Journal of Economic Geology Gobaidl wlids yaoy
Vol. 10, No. 2 (2018-2019) == OYAY JLo) ¥ ojles )+ ol
ISSN 2008-7306 A YO b STA Sloio

Sl 33 (53590 axfllan M 31 & (S g o S O pdeiT Sl T 9
6[:0 Ol 4‘5".: 6)35)9.; ) —

* S Sl Klgh 9 B o
Ol eOlgaool colgiuo] pinins olKLl3 ccbns puonligs 0l SE>

VWAV/H Y/ 55l FAS/ /YA tdlie L s

LS
,Q\Wﬁgks_;})&ﬁ}g;;u\.wtfbﬁju,:)b_pc}\;.;L;lﬁ.uTJ\f}@ﬂ@\bldabguft&,-g;;
23 (S35 GLaesls QTS s (51 p sl 0BT 2 (Slao3ls diadila 5 (353 o p s (S35 535 SN 1 (5015 00 40
5 o5 G ads gl AT (O jn (slacKiw | 51 i sla S 55 5 HLlS Jubo 3 JolS St lis L Tt clayLuslS” ColecsT
5 adsl Slas glaosls o ébj Sladlles jleslazal b ¢ Slass| sballl S ) s sl HLals ¢ ol 53 il 5 ol§il>
SLaiss e spie Jda OT Lo S5 4 a5 b 5 3, Sl 2 3550 HLlS (Sl n ptihn Joo S5 Al mbaws dal g pioman
GloodiS S 5 o sgin Jds am a5 L s ol 03 s oo i 5 el ST (slaesl 5 planil e (S50 585
(S Cblan la LS s 4y a5 L Sl 055 Sl a5 (6 ) 5y (b — es 5Ll o sas (5L SIS
Ogml 252 5 (S9SN 0 9 o glin (i puboliie (S50 555 (o3l ¢ ) 25 S gl 53 So o 9 by s g SIS
5 SKly Slw §3 055 5o e G5 Sas b o .3 515 w550 Olpl 53 I3 6558 b — s Sl I
— e SIS s Caliee (sl Gl B (b0 55 Sl TS (3, (i bt g5 U3 Sl 5 055 55 0T Ss g8
O Sl cmmlin (235 (@ O gl 55 D g5 OBl oy oty el g S SIS 3525 4 a2 5 L e Ll (505 5 O
) ol Ao (558 (sLa LS 5 Sl S et abos sl s (S 0 sl sy ool (sl g (gl SIS0 28
20 Sl el sl slne (ubliae (68 5 e ST L 6035 (I3 605 b — s SLudlS )3 487 5150l 2a s,
e sLa I sT 55U 5 (At 60 5ols 5 gbloy b sladss 5 Coal oy o ys 51 Slae Sty 6 5 455l ol LIS
U bl bline o 5T .l 52l (5La SIS (611 5 ol &S 55T 5 &S Sl 85 (sladss sadlla  Glate ¢ smcbline
S 53085 = e YU U o 2o (6 55L0 5 (Wi (651w SIS (g5l o7 s oo DL 1) (gmoowr (5800355 35 057 (UL )
SlS 53 3l SLST OLisy o St (S5 1S 55l Ll (Lt 5 er ol g (5l S 5l &S Sy

!

Sl o 55 005 o I3 LS 05185 30 (b — s (Sl y LS S5 18 555 sla S 3 52 60lS” (S0 519

hooshang@cc.iut.ac.ir : L5l Jsimot DOI: 10.22067/econg.v10i2.69539



olaidl owlis pw

Q}L.':.:ﬂ); o),:_meJH‘\—g é_j:ﬁ}_?j 6l—hjj‘) oj}f‘
Holliday and ) & sb s eslaiul 5 85 sla, il

Cooke, 2007; Holden et al., 2011; Hoschke, 2011;
sla s, (Clark, 2014; Dentith and Mudge, 2014

o 5 el 6l Laelde s 5o (S50 555 0o
35 i o oslital (6,054 s sla, LS Gla S5
i 1 Koo 00l 5o ebliin (sl ol
3 O e gy kL 5 ST DNy s geal (6 e g0,
P2l s e 2SS L e WS e o
G358 Ses s 5 oy SBa o ( MS Glad s LS
i bl 5 (251 8 (Sl Sl ealizal L0150 1
03 imed (S35 555 Slaba) 58T 4l g s plsn
3 LSS (S5 ol it g ealitl i e e
e S35 53 (6 SLLlST L LS je (Sla0 sl AT
O P ST R CAR PECVRC A RS
sl Ssous 55 el 2 g DL S 0,0
e g pde G 0lsl 0 51 0L e &K b 5 L R
L it 5 358 erblite (slaesls 31 oslizal b sl b oo
3,8 olalis |y Cadibes Slw §5 slads; 015 oo YU ds

.John et al., 2010)
saa (#gie Gel) gu Lo ST (6 10 s, LS o
s golaml 550 Fle Sy e ke T I S a8 s
Ol 2% Lo Jla 5T (5158l Lsls SUS ¢ 5 cnl 55
Slaosls ks Sy Sl S5 0ol M2 e W
G50 Sl ) s (3w LS 055 L dad e S5 55
Slrenls 385 ki 55 o (6,85 SIS ) (golad
L Gl p s (685 5 SO LlS L o e (S 58555
S Jlo 5T ulid ) pblio o bazdi i 6 K5 Sl
Sl Cmala)LdlS 6 55 ol o ggie sladibe 5 (olacs 55
Joe 4 Cnd s Sl L Tl Waesls - e S
SlaS 55 s Gl 85 s JLuilS ¢ 55 ol (b
la, Ll ol 5 &U@lfwj@w}:j,wu@\f

sLaoss s Lagle §5 (S5 s55 sla S s dob il

4o
Wja;ﬁd'metﬁdj:wng:é)ﬁsu,ulfﬁus
5 Sillitoe, 2010) p 53, 5 i 5o ¢ oms —olie sl
oo s 5o, O Sl g 55 b luie Cuimen
S sbaslils (Cooke et al., 2014) uos o oal 3
0.5-1.4% CU; ) oS e 5 Ok Voot BV VLS L
sy SIS sladd s 5 (0-1.8g/t Au; 0-0.1% Mo
Y gons 457 (6,8 5 Lo SIS 0y (i 0
g o JS3 S5 508 sl slalS 5 55 b 5 OIS O sy
Cooke et al., 1998; Sillitoe, 2010; ) L5 o Covr 5
D)5t S ) 3, S s )2 <58 (Pirajno, 2010
5y Gl i iS55 sul laas S, 5 s,
G ULl s pi e K85 o)l K js 2 Kl
i o S a1 (5 e kS G G 3 Ly
S5 5 Sl e S Ll Gl (5, 5 sl lilS el
Sloio gls adl 3 il ,0 oS alys 5 Al 3 L
Wy SWS 5 ad s 45054 L;uyu“f@_bfr.a

(Cooke et al., 2014) dzun (kg o

OLsgslasl wbie Lulal 1 ol (5,5, 5 sla,Luils”
3N~ s ool d gazma 5 95 Juld 5 L sd 0 glnaid
)LMJKCJ_;}: ELIPETY'y W W Y-JS SPUI KW PREow
Ol 5o 08 7853, oo A 5,505 6 805, SIS (ol
2513 5 52 35 (S b sy Fe S 5 S 030 B s o
=S 5 bl o) 6 oLl Ol e e
48 5,8 ganaib 55 5l G L L slaeSin sLSL
o) JUSITESIS (6,855 L)l s 5 9 Juls
ST (6855 SLlS 5 (Vb ey 5 Lo g0 sl (057
Lo sy L s or (koo 5 pLS 8 5 ek 51 LD
e Sl Tt 5 035 535 Olisn &K (sl JSIT
&ls JSITESTES (sla,Luils a8 Il s tlien b
5 e S3le el g o3 S e 55158 Ol e K
.(Sillitoe, 1997; Cooke et al., 2014) Lwa oA 50



¥ M (8 b e e sl LS (058655 la S

OTAY JL) ¥ ojless o+ al>

S s Ol e oy Gl s ks 5 S35
A g Sdls e 23 e gy B Gl 4 s

Sl 2l g, Kk ysba |y SLasSTT glag i
OS5 (Kb 55 adate Gla gy s TS cllis ol )3
Sladdas 5358 o0 S M I 28 (6055 e SLA,LST
o g e I LS (S5 55 e S s 4 b e
Bl e ol s 4l Lasl ame SYLae 5 Ladde o)
laosls ol 8 me gladde wlwl o e dlod s
3 S A e s Celin i bl (K555 535
Sl (o b O = e S 3 WG sl 55
G gl gl 55 s e o g e (55 e Ol o
ST O i 5 (ol SN L (S35 55 slaesl

6):5)5.; SMo— o (S LSl ol cga0
s sla0s) b bl js cdbl (5,8, 0 sl LS

Cmdge ) JSd 5 ki SLaS ol 50 )L5 il
ol 03 de 5l b 5 (6 ) 0 b — e sl
Sl ol 0alalEs th,)j)

SLeS 55 Laes 5 L b e BN (68, 5y e sl LS
BER) Lled uﬂ_)if.b @)J) U'iJéT L‘-ﬂ‘jb‘\} (8 LQA:_M‘
Lz 5 el «Sa 87 e sl &) 5ot oS (laGas
OySes 5 Ko John et al., 2010) & ya oo St
S ol 18 slas ) g2 ¢!s (Singer et al., 2008)
d@:;d)}T:J_f\)q_héuéﬁé)}_;)l_wﬂfFV
ROUM PRS- PN PRI IAE B (- PH B P 3L (‘fw
5 ST eanls (351 8 0l 3 (s sige 5SS
Lol 53 0ds 218 e A o fer Sasms 5SS
.(John et al., 2010) wxwa 5,0, b LS L
Jﬁ;@jJJJJJTQSLﬁ&.w@M)J Ls‘ﬁ.é)ﬁ LSLQ)LMJK
3T slaes g 31K awtin (Y 5 e JS2) 1,8

e O 95 gh Sydian 5 ¢S gl (ks B Kl Sl

lmesls jl cwlio (6 s by o0 LS Sl i )

S8 5 85
S5 Gl JLagT L (65 m o glasLlS )
John et al., 2010; Holden et al., 2011;) ! ourlqﬁ‘
L LgLACJ_]a .(Hoschke, 2011; Clark, 2014
""\—‘;'CL’”\J}-‘E"“Q—E.‘L;‘j—’ U:J'L"HU‘CJ C‘}"ijfé“"}j:"‘“f
Sy goin Lot onl O ol 5588 55 wiliwlie bl 6l
Sl ol bp Lol & .\it_.:jj_;‘sc\_nax_?)gg_
Malekzadeh Shafarodi et al.,, 2008; Abdi and )

Karimpour, 2010; Adelpour et al., 2016;
oYs 4 (Hosseinjani Zadeh and Honarmand, 2018

45 b Ol e (s 0L A g S e s L
03,5 o 1y kit (sla)LuilS (SS 58555 sla S5
S ol ool aia ol 53 andllan g Guisw A1 AL
3T Gt 58 ilie s (58555 slaesls
b st plmil i i it AL 01 55 e
O )15 55 5 Oudoms LS | amel 3 (S50 055
UK dle Sdme sl gs LS| a5 4 iy slay 5iS
S w5 el s 5l BISCl (sla s 5287 (L)
5 ilnd G5b (35 50T Glaansl 53 S35 55 s o
Ol 53 ciyls am g 5 Canl (bl wlld ) (6 575
asle 5 o lastl Laoliils mam 53 (21,8 ol 55wy
Sl o J ot 0L 4S5 e SO o
Wl Ot ot T Ol 25 5 (21,8 ol Ol gty il
055> 5 Jgaie DLz I8 51 & Clis s o a4
Sla gy slatusgdow g b Ul 4 Cad Jdae LS|
laoUls 5l 515 sl a8 Cal sdilsoly (S50 505
(sbns 3lye LS| 3 s b by ) MBS 55 55
Sl e oy Sl pde o S ST 5 il sl
L ras s e onl (S b SLalS Cundls b (S5 55
SLa sy 3l g o3l al ) s 53 A, oyl



John et ) U5l a8l sl L aslis Vﬂ; sl g L 33 cla,»
.@al., 2010; Holden et al., 2011

Oceanic
ridge

Continent

e Epithermal
Au

Porphyry
Cu-Au

{+skarns)

Accretionary wedge

B Oceanic crust

\

s S, LS awdis 5 sl (Cooke et al., 2014) el

)Q)déﬁ)ﬁﬂéh)bﬂf‘iw‘ﬂ)@éﬁ)ﬁ

BERT-E Sv-NR Wy g I Jii shls el clons Jg..i gty

Accreted
terranes

Orogenic
Au

Continental Back-arc
arc extension

¢ Epithermal e Epithermal/
Au hotspring

B Continental crust

| Subcrustal lithosphere

Porphyry Au
Au-Au 4 Carlin-style

(xskarns) Au

- Granitoids

Asthenosphere

* . Compressional fault thrust \ Extensional fault Basalt

(Groves et al, 1998) ol jan 5 ausly slo,Lusls 51 5 5 9 (508,08 b — o Sl LuslS s lis ey oSl ) JSCi
Fig. 1. The tectonic setting of the Cu-Au porphyry and their related deposits (Groves et al, 1998)
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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).

1. overprint
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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)
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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
/éirilgfiiietgsszarlcl)t/ 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).
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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. 19. Geophysical models of the South Dalli deposit along the profile P1. A: Reduced to the magnetic pole (RTP), B:
Electrical resistivity, and C: chargeability
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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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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 BHO02
anomaly

0.5 0.4 High positive 20-50 <100 BHO06
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 BHO04

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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