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Fig. 1. The tectonic setting of the Cu-Au porphyry and their related deposits (Groves et al, 1998)

(i A 3 1Bl (6 ) 5y HldlS $S JulSS s
Sty Gl B> adls o8 558 e sl Sty Sl £
b — e b, LS S e a bl ol bl 1, 0T
355 0 0> Sty B 0l AT 6bls (220 29) S0
= e LS 4S8 sl OT Ol bl s eSals s
G095 GIs (35 5= 5,155 & ) 5y Ol 5o
Sl ol by 5 58 e > Sty Ol AT
33l Sty g 5 S 5T (eSS slady sl JT
Sty O gl AT 48 s0mme (25550 = 5155 $3585 Glres g
Sty Slald 55155 Lo JLS (5l i

Ly e sloul (6 LS 5 i gla Sl B
Colbl 53 5 VU i oy kS A U La Glw S5 o
Led 4055 shyls Glaj 5 S8 kil Lyls 5 2E
S, LS b o o (sla Sle 85 o S (F 5 ¥ (sla JS2)
S 5T =V 6ty o =Y Sy = 1 uls (585 5 s
S S s 0 o ST F iy
John et ) s 0,0l -A 5 051,8 -V (&SG5Sl

.(al., 2010
Soms dm (595053 55 e g5 Gla Gl §s 4s same

J.s..l._?)l.ajljj)‘:s\_?lféﬂé)ﬁw jffg}\,]a\)d})b



7YY w5l 6 e e o) dlS (S 5be55 sla S

OYAY JL) ¥ ojless o)+ ol

(SIS ol Sl £ 095 o 55 @i g sla SIS
I RGN PICN N W POpICHE- P PN K ST O S
John et al, ) tmas 05) oml )3 La g K oS

.2010

st_ﬂéuobﬂjb.w‘%)ﬁ)@ﬁ:ﬂ\scﬁﬁﬁsi
b S sl e $Suly Sl S ae e 2y
,;A_,A_gl‘wguﬁmcj,\;y,us,maL.g;,;;iﬁj
(Cooke et al., 2014) xin o aT 5 s clatd) su

£0 ,

50 —

a0

30

20~

PERCEMNTAGE OF ALLDEPOSITS

T T T T T
407 total deposits

ROCK TYPE

(Singer et al., 2008) /,LSen 5 K 5l a8,5 5 SleMbl Jolwl 15 (55m8 50 o 5o, LuilS jo las3slaid auser ol Fainn ¥ JSCi

(John et al., 2010)

Fig. 2. Histogram distribution of Cu porphyry deposits host rocks on the basis of Singer et al., 2008 (John et al., 2010)
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Fig. 3. Schematic illustration of alteration zoning of the porphyry system. Mineralization occurs in the potassic
alteration zone and adjacent wall rocks. In this example, the porphyry has been partially overprinted by a lithocap
(silicic and advanced argillic alteration assemblages) that contains a domain of high-sulfidation epithermal
mineralization (ab: albite, act; actinolite, anh: anhydrite, Au: gold, bi: biotite, bn: bornite, cb: carnonate, chl: chlorite,
cp: chalcopyrite, epi: epidote, hm: hematite, kf: k-feldespar, mt: magnetite, py: pyrite, qz: quartz) (Cooke et al., 2014).
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Fig. 4. Grade and mineralization model at Batu Hijaou deposit, Indonsia. A: Ratio of Gold (g/t) per copper (%) grade.
The black line shows the outline of gold grade >1 g/t, whilst the white line is the outline of ultimate open pit. Block
models of B: chalcopyrite, C: bornite, and D: pyrite distribution and abundance on based on S/Cu ratios (Arif and

Baker, 2004)



LS@)LQ LS"\“‘" 9 Ls’?ub 1414

= VU O] g (5SS 0 5 35 e S g S
Ss 5 (SAATIL S (6350 5n 55 Lal 358 e (65
VL O glibedd g (DGS9 oS gt el oS ol
DLl 1 i (s b s e o A Jeol 55 0T L Las e
o site (Cooke et al., 2014) s, 8 o o 6,8,
23 S e gLl s (eobasl (g5l S S e
eSks Slw 85055 L 50 5 0T el s 5 &Sl 055
B-0 J&2) s sle 5 (A-0 K)o Hle Ol uis .ol
osl30lii & i 53 50l 55 Slowa 5 (6,855 Ll o

RGO PN

=-250 m

S S e 5 el (6 ) oy SOLSST SKES las s
ool SV il O 5153 e el (6 058
S S5 3 slos 18 slalgs ¢ Jibie ladl 5o b
8 e Dy im0l (S ) Ul e 4 S
5 o (sLa Sl 3 31 (gl gyl Cel LacS 1)
ey ¢S 5T L Ol bty 4 it ab i &S5 ,T
Jls o) S5 SE Nph or bl &Sty 5 S 5T
VL 3 oo 5T (15 53 ool S VU O bl 5
25 Sl s e STV das &) (58,5 (sl Ll
Sl el S (6 ) 5 s S5 (2 5SS e

m—

Bench 330 & 270

I 03-0.5gitAu

I 05-1gitAu
. 1-15g/tAu

P >15g/tAu

- =250V

— =500 V

P 0.3-0.5%Cu
I 0.5-1%Cu

' 1-1.5%Cu

B > 1.5%cu

(Arif and Baker, 2004) « s 59l cgilrd 95U (5 528,51 Db — o HLudlS j0 e B g M A Jle m595 136 ablie & JSi
Fig. 5. Vertical sections of A: gold, and B: copper grade distribution of Batu Hijau porphyry Cu-Au deposit, Indonesia

(Arif and Baker, 2004).



7YY w5l 6 e e o) ldlS (S 5de85 sla S

OYAY JL) ¥ ojless o)+ ol

S aze-l e &

% o 43 03 e SLEILIVL S b (i ecblite 815
L e slaprlie 53 (o) atw gy (ucblibe Cool w5 5
Lo T (slacs s lonin o (558 AS a3 (slasb
i 4o (gl Gl Olssa Ll5 o S5 55 lasils
e garn 5SS palie (L2035 (55— 5 03,5753
e 45 olajlsle oLalis (Jbo5ssde sla gl $s
030wl (sl SLaallS SYLw U s LSl j e s ol
Sy mlie b las e o)l gen (5la G oublian J1 55
Sl L (o La0 5 L il 5 o a8 o bl
L3l gl Ly et e s Caad S b ubliae
eSile SIS 5 (slacSiw 3 el Jle 5 gl 25,1 L ol
Lol s oo a8 Sl $5 la0s) 55 5 bwlsl> U
b gy (s 5 g oo SIS (el 0 di s 5
LS5 Lyl ol adlo )3 ks o ST 5 5l a
G348 WUyl 5oy it cwbline Culs L0l £ 8
(Clark, 2014) wzws g 8 aals b b lite ooy

Pl 5 635 Sl igsds glaila S
ls LT L a5 e (sla Jlo 5T (o 801 5 oS bl
g5 ol lolid 53 o pebliie (sLalils oyl
e LT 0355 (S5l 5S35l e (5 2 )3 5 Laslw £
Sillitoe, 1997; 1979) sl (Clark, 2014) 5 5 dal s
5 C0AZDNL 51 8 6,55 e Sl oy LU
3 S0l 1y 8mley O gl AT s 3 8o 13
Sy 3 ot S,LS 55 uwblina 51 .(Clark, 2014)
Clark, ) ceul & slawe Sb 51 28 la,LuslS LMW 5 o2
2014

bt 51 55 s G b 53 5 Olin S S 5
:(Clark, 2014) 5,138 o 36 a8 St

At bliie L5 50 abline la Jle 5T (Ll
ssbi e AT 8 o)l s GlaeSin ublie Cools ol ol

3,18 o U sl Glapis (bline S (g5 5 (13

L a0 SL Lo 75 (5 pdgi3 S 329
S 9 G — o S 5Ll

P55 S Lol 6 s RGNS i 52 Sl S
COT (35 5 35 o o)l SlacSin gla SIS 5 e
Sas i 5 L0y o s L S 5l el Sus b
e e Lol Sle S slaig) 4 Ko S goldw
5 S SIS ey o SIS 0 ) T 5 e sl s
e (23S s (Sl S5 (sLa0 5 it 53 (S s
JHB s el (slls Bl 457 Wlo s 5 5 (5 )
A mbline s 2SI 5 S S e g gy b olulis
35 Sk Sl oman Sl £ .(John et al., 2010)
2S4S 5k e Calises a0 s s CiSe SIS gl 3
b Catiien Sl S5 slatrss glolis 5o (6 05 i,
S ool S5 50 i Lol Gl B S e ol
Loty 5l eslinal L Ol g on 45 308 oo 53 e sla0s
3,8 oSS 1y Sl B 0s; (K55 s

ST 5055 (SLmasls 5 iz 1SS 8 015 (S0 5355 (sla o
9 selidra) Glaaids Jald ol e SLEMBIL L
Johnet al., ) L8 s dows 5 wilid pun s Sl
bt = (K5 sla S5 s hnd el Y 2L L2010
b S abosmt o SOLlS 5 Caliies Sl 85 (slads;
Codbas Lt 5 3 e g0 sladdie bl 1 0lsn U Cstls
aalsl 53.5,8 nds a op e s (SS b5 glaesls
S s Ll Sl s lavs; (Ssb 5 sla S s
S el Lo (68 51 e S SIS e

ewblze Cuols-

S5 ot SULlS ablitn sla S35 L sl o
Jlas LgT SRl 5T Sl el iz (3 date DL
e ol S48 8 as oyl .ol Clark, 2014) o538
SLa S 555l it 5 e ¢S 53 an Dldiea e 5 ol



gS"‘B)L“ L;wl 9 6:&13 YA

Creandl o gr S lgin 505 e oL S e Jsb L5 B
ol 0355 ol 5 SKae 50l ool 055 5 o5l Sl T
Sty 3 o LadUie aslsl p3 555 Lade 25 |06, &
S e S K L o e pblie sla Jle 5T
5 S e o3 5 0l K (sl b o 4 b |
D35 et 53 o Sa - g LA LS SSlaa g
(Clark, 2014) iz wal 01,1 ¢Sl jlu 55

e S b I (o (6 5y e ST Jie P S
S Lo g 5 el o3l 5 EKaly 055 3 Lo dan g
03 o Sl (Cap 351 8) o o (3585 53T K
U boalgdo 555w 23T 6Kiw e S . das o O 1
035 ol 53 el (SI5L -y 5T dle) SlacsSe SKile
b el 03l S 8L O seis 5 gl ST sl b
W5 5 2515 53 e el 55 600t s 5 LS VL
335 Sl S5 O el AT 1 Ssaist ) (5l S5 wiLis
P U el bl e 0358 salin &S 55 50
oo T ) Jsd 53 Lads) slal 5 cwbline (5 pdyn s 55d
.(Clark, 2014) ..

Lo blitn Sl L (5355 los g ST edbe ) sba
L5l (Crad mbliie Sl L (glol 4> &K 095
013,55 4 53 (S350 b SaSTISIH L 2y 5,18
P 3 S e slm) B e bl JLogT L
VL bl Sl Ly (Ko 0353 035 on 510,800
S35 i T S 3 s e S UL sl
bls Al Cas 4 013 5 ki bl ges

S L s e a8 cxBa gl SIS Juls ¢ Sle S5 48 sazme (0
Azt (65l G e b a5 e Sl S5 5 ol
b;mmw)ﬁ)utfggu:iu;éu&@\sﬁ.\{
e OB 0Ly sl IS ST 0T bl JUa T
SN s Sl el Sl S0l s A 25 S
Gl s S Can i 1) OT st Sl Ul 5o
el S bl ol i Dby, Sl s
33 (smablie (65lntn o Lite oSGl bl 4 L ¢ bt
s e alS 1 La JlasT Sus o)l 5,8 2in Ges
SLoos 55 15 53 OABOLgy kS oo gma ) S50 55 5
e JlesT ol Esl 55V publitn ool b (SUIST

(Clark, 2014) Sl (455 5o

Table. 1. Dimensions and susceptibilities of zones comprising the gold-rich porphyry copper model with maximal

development of a magnetite-rich potassic core (Clark, 2014)

Zone Diameter (m) Width (m) Depth extent (m) Susceptibility (SI)
Inner potassic 360 2400 0.351
Outer potassic 600 2500 0.173
Phyllic 1000 3000 0.003
Strong propylitic 1200 3000 0.007
Weak propylitic 1500 3000 0.027
%?S;i:g:ﬁiiﬂ Very large Very large 3000 0.043

1. Reduced to the magnetic pole (RTP)
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Fig. 6. Alteration zonation model of a gold-rich porphyry copper system with maximal development of a biotite—
magnetite assemblage in the potassic zone. There is no vertical exaggeration. The host rock is magnetite-bearing
intermediate to mafic rock (e.g andesite-basalt). The black horizontal lines indicate exposure level of the system after
removal of 250, 500, 750 and 1000 m by erosion. The location of the calculated magnetic profile over the uneroded

deposit is indicated by the dashed black line (Clark, 2014).
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Fig. 7. Theoretical RTP magnetic profiles over a gold-rich porphyry copper model with a maximum development of a
biotite—magnetite assemblage in the potassic alteration zone. Such deposits tend to be either relatively mafic systems in
island arc environments or are associated with alkaline (e.g. high-K calc-alkaline to shoshonitic) magmatismin
continental settings. Profiles are shown for an uneroded deposit and after removal of 250 m, 500 m, 750 m, and 1000 m
by erosion. The magnetic response of 1000 m eroded deposit, which coverd by 100 meters of sediment, is marked with

a gray dashed line. Profiles were calculated assuming a geomagnetic field intensity of 50,000 nT and a sensor height of
100 m above the terrain (Clark, 2014).
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Fig. 8. Theoretical RTP magnetic profiles, for differing host rocks, over an uneroded gold-rich porphyry copper model
with a maximum development of a biotite—magnetite assemblage in the potassic alteration zone. Profiles were
calculated as described in Fig. 6. Fig. 7 and Table 1. The unaltered felsic host has a susceptibility of 0.004 SI,
decreasing to 0.003, 0.002 and 0.001 in the weak propylitic, strong propylitic and phyllic zones, respectively. The
susceptibility of the potacic zone is as in Fig. 6. Quartzites (unaltered, and within the propylitic and phyllic zones) and
unaltered carbonates have zero susceptibility. For these sedimentary hosts, the potassically altered intrusion has
susceptibility 0.18 SI, surrounded by phyllically altered intrusivewith zero susceptibility. Magnetite-skarn, developed
distally within a carbonate host, near the marble contact 700 m from the intrusion, is 100 m wide and has k = 0.2 SI
(Clark, 2014).
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Fig. 9. Theoretical RTP magnetic profiles over gold-rich porphyry copper models, emplaced into magnetic mafic-
intermediate rocks, with either maximum development (“maximum K” in the legend), or a more typical development
(“less K”), of a biotite—magnetite assemblage in the potassic alteration zone. “Maximum K represents relatively mafic
systems in island arc environments or systems associated with alkaline magmatism in continental settings. “Less K”

represents less strongly oxidised or relatively felsic systems, or low-medium K calc-alkaline associations, typically in
areas with thick continental crust. Profiles were calculated as described in Fig. 7 and are shown for uneroded deposits

and after removal of 500 m and 1000 m by erosion (Clark, 2014).

S 55055 53 s g 4k gazes  SBLanw y

b s 5 Oglie (SLa0L e S 51l 4 Sl

S35 ~RTP _blin Olie Gus O, Hloges Vo K

L assl il b 8 (b 5l b (6 5 s HLlS



7OY e M Sl S 6 b9 e Sl LlS (S5 58985 sla S

OYAY JL) ¥ ojless o)+ ol

Cmenl s s Fusicy po 1 6Sds 0L e Ko
48 03 18 55U 5 4Bl il b e S|y Sl S
Lgtﬁ.ﬁ;uﬂlL;mﬁ )ba-L;OJéJw ds;?ﬂta D )j~é>-aJLAJOL;J
blie 51 Sl Ol e K b 4l 2l b ot
O o i 48T (Y DT aials) ol Cas b
Gt 33 0d50 s Kl it 4 by 0 S ubliie
53 0T Jslas 85 4o S (5 208 S dijubiline 5" ol

(Clark, 2014) s,Is A J&.:

—Sle o y3T S0l e K (gl o Aas o 0L |y Calies
Sl bliae 31 (30— o 3aT) HlacsSe bl s>
0230l 4T el o7 cubliie Jlo 5T oSG bl ol b
55 e 3 emeblite (6 pds 5 (e Sl 1S
S Sl g S s Sl 3 05) Sl gles &
Olw B b lasKin U eyl cee Sases v
3 i il b e (5Ll bl a2
3655655 o ST G SGme sladss (8L 0

S b e 0dus b glasdld S glad> O 955 ot

vees Andesite hostuneroded = - Andesite host 500m erodeder.  Andesite host 1000m eroded
voos Felsichostuneroded =« Felsichost 500meroded e Felsic host 1000m eroded

RTP anomaly (n'T)

1000

Felsic host uneroded
3 5 8 o
SRS I
SRt
& » ".'
E E
w o o
Horlzontal distance from centre of system (m)

1000

" ot
LTI T

Distance (m)

30 CaiiSe ~Cad g dfgee Jaore (Sidbarwes LM 5l 28 (6,08 00 (o SLdlS Joe G (g9, 2 RTP (6655 uodbline Judgy N JSCi
oo i sloes W Bcios ¥ USE s ass] il b Lidg s Oslite ialu b zoban 5 cilises (slalpee Koo (6l Sl Lo )T 55
@ a8 Cewl ol ) das (900 Seaadd e Ko b s Ol il ¥ ) Cinds Sl (amolite ely JSUo o] 50 (inset) S8 logas

(Clark, 2014) 05i s 0355 loges (Lol ulie ;o Fadg

Fig. 10. Theoretical RTP magnetic profiles over a gold-rich porphyry copper model with a typical development of a
biotite—magnetite assemblage in the potassic alteration zone, for differing host rocks and erosion levels. Profiles were
calculated as described in Fig. 3. The inset shows the low amplitude (30 nT) signature of the uneroded system in felsic

host rocks, which is not clearly visible at the scale of the main plot (Clark, 2014).
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Fig. 11. Geological ang geophysical maps of the Bajo de la Alumbrera porphyry Cu-Au deposit in Argentina. A:

Alteration map, B: RTP map, C: radiometric K map, D: geological map, E: electrical resisitivity map, and F:
topogeraphic map, (Hoschke, 2011).
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Fig. 22. Geophysical models of the North Dalli deposit along the profile P4. A: Reduced to the magnetic pole (RTP), B:
Electrical resistivity, and C: chargeability.
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alteration and percentage of the pyrite.
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Table. 2. Comparision of geophysical properties and grade analysis and alterations in the Dalli Cu-Au porphyry
deposit.

Average grade  Average grade Magnetic Chargeability  Electrical resistivity Borehole
of Au (ppm) of Cu (%) anomaly (ms) (Ohm.m)

1.33 0.94 High positive 20-60 <100 BH02
anomaly

0.5 0.4 High positive 20-50 <100 BHO6
anomaly

0.02 0.02 Negative anomaly 20-100 <100 BHO5

0.6 0.12 Moderate positive <10 180-220 BHO3
anomaly

06 01 Moderate positive <10 <180 BHO3
anomaly

0.6 0.12 Moderate positive <15 <100 BHO4
anomaly

0.36 0.1 Moderate positive 20-50 100 BHO4

anomaly
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Introduction

Geophysical exploration is an inexpensive, fast
and efficient tool to provide valuable information
about the sub-surface geological complications
(Dentith and Mudge, 2014). Modern geophysical
methods are widely used to identify and
characterize porphyry copper deposits on various
scales (Holden et al., 2011; Hoschke, 2011; Clark,
2014). It is often an indirect exploration method;
therefore, an accurate data interpretation is
required to extract the proper information
associated with mineralization (Clark, 2014). For
efficient interpretation of geophysical data in
mineral exploration, it is initially important to
understand the geological properties of a deposit
(i.e., host rock, hydrothermal alteration system,
mineralogical characteristics, texture, structural
controls, zones of outcropping mineralization,
etc.). Then, according to these properties and
other genetic information, a conceptual model is
defined to choose the proper exploration criteria
and geophysical exploration methods to identify
real anomalies associated with mineralization.
Finally, the geophysical data are interpreted by
considering the physical properties of the
conceptual model. The conceptual model and the
interpretation of geophysical data could be
updated by using the new information acquired
from the exploratory boreholes.

This paper discusses the effectiveness of several
geophysical methods in exploration of gold-rich
porphyry copper deposits, and presents the
exploration models related to the geophysical
features of such deposits. We mostly used the

related papers published in the same field to
prepare these models. Then, on the basis of the
defined geophysical signatures of the porphyry
deposits, the IP&RS and magnetic data of the
Dalli Cu-Au porphyry deposit were interpreted.

Materials and methods

Porphyry deposits are the most important source
of copper, molybdenum and rhenium (Sillitoe,
2010) and provide significant amount of gold,
silver and some other metals (Cooke et al., 2014).
These are intrusion- related deposits which are
geometrically symmetrical and are affected by
different hydrothermal potassic, phyllic, argillic
and propylitic alterations that often show a spatial
zonation. Copper-gold mineralization mostly
occur in the potassic alteration zone within the
contact of the intrusive body and its adjacent wall
rock.

The physical properties of minerals and
hydrothermal alterations associated with porphyry
deposits near the surface are very variable, and
therefore allow the use of various geophysical
methods for exploration of such deposits. In
porphyry deposits, sulfide minerals are present in
different alteration zones with varying abundance,
which could provide the use of electrical
resistivity (RS) and induction polarization (IP)
surveys to detect them. In gold-rich porphyry
copper deposits, phyllic alteration zone often
contain sulfide mineralization, therefore, this zone
could be identified by high chargeability
anomalies and low resistivities in the induced
polarization surveys. The potassic alteration zone
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also contains sulfide minerals and is characterized
in IP data with moderate to high-chargeability
values. The IP method is the most extensively
used geophysical approach in exploration of
porphyry deposits.

Magnetic minerals are enriched and destroyed
respectively in potassic and phyllic alteration
zones. Therefore, a high circular or elliptical
magnetic anomaly is detected at the potassic
alteration zone and is surrounded by a low
magnetic anomaly related to the phyllic alteration
zone. Hence, the airborne and ground magnetic
surveys are useful for targeting the copper-gold
porphyry deposits. The potassic alteration zone
consists of the radiometric K element facilitating
the application of the radiometric survey for
targeting this zone. Nevertheless, the investigation
depth of the radiometric approach is less than a
few centimeters, and therefore, it is suitable only
for mapping the deeply eroded deposits in which
the mineralization occurred in the potassic
alteration zone.

Result

The ground magnetic and IP-RS geophysical data
of the Dalli Cu-Au porphyry deposit were
interpreted based on the proposed conceptual
model of the geophysical signature of Cu-Au
porphyry systems. Integrating and evaluating the
geophysical processes with the result of
preliminary drillings indicated that in the Dalli
Cu-Au porphyry deposit, the zones with positive
and strong magnetic anomalies, high to moderate
chargeability and high conductivity, are associated
with copper and gold mineralization. Therefore,
these criteria should be considered in designing
the additional/infill  boreholes in  further
exploration plans for this deposit.

Discussion

The magnetic, IP and RS surveys are the most
important and common geophysical methods for
targeting the porphyry copper and gold deposits.
In particular, implementation and integration of

these three methods can be more effective. Other
geophysical — approaches such as  gravity,
electromagnetic and seismic methods are also
applicable for this purpose, but they are more
expensive and complicated than the afore-
mentioned approaches.

For proper analysis of the geophysical data, first,
it is necessary to recognize the geological model,
hydrothermal alteration and mineralization
systems of the studied deposits and the
geophysical signatures of each alteration zone.
Then, an appropriate interpretation of geophysical
data is provided through combining the geological
information of the deposit with the geophysical
data.
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