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Abstract: The Qinghai-Tibet Plateau, abundant in mineral resources, is a treasure trove for geological
explorers. However, exploration has been hindered by the presence of dense vegetation, weath-
ering layers, and desert cover, particularly in the North Qaidam region. As a result, there is an
urgent need to develop efficient geochemical composition methods. In a study of stream sediment
geochemical data from the Liiliangshan area of the North Qaidam, the log-ratio transformation
was used for data processing, Robust Factor Analysis (RFA) was used for model construction, and
the spectrum-area (S-A) model was used for anomaly separation. The outcomes identified two
distinct groups of element combinations associated with mineralization. The first group consisted
of Au + Ag + Pb + Sb + Hg linked to tectonic-altered rock-type Au (antimony) deposits, while the
second group consisted of Cu + Zn + Co and was closely associated with Cu-Ni sulfide deposits. The
S-A fractal filtering technique amplified weak anomalies and minimized the area of anomalies against
strong backgrounds. The study successfully detected substantial Cu mineralization in the source areas
of geochemical anomalies in the Liiliangshan region. Consequently, the log-ratio-RFA-S-A fractal
model has been proven to be an effective combination of methods for identifying and extracting
geochemical anomalies from stream sediment samples and for mineral exploration in covered areas.

Keywords: geochemical anomaly; Robust Factor Analysis; multifractal filtering technology; mineral
exploration; North Qaidam

1. Introduction

Stream sediments are commonly sampled for geochemical prospecting in regional
mineral exploration [1]. However, the dispersion patterns of geochemical elements are
influenced by complex geological processes [2,3]. Additionally, geochemical anomalies
exhibit complex spatial patterns because of the influence that geologic, geomorphologic
and topographic factors have on the element contents in stream sediments [4-7]. Statis-
tical geochemical methods such as the Mean + 2 standard deviations (Mean =+ 25SD) [8],
histograms, box plots [9], probability graphs, and univariate and multivariate analyses
have proven successful in separating the background and extracting anomalies associated
with straightforward geological settings [10-12]. However, in complex geological settings
influenced by spatially and temporally complicated processes, such as an area covered by
dense vegetation, weathering layers and deserts, etc., these statistical methods have limited
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effectiveness [3,10,13-16]. In this regard, the singularity mapping technique, which in-
volves data within a small singularity around a specific spatial location, can be an excellent
multifractal tool for identifying weak anomalies. Additionally, it facilitates local neighbor-
hood statistical analysis, reduces the effects of the regional background and provides useful
statistical information [5,10,11,14,17-22]. However, the above methods do not account for
the compositional nature of geochemical data [4,6,23]. Two issues must be addressed to
accurately obtain mineralization-related anomalies of multivariate geochemical footprints
from the data: (1) the presence of outliers in geochemical data sets, which can lead to biased
extraction of multivariate associations using classical statistical estimators [24-26], and
(2) the closure problem of compositional data [27-29].

Therefore, this study selected Robust Factor Analysis (RFA) to first extract combi-
nations of metallogenic elements. Subsequently, singularity mapping was employed to
investigate the spatial patterns of geochemical data and extract weak anomalies. Finally, we
compared the spatial associations between Cu anomalies identified by different methods
and known deposits in the North Qaidam (NQ) region. This comparison provided an
excellent opportunity to (1) identify primary element patterns related to mineralization,
(2) evaluate the advantages of using multifractal singularity mapping in covered areas, and
(3) guide the verification of weak anomalies and identification of potential deposits in the
Liiliangshan area.

2. Geological Setting

The NQ is situated within the Qinling—Qilian-Kunlun orogenic belt, a part of the
Central Orogenic Belt of China in the northern Tibetan Plateau. It delineates the boundary
between the Qilianshan block to the north and the Qaidam block to the south, stretching ap-
proximately six hundred kilometers from Tanjianshan, through Xitieshan and Liiliangshan,
to Dulan in a southeast-northwest direction (Figures 1 and 2).

The cover sequence consists of Neoproterozoic metamorphic sedimentary rocks in-
terspersed with marbles and eclogite blocks of varying size [30]. Additionally, it includes
volcano—sedimentary deposits overlain by the Tanjianshan Formation and Ordovician to
Silurian clastic rocks.

The NQ area in the Qinghai Province is a significant nonferrous metallogenic belt in
China, characterized by the occurrence of Cu-Au and Cu-Co deposits primarily within the
Cambrian-Ordovician meta-volcanic rock group and fault tectonic fracture zone. These de-
posits are controlled by intrusions and ductile and/or brittle faults [31], which not only pro-
vide energy but also serve as material sources for magmatic-hydrothermal mineralization.
The structures, depicted in Figure 2 and predominantly oriented in a southeast-northwest
direction, act as the primary ore-controlling faults for Cu, Ag, Zn, and Pb deposits. A
regional geological survey of Qinghai revealed numerous basic and ultrabasic rocks in
the NQ [30]. Notably, the discovery of the Niubiliang ultrabasic Cu-Ni sulfide deposit
represented the first of its kind in the NQ. Subsequently, the Beishan and Xiarihamu Cu-Ni
deposits were also identified. In recent years, 13 Cu ore bodies have been discovered in
the Liiliangshan Cu deposit. However, the relatively limited exploration of resources in
Liiliangshan, compared to other areas, suggests great potential and the need for further
exploration.
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Figure 1. Satellite image of China (a), Qinghai Province (b) and the research area (c) in the NQ. Data
from Google Earth.
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Figure 2. Sketch map of geological structures in the NQ (a) and the research area (b).
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3. Sampling and Analysis

Geochemical mapping is an important tool for both mineral exploration and envi-
ronmental studies [32]. China’s National Geochemical Mapping Project (Regional Geo-
chemistry National Reconnaissance) was initiated in 1979 [33], and has covered more
than 6 million km? of China’s territory [34]. The research area, located in the Liiliangshan
area, NQ, Western China, is believed to have high potential for Cu, Co, Ni, Au mineral
resources. As part of the regional geochemical exploration program, 6481 stream sediment
samples were collected from an area of 66,900 km? (latitude 94°45'-95°27' E, longitude
37°32'-38°00' N). For the purpose of verifying the feeble geochemical anomalies, more
than 600 stream sediment samples at a density of eight samples per square kilometer were
collected within an area of about 80 Km? in the research area (Figure 3).
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Figure 3. Map of deposits and sampling locations in the NQ research area [35,36].

The sample collection and chemical analytical methods for stream sediments can be

found in Xie et al. [33]. We selected 11 elements that are closely associated with miner-
alization for this research. The detection limits for Cu, Cr, Pb, Sb, Zn, Ag, Au, As, Cd,
Co, and Ni were 1, 15, 2, 0.1, 10, 0.02, 0.0003, 1, 0.05, 1, and 2 ppm, respectively. The
samples were analyzed for major and trace anions using ion chromatography on a Dionex
4000i Ion Chromatograph, with an AS14 analytical column for both UV /visible absorbance
detection and conductivity [37]. X-ray fluorescence (XRF) was utilized to determine the
concentrations of Cu, Co, Zn, and Cr, while inductively coupled plasma-mass spectrom-
etry (ICPMS) was used to determine the concentration of Cd. Graphite furnace-atomic
absorption spectrometry (GF-AAS) was employed to measure the Au concentrations and
hydride generation-atomic fluorescence spectrometry (HG-AFS) was applied to obtain
Sb and As concentrations. Emission spectrometry (ES) was used to determine the Ag
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concentrations [26,33,34,38]. The statistical characteristics of stream sediment elements
from Liiliangshan and Shuangkoushan in the NQ area are presented in Table 1.

Table 1. Statistical characteristics of stream sediment elements from Liiliangshan and Shuangk-

oushan, NQ.
Element Min Max Mean Median Stal?dqrd Skewness Kurtosis Coeffgagnt of
eviation Variation

Au 0 498 1.3 1 0.7 41.1 2207 0.57
Ag 0.02 0.08 0.04 0.04 0.01 61.42 4250 0.33
Cu 2.6 83.4 26.3 19.3 19 6.2 78 0.73
Pb 4.8 39.8 22.3 21.6 5.7 24.2 788 0.26
Zn 1.7 124.9 475 46.2 25.7 24.2 788 0.54
Cr 2.5 497 .4 115 65.9 126.8 9.3 132 1.1

Ni 1.8 181.9 46.5 29.4 45.1 6.8 61 0.97
Co 1.3 46.8 15.1 11.3 10.5 2.2 12 0.7

Y 0.21 4.36 147 1.19 0.96 23.94 755 0.65
Mo 0.01 2.16 0.67 0.54 0.49 21.85 664 0.74
Cd 0.01 0.23 0.092 0.08 0.05 16.55 518 0.5

As 0.64 14.85 5.37 4.45 3.15 16.2 394 0.59
Sb 0.1 1.05 0.42 0.37 0.21 8.51 122 0.49
Hg 0 0.03 0.01 0.01 0 34.63 1557 0.3

Bi 0.01 0.92 0.25 0.18 0.22 23.07 935 0.87

Note: The unit for the element Au is ppb, while the unit for other elements is ppm.

4. Methodology
4.1. Log-Ratio Approach

Using raw geochemical data for standard statistical methods can lead to misleading
and confusing results because they are compositional data [22,39,40]. Compositional
data refers to data that is distributed within a finite region and subject to unit and sum
constraints; therefore, geochemical element concentration data are considered as typical
compositional data [41]. The log-ratio transformation is a projection transformation of
compositional data based on the fact that the ratio of compositional components is not
affected by the “constant sum” constraint, and the logarithm of the ratio often follows a
normal distribution. The specific definition [27,38,42] is as follows:

D
SD:{x:(x1,~~~,xD)’,xi>0,in:k} (1)

i=1

where SP represents the simplex space of compositional data, and k is an arbitrary
constant [42].

Therefore, it is recommended to perform a suitable data transformation before analy-
sis [42]. Log-ratio transformation of compositional data not only avoids the closure effect
but also allows for analysis using unconstrained multivariate statistics [39,42,43]. There
are three available transformations for compositional data: the centered log-ratio (CLR)
transformation proposed by Aitchison, the additive log-ratio (ALR) given by Aitchison, and
the isometric log-ratio (ILR) proposed by Egozcue [27,38,39] with the following functions:

alr(X):1n%(i:1,2,~~~,D—1) @)
]

clr(X) =log —— (x=1,2,3,---,D—1,D) 3)

D\/Hf’ilxi
. Ty
ir(X) =/ ——In| Y7 G=1,23-.-,D-1)

(4)

where X (n x D) is a sequence of observed compositional components, x; is the i-th compo-
nent, x; is the (i + 1)-th component, and D is the number of compositional components.
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While alr transformation has some arbitrariness in the choice of denominator, clr trans-
formation results in all variables summing to zero (i.e., matrix singularity issue, resulting in
parallel data) [21,43,44]. Hence, both alr and clr transformations are not suitable for robust
statistics. Instead, the ilr transformation is adopted. However, after ilr transformation, the
dimension of the data is reduced by one, making it difficult for geological interpretation.
Therefore, the ilr transformation is used to transform the compositional data into Euclidean
space, and combined with Robust Factor Analysis (RFA) to obtain loadings and scores.
Then, the loadings and scores are transformed into clr space to establish a connection with
the original data, thereby addressing the issue of data interpretation [45].

Therefore, when using RFA to analyze geochemical compositional data, the ILR
transformation should be performed first. However, because interpretation of the results is
not feasible in ILR space [42], the loadings and scores need to be back-transformed to the
CLR space. Histograms with ILR-transformed Cu, Co, and Zn data (Figure 4) showed that
the ILR-transformed datasets had a roughly normal distribution. However, considering
the presence of a small amount of outlier data, it is advisable to utilize robust estimates for
more accurate results when estimating the center and spread of the data [26].

Cu (a) (b) (c)
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Figure 4. Histograms of (a) Cu, (b) Co, and (c) Zn for the ILR-transformed regional geochemical data
from the NQ.

In addition, there is a close relationship between these three log-ratio transformations,
which allows for spatial transformations and inverse transformations of compositional data
among them [38,42].

cr(x) =ilr(x)U ()
ilr(x) = clr(x)U = alr(x)A (6)
alr(x) = ilr(x)UF (7)
D-1 -1 -1 - -1
P ®)
-1 -1 -1 -1 D-1

F is the inverse matrix of A,i.e., A=F — 1.
The row vectors of matrix U are composed of

[ 1 1 .
u; = m 2_,?71,0,,0 (1—1,2,3,,D71) (9)

i elements

The relationship between matrix U and u is

u= |:u1,1/12,' o ,MD,Q,MD_l]T(l' = 112/3/' o /D - 1) (10)
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where U is the transformation matrix between ilr(x) and clr(x). u is a row vector of matrix U.
The main focus of this study is the application of the transformation formula between
CLR and ILR.

4.2. Robust Factor Analysis (RFA)

Factor analysis (FA) is a multivariate statistical method that establishes relationships
between observed variables and underlying latent variables to improve interpretation.
This is accomplished through axis rotation or loading reduction based on a covariance or
correlation matrix. However, FA is prone to significant bias when influenced by outliers and
is highly sensitive to extreme values [40,46]. Consequently, if the compositional geochemical
data contains outliers and/or extreme values, the results obtained through classical FA
are neither reliable nor robust [47]. Robust Factor Analysis (RFA) is designed to mitigate
the impact of outliers and minimize the influence of extreme values using the minimum
covariance determinant estimator [48]. RFA outputs, visualized in the compositional biplot,
are scores representing observations and loadings representing variables [39]. Furthermore,
the scores are considered indicative of mineralization presence [47]. The calculation relies
on the R Project, a statistical computing software, as well as the robust statistical analysis
of compositional data (robComposition) and the StatDA package [49]. A comprehensive
explanation of the RFA process for compositional data can be found in previous works [42].
The R language for data analysis and graphics, in conjunction with the StatDA package [49]
and robust statistical analysis [32], were used for calculation.

4.3. Spectrum—Area (S-A) Model

The scale-invariant properties of various geological processes, such as erosion, min-
eralization, the magnetic field of the Earth’s crust, earthquake distribution, and volcanic
eruptions, often exhibit “self-similarity” or “self-affinity”. These properties can be mea-
sured in both the frequency and spatial domains [50]. In the frequency domain, power
spectra can be used to represent such properties [51]. Spectral energy density functions
illustrate the distribution of power spectra in the frequency domain, whereas for certain
complex convolution operations in the spatial domain, such as correlation analysis, filtering,
and transformation, dealing with fields in the frequency domain can significantly simplify
the process [5].

Signal processing and time series analysis commonly employ Fourier and inverse
Fourier transformations [51,52]. The power spectrum-area (5-A) model is a fractal filter-
ing technique based on Fourier spectral analysis that is used to separate anomalies from
background values [51]. Scaling properties in the spatial domain are related to the spatial
geometry of patterns, histogram distributions of values, and changes in shape correspond-
ing to changes in value. This is employed in the multifractal inverse distance weighted
(MIDW) interpolation method. A fractal filter, derived from the S-A model [51], defines
components with similar scaling properties based on the power-law characteristics of a
power spectrum in the frequency domain [53]. This filter not only identifies anomalies
from the background but also extracts significant patterns from the original map. Due
to the complex intrinsic structure of geochemical datasets and anisotropy, the filter has
an irregular shape [54]. Detailed equations for S-A multifractal filtering are shown in
Equations (11) and (12) [54].

F(wy, wy) = /j:o /jof(x,y)cos(wxx + wyy)dxdy—i/jo /j:of(x,y)sin(wxx + wyy)dxdy (11)

f(x,y) 27_[/ / (wx, wy)cos(wyx + wyy dxdy— / / (wy, wy)sin(wyx + wyy)dxdy (12)

In Equation (11) and Equation (12), F(wy, wy) represents the signal in the frequency
domain, f(x, y) represents the geochemical map in the space domain, w, and wy are the

“wave numbers” of the x and y axes respectively, i = —1.
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From a generalized scale invariance (GSI) viewpoint, the S-A fractal model [55,56] is
based on the power-law relationships between areas of sets of data consisting of wave num-
bers with spectral energy density above S[A(>S)] on the 2D frequency domain, and gives

A(>S) o« §T24/P (13)

where § is the anisotropic scaling exponent, and D is the GSI generator parameter repre-
senting the degree of overall contraction [57]. For a 2D linear case, d = 1; thus

A(>S) x§72/F (14)

The expression A(S > s) denotes the area where the spectral density (S = ||F(wy, wy)||)
exceeds a certain value s. 8 represents the fractal dimension, and « stands for proportional.

1,51 < S(wy,wy) <s
Gl wy) = {1 = Sl ) <2 (15)
FF(wy, wy) = F(wy, wy)G(wx, wy) (16)

Noise exists where spectral density is less than s;; background occurs when spectral
density is greater than s;; and anomalies exist where spectral density is between s; and s,.

These power-law relations, including those in space domains [58] and Eigen do-
mains [59] have been demonstrated to be useful tools for identifying geochemical anoma-
lies for mineral resource exploration [5,60,61] and to determine geochemical baselines for
environmental assessments [1] according to distinctive generalized self-similarity.

4.4. Extraction of Combination Anomalies Based on Factor Load

Xu et al. proposed the presence of SEDEX (sedimentary exhalative deposit) and VMS
(volcanic massive sulfide deposit) mineralization in the Shuangkoushan and Liiliangshan
areas, located on the northern margin of the Qaidam [35]. They suggested that these
mineralizations underwent transformation into orogenic mineralization during the late
stage. This transformation signifies that the superimposition of different elements resulting
from multi-stage mineralization is conducive to mineralization. Zheng introduced the met-
allogenic strength complexity concept, which involves statistical analysis of geochemical
data, calculating the element lining value for each sampling point in the statistical region,
and identifying points with a value greater than 1 to serve as an index. A plane contour
map is then generated based on this index, quantitatively reflecting the most favorable
ore-forming target areas [62].

Prior research and geochemical exploration concepts were considered when setting
the factor load of each element as the weight value. This facilitated the weighted evaluation
of related combined elements and the delineation of abnormal target areas for the combined
elements. During this process, outliers were first eliminated and replaced with high value
elimination, using X + 35 (average value +3 times standard deviation of the average) as
the highest value of the elements. The replaced element was then normalized to (0, 1) and
multiplied by 100 to yield a range of (0, 100). Subsequently, RFA (CLR) was applied. The
composite element’s main factor sub-load was weighted by the combined elements” weight
to produce the plane contour map (factor load combination element anomaly map).

5. Results and Discussion
5.1. Geochemical Anomalies Identified by Statistical Methods
5.1.1. Single Geochemical Element Anomaly Analysis by Statistical Methods

There were numerous Cu deposits in Liiliangshan, NQ. The spatial distributions of
Cu, Zn, Co, and Cr are shown in Figure 5. Notably, high concentrations of Cu and Co
were similarly located in Liiliangshan and Luofengpo, as depicted in Figures 5a and 5c,
respectively. The anomalies in Liiliangshan were large in size, and had high elemental
concentrations with a conspicuous coincidence of element assemblages. These anomalies
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were oriented along the NW-SE direction and demonstrated a pronounced correlation of
Cu and Co anomalies, indicating their role as ore-forming elements. We employed the
Mean + 25D method (Table 2) to compute threshold values for identifying anomalies in
Liliangshan and Luofengpo. The mean value, influenced by specific outlier values, was
often excessively large, leading to a discernible deviation between the anomalies identified
by the traditional method and the actual ore points. The distribution of Cu anomalies was
primarily concentrated in the Liiliangshan area. Consequently, due to the conspicuous Cu
anomalies in this region, all three known ore points were within the range of the anomalies.
In contrast, the anomalies in the Luofengpo area were relatively weak and the overlay was
quite thick, resulting in the absence of known ore sites within the anomalous range. This
indicated that statistical methods were not sufficiently precise in areas with thick overlay
or weak anomalies.

Table 2. Anomaly threshold values calculated using the Mean + 25D method for regional geochemical
data in the NQ.

Element Au Ag Cu Pb Zn Cr Ni Co W Mo Cd As Sb Hg Bi
Calculated value 27 0064 643 338 99 3687 136.6 36.2 3.38 1.66 0.184  11.66 0.84 0.02 0.69
Applied value 2.7 0065 650 34 100 370 137 36 3.38 1.66 0.18 12 0.84 0.02 0.70
Note: The unit for the element Au is ppb, while the unit for other elements is ppm.
The results for single geochemical elements Cu (Figure 5a), Zn (Figure 5b), Co (Figure 5c¢),
and Cr (Figure 5d), as well as statistical anomaly analysis, were as follows:
655,000 677,000 698,000 713,000(32 655,000 677,000 698,000 718,000 (b)
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Figure 5. Spatial distributions for anomalies of Cu (a), Zn (b), Co (c), Cr (d) using the statistical method.



Appl. Sci. 2024, 14, 2597

10 of 19

5.1.2. Mineralization-Related Multi Elements Anomaly Analysis Using Statistical Methods

RFA was applied to the log-ratio transformed geochemical data to examine the as-
sociations among elements. The results are shown in the loading plot (Figure 6) and the
biplot (Figure 7). The first factor accounted for 33.0% of the total variance and the second
accounted for 15.0%, as shown in Figure 6. The observations from the biplot (Figure 7)
revealed two closely associated groups of elements. The first group consisted of Ag, Pb,
Hg, Au, Sb, and W, exhibiting positive loadings on factor 1 (F1), while the second group
was comprised of Cu, Zn, Co, Cr, Mo, and Ni. The prominent portion of the variance was
explained by the loadings of factor 2 (F2), which was mainly influenced by Cu, Zn, and Co.
This implied that a group of elements was associated with Cu, Zn, and Co mineralization
in the NQ, including the Liiliangshan Cu deposit, which primarily consisted of volcanic
massive sulfide deposits (VMS) and quartz vein-type Cu-Au mineralization. By applying
RFA to limit the influence of outliers, two factors (F1 and F2) were differentiated, as shown
in Figure 6.

4l 0% 33% 48% 60% 67% 73%

05 - Ll i - - - 07—. 77777777

=1

Factor-loading
>
o
o2
o
o
T
(=]
®
N
=
£
(=]
.
o
Z
.

|
<
wn
i
'
'
'
'
'
'
1
10
iz,
k=
'
'
'
'
'
'
'
'
|
'
'
'
'
'
'
'
'
'
It
L
I
'
'
'
'
|
'
'
'
'
'
'
'
o
1
'
'
'
'
|
T
'
'
'
'
'
'
'
'
'
'
|
'
'
°
h
'
'
I
'
'

-1

F1(33%) F2(15%) F3(12%) F4(7%) F5(5%)

Figure 6. Factor-loading plots for RFA based on log-ratio-transformed data for the regional geochem-
ical data from the NQ.
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The higher correlations among the 15 elements were divided into two groups. The
first principal factor (F1) consisted of Au, Ag, Pb, Sb, and Hg, while the second principal
factor (F2) consisted of Cu, Zn, Co, Cr, and Zn. The factor loads for Cu, Zn, and Co were
greater than 0.5 and those of Cr and Ni were less than 0.25. In addition, considering that
Cu and Zn are chalcophile elements based on the geological situation of the research area,
it was more reasonable to reduce the combination of second main factor effective elements
to Cu, Zn, and Co. This was because the VMS deposit found in this area exhibited Cu-Zn
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mineralization and was associated with Co. For the first two principal factors, F1 and F2,
the contributions of each element to the main factor are shown in Table 3.

Table 3. Main factor loading.

Type Ag As Au Cu Cd Pb Sb Zn Ni Co Cr W Mo Hg Bi
F1 073 010 038 025 001 076 025 031 046 029 037 016 029 075 0.06
F2 0.14 0.38 0.02 0.71 0.02 0.35 0.17 0.51 0.23 0.77 0.09 0.48 0.36 0.13 0.21

In this study, outliers or high values were removed from the original element table
using X + 35. The X + 3S value from the last iteration was then used to replace the high
value. The equation for this calculation is shown below:

V = 100X/ (X + 3S) (17)

In Equation (17), V represents the normalized elemental data, while X denotes a
combination of elemental data following high-value substitution. Additionally, X + 3S is
an iterative value, and multiplying by 100 guarantees the normalization of all data within
the range of (0, 100).

The calculation of the combined element value is as follows:

P=YaV, (18)

In Equation (18), P is the combined element value of the main factor after weighting,
a; (i=1,2, ... n) represents the load of the element in the main factor (F) as a weight,
Vi(i=1,2,...,n)is the single-element data value after normalization.

5.2. Geochemical Anomalies Identified by the S-A Method

Given that unsatisfactory results were obtained using the statistical method in the
Liiliangshan area, which is characterized by a Gobi Desert landscape, the S-A method was
used to identify weak anomalies related to mineralization. The S-A method does not require
preprocessing of extreme or outlier values, thereby avoiding interference and extracting
geochemical anomalies directly from the original element data structure. Its advantages are
obvious: in addition to identifying the same anomalous areas as the statistical method, S-A
can effectively delineate weak geochemical anomalies caused by metallogenic singularities
while separating the anomaly field from the background field.

S-A was used to decompose the background and anomalies and obtain abnormal
information of chemical elements from grid images obtained through MIDW interpolation.
The data processing was as follows: spatial raster data were transformed from the spatial
domain to the spectral domain via positive Fourier transform, followed by double logarith-
mic processing of the energy spectrum density (S) and identification of densities greater
than a certain threshold. The least squares method was then utilized to fit three-segment
equations. This study focused on the geochemical element Cu and the combined elements
Cu + Zn + Co. Figure 8 shows the double logarithmic curve fitting results, where it can
be observed that each R? value of the fitting equation was greater than 0.98, indicating
a significant fitting effect. For the individual geochemical element Cu (Figure 8a), the
leftmost line (y = —1.32x + 21.09, 6.72 < InS < 8.78) represents the interference factor, the
middle line (y = —1.42x + 21.75, 8.78 < InS < 9.74) represents the anomaly, and the right-
most line (y = —1.44x + 21.92, 9.74 < InS < 10.88) represents the background. Similarly, for
the combined elements Cu + Zn + Co (Figure 8b), three segments can be identified: the
interference factor equation (y = —1.37x + 22.06, 9.90 < InS < 12.20), the anomaly equation
(y = —1.62x + 25.18, 12.20 < InS < 12.81), and the background equation (y = —0.84x + 15.06,
12.81 < InS < 13.04).
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Figure 8. Double logarithm curve fitting results for the S-A model for Cu (a) and Cu + Zn + Co (b).

Results of the S-A fractal analysis for single elements Cu, Zn, Co, and Cr are shown in
Figure 9. The analysis results for the combined element anomalies of Au + Ag + Pb + Sb + Hg
and Cu + Zn + Co are shown in Figure 10.
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Figure 10. Spatial distributions for mineralization-related multi element anomalies of
Cu+ Ag + Pb + Sb + Hg (a) and Cu + Zn + Co (b) based on the S-A method.

5.3. Comparison between the Statistical and S-A Methods

The single element Cu, Co, and Cr anomalies (Figures 5 and 10) were mainly distributed
in the Liiliangshan and Luofengpo areas where they were characterized by obvious and
wide-range anomalies. In other places, such as Tieshiguan and Shuangkoushan, there were
weak Cu, Co, and Cr anomalies. The Zn anomaly was mainly distributed in Shuangkoushan.

We focused on the local region of Liiliangshan and Luofengpo, where the geochemical
element Cu was predominantly distributed (Figure 11a,b), and the Shuangkoushan area,
where Zn was present (Figure 11c,d). The statistical analysis results (Figure 11a,c) were
compared with results from the S-A method (Figure 11b,d). The S-A results revealed
delineated Cu anomalies in the Luofengpo area that aligned with known mineral occur-
rences. Additionally, the S-A method enhanced weak Cu anomalies that were identified by
the statistical method, which were originally weakened by heavy cover or influenced by
low background levels. This enhancement resulted in more obvious and distinguishable
anomalies. In contrast, the S-A method highlighted more pronounced Zn anomalies in the
Shuangkoushan area compared to the statistical method, producing more and stronger
concentric centers.

The combined elements Cu, Zn, and Co were examined as an example in the lo-
cally enlarged regions of Liiliangshan, Luofengpo (Figure 12a,b), and Shuangkoushan
(Figure 12¢,d) areas. The results obtained through the statistical method (Figure 12a,c) and
the S-A method (Figure 12b,d) were compared. They showed that S-A reduced the anoma-
lous area of the combined elements more than the statistical method, while highlighting the
geochemical anomaly. This allowed for more efficient discovery of potential mineralization.

The results for the single geochemical element Cu (Figure 11b) were compared with
results for the combined geochemical elements Cu + Zn + Co (Figure 12b), both using the
same S-A method. It was clear that the abnormal region of the combined elements Cu + Zn
+ Co covered a greater number of known Cu mining deposits compared to using only the
single geochemical element Cu.

In Liiliangshan-Yuka, two anomalies were detected using the statistical method and
three using the S-A method, with three known deposits present. In Luofengpo, the statistical
method detected one anomaly and the S-A method detected four, with five known deposits
present. No anomalies or known deposits were identified in Shuangkoushan.
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Figure 11. Spatial distributions for anomalies of Cu (a,b), Zn (c,d) by the statistical method (a,c) and
the S-A method (b,d) [35,36].

The spatial relationships between Cu anomalies identified by different methods and
the known deposits in the NQ were investigated. In the Liiliangshan-Yuka area, the sta-
tistical method detected two anomalies, while the S-A method detected three, and three
known deposits were present. For the Luofengpo area, the statistical method identified
one anomaly, and the S-A method revealed four, with five known deposits present. No
anomalies or known deposits were identified in the Shuangkoushan area. In comparison
to the less obvious anomalies delineated by the statistical method, the S-A method also
identified Zn anomalies in Liiliangshan. This indicated that S-A was more capable of
delineating the weak and small anomalies in the low background, considering the back-
ground variability. The results indicated that S-A had significant advantages for delineating
geochemical anomalies in the NQ: (1) it highlighted geochemical anomalies associated
with mineralization, and (2) it enhanced the identification of weak geochemical anomalies
within a low background affected by heavy overburden. By combining the known mining
deposits and ore points with the results obtained using the S-A method, a strong correlation
was observed between the highlighted Cu and Cu-Zn anomalies in Liiliangshan, thus
providing valuable targets for future exploration.
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Figure 12. Spatial distributions for mineralization-related multi element Cu + Zn + Co anomalies
based on the statistical method (a,c) and the S-A method (b,d) [35,36].

5.4. Potential Exploration Targets and Their Verification

Three exploration targets were delineated in the research area using statistical methods
(Figure 13a) and four using the S-A method (Figure 13b), as shown by the combinatorial
anomaly maps (Figure 13). Target I was situated in the Yuka—Dashibei-Liiliangshan area at
the graph’s apex. The area has yielded several deposits, including the Yuka Au deposit
and the Liiliangshan Cu deposit, which are, respectively, a volcanic massive sulfide deposit
(VMS) and quartz vein-type Cu-Au deposit/mineralization. Additionally, significant
peacock fossilization and mylonitization have been discovered. Target Il was located in
the Luofengpo area, where ferrochromite mineralization and several Cu mineralizations
have been identified. Target IIl was situated in the Shuangkoushan area, characterized by
various rock mixed areas, such as basaltic slate and ultrabasic rock in Cambrian Ordovician
beaches, reflecting a high geological background of Co (Cr, Ni).

Geological exploration was used to validate the delineated targets. In the target I area,
two types of mineralized ore bodies were identified. Firstly, the soil-like Cu mineralization’s
ore body generally measured 2-8 m in width and 30-100 m in length. The surface was nearly
cylindrical, with the drilling control extending well beyond the strike. After oxidation,
the ore body turned into brown weathered rock, mainly composed of alum, potassium
ferric alum, and secondary quartzite. The dominant sulfides were pyrite, chalcopyrite, and
pyrite after washing, suggesting the possibility of massive sulfide Cu mineralization in the
primary mineralization. Surface alteration of this ore body was not extensive. However, in
the upper plate or the same horizon of the same layer, multi-layer ferrosiliceous rocks were
produced in the 20-100 m green mud phyllite, forming intermittent interbeds influenced
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by late ductile deformation. Secondly, the Cu-Au mineralization related to the green mud
schist phyllite was found in the upper plate of the soil-like Cu mineralization, occurring in
the ductile shear zone. The exposed mineralized bodied had widths ranging from 0.3 to
3 m, determined by field geological observation and spectral analysis. Cu contents ranged
from 1500 to 18,000 ppm and Au contents were 2-189 ppm, including visible Au in some
sections. All the ore bodies in the Yuka area were found in an Au mineralization fracture
zone measuring 1300 m in length and 500 m in width. Nearby, Au-bearing areas with
364 ppm and Cu up to 1500 ppm, larger than the regional background values, indicated
good potential for Cu and Au prospecting in the area. Furthermore, multiple occurrences
of Cu mineralization (peacock petrifaction) were found in Target II. Cu mineralization was
identified in Luofengpo (Figure 14) using the target obtained by the S-A method in 2017,
indicating a high possibility of new Cu deposits in Target II.
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Figure 13. Spatial distribution maps showing the combined anomalies of Cu, Zn, and Co using
statistical methods (a) and S-A method (b) [35,36].

Figure 14. Representative photographs of rocks and Cu mineralization from geochemically anoma-
lous areas in Luofengpo. (a) Ultrabasic complex rocks and metamorphic gabbro rocks; (b) Cu
mineralization; (c,d) Peacock petrifaction.
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As verified above, more than industrial-grade Cu mineralization clues were found in
the delineated target area, which can be used to direct future Cu exploration in this area.

6. Conclusions

The following conclusions can be drawn from this integrated study of geochemical
anomalies.

(1) The RFA method applied to log-ratio-transformed regional stream sediment-sampling
geochemical data accurately identified associations between mineralization-related
elements, such as Au, Ag, Pb, Sb, Hg, Cu, Zn, and Co.

(2) The use of the S-A model on a single element or the component factor derived from
RFA effectively reduced the anomaly area in high anomaly fields and highlighted weak
anomalies in low background areas, surpassing the statistical Mean + 25D method.
The anomaly maps generated by the S-A model demonstrated good ore potential,
with verification identifying numerous Cu ore bodies within the anomalous regions.

(3) The combination of the Cu, Zn, and Co combinatorial elements anomaly map, field
geological exploration, and regional geological structure revealed the presence of
Cu ore bodies and Cu mineralization in the targeted area. Notably, the Liiliangshan
and Luofengpo areas exhibited Au ore bodies primarily occurring in NW-striking
ductile fractures, which were oriented along the NW-SE direction and showed a high
coincidence of Cu and Co anomalies.

Therefore, the target area had considerable accuracy and economic value, pointing
to the possibility for future exploration of Cu deposits in this area. It was also concluded
that the combination of log-ratio, RFA and S-A is an effective method for identifying
geochemical anomalies.
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