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INTRODUCTION

Re cent dis cov er ies have raised aware ness of the eco -
nomic im por tance of the alkalic class of por phyry and epi -
ther mal de pos its, and have pro vided op por tu ni ties to better
de fine the char ac ter is tics of these some what anom a lous but 
po ten tially metal-rich min eral sys tems. Alkalic sys tems in -
clude some of the world’s high est grade por phyry gold re -
sources (e.g., Ridgeway, New South Wales, 53 Mt grad ing
2.5 g/t Au (4.26 mil lion oz) and 0.77% Cu; Cadia Far East,
New South Wales, 290 Mt grad ing 0.98 g/t Au (9.13 mil lion 
oz) and 0.36% Cu), and some of the larg est gold ac cu mu la -
tions in epi ther mal set tings (e.g., Lihir, Pa pua New Guinea,
44.7 mil lion oz Au). Jensen and Barton (2000) have pro -
vided the most com pre hen sive re view to date of alkalic
min eral de pos its (Fig 1), and de scrip tions of these de pos its
in British Columbia are available in Shroeter (1995).

Alkalic por phyry Cu de pos its have fea tures that dis tin -
guish them from the subalkalic por phyry sys tems. Al -
though the alkalic por phyry de pos its are known in var i ous
min eral prov inces around the world, par tic u larly in BC and
east ern Aus tra lia, the qual ity of in di vid ual de posit de scrip -
tions in the pub lic do main var ies mark edly. Thus, there are
con sid er able gaps in knowl edge re gard ing this im por tant
de posit type. Fill ing the knowl edge gaps is the aim of a col -
lab o ra tive pro ject be tween the Min eral De posit Re search
Unit at the Uni ver sity of Brit ish Co lum bia, the Cen tre for
Ex cel lence in Ore De posit Re search at the Uni ver sity of
Tas ma nia (Aus tra lia), Amarc Re sources Ltd., AngloGold
Ashanti Lim ited, Barrick Gold Cor po ra tion, Im pe rial Met -
als Cor po ra tion, Lysander Min er als Cor po ra tion, Newcrest 
Min ing Lim ited, Newmont Min ing Cor po ra tion, Novagold 
Re sources Inc. and Teck Cominco Lim ited. Ad di tional fi -

nan cial sup port de rives from grants from the Nat u ral Sci -
ences and En gi neer ing Re search Coun cil of Can ada
(NSERC) and Geoscience BC. This pro ject seeks to build
an in te grated model for these de pos its, in clud ing the char -
ac ter is tics of var i ous al ter ation styles that can de velop in ei -
ther a shal low or deep-level alkalic igneous setting. This
paper reports the early stages of the collaborative research
on the alkalic porphyry deposits in BC.

Brit ish Co lum bia is the type area for alkalic por phyry
de pos its and is there fore the fo cus for any study of such sys -
tems. Fur ther more, it is lo cally a data-rich en vi ron ment
with ba sic de scrip tions of many of the de pos its (e.g.,
Schroeter, 1995) and de tailed stud ies of a few (sum ma rized
in Lang et al., 1995b). This pro ject builds upon this da ta -
base with new stud ies at the Mount Polley, Mount Milligan, 
Ga lore Creek and Lorraine de pos its (Fig 2). The pro ject
also draws upon the re cently pub lished work on alkalic por -
phyry Cu-Au sys tems in New South Wales (e.g., Lickfold
et al., 2003; Wil son et al., 2003; Cooke et al., in press). Col -
lec tively, the new stud ies in BC were se lected to span the
ap par ent depth range of the por phyry sys tems, from high-
level brec cia-hosted bod ies (Mount Polley) to deeper level
in tru sive-cen tred sul phide ac cu mu la tions (Mount Milligan
or Lorraine). In or der to build a co her ent model for alkalic
por phyry sys tems, the in te gra tion of de tailed struc tural,
paragenetic, al ter ation zonation and geo chem i cal in for ma -
tion are es sen tial. This pa per pres ents a re view of alkalic
min eral de pos its and pre lim i nary results from the first year
of a three-year study into the BC systems.

THE ALKALIC PORPHYRY
ENVIRONMENT

Alkalic Au-Cu por phyry de pos its are known in a few
min eral prov inces world wide. The best known are from the
Me so zoic arc of Brit ish Co lum bia and the Late Or do vi cian
Lach lan Fold Belt of New South Wales (Aus tra lia). Other
iso lated alkalic sys tems in clude Dinkidi (Phil ip pines) and
Skouries (Greece). Alkalic por phyry de pos its are lo cally
high grade and as so ci ated with small-vol ume pipe-like in -
tru sions that may have ar eal ex tents of only a few hun dred
square metres. They thus pres ent dif fi cult ex plo ra tion tar -
gets. Fur ther more, the alkalic por phyry sys tems lack ad -
vanced argillic al ter ation as sem blages (pos si bly ex clud ing
Dinkidi), and there is no ev i dence of a con nec tion to high
sulphidization epi ther mal de pos its, de spite the lo cal pres -
ence of high sulphidization al ter ation sys tems in New
South Wales that are of the same gen eral age as the alkalic
por phyry de pos its (Cooke et al., in press). Phyllic al ter ation 
in the alkalic por phyry sys tems is typ i cally re stricted to
fault zones that pen e trate late in the hy dro ther mal sys tem.
Supergene en rich ment zones will be, at best, poorly de vel -
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oped due to the low sul phide con tents of the al ter ation as -
sem blages. The in cip i ent na ture of the pe riph eral hypogene 
al ter ation as sem blages makes iden ti fy ing the fo cus for
fluid flow dif fi cult when more than sev eral hun dred metres
away from the min er al ized cen tre. Skarns can oc cur in sys -
tems that con tain car bon ate hostrocks. Other man i fes ta -
tions of hy dro ther mal ac tiv ity peripheral to alkalic

porphyry deposits are poorly documented and their
exploration significance has not been assessed rigorously.

An em pir i cal re la tion ship has been pos tu lated be tween 
alkalic epi ther mal and por phyry de pos its, but it re mains un -
proven (Jensen and Barton, 2000; Cooke et al., in press; Fig 
1). With the ex cep tion of Cowal in New South Wales (Aus -
tra lia), no sig nif i cant alkalic epi ther mal de pos its are known 
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Fig ure 1. Sche matic model of alkalic ig ne ous com plexes and as so ci ated ore de posit and al ter ation
pat terns (re drafted from Jensen and Barton, 2000).

Fig ure 2. Lo ca tion of early Me so zoic alkalic in tru sive com plexes and min er al ized in tru sions of Brit ish Co lum bia (Lang et al., 1995a).



from the ma jor alkalic por phyry belts of west ern New
South Wales and Brit ish Co lum bia. One ex pla na tion for the 
neg a tive re la tion ship may be the depth of ero sion, and
hence a gen eral lack of pres er va tion of the shal lower parts
of alkalic magmatic-hydrothermal systems.

Alkalic Igneous Framework in British
Columbia

Lang et al. (1995a) de fined two suites of alkalic in tru -
sions, sil ica sat u rated and sil ica undersaturated, as so ci ated
with por phyry Cu-Au sys tems in Brit ish Co lum bia (Fig 2).
Both suites are Tri as sic to Early Ju ras sic in age (Mortensen
et al., 1995) and rep re sent the youn gest in tru sions in the
Quesnel and Stikine ter ranes prior to the re sump tion of
‘nor mal’ calcalkaline arc vol ca nic rocks rep re sented by the
Early Ju ras sic Rossland Group and Ashcroft For ma tion in
Quesnellia and the Hazelton Group in Stikinia. The alkalic
de pos its thus formed dur ing a tran si tion in the con ver gent
mar gin evo lu tion, a time that is thought to be con du cive to
the for ma tion of porphyry Cu–type deposits (Tosdal,
2004).

The sil ica-undersaturated com plexes are char ac ter ized 
by pyroxenite and syenite, and are lo cally zoned (Lueck
and Rus sell, 1994). Po ten tially re lated vol ca nic rocks are
only rec og nized in a few lo ca tions. The plutons have vary -
ing pro por tions of aegirine-augite, K-feld spar, bi o tite,
melanite, ti tan ite and ap a tite, with lo cal hornblende, mag -
ne tite, plagioclase and vishnevite-cancrinite. The ac ces -
sory phase melanitic gar net (Ti-bear ing an dra dite) is a dis -
tin guish ing fea ture, and oc curs as both a pri mary ig ne ous
phase and a hy dro ther mal al ter ation phase. Min eral chem i -
cal dif fer ences can dis tin guish the two paragenetic se -
quences (Lueck and Rus sell, 1994). Sil ica-sat u rated com -
plexes, which are known only in Quesnellia, are dom i nated
by diorite and monzonite. Pyroxenite and syenite are rare.
Augite, bi o tite, mag ne tite, plagioclase, K-feld spar and ap a -
tite are the ma jor min eral phases, whereas hornblende and
titanite are less common. Quartz is rare.

Of the known ma jor alkalic por phyry Cu-Au sys tems
in BC (Cop per Moun tain, Chuchi, Ajax, Iron Mask, Mount
Polley, Ga lore Creek, Cop per Can yon, Mount Milligan,
Red Chris; Fig 2), there are five min er al ized cen tres as so ci -
ated with sil ica-sat u rated com plexes and four with sil ica-
undersaturated com plexes (Lang et al., 1995a). There are
also other alkalic com plexes that do not have known por -
phyry Cu-Au min er al ized rock, and these are ap par ently in -
dis tin guish able, at first glance, from those that con tain Cu-
Au-bear ing sul phide min er als. Lueck and Rus sell (1994)
pro posed that the pres ence or ab sence of hornblende and
mag ne tite in sil ica-undersaturated rocks is a di ag nos tic fea -
ture of min er al ized ver sus bar ren, re spec tively, sil ica-
undersaturated ig ne ous com plexes. No cri te ria have been
pro posed to dis tin guish the pro duc tive from the bar ren sil -
ica-sat u rated com plexes. Re gard less of the over all com po -
si tion of the alkalic sys tems, the gross-scale pet ro log i cal
sim i lar ity be tween bar ren and min er al ized in tru sive com -
plexes is a very com mon fea ture of the high-level plutonic
and vol ca nic en vi ron ment, and one that has been the
subject of numerous geological investigations over the
years.

Con sid er able ef fort has been de voted to de fin ing cri te -
ria to dis tin guish po ten tially min er al ized from bar ren ig ne -
ous com plexes, but usu ally with lim ited suc cess. How ever,
within the calcalkaline en vi ron ment, it has be come ev i dent, 

al though not uni ver sally proven, that cer tain el e ment trends 
typ ify ig ne ous com plexes con tain ing rock min er al ized
with pre cious and base met als (Kay et al., 1999). The el e -
men tal char ac ter is tics are es sen tially some of the di ag nos -
tic fea tures of is land arc rocks of ‘adakitic’ com po si tions.
These char ac ter is tics are: en rich ment in Sr, Na and Eu; de -
ple tion in Y and heavy rare earth el e ments; SiO2 >56 wt%;
Al2O3 >15 wt%; Na2O >3.5 wt%; Sr >400 ppm; Y <18 ppm; 
Yb >1.9 ppm; La/Yb ~20; and Sr/Y ~40 (Drummond and
Denfant, 1990). The en rich ment of Na is not seen in many
of the adakitic com plexes as so ci ated with por phyry Cu sys -
tems. The rec og ni tion of an ig ne ous chem i cal as so ci a tion
of many por phyry Cu de pos its in calcalkaline en vi ron -
ments has oc curred since the last se ri ous re search ef fort on
the alkalic ig ne ous com plexes in BC (Lang et al., 1995a),
al though re cent work by Lo gan (2005) and Lo gan and
Mihalynuk (2005a, b) has be gun to eval u ate the ig ne ous
com plexes on a re gional ba sis. Some con straints are of fered 
by re cent work in east ern Aus tra lia, where the por phyry
Cu-Au de pos its are as so ci ated with K-en riched (K/Na>1)
alkalic and shoshonitic com plexes that show ad di tional en -
rich ment in large-ion lithophile el e ments, abun dances of
low-man tle-com pat i bil ity el e ments and marked depletions
in Ti, Nb and Ta (Blevin, 2002; Holliday et al., 2002).

ALKALIC PORPHYRY DEPOSITS IN BC:
ARCHITECTURE, IGNEOUS
GEOCHEMISTRY AND HYDROTHERMAL 
ALTERATION

In or der to build a co her ent model for alkalic por phyry
sys tems, the in te gra tion of de tailed geo log i cal ar chi tec ture, 
paragenesis, al ter ation zonation and geo chem i cal in for ma -
tion is es sen tial. A re view of the ini tial re sults based on
field work and lab o ra tory stud ies from the Mount Polley,
Mount Milligan and Ga lore Creek alkalic Cu-Au por phyry
de pos its is pre sented herein; these stud ies build upon pre vi -
ous stud ies (e.g., Enns et al., 1995; Fra ser et al., 1995; Lang
et al., 1995; Sketchley et al., 1995; DeLong, 1996; Lo gan
and Mihalynuk, 2005a; Logan, 2005).

Mount Polley

The Mount Polley Cu-Au min ing dis trict in cen tral
Brit ish Co lum bia con sists of at least six dis crete por phyry
Cu-Au-Ag de pos its and pros pects as so ci ated with
monzonitic in tru sions emplaced into the al ka line is land arc
rocks of the Quesnel Terrane (Fig 2). Lo cated 56 km north -
east of Wil liams Lake, the dis trict con sists of the Cariboo,
Springer and Bell zones, which have been pre vi ously
mined, and the North east zone, which is cur rently be ing de -
vel oped. Other sul phide oc cur rences on the prop erty are
known but have yet to be mined. Over all, the var i ous de -
pos its and pros pects con sti tute a re serve of 41 Mt of ore
grad ing 0.44% Cu and 0.28 g/t Au, with vary ing amounts of 
Ag (Im pe rial Met als Cor po ra tion, 2006). The North east
zone orebody, the fo cus of in ves ti ga tion here, con tains
9.1 Mt of ore grad ing 0.88% Cu, 2.9 g/t Au and 6.4 g/t Ag,
with ap prox i mately 80% of the ore hosted in brec cia and
the re main der hosted in pre-mineral, equigranular,
nepheline-normative monzonite.

Dif fer ences in Cu/Au ra tio, Ag con tent, Mo con tent,
al ter ation, hostrock (brec cia-hosted ver sus non-brec cia-
hosted ore) and in tru sive tex ture, cou pled with the north -
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ward tilt ing of post-min eral Early Ju ras sic
strata on the north, all sug gest that the cur -
rent out crop at Mount Polley rep re sents an
oblique cross-sec tion through a se ries of
spa tially re lated but slightly dif fer ent por -
phyry-style de pos its (Fra ser et al., 1995;
Lo gan and Mihalynuk, 2005a) that po ten -
tially formed at dif fer ent crustal depths
(Panteleyev et al., 1996). The North east
zone is con sid ered to re flect the shal low est
struc tural level pres ently known, and thus
po ten tially pro vides a link be tween deeper
level por phyry and shal lower lev els in the
uppe r  c ru s t  typ ica l  o f  ep i t he rma l
environments.

INTRUSIVE ROCK SEQUENCE

The North east zone con tains brec cia-
hos t ed  su l  ph ide  min  e r  a l s  t ha t  cu t
equigranular monzonite of the host Mount
Polley in tru sive com plex. A com plex se -
ries of in tru sive rocks is as so ci ated with
the brec cia (Fig 3). Based on de tailed core
log ging of a rep re sen ta tive sec tion through 
the North east zone (sec tion 18; Fig 4), the
in tru sive phases are di vided into three broad cat e go ries:
pre-brec cia in tru sions, syn-min eral in tru sions and post-
min eral in tru sions. Chal co py rite, bornite and py rite are the
prin ci pal sul phide min er als that ce ment the brec cias, al -
though other sil i cate, car bon ate and ox ide phases and rock-
flour matrix locally form infill to breccia clasts.

An equigranular monzonite forms the most vol u met ri -
cally sig nif i cant mem ber of the Mount Polley in tru sive
com plex, is the dom i nant clast type of the brec cia, and rep -
re sents the ma jor pre-brec cia in tru sive unit in the North east
zone. It is equigranular and fine to me dium grained, with
less than 10% mafic min er als. Po tas sium-feld spar (~70%)
and plagioclase (~20%) are the dom i nant min er als. In ter nal 
to the body, fine-grained mar gins, in ferred to rep re sent
chilled con tacts, (i.e., equigranular monzonite chilled
against equigranular monzonite), sug gest that this unit is
not a sin gle in tru sive body but rather a swarm of co alesced
dikes or stocks. The pre-min eral equigranular monzonite
hosts xe no liths rang ing from diorite to monzodiorite
(Fig 5a), and of the host marine mafic volcanic rocks.

Megacrystic K-feld spar-phyric monzonite por phyry
rep re sents the vol u met ri cally most im por tant syn-min eral
and syn-brec cia in tru sions. Within the de posit, the
megacrystic monzonite por phyry is pres ent as brec cia
clasts. Out side the brec cia body, the megacrystic por phyry
is pres ent as dis crete dikes in trud ing the host pre-min eral
equigranular monzonite. Within the brec cia, many
megacrystic monzonite por phyry clasts have dis tinct
fluidal shapes, sug gest ing a close tim ing of in tru sion and
brecciation (Fig 5b). More com monly, clasts are rounded to 
an gu lar. Abun dance of megacrystic por phyry clasts var ies
from ab sent to as much as 60 to 70% of the brec cia. Di ag -
nos tic K-feld spar pheno crysts, which vary from 0.5 to 2 cm
in length, form 20 to 30% of the por phyry. The pheno crysts
are set in a fine-grained to apha ni tic groundmass con sist ing
of subequal plagioclase and K-feld spar. Mafic min er als,
dom i nantly hornblende, form less than 5% of the rock.

Equigranular augite monzonite forms a sec ond, vol u -
met ri cally less abun dant syn-min eral dike suite. This
monzonite in trudes the min er al ized brec cia (Fig 5c) and is

lo cally cut by nar row (<1 mm) veins of chal co py rite,
bornite and mag ne tite that cross the con tact into the host
min er al ized brec cia. These re la tion ships in di cate that the
equigranular monzonite in truded af ter brecciation but prior 
to a youn ger but less in tense and spa tially more re stricted
stage of sulphide mineralization.

Post-min eral dikes are compositionally and tex tur ally
dis tinct. They in trude min er al ized brec cia and late min er al -
ized but post-brec cia equigranular augite monzonite.
Based on cross cut ting in tru sive re la tions, as well as min er -
al ogy and in ferred com po si tion, the post-min eral dikes are
di vided into five fam i lies. These are, in or der of de creas ing
age: K-feld spar-phyric monzonite por phyry (Fig 5d), K-
feld spar and plagioclase-phyric monzonite por phyry,
hornblende and bi o t i te  equigranular monzonite ,
plagioclase-phyric microporphyry, and mafic dikes.
Among the post-min eral K-feld spar-phyric dikes, there is a
gen eral trend char ac ter ized by de creas ing phenocryst size
and abun dance with time: the older dikes of the fam ily con -
tain up to 30% K-feld spar pheno crysts 2 to 5 mm in size,
whereas the youn gest have <5% K-feldspar phenocrysts
1 to 3 mm in size.

HYDROTHERMAL PARAGENESIS AND
MINERAL CHEMISTRY

Sul phide min er als in the North east zone are prin ci -
pally ce ment to brec cia clasts with less com mon re place -
ment of rock-flour ma trix or veins cut ting clasts. Py rite,
chal co py rite and bornite dom i nate, with trace amounts of
ga lena and pri mary chalcocite (Fig 6a, b). Sec ond ary covel -
lite is also pres ent. Chal co py rite and bornite form a core to
the orebody (Fig 7), and are sur rounded by chal co py rite
and fi nally chal co py rite ac com pa nied by in creas ing py rite
to wards the mar gins. As il lus trated in Fig ure 7, based on a
cross-sec tion through sec tion 18 (ge ol ogy shown in Fig 4),
the bornite and chal co py rite zone is up to 30 m wide, the
chal co py rite zone is up to 150 m wide and the py ritic halo is
at least 300 m wide. In the high-grade core, bornite
frequently forms millimetre-scale rims on chalcopyrite.
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Fig ure 3. Sim pli fied ge ol ogy and lo ca tion of min er al ized zones at Mount Polley (Rees
et al., 2005).
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Fig ure 4. Cross-sec tion along sec tion 18, show ing dis tri bu tion of ig ne ous rocks and brec cia in the North east zone, Mount
Polley.



Trace el e ment chem is try shows that bornite and ga lena 
are el e vated in Ag, whereas mag ne tite is el e vated in Zn.
Gold was not iden ti fied in any abun dance in any sul phide
min er als an a lyzed. Chal co py rite is char ac ter ized by a trace
el e ment zonation, with Se and Bi el e vated in the core of sec -
tion 18 and de creas ing in con cen tra tion out ward. Deyell
and Tosdal (2005, aug mented in this study) showed that
δ34SCDT val ues in chal co py rite, py rite and bornite range
from –0.55 to –7.10‰. The most neg a tive sul phide val ues
are from py rite near the core of the de posit, but also near the
top of the de posit and far ther out board from the core of the
de posit (Fig 7). Both sul phide and sul phate δ34SCDT val ues
are con sis tent with an ox i diz ing fluid source. At least two
stages of early car bon ate, one main stage, and mul ti ple
stages of late car bon ate and anhydrite veins are also pres ent 
(Fig 6c).

Mount Milligan

Mount Milligan, lo cated 155 km north west of Prince
George, is the youn gest alkalic-type por phyry Cu-Au de -
posit in BC. To tal re sources, as re ported by Placer Dome
Inc. (De cem ber 31, 2005), are 205.9 Mt grad ing 0.6 g/t Au
(3.7 mil lion oz) and 0.247% Cu (1.12 bil lion lbs).

The Mount Milligan area is mod er ately to steeply tilted 
(dip ping ~45°W), based on the dip of the host se quences as
well as the ge om e try of the stocks and de riv a tive sills, spe -
cif i cally the MBX stock and Rain bow dike (Fig 8, 9). Im -
plicit in this ge om e try is that the bot tom of each ver ti cal
drillhole has a more pe riph eral lo ca tion rel a tive to the stock
than the top, so that out ward gradational and zonal changes
in al ter ation for a par tic u lar hole oc cur at depth. Con se -
quently, due to the pres ent struc tural ori en ta tion of the
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Fig ure 5. Rep re sen ta tive in tru sive rock in the North east zone of Mount Polley: A) pre-min eral
equigranular monzonite; B) fluidal clast of megacrystic K-feld spar-phyric monzonite por phyry that
is syn-brec cia and syn-min eral; C) late syn-min eral equigranular monzonite; and D) post-min eral
K-feld spar-phyric monzonite.



orebody, there is the op por tu nity to si mul ta neously track
lat eral and ver ti cal physicochemical changes within the de -
posit. In ad di tion, a fault sep a rates a Au-rich but Cu-poor
zone of the de posit (66 zone) from the Cu-en riched part of
the de posit (MBX zone). Ac cord ingly, the down-faulted
seg ment pre serves a part of the hy dro ther mal sys tem that
has been eroded else where in the de posit, and pro vides a
glimpse of the up per parts of the hy dro ther mal sys tem. As a
re sult, Mount Milligan pro vides a unique op por tu nity to de -
fine the lat eral and ver ti cal char ac ter is tics of min er al iza tion 
and al ter ation, and broad-scale geo chem i cal zonation with

re spect to the re gional ar chi tec ture, build ing upon the pre -
vi ous work pre sented in Sketchley et al. (1995). Cur rent
re search at this site is fo cused on de fin ing the paragenesis
of the de posit through a de tailed ex am i na tion of al ter ation,
sulphide mineral distribution and broad-scale geochemical
zonation with respect to the regional architecture.

In or der to con strain the lat eral and ver ti cal changes in
al ter ation and min er al iza tion, a hinged cross-sec tion
(Fig 9) through the MBX stock and then south east through
the ‘MBX’ (Cu and Au-rich) and ‘66’ (Cu-poor, Au-rich)
zones was relogged. This sec tion crosses the Rain bow
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Fig ure 6. Ex am ples of min er al ized rocks in the North east zone of Mount Polley: A) main-stage Cu-sul phide min er al iza -
tion and as so ci ated car bon ate veins; B) chal co py rite cut by late-stage car bon ate, anhydrite and gyp sum; and C) post-
sul phide car bon ate veins (1), in turn cut by youn ger car bon ate veins (2).



fault, which is cur rently mapped with a north east erly trend
ex tend ing from the Di vide fault to the Great East ern fault,
so that it trun cates the Rain bow dike at its south ern most ex -
tent and sep a rates the MBX and 66 zones. For merly, the
Rain bow fault was mapped as run ning north-south, par al lel 
to bed ding along the east side the Rain bow dike (Sketchley
et al., 1995). The re vised fault ge om e try is sig nif i cant be -
cause it im plies that the tran si tion in al ter ation and min er al -
iza tion from the MBX to the 66 zone is not con tin u ous. Fur -
ther more, it is ap par ent that the mod er ately south-dip ping
fault has jux ta posed two dif fer ent parts of the hy dro ther mal 
sys tem. Ac cord ingly, al ter ation and vein stages from the
up per seg ments of 66-zone drillholes on the hangingwall of 
the Rain bow fault rep re sent a por tion of the de posit that has
been eroded from the footwall.

HYDROTHERMAL ALTERATION ZONATION

By com par ing the dis tri bu tion of sul phide and al ter -
ation min er als se quen tially from the stock out ward, a gen -
er al ized zone of strong potassic al ter ation (sec ond ary
orthoclase and bi o tite) be tween the MBX stock and the
Rain bow dike (along the hangingwall of the dike) is in ter -
preted to be the re sult of fo cus ing of hot, mag matic-hy dro -
ther mal flu ids. Lower tem per a ture, propylitic al ter ation
(chlorite-epidote-cal cite-al bite) typ i cally oc curs be low the

footwall of the monzonitic Rain bow dike where it over -
prints potassic al ter ation in vol ca nic hostrocks. The
propylitic zone be comes shal lower with dis tance away
from the stock, sug gest ing an up ward, concentrically zoned 
pattern to the alteration zones.

Bed ded vol ca nic units with high per me abil ity are
strongly potassically al tered, sug gest ing some lat eral
channellizing of high-tem per a ture mag matic flu ids. The
net ef fect of the channellized flow is propylitically al tered
rocks, rep re sen ta tive of lower tem per a ture flu ids or the in -
ter ac t ion of orthomagmatic and me te oric f lu ids,
sandwiched be tween zones of strong potassic al ter ation
near the monzonite in tru sion, and in high per me abil ity
rocks at depth (180–200 m). Over all, the al ter ation pat tern
re veals more com plex ity to the fluid flow than im plied by
the gross-scale con cen tric al ter ation pat tern. Clearly, struc -
ture and li thol ogy are ma jor con trib ut ing fac tors de fin ing
the de posit paragenesis, as well as the distribution of
alteration assemblages.

Min eral map ping us ing a short-wave in fra red (SWIR)
in stru ment dem on strates that an ap prox i mately 100 m wide 
potassic zone ad ja cent to the stock is sur rounded by an ap -
prox i mately 60 m wide sodic-calcic zone, which grades up -
ward into a chlorite-seri cite as sem blage. Late-stage al ter -
ation (illite-mont mo ril lo nite-seri cite) is superposed on the
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Fig ure 7. Dis tri bu tion of sul phide min er als and con toured sul phur iso tope (δ34SCDT) data across sec tion 18. Con tours are based on re sults
from all sul phide min er als of Deyell and Tosdal (2005), sup ple mented by new data. δ34SCDT sam ples with num bers in brack ets have been
pro vided for com plete ness; these val ues were not in cluded in con tours. Sul phide min er al ogy from Deyell and Tosdal (2005). Ab bre vi a tions: 
bn, bornite; cpy, chal co py rite; py, py rite.
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Fig ure 8. Lo ca tion and sim pli fied ge ol ogy of Mount Milligan de posit.



potassic zone and along the Rain bow dike, sug gest ing pro -
longed fluid channelization due to higher per me abil ity
and/or hostrock fracturing.

Anal y sis of δ34SCDT val ues in as so ci a tion with the sul -
phide from which they were ob tained was un der taken to de -
ter mine if δ34SCDT val ues cor re lated with par tic u lar min er -
al iza tion events, such as early ver sus late veins, and
dis sem i nated sul phide min er als (Fig 10). There ap pears to
be a dis tinct dif fer ence be tween Au-de fi cient, late py rite-
mag ne tite-chlorite veins/clots (δ34SCDT val ues rang ing
from –1 to 0‰) and sul phide min er als from ear lier veins
and dis sem i na tions. Al though, dif fer ences in δ34SCDT val -
ues among ear lier sulphidization events are un clear, there
may be a dif fer ence be tween potassic and propylitic sul -
phide events, with early veins (most with a chal co py rite
com po nent) and dis sem i na tions hav ing δ34SCDT val ues be -
tween –3 and –2‰, and py rite veins with propylitic ha los
and lesser chal co py rite rang ing be tween –2.2 and –1.5‰.
In terms of metal con cen tra tions, near-zero δ34S val ues are
Au-Cu de fi cient. The range of Cu/δ34S ra tios is wid est near
the MBX stock and gen er ally de creases with dis tance. The
same pat tern is ob served with Au/δ34S ra tios, al though
there is a jump in Au val ues and Au/δ34S, po ten tially in di -
cat ing a sec ond min er al iza tion event in volv ing Au trans -
ported as a bisulphide ver sus chlo ride com plex. Gen er ally,
there ap pear to be at least three phases of min er al iza tion
with dis tinct ranges of δ34S values.

Galore Creek

Ga lore Creek is the most im por tant ex am ple of the sil -
ica-undersaturated class of alkalic por phyry Cu-Au de pos -
its (Lang et al., 1995). The prop erty is un der lain mainly by
ma rine vol ca nic and sed i men tary rocks of the Mid dle to

Up per Tri as sic Stuhini Group (Fig 11). These rocks are in -
truded by an al kali syenite com plex com posed of mul ti ple
in tru sions emplaced into vol ca nic rocks of sim i lar com po -
si tion. To date, 12 Au-Ag-Cu min er al ized zones have been
iden ti fied (Fig 12). Over all, the min er al ized zones ex tend
more than 5 km in length and 2 km in width. The min er al -
iza tion is hosted pre dom i nantly in highly al tered vol ca nic
rocks and, to a lesser de gree, in syenite in tru sions. The larg -
est zone of min er al iza tion, the Cen tral zone, and the flank -
ing North and South gold zones, host high-grade Cu-Au,
have marked spa tial vari a tion in Au/Cu ra tio, and are
unique among the alkalic por phyry Cu-Au de pos its in the
high abun dance of gar net within the al ter ation parageneses
(Enns et al., 1995). The tem po ral and spa tial evo lu tion of
hy dro ther mal flu ids in this de posit is there fore of interest in
elucidating the characteristics that governed the formation
of the deposit.

HYDROTHERMAL ALTERATION ZONATION
PATTERNS

Five broad styles of al ter ation are man i fested as al ter -
ation as sem blages at Ga lore Creek, and are sum ma rized in
Fig ure 13.

Calcsilicate Al ter ation

A calcsilicate as sem blage dom i nated by di op side and
pale brown gar net re places one or more fragmental ho ri -
zons in the footwall of the pre-min er al iza tion por phyry
stock. This as sem blage is con sid ered to con sti tute prograde 
skarn and is metal poor un less over printed by hy dro ther mal 
bi o tite. In the Cen tral zone, cross cut ting re la tion ships with
the K-sil i cate as sem blage and lack of min er al iza tion in di -
cate that this alteration is early in the sequence.
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Fig ure 9. Com piled cross-sec tion of the Mount Milligan de posit; see Fig ure 8 for lo ca tion.



Po tas sium-Sil i cate Al ter ation

Po tas sium-sil i cate al ter ation dom i nates and af fects the
host vol ca nic rocks, pre and syn-min eral por phy ries and, to
a mi nor ex tent, post-min eral por phy ries (see Enns et al.
(1995) for a thor ough re view of the in tru sive his tory). The

most in tense K-sil i cate al ter ation in pre-min eral por phyry
con sists of K-feld spar, bi o tite, mag ne tite and anhydrite,
with as so ci ated bornite and chal co py rite. Po tas sium-sil i -
cate al ter ation is no ta bly weaker in syn-min eral por phyry,
al though biotitization of a rock-flour matrix breccia is
locally intense.
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Fig ure 10. Sul phur iso tope (δ34S) val ues ver sus depth and li thol ogy for the six Mount Milligan drillholes sam pled (Jago, 2006). Leg end: blue
di a monds, py rite; green squares, chal co py rite; pink shad ing, Rain bow dike (or MBX Main stock at ~20 m depth in 90-628); brown shad ing,
‘latite’; green shad ing, ‘trachyte’; pur ple shad ing, fault zone; blue shad ing, monzodiorite por phyry dike (sug gest ing that the Rain bow dike is
a potassically al tered monzodiorite dike ver sus a true ‘monzonite’). Note the de crease in the range of val ues out ward from the cen tre of the
sys tem, and the over all shift to near-zero val ues. The wid est range of val ues in 90-628 is sit u ated within the faulted rock on the hangingwall
of the Rain bow Dike, in di cat ing pro longed fluid channelization.
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Fig ure 11. Sim pli fied ge ol ogy of the Ga lore
re gion (adapted from Enns et al., 1995).

Fig ure 12. Sum mary map il lus trat ing mapped ge ol ogy of the Ga lore
Creek de pos its (af ter Enns et al., 1995).



Within the core of the Cen tral zone, there
oc curs an as so ci ated ‘Ca-K-sil i cate’ as sem -
blage, char ac ter ized by the ad di tion of a dark
brown gar net with lo cally oc cur ring di op side,
epidote and plagioclase. This as sem blage ap -
pears to be lo cal ized where the high-tem per a -
ture K-sil i cate al ter ing flu ids en coun tered
calcic mafic rocks from which they de rived Ca
and pre cip i tated gar net. De creas ing Ca in the al -
ter ation from the core re gion to the north and
south of the Cen tral zone is ac com pa nied by
gen er ally increasing magnetite and early
hematite.

In ter me di ate Argillic Al ter ation

In ter me di ate argillic al ter ation, com posed
of green seri cite, car bon ate and mi nor chlorite,
ap pears most in tense in the up per parts of the
pre-min eral in tru sion and usu ally over prints K-
sil i cate al ter ation. Older mag ne tite is al tered to
he ma tite. Seri cite af fects all vol ca nic units as
well as the pre-min eral and, to a lesser ex tent,
post-min eral por phyry dikes. The paragenetic
re la tion ship of the al ter ation as sem blages sug -
gests that the in ter me di ate argillic al ter ation was 
largely pe riph eral to the main cen tres of Cu and
Au min er al iza tion. In ter me di ate argillically
altered rocks are intruded by post-mineral
porphyry bodies.

Seri cite-Anhydrite-Car bon ate (SAC)
Al ter ation

Seri cite-anhydrite-car bon ate al ter ation
over prints early al ter ation phases and is lo cally
ex ten sive at the outer mar gins of the Cen tral
zone. In the south ern part of the Cen tral zone, it
is ac com pa nied by late he ma tite. In the north ern
part of the Cen tral zone, it is marked by in creas -
ing py rite±he ma tite and de creas ing bornite-
chal co py rite, sug gest ing that Cu was remobilized dur ing
this al ter ation. In the core of the Cen tral zone, seri cite-
anhydrite-car bon ate al ter ation is poorly developed and
patchy in occurrence.

Propylitic Al ter ation

An epidote-chlorite as sem blage, lo cally ac com pa nied
by gar net, is pres ent in post-min eral megacrystic por phyry
bod ies and pen e trated for a few metres into their wallrocks.

MINERALIZATION

Sul phide min er als are closely as so ci ated with in tense,
per va sive K-sil i cate al ter ation as re place ment, dis sem i -
nated and frac ture-con trolled chal co py rite with lo cally
abun dant bornite. Higher Au val ues are nor mally as so ci -
ated with bornite, which is better de vel oped in the North
and South gold lenses, rel a tive to the Cu-en riched core of
the Cen tral zone. The Cen tral zone is elon gated in a north-
north west erly (015°) di rec tion and dips steeply to the west.
It is 1700 m in length and 200 to 500 m wide, and has been
traced to a depth of 450 m through drill ing, re main ing open
be low that. In the west and south, min er al ized rock is trun -
cated by post-mineral megacrystic porphyry dikes.

In tense seri cite-anhydrite-car bon ate al ter ation has
oblit er ated sul phide-min er al ized rock in the north west ern
part of the Cen tral zone. In the north, min er al ized vol ca nic

rocks end abruptly against a thick se quence of bar ren
epiclastic sed i men tary and vol ca nic rocks. The Cen tral
zone has con sid er able in ter nal vari a tion in sul phide min er -
als and al ter ation min eral as sem blages. Hy dro ther mal al -
ter ation as sem blages change from Ca-K-sil i cate in the core
to in tense K-sil i cate as sem blages to ward the north and
south parts of the zone. In terms of Au-Ag-Cu re place ment,
the most fa vour able vol ca nic rocks are pseudoleucite-bear -
ing rocks in the north and crys tal tuff in the south. Augite-
bear ing vol ca nic and volcaniclastic rocks in the north have
low to mod er ate Cu grades. Gold val ues are high est in the
north ern and south ern por tions of the Cen tral zone, where
sig nif i cant dis sem i nated bornite, mag ne tite and he ma tite
are pres ent. Lower Au grades cor re late with an in tense Ca-
K-sil i cate al tered core. Chal co py rite is the most im por tant
Cu min eral and oc curs as re place ments, dis sem i na tions and 
frac ture fill ings through out the zone. Py rite in creases in
abun dance to the east of the Cen tral zone, reach ing con cen -
tra tions of up to 5%. Mi nor supergene Cu is present,
primarily as malachite, azurite and chrysocolla on fractures
within 60 m of the surface.

GARNET PARAGENESIS AS A GUIDE TO
THE EVOLUTION OF THE GALORE CREEK
PORPHYRY DEPOSIT

Ga lore Creek is unique among the alkalic por phyry
Cu-Au de pos its in the abun dance of gar net-rich al ter ation.
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Fig ure 13. Dis tri bu tion of the prin ci pal styles of al ter ation shown in re la tion to the
Ga lore Creek ge ol ogy, in clud ing gross metal ra tios (af ter Enns et al., 1995).



Gar net co ex ists with bi o tite, K-feld spar, anhydrite and ap a -
tite in the core of the Cen tral zone, where it re places early
por phyry dikes and ad ja cent vol ca nic wallrocks. This al ter -
ation grades out wards into a con ven tional K-sil i cate as -
sem blage of bi o tite, K-feld spar, mag ne tite and ap a tite. Gar -
net is char ac ter ized by growth zones marked by prom i nent
col our vari a tions, en trap ment of pri mary fluid in clu sions
and ep i sodic coprecipitation with, or re place ment by,
anhydrite. Fluid in clu sion char ac ter is tics and chem i cal cy -
cling are con sis tent with the for ma tion of al ter ation and
min er al iza tion by re lease of mag matic flu ids early in the ig -
ne ous se quence at Ga lore Creek. Ex tended gar net growth at 
the high tem per a tures in di cated by fluid in clu sions sug -
gests that the hostrocks sat and ‘stewed’ in a hy dro ther mal
fluid–dom i nated sys tem. The com po si tion of the flu ids,
dom i nated by NaCl, KCl and CaCl2, is con sis tent with the
al ter ation as sem blage K-feld spar, bi o tite, ap a tite,
anhydrite, gar net and anhydrite. It also sug gests that the al -
ter ation was oc cur ring in a fluid-buf fered sys tem in which
the hostrock composition had little control over the
ultimate style or composition of alteration and possibly the
ore assemblage.

FUTURE WORK

On go ing in te gra tion of de tailed struc tural, geo chem i -
cal and geo chron ol ogi cal in for ma tion is es sen tial to the de -
vel op ment of an im proved alkalic por phyry de posit model.
While this work is in the ini tial stages, the over all goal of
the pro ject is to build a view of the struc tural and geo log i cal
ar chi tec ture, al ter ation zonation pat terns and min eral
chem is try at each of the study sites. Cur rent stud ies will be
aug mented by a new study ini ti ated at the Lorraine de posit.
This lat ter de posit has per haps some of the most ab nor mal
char ac ter is tics of the alkalic por phyry sys tems, and sug -
gests that sul phide min eral de po si tion bridged the tran si -
tion from mag matic-seg re ga tion to mag matic-hy dro ther -
mal de pos its. The Lorraine de pos its also ap pear to
rep re sent the deep est pos si ble level of for ma tion in the
alkalic por phyry en vi ron ment. De fin ing the hy dro ther mal
fea tures of each de posit, com bined with avail able data from 
de pos its around the world, will thus pro vide the ba sis for
es tab lish ing the characteristics of the intrusion-centred
systems at a range of inferred deposit depths.
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