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» REXROTH-AG (GFERMANY)

= RDS GRUPA (SERRIA)

« ALPEX COMPANY (POLAND)

« FLIMIDTH{PTFILTD (SOUTH AFRICA)

» STARKET & ASSOC (INC.) (ONTARIC CANADA)

» SRECONSULTING ENGINEERSAND SCIENTISTS(UKE)

« MINTEC GROUP (SOUTH AFRICA)

« GUNHAN MACHINERY AND DRILLING (TURKET)

« INTERNATIONAL PROJECT SOLUTION (AUSTRALIA)
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Integrating Geophyvsical Attributes with New Cuckoo Search Machine-
Learning Algorithm to Estimate Silver Grade Values—Case Study:
Zarshouran Gold Mine
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hevwards Abstract

The exploration owthods are divided min the dowct and indirect catepomies. Among the=s.
the mdirect prophyzecal method: are more tuoe- and cot-sffective compared vath the
dirset mwtheedz . The arget of the imTechigation: is to obtiie an aecwane imogps
froms the featmes. The Indwcosd 1 ) iz ooe of the coommon
methods wsed for metal sulfide ore detection metal ores are scattered in the host
voch o the Zarbiow s cose ares, I o concadered 50 maar explocation wetbod Faiallel
o P, 'ﬂnn—:slzn‘l:_l."dm and
mferpretation. In mwu mwm RS peophymcal attmibutes woib
mmwumﬂ unng the cuchos sexch machine-
lazrming al porithns in ceder 1o estimate the ahoer pade values. The rezulys obtunaed show
that it is poszable fo eshmate the gade value: from the peopinzical data acowabedy,
epecially 15 the aress without dnlling dats, This reducen the costy and fme of the
sxplorstion nd cre recerim: acnsates. Companng tha el of the misllgent inversios

JPRE anribeanes

Alachme-fearnang
Zarshouran depacir

wiih the oumerscal methods, a5 the mayor tools to et the geophy=ical dafa io ihe ore

demonstiate 2

1. Inproduction
The pecphysical methods are widely waed am
underground deposit sxplorations. These methods
provide time- and cost-effective  valuable
information from the layers without
drilling (Selley et al | 2005} the & ferent
geophysical methods, the induced on and
the Carlin sulfide gold deposits (Yuval, 1993
I-Ilsl.thI': & Shoja-ar. J000). Douglas has wed
duced polanzation snd resistiy data 1o
ldmfﬂh:d:p:h of the muneralization et
. 1999,
recuction are the most cgnificant charactenstics of
the artificial newral networks (ANNg) One of the
usages of these networks, especiall vy when they are
supervised (as machine-learmng tools), is ore prade

E'ﬂ*ﬂ"ﬂ'“ﬂlrth"'rﬂ RS 1 FiT

conelation betwesn the results.

estimation in geclogy and noning engneenng. In
cni!rtn:hﬂis AMM ia muined 1o fnd the patiern
nﬁ{mﬂmﬂ: and msical
lm'il:utﬂ]:nd ougput (Erade) data D
parameters influence the grade distribution, some
of which are not consmidered in the mathematical
models. Almost m all the grade eshmation
methods, the most consaderable item is the distance
to the known grade: hence, mamy other factors such
as gmlﬂ rock mechanics, and ore shape and
pamameters can
regarded ss the Mh}ﬁui. geochemmical and
other data formats. Knowing the best places for
explomtion boreholes, wiach can be concluded
from an acourate grade model, leads us to reduce
the costs of ing and predict the shape and the
stabies of the ore body, In order to find this model,
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it is pecessary fo infegrate the different above-
mentioned data formats. Without infegrating and
processing the data ot i tmpessible to find the

Singer and Kouda have used ANNs to estumate the
distance from ore veins (Smger & Kouda 19971
They bave ﬂmtlﬂ.ludl.l!;mhuhl artfcial
neuiral networks for the ore vein d ion. In
1999, they made a2 companson between the
potential maps produced from AMN: and the
?gnfmm (Smger & Konda
1 The results obtained showed fewer emor
values for the test data in the ANN modal (2%:)
compared to the 23% emor in the weight of the
evidence method Brown etfal, (2000 & 2003} have
integrated GIS and ANN 1o produce the 1:100,000
ore potemtial map. They applied mwmiti-layer
Wmﬂdﬂ'}mﬂullmﬂmmhnuhl
pocuracy i map production The most
important weak point of MLFPs 15 the influence of
the small maumbers of the input data on the acouracy
of the model wilnch can be seen in this wok.
Hosseinali and Aleshakh have used MLPs to
weigh different data bavers and produce the copper
potential map (Hossemali & Alesheikh J008). The
mest sigmficanl pant of their work was to we
ANN3 m order to find the shape of the ore body.
Hamis and Pan have emploved the probabality and
regression ANNs to detect the are veins (Hams &
Pan, 1999). The results of therr work demonstrated
a better accuracy in the vem locahon predichion
have used the mtegration of ANNs and other
methods for a potential map production such as the
mfegration of ANN: and remote sensing (Sanchez
etal mjmmwmﬁhmﬁﬂr
probability rules (Skabar, 2
Mamy stadies have been dome to integrate the
groplhysical data umng the artficial nearal
networks such a5 proc the
radar (GPR) data & El-Fouly,
1991} Polton and Stemburg have integrated the
elactromagnetic data using ANNs (Poulton et al
19970 Spachak and Popoa have made progress on
ithe magneioiellunc data via optinEzing the ANN

algorithm ['.'El:hlln . & 2000). Some
rese=arch wof ]:l'l.re'hnmﬁm.tn gain data on
inversion resistivity using ANNs (ElQady &
Ushay X01; Calderon-Macias et al, 301:
et al. 2005). Alimorads ef al have used a
the magnetic geophysical data in order to estimate
the depth of dikes (Alimorach et al . 2011). In this
work, the peophysical data obtained from 17
profilesinthe Zarshouran gold nupe was iuregrated
the Lew Hm;‘urﬂ.l
:ﬁm ot algonithm trained with the
enckoo search (vazn ef al, 2013) to estmmate the
whunf:ilw: mdem'rheumm drlling

The input data were the X, ¥, and Z coordinates
and the IF and RS values. The output data was the
silver grade values from Finally, the grade
ﬁ:ﬁhﬂmﬁmhmﬂhﬁm&gﬂguﬂm

porth-western region of Iran fm shows the

geographical location of this
:tnmhnunt_nmﬂ:m:ruuﬂimm

ped, mi-:mbumm two different shapes:

= WVery fine-praned paticles, which have besn
dissenmnnted in the deposit with high values of
arsame and subfide;

- Fﬂﬂ;ﬂ#ﬂﬂtiﬂﬂ-ﬂh:ﬂlﬂ!ﬂ
the orgamie carbon in the Fyrihowrsn et
showing 3 high grade of gold

Minemalization can be seen a5 veins i the sahcified
rones i Zarshouran carbomsceous limesions with

vemnlets or massive in the middle part of
Zarshouran. The minerals sssocisted with gold in
the Zarshouran deposit are orpiment, realgar,
etibnite, sphalerite, galena, cinmabar, and copper.
Gﬂn_m:mmmmm' and
C
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2.2, Data Acquisition and

The geophysical surveys (IPRS) were camed out
m the Yeganh area m the south-western regpon of
the main open-pit of the Zarsherran gold depositto
find pew depesits i the shuched area. Fl;n'e]
presents the location of the Y
geophysacal profiles om it. Since the nunsralization
trend i this ares is north west.south east, the

profiles are designed perpendicul ar to thas trend In

867

arder to cover the Yeganli area, a rectangle with a
dimension of 1650 m* 760 m was conndered. All
profiles were performed in this
Seventesn profiles with o distance of abowt 100 m
and the survey point spacing of 30 m on each
profile were camed out. Figure 3 illustrates the
name and the mumber of geophysical profiles. The
IP/RS array used 1o this work was pale-dipole wath
22} sunveved points on sach profile
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be recerved by M and N. M and N, which are close
to each other, are the potential dipoles, and A and
B, which are in the physical exireme, are the
current dipoles.

NENRERETN]
R

cuckoo, The cuckoo lays s in other bird's

recogmize the cuckoo's egps Bom s eggs,

Figurs I Location of the YVeganki aren with the groplnmical profiles on ir.

bowever, if the parasite egyg can be recognized, the
host bird wall throw it away or leave the nest to
build amother one Some cuckoo: are o

that they find a nest with eggs exactly
simalar to theirs. This reduces the probability of
their eggs being thrown away of the nest being
abandoped and also mcreases the probability of
thesr chicks stmang dlive The CS5 algontho
follows three basic rules. These males are as follow
(Nam & ol , 2013}

& Ewh cuckos lvyz an epg ad leaves it
randemly is 4 pest.

*  The best mest wath the best egg= mivoduce: the
el penersiion.

* The menber of host nests 5 Gxed and the
cmckoo' s egg can be recogmoed by the bost brd wath
choe probabedity of Fa [0.1]

If the cackoo's egg

partial probability ofPa from o nests. Reducing this
probabality to zero means a 100% success of the
cuckoo in saving it eggs and requires the tue
selection of the nests.

A Row diagram of CSLM is ilhsetrated in Figue 4
II:_E-L'L‘I‘.*M’!EII’EhiJ 2 IIHI]!'I:I]'.‘i.‘II]IE 1
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Figure 4. CSLAL algorithm (N azri ot al, 2013,

Two different sets of data are necessary 1o prepare
the network, 1.¢. mput and output. The i datn 15
the X Y. and Z coordinates and the of IF
and R5. which can be obtained from the
geophysical surveys as before. The
outpiit data is the grades of the silver in boreholes
located on the geophysical profiles. The tofal
number of data is 75 data paints from the boreholes
and geophysical sumveys. The architecture of the
petwork 15 shown in Figure 5.
Emt'l:l-nmnﬂhjmtufﬂuwm:’:wup:de

Figure &, Arcldtecture of neural metmork

¢ They are sustable In cases with impaf-outpat
data

ML3 are computational models based on the buman
understanding of the comical structure of the brain
and cogmbon. Algonthmically, MLs are parallel
adaptive systems: therefore. they require trammeg.
Bldi—pmﬂgl.unn oA method of
supervized developed after the seminal
work by Paul Werbos and David E. Rumelhart in
the 1970s and 80s (Demuth & Beale, 2002). The
details of vanons methods of ML vlhn.p_:n and
are beyvond the of thas are
wn*umn,g elsewhere cemﬂqn Ertgiﬂ 1994)
In this work, we mocessfully developed and
’ ed a network with three hidden lavers of
14, 12, and & nodes, respectively. The network
archatecture 13 shown m Figure 6.

E
i

[ .||:. lemenwmewa | .:ll ]
'

L Jlessessel JL }

Hiddaw Layvim
Figure 6. Our proposed netmork with thres hidden
lnprert. The inpui layer kas five nodes, the next
thiee bidden lavers (intermediate lavers) have 14,
13, and ¥ nades, respectively, The suipuat laver i a
singls nede.
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4. Results and Disenssion
We checked the CSLM results with 11 different

traditional algorithms for training the input data in

determunes the best-amied one The results of each
algorithm are presented in Table 1 as the average
of 100 different random iterations for the besi-

ol ti-laryer artificial neural networks. evalated stouchre
All these

were nsed m this work to
Table 1. Revulix for different training »

MNa Algorithm __ Neuront in each bidden layer  BAS..  FAMS.
1 Trapcin 14128 008 oLoay
2 Trandm 14128 a.0m 0092
3 Trampds T84% iR 0100
4 Trasup 21 22 0956 0213
5 Tramcg T84 G133 0148
(] Trancgp 1610 13 G108 0117
7 Traamegh 1215 0,058 0240
8 Trainzep 1214 186 0078 00=0
9 Tranbiy 1021 22 0098 0223
1a Trarneoc: 10 0.145 0.134
11 Tramgd £s 0330 0,380
12 Trangdm 1213 14 012 017
Columns 4 and 5 in Tabie | are the average values —
of root mean square (RMS) error for the train and
test data i each wanung i o =
the values of the EMS emor, the best-Gited E ()
algorithen is the Cuckoo Searmch Levenberg- E o™
Marquardt (TramCS1M) with the minimnm vahoes R
of RMS for the train and test data. The reduction in In Equation 1, r 15 the real grade value, p is the

the best model was nm in 20 iterations to
ility of the model The RMS results
presented in Table 1 are the avernge values for 20

follows:
E=k-plE=pi-pdE=p-nl ()

a0

data and i3 obtxined from Equation 3
.,,I'E’+E’+---+E’
RMS =t - @
riE i.lll;

PG 03 caboalated a3 BMG.... for che vt data,

Tubls 2 Nimisvemn yed manmom srmer vaioe: for

Tramesim algonthm
Eww Ean RASran  BASww
J02Es 20400 .04 LTy
D.040E & ors88 ] 017

As it can be seen mn Table I, BMS of the amor m
training is less than 10%%. For the w31 results, EMS
of the ervor vaned between s and 17% for the 100
iierations The reduction m the network
aror increases the reliability of the network
predictions and the avmlability of
additional trainang data. Fimally, the of
the petwork are shown m Table 3, The results of
the e in Figure 7.

In Figare 7, R is he comelation coefficient between
the real and predicted silver grade values. The
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correlation coefficient 15 close to 1.0, mphang a
good petwork perfornemce. Owr data in the

values. We wed the above-mentioned peural
oetwork to cassify the test data The resmilis

Zarshoursn (Yeganli) mite bas only silver grade obtaned are shown i Figure 8.
Tlﬁhi!mmﬂrﬁhﬂ:m

Value

o L
: ar ad L] LE
Figure 7. Correlation coefficient for the traam data,

Dun? testing a comelation coefficient greater
Bimgmuﬂ}'nﬁmnﬂl‘.unﬁhmdm

Figure 8). This shows that the silver grade values
mﬂ!lﬁldﬂlu: '!Il-ci;l:rduﬂlwuh
pugnm it desmed
q{:l‘qnlte be excesdingly meticulous with the
reliability of the computational fool that was
developed as a pan of thos work to perform the tack
of cassificabon. This is evident m Figure 9,
remarkably demonstrating the parformance of the
tramed network.
The real vahses of silver grade shoom by phus mark
m Figure @ could be eamly predicted by the back.

propagation neural network by mmltiply ok
M'ﬂﬂem many points with zero values,
the network can stll predict the higher values

acoumately.

BN

Outgann vu. Tl B 0G5 0

L8 1 ar a3 ::‘ T T
Figure §. Correlation cosfficient for the tert dutn

&

-
E
E

Ft

i

Figure 9. Predicied resolts for the tert dain
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5. Evaluating Machine-Learning
Compared with Ceoplivsical Models
Since our datgset was Himited to 75 data, many of
which had data a silver grade of 2ero. it was

Methed

Deptn
{m|

Proposed drilling point using
geophysical inve stigation (BH-1)

¢ to vahdate the ML results wath the
geophysical profiles. To do this, the silver grades
estimated naing ML were modeled for each profile
(as shown in Figure 10).

Figurs 10. Silver grads modsl from AL for prefils 1.

£.L Profile 1

Thus geophysical profile is the northernmost profile
of the Iuﬁ:mhwl 720 m length The -I:Il]::llte
betwesn the survey points is 30 m. and the depth of
the investigation 13 about 130 m The Res)Diov
software was used to make the inversion on the
surveved geophysical data in this profile. Figare 11
shows the mverted model of profile 1. The upper
part ilhsstrates the model of chargeability, and the
lower part is the resistivity modal

Geperally, there are two potenbal ropes In thas
section according to the chargeability profile (two
r.mﬂvmhht%' ty values as red zomes).
According to Flemnfﬁ'dmct the
geophysicists of the project assumed the nght part
of thas section as the pnonty of the next exploration

872

activities and introduced a borehole to this part
(BH-1 m the ¢ fy section), The of
e
in the ML section (Figure 10). The exact position
of the anomalous zone is in the nght hand of this
amow. ML could predict both zones
accurately with a di of 50 m to the cenler
of the nght-hand anomaly This difference can be
dise to the lack of enough test data (core analvsis)
in thas part of the section to comrelate them with the
predicted values by ML The depth of both
anoroalies is about 100 m. and the distance between
the anomalous rones 15 also about 200 m which
can be eshimated and modeled acourately by the
ML method
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Frofils 1

U 3 fadel TP writh
Ieration 5 BAS emor=13 .5

¥ 8B EEERE

Umir Elecmrode Spaciae=300

Dt Nfocdel ResistvIny Wilh topoEraply
DrEration 5§ BALS erpar=] 08 1
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Figure 11. Inverted valoss of geoplivzical dacs wring the Kes ID v sofware for profils 1.

illustrate the imverted geophysical sectioms of

2.2, Profile 4
chargeability and resistivity and the estimated

The length of this profile is 720 m with a 30-m

of the investigation is abot 190, Figures 13 and 14

873

silver grade section using the pew machine-
learming tool
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Figure 11, loverted value: of the geoplosical daita uting Re Do software for profile 4.

Proposed drilling poant using
geopbyticsl investigation [BH-2)

S
Depth
[m) 100

AR

ARSI AMEN0 ADEEND MDESA0 ADRSED  A0BSAOO

Figure LY. Sther grade model from AN and sarfer for profile 4.

B4
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It can be concluded from the geophysical sections
(Figure 12} that there 15 3 major anomaly in the
right-hand part of the profile This anomaly 1

about 120 m far from the end of the profile and has
a depth of 50 m. Figure 13 shows that ML is able
o predict the horizontal location of the anomaly
very accurately; however, the predicted depth is
about 25 m deeper than the actual depth. This also
can be due to the lower resolution of ML according
to the guality and lack of the core anahy=is data

2.3, Profile 9

The length of this profile 15 720 m wath a 30-m
distance between the survey paints, and the depth
of the imvestizgation is about 190, Figures 15 and 16
illustrate 1mverted the geophysical sechoms of

Alodal B wth topography
heation 5 BAS erpareT 0

e

T NN RN T R — -
[T ] 1] 1] W oL [“H] ET] (18]
e ek

A L L A S R
ll-:lll--l—r-llllll—- i 1

FRSEE b e 0L R R

Ja e s e g S
| il BB

chargeability and resistivity and the estimated
silver grade section weing machine-learming. Figure
14 shows that the mamn r of this section 15
located in the rmddle part of the profile with a depth
of about 130 m Borehole 3 was in the
priddle of the anopsaly according to the Res2Diny
model ML has the location of
the maxipoum grade (more than 135
comrectly, & ta Fi 1%, fhe the
anomalyis extended into the end of the profile. The
chargeability section also shows the extenmon of
the anomaly to the end of the profile by mnoreasing
the depth DMoreower, the resistivity section
confirms the existence of the anomaly in the nght-
band part of the section according to the lower
values of the resistivity in thas part.

Ut Ebctrods Spacing=300 m

Uit Ebactrode Spacing=30.0 m

Figure 14. Inverted value: of ihe geophyrical data uting the Bes2DIny sofiware for profile 9.

75
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Proposed drilling point using
grophysical investigation {BH-1)
j I

Ag grads
ippm)

Figure 15, Silver grade modd frem AN and surfer for profils 2,

. Contlation:
The measumremeni poise mmd the pon-linear

relaticnslsp betwest the ical attribasges and

ore grade quantities exert difficulties in performing
geoplnsical imierprefation reliably. The [P/ES
method a5 a geophyvsical-based nondestructive
method is common in problems of predicting
potential zonss in sulfids ores, Consequently, other
viable methods of prediction such ac the one
mn this be desmed necessary in
real cases ﬂ.’rsmﬁmphmmdmdmad
an artifically mtelligent computational agent {a
pew cuckoo search-based machipe]earmng tool)
to consider the unknown mon-lmear relationships
between the system vanables im our prediction
problem (foresesing the ore grade). Owur approach
uses the X Y, and Z coordinates and the [P and BS
vahes as the vanables. The network
secks the between  these inpud
vanables .uiq!w&y and strives to a desirable
output, which 15, in our case, the real ore grade
values obtmined from the direct sampling and
analyzing after borehole drilling.
We considered a real site to test our methodology
The Yegmli area in the Zarshouran mine case
showwed that the network could train itseldf very well
with the practically complete comelation betwesn
the real ore grade values and the predicted anes (a

&M

correlation coefficient R close to ome) As a
double-check, we the resalts of the
mackine-learning techmique with the mmpenical
of the geophnsical data performed by
Bes?Dlny. The Ess?Diny mmomencal mms:iun
ilhastrates the best location for fusther
the targets of mmem| deposits. Th.eum:uidm
exthibited a remarkable capability in estimating the
umkmown zones by comparing the results of ML
with the mmencal models 1o three
geophysical profiles. The results obtained showed
that the network dad predict these profiles reliably.
There were some dispaniies in some
between the results of ML and Res!Dinv
mumerni cal models. We speculate the followings as
the possible reasons for this pecalianty;

* The location: of e dnlled boles were ool

*  The data scattenng of the curputs was lumbed,
and there wac a speafic shewoes: m data.

* The oumber of traimng data (30% of 75 data
points) 1= ool sufficent for the netvosk o
conzider all the different possibalines of vanous
Ellllil.lm

#  The noture of fhe machme-larnmg tools 12 soft
computing and pumerical methods are bard,

-
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¢ Earth heteropenesty lead: ws fo e the soff
compuhing tools to ecognize the hudden pattern

batter

samples fom the profiles and fnding the real ore
grade vahues, then ng the af the
pamal network wath new data and ore grade
valoes. It is also recommended to use the output
Mm;mhkmmmﬂlﬂmﬂf
possible) in other cases,

disseminated sulfide deposits, in 1t]:Iibeu1
proven that there is a proper relationship between
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Integrating Geophyvsical Attributes with New Cuckoo Search Machine-
Learning Algorithm to Estimate Silver Grade Values—Case Study:
Zarshouran Gold Mine

A Abmsoradi™ B Malski' A Fariga!, M Sshafeadeb® snd 5. Ablasi’
Imd’h .Eunnuh'rmﬂnmﬂn:rrtlm
Fawoser, Oy
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hevwards Abstract

The exploration owthods are divided min the dowct and indirect catepomies. Among the=s.
the mdirect prophyzecal method: are more tuoe- and cot-sffective compared vath the
dirset mwtheedz . The arget of the imTechigation: is to obtiie an aecwane imogps
froms the featmes. The Indwcosd 1 ) iz ooe of the coommon
methods wsed for metal sulfide ore detection metal ores are scattered in the host
voch o the Zarbiow s cose ares, I o concadered 50 maar explocation wetbod Faiallel
o P, 'ﬂnn—:slzn‘l:_l."dm and
mferpretation. In mwu mwm RS peophymcal attmibutes woib
mmwumﬂ unng the cuchos sexch machine-
lazrming al porithns in ceder 1o estimate the ahoer pade values. The rezulys obtunaed show
that it is poszable fo eshmate the gade value: from the peopinzical data acowabedy,
epecially 15 the aress without dnlling dats, This reducen the costy and fme of the
sxplorstion nd cre recerim: acnsates. Companng tha el of the misllgent inversios

JPRE anribeanes

Alachme-fearnang
Zarshouran depacir

wiih the oumerscal methods, a5 the mayor tools to et the geophy=ical dafa io ihe ore

demonstiate 2

1. Inproduction
The pecphysical methods are widely waed am
underground deposit sxplorations. These methods
provide time- and cost-effective  valuable
information from the layers without
drilling (Selley et al | 2005} the & ferent
geophysical methods, the induced on and
the Carlin sulfide gold deposits (Yuval, 1993
I-Ilsl.thI': & Shoja-ar. J000). Douglas has wed
duced polanzation snd resistiy data 1o
ldmfﬂh:d:p:h of the muneralization et
. 1999,
recuction are the most cgnificant charactenstics of
the artificial newral networks (ANNg) One of the
usages of these networks, especiall vy when they are
supervised (as machine-learmng tools), is ore prade

E'ﬂ*ﬂ"ﬂ'“ﬂlrth"'rﬂ RS 1 FiT

conelation betwesn the results.

estimation in geclogy and noning engneenng. In
cni!rtn:hﬂis AMM ia muined 1o fnd the patiern
nﬁ{mﬂmﬂ: and msical
lm'il:utﬂ]:nd ougput (Erade) data D
parameters influence the grade distribution, some
of which are not consmidered in the mathematical
models. Almost m all the grade eshmation
methods, the most consaderable item is the distance
to the known grade: hence, mamy other factors such
as gmlﬂ rock mechanics, and ore shape and
pamameters can
regarded ss the Mh}ﬁui. geochemmical and
other data formats. Knowing the best places for
explomtion boreholes, wiach can be concluded
from an acourate grade model, leads us to reduce
the costs of ing and predict the shape and the
stabies of the ore body, In order to find this model,
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it is pecessary fo infegrate the different above-
mentioned data formats. Without infegrating and
processing the data ot i tmpessible to find the

Singer and Kouda have used ANNs to estumate the
distance from ore veins (Smger & Kouda 19971
They bave ﬂmtlﬂ.ludl.l!;mhuhl artfcial
neuiral networks for the ore vein d ion. In
1999, they made a2 companson between the
potential maps produced from AMN: and the
?gnfmm (Smger & Konda
1 The results obtained showed fewer emor
values for the test data in the ANN modal (2%:)
compared to the 23% emor in the weight of the
evidence method Brown etfal, (2000 & 2003} have
integrated GIS and ANN 1o produce the 1:100,000
ore potemtial map. They applied mwmiti-layer
Wmﬂdﬂ'}mﬂullmﬂmmhnuhl
pocuracy i map production The most
important weak point of MLFPs 15 the influence of
the small maumbers of the input data on the acouracy
of the model wilnch can be seen in this wok.
Hosseinali and Aleshakh have used MLPs to
weigh different data bavers and produce the copper
potential map (Hossemali & Alesheikh J008). The
mest sigmficanl pant of their work was to we
ANN3 m order to find the shape of the ore body.
Hamis and Pan have emploved the probabality and
regression ANNs to detect the are veins (Hams &
Pan, 1999). The results of therr work demonstrated
a better accuracy in the vem locahon predichion
have used the mtegration of ANNs and other
methods for a potential map production such as the
mfegration of ANN: and remote sensing (Sanchez
etal mjmmwmﬁhmﬁﬂr
probability rules (Skabar, 2
Mamy stadies have been dome to integrate the
groplhysical data umng the artficial nearal
networks such a5 proc the
radar (GPR) data & El-Fouly,
1991} Polton and Stemburg have integrated the
elactromagnetic data using ANNs (Poulton et al
19970 Spachak and Popoa have made progress on
ithe magneioiellunc data via optinEzing the ANN

algorithm ['.'El:hlln . & 2000). Some
rese=arch wof ]:l'l.re'hnmﬁm.tn gain data on
inversion resistivity using ANNs (ElQady &
Ushay X01; Calderon-Macias et al, 301:
et al. 2005). Alimorads ef al have used a
the magnetic geophysical data in order to estimate
the depth of dikes (Alimorach et al . 2011). In this
work, the peophysical data obtained from 17
profilesinthe Zarshouran gold nupe was iuregrated
the Lew Hm;‘urﬂ.l
:ﬁm ot algonithm trained with the
enckoo search (vazn ef al, 2013) to estmmate the
whunf:ilw: mdem'rheumm drlling

The input data were the X, ¥, and Z coordinates
and the IF and RS values. The output data was the
silver grade values from Finally, the grade
ﬁ:ﬁhﬂmﬁmhmﬂhﬁm&gﬂguﬂm

porth-western region of Iran fm shows the

geographical location of this
:tnmhnunt_nmﬂ:m:ruuﬂimm

ped, mi-:mbumm two different shapes:

= WVery fine-praned paticles, which have besn
dissenmnnted in the deposit with high values of
arsame and subfide;

- Fﬂﬂ;ﬂ#ﬂﬂtiﬂﬂ-ﬂh:ﬂlﬂ!ﬂ
the orgamie carbon in the Fyrihowrsn et
showing 3 high grade of gold

Minemalization can be seen a5 veins i the sahcified
rones i Zarshouran carbomsceous limesions with

vemnlets or massive in the middle part of
Zarshouran. The minerals sssocisted with gold in
the Zarshouran deposit are orpiment, realgar,
etibnite, sphalerite, galena, cinmabar, and copper.
Gﬂn_m:mmmmm' and
C
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2.2, Data Acquisition and

The geophysical surveys (IPRS) were camed out
m the Yeganh area m the south-western regpon of
the main open-pit of the Zarsherran gold depositto
find pew depesits i the shuched area. Fl;n'e]
presents the location of the Y
geophysacal profiles om it. Since the nunsralization
trend i this ares is north west.south east, the

profiles are designed perpendicul ar to thas trend In

867

arder to cover the Yeganli area, a rectangle with a
dimension of 1650 m* 760 m was conndered. All
profiles were performed in this
Seventesn profiles with o distance of abowt 100 m
and the survey point spacing of 30 m on each
profile were camed out. Figure 3 illustrates the
name and the mumber of geophysical profiles. The
IP/RS array used 1o this work was pale-dipole wath
22} sunveved points on sach profile
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be recerved by M and N. M and N, which are close
to each other, are the potential dipoles, and A and
B, which are in the physical exireme, are the
current dipoles.

NENRERETN]
R

cuckoo, The cuckoo lays s in other bird's

recogmize the cuckoo's egps Bom s eggs,

Figurs I Location of the YVeganki aren with the groplnmical profiles on ir.

bowever, if the parasite egyg can be recognized, the
host bird wall throw it away or leave the nest to
build amother one Some cuckoo: are o

that they find a nest with eggs exactly
simalar to theirs. This reduces the probability of
their eggs being thrown away of the nest being
abandoped and also mcreases the probability of
thesr chicks stmang dlive The CS5 algontho
follows three basic rules. These males are as follow
(Nam & ol , 2013}

& Ewh cuckos lvyz an epg ad leaves it
randemly is 4 pest.

*  The best mest wath the best egg= mivoduce: the
el penersiion.

* The menber of host nests 5 Gxed and the
cmckoo' s egg can be recogmoed by the bost brd wath
choe probabedity of Fa [0.1]

If the cackoo's egg

partial probability ofPa from o nests. Reducing this
probabality to zero means a 100% success of the
cuckoo in saving it eggs and requires the tue
selection of the nests.

A Row diagram of CSLM is ilhsetrated in Figue 4
II:_E-L'L‘I‘.*M’!EII’EhiJ 2 IIHI]!'I:I]'.‘i.‘II]IE 1
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Figure 4. CSLAL algorithm (N azri ot al, 2013,

Two different sets of data are necessary 1o prepare
the network, 1.¢. mput and output. The i datn 15
the X Y. and Z coordinates and the of IF
and R5. which can be obtained from the
geophysical surveys as before. The
outpiit data is the grades of the silver in boreholes
located on the geophysical profiles. The tofal
number of data is 75 data paints from the boreholes
and geophysical sumveys. The architecture of the
petwork 15 shown in Figure 5.
Emt'l:l-nmnﬂhjmtufﬂuwm:’:wup:de

Figure &, Arcldtecture of neural metmork

¢ They are sustable In cases with impaf-outpat
data

ML3 are computational models based on the buman
understanding of the comical structure of the brain
and cogmbon. Algonthmically, MLs are parallel
adaptive systems: therefore. they require trammeg.
Bldi—pmﬂgl.unn oA method of
supervized developed after the seminal
work by Paul Werbos and David E. Rumelhart in
the 1970s and 80s (Demuth & Beale, 2002). The
details of vanons methods of ML vlhn.p_:n and
are beyvond the of thas are
wn*umn,g elsewhere cemﬂqn Ertgiﬂ 1994)
In this work, we mocessfully developed and
’ ed a network with three hidden lavers of
14, 12, and & nodes, respectively. The network
archatecture 13 shown m Figure 6.

E
i

[ .||:. lemenwmewa | .:ll ]
'

L Jlessessel JL }

Hiddaw Layvim
Figure 6. Our proposed netmork with thres hidden
lnprert. The inpui layer kas five nodes, the next
thiee bidden lavers (intermediate lavers) have 14,
13, and ¥ nades, respectively, The suipuat laver i a
singls nede.
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4. Results and Disenssion
We checked the CSLM results with 11 different

traditional algorithms for training the input data in

determunes the best-amied one The results of each
algorithm are presented in Table 1 as the average
of 100 different random iterations for the besi-

ol ti-laryer artificial neural networks. evalated stouchre
All these

were nsed m this work to
Table 1. Revulix for different training »

MNa Algorithm __ Neuront in each bidden layer  BAS..  FAMS.
1 Trapcin 14128 008 oLoay
2 Trandm 14128 a.0m 0092
3 Trampds T84% iR 0100
4 Trasup 21 22 0956 0213
5 Tramcg T84 G133 0148
(] Trancgp 1610 13 G108 0117
7 Traamegh 1215 0,058 0240
8 Trainzep 1214 186 0078 00=0
9 Tranbiy 1021 22 0098 0223
1a Trarneoc: 10 0.145 0.134
11 Tramgd £s 0330 0,380
12 Trangdm 1213 14 012 017
Columns 4 and 5 in Tabie | are the average values —
of root mean square (RMS) error for the train and
test data i each wanung i o =
the values of the EMS emor, the best-Gited E ()
algorithen is the Cuckoo Searmch Levenberg- E o™
Marquardt (TramCS1M) with the minimnm vahoes R
of RMS for the train and test data. The reduction in In Equation 1, r 15 the real grade value, p is the

the best model was nm in 20 iterations to
ility of the model The RMS results
presented in Table 1 are the avernge values for 20

follows:
E=k-plE=pi-pdE=p-nl ()

a0

data and i3 obtxined from Equation 3
.,,I'E’+E’+---+E’
RMS =t - @
riE i.lll;

PG 03 caboalated a3 BMG.... for che vt data,

Tubls 2 Nimisvemn yed manmom srmer vaioe: for

Tramesim algonthm
Eww Ean RASran  BASww
J02Es 20400 .04 LTy
D.040E & ors88 ] 017

As it can be seen mn Table I, BMS of the amor m
training is less than 10%%. For the w31 results, EMS
of the ervor vaned between s and 17% for the 100
iierations The reduction m the network
aror increases the reliability of the network
predictions and the avmlability of
additional trainang data. Fimally, the of
the petwork are shown m Table 3, The results of
the e in Figure 7.

In Figare 7, R is he comelation coefficient between
the real and predicted silver grade values. The
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correlation coefficient 15 close to 1.0, mphang a
good petwork perfornemce. Owr data in the

values. We wed the above-mentioned peural
oetwork to cassify the test data The resmilis

Zarshoursn (Yeganli) mite bas only silver grade obtaned are shown i Figure 8.
Tlﬁhi!mmﬂrﬁhﬂ:m

Value

o L
: ar ad L] LE
Figure 7. Correlation coefficient for the traam data,

Dun? testing a comelation coefficient greater
Bimgmuﬂ}'nﬁmnﬂl‘.unﬁhmdm

Figure 8). This shows that the silver grade values
mﬂ!lﬁldﬂlu: '!Il-ci;l:rduﬂlwuh
pugnm it desmed
q{:l‘qnlte be excesdingly meticulous with the
reliability of the computational fool that was
developed as a pan of thos work to perform the tack
of cassificabon. This is evident m Figure 9,
remarkably demonstrating the parformance of the
tramed network.
The real vahses of silver grade shoom by phus mark
m Figure @ could be eamly predicted by the back.

propagation neural network by mmltiply ok
M'ﬂﬂem many points with zero values,
the network can stll predict the higher values

acoumately.

BN

Outgann vu. Tl B 0G5 0

L8 1 ar a3 ::‘ T T
Figure §. Correlation cosfficient for the tert dutn

&

-
E
E

Ft

i

Figure 9. Predicied resolts for the tert dain
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5. Evaluating Machine-Learning
Compared with Ceoplivsical Models
Since our datgset was Himited to 75 data, many of
which had data a silver grade of 2ero. it was

Methed

Deptn
{m|

Proposed drilling point using
geophysical inve stigation (BH-1)

¢ to vahdate the ML results wath the
geophysical profiles. To do this, the silver grades
estimated naing ML were modeled for each profile
(as shown in Figure 10).

Figurs 10. Silver grads modsl from AL for prefils 1.

£.L Profile 1

Thus geophysical profile is the northernmost profile
of the Iuﬁ:mhwl 720 m length The -I:Il]::llte
betwesn the survey points is 30 m. and the depth of
the investigation 13 about 130 m The Res)Diov
software was used to make the inversion on the
surveved geophysical data in this profile. Figare 11
shows the mverted model of profile 1. The upper
part ilhsstrates the model of chargeability, and the
lower part is the resistivity modal

Geperally, there are two potenbal ropes In thas
section according to the chargeability profile (two
r.mﬂvmhht%' ty values as red zomes).
According to Flemnfﬁ'dmct the
geophysicists of the project assumed the nght part
of thas section as the pnonty of the next exploration

872

activities and introduced a borehole to this part
(BH-1 m the ¢ fy section), The of
e
in the ML section (Figure 10). The exact position
of the anomalous zone is in the nght hand of this
amow. ML could predict both zones
accurately with a di of 50 m to the cenler
of the nght-hand anomaly This difference can be
dise to the lack of enough test data (core analvsis)
in thas part of the section to comrelate them with the
predicted values by ML The depth of both
anoroalies is about 100 m. and the distance between
the anomalous rones 15 also about 200 m which
can be eshimated and modeled acourately by the
ML method
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Frofils 1

U 3 fadel TP writh
Ieration 5 BAS emor=13 .5

¥ 8B EEERE

Umir Elecmrode Spaciae=300

Dt Nfocdel ResistvIny Wilh topoEraply
DrEration 5§ BALS erpar=] 08 1
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Figure 11. Inverted valoss of geoplivzical dacs wring the Kes ID v sofware for profils 1.

illustrate the imverted geophysical sectioms of

2.2, Profile 4
chargeability and resistivity and the estimated

The length of this profile is 720 m with a 30-m

of the investigation is abot 190, Figures 13 and 14

873

silver grade section using the pew machine-
learming tool
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Figure 11, loverted value: of the geoplosical daita uting Re Do software for profile 4.

Proposed drilling poant using
geopbyticsl investigation [BH-2)

S
Depth
[m) 100

AR

ARSI AMEN0 ADEEND MDESA0 ADRSED  A0BSAOO

Figure LY. Sther grade model from AN and sarfer for profile 4.

B4



oY

.-1.,_,-‘*:6/

Aliimorddl o & Jowrmal of Mfaing & Dovicomnen Fal 11 Ne. 3, 2000

It can be concluded from the geophysical sections
(Figure 12} that there 15 3 major anomaly in the
right-hand part of the profile This anomaly 1

about 120 m far from the end of the profile and has
a depth of 50 m. Figure 13 shows that ML is able
o predict the horizontal location of the anomaly
very accurately; however, the predicted depth is
about 25 m deeper than the actual depth. This also
can be due to the lower resolution of ML according
to the guality and lack of the core anahy=is data

2.3, Profile 9

The length of this profile 15 720 m wath a 30-m
distance between the survey paints, and the depth
of the imvestizgation is about 190, Figures 15 and 16
illustrate 1mverted the geophysical sechoms of

Alodal B wth topography
heation 5 BAS erpareT 0

e

T NN RN T R — -
[T ] 1] 1] W oL [“H] ET] (18]
e ek

A L L A S R
ll-:lll--l—r-llllll—- i 1

FRSEE b e 0L R R

Ja e s e g S
| il BB

chargeability and resistivity and the estimated
silver grade section weing machine-learming. Figure
14 shows that the mamn r of this section 15
located in the rmddle part of the profile with a depth
of about 130 m Borehole 3 was in the
priddle of the anopsaly according to the Res2Diny
model ML has the location of
the maxipoum grade (more than 135
comrectly, & ta Fi 1%, fhe the
anomalyis extended into the end of the profile. The
chargeability section also shows the extenmon of
the anomaly to the end of the profile by mnoreasing
the depth DMoreower, the resistivity section
confirms the existence of the anomaly in the nght-
band part of the section according to the lower
values of the resistivity in thas part.

Ut Ebctrods Spacing=300 m

Uit Ebactrode Spacing=30.0 m

Figure 14. Inverted value: of ihe geophyrical data uting the Bes2DIny sofiware for profile 9.

75
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Proposed drilling point using
grophysical investigation {BH-1)
j I

Ag grads
ippm)

Figure 15, Silver grade modd frem AN and surfer for profils 2,

. Contlation:
The measumremeni poise mmd the pon-linear

relaticnslsp betwest the ical attribasges and

ore grade quantities exert difficulties in performing
geoplnsical imierprefation reliably. The [P/ES
method a5 a geophyvsical-based nondestructive
method is common in problems of predicting
potential zonss in sulfids ores, Consequently, other
viable methods of prediction such ac the one
mn this be desmed necessary in
real cases ﬂ.’rsmﬁmphmmdmdmad
an artifically mtelligent computational agent {a
pew cuckoo search-based machipe]earmng tool)
to consider the unknown mon-lmear relationships
between the system vanables im our prediction
problem (foresesing the ore grade). Owur approach
uses the X Y, and Z coordinates and the [P and BS
vahes as the vanables. The network
secks the between  these inpud
vanables .uiq!w&y and strives to a desirable
output, which 15, in our case, the real ore grade
values obtmined from the direct sampling and
analyzing after borehole drilling.
We considered a real site to test our methodology
The Yegmli area in the Zarshouran mine case
showwed that the network could train itseldf very well
with the practically complete comelation betwesn
the real ore grade values and the predicted anes (a

&M

correlation coefficient R close to ome) As a
double-check, we the resalts of the
mackine-learning techmique with the mmpenical
of the geophnsical data performed by
Bes?Dlny. The Ess?Diny mmomencal mms:iun
ilhastrates the best location for fusther
the targets of mmem| deposits. Th.eum:uidm
exthibited a remarkable capability in estimating the
umkmown zones by comparing the results of ML
with the mmencal models 1o three
geophysical profiles. The results obtained showed
that the network dad predict these profiles reliably.
There were some dispaniies in some
between the results of ML and Res!Dinv
mumerni cal models. We speculate the followings as
the possible reasons for this pecalianty;

* The location: of e dnlled boles were ool

*  The data scattenng of the curputs was lumbed,
and there wac a speafic shewoes: m data.

* The oumber of traimng data (30% of 75 data
points) 1= ool sufficent for the netvosk o
conzider all the different possibalines of vanous
Ellllil.lm

#  The noture of fhe machme-larnmg tools 12 soft
computing and pumerical methods are bard,

-
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¢ Earth heteropenesty lead: ws fo e the soff
compuhing tools to ecognize the hudden pattern

batter

samples fom the profiles and fnding the real ore
grade vahues, then ng the af the
pamal network wath new data and ore grade
valoes. It is also recommended to use the output
Mm;mhkmmmﬂlﬂmﬂf
possible) in other cases,

disseminated sulfide deposits, in 1t]:Iibeu1
proven that there is a proper relationship between
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