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Abstract

Geochemical halos are regions around mineral deposits where the concentration of elements decreases to
a constant level called the background. In the meantime, in order to find out the unusual concentration of
elements (anomaly), the upper limit of the background limit (threshold value) must be determined. To
achieve this goal, it will be effective and efficient to use new exploration methods. In this article, modeling
the data of the element enrichment index with the U-spatial statistic method has been used to draw the
potential areas of stream sediments. According to the morphological characteristics of the stream sediments
environment, the origin of the samples taken from these sediments goes back upstream of the watersheds, so
the analysis of the geochemical data of these samples is different from the rock environments. Preliminary
modeling should be done on the data to consider the geological features upstream of the samples. The
isotropic nature of the window in which the weighted averaging is performed in the algorithm of the U-
spatial statistics method is such that all the upstream and downstream samples participate in this averaging,
and this case can be the point considered a significant weakness for this method. First, the element
enrichment index was obtained from the raw data to reduce this weakness and improve the method by
considering the upstream rock units. Then, the U statistics were modeled on these indices. With this method,
while the area indices were more accurately identified, the false potential areas obtained from the U-spatial
statistic method were also removed, and the results were acceptable and close to the field realities for
determining mineralization potential areas.
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1- Introduction

Usually, the processing and interpretation of geochemical data of stream sediments is done in the
early stages of the exploration of mineral deposits and on a regional scale. One of the basic issues in
this stage is identifying geochemical anomalies and determining areas with mineralization potential.
Various methods have been proposed for the univariate and multivariate analysis of geochemical
data to determine the threshold value and identify geochemical anomalous areas [1-15]. Univariate
methods are divided into three separate groups. The first group is based on the statistical parameters
of the distribution (such as the average method plus the multiple of the standard deviation) [16-18].
The second group, which is more complicated than the previous one, considers the frequency
distribution of element concentrations (for example, the methods of probability diagram and
detachment statistic) [2 and 19]. In the third group, anomalous areas are determined by considering
the spatial position of the samples and their spatial relationship with each other [4, 20-25]. In this
group, fractal and multi-fractal methods and U-spatial statistics have been widely used to detect
anomalous geochemical regions [24, 26-32]. Multivariate statistical methods developed in new
developments related to geochemical data analysis, such as principal component analysis (PCA),
investigate the relationship between elements and paragenesis related to mineralization [33-36].
Other advanced methods such as the spatially weighted principal component analysis (SWPCA)
[30], geochemical mineralization probability index (GMPI) [37 and 38], machine learning
algorithm [39-41], transformation Wavelet [42-44] and Geochemical Anomaly Intensity Coefficient
Method (GAII) [15] have been used to map geochemical anomalous areas. Also, in the research
conducted by Parsa et al.,, some new developments in univariate and multivariate analysis of
geochemical data have been mentioned [45]. The spatial statistics method, as one of the techniques
of the structural method, is a moving averaging that changes the dimensions of the window in
which the averaging takes position at each specific point, so for each specific point, a number of
values for the U-statistic of that point are It is calculated on the points around it [21 and 46]. This
causes statistical data analysis without expert judgment, separating subpopulations and detecting
anomalous areas. In the previous works that have been done in connection with the U-spatial
statistics method, when implementing the algorithm of this method on the raw data of the stream
sediments environment, the isotropic nature of the window in which the weighted averaging is
performed will cause all upstream and downstream samples to participate in this averaging. While
the origin of the samples taken from these sediments goes back to the upstream of the catchment
basins, this case can be considered a significant weakness of this method. So, preliminary modeling
of the data seems to consider the geological features upstream of the samples. In this research, by
performing a preliminary analysis of the raw data and obtaining the element enrichment index for
each sample, the algorithm's input was changed to estimated data, ultimately improving the results.

2- Methods and Findings
2-1- Sampling and preparation of samples

215 geochemical samples of stream sediments have been collected in an area of 68.5 km?. In
order to be moist, all the samples were collected in a volume of more than 4 liters, and after sifting
with an 80 mesh sieve in the field camp, in the preparation workshop was sieved under 200 mesh,
and 100 grams of each sample was sent to the laboratory [50]. In this research, the gold element was
chosen for studies because it has a smaller halo and is one of the active exploration projects. To
select other elements among the 44 analyzed elements, the correlation diagram of elements was
drawn in the form of a dendrogram through Pearson's method, and finally, six main elements, Au,
Sh, As, Bi, Pb, and Cd, were selected for the present study.

2-2- U-spatial Statistics Method

The u-spatial statistics method is a kind of moving average method. This method changes the
window's dimensions in which the average is done. Changes in isotropy and anisotropy of variables
affect the shape of the window. The distance of the stations around the center of the window is used
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to calculate the weight of these stations. These weights are multiplied by the measured values of the
stations to finally obtain an estimate for the center point of the window. The average value of the U
values denoted by is calculated as follows (Cheng, 1999):

(2) 0, = 22wy (r)xg — L Zi wkgr)xk —u_ fi(ri —u

Where the mean and standard deviation are the total data, xi, and xj are the values measured at
stations j and k inside the window. wk(r) and wij(r) are the weightsf these statios. x;(r) is the
average weight of station | based on the surrounding stations. In this regard, j is for samples with
field values , and k is for anomalous values. If the mean of the population is an anomaly, the mean

of the background is then 45 < 12 <ty

The geochemical map of the potential areas resulting from the U-spatial statistics method for Au
and Pb elements is given in Figure (1). First, the data were interpolated by the Kriging estimation
method to draw these single-element geochemical maps. On these maps, the anomalous ranges
inside the meters with a thick continuous curve and a change in color intensity from blue to green,
then red color for higher grades, and also by bringing the threshold value on the map (with U unit),
have been specified. These maps have been prepared based on modeled data showing the elements'
distribution in the study area. The gold element has a high geochemical concentration in the
northeast and center of the region, and its potential areas are located in this zone (Figure 1a).
Potential areas of lead element show a perfect correlation with the gold element (Figure 1b).
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Figure 1. Map of potential areas resulting from U-spatial statistics method for Au (a) and Pb (b) elements using
U+SD and U+2SD criteria

3- Modeling the data of element enrichment factor with the U-statistics method

For detecting and separating anomalies by the U-spatial statistics method, since the averaging
window is considered as a circle or an ellipse, in addition to the source rock upstream of the sample,
the downstream rocks that have no genetic relationship with the sample were also taken. Therefore,
to improve this method, the enrichment index (EI) of 8 elements was used for its implementation.
First, the number of samples was determined for the rock units in the area. The geological map was
matched with the stream sediments sampling map to remove the synergetic component. By
determining the catchment area of each sample (upstream of the sample), all the rock units whose
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erosion sediments contributed to the formation of the sample were identified. After separating the
statistical subpopulations in each population, the values of each geochemical variable independent
of the rock type are normalized. Finally, these estimated data were modeled with the U-spatial
statistics algorithm, and anomalous areas were determined. Instead of raw data, this method used an
element enrichment index in the code input. In the method of modeling the U-spatial statistic of
enrichment index data, the threshold limit of the U-values of the data was calculated using the
U+SD and U+2SD criteria. These threshold values for gold elements were obtained at 1.67 and
3.26, respectively. Table 1 shows the threshold values obtained by this method for the four elements
Au, As, Pb, and Sb with the criteria.

Table 3. The results of modeling the data of the enrichment index of stream sediments in the Khoshnameh region
with the U-spatial statistics method

Element U+SD U+2SD
Au 1.67 3.26
As 1.60 3.20
Pb 1.56 3.07
Sb 1.59 3.09

Figure 2 is the single-element geochemical map of the potential areas resulting from modeling
enrichment index data using the U-spatial statistics method. U+SD and U+2SD criteria were used to
separate anomaly areas. According to these maps, different anomalous distributions for elements
can be recognized. According to Figure (13a), the gold element has a high geochemical
concentration in the region's east, northwest, and center, and promising gold areas are located in
these areas. The potential areas of As are located in the southern and western parts of the region,
and this zone has a high geochemical concentration (Figure 13b).

Au(U+8)

As(T+s
b ( ) U.value a p U.value

U.value

MO 00 MO0 A0 KOO IXO00 N0 20
Easting

— km
i xx

: -

Figure 2. Map of potential areas resulting from the modeling method of U-spatial statistics of enrichment index
data for gold (a) and arsenic (b) elements using U+SD and U+2SD criteria.

4- Validation and efficiency of the U-statistic modeling method of element enrichment index

According to the availability of data related to the gold element, to compare the U-statistics
modeling of element enrichment index data and to validate the effectiveness of this method from
the field results. For this purpose, the occurrences introduced for the gold element obtained from
local and regional explorations were fitted on the anomalous areas obtained by two methods. Figure
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(3a) shows the anomalous areas obtained from the U-spatial statistics method. Figure (3b) shows
the maps of the anomalous regions obtained from the U-statistics modeling method of the element
enrichment index data. In this method, the U+S criterion shows the extent of suitable geochemical
halos compared to the U+2S method. This method has removed various false anomalies obtained in
the southeast of the region. It seems that the reason for improving the results is considering the
upstream geological features of the stream sediment samples in the method. The U-statistics
modeling method shows the data of element enrichment index such as the U-spatial statistics
method, an anomaly with high intensity in the center of the region, which was discovered by local
and regional explorations. It seems that this area needs more exploratory studies. Finally, the results
of U+S in both methods are more consistent with field realities, and it seems this criterion is the
best for separating anomalous areas. Also, considering that some false anomalies have been
removed in the final map related to modeling the enrichment index data using the U-spatial statistic
method, it seems that the positive effects of the element enrichment index have improved the U-
spatial statistic method. This new integrated method is more reliable than the U-statistics method.
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Figure 15. Anomalous geochemical regions obtained from a) the U-spatial statistics method; b) Modeling the
element enrichment index data by the U-spatial statistics method

5- Conclusions

A new integrated method based on the element enrichment index and the algorithm of the U-
spatial statistics method was developed in this research. The results obtained are as follows:

e According to the results obtained from the cluster analysis, the elements lead, arsenic, antimony,
barium, molybdenum, tin, and potassium show a positive correlation with the investigated
element gold.

e According to the maps prepared through the U-spatial statistics method, the gold element has a
high geochemical concentration in the northeast and center of the region.

e The maps prepared by modeling the data of the enrichment index of the elements by the U-
statistics modeling method show the high geochemical concentration of the gold element in the
northeast, northwest, and center of the study area. In general, similar results have been obtained
by the two methods. Still, according to the capabilities of the element enrichment index in the
new integrated method, it seems that it, taking into account the upstream samples collected from
stream sediments and the secondary effects of the catchment basin on the samples, provides us
with more reliable results. The new method introduced both area occurrences with the U+S
criterion, removed the false anomaly obtained from the U-spatial statistic method, and improved
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the results of this method. Therefore, it is suggested that for modeling the exploratory data of
stream sediments, a preliminary analysis should be performed to obtain the element enrichment
index before applying geochemical structural methods to the raw data.

Both methods, in addition to the two gold occurrences obtained from regional explorations, also
showed a significant index in the center of the region, and it seems that more exploration studies
should be carried out in this area.
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® Geochemical Mineralization Probability Index (GMPI)

* Machine learning algorithms

> Geochemical Anomaly Intensity Index (GAII)
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