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Introduction

Resistate min er als, those ro bust ac ces sory min er als that
per sist through weath er ing, have suc cess fully been ap plied
to kimberlite and di a mond ex plo ra tion (e.g., Grif fin and
Ryan, 1995; Averill, 2001). Al though easy to col lect in
heavy min eral con cen trates, these min er als have only
rarely been used as ex plo ra tion tools for other de posit
types, in clud ing por phyry cop per de pos its (e.g., Force et
al., 1984). The com mon oc cur rence of resistate min er als as
al ter ation prod ucts in Brit ish Co lum bia por phyry cop per
de pos its sug gests that these por phyry in di ca tor min er als
(PIMs) could pro vide a key tool to the in crease of ex plo ra -
tion tar get ing success, especially in terrains covered by
glacial till.

The Quesnel and Stikine ter ranes in south-cen tral BC host
Late Tri as sic–Early Ju ras sic mag matic arcs, which are
highly pro spec tive hosts for por phyry Cu (-Mo, Au) de pos -
its. How ever, ex plo ra tion suc cess in this area has been lim -
ited due to thin, but ex ten sive ve neers of till and re lated gla -
cial sed i ments, which cover much of the area (Ward et al.,
2009), es pe cially in the re gion be tween the Mount Milligan
and Mount Polley por phyry de pos its (Fig ure 1). Geo phys i -
cal and geo chem i cal sur veys in this re gion (e.g., Sander
Geo phys ics Limited, 2008; Jackaman et al., 2009;
Kowalczyk, 2009) sug gest that a broad cor re la tion ex ists
be tween the geo chem i cal char ac ter is tics of these un con sol -
i dated sed i ments and the un der ly ing bed rock ge ol ogy
(Barnett and Wil liams, 2009). There fore, an ero sional min -
er al og i cal re cord of the bed rock, and more im por tantly of
po ten tially min er al ized por phyry cop per de pos its, likely

ex ists in the gla cial sediments, and this signature can be
recognized by the resistate mineral population.

The pur pose of this re search pro ject is to iden tify the oc cur -
rence, types, rel a tive amounts and com po si tions of PIMs in
se lected por phyry de pos its in or der to elu ci date im por tant
PIM sig na tures. The main ques tions are as follows:

· What resistate min er als are key in di ca tors for por phyry
cop per de pos its in this region?

· What are the char ac ter is tic fea tures of these PIMs, par -
tic u larly their phys i cal ap pear ance?

· How ex ten sive and in ten sive are PIM dis tri bu tion pat -
terns in sur round ing sed i ments?

· How can ex plor ers most ef fec tively and ef fi ciently use
PIMs in re gional ex plo ra tion tar get ing?

The key ob jec tives of the pro ject are there fore to

· de ter mine the oc cur rence and types of resistate min er als 
in var i ous styles of al ter ation and min er al iza tion in sev -
eral cen tral BC por phyry cop per-gold de pos its to es tab -
lish a PIM signature;

· de ter mine the di ag nos tic phys i cal pa ram e ters and chem -
i cal com po si tions of resistate minerals;

· iden tify im por tant in di ca tor min er als and es tab lish
phys i cal prop er ties to dis tin guish those resistate min er -
als that are di rectly as so ci ated with por phyry cop per-
gold deposits; and

· es tab lish cri te ria for use of resistate min er als as an ex -
plo ra tion tool in south-cen tral BC.

This study pres ents a sum mary of field ob ser va tions, sam -
pling and pre lim i nary re sults on con trast ing char ac ter is tics
of ap a tite crys tals as so ci ated with min er al ized and bar ren
hostrocks at the High land Val ley por phyry cop per dis trict.
These re sults sug gest that ap a tite as so ci ated with por phyry
cop per min er al iza tion has dis tinct phys i cal and chem i cal
prop er ties, which can help to eas ily dis tin guish it from
apatite associated with barren hostrocks.
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Resistate Minerals in Porphyry Copper
Deposits

Resistate min er als have long been known to oc cur in por -
phyry cop per de pos its, both in host in tru sions and as hy dro -
ther mal al ter ation prod ucts (e.g., Schwartz, 1953;
Gustafson and Hunt, 1975; Lang et al., 1995). Ap a tite, ru -
tile, zir con, ti tan ite, monazite and gar net are com mon resis -

tate min er als as so ci ated with calcalkaline and al ka line por -
phyry de pos its (Ta ble 1). Tour ma line, du mor tier ite, an da -
lu site, dia spore and quartz also com monly oc cur with
calcalkaline por phyry de pos its. Ore sul phide min er als are
un sta ble and rarely pre served in surficial sed i ments, but
supergene ox i da tion pro cesses will con vert these sul phide
min er als into sta ble, in sol u ble min er als such as jarosite and
turquoise, which can also be used as PIMs.
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Fig ure 1. Dig i tal el e va tion map show ing out crop dis tri bu tion of Late Tri as sic and Early Ju ras sic Quesnel and Stikine ter -
ranes of south-cen tral Brit ish Co lum bia (mod i fied from Tosdal et al., 2008) and lo ca tion of por phyry de pos its se lected for
this study. Note the gap in oc cur rence of de pos its in the area be tween the Mount Polley and Mount Milligan de pos its.



Geoscience BC Re port 2010-1 27

Ta ble 1. Char ac ter is tics of resistate min er als oc cur ring in Brit ish Co lum bia por phyry cop per deposits.



Resistate min er als can re cord sa lient fea tures of the por -
phyry sys tem from early mag matic (e.g., zir con) to late hy -
dro ther mal (e.g., ap a tite) and sub se quent supergene ox i da -
tion stages. Thus, when formed or al tered by hy dro ther mal
flu ids char ac ter is tic of the min er al iz ing por phyry en vi ron -
ments, the phys i cal prop er ties of these min er als may
change such that they dis play unique col our, size and shape
char ac ter is tics, which can be used as a prospecting tool.

Early work on heavy ac ces sory min er als in por phyry cop -
per de pos its mainly fo cused on the eco nomic ex ploi ta tion
of these min er als (e.g., Czamanske et al., 1981). How ever,
sev eral stud ies noted the unique phys i cal and chem i cal fea -
tures of the resistate min er als as so ci ated with var i ous
stages of hy dro ther mal al ter ation in por phyry cop per de -
pos its (Ta ble 1). More re cently, chem i cal and phys i cal
prop er ties of ap a tite and rutile were the sub ject of stud ies
show ing the over all evo lu tion of the hy dro ther mal system
(e.g., Streck and Dilles, 1998; Scott, 2005).

Ap a tite is a com mon ac ces sory min eral oc cur ring in var i -
ous hostrocks and min eral de pos its. Trace-el e ment com po -
si tions of ap a tite have been used to rec og nize the hostrock
and de gree of frac tion ation, as well as the ox i da tion state of
the host magma (Tepper and Kuehner, 1999; Belousova et
al., 2002). Mariano (1988) and Kempe and Götze (2002)
have shown that ap a tite from min er al iza tion re lated to al ka -
line rocks ex hib its blue and vi o let cathodoluminescence
due to ac ti va tion by trace quan ti ties of rare earth el e ment
ions (Ce3+, Eu2+, Sm3+, Dy3+ and Nd3+), whereas those from
P-rich gran ite show strong Mn2+-ac ti vated yel low-green ish 
lu mi nes cence. Ap a tite from por phyry de pos its is Cl-rich
and Cl may act as a key com po nent in trans port ing cop per.
Wil liams and Cesbron (1977) noted that ap a tite of por -
phyry cop per or i gin dis plays a char ac ter is tic bright or ange
col our un der ul tra vi o let (UV) light, and shows a com pli -
cated his tory of cor ro sion and redeposition with char ac ter -
is tic zon ing (Liesegang rings). The rings can of ten be de -
tected up to 600–1000 m lat er ally away from the in tru sion.
The com po si tion of these tex tures is not well known but
they may have re corded changes of the hy dro ther mal sys -
tem through time and thus have the po ten tial to pro vide
clues to the pro duc tiv ity of the sys tem. Fur ther more, Streck 
and Dilles (1998) dem on strated that zoned apatites from
the Yerington batholith, Ne vada, have sul phur-rich cores
which abruptly change to sul phur-poor rims, in di cat ing that 
early sul phate-rich magma evolved to sul phate-poor
magma via crys tal li za tion of anhydrite. Table 1 sum ma r -
izes key characteristics of the common resistate minerals in
porphyry copper deposits.

Geological Setting

Quesnel and Stikine ter ranes host most of BC’s known por -
phyry cop per de pos its and are com posed of Pa leo zoic and
lower Me so zoic vol ca nic, sed i men tary and plutonic rocks

dis play ing both oce anic and arc af fin i ties. The Late Tri as -
sic–Mid dle Ju ras sic por phyry de pos its in clude both
calcalkalic and alkalic classes, and show a full range of
mor pho log i cal and depth re la tion ships (McMillan et al.,
1995). The High land Val ley (NTS 092I/06), Mount Polley
(NTS 093A/12), Mount Milligan (NTS 093N/01) and
Lorraine (NTS 093N/14) de pos its rep re sent ex am ples of
the typ i cal styles and as sem blages of por phyry de pos its in
the Quesnel ter rain and were therefore selected for this pro -
ject (Figure 1).

The High land Val ley Cu-Mo dis trict in south ern BC is the
larg est clus ter of por phyry de pos its in the re gion and in -
cludes Val ley, Lornex, Highmont, Alwin, Beth le hem and
JA de pos its hosted within the Up per Tri as sic calcalkaline
Guichon Creek batholith (Casselman et al., 1995). This
com pos ite batholith ranges from diorite and quartz diorite
at the bor der to youn ger granodiorite in the cen tre, which
hosts the min er al iza tion (Fig ure 2a). Styles and as sem -
blages of al ter ation and min er al iza tion vary from nar row
struc tur ally-con trolled min er al ized zones (e.g., Alwin) to
per va sive stockwork-hosted min er al iza tion (e.g., Val ley);
coarse sec ond ary mus co vite is a ma jor al ter ation min eral in
all de pos its commonly accompanying sulphide min er al iza -
tion (Figure 2b).
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Fig ure 2. Ex am ples of hostrock and al ter ation from the Alwin mine,
High land Val ley, south-cen tral Brit ish Co lum bia: a) sam ple of fresh
Bethsaida granodiorite, the main hostrock to min er al iza tion, with
char ac ter is tic large, rounded quartz pheno crysts and bi o tite books; 
b) in tense green mica al ter ation and as so ci ated chal co py rite min -
er al iza tion over print ing the Bethsaida granodiorite.



The alkalic Mount Polley Cu-Au de posit is hosted within
Ju ras sic–Tri as sic diorite-monzonite in tru sions and as so ci -
ated brec cia bod ies. Al ter ation-min er al iza tion pro gresses
out ward from a higher tem per a ture core of bi o tite to an in -
ter me di ate actinolite zone and an outer zone of K-feld spar
and al bite (Fra ser et al., 1995; Lo gan and Mihalynuk,
2005). Cop per and gold val ues are closely cor re lated with
high mag ne tite con cen tra tions (Deyell and Tosdal, 2005).

The Mid dle Ju ras sic Mount Milligan de pos its are hosted by 
por phy ritic monzonite stocks and ad ja cent vol ca nic rocks
of the Late Tri as sic Takla Group cen tred around three main
in tru sive stocks. The de posit dis plays a clas sic zoned
alteration-min er al iza tion pat tern con sist ing of a bornite-
rich core with potassic al ter ation sur rounded by a py rite-
dominated sul phide halo with propylitic al ter ation
(Sketchley et al., 1995; Jago and Tosdal, 2009).

Far thest to the north, the Lorraine alkalic Cu-Au por phyry
de posit is hosted within the Duck ling Creek Syenite Com -
plex of the Late Tri as sic–Cre ta ceous Hogem batholith,
which in trudes the Late Tri as sic Takla Group vol ca nic and
sed i men tary se quences (Nixon and Peatfield, 2003). Min -
er al iza tion oc curs in three zones along strike over a dis -
tance of ap prox i mately 1.5 km within a north west-trending
cor ri dor dom i nated by syenitic rocks. Min er al iza tion is
char ac ter ized by finely dis sem i nated Cu-Fe sul phide min -
er als in fine-grained K-feld spar bi o tite rock, bi o tite
pyroxenite and syenitic rocks, and lacks fea tures such as
stockwork vein ing and brec cia (Bath and Cooke, 2008).
Chal co py rite and bornite oc cur as blebs and semi-mas sive
sulphide in pyroxenite (Bishop et al., 1995).

Materials and Methods

Sampling

Be cause their ge ol ogy is well doc u mented, High land Val -
ley, Mount Milligan and Lorraine de pos its (Fig ure 1) were
se lected for sam pling. Sam ples were se lected from dif fer -
ent al ter ation as sem blages at dif fer ent ver ti cal lev els to de -
ter mine and char ac ter ize the oc cur rence of resistate min er -
als at var i ous depths in a por phyry sys tem. Sam ples were
also col lected from unmineralized hostrocks for di rect
com par i son. Over all, 31 sam ples were col lected from
High land Val ley (Val ley, Beth le hem and Alwin), and 12
sam ples were col lected from Mount Milligan. A to tal of 13
sam ples rep re sent ing Lorraine min er al iza tion and var i ous
hostrocks were ob tained from a pre vi ous study done by the
Min eral De posit Re search Unit (MDRU) of the Uni ver sity
of Brit ish Co lum bia (Bath and Cooke, 2008). Sam ples were 
also col lected from Mount Polley Cu-Au and Endako Mo
de pos its for com par i son. Fur ther more, it is planned to ob -
tain till and drain age sediments at various locations around
at least one of the above study sites.

Methods

An in te grated an a lyt i cal tech nique is cur rently em ployed at
MDRU to es tab lish the most valid and cost ef fec tive mech -
a nism for char ac ter iz ing PIMs. An a lyt i cal work in cludes a
petrographic s tudy em ploy ing op t i  cal and cath-
odoluminescence (CL) mi cros copy and scan ning elec tron
mi cros copy (SEM) to char ac ter ize the abun dance and
phys i cal prop er ties of var i ous resistate min er als, in clud ing
shape, size, col our and lu mi nes cence. Se lected grains are
an a lyzed by elec tron microprobe for their trace-el e ment
com po si tion to test whether there are key chem i cal fea tures
in the PIMs, which are unique to min er al ized por phyry cop -
per de pos its. Resistate min er als have also been sep a rated to
dif fer ent size frac tions us ing con ven tional sieve and heavy
liq uid meth ods. These sam ples are cur rently be ing stud ied
us ing a min eral lib er a tion an a lyzer (MLA), which is an au -
to mated scan ning elec tron mi cro scope, to ef fi ciently char -
ac ter ize the phys i cal prop er ties of the resistate min er als.
The re sults of both the MLA and trace-el e ment anal y sis by
la ser  ab la t ion in duc tively coupled plasma–mass
spectrometry (LA-ICP-MS) will be made available in
future presentations and publications.

Cathodoluminescence Microscopy

A Cam bridge Im age Tech nol ogy Ltd. MK 4A model cold
cathodoluminescence stage mounted on a petrographic mi -
cro scope was used to study the in ter nal tex tures of the ap a -
tite grains. The sam ples were ir ra di ated in a vac uum cham -
ber with an elec tron beam of ap prox i mately 15 kV and the
cur rent set at 350–500 µA.

Results

Petrographic ob ser va tions in di cate that ap a tite, zir con and,
to a lesser ex tent, rutile and ti tan ite are com mon resistate
min er als in the stud ied de pos its. Ap a tite is by far the most
com mon resistate min eral oc cur ring in a wide range of
hostrocks and al ter ation as sem blages. More crit i cally,
phys i cal and chem i cal prop er ties of ap a tite are sig nif i cantly 
dif fer ent in al tered-min er al ized rock rel a tive to fresh
hostrock largely based on observations from Highland
Valley samples.

Ap a tite in fresh in tru sive rocks com monly dis plays
euhedral crys tal shape and its hex ag o nal form is dis tinc tive
(Fig ure 3d). Al though small ap a tite grains sur rounded by
quartz or feld spar are dif fi cult to rec og nize un der op ti cal
mi cro scope, ap a tite was eas ily de tected by its strong lu mi -
nes cence of yel low to yel low-green in fresh hostrock (Fig -
ures 2a, 3a). The yel low lu mi nes cence is at trib uted to ex ci -
ta tion by Mn2+ (Mariano, 1988; Waychunas, 2002). Some
of the ap a tite grains in fresh granodiorite dis play yellow-
brown lu mi nes cence. No ma jor in ter nal struc tures were ob -
served us ing ei ther CL or SEM, al though some grains show
a dis tinc tive nar row brown ish lu mi nes cence zone near the
crys tal rim. Ap a tite in al tered granodiorite at High land Val -
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ley’s Alwin mine looks very sim i lar to that as so ci ated with
un al tered granodiorite when ex am ined us ing a po lar iz ing
mi cro scope and SEM (Fig ures 3c, d, f). How ever, CL mi -
cros copy re veals that ap a tite as so ci ated with al tered
hostrocks dis plays a unique green lu mi nes cence, prob a bly
re flect ing Fe2+ ex ci ta tion, which is over printed by a dark
com plex net work and bod ies of dark-green to grey-
luminescent do mains (Fig ure 3b), pro duc ing a char ac ter is -
tic ‘messy’ tex ture (Fig ure 3e). These re la tion ships clearly
dem on strate that a darker lu mi nes cent phase re placed a
brighter, green-luminescent phase possibly con tem po r a ne -
ous with green muscovite alteration and associated copper
mineralization.

Conclusions

Ap a tite is a ubiq ui tous ac ces sory min eral which oc curs in a
wide range of hostrocks and com monly in cor po rates a wide 
range of trace el e ments. It is re sis tant to both late hy dro ther -
mal al ter ation and weath er ing, mak ing it a ro bust, easy to
col lect re corder of min er al iza tion-re lated al ter ation. Al -
tered ap a tite dis plays yel low-green lu mi nes cence prob a bly
due to ex ci ta tion by in cor po ra tion of low amounts of Fe2+.
Strongly al tered ap a tite shows dark-green to grey lu mi nes -

cence, prob a bly due to the loss of Mn2+, pro duc ing a com -
plex tex ture with rem nants of green-lu mi nes cent ap a tite.
Pre lim i nary microprobe data sug gest that ap a tite in al tered
hostrock has lost sev eral trace com po nents such as Mn2+, Cl 
and S. These re sults pro vide the first step to wards a better
un der stand ing and, ul ti mately, the use of resistate minerals
as indicators for porphyry copper exploration.
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