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INTRODUCTION

Es tab lish ing links be tween min er al iza tion and caus -
ative in tru sion(s) is an im por tant and fun da men tal step to
un der stand ing min er al iz ing sys tems. In par tic u lar, the abil -
ity to dis tin guish pet ro log i cal and geo chem i cal char ac ter is -
tics of min er al ized ver sus bar ren in tru sive sys tems has im -
por tant im pli ca tions for the ex plo ra tion ge ol o gist (e.g.,
Frei, 1996).

This study in ves ti gated a Late Tri as sic alkalic in tru -
sion, known as the Bootjack stock, from the south-cen tral
Ca na dian Cor dil lera. The Bootjack stock (BS) is part of the
Quesnel arc com plex (Fig. 1) that formed above an east-
dip ping subduction zone dur ing the Late Tri as sic to Early
Ju ras sic (Mortimer, 1987; Panteleyev et al., 1996; Lo gan
and Mihalynuk, 2005). Other K-rich or al ka line in tru sions
of sim i lar age that oc cur along the Quesnel arc in clude the
Cop per Moun tain in tru sive rocks (Cop per Moun tain,
Ingerbelle), White Moun tain, Kruger syenite, Kamloops
syenite and Iron Mask batholith (Afton, Ajax and Cres cent
in the south; and the Hogem batholith (Lorraine) in the
north. In ad di tion, the BS is age equiv a lent to syenite at Ga -
lore Creek, Cop per Can yon, Zippa Moun tain and Rug ged
Moun tain, which are lo cated within the Stikine arc terrane
(Fig. 1). A num ber of the above in tru sions are spa tially and
tem po rally co in ci dent with Cu-Au min er al iza tion. The BS,
in par tic u lar, is spa tially and tem po rally as so ci ated with the
Cu-Au min er al iz ing event at Mount Polley; how ever, no di -
rect links have been made be tween it and min er al iza tion.
The pur pose of this study is to ex am ine new ma jor and trace 
el e ment data from the BS, com bined with petrographic
descriptions, to de ter mine if there are any fea tures of the BS 
that could ex plain the al ter ation and min er al iza tion events
at Mount Polley. The study also com pares the geo chem is try 
of the BS with other intrusions of similar age at Mount
Polley and in the Quesnel Lake area.

REGIONAL GEOLOGY

The Bootjack stock (BS) is lo cated in the Quesnel Lake 
map area (NTS 093A/12) of south-cen tral Brit ish Co lum -

bia and in trudes Tri as sic Nicola Group arc vol ca nic rocks
and as so ci ated sed i men tary rocks within the Quesnel
Terrane (Fig. 1; Fra ser, 1994; Panteleyev et al., 1996; Lo -
gan and Mihalynuk, 2005). The in tru sive body is closely
as so ci ated, both spa tially and tem po rally, with other alkalic 
in tru sive phases at Mount Polley, which in clude diorite and
plagioclase por phyry phases of the Mount Polley stock
(Fra ser, 1994). The BS out crops fur ther to the south
(stratigraphically deeper) of the main min er al ized cen tre
and is sep a rated from the Mount Polley stock and min er al -
iza tion zones by a nar row belt (~2 km wide) of north west-
trending meta vol can ic flows, brec cia units, fine-grained
bed ded volcaniclastic units and a pyroxenite body, which
was iden ti fied in drillcore and is lo cated be neath Bootjack
Lake (Hodgson et al., 1976; Fra ser, 1994). How ever, the
north ward ex ten sion of the BS is un known, and the pos si -
bil ity that it intrudes rocks beneath Mount Polley cannot be
ruled out.

GEOCHRONOLOGY

Intrusions

The rel a tive tim ing of em place ment of the Bootjack
and Mount Polley stocks is con strained by the pres ence of
xe no liths. Ac cord ing to Fra ser (1994), the BS and
plagioclase por phyry in clude xe no liths of diorite and are
there fore both youn ger. How ever, the age re la tion ship be -
tween the BS and the plagioclase porphyry is unknown.

Es ti mated ab so lute ages sug gest that the BS crys tal -
lized at 202.7 ±7.1 Ma (U-Pb date from pseudoleucite
syenite; Mortensen et al., 1995) or 200.8 ±2.8 Ma (U-Pb
date from mafic pseudoleucite syenite; Mortensen et al.,
1995), and had cooled be low 300°C by 203.1 ±2.0 Ma
(Ar/Ar date from mafic pseudoleucite syenite; Bailey and
Archibald, 1990), whereas the plagioclase por phyry crys -
tal lized at 204.7 ±3 Ma (U-Pb; Mortensen et al., 1995). The
diorite has been dated at 201.7 ±0.4 Ma (U-Pb; Mortensen
et al., 1995). These dates sug gest that the crys tal li za tion
ages of all these in tru sive bod ies are very sim i lar. By com -
bin ing the rel a tive and ab so lute ages, it can be in ferred that
the BS crys tal lized be tween 202.0 and 198.0 Ma (us ing best 
U-Pb ages and errors).

Mineralization

Brecciation and min er al iza tion are thought to be as so -
ci ated with the em place ment of the alkalic in tru sive bod ies
(Fra ser, 1994); how ever, a de fin i tive link be tween the var i -
ous in tru sions and min er al iza tion has not been es tab lished.
The pres ence of diorite clasts within the brec cia (dated at
201.6 ±0.5 Ma (U-Pb zir con; Fra ser, 1994) and cross cut -
ting lam pro phyre dikes that have been dated re gion ally at
ap prox i mately 130 Ma (Mortimer et al., 1990) pro vide
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some rel a tive age con straints. Ab so lute dates for min er al -
iza tion have been es ti mated at 184 ±7 Ma for the Cen tral
zone (K-Ar bi o tite; Hodgson et al., 1976), or more re cently
205.2 ±1.2 Ma for the North east zone (Ar40/Ar39 bi o tite;
Lo gan and Ullrich, un pub lished data, 2005) and 220.8
±1.3 Ma for the Cariboo zone (Ar40/Ar39 biotite; Logan and
Ullrich, unpublished data, 2005).

GEOLOGY OF THE BOOTJACK STOCK

The Bootjack stock (BS) is an el lip ti cal, north west-
trending body that cov ers an area of ap prox i mately 11 km²
and con sists of three main rock types: 1) me dium-grained
sparse pseudoleucite melasyenite (MS; =15% mafic min er -
als); 2) or bic u lar pseudoleucite syenite (OPS; <15% mafic
min er als); and 3) equigranular coarse to me dium-grained
syenite (ES; <15% mafic min er als), which con tains peg ma -
titic zones (Fig. 2).

Me dium-grained melasyenite (MS; see Fig. 2), which
makes up ap prox i mately 10% of the BS, forms a rim along
the mar gin of the stock that is es ti mated to be 50–300 m
wide. In gradational con tact with the MS and mak ing up ap -
prox i mately 85% of the cen tral re gion of the stock is or bic -
u lar pseudoleucite syenite. The re main ing 5% of the stock
con sists of equigranular syenite (ES), which crops out as a
thin (150 mm) dike at sta tion ABA05 32-259 or as wider
(~50 m) late in tru sive phases at sta tion ABA05 33-267,
where it shows peg ma titic tex tures. Peg ma titic tex ture
within the ES was also iden ti fied at other lo ca tions (e.g.,
ABA05 41-336; Fig. 2).

Hodgson et al. (1976) re ported ig ne ous fo li a tion and
phenocryst dis tri bu tion that im part a gross lay er ing to the
in tru sion. In ad di tion, data col lected dur ing this study sug -
gest that iso lated cu mu late lay er ing is ev i dent at nu mer ous
out crops (e.g., ABA05 32-260 and JLO05 30-232), and
trends ap prox i mately east and dips steeply to moderately to
the north. 

PETROGRAPHY

S a m  p l e s  f r o m  t h e  m e l a s y e n i t e ,  o r  b i c  u  l a r
pseudoleucite syenite and equigranular syenite were col -
lected, and stan dard thin sec tions, pol ished sec tions and ep -
oxy mounts were made in or der to de ter mine min eral as -
sem blages and iden tify tex ture, al ter ation as sem blages and
melt and fluid in clu sions. Chem i cal tests were used to iden -
tify sodalite group min er als (sodalite, nosean and haüyne).
The tech nique in volved de com po si tion in ni tric acid and
evap o ra tion. The pre cip i ta tion of bladed colour less gyp -
sum crys tals con firmed the pres ence of haüyne in the sam -
ples (Deer et al., 1992). To the best of the au thors’ knowl -
edge, no other iso tro pic phase that is com monly found in
nepheline syenite shows this behaviour.

Al ter ation is weak to mod er ate and as sem blages are
com mon through out the Bootjack stock (one ex cep tion is
JLO04 17-45, which is al tered to seri cite and cancrinite).
Weakly al tered sam ples show re place ment of neph el ine
and haüyne with cancrinite, and of orthoclase with seri cite.
Mafic min er als (augite and hornblende) show re ac tion rims 
in which bi o tite and chlorite are com mon re place ment
phases. Some augite phases show am phi bole re place ment,
which is ev i dent from the rel ict euhedral augite crys tal form 
with 60° and 120° cleav age an gles. Mi nor cal cite al ter -

ation, iden ti fied in two sam ples from the OPS, accounts for
<2% of the rock.

Melasyenite

The melasyenite (MS) is light grey to dark green-grey,
holocrystalline and con tains crys tals that are 0.5–3 mm in
size. Pseudoleucite tex ture (pseudomorph af ter leu cite,
com pris ing a mix ture of neph el ine and orthoclase) is pres -
ent in most sam ples, is 5–15 mm in size and light grey, and
makes up 5–15% of the rock (Fig. 3C). The ma trix is
melanocratic, ac counts for 85–95% of the rock and ranges
from light grey to dark green-grey. At cer tain lo ca tions
(e.g., ABA05 34-274-4), the com bined ef fect of a dom i -
nantly dark grey ma trix and light grey or bic u lar
pseudoleucite gives the MS a por phy ritic tex ture. At other
lo cal i ties, the MS is finer grained and shows some cu mu late 
lay er ing (e.g., JLO05 30-232).

In thin sec tion, fresh sam ples con sist of orthoclase
(30–50%; Carlsbad twinning), neph el ine (0–45%), haüyne
(0–5%), bi o tite (0–5%) and augite (15–25%). Orthoclase,
neph el ine, haüyne and bi o tite are anhedral to subhedral and 
0.5–3 mm in size, and have ir reg u lar to sharp grain bound -
aries, whereas augite is subhedral to euhedral and has sharp
bound aries. Ac ces sory phases in clude ap a tite, ti tan ite and
traces of flu o rite; all rang ing from <0.1 to 0.5 mm in size.
Ap a tite com monly oc curs as crys tal in clu sions within
pyroxene. Opaque min er als in clude subhedral to anhedral
mag ne tite, mi nor py rite and tiny (<5 µm) bornite and chal -
co py rite in clu sions in haüyne. Haüyne oc curs in the ma trix
as subhedral crys tals in approximately 50% of the MS
samples.

Orbicular Pseudoleucite Syenite

The or bic u lar pseudoleucite syenite (OPS) is a
ho loc rys ta l l i ne  po r  phy  r i t ic  rock  con  s i s t  ing  o f
pseudoleucite trapezohedrals that are 10–50 mm in di am e -
ter (Fig. 3A, B). The ma trix con sti tutes 50–95% of the rock. 
It has a gra nitic tex ture and con tains leucocratic phases, as
well as sub or di nate mafic and opaque phases that are 0.5–
3 mm in size. Four of the five sam ples are strongly dom i -
nated by pseudoleucite, which makes up 80–95% of the
rock. One sam ple (ABA05 33-266) is more of a hy brid be -
tween OPS and ES, and con tains only 50% pseudoleucite.
Sam ples ABA05 33-266 and MMI04 18-1 dif fer from other 
sam ples in that their ma trix in cludes a sig nif i cant modal
abun dance of fresh in ter sti tial haüyne (10–15%), which in -
cludes small (<5 µm) sul phide in clu sions of bornite and
chal co py rite (Fig. 4A–D). Haüyne is pres ent but less com -
mon in other sam ples. It oc curs both in the ma trix and as a
con stit u ent of the pseudoleucite re gion of the rock, but is
mostly de void of in clu sions and is commonly weakly
altered to cancrinite.

In thin sec tion, fresh rocks in clude orthoclase (50–
70%; Carlsbad twinning), neph el ine (15–25%), bi o tite (0–
1%), augite (4–8%), haüyne (2–15%), hornblende (trace–
10%), plagioclase (0–1%), ap a tite (trace–1%), mag ne tite
(2–3%) and py rite (trace). All phases are anhedral to
subhedral in crys tal form and have ir reg u lar but sharp grain
bound aries. An ex cep tion to this is ap a tite, which is
euhedral to subhedral with sharp grain bound aries and
com mon ly  oc  cu r s  a s  c rys  t a l  i n  c lu  s ions  w i th in
clinopyroxene.
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Equigranular Syenite

The equigranular syenite (ES) is highly vari able. It
ranges from light to me dium grey to pink, is holocrystalline
and con tains crys tals that are 0.5–6 mm in size (Fig. 3D).
Peg ma titic tex ture is com mon (e.g., ABA05 41-336).

In thin sec tion, fresh rocks con tain orthoclase (40–
60%; Car lsbad twinning) ,  neph e l  ine  (25–35%),
hornblende (1–3%), augite (1–4%), haüyne (2–7%), ac ces -
sory ap a tite (trace) and mag ne tite (1%). Orthoclase,
cancrinite and haüyne are anhedral to subhedral, whereas
all other phases are subhedral to euhedral. In peg ma titic ES, 
haüyne is a com mon phases and in cludes sul phide in clu -
sions of bornite and chalcopyrite.

MELT INCLUSIONS

Nu mer ous types of melt and fluid in clu sions were
iden ti fied in ap a tite, sphene, pyroxene, hornblende and
haüyne (usu ally less than 20 µm in size). In clu sions hosted
in ap a tite, sphene, hornblende and pyroxene are dom i nated
by sil i cate glass with small shrink age bub ble(s) and aque -
ous fluid in clu sions, whereas in clu sions in haüyne con sist
of sul phide min er als and un known light green trans par ent
ma te rial. This study will fo cus only on in clu sions hosted in
interstitial haüyne.

Three types of co ex ist ing pri mary melt in clu sions were 
iden ti fied in haüyne (types 1–3). Type 1 con sists en tirely of
intergrown bornite and chal co py rite (Fig. 4D). The
bornite/chal co py rite ra tio is highly vari able and, in many
sam ples, in clu sions ex ist en tirely of bornite or chal co py -
rite. In clu sions are mostly <5 µm in di am e ter and are
irregular to globular.

Type 2 in clu sions con sist en tirely of birefringent ma te -
rial (sil i cate, sul phate and car bon ate?) and rarely con tain a
small shrink age bub ble (Fig. 4C). Type 2 in clu sions range
in shape from ir reg u lar to cu bic to tab u lar and are mostly
<5 µm in diameter.

Type 3 in clu sions are com pos ite in clu sions com pris ing 
sul phide min er als (chal co py rite and bornite), birefringent
ma te rial (type 2 com po si tion) and rarely a small shrink age
bub ble (Fig. 4C). The ra tio of sul phide min er als to
birefringent ma te rial is highly vari able. Type 3 in clu sions
are mostly <10 µm in di am e ter and range from ir reg u lar to
globular in shape. 

GEOCHEMISTRY

Analytical Methods

Four teen sam ples from the Bootjack syenite were an a -
lyzed for ma jor, mi nor and trace el e ments. Six sam ples
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Fig ure 3. A) Out crop of or bic u lar pseudoleucite syenite (OPS), which shows golf ball weath er ing. B) Fresh or bic u lar pseudoleucite syenite
(OPS) from sta tion ABA05 19-163. C) Melasyenite (MS) with pseudoleucite from sta tion ABA05 32-259-1. D) Equigranular syenite (ES)
with a miarolitic cav ity from sta tion ABA05 33-267. Miarolitic cav ity con sists of orthoclase, neph el ine, mag ne tite, cancrinite, nat rol ite,
sphene and flu o rite.



were col lected from the MS, six from the OPS and two from 
the ES. All sam ples were crushed and milled at the BC Geo -
log i cal Sur vey us ing a Cr-Fe plated jaw crusher, a tung sten
car bide mill for ma jor ox ides (plus se lect trace el e ments)
and a Cr-Fe mill for trace el e ments. In all cases, sam ples
were free of xe no liths and weath ered sur faces. For qual ity
con trol, sev eral hid den du pli cates were in cluded in the
batch of sam ples to en able es ti ma tion of an a lyt i cal pre ci -
sion, and sev eral stan dard rock pow ders were in cluded to
al low estimation of analytical accuracy (Tables 1, 2).

Ma jor ox ides and Ba were de ter mined by an a lyz ing a
fu sion disc with a Siemens SRS-200 se quen tial X-ray flu o -
res cence spec trom e ter (XRF) at Cominco Re search Labs,
Van cou ver. Se lect trace el e ments (Rb, Sr, Y, Zr, Nb) were
also an a lyzed by XRF us ing a pressed pow dered pel let, and
FeO was an a lyzed by ti tra tion at Cominco Re search Labs.
Anal y sis of rare earth el e ments (REE), Y, Th, Zr, Nb, Ba, Hf 
and Ta was car ried out us ing the so dium per ox ide sinter di -
ges tion tech nique and an a lyzed with a Hew itt Packard
4500plus ICP-MS at Me mo rial Uni ver sity, New found land
(MUN). The el e ments Mo, Cu, Pb, Zn, Ag, Ni, Co, As, U,
Bi and W were all an a lyzed with a Perkin Elmer Elan 9000
ICP-MS at ACME An a lyt i cal Lab o ra to ries Ltd., Van cou -
ver (four-acid [HClO4, HNO3, HCl and HF] di gest ul tra-
trace method). Gold was determined by fire assay and ICP-
ES (SpectroCirus Vision) at ACME.

It is im por tant to note that trace el e ments Ba, Nb, Y and 
Zr were an a lyzed us ing both XRF and ICP-MS. How ever,
ac cord ing to P. King of MUN (pers. comm., 2005) the use
of Ba, Nb, Ta, Hf and Zr data from the ICP-MS method
should be treated only semiquantitatively (par tic u larly Ba,
Hf and Zr), as de vel op ment work is still in prog ress to im -
prove the re li abil ity of these par tic u lar el e ments at MUN.
There fore, only XRF data for Zr and Nb will be used in this
manu script for in ter pre ta tion pur poses. Cominco Re search
Labs in di cated that Ba val ues de tected us ing XRF should
also be treated with cau tion, so Ba has not been used in this
manu script for in ter pre ta tion pur poses. How ever, it is in ter -
est ing to note that the com par i son be tween the XRF and
ICP-MS meth ods showed no cor re la tion for Ba (i.e., R2 =
<0.1), a very weak cor re la tion for Nb (R2 = 0.28, slope =
0.89), mod er ate cor re la tion for Y (R2 = 0.51, slope = 0.84)
and a mod er ate to strong cor re la tion for Zr (R2 = 0.72, slope
= 1.15). In the case of Zr, Nb and Y, some of the er ror can be
at trib uted to the dif fer ence in de tec tion limit be tween the
two meth ods (see Ta bles 1, 2). This is par tic u larly im por -
tant for Y and Nb, where the mea sured val ues are not
significantly greater than the detection limit for the XRF
method (3 ppm).

10 Brit ish Co lum bia Geo log i cal Sur vey

Fig ure 4. A) Pho to mi cro graph of sam ple ABA05 33-266 (OPS) un der plane-po lar ized light. Note the pres ence of orthoclase (Or), neph el ine
(Ne), haüyne (Hü) and hornblende (Hb). B) Pho to mi cro graph of sam ple ABA05 33-266 (OPS) un der cross-po lar ized light. Note the in ter sti -
tial haüyne and the small birefringent in clu sions (type 2 and 3) within haüyne (sil i cate, sul phate or car bon ate ma te rial?). C) Type 2 and 3 in -
clu sions in haüyne. D) Type 1 in clu sions un der plane-po lar ized light (bot tom) and re flected light (top). The lat ter shows bornite (Bn)
intergrown with chal co py rite (Ccp), which is a com mon fea ture of type 1 in clu sions.
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Major Oxides and Normative Mineralogy

Ma jor ox ides data can be found in Ta ble 1. These data
are pre sented in or der to 1) clas sify rocks from the BS us ing
the IUGS sys tem (Streckeisen, 1976); 2) de ter mine if frac -
tion ation trends ex ist be tween the var i ous rock types; and
3) com pare the BS with other re gional alkalic in tru sions
from the Quesnel Lake area (i.e., Mount Polley stock, Bul -
lion Pit, Gavin Lake, Shiko Lake, QR mine and Bootjack
Lake pyroxenite), which are ei ther as sumed or known to be
sim i lar in age to the BS (Table 1; Fig. 5).

For clas si fi ca tion pur poses, CIPW nor ma tive cal cu la -
tions were used to plot each sam ple on a Streckeisen di a -
gram (Fig. 6). Plots show that the BS is neph el ine nor ma -
tive and ranges from Foid syenite to Foid monzonite.
Ex cep tions to this are the finer grained MS and more al -
tered OPS sam ple (JLO04 17-42) from the north east ern
mar gin of the in tru sion, which have nor ma tive com po si -
tions re sem bling Foid-bear ing al kali-feld spar syenite to
Foid-bear ing syenite (Fig. 6; Streckeisen, 1976). Other dis -
crim i na tion plots used in clude the Ne-Q-Ka (neph el ine-
quartz-kalsilite) di a gram (Fig. 7), which dem on strates that
BS rocks plot in the leu cite field (Rollinson, 1993), and the
to tal al kali ver sus SiO2 (TAS) plot, which dem on strates that 
the BS ranges from ba sic to in ter me di ate (be tween 45 and
67 wt% SiO2) and plots in the alkaline field (Wilson, 1989;
Fig. 5J).

To test if frac tion ation trends ex ist be tween the var i ous
phases of the BS, MgO was se lected as a com mon ab scissa
on a se ries of bivariant di a grams (Fig. 5A–I). The vari a tion
di a grams show that rocks of the BS are de pleted in MgO
(0.17–2.22 wt%) com pared to other re gional intrusions.
The ES and the OPS have lower MgO val ues (0.17–
1.07 wt% and 0.23–0.79 wt%, re spec tively) and the MS has 
higher MgO val ues (0.93–2.22 wt%), which di rectly re -
flects the mafic com po nent of the rock (i.e., rocks with
greater than ~1 wt% MgO tend to have =15% mafic min er -
als). For plots of TiO2, FeOT, CaO and P2O5 ver sus MgO
(Fig. 5), strong pos i tive lin ear trends ex ist, which is con sis -
tent with the crys tal li za tion (sub trac tion) of pyroxene (Mg,
Ca and Fe), Fe and Ti-ox ides, am phi bole (Ca), mi nor
plagioclase (Ca) and ap a tite (Ca and P) dur ing frac tion -
ation. In con trast, Al2O3, SiO2 and to tal al kali show strong
neg a tive lin ear cor re la tions with MgO (Fig. 5), whereas
K2O shows a weak neg a tive cor re la tion with SiO2 and
Na2O shows no cor re la tion. Over all, OPS rocks are the
most fractionated and MS are the least fractionated.

Bivariant di a grams em ploy ing MgO are also used here
to com pare the BS with other alkalic in tru sive phases from
the Quesnel Lake area. The bivariant di a grams dem on strate 
that a sin gle mod er ate to strong cor re la tion ex ists for MgO
ver sus TiO2, FeOT, CaO and P2O5 for all in tru sive rocks,
with the BS at the most evolved end of the spec trum and the
pyroxenite at the least evolved end. In the case of Al2O3,
SiO2 and K2O, there is a sin gle trend for the re gional in tru -
sive rocks that dif fers from the BS. Alu mina and K2O are
both sig nif i cantly more en riched for the BS when com -
pared to re gional in tru sions with equiv a lent MgO, whereas
the BS is de pleted in SiO2 com pared to re gional in tru sions
with equiv a lent MgO. It is im por tant to note that, al though
the re gional in tru sions are more en riched in SiO2 com pared
with the BS, they are al most al ways sil ica undersaturated
and tend to plot within the Foid-bear ing syenite or
monzonite field on the Streckeisen di a gram (Fig. 6). One
other sig nif i cant dif fer ence be tween the BS and re gional in -

tru sions is that BS rocks plot in the leu cite field on the Ne-
Q-Ka di a gram, whereas all regional intrusions plot in the
feldspar field (Fig. 7).

Trace and Rare Earth Elements

Trace el e ment data for the BS and re gional in tru sions
can be found in Ta ble 2. The data and var i ous graphs are
pre sented in or der to 1) de ter mine if frac tion ation trends ex -
ist for trace el e ments ver sus MgO; 2) com pare pri mor dial
man tle – nor mal ized data from the BS with other re gional
in tru sions on a spi der di a gram; and 3) de ter mine if any cor -
re la tions ex ist be tween Cu, Au, Ag and other metals of
commercial value.

Rocks from the BS show a pos i tive cor re la tion for
MgO ver sus REE (R2 = 0.53–0.75), Y (R2 = 0.67), Ni (R2 =
0.60), Zn (R2 = 0.54), W (R2 = 0.47) and Co (R2 = 0.96). The 
pos i tive cor re la tion of REE and Y with Mg may be at trib -
uted to the fact that REE and Y tend to par ti tion strongly
into ap a tite, which com monly oc curs as in clu sions in
clinopyroxene. This no tion is sup ported by the re la tion ship
be tween REE-Y and P2O5, which show mod er ate (e.g., Lu)
to strong (e.g., Eu) pos i tive cor re la tions (R2 = 0.55–0.85).
The pos i tive cor re la tion of Mg with Co and Ni is also
consistent with fractionation.

Trace el e ments for OPS, MS, ES and re gional in tru -
sions were nor mal ized to pri mor dial man tle (PM; Sun and
McDonough, 1989) and plot ted on a spi der di a gram in or -
der to com pare trends be tween the var i ous rock types
(Fig. 8). Fig ure 8 dem on strates that the OPS, MS, ES and
re gional in tru sions are all sig nif i cantly en riched in large-
ion lithophile el e ments (LILE; Rb, Ba, K and Sr), Pb and U
com pared to high field-strength el e ments (HFSE), which is
a char ac ter is tic of arc rocks (e.g., Kamenetsky et al., 1997;
Coulson et al., 1999). It can also be con cluded that all in tru -
sions show a sim i lar pat tern across the di a gram, al though
some in tru sions are more de pleted in cer tain el e ments com -
pared to oth ers. Of note are the heavy rare earth el e ments
(HREE), me dium rare earth el e ments (MREE) and Ti,
which are sig nif i cantly more de pleted in the OPS com pared 
with the MS and re gional in tru sions. The dis par ity can be
at trib uted to the par ti tion ing of these el e ments into the
phases augite, ap a tite and hornblende, and the higher
modal abundance of these phases in the MS relative to the
OPS.

A va ri ety of metal abun dances from sam ples of the BS
and re gional in tru sions (Ta ble 2) were plot ted on bivariant
di a grams to eval u ate their covariance (Fig. 9). Rocks from
the BS show pos i tive cor re la tions for Ag ver sus Cu (R2 =
0.86; Fig. 9A), Zn ver sus Pb (R2 = 0.24), Ni ver sus Co (R2 =
0.50) and Au ver sus As (R2 = 0.69; Fig. 9B). No cor re la tion
ex ists for Au ver sus Ag or Cu. With the ex cep tion of Ni ver -
sus Co, there are no cor re la tions be tween the BS and re -
gional in tru sions. In the case of Pb ver sus Zn, how ever, the
re gional in tru sions show a steeper pos i tive trend com pared
to the BS. More over, when Zn/Pb is plot ted against MgO,
there is a sin gle pos i tive lin ear trend for all in tru sions,
which sug gests that Zn was depleted relative to Pb with
fractionation.
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DISCUSSION

Petrological and Geochemical Features of
the Bootjack Stock

No ta bly, one of the most sig nif i cant as pects of the
Bootjack stock (BS) is the ex is tence of packed or bic u lar
pseudoleucite syenite (OPS), which makes up an es ti mated
80% of the in tru sion. Hence, an un der stand ing of the gen e -
sis of pseudoleucite is par tic u larly im por tant with re spect to 
un der stand ing the BS. Ac cord ing to Deer et al. (1992), the
gen e sis of pseudoleucite can be as cribed to two prob a ble
pro cesses: 1) the break down of early-formed leu cite with a
Na-rich liq uid; or 2) the break down of Na-rich leu cite (or
K-rich anal cite) solid-so lu tion se ries phase, which has been 
syn the sized in ex per i men tal work. In nat u ral sys tems, how -
ever, the com po si tion of leu cite does not de part sig nif i -
cantly from the ideal for mula (KAlSi2O6), and re place ment
of K by Na rarely ex ceeds 10% (Phillips and Griffen, 1981;

Deer et al., 1992); al ter na tively, though, anal cite con tain -
ing up to 20% of leu cite com po nent in ba salt has been
re ported (Deer et al., 1992).

The geo chem is try of four fresh sam ples from the OPS,
each con tain ing ap prox i mately 80–95% pseudoleucite,
was ex am ined in or der to es ti mate the com po si tion of the
pseudoleucite con stit u ent of the rock. Op ti cally, all four
sam ples have a ma trix min eral as sem blage that closely re -
sem bles the pseudoleucite con stit u ent of the rock, with the
ex cep tion of sub or di nate aegirine-augite and mag ne tite.
Hence, whole rock data are be lieved to closely rep re sent
pseudoleucite geo chem is try, with the ex cep tion of mi nor
Na and Fe en rich ment. Geo chem i cal data for four OPS
sam ples show Si/Al mo lar ra tios close to two (av er age =
2.02; stan dard de vi a tion = 0.032), which is con sis tent with
the chem i cal for mula for leu cite, but Al/K mo lar ra tios av -
er age 1.82 (st. dev. = 0.12), which is sig nif i cantly greater
than the ideal leu cite for mula (1:1). Mo lar ra tios for
Al/(K+Na) are close to 1:1 (i.e., avg. = 1.07; st. dev. = 0.04), 
sug gest ing that ei ther the al kali sub sti tu tion of Na for K was 
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Fig ure 9. Bivariant di a grams for the Bootjack stock (MS, filled square; OPS, filled di a mond; ES, filled tri an gle), re gional in tru sions (un filled
tri an gle) and Bootjack Lake pyroxenite (un filled square; sam ple MTP92-050PX from Fra ser, 1994).

Fig ure 8. Spi der di a gram show ing data from the Bootjack stock (MS, dark grey; ES, light grey; OPS, brick tex tured), re gional in tru sions
(black) and Bootjack Lake pyroxenite (white line; sam ple MTP92-050PX from Fra ser, 1994). All rocks are nor mal ized to a pri mor dial man tle
(pri mor dial man tle val ues from Sun and McDonough, 1989).



ef fi cient dur ing the break down of leu cite to form neph el ine
and orthoclase (see equa tion 1, af ter Deer et al., 1992) or
that the orig i nal leu cite/anal cite protolith com po si tion
ranged from 51–64% com po nent leu cite. Nat u rally oc cur -
ring leu cite or anal cite are not known to ex ist with this
range  of  com po  s i  t ion ,  the  in  fer  ence be  ing  tha t
pseudoleucite was formed as a re sult of leu cite break down
by Na-rich flu ids, al though the lat ter sce nario can not be en -
tirely dis counted. The pres ence of in ter sti tial late-stage

haüyne sug gests that the fi nal melt to crys tal lize was en -
riched in Na, Ca and S (both S2- and S6+), as well as mi nor
Cl, and sup ports the no tion of a Na-rich melt that could fa -
cil i tate the break down of leu cite to pseudoleucite.

2KAlSi2O6 + Na+ ↔ NaAlSiO4 + KAlSi3O8 + K+ (1)
(leu cite) (neph el ine + orthoclase)

(pseudoleucite)

One im por tant char ac ter is tic of in ter sti tial haüyne is
that, in cer tain sam ples (e.g., ABA05 33-266, MMI04 81-1
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Calculation for the mass of Cu loss from the OPS 
during Na for K exchange reaction.

Assumptions: The loss of Cu  was proportional to the loss 
of K during the alkali exchange reaction. That sample 
ABA05 19-163 represents the starting composition of Cu 
in the OPS prior to significant Cu loss during the alkali 
exchange reaction.  

Average Cu in OPS = 58 ppm

Concentration of Cu in most K-rich sample (ABA05 19-
163) = 78 ppm

Area of OPS = 10 km² (determined from map)

Thickness of OPS = 300 m (not well constrained but is 
known to be atleast 300 m thick based on topography 
relief) 

Volume of OPS = 3 km³

Density (p) of OPS = 2.6 g/cm³ (approx density of nepheline 
and orthoclase)

 Average loss of Cu from OPS = 20 ppm

Mass of Cu lost  from OPS = vol x p x loss of Cu

Mass of Cu lost from OPS = 3 x 10 m³ x  2.6 tonnes/m³ x 
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which oc curred dur ing the break down of leu cite to pseudoleucite (see text). Thus, the cal cu la tion in part E was car ried out to de ter mine on
the av er age amount of Cu lost from the BS dur ing the al kali ex change re ac tion.



and ABA05 41-336), haüyne dis plays type 1 in clu sions,
which rep re sent trapped sul phide melt. Hence, there is
strong ev i dence to sug gest that the re sid ual Na-rich melt,
which fa cil i tated the break down of leu cite, also con tained
significant amounts of Cu.

Geochemical and Petrographic Links
Between Haüyne, Cu and Au

The OPS sam ples con tain ing the most in ter sti tial
haüyne tend to have the high est con cen tra tion of Au and Na 
and a pos i tive lin ear trend for Au ver sus Na, sug gest ing an
in ti mate link be tween Au and a re sid ual Na- and S-rich melt
(Fig. 10A, C). In con trast no cor re la tion is ev i dent be tween
Cu and Na. More over, those sam ples con tain ing the most
in ter sti tial haüyne tend to have lower con cen tra tions of Cu
and K (Fig. 10B, D). To ex plain this re la tion ship, the au -
thors sug gest that haüyne crys tal lized from a S and Na-rich
re sid ual melt that ac tively scav enged Cu (with S) and re -
placed K (with Na) as it moved through the crys tal mush.
Thus, those parts of the magma cham ber that were more af -
fected by the in ter sti tial late-stage melt tend to have less Cu
and K. For OPS rocks, there is a mod er ate pos i tive cor re la -
tion for Cu ver sus K, which is in ter preted to be re lated to the 
af fect of the re sid ual melt.

From the re la tion ship be tween K and Cu, it is pos si ble
to ap prox i mate how much Cu may have been lost as a re sult
of leu cite break down and Na ex change. Based on the
known ex tent of the OPS (~10 km2) and as sum ing a thick -
ness of 300 m, the loss of Cu from the OPS as a re sult of S
scav eng ing is es ti mated to be ap prox i mately 156 000 t (see
Fig. 10E). This cal cu la tion for Cu loss from the BS is not
sig nif i cantly dif fer ent from es ti mated to tal Cu re serves and
to tal Cu pro duc tion at Mount Polley (Im pe rial Met als Cor -
po ra tion, 2004). How ever, the cal cu la tion is con sid ered to
be a min i mum es ti mate, given that the ab so lute ex tent of the 
BS is poorly con strained and the like li hood that the over all
loss of Cu (as well as Au and Ag) from the BS may have
been sig nif i cantly greater based on the high con cen tra tion
of these met als in cogenetic, less evolved al kali ba salt (see
Lo gan and Bath, 2006), which likely resembles the
composition of the parental melt for the BS.

Emplacement and Differentiation of the BS

The BS is a zoned in tru sive body that is char ac ter ized
by an OPS and ES core and an MS rim. The au thors in fer
that the mafic-rich rim is a prod uct of dif fer en ti a tion, where 
mafic phases ac cu mu lated along the walls of the in tru sion.
This idea is sup ported by the rel a tive den sity of the mafic
phases and the ex is tence of cu mu late lay er ing at cer tain
out crops. Con versely, the OPS is in ter preted to rep re sent
the ac cu mu la tion of leu cite crys tals. Given the rel a tively
low den sity of leu cite (spe cific grav ity = 2.47–2.50: Deer et 
al., 1992), it is sug gested that leu cite, on crys tal liz ing,
floated to the top of the magma cham ber and ac cu mu lated
at the car a pace of the in tru sion (sim i lar con clu sion to
Coulson et al. [1999] for Zippa Moun tain). The ES is con -
sid ered to be a late com po nent of the sys tem, as it is seen to
cross cut the MS; how ever, it has not been ob served to cut
the OPS. The oc cur rence of peg ma titic tex ture within the
ES, and also within lo cal re gions of the OPS, sug gests that
volatiles likely ac cu mu lated in the core of the magma
chamber beneath the leucite layer and were then released as
local pulses.

CONCLUSIONS

• Rocks from the Bootjack stock (BS) show geo chem i cal
frac tion ation trends, sim i lar to those of co eval in tru sions
from the Mount Polley com plex, Bul lion pit, Shiko Lake
and QR mine, that sug gest a cogenetic re la tion ship.
How ever, the BS is more frac tion ated com pared to other
intrusions.

• Rocks from the or bic u lar pseudoleucite syenite (OPS)
have Si/Al mo lar ra tios that are close to 2, and
Al/(Na+K) ra tios of close to 1, which is con sis tent to that
of leu cite when Na for K sub sti tu tion is taken into ac -
count. The tran si tion from leu cite to pseudoleucite oc -
curred by the in tro duc tion of Na-rich melt, which is ev i -
dent from the pres ence of interstitial haüyne.

• The pres ence of sul phide melt in clu sions within in ter sti -
tial haüyne from the BS is pri mary ev i dence of a Cu-rich
sul phide melt, con cen trated in a re sid ual S and Na-rich
melt, that could have mi grated through the in tru sive
body and ac cu mu lated at the car a pace of the in tru sion
along with mag matic volatiles and metals.

• The gen er a tion of ex cess K as a re sult of leu cite break -
down to pseudoleucite may ex plain the per va sive early
K al ter ation in the rocks at Mount Polley, whereas the
late-stage S and Na- rich re sid ual melt may rep re sent the
later Na al ter ation at Mount Polley.

• Fur ther study on haüyne is re quired in or der to ac cu -
rately de ter mine its crys tal chem is try and the com po si -
tion of type 2 in clu sions (sul phate, sil i cate or car bon -
ate?). These stud ies may help to es tab lish whether an
in ti mate link ex ists be tween the BS and min er al iza tion at 
Mount Polley.

• As shown by Frei (1996), test ing the ra tio of ox i dized
and re duced sul phur in bulk rock as well as in di vid ual
min er als (e.g., ap a tite) can be an im por tant in di ca tor for
dis tin guish ing bar ren from min er al ized in tru sions. The
au thors won der if un al tered haüyne from the BS could
also be used as a tool for trac ing the ox i da tion state of S,
given the high con cen tra tion of S in its struc ture and its
abil ity to readily host both S6+ and S2-.
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