutrient status in site soil of ancient tea trees in Huaxi
on principal component analysis. Acta Agric. Zhejiangensis 2017, 29, 1844-1853. (In Chinese)

Hu, H.Z.; Wang, H.J.; Liu, B.F; Yao, Z.D.; Liu, X.M.; Jiang, C.G.; Niu, Z.X.; Qu, H.F; Fang, T. Comprehensive Evaluation of Soil
Fertility in Panxian Tobacco-Growing Areas of Guizhou Province. Chin. Agric. Sci. Bull. 2012, 28, 109-116. (In Chinese)

Song, D.P,; Li, H.; Liu, S.J.; Zou, G.Y,; Liu, D.S. A geostatistic investigation of the comprehensive evaluation of fertility and spatial
heterogeneity of forest soil nutrients in hilly and mountainous regions of southern China. Arab J. Geosci. 2019, 12, 292. [CrossRef]
Caelen, O. A Bayesian interpretation of the confusion matrix. Ann. Math. Artif. Intel. 2017, 81, 429-450. [CrossRef]

Guo, Y.X;; Chen, Y.L.; Miao, Q.; Fan, Z.Y.; Sun, J.W.; Cui, Z.L.; Li, ].Y. Spatial-Temporal Variability of Soil Nutrients and Assessment
of Soil Fertility in Erhai Lake Basin. Sci. Agric. Sin. 2022, 55, 1987-1999. (In Chinese)

Mu, T;; Lu, X.Q.; Xu, Z.C; Xie, Y.; Fang, X.; Zhang, S. The relationship between the contents of available boron and available
molybdenum in soil with the contents of boron and molybdenum of tobacco leaf in Luoping. Soil Fertil. Sci. China 2017, 44-50. (In
Chinese)

Yin, Y.Q.; Wei, Z.Y.; He, M.X; Chen, D.K.; Kong, E. Analysis of soil nutrient status in tobacco planting areas of Nandan County,
Guangxi. |. South. Agric. 2010, 41, 147-152. (In Chinese)

Jiang, C.Q.; Dong, J.J.; Xu, ].N.; Shen, J.; Xue, B.Y.; Zu, C.L. Effects of Soil Amendment on Soil pH, Plant Growth and Heavy Metal
Accumulation of Flue-Cured Tobacco in Acid Soil. Soils 2015, 47, 171-176. (In Chinese)

Zhang, C.S.; Kong, E.Y. Isolation and identification of potassium-solubilizing bacteria from tobacco rhizospheric soil and their
effect on tobacco plants. Appl. Soil Ecol. 2014, 82, 18-25. [CrossRef]

143






ririd applied
) sciences

Article

The Quality of Scutellaria baicalensis Georgi Is Effectively
Affected by Lithology and Soil’s Rare Earth Elements
(REEs) Concentration

Zijian Sun 2, Wei Shen !, Weixuan Fang **, Huiqiong Zhang 2, Ziran Chen 2, Lianghui Xiong ? and Tianhao An 2

Citation: Sun, Z.; Shen, W.; Fang, W.;
Zhang, H.; Chen, Z.; Xiong, L.; An, T.
The Quality of Scutellaria baicalensis
Georgi Is Effectively Affected by
Lithology and Soil’s Rare Earth
Elements (REEs) Concentration. Appl.
Sci. 2023,13,3086. https://doi.org/
10.3390/app13053086

Academic Editor: José A.

Gonzélez-Pérez

Received: 9 December 2022
Revised: 21 January 2023
Accepted: 1 February 2023
Published: 27 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

School of Earth Sciences and Resources, China University of Geosciences (Beijing), Beijing 100083, China
Beijing Institute of Geology for Mineral Resources Co., Ltd., Beijing 100012, China

China Non-Ferrous Metals Resource Geological Survey, Beijing 100012, China

*  Correspondence: weixuanfang123@163.com

Abstract: The top-geoherb “Rehe Scutellaria baicalensis” was naturally distributed on Yanshan Moun-
tain in Chengde city, Hebei Province, China. Exploring the influences of parent materials on the
quality of the top-geoherbs in terms of micronutrient elements is of great significance for the pro-
tection of origin and for optimizing replanting patterns of Scutellaria baicalensis. In this study, three
habitats of Scutellaria baicalensis with contrasting geopedological conditions, i.e., naturally grown
habitats (NGHs), artificial planting habitats (APHs), and biomimetic cultivation habitats (BCHs), are
taken as objects to probe the influences of parent materials on the quality of Scutellaria baicalensis in
terms of rare earth elements (REEs) by testing on REEs concentrations in the weathering profiles,
rhizosphere soil and growing Scutellaria baicalensis, as well as their flavonoid compound contents.
Hornblende-gneiss was the parent rock in NGHs, whose protolith was femic volcanic rock. Loess was
the parent rock in APHs and BCHs. REEs were more abundant in hornblende-gneiss than loess, and
therefore, soils developed in NGHs contained higher REE concentrations than those in APHs, which
was lower than BCHs after REE-rich micro-fertilizers application. The coefficient of variation (CV)
of REEs concentrations in the rhizosphere soils of hornblende-gneiss was higher than that in loess.
It possibly was attributed to the complicated minerals compositions and various minerals’ grain sizes
of hornblende-gneiss, resulting in the variety of weathering intensity involving eluviation, leaching,
adsorption, etc., as well as weathering productions, dominated by clay minerals and Fe-(hydro)oxide,
and ultimately the remarkable differences in the migrations, enrichments and fractionations within
REEs. The biological absorption coefficients (BACs) of REEs for Scutellaria baicalensis decreased in the
order of NGHs > APHs > BCHs. Roots of Scutellaria baicalensis contained similar YREE in NGHs
(2.02 mg-kg~1) and BCHs (2.04 mg-kg '), which were higher than that in APHs (1.78 mg-kg ™).
Soils developed in hornblende-gneiss were characterized by lower clay fraction content and overall
alkalinity with a pH value of 8.06. The absorption and utilization efficiency of REEs for Scutellaria
baicalensis in NGHs was higher than in APHs and BCHs. Flavonoid compounds, effective constituents
of Scutelleria baicalensis, showed more accumulations in NGHs than APHs and BCHs, implying their
optimal quality of Scutellaria baicalensis in NGHs. Flavonoid compounds were remarkably correlated
with REEs in the roots, suggesting the influence of REEs concentrations on the quality of Scutel-
laria baicalensis. It can be concluded that high REEs and micronutrient element concentrations of
hornblende-gneiss favored the synthesis and accumulation of flavonoid compounds in Scutellaria
baicalensis after the activation of endocytosis induced by REEs.

Keywords: parent materials; weathering; geoherbs; gneiss; flavonoid compounds

1. Introduction

Geoherb is a term used by ancient Chinese to describe the inter-species variation of
Chinese medicines relevant to the geographical variation, and top-geoherb (Dao-di Herbs)
is the population of a geoherb growing in habitats with natural conditions and ecological

Appl. Sci. 2023, 13, 3086. https:/ /doi.org/10.3390/10.3390/app13053086

https:/ /www.mdpi.com/journal/applsci
145



Appl. Sci. 2023, 13,3086

environment, featuring proverbial superior qualities, better curative effect and popularly
used in traditional Chinese medicine clinical practice [1-3], such as Lycium barbarum L. from
Ningxia, Radix Angelicae from Hangzhou, Radix Rehmanniae from Henan and Scutellaria
baicalensis from Rehe in China [4]. Biological factors, e.g., species and intrinsic nature, and
geo-environmental factors, e.g., physical and chemical characteristics of parent rock and
weathering productions, jointly exert a crucial control on the formation of top-geoherbs’
traits. As one of the critical material bases of traditional Chinese medicines, micronutrient
elements significantly regulated and controlled the activity of many biological molecules
(proteins, enzymes, and hormones) by taking part in enzymatic structures, constructing
electron transport systems as carriers, and participating in the synthesis of hormones and
vitamins, which ultimately influenced the metabolic activities and accumulation of effective
constituents in medicines [5,6]. Therefore, micronutrient element assemblages played a
decisive role in forming top-geoherbs’ traits [5-8].

Rare earth elements (REEs) are a group of chemically similar elements behaving coher-
ently in nature and consist of lanthanide elements from La to Lu (International Union of
Pure and Applied Chemistry, 2005) [9]. REEs can be divided into light rare earth elements
(LREEs; La—Eu) and heavy rare earth elements (HREEs; Gd-Lu). Although Y did not
belong to REEs, it was studied together because of its chemically similar behavior to REEs.
As significant components of micronutrient elements for plant growth, REEs can activate
the endocytosis of plant cells [10]. It was demonstrated in previous studies that during
the cultivation of Chinese medicines, e.g., Ginseng, Coix lachryma-jobi, and Eucommia Land
wolfberry, adding moderate concentrations of rare earth fertilizer notably improved yield,
quality and the accumulation of effective constituents [11-14]. These discoveries have
led to the large-scale application of rare earth micro-fertilizers to medicines production.
In order to enable the development of more sustainable rare earth utilization practices,
it is significant to conduct research on their sources, migrations, enrichments, fraction-
ations and transformations in the soil-root environments. Bedrock and its weathering
production were the parent materials of soil on which plants survived, which was the
natural mineral-nutrition elements pools and primary source of REEs for plants [5,15].
In general, the micronutrient element concentrations in the soils that developed in the
mountain terrain were primarily inherited from parent materials. Therefore, the latter
controlled the background characteristics of micronutrient elements concentrations in the
former [16-18] and, ultimately, the adsorption and enrichments of micronutrient elements
in Chinese medicines.

The root of the labiate Scutellaria baicalensis was initially documented in Shennong’s
Classic of Materia Medica and in Collective Notes to the Canon of Materia Medica as traditional
Chinese medicines, which were characterized by a cold property and bitter taste. It is a
commonly used Chinese medicine recorded in The Pharmacopoeia of the People’s Republic of
China (2015 version) [19], which is beneficial for clearing away hot and toxic substances,
promoting diuresis, cooling blood, preventing miscarriage, and relieving cough [20,21].
Chengde city, Hebei Province, China, has been verified to be one of the top-geoherbs
habitats for Scutellaria baicalensis. It was claimed in Differentiation of drug production that
Scutellaria baicalensis has been widespread around Zhili and Rehe in Hebei Province for
a long time, featuring a thick and long root, solid texture, golden-yellow rind, and extra
low impurity, and it has been entitled “Rehe Scutellaria baicalensis” [22]. According to a
field survey, gneiss was confirmed to be the dominant rock type inhabiting Rehe Scutellaria
baicalensis. Scutellaria baicalensis was also observed being planted in loess locations, and
REE-rich micro-fertilizers applications were conducted in parts of these habitats. In order to
explore the effect of parent materials on the geoherbalism and quality of Scutellaria baicalen-
sis in terms of REEs, three habitats of Scutellaria baicalensis with contrasting geo-pedological
conditions, i.e., naturally grown habitat (NGHs), artificial planting habitats (APHs) without
fertilization, and biomimetic cultivation habitats (BCHs) under field management and
fertilization were studied. This study focused on the enrichments and fractionations of
REEs during bedrock weathering and micronutrients adsorption by Scutellaria baicalensis
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and further on the controlling mechanism based on field eco-geological investigation and
systematical sampling on roots of Scutellaria baicalensis and corresponding rhizosphere soil,
and in weathering crust from the bottom of bedrock up to soil. REEs test for all samples
and flavonoid compound tests for roots of Scutellaria baicalensis were conducted.

2. Physical Geography and Distribution of Scutellaria baicalensis

The study area is located in Yanshan Mountain, geographically in Chengde city, Hebei
Province, China, where Rehe Scutellaria baicalensis is regionally widespread. A warm
temperate semi-humid continental monsoon climate characterizes the region, with annual
precipitation from 500 to 800 mm, frost-free days from 92 to 180 d, an annual effective
accumulative temperature from 2800 to 3980 °C, and annual sunshine duration from 2500
to 3100 h [23]. The characteristics of the three comparable habitats of Scutellaria baicalensis
(NGHs, APHs, and BCHs) were as follows (Figure 1).

Hebei Province

125 250Km

Samples Localities A
PRI TSTES T

Legend
E‘ Profile
® Geographic Localities
Samples Localities
“'Natural Grown habitats(NGHs)
@ Artificial Planting Habitats(APHs)
® Biomimetic Cultivati

Figure 1. (a) Geographical location map; (b) Distribution map of sampling in three habitats; (c) Distri-
bution map of sampling in biomimetic cultivation habitats (BCHs); (d) Distribution map of sampling
in artificial planting habitats (APHs).

(1) It was documented that NGHs were concentrated in southern Chengde, such as
Luanping County, Xinglong County and Kuanchen County, China. Based on our field
survey, NGHs in Hongqi, Luanping County, were selected for sampling (Figure 2a—).
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The lithology was dominated by hornblende-gneiss, which were strongly weathered
and had intensive fractures along weathering profiles, resulting in thick saprolite and
soil with a thickness of 1 m.

(2) Sample plots of APHs were concentrated in Wudaoling village, Luanping County,
whose parent materials were loess. Scutellaria baicalensis was planted in artificial
terraced fields without fertilization (Figure 2d,e).

(3) Sample plots of BCHs were chosen in a Chinese herbal medicine plantation in Xiay-
ingzi Villiage, Luanping County, whose parent materials were also loess, mingled
with a small amount of weathering residues of andesitic volcanic and pyroclastic
rocks. Scutellaria baicalensis was planted along turnover hillside fields under field
management by biomimetic cultivation and adding a certain amount of REE-rich
micro-fertilizers to replenish the soil nutrient contents (Figure 2f).

Figure 2. Field photos of Scutellaria baicalensis in various habitats; (a—c) Natural grown habitats
(NGHs); (d,e) Artificial planting habitats (APHs); (f) Biomimetic cultivation habitats (BCHs).

3. Materials and Methods
3.1. Sampling Strategy

For research on the migrations and enrichments of REEs in the soil-roots environment,
the sampling numbers of rhizosphere soils and corresponding roots of Scutellaria baicalensis
in NGHs, APHs, and BCHs were 11, 10 and 8, respectively. Soil samples were collected
in the topsoil layer extending 20 cm down from the surface. In addition, two weathering
profiles in the close vicinity of field plots (HQ2007 and HQ2008) in NGHs were systemically
sampled from the fresh parent rock (bedrocks) through the semi-weathered and highly
weathered horizons (regoliths) to the fully weathered horizons (soils). Both profiles were
distributed in the second stage of Fenghuangzui formation in the Neoarcjean Dantazi
group, whose rock type was dominated by migmatite hornblende-gneiss, amphibolite and
biotite-plagioclase-fels. In our study, the rock type of both profiles was hornblende-gneiss;
however, their mineralogical compositions were slightly different: the bedrock in profile
1 was mainly composed of medium- and coarse-grained hornblende, plagioclase, quartz
and a small amount of fine-grained biotite, while in profile 2, the bedrock was mainly
composed of fine-grained plagioclase, biotite, quartz, and a small amount of hornblende.
Weathering extended to a depth of 3.6 m in profile 1. The soil layer was 20 cm thick, and
its texture was dominated by gravel. The regolith layer extended for a further 340 cm
below soil layers with the chemical index of alteration (CIA) values ranging from 65.0 to
71.1. Bedrock extended to a depth of 5.6 m. Weathering extended to a depth of 5.8 m in
profile 2. The soil layer was 50 cm thick, with the humus horizon being 10 cm. The soil
texture was dominated by gravel. The regolith layer extended for a further 530 cm below
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soil layers with the CIA values ranging from 51.1 to 67.2. Bedrock extended to a depth
of 7.6 m in which alteration zones, e.g., chloritization, occurred, extending 1 m upwards
from the bottom. About 1-2 samples were collected per subhorizon. A total of 8 samples
from profile 1 and 10 samples from profile 2 were collected, and each one soil profile was
collected per habitats in APHs and BCHs in the close vicinity of field plots (LD2004 and
LD2014), respectively. The topsoil layer extending 20 cm downwards from the surface and
the loess layer extending for a further 20 cm were sampled, and a total of 2 samples from
profile 3 and also 2 samples from profile 4 were collected.

3.2. Analytical Methods

For REE analyses, the prepared samples were first dried at 70 °C, and then both the
dried soil, regolith and fresh bedrock were crushed, pulverized by an agate mortar and
sieved through a 200 mesh into powder. The powder was baked at 105 °C to remove
adsorbed water before analysis. REEs were measured using inductively coupled plasma-
mass spectrometry (ICP-MS). For soil samples, approximately 50 mg of soil sample was
digested with 0.5 mL HNO3 and 1 mL HF in screw-top, PTFE-lined stainless steel bombs
at 185 °C for 24 h. The inner Teflon was removed from the hot plate after cooling, and
the solution was evaporated to dryness. The solution was then drained and evaporated
to dryness with 0.5 mL HNOj3. This procedure was repeated twice. The final residue
was redissolved by adding 1.5 mL HNOj3 and 1.5 mL deionized water. Subsequently, the
bomb was resealed and heated at 130 °C for 3 h. After cooling to room temperature, the
final solution was diluted to 50 mL by adding distilled deionized water. For regolith and
bedrock samples, approximately 50 mg of powdered samples was digested with 100 mL
APS, which was followed by mechanical shaking for 2 h and standing for 30 min. After
filtration at medium speed, 2 mL of filterable solution was diluted to 100 mL by adding
distilled deionized water. Subsequently, 10 mL of the solution was diluted to 100 mL
by adding 1 mL indium (In) solution, 1 mL HNOj and deionized water. The Scutellaria
baicalensis samples were washed with tap water and deionized water successively and then
oven-dried at 75 °C until the dry weight reached a constant value. Due to the dominant
distributions of flavonoid compounds in roots, roots were used for an REE and flavonoid
compound test. The dry root samples were ground to a fine powder. Approximately 200 mg
of powdered sample was digested with 5 mL HNO3 in a high-pressure digestion tank for
1 h, which was followed by cooling and removing HNOj3 at 140 °C. After cooling to room
temperature, the solution was diluted to 10 mL by adding deionized water. The reagent
blanks of soil, regolith, bedrock, and roots were treated following the same procedures
as the corresponding samples. The total analytical errors for REEs in this study were
within +6.

High-Performance Liquid Chromatography (HPLC-DAD) was applied to test the six
flavonoid compounds, including baicalin, oroxylin A glycoside, wogonoside, baicalein,
wogonin, and oroxylin A. First, the reference substances of the six flavonoid compounds
were dissolved in chromatographic methanol and shaken to prepare the reference solu-
tion. Second, root powder samples were placed in a volumetric flask with 70% ethanol
and shaken. The supernatant was extracted for filtration through a 0.22 pm filter mem-
brane after ultrasonic extraction for 40 min and cooling to room temperature. Finally, a
high-performance liquid chromatograph Water E2695 was utilized to test the flavonoid
compounds of the reference solutions and our specimens. Methanol-0.1% phosphoric acid
solution was applied to gradient elute the mobile phase. The accuracy was controlled
by adding 10% of blank samples and parallel samples during testing according to the
specification requirement.

3.3. Parameters on the REE Distribution Characteristics

YREE, XLREE and XHREE were calculated as the sum of REEs, LREEs and HREEs,
respectively. LREE/HREE was the ratio of XLREE to XHREE and Lay /Yby was the ratio
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of Lay and Yby, where Lay and Yby represent the chondrite normalized values of La
and Yb.
Eu anomaly values are quantifed as (1):

SFu= 2N M
vV SmN X GdN
where Euy, Smy, and Gdy represent the chondrite normalized values of Eu, Sm, and Gd,

respectively.
Ce anomalies were calculated by formula (2):

CeN
Ce = ———, 2
¢ v/Layn X Pry ( )
where Cey, Lay, and Pry represent the chondrite normalized values of Ce, La, and Pr,

respectively.

The normality of the parameters in various habitats was confirmed using the Shapiro—
Wilkes test, and probability (p value) lower than 0.05 showed their abnormal distribution.
The normal distribution test was conducted in SPSS 26.0.

4. Results
4.1. REE Concentrations in the Weathering Crust
4.1.1. REE Concentrations of Rhizosphere Soils

The concentrations of REEs and several parameters on the REEs distribution char-
acteristics of rhizosphere soils in various habitats are listed in Table 1. According to the
Shapiro-Wilkes test, XREE, ZLREE and ~HREE in the rhizosphere soils were normally
distributed in NGHs and APHs (p > 0.05) but not in BCHs (p < 0.05), and therefore, the
median represents the statistical characteristic of REE concentrations in various habitats.
Rhizosphere soils in NGHs contained REE concentrations with the median REE values
being 173 pug-g~! and the median ZLREE values being 157 pg-g~!, which were higher
than that in APHs with the median ZREE values being 149 ug-g~! and the median *LREE
values being 133 pg- gfl. However, YHREE exhibited the opposite feature that rhizosphere
soils in APHs with higher HREE concentrations. The median LREE/HREE and Lay /Yby
of rhizosphere soils in NGHs were 9.76 and 7.86, respectively, which were higher than that
in APHs with a median of 11.4 and 8.82, respectively, suggesting greater fractionations with
LREEs and HREEs in NGHs. After micro-fertilizers application, it exhibited remarkable
enrichments of REEs in the rhizosphere soils of BCHs with the median XREE, XLREE and
YHREE values being 187 ug-g 1, 166 ng-g ! and 20.2 pg-g !, respectively, which were also
higher than that in NGHs. Additionally, LREE/HREE and Lay/Yby in the rhizosphere
soils of BCHs increased, with the median LREE/HREE and Lay /Yby being 8.36 and 9.53,
respectively. The chondrite-normalized REE patterns exhibited an obvious right-inclined
style that all the rhizosphere soils were enriched in LREEs (Figure 3a,c,e) with moderately
to slightly negative Eu anomalies, especially in APHs and BCHs. However, the Ce anomaly
was not apparent. The coefficients of variation (CVs) of XREE, XLREE and ~HREE of
rhizosphere soils in APHs were 6.84%, 6.88% and 8.84%, respectively, which were much
lower than those in NGHs and BCHs, indicating that the REEs concentrations of soils
developed in loess without fertilization were relatively homogeneous.

4.1.2. REE Concentrations in the Weathering Profile

Two weathering profiles were distributed in hornblende-gneiss locations. The “REE
values of bedrock were 233 ug~g*1 and 264 ug~g*1, respectively, in profiles 1 and 2, indicat-
ing their similar REEs concentrations. Both weathering profiles in NGHs showed similar
chondrite-normalized REE patterns from the bottom of bedrock up to regolith, and onto the
soil, with enrichment of LREEs and moderately negative Eu anomalies (Table 2, Figure 4),
which is in accordance with the weathering characteristics in mountain terrain that bedrock
was in-situ weathered to the soil, and the latter has inherited REE concentrations from the
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former. However, different enrichments and fractionations within REEs have occurred
during weathering. As shown in profile 1 (Figure 4a), the ZREE was overall higher in the
regoliths in which HREEs were deficient, but LREEs were enriched as compared to bedrock,
while topsoil was deficient in both LREEs and HREEs. Regoliths contained higher REE
concentrations with REE values ranging 242-289 ug-gfl, and that of soil was 169 ug-gfl.
LREE/HREE varied in the range of 8.28-11.2 and Lay /Yby varied in the range of 9.24—
13.8, which were slightly different with bedrock (LREE/HREE = 8.56, Layn /Yby = 9.48).
However, profile 2 exhibited that the ZREE was overall lower in the regoliths and soils,
and that LREEs were more deficient than HREEs in both regolith and soil as compared
to bedrock, while topsoil was more enriched in REEs than regolith (Figure 4b). Regoliths
contained lower REE concentrations with ZREE values ranging 142-238 ug-g~!, and that
of topsoil was 238 pg-g~!. LREE/HREE varied in the range of 6.08-10.7 and Lay/Yby
varied in the range of 5.83-14.3, which were different with bedrock (LREE/HREE = 20.6,
LaN/YbN = 358)
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Figure 3. Chondrite-normalized REE patterns of rhizosphere soils and roots of Scutellaria baicalensis.
(a) Rhizosphere soils in NGHs; (b) Roots in NGHs; (¢) Rhizosphere soils in APHs; (d) Roots in
APHs; (e) Rhizosphere soils in BCHs; (f) Roots in BCHs.

151



Appl. Sci. 2023, 13,3086

Table 1. Parameters on REE distribution characteristics of rhizosphere soils in various habitats,
Hebei Province.

. Median Average
Parameters Habitats (25-75%) ) Skewness CV/% p Value
1 (gg™)
(ugg™)
NGHs (n =11) 174 (127-212) 173 0.754 33.9 0.541
>XREE APHs (n = 10) 149 (140-156) 149 0.231 6.84 0.753
BCHs (n = 8) 187 (177-337) 238 0.726 344 0.007
NGHs (n=11) 154 (115-194) 157 0.765 35.1 0.673
>~LREE APHs (n = 10) 133 (124-139) 133 0.120 6.88 0.791
BCHs (n = 8) 166 (158-311) 216 0.761 36.8 0.009
NGHs (n =11) 15.2 (12.1-19.9) 16.2 0.131 29.7 0.802
>XHREE APHs (n = 10) 16.7 (15.3-18.1) 16.6 —0.158 8.84 0.701
BCHs (n = 8) 20.2 (19.5-24.7) 21.7 1.49 16.3 0.008
NGHs (n =11) 9.76 (7.85-11.5) 9.85 0.156 252 0.814
LREE\HREE APHs (n = 10) 7.86 (7.64-8.30) 8.01 1.89 7.00 0.016
BCHs (n = 8) 8.36 (7.96-11.7) 9.84 1.73 29.8 0.005
NGHs (n =11) 11.4 (8.49-15.9) 12.4 1.03 46.0 0.315
Lan\Yby APHs (1 = 10) 8.82 (8.34-10.1) 9.27 1.37 12.7 0.042
BCHs (n = 8) 9.53 (8.87-17.6) 13.4 1.96 59.7 0.001
NGHs (n =11) 0.900 (0.710-0.970) 0.869 —0.168 14.4 0.385
6Eu APHs (n = 10) 0.719 (0.704-0.791) 0.743 1.31 8.05 0.057
BCHs (n = 8) 0.686 (0.652-0.793) 0.699 0.032 18.9 0.512
NGHs (n =11) 0.950 (0.890-0.970) 0.919 —2.09 8.15 0.002
6Ce APHs (n = 10) 0.910 (0.870-0.935) 0.892 —2.20 7.89 0.003
BCHs (n = 8) 0.950 (0.935-0.990) 0.959 0.490 5.18 0.510
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Figure 4. Chondrite-normalized REE patterns of layers along profiles. (a) Chondrite-normalized
REE patterns along profile 1 in NGHs; (b) Chondrite-normalized REE patterns along profile 2 in
NGHs; (¢) Chondrite-normalized REE patterns along profile 3 in APHs; (d) Chondrite-normalized
REE patterns along profile 4 in BCHs.
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Soils developed in loess also showed chondrite-normalized REE patterns similar to
those of parent materials with enrichment of LREEs and lightly negative Eu anomalies
(Figure 4c,d). It also exhibited the depletion of REEs in topsoil as compared to parent
material in APHs. The XREE values of parents materials (loess) were similar, 139 and
133 p,g~g*1, whose corresponding soils contained total REE concentrations being 119 and
136 pg~g*1. LREE/HREE was, respectively, 8.43 and 8.17, which was similar to their parent
materials with LREE/HREE being 7.90 and 8.11. Lay /Yby was, respectively, 9.87 and 9.23,
which was similar to their parent materials, with Lay /Yby being 9.32 and 9.26. In general,
the REEs of soils and parent material horizons in hornblende-gneiss were more abundant,
and they had more substantial variation between LREE and HREE than those in loess.

Table 2. Parameters on REEs distribution characteristics along profiles in various habitats, Hebei Province.

. . Depth ZREE LLREE LHREE
Habitats Profile Layer (cm) (ug~g’1) (ugg ™ (ug'g’l) LREE/HREE Lay/Yby JEu 5Ce
Soil 0-20 169 150 18.2 8.28 952 0.734 0.872

regolith 20-30 259 235 238 9.88 116 0.59 0.895

regolith 50-70 259 237 212 11.2 138 0572 0.889

Profile1  Tegolith 260-270 255 231 246 9.37 9.9 0.650 0.902

regolith 280-300 243 220 232 9.47 105 0.587 0.842

regolith 310-320 289 259 303 8.54 9.24 0538 0.888

regolith 340-360 242 221 21 10.5 129 0.612 0.883

NGHs bedrock 540-560 233 208 244 8.56 9.48 0563 0.875
(hornblende soil 0-10 238 210 28.3 74 8.19 0.729 0.852
gneiss) soil 20-40 134 117 17.7 6.6 6.31 0.879 0.901
regolith 60-80 238 218 204 10.6 143 0.619 0.827

regolith 110-120 146 126 20.7 6.08 5.83 0.756 0.883

Profiles  Tegolith 210-220 151 132 18.6 711 736 0.693 0.867

regolith 230-240 172 149 235 6.32 6.11 0.700 0918

regolith 290-300 142 126 16.6 755 8.01 0.621 0.890

regolith 510-520 180 163 16.9 9.67 12.4 0.660 0.783

regolith 560-580 223 202 20.6 9.81 10.6 0.620 0.889

Bedrock 600 264 252 122 20.6 35.8 0.724 0.921

APHs rofile 3 soil 0-20 119 107 12,6 843 9.87 0.841 0.990
(loess) protie loess 20-40 139 124 15.6 7.90 9.32 0.835 0.982
BCHs o4 soil 0-20 136 121 148 8.17 9.23 0.775 0.981
(loess) proftie loess 20-40 133 118 14.6 8.11 9.26 0.799 0.968

4.2. REE Concentrations in the Roots of Scutellaria baicalensis

The concentrations of REEs and several parameters on the REE distribution character-
istics for roots of Scutellaria baicalensis in various habitats are listed in Table 3. The median
was also utilized to represent the statistical characteristic of REE concentrations in the roots
of various habitats. Roots of Scutellaria baicalensis contained similar YXREE and YLREE in
NGHs (EREE = 2.02 mg-kg !, ZLREE = 1.78 mg-kg ') and BCHs (ZREE = 2.04 mg-kg !,
YLREE = 1.82 mg-kg™!), which are higher than that in APHs (ZREE = 1.78 mgkg~!,
YLREE = 1.60 mg-kg~!). However, roots in NGHs contained the highest HREE concen-
trations, with the median “HREE being 0.212 mg-kg~!, and roots in BCHs contained the
lowest HREE concentrations, with the median XHREE being 0.183 mg-kgfl, which was ex-
actly opposite to the ZHREE in the soils. LREE/HREE and Lay/Yby decreased following
the order of BCHs > APHs > NGHSs, which was inconsistent with the order in the soils.
The considerable variance in REEs adsorption by roots from the rhizosphere soil between
various habitats can be speculated. The concentrations of REEs with even atomic numbers
were higher than those with odd atomic numbers at HREEs, which conformed to the rule
of Oddo-Harkins [24,25]. In general, the chondrite-normalized REE patterns presented
an obvious right-inclined style with the enrichment of LREEs (Figure 3b,d,f). Positive Eu
anomalies were observed for some samples in all habitats, indicating the adsorption of Eu
from soil to some extent. However, the negative Ce anomaly of roots was stronger than
that of soil, especially in NGHs, since Ce*" was hard to be adsorbed by roots.
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Table 3. Parameters of the REE distribution characteristics of Scutellaria baicalensis in various habitats,
Hebei Province.

Median

. Average
Parameters Habitats (25-75%) (mg-kg 1) Skewness CV/% p Value
(mg-kg™1)
NGHs (1 = 11) 2.02 (1.79-2.3) 2.21 1.14 47.0 0.066
>REE APHs (n =10) 1.78 (1.55-2.31) 1.94 1.01 30.3 0.484
BCHs (n = 8) 2.04 (1.5-3.33) 2.34 0.386 38.0 0.042
NGHs (n =11) 1.78 (1.62-2.11) 2.00 1.24 49.2 0.056
2XLREE APHs (n = 10) 1.6 (1.4-2.09) 1.76 0.998 30.7 0.491
BCHs (n =8) 1.82 (1.36-3.12) 2.15 0.441 39.8 0.039
NGHs (n=11)  0.212 (0.175-0.246) 0.209 —0.541 30.3 0.724
YHREE APHs (n=10)  0.187 (0.146-0.217) 0.187 1.07 28.1 0.376
BCHs (n=8)  0.183(0.148-0.235) 0.189 0.378 25.7 0.580
NGHs (n =11) 8.64 (7.55-10.8) 9.27 1.48 23.7 0.063
LREE\HREE  APHs (n = 10) 9.27 (8.57-9.89) 9.38 0.840 11.0 0.536
BCHs (n = 8) 10.2 (9.13-14.7) 11.27 0.556 26.2 0.283
NGHs (n =11) 15.2(12.4-20.9) 17.26 1.07 43.4 0.291
Lan\Yby APHs (n = 10) 16 (14.6-18.4) 16.56 1.04 15.0 0.246
BCHs (n = 8) 19.8 (16.5-32.9) 24.58 1.10 43.6 0.168
NGHs (n =11) 1.28 (1.08-1.57) 1.32 —0.109 22.8 0.985
6Eu APHs (n = 10) 0.937 (0.854-1.14) 0.998 0.787 16.0 0.185
BCHs (n = 8) 1.06 (0.972-1.13) 1.05 —0.357 11.6 0.972
NGHs (n =11) 0.9 (0.730-0.950) 0.845 —1.00 15.7 0.192
6Ce APHs (n=10)  0.935 (0.858-0.963) 0.897 —1.55 12.5 0.009
BCHs (n = 8) 0.935 (0.835-1.04) 0.933 —0.241 16.7 0.933

4.3. Accumulation of REE in the Roots of Scutellaria baicalensis

The biological absorption coefficient (BAC) of REEs provides an estimate of the indi-
vidual availability of REEs to the plant [26-28]. This was adopted to quantify the natural
process of element transfer from the soil to the roots of Scutellaria baicalensis. The BAC is
defined as follows (3):

CM;

T cs ®)
where BAC; is the migration and accumulation rate of element i, and CM; and CS; are the
concentrations of element i in the plant and soil, respectively. The results were categorized
into five groups based on the magnitude of the coefficient: BAC > 3—very strongly
accumulated; from 1.5 to 3.0—strongly accumulated; from 0.5 to 1.5—moderate absorption;
from 0.1 to 0.5—weak absorption, and BAC < 0.1—very weak absorption [29]. Under
normal circumstances, the ratio of the concentrations of REEs in plants to that in the soil is
less than 1, even as low as 0.02 [30]. In the study area, all REEs in Scutellaria baicalensis had
low BACs: less than 0.1.

One-way ANOVA and LSD tests were applied to analyze whether there were remark-
able differences in the BACs of REEs between various habitats after the test for normal
distribution and homogeneity of variance. In addition, permutation tests, t tests and
nonparametric tests were utilized for the BACs that were not normally distributed or
had heterogeneity of variance. The statistical analyses were conducted in the R program.
In the box plots, various letters (e.g., a and b) imply that there exist statistically remarkable
differences between BACs in various habitats (p < 0.05); otherwise, differences are not sta-
tistically remarkable(e.g., ab and a, ab and b). Almost all HREEs and Y, except for Gd and

BAG
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Tb, showed statistically remarkable differences in BACs between NGHs with both BCHs
and APHs. According to the median (black line in the box), the BACs of all REEs decreased
in the order of NGHs > APHs > BCHs (Figure 5), suggesting higher utilization efficiency
for REEs with natural source from bedrock, which was attributed to their self-adaption to
the environment for a long time in a complicated open system [31]. On the contrary, the
utilization efficiency for anthropogenic REEs was relatively low.
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Figure 5. Box plot of biological absorption coefficient (BACs) of REEs Y from soils into roots. (a) La;
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*p<0.1.

4.4. Effective Constituent Content of Scutellaria baicalensis

Flavonoid compounds are the dominant effective constituents of Scutellaria baicalensis,
which are composed of two polyhydroxy phenolic benzene rings interconnected by three
carbon atoms. Flavonoid compounds included baicalin, oroxylin A glycoside, wogonoside,
baicalein, wogonin, and oroxylin A, in which baicalin was recognized as the main criterion
of quality [32]. Contents of baicalin ranged from 12.8 to 51.7 mg~g*1 with an average of
27.5 mg: g*1 in the NGHs, which were higher than that in APHs (4.22-13.2 mg-g~!) and
BCHs (4.04-17.1 mg-g~1). Almost all the flavonoid compounds were normally distributed
(p > 0.05) except for oroxylin A in BCHs. According to the average, baicalin and wogonoside
decreased in the order of NGHs > BCHs > APHs, and oroxylin A glycoside, baicalein,
wogonin, and oroxylin A followed the order of NGHs > APHs > BCHs (Table 4).

Table 4. Statistical characteristics of flavonoid compound contents in the roots of Scutellaria baicalensis.

Flavonoids . Average Ranges

Compounds Habitats (mg-g~1) (mg-g~1) Skewness p Value

NGHs (n =11) 27.5 12.8-51.7 1.42 0.325

Baicalin APHs (n =10) 8.28 4.22-13.2 0.546 0.911

BCHs (n = 8) 11.0 4.04-17.1 —0.411 0.273

Oroxvlin A NGHs (n =11) 1.85 0.270-4.03 1.06 0.326

) chi de APHs (n = 10) 0.895 0.030-1.83 0.136 0.601

gy BCHs (1 = 8) 0.724 0.080-1.62 0.633 0.726
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Table 4. Cont.

Flavonoids . Average Ranges

Compounds Habitats (mg-g—1) (mg-g—1) Skewness p Value

NGHs (n =11) 524 1.96-12.2 1.79 0.099

Wogonoside APHs (n =10) 1.81 0.080-3.02 —0.588 0.396

BCHs (n =38) 2.69 1.03-4.56 0.031 0.585

NGHs (n =11) 2.43 0.820-4.68 0.765 0.605

Baicalein APHs (n = 10) 1.15 0.550-2.09 1.42 0.356

BCHs (n =8) 1.09 0.330-2.43 1.22 0.357

NGHs (n =11) 0.966 0.310-1.75 0.476 0.508

wogonin APHs (n =10) 0.468 0.200-0.810 0.862 0.598

BCHs (n = 8) 0.478 0.090-1.19 1.38 0.301

NGHs (n =11) 0.386 0.200-0.560 —0.036 0.61

Oroxylin A APHs (n =10) 0.23 0.060-0.440 0.378 0.561

BCHs (n =38) 0.184 0.030-0.570 1.92 0.031

5. Discussions
5.1. Lithological Influences on the Enrichments and Fractionations of REEs in the Soils

Micronutrient element concentrations in the soils developed in mountain terrain
were primarily inherited from parent materials [16-18]. As mentioned, REE distribution
patterns of soils developed in different habitats presented a genetic relationship with
their corresponding parent materials. According to 1:250,000 reports of regional geologic
survey and our field survey, the protolith of hornblende-gneiss in NGHs was femic vol-
canic rock, whose REEs concentrations were higher than those that developed in loess;
therefore, soils developed from hornblende-gneiss contained higher REEs concentrations
(ZREE = 174 ug-g~!) than that from loess (ZREE = 149 ug-g~!), which is in agreement with
the expectations from the different lithologies that soils originating from volcanic rock tend
to have higher REE concentrations than soils developed from loess [28,33,34].

Weathering crust in hornblende-gneiss showed great variation of REEs concentrations
than loess, resulting in relatively homogeneous REEs concentrations in the soils developed
from loess (CV = 6.84%) and notable heterogeneity of REEs concentrations in the soils
developed from hornblende-gneiss (CV = 33.9%). The weathering of parent materials
profoundly impacted the migrations and enrichments of REEs. The REE concentrations
distribution pattern in soils of loess was significantly similar to their parent materials since
their weak weathering and indistinctive movement of clay particles. However, the complex
mineral compositions and grain sizes in hornblende-gneiss significantly influenced the
weathering process, resulting in remarkable discrepancies in migrations and enrichments
of REEs during weathering [35,36]. Two weathering profiles in hornblende-gneiss locations
exhibited different evolution of REEs. In profile 1, REE concentrations decreased in the
order of soils < bedrock < regoliths, while in profile 2, REE concentrations decreased
followed the order regoliths < topsoil < bedrock (Figure 6a,b). It can be speculated that in
profile 1, as eluviation proceeded, soluble components were greatly leached while sparingly
soluble components, including REEs, showed relative enrichments, resulting in the overall
REE enrichments of the regoliths [37,38]. REEs in the topsoil penetrated downward to the
lower part of the profile, which was accompanied with REE-containing clay minerals [39,40],
resulting in depletion in the topsoil compared with the lower parts. However, the minerals
grain size in the bedrock of profile 2 was much smaller than that in profile 1. As the mineral
grain size decreases and specific surface area increases, fine-grained rock offers a potentially
increased area over which water penetration may occur [41,42]. Therefore, the reaction
with water in the regolith and soils causes releasing of REE from REE-containing minerals
and the leaching of REE, especially LREE. It was observed in the field that the humus
horizon was 10 cm thick with a higher content of organic materials in profile 2; therefore,
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topsoil contained higher REE concentrations since organic matter has a fixed effect on
REEs [43-45].
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Figure 6. Bedrock-normalized REE patterns in profiles in NGH. (a) Profile 1; (b) Profile 2.

The clays and iron (hydro) oxide that formed during chemical weathering in hornblende-
gneiss locations were notably different, resulting in apparent different fractionations within
REEs [46-50], since the mixed speciation of the REEs in clays and Fe-Mn oxyhydroxides is
typical for REEs in soils [38,51-53]. Under natural pH, clay minerals with a negative layer
charge are effective in the adsorption of REEs through ion exchange, surface complexation,
electrostatic attraction and migration into clay structures [54]. The adsorption capacity is
largely determined by the surface structure, surface charge of clay minerals and compo-
sition [55,56]. In our study area, under alkaline conditions (pH > 7) with abundant Fe?*,
Mg2+, and KT, clay minerals were dominated by smectite, illite or chlorite, especially in
profile 2 [46,50,57,58]. Smectite and illite may intrinsically retain HREE more efficiently
than LREE [46,58]. As shown in Figure 7a, LREE/HREE had a remarkable positive relation-
ship with 5iO;/(Al,O3+Fe;03) in profile 2 according to Pearson correlation analysis. As
weathering proceeded, clay minerals were gradually generated from aluminosilicate miner-
als with the enrichment of Al,O3 and depletion of SiO,. In addition, enhanced oxidation
contributed to the enrichment of Fe;O3. Therefore, the decrease of the SiO, /(Al,O3+Fe,O3)
ratio showed the enrichment of clay mineral (smectite and illite) and iron (hydro) oxide,
favoring the preferential adsorption of HREE and fractionation within REEs [59]. However,
according to CIA, the chemical weathering in profile 1 (CIA = 65.0-71.1) was generally
stronger than that in profile 2 (CIA = 51.1-67.2), and a small amount of kaolinite and
boehmite with higher maturity was formed from illite/smectite [60]. Therefore, LREEs
were preferentially adsorbed by kaolinite in profile 1. In addition, HREEs have a smaller
ionic radius and stronger hydrolysis ability than LREEs and therefore have a higher affinity
toward iron (hydro) oxide. Previous studies also showed that the chondrite-normalized
iron (hydro) oxide fractions are slightly enriched in HREEs via inner-sphere complexation
and may play an important role in redistributing HREEs in the weathering crust [61,62].
As shown in Figure 7b, LREE/HREE had a remarkable negative relationship with Fe;O3
in profile 2, suggesting the critical control of iron (hydro) oxide on the REE fractionation.
In the study area, profile 2 contained more abundant Fe;O3 (4.92-9.49%, 7.95%) than those
in profile 1 (Fe;O3 = 4.40-7.47%, 6.22% ). Therefore, in profile 1, HREEs are predominantly
dissolved and migrate as bicarbonate and organic complexes in solution in case of the low
contents of iron (hydro) oxide, leading to the fractionation of REEs among weathering
crust [63-69]. However, the preferential scavenging of HREEs during the precipitation
of pedogenetic iron (hydro) oxide resulted in the HREE enrichment in profile 2 instead of
being dissolved and migrating as bicarbonate and organic complexes, which is consistent
with the conclusion of Land (1999) [51].
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Figure 7. Scatter diagram of (a) SiO,/(Al,03+Fe;O3) versus LREE/HREE and (b) Fe,O3 versus
LREE/HREE in profile 2. ** p < 0.01.

5.2. Enrichments and Fractionations of REE in the Roots of Scutellaria baicalensis

The soil mineral particles present in the close vicinity of the roots were the primary
source of REEs for plants. It exhibited a remarkable positive correlation between XREE in
the roots and rhizosphere soils with a coefficient of 0.479 (p < 0.01), especially the correla-
tion coefficient between LLREE in the roots and rhizosphere soils being 0.511 (p < 0.01)
(Figure 8). Previous research on the distribution of Scutellaria baicalensis demonstrated that
they were naturally widespread in the fertile sand or loam underlying the humus horizon,
especially chestnut soil or sandy loam, with pH values ranging from 5 to 8 [70]. For a type
of species, the REEs concentrations in plants are influenced by some complex related factors,
including total REEs concentrations and their occurrences in the rhizosphere soils, as well
as pH, Eh, clay fraction contents, nutrient features, etc., in the soil-root environment [71-75].
In our study area, the clay fraction contents of soil developed in NGHs range from 18.8 to
66.9 g/kg, and the sand fraction contents range from 884.1 to 940.9 g/kg (our unpublished
data), suggesting that soils were classified into sand according to texture classification.
Their pH value varied from 7.31 to 8.57, with an average of 8.06. Therefore, NGHs were
optimal for the inhabitation of Scutellaria baicalensis, and the absence of clay fraction favored
the migrations of REEs into plants, resulting in higher biological absorption coefficients
(BACs) of REEs. On the contrary, loess in APHs was generally deemed to comprise higher
clay fractions than other lithologies. REEs may be preferentially involved in the crystal
lattice of clay minerals as isomorphisms or hosted into REE-rich minerals, e.g., Ti oxides
or phosphorite, and therefore inhibit the absorption of REEs into plants [37,76], leading
to lower BACs of REEs. However, after rare earth micro-fertilizers application, BACs of
all REEs in BCHs were still lower than that in APHs, despite both rhizosphere soils and
roots in BCH comprised higher REE concentrations. Previous studies have demonstrated
that once exogenous REEs enter the soil, more than 99.5% of them are absorbed by the
solid phase of the soil, and only a small amount is dissolved in the water present in the
soil [10,77]. This means that within a short period, REE fertilization would not notably
increase the concentrations of REEs with high bioavailability [78-82], e.g., water-soluble
fractions and iron-exchangeable fractions. In contrast, REEs accumulate in the soil as
residue fractions, which are difficult for the plant to adsorb [83]. We can conclude that REE
fertilization in BCHs contributes to improving REE concentrations in roots to some extent
but that utilization efficiency for anthropogenic REEs was relatively low.

The BCAs of LREEs for Scutellaria baicalensis were overall higher than those of HREEs.
Previous studies showed that the coprecipitation of rare earth ion salts (mostly in the
form of insoluble oxalates or phosphates) and the selective absorption of root cell walls
(in the form of trivalent cations) were the main mechanisms through which plant roots fix
REEs [10,84,85]. In general, the dominant speciation of the LREESs is as free ions, whereas
the HREEs are mainly present as dissolved complexes [38,86,87]. Diffusion through ion
channels, i.e., passive diffusion, was the dominant movement mechanism of REEs from the
soil into the roots [88-90], and LREEs were dominantly adsorbed into root cells in the form
of trivalent cations. In this study area, the BACs distribution patterns of REEs in various
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habitats exhibited an overall right-inclined style to different degrees, with a high biological
absorption coefficient of Eu (Figure 9), indicating that Scutellaria baicalensis preferentially
adsorbed LREEs and thus resulted in fractionation within REEs.
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Figure 8. Scatter diagram of (a) ZREE in the rhizosphere soils versus roots and (b) ZLREE in the
rhizosphere soils versus roots. ** p < 0.01.
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(c) BCHs.

5.3. Relationships between REE and Effective Constituents of Scutellaria baicalensis

Flavonoid compounds are effective constituents and secondary metabolites of Scutel-
laria baicalensis, which are controlled by the growing conditions, including illumination,
temperature, moisture, and nutrients [91]. In our study area, flavonoid compounds were
more abundant in NGHs than APHs and BCHs. Previous data have demonstrated that
mineral nutrient elements (e.g., REE3*) control the synthesis and accumulation of flavonoid
compounds, either as catalysts for secondary compound metabolism [92-96], by involving
in their functional structure [97-100] or by contributing to the growth of cells [101-105].
Pearson correlation analysis was applied to check out further the correlations between
micronutrient elements with flavonoid compounds in the roots. The results exhibited that
micronutrient elements, including REEs, Cu, Zn, Sr, Ge, and Se, had a significant positive

159



Appl. Sci. 2023, 13,3086

correlation with flavonoid compounds to some extent (p < 0.05 or p < 0.01) (Figure 10),
indicating that the micronutrient elements of roots have a significant influence on the
medicinal composition of Scutellaria baicalensis.
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Figure 10. Pearson correlation analysis between flavonoid compounds and micronutrient elements
in the roots of Scutellaria baicalensis.

It was widely acknowledged that the activation of endocytosis is the primary response
of plant cells to REEs [10,106-108], which induces a series of physiological and biochem-
ical responses, affecting the activation of various enzymes, substance synthesis and cell
growth [104,107,109,110]. Previous studies have demonstrated that exposure to REEs can
affect the absorption of mineral elements by plants [111,112]. In our study area, roots of
Scutellaria baicalensis in NGHs contained higher micronutrient elements concentrations than
BCHs and APHs, e.g., Cu, Zn, St, Ge and Se (Table 5). Therefore, high REEs and micronutri-
ent elements concentrations of hornblende-gneiss favored the synthesis and accumulation
of flavonoid compounds in Scutellaria baicalensis after the activation of endocytosis in-
duced by REEs [100,113]. In addition, trivalent lanthanum (La(IIl)) is similar to Ca%tin
terms of properties and structures as mentioned above. Therefore, La(IIl) may substitute for
Ca?*t and present similar effects as Ca?t in biological systems [105,114,115]. For instance,
La(Ill) may bind to Ca-binding sites in the CaM molecule by electrostatic attraction or
coordination [106,116] based on the concentrations of REEs. Hence, the CAM expression
level in plants and its molecular structure was therefore affected by REE concentrations,
affecting the accumulation of effective constituents [117].

Table 5. Parameters on micronutrient elements distribution characteristics of roots in various habitats,
Hebei Province.

Micronutrient . Median (25~75%) Average
Elements Habitats (mg-kg—") (mg-kg—1) p Value

NGHs (n =11) 11 (9.08-14.5) 12.2 0.277

Cu APHs (n = 10) 10.1 (7.59-11) 9.44 0.190
BCHs (n = 8) 9.09 (6.85-11.8) 9.24 0.310

NGHs (n =11) 15.9 (14.1-16.9) 15.3 0.806

Zn APHs (n = 10) 11.5 (10.53-13.2) 11.8 0.373
BCHs (n =38) 12.4 (11.58-17) 13.6 0.084

NGHs (n =11) 48 (28.35-51.3) 483 0.039

Sr APHs (n = 10) 22.2(20.8-25.7) 229 0.873
BCHs (n = 8) 28.4 (22.26-34.7) 284 0.479

NGHs (n =11) 1.21 (0.963-1.45) 1.28 0.004

Ge APHs (n = 10) 0.837 (0.777-0.995) 0.910 0.095
BCHs (n=38) 1.15 (0.829-1.57) 117 0.929

NGHs (n =11) 0.064 (0.045-0.069) 0.0592 0.818

Se APHs (n = 10) 0.06 (0.045-0.063) 0.0550 0.686
BCHs (n = 8) 0.045 (0.04-0.069) 0.0510 0.025

As mentioned above, we can conclude that parent materials significantly impact the
quality of Scutellaria baicalensis in terms of micronutrient elements involving REEs. Some
strategies for management of the habitats of Scutellaria baicalensis are as follows:
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(1) Hornblende-gneiss locations were confirmed to be the natural top-geoherbs habitats
of Rehe Scutellaria baicalensis for their relatively higher REEs and other micronutrient
elements concentrations and soil property. In order to protect the chemical type of
top-geoherbs, it was significant to avoid excessive digging of Scutellaria baicalensis to
maintain their natural propagation and replacement.

(2) Luanping County and Kuancheng Kuancheng Manchu Nationality Autonomous
County was also the main gneiss location in the Luanhe watershed in Chengde
City. It can be considered for the large-scale cultivation of Scutellaria baicalensis by
biomimetic cultivation.

(3) Scientific and reasonable rare earth micro-fertilizers application was optional for
optimizing replanting patterns. The conventional principle that high micronutrient
concentrations inhibit their absorption while low micronutrient concentrations favor
their absorption should not be neglected.

6. Conclusions

This study presented the influences of parent materials on the inhabitation and quality
of top-geoherb Scutellaria baicalensis in Chengde City, Hebei province, in terms of REEs.
It was greatly significant for protecting the origin and optimizing replanting patterns of
Scutellaria baicalensis. The migrations, enrichments, fractionations and transformations
of REEs in the bedrock-regolith—soil-root continuum were studied in three habitats of
Scutellaria baicalensis with contrasting geopedological conditions. Parent materials and soils
in the hornblende-gneiss locations contained higher REE concentrations than loess locations.
REE concentrations in loess soils were relatively homogeneous, while various mineral
compositions and mineral grain sizes of the hornblende-gneiss resulted in the heterogeneity
of REEs concentration in rhizosphere soils, with a coefficient of variation (CV) being 33.9%
as weathering proceeded. Weathering, involving eluviation, leaching, absorption, etc.,
influenced the migrations and enrichments of REEs in weathering crust in hornblende-
gneiss, and weathering productions, dominated by clay minerals and iron (hydro) oxide,
controlled the fractionations within REEs. Roots of Scutellaria baicalensis contained similar
REE in NGHs (2.02 mg-kg~!) and BCHs (2.04 mg-kg~1), which are higher than that
in APHs (1.78 mgkg™1). It exhibited a remarkable positive correlation between REE
concentrations in the roots and rhizosphere soils with a coefficient of 0.479 (p < 0.01).
The biological absorption coefficients (BACs) of REEs for Scutellaria baicalensis decreased
in the order of NGHs > APHs > BCHs. Soils developed in hornblende-gneiss were
characterized by high REE concentrations, lower content of clay fraction and overall
alkaline with a pH value of 8.06, favoring the inhabitation of Rehe Scutellaria baicalensis
and adsorption for RREs. Micronutrient elements in the roots, e.g., REEs, Cu, Zn, Sr, Ge
and Se, were remarkably correlated with flavonoid compound contents, suggesting their
significant impact on the quality of Scutellaria baicalensis. The activation of endocytosis
induced by REEs favored the adsorption of micronutrient elements and together improved
the quality of Scutellaria baicalensis. Therefore, Scutellaria baicalensis in NGHs, featuring
high REEs and other micronutrient elements concentrations, contained higher flavonoid
compound content.
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Abstract: The successful return of Chang’E-5 (CE5) samples urges the hot topic of the study of the
Moon in geochemistry. The elemental data of the analyzed moon samples reported in the literature
were collected to determine the elemental abundances in moon samples. Based on 2365 analytical
records of moon samples from ten missions of Apollo, Luna, and CE5, elemental abundances of
11 major oxides including Cr,Os3, 50 trace elements including Ti, P, Mn, Cr, and 15 rare earth elements
(REEs) including Y are derived based on statistical distributions of normal, log-normal, and additive
log-ratio transformation, respectively. According to the value of 13.5% CaO content, moon samples
are classified into two types, as low-Ca and high-Ca samples, whose elemental abundances are
also calculated respectively based on the methods used in the total moon samples. With respect to
the mid-ocean ridge basalt (MORB) of the Earth, moon samples (including the Moon, low-Ca, and
high-Ca samples) are rich in Cr, REEs, Th, U, Pb, Zr, Hf, Cs, Ba, W, and Be and poor in Na, V, Cu, and
Zn in terms of their concentrations, and are enriched in Cr and depleted in Na, K, Rb, P, V, Cu, Zn in
spider diagrams. The CE5 sample is a low-Ca type of moon sample and is clearly rich in Ti, Fe, Mn,
P, Sc, REEs, Th, U, Nb, Ta, Zr, Hf, Sr, Ba, W, and Be and poor in Mg, Al, Cr, and Ni in terms of their
concentrations relative to the moon or the low-Ca samples. If compared with the moon sample, the
CE5 sample is also clearly rich in K, REE, and P.

Keywords: lunar samples; CE5; low-Ca; high-Ca; spider diagram

1. Introduction

The successful return of Chang’E-5 (CE5) has marked China as the third country to
retrieve moon samples after the United States and the former Soviet Union. Studies on the
returned samples have been an interesting and hot topic in geochemistry recently [1-11].
Elemental abundance is a basic topic in geochemistry, such as in the Earth [12-16]; therefore,
the elemental composition of CE5 samples and moon samples from the Apollo and Luna
missions is very attractive to geochemists.

On the elemental compositions of moon samples, Rose et al. [17-21] proposed the
compositions from the Apollo missions. Samples in each Apollo mission were divided
into the types of soil and rock, and the average elemental concentrations were used to
represent their compositions. However, the analyzed samples or sample count from each
mission was mostly less than 30, and items of major oxides, trace elements, and rare earth
elements (REEs) were limited, such as 11 major oxides (including Cr,O3), 14 trace elements,
and 3 REEs (Table 1). In addition, Taylor et al. [22] proposed a set of average elemental
compositions in the lunar highland, including 8 major oxides (lack of P,O5 and MnO),
16 trace elements, and 14 REEs based on 4 samples from Apollo 17 and 6 samples from
Apollo 16 (Table 1). Korotev [23] proposed the compositions of Apollo 16 soils, including
8 major oxides, 12 trace elements, and 8 REEs based on 8 sampling stations with 2~6 samples
in each station (Table 1). Warren and Taylor [24] proposed the compositions of mare basalts
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and highland regolith on the Moon. The compositions of mare basalts include 8 major
oxides, 10 trace elements, and 5 REEs derived from the elemental averages of mare basalts
from all the Apollo and Luna missions except Apollo 16 and Luna 20. The sample count of
the mare basalts is less than 200 from the Apollo missions and less than 20 from the Luna
missions. The compositions of highland regolith, including 9 major oxides (lack of P,Os),
12 trace elements, and 9 REEs, were derived based on the statistical average of soils from
Apollo 16, 2 regolith breccias from Apollo 14, and 7 lunar meteorites (Table 1). Although
the elemental data from CE5 samples have been reported recently [1-3,5-7], the elemental
compositions or abundances of moon samples are incomplete, which were derived based
on only a few analytical samples with limited items (Table 1).

Table 1. Sample counts and element counts of analyzed moon samples.

Rose et al. Taylor et al.
References [17-21] [22] Korotev [23] Warren and Taylor [24]
Samples Apollo Lunar Apollo 16 Mare Highland
P Missions Highland Soils Basalts Regolith
Counts of <30 10 <50 <220 10
samples/records
Counts'of major 1 8 8 8 9
oxides
Counts of trace 14 16 12 10 12
elements
Counts of rare 3 14 8 5 9

earth elements

In this paper, the analytical data reported in the literature on moon samples from
Apollo, Luna, and CE5 missions were compiled firstly. Then the elemental abundances
of moon samples were derived based on statistical distributions of the analytical data.
Thirdly, the moon samples were classified into two types according to their concentrations
of CaO, and the elemental abundances of each type were also calculated. Finally, the
elemental compositions of CE5 samples were compared with the newly derived elemental
abundances of moon samples.

2. Samples and Analytical Methods
2.1. Samples

The exploration and research of the Moon have been launched since 1957 [25]. In 1969,
the Apollo 11 mission realized a manned moon landing and retrieved moon samples, which
shifted the research on the Moon from theoretical conception to practical analysis [26-31]. Then
in 1970, Luna 16 realized an unmanned moon landing sampling [32-34]. In 2020, Chang’E-5
(CE5) brought back moon samples [35]. So far, humans have retrieved moon samples 10 times,
including 6 Apollo missions, 3 Luna missions, and the Chang’E-5 mission (Figure 1). The
uppermost few meters of the Moon’s crust, from which all the moon samples came, is a layer
of loose, highly porous regolith or moon soil [24]. Samples from the Apollo missions contain
lumps of rocks, breccias, surface soils, and core soils. The Apollo missions brought back a
total of 380.95 kg of samples (Table 2), of which rock and breccia samples were picked up by
the astronauts on the surface, and soil samples were mainly extracted by the surface scoop
and deep drilling core, with a depth of 2 to 3 m. The Luna missions brought back a total
of 0.301 kg of samples (Table 2). The sampling method was mechanical core drilling with
a depth of 0.2 to 1.6 m. As for the CE5 mission, it brought back a total of 1.731 kg of lunar
samples [1-3,5-7]. The sampling methods were mechanical shovel sampling and drilling
sampling, but the drilling samples have not been analyzed or reported until now.
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una Mission

Figure 1. The landing sites of Apollo, Luna, and Chang’E-5 missions.

Table 2. The counts of analyzed records collected in this paper from each mission with other information.

Mission Longitude Latitude Counts of Samples Weight of Samples (kg)
Apollo 11 23.47297 0.67408 183 21.55
Apollo 12 —23.42157 —3.01239 218 34.30
Apollo 14 —17.47136 —3.6453 272 42.80
Apollo 15 3.63386 26.13222 364 76.70
Apollo 16 15.49812 —8.97301 685 95.20
Apollo 17 30.77168 20.1908 476 110.40

Luna 16 56.3 —0.68 33 0.101

Luna 20 56.5 3.57 34 0.030

Luna 24 62.2 12.75 67 0.170
Chang'E-5 —51.916 43.058 33 1.731

Sum - - 2365 382.982

2.2. Analytical Methods

The Apollo samples were first analyzed by the Lunar Sample Preliminary Examination
Team of NASA. It reported a few samples’ composition data, including major oxides and
some trace elements without REEs for each mission [26-31]. Later, other experts and
scholars applied to NASA for samples, of which the analytical composition data have been
reported one after another [17-21,36,37]. The samples from the Luna missions were first
analyzed and tested by the former Soviet Union [32-34]. Then after exchanging with the
United States, the composition data was also analyzed and reported [32-34,38-40]. The
composition data of CE5 samples have been analyzed and reported only recently [1-3,5-7].

The main analytical methods used to determine the composition data of moon samples
are X-ray fluorescence spectrometry (XRF), inductively coupled plasma mass spectrometry
(ICP-MS), instrumental neutron activation analysis (INNA), and electron microprobe analysis
(EPMA), which can analyze many items such as major oxides, some trace elements, and/or
REEs simultaneously [17,36-38]. In addition, other analytical methods such as isotope dilution
analyses (IDA), emission spectrography (ES), and radiochemical neutron activation (RCNA)
were adopted to analyze the composition of Rb, Sr, Zr, Re, Au, etc. [4143]. The analytical
quality, such as the detection limits, precisions, accuracies, relative errors, and relative standard
deviations, were illustrated in the original literature. In general, the relative errors were less
than 5% for major oxides and 10% for trace elements, including REEs.
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All the analytical data collected in this paper are from moon samples brought back from
the Apollo, Luna, and CE5 missions (excluding meteorites found on the Earth) and have been
reported in the literature. The analyzed samples are soils, breccias, and rocks, and the counts
of analytical samples (or records) in each mission or landing site are listed in Table 2. There
are 2365 records of analytical data of moon samples used in this paper in total.

3. Statistical Methods and Results
3.1. Elemental Abundances in Moon Samples

In order to calculate the elemental abundances in moon samples, a total of 2365 records
of analytical data were used with equal weight, ignoring the different missions or landing
sites, sample types, and analytical methods from the literature.

According to the rule of “The contents of major oxides commonly obey normal dis-
tribution”, the average of the analytical data excluding outliers was calculated as the
abundance for each major oxide here. Firstly, the average (Avg) and standard deviation
(Std) of each oxide’s data were calculated for all the samples (the count of samples is labeled
as ng). Then, the boundary values of Avg + 3Std were used to delete the outliers repeatedly
until no outlier data were found. Finally, the average of each oxide’s data without outliers
(the count of samples is labeled as n) was calculated and viewed as its abundance. The
abundances of 11 major oxides (including Cr,0O3) along with counts of samples (ng and n)
are listed in Table 3, and statistical histograms of major oxides are illustrated in Figure 2.
The sum of the 11 major oxides (or Total in Table 2) is 99.10%, which is close to the closure
value of 100%.
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Figure 2. Histograms of major oxides with their counts of samples (ny is the count of total analytical
data and n is the count of analytical data without outliers). The histogram of K,O contents is drawn
without the three highest values of 5.8, 3.2, and 3.1, and the histogram of P,Os contents is without
the two highest values of 1.38 and 1.1.
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Table 3. Elemental abundances in moon samples with their counts of samples (ng and n).

Oxides/ Moon Low-Ca High-Ca CE5
Elements Abundance ng n Abundance ny n Abundance ng n Abundance
SiOy 44.89 1392 1375 44.78 1029 1015 45 346 327 41.51
AL O3 17.49 1885 1885 14.17 1379 1377 27.66 466 447 10.93
FeO 12.15 2062 2061 14.59 1456 1454 4.98 511 464 22.7
TiO, 2.52 1851 1723 3.98 1383 1379 0.431 444 419 543
CaO 12.11 1979 1959 10.93 1468 1440 15.69 511 493 11.36
MgO 8.83 1842 1793 9.77 1359 1302 5.75 462 461 6.21
Na,O 0.443 2040 1984 0.449 1452 1422 0.458 509 485 0.434
K, O 0.11 1769 1478 0.171 1277 1181 0.088 409 393 0.175
P,05 0.123 596 512 0.18 476 461 0.106 120 120 0.248
MnO 0.169 1763 1757 0.194 1347 1341 0.061 362 336 0.285
Cr,03 0.269 2012 1974 0.316 1384 1364 0.095 458 445 0.199
Total 99.1 - - 99.53 - - 100.32 - - 99.49
Ag 5.1 112 112 111 38 38 12 1 1 -
As 0.054 79 79 0.057 52 52 0.027 14 14 -
Au 391 572 528 4.24 366 347 4.46 87 87 8.8

B 3.88 20 19 3.42 19 18 39 1 1 -
Ba 162 1488 1466 202 962 957 106 307 297 388
Be 1.35 186 185 2.03 86 85 1.06 22 22 2.84
Bi 0.0006 95 93 0.0167 5 5 - 0 0
Br 0.076 84 84 0.065 38 38 0.09 9 9 -
Cd 124 145 144 59.9 32 32 7.2 21 21 -
Cl 13.5 78 78 12 52 52 227 13 13 -
Co 32.2 1675 1608 35.1 1096 1062 25.4 322 322 37.7
Cr 1546 1970 1933 2046 1384 1354 607 429 429 1359
Cs 0.136 583 579 0.242 247 247 0.118 152 152 0.205
Cu 9.45 448 437 9.5 238 229 4.77 83 83 122

F 67 48 48 86 37 37 29.2 11 11 -
Ga 4.59 613 574 5.55 384 357 3.42 100 100 5.79
Ge 0.08 181 181 0.087 75 75 0.219 15 15 -
Hf 55 1401 1372 6.84 960 954 295 248 248 13.8
In 0.0054 159 159 0.0081 40 40 0.0043 14 14 -

Ir 8.1 602 559 8.6 367 359 10.2 116 116 3.61
Li 9.5 347 340 123 174 174 6.24 65 65 15.4
Mn 1167 1761 1734 1441 1347 1325 490 341 320 2205
Mo 0.119 89 85 0.239 23 23 0.014 2 2 0.033
Nb 122 545 537 15.7 333 332 6.67 96 96 35.6
Ni 213 1413 1323 208 837 806 288 330 329 139
Os 1.67 103 103 15.7 12 12 7.5 1 1 -

P 267 840 840 626 476 476 395 115 115 1080
Pb 1.42 215 211 2.44 81 80 2.08 47 47 1.89
Pd 3.53 136 136 7.3 44 44 29 2 2 -
Pt 9.3 13 13 9.4 12 12 9 1 1 -
Rb 2.92 854 845 4.34 447 447 1.97 142 139 5.63
Re 0.167 124 124 0.464 30 30 231 2 2
Rh 16.7 2 2 16.7 2 2 - 0 0 -
Ru 13.7 29 28 10.1 19 18 23.7 10 10 -

S 819 248 235 881 193 189 592 46 45 -
Sb 0.0054 182 182 0.068 25 25 0.0079 16 16 -
Sc 25.6 1613 1600 36.1 1039 1035 8.3 347 334 63.5
Se 0.068 146 142 0.346 32 32 0.204 7 7 -
Sn 0.497 79 79 0.361 23 23 0.074 21 21 -
Sr 150 1337 1305 148 871 857 165 264 261 309
Ta 0.82 1193 1176 1.08 838 827 0.384 220 219 1.81
Te 0.0053 94 93 0.027 1 1 0.5 1 1 -
Th 1.99 1140 1127 2.36 755 752 1.58 262 255 4.98
Ti 11009 1850 1835 17063 1383 1378 2581 429 408 32526
Tl 0.00324 106 106 0.011 14 14 0.0006 1 1 -
U 0.63 986 959 0.88 589 589 0.465 196 185 1.36
\Y% 64 1077 1070 79 763 751 19.8 188 187 93.1
w 0.207 170 170 0.331 92 92 0.229 12 12 0.54
Zn 13 643 640 18.5 341 340 6.6 92 92 14.5
Zr 222 979 961 288 601 598 134 222 222 523
La 123 1553 1532 14.7 1050 1041 8.57 284 249 35.6
Ce 35.1 1429 1407 42.7 946 942 22.5 265 246 97.7
Pr 5 196 195 7.25 87 87 29 30 26 12.6
Nd 24.6 1102 1081 31.2 752 740 137 159 149 59.7
Sm 75 1473 1403 9.48 984 944 3.89 261 248 16.9
Eu 1.35 1499 1443 1.52 1004 997 1.07 269 261 2.58
Gd 9.8 346 335 12.5 143 141 4.67 54 52 19.3
Tb 1.67 1315 1268 212 886 851 0.8 255 249 3.28
Dy 10.5 1103 1017 133 759 689 5.04 163 152 20.4
Ho 2.36 540 490 3.04 346 302 113 74 71 4.14
Er 6.5 375 348 8.4 170 157 3.11 43 40 112

Tm 0.9 377 314 1.15 256 208 0.458 45 42 1.48
Yb 5.84 1680 1652 7.39 1126 1121 2.88 303 301 9.75
Lu 0.84 1414 1312 1.07 942 855 0.413 263 245 1.36

Y 60 426 407 73 259 243 31.4 67 64 116

Note: The units of major oxides and trace elements (including REEs) are % and ug/g, respectively, except Ag, Au,
Cd, Re, Ru, Rh, Pd, Os, Ir, Pt, which are in ng/g.
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According to the rule of “The contents of trace elements commonly obey log-normal
distributions”, the geometric average of analytical data excluding outliers was calculated
as the abundance for each trace element. The elemental abundances of 50 trace elements
(including Ti, P, Mn, and Cr), along with their counts of samples (ng and n), are also listed
in Table 3.

REE pattern is a useful tool for traceability or provenance in geochemistry [44,45],
and the key signature is the variation trend of the pattern, which is dependent on REE
concentrations. Therefore, the covariation of REE abundances needs to be considered. Here,
the additive log-ratio (alr) transformation method [46,47] was adopted to calculate the
REE (including Y) abundances, and Yb was selected as the denominator to calculate the
ratios for other REEs. Yb was selected as the denominator of the alr transformation method
because it not only has the largest count of analyzed samples (ng = 1680 and n = 1652) but
also obeys the log-normal distribution well relative to the other REEs. According to the
geometric average of Yb without outliers, 5.84 ng/g was set as its abundance of moon
samples and was used to calculate the abundances of the other REEs (including Y). The
abundances of 15 REEs (including Y) with their counts of samples (ng and n) are also listed
in Table 3.

3.2. Elemental Abundances in Moon Samples with Low-Ca and High-Ca

Although elemental abundances in moon samples were derived based on statistical
distributions such as normal, log-normal, and alr-normal distributions, some items clearly
deviate from their ideal distributions, such as CaO, FeO, Al,O3, TiO,, P05, Cr,03, etc., as
shown in Figure 2. It is worth mentioning that the distribution of CaO contents is near a
bimodal distribution (Figure 2). In order to derive more meaningful elemental abundances,
moon samples were classified into two types, as low-Ca and high-Ca samples, based on the
CaO content boundary of 13.5% used in this paper.

In the total 2365 analyzed moon samples, there were only 1979 records with valid
CaO contents. According to the content boundary of 13.5% CaO, there were 1468 records
classified as low-Ca samples and 511 as high-Ca samples. Therefore, moon samples with
low Ca were about three-quarters of the total moon samples collected in this paper, and
samples with high Ca were about one-quarter.

With respect to the low-Ca moon samples and high-Ca moon samples, we used the
same statistical methods as adopted for the total moon samples to calculate the elemental
abundances of each type separately. The abundances of each type are also listed in Table 3,
along with their counts of samples (ng and n).

4. Discussion
4.1. Geochemical Signatures of Elemental Abundances

Based on the elemental abundances of the moon, low-Ca, and high-Ca samples in
Table 2, we compared their geochemical signatures with the elemental abundances of car-
bonaceous chondrite CI [12], primitive mantle [13], bulk oceanic crust [14], mid-ocean ridge
basalt (including those of Atlantic, India, and Pacific [14]), continental crust (including total
continental crust, lower continental crust, middle continental crust, and upper continental
crust [15]), and rocks of China (including acidic rock, intermediate rock, and basic rock of
China [16]) and found moon samples are more close to the mid-ocean ridge basalt (MORB)
of the Earth. Here, only the comparison results with the MORB were illustrated to derive
the geochemical signatures of moon samples.

4.1.1. Major Oxides

According to the illustration method of spider diagrams, the 11 major oxides were
first sequenced descending on their abundances of moon samples. Then, moon samples
were normalized based on the MORB of the Earth. Finally, the spider diagrams of major
oxides of moon samples were derived and illustrated in Figure 3.
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Samples/MORB

O Low-Ca < High-Ca
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Figure 3. Spider diagrams of major oxides of moon samples normalized based on MORB. Abundances
of the MORB are from White and Klein [14]. Elements in the horizontal axis are the abbreviations of
their major oxides listed in Table 2.

With respect to the MORB, the moon sample (labeled as Moon in Figure 3) is clearly
rich in Cr,O3 and TiO; and poor in KO in terms of their concentrations. The moon sample
with low-Ca (labeled as Low-Ca in Figure 3) is also clearly rich in Cr,O3 and TiO, and poor
in KO, like the moon sample. While the moon sample with high-Ca (labeled as High-Ca
in Figure 3) is clearly rich in Cr,O3 and Al,O3 and poor in NayO, TiOp, MnO, and FeO in
terms of their concentrations. In the three abundances of moon samples, the moon sample
with low-Ca is closer to the MORB, except for the clear signature of higher concentrations
of Cr,O3 and TiO, and lower concentrations of K,O.

With respect to the MORB, the moon samples (including Moon, low-Ca, and high-Ca
in Figure 3) are clearly enriched in Cr and depleted in Na in the diagrams. Here, the terms
of rich and poor are used for concentrations (comparison between/among samples), and
the terms of enriched and depleted are used for diagrams (comparison among elements in
the same sample).

4.1.2. REEs

The REE patterns of the three abundances of moon samples (including Moon, low-Ca,
and high-Ca) are illustrated in Figure 4.

10

O Low-Ca < High-Ca
+ Moon ¥ CES

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Samples/MORB

e

Figure 4. REE patterns of moon samples normalized to the MORB. Abundances of the MORB are
from White and Klein [14].

With respect to the MORB, the REE patterns of the Moon and low-Ca samples (Figure 4)
are near flat, except for the clear negative Eu anomaly. While the pattern of high-Ca
(Figure 4) is tilted right for light REEs and nearly flat for heavy REEs. Therefore, the Moon
and low-Ca samples are closer to the MORB than the high-Ca samples in the REE pattern,
except for the clear negative Eu anomaly. With respect to the absolute concentrations of
REEs, the three abundances of moon samples (including Moon, low-Ca, and high-Ca)
are all higher or richer than those of the MORB. The descending sequence of total REE
concentrations is (CE5 discussed in the following), low-Ca, Moon, high-Ca, and the MORB
(Figure 4).
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4.1.3. Trace Elements

Trace elements are illustrated using the spider diagram suggested by Sun and Mc-
Donough [48], with 31 elements, including K, P, and Ti. In order to avoid the repetition of
REEs, the Ce and Eu were deleted from the spider diagram in which Ce and Eu are following
the La and Sm, respectively. Therefore, a total of 29 elements (including K, P, and Ti) were
used to draw the spider diagrams of the moon samples, which are illustrated in Figure 5.

100

O Low-Ca < High-Ca
+ Moon %* CES

o

Samples/MORB

0.1 T Y T R N B |

Cs Rb TI Ba W Th U Nb Ta K La Pb Pr Mo Sr P Nd F Zr Hf Sm Sn Sb Ti Dy Li Ho Y Yb

Figure 5. Spider diagrams of moon samples normalized to the MORB. Abundances of the MORB are
from White and Klein [14].

With respect to the MORB in terms of their concentrations, the moon samples (in-
cluding the Moon, low-Ca, and high-Ca) are all clearly rich in Cs, Ba, W, Th, U, and Pb
(Figure 5).

With respect to the MORB, spider diagrams of moon samples (including the Moon,
low-Ca, and high-Ca) are nearly flat (variations are limited to one order of magnitude),
except for the clear depletion in Rb, K, and P (Figure 5). Furthermore, the diagram of
high-Ca is also clearly depleted in Ti (Figure 5).

4.1.4. Other Trace Elements

Except for the aforementioned major oxides, REEs, and trace elements, there are
only eight remaining elements of Sc, V, Co, Ni, Cu, Zn, Be, and B, which are reported
abundances both of moon samples and the MORB. Here we supplement Ti, Cr, Mn, and
Fe to the eight elements to form a series of the first transition elements plus Be and B.
Therefore, 12 elements were used to form the spider diagrams of the moon samples which
are illustrated in Figure 6.

100

O Low-Ca < High-Ca
+ Moon * CES 7>

Samples/MORB

0.01 T B O S SO RO S R R
Sc Ti V Cr Mn Fe Co Ni Cu Zn Be B

Figure 6. Spider diagrams of moon samples on first transition elements plus Be and B normalized to
the MORB. Abundances of the MORB are from White and Klein [14].
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With respect to the MORB in terms of their concentrations, the moon samples (includ-
ing the Moon, low-Ca, and high-Ca) are all clearly rich in Cr, Ni, and Be and poor in V, Cu,
and Zn (Figure 6).

With respect to the MORB, the spider diagrams of moon samples (including the Moon,
low-Ca, and high-Ca) are nearly flat (variations are limited to one order of magnitude),
except for the clear enrichment in Cr and depletion in V, Cu, and Zn (Figure 6). In addition,
the diagram for the high-Ca moon sample is also clearly enriched in Ni and B (Figure 6).

In summary, the geochemical signatures of major oxides, REEs, and trace elements in
moon samples (including the Moon, low-Ca, and high-Ca) are rich in Cr, REEs, Th, U, Pb, Zr,
Hf, Cs, Ba, W, and Be and poor in Na, V, Cu, and Zn in terms of their concentrations, and are
enriched in Cr and depleted in Na, K, Rb, P, V, Cu, and Zn in the spider diagrams, relative to
the MORB. Among the total moon samples, low-Ca samples, and high-Ca samples, the low-
Ca samples are closer to the total moon samples in concentration or patterns (or diagrams),
which is not only illustrated in Figure 3 to Figure 6 but also consistent with the counts of
analytical data with equal weighting used in this study. Except the 46 elements discussed
in this paper, the other 26 elemental abundances in moon samples are not discussed here
because of the data lack on the MORB.

4.2. Chang’E-5 Samples
4.2.1. Elemental Concentrations

Here we compile the analyzed elemental data of CE5 samples reported recently. The
averages are used to represent the elemental concentrations of the CE5 samples which
include 33 analyzed records, including two repetitions reported by different authors. If the
elemental concentrations were only reported by Zong et al. [7], the suggested concentrations
by Zong et al. [7] are used in this paper.

The calculated elemental concentrations of the CE5 samples are also listed in Table 3,
including 11 major oxides, 15 REEs (including Y), and 28 trace elements (including Ti, P,
Mn, and Cr).

4.2.2. Geochemical Signatures

The content of CaO of CE5 is 11.36%, which is lower than the boundary value of
13.5% for low-Ca and high-Ca moon samples. Therefore, the CE5 sample is the low-Ca
type of moon sample. In terms of Ti content, moon samples can be divided into three
types: high Ti (TiOy > 6%), low Ti (1% < TiO, < 6%), and very low Ti (TiO, < 1%) [11].
The content of TiO, of CE5 is 5.43%, which indicates that the CE5 sample is the low Ti
type of moon sample.

According to the illustrations of moon samples, the geochemical signatures of the CE
sample are also illustrated in Figure 3 to Figure 6.

With respect to the MORB, the CE5 sample is clearly rich in Cr,Os, TiO,, and FeO and
poor in Na,O (Figure 3) in major oxides in terms of their concentrations, and is also enriched
in Cry O3, TiO,, and FeO and depleted in NayO in the diagrams. The REE pattern of CE5 is
tilted right slowly, except for the clear negative Eu anomaly, and its REE concentrations are
clearly higher than those of the MORB (Figure 4). In the spider diagrams (Figures 5 and 6), the
CES5 sample is clearly rich in Cs, Ba, W, Th, U, Nb, Ta, Pb, Zr, Hf, Ti, Li, Sr, Cr, and Be and poor
inV, Cu, and Zn in terms of their concentrations, and is enriched in Cr and depleted in Rb, K,
P, V, Cu, and Zn in the spider diagrams. Among the total moon sample, low-Ca sample, and
high-Ca sample, the CE5 sample is closer to the low-Ca sample in concentrations or patterns
(or diagrams), which are illustrated in Figure 3 to Figure 6. This is consistent with the low-Ca
type of moon samples discriminated on CaO content, as mentioned previously.

With respect to the total moon sample, the CE5 sample is clearly rich in Ti, Fe, Mn,
P, Sc, K, REEs, Th, U, Nb, Ta, Zr, Hf, Sr, Ba, W, and Be and poor in Mg, Al, Cr, and Ni in
terms of their concentrations. From this view, the CE5 sample is the KREEP type of moon
sample [49,50] because it is rich in K, REEs, and P relative to the moon sample. However,
the contents of K,O in the CE5 sample and the low-Ca sample are 0.175% and 0.171%,
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respectively, which are almost the same within the relative error. From this view, the CE5
sample is the non-KREEP type of moon sample [1] because of the non-enrichment of K
relative to the low-Ca moon sample.

Except for the aforementioned studies on the CE5, more and more articles are being
published [51-54] on hot and interesting topics, which are very helpful in promoting the
research of the Moon. The elemental abundances of the CE5 sample in this paper will be
improved on with more studies in the near future.

5. Conclusions

(1)  The elemental abundances of moon samples, including the moon sample, the low-Ca
moon sample, and the high-Ca moon sample, were derived from statistical distribu-
tions of analytical data reported in the literature. The classification criterion of low-Ca
and high-Ca types of moon samples was 13.5% CaO content.

(2)  With respect to the MORB of the Earth, the moon samples (including the Moon, low-
Ca, and high-Ca samples) were rich in Cr, REEs, Th, U, Pb, Zr, Hf, Cs, Ba, W, and Be
and poor in Na, V, Cu, and Zn in terms of their concentrations, and were enriched in
Cr and depleted in Na, K, Rb, P, V, Cu, and Zn in the spider diagrams.

(3) The CE5 sample is the low-Ca type of moon sample and is clearly rich in Ti, Fe, Mn, P,
Sc, REEs, Th, U, Nb, Ta, Zr, Hf, Sr, Ba, W, and Be and poor in Mg, Al, Cr, and Ni in
terms of their concentrations relative to the moon and the low-Ca moon samples. If
compared with only the moon sample, the CE5 sample is also clearly rich in K, REE,
and P.
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Abstract: An equation of state (EOS) of CH4-Nj fluid mixtures in terms of Helmholtz free energy
has been developed by using four mixing parameters, which can reproduce the pressure-volume-
temperature-composition (PVTx) and vapor-liquid equilibrium (VLE) properties of CH4-Nj fluid
mixtures. The average absolute deviation of all the PVTx data available up to 673.15 K and 1380 bar
from this EOS is 0.38%. Combining this EOS of CH,4-Nj fluid mixtures and the EOS of CH4-CO,
and CO,-Nj fluid mixtures in our previous work, an EOS of CO,-CHj4-N fluid mixtures has been
developed, which is named ZMS EOS. The ZMS EOS can calculate all thermodynamic properties
of ternary CO,-CHy4-Nj fluid mixtures and the average absolute deviation of the PVTx data from
the ZMS EOS is 0.40% for the CO,-CHy4-N; system. The ZMS EOS can be applied to calculate excess
enthalpies of CO,-CHy-N, fluid mixtures, predict the solubility of CO,-CHy-N; fluid mixtures in
brine and water, and quantitatively estimate the impact of the impurities (CH4 and N3) on the CO,
storage capacity in the CO, capture and storage (CCS) processes. The ZMS EOS can also be applied to
calculate the isochores of CO»-CHy4-Nj system in the studies of fluid inclusions. All Fortran computer
codes and Origin drawing projects in this paper can be obtained freely from the corresponding author.

Keywords: CO,-CHy4-Nj; system; equation of state; CCS; excess enthalpies; fluid inclusion

1. Introduction

The CO,, CH4 and N are important natural fluids, and non-aqueous CO,—CH4—N,
mixtures are often reported in the studies of fluid inclusions [1-3]. In recent decades, the
amount of greenhouse gas CO, in the atmosphere has gradually increased because of the de-
velopment of industry. Numerous studies have shown that CO, capture and storage (CCS)
is an effective method to reduce the amount of CO; in the atmosphere [4-6]. However, CO,
in industrial exhaust gases is usually impure, mixing with other components, such as CHy
and Nj [7,8]. The impurities can affect the design of the CCS processes [9-11]. Therefore,
predicting thermodynamic properties of the CO,-CH4-Nj fluid mixtures, especially the
pressure-volume-temperature-composition (PVTx) and vapor-liquid equilibrium (VLE)
properties at different temperatures and pressures, is of great significance for the related
CCS and fluid inclusion studies [12-15].

Although experimental thermodynamic data are the most reliable in the corresponding
applications, they are costly and time-consuming to obtain. On the other hand, the predic-
tive EOS is a better choice for us. In the past century, the cubic EOSs (e.g., Peng-Robinson
(PR) EOS [16], Soave-Redlich-Kwong (SRK) EOS [17]) originated from the van der Waals
EQOS [18] are highly preferred for the CCS researchers because of their simplicity. Based on
the standard PR EOS, some more accurate EOSs have been presented for the CCS mixtures,
such as a model that integrates the classical PR EOS with advanced mixing rules, called the
“Peng-Robinson + residual part of excess Helmholtz energy model” [19], and the Enhanced-
Predictive-PR78 (E-PPR78) EOS [20]. However, the cubic EOSs cannot well reproduce the
PVTx properties of fluids under high pressure-temperature conditions, as can be seen in
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Section 2. Based on Heyen EOS [21], Heyen et al. [22] simulated the phase equilibria of the
CHj4-CO; system below 50 °C and 100 bar; Darimont and Heyen [23] predicted the phase
equilibria of the CO,-N; system below 20 °C and 90 bar. Because cubic EOSs cannot well
reproduce the PVTx properties, Thiery et al. [24,25] and Thiery and Dubessy [26] modeled
the phase equilibria of the CO,-CHy4-N, system including liquid, vapor and solid by the
cubic EOSs and the PVTx properties by the Lee-Kesler correlation [27]. However, these
models have the disadvantage of using two EOSs that may cause incoherency of various
fluid parameters [28].

In recent years, the Statistical Associating Fluid Theory (SAFT) EOS [29] from Wertheim’s
thermodynamic perturbation theory (TPT) has become popular for CCS fluid mixtures. Be-
cause it is based on statistical mechanics and has an explicit physical meaning, it has more
reliable extrapolation and more accurate predictive capability than traditional empirical mod-
els. Many successful modifications of the SAFT-based EOSs have been presented, such as
the EOS of perturbed-chain SAFT (PC-SAFT) [30,31], variable range SAFT (SAFT-VR) [32],
and Lennard-Jones SAFT (LJ-SAFT) [33]. However, the SAFT EOSs cannot well reproduce
experimental VLE data in the near-critical region of the CO,-N fluid mixture, as can be seen
in the previous work [34]. Up to now, the EOS in terms of Helmholtz free energy is also com-
monly used to calculate the thermodynamic properties of CCS fluid mixtures [35-39], because
the EOS in the form of Helmholtz free energy has high precision, wide temperature-pressure
range, and can calculate all thermodynamic properties of the fluids by the derivation from the
Helmholtz free energy EOS, such as enthalpy, heat capacity, entropy, etc. The derivation from
the Helmholtz free energy EOS is not complex, as can be seen later.

In our previous work [34,40], the EOS in terms of dimensionless Helmholtz free energy
for the CH4-CO; and CO;-Nj fluid mixtures have been established by using four mixing
parameters, which have been applied to the studies of the CH4-CO; and CO,-N, fluid
inclusions. In this work, firstly, the EOS in terms of dimensionless Helmholtz free energy
of the CHy4-Np fluid mixture has been developed by the same approach. The ZMS EOS is
obtained by combining the binary interaction parameters of CH4-CO,, CO,-N; and CH4-N,
systems. Experimental data available for the binary CH4-N; and ternary CO,-CHy-N; fluid
mixtures are used to verify the accuracy of the ZMS EOS. Then the ZMS EOS is applied
to calculate the excess enthalpies, the solubility of CO,-CH4-N, gas mixtures in brine and
water, the impact of impurities (CH4 and N3) on the CO; storage capacity, and the isochores
of the CO,-CHjy-Nj fluid inclusions.

2. The ZMS EOS
The EOS of the CO,-CH4-N, mixtures is in terms of dimensionless Helmholtz free
energy «, which is represented by
a=a"+a" (1)
where «? and a” are the ideal-gas part and the residual part of dimensionless Helmholtz
free energy. ¥ and a” are defined by

n
a0 = Z X; [a? + lnxi] 2)
i=1
n
o = Z xinf (8, 7) + ch(é, T,X) 3)
i=1

where 7 is the number of components in the mixture, x; is the mole fraction of component i
in the mixture, the superscripts “0”, “r” and “E” denote the ideal-gas part, the residual part,
and the excess of dimensionless Helmholtz free energy, respectively. The subscript i denotes
the component i. f can be calculated by the EOSs of pure CO,, CHy and N fluids [41-43],
which are in terms of dimensionless Helmholtz free energy and are recommended as the
standard EOSs of pure CO,, CHy and N fluids by the National Institute of Standards and
Technology (NIST).
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¢ and T of Equation (3) are the reduced mixture density (6 = p/p.) and the inverse
reduced mixture temperature (t = T,/ T), where p and T are the density and temperature
of the mixture, and p. and T, are the pseudo-critical density and temperature of the mixture.
oc and T, are defined by

-1

Pe = Z + Z 2 xx/éz] “)

i=1 Pei i=1 j=i+1

Zx Tei + Z Z x x]gl] ®)
i=1 j=i+1
where x; is the mole fraction of component j in the mixture, p.; and T¢; are the critical density
and temperature of component i, respectively. The critical temperatures and densities of
the three components considered in this study are listed in Table 1. {;;, f;; and ¢;; are binary
parameters associated with components i and j.

Table 1. Critical parameters of pure fluids.

Component i Tc; (K) pei (mol/dm?®) References
CHy 90.6941 10.139 Setzmann and Wagner [42]
CO, 216.592 10.625 Span and Wagner [41]
N, 63.151 11.184 Span et al. [43]

«F of Equation (3) takes the general form developed by Lemmon and Jacobsen (LJ-1999
EOS) [35].

af (8,7, x) Z Z x;xjFj Z N ot (6)

i=1 j=i+1

where Fjjisa binary parameter associated with components i and j, Ny, di and t; are
the general parameters independent of fluids, which can be obtained from Lemmon and
Jacobsen [35]. There are four binary parameters ({;;, B;j, Gij and Fj) in the above equations.
Binary interaction parameters of CH4-CO, and CO,-N; have been determined in previous
work [34,40]. In this work, the binary interaction parameters of CHy-N; systems are
obtained by the nonlinear regression of selected experimental data. Since experimental
PVTx data available are much more than experimental VLE data, only part of new and
accurate experimental PVTx data are selected to fit the parameters to make the PVTx and
VLE data keep similar weights in the fitting. In this work, the Levenberg—-Marquardt
algorithm of the nonlinear least squares method is used for fitting, which is an efficient and
widely used mathematical optimization technique. The fitting condition is to minimize
the weighted sum of squares of the calculation errors of the equation on the selected
experimental PVTx and VLE data. Compared to Newton’s method (e.g., The Newton-
Raphson method used in REFPROP [44]), it combines the advantages of two numerical
minimization algorithms: the gradient descent method and the Gauss—-Newton method,
and it has good convergence and robustness. Regressed parameters of the CH4-N; system
are listed in Table 2, which also includes the parameters of CH4-CO, and CO,-Nj; systems
from previous studies.

Table 2. Binary interaction parameters of the CO,-CHy4-N, system.

References Binary Mixtures Fj; Cij (dm>/mol) 6ij (K) Bij
Mao et al. [40] CH4-CO, 0.12844025 x 10 0.35751245 x 1072 —0.43720344 x 10? 0.10358865 x 10
Zhang et al. [34] CO,-N, 016671494 x 10 0.58411078 x 10~2  —0.22952094 x 102 0.16878787 x 10
This work CH4-Np 0.63739997 0.3812517 x 1072 —0.17790001 x 102 0.1009001 x 10

Note: Subscripts i and j refer to the first component and the second component, respectively.
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2.1. The Binary CH4-N, Mixture

The calculated deviations of the PVTx and VLE properties from each experimental
data set [45-66] by this EOS for the CH4-N; fluid mixture are listed in Table 3. Detail
calculation method for the PVTx and VLE properties can be found in Mao et al. [40]. The
deviations of the PVTx data are the density deviations, and the temperature and pressure
of the experimental PVTx data are up to 673.15 K and 1380 bar, respectively. The deviations
of VLE property are the deviations of the vapor-liquid phase equilibrium composition, and
the experimental VLE composition covers the full range. The average absolute deviation of
all PVTx data from this EOS is 0.38% for the CH4-N, fluid mixture.

Table 3. Calculated PVTx and VLE deviations for the CHy4-N; mixture.

Number of Data Points T-P-x Range for xCHy-(1-x) N,
References AAD%
Styles Total (Used) T (K) P (bar) x

Liu and Miller [45] PVTx 7(0) 91-115 3-12 0.5 0.57
Rodosevich and Miller [46] PVTx 8(0) 91-115 43-454 0.8-0.95 3.83
Pan et al. [47] PVTx 7(0) 91-115 1-11 0.5-0.86 0.11
Hiza et al. [48] PVTx 21 (0) 95-140 1-21 0.5-0.95 0.10
Da Ponte et al. [49] PVTx 182 (50) 110-120 15-1380 0.3-0.68 0.12
Straty and Diller [65] PVTx 578 (0) 82-320 6-356 0.32-0.7 0.24
Haynes and McCarty [56] PVTx 85 (85) 140-320 10-164 0.3-0.71 0.09
Seitz et al. [64] PVTx 190 (90) 323-573 99-999 0.1-0.9 0.28
Seitz and Blencoe [63] PVTx 43 (0) 673.15 199-999 0.1-0.9 5.36
Ababio et al. [50] PVTx 83 (83) 308-333 9-120 0.5-0.78 0.12
Chamorro et al. [52] PVTx 242 (56) 230-400 9-192 0.8-0.9 0.23
Janisch et al. [57] PVTx 17 (0) 129-180 15-50 0.4-0.9 2.10
Lietal. [60] PVTx 27 (27) 17-270 1-16 0.9 0.06
Gomez-Osorio et al. [54] PVTx 142 (42) 304-470 100-1379 0.25-0.75 0.07
Brandt and Stroud [51] VLE 23 (0) 128-179 34 0.05-0.98 1.48
Cheung and Wang [53] VLE 20 (0) 92-124 0.2-6 0.85-1.0 5.02
Pan et al. [47] VLE 60 (60) 95-120 0.2-25 0.05-1 5.05
Miller et al. [62] VLE 11 (0) 112 2-13 0.2-0.97 3.30
Kidnay et al. [59] VLE 83 (83) 112-180 2-49 0.1-0.99 1.31
McClure et al. [61] VLE 8(8) 91 1-3 0.1-0.8 5.60
Jin et al. [58] VLE 10 (10) 123 4-26 0.1-0.95 2.96
Parrish and Hiza [66] VLE 48 (43) 95-120 2-20 0.1-0.9 3.14
Janisch et al. [57] VLE 16 (6) 130-180 0.5-5 0.4-0.96 1.14
Han et al. [55] VLE 77 (60) 110-123 4-13 0.7-1.0 2.49

Note: Deviations of the PVTx data are the density deviations, and the deviations of VLE data are the equilibrium
composition deviations. AAD is the abbreviation of average absolute deviation.

Figure 1 shows the deviations between this EOS and the experimental density data
of the CH4-N, mixture [49,52,54,64] at different pressures. It can be seen in Figure 1 that
most of the density deviations are within £1%, with or close to experimental accuracy. The
comparisons between experimental density and the calculated densities by this EOS are
shown in Figure 2, where the calculated densities from the PR and SRK EOSs [67] are also
included. The errors of three EOSs are also plotted in Figure 2. Figure 2 shows the PR
and SRK EOSs cannot well reproduce the PVTx properties, especially under high-pressure
conditions. In contrast, the calculated densities from this EOS are in good agreement with
experiment data [68].

Figure 3 compares the vapor-liquid phase equilibrium curves calculated from this EOS
with experimental data [55,57,59,66] at three temperatures of 170 K, 115 K and 110 K. It
can be seen from Figure 3 that the calculated vapor-liquid phase equilibrium curves from
this EOS are consistent with experimental data, indicating that this EOS can accurately
calculate the vapor-liquid phase equilibrium of CH4-N; mixture.
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Figure 1. Density deviations for the CHy4-N, system at different pressures. Experimental

data(triangles [64], stars [52], rounds [54], squares [49]): P is the pressure, p., is the calculated

density, and pexp is the experimental density.
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Figure 2. Experimental and calculated densities for the 0.8 mole CHy + 0.2 mole N, mixture at
different temperatures. The experimental density data (rounds) [68], the PR (green dash lines) and
SRK (blue dash lines) EOSs [67], this work (red lines): P is the pressure, p is the density, and T

is temperature.
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Figure 3. Vapor-liquid phase equilibria of the CH4-N, system at different temperatures, (a) P-xn;, /yn,
figure at 170 K; (b) P-xcp, /ycn, figure for 170 K; (c) P-xN, /yn, figure for 115 K; (d) P-xcn, / ych,
figure for 115 K; (e) P-xn, /yn, figure for 110 K; (f) P-xcp, /ycH, figure for 110 K. Experimental data
(rounds [55], triangles [57], squares [59]), this work (solid lines): xy;, and yn, are the mole fractions of
Ny in the liquid and vapor phases, respectively xcy, and ycp, are the mole fractions of CHy in the

liquid and vapor phases, respectively.
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2.2. The Ternary CO,-CHy4-N, Mixture

Combining binary interaction parameters of the CHy-CO,, CO,-N, and CHy-N,
systems, the EOS can also predict the thermodynamic properties of the CO,-CH4-N;
mixture. Here, the experimental PVTx and vapor-liquid equilibrium data are used to verify
the accuracy of this EOS for the ternary mixture.

The calculated PVTx deviations for the ternary CO,-CHy-N, mixture from each ex-
perimental data set [1,64,69-71] are given in Table 4, where the temperature and pressure
of the PVTx data are up to 573.15 K and 1000 bar, and the composition almost covers the
full range. The average absolute deviation of all PVTx data from this EOS is 0.40% for
the CO,-CHy-N; fluid mixture. Figure 4 shows the comparison between experimental
data [71] and calculated densities for the CO,-CHy4-N, mixture at different temperatures.
It can be seen from Figure 4 that calculated densities from this EOS are in good agree-
ment with experiment data, indicating that this EOS has a good predictive ability for the
CO,-CH4-N» mixture.
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Figure 4. Comparisons between experimental and calculated densities for the CO,-CH4-N, mixture
at different temperatures. (a) Xco, = 0.0998, Xcp, = 0.6625, Xy, = 0.2477; (b) Xco, = 0.9949,
Xcn, = 0.02, X, = 0.0301; (¢)Xco, = 0.1504, Xcp, = 0.1004, Xy, = 0.7492; (d) Xco, = 0.3346,
Xcn, = 0.3319, Xy, = 0.3335. Experimental data (squares [71]), this work (solid lines): Xco, is the
mole fraction of CO; in the mixture, Xcp, is the mole fraction of CHy in the mixture, Xy, is the mole
fraction of Ny in the mixture.
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Table 4. Calculated PVTx deviations for the ternary CO,-CHy-N, mixture.

T-P-x Range for xCO,-yCHy-(1-x-y) Na

References N AAD%
T (K) P (bar) x y
McElroy et al. [59] 242 303-333 6-126 0-0.9998 0-0.999 0.45
Seitz et al. [60] 42 47415 1000 0.0-1.0 0.0-1.0 0.28
Seitz et al. [55] 271 323-573 199-999 0.1-0.8 0.1-0.8 0.28
Zhang et al. [61] 200 293.15-353.25 5-180 0.098-0.9949 0.02-0.6525 0.52
Leetal. [1] 84 305.15 5-600 0.499-0.899 0.0505-0.331 0.82

Note: Deviations of the PVTx data are the density deviations. N is the Number of data points, AAD is the
abbreviation of average absolute deviation.

The vapor-liquid phase equilibrium properties of the ternary CO,-CHy-Nj; system are
shown in Figure 5, where the curves are calculated from this EOS, and the experimental
data are from the literature of [72-74]. As can be seen from Figure 5, all the experimental
data points in the non-critical region agree well with this EOS, but in the near-critical region
(Figure 5c), the calculated values deviate largely from experimental data [72-74].

co,

co,

P=62.05 bar
T=230 K

co,

P=45.6 bar
CO; T=270K
P=86.19 bar
T=230K

o Ot N,

Figure 5. Vapor-liquid phase equilibria for the CO,-CHy-N, system at different temperatures and
pressures, (a) T = 220 K, P = 60.8 bar; (b) T = 230 K, P = 62.05 bar; (c) T = 230 K, P = 86.19 bar;
(d) T =270K, P = 45.6 bar. Experimental data (squares [73], rounds [72], triangles [74]), this work
(solid lines).
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3. The Applications of the ZMS EOS
3.1. Calculating Excess Enthalpies

The excess enthalpy (HF) is an important thermodynamic property of the mixture for
the mixing and separation processes, which is defined by

HE = {Hm Zx,-H,-} @)

P,T

where Hy, is the enthalpy of the mixture, H; is the enthalpy of pure component i, and
x; is the mole fraction of component 7 in the mixture. According to the thermodynamic
relationship between Helmholtz free energy and enthalpy, H;, and H; are given by

Hy,, = RT(l + T(ag + a?) + 5&3) 8)
H; = RT(l g (agi 4 o/ﬂ) n 5iagi) )
0 _ (o _ o’ (o 0 _ Ba? _ (oa]
where 0 = (32) ot = (%) 05 = (%), % = (%), 0 = (), one
ol = (%) . d; and 7; are the reduced density and inverse reduced temperature of
v/t

pure component i, which are defined by

0 = pi/ pei (10)
T ="Ti/T (11)

where p; is the density of component i. Based on Equations (8)—(11), H; can be calculated
by this EOS of the CO,-CHy4-N, fluid mixtures and H; can be calculated by the above-
mentioned equations of pure CO,, CHy and N fluids.

The calculated excess enthalpy curves of the CH;-CO, and CO,-N, mixtures are,
respectively, shown in Figures 6 and 7, where the experimental data [75,76] are included
for comparison. The following EOSs are also included for comparison: the standard Peng—
Robinson (PR) EOS, either optimized (optimal k) or not (k; = 0); the PR EOS with the

residual part of the Wilson excess Helmholtz energy model (PR + EOS/ u,ﬁ;!v ”s‘m) [19]. It can

be seen from Figures 6 and 7 that this EOS is more accurate than the standard PR EOS, either
optimized (optimal k;j) or not (k;; = 0) at most cases. In general, the PR + EOS/ ab Vs and
this EOS shows a similar predictive capability for the excess enthalpies of the CH4-CO,
mixture. However, this EOS is slightly more accurate than the PR + EOS/ ufe’sw ilson gor the
CO,-N, mixture at low pressures.

Figure 8 compares the excess enthalpy curves of the CH4-N; mixture calculated from
the ZMS EOS with experimental data [77], and enthalpies calculated from the Enhanced-
Predictive-PR78 (E-PPR78) EOS [20] are also added for comparison. Figure 8a shows
the ZMSEOS are significantly more accurate than the (E-PPR78) EOS at high and middle
pressures. Figure 8b shows the enthalpies of mixing calculated from the E-PPR78 EOS are
slightly better than those of the ZMS EOS at low and middle pressures, but the enthalpies
of mixing calculated from the ZMS EOS are better than those from the E-PPR78 EOS at
P =101.33 bar.
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Figure 6. Comparisons between experimental and calculated mixing enthalpies for the CH4-CO,
mixture, (a) T =283.15K, P = 10.13bar; (b) T = 283.15K, P = 30.40 bar; (c) T = 313.15K, P = 10.13 bar;
(d) T =313.15K, P = 30.40 bar. Experimental data (squares [75]). PR(k;; = 0) (red dash curves); PR

(optimal k) (green dash curves); PR + EOS/ abWilson
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Figure 7. Comparisons between experimental and calculated mixing enthalpies for the CO,-N,
mixture, (a) T =313.15K, P = 10.13bar; (b) T = 313.15 K, P = 30.40 bar; (c¢) T = 313.15 K, P = 81.06 bar;
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Figure 8. Comparisons between experimental and calculated mixing enthalpies for the CHy-Nj
mixture at 195.15 K and 253.15 K. (a) T = 195.15 K; (b) T = 253.15 K. Experimental data (squares [77]),
this work (solid curves); the Enhanced-Predictive-PR78 (E-PPR78) EOS (dash curves).

3.2. Calculating the Solubility of CO,-CHy4-N, Mixtures in Aqueous Electrolyte Solution

The solubility of the CO,-CH4-N, gas mixtures in the electrolyte solutions can provide
the quantitative assessment for the storage of CO, in deep saline aquifers. According to the
thermodynamic principle, when the CO,-CHy-N, gas mixtures reach dissolution equilib-
rium in the electrolyte solution, the chemical potential of component 7 in the liquid phase
(1F) and its chemical potential in the vapor phase (1) are equal. The chemical potential
can be written in terms of fugacity in the vapor phase and activity in the liquid phase
uk = ],zl.L(O) + RTInm;y; (12)

1

‘ulV = ‘uly(o) + RTlng;y;P (13)

where i is the gas component in vapor mixtures, and P is the pressure in bar. y; is the molar
fraction of i in the vapor phase, ¢; is the fugacity coefficient of i in the vapor phase and m; is
the solubility of 7 in the liquid phase in mol/kg. -; is the activity coefficient of component i
in the liquid phase. yiL(O) and ylwo) are the standard chemical potential of 7 in the liquid
and vapor phase, respectively.
At the dissolution phase equilibrium, ;4}/ = ul. From Equations (12) and (13), we

can obtain

L) _,,v(0)
Hi  —H

RT — Invy; (14)

Inm; = Iny;P + Ing; —
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Since the water content in the vapor phase at equilibrium is generally small, it has a
negligible effect on the fugacity coefficient. When calculating the fugacity coefficient, the
water content in the vapor phase can be ignored, the vapor phase can be approximated
as the CO,-CH4-N; system and the mole fraction of gas component i in the vapor phase
is expressed as y;. Consequently, ¢; can be calculated from the ZMS EOS developed in
this work.

Pitzer activity coefficient model [78] is chosen to calculate v;

Inv; = ZZAi—cmc + ZZAi—ama + Zzgi—c—amcma (15)

c a c a
where A and { are second-order and third-order interaction parameters, respectively; c and
a refer to cation and anion, respectively. Substituting Equation (15) into Equation (14) yields

O _, v
Inm; = Iny;P +Ing; — ~—pprt— — Y 2A;_cm
C

(16)
=Y 2Ai Mg — Y CicqMciMaa
a ca

As can be seen from Equation (17), m; is related to the difference between yiL(O) and

;4;/(0), and is not related to the specific value of yiL(O) or yly(o). Therefore, to simplify the
model, ;43/(0) is assumed to be zero. Equation (16) can be simplified as
L(0)
Inm; = Iny;P+Ing; — % — Y20 me
c (17)
=L 2A; Mg — LY. Gic—qMMciMa
a c a
o

where ~r—, A and  are the function of temperature and pressure, and the parameters
can be determined by the solubility model of pure gases (CO,, CHy, Nj). Since the 1980s,
many solubility models for CO,, CH4 and N gases in pure water and brine have been
developed [79-91], most of which do not exceed 473 K and 1000 bar. Among them, the
solubility models of CHy, CO; and N established by Mao and co-workers [83,86,91] are
applicable to a wider range of temperature, pressure, and salinity with higher accuracy.
They have been chosen as the solubility models of pure CHy, CO, and N, gases in this work.
Table 5 lists the applicable temperature, pressure, and salinity ranges of these solubility
models for pure gases.

Table 5. Ranges of pure gas solubility models.

Pure Gas T P Salinity (my,cy) References
CHy 273-523 K 1-2000 bar 0-6 mol/kg Duan and Mao [83]
CO, 273.15-723.15 K 1-1500 bar 0-4.5 mol/kg Mao et al. [91]

N, 273-590 K 1-600 bar 0-6 mol/kg Mao and Duan [86]

To verify the accuracy of the predictions, the experimental data for the solubility of
the CO,-CHy4-N; gas mixtures are compared with the calculated results. Figure 9 compares
the experimental data on the solubility of the CH4-CO, mixture in pure water [92,93] for
the temperature range of 324.5-375.5 K and the pressure range of 100-750 bar, and it can be
seen that the agreement is very good.

The solubility experimental data of the CO,-N, gas mixture in pure water [94]
and the calculated results are compared in Figure 10, where the temperature range is
308.15-318.15 K and the pressure range is 80-160 bar. As can be seen from Figure 10
the predictive results are in good agreement with the experimental data. The average
absolute deviations between the calculated N, and CO; solubility of this model and the
experimental data are 6.04% and 1.52%, respectively. Figure 11 compares the solubility
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experimental data of the CO,-N, gas mixture in saline water. The average absolute devia-
tions between the calculated N, and CO, solubility and the experimental data are 2.04%
and 2.49%, respectively.
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Figure 9. Comparisons between experimental and calculated solubilities for the CH4-CO, mixture in
water. (a) mcpy,-ycH, figure at 344.15 K; (b) mco, - ycH, figure at 344.15 K;(c) mcp, -ycHh, figure at
373.5K; (d) mco, -ycH, figure at 375.5K; (e) mch, -ycH, figure at 324.5 K; (f) mco, -ycp, figure at
324.5 K. Experimental data (rounds [92], squares [93]), this work (solid curves): mcp, is the solubility

of CO,, mcH, is the solubility of CHy.
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3.3. The Impact of Impurities (CHy and N;) on the CO, Storage Capacity

CHjy and N, are non-condensable impurities, which reduce the CO, storage capacity
in geological formations. Based on the EOS of the CO,-CHy-Nj fluid mixtures, the impact
of CHy and N on CO; storage capacity can be calculated quantitatively by the normalized
storage capacity proposed by Wang et al. [9]. For a certain reservoir with a certain volume,
the normalized storage capacity of the CO,-CHy4-N; gas mixtures is shown as

£ 2 8)

Aco, Mc
€02 peo,(1+ Mcgi + Mcoz)

where A and Acp, are the mass of CO; in the mixtures and the mass of pure CO, under the
same volume, respectively. pco, and p are the density of the pure CO, and CO,-CH4-Nj
gas mixtures, respectively; Mcp,, My, and Mco, are the mass of CHy, Ny, and CO, in
the mixture, respectively. A/ Aco, is the ratio of the mass of CO, per unit volume in the
mixture to that in the pure state. The value of A/ Aco, can be viewed as the normalized
storage capacity for CO, (i.e., the storage capacity for structural trapping of CO,). For pure
CO,, the normalized storage capacity (A/Aco,) is 1. For the CO,-CHy-N, gas mixtures of
a given composition, Mcp,, My, and Mco, are also known. pco, can be calculated by the
above-mentioned equation of pure CO; fluid and p can be calculated by the ZMS EOS.

The normalized storage capacity of the CO,-CH4-N; fluid mixture calculated by the
ZMS EOS is plotted in Figure 12. Figure 12a shows the normalized storage capacity of a
given composition at different temperatures. With the increase in pressure, the normalized
storage capacity decreases at first and then increases, and there is a minimum point. When
the temperature changes, the pressure corresponding to the lowest point of the normalized
storage also changes. Figure 12b shows the normalized storage capacity of different
compositions at the same temperature, which indicates that the content of impurities is
much larger and the normalized storage capacity is much smaller.
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Figure 12. Normalized CO, storage capacity calculated by this EOS of CO,-CH4-N, mixture. (a) the
Normalized capacity-P figure at different temperatures for the same composition; (b) the Normalized
capacity-P figure at differents compositions for the same temperatures.

3.4. Isochores of the CO,-CHy-N, fluid Inclusions

In the studies of fluid inclusions, the isochores (pressure-temperature relation at con-
stant density and composition) are frequently used to estimate the trapping temperatures
and pressures.

Based on the EOS of the CO,-CHy4-Nj fluid mixtures, isochores of the CO,-CH4-N,
inclusions can be calculated by the following equation:

P(6,7T,x) = pRT[1 + dajf] (19)
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The calculated isochores of the CO,-CHy-N; inclusions at two different compositions
are plotted in Figure 13, from which it can be seen that the isochores of the CO,-CH4-N;
inclusions are a bit curved.
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Figure 13. Calculated isochores of the CO,-CH4-N, mixture by this EOS, (a) Xco, = 0.8, Xcy, = 0.1,
XN, = 0.1; (b) Xco, = 0.7, Xcp, = 0.15, X, = 0.15: Vi is the molar volume.

This section may be divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

4. Conclusions

A fundamental EOS for the Helmholtz free energy of the CHy-N, mixture has been
developed by using four binary interaction parameters. Comparisons with experimental
PVTx and VLE data available showed that the EOS can satisfactorily reproduce the experi-
mental volumetric and vapor-liquid phase equilibria data of binary CHy-N, mixtures up to
673.15 K and 1380 bar, with or close to experimental accuracy. Combining this EOS of the
CH4-Nj fluid mixtures and the EOS of the CH4-CO, and CO,-Nj fluid mixtures developed
in our previous work, an EOS of ternary CO,-CHy-N fluid mixtures has been presented,
which is named ZMS EOS. The ZMS EOS can be applied to calculate excess enthalpies,
predict the solubility of the CO,-CH4-N, gas mixtures in water and brine, estimate the
impurities CHy and N, on the CO, storage capacity, and calculate the isochores of the
CO,-CH4-Nj fluid mixtures.
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Abstract: Dendrite, a typical geological pattern, is developed along the bedding plane in limestone
and dolomite strata in Jinzigou area, Zhoukoudian, Beijing, China, with a self-similar dendritic
morphology. In order to reveal the dynamic mechanism of its formation, the diffusion-limited
aggregation method, a model of fractal growth, was selected to simulate the microscopic dynamic
mechanism of its formation. Take an L x L square lattice, with L = 200 lattices, 20,000 particles, and
L = 250 lattices, 30,000 particles, for simulation. Obtain the simulation results of the dendritic pattern
and the intermediate results with 8057 and 10,827 random particles released in the simulation process
with 20,000 particles. The results show that the pattern is a typical fractal pattern formed in the
process of fractal growth, with a fractal dimension of about 1.6. Its morphology is characterized by
fractal geometry, and the dynamic mechanism of its formation is the fractal growth phenomenon
generated by self-organizing criticality. The growth process is a nonlinear and non-equilibrium
evolutionary process, which is dynamic and far from equilibrium. It is consistent with the fractal
dimension of Zhoukoudian dendrite (1.52-1.78). Diffusion-limited aggregation (DLA) is a typical
growth process in fractal growth. It leads to the growth of randomly branching structures that closely
resemble various important systems in the earth sciences, providing a theoretical basis for revealing
the nature of complex geological processes.

Keywords: dendrite; diffusion-limited aggregation (DLA); fractal growth; pattern; Zhoukoudian

1. Introduction

Dendrite, a typical multi-branching formation, with a bushy, or feather-like pattern, is
a kind of dendritic film, much like the impression of bryophytes or algae, which is mainly
produced in the bedding plane, joint, fissure or mineral surface, cleavage plane, etc., of
limestone, dolomite, marble, sandstone, etc. [1]. Because of its plant-like appearance, it is
often mistaken for plant fossils (Figure 1). The name comes from the Greek word dendron
(5évdpov), which means “tree,” since the crystal’s structure resembles that of a tree [2]. It
has long been recorded in the literature of the Song and Yuan Dynasties of China [3].

Dendrite samples were collected in Jinzigou area, Zhoukoudian, Beijing (Figure 1),
and developed in the limestone of the Majiagou Formation and marble of the Jingeryu
Formation; they are iron dendrites. Morphological observation of dendrite shows that
its local pattern and overall pattern have a high degree of morphological similarity, or
self-similarity, which means that the dendritic pattern of dendrite has fractal geometric
morphological characteristics. Here, the similar morphology is determined by the micro dy-
namic mechanism. To a certain extent, it can be approximately considered as a geochemical
gene [4-9], just as genes determine biological characteristics.

Since the fractal term was creatively proposed by mathematician Mandelbrot in
1967 [10-12], with the gradual growth, maturity, and development of fractal itself, it
has been cited by many disciplines and departments, and, at the same time, shows the
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vitality of fractal application in various disciplines. This is because it can reveal the essential
structure of nature and describe the actual life of human beings [13-15]. It is an intuitive
geometric language to describe the motion of chaos. In fact, it is a mathematical system in
closer agreement with the real world, integrating many nonlinear science contents.

./////////.,,
- "y

Figure 1. Dendrites in Zhoukoudian, Beijing, China. JZG01, JZG02, and JZG04 are limestone; JZG03
is marble.

Earth sciences are concerned with extremely diverse sets of strongly interacting and
synergetic phenomena [16-18]. In order to better understand these phenomena, it is
often necessary to accurately describe complex structures and their evolution far from
equilibrium. The development of fractal geometry has provided a valuable new approach
towards the quantitative description of the statistical properties of various structures
ranging in size from large molecules to continental coastlines [11,12]. In recent years, many
simple non-equilibrium growth models have been developed [18], one of which is the
diffusion-limited aggregation model (DLA), introduced by Witten and Sander [19].

As for the formation of dendrite, it is generally believed that it is the result of the
infiltration and diffusion precipitation of iron and manganese solutions along the bedding
surface or fracture surface after the formation of rock [1]. It is tree-like pattern of some
crystal aggregates of oxide of iron and manganese, exhibits fractal morphological structural
characteristics, and should be the growth pattern formed by fractal growth [14,15]. In order
to investigate the dynamic mechanism of the dendrite formation, the diffusion-limited
aggregation model, a typical growth process in fractal growth, was selected to simulate
the micro dynamic mechanism of its formation, providing a reference for revealing the
formation essence of dendrite.

As mentioned above, dendrite has only been mentioned in a few studies, and it is
only a very simple introduction, without systematic discussion, especially regarding the
dynamic mechanism of its formation. In fact, dendrite is a typical geological pattern,
representing a large class of important systems and structures in geoscience, such as fault
systems, sand dune ripples, rock cracks, mud cracks, river networks, mineral growth, ore
vein morphology, and the deposit formation process. Although the characteristics of these
systems or structures are very obvious, we do not know the micro-dynamic mechanism
of their formation process. The study of the dynamic mechanism of the formation of
dendrite provides a good example for the in-depth understanding and discussion of the
micro-dynamic mechanism of the formation of many similar typical geological phenomena
(or patterns).

As we know, the natural system is very complex. Specifically, it is a complex system, a
dynamic system far from equilibrium, a nonlinear and non-equilibrium evolutionary sys-
tem. We hope to promote an understanding of the nature of natural phenomena and deepen
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the understanding of non-equilibrium phenomena by elaborating the microscopic dynamic
mechanism of dendrite, one of the typical phenomena in nature. After all, most processes
in nature are non-equilibrium, rather than equilibrium, processes. Non-equilibrium and
nonlinear processes are the essence of nature.

2. Model

Diffusion-limited aggregation (DLA) is a typical growth process in fractal growth.
This model is a very convincing model of fractal growth, proposed by Witten and Sander
of the University of Michigan in 1981, aiming at describing the diffusion and condensation
process of coal ash, soot, or metal powder suspended in the atmosphere. It is a fractal
growth process, far from the equilibrium state [19-22].

The DLA model also shows the fractional power-law behavior of correlation func-
tion [19]. This model is a variant of the Eden model, and its initial state is a seed particle
at the origin of the lattice. A second particle is added at some random site, far away from
the origin. The particle walks randomly until it reaches a position adjacent to the seed.
Then the walking particles become part of the cluster. Subsequently, another particle is
introduced at a random distance, and it randomly walks until it joins the cluster, and so on.
If a particle touches the boundary of the lattices during its random walk, it will be removed
and introduced into another particle [18,23].

DLA is an important and valuable model for simulating random growth process. The
mathematical model describing the growth of diffusion limited aggregation is the Laplace
equation. The growth probability of the surface of the growth structure is given by the
scalar field (or gradient perpendicular to the surface) ®(r), obeying Laplace equation

V2d =0 1)

with boundary conditions ®(r) = 0 at all positions r occupied by the cluster and ®(r) =1
(or some other constant value) for |r| = co. Singularities are avoided by choosing a finite
size to use the Laplace equation. In the DLA model, the probability P(r) of random walk
particles visiting the lattice site at position r is proportional to ®(r). This can be easily seen
by comparing the discretized Laplace equation

@i, j) = [ PU-L )+ +1)) + @] —1) + (i, j+1)] )
with the equation

P(i,j) = i[P(i —1,j)+P@i+1,j)+P3Gj—1)+P(i,j+1)] ©)]

that describes the probability of a random walk particle visiting a lattice site (i, j), that is,
the probability of visiting its nearest neighboring lattice site [18]. Here, ®(i, ) is the value
of the scalar potential associated with the position lattice site (i, j) on the square lattice, and
P(i, j) is the probability that a random walk particle will be found at the position of the
lattice site.

In summary, the DLA process of thousands of particles, overall, forms a distribution
of particle concentration (or the probability distribution of finding particles). This concen-
tration is large away from the growth center and zero at the edge of the clustered cluster.
Therefore, a concentration gradient is formed from the distance to the edge of the cluster,
which can be described by the first and second equations of Fick diffusion [20].

The first Fick diffusion equation describes the diffusion particle flow j as being equal
to the product of the concentration gradient V¢ and the diffusion coefficient D:

j=-DV¢ 4)

201



Appl. Sci. 2023, 13, 2049

The Fick diffusion second equation shows that the change in concentration over time

is equal to the concentration of the diffusion particle flow.
% _ _vj-Dv% ()

ot

Here, j is the diffusion particle flow, and D is the diffusion coefficient. Because j is
pointing in the direction in which the concentration gradient V¢ is decreasing, it has a
minus sign in front of it. If the particles are diffused on a large enough square lattice, and
the clustered clusters are small enough, the change in the concentration of the diffused
particles over time can be considered as zero for most of lattices, and thus Equation (1) can
be obtained.

3. Method

As mentioned above, this model has the following properties and characteristics: this
kind of fractal structure follows the Laplacian equation of a movable boundary in the
formation process; in the process of condensed growth, the condensed particles exhibit
irregular diffusion motion in the Laplacian concentration field; the interface of the growth
clusters shows complex and unstable properties [24].

The rules of the DLA model can be summarized as follows: take a square in two-
dimensional Euclidean space and divide it into many small squares to form a square lattice.
A stationary particle is placed on a lattice site near the center of the lattice as a seed, and a
particle is randomly generated at a distance from the seed particle. It makes a random walk
on each lattice site due to Brownian motion. The result is a collision with a seed particle, in
which case, the particle attaches to the seed particle and combines with it to form a cluster.
The second step is to walk to the edge of the lattice, so that the particle is absorbed and
disappears. Then, a second particle is randomly produced, and the process is repeated
until it becomes attached to the cluster or absorbed by the boundary. After this process is
repeated many times, the connected set of a square will grow outward from the original
square, as shown in Figure 2. Particles exhibit Brownian motion, so when the particle is
released, it is specified to move to the adjacent left, right, top, and bottom squares with a
probability of one-quarter, and this process continues until the particle leaves the boundary,
or reaches the cluster.

Based on the classical DLA model and MATLAB, the dendritic morphology and
growth process of the dendrite are simulated.

Figure 2. Growth rules of diffusion-limited aggregation (DLA) models.
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(@)

Take an L x L square lattice and set a fixed particle in the center of the plane as a
seed. The random function rand is used to randomly generate a particle in the plane, and
the particle moves irregularly on the plane by Brownian motion. If the generated particle
collides with the seed, it will be attached to the seed and form particle clusters. This process
is repeated until a dendritic aggregate is formed in the lattice.

In computer simulation, first, set the size of the square grid as L = 200 or 250 and
use the axis function to set the size of the square grid to L x L. Sparse function is used to
generate an L x L all-zero sparse matrix, and then the seed position and seed number are
set. The random function rand is used to generate random particles. Then, use the draw
function to dynamically demonstrate the motion pattern of random particles. Determine
the position of the random particles, count the number of “seed cluster” particles adjacent
to random particles, and finally, graph these positions.

4. Result and Discussion

Figure 3 shows the computer simulation results of the DLA model, with L = 200
lattice and 20,000 particles. Figure 3a,b shows the simulated growth results when 8057 and
10,827 random particles are released, respectively, and Figure 3c shows the dendritic graph
obtained after running the program (20,000 particles). From Figure 3, it can be clearly seen
that the tree branches simulated by the DLA model continue to grow upward. It seems
that the larger DLA cluster has more arms and fills the space more evenly than does the
smaller cluster; its fractal dimension is 1.59 (Figure 4).

Figure 5 shows the computer simulation results of the DLA model, with lattice L = 250
and 30,000 random particles. This dendritic fractal pattern is relatively complex. Particles
grow outward from the central seed. The dendritic pattern formed is gradually complicated.
The fractal dimensions of the dendritic pattern shown in Figures 3 and 5 were calculated,
using the box dimension method, to be 1.59 and 1.64, respectively (Figures 4 and 6).

(b) ' ©

Figure 3. The dendritic pattern simulated by DLA (200 x 200 lattice, 20,000 particles). (a,b) the
intermedjiate results of DLA simulation with 8057 particles (a) with 10,827 particles (b); (c) the result
of DLA simulation with 20,000 particles.

In order to explore the simulation effect of the DLA model, the author selected four
samples of dendrite—JZG01, JZG02, JZGO03, and JZG04—in Zhoukoudian area for compar-
ative analysis (Figure 1). The fractal dimension calculation method is the same as that of
the simulated dendritic pattern, namely, the box dimension method. Through four steps:
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extraction analysis location — image processing — image binary matrix data extraction —
data statistical analysis, the box dimension method was used to calculate the morphological
fractal dimension of the four samples in Zhoukoudian area. The results show that the
fractal dimension of the four samples is 1.61, 1.67, 1.78, and 1.52, respectively, ranging from
1.52 to 1.78, with an average value of 1.65. The local fractal dimension of JZG03 is 1.77,
while the overall fractal dimension is 1.78, indicating that the local pattern of the dendrite
shows self-similarity to the overall pattern; that is, the dendritic pattern of dendrite has
fractal characteristics. The fractal dimensions of the dendritic pattern simulated by the DLA
model are 1.59 and 1.64, which are consistent with the fractal dimensions of Zhoukoudian
dendrite. The simulation effect is good, which essentially reveals the microscopic dynamic
mechanism of dendrite formation.
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Figure 4. Fractal dimension of dendritic pattern simulated by 20,000 particles (as shown in Figure 3).

Figure 5. Dendritic pattern simulated by DLA (250 x 250 lattice, 30,000 particles).
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Figure 6. Fractal dimension of dendritic pattern simulated by 30,000 particles (as shown in Figure 5).

From the above, the agglomeration group (cluster) formed by the DLA model exhibits
fractal characteristics. Moreover, previous studies have shown that the fractal dimension
of DLA is independent of the lattice type [20]. The fractal dimension of the obtained DLA
figure remains unchanged when the square lattice is changed into a triangular lattice [20],
its fractal dimension does not increase with the increase in the spatial dimension, and it has
a stable value [25].

DLA also has a screening effect [20]. The reason for the generation of branches with
different sizes is that, due to the tortuous random motion trajectory of the particles, the
branches that extend from the outside of the cluster have a greater probability of acquiring
particles, which prevents the particles from intruding into the inside. This screening effect
makes the clusters grow in the structure by continuously branching outward [26].

Figures 3 and 5 also show that, in the process of the random walking and outward
growth of the particles, due to the high probability of obtaining particles from the branches
extending outside the cluster, particles cannot invade into the interior. This screening
effect makes the cluster grow continuously according to the outward branching structure,
forming a complex dendritic pattern.

According to the above analysis, it is believed that the formation of dendrite is a
fractal pattern formed in the process of fractal growth, that is, the microscopic dynamic
mechanism of its formation.

In recent years, studies regarding fractal growth have developed rapidly [27-31].
According to the latest research results, fractal growth phenomena caused by self-organized
criticality can be generally summarized into three main models: Laplace, percolation,
and oscillation. For dendritic growth, these can be divided into two cases, the first being
dendritic solidification, forming a solid dendritic pattern, and the second being viscous
fingering, forming a fluid dendritic pattern. Under appropriate conditions, both can be
studied using the DLA model.

Moreover, this dynamic mechanism reveals that the growth process is a dynamic
process far from equilibrium, and it is also a nonlinear and non-equilibrium evolutionary
process. It can be used to explain a large class of fractal formation processes in nature,
such as fluid movement, dielectric breakdown, electrodeposition process, crystal growth
in liquid film, viscous fingering, non-dendritic growth, loose rock dissolution and seismic
cracking, etc. [32-37]. Therefore, it has attracted widespread attention, deepening the
understanding of non-equilibrium phenomena. It has been widely used in some irreversible
growth processes far from equilibrium. For example, Yu applied it to the study of mineral
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deposits [15,38-42], suggesting that the formation of mineral deposits is a fractal growth
process, and that the dynamic mechanism of the formation of super-large deposits and ore-
concentration areas constitutes the dynamics of fractal growth. In other words, super-large
deposits and ore-concentration areas are realized and completed through the onset of ore
formation followed by the snowball effect.

The diffusion-limited aggregation model, as well as various related models, have led
to the growth of random branching structures that closely resemble various important
systems in earth sciences. Although most processes in nature involve multiple mechanisms,
the DLA model alone seems unlikely to provide an adequate understanding of these
processes. However, the DLA model is one of the most striking examples of complex
pattern generation using simple models and algorithms. It has become the dominant
paradigm for pattern formation far from equilibrium, and it provides valuable examples
for a wide range of natural phenomena. It gives us the first insight into the microscopic
processes involved in the growth of branching structures, as well as the importance of
random events or distributions to these growth phenomena. Above all, it does provide a
good theoretical model for the formation mechanism of many typical geological phenomena
(or patterns), such as fault systems, river networks, mineral growth, ore vein morphology
and deposit formation process, etc.

5. Conclusions

The morphology of dendrite has fractal geometry characteristics, and in fact, the
dynamic mechanism of its formation is the fractal growth phenomenon generated by self-
organizing criticality. The growth process is a dynamic process far from equilibrium, which
is a nonlinear and non-equilibrium evolutionary process. The diffusion-limited aggregation
(DLA) model in the fractal growth theory can satisfactorily simulate the growth process
and the formed pattern, which essentially reveals the microscopic dynamic mechanism
of dendrite formation. The fractal dimensions of the simulated pattern are 1.59 and 1.64,
which are consistent with the fractal dimensions of Zhoukoudian dendrite. DLA has led to
the growth of random branching structures that closely resemble various important systems
in the earth sciences, providing possibilities for revealing the nature of complex geological
processes, and also for deepening the understanding of non-equilibrium phenomena.

Author Contributions: N.L.: conceptualization, methodology, formal analysis, data curation, and
writing—original draft; Y.H.: conceptualization, data curation, and visualization; 5.X.: investigation,
formal analysis, and data curation; L.X.: formal analysis and data curation; Y.W.: conceptualiza-
tion and investigation; J.L.: investigation and data curation; P.L.: investigation and data curation;
Q.G.: conceptualization and writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the Fundamental Research Funds for the Central
Universities, China (Grant No. 2652018285).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We greatly appreciate the comments from the anonymous reviewers and editors
for their valuable suggestions to improve the quality of this manuscript.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

1. Manutchehr-Danai, M. Dictionary of Gems and Gemology; Springer: Berlin, Germany, 2009; pp. 241-242.

2. Nanjwade, B.K.; Bechra, H.M.; Derkar, G.K.; Manvi, EV.; Nanjwade, V.K. Dendrimers: Emerging polymers for drug-delivery
systems. Eur. |. Pharm. Sci. 2009, 38, 185-196. [CrossRef] [PubMed]

3. Lin, J. The colorful world of dendrite. Jewel. Gold 2022, 2, 68-69. (In Chinese)

206



Appl. Sci. 2023, 13, 2049

10.
11.
12.
13.
14.
15.
16.
17.

18.
19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.
36.

37.
38.
39.

Gong, Q.J.; Yan, T.T.; Wu, X; Li, RK,; Wang, X.Q.; Liu, N.Q.; Li, X.L.; Wu, Y,; Li, ]. Geochemical gene: A promising concept in
discrimination and traceability of geological materials. Appl. Geochem. 2022, 136, 105133. [CrossRef]

Wu, Y.; Gong, Q.J.; Liu, N.Q.; Wu, X.; Yan, T.T;; Xu, S.C.; Li, W.J. Classification of geological materials on geochemical lithogenes:
Illustration on a case study in Gejiu area of Yunnan Province, China. Appl. Geochem. 2022, 146, 105460. [CrossRef]

Gong, Q.J.; Liu, N.Q.; Wu, X;; Yan, T.T.; Fan, T.Q.; Li, X.L.; Liu, M.X,; Li, R K.; Albanese, S. Using regional geochemical survey
data to trace anomalous samples through geochemical genes: The Tieshanlong tungsten deposit area (Southeastern China) case
study. J. Geochem. Explor. 2020, 219, 106637. [CrossRef]

Li, RK; Liu, N.Q.; Gong, Q.J.; Wu, X.; Yan, T.T.; Li, X.L.; Liu, M.X. Construction, test and application of a geochemical gold
metallogene: Case studies in China. J. Geochem. Explor. 2019, 204, 1-11. [CrossRef]

Li, J.; Gong, Q.J.; Zhang, B.M.; Liu, N.Q.; Wu, X,; Yan, T.T; Li, X.L.; Wu, Y. Construction, test and application of a Tungsten
metallogene named MGW11: Case studies in China. Appl. Sci. 2023, 13, 606. [CrossRef]

Hou, Z.G.; Gong, Q.J.; Liu, N.Q.; Jiang, B.; Li, J.; Wu, Y.,; Huang, ].X.; Gu, W.X. Elemental abundances of moon samples based on
statistical distributions of analytical data. Appl. Sci. 2023, 13, 360. [CrossRef]

Mandelbrot, B.B. How Long Is the Coast of Britain? Statistical Self-Similarity and Fractional Dimension. Science 1967, 156, 636-638.
[CrossRef]

Mandelbrot, B.B. Fractal: Form, Chance and Dimension; Freeman: San Francisco, CA, USA, 1977; pp. 1-365.

Mandelbrot, B.B. The Fractal Geometry of Nature; Freeman: San Francisco, CA, USA, 1982; pp. 1-460.

Zhang, J.Z. Fractal; Tsinghua University Press: Beijing, China, 2011; pp. 1-310. (In Chinese)

Yu, C.W. The Complexity of Geosystems (Book 1); Geological Publishing House: Beijing, China, 2003; pp. 282-344. (In Chinese)

Yu, C.W. Fractal Growth of Mineral Deposits at the Edge of Chaos (Book 2); Anhui Education Press: Hefei, China, 2006; pp. 105-174.
(In Chinese)

Liu, N.Q.; Peng, N.; Gong, Q.J.; Liu, Y.S.; Yu, C.W.; Albanese, S. Spatio-temporal synchronization in complex ore-forming systems:
Mesoscale case study in south China. |. Geochem. Explor. 2021, 231, 106873. [CrossRef]

Yu, C.W.; Peng, N. Regional Ore Zonality of the Nanling Region; Geological Publishing House: Beijing, China, 2009; pp. 1-256. (In
Chinese)

Barton, C.C.; La Pointe, P.R. Fractals in Petroleum Geology and Earth Processes; Springer: New York, NY, USA, 1995; pp. 227-259.
Witten, T.A.; Sander, L.M. Diffusion-Limited Aggregation, a Kinetic Critical Phenomenon. Phys. Rev. Lett. 1981, 47, 1400-1403.
[CrossRef]

Witten, T.A.; Sander, L.M. Diffusion-Limited Aggregation. Phys. Rev. B 1983, 27, 5686-5697. [CrossRef]

Bak, P; Tang, C.; Wiesenfeld, K. Self-Organized Criticality: An Explanation of 1/f Noise. Phys. Rev. Lett. 1987, 59, 381-384.
[CrossRef]

Sander, M.L. Diffusion-limited aggregation: A kinetic critical phenomenon. Contemp. Phys. 2000, 41, 203-218. [CrossRef]
Meakin, P. Fractals, Scaling and Growth Far From Equilibrium; Cambridge University Press: Cambridge, UK, 1998; pp. 1-674.
Gao, R;; Xie, S.Y,; Tao, J.D. Simulation for the fractal aggregation growth on the platform of MATLAB. ]. Southwest China Norm.
Univ. Nat. Sci. Ed. 2005, 30, 83-86, (In Chinese with English Abstract).

Satpathy, S. Dielectric breakdown in three dimensions: Result of numerical simulation. Phys. Rev. B 1986, 33, 5093-5095.
[CrossRef]

Rosenstock, H.B.; Marquardt, C.L. Cluster formation in two-dimensional random walks: Application to photolysis of silver
halides. Phys. Rev. B 1980, 22, 5797-5809. [CrossRef]

Stanley, H.E.; Ostrowsky, N. Random Fluctuations and Pattern Growth: Experiments and Models; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1988; pp. 1-355.

Vicsek, T. Fractal Growth Phenomena; World Scientific: Singapore, 1992; pp. 312-319.

Bunnde, A.; Havlin, S. Fractals and Disorder Systems; Springer: Berlin, Germany, 1996; pp. 1-407.

Jamtveit, B.; Meakin, P. Growth, Dissolution and Pattern Formation in Geosystems; Kluwer Academic Publishers: Dordrecht, Germany,
1999; pp. 1-409.

Ben-Avraham, D.; Havlin, S. Diffusion and Reactions in Fractals and Disordered Systems; Cambridge University Press: Cambridge,
UK, 2000; pp. 1-315.

Nittman, J.; Daccord, G.; Stanley, H.E. Fractal growth of viscous fingers: Quantitative characterization of a fluid instability
phenomenon. Nature 1985, 314, 141-144. [CrossRef]

Meek, ].M.; Craggs, ].D. Electrical Breakdown of Gases; Wiley: New York, NY, USA, 1978; Volume 15, pp. 182-185.

Grier, D.; Ben-Jacob, E.; Clarke, R.; Sander, L.M. Morphology and microstructure in electrochemical deposition of zinc. Phys. Rev.
Lett. 1986, 56, 1264-1267. [CrossRef]

Brady, R.M.; Ball, R.C. Fractal growth of copper electrodeposits. Nature 1984, 309, 225-228. [CrossRef]

Ben-Jacob, E.; Shochet, O.; Tenenbaum, A.; Cohen, I.; Czirok, A.; Vicesek, T. Generic modeling of cooperative growth pattern in
bacterial colonies. Nature 1994, 368, 46-49. [CrossRef]

Sidoravicius, V.; Stauffer, A. Multi-particle diffusion limited aggregation. Invent. Math. 2019, 218, 491-571. [CrossRef]

Yu, C.W. Larger ore deposit and metallogenic districts at the edge of chaos. Earth Sci. Front. 1999, 6, 195-229.

Yu, C.W. Fractal Growth of Mineral Deposits at the Edge of Chaos (Book 1); (In Chinese). Anhui Education Press: Hefei, China, 2006;
pp- 1-9, 161-200.

207



Appl. Sci. 2023, 13, 2049

40.  Yu, C.W. Fractal growth of ore-forming dynamical systems at the edge of chaos, a new metallogeny and methodology (First half).
Earth Sci. Front. 2001, 8, 9-28.

41.  Yu, C.W. Fractal growth of ore-forming dynamical systems at the edge of chaos, a new metallogeny and methodology (Second
half). Earth Sci. Front. 2001, 8, 471-489.

42.  Yu, C.W. Fractal growth of ore-forming dynamic systems at the edge of chaos: A new metallogeny and methodology. Bull.
Mineral. Petrol. Geochem. 2002, 21, 103-113.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

208



friricd applied
L sciences

Article

Detrital Mica Composition Quantitatively Indicates the Sediment
Provenance along the Subei Coast to the Yangtze Estuary

Zhicheng Dong 2, Lina Zhang 1-2* and Bingfu Jin 3*

Citation: Dong, Z.; Zhang, L.; Jin, B.
Detrital Mica Composition
Quantitatively Indicates the
Sediment Provenance along the Subei
Coast to the Yangtze Estuary. Appl.
Sci. 2022, 12,12653. https:/ /doi.org/
10.3390/app122412653

Academic Editor: Eduardo

Ferreira da Silva

Received: 10 November 2022
Accepted: 7 December 2022
Published: 9 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

School of Geographic Sciences and Tourism, Jiaying University, Meizhou 514015, China
Guangdong Provincial Key Laboratory of Conservation and Precision Utilization of Characteristic
Agricultural Resources in Mountainous Areas, Jiaying University, Meizhou 514015, China

School of Resources and Environmental Engineering, Ludong University, Yantai 264025, China

*  Correspondence: zhanglina_2005@126.com (L.Z.); bingfu_jin@163.com (B.].)

Abstract: The influence of large rivers on the Subei littoral plain area requires more research than
the results that have been available up to now. Thus, specific diagnostic indices of detrital mica are
successfully applied for the first time to identify the detritus of the Yangtze River and the ancient
Yellow River and to analyze their influence on the coast in the Subei littoral plain area. Based on
field investigation and sample collection, detrital mica minerals within the 0.063-0.125 mm grain size
fraction were selected and identified. Their content/ratio differentiations and possible origins were
analyzed. Moreover, specific diagnostic indices were evaluated for detritus identification considering
these two large rivers in addition to their provenance influences on the Subei littoral plain area. The
results indicate that the detrital mica contents in the Yangtze River Estuary differed from those in the
ancient Yellow River Estuary. The mass percentage in the former (average value of 32.2%) was much
higher than that in the latter (average value of 13.1%). The former contained abundant weathered
mica, with a particle percentage of approximately 50.6%, while the latter contained abundant biotite
(with a particle percentage of approximately 40.9%). Differences, including but not limited to those
above, could be attributed to basic geological, climatic and hydrodynamic conditions. In particular,
the mica indices were clearly distinguished between these two river estuaries. These indices constitute
specific diagnostic indices for differentiating river detritus and quantitative contribution analysis of
detritus provenance in the Subei littoral plain area. Finally, the changes and quantitative contributions
of four diagnostic indices demonstrated that in the Subei littoral plain area, northward from the
Yangtze River Estuary to sample site SBY11 located in Yangkou town, Rudong County, detrital
micas were mainly affected by the Yangtze River, and southward from the ancient Yellow River
Estuary to sample site SBY12 located in Bengcha town, Rudong County, detrital micas were largely
affected by the ancient Yellow River. The main mixing area should be located between these two
towns. This study provides both a good example and an efficient approach to the application of
detrital mica in detritus identification, mixed zone determination, sediment provenance analysis and
transport tracing.

Keywords: mica; muscovite; biotite; muscovite; weathered mica; provenance analysis; Yangtze River;
ancient Yellow River; Subei littoral plain area

1. Introduction

The Yangtze River and Yellow River play significant roles in the formation and evo-
lution of the eastern coastal zone and continental shelf of China [1]. The identification of
their river sediments represents a basic problem in provenance research [2]. The Subei
littoral plain area is representative of the East China continental shelf. Sediment mixing
and diffusion of the Yangtze River and Yellow River, especially their material contributions,
still remain to be further studied and explained [3]. Thus, based on theories of genetic
mineralogy and marine geology, numerous studies on sediment identification in these
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two large rivers, as well as provenance tracing across the Subei littoral plain area have
been performed by evaluating the provenance significance of typomorphic minerals and
their assemblage, as well as the typomorphic characteristics of minerals, and these studies
have yielded numerous and substantial achievements [1,2,4-6]. For instance, the results
demonstrated that differences between the sediments in these two large rivers could be
found in terms of clay mineral contents [6-8], ratios [9], crystallinity [7,9], chemical in-
dices [9], crystal shapes [10], geochemical characteristics [10], etc., including indicators of
detritus identification [7,8]. Previous results also revealed differences in carbonate mineral
contents [11-14], crystal shapes [12], grain size effects [12], abrasion and dissolution charac-
teristics [15], etc., which could be used as tracing indices of the Yangtze River and Yellow
River [11] to indicate the provenance of sediments on the continental shelf [12]. Other
studies have suggested that indicators such as the crystal shape [16], light and/or heavy
mineral assemblages [4,11,17,18], geochemical composition [5,6,19,20], magnetite content
and other magnetic parameters [2,21,22] could also be applied to distinguish these two large
rivers and the sediment provenance [4,5,17,23] of the Yellow Sea and East Sea. In addition,
previous results indicated that Yellow River sediments were characterized by high mica
mineral contents [24,25]. This finding could be considered for source identification, material
diffusion, coastline changes and paleogeographic environment evolution [25]. Moreover,
research has revealed that the heavy mineral assemblage of fine-grained (0.063-0.125 mm)
sediments was basically characterized by a high content of schistose mica minerals (up to
60%) in the Yangtze River Estuary [26]. Compared with granular minerals, such as quartz
and feldspar, schistose mica minerals, they exhibit different behaviors during migration
and deposition [27-29]. Moreover, results show that mica “°Ar/% Ar-dating has impor-
tant implications for future provenance studies [30,31]. Thus, mica could theoretically
be employed as an indicator for sediment transport and diffusion [32]. The mica content
difference could be applied to distinguish between Yangtze River and Yellow River prove-
nances [33]. However, relevant research on this topic is largely lacking. Certain questions
still require further study. For example, what are the specific differences in detrital mica
minerals in sediments between the Yangtze River and Yellow River? Could these differ-
ences be employed as specific diagnostic indices? Could these indices be applied to analyze
detritus mixing and diffusion along the coast of the Subei littoral plain area?

Based on the above information, this study compares the differences in the contents
and ratios of detrital mica in sediments between the Yangtze River Estuary and the an-
cient Yellow River Estuary. The possible causes of these differences were also analyzed.
Consequently, reliable specific diagnostic indices of detrital mica were examined and dis-
tinguished for detritus identification between these two rivers. Then, the mixed area of
detrital mica along the coast of the Subei littoral plain area was analyzed. In addition, the
ranges of influence of these two large rivers were preliminarily evaluated. This study could
provide both a good example and an efficient approach to the application of detrital mica
in detritus identification, mixed zone determination, sediment provenance analysis and
transport tracing. These efforts could help to provide new ideas and references to examine
and distinguish specific diagnostic indices of sediment sources, as well as for provenance
analysis in the Subei littoral plain area and even the East China continental shelf.

This work is organized as follows. In Section 2, the regional settings are reviewed
and the research materials and methods, such as field investigation and surface sediment
sample collection, mineral separation and identification are also described. In Section 3, the
experiment results are described and analyzed. In Section 4, the implications and extensions
of the results of Section 3 are discussed. Finally, Section 5 presents research conclusions.
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2. Regional Settings and Methods
2.1. Regional Settings

(1) Yangtze River (Changjiang)

As shown in Figure 1, The Yangtze River (24°-35° N, 90°-122° E) is the largest river in
China, with a length of approximately 6300 km and a drainage area of 1.81 x 10° km? [34].
The entire drainage area is controlled by temperate and subtropical climate types, with an
annual average precipitation of approximately 1100 mm. The geological background in the
drainage area is complex. The Yangtze River spans the South China Orogenic Belt, Yangtze
Platform, Qinling-Dabie Orogenic Belt, Sanjiang Paleotethys and other tectonic units. The
lithology in the drainage area is varied, comprising clastic sedimentary, metamorphic and
igneous rocks. Research has demonstrated that the annual average sediment discharge
reaches 0.5 x 10° t due to the high sediment content upstream and north of the drainage
area [34]. Approximately 50% of the sediments are deposited near the estuary [34]. In
addition, seaward sediments originating from the Yangtze River are mainly towards the

southeast, with a smaller northward component. Sediment is exchanged with the coast of
the Subei littoral plain area.
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Figure 1. Study area and sampling sites. GPS point information can be found in Appendix A.
(2)  Ancient Yellow River

The ancient Yellow River (Figure 1), also referred to as the waste Yellow River, is
located in the northern Huaihe River drainage area. This river is an old course of the Yellow
River and flows from the north of Lankao city in Henan Province toward the southeast,
passing through Minquan County, north of Shanggiu city in Dangshan County in Anhui
Province, north of Xuzhou city in Jiangsu Province, south of Sugian city and north of

211



Appl. Sci. 2022, 12, 12653

Huai’an city; then, the river turns northeast, flowing to the south of Lianshui County and
north of Binhai County, and entering the Yellow Sea at Taowan village, where the ancient
Yellow River Estuary is located. Its downstream channel is also the sea channel of the
ancient Huaihe River. According to historical records, the Yellow River has changed its
course 11 times throughout history. During the Pleistocene and more recent historical
periods, the Yellow River entered the sea in northern Jiangsu many times [35,36]. Research
has indicated that the Yellow River’ annual average sediment discharge in the estuary
reaches 8.39 x 108 t [37] since the main provenance area is widely covered with loess [38].
Thus, the Yellow River is well known worldwide for its high concentration of fine clay
and sand. As the Yellow River migrated and captured the Huaihe River, a large amount of
sediments was entrained and transported. Fine-grained detritus was rapidly dominated
by silty clay deposits. This change caused the land and underwater deltas of the ancient
Yellow River to rapidly prograde. In particular, the coastline rapidly prograded. After
1855, the Yellow River merged into the Bohai Sea in the north. Research has revealed that
approximately 90% of the detritus entering the sea by way of the Yellow River originates
from the Loess Plateau in the midstream region, which is the main source of surface
sediments along the northern Jiangsu coast [39].

(3) Subei littoral plain area

The Subei littoral plain area is located between the Yangtze River Delta and ancient
Yellow River Delta (Figure 1). It is a wide plain formed by the development and accumu-
lation of ancient bays under the interaction of rivers and the sea during the Quaternary
Period [40]. It is generally accepted that the Subei littoral plain area was formed under the
combined action of tides and seagoing rivers, such as the Yangtze River and the ancient Yel-
low River [40]. As the main controlling factors, the detritus carried by these two rivers are
the main material sources of the Subei littoral plain area. However, before the last capture
of the Huaihe River by the ancient Yellow River entering the sea, the main detritus source
of the Subei littoral plain area included northward components of Yangtze River sediments.
Since the amount of northward components was small, coastlines remained relatively stable
for a long time. Nevertheless, the ancient Yellow River captured the Huaihe River and
entered the sea in 1128. This provided a large amount of detritus for the formation of the
Subei littoral plain area. A previous study demonstrated that the northern Jiangsu coast
was mainly affected by the Yellow River [41]. Major element content changes suggested that
northward diffusion of Yangtze River sediments was weak and ranged from the estuary to
Rudong County [42]. Montmorillonite content changes indicated that the coast northward
from Rudong County to the ancient Yellow River Estuary comprised ancient Yellow River
detritus [42]. Yang et al. proposed that the land formation process in the Subei littoral
plain area was mainly controlled by Yellow River detritus, which could affect areas as
far south as the area near Xinhai Bore [43]. Li et al. suggested that sediments from the
coast southward from Rudong County to the Yangtze River Estuary were dominated by
Yangtze River sediments, while sediments from the coast northward from Dafeng County
to the ancient Yellow River Estuary were dominated by Yellow River sediments [44]. The
sediments between these two counties were mixtures of the sediments of these two large
rivers [44]. Based on clay mineral assemblages, Yi et al. proposed that sediments from the
coast northward from Rudong County to the ancient Yellow River Estuary were dominated
by Yellow River inputs, whereas those from the coast southward from Rudong County to
the Yangtze River Estuary were dominated by Yangtze River inputs [45]. As mentioned
above, in the Subei littoral plain area, the ranges of influence and mixed areas of these two
large rivers remain controversial.
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(4) Currents Tides and Sediment Transportation

Fruitful research on tidal currents and sediment transport along the Subei coast has
been performed in recent decades. The vast majority of the obtained results have indicated
that under the influences of the Yellow sea coastal current (YSCC) and Subei coastal waters
(SCWs) in winter, suspended sediments around the ancient Yellow River Estuary are
transported to the southeast toward the radial sand ridge, even to areas near the Yangtze
River Estuary, and jointly with Yangtze River sediments they are carried toward Jeju
Island [46]. However, other studies have demonstrated that there is a northward flow
along the Subei coast [47], and this could probably cause sediment flow from the ancient
Yellow River Estuary or even from the radial sand ridge and the Yangtze River Estuary
northward to Haizhou Bay [48]. Zhao et al. also proposed that the tidal residual current
flowing northward along the coast could transport sediments into SCWs [49]. Xia et al. [50]
also found that there exists a relatively stable northward low-frequency circulation along
the Subei coast in summer, which flows northward from the north branch of the Yangtze
Estuary to Haizhou Bay, turns east and then flows southeast, and this circulation could
probably transport Yangtze River sediments to replenish the Subei coast. Wu et al. also
determined that the direction of the coastal current in Subei is upwind in winter, and this
could probably provide new ideas to explain the source-sink relationship between the
Yangtze River Estuary and Subei littoral plain area, combined with the fate of materials
entering the sea from the Yangtze River [51]. In summary, it could be concluded that
sediment transportation along the Subei coast and the material contributions of the ancient
Yellow River and Yangtze River to the Subei littoral plain area are complex and should
be investigated.

2.2. Methods
2.2.1. Sampling

Sediment samples were collected via shovel sampling and were hermetically sealed
in polythene bags. A total of 30 surface sediment samples were collected in March 2016.
In detail, as shown in Figure 1, five sediment samples in the Yangtze River Estuary (CJC1,
CJC3, CJC4, CJC5, and CJQ1), twenty-one sediment samples in the Subei littoral plain area
(SBY1-SBY7, SBY9-SBY12, and SBY13-SBY23), and four sediment samples in the ancient
Yellow River Estuary (FHH1, FHH2, FHH3, and FHH4) were collected from subsurface
floodplains along the coast at a depth ranging from 0-10 cm. Sample sites far away from
pollution sources are shown in Figure 1.

2.2.2. Mineral Separation and Identification

Mineral separation and identification conducted as follows. Approximately 100-200 g
of each sediment sample were wet sieved to obtain the very fine sand fraction
(0.063-0.125 mm) via nylon mesh screens. Additionally, the very fine sand fraction of
each subsample was dried and weighed. Then, each subsample was placed into bromo-
form (CHBr3, p = 2.65-3.15 g/cm?) and centrifugalized to separate the detrital micas.
This was repeated until almost no mica could be separated. Then, the obtained micas
were manually purified by removing other minerals under the microscope. Additionally,
micas left in the very fine sand fraction subsample were manually selected under the
microscope. After repeatedly rinsing with alcohol, all the obtained detrital micas were
dried at 60 °C and weighed to calculate the mass percentage. Finally, the Gazzi-Dickinson
method [52] was used for the mica identification under the microscope. In detail, line
counts of 300-500 grains were identified under a binocular microscope with incident light.
Particles of biotite, weathered mica, and muscovite were classified (Figure 2) and counted.
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Figure 2. Muscovite (a), biotite (b) and weathered mica (c) under the microscope.

The particle percentages of biotite, weathered mica, and muscovite were separately
calculated as follows: particle percentage of biotite or weathered mica or muscovite = 100%
* particle number of biotite or weathered mica or muscovite/total particle number of mica.
Additionally, the mass percentage of mica was calculated as follows: mass percentage of
mica = 100% * total mica mass/total mineral mass.

2.2.3. Multivariate Statistical Analysis and Calculation of Provenance Contribution

Multivariate statistical analysis and the charts were conducted by using the Statistica
Software v.6.0 (Palo Alto, CA, USA).

Based on quality conservation, countless sediment provenances and the mathematical
model of nonlinear programming [53], we believe that detrital micas in the very fine sand
fraction of sediments in the Yangtze River, the ancient Yellow River, and other unknown
sources, all contribute to the Subei littoral plain area. Additionally, there is a certain
linear mathematical relationship between them. This relationship can be calculated by the
following mathematical model:

Yi=arYy+aYo + g 0]

where Y; is the value of mica-specific diagnostic index 7 in the very fine sand fraction of the
Subei littoral plain area sediments, Y3; is the value of mica-specific diagnostic index 7 in
the very fine sand fraction of the Yangtze River sediments, Y»; is the value of mica-specific
diagnostic index i in the very fine sand fraction of the ancient Yellow River sediments, ¢;
is the contribution of mica-specific diagnostic index 7 in other unknown sources, a; is the
contribution percentage of the Yangtze River, a, is the contribution percentage of the ancient
Yellow River, i is the serial number of the mica-specific diagnostic index i=1, ..., n).

3. Results
3.1. Mica Contents in the Very Fine Sand Fraction of Yangtze Estuary Sediments

The mass percentage of mica, the particle percentages of biotite, weathered mica and
muscovite significantly differed among the samples of the very fine sand fraction collected
in the Yangtze River Estuary (Figure 3). Specifically, the mass percentage of mica was high,
with an average value of 32.2% and a maximum content of 57.3%. The particle percentage
of weathered mica was the highest, with a value of approximately 50.6%, and the highest
content reached 65.7%, followed by muscovite, with an average particle percentage of
37.2%. The particle percentage of biotite was the lowest, with a value of only approximately
12.3%, and the highest content reached only 19.8%.
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Figure 3. Mass percentage of mica, particle percentages of biotite, weathered mica and muscovite in
the very fine sand fraction of the collected Yangtze River Estuary sediment samples (mass percentage
of mica = 100 * total mica mass/total mineral mass. Particle percentage of biotite or weathered mica
or muscovite = 100 * particle number of biotite or weathered mica or muscovite/total particle number
of mica).

3.2. Mica Contents in the Very Fine Sand Fraction of Ancient Yellow Estuary Sediments

The mass percentage of mica and the particle percentages of biotite, weathered mica
and muscovite obviously varied among the samples of the very fine sand fraction collected
in the ancient Yellow River Estuary (Figure 4). In detail, the mass percentage of mica
was low, with a mean value of only 13.1%. The mass percentages in most samples were
low, ranging from 1% to 5%, except for sample FHH3, which exhibited a higher value
of 47.5%. Comparison and analysis of the particle percentage differences among biotite,
muscovite and weathered mica revealed that biotite was the main mica type in the very
fine sand fraction of the sediment samples, with a particle percentage of 40.9%, followed
by muscovite, with an average particle percentage of 32.3%, slightly lower than that of
biotite. The particle percentage of weathered mica was the lowest, with a value of only
approximately 26.8%.
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Figure 4. Mass percentage of mica, particle percentages of biotite, weathered mica and muscovite
in the very fine sand fraction of ancient Yellow River Estuary sediments (mass percentage of
mica = 100 * total mica mass/total mineral mass. Particle percentage of biotite or weathered mica or
muscovite = 100 * particle number of biotite or weathered mica or muscovite/total particle number
of mica).

3.3. Mica Contents in the Very Fine Sand Fraction of Subei Littoral Plain Area Sediments

The mass percentage of mica, the particle percentages of biotite, weathered mica and
muscovite obviously differed among the various samples of the very fine sand fraction
of coastal sediments of the Subei littoral plain area (Figure 5). More specifically, the mass
percentage of mica was very high, with an average value of up to 43.3%. The dispersion
of the mass percentage data was very high, with the standard deviation reaching 24.3. By
comparing and analyzing the particle percentage differences among biotite, muscovite and
weathered mica, the results indicated that muscovite was the main mica type in the very
fine sand fraction of the sediment samples collected in the Subei littoral plain area, with an
average particle percentage of 40.9%. The average particle percentage of weathered mica
was 33.0%, which is slightly lower than that of biotite. The particle percentage of biotite
was the lowest, with a value of only approximately 26.2%.
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Figure 5. Mass percentage of mica and particle percentages of biotite, weathered mica and muscovite
in the very fine sand fraction of Subei littoral plain area sediments (mass percentage of mica = 100 *
total mica mass/total mineral mass. Particle percentage of biotite or weathered mica or muscovite =
100 * particle number of biotite or weathered mica or muscovite/total particle number of mica).

4. Discussion
4.1. Differences in Detrital Mica Contents in Sediments between the Yangtze River Estuary and
Ancient Yellow River Estuary and the Causes of these Differences

Detrital minerals in sediments differ with the original rock, weathering degree, tec-
tonic activity, climate change and other supergene environmental conditions [2,7], and
micas are no exception. Their contents in large river sediments differ with watershed
environments [7].

As shown in Figure 6, the contents and ratios of detrital mica in sediments between the
Yangtze River Estuary and ancient Yellow River Estuary significantly differed. Specifically,
the mass percentage of mica, particle percentage of weathered mica, particle percentage
of muscovite, and particle percentage ratio of weathered mica to the sum of biotite and
weathered mica in the very fine sand fraction of Yangtze River Estuary sediments were
2.47,1.89,1.15 and 2.06 times higher, respectively, than those in the very fine sand fraction
of ancient Yellow River Estuary sediments. However, the particle percentage of biotite,
particle percentage ratio of biotite to muscovite, and particle percentage ratio of the sum of
biotite and weathered mica to muscovite in the very fine sand fraction of the ancient Yellow
River Estuary sediments was 3.33, 4.05 and 1.28 times higher, respectively, than those in the
very fine sand fraction of Yangtze River Estuary sediments. All of these results indicate that
the mass percentage of mica and the particle percentage of weathered mica in the very fine
sand fraction of the sediments in the Yangtze River Estuary were significantly higher than
those in the very fine sand fraction of the sediments in the ancient Yellow River Estuary. The
weathering degree of mica (the particle percentage ratio of weathered mica to the sum of
biotite and weathered mica) was much higher than that in the ancient Yellow River Estuary.
All of these results also suggested that the particle percentage of biotite and the particle
percentage ratio of biotite to muscovite in the very fine sand fraction of the sediments in
the ancient Yellow River Estuary were significantly higher than those in the very fine sand
fraction of the sediments in the Yangtze River Estuary, although the weathering degree of
mica was very low. Moreover, the particle percentage ratio of easily weathered mica (sum
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of biotite and weathered mica) to difficult-to-weather mica (muscovite) in the very fine
sand fraction of the sediments in the ancient Yellow River Estuary was also higher than
that in the very fine sand fraction of the sediments in the Yangtze River Estuary.
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Figure 6. Comparison of the detrital mica contents (a) and ratios (b) in the very fine sand fraction of
the sediments between the Yangtze River Estuary and ancient Yellow River Estuary. (a) shows the
differences of mass percentage of mica (in bule) and particle percentages of biotite (in red), muscovite
(in green), weathered mica (in purple) and sum of biotite and muscovite (in cyan). (b) shows the
differences of particle percentage ratio of weathered mica to the sum of biotite and weathered mica
(in blue), particle percentage ratio of the sum of biotite and weathered mica (in red), and particle
percentage ratio of biotite to muscovite (in green).

Researchers have previously reported similar characteristics, such as high mica and
muscovite contents in the very fine sand fraction of Yangtze River Estuary sediments, a high
biotite content and high particle percentage ratio of biotite to muscovite in ancient Yellow
River sediments. For example, Lv found that the content of schistose mica minerals in the
0.063-0.125 mm fraction of sediments in the Yangtze River Estuary was very high, with
a maximum value of up to 60% [26]. This value was thought to represent a basic feature
of the heavy mineral assemblages in the very fine-grained (0.063-0.125 mm) sediments of
the Yangtze River Estuary [26]. Zhang and Meng also proposed that mica is one of the
dominant minerals in Yangtze River Estuary sediments [33]. The highest mica content
reached 32.4%, with a content of 17.1% in the silt fraction. Wang et al. noted that muscovite
is one of the characteristic minerals of underwater delta sediments in the Yangtze River [54].
It was found that muscovite is widely distributed with moderate contents ranging from
5.7% to 2.5%, while biotite contents were lower, with the highest value of only 1.5% in the
silty fraction. In addition, Lin et al. proposed that Yellow River materials were characterized
by abundant mica minerals [25]. Biotite is one of the main minerals with high contents of
up to 64.7% in underwater deltas. Muscovite is a secondary mineral and its content could
reach approximately 5%. They also suggested that a high particle percentage ratio (value
of 8.97) of biotite to muscovite could serve as a mineralogical indicator of Yellow River
materials [25]. Wang et al. also found that the biotite content in Yellow River sediments
(up to 23.36%) was much higher than that in Yangtze River sediments (very low) [55]. It
was further suggested that mica in the 0.063-0.125 mm fraction of Yellow River Estuary
sediments was the main dominant heavy mineral because its particle percentage reached
39.2% [32]. They also found that the muscovite content (17.6%) was higher than that of
biotite (16.3%) and hydrobiotite (5.3%) [32].
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In river basins, geological conditions, climate types and hydrodynamic conditions
notably impact minerals in sediments [7,56], including detrital minerals. Thus, the causes
of detrital mica differences in sediments between these two large river estuaries should be
related to these factors (Figure 7). First, compared to the Yellow River drainage area, the
exposed rocks in the Yangtze River drainage area are richer in mica. In the Yangtze River
drainage area, granite, schist and gneiss are widely distributed in the middle-to-lower
stream sections. This leads to a high content of detrital mica in Yangtze River sediments.
However, in the Yellow River drainage area, loess widely covers the midstream area and is
the main provenance of Yellow River detritus [35]. The mica content is approximately 18.4%
in the >20 um fraction of loess paleosol, with a maximum value lower than 26% [57]. This
indicates that the mica content in the very fine sand fraction is not overly high in Yellow
River sediments. Hence, the difference in geological conditions between provenance areas is
an important reason why the mass content of mica in the very fine sand fraction of Yangtze
River Estuary sediments is significantly higher than that in the very fine sand fraction of
ancient Yellow River Estuary sediments. Second, compared to the Yellow River, the climatic
conditions in the Yangtze River drainage area are more favorable for weathering. These
climatic conditions include abundant precipitation and a high temperature in most areas
of the Yangtze River drainage area, except for the upstream area. However, the region is
dry and cold, with a lower annual precipitation and poor hydrothermal conditions in the
Yellow River drainage area. Research has demonstrated that the chemical weathering rate
(61.58 t/km?-a) in the Yangtze River drainage area is significantly higher than that in the
Yellow River drainage area (39.29 t/ km?-a) [58]. Strong chemical weathering in the Yangtze
River drainage area inevitably leads to the release of a large number of mica minerals in
igneous and metamorphic rocks, such as granite, into the river. Moreover, strong chemical
weathering in the Yangtze River drainage area inevitably leads to the transformation of a
large amount of biotite into weathered mica. Thus, the difference in weathering conditions
is another important reason why the mass percentage of mica in the very fine sand fraction
of the sediments in the Yangtze River Estuary is much higher than that in the very fine
sand fraction of the sediments in the ancient Yellow River Estuary. This is also the main
reason for the higher particle percentage of weathered mica in the very fine sand fraction of
Yangtze River Estuary sediments and largely explains both the higher weathering degree of
mica and the higher particle percentage of biotite. Third, in the Yangtze River Estuary, the
flow velocity suddenly declines due to the low open flat trumpet-shaped terrain [59]. This
terrain shape leads to the deposition of a large number of detritus [59]. Coupled with the
controlling effect of seawater in the estuary and the disturbance of coastal currents, detrital
mica easily affected by hydrodynamic forces also accumulates in this location. This is the
third important reason for the higher mica content in the very fine sand fraction of the
sediments in the Yangtze River Estuary. In contrast, mica originating from the Loess Plateau
is resorted under the influence of stronger hydrodynamic forces in the estuary area of the
ancient Yellow River. Moreover, due to the large differences in the particle size, density,
shape, volume, and diameter-thickness ratio, the depositional velocity of mica is much
lower than that of other minerals with the same particle size, such as quartz and feldspar.
Thus, the particle size of mica settling in the very fine sand fraction is usually larger than
that of other minerals, such as quartz and feldspar [28]. Research has demonstrated that
the particle size difference between mica and other minerals in the same size fraction, such
as quartz and feldspar, ranges from 1® to 1.5® [27]. This is also an important reason for
the lower mass percentage of mica in the very fine sand fraction of ancient Yellow River
Estuary sediments.
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Figure 7. Geological map of the drainage basins in this study (modified based on Hongfei [60] and
Wang [18]).

4.2. Specific Diagnostic Indices to Effectively Distinguish detritus between the Yangtze River
Estuary and Ancient Yellow River Estuary

Micas in detrital sediments are divided into muscovite and biotite. Muscovite exhibits
the most stable chemical properties and a high erosion resistance [61]. Biotite with unstable
chemical properties is easily weathered [61]. Therefore, the differences and changes in
mica indicators, such as the content and/or ratio, provide a certain significance to indicate
provenance conditions, such as the watershed climate type and hydrothermal conditions.

Under the influence of the basic geology, climate and hydrodynamic forces in the
source area, the detrital mica content and ratio in the very fine sand fraction of the sediments
of the Yangtze River Estuary differ from those in the very fine sand fraction of the sediments
in the ancient Yellow River Estuary. These differences make it possible to determine specific
diagnostic indices for detritus to distinguish between these two large river estuaries.

As shown in Figure 8, four mica indices, including the particle percentage of biotite,
particle percentage of weathered mica, particle percentage ratio of weathered mica to the
sum of biotite and weathered mica and particle percentage ratio of biotite to muscovite,
significantly differ between the Yangtze River Estuary and ancient Yellow River Estuary.
Specifically, in the very fine sand fraction of Yangtze River Estuary sediments, these mica
indices ranged from 6.67% to 19.85%, from 42.14% to 65.71%, from 0.69 to 0.90, and from
0.13 to 0.56, respectively. However, in the very fine sand fraction of ancient Yellow River
Estuary sediments, these indices ranged from 24.41% to 53.93%, from 9.74% to 39.81%, from
0.17 to 0.60, and from 0.64 to 2.09, respectively. Thus, these specific diagnostic indices could
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be effectively used to distinguish detritus between these two river estuaries. These results
are more detailed and specific than the existing research results. For instance, based on the
characteristic of a high mica content in Yellow River sediments [24], Lin et al. proposed
that the mica content could be used to distinguish the source and diffusion of marine
sediments, identify coastline changes and determine the evolution of the paleogeographic
environment [25]. They also suggested that a high particle percentage ratio of biotite to
muscovite could be used as a mineralogical tracer parameter to distinguish the provenance
of Yangtze River detritus [25]. In addition, Wang KS et al. proposed that mica minerals
could be used as indicators of sediment transport and diffusion [32].
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Figure 8. Index scatter diagrams of detrital mica in the very fine sand fraction of the sediments of the
Yangtze River Estuary and ancient Yellow River Estuary; (a) particle percentage of biotite; (b) particle
percentage ratio of weathered mica to the sum of biotite; (c) particle percentage of weathered mica;
(d) weathered mica and particle percentage ratio of biotite to muscovite, significantly differ between
the Yangtze River Estuary and ancient Yellow River Estuary.

4.3. Variation in the Mica-Specific Diagnostic Indices for the Very Fine Sand Fraction of Coastal
Sediments in the Subei Littoral Plain Area and Provenance Significance

As previously mentioned, the four mica-specific diagnostic indices for effective detritus
discrimination between the Yangtze River Estuary and ancient Yellow River Estuary include
the particle percentage of biotite, particle percentage of weathered mica, particle percentage
ratio of weathered mica to the sum of biotite and weathered mica, and particle percentage
ratio of biotite to muscovite. Their numerical changes in the very fine sand fraction of
sediments at different locations along the coast of the Subei littoral plain area are shown in
Figure 9. These changes could effectively indicate the influence range of the Yangtze River
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and the ancient Yellow River on the coast of the Subei littoral plain area. These changes
could be helpful to better explain the mixing area of these two sources at this location.
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Figure 9. Variation in the mica-specific diagnostic indices in the very fine sand fraction of coastal
sediments between the Yangtze River Estuary (CJ) and the ancient Yellow River Estuary (FHH)
together with the Subei littoral plain area. (a) shows the variation of paticle percentage ratio of
weathered mica to the sum of biotite and weathered mica (in green), and the variation of paticle
percentage ratio of biotite to muscovite (in purple). (b) shows the variation of paticle percentage of
biotite (in red) and weathered mica (in blue).

As shown in Figures 9 and 10, northward from the Yangtze River Estuary to Yangkou
town in Rudong County (SBY11), the particle percentage of biotite and the particle per-
centage ratio of biotite to muscovite were low, while the particle percentage of weathered
mica and the weathering degree of mica (the particle percentage ratio of weathered mica
to the sum of biotite and weathered mica) were high. These values were close to those
in the Yangtze River Estuary. This result indicates that detritus in the region along the
coast northward from the Yangtze River Estuary to Yangkou town in Rudong County
(SBY11) were mainly affected by Yangtze River detritus. This relationship is generally
consistent with existing understandings. Li et al. suggested that the sediments southward
from Rudong County to the Yangtze River Estuary could be dominated by Yangtze River
detritus [43]. Changes in major element contents indicated that the northward diffusion
range of Yangtze River sediments was smaller thanthe Yangtze River Estuary to the coast
near Waya Port on the north side of Xiaoyangkou in Rudong County [42]. This area is
close to the region of interest of this study. In addition, based on the characteristics of clay
mineral assemblages, Yi et al. suggested that sediments from the coast southward from
Rudong County to the Yangtze River Estuary were dominated by detritus inputs from the
ancient Yangtze River [45].

Moreover, as shown in Figures 9 and 10, northward from Bencha town in Rudong
County (SBY12) to the ancient Yellow River Estuary, the particle percentage of biotite
and the particle percentage ratio of biotite to muscovite significantly increased, while the
particle percentage of weathered mica and the weathering degree of mica (the particle
percentage ratio of weathered mica to sum of biotite and weathered mica) significantly
decreased. These values were close to those in the ancient Yellow River Estuary. This
result indicates that detritus in the region along the coast northward from Bencha town
in Rudong County (SBY12) to the ancient Yellow River Estuary were mainly affected by
ancient Yellow River detritus. This relationship is also basically consistent with existing
research results. For example, Zhao considered the area along the coast northward from
Jianggang Port to the ancient Yellow River Estuary (close to the SBY13 sample site in
Dongtai city in this study) to mainly be affected by the ancient Yellow River [41]. Based on
the variation in the montmorillonite content, Zhang proposed that detritus along the coast
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northward from Rudong County to the ancient Yellow River Estuary originated from the
ancient Yellow River [42]. By applying element geochemistry and heavy mineral methods,
Yang et al. suggested that the land-forming process in the Subei littoral plain area was
mainly controlled by the ancient Yellow River, with the southern boundary of influence
near Xinhai Bore (near sample site SBY11 in this study) [43]. In addition, based on the
characteristics of clay mineral assemblages, Yi et al. proposed that sediments from the coast
northward from Rudong County to the ancient Yellow River Estuary were dominated by
detritus inputs from the ancient Yellow River [45].

117°30'E 120°E

Qo o

\4—1
K_,,V\ Jiangsu

L 2nslw

b
35°N

Mainly affected by
pthe ancient Yellow River

Mainly affected by| Z,
BY ;;\ll}lw \;_mgu« River o
10, Fon
<]
o
o
SBY2
SBY1
"'—\ East]
&5
0 50 100 9,5 o]
O km
Lengend Sample Sites
--------- ancient Yellow River @ the Subei Littoral Plain arca
£
- Waters W Yangtze River Estuary K=}
o
Provincial boundarics A ancient Yellow River Estuary

Figure 10. Ranges of the influence of the Yangtze River and the ancient Yellow River on detrital mica
in the very fine sand sediments in the Subei littoral plain area.

In addition, as shown in Figures 9 and 10, compared to the four mica-specific diagnostic
indices of the samples southward from SBY10 to the Yangtze River Estuary and northward
from SBY14 to the ancient Yellow River Estuary, the index values at sample sites SBY11 and
SBY12 were moderate. These results indicate that the main mixed area occurred between
these two sites, i.e.,, SBY11 and SBY12. Detritus were mainly affected both by the Yangtze
River and ancient Yellow River at this location. Yang et al. also proposed that between
Dongtao Bore (near sample site SBY14) and Xinhai Bore (near sample site SBY11), the
surface sediments at Sancang Bore (near sample site SBY12) were mainly mixed Yangtze
River and ancient Yellow River sediments [43].
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4.4. Quantitative Contributions of the Yangtze River and the Ancient Yellow River to Detrital
Micas in the Subei Littoral Plain Area and Indicative Significance

The quantitative contributions of the Yangtze River and the ancient Yellow River to
detrital mica in the very fine sand fraction of the sediments of the Subei littoral plain area
are shown in Table 1. The coefficients of determination (R?) are all more than 0.783 (Table 1).
All of the variants explained are close to 100 (Table 1). Additionally, these quantitative
contribution data are reliable (Figure 11). Thus, the mathematical model of provenance
contribution based on mica-specific diagnostic indices for the very fine sand fraction of
sediments is reliable. As indicated in Table 1, southward from sample sites SBY11 to
SBY1, where SBY11 is located near Yangkou town in Rudong County and SBY1 is located
close to the Yangtze River Estuary, the quantitative contributions of the Yangtze River (a;)
are all higher than 50%, while those of the ancient Yellow River (a;) are lower than 50%.
However, northward from SBY12 to SBY23, where SBY12 is located near Bencha town in
Rudong County and SBY23 occurs near the ancient Yellow River Estuary, the quantitative
contributions of the ancient Yellow River (ap) are all higher than 50%, while those of the
Yangtze River (a;) are lower than 50%. In addition, it could be deduced from Table 1 that the
mixed area of these two large rivers occurs between the SBY11 and SBY12. This deduction
further confirms the correctness of the previous understanding obtained in this study.

Table 1. Quantitative provenance analysis results for the very fine sand fraction of the sediments
in the Subei littoral plain area (a;j is the contribution percentage of the Yangtze River, a, is the
contribution percentage of the ancient Yellow River, ¢is the contribution other unknown sources).

Regression Coefficient Test Indices of the Regression Model
Samples ap ap 3 Final Loss R R? EVX;rII;I:;
SBY1 1.00 0.00 1.39 61.6 0.987 0.973 97.3
SBY2 0.72 0.23 —0.03 0.01 1.00 1.00 100
SBY3 0.62 0.36 —0.05 0.01 1.00 1.00 100
SBY4 0.60 0.29 —0.04 0.03 1.00 1.00 100
SBY5 0.95 0.02 0.00 0.00 1.00 1.00 100
SBY6 0.90 0.10 1.53 14.7 0.995 0.991 99.1
SBY7 1.00 0.00 0.59 47.0 0.989 0.978 97.8
SBY9 0.97 0.00 —0.62 3.30 0.999 0.998 99.8
SBY10 0.92 0.00 —220 434 0.985 0.970 97.0
SBY11 0.53 0.33 —0.05 0.04 1.00 1.00 100
SBY12 0.39 0.51 —0.08 0.03 1.00 1.00 100
SBY14 0.10 0.89 —0.07 0.01 1.00 1.00 100
SBY15 0.36 0.53 —0.08 0.04 1.00 1.00 100
SBY16 0.00 0.99 —1.59 95.6 0.961 0.924 924
SBY17 0.00 0.90 —0.40 3.20 0.998 0.997 99.7
SBY18 0.00 0.96 —1.70 107.4 0.955 0.911 91.1
SBY19 0.00 0.99 —2.87 324.0 0.885 0.783 78.3
SBY20 0.00 0.80 —1.00 30.5 0.980 0.961 96.1
SBY21 0.00 0.82 —0.86 21.3 0.987 0.974 97.4
SBY22 0.00 0.84 —0.82 19.3 0.989 0.977 97.7
SBY23 0.00 091 —1.03 349 0.983 0.966 96.6
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Figure 11. Scatter diagram for calculated values versus measured values of specific diagnostic
indexes of detrital mica in the very fine sand fraction from sediments of the Subei littoral plain area
(95% confidence).

5. Conclusions

Detrital mica contents were interestingly displayed and studied to identify two large
rivers, namely the ancient Yellow River and the Yangtze River. Micas indices were selected
and applied as provenance indicators to determine sediment contribution from the two
rivers to the Subei coastal plain.

The contents and ratios of mica minerals in the very fine sand fraction of the sedi-
ments in the Yangtze River Estuary differed from those in the very fine sand fraction of the
sediments in the ancient Yellow River Estuary. This difference could be attributed to a com-
bination of different factors, such as basic geology, climate and estuarine hydrodynamics,
in these two drainage area.

Four diagnostic indices were selected and used to effectively distinguish detritus in
the Yangtze River Estuary and ancient Yellow River Estuary; these indices include the
particle percentage of biotite, particle percentage of weathered mica, particle percentage
ratio of weathered mica to the sum of biotite and weathered mica, and particle percentage
ratio of biotite to muscovite. These indices ranged from 6.67% to 19.85%, 42.14% to 65.71%,
0.69 to 0.90, and 0.13 to 0.56, respectively, in the very fine fraction of Yangtze River Estuary
sediments and 24.41% to 53.93%, 9.74% to 39.81%, 0.17 to 0.60, and 0.64 to 2.09, respectively,
in ancient Yellow River Estuary sediments.

In the Subei littoral plain area, northward from the Yangtze River Estuary to SBY11
in Yangkou town, Rudong County, detrital micas were mainly affected by the Yangtze
River. Moreover, in the Subei littoral plain area, southward from the ancient Yellow River
Estuary to SBY12 in Bengcha town, Rudong County, detrital micas were mainly affected
by the ancient Yellow River. In addition, the main mixing area of the Yangtze River and
the ancient Yellow River occurred between these two sampling sites. The demarcation line
between these areas could also be located in this region.

The above specific diagnostic indices of detrital mica could be employed for quantita-
tive analysis of the provenances of detritus and their contributions.

Detrital mica in certain grain size fractions of sediments could be used for detritus
identification, mixed area determination and provenance analysis.
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Abstract: Geochemical lithogenes have been successfully applied as an innovative concept in the
field of composition classification and source traceability of geological materials recently. This paper
introduces the background of the development of geochemical genes and the construction and
application of LG01 and LGO03 lithogenes. Based on LG01 and LGO03, the LG_CR classification and
provenance are applied and verified on a weathering profile, ten gully sedimentary profiles and
regional stream sediments in the Wanquan area of Zhangjiakou city, Hebei province, China. The
geochemical lithology of the weathering profile shows a gradual variation from basic-like in the
bottom rock to acidic-like at the upper soils compositionally with heterogeneity. The classification
results on 10 sedimentary gully profiles (each with five samples) indicate that soils at the bottom of
the gully system are dominated with 11 types of LG_CR materials, while the top materials are made
up of 21 types, reflecting the mixing of the upstream soils. The results of stream sediments from
a regional geochemical survey with a scale of 1:200,000 in this area illustrate that the classification
results of LG_CR on stream sediments are basically consistent with the petrological results derived
from regional geological mapping. Therefore, LG_CR can be used not only as an effective tool
for classification and traceability of geological materials but also has great potential in lithological
mapping in petrological-overburdened areas.

Keywords: LG_CR; geochemical classification; geochemical traceability; mapping in overburdened

area; weathering

1. Introduction

Geochemical gene is a new technique that can be used for composition classification
and source traceability of geological samples, and the proposal of lithogene has initiated
the study of geochemical lithogenes in recent years [1]. The advantage of geochemical
lithogenes is that they express trends among chemical elements in geological materials,
such as the elemental spider diagram [2,3], and are applicable to rocks, soils, sediments,
and plants, etc. Thus, it is a key link between geology and ecology using the relationship of
elements rather than their absolute concentrations and overcomes the limitations of the
applicability of graphical tracing methods and isotopic tracing methods in the traditional
study of geochemistry [4-7]. Two metallogenes (named gold metallogenes MGAu and
tungsten metallogene MGW) and two rare-earth elemental genes (named REEG01 and
REEGO02) have been proposed recently [8-10] and the tungsten metallogene MGW11 is
also presented now [11]. During subsequent practice and application, Gong et al. [10] and
Li et al. [12] proposed LGO1 and LGO03 lithogenes (Table 1) after the LG02 lithogene [13],
respectively. The spectra lines of LG01 and LGO03 genes of the ideal rock samples in China
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are shown in Figure 1 [1]. Gong et al. [1] reviewed the above seven geochemical genes
(except the MGW11) and their applications recently.

Table 1. Elemental sequences and their reference values of LG01 and LG03 geochemical lithogenes.

Gene Sequence No. 1 2 3 4 5 6 7 8 9 10 11

LG01 Gene elements Zr Ti AlL,O3 TFe;O3  SiOy P Pb Mn Th Nb U
Reference values 147 4016 14.8 6.4 60 756 19 940 5.72 14.5 1.2

LGO03 Gene elements Nb Ti Zr Cr La \% Pb Co U Ni Th
Reference values 14.5 4016 147 81 35 130 19 24 1.2 32 5.72

Notes: The units of reference values of major oxides are % and others are ug/g.

et - + Acidic X Intermediate v Basic L [+ Acidic X Intermediate ¥ Basic
¢ o5k
= = 0.0 -
S S o f
B UL % 0SF
[ (a) LGO1 [ (b) LGO3
-1.0 L1 1 1 1 I I 1 I I 1 -1.0 L1 1 1 1 1 1 1 I 1 1 1
Zr Ti Al Fe Si P Pb Mn Th Nb U Nb Ti Zr Cr La V Pb Co U Ni Th
Figure 1. Spectral lines of LGO01 (a) and LGO03 (b) lithogenes for the ideal rocks in China. Al, Fe, and
Si are the abbreviations of Al,O3, TFe,O3, and SiO, on the horizontal axis. Elemental abundances of
ideal rocks in China are from Chi and Yan [14] and listed in Table 2.
Table 2. The elemental abundances of rocks in China.
Rocks Zr Ti AlL,O3; TFe;03 SiO; P Pb Mn Th Nb U Cr La V Co Ni
Acidic rock 160 1770 14.20 3.00 70.85 430 24 380 145 15 25 12 40 33 48 77
Intermediate rock 180 5200 16.42 7.62 57.79 1200 155 960 49 104 115 83 35 135 22 34
Basic rock 150 9470 15.54 11.33 48.68 1570 13 1310 28 19 07 190 24 210 46 100

Notes: The units of major oxides are % and others are ug/g.

The advantage of geochemical lithogenes is that they can not only classify geological
materials (rocks, weathered debris, soils, stream sediments, etc.) compositionally, breaking
through the technical bottleneck that rocks, debris, soils, and sediments cannot be classified
uniformly due to different criteria, but also can establish a uniform classification method.
The ideal acidic rock in China is a virtual rock sample represented by the elemental abun-
dances of acidic rock in China (Table 2), whose LG01 and LGO03 lithogenes are both coded
as 10202020202. The gene similarity between a sample and the ideal acidic rock is called
the acidic similarity of the sample, which is labelled as Raigic- The Racigic of samples can
be used as a tool to classify geological materials into three types compositionally, namely
acidic-like (Rcigic = 80%), intermediate-like (25% < Racigic < 75%), and basic-like (R ¢igic
< 20%) components.

In order to further integrate the classification results of LG01 and LGO03 lithogenes and
make the sample classification results more accurate, Wu et al. [15] proposed the concept of
LG_CR (classification results on lithogenes). Firstly, samples were classified into three types:
acidic-like component with Rpcgic > 80% labelled as 1-type, intermediate-like component
with 75% > Rycigic = 25% labelled as 2-type, and basic-like component with R,ggic < 20%
labelled as 3-type on LG01 and LGO03, respectively. Subsequently, the classification results
were expressed as double-digit numbers on the sequence of placing the classification results
of LGO1 in the first digit and LGO3 in the second digit. Therefore, a total of 9 types (or
LG_CR types) could be classified theoretically as 11, 12, 13, 21, 22, 23, 31, 32, and 33 type,

230



Appl. Sci. 2023, 13,1008

although 13 type and 31 type may rarely occur in nature. The advantage of this classification
method is that it is applicable to geological materials, such as fresh and weathered rocks,
debris, soils, and sediments on a uniform criterion.

In this paper, the classification results of LG_CR were applied and tested on a combined
weathered profile in the Wanquan area of Zhangjiakou city, Hebei province, China firstly.
Then, 10 vertical sediment profiles were applied along or across a gully to reveal the
material’s migration in horizontal directions. Finally, the regional geochemical survey data
of stream sediments were used to classify their LG_CR types in this area.

2. Geographical and Geological Settings

The study area is located in the northern part of Wanquan district, Zhangjiakou
city, Hebei province, China (Figure 2a), with an area of about 1080 km? ranging from
E 114°16/33" to 114°38/36” and N 40°44'14" to 41°04/07" (Figure 2b) and is located in
the transition zone between the North China Plain and the Inner Mongolia Plateau, with
high topography in the northwest and low topography in the southeast, undulating hills,
and a mainly shallow-cut landform type. The landform type is mainly shallowly cut
stripped-erosion low hills, with altitude between 1000 and 1300 m. The northern part is
adjacent to the Zhangbei Dam Plateau. The area has a temperate semi-humid continental
monsoon climate, with an average precipitation of about 400-500 mm. The soil type is
mainly chestnut brown soil and brown soil [16], and the mountainous land is covered by
larch, white birch, and mountain poplar, etc. [17], while bulk crops and vegetables grow on
the plains.

The strata in the study area belong to Archean, Sinian, Jurassic, Cretaceous, Neogene,
and Quaternary periods, respectively, of which petrological descriptions are illustrated
briefly in Figure 2b as notes [18,19]. The spatial distribution has the following characteristics:
the northern region is dominated by basaltic rocks of Hannuoba Formation (N3), the
central and southeast region is dominated by Jurassic, Cretaceous, and Quaternary rocks or
sediments, and the southwest region is dominated by Archean and Sinian rocks. Faults
mainly trend northwest and northeast. Intrusions in the study area are less developed,
except diabase stock in the northwest (Figure 2b).

3. Materials and Methods
3.1. Materials

A weathering profile was collected, with 16 samples (including 3 rock samples, 5 weath-
ered debris samples, and 8 soil samples), which included 2 sub-profiles labelled as PM-1
and PM-2 (Figure 2c—e). The specific descriptive information and analytical data of the
16 samples are shown in Table 3 and Table S1 in Supplementary Materials. The sampling
length or regolith depth of PM-1 is ca. 7.5 m and that of PM-2 is ca. 7.6 m. There is a
boundary or platform between the two parts and the total depth of the weathering profile
is ca. 15.1 m (Figure 2c—e). The profile samples are divided into three parts from the
top to the bottom sequentially as soil, debris, and rock. When collecting soil or debris
samples from the weathering profile, the lateral exposed surface soil should be removed
at a depth of about 10-20 cm, while rock samples should be collected by removing the
external weathering surface and taking the fresh part. The location of this weathering
profile is just located near the boundary between the first section of the Lower Cretaceous
Tujingzi Formation (K t1) and the upper Neogene Hannuoba Formation (N3) (Figure 2b).

In order to trace soil migration scientifically according to the topography of the terrain,
which can be initially recognized as two pathways, it is necessary to determine the main
direction of migration firstly. In total, 10 vertical sediment profiles were laid out along these
two migration directions. The first pathway profile CJPM-1 along the primary channel
from N-S, with a vertical elevation difference of about 260 m and a transverse migration
distance of about 5 km, includes 7 profiles of TP1, TP2, TP3, TP4, TP5, TP7, and TP8, which
were spaced almost equally except the distance between TP5 and TP7. The second pathway
profile CJPM-2 includes 4 profiles, TP14, TP15, TP16, and TP4 (used repeatedly), along
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the E-W tertiary channel, which were spaced almost equally with an interval of ca. 2 km
and with a height difference of ca. 150 m. With respect to these 10 profiles, 5 samples
in each profile were collected sequentially from the surface soil to the bottom soil. Each
sample is collected continuously within a depth of 0.2 m and, therefore, the depth of each
soil profile is 1 m. Thus, 50 soils samples in these 10 profiles were collected (Table S2 in
Supplementary Materials).

(a)

Figure 2. Location of the study area in the Chinese mainland (a) and its geological map (b) after
the K5025 geological map with a scale of 1:200,000 in which a weathering profile (c) is located and
composed of sub-profiles of PM-1 (d) and PM-2 (e). Notes in (b): 1—Holocene sub-clay, sub-sand,
silt with gravel; 2—Upper Pleistocene sub-clay, sub-sandstone, gravelly layer; 3—Middle Pleistocene
gravelly sandstone, sub-clay; 4—Upper Neogene basalt with clay and shale in the middle and upper
part; 5—The second section of lower Cretaceous Tujingzi Formation siltstone, mudstone, conglomerate
sandstone; 6—The first section of lower Cretaceous Tujingzi Formation conglomerate; 7—The second
section of middle Jurassic Yanjiayao Formation sandstone, sandy shale; 8—The first section of middle
Jurassic Yanjiayao Formation gravelly coarse sandstone, sandstone, shale; 9—Lower Jurassic sandy shale,
siltstone, conglomerate sandstone; 10—Lower Sinian quartzite, dolomitic sandstone, shale, dolomite;
11—Archean hematite, striped mixed rock; 12—Diabase; 13—Petrological boundary; 14—Fault; 15—
Locations of vertical profiles; 16—Location of the weathering profile illustrated in (c-e); 17—Range of
the pathway profiles.
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In the study area of Wanquan with an area of about 1080 km?, 278 geochemical records
(or samples) of stream sediments were retrieved from the database of the RGNR (Regional
Geochemistry-National Reconnaissance) project [20]. In this project, stream sediment is the
sampling media with a scale of 1:200 000 and was analyzed with 10 major components and
29 trace elements [21].

3.2. Methods of Analyses

Soil samples were put into clean white cotton bags after removing gravel, grass roots,
animal dung, insect shells, etc.,, in the field. After collecting on the same day, they were
placed in a ventilation room for air-drying to avoid breakage or mold caused by prolonged
wet accumulation and then sent to the laboratory in time to complete pre-processing, such
as grinding and sieving (200 mesh). The weight of bedrock and weathered debris samples
was ca. 500 g. The field collection and processing of the samples were in accordance with the
requirements of the Specification for Geochemical Evaluation of Soil Quality (DZ/T 0295-2016).

Rocks, weathered debris, and soils were analyzed for the major oxides of SiOy, Al,O3,
TFe;03, K»0, Na,O, CaO, MgO, TiO,, P,0s, and MnO and trace elements of Zr, Nb, Th, U,
La, Pb, V, Cr, Co, and Ni. The major oxides were determined using a wavelength dispersive
X-ray fluorescence spectrometer (ARL Advant XP + 2413) with detection limits of 0.05%,
except Al,O3 of 0.03% and MgO, CaO of 0.02%. The trace elements were determined
by high-resolution plasma mass spectrometry (X Serise2/SN01831C) where the detection
limits were 5 for Zr, 2 for Nb, Th, V, Cr, 1 for La, Ni, 0.2 for Co, and 0.1 for Pb, U in
ug/g. The accuracy and precision of the analytical method were controlled by the national
standard substances (GSB-1, GSB-5, GSS-20, GS§524, GSS34) by adding 10% blank samples
and parallel samples. The accuracy of the analysis of the first-grade standard substances
was more than 98%, the repeatability of the sample test was more than 100%, and the
relative standard deviation was less than 5%. The analytical methods, precision, accuracy,
and detection limits were all in accordance with the requirements of the specification for
multi-purpose regional geochemical survey (DZ/T 0258-2014) [22].

3.3. Methods on Weathering Indices

The weathering degree of a sample is commonly depicted on weathering indices [23-27].
The commonly used indices are CIA (chemical index of alteration) and WIG (weathering
index of granite). The CIA was developed by Nesbit and Young [28] in reconstructing
paleoclimate from Early Proterozoic sediments and the WIG (weathering index of granite)
was proposed by Gong et al. [29] to describe the weathering degrees of granitic weathered
products in the absence of CO, contents. Their calculation methods used here were detailed
by Wu et al. [7] and briefly illustrated as

CIA = [ALO3/(ALO; + CaO * + NayO + K,0)] x 100 )

WIG = [NayO + K0 + (Ca0-10/3P,05)]/(ALO; + TFe,O5 + TiO) x 100 (2)

where the oxide content is expressed in moles, CaO * represents CaO in silicates (i.e.,
removing CaO in carbonates and apatite), and (CaO-10/3P,0s) is taken as a non-negative
value (i.e., 0 when its value is less than 0). It has been shown that CIA values are divided
into <60, 60-80, and >80 [30], and WIG values are divided into >60, 60-20, and <20 [7,10],
which represent the incipient, intermediate, and extreme weathering degree, respectively.
Values of CIA increase with the weathering degree, while WIG values decrease with the
weathering degree according to their definitions (Equations (1) and (2)).
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4. Results and Discussion
4.1. Weathering Profile

The results on weathering indices of CIA and WIG of the weathering profile are shown
in Figure 3. The values of CIA in the profile vary in a range of 44.6 to 74.0, and WIG values
vary from 19.5 to 78.3, which indicates an incipient to intermediate weathering degree
mostly. Although the weathering degree is increasing gradually from fresh bedrock at the
bottom to the weathered debris in the middle parts and then to topsoil, an abrupt variation
at the boundary of PM-1 and PM-2 is recognized at the platform.

The geochemical lithogenes of LGO1 and LG03 of samples from the weathering pro-
file were coded on GGC (Geochemical Gene Coding) software [1], and then the acidic
similarities (Raciqic) were calculated and are illustrated in Figure 3.

CIA WIG LGO1_Racidic LGO3_Rucidic LG_CR
40 48 56 64 72 0 20 40 60 80100 0 20 40 60 80100 O 20 40 60 80100 11 21 22 32 33
o T T T - .
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g 8 > ==
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Figure 3. Weathering indices, acidic similarities of lithogenes, and the LG_CR results in the weather-
ing profile.

With respect to the bottom rock, the Rpq4ic values of LG01 and LGO03 are all <20%,
which indicates that the bottom sample is the 33 type of LG_CR compositionally. With
respect to the other rock and debris (below 5 m in profile depth), they are basic-like materials
on LGO1 classification and intermediate-like on LGO3 classification; therefore, they belong
to the 32 type of LG_CR compositionally, except the top material in the sub-profile of
PM-2, which is the 22 type of LG_CR and is located near the boundary of the platform or
sub-profiles, while the soils (above 5 m in profile depth) are 11, 21, 22, or 32 types of LG_CR,
which indicates the lithology of the weathering profile is heterogeneous compositionally or
soils were mixed with different sources compositionally. The lithological variation in the
upper soils in the profile may be explained by its location near the petrological boundary
of the conglomerate (K;t1) and the basalt with clay and shale in the middle and upper part
(N3) (Figure 2b).

In a word, the geochemical lithology of the weathering profile shows a gradual
variation from basic-like in the bottom rock to acidic-like at the upper soils compositionally
with heterogeneity.

4.2. Gully Sediment Profiles

The LG01 and LGO3 lithogenes of the 50 soils in CJPM-1 and CJPM-2 pathway profiles
were coded by GGC software [1], and then the acidity similarity (R s¢igic) of each sample was
calculated. The LG_CR results are derived based on the acidic similarities and illustrated
in Figure 4.

In Figure 4, there are only 2 types of LG_CR recognized in the pathway profiles as
11 and 21 types compositionally. In the CJPM-1 profile, the seven sediment profiles are
distributed in the Quaternary strata along the N-S trending gully (Figure 4a). Therefore,
residual soils in the alluvial gully are prone to be mixed with migrated soils. If the residual
or background soils in the pathway profile are the 11 type of LG_CR, as illustrated in
Figure 4b,c, and the migrated soils are the 21, 22, and even 32 types, as illustrated in
Figure 3, the mixing result will be the 21 type of LG_CR, which is consistent with the facts
in Figure 4b. In the CJPM-2 profile, only the TP4 profile is located in the N-S trending gully
and the other three profiles are located in the Cretaceous strata area with conglomerate
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petrology. Therefore, only the topsoil in the TP4 profile is the 21 type, which is mixed with
the upstream soils, and the others, far from the gully, are all the 11 type of LG_CR.

In summary, soils from the CJPM-1 profile in the N-S trending gully are mixed with
the upstream soils and soils from the CJPM-2 profile have not undergone mixing with other
lithological components, except the gully soils. These results indicate that LG_CR can be
viewed as a useful tool to recognize and trace geological materials.
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Figure 4. Locations of the pathway profiles (a) and LG_CR results of soils from the CJPM-1 (b) and
CJPM-2 (c) profiles. Legends in (a) are the same as in Figure 2b.

4.3. Stream Sediments from RGNR Project

Based on the 278 stream sediments’ data retrieved from the RGNR project in the study
area of Wanquan district of Zhangjiakou city in Hebei province (Figure 2b or Figure 5d), the
codes and acidic similarities of LG01 and LGO03 lithogenes are calculated and the LG_CR
results are derived. The geochemical maps of Rag;c of LGO1 (Figure 5a), Rcgic of LGO3
(Figure 5b), and LG_CR values (Figure 5c) are contoured and classified compositionally
like the method of the geochemical map [31].

By comparing Figure 5a,d, we can find that the red areas with Ragic > 80% in LGO1
are mainly Jurassic and Cretaceous strata in the central part, the orange areas between 25%
< Racidic < 75% are mainly Archean and Sinian strata in the southwest and Quaternary
strata in the north-central part, and the blue areas with Rpjgic < 20% are mainly Hannuoba
Formation (N3) with petrological basaltic materials. In conclusion, the classification results
of the stream sediments on the LGO01 lithogene are generally consistent with the petrological
results derived from the regional geological survey.

By comparing Figure 5b,d, the results are similar to those from the comparison between
Figure 5a,d. The notable difference is that the basic-like components are also recognized in

236



Appl. Sci. 2023, 13,1008

the southwest on the LG03 lithogene. Overall, the classification results on LG03 are also
basically consistent with those derived from the regional geological survey.

Although nine types of LG_CR can be classified theoretically on double-digit numbers
based on the acidic similarities of LG01 and LGO03 lithogenes, only six types are recognized
in the Wanquan area as lacking the 12, 13, and 31 types (Figure 5c) on the geochemical data
of 278 stream sediments, each representing 4 km?.

20 80 100 21 .22 23 30 33
Legend for (a) and (b)

Legend for (c)

Figure 5. Geochemical maps of Rigic of LGO1 (a), Racigic of LG03 (b), LG_CR values (c), and the
geological map (d) in the study area.

A comparison of Figure 5c,d shows that the red areas in the 11 type are mainly in the
Jurassic and Cretaceous strata in the central part. The dark-yellow areas in the 21 type are
mainly in the Jurassic and Quaternary strata in the central and southern part, occurring as
the transition zone between the 11-type and 22-type areas. The orange areas in the 22 type
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are mainly in the Jurassic and Quaternary strata in the central and in the Archean and
Sinian strata in the southern part.

The light-yellow areas in the 23 type are mainly in the Archean strata in the southwest
part and as the transition zones between 22-type and 32-type areas in the Hannuoba
Formation (N3) in the north part. The light-blue areas in the 32 type are also as transition
zones between 23-type and 33-type areas in the north part, while the dark-blue areas in
the 33 type are mainly distributed in the Hannuoba Formation (N3) with petrological
basaltic materials.

Furthermore, the 10 sediment profiles are located in the 11 type of LG_CR (Figure 5c)
area determined on the stream sediments with a scale of 1:200,000, which is basically
consistent with the results derived on the soils from the two pathway profiles (Figure 4b,c).

In summary, the main types of LG_CR of stream sediments in the Wanquan area
are 11, 22, and 33 types. The lithological results of LG_CR on geochemical lithogenes are
basically consistent with the petrological results derived from the regional geological survey.
However, the LG_CR method is applicable to stream sediments, soils, debris, and rocks
in wider geological materials, rather than only rocks in petrology. Therefore, the LG_CR
method will be a useful tool for lithological mapping in the petrological overburdened areas.

5. Conclusions

(1) The geochemical lithogenes are applied in the Wanquan area of Zhangjiakou city
in Hebei province, China, on samples from a weathering profile, 10 sediment profiles, and
278 stream sediments, covering an area of ca. 1080 km? to classify geological materials.

(2) The soils in the gully have undergone mixing with the upstream soils and the litho-
logical results on LG_CR of stream sediments are basically consistent with the petrological
results derived from the regional geological survey.

(8) The LG_CR method on geochemical lithogenes can be viewed as a useful tool
to recognize and trace geological materials. Furthermore, it will have great potential in
lithological mapping in petrological overburdened areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/10.3390/app13021008/s1, Table S1: Sample information, analytical
data, weathering indexes (CIA and WIG), LG01 and LGO03 codes, their acidic similarities, and LG_CR
of samples from Wanquan area of Hebei province, China.; Table S2: Sample information, analytical
data, weathering indexes (CIA and WIG), LG01 and LGO03 codes, their acidic similarities, and LG_CR
of Sedimentary profile samples from Wanquan area of Hebei province, China.
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