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Introduction

The Late Tri as sic–Early Ju ras sic Quesnel terrane is a vol -
cano-sed i men tary intraoceanic-arc se quence. The Up per
Tri as sic Takla and Nicola groups (here af ter re ferred to as
Nicola Group), which de fine the Quesnel terrane, are com -
posed largely of alkalic and lesser calcalkalic bas alts, de -
riv a tive vol ca nic prod ucts and as so ci ated mar ginal-ba sin
sed i men tary strata (Preto, 1979; Nel son and Bellefontaine,
1996). Paleontological and paleomagnetic data show that
this vol ca nic belt may have orig i nated more than 1000 km
south of its pres ent lo ca tion (Irving et al., 1980), and was
accreted to the west ern mar gin of North Amer ica by the
pre–Middle Jurassic (Monger et al., 1982).

The Quesnel terrane hosts the ma jor ity of the alkalic por -
phyry Cu-Au de pos its in Brit ish Co lum bia (BC), in clud ing
(from north to south) Lorraine, Mount Milligan, Mount
Polley, Afton/Ajax and Cop per Moun tain (Fig ure 1). Much 
of the area un der lain by the Quesnel terrane is densely veg -
e tated and ex ten sively cov ered by youn ger gla cial and vol -
ca nic prod ucts, mak ing min eral ex plo ra tion chal leng ing.
The main ob jec tive of this pro ject is to iden tify the re la tion -
ships be tween alkalic por phyry min er al iza tion and the ba -
saltic hostrocks, with the aim of gen er at ing a re gional map
show ing ar eas of pro spec tive arc seg ments for por phyry
ex plo ra tion. This pa per pres ents the re sults of whole-rock
geo chem i cal and mag netic sus cep ti bil ity anal y sis of co her -
ent bas alts from arc seg ments with known deposits, and
compares them to arc segments without known min er al iza -
tion.

The en tire vol ca nic se quence in the Quesnel terrane was af -
fected by post-Tri as sic low-grade meta mor phism, which is
char ac ter ized by a cal cite-chlorite-epidote as sem blage, the
same min eral as sem blage as so ci ated with propylitic al ter -
ation ha loes around por phyry bod ies, thus fur ther com pli -
cat ing ex plo ra tion ef forts. How ever, the pres ence of cal cite
al lows for anal y sis of car bon and ox y gen iso topes within
the propylitic and/or meta mor phic as sem blage, which can
be used to iden tify re gional pat terns in car bon ate iso to pic
com po si tions and to iden tify dis trict-scale pat terns around
a por phyry de posit. The re sults of a pi lot study testing this
technique on a regional scale are presented here.

Samples

Sam pling for geo chem is try, con ducted in the sum mers of
2009 and 2010 (sam ple lo ca tions shown on Fig ure 1), fo -
cused on co her ent vol ca nic rocks or large vol ca nic clasts in
volcaniclastic brec cias. Our first field sea son con cen trated
on sam pling Nicola Group ba salt from the fol low ing four
re gions, which form the study area for this paper:

· near Mount Polley, in an arc se quence host ing broadly
co eval por phyry Cu-Au min er al iza tion re lated to sil ica-
undersaturated magmatism (Lo gan and Bath, 2005)

· near Mount Milligan, where Cu-Au min er al iza tion is re -
lated to sil ica-sat u rated alkalic in tru sions that are ap -
prox i mately 20 m.y. youn ger than the vol ca nic
hostrocks (Nel son and Bellefontaine, 1996)

· north east of Bridge Lake, in an ap par ently bar ren part of 
the arc

· near Lac la Hache, in re port edly sig nif i cant por phyry
Cu-Au min er al iza tion that prob a bly has a tem po ral re la -
tion ship to vol ca nism sim i lar to that ob served at Mount
Polley (Schiarizza et al., 2008; Figure 1)

Ad di tional sam pling in south ern BC was car ried out in
2010; how ever, full re sults are not yet avail able.
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Analytical Procedures

Mag netic sus cep ti bil ity was mea sured in the field, us ing a
KT-9 Kappameter handheld in stru ment. This de vice au to -
mat i cally dis plays the true mea sured sus cep ti bil ity of the
sam ple in dimensionless SI units, with a sen si tiv ity of

1 ́  10–5 SI units. The val ues re ported are the av er age of 10
read ings for the out crop or sam ple (see also Bissig et al.,
2010).

Forty-two Nicola Group ba salt sam ples col lected in 2009
were an a lyzed at the ALS Chemex lab o ra tory, North Van -
cou ver, BC by the ma jor- and trace-el e ment whole-rock
pack age ME-MS81D, which uses a Li-bo rate fu sion and in -
duc tively cou pled plasma–mass spec trom e try (ICP-MS)
tech nique. Fer rous iron was mea sured in twenty-three se -
lected sam ples by H2SO4-HF acid di ges tion and titrimetric
fin ish (ALS Chemex, Fe-VOL05 pack age), to ob tain
Fe2+/Fe3+ ratios.

A sub set of twenty-five sam ples with cal cite-chlorite-
epidote al ter ation as sem blages were an a lyzed for sta ble

car bon and ox y gen iso topes (d13CPDB
1 [‰], d18OSMOW

2

[‰]) us ing a mod i fied Los Gatos Re search (LGR) DLT-
100 in fra red spec tro scopic an a lyzer at the Uni ver sity of
Brit ish Co lum bia. This in stru ment an a lyzes CO2 gas ex -
tracted from car bon ates af ter rock pow der has been ex -
posed to 100% phos pho ric acid at ambient temperatures.

Petrography and Geochemistry

Pe trog ra phy of the bas alts shows that the pres ence of
opaque in clu sions in pyroxene pheno crysts is not uni -
formly dis trib uted across the study area. The Mount Polley
and Lac la Hache ar eas have pri mary mag ne tite in clu sions
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1 normalized to Pee Dee belemnite
2 normalized to Standard Mean Ocean Water

Fig ure 1. Ma jor al kali por phyry Cu-Au de pos its in the Quesnel terrane of Britiish Co lum bia, show ing sam ple lo ca tions from 2009 and 2010
field work.
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Fig ure 2. Un al tered zoned py rox enes from the Nicola Group, south-cen tral Brit ish Columbia; note that the Mount
Polley (A) and Lac la Hache (B) ar eas con tain opaque mag ne tite in clu sions, whereas the Mount Milligan (C) and
Bridge Lake (D) ar eas lack mag ne tite in clu sions; mag netic sus cep ti bil ity mea sure ments for each suite are in di -
cated.



in pyroxene (Fig ure 2A, B), whereas mag ne tite in clu sions
are nor mally ab sent in the Mount Milligan area and north -
east of Bridge Lake (Figure 2C, D).

Bas alts of the north ern and cen tral parts of the Quesnel
terrane strad dle the alkalic-calcalkalic bound ary, with
some sam ples plot ting just into the subalkalic field in the
bivariant di a gram of Irvine and Baragar (1971; Fig ure 3A).
All rocks fall within the arc-ba salt field when us ing the ter -
nary Zr-Th-Nb plot of Wood (1980; Fig ure 3B). The geo -
chem i cal vari a tions be tween the dif fer ent ar eas are sub tle,
but bas alts from the Mount Polley area are slightly more al -
ka line, gen er ally hav ing higher Na2O con cen tra tions at
given SiO2 con tents com pared to the other ar eas sam pled
(Fig ure 4). At a given SiO2 con tent, rocks from Mount
Polley and Lac la Hache also have higher Al2O3/MgO ra tios 
and lower MgO content (Figure 4).

Over all, these rocks from the north ern and cen tral Quesnel
terrane have an SiO2 con tent of 45–55 wt. % (Fig ure 4) and
ex hibit less vari a tion than those re ported by Mortimer
(1987) from the south ern part of the belt, where vol ca nic
rocks have ~47–70 wt% SiO2. The bas alts from near Lac la
Hache and Mount Polley are also char ac ter ized by low
Fe2+/Fe3+ ra tios (<1.5) and high mag matic sus cep ti bil i ties

of up to 110 ́  10–3 SI (Fig ure 5), which is in dic a tive of a rel -
a tively high ox i da tion state. This con trasts with the bas alts
from Bridge Lake and Mount Milligan, where Fe2+/Fe3+ ra -
tios are be tween 1.5 and 6.5, and mag netic sus cep ti bil ity is

gen er ally <30 ́  10–3 SI (Fig ure 5; see also Bissig et al., 2010).

The bas alts can thus be sub di vided into two groups.
Group 1 in cludes the Bridge Lake and Mount Milligan ar -
eas and is char ac ter ized by rel a tively re duced bas alts with
mod er ate Na con tent. These bas alts lack a close tem po ral

re la tion ship to known por phyry Cu-Au min er al iza tion.
Group 2, which in cludes the Mount Polley and Lac la
Hache ar eas, is char ac ter ized by rel a tively ox i dized bas alts
that have rel a tively low MgO (Fig ure 4D) but high Na2O
(Fig ure 4B). These are thought to have erupted im me di -
ately prior to a change to in tru sive ac tiv ity and por phyry
min er al iza tion, and are thus thought to be broadly co eval
with the min er al iz ing mag matic-hy dro ther mal system
(Logan and Bath, 2005; Schiarizza et al., 2008)

Stable Isotopes

Car bon ate min er als in rock sam ples af fected by a cal cite-
chlorite-epidote over print were an a lyzed for sta ble car bon

and ox y gen iso topes (d13CPDB [‰], d18OSMOW [‰]) to iden -
tify re gional pat terns. The an a lyzed sam ples were col lected
at least 1 km away from known min er al iza tion, but usually
much farther.

Group 1 sam ples have d13C val ues of –16 to –7‰, and d18O
gen er ally var ies be tween +8 and +16, with one value at
+20‰ (Fig ure 6). Group 2 sam ples ex hibit slightly less

neg a tive val ues of d13C (–6 to +2‰) and over all slightly

higher d18O val ues (+12 to +22‰; Fig ure 6). For com par i -
son, cal cite from propylitically al tered rocks at the Quesnel
River alkalic in tru sion–re lated Au de posit (Melling et al.,
1990; Panteleyev et al., 1996; MINFILE 093A 121; BC
Geo log i cal Sur vey, 2010), hosted in Nicola-equiv a lent

Takla Group ba saltic rocks, have d13C val ues from –10 to –7‰

and d18O vary ing from +10 to +14‰ (Melling, et al., 1990;
Fig ure 6), and fall within the range of group 1.
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Fig ure 3. Clas si fi ca tion of Nicola Group bas alts: A) Plot of SiO2 vs. Na2O+K2O (Irvine and Baragar, 1971), in di cat ing the al ka line na ture of
the bas alts of the Quesnel terrane; rocks from north east ern Bridge Lake and some from Mount Milligan have a subalkaline sig na ture
(Group 1), whereas bas alts from Mount Polley and Lac la Hache are some what more al ka line (Group 2); B) Th–Zr/117–Nb/16 plot (Wood,
1980), in di cat ing that all the rocks be long to a mag matic-arc tec tonic set ting.



Discussion

This pro ject seeks to un der stand the geo -
chem i cal and phys i cal char ac ter is tics along
and across the Late Tri as sic vol ca nic-arc
com po nents of the Quesnel terrane, which
host por phyry Cu-Au mineralization.

The Nicola Group in south ern BC con sists
of three ma jor belts that show a west to east
chem i cal vari a tion (Mortimer, 1987). The
west  ern  bel t  com pr ises  augi te-  and
plagioclase-phyric bas alts and andesites
with a calcalkalic af fin ity. Bas alts from the
cen tral and east ern belts are petro graphi -
cally sim i lar to each other, con sist ing
mainly of augite-phyric ba salt, lo cally
analcime bear ing, and het er o ge neous an de -
site and ba salt. The cen tral belt is char ac ter -
ized by vari ably tholeiitic to alkalic af fin ity,
whereas the east ern belt is predom in antly
alkalic (shoshonitic). Paleon tological data
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Fig ure 4. Harker-type di a grams for bas alts from the Nicola Group. Two groups can be sep a rated on the ba sis of Na and Mg con tent, as well
as Al2O3/MgO ra tios at given SiO2: group 1 in cludes bas alts from Mount Milligan and north east of Bridge Lake; group 2 in cludes bas alts
from the Mount Polley and Lac la Hache ar eas.

Fig ure 5. Plot of Fe2+/Fe3+ ver sus mag netic sus cep ti bil ity for weakly al tered co her -
ent bas alts of the Quesnel terrane, show ing the sim i lar i ties be tween ba salt sam -
ples from the Mount Milligan and north east ern Bridge Lake ar eas (Group 1) and
the sam ples from the Mount Polley and Lac la Hache ar eas (Group 2), the lat ter
with rel a tively high ox i da tion states and mag netic sus cep ti bil ity mea sure ments.



sug gest that the east ern belt is youn ger (Late Norian, ca.
204 Ma) than the west ern belt (Late Carnian–Early Norian,
ca. 216 Ma; Carter et al., 1991).

North of lat i tude 51°N, these three belts have not been sys -
tem at i cally doc u mented or char ac ter ized geochemically
prior to this study. The pre lim i nary re sults pre sented above
show that geo chem i cal dif fer ences be tween vol ca nic rocks
are sub tle. How ever, vari a tions in the mag netic sus cep ti bil -
ity val ues and Fe2+/Fe3+ ra tios are dis tinc tive and, com -
bined with the re gional in ter preted aero mag net ic map (Lo -
gan et al., 2010), al low the sep a ra tion of the vol ca nic arc
into a more mag netic and pre sum ably more ox i dized west -
ern belt and a more re duced east ern belt (Fig ure 7). These
belts are ten ta tively cor re lated with the cen tral and east ern
belts, re spec tively, de scribed by Mortimer (1987) for the
southern Nicola Group based on geochemistry (Figure 7).

Car bon iso tope (d13C) val ues show a sys tem atic vari a tion
ac cord ing to mag netic sus cep ti bil ity and ox i da tion state.
Neg a tive car bon iso tope val ues co in cide with rel a tively re -
duced seg ments of the arc and may sug gest a greater con tri -
bu tion of or ganic car bon than in the more ox i dized sam ples
from around Mount Polley and Lac la Hache. The two
groups can not clearly be dis tin guished on the ba sis of the

d18O data, al though group 2 sam ples may have higher d18O
val ues. The over all range be tween 8 and 22‰ falls be tween 

up per man tle and oce anic car bon ate d18O com po si tions
(Fig ure 6). Al though these pre lim i nary iso to pic data can not 
be in ter preted con clu sively, they are con sis tent with a
partly ma rine car bon ate source for cal cite in the group 2
bas alts. This could sug gest that the erup tion of the Mount
Polley and Lac la Hache ba saltic rocks occurred in

relatively shallow water, where marine carbonate was
present.

Low Fe2+/Fe3+ ra tios and high mag netic sus cep ti bil i ties
sug gest an ox i dized mag matic source for the group 2 bas -
alts. A high ox i da tion state is char ac ter is tic of ig ne ous
rocks re lated to por phyry Cu-Au min er al iza tion (e.g., See -
dorff et al., 2005; Cham ber lain et al., 2007). Mount Polley
was emplaced into a rel a tively ox i dized arc seg ment, which 
is con sis tent with the close tem po ral and ge netic re la tion -
ship be tween ba salt and por phyry Cu-Au–re lated in tru sive
ac tiv ity at Mount Polley (Logan and Bath, 2005).

Current and Future Work

Ad di tional work on sam ples col lected dur ing the sum mer
of 2010 will help us un der stand the spa tial dis tri bu tion of
the dif fer ent vol ca nic belts within the Quesnel terrane.
Field ob ser va tions will per mit petrographic com par i sons
be tween the belts de fined by Mortimer (1987) in south ern
BC and our in ter preted belts in the north-cen tral part of the
province.

Analcime-bear ing bas alts have been iden ti fied in Mor -
timer’s cen tral belt, as well as in our in ter preted cen tral belt
(Fig ure 8). At Mount Polley, such rocks are found within a
few kilo metres of Cu-Au min er al iza tion, whereas no ma jor
min er al iza tion is known to be spa tially re lated to analcime-
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Fig ure 6. Plot show ing the d18OSMOW (‰) and d13CPDB (‰) com po si tions of car bon ate from bas alts with 
propylitic al ter ation as sem blages in the north-cen tral part of the Quesnel terrane; fields for the
Quesnel River Au de posit (Melling et al., 1990), Tri as sic ma rine car bon ate rocks (Veizer et al., 1999)
and up per man tle (Tay lor et al., 1967) are shown for com par i son.

Fig ure 7. Pro posed arc seg ments within the Quesnel terrane. The
belts of south ern Brit ish Columbia have been in ter po lated to the
north us ing the NRCan to tal-field air borne mag netic dataset (in Lo -
gan et al., 2010), geo chem i cal and phys i cal ev i dence, and field ob -
ser va tion. The geo log i cal map is based on the dig i tal data in cluded 
in Goodfellow (2007).
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bear ing bas alts in the south. Nev er the less, small specks of
na tive cop per were rec og nized within those bas alts, in di -
cat ing at least a spa tial link be tween the basalts and high Cu
content.

Re search in the up com ing year will in clude fur ther geo -
chem i cal anal y ses of sam ples col lected in 2010, as well as
den sity mea sure ments of the bas alts. Petrographic work
will in clude in ves ti ga tion of the tex tural re la tion ship of the
Cu con tained in analcime-bear ing basalts.
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