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Abstract:
Khomain deposit is situated in the western north part of the Sanandaj-Sirjan belt in western Iran. The main
host rocks of the mineralization zone are shale, sandstone Jurassic to lower Cretaceous limestone. Main
mineralization deposit includes galena and sphalerite minerals in Khomain. In this research, 170 samples
from 33 boreholes were selected to determine the possibility of Pb and Zn anomalies. Lower geochemical
anomalies determined by statistical and multifractal models. The Lepeltier, composite halo, factor analysis,
original singularity and weighted singularity models were used to identify three dimension anomaly. The
coefficient of areal association (CAA) is used to determine similarity of results of different models and is 0.90
and 0.61 for Pb and Zn in weighted singularity model. It indicated that Pb and Zn were confirmed by weighted
singularity model in three dimensional studies. Therefore, it can be said that weighted singularity model is
suitable relative to other models in identifying weak anomalies. It was determined that the mineralization has
a northeast-southwest trend based on the weighted singularity models and is matches with the trend of faults
in the mineralization place.
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1. Introduction

The separation of geochemical anomalies reflects geochem-
ical processes and is one of the aims of exploration (Karami
and Afzal, 2015; Wang and Zuo, 2019; Hu et al., 2023).
Anomalous patterns caused by mineralization processes are
very complex in the Pb-Zn deposits in terms of location and
abundance (Huang et al., 2019a; Liu et al., 2019; Vincent et
al., 2021; Zhu et al., 2022b). Accurate separation of spatial
features is very important in identifying weak anomalies
(Cheng, 2007). The separation of weak anomalies is a very
difficult due to the influence of different geological units
(Zhao et al., 2015). In other words, it is not possible to sep-
arate weak anomalies by analyzing primary data alone in
the Pb-Zn deposits (Yu et al., 2020; Zhang et al., 2020; Zhu
et al., 2022a). Determination of weak anomalies is one of
the most important challenges in exploration geochemistry
(Cheng et al., 2011; Huang et al., 2019b).
The median-standard deviation model is a common model

to determine the threshold. Threshold is determined by
(Median)+2S in exploration geochemistry. In other words,
values larger than (Median)+2S will be considered as
anomalies (Reimann et al., 2005). This model can only
detect the threshold values/mean of background values will
give us weak or strong anomaly. Several multivariate data
analysis (e.g., factor analysis, cluster analysis, etc.) and
fractal/multifractal models have been developed and effec-
tively applied in exploration geochemical data for defining
and mapping anomalies. Singularity model is one of the
most important models for separating the weak anomalies
(Parsa et al., 2017b; Afzal et al., 2017; Sadeghi, 2021; Fan
et al., 2024; Elmi et al., 2025). Singularity model evalu-
ates relative slope of changes in small distances (Luo and
Zeng, 2018; Bigdeli et al., 2023) and is a strong way to
recognizing weak anomalies (Arjmandzadeh et al., 2017;
Gonçalves et al., 2018; Nazari Sarem et al., 2020; Liu and
Carranza, 2022; Saadat et al., 2023). Several researchers
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have improved to demonstrate geochemical anomalies by
combination of singularity model along with other meth-
ods (Parsa et al., 2017a; Zhao et al., 2017; Chen et al.,
2018; Xiao et al., 2018; Yazdi et al., 2019; Behera and
Naliy Panigrah, 2021; Zhou et al., 2022). Singularity model
has been developed in original singularity and weighted sin-
gularity model for detecting anisotropic patterns (Ghadimi
and Khavari, 2019; Salehpour et al., 2025). The mineral-
ization associated with geochemical anomalies in mineral
exploration and usually are characterized by anisotropic
patterns. Anisotropic patterns are controlled by the ore-
controlling geological features (such as strata, faults, folds,
and magma intrusions) (Zhang et al., 2016). Weighted sin-
gularity index is a useful tool for detecting features with
anisotropic patterns and is without relation to samples or
variables in the geo information extraction (Zhao et al.,
2016).
The purpose of this research is to determine geochemical
anomalies by different tree dimension statistical and singu-
larity models and select the best model to define anomaly
of the Pb-Zn concentration in the subsurface part of the
Khomain area.

2. Geology of the region
Khomain deposit is located in southwest of Khomein in
Sanandaj-Sirjan belt (Fig. 1). There are about 220 deposits
in the Sanandaj-Sirjan belt (Taylor et al., 2009; Alipoor

et al., 2021). All these deposits have occurred in the lower
Cretaceous carbonate facies (about 90%) and Jurassic sand-
stone and shale (about 10%). Jurassic in the region includes
shale, sandstone, and Cretaceous includes limestone and
dolomitic limestone (Fig. 2). The texture is in the form
of stratification in mineralization. Mineralization includes
galena, pyrite, sphalerite, chalcopyrite, iron oxides, iron
carbonate. The mineralization is SEDEX type by the ratios
of Pb+Zn, Pb/Pb+Zn and Cu+Pb+Zn and Cu compounds.
Shales and sandstones have been affected by silica, dolomite
and sericite hydrothermal alteration with the movement of
mineralizing solutions along normal faults (Zandy Ilghani
et al., 2018).

3. Materials and methods

3.1 Sampling and analysis
One hundred seventy samples were selected from 33 bore-
holes with an average depth of 50 meters and intervals of
100 meters from Khomain area (Fig. 3). Samples were se-
lected from three vertical sections (63 samples in the first,
48 samples from the second, and 59 samples in the third sec-
tions (Zandy Ilghani et al., 2018) (Fig. 3). Samples crushed
and pulverized up to 200 mesh diameter. About 20 grams
of the samples are taken after initial homogenization for the
analysis of ICP method. Samples were analyzed for Pb, Zn
with the ICP-MS device by the method of four acids (HF,

Figure 1. Khomain Pb-Zn deposit in Sanandaj-Sirjan geological belt (Stocklin and Nabavi, 1972).
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Figure 2. Summary of geological units of Khomain area (Ghadimi and Khavari, 2019).

HCl, HClO4 and HNO3). The accuracy limit was 1 mg/kg
for Pb and Zn and the accuracy of calculations is less than
10%.

3.2 Methods
Appropriate transformations has be done on the data in order
to use standard statistical data. Central log ratio method is
selected for transformation data Eq. (1).

clr(x) = ln
xi

x j
(1)

where, x is the initial value and x j is the geometric mean of
the data.

Lepeltier model (median-standard deviation) is a common
model for estimating threshold and shows some disadvan-
tages compared to other models (Reimann et al., 2005). This
model can only detect strong anomalies in a background
and does not have the power to detect weak anomalies.
Factor analysis were selected for identifying mineralization
zones by geochemical indices. Composite halo is dimen-
sionless quantities. Mineralization composite halo are the
most reliable criteria in determining the initial aureoles on
the deposit, the erosion level of the deposit, and evaluat-
ing the mineralization in depth (Zandy Ilghani et al., 2018).
Composite halo have a uniform behavior in the overall depth

Figure 3. Sampling location in the 3D diagram of Khomain area (Ghadimi and Khavari, 2019).
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of the deposit (they increase or decrease uniformly with
depth). Participating metals in composite halo should be
different from each other as much as possible. Zn/Pb and
Zn/Pb+Zn indices were used in this manuscript.
Factor analysis used in order to determine the relationship
between variables. Factor analysis is a specific relationship
under a hypothetical model between a set of different vari-
ables. Therefore, one of the main aims of the factor analysis
technique is to reduce the dimensions of the data. The ba-
sic assumption in using this technique is the existence of
an infrastructure model or a linear model in determining
the complex concepts of communication between variables.
This relationship appears as a factor in this hypothetical
model.
Fuzzification can solve the range of variable scores in the
factors Eq. (2). Variable scores was converted in the range
of zero to one according to Eq. (2) (Yousefi et al., 2012).
Three-dimensional factorial fuzzy map was drawn in Rock-
Works software.

GMPI =
eFS

1+ eFS (2)

where GMPI is the probability index of geochemical miner-
alization and FS is the factorial score for each sample.
Singularity is defined based on the Law-power model
(Cheng, 2008). The amount of the metal in the volume
of the deposit (V ) is µ(V ). Therefore, the concentration
C(V ) of the metal according to the volume V is expressed
as Eq. (3).

C(V ) = µ(V )/V (3)

The values of C(V ) and µ(V ) follow a power-law equation
(Eq. (4), (5)) according to the multifractal model.

M(V ) = cV
α
3 (4)

C(V ) = cV
α
3 −1 (5)

where µ(V ) is the amount of metal in V and C(V ) is the
average concentration of V , c is a constant value and α is
the power-law interface. Eq. (4), (5) show this relationship
in three dimensions. The power α is called singularity index
in multifractal models (Cheng, 2008). The value of power
α is classified into two groups: C(V ) has no relationship
with V and α = 3. C(V ) is dependent on V , so α ̸= 3. The
first group is non-singular and the second group is singular.
The positivity of the singularity index shows the enrichment
and the negativity shows the depletion index of the mineral
(Ali et al., 2015). The main singularity index is estimated
according to the smallest neighborhood based on Eq. (6).

C = c · ε(α−E) (6)

Here, C is the average metal concentration, c a constant
value, α singularity index, ε normalized distance, and E is
the euclidean geometry (Cheng, 2007). The desired value
has a linear trend on the logarithmic graph (Eq. (7)).

logC[V (r)] = c+(α −3) log(r) (7)

The slope of the estimate is α −3 in the linear relationship
(Eq. (7)). The calculation windows are wide in the original
singularity model, therefore, the weighted singularity index
is usually used. The weights are determined according to
the distance of a point to the unknown point. The closest
point has more weight (Eq. (8)).

C =

c1
dn

1
+ c2

dn
2
+ · · ·+ cm

dn
m

1
dn

1
+ 1

dn
2
+ · · ·+ 1

dn
m

(8)

We must introduce the minimum concentration as the back-
ground and subtract it from the total data values in order to
calculate the weak normality.

4. Results and discussion

4.1 Descriptive statistics
Descriptive statistics for Pb and Zn are shown in Table 1.
The mean Pb and Zn concentration is equal to 5381 and
7268 mg/kg, respectively.

4.2 Lepeltier model
It used Lepeltier model for detecting the metals anomaly.
The values of (Median)+2S (S is standard deviation) was
calculated for each metals (Reimann et al., 2005). 3D mod-
els of fuzzy Pb and Zn concentrations were created based
on the kriging method (Panahi etal 2004?). Fuzzy Pb and
Zn is highly enriched in the region. High Pb and Zn values
have a wide distribution in the southwest part of the region
(Fig. 4 a, b). Lepelier index showed that Pb background
limit is 4000 mg/kg, the threshold 7000 mg/kg and anomaly
limit is 10000 mg/kg. Zn background limit is 6000 mg/kg,
the threshold 11000 mg/kg and anomaly limit is 15000
mg/kg, respectively (Table 2).

4.3 Composite halo
The Zn/Pb and the Zn/(Pb+Zn) indices increase by moving
away from the mineralization site, and this can be related
to the mobility of Zn (Goodfellow et al., 1993). The fuzzy
Zn/Pb index shows the Zn mineralization concentration in
the northeast (Fig. 5 a). Zn/(Pb+Zn) is concentrated in
northwest and the ratio of fuzzy Zn/(Pb+Zn) zonality index
is low in the southwestern part of the area (Fig. 5 b)

4.4 Factor analysis
Factor analysis used in order to determine the relationship
between variables and to reduce the dimensions of the data.

Table 1. Statistical parameters of Pb-Zn in Khomain area (mg/kg).

Mean Median Minimum Maximum SD Skewness Kurtosis

Pb 5381 560 20 133930 16886 1.51 1.96

Zn 7268 1635 103 79180 13511 1.01 1.87
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Figure 4. The values of (Median)+2S for fuzzy Pb and Zn.

Table 2. Pb and Zn background, threshold and anomaly range limit.

Background Threshold Anomaly

Pb 4000-7000 7000-10000 10000-29000

Zn 6000-11000 11000-15000 15000-25000

Highest eigenvalue is related to the first component and is
equal to 7.51, and the lowest value is related to the fifth
component and is equal to 1.11 in factor analysis (Table 3).
It can be seen that the number of 5 factors can justify ap-
proximately 71.34% of the total variability according to
Table 3. The first factor has the most variance and justifies a
large part of the variability alone among 5 selected factors.
Therefore, variance is approximately 32.66% in the first
factor. Variance is 21.05%, 6.76% and 4.83% in the second,
third and fourth factor, respectively (Table 3). Pb with a
load factor of 0.71 and Zn with a load factor of 0.73 partic-
ipate in factors one and three, respectively (Table 3). The
three-dimensional model of the first factor (Pb) ant third
factor(Zn) shows that they have the highest anomaly with
fuzzy number (GMP1) 0.7− 0.9 in the south-west of the
study area (Fig. 6 a, b). Factor 1 indicates that probably
chalcopyrite mineralization and Pb-Zn bearing and factor
2 alteration zones with clay formations. Factor 3 related to
saline sediment and reduction effects and factor 5 may have
basic rocks or weathering effects.

4.5 Singularity model

The slope of the fitted line is added to 3 to obtain α in the
plotted graph (Li et al., 2021). Finally, the areas with α

less than 3 represent enriched areas with positive singular-
ity and the areas with α greater than 3 represent negative
singularities. Areas with α equal to 3 are non-singular re-
gions. The aim of the mineralized zone classification is to
separate the different geochemical populations in the en-
riched areas. Therefore, α > 3 representing the depleted
areas were deleted. The singularity model is similar to the
concentration-volume in fractal model, but, the concentra-
tion is replaced by α-singularity index and 3 the volume
containing any α (Fig. 7 a).
The main enriched areas are divided into four Pb (Fig. 7 a)
population levels and five Zn population level in the origi-
nal singularity index (Fig. 7 b). The graph with the highest
singularity index is introduced as areas with very weak min-
eralized zones. Therefore, the areas with very weak miner-
alized zones were removed from the rich areas (Ghadimi
and Khavari, 2019).

Figure 5. The fuzzy Zn/Pb and the fuzzy Zn/(Pb+Zn) indices in composite halo.
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Table 3. Load factors of different metals with emphasis on Pb and Zn.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Cr -0.65 0.14 -0.10 0.63 0.02

Cu 0.26 0.06 0.47 -0.32 0.10

Fe 0.88 0.03 0.09 0.08 0.12

Mn 0.16 0.48 0.36 0.27 -0.23

Ni -0.35 -0.01 -0.36 0.04 0.57

Pb 0.71 -0.05 0.46 0.09 0.06

Sr 0.10 -0.21 -0.01 -0.02 0.81

Ta 0.44 -0.14 0.63 -0.12 0.08

Zn 0.20 0.10 0.73 0.12 -0.15

Zr -0.82 -0.01 -0.03 0.05 -0.24

Ti -0.93 0.18 -0.13 0.02 0.16

Rb -0.81 0.07 -0.20 0.12 0.26

V -0.85 0.19 -0.16 0.05 0.30

Ba -0.73 -0.14 -0.25 0.10 0.20

Na -0.17 0.27 0.62 -0.07 -0.06

Mg 0.05 0.80 0.18 -0.05 -0.03

Al -0.24 0.93 0.06 0.00 0.03

Si -0.13 0.92 0.08 0.05 -0.03

P -0.89 0.17 0.01 -0.05 -0.05

S 0.19 0.26 0.65 -0.04 -0.27

Cl 0.05 0.10 -0.03 0.90 0.01

K -0.27 0.90 0.02 0.00 0.09

Ca 0.09 0.67 0.10 0.16 -0.24

Eigen value 7.51 4.84 1.55 1.39 1.11

Variance% 32.66 21.05 6.76 6.05 4.83

Cumulative variance% 32.66 53.70 60.46 66.51 71.34

The comparison of Pb and Zn mineralized zones is shown in
the original singularity models in three-dimensional space
in Fig. 8. The areas with a singularity index greater than 3
have been removed (background area) in Fig. 8. The miner-
alized zones are very poorly expressed and mineralization
is located in southeast in Fig. 8 (a), (b) for Pb and Zn. The

main enriched areas are divided into five Pb and Zn popula-
tion levels in weighted singularity (Fig. 9 a, b).
The extent of strong mineralized zones in the weighted
singularity is much greater than the original singularity
(Fig. 10). The extent of weak to moderate mineralized zones
is almost similar for Zn in the original singularity (Fig. 8 a,

Figure 6. Pb and Zn distribution in fuzzy factor 1 and fuzzy factor 3.
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Figure 7. Original singularity index versus volume (a) Pb and (b) Zn.

b), but varies in strong mineralized zones (Fig. 10 a, b).
However, the extent of weak to strong mineralized zones
show a relatively similar for Pb and Zn in weighted singu-
larity model (Fig. 10 a, b). On the other hand, the extent of
each mineralized zones degree is much more in weighted
singularity model than Pb and Zn in original singularity. In
addition, mineralized zones trend is clear in the weighted
singularity model. There is no clear mineralization trend in
original singularity model.
Coefficient of areal association (CAA) is used to determine
similarity of results of different methods. Taylor overlap
coefficient (CAA) was used based on the Eq. (9) in this
study.

CAA =
SAA +SBB

SAB +SBA +SAA +SBB
(9)

where S denotes area, indices are the geochemical popu-
lations, A is mineralized zone, and B shows background.
In first and second models SAA is area and SBA is area in
first model as background and in second model is mineral-
ized zone (Shahrestani and Mokhtari, 2016). Coefficient of
areal association were calculated for five models (Lepeltier,
zonality, factor analysis, original singularity and weighted

singularity model). Weighted singularity model is the best
model in three dimension with more than 97% for Pb and
more than 96% for Zn (Table 4). The mineralization has a
northeast-southwest trend based on the weighted singularity
and is matches with the trend of the normal faults in the
mineralization place (Fig. 11).

5. Conclusion
The coefficient of areal association demonstrated that
weighted singularity model was the sole indicator capable
of detecting the boundary of Pb and Zn mineralization.
Furthermore, the results indicated that mineralization
processes have occurred from the north-east to the
south-west parts of the study area. The weighted singularity
model is suitable for the determination of geochemical
anomalies in comparison to the lepeltier model, composite
halo, factor analysis and original singularity models in
three-dimensional space. Consequently, the integration of
disparate models plays a pivotal role in the differentiation
of anomalies from the background. The determination of
weak anomalies, as well as the assessment of anomaly
compliance with geological structures is the most important

Figure 8. Distribution of original singularity index in three-dimensional mapping of Pb and Zn.
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Figure 9. Weighted singularity index versus volume (a) Pb and (b) Zn.

Figure 10. Distribution of weighted singularity index in three-dimensional mapping of Pb and Zn.

Table 4. Coefficient of areal association for different Pb and Zn models.

L Z F OS WS

L 1 - - -

Pb Z 0.76 1 - -

F 0.84 1 -

OS 0.82 0.85 0.89 1 -

WS 0.96 0.92 0.91 0.97 1

L 1 - - -

Zn Z 0.40 1 - -

F 0.56 0.45 1 - -

OS 0.97 0.49 0.68 1

WS 0.86 0.91 0.92 0.96 1

L: Lepeltier; Z: Zonality; F: Factor analysis; OS: Singularity index; WS: Weighted singularity
It was found that anomaly trend in all the different methods of lepeltier, composite halo, factor analysis, original singularity and weighted singularity are
northeast and southwest according to the three-dimensional shapes. But the severity of anomalies is different in them. For example, anomaly extent is

very high in the zonal halo model (Fig. 5). Anomalous extent can also be seen in the weighted singularity model, but the separation of lower and higher
anomaly is clear in the weighted singularity model due to the accuracy of the border method.
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Figure 11. Exploration area of Pb and Zn in Khomain.

in the delineation of the extent and expansion of Pb and
Zn in Khomain area, and is important in the identification
of the general Pb and Zn northeast-southwest trend of
mineralization.
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