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Abstract

The Zarshuran Carlin-like gold deposit is located at the Takab Metallogenic belt in the northern part of the
Sanandaj-Sirjan zone, NW Iran. The high-grade ore bodies are mainly hosted by black shale and cream to
gray massive limestone along the NNE-trending extensional fault/fracture zones. The aim of this
investigation was to determine and separate the gold mineralized stages based on the surface litho-
geochemical Au, Hg, and As data using the Concentration-Area (C-A) fractal model and stepwise factor
analysis in the Zarshuran gold deposit. Three mineralized stages were determined by the C-A fractal
modeling and factor analysis, which were correlated with the mineralized stages from geological studies. The
main stage of Au mineralization was higher than 1.995 ppm, which was correlated with the main sulfidation
stage, whereas the As and Hg highly intense anomalies (higher than 6409 and 19 ppm, respectively) were
associated with the quartz-sulfide veins and veinlets. The results obtained by the C-A fractal model and
stepwise factor analysis showed that the main gold mineralized stage occurred in the southern part of the
Zarshuran deposit, which was correlated with the geological particulars.

Keywords: Litho-Geochemical Anomaly, Concentration-Area Fractal Model, Stepwise Factor Analysis,
Zarshuran.

1. Introduction

The Zarshuran sedimentary rock hosting the
Carlin-like gold deposit (SRHGD) is located at
the Takab Metallogenic belt in the northern part of
the Sanandaj-Sirjan zone, NW Iran (Figure 1a).
The N-NW-trending Takab structural belt hosts
several middle Miocene magmatic systems and
the related world-class epithermal gold deposits
such as Zarshuran [1-3], Sari Gunay [4, 5], and
Aghdarreh [3, 6]. The exploration history of gold
prospecting in the Zarshuran area commenced a
hundred years ago based on orpiment and realgar
mining in the Takab area [7]. Systematic
exploration in the Zarshuran deposit began in the
1990s by the BHP Co and Ministry of Mines and
Metals of Iran, and then continued by the Anglo
American Exploration and Minorco Co from 1996

to 2003. Several aspects of exploration including
the geology, geochemistry, and geophysics were
carried out by Geological Survey of Iran, Mineral
Export Co, Minor Co, and Anglo American
Exploration Co. Detailed explorations were also
continued towards the peripheral parts to
determine the extent of high-grade ore bodies in
the lateral portions. The studies have shown that
the Zarshuran gold deposit contains an estimated
resource higher than 80 t Au with average grades
between 3 and 4 g/t Au [3]. However, the final
reserve estimation using the 3D geostatistical
methods on 47 drill core data and resource
classification by JORC standard in the Zarshuran
gold deposit indicated a resource of 100 t Au at
grades of 4.24 g/t Au [8, 9].
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Several investigations including the geology,
genesis, and nature of the ore-forming fluids [1, 2,
10, 11], remote sensing, geophysics, and genesis
of high grade ore bodies [12], and mineralogy of
ore-stage paragenesis have been carried out at the
Zarshuran gold deposit [3, 6]. However, the roles
of the major tectono-deformational events,
magmatism, ore controls, potential source rock for
gold mineralization, overall sources for fluids and
metals, and timing of gold mineralization are still
the matters of debate. Furthermore, previous
studies did not address the regional geochemical
anomaly detection and delineation of the
mineralization stages using the litho-geochemical
data.

The fractal geometry established by Mandelbrot
(1983) [13] is a non-linear one, and has been
widely applied in geosciences [13-33]. Cheng et
al.  (1994) [16] have proposed the
Concentration—Area (C—A) fractal model for
delineation of different geochemical populations,
especially for hydrothermal deposits that have
been an evolution in the geochemical studies for
determination of various elemental anomalies and
related mineralized stages from background.
Fractal dimensions in geological and geochemical
processes correspond to the variations in physical
characteristics such as lithology, vein density or
orientation, fluid phase, alteration phenomena,
and structural feature or dominant mineralogy
[18]. Heidari et al. (2013) [33] have used the C-A
model for separation of mineralized stages in the

Touzlar gold deposit.
Multivariate methods are proper for that aim
because the relative importance of the

combinations of geochemical variables can be
evaluated. Additionally, the ore element with its
paragenesis is modeled in  geochemical
explorations, which have been widely used for
interpretation of the stream sediment and
lithogeochemical data (e.g. [34-38]). The main
purpose of factor analysis is to describe the
variations in a multivariate dataset (values of
different elements in this study) by a few factors
as possible and to detect the hidden multivariate
data structures for determination of elemental
paragenesis [39]. The stepwise factor analysis
proposed by Yousefi et al. (2012) [38] is an
applicable method for a better generation of the
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factors that could be the separation of paragenesis
elements in different types of ore deposit.

The main aim of this work was to determine and
delineate various mineralized stages in the
Zarshuran deposit using the C-A fractal model
and stepwise factor analysis. Moreover, fractal
modeling was used for the results derived via the
stepwise factor analysis, and correlated with
geological modeling for delineation of the stages
and sub-stages of gold mineralization in the
Zarshuran deposit. Furthermore, the hybrid
modeling implicated using paragenesis of Au for
recognition of the gold mineralized stages in the
area. The results obtained by the multi-fractal
modeling and stepwise factor analysis were
correlated with the geological particulars in this
deposit.

2. Geological setting

2.1. Regional geology and stratigraphy

The Takab Metallogenic Belt (TMB) consists of
allochthonous rock formations that are formed in
an active continental margin. The geotectonic
history of TMB is characterized by the subduction
and accretion events accompanied by periodic
deformation,  plutonism,  volcanism,  and
reorientation of structural features [41-43].

Rock units in the area are comprised of three

stratigraphic ~ groups including Jangutaran,
Chaldagh, and AmirAbad [40]. The age of these
sedimentary successions ranges from

Neoproterozoic to early Paleozoic, and the
dominant lithologies are metamorphosed and
deformed massive to thick-bedded Ilimestone,
black shale, siltstone, and conglomerate together
with tholeiitic to calc-alkaline mafic and bimodal
flows and volcanoclastics. The high angle
N-NE- and NW-trending strike-slip faults may
have played a major role during the sediment
deposition and evolution of the basin [2, 11].
TMB comprises several large
deposits/occurrences including the Zarshuran
Au-As and Aghdarreh Au-Sb-Hg deposits [1-6],
Touzlar Au-Ag (Cu) [44, 33], Anguran Zn-Pb
deposit [45-48], Bayche Bagh Cu-Ni-Co deposit
[49-52], and other numerous unknown small
deposits/occurrences (Figure 1b).



Aliyari et al./ Journal of Mining & Environment, Vol.8, No.4, 2017

EQ SE B Urunich Dok M Ar Mesozoic (7)- N
i i Ay cogene
h Flil;- bw Bl Cremconus Volcanics Quaternary Intrusive rocks
Wuran-Agh | [ Fanandaj-Siren Lone Travertine I Diabasic dikes
N 0 awros told et [J0Id terrace Q11 I Quartzporphyre-uplite
= Tehran A Main Zagros Thrust B Grite
2 1

Au depositprospectidisricts Neagene o

4 [ Granodiorite

W Polygenetic Conglomerate B Ouartzdioriic

I Andesite and basalt flows
Tuff and breccia Neoproterozoic- Cambrian

[ Massive limestone Thick-bedded dolomitic limestone
R + Scrpentinitc, diabuse, and basaltic flows
Massive limestone and marl W Amphibolite with serpentinite intercalations
Red conglomerate and sandstone . Marble

General symbuols W Mica schist and quartzite

— Nomal favlt & Pb-Zn deposit - M:hmurFllumd ull.nfnmﬁc-mnﬁc flows

- Inferred fault  * Au-As-Sb deposit ™ Intercalations of gneiss and marble

= Suike slip fault * Non-metallic deposit

=— Thrust * Fedeposit t
== Fold axis 7 Village ) 12 (3
¢ Cu deposit K

37°00"N

-

-
-
-

36"4I5'0"N
36°45'0"N

N

W,

.,l \

47°0'0"E

[
47°15'0"E

Figure 1. a) Location of Zarshuran-Aghdarreh and other Iranian gold deposits in Sananndaj-Sirjan zone; b)
Schematic regional geological map of Takab-Zanjan area, NW Iran, showing major tectonic units,
volcano-sedimentary sequences, and location of major deposits/occurrences (Modified from Babakhani, A. and
Ghalamghash, J. (1990) [40]).
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2.2. Deposit geology

The Zarshuran gold deposit exhibits the
metamorphosed siliciclastic and carbonate rocks
of Neoproterozoic to early Paleozoic age, volcanic
rocks of Tertiary age, and sedimentary units of
Quaternary age (Figure 2). These rock units
consist of the metamorphosed Iman Khan
Complex, Chaldagh metalimestone, Zarshuran
black shale, and recrystallized limestone, mostly
assigned to the Neoproterozoic to early Paleozoic.
The Iman Khan Complex consists of an up to
500-m-thick sequence of deep green to greenish
gray, mylonitic sericite-chlorite-serpentine-quartz
schist.  This complex comprises highly
metamorphosed and deformed oldest rocks and
strata in outcrops and drill cores (Figure 2). In
addition, the Iman Khan Complex thrust upon and
mostly contain tectonic slices of carbonate and
siliciclastic (calc schist) rocks. The carbonatic
Chaldagh rock wunit comprises laminated,
thick-bedded to massive, non-fossiliferous, locally
argillaceous limestone, wackstone, and local
packstone (Figure 2). The unit ranges from 100 to
200 m in thickness, and varies from dark gray to
black to creamy to buff colored in unaltered
outcrops.

The Zarshuran Black Shale with more than 150 m
thickness conformably overlies the Chaldagh
sequence. It is typically composed of an
organic-rich, pyritic, locally graphitic black to
dark gray carbonaceous shale to siltstone with
fine-grained greywacke interbeds (Figure 2). The
Zarshuran black shale is a moderately to intensely
metamorphosed unit, and fragmented with high
angle, normal faults, brecciated, and clast-in
matrix textures. It also hosts the gold ores,
especially  along  horizons of increased
permeability such as calcite- and debris flow-rich
parts. The recrystallized limestone includes an up
to 100-m-thick sequence of pink to brown,
metamorphosed, medium- to thick-bedded,
argillaceous dolomitic limestone.

These rocks are typically metamorphosed and
silicified but do not comprise the host units for the
mineralized zones. These sedimentary rock units
strike NW (~45°) and dip gently NE at an average
25 to 35° with minor changes in dip that could be
attributed to  dissolution collapse  during
hydrothermal alteration (Figure 2).

High-angle faults with normal intersections can be
divided into two sets based upon cross-cutting
relationships and stratigraphic displacements
(Figure 2). These structures vary from NW- to
NE-trending that offset the Neoproterozoic to
lower Paleozoic rocks. It seems that the

596

E-NE-trending high-angle normal faults are the
youngest structures in the Zarshuran mining area.
Moreover, there is an E-W trending fault system
that inferred to be older and deeper than the
former structures.

Neogene igneous rocks including the volcanic
rocks, flows, tuffs, and intrusive bodies were
emplaced episodically during the igneous activity
of TMB [4]. The felsic to intermediate volcanic
rocks form a locally distributed sequence of
sparsely porphyritic lava flows that conformably
overlies the Neoproterozoic to early Paleozoic
sequences. The units range from andesitic to
trachy andesitic porphyry, weakly propylitically
(chloritized) altered flows and tuff, 30 to
100-m-thick, were erupted in the southern part of
the district.

The Miocene to Pliocene microdiorite, ranging in
thickness from 50 to 100 m, cross-cuts the
metamorphosed limestone and siliciclastic rocks.
This unit is grayish white with a slight rusty
coating on weathered surfaces and greenish gray
in fresh surfaces and drill cores. This unit is
dominantly composed of quartz phenocrysts and
plagioclase with a lesser amount of biotite and
muscovite. The unit was affected by intense
argillic and sericitic and moderate chloritic
alteration. Although the microdiorite appears to be
magmatic in nature, it distinctly follows a specific
horizon that is traceable on surface outcrops and
drillcores. The volcanic and plutonic units are
distinguished by mildly alkaline (high K)
geochemical affinity and Miocene to Pliocene in
age that was attributed to a collisional tectonic
setting [6]. Quaternary travertine conformably
overlies all older sequences and forms a narrow
outcrop in the upper central parts of the district.

2.3. Hydrothermal alteration and gold
mineralization

Hydrothermal alteration associated with gold
mineralization in the Zarshuran deposit consists of
decalcification, argillisation, silicification,
sulfidation, and, to a lesser extent, alunitization
along high-angle normal faults and stratigraphic
conduits. The Chaldagh argillaceous limestone is
predominantly affected by decalcification along
the high-angle normal faults and bedding plane. In
the decalcified zones, hydrothermal quartz is
absent or is a minor constituent. Black fault
gouge, which is mostly composed of dark gray
Chaldagh limestone and Zarshuran carbonaceous
black shale, is intensely decalcified and correlates
with high-grade gold ore. In addition, calcite is
entirely removed in intensely decalcified
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alteration zones, and therefore, Chaldagh
limestone is more argillaceous. The gradual
removal of carbonate resulted in the formation of
widespread open spaces within the host carbonate
rocks and subsequent crystallization of euhedral
quartz  into  spaces created by  the
decarbonatization process. Therefore, the presence
of euhedral quartz, particularly in the upper parts
of the altered zones, indicates that the
silicification occurred after the decarbonatization
and argillic alteration.

Fault-controlled jasperoid (pervasive
silicification) is commonly brecciated, is
well-developed in the central parts of the orebody,
and is strongly correlated with high Au grades.
Near the high-angle normal faults, the intensely
silicified zones (jasperoid) generally represent the
Au grades ranging from 1 to 50 ppm, which
gradually decreases distal to these faults. The
brecciated texture of jasperoid together with the
higher gold contents may imply that these zones
are formed from solution collapse along feeder
faults during mineralization. Furthermore, the
presence of gold-rich brecciated jasperoid
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indicated that the high-angle normal faults were
active during the hydrothermal alteration and the
subsequent gold mineralization. Three main
assemblages of hydrothermal sulfide minerals
have been recognized in the Zarshuran gold
deposit (Table 1; [2]): (I) Early-assemblage,
pyrrhotite, pyrite, and chalcopyrite. Low
concentrations of gold occurred within the pyrite
at this stage. (II) Middle-assemblage, zoned
euhedral to subhedral arsenical pyrite, sphalerite,
galena, chalcopyrite, and lead-zinc sulfosalts.
Major gold concentrations occurred within this
assemblage, particularly together with arsenical
pyrite. (III) Late-assemblage, network arsenical
pyrite, colloform and massive arsenical pyrite,
colloform sphalerite, coloradoite, orpiment,
realgar, cinnabar, stibnite, getchelite, and As-Sb
sulfosalts [53]. The second major gold
concentrations occurred as solid solutions or as
nanometer-sized native gold in arsenical pyrite
and colloform sphalerite of this assemblage.
Hydrothermal quartz and orpiment-realgar rarely
contains metallic gold (Table 1).
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Figure 2. Simplified geologic map of Zarshuran mining area showing various rock units and location of
underground and open pit mining area on map (Modified form Madan Kav Co., 2002).
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Table 1. Major hydrothermal stages for Zarshuran gold deposit including paragenesis of minerals in preore,
gold ore, late gold ore, and postore stages.

Hydrothermal alteration

Pre-mineralization Mineralization Post-mineralization
Stage 1 Stage 11 Stage 1 Stage 11
Euhedral quartz Silicification
Hydrothermal  Decalcification and arsenical and Silicification and
stage and argilisation p.yrilte' sulfidation sulfidation
precipitation
Ore related Disseminated Veins and Veins, veinlets, and

- massive ore

textures ore textures

. Veinlets and comb textures
Breccias textures

textures
zoned euhedral to network arsenical pyrite,
subhedral arsenical colloform and massive
Pyrite, pyrite, sphalerite, arsenical pyrite, colloform
Ore minerals - Arsenical pyrite pyrrhotite, and  galena, chalcopyrite, sphalerite, coloradoite,
chalcopyrite and lead-zinc orpiment, realgar, cinnabar,

sulfosalts, invisible
gold

stibnite, getchelite, and As-
Sb-Hg sulfosalts

Gold mineralization at the Zarshuran deposit is
primarily lithologically-structurally controlled,
and is best developed where those structures
intersect favorable host lithologies, specifically
Chaldagh metalimestone and Zarshuran black
shale. The high grade orebodies are mainly hosted
by black shale and cream to gray massive
limestone along the NNE-trending extensional
fault/fracture zones. The high grade orebody is
characterized by a zone of jasperoid breccias and
black gouge, and varies from 800 to 1250 m in
length, 50 to 80 m in width, and 300 m in
thickness. The jasperoid breccia mainly consists
of angular to subrounded clasts from a few
millimeters to several centimeters of jasperoid
with a matrix of quartz, calcite, barite, pyrite, and
iron oxide minerals. Therefore, a high-grade
portion of the Zarshuran deposit was hosted by the
jasperoid breccias [54].

The main orebody consists of an approximately
65% oxidized ore and 35% unoxidized
(carbonaceous) [1]. The oxidized ore is spatially
associated with both decalcified and silicified
zones, whereas the unoxidized ore is mainly
associated with the decalcified and arsenide
zones. Sulfide minerals, predominantly pyrite and
arsenical pyrite, are oxidized into iron oxide
minerals, and carbon is remobilized within the
oxidized ore. The average grade of unoxidized
carbonaceous ore (16 ppm) is higher than the
oxidized ore (avg. 9 ppm).

3. Methodology

3.1. C-A multi-fractal model

Cheng et al. (1994) [16] have proposed the
concentration—area (C—A) fractal model, which
may be utilized to delineate the geochemical
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anomalies and the background that has the general
form:

A(p<v) oc p 5 A(p>v) o p (1)

where A(p) indicates the area with concentration
values greater than the contour value p; v
represents the threshold; and al and a2 are the
characteristic exponents. The two approaches used
to calculate A(p) by Cheng et al. (1994) were (1)
A(p) is the area enclosed by the contour level p on
a geochemical contour map resulting from
interpolation of the original data utilizing
geostatistical methods, and (2) A(p) are the values
obtained by box-counting of the original
elemental concentration values. By box-counting,
one superimposes a grid with cells on the studied
area. The area A(p) for a given p is equal to the
number of cells multiplied by the cell area with
concentration values greater than p.

The breaks between straight-line segments on the
C-A log-log plot and the corresponding values of
p have been used as thresholds to separate the
geochemical values into different components,
representing different causal factors such as
lithological  differences and  geochemical
processes [55]. A correlation between the results
obtained by the C-A model with the geological,
geochemical, and mineralogical information could
be used to define the different mineralized stages
in different types of ore deposits, especially the
hydrothermal deposit [19, 33].

The multi-fractal theory may be interpreted as a
theoretical framework that explains the power-law
relations  between the areas  enclosing
concentrations below a given value and the actual
concentrations itself. In order to demonstrate and
prove that data distribution has a multi-fractal
nature requires a rather extensive computation
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[56, 57]. An investigation by Bolviken et al.
(1992) [58] has shown that the concentration
distributions of different elements mostly satisfy
the properties of a multi-fractal function. There
are some evidences that geochemical distributions
are fractal in nature and behavior. Some
approaches seem to support the idea that the
geochemical data distributions are multi-fractal,
although this point is far from being proven [19,
26, 32, 59, 60]. This idea may provide and help
the development of an alternative interpretation
validation and useful methods to be applied to the
elemental geochemical distributions analysis.

3.2. Stepwise factor analysis

The stepwise factor analysis proposed by Yousefi
et al. (2012) [38] is based upon the In- and
ilr-transformation that has been developed based
on the principal component analysis (PCA) for
extraction of factor varimax rotation of factors but
it is a multi-step factor analysis to extract the
components showing anomalies in multi-element
ore deposit-type-based mineralized stages and ore
elements. The use of stepwise factor analysis
enhances recognition of anomalous geochemical
signatures, increases geochemical anomaly
intensity, and increases the percentage of the total
explained variability of data [38].

4. Litho-geochemical data analysis

The geochemical samples were collected from
surface outcrops by the litho-geochemical survey
carried out by the IMIDRO (Iranian Mines and
Mining Industries Development and Renovation
Organization) since 1998 (Figure 3). The
chemical analysis of 1627 rock samples collected
from 68 profiles across 40 km’ was used to
distinguish the district-scale elemental anomalies
in the Zarshuran Carlin-like gold deposit. The
sampling density is in the order of one per 200
square meters, which is typical for regional to
deposit-scale geochemical survey.

All samples were routinely analyzed for Au and
other paragenetic elements using the Inductively
Coupled Plasma-Optical Emission Spectrometry
(ICP-OES) method for 42 elements in the
Laboratory of Iran Mineral Processing Research
Center (IMPRC). The detection limits for Au, Ag,
As, Sb, Cu, and Hg were 0.001, 0.1, 0.5, 0.5, 1.0
and 0.2 ppm, respectively.

Out of the elements determined by IMPRC, only
four elements including Ag, As, Sb, and Hg were
selected for mapping significant anomalies based
on the type of ore deposit. Au, Ag, and Hg are
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good indicators for ore element mineralization,
and As is a pathfinder element for Carlin-like gold
deposits. Therefore, statistical analysis was
carried out on the Au, Ag, Hg, and As in the area,
which showed that the Au, Ag, As, and Hg mean
values were 270 ppb, and 1.32, 1242, and 2.4
ppm, respectively (Table 2). The elemental
histograms showed that there were no normal
distributions for Au, Ag, Hg, and As (Figure 4),
which means that their median could be equal to
their threshold values [61]. This is based upon the
classical statistics methods, which are related to
the normal distribution of data. If the data had a
normal distribution, the threshold values for
different anomalies could be calculated by
summation of average with coefficients of
standard deviation. Otherwise, median of the data
assumes as the threshold value for anomaly [17,
37, 61]. The median of Au, Ag, Hg, and As were
20 ppb, and 0.6, 1, and 564 ppm, respectively.

5. Application of stepwise factor analysis

The principal component analysis (PCA) was
utilized for extraction of factors based on the 42
In-transformed elemental grade data, and also the
varimax rotation of factors was applied by the
SPSS software. A third-step factor analysis was
used to extract the components illustrating the
anomalous multi-element geochemical signatures
of the deposit-type sough [62, 63-66]t. In the first
step, the factor analysis yielded nine rotated
components, each with eigenvalues greater than
0.6 (Table 3). In the second step, some elements
were rejected, which were not in the any factor,
and consisted of Cd, Cu, Ge, Mo, P, Sb, Sn, Sr,
Te, and U, and the factor analysis was carried out
on the other elements. In the third step, seven
factors were determined with the following
groups, as shown in Table 3:

(1) Al, Be, Ce, Bi, Ga, In, K, La, Li, Nb, Rb, Sc,
Se, Ta, Th, Ti, V, Yt, and Zr (2) Co, Cr, Fe, Mg,
and Ni, (3) Ba, Mn, and T1 (4) Au, As, and Hg (5)
Ag and Pb (6) Ca (7) Na.

The third group including Au, As, and Hg are
important in the area for mineralization, as shown
in factor 4 (F4-3). This association could imply
that the gold mineralization occurred at low
temperatures, and that As and Hg were the best
pathfinder elements in the Zarshuran Carlin-like
gold deposit. For a better illustration of the
extracted factors, the factor plots in rotated space
are shown in Figure 5.
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Figure 3. Location map of 1627 litho-geochemical rock samples collected from 68 profiles in a 200 square
meteres network across 40 km” in Zarshuran area.
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Figure 4. Abundance histograms of Au, Ag, As, and Hg litho-geochemical data from Zarshuran deposit.

Table 2. Statistical characteristics of Au, Ag, As, and Hg based on litho-geochemical samples.
Element Mean Median Maximum Minimum SD"

Au (ppb) 270 20 10161 0 915.43

Ag (ppm) 132 0.6 53.2 0.075 2.28

As(ppm) 1242 564 34785 0.075 233456

Hg (ppm) 2.4 1 185 0 9.58

*SD: Standard deviation

6. Application of C-A multi-fractal model method, as a moving average estimation method,
The elemental and F4-3 distributions were was used for estimation of the Au grade in the
recognized by the C-A multi-fractal IDW gridding cells of the area for multi-fractal
modeling in the Zarshuran area using the modeling. In the C-A multi-fractal IDW model,
RockWorks™ 15 software package. The IDW weights for moving average are assigned on the
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basis of the local scaling property of the data that
is quantified by a power—law function [17, 67].
The area was gridded by 5020 m cells
(100-m-wide squares) based on geochemical
sample and factor contouring on logarithmic
values that applied an inverse distance weighting
option. Therefore, grid cells were identified based
on the geometrical properties of the studied area
(e.g. distribution of hydrothermal alteration and

mineralized lenticular orebody along normal
faults) and grid sampling dimensions [68]. The
geometrical shapes of the mineralized zones are
anisotropic, and the size of gridding dimensions is
half of grid sampling in the X and Y dimensions.
The C-A log—log plots were generated based on
the reverse relationships between the Au, As, Hg,
and F4-3 concentrations and their areas, as
revealed in Figure 6.

Table 3. Three steps of factor analysis in Zarshuran area: loadings in bold represent selected factors based on
threshold of 0.6 in factors.

Rotated component matrix in first step.

Component
1 2 3 4 5 6 7 8 9

Au -234 | -.002 | -.086 | -.047 | .675 307 | -.083 | 294 | -.013
Ag 124 | -.042 | 789 | .141 | -.018 | .080 | .125 .057 | -.106
Al 952 | -135 | -.002 | .027 | -.098 | -.022 | -.063 | -.001 | .070
As -245 | -.007 | .135 190 | .811 .044 | .035 226 | .002
Ba 137 | .031 131 695 | .037 029 | 299 | -.042 | -.087
Be 694 | -227 | -.042 | .087 | .018 | -.158 | .317 | -.008 | -.081
Bi 761 390 | 100 | -.062 | -.165 | .389 | -.001 | -.033 | -.021
Ca -137 | -.157 | -.006 | -.055 | .058 | .832 .053 .089 | -.053
Cd 053 | -.020 | 479 | .179 | -.074 | .102 123 590 | -.018
Ce 864 | -189 | .149 | .080 | -.082 | -.022 | .153 .060 | -.074
Co -074 | 925 | -.059 | .098 | -.014 | -.026 | .104 | .054 | -.032
Cr -115 | .854 | -.089 | .104 | -.013 | -.077 | .027 | -.003 | -.019
Cu 166 | .007 | 517 | -.110 | .149 | -.186 | .062 329 | .041
Fe 417 | 799 | .040 | .140 | -.044 | -.041 | .162 .104 | .057
Ga 935 | -227 | .056 | -.029 | -.077 | -.057 | -.036 | .003 | -.014
Ge .093 036 | .535 431 | =112 | .066 | -.029 | .210 | .054
Hg -253 | -.113 | .104 | -091 | 717 | -192 | -.037 | -.120 | .213
In 671 340 | .108 | -.019 | .153 314 | 055 | -.064 | .147
K 843 | -357 | -.011 | -.029 | .060 | -.116 | -.082 | -.033 | -215
La 818 | -.177 | 214 | .108 | -.074 | .018 .183 .080 | -.068
Li 767 | 017 | .160 | .128 | -122 | .083 237 11 217
Mg | -217 | .789 | -.048 | -233 | -.115 | .116 | -.097 | -.097 | -.003
Mn 186 | .105 254 | 304 | -.064 | .036 | .726 | .209 | .008
Mo 278 | -.054 | .443 212 | .043 .083 326 | 106 | -.139
Na 066 | -.162 | -.088 | -.116 | .262 | -.129 | -.046 | .002 | .761
Nb 866 | -.011 | -.054 | .007 | -.130 | .010 | -.024 | -.026 | .135
Ni -183 | 935 | -.050 | .041 | -.011 | .007 .076 | .037 | -.067

P 198 | -390 | -.052 | 211 | -.066 | -.042 | .031 114 | (156
Pb -.029 | -.064 | .829 | .052 | .158 | -.042 | .044 | .084 | .006
Rb .868 | -261 | .009 | .001 | -.029 | -.100 | -.005 | -.050 | -.228

S -202 | -231 | 214 | 736 | .115 | -230 | -.006 | -.027 | .002
Sb - 116 | -.055 | 482 | 226 | .524 | -.010 | .111 | -211 | .042
Sc 775 | 348 | -.033 | .006 | -.129 | -.048 | .027 060 | 242
Se J72 | 395 .091 032 | -182 | 364 | .068 | -.031 | -.047
Sn 527 | 163 029 | -.036 | -.065 | .179 | -.061 | -.082 | -.062
Sr 466 | -.051 | .097 | 362 | -.121 | .394 | -.039 | -.086 | .371
Ta 711 382 | .078 035 | -169 | 344 | .089 | -.044 | -.050
Te 465 255 | -.008 | -.041 | .070 571 .022 .076 | -.118
Th 866 | -223 | .083 | -.014 | -.056 | -.039 | .051 | -.003 | -.210
Ti 882 | -.131 | -.062 | .007 | -.125 | -.032 | -.029 | -.015 | .243
Tl .051 213 .083 | 721 .062 .033 177 218 | -.033
U 464 | 360 | .078 328 | -.086 | .235 | -.235 | -.035 | .019
A% 878 | .090 | .045 025 | -.118 | -.027 | .053 .052 237
W .061 120 | 087 | .092 | .020 .024 | 710 | -.088 | .000
Yt 729 | -.086 | .196 | .196 | -.121 | .029 | .367 176 | .100
Zn -079 | .000 | .310 | .101 258 .087 | -.035 | .759 | .000
Zr 642 | -.002 | -.077 | .060 | -.208 | .043 171 .000 | .430

Extraction Method: Principal Component Analysis.
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Rotation Method: Varimax with Kaiser Normalization.
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Table 3. Continued.
Rotated component matrix in second step.

Component
1 2 3 4 5 6 7
Au =215 -.001 -.074 750 .001 .261 .003
Ag 151 -.045 228 -.003 .831 .030 -113
Al 952 -.100 -.017 -.105 -.036 -.036 .059
As -.225 -.027 186 843 150 -.021 .017
Ba 146 .011 767 .062 .020 -.053 -.163
Be 697 -.201 227 -.066 -.068 -.134 -.023
Bi 752 435 -.039 -.146 .070 362 -.071
Ca -.112 -.148 .022 138 -.009 872 -.096
Ce 877 -.151 147 -.092 137 -.027 -.067
Co -.112 924 158 .001 -.042 -.035 -.045
Cr -.158 842 111 -.008 -.083 -.097 -.034
Fe 385 .819 221 -.036 .047 -.052 .060
Ga 943 -.187 -.049 -.093 .022 -.063 -.014
Hg -.238 -.132 -.118 642 .030 -.234 233
In 673 375 .027 155 .047 293 115
K .856 -.322 -.096 .035 -.056 -.130 -207
La .835 -.139 188 -.073 184 011 -.071
Li 71 .046 270 -.126 .166 11 235
Mg -251 797 -.245 -112 -.036 .109 -.028
Mn 193 .098 725 -.095 .296 132 .101
Na .074 -.156 -.116 .246 -.109 -.120 782
Nb .866 .037 -.025 -.135 -.067 -.006 .104
Ni -220 933 .089 .004 -.023 -.004 -.074
Pb .002 -.074 116 180 .867 -.095 -.005
Rb 877 -229 -.021 -.067 -.020 -.108 =211
S -.183 -.259 584 172 129 -.368 -.114
Sc 753 .376 .050 -.135 -.049 -.025 244
Se 762 434 .082 -.166 .063 345 -.089
Ta .703 421 .090 -.156 .051 330 -.092
Th .878 -.188 .003 -.080 .055 -.045 -.196
Ti .882 -.087 -.019 -.140 -.079 -.041 224
Tl .054 193 710 164 .048 -.014 -.085
\4 871 126 .065 -.129 .031 -.020 241
w .056 .106 492 -111 .075 .077 .107
Yt 742 -.057 .389 -.122 209 .079 .144
Zn -.043 .004 150 478 448 131 .004
Zr .638 .034 142 -.234 -.040 .064 439
Extraction method: Principal component analysis. Rotation method: Varimax with Kaiser normalization.

Rotated component matrix in third step.

Component
1 2 3 4 5 6 7
Au -.206 .001 -.040 744 -.009 298 .000
Ag 137 -.046 231 -.008 .850 .061 -.097
Al 948 -.105 .001 -125 -.025 -.029 .088
As =222 -.024 .205 .846 150 .017 .010
Ba 122 015 741 .025 .065 -.002 -.100
Be .698 -.203 250 -.040 -.069 -.191 -.056
Bi 751 432 -.016 -.174 .081 370 -.043
Ca -111 -.144 .027 .092 -.012 .895 -.077
Ce 871 -.155 188 -.095 135 -.047 -.065
Co -112 924 161 -.005 -.048 -.044 -.045
Cr -.151 .846 .077 .003 -.070 -.097 -.040
Fe .380 818 228 -.051 .045 -.059 .069
Ga 943 -.191 -.034 -.101 .033 -.059 .004
Hg -.226 -.125 =115 .703 .063 -214 .202
In 675 377 .028 .141 .076 318 137
K .862 -.323 -.074 .039 -.044 -123 -.197
La .829 -.143 230 -.075 .181 -.010 -.071
Li 754 .040 298 -.153 .168 .100 258
Mg -.243 797 -233 -.104 -.039 .104 -.034
Mn 170 .092 766 -.098 277 .050 .068
Na .066 -.157 -.124 251 -.093 -.104 792
Nb .862 .033 -012 -.154 -.059 -.001 130
Ni =219 933 101 -.002 -.035 -.014 -.076
Pb -.007 -.071 .103 184 .888 -.056 -.001
Rb .881 -231 -.002 -.066 -.009 -.108 -.202
Sc 745 371 .058 -.156 -.037 -.024 272
Se 760 432 .092 -.198 .075 .350 -.061
Ta 701 419 101 -.184 .062 331 -.068
Th 879 -.192 .042 -.077 .054 -.062 -.196
Ti .876 -.091 -.018 -.162 -.066 -.033 253
Tl .020 182 774 102 .026 -.002 -.031
v .862 121 .073 -.150 .043 -.018 268
Yt 722 -.065 442 -.141 195 .039 147
Zr .622 .029 .150 -.262 -.042 .048 .460
Extraction method: Principal component analysis. Rotation method: Varimax with Kaiser normalization.
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Figure 5. Component plot in rotated space in three steps of factor analysis: a) first; b) second; c) third.

Six geochemical populations for Au, five
populations for As and Hg, and three populations
for F4-3 were determined in the log-log plots that
had a multi-fractal nature, as illustrated in Figure
6. Additionally, there are three main mineralized
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stages for Au, each can be sub-divided into two
sub-stages: 1) Au values lower than 80 ppb; 2) Au
values between 80 ppb and 1995 ppb; and 3) Au
values higher than 1.995 ppm, which could be the
main Au mineralized stage in the area, as
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illustrated in Table 1. Furthermore, there is a
positive correlation between Au and As, and, to a
lesser amount, Hg (Figure 6). The populations
below 80 ppb are the weakly mineralized stage,
and between 0.08 and 1.995 ppm are the middle
stages of Au mineralization. The middle and main
Au mineralized stages occurred in the southern
parts of the area (Figure 7).

The three main stages and three sub-stages of the
Au mineralization [1-4] are correlated with the
other elements due to the C-A fractal model, as
depicted in Figure 7. The first stage of Au
mineralization could be associated with the As
values lower than 3467 ppm, Hg values below
1.78 ppm that contained an assemblage of early
pyrrhotite, pyrite, and late chalcopyrite. The
middle gold mineralization stage show a good
correlation with the As concentrations between
3467 and 6409 ppm and Hg concentrations
between 1.78 and 19 ppm. This stage is
recognized by the widespread early base metal
sulfides, lead-sulfosalts, and late zoned euhedral
arsenical pyrite. The late stage is formed from
network early arsenical pyrite, massive and
colloform arsenical pyrite, colloform sphalerite,
coloradoite, and late arsenic-antimony-mercury-
thallium-bearing  sulphides  including the
orpiment, realgar, stibnite, getchellite, cinnabar,
lorandite, and a Tl-mineral, probably christite.
Moreover, the main mineralized stage for Au had
a good correlation with As and Hg higher than
6409 and 19 ppm, which occurred in the southern
part of the area (Figure 7).

The log-log plot for the fourth factor of the third
step (F4-3) obtained by the stepwise factor
analysis consisting of Au, As, and Hg indicates
three main stages: 1) the first stage that contains
two sub-stages happenning in the F4-3 values
lower than 1.2 2) middle stage comprising two
sub-stages occurring in the factor values between
1.2 and 3.3 3) the final stage together with the two
sub-stages have values higher than 3.3. The
middle and main Au mineralized stages based on
the stepwise factor analysis exist in the southern
part of the studied area, as depicted in Figure 7.
Therefore, six populations for Au are correlated
with the three main mineralization stages, each
composed of two sub-stages that are apparently
reflected by the C-A plots in Figure 7.

Based on Asadi et al. (2000), gold occurs
significantly in arsenical pyrite and colloform
sphalerite as solid solution or as nanometer-sized
native gold [2]. Metallic gold is found rarely in
hydrothermal quartz and orpiment. Pure
microcrystalline orpiment, carbon-rich shale,
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silicified shale with visible pyrite grains, and
arsenic  minerals  contain  the  highest
concentrations of gold.

7. Comparison between results and geological
particulars

At the Zarshuran gold deposit, the host sequences
consist of the Chaldagh unit (argillaceous
metalimestone) and the  Zarshuran  unit
(carbonaceous black shale with silica and
carbonate intercalations). Gold mineralization
occurred as quartz-sulfide hydrothermal veins of
massive quartz (jasperoid) and quartz veinlets
formed by decalcification process along
permeable horizons and high angle normal faults
in the Chaldagh metalimestone. It also occurred as
disseminations in the carbonaceous, siliceous, and
calcareous beds of the Zarshuran black shale.
Furthermore, the Miocene to  Pliocene
microdiorite intrusion [1-3], which is strongly
fractured and altered, locally hosts some Au
mineralization, and represents an association with
the Neoproterozoic mineralized rocks.

The gangue minerals primarily consist of quartz,
calcite, fluorite, hematite, and barite with
accessory apatite, rutile, zircon, and xenotime
(Table 1) [1-3]. Although micron-sized particles
of gold are observed at Zarshuran, the quantities
are insufficient to account for the assay grade,
which has been shown to be due to the presence of
invisible gold, particularly in pyrite, arsenian
pyrite, and other sulphides [1-6].

8. Discussion

Gold mineralization in the Zarshuran Carlin-like
deposit is spatially and genetically associated with
the hydrothermally altered zones including the
decarbonatization, argillic alteration, pervasive
silicification, and sulfidation (Figure 2). There are
associations of Au concentration with orpiment,
realgar, arsenian pyrite, and cinnabar that are
correlated with the results obtained by the
stepwise factor analysis. There are gold
mineralization with very fine-grained pyrite,
massive orpiment, and realgar. The ore textures
range from black breccias, brecciated jasperoid,
and replacement/dissolution, typically occurring
within the Chaldagh metalimestone and black
gouge along the high-angle normal fault zones in
the southern part of the deposit (Figure 7). In
addition, there are proper values of porosity and
permeability in host rocks that are increased by
the removal of carbonate from the Chaldagh meta-
limestone during the decarbonatization process.
Furthermore, the intersection of high-angle
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normal faults and fracture networks with
Chaldagh meta-limestone and Zarshuran black
shale generated suitable environment for gold and
related elements’ deposition. This process occurs
in the southern part of the studied area that is
correlated with the main anomalies of Au and
related factors, as depicted in Figure 7.

Arsenic is one of the best pathfinder elements for
the Carlin-like gold deposits [69-73]. The results

C-Afor Au

Log Au (ppb)

C-Afor As

obtained indicate that the data obtained by the
C-A fractal model and stepwise factor analysis
strongly correlate with the Au mineralized stages
and zones derived via geological data that show
the major Au mineralization with As and Hg
occurring along high angle normal faults that may
act as conduits promoting fluid-flow and
hydrothermal alterations in the southern part of
the area.
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Figure 6. Au, As, Hg, and F4-3 C-A log-log plots.
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Figure 7. Au, As, and Hg geochemical population distribution maps based on C-A method.

9. Conclusions

The results of this work show that utilizing both
the C-A fractal model and the stepwise factor
analysis can improve the interpretation of litho-
geochemical data  for  recognition  of
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mineralization stages. Based upon these results,
there are three gold mineralization stages in the
Zarshuran deposit that are correlated with the
geological particulars. The stepwise factor
analysis indicates that As and Hg are in the same
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paragenesis with Au. The main stage of Au
mineralization is located in the southern part of
the area that contains arsenitic pyrites, cinnabar,
and other sulfides in the silicic veins and black
gouges. Favorable sedimentary sequences that are
intersected by high-angle normal faults produced
secondary permeability such as dissolution and
brecciation, and veining played a major role in the
localization of hydrothermal fluids and the
formation of Zarshuran Carlin-like gold deposit.
There are main environments for gold, arsenic,
and mercury mineralization, especially in the
southern part of the studied area. Moreover, these
geological particulars confirm the results derived
via the C-A fractal and stepwise factor analysis.

Delineation of the mineralization stages based on
the C—A fractal model and stepwise factor
analysis could be of important help to
geoscientists for interpreting the stages in which
an element is enriched in a deposit. Additionally,
using the fractal/multifractal modeling and factor
analysis could be proposed as a new approach for
the interpretation of the litho-geochemical data in
geochemical exploration and economic geology.
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