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\Variable | Count| Mean | Minimum | Maximum | EFM | | Variable | Count | Mean | Minimum | Maximum | EFM
Zn 1721 | 59.48 34.78 245.06 | 4.12 Hg 1721 | 0.01 0.00 0.31 29.34
Pb 1721 | 12.26 1.70 37.30 3.04 W 1721 | 0.60 0.17 11.10 |18.44
Ag 1721 | 0.06 0.03 0.17 2.64 B 1721 | 37.00 7.16 21620 | 5.84
Cr 1721 | 1110.24| 37.80 18437.20 | 16.61 Be 1721 | 1.39 0.62 3.13 2.26
Ni 1721 | 196.08 18.78 1193.00 | 6.08 Mo 1721 | 0.69 0.20 4.00 5.77
Bi 1721 | 0.13 0.07 0.32 2.40 Li 1721 | 24.50 8.17 77.11 3.15
Cu 1721 | 42.37 14.73 248.08 | 5.85 Au 1721 | 1.16 0.30 18.54 |16.01
As 1721 | 9.21 2.10 482.00 |52.35 Rb 1721 | 35.04 3.30 95.00 2.71
Sb 1721 | 0.39 0.10 12.10 |30.76 P 1721 | 0.05 0.02 0.16 2.91
Co 1721 | 24.54 8.22 123.89 | 5.05 Cs 1721 | 4.44 2.26 11.01 2.48
Sn 1721 1.36 0.77 3.00 2.20 Nb 1721 | 7.76 3.30 19.90 2.56
Ba 1721 | 261.26 77.04 699.82 | 2.68 Th 1721 | 5.70 1.00 13.30 2.33
A% 1721 | 163.48 38.76 940.03 | 5.75 U 1721 | 1.25 0.27 5.52 4.42
Sr 1721 | 383.00 68.28 1970.00 | 5.14 F 1721 1302.38| 100.00 853.00 | 2.82
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Variable | IC1 | IC2 | 1C3 | 1C4 | 1C5 | 1C6 | 1C7 [ 1C8 [ 19 [1c10[iC11]IC12]IC13[IC14]ICIS[ICT6]ICT7]ICTS
Cr |-0.03[0.24]-0.06/-0.09]0.03 [-0.02]-0.11] 0.93-0.05]-0.06/-0.05]-0.02] 0.03 [0.19]-0.01] 0.03 |-0.03] 0.01

Ni |-0.03[0.84]-0.10]-0.10/-0.01]0.00|-0.17] 0.46 |-0.07] 0.09] 0.03 |-0.03] 0.01 [ 0.08 | 0.04 | 0.09 -0.05] 0.00

Co  |-0.03[0.47]-0.05]-0.04[0.07[0.05 |-0.15/0.76|-0.15] 0.33 |-0.01|-0.03] 0.00| 0.15| 0.04 | 0.06 |-0.02| 0.00

V. 10.06/0.05/0.01]-0.01]0.20]0.11]-0.14[0.57|-0.30] 0.28]-0.14]-0.01] 0.03 [ 0.64 |-0.02/-0.03] 0.00 | 0.00

Au_ |-0.05/0.00]0.03]-0.08[0.04]0.08]0.11]-0.11]-0.11] 0.02]0.16 | 0.33 |-0.11]-0.14] 0.88 | 0.02 | 0.04 |-0.09

As  0.05]-0.10[0.03]0.01]0.01]0.04]0.05 |-0.06] 0.06|-0.02] 0.02 [ 0.24|-0.92[0.00 0.07] 0.02 | 0.24 |-0.02

Sb 10.08-0.14/0.02]0.00]0.00]0.01[0.10|-0.10[ 0.05]-0.01] 0.01 | 0.31 |-0.36] 0.02| 0.05 | 0.02 | 0.85 |-0.02

Cu  |0.20]-0.11]-0.05[0.18[0.14[0.20]-0.090.18 |-0.86] 0.19|-0.10] 0.00]-0.03[ 0.10 ] 0.13 [ 0.03 [ 0.04 |-0.01

Hg  |0.02[0.07|-0.04-0.01]0.05 | 0.05-0.08/-0.01] 0.06 |-0.06] 0.02] 0.05 |-0.35[-0.04] 0.06 | 0.06 | 0.05 |-0.91

W |0.05]-0.13[0.01]-0.03]-0.04-0.01] 0.13]-0.10]-0.02[ 0.00 [ 0.09] 0.93 |-0.16] 0.00 [ 0.03 [ 0.04 | 0.22-0.05

Mo  |-0.01]-0.23[0.10|-0.01]-0.06] 0.06 | 0.93 |-0.12[-0.02]-0.04] 0.10 | 0.05 |-0.05] 0.11 |-0.02] 0.18 | 0.00] 0.02

St 10.07]-0.30]-0.04/-0.07[0.00] 0.02]0.73]-0.21]-0.10]-0.11]-0.08]-0.01] 0.03 [ 0.03 [-0.14|-0.51] 0.00 | 0.05

B |-0.12/-0.04]-0.04]-0.09]-0.11]0.00[0.39 -0.13[ 0.02|-0.04] 0.85 |-0.02]-0.23[-0.11]-0.04|-0.02] 0.02 |-0.05

PF |0.11]-0.030.67|-0.47/0.300.24]0.23|-0.06/-0.25[0.05] 0.12 | 0.06 |-0.09]-0.09] 0.07 |-0.06| 0.09 |-0.01
ET%E” 0.32]0.44]0.18 | 0.44|-0.17|-0.47|-0.14| 0.36 | 0.02| 0.08 |-0.15[ 0.08 | 0.11 | 0.09| 0.11 | 0.03 | 0.04 | 0.04
E“}g“ 034]0.20(0.22(0.38|-0.63/-0.32(-0.09| 0.21 | 0.04 | 0.05|-0.23/0.07| 0.13 | 0.11 | 0.05 |-0.03| 0.00 | 0.10

Of}’{h(jglljsﬁc 0.25/032(0.33]0.63]0.01|0.34|-0.16|-0.13/ 0.10{ 0.00 |-0.07| 0.06 | 0.02 |-0.31| 0.19| 0.13 | 0.05 |-0.05

I‘;{g‘cslge 0.87/-0.07-0.08/0.11]0.10 | 0.11 |-0.11|-0.10/ 0.14| 0.08 |-0.01| 0.14 |-0.07|-0.05| 0.29| 0.13 | 0.13 |-0.07
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Abstract: Independent component analysis (ICA) is a relatively new multivariable statistical method
originally devised for the blind source separation (BSS) problem, where there is no information on how
to mix primary sources (mixed signals) and only the necessary condition is independence of the primary
signals. Hence, ICA can be used in mineral potential modeling where several independent mineralization
processes result in observed variables such as geophysical and geochemical information, and we do not
know how the geophysical and geochemical effects of different mineralization processes are mixed together.
In this study, we tried to introduce the ICA method as a knowledge-driven method of mineral potential
modeling. To this end, an area of 4800 square kilometers in south of Neyshabur, northeast of Iran, was
investigated to map the mineral potential of podiform chromite deposits. In this regard, geochemical stream
sediment sampling data, ophiolitic facies map, structural pattern of fractures and serpentinite alteration
location in the region were used for this study. Finally, the results of mineral potential modeling by the
ICA method were compared with the results of univariate and multivariate geochemical studies and were
also validated by using locations of the known mineral prospects in the region and receiver operating
characteristic (ROC) method. As a result, the area under the ROC curve was marked by 0.967, indicating
the outstanding performance of the ICA modeling.

Keywords: Independent component analysis (ICA), Mineral potential modeling, Podiform chromite
deposits, South Neyshabur ophiolitic belt.

INTRODUCTION

Podiform chromite deposits are among the main chromite deposits that are found in Iran in abundance
[1]. However, due to their small sizes, unpredictable behavior, and complex geological properties, exploring
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these deposits via conventional exploration approaches always suffers from technical shortcomings.
Mineral potential modeling methods, on the other hand, precisely use all exploratory datasets to detect
promising areas. Because of utilizing the knowledge and experience of various experts at different stages of
the modeling process, the results of knowledge-driven mineral potential modeling methods are erroneous
and not unique. This study tries to introduce the independent component analysis (ICA) algorithm as a
knowledge-driven method with the least reliance on the knowledge and experience of experts for mineral
potential modeling of podiform chromite deposits.

ICA is a relatively new multivariate statistical method that transforms multivariate observations into
multiple components with maximum degree of independence [2]. This method is widely used for blind
source separation (BSS), where there is no (or very limited) information on how to mix primary sources
(mixed signals) and only the necessary condition is independence of the primary signals. It is exactly
similar to the conditions we face in mineral potential modeling, where several independent mineralization
processes result in observed variables such as geophysical and geochemical information, and we do
not know how the geophysical and geochemical effects of different mineralization processes are mixed
together. The ICA transform has been used in many fields for signal separation, pattern recognition, and
noise reduction. In geoscience, however, few studies have used the ICA method. For instance, Yang and
Cheng (2015) compared the application of PCA and ICA methods in the analysis of geochemical data [3].

In this study, in order to introduce the ICA method for mineral potential modeling of podiform chromite
deposits, we have used various data or information layers of an area of 4800 km? in northeast Iran. These
data or information layers include stream sediment geochemical data, geological studies, the pattern of
structural fractures, and remote sensing data. After conducting the required preprocessing algorithms, the
data were transformed using the ICA algorithm. The results were then interpreted based on the weights of
variables in the unmixing matrix, and IC2 was selected as the index of podiform chromite mineralization
in the area. Finally, the precision of results was evaluated using the receiver operating characteristic (ROC)
and the locations of known mineral prospects in the area. The comparison of these results with those
existing univariate and multivariate geochemical studies showed a higher precision of the ICA method.

METHODS

ICA is a multivariate statistical method that transforms random data linearly into a set of components
with maximum independence to each other. ICA can be simply explained using vector-matrix equation 1

[4]:
s = Wx (1

where x is a vector of observations x, ..., x , s is the output vector s, ..., s , and W is an nxn unmixing
square matrix. ICA is based on a simple assumption: the output components are independent. Therefore,
in equation 1, finding W would solve the ICA problem, provided that all output components (vector s)
are statically as much as possible independent. For this purpose, two steps should be implemented [5]: a)
determining a criterion for measuring the independence or non-gaussian being of the output components
(ICs), and b) optimizing the determined criterion in a way that all output components have the highest
statistical independence from each other. Previous studies have suggested several criteria for this purpose,
including mutual information, maximum likelihood estimation, kurtosis, and negentropy, among others.
After determining the independence criterion (contrast function), an optimization algorithm (maximization
or minimization, depending on the case) is also required. In this regard, so far, various algorithms have
been proposed including FastICA, Fast Fixed-Point ICA, Infomax-based ICA, Proabilistic ICA, and One-
Unit ICA [4].

DATASETS

In order to conduct mineral potential modeling for podiform chromite deposits in the study region, a
total of 18 variables, including stream sediment geochemical data, geological information, remote sensing
data, and the pattern of structural fractures in the region were selected. The geological information was
extracted from two 1:100,000 geologic maps of Kadkan and Shamkan. After digitizing the lithologic units,
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the ophiolitic and intrusive rocks, due to their roles in the mineralization in the region, were considered
in mineral potential modeling. Quantification of the geological dataset was carried out using the inverse
distance method.

The 5/7 and 3/1 band ratios of ETM+ images were used for the detection of alteration zones. Moreover,
the photolineament factor of ETM+ images as one of the factors that control the ore bodies, was used to
determine the pattern of structural fractures.

The geochemical dataset used in this study consisted of geochemical stream sediment sampling
conducted on the two above-mentioned geologic maps by the Jiangxi Company of China. The sampling
grid was 1.5%1.5 (in km), from each of whose cells 2, 3, or 4 subsamples were collected from first- or
second-order streams, and were then combined to make a composite sample to be attributed to the sampling
cell [6]. The collected samples were analyzed for 28 chemical elements, out of which only more important
elements, comprising of 13 elements, were selected using the maximum enrichment factor method that
removes less effective elements.

DATA PREPROCESSING

The most essential and necessary data preprocessing for the ICA algorithm is to make centering the
vector of observed data (x), i.e., transforming x into a set of variables with an average of zero, whose
resulted set of independent output components (s) has an average of zero as well. Another useful data
preprocessing is to do whitening, which transforms the vector of observed data (x) into a new vector ,
whose new components are independent with a variance of one [4].

FINDINGS AND ARGUMENT

In order to conduct mineral potential modeling for podiform chromite deposits, the data were
transformed through the ICA algorithm using the ENVI 5.1. Then, the results were interpreted considering
the weights presented in the unmixing matrix. The obtained weights for each IC correspond with loading
values of different variables and show the impact value of each variable in that IC. Therefore, these
values can determine what geological or mineralization phenomenon each IC represents. In this study,
IC2 was considered for the recognition of podiform chromite deposits. This IC had high weight values
for Ni, Co, band ratio 5/7, ophiolitic rocks, Cr, and band ratio 3/1, respectively. The weight of Ni, Co, and
Cr in IC2 were 0.84, 0.47, and 0.24. These elements are all the paragenesis and pathfinders of podiform
chromite deposits [7]. The weight of ophiolitic rocks was 0.32 in IC2. It should be noted that podiform
chromite deposits are always accompanied by mafic and ultramafic rocks in the ophiolitic sequences [8].
The weights of band ratios 5/7 and 3/1 in IC2 were 0.44 and 0.20. This can be explained by the presence of
serpentinite and related altered rocks in the ophiolitic rocks [9]. Therefore, IC2 (Figure 1), considering its
effective variables, shows the promising areas for podiform chromite deposits in this region. Finally, three
areas, namely Cr-An-1 to Cr-An-3 (Figure 1), were proposed for detailed exploration of such deposits.
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Figure 1. The map of IC2 scores and the promising areas for podiform chromite mineralization
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The area of the study region has 14 known podiform chromite deposits that were used for the assessment
and validation of the modeling results. For this purpose, the ROC method as one of the most effective
methods in quantitative analysis of classification systems, was used. In this method, the performance of
systems can be shown quantitatively using the area under the curve (AUC) [10]. The obtained AUC value
used for ICA modeling was equal to 0.967 (see Figure 2). On the other hand, the AUC values for the results
of univariate (Cr map) and multivariate (PCA approach) geochemical studies in this region were 0.871 and
0.711, respectively (Figure 2). Therefore, the results of ROC method show good performance of the ICA
method in mineral potential modeling of podiform chromite deposits.
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Figure 2. The ROC curve and the AUC values for ICA modeling, the map of Cr grade values, and the PC2 scores

map of principal component analysis of stream sediment geochemical data

CONCLUSIONS

The high weights of the pathfinder variables of podiform chromite deposits in IC2 has been the reason
for this output component to be selected as the exploratory indicator of this type of mineralization in
the study region. Moreover, three areas, namely Cr-An-1, Cr-An-2 and Cr-An-3, have been proposed
for detailed exploration of such deposits.

Validation of ICA modeling results has been performed using the ROC method. The area under
the ROC curve in this study has been 0.967. This value for the results of univariate (Cr map)
and multivariate (PCA approach) geochemical studies in this region have been 0.871 and 0.711,
respectively. The results of the ROC method have shown that the proposed method for modeling
podiform chromite deposits works better than the other two former methods.

Not using expert knowledge and experience in preparing conceptual models and different stages of
modeling implementation has not affected the proposed method to have the usual problems of knowledge-
driven methods of mineral potential modeling (including non-unique and error-prone results).

The proposed method does not require basic information about the type and characteristics of
the existing mineralization in the region. This is a great advantage of the proposed method over
conventional mineral potential modeling methods.
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