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Abstract: The distribution of geochemical elements in the surficial media is the end product of
geochemical dispersion under complex geological conditions. This study explored the frequency
and spatial distribution characteristics of geochemical elements and their associations. It quantifies
the frequency distribution via mean, variance, skewness and kurtosis, followed by measuring the
spatial distribution characteristics (i.e., spatial autocorrelation, heterogeneity and self-similarity) via
semivariogram, g-statistic and multifractal spectrum, and further identify the elemental associations
based on these distribution parameters using hierarchical clustering. A criterion was defined to
identify the importance of parameters in the clustering procedure. A case study processing a
geochemical dataset of stream sediment samples collected in southwestern Fujian province of China
was carried out to illustrate and validate the procedure. The results indicate that studies of the
frequency and spatial distribution characteristics of geochemical elements can enhance the
knowledge of geochemical dispersions. The associations identified based on the frequency and
spatial distribution parameters are different from those obtained by conventional cluster analysis.
Spatial distribution characteristics cannot be neglected when investigating the distribution patterns
of geochemical elements and their associations. The findings can enhance the knowledge of the
geochemical dispersion in the study area and might benefit the following-up mineral exploration.
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1. Introduction

The distribution of geochemical elements in the surficial media is the end product of various
geological processes and anthropogenic activities [1]. These geological processes, including the
primary and secondary ones, can occur at a wide range of spatial and temporal scales, and are
affected by the local physical-chemical conditions (e.g., temperature, pressure, fluid, etc.). The
geochemical diffusion of elements can involve different migration mechanisms, driving factors, etc.
These processes together result in the complex distribution patterns of geochemical elements in the
surface and subsurface media. Exploring the spatial and frequency distribution characteristics of
geochemical elements and their associations can help to enhance the knowledge of the underlying
geological processes [2,3]. Moreover, this is an essential step for identifying anomalous geochemical
patterns associated with hidden mineralization [4,5].

The distribution characteristics of geochemical elements are usually quantified in terms of
frequency distribution, spatial distribution and elemental associations. Studies show that trace
elements usually do not follow normal or lognormal distribution, but distribute with a heavy and
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long tail that can be modeled by a Pareto distribution [6-10]. Such a scaling property boosted the
development of fractal models to characterize the frequency distribution of geochemical element
concentrations, such as the concentration-area model [7]. The spatial distribution of geochemical
elements in the surficial media can be manifested through scale-dependence and scale-independence
[11]. Spatial autocorrelation and heterogeneity are two general properties of geospatial data, which
means different characteristics can be observed at different scales [12]. Spatial autocorrelation, termed
Tobler’s law, states that everything is related to everything else, but near things are more related than
distant things [13]. This law lays the foundation of the regionalized variable theory for geostatistics
[14-16]. Spatial heterogeneity of some quantity, or non-stationarity, refers to the uneven distribution
of the quantity within a given area [17]. In exploration geochemistry, the commonly used criterion
“mean * k standard deviations” has been demonstrated to be limited in identifying local weak
anomalies. One of the most important reasons lies in that the approach fails to allow for the spatial
heterogeneity of geochemical patterns in the surficial media [18]. Many models accommodating
spatial heterogeneity have been proposed, such as local Reed—Xiaoli (RX), local enrichment index,
local gap statistic, etc., and their improved performance for identifying geochemical anomalies from
the background have been validated by case studies [18-20]. Scale-independent variation, also
termed self-similarity, refers to similar processes or patterns of geoscientific phenomena which can
be observed at different scales, forming the foundation of fractal and multifractal theory [21]. Studies
have revealed that the spatial distribution of geochemical elements is also self-similar but holds in a
statistical sense and is constrained within a certain range of scales [22,23]. Multifractal spectrum and
generalized fractal dimension are widely used tools to explore the spatially scale-independent
property of the quantity of interest, and has been applied in geology, ecology, environment and
climate sciences [24-26]. Note that the scale-independent components of the geospatial variables can
be derived at the target scale using fractal or multifractal theory, but within a certain scale, the scale-
dependent variation can still exist. Therefore, all the properties, including spatial autocorrelation,
heterogeneity and self-similarity, should be considered when exploring the spatial distribution
patterns of geochemical elements.

Elements with similar geochemical mobility tend to occur together during the primary and
secondary dispersion processes, and hence exhibit similar distribution patterns [27]. The geochemical
associations usually vary a lot, since the mobility of the geochemical elements can vary with changes
in environmental conditions. Some elements commonly coexisting during diagenesis may part
company during surficial weathering and sedimentation. For example, lead and zinc usually coexist
during the formation of sulfide ore deposits, but zinc tends to migrate into solutions by the oxidation
of sphalerite and separate from lead in the surficial environment [27]. Association of geochemical
elements can be indicative of certain geochemical processes [3,28]. It has been demonstrated that
indicative ability of pathfinder element association for buried ore deposits far outweighs that of single
element [29]. For geochemical exploration, methods used for exploring elemental associations vary
from geologically to numerically. For example, Zuo [30] summarized that there are three approaches
to identify element associations for a specific type of mineral deposit: geology-based, multivariate
statistics-based and spatial distribution-based methods. By collecting ore or rock samples, the
association can be inferred through the stoichiometry of ore-forming minerals [31-35]. Such
investigations on a certain type of mineral deposit have been summarized as exploration geochemical
models and have been used in turn to find potential deposits of that type in other areas [31,36-38].
Characteristic zonation of mineralization-related minerals/elements is a widely used tool for locating
buried mineralization [39,40]. For instance, polymetallic mineralization associated with the granites
of Cornwall, Southwest England, shows that the ore mineral zonation progresses from an early oxide-
dominated assemblage (cassiterite, wolframite, etc.) to a later sulfide assemblage (chalcopyrite,
sphalerite, galena and chlorite). The zonation pattern away from the granite body is evident both
vertically and laterally, which can be used for vectoring into the hidden ore body [41]. But for
geochemical elements in the surficial media, such as stream sediments, lake sediments, till and soil,
the association of elements may be only partially in agreement with that determined from ore rock
samples due to diverse secondary processes involved in the formation of geochemical patterns. It is



Minerals 2020, 10, 183 13 of 16

a great challenge or even impossible for experts to explore the association between elements by
quantitatively modeling all the geological processes affecting the dispersion of geochemical elements.
Statistical analysis of geochemical datasets is a more straightforward alternative to determine the
elemental association. A variety of statistical models have been used to analyze exploration
geochemical data during the past several decades [3,5,7,42-49]. Commonly used methods for
determining associations of geochemical elements include multivariate statistical analysis (e.g.,
principal component analysis, clustering analysis, factor analysis) and visually inspecting the degree
of coincidence of spatial variation patterns for different elements [19,34,40,50-59]. These statistical
methods can serve as powerful tools for the interpretation of element distributions, and thereby
improving our knowledge of the dispersion process of geochemical elements. However, most of these
statistical approaches are based on the variance—covariance matrix of the multivariate geochemical
dataset, failing to allow for the spatial structure of distribution patterns of geochemical elements. The
spatial patterns of geochemical elements should provide additional information on the variations and
associations of geochemical elements, which can benefit the understanding of the underlying
geochemical dispersion processes.

This contribution presents a study exploring both the frequency and spatial distribution
characteristics of geochemical elements, and further identify association of geochemical elements
based on the distribution characteristics. A case study by quantifying the distribution characteristics
of geochemical elements in stream sediment samples in southwestern Fujian province, China is
presented to illustrate and validate the procedure.

2. Methods

The whole workflow is presented in Figure 1. We firstly explored the frequency distribution
characteristics of different geochemical elements, and then their spatial patterns from perspectives of
spatial autocorrelation, self-similarity and spatial heterogeneity. Each distribution property was
summarized by one or more parameter. These parameters can not only enhance the understanding
of geochemical distribution, but also help determine the association of geochemical elements using
clustering analysis.
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Figure 1. The workflow to explore distribution characteristics and association of geochemical
elements.
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2.1. Frequency Distribution

The frequency distribution of geochemical elements in rocks and other natural materials usually
exhibits complicated patterns. It is usually hard to find a parametric distribution function to properly
fit the distribution of sample data. Four statistics were used in this paper to parameterize the shape
properties of frequency distribution of geochemical elements, i.e., mean, variance, skewness, kurtosis.
The statistical mean was used to reflect the central tendency of the data in question. The variance
measures how far a set of random numbers are spread out from their statistical mean. However, the
variances of two variables cannot be compared in any meaningful way since they have different units.
The coefficient of variation (CV), calculated as the ratio of the standard deviation to the mean, is a
normalized and unit-less measure for dispersion. The skewness refers to the asymmetry of the
probability distribution about its mean. Kurtosis can be used to identify whether the tails of a given
distribution contain extreme values. The skewness and kurtosis are third and fourth standardized
moments of the distribution, respectively, and also serve as unit-less measures. The statistics above
are commonly used shape parameters to characterize the lower-order statistics of sample data.

2.2. Spatial Autocorrelation and Semivariogram

Spatial autocorrelation refers to the fact that attributes observed at nearby locations are statistically
correlated, and such correlation usually decays with the separated distance. Semivariogram is a
commonly used tool to measure the spatial autocorrelation. Under the intrinsic assumption of
stationarity for regionalized random variable [16], semivariogram can be defined as:

}/(h)=%E[Z(x)—Z(x+h)T )

where Z(x) represents regionalized random variable at location x, / is Euclidean distance separating
two observations in space; E() denotes the statistical expectation. Before calculating the experimental
semivariogram, normal score transform is usually performed to make the expected variance of the
sample data asymptotic to unity and the mean to zero. The experimental semivariograms are usually
fitted with a theoretical model, the commonly used ones including Gaussian, exponential and
spherical variogram models. For the variogram models with presence of sill, two parameters are
usually derived to equivalently represent the semivariogram, i.e., range and the nugget to sill ratio
(or NSR). The parameter “range” measures the extent within which spatial autocorrelation occurs,
and the ratio of nugget to sill indicates the degree of spatial autocorrelation [60]. Semivariogram can
be also used to quantify more complicated distribution patterns of geochemical elements, such as
spatial anisotropy. In such a case, an integrated semivariogram model consisting of several
semivariogram models characterizing spatial dependence in different directions needs to be built. In
our case, omnidirectional semivariogram will be considered and the range and NSR parameters are
extracted to reflect the characteristics of spatial autocorrelation.

2.3. Scale-Independence and Multifractal Spectrum

Scale-independence has been identified to be an intrinsic property of the distribution of many
physical quantities, which are thereby called multifractals [61,62]. Multifractals consist of spatially
intertwined fractals, each characterized by its own singularity strength and fractal dimension [22,63—
65]. Multifractal spectrum is a popular tool for quantifying the multifractal distribution.

Without loss of generality, let us take a 2-D distribution of some quantity (geochemical
distributions of element concentrations, geophysical parameters, etc.) as an example to introduce the
general procedure of multifractal analysis. Multifractal analysis is usually implemented by
partitioning the measure on the 2D region and covering it with a set of boxes of fixed size. We
assumed the size of each box as ¢ x ¢, and there were Ne boxes in total. We further assumed a measure
i is defined on the ith small box, and this measure can be derived by [66]

U, o< €% 2)
where o< represents proportionality; ai is called the coarse Holder exponent (also known as
singularity index) and can be estimated as [61]
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This expression suggests that the measure u is a function of scale ¢ and possessing scale-

®)

invariant property. For 2-D geochemical distribution, the case of a — 2 <0 indicates an enriched local
pattern, a — 2 > 0 represents a depletion pattern, and a — 2 = 0 denotes a nonsingular local pattern.
Moreover, the larger the absolute of difference |« — 21 is, the more singular (enriched or depleted)
the local pattern is. A simulated example illustrating the singularity index indicating
enrichment/depletion patterns was provided in Zuo et al. [67]. More details on physical properties of
singularity index can be referred to Cheng [23] and Feder [62]. Evertsz and Mandelbrot [61] showed
that this exponent « is usually constrained to a finite interval [@min, amax] for a wide range of self-
similar measures. Perform the procedure over the entire 2-D region, and distribution of singularity
index can be obtained. The entire set of a for Ne boxes can be divided into multiple subsets, each
having the same singularity exponent value. Assuming the number of boxes with the singularity
index a is Ne¢(av), it follows a power-law relation with the scale ¢ according to the multifractal theory:

N, (@) g1 )
If the function f(«t) approaches a limit when & — 0, then [68]
. _logN, (o)
a)=-lim—-~~ 5
[ (@) =~lim gt (5)

This definition of f{ar) suggests that the number of boxes for given a increases with the decrease
in e. The value of f(a) can be loosely interpreted as fractal dimension of the subset with the same
singularity index a in the limit € — 0. For the case where & — 0, there is an increasing number
of subsets, each characterized by a particular singularity index and a corresponding fractal
dimension; this is the reason why the field of measure y is called “multifractal” [61].

A graph of f(a) against @ can be derived from the procedure mentioned above. This curve is
referred to as multifractal spectrum of the measure of interest. This curve is a convex function and
takes a shape like a parabola. Multifractal spectrum can be used to quantify multi-scale distribution
structures of the measure. Cheng [66] suggested that the complexity of multifractals can be
equivalently represented by a vector consisting of three parameters, i.e., (@(0), R, Aa). a(0) is the
singularity index where the fractal dimension spectrum function reaches the maximum (also known
as box-counting fractal dimension); R is denoted as “asymmetry index” and usually defined as
o (O) — amin
O = (0)
In theory, the case of A« # 0 indicates the presence of multifractality, while A ¢ = 0 represents
nonfractal or monofractal [2,63,66]. The wider the range of A« is, the more complicated and diverse

R= ; Aais calculated by €,

max

— .., [2,66]. Aa can be used to measure multifractality.

patterns can be found in the geochemical distributions. Other parameters derived from the
multifractal spectrum also can be used to characterize the multifractality of the distribution [69,70].

The range of singularity index can be divided into two parts: the left half, & ( 0) —«, .., and theright

half, &, —0(( 0) . The left part corresponds to enrichment patterns, and the right part indicate

depletion patterns. The asymmetry index R is defined based on these two parts. Both enrichment and
depletion patterns usually coexist for geochemical distribution, but one of them dominate if the
multifractal spectrum is asymmetrical. Xie and Bao [2] performed simulated experiments and the
results indicate that the asymmetry index can imply whether the enrichment or depletion patterns
are dominant. The case of R > 1, i.e, the entire spectrum is bent to the left, suggests that enrichment
patterns are dominant, while R <1 indicates that depletion patterns are more important.

2.4. Spatial Heterogeneity and q-Statistic

Spatial varying geological settings and geographical landscape conditions lead to the spatial
heterogeneity of geochemical patterns. The presence of spatial heterogeneity indicates that different
distribution patterns and element associations might exist for different local areas, thus requiring
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different models or distribution parameters be constructed when shifting from one location to
another. Spatial heterogeneity can be divided into two types, i.e., local and stratified heterogeneity
[71]. Spatial local heterogeneity refers to the case where the observation at the current location is
deviated from its surrounding observations, and spatial stratified heterogeneity indicates that the
variance within the stratified zones is less than that between the stratified zones. Spatial stratified
heterogeneity of a variable can be measured by g-statistic [71]:

1 L
=1- N,o? 6
q NO'Z,Z:' WOn (6)

where L is the number of stratified zones by exclusively partitioning the complete region, N denotes
the size of the sample, and 02 stands for the variance of the variable. The value of the g-statistic falls
within [0, 1]. The case g = 0 indicates no spatial stratified heterogeneity, while g =1 represents perfect
spatial heterogeneity [71].

2.5. Hierarchical Clustering

The statistics mentioned above can provide insights into the distribution of geochemical
elements, which benefits the recognition of the underlying geological processes related to element
dispersion.

Clustering geochemical elements based on these frequency and spatial distribution parameters
might produce element associations different but more reliable than the correlation coefficient-based
methods. Hierarchical clustering is a method which seeks to construct a hierarchy of clusters based
on certain dissimilarity measures [72]. There are generally two strategies for hierarchical clustering,
i.e., agglomerative and divisive clustering. The former is a “bottom-up” approach, in which each
observation is firstly seen as a cluster, and pairs of clusters are gradually merged according to the
dissimilarity measure. The divisive clustering is a “top-down” approach, in which all observations
belong to the same cluster, and splits recursively into two parts as one moves down the hierarchy
[73]. The dissimilarity measure plays an important role for the hierarchical clustering. Two types of
dissimilarity measure need to be chosen; one is for measuring the dissimilarity between pairs of
observations, and the other is used to determine the distance between two sets of observations, i.e.,
clusters, which is usually called linkage criteria. The linkage criteria should be a function of the
pairwise dissimilarity of observations. One distinct advantage of hierarchical clustering is that a wide
range of dissimilarity metrics can be used. In this paper, the Euclidean distance was chosen to
measure the dissimilarity between observations, and the unweighted average linkage criteria was
used to determine the distance between clusters. The unweighted average linkage criterion is defined
as

1
G |Ci|’|cj ,;C‘.y;d(x’y) 7)
where Ci and C;j represent different clusters, d(x,y) stands for the distance between a pair of
observations belonging to different clusters. The results of hierarchical clustering are usually
presented in a dendrogram, from which the association of geochemical elements can be explored.

The importance of the variables in clustering the observations can be further ranked to study the
contribution of the frequency and spatial distribution properties in grouping the elements. The
between and within group variance is used here for this purpose. Firstly, an arbitrary level is drawn
to cut across the dendrogram, with which a fixed number of groups are derived. Secondly, the
between group variance and the within group variance for each variable are defined by

n,

1, =Z{n (t=12) = 2 (%0~ 11 )2} ®)

i=1
where K represents the number of groups, 7 is the sample size of the k th group, ux stands for the
mean of the k th group sample on the j th variable, xi is the i th observation in the k th group, and u
is the mean of all observations on the j th variable. The greater the criterion IVjis, the more important
the variable is for clustering the observations.
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3. Study Area and Geochemical Data

3.1. Study Area

The study area (Figure 2) is located in the southwestern Fujian metallogenic belt (SFMB), and
has been extensively studied in terms of geology and tectonic evolution [74-76]. The skarn-type Fe-
polymetallic mineralization occurred in the SEMB is related to the Mesozoic tectonic magmatism and
the late Paleozoic interbedded clastic and carbonate sedimentary rocks [75]. The NE-NNE-trending
faults, well developed in the SFMB, provide pathways for the ore-forming fluid. Studies have
indicated that the association of geochemical elements related to Fe-polymetallic mineralization
includes Fe, Pb, Zn, Cu, Au, Ag, Sb, Sn, Mo, W [75]. The SFMB is located in the subtropical monsoon
climate zone, blessed with plentiful rain and a mild climate. Such climate characteristics benefit the
extensive development of vegetation [77]. The landscape in this area mainly consists of low, rolling
hills. Chemical weathering is relatively dominant under such conditions, and a large amount of
organic matter and clay minerals can be found in the soil profile [78]. The extensively developed
streams can cause significant dispersion of geochemical elements [79]. Such a wide range of
secondary geological processes involved in the landscape evolution might lead to strong variation of
geochemical elements and modify their associations.
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Figure 2. Simplified geological map of the southwestern Fujian metallogenic belt (modified from Zuo
[30]).
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3.2. Geochemical Data

The geochemical dataset used in current study was collected as part of the Regional
Geochemistry-National Reconnaissance (RGNR) project in China, initiated in January 1979. The
dataset consisted of 6380 stream sediment samples. The sampling density was one composite sample
per 4 km?2. A total of 39 elements were determined for each sample. The analytical schemes for
determining the concentrations of these elements included X-ray fluorescence (Al, Fe, K, P, Si, Cr, Ti,
Y and Zr), inductively coupled plasma mass spectrometry (Cu, Pb, Bi, Cd, Co, Mo, W, La, Nb, Th and
U), inductively coupled plasma atomic emission spectrometry (Ba, Be, Li, Ca, Mg, Na, Sr, Ni, Mn, V
and Zn), emission spectrometry (Ag, B and Sn), hydride generation atomic fluorescence spectrometry
(As and Sb), ion selective electrode (F), cold vapor atomic fluorescence spectrometry (Hg) and
graphite furnace atomic absorption spectrometry (Au). The details about the sampling, analysis,
quality control and detection limit of the geochemical data can be found in [80,81]. The
mineralization-associated trace elements Pb, Zn, Cu, Au, Ag, Sb, Sn, Mo, W, were selected and
analyzed here to explore their complex distribution patterns and associations.

4. Results and Discussions

4.1. Frequency Distribution Characteristics

The frequency distributions of trace elements are heavily positively skewed, as indicated by the
skewness in Table 1. The histograms of the log-transformed data (Figure 3) indicate that
approximately lognormal distribution patterns can be observed for Cu and Pb. The histograms of
log-transformed Zn, W and Sn are analogous and slightly positively-skewed. The elements of Ag and
Au show similar and relatively strong variation patterns. The statistics (Table 1) also suggest that W,
Au, and Ag have greater CVs than other elements. The elements of Cu, Ag and Zn simultaneously
have large values for CV, skewness and kurtosis. The element of Au has evidently the largest CV, but
its skewness and kurtosis are not that predominant with respect to Ag and Cu. Such observations
indicate that these mineralization-related elements might be subject to different geological processes,
which might impose great effect on the distribution patterns of elements and their associations.

Table 1. The statistical parameters characterizing the frequency and spatial distribution properties of
the 9 selected elements.

Elements  Mean Variance Ccv Skewness  Kurtosis Range  Nugget/Sill ao Aa R q
Cu 13.43 1213.81 2.59 42.14 2427.64 25.20 0.20 2.07  2.65 0.97 0.018
Pb 56.34 9000.36 1.68 12.99 281.55 20.70 0.30 205 162 1.29 0.006
Zn 87.42 51,652.43 2.60 56.37 3761.43 20.70 0.30 203 177 3.65 0.000
Ag 156.01  208,478.90  2.93 62.89 4573.50 15.60 0.35 205 175 3.98 0.003
Au 1.74 52.33 417 27.06 977.07 15.00 0.53 2.09 259 1.33 0.001
Sb 0.32 0.20 1.38 33.47 1770.18 31.50 0.25 205 219 1.55 0.075
w 5.94 510.18 3.80 29.69 1134.37 22.50 0.35 2.04 160 1.79 0.005
Sn 7.76 260.05 2.08 10.44 142.43 24.30 0.35 2.06 1.18 1.79 0.007

Mo 1.86 6.62 1.39 11.06 225.85 27.00 0.30 2.06 156 1.87 0.020
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Figure 3. Histograms of 9 selected geochemical elements after logarithmic transformation. (A) Cu, (B)
Pb, (C) Zn, (D) Ag, (E) Au, (F) Sb, (G) W, (H) Sn, (I) Mo. Note that the frequency in y-axis have been
normalized by the sample size.
4.2. Spatial Distribution Characteristics

The spatial distributions of the selected trace elements were created by interpolating the stream

sediment data using ordinary kriging (OK). The grid size was chosen to be 1 km x 1 km. All the
interpolated maps are displayed by classifying the values into 10 groups using quantiles in ArcGIS
(Version 10.4, Environmental Systems Research Institute, Redlands, CA, USA), each equally
occupying 10 percent of the variation range (Figure 4). An observation is that the distributions of Cu,
Mo, Pb, and Zn clearly extend along the NE direction, implying the likely control of the regional
tectonic activities in the study area. The distributions of Au, Ag, W and Sn vary more strongly, and
spatial anisotropy is not that evident with respect to other elements. Additionally, the nugget effect
can be easily observed for the spatial distributions of Au and Ag. The negatively correlated
relationship between W, Mo, Pb and Sb can also be identified.
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Figure 4. Maps showing the spatial distributions of interpolated geochemical elements using OK. (A)
Cu, (B) Pb, (C) Zn, (D) Ag, (E) Au, (F) Sb, (G) W, (H) Sn, (I) Mo.

The semivariograms and the fitted exponential variogram model suggest the spatial
autocorrelation of the selected geochemical elements (Figure 5). The elements of Au and Ag show a
relatively weak spatial correlation (range < 20 km), Cu, Pb, Zn, W, Sn and Mo show moderate spatial
correlation (20 km < range < 30 km), while Sb exhibits a relatively strong spatial correlation (range >
30 km). The NSRs were derived from the fitted variogram models to reflect the degree of local
variation (Table 1). The nugget effect for Au is significant, and the usual interpretation for this
phenomenon is that the gold minerals are usually associated with the presence of nuggets of gold
[82]. In addition, the local continuity of Ag, W and Sn is relatively weak as well. Another observation
is that Pb and Zn have the same range and NSR, although their spatial distributions seem to be a little
different especially in the northwestern part (Figure 4). Exponential variogram models can fit the
experimental semivariograms well for Cu, Zn, Ag and Au, in that the semivariograms closely reach
the expected sill variance without evident deviation. However, the semivariograms for Pb, Sb, W, Sn
and Mo exceed the theoretical sill of 1. Such an observation is usually due to the presence of a large-
scale trend within the geochemical distributions [83]. A subtle trend can be observed from the spatial
distributions of W and Sn, that is, the concentrations in the left half part are relatively higher than
those in the right part (Figure 4). The semivariograms for several elements (e.g., Pb and Mo) keep
increasing beyond the expected sill, and then decrease, starting from ~60 km. One possible
interpretation for this is the “hole effect”, where cyclic variation patterns in geologic quantities can
impart a fluctuation behavior to the semivariogram. In this study, several boundaries can be easily
identified in the spatial distributions of these elements, and those for Pb and Mo are showed here
(Figure 4). These boundaries define cyclic variation patterns that might be related to the observed
behavior in semivariograms.
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Figure 5. Semivariograms of 9 selected geochemical elements. (A) Cu, (B) Pb, (C) Zn, (D) Ag, (E) Au,
(F) Sb, (G) W, (H) Sn, (I) Mo. Note that normal score transformation was performed before
semivariogram calculation and modeling. Also shown on the plot are the locations of range, sill and
the fitted exponential variogram model.

The multifractal spectra of the elements were derived by the moment method [63]. The values
of @, Ao and R, as displayed in Table 1, were cited from Zuo [30]. The multifractal spectra of the
elements exhibit different patterns. All the trace elements possess multifractal properties, with Aa
being greater than 0. The multifractal spectra for all the trace elements but Cu deviate to the left (R >
1), indicating the enrichment patterns are predominant in their spatial distributions. Zhang [84]
indicated that Cu is slightly depleted in the stream sediment in SFMB, which agrees with the result
of multifractal analysis here. The asymmetry indexes R for the major ore-forming elements Ag, W,
Sn, Mo and Zn are relatively larger than for other elements, suggesting local geological processes
might be superimposed and greatly contribute to the accumulation of these elements.

To investigate the stratified heterogeneity for the mineralization-related elements, five groups
were defined based on the geological settings: (1) Precambrian formations, (2) middle Devonian-
middle Triassic formations, (3) late Triassic-Cretaceous formations, (4) Yanshanian intrusions, and
(5) intrusions of other geological ages (Figure 2). The regions covered by Tertiary and Quaternary
formations were not allowed for, due to the very limited amount of samples falling into them (< 5).
The g-statistics for the trace elements show that Cu, Mo and Sb exhibit relatively strong spatial
heterogeneity, suggesting that the controls of the lithology across the study area on the distribution
of the elements are relatively important. The stratified heterogeneity for Zn, Au and Ag is weak,
indicating that their distribution patterns are not closely associated with geological lithology due to
secondary dispersion or other processes.

4.3. Exploring the Association of Geochemical Elements

The characteristics of trace elements in terms of frequency distribution, spatial autocorrelation
and self-similarity are complex, in that different associations can be identified when considering
different distribution properties. It can be summarized that Ag shows strong variation whichever
property is allowed for; the spatial variation patterns of Pb and Zn are similar, but their frequency
distribution parameters are significantly different; the distribution properties of Cu show large
similarity with Zn, except for the asymmetry of multifractal spectra and heterogeneity.
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The association of geochemical elements are explored in this section by clustering the elements
based on the parameters of both frequency and spatial distributions (Table 1). The data for each
property were normalized into [0, 1] prior to hierarchical clustering. The clustering result (Figure 6A)
shows that Mo and Sn are firstly clustered, with Pb and W in turn being grouped into this group. The
elements of Ag and Zn are also relatively more relevant, both being characterized by large skewness
and kurtosis, and their spatial distribution properties are also comparative. The elements of Au, Cu
and Sb exhibit distinctive characteristics, such that they did not show clear association with other
elements. The result from conventional clustering analysis is also presented for comparison (Figure
6B). The element associations are significantly different, in that Zn and Mo are closely clustered, Au
and W are moderately associated, and the characteristics of Pb seem to be distinctive from other
elements. Such a large deviation can be expected due to the fact that the conventional clustering
analysis fails to consider spatial distribution characteristics.

The IV values in Equation (8) were calculated subsequently to get the importance ranking of
properties in clustering the elements. Two cases were tested: the first one considers four groups ({Pb,
Zn, Ag, W, Sn, Mo}, {Cul}, {Aul}, {Sb}) and the second considers five groups ({Zn, Ag}, {Pb, W, Sn, Mo},
{Cu}, {Au)}, {Sb}). For the first case, the importance ranking obtained is IV(g) = 7.14 > [V(nugget/sill) =
7.10 > IV(Aa) = 6.14 > [V(ao) = 3.49 > [V(range) = 2.62 > [V(CV) = 0.16 > [V(R) = —=3.28 > IV(skewness) = -
7.23. For the second case, the importance ranking is IV(R) = 7.52 > [V(q) = 7.45 > [V(nugget/sill) = 7.1 >
IV(Aa) = 6.94 > [V(skewness) = 6.51 > [V(range) = 5.5 > [V(ao) = 4.8 > IV(CV) = 0.89. It can be seen that
the frequency distribution parameters play a less important role than the spatial properties in
clustering the geochemical elements for both the two cases. The elements in the association of {Pb,
Sn, Mo} have very similar spatial heterogeneity, which might dominate their association. The spatial
autocorrelation and scaling property also impose important effects on the association of {Pb, Sn, Mo}.
The spatial distributions of Pb, Sn and Mo (Figure 4) show that they are controlled by the Yanshanian
intrusions. Zhang [84] confirmed that Pb and Mo shows good correlation with tin mineralization and
served as a critical geochemical signature for the discovery of Sn-polymetallic deposits in the study
area. Lin [75] indicated that Sn, Pb, Mo, W and Zn are important ore-forming elements associated
with Yanshanian granites, and they show close spatial and genetic relations with each other. In
addition, Pb, Mo and Sn can be present as immobile or heavy minerals in the surficial environment,
which might also contribute to the association observed [28]. However, the clustering structure for
other elements is not that clear as {Pb, Sn, Mo}, suggesting that the varying patterns of these trace
elements are complex resulting from diagenesis and secondary dispersions. The importance ranking
analysis shows that geological lithology is still the dominant factor for element distributions and their
associations. More detailed analyses of the mineralogy and landscape geochemistry need to be
performed to investigate the elemental behaviors.
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Figure 6. For hierarchical clustering of selected geochemical elements based on the frequency and
spatial distribution parameters (A), and classical cluster analysis (B).
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5. Conclusions

The distribution of geochemical elements in the surficial environment exhibits complex patterns
due to the diverse geological processes involved. This study explored the distribution characteristics
of geochemical elements and their associations from the aspects of frequency distribution, spatial
autocorrelation, spatial heterogeneity and self-similarity. The following conclusions can be drawn:

(1) Studies of the frequency and spatial distribution characteristics of trace elements can enhance
the knowledge of elemental behaviors and hence their association. The presented workflow of
clustering the geochemical elements based on the parameters of frequency and spatial distributions
provides an alternative way to identify the association of geochemical elements. The association
identified by the method presented can be different from that determined by correlation coefficient-
based cluster analysis.

(2) The case study presented here illustrates and validates the workflow for exploring the
distribution characteristics of geochemical elements and their associations. Spatial heterogeneity,
autocorrelation and self-similarity are important characteristics in grouping elements in this study. It
indicates that the spatial distribution characteristics should not be neglected when identifying
element associations. The findings can improve our knowledge of the geology and geochemistry in
the study area and might benefit further mineral exploration.
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