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In this paper, a power-law relation modeling called the vario-fractal model is
introduced in order to understand the discrepancies between the linear and non-linear
distribution of the elements and its application for mineral exploration in the calamine
Zn-Pb ore-deposit. From a hypothetical viewpoint, since geochemical zonation of the
supra- and sub-ore elements is a crucial evaluation criterion for concealed/underlying
mineralization potentials, this hypothesis can be tested by delineating the fractal
surfaces of elements as the geometric evidence of primary geochemical zonation of
elements in the calamine mine. A comparison of the linear regression results with the
Poisson distribution coefficients indicate the relative tendency of the elements towards
a non-linear distribution. Therefore, a logarithmic equation derived from the variance-
distance relationship (power-law) is used here for the delineation of fractal surfaces of
elements as the geometric features related to proper self-organized distributions. In
this research work, the vario-fractal expression of geochemical zonation has trace-
element tendencies to the non-linear distribution. The results obtained show that the
calamine’s fractional surfaces are mostly of self-organized types, situated at 2 <FD <
3 as "real fractal surfaces", although 3 of the elements appear in the quasi-fractal
populations called "near Brownies” here. Moreover, the calamine’s fractal surfaces
can be extended throughout the anomalous regions or may be distributed as limited
types of the finalized model, which is a fractal-based pattern of geochemical zonation
of the elements for evaluation of the hypogenic mineralization potential and has been
prioritized to 6 target-areas containing 10 elements with real fractal surfaces and 3
more at near Brownies and then validated by the mineralogical evidence.

1. Introduction

Since 1930, the non-sulfide Zn deposits,
composing 11% of the total identified Zinc mines
throughout the world, have been the major source
of supply for the industrial and economic demands
[1]. These deposits are usually hosted in dolomites
and limestones within various stages of supergene
mineralization. A long-term oxidation of sulfide
deposits results in weathering the primary ore
minerals (such as Zincite) on erosion shearing
surfaces, during which hemimorphite gets
concentrated in particular horizons [2, 3].
Sedimentary-hosted exhalative deposits (SEDEX)

are of a volcanogenic type, originated from deep
geochemical environments and then epigenetically
enriched in submarine basins. In these deposits,
non-sulfide mineralization is related to post-
volcanic activities occurring after a deep
weathering process in surface media. Considering
the condition of SEDEX ore-deposits, in which a
sequence of sedimentary formations (dolomites
and limestones) are in chemical reactions with
volcanic solutions, a well-developed and orderly
zonation of elements can be wused as the
geochemical keys for mineral explorations [4].
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Hence, most primary geochemical zonations of
elements (PGZE) are of scale-invariant types, and
power-law relations are required in order to
illustrate their recursive patterns on fractal
surfaces. In addition, the statistical coefficient
analysis is necessary to assess the inter-relations of
these elements. In the cases where deep weathering
processes result in redistribution of elements
(usually on eroded surfaces), geochemical
disordering is the most crucial challenge to predict
deep mineralization using its zonation properties,
and in which cases, application of linear regression
coefficients is not recommended [5, 6].

Fractal methods use the scale-invariant power-
law functions to analyze the geochemical data,
especially in the field of geological exploration [7-
10]. A set of fractal equations mostly used for
geological investigations are included as follow:
concentration-area equation [11-17], spectrum-
area equation [18, 19], concentration-distance
equation [20], concentration-number equation [21,
22], concentration-volume equation [23, 24], and
number-size equation [5, 7, 25]. Although these
equations are applicable for geological studies,
geochemical anomalies can be separated well by 2
or 3 of the commonly used equations. One of them
is the power-law relationship between the
statistical and geometrical variables used by Mark
and Aronson (1984) [26] for geomorphological
investigations and by Thorarinsson and Magnusson
(1990) [27] for determination of Bouguer
anomalies in geophysical exploration. The
application of this equation has recently been
proposed by Mehrnia et al. (2013) [28] for the non-
linear estimation of Bouguer anomalies in Charak
oilfield in Iran. Based on the mentioned references,
the Variance-Distance (V-D) equation was used for
scrutiny lithogeochemical data of the calamine
Mehdiabad mine. The calamine ore-deposit that is
located in the northern part of the Mehdiabad
Mining Complex represents hemimorphite
mineralization at the level of erosion shearing of
geochemical anomalies [29]. In this non-sulfide
Zn-Pb deposit, a long-time volcanic exhalation has
created multiple zonations of elements in
accordance with their non-linear distribution. An
applicable approach, proposed here for the
assessment of pathfinder elements as well as for
their relations, is based on assuming the primary
zonation of elements during an ore-deposit
formation. It is believed that using the V-D
equation helps distinguish an orderly distribution
of the elements from those that are redistributed or
randomly dispersed on erosion surfaces and the
prognosis of concealed mineralization potential
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based on the calamine's geochemical distributions.
Considering this, most trace-elements have a
Poisson distribution (non-linear), and tend to be
distributed in self-organized populations [30]. A
hypogenic distribution of the elements has non-
linear characteristics, in which the diversity of
anomalous populations depends on the numbers
and values of fractal dimensions (FDs) [31-34].
Therefore, the hypogenic distribution of the
elements such as those  existing in
hydrothermal/volcanogenic ~ deposits  (VMS,
SEDEX, etc.) can be zoned during migration of
trace elements. In such cases, the delineation of
self-organized populations is possible at FD =2 on
the Brownian surfaces (BSs) [7]. In practice,
achieving BSs (on contoured maps) and comparing
their FDs with each other is a new geometric
method, introduced here, in order to understand the
inter-relations of elements with respect to their
geochemical zonation.

2. Geographical location and geology of
calamine deposit

The Mehdiabad mining complex is located 110
Km off southeast of the city of Yazd and 18 Km
northeast of the Mehdiabad village. With an area of
54 hectares, the Mehdiabad calamine mine is
located in the northern part of the Mehdiabad zinc-
lead and barite mine (Figure 1). The calamine in
this part of the mine exclusively consists of non-
sulfide lead-zinc, separated from other parts by the
faults. According to the geological map, scale
1:1000, the calamine stratigraphic rock units
consist of sedimentary formations from the lower
Cretaceous, mineralization lenses and the
quaternary sediments. The host rock of calamine
mine for the Abkuh formation is from the
Cretaceous (Albian) period. This formation
contains 4 separable units in the studied area
(Figure 2). The units are Unit K,**' (this unit is the
oldest lithologic consisting of shaly lime and chert-
bearing dolomitic limestone), Unit K, (this rock
unit, as the main unit of Abkuh formation, has
calamine mineralization and consists of limestone
and dolomitic lime), Unit K, (this unit consists of
a thin dark grey layer of limestone and dolomitic
lime), and Unit K, (this inter-bed rock unit is of
K,"” unit type that is composed of thick-bedded and
massive cream and light grey limestone and
dolomitic lime. Due to its mixture with iron oxide
and hydroxide, this unit outcrops on the surface as
a pinkish grey material on a relatively large
syncline (lens 3) with a thickness of about 30-40 m
(Figure 3)) (Figure 4).
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Multiple small and large folds, and numerous
fractures and faults have been created in the
geological formation of the area under
investigation due to various tectonic phases. The
formation of the main folds of the area in a NW-SE
trend indicates an effective compressional regime
in the region (Figure 4). Most of the faults in the
area offal into the strike-slip category [35]. The
studies have revealed an interlayer relationship
between the main lenses of mineralization in the
calamine region and the folds of the area. In other
words, the buckling resulting from the folds has
created a suitable and low-pressure space for the
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penetration of mineralizing fluids and depositing of
mineral elements. The Black-Hill fault, as one of
the main faults of the area (Figure 1) has had a
controlling and blocking role in the movement of
the mineralizing fluids due to the less significant
amount of the mineral element in the western block
of this fault and a decrease in the grade of the
element towards the eastern and northwestern
parts. Based on the evidence of mineralization in
this region, the mineralization process in this ore
deposit has a close similarity to that in the MVT ore
deposit.
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Figure 1. Location of the Mehdiabad mining complex at the southern block of Yazd and location of lead-zinc and
barite mines and calamine mine between the two northern Forouzandeh and Black-Hill faults.

The mineralization outcrops in the studied area
include 3 main lenses with a NNW-SSE trend and
small veins and lenses [36-42] (Figure 5).
Mineralization in the area include minerals of zinc
(Hydrozincite, Hemimorphite, and Smithsonite)
and lead (Sericite, Anglesite) oxidant zone. The
Zincite and Goethite minerals have been spotted at
some points (Figure 6). Other minerals including
Mimetite, Hetaerolite, and Sauconite exist in small
amounts. The Hemimorphite mineralization often
occurs during three varied generative steps along
with two monomineralic types. In some parts,
calamine contains sulfide minerals of zinc and lead
(Sphalerite and Galena) and iron and manganese
oxide and hydroxide. In addition to the triple
lenses, small and medium veins and lenses of other
types also outcrop in the area. Calamine lenses and
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veins are located at the central part and in K,
reefal-karstic unit, and have been specified as Zn-
Pb®* in the geological map, scale 1:1000 (Figure
2). Strike of mineralizations is in NW-SE direction,
which conforms to the tectonic structures of the
area such as folds, faults, and fractures. From the
west, the calamine mine is encompassed by the
main and important faults of the area called Black-
Hill and from the east by North Forouzandeh [36,
38] (Figure 1). Silicification and iron oxide and
hydroxide are among the observable alterations in
this ore deposit (Figure 7). As a result of the
activity of descending waters in ankerite dolomites,
an iron-rich area has been created, which outcrops
in yellowish brown to dark brown and red on the
surface. Alteration of iron oxide includes minerals
such as Siderite, Goethite, Hematite, and Limonite.
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Figure 2. Geological map of Mehdiabad calamine (Scale 1:1000).
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Figure 3. Views of the outcrops of unit K,* and its stratigraphic osition relative to other rock units in the area.
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Figure 4. Views of the calamine rock unit folds and minralization in the folded layers. 1: Chert-bering bedded
limestone 2: Limy shale and laminarlimestone 3: Reef limestone, porous limestone 4: Dolomitic shale,
intercalation of chert. Q*: River sediment.
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Figure 5. Schematic x-section NN'W-SSE of the folded and faulted strata at the calamine mine area [36, 38].
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Figure 6. (A, B) Zinc minerals intergrowth consisting of smithsonite, hemimorphite, sulfide and silicate,
hydrozincite with colloidal texture. Effects of goethite mineralization and iron oxide are observed (XPL, PPL
400X). (C) Formation of anglesite and hemimorphite minerals (XPL 800X). (D) Smithsonite mineral, colorless or
faintly tinted in transmitted light and hydrozincite mineral (PPL 600X). (E) Goethite, anglesite and cerussite
minerals (XPL 800X). (F) Formation of hematite and botryoidal mass minerals. Replacement of zinc, iron, and
manganese around the sphalerite (XPL 4X). (G) Formation of sphalerite mineral with concentric chloroform
texture, color change in different strips due to changes in the amount of iron (XPL 100X). (H) Replacing the
goethite 'tooth-texture' has produced a pseudo-growth radially aligned pattern of fine hematite (PPL 4X). (I) and
(J) Formation of hematite, calcophanite, hemimorphite, smithsonite and goethite. Substitution of the Zn and Mn
elements in the hydrozincite (XPL 600, 800X). (K) Sphalerite mineral with concentric chloroform texture
(Barite, Galena) (PPL 4X). (L) Sphalerite mineral with chloroform texture rock sample.
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Figure 7. Remains of alterations and the only sulphoride areas left mine.
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4. Methodology
4.1. Vario-Fractal Modeling (a2 mathematical
approach for geochemical explorations)

Mathematically, it is possible to define a function
f(x) by considering two spatial-variables called x
and y so that the variances between any two points
x1, yl and x2, y2 have a mean or expected value
that increases as the square root of the vector
distance between the two points. This is a two-
dimensional BS. If the exponent of increase is
different from 1/2, it is called a fractal BS [7, 13,
31, 43]. This equation was first introduced for the
geomorphological investigations based on a
power-law relationship between the variances of
elevations versus the intervals of the variances
[26]. Also the same variographic equation (Vario-
Fractal) was used in order to analyze the
independency of Bouguer anomalies from
topographic gradients in SW of Iceland [27] as well
as in Charak oil field of Iran after revising and
conducting the compatibility check with the GIS
software [43]. The Variance-Distance (V-D)
equation is of fractal type, which indicates a power-
law relationship between the variances of
elevations (Vx), the distance of variances
(intervals) (Dvx), and the fractal dimension (FD) as
follows:

Vx = Dvx P (1)

In order to convert Equation 1 to the vario-fractal
equation (Equation 2), a logarithmic scale is
necessary:

Log (Vx) =FD Log (Dvx) 2)

where Log (Vx) and Log (Dvx) are the
logarithms of variances of the points on contoured
maps and the measured distances between them
(variance intervals), respectively. Also FD is the
fractal dimension. A log-log plot was utilized in
order to illustrate the cumulative relation of Vx
versus Dvx in the density functions [26, 27, 31].
"Spatial Analyst, SA", is a GIS-based software
used to obtain the variance-distance equation
through the fast and accurate interpolating
algorithms [43-46]. This soft-package is a powerful
tool for summarizing the statistical tables and
communicating with other software applications
such as Excel, used here to draw the vario-fractal
diagrams. From a geostatistical viewpoint, the
concept and the variability of this equation are
similar to those of variographs. Therefore, the
meaning of FD changes in BSs is similar to the
meaning of semi-variograms to achieve the "range"
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of a distribution. The distinction between these two
algorithms lies in the self-organization of naturally
occurring distributions, which can be identified
based on the FD changes. By this definition, a self-
organized pattern is the natural tendency of
elements to migrate in the fluid Medias (such as
hydrothermals) along with the multiplicative
cascade processes [47]. Also it seems that a large
scale diffusion-aggregation process results in the
geochemical self-organization of elements in the
primary stages of mineralization [31]. In the
current research work, we used the V-D equation
to optimize the variographic characteristics of
elements according to fractal conceptual
algorithms, which can be utilized to find geometric
inter-relation of primary geochemical halos at
logarithmic scales. In a geochemical dataset
surveyed for purposes of ore-mineral explorations,
a Brownian Surface (BS) is a fractional surface
appearing in fractal density functions (on log-log
plots) for delineation of the pattern of
multiplicative cascade processes of ore-elements at
the edge of chaotic distributions.

From the geochemical-fractal viewpoints,
mineralization is a small but proper stage of
numerous migration of elements and their
crystallization from magmatic fluid-flows, which
can be stated at 2 < FD < 3 [28]. For example, in
the Queensland ore deposits, the noteworthy stages
of gold mineralization are often syngenetic with
quartz-colloform facies [48], and denote the
relation between the ore-bearing processes and the
non-linear texture growth during multiplicative
cascade processes of epithermal systems [49]. In
addition, it seems that in the epigenetic
mineralization processes located in the marginal
volcanic basins (e.g. SEDEX ore-deposits), most
mineralized regions were characterized by self-
organized elements in geometric correlation with
BSs.

4.2. Research Methodology

Fractal Dimension (FD) is a parameter that is
independent from the central tendencies as well as
the distribution parameters, which for 2D arrays,
denote self-similar peculiarities of distribution on
BSs [7, 31]. In calamine, FD changes were
calculated in order to achieve fractal surfaces of
elements using a set of field data. Hence, a total of
180 litho-samples were collected and interpolated
by the geostatistical techniques in order to
determine the priority of geochemical zonation of
indicator/pathfinder elements around ore-deposits.
At first, the correlation and Poisson distribution
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coefficients were calculated and illustrated by the
data in Table 1 for the set of indicator and
pathfinder elements.

In this table, Pb has linear correlations with Ag,
Sb, Fe, and Cd, and Zn has the same correlations
with Sb, Cd, Fe, Ni, Pb, and As. The relation of the
main ores (Zn and Pb) with trace elements is of a
linear type, proportioned to As, Sb, and Fe contents
for Pb mineralization, as well as to Sb, Cd, Fe, and
Ni contents for Zn. Although the increase in
correlation coefficients can be interpreted as a

Journal of Mining & Environment, Vol. 12, No. 1, 2021

closer relationship of elements, their dependency
on sampling procedures as well as distribution
parameters increase the BIAS during non-
systematic surveys (discrete sampling). Presuming
this and owing to the Poisson distribution of
elements (Table 1), it seems that replacing the
linear results with fractals is a necessary approach
for a BIAS decrease and evaluating the tendency of
elements to self-organize in the volcanogenic
environments.

Table 1. Correlation coefficient and possibility of Poisson distribution indicator and pathfinder elements of
calamine mine (A: expected mean; A1: background; A2: anomalies).

Supra-ore elements

Redox elements Sub-ore elements

Pb Zn Ag Sb As Ba Fe S Cd Cu Ni Co Cr

Correlation Pp 100 057 057 081 039 024 0.79 041 054 0.06 031 019 0.12
Coef. Zn 057 1.00 022 075 055 042 0.65 035 066 002 062 038 0.11
Poisson dist. M 030 038 074 038 045 044 0.40 040 030 053 055 065 0.53
Coef. A2 035 073 029 051 060 045 0.42 030 037 031 041 053 037

In this research work, a V-D equation (Eq. 2) was
applied in order to modify the linear regression
results. This equation is a logarithmic expression
for revealing BSs as the geometric features related
to geochemical zonation of elements at the edge of
chaos [7]. The presence and continuity of fractal
surfaces are scale-invariance, in the range of 2.5 >
FD > 2 [27]. Accordingly, a Brownie surface
indicates a realized tendency of elements toward a
non-linear distribution, which is usually related to
the initialized/primary stages of mineralization in
deeper/hypogene environments [49-51]. In the
geochemical exploration, BS correlation represents
a series of paragenetic elements that exist in the
presence of each other, as expected in the hypogene
environments. Comparison of the regression
coefficient values (Table 1) with FD changes, as
can be seen in Table 2, indicates the reliability of
the vario-fractal equation in realizing geochemical
zonation of elements in the calamine region. In
order to find the precursor role of trace-elements,
their geochemical inter-relations must be stated by
the power-law function, where the measured
intervals (Dvx) are a function of calculated
variances (Vx). Thereby, after interpolating the
gradient values of elements, the fractal surfaces can
be delineated on logarithmic diagrams for
prioritizing the mineralization potentials based on
the zonation of elements.
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5. Results and Discussions

Obtaining the BSs of elements as non-linear
evaluation criteria for mineralization potentials is a
new hypothesis, proposed here for the purpose of
prospecting ore minerals in the calamine region.
Accordingly, Pb, Zn, Sb, Ag, As, and Ba were
considered as supra-elements, while Cu, Co, Ni,
Cr, and Cd were regarded as sub-ores. In addition,
Fe and S were discussed as two redox elements, as
follow:

5.1. Analyzing Fractal Surfaces of Elements
A. Ores with Real BSs

A.1. Pb (supra-ore indicator): According to
Table 2, a real Brownie has appeared in Pb at FD =
2.15 by measuring the gradient of concentration
(28382 to 33466 ppm) at 17 to 21 m away from the
center of anomaly (38657 ppm). As depicted in
Figure 8A, Pb anomaly is of a limited self-
organized type, denoting an intrinsic correlation
with calamine’s geochemical zonation (CGZ) as a
local indicator.

A.2. Zn (supra-ore indicator): According to
Table 2, a real Brownie has appeared in Zn at FD =
2.68 by measuring the gradient of concentration
(24619 to 33495 ppm) at 52 to 98 m away from the
center of anomaly (38480 ppm). As depicted in
Figure 8A, Zn anomaly is of an extended self-
organized type, denoting an intrinsic correlation
with CGZ as a regional indicator.
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A.3. Sb (supra-ore pathfinder): According to
Table 2, a real Brownie has appeared in Sb at FD =
2.63 by measuring the gradient of concentration
(267 to 2169 ppm) at 37 to 65 m away from the
center of anomaly (128 ppm). As depicted in
Figure 8A, Sb anomaly is of a real and extended
self-organized type, denoting intrinsic correlation
with CGZ as a regional pathfinder.

A.4. Ag (supra-ore indicator): According to
Table 2, a real Brownie has appeared in Ag at FD
= 2.02 by measuring the gradient of concentration
(508 to 1062 ppm) at 15 to 17 m away from the
center of anomaly (63 ppm). As depicted in Figure
8B, Ag threshold is of a limited self-organized
type, denoting an intrinsic correlation with CGZ as
a local indicator.

A.5. Cu (sub-ore pathfinder): According to
Table 2, a real Brownie has appeared in Cu at FD
= 2.14 by measuring the gradient of concentration
(79 to 115 ppm) at 19 to 29 m away from the center
of anomaly (121 ppm). As depicted in Figure 8B,
Cu anomaly is of a limited self-organized type,
denoting an intrinsic correlation with CGZ as a
local pathfinder.

Journal of Mining & Environment, Vol. 12, No. 1, 2021

A.6. Co (Sub-ore pathfinder): According to
Table 2, a real Brownie has appeared in Co at FD
= 2.05 by measuring the gradient of concentration
(11 to 16 ppm) at 23 to 32 m away from the center
of anomaly (21 ppm). As depicted in Figure 8B, Co
threshold is of a limited self-organized type,
denoting a deeper intrinsic correlation with CGZ as
a local pathfinder.

A.7. Ni (Sub-ore pathfinder): According to
Table 2, a real Brownie has appeared in Ni at FD =
2.31 by measuring the gradient of concentration
(55 to 76 ppm) at 14 to 18 m away from the center
of anomaly (87 ppm). As depicted in Figure 8C, Ni
anomaly is of limited self-organized type, denoting
a deeper intrinsic correlation with CGZ as a local
pathfinder.

A.8. Cr (independent sub-ore element):
According to Table 2, two real Brownies have
appeared in Cr at FD = 2.69 and FD = 2.71 by
measuring the gradient of concentration (14 to 37
ppm) at 67 to 163 m away from the center of
anomaly (50 ppm). As depicted in Figure 8C,
although Cr threshold is of an extended self-
organized type, it is uncorrelated with CGZ
geometrically.

Table 2. V-D model for metals with Real BSs (FD: Fractal Dimension, BS: Brownian Surface, Var: Variance, D:
Distance (m), Dn-Dmin: Differential Distance (m), Cum Area: Cumulative Area).

Element Cum area D (m) Dn-Dmin Grade (ppm) Var Log (Dn-Dmin) Log (Var)  Slope FD BS
1375 20.93 8.00 2838243 105578715.74 0.90 8.02 2.15

Pb 925 17.16 4.233 33466.10 26951468.74 0.63 7.43 215 Real
30225 98.11 85.18 24619.84 192125751.94 1.93 8.28 2.29

Zn 18025 75.77 62.84 28698.96 95684086.64 1.80 7.98 290 2.68 Real
8625 5241 39.48 33495.98 24848277.90 1.60 7.40
13550 65.69 52.76 81.52 2169.24 1.72 3.34 3.18

Sb 9425 54.79 41.86 95.85 1039.62 1.62 3.02 246 2.63 Real
4300 37.01 24.08 111.76 266.84 1.38 2.43 1.76

Ag 900 16.93 4.00 30.96 1062.94 0.60 3.03 2.03 2.03 Real
350 15.71 2.78 41.01 508.62 0.44 2.71 0.95
2700 29.32 16.39 79.0651 2236.33 1.21 3.35 2.27

Cu 1800 23.94 11.01 98.2484 906.41 1.04 2.96 2.06 2.14 Real
1175 19.34 6.41 115.1245 296.89 0.81 2.47 3.06
3300 3242 19.49 11.33 97.24 1.29 1.99 1.91

Co 2350 27.36 14.43 13.80 54.67 1.16 1.74 2.17 2.05 Real
1700 23.27 10.34 16.04 26.52 1.01 1.42 2.44
1025 18.07 5.14 55.09 1021.90 0.71 3.01 1.66

Ni 825 16.21 3.28 65.05 484.46 0.52 2.69 2.05 231 Real
675 14.66 1.73 76.47 112.02 0.24 2.05
52575 129.40 129.40 21.08 861.56 2.11 2.94 1.08 2.69 Real

Cr 22550 84.74 71.81 32.68 315.01 1.86 2.50 2.63 2.71 Real
14450 67.84 5491 37.95 155.64 1.74 2.19 1.70
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B. Non-Ores with Real BSs

B.1. As (precursor pathfinder): According to
Table 3, a real Brownie has appeared in As at FD =
2.63 by measuring the gradient of concentration
(84 to 112 ppm) at 94 to 179 m away from the
center of anomaly (130 ppm). As depicted in
Figure 8D, As anomaly is of an extended self-
organized type, denoting an intrinsic correlation
with CGZ as a proper regional pathfinder.
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B.2. S (redox indicator): According to Table 3,
a real Brownie has appeared in S at FD = 2.20 by
measuring the gradient of concentration (24393 to
33482 ppm) at 24 to 40 m away from the center of
anomaly (38710 ppm). As depicted in Figure 8D, S
anomaly is of a limited self-organized type, which
may locally be related to the redox condition of
CGZ.

Table 3. V-D model for non-metals with Real BSs (FD: Fractal Dimension, BS: Brownian Surface, Var:
Variance, D: Distance (m), Dn-Dmin: Differential Distance (m), Cum Area: Cummulative Area).

Element Cum area D (m) Dn-Dmin Grade (ppm) Var Log (Dn-Dmin) Log (Var) Slope FD s
100650 179.04 166.11 84.8843 2013.48 2.22 3.30 2.50
As 61425 139.86 126.93 97.7117 1026.84 2.10 3.01 2.76  2.63 Real
27750 94.01 81.08 112.4831 298.36 1.91 2.47 1.30
5175 40.60 27.67 24393.12 204992930.97 1.44 8.31 2.24
S 3300 3242 19.49 29047.86 93370360.91 1.29 7.97 234 220 Real
1900 24.60 11.67 33483.00 27328838.93 1.07 7.44

C. Ores with Near BSs

C.1. Cd (sub-ore pathfinder): According to
Table 4, a near Brownie has appeared in Cd at FD
= 1.67 by measuring the gradient of concentration
(397 to 339 ppm) at 14 to 16 m away from the
center of anomaly (449 ppm). As depicted in
Figure 8E, Cd anomaly is of a limited quasi-fractal
type, although it indicates a relative geometric
correlation with CGZ as a local pathfinder.

C.2. Fe (redox indicator): According to Table 4,
a near Brownie has appeared in Fe at FD = 1.83 by
measuring the gradient of concentration (94961 to
111952 ppm) at 22 to 33 m away from the center
of anomaly (129044 ppm). As depicted in Figure
8E, Fe anomaly is of a limited quasi-fractal type,
which may locally be related to the redox condition
of CGZ.

Table 4. V-D model for metals with Near BSs (FD: Fractal Dimension, BS: Brownian Surface, Var: Variance, D:
Distance (m), Dn-Dmin: Differential Distance (m), Cum Area: Cummulative Area).

Element Cum area D (m) Dn-Dmin Grade (ppm) Var Log (Dn-Dmin) Log (Var) Slope FD BS
850 16.45 3.52 339.38 12210.69 0.55 4.09 1.67
Cd 1.67294 Near
650 14.39 1.46 397.07 2789.11 0.16 345
F 3575 33.74 20.81 94961.56 1161622129.94 1.32 9.07 1.84 N
¢ 1625 2275 9.82 11195276 292115366.02 0.99 8.47 car

D. Non-Ores with Near BSs

D.1. Ba (precursor pathfinder): According to
Table 5, a near Brownie has appeared in Ba at FD
= 1.60 by measuring the gradient of concentrations

(7939 to 11178 ppm) at 14 to 19 m away from the
center of anomaly (12619 ppm). As depicted in
Figure 8F, Ba anomaly is of a limited quasi-fractal
type, indicating its lack of precursory for other
elements.

Table 5. V-D model for non-metals with Near BSs (Ba) (FD: Fractal Dimension, BS: Brownian Surface, Var:
Variance, D: Distance (m), Dn-Dmin: Differential Distance (m), Cum Area: Cummulative Area).

Cum area D (m) Dn-Dmin Ba (ppm) Var (Ba) Log (Dn-Dmin) Log (Var) Slope FD BS
1150 19.14 6.21 7939.64 21903002.79 0.79 7.34 1.95
875 16.69 3.76 9745.74 8259701.84 0.58 6.92 1.46  1.60344 Near
650 14.39 1.46 11178.65 2076655.36 0.16 6.32
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Figure 8. V-D density function for pathfinder elements of calamine (13 element). Blue indicates real BS
and green indicates near BS.

5.2. Priorities of Target-Areas for Prospection

Calamine PGZE has been prioritized in 6 target
areas (shown in Figure 9) for further prospection
by comparing BSs of elements, summarized in
Figure 8. Accordingly, the suitability of
geochemical distribution patterns depends on the
presence and the orderly zoning of As, Zn, Cr, Sb,
S, Co, Cu, Pb, Ni, and Ag. Also for other pathfinder
elements (Fe, Ba, and Cd), the distribution patterns
are of quasi-fractal types, appearing in near
Brownies. For the series of paragenetic elements, a
proper and orderly zonation, as expected in fractal
geometry, should be specified by inter-relation of
elements within self-organized populations [49].
Apart from the priorities of calamine ore-bearing
geological formations, arsenic has the largest
Brownie, while the smallest one belongs to Ag and
Cd. Among the elements that have naturally
reached their BSs (Figure 9), As, Sb, and Zn have
the same parameters in FDs and self-similar
populations. The above-mentioned elements have
been extended well in the background of other
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elements, representing the presence and effect of
post-magmatic stages of mineralization. Cr is the
only independent element whose Brownie has no
correlation with Brownies of As, Pb, and Zn.
Owing to the inter-relation of fractal surfaces, 6
target areas, as summarized in Figure 9, are
introduced as follow:

Target No.1 (T1): Here, an effective correlation
can be seen between As, Sb, Pb, Zn, Ag, and Cd.
All surfaces are of fractal types (Brownie at FD >
2). The maximum Ag content is at the point where
it overlaps with Pb. Presence of various Brownies
and their proper correlations with each other is a
good zoning indication of elements at T1 (priority
No.1 for Zn and Pb exploration).

Target No. 2 (T2): Here, another effective
correlation can be seen between As, Sb, Pb, and Zn.
Also Pb has a partial correlation with Fe due to the
iron's quasi-fractal distribution. The lack of sulfur’s
fractal distribution indicates a dominant oxidizing
condition. Like T1, the presence of BSs and their
correlation with each other is an indication of the
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relative zoning of elements. However, in the
absence of Cd, the concealed mineralization
potential of Zn may be decreased.

Target No. 3 (T3): Here, in addition to a set of
supra-ore elements (Pb, Zn, As, Sb, Ba), two
middle-ores (Cd, Cu) and one sub-ore (Ni) plus
iron are in an efficient correlation with each other.
Except for As and Ba, self-similar population of Pb
is independent from the others. Although fractal
distribution and Pb-Cd relation is the same as T1,
in the absence of Pb, the relative correlation of
middle-ores can be utilized for deeper explorations.

Target No. 4 (T4): Here, another set of the
elements including Zn, As, and Sb, as supra-ore
elements, Cu, as middle-ore element, and Ni and
Co, as sub-ore elements can be seen in correlation
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with S as a redox element. Additionally, since T4
has S and lacks Pb, it shows a possible enriched
zone under the erosion shearing surface.

Target No. 5 (T5): Here, the fractal distribution
of elements is like the one for T1, and the
discrepancy is that T5 lacks BSs of Cd and Ag,
representing a closer proximity to the erosion
shearing surfaces (note that Ag is present but never
reaches a fractal surface).

Target No. 6 (T6): Here, the fractal distribution
of elements is significantly similar to that of T4.
The only difference is that T6 lacks a Co’s
Brownie, while for Ni, it is developed just as in Cd
and Fe. Moreover, a geometric proximity between
Fe and S represents the overall redox condition of
this area.

CALAMINE V-D MODEL
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Figure 9. Prejudice map obtained from the V-D model in the calamine mine of Mehdiabad, Yazd. The geometric
location of BSs is circular to represent a symmetrical distribution of self-similarities on fractal surfaces.
According to FD variations, the first 10 elements have real BSs, while the last 3 elements contain near BSs.

5.3. Mineralogical evidences of PGZE

Considering the redox condition discrepancy
between T2 and T4 and owing to the sphalerite
mineralization distinction at T4 (Eh <0) is opposite
to the paragenesis of hemimorphite-goethite at T2
(Eh > 0). Overall, 4 litho-samples from T2 and T4
were taken and prepared in order to mark the
advantage of vario-fractal modeling to predict
hypogenic potential of mineralization by means of
primary geochemical pattern recognition in the
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surficial halos (Figure 10). Owing to a considerable
sphalerite phenocrysts (micrographs: A and B), T4
has a sulfide-rich mineralogical aggregation, as
expected in the SEDEX deposits, which is in
accordance with fractal evidence of PGZE (see
Figure 10). On the other hand, T2 has no sulfide
minerals, which  dominantly consist of
hemimorphite mega crystals in the ground of
quartz and gypsum, although it may be replaced by
hematite-goethite and smithsonite under surficial
oxidizing conditions simultaneously (micrographs:
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C and D). From both the mineralogical and vario-
fractal viewpoints, T4 has a better aggregation of
sulfide-rich ore minerals than T2, and according to
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the non-linear analysis of geochemical dataset, T4
contains a better PGZE than T2.

‘g ¢

L Hematite

Figure 10. The mineralogical aggregation of Zn and Fe ores among the reducing and oxidizing conditions of T4
and T2, respectively.

6. Conclusions

In this paper, the first emphasis was on the
delineation of Brownian surfaces of the calamine’s
typomorphic elements using the vario-fractal
equation. Where an element is in a self-organizing
condition, its Brownie can be regarded as a new
geometric criterion for inter-relation with other
elements. In such a case, the Brownies contain a set
of self-similar populations that may locally be
correlated with primary zonation of ore elements
due to the deep mineralization processes.
According to Table 1 and Figure 8, the results of
comparisons of the correlation coefficients of the
calamine's typomorphic elements with the FD
changes are as follow:

e Comparison of the Pb and Zn correlation
coefficients with those of Fe, Sb, Ni, and Cd
indicates paragenesis of the main ores with a
number of pathfinder elements. Meanwhile, a
tendency towards exponential distribution can be
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expected for the elements that have a Poisson
distribution. Accordingly, it cannot be claimed
that the calamine’s geochemical zonation can be
realized well using a simple Poisson distribution;
rather, it can be claimed that the vario-fractal
equation reduces the random diffusive effects in
geochemical zonation by geometric delineation
of BSs.

e BSs of As, Sb, Zn, and Cr are of extended types
in contrast with Pb, Ag, Cu, Ni, and S, which are
of limited types. Moreover, Fe, Ba, and Cd well-
appear in near Brownies as representing quasi-
fractal populations (1.5 > FD < 2). Hence, 10
elements of the 13 selected elements reached an
optimum FD (3 > FD > 2), which probably
coincided with the mineralization events but the
other three elements with FD < 2 appeared in
quasi-fractal populations (1.5 > FD < 2).

e Comparison of the fractal surfaces of Cd and Ba
with real Brownies of other elements reveals
their spatial relations with the underlying
mineralization of Pb and Zn.
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e TIron’s correlation coefficient has a significant
difference with its FD, and indicates that this
element, rather than being a pathfinder element,
represents the redox condition of the
geochemical environment.

e Comparison between the correlation coefficient
and FD changes of Cr indicates that its Brownie
extended well without geometrically overlapping
with other elements. This means that the relevant
sources to Cr fractal distribution are
geochemically different from other sub-ores of
the region.

The second emphasis in this paper was on
introducing a vario-fractal model to reveal
geochemical zonation of 13 indicator and
pathfinder elements in six target areas located in
the central and southwestern part of the calamine
region, as shown in Figure 9. Applications and
advantages of this model are as follow:

e Zinc mineralization is a noteworthy potential in
all 6 targets as, compared to Pb, it has a more
extended BS and a relatively unified distribution
level. On the other hand, the Pb potential seems
to be limited to T1, T2, T3, and T5, where it is
properly correlated with BS of Zn.

e Inthe vario-fractal modeling, the recognition and
prioritization of pathfinder elements are
conspicuously different from those used in the
linear models.

e Considering the correlation coefficient of
elements, Ag is a footprint of possible Pb-Ag
mineralization in the T1 depth. Moreover, the
correlation between BSs of Ag and Pb is
optimum, giving rise to the same result as in the
linear methods. Since in T1 the Ag content has
reached an optimum FD, its geochemical
zonation can be utilized for correlation with other
elements such as Pb; this is while Ag lacks this
condition in other promising areas, and
consequently, does not have any suitability for
path-finding.

e Owing to the Brownies of Ag and Cd and their
correlation with fractal surfaces of other
indicators, the non-linear distribution of
elements, with emphasis on Pb, is well self-
organized in T1 and TS5, and denotes their
advantages for a deep mineralization exploration.

e For T4 and T6, the position of Brownies for Fe
and S may locally indicate the continuity of Zn
mineralization under the redox conditions. Also
the presence of sulfur zonation and its constraint
on T4 and T6 indicates geochemical distributions
under the reducing conditions. Unlike iron, the
sulfur’s FD is optimum and correlates with
Brownies of Sb, Zn, Ni, and Co geometrically.
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e In contrast to T4 and T6, the redox pathfinders of
T2 and T3 have appeared in near Brownies under
the oxidizing conditions. Since the increase in the
random FDs is due to stochastic processes of
supergene environments, the T2 and T3
stochastic distances were estimated at 60 to 80 m
off the center of Fe distribution as surficial radius
of erosion shearing of geochemical anomalies in
a non-sulfide mineralization event.

e Owing to the precursory role of As in
hydrothermal deposits, the Pb mineralization
event is potentially related to T1, T2, T3, and T5.
Also the potential of T1, T4, and T6 for Zn
mineralization is more than in the other target
areas. By an enrichment assumption, under the
reducing conditions, T4 and T6 can be suggested
for a further deeper exploration.

e Nickel's Brownie is extended well in T4, T6, and
T3 and so displays an orderly zonation to
accompany other elements. T4’s Brownies of Ni,
Co, Cu, and Zn are in optimum ranges, well
overlapped with each other, which is indicative
of more chances of exploration.

e The final model illustrates the importance of FD
changes in geochemical setting of the calamine’s
non-sulfide ore-deposit quite well. Since this is
the first time this model is being applied, the
differences between the linear regression results
and the current fractal model can be considered
as a criterion for modifying the concept of
mineralization as well as revising the priorities of
explorations. In fact, this is a geometric pattern
for recognition of orderly distribution of
elements in the central and southeastern parts of
calamine in such a way that spatio-temporal
zonation of elements correlate with particular
sequences of Cretaceous formations as
mineralization of host units. This may lead to the
conclusion that the calamine’s mineralization
event, as expected in the SEDEX ore-deposits, is
not of a surficial type due to paragenetic
elements’ self-organization and their geometric
correlations with each other. At the end, it should
be noted that using linear approaches, realizing
such a scale-invariant zonation of elements
explained here for hydrothermal mineralization
under random diffusive condition and
multiplicative cascade processes of exhalative
phases is quite impossible.
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