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ABRSTRACT

High-sufphidaiion (HE) gold, silver andior copper deposits are gensrmied
in both the epitserimal and the upper pars of the underlying porphyry
omviommenis over veribcal imbervals of up to 2 km. The HS deposits ase
grremied in advanced argillic Ethocops, which sre prodocis of the
abwoption of mbdic magmatic volaiiles by volumisess prossdwater
sysiemes. Miseralizaton eyles in HS sysiems redflec) degah of formaiion
iz well as the Eierploy bereven @ructural, ithological and hydrothermal
pammeters, The docp pars of HS systems, at depths of >1000 m, are
typified by dissesinaicd coppersgold mincralisation comprising
digenite, chalcodiie and covelliie in paresive sdvanced argillic sx well o
underlying sericitic slieration. In highly telescoped systems, such
minersdisnibon  may overpeind  porphyry  stocks and  mssocimed
quartz-weinler seckwarks, Imermedinte bevels of HE sysiems commondy
conisin fauls-costralled copper-godd mineralisation, typicelly e enargiie
in bodies of veggy residual quanz, silicification andfor massive pitic
sulphide. The shallow pans of HS systems, ol deptbn of <500 m, may
host Likodogically cossralied disseminaced i in which gold
amedfor silver end to predomdnsie over capper, Bamen acid-leached zones
lermed in the sbeam-heated enviFonmess sbove paleo-water lables may be
preserved ahonve or alospaide ghallow HS depesite.
Thee axpbamiton fooos ks on foor principal HS mincralisation siyles:

L copper (eg Chugeicamas, Monywa) of copper-gold (Wali) i the

tq:pnq:hm-!wmﬂmmmﬂuﬂ in the cass of the
where sepergens caldation e limited and, heace, Notathon

ngrh-dfamdm

1. coppersgold-hessng hqﬂmmumdpimhﬂﬂhr
carbomese wallrecks |n the deep parts of sysiems fog Bistee);

i, bigh-grade gold in lnfe-singe veins or hreccias thas
cverprini the imermediaie to shallow bevels of systems (eg E
Indsa, Goldfickd); mnd

4. [large, bulk-minsable gold deposits in the shallow pans af pymems
that were subjecred o supergene oidation, dercby permiting
beap-lesch rentmess (g Ynacochs, Prerina),

T these prefemed HE styles may be added the kow-miphidatics vein
of dissemimated goldesilver minersdlsotion thal b5 commonplace
alongside many HE sysems (ef Victoris o Lepanio).

INTRODUCTION

High-sulphidation (HS) goldtcopper deposits have become
increasingly imponiant exploration objectives during the last
decade or so, mainly (n responss o discovery of warld-class HS
epithermal deposits, such as Yanacochs and Fiertna in Perg, and
recognition of several porphyry coppersgold deposits, such as
Wafi In Papua Mew Cuinea and Agus Rica in Arsgentina,
dominated by uncopventional alieration and anendant HS
aulphide adeemblages.

These and other recent discoveries have also emphasised the
diversity of HS mineralisation styles in porphyry and epithermal
envimamenis, including the tramsitional zooe between them,
Therefore, it iz oppormune o synihesise current information,
some of which s stlll not widely svailable. The task is
approached by subdividing HS minerafisston into  (hres
depth-defined rones: a desp, porphyry environment below abouwt
10 m; an intermediste or desp epithermal environment
between aboiot 500 and 1000 m; and & shallow epithermal
environment above about 500 m depth (Figure 1; Table 1) Depth
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aasignment is based on geclogical festures and recomstruciions,
driling informotion amd, in 8 few cases, fluid-inclusion
gecbarometry, The sityles and charscteristica of HE
minerlisation In each of these (heee environments  are
summarised (Flgures 2 and 3) with reference 1o typical deposits
and prospects in the Cenozoic arcs of the circam-Pacific region
and Europe (Table 1}. This review i3 concluded by considering
the zoning and supergene modification of HS systems, and
summarising ihe siyles of HS mineralisation with the greatest
perceived ecomomic potential,

Fiz | - Triangubar gruph showing the estionated roles of faults, Bthodogles
aad hydrolbennal beeceias i the control of 43 represemmive HS deposit
sad prospects. Their formatiosal padeo-depths are also inferred, with
deep being = 1000 m, intermediaie 500 - 1000 m and ghallow <500 m.
Mote the imporiant fithalogieal control of shallow deposts and fwall
cootred of intermediate-depth deposite. The nsmbers are koyed 1o deposi
names in Tuble 1.

SOME GENERAL FEATURES OF HS SYSTEMS

HE dapoalts are one of two principal types of epithermal deposits
{eg White and Hedenquist, 1995), Their defining features includs
pyrite-rich, bigh sulphidation-siste sulphide assemblages typified
by emargite, luzondte, digeniie, chalcocite snd covelliie; and
pidvanced asgillic alicration assemblagss by
alunite, pyrophyllite and ksolinite/dickite (eg Amibas, 1995)
Vi residisl quaniz, the prodoct of extreme base leaching
(&ﬂem!m}.uﬂmud.mmmmn:nhﬂd:hﬁﬂ
of replacement origin, dominated by excesdingly fine-graimed
pyrite, melnikovite and marcasite  (Sillioe, 1983), are
commonplece and mark principal fluid upflow channels, The
vuggy residual guarer forms erosionally resisiont ledges that are
iypicaily bordered ouwiwards by quarz-alomite, Quariz-
pyrophyliie/dickitekaolinite and asgillic assemblages that reflect
the progressive neoiralisation and cooling of acidic fusd
outwarnds from the upflow channels.
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TasLE 1
delecied caracierisiics of kph-elphidanion deposins and prodpects,

Deposit, Size {million | Velcanic | Age (Ma) | Hostrocks |Mineralisation |Paleo-depih | Associated | Assocladed LS| Selected
counlry tonmes) and | sebling siybe porphyry- | mineralisation |  reference
[nmumber in grate (o oxidised, type
| Fig 1} e: enriched) mineralisation

Farndisg 2006 Mt & | Cenoral-vent | 1922 Welded VIME0ME | Shollow | Poephyry Aulin Billitcse and
Peak. LISA 231 ght Au, wilcang ignimbgite | bodies wigh hyd disorsct Lerece, 1996
[y Gl.ighAgs bx o

Craldfizhd, IEOE Am, 250  Dome Fl| Intermediaie | Pasbicont | niermediste Au-Ag veins | Ashley, 1974
LISA () Ag, 35001 Cu| comples volcamics | ViQ.M0) body L]

Summirvilke, | 027 Mp @ 10 D ] Qusetz [atise Faudt -conk Shalbow- Sericilic Gray and
LUSA (3 £ Au 4035 porphyry | VLMO-MS | intermedinie | - altemlion at Cealbangh,

M1 @ 16 gt bodbez and by depth 1994
Aw_ hx (o)

Bisboe, 135A | 55 ML & 5.4 180 | Linestose | MQ-MS pipes |  Decp Pesphyry Cit i Bryani and
4 e Cu, L4 gh and pods {a} alungde Zn-Fb Mete, 1966
Am, 62 gt Ag roplacerents *

Pularc, ~I35ML@ 1| Dome 25-29 | Igmimbrite | Fault-conl | lnsermedin Plucer Dome
Mexico (5) Bt A complex and valean- | VQ-M0 bodic Mexica, 1959

chaatich and Ezratabound
diasasm (o)
Golden HIEL, | 1,77 M1 @ g1 Trachyand- | M5 bodies (o) | Inccrmediane Walkng er i,
Cuaba [6) 1.2 g Au 3 esibe 1947
32 M@ wolcanics
06 ph Aw
3%y
Puchio Vigjo, | 50 M1 @ Diaime =150 Mudsinne. Stroioboond Shallow Kesler i ai,
Daomindcan Agf Au, X complex samdsione and | MO} bodies snd 19E1
Eepublac {T) [ gt Ag + =100 basaliic viols (o)
Mt @ Igh wolkanics
Au, X5 pit Ag
Sanis Roes, |-10ML@ 12 4.5 (Qeanixite | Fauli-cont viets | Intermedinig Blonteys e
Pena (%) ENL Au and dissem (o) ~deep al, 1793
Vinges. Pera | 027 bt @ Mid- Quaridie | Feali-cont hyd | Ineemediate CGilennes
5 LT ght Am Miocens b {2} ~eep Exploration
SanfT, 109E
Sipda, Pers |20M: @ 2gh| Centml- 133 Andesit: | Faulr-controled |  Shallow- Candniti snd
(i Au vans wolcanies | VIQ-M) badles | intenmedinste Crerrers,
volowse gl A
‘Yanacocha, B3 M Do 09-115 Doz M-V bodies | Shallow Turnaor, 1998
Pena (11} 103 gh Aw | complex porphyry | msd byd b in
ignimtwsiz | domes o]
Pierina, Feru | 110M: @ 28|  Deme 145" | lgnimbrite | Ligh-cont Vi | Shallow Santo Tariblo | Valken,
{12y &t Am, 2 gh o tuf bosdy (o) Zn-Ph-Ag-Au | McEwan ond
Ag vein | Gumy, 1998
Colguijirca, |49 Mt @ 189  Dome- 1 Diacitic tull, | Dissem in (T, | Intermedime Courbonate- | Vidal, Proafic
Pora {13} % Co, 033 | diatreme calcarcous | M5 bodics in -desp replacement | and Moble,
BT An{HE compilex sedimantary | calcancous uni Zn-Ph-Ag 1957
M5 oaly) ks manto
Chaonpee- 10 Mde @ 223  Summid T Andesite Hyd b (&) Shalbow LS Au-Ag woin | Drdpper of al,
limpie, Chile | gh A, B7 gh | domes in paeplyry 1991
{14) AR cenaral-vent
Priraat,
Chmguics- 10530 ML @ 31 -3 | Moseogreniie | Pavk-cont M5 Diecp Drepipriamied on
main, Chile | 094 % Cn porphyry | weims, viets and poephyTy Dasanddin and
{m dissem (o, e Cu-Mo ﬂwa?I.
b, Chile ZSM @ 13. 3% | Granodioribe | Fash-com M3 Desp PorphyTy Sillitne «f al.
(1) {1,596 % Cu weing and viels Cu-Mo 1986
juxiaposed
structurslly
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TasLE 1 (continsed)

Selected characieristics af hgh-miphidaion depositr and prospecir,

Depasit, Bize (millon | Volcamic | Age (Ma) | Host rocks | Minersllsation | Paleo-depil | Associsted | Associnied LS Selected
couniry lonnes) amd | selting style porphyry- | mineralsatien |  reference
{musmnber kn grade (o2 oxbdbed, iype
ﬂﬂmﬁ nuinzralEss
B Gusnsco, | -3tAu+ | Calderf?) =45 Lgnimbrie Fuult-coni | Intermediate-
Chile (17} 115 M: & wnd mdesitic | M-V and desp 1979
L.77 ght Au wileanics relmed
sirmin-tounid
m@ﬂi
La Caipa, =T Mz & Dhome 10-24 Dacitic | Y-MS bodies | Shallow Ohvieddo ef af,
Chibe {18} 57 g A, | complex volcamics and | and hyd by (o) 1991
Elph Ag wolcai-
clastics +
Inite-arenice
E Indic, BIMi@ | Dome(™ |11-125| Ignimbrie | Fuuli-coni Shallow- Fio del Medio | Janmas e af,
Chide (1%} | 6.5 gt Au, 50 ME-MQ veans | intermediats Au-Ag weins 1950
B AR —4 %
Co + 0.2 M1 B
@ 09 gh Au
LB
Tembe, Chile| 37TIMi@ | Dome(T 7.5 Ignimbrite | Faslt-coni byd | Shallow Siddaley and
{20} 418 gt Au + b {ob Arancda,
A1MLE | gh 1550
Am
Proscus, Chile | 340 Mt @ -1 74807 | Ignimbrite |  Lith-cont Shallow Barren
@20 B Au, 30 ph W80 and porphyry
Ag hyd b (o) stockwork
bzl
CemroRico, | B60001Ag | Dome 38 | Rbyodaciie | MO-VQ body | Stallow- | Sa-base metal Siblites ef al,
Bokivia (22) porpiyry and | with weins (o) | intermediaie | veins beneath 938
lake beds
Cachi I7Mi @ 15| Summit | Pliccene | Andesiie | V. MSand |  Shallow
PLAu 112 | domein parphyry | byd b bodses
Bokivia (23) giAg | cemtral-vent i)
¥olcung
Mevndosde || Mi @ 11 gt i Phollie= | Dissem, wiets Deep Spopbry | Ap-Auveins |  Lossds-
Famatiza, Au, 50 ght wnd vesing Cu-Mo-An Caldersin and
Argenting A, 1% Cus |PrOEpects Il Phail,
(243 0 M & 0.9 nloegside 1996
Aguan Rica, TH0 b & 4.9 -53 |Porphyry and | Hyd be and Dezp Creerprinied om Perelld & al,
Argentinn 062 % O, meetamwaplac | anockaork (el porphyry 199%
(25} 0LET % Mo, rocks Cu-Mo-Au
0.24 ph Au minermlizatiog
Moenyrws, 1000 @ Dl Duana 1 Andesite | Hyd ba dykes, Deep Porphyry Au-Ag veing Win and
Myanmer % Ca complex pocphyry whets il b bensath Kirwin, 1938
 (26) digsem (e}
Motombolo, | -3 ML ® 15 |  Dome 1.9 Darils Favali- mnd Deep Sungad Mak Auveing | Porelld, 1994
Indcaesis gt Au, 60 gt porpharry and | dome-comt parphyry
27 Ag, 3% Cu volcamics | V-MOQ-M5 CusAu
b=t with alongside
hipd b
Lerokisand | S.IMi@ | Domes(? 47 Andesitic | M3 bodies and | Shallew Sewedl mnd
Kali Kuning, | 4.36 ght Am, voloanics | maassive barle Wheatley,
feedanesin 128 gh Ag, o) 190
{ZE) 50 % barite
Zijinshan, |=-100Mt@ 1| Dome |100.105| Granseand | VOQ-MQ  |Imiermedise- | Porphyry S0 eral, 1998
China {30 | % Cu+2 M docile  |bodies, hyd b, | desp Cu-Mo
@ Sgh Aw porplyry | M5 veim and ulongside
dome viets
Knsugn, 4.0 M @ 28 | Contrabveni | 5.0 Andesitic | WO-MS body | Shallow Engo Au veiss L
Japan (30} | g Au, 08 git | volcanoes in volcanics {a} al, 1994
Ag caldera (7)
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TaBLE 1 foontinaed)
Selecied characterisiics af hiph-rulphidation depoesits and prospects,

1
Associated |

Dhepuesld, | Sire (milllon | Veleanke Age (Mal | Host rocks | Binersll- | Paleo-depth Associsted LS | Selected
couslry lomrees) wmd seiting sailon style porphyry- | mineralisation]| reference
{namber in graids {02 oxbdised, iype
| Fig 1} ] £ el el issdbon
Chinkuashih, | =20 M1 @ 2.0 Droame 10-13 Daciis Fouli-conl | Intermediaie Au-Ag-Zn-Fo | Tes, 199]
Taivwnn (30} | phodo, 9 gh corphe pophyry med | M5V quanz-
Ap | 19000 sondvione- | ‘bodies and carbomale veins
- 1Ca shale byd bix pipes
Guinaoseg. |-J0Mi @05 Dame. 34 Andesitic Panly Deep Fuephyry Sallitve and
Phdlippimes. | % Cu, 05 gh |  dintreme valeanics Forull-Gaani Cr-Au Beneuk An
| (32} Au (HE omily] dissem 19E5
Lepanin, 383 Mo Dhame- 15-1.2 | Andesitc Faolicont | ledermediare- | Pocphyry WVicloris Hemdienguasi,
Phifippine 29% Cn 34| dimreme and dacitic | ME- MO desp Cu-Audown | An-Ag-bass | Armibas mnd
33} Bt Am 108 velcanics body with plunge meinl veIns Reynolds,
BrAR hyd bz and I8
wging
Moleshitan, | §MI @315 | Cemtralovent | Phocene | Andesitie | Fasbicont | Shallow Sittioe eral,
Philipplnes gt Au wodcano (7} voleanics | WO and e ]
| {34) box {o)
Tampakan, 1200 M ® | Cosiral-venl | Plocene | Andesitic | Disseen, viets Deep Porphyry Madera and
Phikippines 53 % Cu, valcano (7 volcanics | ond hyd b Cii- At below Rohrlach,
| {35) 024 gh Au 1998
Mena, PNG | 50 Mt @ 2.2 | Cemtral-veni 13 Andesitic Fuall-coatt | Iniermedinic Seversl Bainbridgo,
{36) ®Cu, 06 gh |  volcamo valeanics | MS-V-MQ porphyry Carkst! sl
Au -+ 18 M tndy with Cu-Au Lesch, 15954
@ 1.4 gh An hyd ba alongsde
Wafi, PG | 100 M@ 13 14 Mein- Dissem Dieep Porphyry Digsemn An | Tam-Loi and
(a7 'i-ﬂ;ﬂ-ﬁﬂ'r sedimeninry Cu-Au below wlongzide | Andmw, 995
] ricka
Bar, [I0M1 & =1 | Coniraslveni | Laie Andesithc | Fault (Th-com | imermediae-|  Poephyry Jnikovie,
o Cu, 04 gft | voloano (7) | Cretecsom | valeanics ME and desp Cu-Mo below 150
34 Au dimseen bodies
Chelopech, 520 M1 @ | Central-vent Late Andesinc MS bodies | Iniermediaie- | Porphyry Toersier, 1964
Bulgaria (1%) (1.4 % Cu, 33| wilsmoor |Cretaceous | volcanics deep Cu-bdo
Bt A e nlongside
ESATIfHES,
Praclova, 6 Mt @ 065 | Cesarad-vent |  Lam Andusitio Drigsam Decp Forphyry
| Bulgnris (400 | gtAv | volcono | Cresscooms | velcanics Cu-ha helow
Recsh, 30 @ 08| Centrad-vent Laie Andesitie | M5 body and | besrmediare- | Porplyry Baksa, 1¥T5
{Lahiica) Cu + 36,7 M volcano Baocens volcanics disserm deep Ca-Mo below
| Humgary (41) L4 1.4 gh Av
Furis, baly |28 M@ 3,0 Dwaine- 13 -125 [rintrome Fumll- and Shallce An-Ag-quanz- L
{42} Bt Au s Ap dintreme breccinand | dome-coat hisrite veins al, 1997
Cu ignamhie V-ME
Beefees with
oyd b {o)
Rodelqoilas, 10 Aa Caldom 14 Ignimbrite | Cwariz veiss Shallcs Serhainie Po-En-Ap-An | Anrfhes o al,
Spain (43} maigin, ring and rhyuolite | and vhets, hyd aleruiion st | quarts weing 1995
diome domen fbx and W} depth
bodieg ()

Supplemeninry age dain: | Mobls and McEee (1997), 2 Clavero ef al {1997}, Abbmoviations: ba, breceis; cont, conirnlled; dissem, disseminaied;
Iyd, ydrochenmal; lich, lighologically: MO, massive quans (silicification); M3, massive sulphide; viees, weinlem; VI, vopgy quartz

HE deposits constitvle all or parts of libocaps, which are
cxpenaive rones of sdvanced srgillic and ergillic aliemfon
generated bebwesn the subvolcanie intrusive environment and the
palecsurface (Sillitoe, 1995), HS mincralisation in the porphyry
ovironment 5 formed In the roots of lithocaps, whereas
minernlisstion designated s deep or shallow epithermal was
emplaced &t depths shallower than the intrusions, through 1o the

paleosurface. Many Hthocap remnants, bowever, contain
pusnenous  siliceous that are spparestly devedd of
ppprecishle HE mineralisation. By the same token, there is no
reqquirement for the underfying subvolcanic intrusions to possess
ecooomically  significant porphyry or  other types of
oaiberalisa
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Fu 2 - Schemalic moonstruction of & dome-relnied HS system separmied spatially fmm the under ving porphyry copper snvironment, Mole the upwand
chanpges fnom copper i godd/silver and fouhi-controlled o daseminsbed minoaisation. The palecsarince is marked by acid-leacked mck
of sizam-heated origin.

Most Hthocaps are present in arc termnes charscterised by
parphyry copper-molybdenamd/gold deposits, but gimilsr zones of
advancesd| argillic and argillic aleration &re also recognized [n
shallowly eroded liihophile-meial provinces, such as the Bolvian
tin-silver belt (Sillitoe e al 1998). The more medoced,
ilmenite-series characier of the magmatism seems o explain why
the HS minerabisation lm swoch libocsps s dominsied by
silver-antimeny-tln =~ Instead of the more  Eoomal
gold-(silver}-arsenic-copper nssoctation {Sillitoe & af, 1998)

Based on fluid-inclusion and isotopic studies of several of the
HE gystems considersd hersin, there is broad sgreement thal
sdvanced argillic alteration is the product of cxidised ond acidic
fluaids penerated by condensstion of magmatic volatiles enriched
in 50y, HO and HF im0 meteoric water {eg Armibas of af, 1955;
Hedenguis er al, 1994; Hedenguist, Arribes and Reynolds, 1998;
Rupgier e af, 1997; Sa e al, 1998). The fuid responsible for
the subsegaent gold, silver and copper depositon in HS systems
I= gemerally thought o be relatively oool end dElute and io
posgsis &n appreciable metearic water component, although fis
ultimale origin remains uncertain. admixtare af
mmtwmmﬂmm:mhﬂumﬂhlﬁf
Heinrich et al, in press), magmstic briee (White, 1991;
Hedengpuist er al, 1994) or less-saline magmatic fluid
(Hedenquist, Amibag and Reynolds, 1998) heve all been
proposed, Recent evidence for preferential wolstile transport of
copper, gold and amenic under high-pressure conditions (eg

Heinrich #f of, in press) cerainly makes the first af these
altematives an stiractive proposition.

DEEP HS MINERALISATION

HS pald, silver and copper mineralisation may be separated from
the anderlying porphyry environment by seversl humdred vertical
mieires, o5 documenied by deep drilling a1 Sammitville, Colomdo
{Gray and Coalbaugh, 1994), or may be juxtsposed with it or
superimposed on i (Figures 2, 3 and 4), Juxtaposition and
superposition of porphyry and HE mineraliestion resull from
iclescoping. generally in respomse (0 profound  surface
degradation by uplift-induced erasion or, perhaps less commonly,
volcsnic collapse during the hydrothermal lifespans of systems
[Eﬂﬂh:.lﬂ#}.THmufHSmpﬂﬁ}ﬂﬂiﬂﬂﬂhﬂ

is controlled by zones of maximum permesbifity, which was
provided by syn-mineral faults af Chuquicamats el al,
1995} and MM (Sillitos e of, 1996), 8 swarm of feult-controlled
breccia dykes at Monywa (Win and Kirwin, 1998) and a
hydrothermal breccis pipe st Apon Rica (Perclld e of, 1998).
Wihere HS mineraliestbon is telescoped over that of porphyry
type, quarz-veinlel stockworks genersied in comjunction with
K-silicate alieratlon may oocur 83 remnants in the ovesprinted
sdvanced argillic sssemblages, ss observed atl Agua Rica, Wafl
and Tampakan (Figures 4 and 5). Locally, patches of K-silicals
Tﬂarjmnﬁmduwmgﬁp:mmm
et ail, 1
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Fia 3 - Schematic reconstruction of a doame-relaled HE sysiem telescoped aver jhe upper pasts af the andzrdving porplvry copper environment. Mobe the

spward changes from copper sulphides o emargite, copper to goldsilver, sericitic to advanced argiltic ali=mtion ssd disseminated 1o fauli-controlied and

back 10 disseminalod minerlisstion. The padecenrface it charncterised by acid-lenched rock of stesm-Sesied orlgin, and the margin of the sysiem by LS
2imc. bend and precious-meinl minelisiion,

The zones of tramsition between HS and  porphyry
mineralisation are typically chamcterised by downward changes
from sdvanced argillic alteration, commonly dominsted by
quartz-dickitespyrophyllite and subsidiary diaspore, o sericitc
(quartz-sericite-pyrite) alteration (Figure 3), as observed st
Potosi (Sillitog er o, 1998), Wafi (Thu-Lof and Andrew, 1998
Figure 5), Zijinshan (So et al, 1998), Petslove (R H Sillie,
I:I.l;l:llﬂllhud daia} nnd Rodalquilar {Arrbas e al, 1995), Sercitic
i]hnmu;ﬂpih deramrwards into K-silcate ablerstion conlain
chalcopyrite-(bomite)}-pyrite (Figure 3), in some depaosits,
especially in the western Pacific region, through a transitional
imtermediale  agillic  {ilEe/senicite-chiorite-pyrite}  zone
{Guinaoang: Siflioe and Angeles, 1985; Tampakan: Madera and
Rohirlach, 1998; Wafi: Tau-Loi and Andrew, 1998; Figure 5), HS
mineralisston {8 commonly confined 1o the advanced argillic
ulieration, but & some localites it extends downwards into the
segiciiic pame, most spectacularly over & structurally comtrolled
vertlcal fnterval of af feast 1000 m at Ch {Fréraut,
Ousanddn and Gustafeon, 1997), bui also s Gulnacang (Sillitoe
and Angeles, 1985), Petelovo and elsewhere. In the deepest parts
of other HE mineralised zones, sericite may be accompanisd by
dickite (Wafl: Costett and Leach, |998; Figure 5) or pyrophylite
{MM: Silllios er al, 15996).

The deep to intermediate-level parts of some HE systems
coniain bodies of messive siliceous alieration, including both
gilica Introduction, be silicification, and residual vuggy quaniz
Bodies of silicificstion and vuggy quartz, partly incorporated into
bydrothermal breccla, ooour within the sdvanced argillic zone at
Wall (Tau-Lal and Andrew, 1998), but occur between advanced
argillic and overlying intermedisie argillic alierstion at
Tampakan (Madern and FRohrsch, 1998 however, the
silicification s Bor gpans the interval befween the
bge of the main HS mineralisstion and the porphyry
environment (Fankovic, 1990); Hemringion, Jankovic and Eozelf,
159E). The voggy quarz, apparently locallzed by the top of the
porphyry miock st Wafl (Figure 5, conislms copper-bearing
silphides, whereas sificificaiion lenids generally o be bammen
anless hydrolhermally breocisted, The inlermediate argillic
glieration reporied sbove advanced argillic alteration of
“Tampakan may be compared with similar intermediste argillic ar
chloritic paiches in many lithacaps (Figare 3), which are believed
to reflect zonee of somewhat lower permeability.

The deep paris af the HS environment are characterisad by
high sulphidation-siate sulphides comprising several of bornite,
digenite, chaleocile and covellite, all of them hypogene in origin.
Enargite is ubdquitoes bul generally subordinale in amount, as (s
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———r Dge of HE mireralizaiion

Porphyry siock and
quarls vakisd shackwork

C et

o 4 - Sehematic relations between the bases of HS mineralisation and
Iopa of porphyry-type misermlistion e defined by the presence of
posrplnyry siocks mndior gasri-veinkes siockrworis, Moie the varied

degrees of islescoping. Dain from Gy and Coolbaagh (1994), Jaskavic
(1990), Madern and Fohrach {1998}, Sillitos snd Angeles (1985},
Tati-Lod asdl Andrew {1998], Vila er ol {1991} and the winier's own

observlbons of the deposits concemed.

any chalcopyrite. These copper-rich sulphides are commonly
preaent as pastial replacements of disperisd pyrite, with resulling
lextures thal mimic those typécal of supergene copper sulphide
enrichment {Figure 6], The pyrite that underwent this ‘hypogens
copper carichment® was formed afier hypogens leaching and
removal of pre-existing chalcopyritethomite  introduced,
commuonly  in  quartz-veinlet  stockworks, with  K-silicate
alieration (Figore 6). Yeinket sulphides are uncommon omder
desp HS  conditons, although  omusual — massive
pyriie-enargite-sphalerite  weing concluded the HS evem al
Chuguicamata (Fréraut, Ossandin and Gustafeon, 1997), Thess
desp copper-rich HS zones may contmin appreciable (0.5 gft)
mﬁ{ﬁrmﬂdﬂ,m;nﬂp}umwmﬂm{m
Rica, Tampaksn), molybdenom aione
Fmﬂluhmndihﬂmuﬂhlppu:hhhmm{u:qrwn}
HE mineralisation assigned a fairly desp origin commonly
affecied subvolcanic basement rocks. This simation is probably
mare comman where voleanhe sequencas are relatively thin, as n
Mow-dome complexss o5 opposed o stratovolcances. The
basement rocks range from extremely unresctive quarizite at
Santa Rosa (Momioys & al, 1995) snd Vigen (Gitennes
Exploration Staff, 1998), phyllite sf Mevados dez Famatine
{Losads-Caldertn and bMcPhail, 1905) and equigramilar felsic
plotons st MM (Sillitoe et al, 1996) and Zijinshan (So ef al,
1998} o receptive calcarcous lithologies af Bisbes (Bryant and
Metz, 1966) and Colquijirca (Vidal, Proafio and Noble, 15%7).
The basement rock-hosted HS mineralisation atf Movedos de
Famating snd Bishee s locsted slongelde porphyry
mppn'-mdrhdnmm mineralisation displaying gquartz-sericits
quortz-sericite-pyrophyflite.  alieration,  respectively
Wlldnh.ﬂhl:ﬂnﬂ IWﬁ.ETmlndhhu 1966;
Figure 3}, The unreactive basement mcks comlain mineralisstion

Fud 5 - Simplified alieration-minemlizstion oning in and lmesediaely
mibirve the porphyry siock in the kighly ielescoped Wali porphyry
copper-gold deposit, Papun Mew Guinea, Hote the wpwand changes from
K-silicusfintemediae argillle through serbcsiic to sdvanced argillic
alserfion, with residual voggy quans sppasently belng localised by ibe
ool of the stock, and from chalcopyrite theovagh covellite 1o enargiie
mimcraliEtion. The apper lmit of the A-type quartz-veinlet stockwork is
about 100 m above the roof of the sicck. Compere figere with thoss
presesited by Cocbeit and Leach {1998) and Tau-Lod sed Andrew (199E),

," .. & :rﬂu - ".-'-
BZ Rz,
Cunrle ntniat . - =
" ntedgmte

=l

Fit & - Sequentisl hypogene sulphide minemlogy developed in he roats
of meme HS envimonments. Sericitic overpeinting of K-silicate alterstion
caumes feaching of chaloopyrite and introduction of dizseminsted pyrite ol
differens sites, Subsequenily, pyrite is partially replaced by high
sulphidation-stare sulphides consing *hypogens easickmenl”, Care ls
required 1o avoid confusbon of iz process with the supecficially similar
produscts of superpens enrichment during weathering.
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hosted by mipor [mbls, fractares and hydrotheemal breccias,
whereas receptive calcareous horizons are replaced by masidve
quaniz-pyrile bodies cut and bordered by enargive (Vedal, Proafio
and Moble, 1997) or chalcopyrite-borndte (Bryamd and Metz,
1966). Binawdi (1982) painted ow that quartz-pyrite is the
equivalent of skarn under the relatively bow-temperaturne and
low-pH conditions requisite for advanced argillic alteration

Advanced angilbe alterstion extends deeply along ihe skdes of
posphyry siocks in some sysiems, instend of overprinding the
socks themselves a2 illustrnted in Figere 3, Such margioal
advanced angillic 2anes are mineralised ol Nevados ds Pamstina
and Bisbes, i mentioned above, bid are reporedly barren st Bor
{Figure 4} and clsewhere (eg Frisda River, Papon Mew Guines:
Corbest and Leach, 1998), Such dawnward-pencirating proags of
barren sdvanced argillic oleration, called “bamen advamced
ergillic shoubdera® by Corbett and Leach (1998), are simply the
roots of [ithocaps controlled by permenbility contrasts thad
exisled betwesn stocks and thedr immedinte walirocks.

INTERMEDIATE-DEFTH HS MINERALISATION

HS mineralisotion hosted by bodies of vuggy residual quartz
andfor semi-massive o messive pyritic salphides may be
encountered throughoat the HS environment, but is most typical
of iniermediate depths, in the deep epithermal enviroament
(Figares 2 and 3},

The wvuggy quartz, commonly in close association with
silicification, may oocur as moderately dipping to sieep, roughly
tabular, faull- or fecurecontrolled ledges, as at Coldfeid
{Ashley, 1974), Summitville (Gray and Coolbsugh, 1994) and
Sipan {(Candiotti and Guemsro, 1997). Lamger vugpy quasz
bodies, like the largest one at Summitville, may exist at fault and

fracture intersections, More extensive, lithobogically controdbed -

bodies of vuggy residual quorts plus silicification are also
kpown, like the hage rhyodacite parphyry dome-hosted body st
Potosl which comtaing abundant aluminium phosphasse-sulphsie
(AFS) minerals (Sillitoe ef al, 1998), HS sulphide mincralisation
typically occuples the hydrothermally generated cavities in the
vuggy quartz and amy cross-culting frctures.

The massive sulphides commonly ooour as fasli- and
fracture-controlled  welns, 28 described from Bl Guanaco
(Liaime=tt, 1979) ond Bl Inio (Jannas f al, 19900, whereas one
of more avoid to pipe-like massive sulphide bodiss typify Oolden
Hill {Watkins et al, 1997, Chelopech (Tersiev, 1968) and Labdica
o Fecsk (Baksa, 1975} All these massive sulphide bodies,
except perhaps far the veins af Bl Indio, are dominatsd by iron
ealphides, which inclide sn early mesabve, five-gradved, locally
banded wariely (Sillioe, 1983) as well as lster coarser-gralmed
generations of pyrite,

Some: of the karges) deep epithermal HS deposits, such as the
fault-controlied Lepanto (Garcia, 1991 Hedenguist, Arrihas and
Heynolds, 1998), Nena (Bainbridge, Corbett and Leach, 1994)
and Bor (Jankowic, 1990} deposits, display complex
combinations of wuggy quare, silicification, pyritic massive
eulphide and sulphide-cemented bydrothermal breccin. AL Bar,
the massive sulphides are bordered by voluminoas disseminsied
and wveinlet mineralisntion whereas, 8l Lepanto, [Manking
ierdional veing are widespread,

Enargitz s the princtpal copper-bearing sulphide mineml! in
mosl of ihese desp epithermal HS deposits and is genesally
sccompanded by subsidiary gquantities of lezomite andior
tennnatite as well &5 the copper sulphides {covellite, chalcocie,
digenite) that predominaie 8t desper levele. Gold, inthe | - 5 gt
range, is found im mosi of these vuggy quarz and massive
wilphide bodies and appears 1o be closely related o the
copper-bearing sulphides. Af many localities, however, as
caomplified by El Indio (Jannms e af, 19900 and Lepanio
(Hedenguist, Amibas and Reyvnolds, 1998), gold amd several

telluride minemls are paragenetically late and were precipitaied
during or afier partial replacement of enargite by teamantite and
chalcopyrite, indicative of lower sulphidastbon-state Nuid, A
dovenward change from enargite 10 lemnantiteschalcopyrite is
also ohserved in some deposits (eg Sommilville: Sl.nﬂrq.:n,
1967 El Indio; Jormas ef af, 1990; Lepanto; Garcia, 19910
Poiosil §s the principal exception 0 thess mineralogical
generalisaitons, becanse |t lacks arsende [and hence anargite) and
gald, Measly complele supergene oxidation precludes proper
dejermination of the sulphides present i the voggy quarz body
al Podosl, although pyrite and acanthite Are prominent im
unekidised remnants (Sillioe ef af, 15998),

Most of the copper and gold io deep epithermal HS deposits is
confined o the vaggy quanz and associsted silicificatdon and o
ihe massive sulphides. However, especially in the langer deposiis,
lower copper anid gold contents may extend beyond ihese highly
silicenns and sulphidic rocks inlo the inner parts of alieration
haloes, which are normally composed of quariz and alunite.
Mevenbeless, outer argillic slemtion zones are essentally
barren. .

Eilicification, vuggy quartz and most massive sulphide are
alteration products of pre-existing rocks, with ony open-space
filling genemily being confined to breccias and
cEvitbes. Al several deposits, however, fate-stage velns showdng
evidence for incremenis] open-space filling overprinied the
vugEy quarz of massive sulphide bodies. Thess comprise
relatively minar, but gold-rich, quariz-base metal end banfe-base
meial veins ai Lepanio (Hedenguisi, Asibas and Reynolds,
1998) mnd Summitville (Gray and Coolbough, [994),
respectively, bul imporiant bonanes-grade gold-guartz-sulphide
veins o1 Bl Indio (Jannas ef al, 1990). To these may be added
late-pinge bydrothermal brecries containing bonanza gold grades
&t Goldficld (Ransome, [908), Chinkuashik (Tam, 1581) and, st s
shallower level, Bodalgailar {Arribas & o, 1995). Some of these
lnte vein and breccia events provide mineralogical evidence for &
decressed sulphidation snte of the fluid mvolved, as shown by
ihe predominence of tecmantite-chalcopyrite over enargite in the
bonanza quans vains at Bl Indio,

SHALLOW HS MINERALISATION

ervatic mature of some of the sulphide veining in carbonaceous
mundsions & Pueblo Viejo.

hmm‘tﬂ'dhhﬂﬂﬁmlﬁl&mﬁmﬂfﬂ

them in the western Americas (Flguse 1; Table 1), ane hosted by

1o poocty welded ignimbrite (ash-flow wif). Such

major deposits a5 Mulatos {Placer Dome Mexico, 1999), Pierina

McEwan and Garay, 1998}, Yanacocha (Klein, Bamedn

ng
is comfined entirely io siectamlly controdled
hydrothermal breccia bodies. Aquitands, such as andesitic lows
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& Paradize Peak and devinfeed vitrophyre at the hases of
overlying ignimbrite units o8 Yanaoochs and Parsdise Peak,
provide sharp outer fimits 1o mincralisstion In places. Oiber
permesbia lithalogres, such as bedded tiffs and volcaniclastic
sedimentary rocks, in paris of Mulatos (Placer Dome Mesicn,
19689 pf at La Colpa (Ovieds ef af, 1991), and lpcustrine
mudsinne at Pueblo Vicjo (Kesber er al, 1981}, ame alse able (o
‘souk up” large volumes of mineraliging (ald o gererme major
HS deposits. The permeability contrasts between the minsralised
upits and ‘tght' subjacent rocks {eg spilitissd basall at Puehlo
Viejo: Kesber ef af, 1981; endesite at Pierinn: Volkert, McEwan
and Garay, 19%98; Triassic lutite and areniie al La Coipa; Chaedn
ef al, 193]} seem io have besn &8 magos control on the
development of balk-tonnage mineralisation st several deposits.

Altbough some of ithese shallow HS deposiis sre closely
related to well-defined bodies of vuggy residual guastz, as ot
Pierina (Volkert, MeEwan and Garay, 1998), severnl of the
others, including Yanscochs, Pascas, Tambo, La Coipa and
Parsdiee Peak, digplay complex mixtures of vogey quanz,
massive silicification and quartz-cemented hydrodhermal breccia,
Maussive pyritic sulphide cocurs in the desper pants of Pamdise
Peak (Silwoe and Lorsom, 19943 and, prior 1o oxidation, is
ioaght likely 10 have been more abundant in several of these
other targe, shallow deposits, The mineralised breccias are likely
1o bhe generied by self-sealing of upflea conduits by quariz
deposition and ihe consequent overpressuring of - ascendant
two-phass fluids. Soch minemlised breccias sre thensfoee
inter-minernd in timing, and they commonly costain clasis of
vuggy residual quartz, typically s product of eardy fow-pH flulds
in HS ; breceins with matrices composed
of alanite (eg La Codpa: Ovieda et al, 1981) or even inlargrown
nlumite and barlie (eg El Tambo: Siddeley and Araneda, 1986)
may, bowever, also be well mineralised, Other brecciss e
penersied lsie in HS sysiems and are poorly miperalised or
bmren, an example being ihe rock flour-cemenied breccia at
Choquelimple (Cripper ef al, 1991,

Small HS deposis in the shallow epithermal environment tend
t¢ be pgeometrically simpler and penemlly hostsd by
lithologically andfor structurally localised vupgy quariztimon
sulphide bodies. Those, such as Kasuga, in the Manssisu districs
of southwestern Japan occur in iwffs shove massive ardesiie
{(Hedenquist = af, 1994), whereas those sl Punel &e localised
around the intersections of faulis =nd ardesite porphyry dome
comtacts within diatreme breccia (R H Sillitos, unpublished data;
Ruggieri ef ol, 1997} The Choquelimpiz (Gripper f al, 1591,
Mabeshitan (Sillitoe of af, 1990} snd Cachi Laguna (R H Sillitos,
unpublished data) deposits are  bosted  principally by
hydrothermal breccia.

Severnl shallow epithermal HS gold deposits ond  their
scovmpanying advanced argillic alteration have besn shown by
drilling 1o terminnte sbruptly downwards, genemally os mimor
gaariz-pyrite veinlets with only low gold contemts (Figure ).
Good exsmples ase provided by Fierina (Volkert, McEwan and
Garny, 1998), Malesbitan (Siliace = al, 1990), Kasupa
{Hedenguist ef af, 1994) and Rodalquilar (Arrbas e al, 1999)
The evidence suggesis thai the bases of these deposiis may
represent the gites af which acidic flusd was initially generated as
the result of meleoric waler ebsosption of ascendani magmtic
volatiles. IT the ore-forming flaid wes formed & o8 simdlar
manner, high-grade feeder pomes are pof to be expected bengath
these deposits,

The total sulphide conteni of shallow HE bodies tends
genemlly io be less ithan thai typicol of deposits axmgned bo
inlermediste  levels, although the same mile of high
sulphidation-state sulphides is present, With the exception of the
iron sulphides, enargite and covelliie seem ™ be the most
common  sulphide species, although lozoniie, stibnite-
bismuthinite (eg Paradizse Peak: Sillioe and Lorson, 1994) and
sphalerite (eg Chogquelimple: Gropper &t al. 1991; Pueblo Viejs:

Kesler of of, 1981; PFunei; Ruggieri er al, 19970 are widsly
reporied, Motwitheanding the effects of sulphide oxidation, i
appears that shaliow HS deposits contsin less copper than ithe
desper  deposits  and, hence, constitsle mainly  gobdasilver
orgbodies, The eleveied AgfAu ratios of some shallow HS
deposits, such as Paradise Peak {Ag/Au=32), Choguelimple (25},
La Colpa (41}, Pascus (30) and Cachi Laguna {75), mny be
attributed 10 upward increases in silver contents in HS systems,
s indeed is documenied al La Coipa (Oviedo of al, 1991L
Altermalively, magmn chemistry may be invoked 25 the basic
coptrol of AgfAu matio, os is assuredly the case ot the
gold-deficient Potos( silver deposit (Silliloe & al, 1998
Extremely shallowly eroded HS deposiin retain pans of the
glamn-hesied environment, pencraied above paleo-waier wables,
and gomes of sillclficailon marking the pabep-water tabis
positions (Sillitoe, 1993; Figures 2 and 3). Mast af the partially
preserved  steam-heated zones are locaied in the wesiem
Americns where aridity resulled in subsiantinfly lower mid- 1o
lale Cenoorodc erosion rubes than those thal charncterises] much of
the Southeast Asizn and western Pacific regions, The
acid-leached  pock  that  chamacierises the  steam-heabed
environment 15 generuted by absorption of HaS-caontaming steam
in groundwater, and oxidation of the H35 in vadose zones sbove
paleco-waier imhies. Acid-leached mock comprises powdery,
fine-grained cristobalite (n low-temperatore silica polymorph)
andfor alunite end, where pH is nid so low, kaolinite is stabilised,
Progressive or intermittent lowering of palec-waier tables during
hydrothermal wetivity, say in response o uplift snd valley
incision, canses overprinting of HS minerlisation and ils albered

Yanscocha (Tamer, 1998), Plerina (Volkert, McEwan and Garay,
1998), Pascus, La Coips (Codpa Morte), Tembo and Cachi
Laguna, Paleo-water table silicification seems 1o be developed
best in permesble lithologies, in part due o the effects of lateral
fluid catflow, and generlly occurs as massive chalcedonic quarte
after original opal, a5 chserved spectacularly sl Fursi (R H
Sillios, unpublished data). Hydrothermal breccistion of thess
giticified horizons |5 commonpiace. Hol-spring sinter does not
accumulste & pabscaurfaces sbove HS systems becmise of the
inhibiting effect of acidity on slllca precipitation (Sillitee, 1993)



Fia T - Schemasised development of the sicam-beaind eeviromment in geallow H5 sysieea 0. acid-leached mons lecated in fhe vadoss roae above
pabes-wales tahle |, which is the spper sl of poldfilver oo honed by vaggy quarysdisification and smeloped by quare-alunite, guans kaolinile,
illie-mrmctiie and chiorie sberuion; and b, acid-lenached moe overprinisd oo ihe goldisitver orebody i respanss bo dasosst of the paleo-water table to

mimm-hEﬂhmgmﬂﬂbmﬂmmmul&]wm&ddﬁuﬂduﬂ.pﬁu nesive sulples
o buth it and the veggy quansiilicification, The deproe of precioss-metal mobilisatios caused during sesm-heaisd overprints is uncomain,

many HS gysiems are likely o have been highs.
There afe several exceptions to this generalization, bowever, of
which Puehlo Viejo, formed immedistely beneath o tranguil ke
environment (Kesler e al, 1981}, is perhags ihe mes| obvious, In
the El Indio belt of nomhern Chile, bowever, flat-lying outliers of
lscustrine sedimentary mocks dwied st 3.4 - 7.6 Ma (Mamin,
Clavers snd Mpodozis, 1997} are the younges) siratigraphic enit
in the wicinities of severnl deposits (Pascus, Tambo) which, In
view of the near synchronelty of the HS depasits (74 - B0 Ma;
Tabbe 1), suggests that mineralisntion was active bensath lakes,
Althoaph some sctive HS systems moy be capped by acidic
orater lakes (Hedenquist, 1995), the geological evidence for am
ahsence of active volcanic edifices In the Bl Indio belt al 1be time
of HS mineralisatbon sugpesis that the lake=s more likely nccupied
etracturally defined depressions, perhaps akin 1o spme of the
modem  cemiral Andean falars, Some of ibese lacustrine
sedmeniary rocks in ibe El Indio beft underwent acid leaching in
the stean-heated enviromment, thereby sopporiing the evidence
provided by the deposits themselves for syn-hydrothesmal
descent of the palec-waier abies.

in island arcs. The conliguous Lerokis asd Kali Kaning deposils
in Wetar island, Indonesin, sre included in Tebie | as the type
cxemple. The sieep-sided bodies of massive, partly brecciated
pyrite and their envelopéing zomes of friable barite that were
exploited as godd-silver om (Sewell and Wheatley, Iill';ldl!:=|

a g

revealed emission of highly scidic (pH=2.1), salphate-chch Nuid
of digect magmatic pareninge (Oama ef af, 1997} and scafloos
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basaitic andesite allersl 10 0 pyrophyllite- and alunite-bearing
advanced argillic assemblage containing iron sulphides, enargite
and covelbite (Gena er al, 1958)

ZOMNING TN HS SYSTEMS

The descriptions of HE systems pressnted hersin reveal the
exisbence  of marked werdical zoning with respect o
minernfisation style. slicrathon, minemlogy and metal contem
(Figure 8), some of the featuses repomed previously by Sillitos
{1995) snd Corbett and Lesch (1998),

As  discusged above, mineralisstion B predominanily
disseminated andd veinbet in stybe in the despest, porphyry-hosted
parts of HS systems, where downward penstration of alteration
mnd mimermhzotion i controlled by o variety of stocural and
lithological fesfures that enhance permeabiliy. Al shallower
levels, in the desp epithermal environmenl, structirally
controlled siliceous and massive sulphide bodies, commonly
musicizted with hydmthermal breccia, become dominant. A sl
shallower epithermal levels, lithological controd is pre-eminent
and the largest deposits tend o be hosted by woggy residual
quariz and sccompanying allicification, with or without the
development of hydrothermal breccla,

The aleration accompanying HS systems  displays =
penerslised upward chasge from guaste-sericite  through
quartz-dickse andfor quaniz-pyrophylite at desper levels 1o
vuggy residonl quaniz snd quariz-alanite at shallower levels, a
snquence rellecting the decrease of tempemture and consequsent
incresse in acidity of the ascendant acidic fluids (eg Giggenbach,
1997), However, dickit= amd pyrophyllite persist inio ithe
shallower paris of some systems, especially in the alteration
haloes o bedges. Sillcification abso becomes prominent in the
shallowest pans of systems, probably as a result of cooding and
decrease in acidity resubting from fuid-rock interaction and
admixture of the ascendamt Muid with huge volumes of meteoric
water, Mevertheless, somewhat more resiricied bodies of
silicification snd vuggy quanz do occur in the deep parls of
systema, where they may himee boen controlled by former deep

Paleosurface STYLE ALTERATION

niquifers and permesability barmiers, respectively.
High-temperature sdvanced argillic assembiages, conlxining
andalusiie, conmdum andfor topaz occur in the deeper parts of
some lithocaps (Sillitoe, 19935), bul do nol appear o be
widespread in the deep HS deposits and prospects considered
herein, although they have been reported locally (eg Agua Rica:
Pereild et al, 1998; Bor lankovic, 19900, Penpheml alteration
haloes also change wpwands as a result mainly of temperaturne
decling, with the absence of epidote from the shallow epdthermal
parts of sysiems being on eepecially prominent featare. Barite is
commanplace in HS systems, but becomes panbeularly abundant
at shallow levels in some of them (Summitville, Tambo, Potost,
Bor, Chelopech), 25 well 83 charactedsing the HS YMS
environment (Sillitoe, Hanminglon and Thompson, 1996), The
shallow HS bodies may retain some of the baren acid-leached
rock genernied above amd alongside them in the siesm-beated
environment above paleo-water iables.

The deep porphyry-hosied parts of HS systems are dominated
by high sulphbdstion-slaie coppersiron sulphides, parficulardy
bnrrﬂl: digenite, chalcocile and covellite, although subsidiary
amounts of enargite and related sulpbosalis are also widespread
me”muudmhmdwm“umm
mnd generally predominate over the copperdiron sulphides
throughout  the epithermal envirmument. Lozomite, as  the
lgw-jempernture dimorph of enurgile, would be predicied fo
become more sbundant af the expense of endrgile apwands
(Corbetl and Leach, 1998), alihough this is apparently not a
widely observed change. Enargite-rich mineralisation, especially
in the deep epithermal environment, may show & downward
snsition to tennantite-chaleopyrite in its root pone (Figare 2,
though this assemblage iz not & significant component of the
Il deeper emvironment. Both desp porphyry-hosted
1 deep parts of HS systems tend to be dominated
copper, with gold possessing by-product status, whenesd
Wity ratios seem fo increase notably in the shallow epithenmal
ironment, although the masking effects of oxbdstion obscure
h of the evidence in many wesiern American deposits.
lfow epithermal mineralisation commonly possesses covellite

se principal coppersiron salphide mincral, some of it as &

SULPHIDES METALS
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late-stage scklirion wiil native sulphur, As poied shove, there are
elevaied Ap'Au maisos in pome shallvw HS systems, shbough
dlver-poar depoesils like Tambo (Agp'Au==1) and EKasugn (=3}
hie dablp exceptions. Antimony snd pellenium ae slio
defcribed &2 metals occurring more abgndangly in the shabiow
parts of systems (Corbeit and Leach, [998), s indesd the fornmer
it &t Peradise Peak (Sdllicoe snd Lorson, 1994). However, no
congistent gonal position for  amimsony and  lellurium o s
discernible, and paragenetically lse tellurides are abundant even
in some deep H5 deposits (eg Bisbee: Criddie, Sianl=y and Bady,
1989), The surficial pans of sysiems that were subjected o
Sieam-hested condilbons are charsctersed by elevaied mercury
conless and a general lack of anomalous amounss of other
metils (eg Paradise Peak, La Coipal.

Same al the copper in the porphyry-tosted parts of HS
iystoind may have been remobliiesd from earlser B-silicme
assemhlages and reprecipitmed umder HS conditions  with
sericitic andior sdvanced argillic alierstion (eg Brimhall snd
Ghiorso, [983), rsher than bsing Mmaduced direcily from
underlying magma chasnbers by brines or volstibes. This process
szems o bdve fesulied in increased copper concentrations ki, 8
Seamt in pomse deposits (sg Wali: B H Sillitce, unpublizhed dain),
patinl removal of gald Motwithstanding the fact thm some
copper and gald may be differeniially rsmebilised from
pie-existing porphyy copper-gold mineralisstion, introducticn of
most of thess metals to the epitbermal HE enviroomest is
saipected i he largely direct via magmatic Muid (see sbove),

Lateral, as well os venical, zosing i & prominent feabare of
some HE sysiems, Within the HS parts of most systems, there is
litfle wvailnble dmta reganding lateral chamges; bowever, mn
increase of AgiAa rato, fram 271 in the middle o 3] o the
mirging, & documented for the Sommitville deposit (Gray and
Coolbaugh, 1994} and teninantite insiead of enargite chamcierizes
the fringes of the MM deposil (Silliice « al, 1996}, Zinc and Jesd

oCrupy  marginal position with respedt to many HS systems but,

i in the case of many porphyry copper deposita, these mezals are
commianly presenl of peochemically asomaloms bevels only ased
fnil e become concenimaied sufficiently to constitube depedits or
even oooumerces. However, aboul ane-ikird af the HS deposits
and  prospects  considered  herein,  including  shallow,
inermediste-bevel and deep examples, sre marked by the
presence of periphersl ring, lend, silver sndior gold depoesits or
occurrences {Tabbe 11

lpw-gulphidation  (LS) epithermal type {eg White mnd
Hﬂdﬁwﬂﬂ. 15995), The marginal velea (Figere 3 range from

bended, sulphide- sl bun metal-poor
qmu:l:-hmuu cnpmples al Choguelimpie, El Indio and
Motomboto 10 sufphide- asd base metal-rich quarizscarbanale
samples 8 Chinkuaskibh and Lepanto (the Victorin deposit
Cuigon o7 al, 199%), which are the teo principal vein varieties
distinguishable

wilh respect to ihe
Colgmifires HS system (Vidal, Proafio and Moble, 1997}
although those ot Bishes were bess valuabbe than the mone
proximal copper-gold-bearing  pipes and mantos.  The
disseminated pyrile-gold minerslisation in  mela-sedimentary
rocks nloapside the yry-hosted Wafi HS copper-gold
deposit (Erceg ef al, 1991) is also believed to possess LS
affinities, although it is parily hosied by several, spparemity
earlier advanced agillic assemblages.

transitional minemlisation sappon the notion that two disoee

fluids were invelved: an oxidised and acidic om= | B8 central
paris af systems and o reduced and near-neutral pH oss an thesr
muargins, The precize origin of the marginal LS fuid re
enigmatic, although ity ability 1o concemmie zine, lead.
andlor gold inviles comparison with ihe (udd resporible
depoition of the amme meal swlie 8l greater depths on the
fringes al porphyry copper deposiis (eg Jerome, 1966) IF this
comparisen is valid, it & difficult 10 aveid the suggestion thai
wallrock  interacion  sccompanied by iempermisne declipe
influenced the HS to LS change, albeil wilhout any evidence for
mineralizsstion by Iransigoral Ausds

Mome of the peripheral base- and precioas-metal minerlisstion
included im Table | has been dabed radiometrically bul, wheme
apes are pmilable, the HS5 is skightly older than the nearby LS
mineralisation (g by some 03 my In the Bagulo dismia,
Philippines: Aok ef e, 993} This relalive limang seems 0 be
reversed in the case of the Monywa district, bowever, where 'Win
e Birwin (19908) repored averpriming of kntermediate argillic
alteration aroumd peripheral LS veing by an advanced argillic
azsemblage.

SUPERGENE MODIFICATION OF HS SYSTEMS

HS systems undergo sopergens oxidation ard enfchment whene
climatic and peomorpbologleal conditlons e appropriaie. As &
resalt, most HE deposits and prospects in the arid and semi-arid
pamy of the wesiem Americas possess apprecisble

prafiles, whersas mast of dbose in s tropsss of Soatheast Agia
ard the western Pacific ion, with the exceptions of Kasaga
{Hedenquiat # @f, 1964 and Maleshitan (Sillitoe o al, 1950), are
characierissd by only Hmiied supergess modification (Tatde 1L
Sulphide axbdstion in HS systems B markedly controlled by
rock permeability s penearsics desply in ug ta A0 m &t
Yanscochs amdl elsewhene, a8 indesd it doeg in some LS
epilhemmal deposils (eg Round Mountain, Neveda: Sander, 1983).
The permeability that permils sasdation is commonly provided in
HS deposits by vaggy retidaal quartz and hydrothermad hreccia
af several kinds, wherens salphidic rocks remain at relatively
shalbow depths where argillic altsration predominates. Indeed, in
aome deposiis, the oxidesulphide jmerface pccun st the base
and mangin of the ore zone and B comrolled by e contacts
between  dilicecus  &nd  sgillic  rocks. Mevestheless,
axidefsalphide imierfaced are commonly subborizontal at the
district scale. like the waler iables \hat conmalled them (og
Parndize Pesk: Sillitoe snd Lorean, 1934). The pyrits conlents
amdl pymile/copper-bearing  sulphide ratios of H3 sysbemg ane
typically high so there is more then enough supergene moid
genersied to couse near ol leaching of copper from oxidised
zones, which are chamacierised by jarosite- snd hematlie-rich
limomites wod, where enargite or lazonise s wbundsnt, by
scorodile and other areenlc-bearing mimermls, Locally, however,
the peudralisation capecities of minemlised silkceous rock are so

loww that hydralisntbon of fermic sl in supergens sobutions to
precipitale Emonite tskes place in expernal akleration haloes;
hence, the oxidised ore itsell may be defickem in limonile,

Oxidation of semi-missive o massive sulphides in HS systems
results in imcompetent malerials ranging from fhable guanz
poerdery, maltcoloured limomite. The volume boss o some
oxidised musive sulphide bodies i commeonty suffcient @
Imduce: widespread disnsplion caussd by compaction and even
%mhmﬂ;ﬂm{qﬁlﬁmmhﬁlﬁmmm
1934},

Advanced argillse assembinges nre stable under acidic
supergene conditions, bul enveloping srgillic aliermion rooes
costalning 1flise, smectite and chiorite are highly susceptible o
ksmalinisation. Hence, hypogene and supergese kanlisile Zones
may be justapossd in the supergene profiles developed ower
some HS deposis (Figae 9). Thelr distinctlon fs nol ensy,
alibough there §s penerlly more bydrothermal quartz i
hypogene kaclimile Iones.
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P ¥ - Schematised woathoring profils developed i the upper pars of HS deposits. Sulphide axidation sbove the wter tsble is commoaly incomplee
becoose of permeability varistioss that result In remsant sulpidic paiches in leacked capping o geasan. The uppermeast pans of the sslphide ronc snd any
remnani gulphide patches undergo superpens chalcocim'covelliie enmichment, the requined copper being provided by the sulphlde caddation. The acidic
salutians generated during sulphide oxidation camse knolinisation of the cater illise-smectine and chlorite aieration zanes, whils the advanced mrgilic
alterntion emsembisges mermain stable. The result is o laters] iransition from hypopese (o supergene kaolislic zoaes in the westhared pants af sysiems,

Chemical solution and conceniration of gold and silver do nat
soem 0 be wi during the oxidation of HE systems,
although local gold enrichment in faultls and fracres (cg
Summitville: Stoffregen, 1987) and at the water table (eg Golden
Hill} is reponied. Mevertheless, overall precious-metal contents
may be enhanced becsuse of the reduction in rock density
resuling from the oxidation of semi-massive and massive
sulphides,

Mest oxidissd HS depoaits reveal the presence af ot least
minor amounts of supergene chalococite andfor covedlite in the
uppermost parts of thesr underlying sulphide zon=s. Supergone
chalcociie and covellite are generally powdery (sooty) as
opposed 1o the massive and, Tocally, crystalline characier af theis
hypogens counterparis, Where HS systems are copper-rich and
sibjecied 1o major superpene oxidaton and enrichment events,
a5 in the case of Chuqubcamata and El Ouanaco in narthern Chile
during the late Bocene to mid-Miocens interal (Sillitoe and
McKes, 1996), oxidised and enviched zones are high-grade and
econamically pre-eminend. The low neutralisation capacities of
the sericitic and advanced argillic alieration snd the high
parmeahilities provided by the steep velns in these rwo deposits
ﬂﬁ;}ﬂiul the oxidation mnd enrichmenl processss (Sillitoe,
i !

Several workers have proposed that all or pan of the sulphide
oxidation observed in HS sysiems is hypogenes in origin (eg John
el al, 1991; Siddeley and Arsneds, 19900 The clied evidence,
besides the great depths of oxidation, generally Involves the
intimate intermixiure of oxidised and sulphidic rocks, especially
the presence af pastly oxidised breccin clasts in unoxidised
chalcedonic matrices. Such cobservations, however, may be
explained resdily on the basis of permesbility contrasts during
weathering, with the matrix quarz being less permeabls then the
siliceous clasts in the case of the breccla example (eg Pasadise
Peak: Sillive snd Lorsom, 1994) H oxidation amd
scopmpanying covellite enrichment and gold introdusiion have
been proposed recently for the largely oxidised Pierina deposit
based on ihe existence of coniimetre- o mete-sized patches of
unoxidised - rock above the main base of oxidation and the

of covellite ims to these paiches (Moble er al, 1997;
Yolkeni, McEwan and Garay, 1988). However, such marginaliy
enriched sulphide paiches are commonplace in HS eysiems
(Figare %), 85 imdesd they are in porphyry copper deposits
lacking HS addidons, and ore & normal Geet  of
permieabilivy-controlied differential axidation in the weathesing
environment. The covellite or, in other deposits, chalcocite fims
are gemernbed becauss the edges of the sulphidic priches act s
redox fronts exactly fike the underlying main oxide-solphide
interfaces.

Hypogene owidstion & cossidersd o be an  unbikely
mechaniem for sulphide destruction in HS systems. I the process
really operated, it would be difficalt 1o explain why the supposed
evidence for such hypogene oxidation is observed al a variety of
palen-depths, from the shallow epithermal to the deep porplyry
levels, in H3 systems, but only in the semi-arid and and arc
terranes along the easiem side of the Pacific Oozan. Any pulative
hypogens Muid capable of sulphide oxidation would have to be
chloride- and bromide-rich, mther than dilute as observed in fuid
inclosloms (Arribas, 1995), in osder to sccount for the silver
haloids  (sg cerargyriie, embolibe) thal are  widespread
accompaniments b gold in the deeply developed oxidised zones
ot several deposits, including Paradise Peak (Sillitoe and Lorson,
1954}, La Coipa (Oviedo ef al, 1991) and Poiosd, Furthermore,
iron sulphides are observed to be stable through 1o the present
surfsce in mctively sizam-hested zones af the tops of
madermn HS (and L5} gystems, although ihe iron sulphides appear
o be most sbundani near thelr bases in proximity to paled-water
tnble positions,

EXPLORATION PRIORITIES IN HS SYSTEMS

HE systems offer o variety of exploration objectives, which
ﬁpﬂuﬁkﬂﬂwﬂwilmnwmx
local peological conditions. The explorstion priomities

s ni:lfmm:tludnnlnlh
deep porphyry-hosied pars of systems; carbonnbe-replacemen
manios and pipes in the deep subvolcanic parts of gystems;
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high-grade gold-bearing velns amd hydrothenmal breceias formed
& lale-stage proglocts in the eplibermal pars of systems; and
lorge-tonnnge, fow-grade, lithologieally controll=d minemlEsation
in the shallow epithermal pars of systems that have been
suhjecled 1o deep and ihorough supergen= oxidatian,

Deep parphyry-hosted HS overprinis tend 1o be large in
vodume {seversl tens to severnl bundreds of million wonpes) and
copper-rich, being dominated by copper sulphides, principally
digenite, chalcocite and covellie. Moreawes, even immsline
supergenc enrschment can appreciably increase copper salphide
coniends im the upper parts of these HS sulphide zones. Thess
deposits are genernlly more valuable where they s unoxidised
or oxidised anly shallowly, hence especially in Europe, Southeast
Asin ond the western Pacific region. This is becaies they ane
| commuonly best treated by conventional floation, in the same
manner a8 gold-rich porphyry copper deposits in peneral. Where
kypogene plus supergene copper sulphides predominate, solvent
exlraction-electrowinning (5X-EW) moy be a vinble processing
abiemative, as commenosd recently ot Monywa (Win and Kirwin,
1998). Emarghte and Mizomite contents ideally shoubd be low
becsuse these minerals are nol easily recoversble in standard
SX-EW planis and result in unattractive arsenic-rich flomtion
concenfrates. However, in the case of regions like nocthem Chile,
where mobare supergens profiles are developed, oxide copper
zones ameniable to SX-EW tresiment as well as ennchmest
zomes suitsbbs for Notation or SX-EW may both be present, as al
Chugquicamats. Malure supergene enrichment is an effective
means of eliminaling substantis] smoums of the arsenic from
enargiie- and hionite-rich ores, Deep oxidation i & partcelardy
megative feature of porphyry-hosted HS copper minermlisation if
gold condents are appreciable, unless supergens copper leaching
his been extremely thorough. Should oxide copper minerals
remain im the oxidised pars of such its, gabd b
cyanidation 1z difficab if nmim‘hi‘:pm il

Copper- and gold-rich mantos and pipes asociated with
quartz-pyrite repincement may be anticipated in the desp parts of
H3 systems emplaced imo carbonate rocks, Inoare iemanes
chamcterised by widespresd shell carbonates, such a5 Penu,
Hoodure-Micerngua, western USA and New Quines, the
potendial for this HS deposit type ssems to have bosn largely
overfooked, The discovery of the large Sam  Gregorio
gine-lead-silver deposit in the Colguijirca disries (Vidal, Proafio
andd Moble, 1997) alwo draws attention to the potential offered by
the LS fringes of sach carbonate-hosted HS systems,

The only karge banenza epithermnl gobd deposits of HS typs
nre Gn'lﬂﬂ-:ld and EI Indio, where Isie-stage hydrothermal
breccias amd guartz weins, respectively, carried the exploiied
multi-sunce ore. Ahlhough the number of examgles (s few, the
exisience of high gold contents in relatively small lass-siage
averprinied weins st Summiiville and Lepnmio and in breccias at
Chinkuashih and Rodalquilar suggests thel  generation of
Inie-stage gobd comcentrations fram fhid of somewhaet bower
sulphidabion siaites may be farly commonplace in the
intermediate o shallow levels of HS eystems. Thercfore, even
isolsted bomancs-prade gold intersections obtmined daring
exploration drilling requine careful investigalion in case ey e
the evidence for wvolumetrically restricied, bui  gobd-rich,
lale-siage additions to the systems. Funbermore, the recent
discovery of the »5-million cuncs Victoria LS epithermal vein
system alongside the Lepanio HE copper-gald depasi (Cuison 1
al, 199%) emphasises the poiential for major gold concentrations
peripheral to the generally more promineni HS parts of systems,
Indeed, areas immediately beyond advanced argillic lithocaps are
rarely explored in mny detail, but clearly deserve abemiion,

The largest HS gold deposiis, like Poebla Viejo, Yanscochs,
Pierina and Pascun, are locsied in the shallow epithermal pans of
HS systems, whene suilsble lithological permeability b2 svailable,
Preferred host rocks seem o be ignimbrise, other types of miffs,
volcaniclastic units and Incustrine sedimenis, especially the firs
of these, Welded, not only poorly or non-welded, ignimbrite

a7 FRail Aewrdir i ie

seems B be o favoured host rock Tor HS mineralizstion,
Altbpugh some of thess large deposils  possess  relatively
high-grade are (eg Pusbio "u"'injb. Fierina), there is a tendency far
them to be characiensed by relatively low avernge gold contents,
Consequently, supergens oxsdation i= 8 reguirement  For
econimac viahility and, hence, they are an explomtion ﬂ-bjr:tl’.iv:
prencipally in the western Americas for climatic mather than
hydrothermal reasons, The siliceous, porous and Incally friable
nature of ihese oxidised gold ores makes them ideal for
heap=leach cyamidalion, I some cases witboal preparaiory
crushing. The extremely shallow settings of some of thess lange
gold deposis means thet sl of parts of thern moy be concenled
henasih barren acid-leached rock fosmed in the steam-hested
environment snd, therefoe, lack any appreciable geochemical
signaiure. Major ionnages of ore ane concealed m this marmer af
seversl deposits (s Pascun, Coipa Mone &t La Colpa).
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