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The Dagh Dali Zn-Pb (±Au) hy dro ther mal pros pect is lo cated in the north-west of Iran. Iden ti fi ca tion of min er al ized zones is
es sen tial in ore de posit ex plo ra tion. Dif fer ent meth ods have been de vel oped and ap plied to sep a rate min er al ized zones from 
bar ren host rocks based on min er al og i cal and pet ro graph i cal stud ies, al ter ation and host rock changes as well as sta tis ti cal
and geostatistical pa ram e ters. This study uses the or di nary kriging tech nique and the con cen tra tion-vol ume fractal (C-V)
method to model the ore body and rec og nize the ore grade dis tri bu tion. These tech niques were ap plied on the drillcore data
and C-V fractal mod el ling, val ues of var i ous ore zones be ing de ter mined. Four break points were found in the log-log plots
which cor re spond to con cen tra tions of 5.4, 10.5, and 17.8 wt.% Zn. The extractable ore zone for Zn is con sid ered to be in the
con cen tra tion range of 5.4 to 17.8 wt.%. Com pared to the amount of re serve ob tained from the geostatistical method
(303,685 tons), it seems that the fractal method is more pre cise and ac cu rate in the es ti ma tion of ore re serves. 
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INTRODUCTION

Fractal ge om e try is a branch of non-lin ear math e mat ics that 
has been widely used in dif fer ent fields of geoscience since the
1980s. Not ing that clas si cal Eu clid ean ge om e try is not prac ti cal
in ex plain ing the true ge om e try of nat u ral ob jects, sci en tists
have sought to de ter mine a ge om e try which is able to de scribe
ir reg u lar and com plex el e ments in na ture (Da vis, 2002). For this 
pur pose, the con cept of fractal ge om e try was in tro duced by
Mandelbrot (1983). In fractal ge om e try, each shape and its
com plex i ties are rep re sented in the form of num bers, whilst in
Eu clid ean ge om e try, the con cepts of an gle, length, area, and
one-di men sional space are used in up to three di men sions. In
fractal ge om e try, there are fractal di men sions that are nor mally
not in te ger num bers and that are called fractal pix els, which can 
be used to ex press the com plex ity of a shape. 

In geo chem i cal ex plo ra tion, the fractal method was first
used to quan ti ta tively fig ure out anom a lous thresh olds and to
sep a rate geo chem i cal anom a lies from back ground val ues,
which is cru cial in ex plo ra tion geo chem is try (Cheng et al., 1997; 
Bai et al., 2010). The tra di tional sta tis ti cal meth ods which are

used in the interpretion of geo chem i cal data are not able to sta -
tis ti cally ana lyse the con cen tra tion of el e ments when they are in 
the form of nor mal or log-nor mal pat terns in the Earth crust.
There fore, the tra di tional meth ods are based on the fre quency
dis tri bu tion of geo chem i cal con cen tra tions with out con sid er ing
their geo met ri cal and spa tial vari a tion (Li et al., 2003). How ever, 
el e ment con cen tra tions do vary spa tially, and this en cour ages
new meth ods for de tect ing geo chem i cal anom a lies as so ci ated
with min er ali sa tion that can ex ploit such spa tial vari a tion. Con -
se quently, many dif fer ent space-based meth ods have been
pro posed for geo chem i cal land scape stud ies, based on the
spa tially-de pend ent char ac ter is tics of geo chem i cal data, and
var i ous stud ies have con sid ered the po ten tial of fractal mod el -
ling in geo chem i cal ex plo ra tion (Cheng et al., 1994; Carranza,
2008). Hence, dif fer ent meth ods of fractal mod el ling have been
in tro duced dur ing the 1980s and 1990s in clud ing the con cen -
tra tion-area (C-A) model (Cheng et al., 1994) the con cen tra -
tion-dis tance (C-D) model (Li et al., 2003), the con cen tra -
tion-per im e ter model and the spec trum-area model (S-A)
(Cheng et al., 1999). Ap pli ca tion of the con cen tra tion-area
method has been widely de vel oped in the field of earth sci ences 
(Da vis, 2002).

Now a days, sep a ra tion and iden ti fi ca tion of low-con cen tra -
tion and high-con cen tra tion zones in vein-type ore de pos its are
re ceiv ing at ten tion. Us ing C-V fractal mod el ling, we can de ter -
mine the area of the ore and iden tify the min eral zones. Fractal
meth ods can be used to de scribe the re la tion ships be tween
geo log i cal, geo chem i cal and min er al og i cal set tings with spa tial
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in for ma tion de rived from anal y sis of min eral de posit oc cur rence 
data (Gonçalves et al., 2001; Carranza, 2008; Carranza et al.,
2009; Afzal et al., 2011). How ever, a good knowl edge of geo -
log i cal and geo chem i cal en vi ron men tal con trols on min er ali sa -
tion is es sen tial for rec og ni tion and clas si fi ca tion of geo chem i -
cal pop u la tions based on meth ods of fractal anal y sis (Cheng,
1999; Sim et al., 1999; Gonçalves et al., 2001; Li et al., 2003;
Carranza, 2009; Carranza and Sadeghi, 2010). The C-V fractal
method is an ac cu rate tool to dis tin guish be tween low-con cen -
tra tion and high-con cen tra tion ore zones. This method is based 
on the re la tion be tween the el e ment con cen tra tion and the vol -
ume which in cludes the el e ment con cen tra tion. Ac cord ingly, by
in creas ing the con cen tra tion, the vol ume con tain ing that con -
cen tra tion will be re duced. This means that they are in versely
re lated to each other (Afzal et al., 2013). Var i ous log-log plots in 
fractal meth ods are ap pro pri ate tools for sep a ra tion of geo -
chem i cal pop u la tions. Ex treme tilt vari a tions in the C-V log-log
plots in di cate ma jor changes in geo log i cal and min er al og i cal
pop u la tions (Sadeghi et al., 2012). In the other words, quan ti ta -
tive thresh old val ues can be de ter mined in the plot’s break -
points, rep re sent ing min er ali sa tion zones. The main ad van tage 
of the C-V fractal method as com pared to other tra di tional
meth ods is the at ten tion paid to fractal ge om e try, which is the
nat u ral ge om e try of the ore, and also in con sid er ing the con cen -
tra tion and the vol ume con tain ing that con cen tra tion, which can
be used to sep a rate high-con cen tra tion veins from other veins
(Cheng, 2007; Afzal et al., 2010, 2011). A num ber of stud ies
have been car ried out to sep a rate dif fer ent min er ali sa tion
zones. The first mod el ling aimed at rec og ni tion of ore zones
was con ducted on the San Manuel Santa Cruz por phyry cop per 
de posit in Ar i zona (USA) (Lowell and Guilbert, 1970). In this
model, potassic, phyllic and propylitic al ter ation zones were
rec og nized in a monzonite type de posit. This de posit is char ac -
ter ized by well-de fined al ter ation zon ing. A ma jor prob lem in
this model is the lack of at ten tion to el e ment or main el e ment
con cen tra tions in the por phyry de pos its. Zuo et al. (2009) ini -
tially in tro duced the ver ti cal dis tri bu tion of el e ments and its im -
por tance to ex trac tion plan ning, and ap plied fractal-based
meth ods at deep lev els for the first time. Geo chem i cal data
have multifractal be hav iour in gen eral, which re flect changes in
geo log i cal, geo chem i cal, al ter ation, sur face weath er ing and
min er ali sa tion con di tions as well as the en rich ment stages of an 
el e ment (Gonçalves et al., 2001).

The pur pose of this study is to iden tify dif fer ent ore zones in
the Dagh Dali pros pect us ing the C-V fractal method, based on
the dis tri bu tion of Zn con cen tra tions in bore holes. Mod el ling of
the ore was first per formed by the or di nary kriging method and
then con cen tra tion-vol ume fractal mod el ling was ap plied to the
orebody. Ore re serve was cal cu lated by these two meth ods and 
the re sults were com pared.

GEOLOGICAL SETTING

The Zn-Pb pros pect of Dagh Dali is sit u ated in the Takab re -
gion in the north-west of Iran (Fig. 1). Geo graph i cally, this area
is lo cated at 47°04’35”–47°08’27”E lon gi tude and
36°43’11–36°46’26”N lat i tude. Takab is in ter est ing from both
struc tural and met al lo gen ic points of view. Geo log i cally and
struc tur ally, this re gion is closely re lated to Cen tral Iran in some
as pects and re sem bles Alborz and Sanandaj-Sirjan in other as -
pects (Ghorbani, 2013). Takab area lies at the bound ary be -
tween the Urumieh-Dokhtar Mag matic Arc (UDMA) and the
Sanandaj-Sirjan meta mor phic zone (SSZ). This is a su ture
zone re sult ing from clo sure of the Neo-Tethyan Ocean and its

sub se quent con ti nen tal col li sion (Alavi, 1994). The prin ci pal
struc ture at a re gional scale is the NNW-trending Geynardjeh
Thrust (a sub sid iary of the Zagros Thrust), along which the
Angouran Block has been thrust west wards onto the Takab Ba -
sin (also called the Shirmard Ba sin; Daliran, 2008).

The area has ex pe ri enced re peated cy cles of orogenic ac -
tiv ity, in clud ing struc tural up lift, sed i men ta tion, magmatism and
meta mor phism (Alavi et al., 1982). Ig ne ous, sed i men tary and
meta mor phic rocks rang ing in age from Up per Pre cam brian to
Qua ter nary out crop in the Takab re gion. Stratigraphically, the
rocks be long ing to the Up per Pre cam brian-Lower Cam brian
and Oligocene-Mio cene in ter vals show the great est ar eal dis tri -
bu tion and lithological vari a tion (Ghorbani, 2013). The
lithostrati graphic se quence in the re gion starts with the Up per
Pre cam brian Kahar schists and ends in the Mio cene up per
redbed suc ces sions. The Lower Red For ma tion, com pris ing a
transgressive con ti nen tal redbed se quence of basal con glom -
er ate, sand stone and marl along with evaporitic de pos its, di -
rectly over lies the base ment rocks and is Oligocene in age
(Alavi et al., 1982; Daliran, 2008). Thick dolomitic lime stone of
the Jangortaran For ma tion over lies the Pre cam brian schists.
These two litho stratigraphic units are lo cated in the east ern part
of the study area and have been strongly al tered by tec tonic-hy -
dro ther mal pro cesses in this zone. The main min er ali sa tion
events lead ing to Au, As, Zn, and Pb ores oc curred within these
rocks. In this area, vol ca nic ac tiv ity oc curred dur ing the Late
Pre cam brian, Cre ta ceous, Eocene, Oligo-Mio cene, and af ter
the Mio cene. Neo gene vol cano-plutonic rocks in clud ing rhyo -
lites, bas alts, and tuffs along with small in tru sions of gab bro and 
al kali gran ite cover ~30% of the area (Asadi and Hale, 2001).
These ig ne ous events were fol lowed by in tense hy dro ther mal
pro cesses which are still ac tive in the form of ther mal springs
(Ghorbani, 2013). Ther mal springs have re sulted in the for ma -
tion of nu mer ous dis sected trav er tine out crops in this area. The
hot springs are com monly con trolled by faults such as the in ter -
sec tion of NE-, NW- and E-trending faults at Takht-e- (or
Zendan-e-) Soleyman (Daliran, 2008).

A se ries of geo log i cal events, dur ing the two sep a rate in -
ter vals of Late Pre cam brian–Early Cam brian and Neo gene,
have made Takab one of the most im por tant met al lo gen ic
prov inces in the coun try (Ghorbani, 2013), par tic u larly in terms 
of the min er ali sa tion of Au, Pb and Zn. The two well-known Au
de pos its of Zarshuran and Agh Darreh and the larg est Pb and
Zn de posit of Iran (Anguran) along with some other im por tant
de pos its are lo cated in this zone.

MINERALISATION

The Dagh Dali min er ali sa tion zone is lo cated in the vi cin ity
of the Zarshuran Au de posit, a ma jor ore de posit of Iran. This
re gion hosts an ac tive geo ther mal field where ther mal springs
lo cally pre cip i tate con sid er able amounts of Au and Ag, up to
kg/t level. Fault-hosted, vein and dis sem i nated sed i ment-
 hosted de pos its of Au, As, and Sb in Takab are as so ci ated with
ther mal springs and nu mer ous dis sected out crops of trav er tine
up to 100 km2 in area (Daliran, 2003, 2008). Sev eral small min -
eral oc cur rences also oc cur in this re gion in clud ing de pos its of
As-Au (Arabshah), Sb (Agh Darreh Bala, Balderghani, Bakhair -
-Bolaghi), Hg (Shirmard, Yar Aziz, Shakh-Shakh Moun tain), Mn 
(Dabal Kuh), Fe (Shahrak, Kuh Baba), Pb-Zn (Ay Ghalasi,
Arpachay) and Zn (Au-Fe) (Chichaklou) (Daliran, 2008).

There are also a num ber of less sig nif i cant pros pects of ar -
senic, an ti mony and gold in the vi cin ity of Zarshuran and Agh
Darreh (Asadi and Hale, 2001; Fig. 2). The Dagh Dali area,
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~3 km north-west of Zarshuran, is one of these pros pects. This
area is com posed of three min er ali sa tion zones, namely
Bakhair -Bolaghi, the mid dle zone and Baldir-Ghanee. The
Bikhair -Bolaghi al ter ation zone is char ac ter ized by an east -
-west- trending ex ten sion which ex tends for 800 m in length and
200 m in width. Sev eral in di ca tions of an ti mony min er ali sa tion
in the car bon ate rocks of this zone have been re ported, which
are in truded by al tered Oligo-Mio cene an de site dikes (Karimi,
1993). This al ter ation zone with a dis tinct brown col our is eas ily
iden ti fied in the field. Sinter type sili ci fi ca tion is an im por tant
form of al ter ation in this zone. As, Zn and Au min er ali sa tion has
oc curred at the con tact of the Kahar schists and the al tered
dolomitic lime stone of the Jangotaran For ma tion, which is con -
trolled by si lici fied veins, re stricted to shear zones. It is as so ci -

ated with dis sem i nated and open-space fill ing min er ali sa tion of
ga lena, sphalerite, py rite and chal co py rite. Sphalerite, more
abun dant than ga lena, is mainly as so ci ated with ga lena or sur -
rounded by py rite. Ga lena is formed ei ther as fine dis sem i nated
crys tals in as so ci a tion with chal co py rite or as mas sive de pos its
in as so ci a tion with sphalerite. A scan ning study has shown an
in sig nif i cant con cen tra tion of gold in the py rite (Rahimsouri et
al., 2019). Some si li ceous veins con tain ing realgar and stibnite
have been found in sand stone and tuff of the Qom For ma tion.
Sili ci fi ca tion and argillic al ter ation com prise the main al ter ation
types as so ci ated with min er ali sa tion in the re gion. Fe-hy drox -
ides are wide spread in the min er ali sa tion zones. 

It has been sug gested that the min er ali sa tion in Dagh Dali
area re sem bles the hy dro ther mal min er ali sa tion sys tem of the
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Fig. 1. Ma jor tec tonic trends in Iran (mod i fied af ter Stöcklin, 1968; Daliran, 2008) and lo ca tion of the study area 
(Dagh Dali Zn-Au pros pect) in north west ern Iran



Zarshuran de posit which is to a large ex tent sim i lar to the
Carlin-type sed i ment-hosted Au de pos its of the west ern United
States (Asadi and Hale, 1999). From field ob ser va tions and
min er al og i cal and geo chem i cal stud ies it was con cluded that
the min er ali sa tion in the Dagh Dali pros pect is hy dro ther mal in
or i gin and is re lated to the Zarshuran min er ali sa tion sys tem.
Fluid in clu sion stud ies showed an ore-bear ing fluid sa lin ity of
4.55 to 6.81 wt.% NaCl eq., with a mean tem per a ture of
212.5°C for Bekhair-Bolaghi and 1.65 to 10.48 wt.% NaCl eq.
with tem per a tures be tween 170 to 207°C for Baldirghani.
Based on geo log i cal, min er al og i cal, geo chem i cal and fluid in -
clu sion stud ies, it was sug gested that the Dagh Dali Zn-Pb de -
posit shows sim i lar i ties with low sulphidation type de pos its
(Rahimsouri et al., 2019).

The con tent of Zn var ies widely be tween 43 and 244,000
ppm re sult ing in a high stan dard de vi a tion of 25.851 ppm. Con -
cen tra tion of Au ranges from 10 to 560 ppb. The av er age Zn
grade in the core sam ples stud ied is 3.70%. Based on the ore
re serve cal cu la tion ob tained by clas si cal meth ods, the Dagh
Dali pros pect con tains 521,181 Mt of ore re serves. Data on the
Au grade is in com plete, de ter mi na tion of its mean grade re quir -
ing fur ther in ves ti ga tion. 

MATERIAL AND METHODS

Some ex plor atory op er a tions were con ducted in the Dagh
Dali pros pect by the Poya Zarkan Agh Darreh Com pany. In to tal,

2211 m has been di a mond-drilled around the Dagh Dali pros -
pect. In this study, data ob tained from 49 ex plor atory bore holes
are used. The dis tri bu tion of bore holes is not per fectly reg u lar,
while the hor i zon tal dis tance be tween bore holes is ~30 m.

Bore hole lo ca tions are shown in Fig ure 3. This data in -
cludes geo log i cal log ging and geo chem i cal anal y sis of core
sam ples. On av er age, sam ples were taken ev ery 2 m, 2196
sam ples be ing col lected. Each 2 m-length of core was split and
one-half was se lected for sam ple prep a ra tion. The sam ples
were crushed, re duced in vol ume and pul ver ized to 200 mesh
size. Sam ples were then di vided into two frac tions. One frac tion
of each sam ple was sent to the Acme Lab o ra tory, Can ada,
where geo chem i cal anal y sis of sam ples for 32 el e ments was
per formed by ICP-MS (Ta ble 1). De tec tion lim its for Zn and Au
were 5 ppm and 1 ppb re spec tively. Mean con cen tra tions of Au
and Zn were 0.06 ppm and 1.15 wt.%, re spec tively.

Sta tis ti cal anal y sis, geo chem i cal mod el ling and ore eval u a -
tion of this pros pect were con ducted us ing Micromine soft ware.
Af ter pre par ing the ini tial in for ma tion and com bin ing them in the
Micromine soft ware, 3D block mod els were pro duced for Zn
and Au. The di men sions con sid ered for mod el ling of each block 
was 10 × 10 × 5 m. Wireframe Zn was de vel oped for con cen tra -
tions greater than 3 and 5 wt.% in di vid u ally. These con cen tra -
tions were cho sen based on the eco nomic val ues at the mine.

Three-di men sional mod el ling of the Dagh Dali de posit for
Au and Zn was per formed us ing data from 49 bore hole loops.
The data from the sam ple anal y sis were trans ferred to spe cial -
ized Micromine soft ware in Ex cel for mat. By in tro duc ing the
spec i fi ca tion of each bore hole to the soft ware, the bore holes
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Fig. 2. Geo log i cal and min eral oc cur rence map of the Takab area (Asadi and Hale, 2001); the Dagh Dali oc cur rence
 is lo cated to the north-west of the Zarshuran Au mine



were de fined in their in 3D spaces (Fig. 3). In or der to pre pare
the vol ume model, a sep a rate wireframe for each orebody was
pre pared as an empty shell and its vol ume was then cal cu lated.
The vol u met ric model was blocked into the di men sions of the
ore de posit and then the con cen tra tion of each block was de ter -
mined by the Or di nary kriging method.

To es ti mate the dis per sion of Au and Zn in the Dagh Dali
pros pect, 2196 sam ples from 49 bore holes were mod elled us -
ing the Or di nary Kriging geostatistical tech nique. Au con cen tra -
tions ranged from 0 to 0.59 ppm and Zn showed a re spec tive
min i mum and max i mum con cen tra tion of 0 and of 28.32%.
Bore hole depths ranged from 7 to 160 m.

Kriging is a gen eral ap proach that is used in a wide range of
es ti ma tion meth ods, at a point or block, which de pends on the
least es ti ma tion er ror us ing the least-squares method. This term

was named by Matheron and Carlier in hon our of Dr. Krige, an
en gi neer who ex per i men tally worked on stock pile es ti mates in
sev eral South Af ri can Au mines, af ter which the Earth the ory was 
pre sented by Matheron (Sinclair and Blackwell, 2002). Kriging is
an es ti ma tion method based on the weighted mov ing av er age
which acts as the best lin ear un bi ased es ti ma tor as used in ore
grade es ti ma tion. In the best es ti mate, the vari ance value of the
es ti ma tion er ror is min i mal. Kriging is cal cu lated based on the
spa tial cor re la tion be tween the ex per i men tal data and the
variogram func tion (Li and Heap, 2008). The or di nary kriging es -
ti ma tion equa tion is cal cu lated as fol lows:

Z ZV i

n

Vi

*

=
= ×å li1

[1]

where: ZV
*  – es ti mated con cen tra tion, li – weight or im por tance of the 

quan tity of sam ple i and ZVi
 – con cen tra tion of sam ple i (Hasani Pak,

2003). 

A variogram is a tool for de ter min ing the spa tial cor re la tion
of a regionalized vari able and it pro vides the re quired in for ma -
tion on geo log i cal pro cesses to de ter mine ani so tropy and dif fer -
ent trends of for ma tion (Marinoni, 2003):
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where: g – em pir i cal variogram and n is the num ber of pairs of points, 
Z(xi) – con cen tra tion at point xi and Z(xi+h) – con cen tra tion point at
the h, dis tance from point xi.

The variogram model simpliphies the lin ear es ti ma tion us ing
the soft ware, and its re sults are shown in a graph. Sim ple
variograms must first be es ti mated and their model should be
adapted to the spa tial changes of ran dom vari ables as a func tion
of their sep a ra tion dis tance (Antunes and Al bu quer que, 2013).
The sta bil ity or proper be hav iour of the variogram model is a very 
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Fig. 3. Lo ca tions of bore holes in the Dagh Dali pros pect

T a  b l e  1

Pa ram e ters of el e ments stud ied
in the Dagh Dali pros pect

Vari able Zn [%] Au [ppm]

N 2196            2196          

Mean 1.1514     0.0623

Me dian 0.32  0.03

Mode 0.12  0.02

Stan dard De vi a tion 2.68  0.082

Sam ple Vari ance  7.195    0.007

Kurtosis 42.76   16.12    

Skew ness 5.84 3.56 

Range 28.32   0.6   

Min i mum 0      0     

Max i mum 28.32   0.59

Sum 2528.50       136.91     



im por tant pre lim i nary step for geostatistical mod els (Leuang -
thong et al., 2011). In this re search, the Micromine soft ware was
used to de tect the min er ali sa tion pro cess and the dis per sion of
Au and Zn. An ex per i men tal variogram di a gram is shown along
with a fit ted model for Au (Fig. 4). The variogram ef fect range is a
very im por tant pa ram e ter in se lect ing the search ra dius in the es -
ti ma tion pro cess. As shown in Fig ure 4, Au has a 137 m ra dius of 
im pact and a spher i cal variogram model. The ex per i men tal
variogram and the fit ted model for Zn with con cen tra tions greater 
than 3 and 5% is il lus trated in Fig ures 5 and 6, re spec tively. The
variogram ra dius of im pact is 3 on the 8% cut off shape at 73 m
and the 5% cut off ra dius in Fig ure 6 is 69 m.

In this re search, the con cen tra tion-vol ume fractal method is
used to de ter mine the min eral zone. The fractal and multi-par ti -
cle fragmental mod els are based on the ex is tence of a se ries of
re la tion ships be tween the power func tion of the in dex M (d) and
the vari able d in the re gion stud ied, which is as fol lows (Cheng
and Li, 2002):

M (d) µ d-a [3]

In equa tion [3], vari able a is equal to the fractal di men sion at 
each point of the log a rith mic graph, which var ies based on the
multifractal na ture of the geoscience data. 

The power func tion M (d) may be equal to the con cen tra tion, 
area, or vol ume of a con cen tra tion, in clud ing spe cific con cen -
tra tions d. The fractal model used by Afzal et al. (2011) for
seperation of min eral zones in por phyry cop per de pos its is:

(r £ n) µ r
-a1

; (³ n) µ r
-a2 [4]

where: n in di cates vol ume greater than, equal to, or smaller than r,

a2 and a1 rep re sent the fractal di men sion at each point of the log a -

rith mic graph and r rep re sents the ore value (Sadeghi et al., 2012). 

The thresh old val ues in this model rep re sent the bound aries 
of dif fer ent min er ali sa tion zones. To cal cu late n in (r £ n) and (r
³ n), the vol umes en closed in the dis tance lines r in the three-di -
men sional model are used, to gether with the sta tis ti cal es ti -
mates ob tained from the re sults of chem i cal anal y sis of the min -
eral (Afzal et al., 2013).
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Fig. 4. Block model of Au con cen tra tion dis per sion by the geostatistical method

Fig. 5. Block model of Zn con cen tra tion dis per sion >3%  by the geostatistical method



DISCUSSION

By ap ply ing the C-V fractal method, high and low con cen tra -
tion ore zones can be dis tin guished. The ad van tage of the C-V
fractal method is in draw ing a fractal curve based on the size of
each macro-block and its as so ci ated con cen tra tion, which ul ti -
mately leads to the dif fer en ti a tion of high-con cen tra tion streaks
from low-con cen tra tion streaks (Afzal et al., 2011). To do this,
the geo chem i cal dis tri bu tions of Au and Zn were first de ter -
mined, us ing the or di nary Kriging geostatistics method. 

The kriging stan dard er rors were cal cu lated for Zn and Au
grades in blocks and the re serves were clas si fied. The kriging
es ti ma tor for a grade of each es ti mated block gives the value as 
a stan dard de vi a tion of the es ti mate. This value is mostly a
func tion of the geo met ri cal po si tion of the known data used to
es ti mate the cor re spond ing block grade. De pend ing on what
level of con fi dence is needed, one can cal cu late the rel a tive er -
ror of the block grade by mul ti ply ing a con stant num ber, which
is the func tion of the level of con fi dence, by the value of the
stan dard de vi a tion(s) and di vid ing the re sult by the num ber of
sam ples (n) in each block’s grade (x). Then by di vid ing the
num ber ob tained by the es ti mated value of the block and mul ti -
ply ing the num ber by 100, the per cent age of rel a tive er ror of the 
es ti ma tion of each block is ob tained. These cal cu la tions are in
ac cor dance with equa tion [5]:

%Error x=
×æ

è
ç

ö

ø
÷

z s

x N
100

[5]

For a con fi dence level of 95%, this con stant will be z = 1.96
and for 90% of con fi dence, z = 1.64. The kriging stan dard er ror
for the gold and zinc el e ments is given in Ta ble 2.

The block con cen tra tion dis tri bu tion model of Au is shown in 
Fig ure 7, with the red and blue blocks hav ing con cen tra tions of
>0.1 ppm while the black blocks have con cen tra tions <0.1 ppm. 
Two dif fer ent lev els with con cen tra tions >3 wt.% Zn and >5
wt.% Zn were cre ated to ob tain the eco nomic range of the mine. 
The block con cen tra tion dis tri bu tion mod els with con cen tra tions 
higher than 3 and 5 wt.% are shown in Fig ures 8 and 9, re spec -
tively. In Fig ure 8, the con cen tra tion blocks with <3 wt.% are in
black, be tween 3 and 5.9 wt.% are in red, and the con cen tra tion
blocks >5.9 wt.% are in blue. In Fig ure 9, black, red and blue
blocks rep re sent con cen tra tions of <5 wt.%, 5 to 15 wt.% and
>15 wt.%, re spec tively.

In or der to con strain the min er ali sa tion pro cess and the Au
and Zn dis per sion, a variogram was cal cu lated us ing Micro mine
soft ware. The em pir i cal variogram di a gram along with a fit ted
spher i cal model for Au is shown in Fig ure 4. As in Fig ure 5, the
Au has a range of mod els of 91 m. The Zn em pir i cal variogram
along with the fit ted model for con cen tra tions >3 and >5 wt.% are
shown in Fig ures 5 and 6, re spec tively. The range of the model
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Fig. 6. Block model of Zn con cen tra tion dis per sion by >5% 
by the geostatistical method

T a  b l e  2  

Kriging stan dard er rors for Au and Zn

Kriging stan dard er ror

Con fi dence 
level El e ment Er ror <10% 10%<Er ror<30% 30%<Er ror<50% Er ror<50%

95% Au
26 075 tons

(Ave Au 0.23ppm)

347 375 tons

(Ave Au 0.15 ppm)
192 325 tons

(Ave Au 0.2 ppm)

250 425 tons

(Ave Au 0.15 ppm)

95% Zn3%
7 218.75 tons

(Ave Zn 3% 5.7 ppm)

167 234.4 tons

(Ave Zn 3% 3.4 ppm)
76 140.63 tons

(Ave Zn 3% 3 ppm)

103 812.5 tons

(Ave Zn 3% 2.7 ppm)

95% Zn5%
7 218.75 tons

(Ave Zn 5% 7.6 ppm)

183 046.9 tons

(Ave Zn 5% 5.1 ppm)
46 234.38 tons

(Ave Zn 5% 5.6 ppm)

68 750 tons

(Ave Zn 5% 5.3 ppm)



for 3 wt.% Zn con cen tra tion in Fig ure 8 is 107 m and the range of
the model for 5 wt.% Zn con cen tra tion in Fig ure 9 is 121 m.

Fi nally, the C-V fractal method was used to de ter mine the
min er al isa tion zone based on the con cen tra tion in di ces. Con -
sid er ing the fact that the vol ume of each mi cro-block is known
and the con cen tra tion value of each el e ment is cal cu lated for
each mi cro-block, the con cen tra tion of each el e ment was first
ar ranged in de scend ing or der, then the vol ume of each con cen -
tra tion block was cal cu lated ac cord ing to the di men sions of the
blocks. The con cen tra tion log a rithm of each el e ment and the

cu mu la tive vol ume were cap tured and the log a rith mic con cen -
tra tion-vol ume graph was plot ted.

An ex po nen tial re la tion ship was found be tween con cen tra -
tion and the cu mu la tive vol ume con tained therein. Re la tion ship
be tween the change in con cen tra tion and the vol ume con tain -
ing the lower con cen tra tions is shown in the log a rith mic di a gram 
of Fig ure 10. Since the con cen tra tion of each el e ment, as
shown in Fig ure 10, is a part of the log a rith mic di a gram in a Zn
range with a con cen tra tion of >5 wt.%, the fol low ing re la tion was 
found with a vol ume con cen tra tion <5 wt.%:
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Fig. 7. Ex per i men tal variogram with a fit ting model for the dis tri bu tion of Au 

Fig. 8. Em pir i cal variogram along with a fit ted model for Zn for wireframe con cen tra tions of >3%



V(T) – V(r) = Cr-b [6]

where: V (T) is equal to the sum of the vol ume of all di vided sub-

 blocks and V (r) is equal to the vol ume con tain ing con cen tra tion ñ
and con cen tra tions greater than that. 

The lin ear wall rock equa tion for Zn val ues in the range of 5
wt.% is given by [7].

y = –1.0384x + 5.4908 [7]

were: x and y are log r and log V (³r), re spec tively; 

there fore: 

log V(³r) = –1.0384log r + 5.4908 [8]

With sim pli fi ca tion we will have:

log V(³r)  = log r–1.0384+ log105.4908 [9]

log V(³r)  = log (105.4908× r–1.0384) [10]

And from this equa tion, the re la tion ship be tween vol ume
and con cen tra tion would be as fol lows:

V(³r)  = 105.4908× r–1.0384 [11]

Ac cord ing to equa tion [4], the di men sion of this line is
1.0384 where r is equal to con cen tra tion and V (³r) is equal to
the vol ume con tain ing the con cen tra tion and con cen tra tions
higher than this value. Con sid er ing the suc cess of fractal meth -
ods in two di men sions in clud ing the method of con cen tra -
tion-area and method of con cen tra tion-num ber, it can be con -
cluded that the fractal method is more com plex in three di men -
sions and it is thus more ef fi cient. Us ing these meth ods, low
con cen tra tion and high con cen tra tion min er ali sa tion can be
iden ti fied. The sharp change in the curve slope in the log a rith -
mic con cen tra tion-vol ume graph in di cates the change in the
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Fig. 9. Ex per i men tal variogram along with a fit ted model for Zn
for wireframe con cen tra tions of >5%

Fig. 10. Log a rith mic curve show ing the re la tion ship 
be tween con cen tra tion and vol ume con tain ing 

con cen tra tions <5% Zn 



con cen tra tion com mu nity from the sur round ing ar eas to the
ore-bear ing area. The log a rith mic con cen tra tion-vol ume curve
for Au is shown in Fig ure 11. This curve clearly shows 4 dis tinct
com mu ni ties and 3 fail ure points. These three break ing points
cor re spond to con cen tra tions of 0.12, 0.26 and 0.31 ppm, re -
spec tively. The log a rith mic con cen tra tion-vol ume curve
for Zn with val ues of 3 and 5% is shown in Fig ures 12
and 13, re spec tively. In Fig ure 12, which re fers to Zn
with wireframe val ues of >3 wt.%, there are four pop u la -
tions and three fail ure points. These break points cor re -
spond to con cen tra tions of 3.80, 5.75, and 6.30 wt.% for
Zn. Based on these break points and con cen tra tion com -
mu ni ties, four zones with con cen tra tion ranges of <3.80
wt.%, 3.80–5.75 wt.%, 5.75–6.30 wt.%, and a cut-off
con cen tra tion of >6.30 wt.% can be sep a rated with re -
gard to an ex trac tion fac tor of 3 wt.% Zn.

Based on the ex trac tion fac tors, three zones can be
rec og nized: a zone with grade less than the cut-off
grade (con cen tra tions <3.80 wt.% Zn), an ore zone
(con cen tra tion range 3.80–6.30 wt.% Zn), and a high
con cen tra tion zone (con cen tra tions >6.30 wt.% Zn). In
terms of the ex trac tion fac tor, these three zones can be
con sid ered as a zone of with less than con cen tra tion lim -
its (con cen tra tion range <3.80 wt.% Zn), a min eral zone

(con cen tra tion range 3.80–6.30 wt.% Zn), and a high con cen -
tra tion zone (con cen tra tion range >6.30 wt.% Zn). 

There are also three break points in Fig ure 13, which cor re -
spond to wireframe val ues of >5 wt.%. How ever, the con cen tra -
tion val ues of these break points dif fer from the con cen tra tion
val ues of the break points in Fig ure 12, as these are re lated to
con cen tra tions of 5.37, 10.47 and 17.8 wt.% of Zn. Based on
this graph, the extractable ore can be con sid ered in the con cen -
tra tion range of 5.37–17.78 wt.% of Zn. A con cen tra tion range
of >17.78 wt.% can also be sep a rated as a high con cen tra tion
zone. The con cen tra tion range of <5.37 wt.% is sug gested to be 
the host rock. The dif fer ent con cen tra tion zones clas si fied
based on the con cen tra tion-vol ume fractal graphs for Au and
Zn, are shown in Ta ble 3. The block model for Au is shown in
Fig ure 14 and the block mod els for Zn are il lus trated in Fig ures
15 and 16. 

In the block model for Au (Fig. 14), con cen tra tions of >0.12
ppm are shown in red and blue colours while black rep re sents
con cen tra tions of <0.12 ppm. In Fig ure 15, the con cen tra tion of
<3.80 wt.% is shown in black while red and blue colours in di cate 
con cen tra tions be tween 3.80 and 6.30 and >6.30 wt.%. In Fig -
ure 16, con cen tra tions of <5.37 wt.% are in black and con cen -
tra tions be tween 5.37 and 17.78 and >17.78 wt.% are in red
and blue, re spec tively. 
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Fig. 11. Log a rith mic curve of con cen tra tion – vol ume 
for Au in the range of the Dagh Dali

Fig. 12. Log a rith mic curve of con cen tra tion – vol ume for Zn
with wireframe con cen tra tions of >3%

Fig. 13. Log a rith mic curve of con cen tra tion – vol ume 
for Zn with wireframe con cen tra tions of >5%

T a  b l e  3  

Con cen tra tion of Au and Zn com mu ni ties based on the fractal 
con cen tra tion-vol ume method

Con cen tra tion 
com mu nity

Wall
rock

Low 
con cen tra tion 

zone

High 
con cen tra tion 

zone

En riched 
zone

Au thresh old [ppm] – 0.12 0.26 0.31

Au con cen tra tion
range [ppm] <0.12 0.12–0.26 0.26–0.31 >0.31

3% Zn thresh old – 3.80 5.75 6.30

3% Zn 
con cen tra tion range <3.80 3.80–5.75 5.75–6.30 >6.30

5% Zn thresh old – 5.37 10.47 17.78

5% Zn 
con cen tra tion range <5.37 5.37–10.47 10.47–17.78 >17.78



CONCLUSIONS

Fractal meth ods can be very use ful not only at the sur face
but also in vol ume and in subsurface stud ies. Tra di tional meth -
ods are based on lithological and min er al og i cal stud ies and
hence are time-con sum ing and costly. In this re search, the dis -
tri bu tion of el e ment con cen tra tions was com pared us ing a
geostatistical method and fractal mod el ling in the ex plo ra tion
area of Dagh Dali. Based on this com par i son, ore blocks with
high con cen tra tions were de ter mined for each el e ment and the
ap prox i mate bound ary for each zone was de ter mined. With the
in for ma tion ob tained, the vol ume of each block and its con cen -
tra tion were de ter mined. The con cen tra tion-vol ume graph was

plot ted and the con cen tra tion com mu ni ties were de ter mined
based on the points of fail ure of these curves for Au and Zn.
These con cen tra tion com mu ni ties can be at trib uted to low con -
cen tra tion, high con cen tra tion, en riched, and wall rocks. With
re spect to Au, the 0.31 ppm zone co in cides with en riched con -
cen tra tion, which has a small amount of re serve, and it can be
con cluded that the min er ali sa tion of Au has a small ton nage: it
seems that the Dagh Dali pros pect does not have eco nomic po -
ten tial for Au. Nev er the less, Pouya Zarkanagh Agh Darreh,
which op er ates the Agh Darreh Au de posit, is cur rently con sid -
er ing the cut-off con cen tra tion of Au for this mine at 0.1 ppm.
Hence, the Dagh Dali ex plo ra tion pros pect can be prof it able for
this com pany. Zn has eco nomic po ten tial due to blocks with
eco nomic con cen tra tions. The con cen tra tion block model
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Fig. 14. Au block model de rived from the con cen tra tion-vol ume method

Fig. 15. Block model for Zn Wireframe >3% up from the con cen tra tion-vol ume method



adap ted from the fractal method is con sis tent with the geo -
statistical method, but the de posit showed a vol ume smaller
than the vol ume ob tained by geostatistical meth ods. The
amount of Zn de posit for the >3 wt.% con cen tra tion range by
us ing the geostatistical method is 350,996 tons with a mean
con cen tra tion of 3.13 wt.%, while the con cen tra tion-vol ume
fractal method gives a re serve of 119,532 tons for con cen tra -
tions >3.80 wt.%; also, the re serves for the con cen tra tions >5
wt.% us ing the geostatistical method is 303,685 tons with av er -

age con cen tra tion of 5.29 wt.%, and for the con cen tra tion-vol -
ume fractal method, the re serve is 128,981 tons for 5.37 wt.%
and more.
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