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Role of Alteration in the Alaskan-Type Turnagain Complex, North-Central
British Columbia (Parts of NTS 104I/07, 20)

K.R. Broda1, Department of Earth and Planetary Sciences, McGill University, Montréal, Quebec,
kiera.broda@mail.mcgill.ca

A.E. Wil liams-Jones, De part ment of Earth and Plan e tary Sci ences, McGill Uni ver sity, Montréal, Quebec

O.V. Vasyukova, Department of Earth and Planetary Sciences, McGill University, Montréal, Quebec

Broda, K.R., Wil liams-Jones, A.E. and Vasyukova, O.V. (2025): Role of al ter ation in the Alas kan-type Turnagain Com plex, north-cen tral
Brit ish Co lum bia (parts of NTS 104I/07, 20); in Geoscience BC Sum mary of Ac tiv i ties 2024, Geoscience BC, Re port 2025-01, p. 1–6.

Introduction

Al though nu mer ous stud ies have in ves ti gated the mag -
matic pro cesses pro duc ing sul phide min er al iza tion in
mafic–ultra mafic ig ne ous com plexes, fewer stud ies have
ex am ined the in flu ence of hy dro ther mal pro cesses on this
type of min er al iza tion. Most of the lat ter stud ies have fo -
cused on the serpentinization of the ol iv ine and pyroxene in 
these com plexes and rarely have con sid ered the ef fect of
this al ter ation on the dis tri bu tion of the met als. No ta ble ex -
cep tions are the stud ies by Keays and Jowitt (2013) and
Kamenetsky et al. (2016) that doc u mented the mo bi li za tion 
of nickel dur ing the serpentinization of ol iv ine in the
McIvor Hill mafic–ultramafic complex of Tasmania, in
Australia.

The Turnagain Com plex, sit u ated in north ern Brit ish Co -
lum bia (BC; Fig ure 1), is an ex am ple of an Alas kan-type
mafic–ultra mafic com plex con tain ing a po ten tially eco -
nomic con cen tra tion of mag matic nickel-sul phide min er al -
iza tion. Serpentinization re sulted in the re place ment of
some of the mag matic ol iv ine by ser pen tine and the remo -
bili zation of the pri mary sulphides to form sec ond ary sul -
phides. In ad di tion, deserpentinization led to the for ma tion
of sec ond ary ol iv ine that re placed ser pen tine and lo cally
created a near-complete pseudocumulate texture.

Ow ing to the pres ence of nickel in both the sul phide and sil i -
cate min er als, as well as to the com plex in ter play be tween
mag matic and hy dro ther mal pro cesses, the nickel-to-sul phur
ra tio within the de posit var ies con sid er ably (Ni:S = 0.5–14.2;
Broda et al., 2024), pos ing chal lenges for met al lur gi cal re -
cov ery. The Turnagain Com plex, with the high est known
nickel-sul phide en dow ment of any Alas kan-type com plex
(1574 Mt of ore grad ing 0.21 wt. % Ni; Giga Met als Cor po -
ra tion, 2023), is an ideal nat u ral lab o ra tory in which to

study the pro cesses lead ing to the de vel op ment of eco -
nomic con cen tra tions of nickel-sul phide.

Pre lim i nary re sults of a petrographic study of rep re sen ta -
tive sam ples from the Horsetrail-North west zone of the
Alas kan-type Turnagain mafic–ultra mafic com plex un der -
taken to in ves ti gate the role of al ter ation on the nickel-to-
sul phur ra tio are pre sented in this pa per. These re sults show 
that the rocks of the Turnagain Com plex ex pe ri enced two
stages of al ter ation: 1) early serpentinization re lated to flu -
ids in tro duced along faults and 2) sub se quent de hy dra tion
of the ser pen tine as a re sult of thrust ing of the complex to
higher crustal levels.

Geology of the Turnagain Complex

The Turnagain Com plex is lo cated ap prox i mately 70 km
east of Dease Lake in north ern BC and com prises four spa -
tially and tem po rally dis tinct mafic–ultra mafic in tru sions
(units 1–4; Fig ure 1a) that were emplaced in the late Pa leo -
zoic Road River meta vol can ic-metasedimentary suc ces -
sion be tween 189 and 185 Ma (Scheel, 2007; Jack son-
Brown, 2017; Nixon et al., 2020). These in tru sions com -
prise, from north to south (Fig ure 1a, b): wehrlite, ol iv ine-
clinopyroxenite and mi nor du nite in unit 1; du nite and
wehr lite in unit 2; diorite in unit 3; and clinopyroxenite and
horn blendite in unit 4. The com plex is bounded to the north
and east by a ma jor thrust fault and jux ta posed against py -
rite-bear ing gra phitic phyllite along its north ern and east -
ern mar gins; it is also in in tru sive con tact with meta vol can -
ic and metasedimentary rocks on its south ern bound ary
(Scheel, 2007; Jack son-Brown, 2017; Nixon et al., 2020).
En claves of py rite-bear ing gra phitic phyllite and meta vol -
can ic rock are found in all the in tru sions ex cept the diorite
(Fig ure 1b). All of the in tru sive rocks have un der gone vary -
ing de grees of al ter ation, mainly serpentinization, par tic u -
larly close to faults and shear zones that are present in the
complex (Clark, 1980).

The Turnagain de posit is lo cated along the south ern mar gin
of in tru sive unit 2, in the Horsetrail-North west zone (Fig -
ure 1b). This zone con sists pre dom i nantly of du nite,
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Fig ure 1. Ge ol ogy and lo ca tion of the Alas kan-type Turnagain mafic–ultra mafic com plex: a) map show ing the gen er al -
ized ge ol ogy, the bound aries of in tru sive units (1–4) that rep re sent sep a rate in tru sive units com posed of the rock types
iden ti fied in the leg end of panel (b), the Horsetrail-North west re source zone (HTNW) study area out lined by the dashed 
rect an gle in the south east ern part of the com plex and the lo ca tion of the com plex (bot tom right in set); b) de tailed ge ol -
ogy of the Turnagain Com plex study area. All co-or di nates are in UTM Zone 9N, NAD83.



wehrlite, ol iv ine-clinopyroxenite and clinopyroxenite. A
dis tin guish ing fea ture of the Horsetrail-North west zone is
the as so ci a tion of a large body of low-grade nickel-sul -
phide min er al iza tion with abun dant py rite-bear ing gra phi -
tic phyllite enclaves.

The pri mary sil i cate and sul phide tex tures in the Horsetrail-
North west zone have been de scribed in Broda et al. (2024).
The fresh du nite, wehrlite and ol iv ine-clinopyroxenite con -
sist pri mar ily of equigranular, 1–3 mm (lo cally up to 15 mm 
in di am e ter), euhedral to anhedral cu mu lus ol iv ine, with
vary ing pro por tions of in ter sti tial clinopyroxene com pris -
ing mainly di op side (Clark, 1980; Scheel, 2007); and sub -
he dral to euhedral cu mu late spinel clus ters, less than 1 mm
in di am e ter. In the clinopyroxene-dom i nant rocks, the cli -
no py roxene oc curs as 1–3 mm subhedral cumulate crystals.

The main sul phide min er als are dis sem i nated to net-tex -
tured in ter sti tial pyrrhotite ({(Ni,Fe)x-1S}; x = 0–0.2) and
pent landite {(Ni,Fe)9S8}, the pri mary ore min eral. They are 
con cen trated in the du nite and wehrlite. The pyrrhotite oc -
curs as ag gre gates of 50 to 500 µm subhedral to euhedral
crys tals. Two types of pentlandite are pres ent: subhedral to
euhedral blocky crys tals, rang ing from <20 to 150 µm in di -
am e ter and oc cur ring as ag gre gates (up to 1500 µm) en -
closed within pyrrhotite or as iso lated crys tals; and fine
lamellae within pyrrhotite. The blocky pentlandite is in ter -
preted as a prod uct of peritectic re ac tion be tween mono -
sulphide solid so lu tion (MSS) and sul phide liq uid, whereas
the fine lamellae likely exsolved from MSS (Broda et al.,
2024). The pres ence of sig nif i cant in ter sti tial pyrrhotite
and pentlandite in the cu mu lus ol iv ine is con sis tent with
their crys tal li za tion from an im mis ci ble sul phide liq uid
(Scheel, 2007; Jackson-Brown, 2017; Nixon et al., 2020;
Broda et al., 2024).

The rocks of the Horsetrail-North west zone have un der -
gone vary ing de grees of serpentinization of the pri mary ol -
iv ine and clinopyroxene. This al ter ation gen er ally pro -
ceeded along microfractures, crys tal cleav ages and grain
bound aries. In weakly al tered rocks, ser pen tine formed fi -
brous, lath-like crys tals per pen dic u lar to the ol iv ine grain
bound aries. In more strongly al tered rocks, the ol iv ine has
been com pletely re placed by ser pen tine. Veinlets of mag -
ne tite and fi brous ser pen tine are com monly con cen trated
along grain bound aries, man tling the ol iv ine and pre serv -
ing the orig i nal cu mu late tex ture. Mag ne tite, pro duced dur -
ing serpentinization, is dis sem i nated as anhedral crys tals
in ter grown with ser pen tine. The clinopyroxene was more
re sis tant than the ol iv ine, with al ter ation typ i cally re stricted 
to grain bound aries, frac tures and cleav ages, where it man i -
fests it self as pris matic to tab u lar tremolite and mi nor ser -
pen tine. The sul phide min eral pyrrhotite was re placed ex -
ten sively by mag ne tite and the pentlandite, much less so by
magnetite, heazlewoodite and millerite (Broda et al., 2024).

Methodology

A to tal of 30 drillcore sam ples, rep re sen ta tive of both al -
tered and un al tered rocks from the Horsetrail-North west
zone, were se lected for petrographic anal y sis. The se lec -
tion was based on the de gree of al ter ation and the tex tural
re la tion ships of the min er als in the sul phide ores. The pet -
ro graphic anal y ses were per formed at the De part ment of
Earth and Plan e tary Sci ences of McGill Uni ver sity us ing
pol ished thin sec tions. An Olym pus BX51-P po lar iz ing mi -
cro scope and a Hitachi High-Tech Can ada, Inc. SU5000
field-emis sion scan ning elec tron mi cro scope, equipped
with an X-MaxN 80 sil i con drift de tec tor from Ox ford In -
stru ments plc, were employed for this purpose.

Results

Alteration

Al ter ation in the Horsetrail-North west zone of the Turn -
again Com plex is ev i dent by the vari able re place ment of
cu mu lus ol iv ine by ser pen tine, mag ne tite and mi nor bru -
cite. In weakly al tered sam ples, ser pen tine re placed ol iv ine
along crys tal bound aries and microfractures (Fig ure 2a).
How ever, in sam ples or parts of sam ples in which the al ter -
ation was in tense (sam ples taken closer to faults), cu mu lus
ol iv ine crys tals were com pletely re placed by ser pen tine
(Fig ure 2b). Mag ne tite oc curs as dis sem i nated anhedral
crys tals that are intergrown with ser pen tine along rel ict
grain bound aries and microfractures; mi nor brucite is inter -
grown with ser pen tine, but due to its fine-grained nature, is
hard to discern.

The al ter ation of in ter sti tial di op side to tremolite, and lo -
cally ser pen tine, is only ev i dent where the al ter ation was in -
tense. Re place ment of the di op side by tab u lar tremolite
grains (<100 µm) is patchy and lo cal ized to grain bound -
aries, microfractures and cleavage planes.

Lo cally, sec ond ary ol iv ine re placed ser pen tine along rel ict
grain bound aries, pro duc ing veins as well as rims on the
ser pen tine pseudo morphs af ter pri mary ol iv ine (Fig -
ure 2b). Ad di tion ally, rare dis sem i nated anhedral grains of
sec ond ary ol iv ine re placed mesh-to hour glass-tex tured ser -
pen tine. The grain size of the ol iv ine pseudo morphs is er -
ratic and var ies ac cord ing to al ter ation in ten sity. In rare
cases, sec ond ary ol iv ine is juxtaposed with relict cumulus
olivine.

The al ter ation of the sul phide min er als, pyrrhotite and pent -
landite, oc curred mainly along grain bound aries, frac ture
sur faces and cleav age planes. Where the al ter ation was
strong, pyrrhotite was par tially to al most com pletely re -
placed by mag ne tite (Fig ure 2c). In con trast, pentlandite
was re placed only lo cally by mag ne tite and, to a lesser ex -
tent, by heazlewoodite, millerite and violarite.
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The sec ond ary sulphides, pyrrhotite and pentlandite, are
dis sem i nated in ser pen tine and mag ne tite veinlets. Ad di -
tion ally, ol iv ine and ser pen tine were re placed along their
crys tal bound aries by pyrrhotite and mi nor pentlandite,
which take the form of ir reg u larly shaped den drites
(Figure 2c, d).

Discussion

The sil i cate and sul phide tex tures ob served in the Horse -
trail-North west zone of the Turnagain Com plex re cord two
dis tinct al ter ation events. The first event was marked by the
al ter ation of pri mary sil i cate and sul phide min er als by hy -
dro ther mal flu ids. In this event, ol iv ine was vari ably re -

placed by ser pen tine+mag ne tite±brucite (Brc), ac cord ing
to the fol low ing re ac tion as sum ing an ol iv ine com po si tion
of Fo93 (preliminary microprobe data):

10Mg1.86Fe0.14SiO4(Ol) + 14.2H2O(l) ó
5Mg3Si2O5(OH)4(Srp) + 3.8Mg0.95Fe0.05(OH)2(Brc) +
0.4Fe3O4(Mag) + 0.2H2(g) (re ac tion 1)

and clinopyroxene (as di op side [Di]) by tremolite (Tr) plus
or mi nus ser pen tine via the fol low ing re ac tions:

2MgCaSi2O6(Di) + 4H2O(l) + 3Mg2+
(aq) + 4SiO2(aq) ó

Ca2Mg5Si8O22(OH)2(Tr) + 6H+
(aq) (re ac tion 2)

and/or
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Fig ure 2. Pho to mi cro graphs of pri mary and sec ond ary sil i cate and sul phide min er als of sam ples from the Turnagain Com plex il lus trat ing
their tex tural re la tion ships: a) im age in cross-po lar ized light of subhedral-euhedral cu mu lus ol iv ine (Ol), with traces of ser pen tine (Srp)
along the frac tures, com pletely en cased in in ter sti tial clinopyroxene (Cpx); b) im age in cross-po lar ized light of sec ond ary ol iv ine de vel oped 
along the rim and cross cut ting a crys tal of pri mary ol iv ine that has been com pletely re placed by ser pen tine and is sur rounded by pyrrhotite
(Po) and pentlandite (Pn); c) im age in re flected light of mag ne tite (Mag) lo cally re plac ing pyrrhotite, and of pyrrhotite and pentlandite re -
plac ing ser pen tine, which it self has re placed pri mary ol iv ine, en cased in in ter sti tial pyrrhotite and ser pen tine; d) im age in cross-po lar ized
light of sec ond ary ol iv ine and sec ond ary pyrrhotite re plac ing ser pen tine, which it self has re placed pri mary ol iv ine (the sec ond ary ol iv ine
and pyrrhotite oc cur in net-tex tured pyrrhotite).



Mg3Si2O5(OH)4(Srp) + 2MgCaSi2O6(Di) + 2SiO2(aq) ó
Ca2Mg5Si8O22(OH)2(Tr) + H2O(l) (re ac tion 3)

In ad di tion, pyrrhotite was re placed by mag ne tite, and pent -
lan dite by mag ne tite or, less com monly, by heazlewoodite,
millerite and violarite. These find ings are con sis tent with
the tex tures and re ac tions pre vi ously de scribed and re -
ported in Broda et al. (2024). An in crease in the in ten sity of
the serpentinization with in creas ing prox im ity to faults
sug gests that this al ter ation was due to the in ter ac tion of the
ul tra mafic rocks of the com plex with flu ids focused along
these faults.

The sec ond al ter ation event in volved the de hy dra tion of
ser pen tine to form sec ond ary ol iv ine, ac cord ing to the fol -
low ing reaction:

Mg3Si2O5(OH)4(Srp) + Mg0.95Fe0.05(OH)2(Brc) ó
2 Mg1.975Fe0.025SiO4(Ol) + 3 H2O(l) (re ac tion 4)

As mag ne tite pro duced dur ing serpentinization was not in -
volved in this re ac tion, the sec ond ary ol iv ine is pre dicted to 
ex hibit a higher mag ne sium con tent than the pri mary mag -
matic ol iv ine (Filippidis, 1982). In deed, semiquantitative
scan ning elec tron mi cro scope–en ergy dispersive spec -
trom e try (SEM-EDS) anal y ses show this to have been the
cause. Ad di tion ally, nickel was mo bi lized from ol iv ine dur -
ing serpentinization to form sec ond ary sul phide min er als,
im ply ing that the sec ond ary ol iv ine should have a lower
con cen tra tion of nickel than the primary olivine.

As the Turnagain Com plex and its hostrock are part of a
thrust se quence, it ap pears that this de hy dra tion event was
trig gered by the de crease in pres sure that ac com pa nied the
dis place ment of the com plex to higher crustal lev els. This
de crease in pres sure would have fa voured the prod uct (low
vol ume) side of Re ac tion 4, lead ing to the re place ment of
the ser pen tine and brucite by olivine.

Dur ing one of these al ter ation events, pyrrhotite (with mi -
nor pentlandite) pseudo morphs may have formed via the
re ac tion:

3Mg1.8Fe0.2SiO4(Ol) + 3H2O(l) + 0.6H2S(l) + 0.6SiO2(aq) ó 
1.8Mg3Si2O5(OH)4(Srp) + 0.6FeS(Po) (re ac tion 5)

as pro posed in Broda et al. (2024), and may in di cate that
sul phur fugacity was high dur ing serpentinization
(Filippidis, 1982).

Conclusions and Future Work

The Alas kan-type Turnagain mafic–ultra mafic com plex
ex pe ri enced two dis tinct stages of al ter ation: 1) hy dro ther -
mal al ter ation caus ing the serpentinization of ol iv ine, the
al ter ation of di op side to tremolite and the re place ment of
sul phides by mag ne tite, fol lowed by the remobilization of
sul phide; and 2) the de hy dra tion of ser pen tine to form sec -

ond ary ol iv ine. The first event is at trib uted to the in tro duc -
tion of hy dro ther mal flu ids along faults within the com plex
and the sec ond event, to the de crease in pres sure that ac -
com pa nied the thrusting of the complex to higher crustal
levels.

The in ter play be tween mag matic pro cesses and the mo bi li -
za tion of nickel and sul phur dur ing al ter ation events was
likely re spon si ble for the ob served vari abil ity and un pre -
dict abil ity in nickel-to-sul phur ra tios. A deeper un der -
stand ing of these pro cesses will be cru cial in de vel op ing a
com pre hen sive ge netic model for min er al iza tion in Alas -
kan-type com plexes. The pre lim i nary in ter pre ta tions pre -
sented above, which are based on petrographic ob ser va -
tions of tex tural re la tion ships, will be tested by de tailed
anal y ses of the com po si tions of the pri mary and sec ond ary
sil i cate and sul phide min er als us ing a com bi na tion of elec -
tron probe microanalysis (EPMA) and  la ser-ab la tion in -
duc tively cou pled plasma–mass spec trom e try (ICP-MS)
meth ods. Proven cor rect, they should show, among other
things, that the sec ond ary ol iv ine is de pleted in both iron
and nickel. In ad di tion, the anal y ses will help in as sess ing
spa tial and tem po ral vari a tions in min eral com po si tions
dur ing al ter ation. Sul phur iso tope com po si tions will be
mea sured us ing la ser-ab la tion, mul ti ple-col lec tor in duc -
tively cou pled plasma–mass spec trom e try (LA-MC-ICP-
MS) to eval u ate sul phur mo bi li za tion and physicochemical
pa ram e ters such as ox y gen fugacity in hy dro ther mal flu ids. 
Fur ther more, ul tra vi o let femto second la ser-ab la tion, mul -
ti ple-col lec tor in duc tively cou pled plasma–mass spec -
trom e try (UV-fs-LA-MC-ICP-MS) will be em ployed to
mea sure in situ iron and nickel iso tope com po si tions in
rock-form ing min er als. This will aid in the eval u a tion of the 
sources of iron and nickel and their iso to pic frac tion ation
be tween min er als during the primary mag matic and sec on -
d ary alteration processes. The resulting data will be used to
constrain temperature and re dox conditions during magma -
tism and serpentinization.
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Introduction

Por phyry Cu-Mo-(Au) de pos its are a sig nif i cant source of
crit i cal met als for tech nol o gies re quired to fa cil i tate a tran -
si tion to ward elec tric ity-based en ergy sys tems. Por phyry
Cu de pos its are the pri mary source of Cu glob ally, but the
world-class dis cov er ies needed to meet in creas ing de mand
are not be ing made. As most near-sur face por phy ries have
likely been dis cov ered, de vel op ing tools for ex plor ing
‘blind’ subsurface por phyry de pos its is vi tal to meet in -
creas ing global resource demand (Sillitoe, 2010).

The Intermontane Belt cor re sponds to the Intermontane
Superterrane, which in cludes the Quesnel and Stikine is -
land-arc ter ranes and the Cache Creek ocean-floor terrane
(Mihalasky et al., 2010). This belt fea tures postaccretion -
ary por phyry Cu de pos its of both calcalkaline por phyry
Cu±Mo±Au and al ka line por phyry Cu-Au sub types. The
Camp Creek pros pect is a calcalkalic por phyry Cu-Mo
pros pect lo cated in the north west ern por tion of the Ca na dian
Cor dil lera of Brit ish Co lum bia (BC; Fig ure 1) with other inter -

montane is land-arc por phyry Cu de pos its, in clud ing the
High land Val ley Cop per Mine, the Gi bral tar Mine and the
Schaft Creek joint ven ture (Mihalasky et al., 2010). The
Camp Creek pros pect is part of the Thorn prop erty, which is 
lo cated ap prox i mately 94 km east of Ju neau, Alaska, 120
km north wes t of Tele graph Creek, BC and 130 km south -
east of Atlin, BC (Fig ure 1a). In 2019, sig nif i cant zones of
por phyry-style vein ing with Cu and Mo min er al iza tion
were in ter sected at Camp Creek at depths of more than
300 m, with fur ther drill ing pro grams in 2021–2024 fo -
cused on dis cov er ing ex ten sions of por phyry-style min er -
al iza tion (Lemiski et al., 2023).

In the early 2000s, a pro ject was ini ti ated by the Min eral
De posit Re search Unit (MDRU) at The Uni ver sity of Brit -
ish Co lum bia to in ves ti gate the late Cre ta ceous ig ne ous
com plexes in the Taku River area of the Stikine terrane in
north west ern BC. This study fo cused on char ac ter iz ing in -
tru sions and es tab lish ing a geo chron ol ogy frame work for
the larger Thorn dis trict (Simmons, 2005; Simmons et al.,
2005). More re cently, MDRU com pleted a fur ther geo -
chem i cal and petrographic study fol low ing the dis cov ery
of Camp Creek, us ing data col lected in 2021, to help dis tin -
guish var i ous in tru sive phases at the deposit (Bouzari and
Barker, 2021).
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This pa per sum ma rizes pre vi ous work, dis cusses pre lim i -
nary field ob ser va tions from field work car ried out in 2023–
2024 and out lines next steps for the com ing year. This pro -
ject, part of the lead au thor’s M.Sc. re search, is un der tak ing 
the first ma jor geo log i cal re view of the Late Cre ta ceous
calcalkalic Cu-Mo-(Au) Camp Creek por phyry pros pect,
fo cused on char ac ter iz ing the al ter ation, min er al iza tion
and time scales of magmatism. On go ing re search is in te -
grat ing pe trog ra phy, mi cro X-ray flu o res cence (mi cro -
XRF) element map ping, shortwave in fra red stud ies, whole-
rock geo chem is try and U-Pb geo chron ol ogy, and will con -
trib ute in sights into po ten tial geo chem i cal vec tors for dis -
cov er ing blind por phyry Cu-Au-(Mo) min er al iza tion.

Regional Geology

The Thorn prop erty is lo cated in the north west-trending
Stikine terrane, the larg est and wes tern most terrane of the
Intermontane Belt in the Ca na dian Cor dil lera. The Stikine
terrane com prises Tri as sic is land-arc vol ca nic rocks and re -
lated sed i men tary se quences of the Stuhini Group, with ac -
cre tion of the Stikine Arc to west ern North Amer ica be ing
as sumed to have taken place in the Mid dle Ju ras sic at
172 Ma (Mihalynuk, 1999). Fol low ing ac cre tion, Late Cre -
ta ceous ig ne ous rocks were emplaced into the Stikine

terrane as part of a con ti nen tal arc, form ing a north-north -
west-trending belt that ex tends for 300 km from Yu kon into
north ern BC (Mihalynuk, 1999; Simmons, 2005).

Two dis tinct pe ri ods of Late Cre ta ceous magmatism have
been rec og nized at the Thorn prop erty, the older mag matic
pulse be ing in for mally re ferred to as the Thorn Stock, with
ex po sure of this unit shown in Fig ure 1 in the study area
(Mihalynuk, 1999; Simmons, 2005). The Thorn is com -
posed of dom i nantly tholeiitic diorite por phyry in tru sions,
which are the ma jor hostrocks for hy dro ther mal min er al iz -
ing sys tems at the Thorn prop erty (Awmack, 2002; Sim -
mons, 2005). The Thorn Stock has been con strained to an
age of 93.3 ±2.4 Ma by U-Pb geo chron ol ogy of zir con from 
mul ti ple in tru sions (Mihalynuk et al., 2003). The youn ger
Windy Ta ble suite was emplaced into the Thorn stock, and
is char ac ter ized by subaerial, dom i nantly fel sic vol ca nic
rocks and as so ci ated calcalkaline, equigranular monzonite
to granodiorite (Awmack, 2002). Windy Ta ble suite vol ca -
nic rocks nonconformably over lie the Thorn stock (Fig -
ure 2). The tuff over ly ing this un con formity has a U-Pb
SHRIMP-RG zir con age of 84.7 ±0.8 Ma, pro vid ing an age
con straint for the onset of Windy Table volcanism (Sim -
mons, 2005).
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Fig ure 1. Sim pli fied ge ol ogy of the Camp Creek por phyry, part of the Thorn prop erty in north west ern Brit ish Co lum bia. The lo ca tion of the
Thorn prop erty is shown on the in set map, out lined in red. All co-or di nates are in UTM Zone 8N (NAD83).



Geology of the Camp Creek Property

Ini tial whole-rock geo chem i cal anal y sis of core sam ples
from Camp Creek by Bouzari and Barker (2021) re vealed
the oc cur rence of at least five por phyry units. These units
are geochemically dis tinct from the Stuhini volcano sedi -
mentary hostrocks, which are char ac ter ized by high Sc
(>10 ppm). These por phyry units have been termed X, Y, Z,
W and V, and are dis tin guished by dif fer ent ratios of sev eral 
trace el e ments, in clud ing Zr, Ti and Sc, as seen in Fig ure 3.
Pe trog ra phy by Bouzari and Barker (2021) pro vided an ini -
tial cor re la tion be tween min er al ogy and geo chem is try, pro -
vid ing pre lim i nary cri te ria for char ac ter iz ing and dis tin -
guish ing each of the por phyry units. Rep re sen ta tive
hostrock sam ples from drillcore were col lected by the au -
thor dur ing 2023–2024 field work for fur ther geo chem i cal
anal y sis to im prove the pre vi ously es tab lished char ac ter is -
tics. Ex am ples are shown in Fig ure 4 and field ob ser va tions
are sum ma rized in the fol low ing sec tion. The ef fec tive sub -

di vi sion of the por phyry stocks is critical to refine the
geological model of Camp Creek and to understand grade
distribution.

Volcanosedimentary Units (Stuhini Group)

The Stuhini Group hostrock at Camp Creek con tains
siltstone and mafic vol ca nic rocks with per va sive bi o tite al -
ter ation. It is ex posed at sur face to the south west of the
study area and is typ i cally first in ter sected at depths of 500–
700 m at Camp Creek. Bed ding is oc ca sion ally pre served
and the unit is cross cut by an in tense quartz-vein stockwork 
when prox i mal to porphyry X.

Porphyry Z

Por phyry Z is a quartz-bi o tite-hornblende-plagioclase por -
phyry. Di ag nos tic fea tures of por phyry Z in clude abun dant
me dium-grained hornblende pheno crysts, me dium- to
coarse-grained bi o tite and 1–4 mm rounded quartz pheno -
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Fig ure 2. Camp Creek field area: a) Camp Creek look ing north east, high light ing quartz diorite (Thorn stock) out crop; b) Camp Creek val ley
look ing east; c) un con formity at the base of the Windy Ta ble suite, pre vi ously sam pled by Simmons (2005); d) Windy Ta ble vol ca nic strata
look ing east.



crysts. Bi o tite pheno crysts are 1–4 mm, typ i cally coarse
and com monly re placed by fine-grained seri cite and rutile.
Hornblende is the next most abun dant phase af ter plagio -
clase, typ i cally tab u lar and com monly re placed by chlorite.
Por phyry Z is dis tin guished by its high Ti (>0.2%) and Nb
(>5 ppm; Bouzari and Barker, 2021), and is the least al tered
and min er al ized of the por phyry phases, dom i nantly py rite
(1–5%) with trace chalcopyrite (<0.1%).

Porphyry Y

Por phyry Y is a hornblende-quartz-bi o tite-plagioclase por -
phyry and is min er al og i cally and tex tur ally sim i lar to por -
phyry Z but with sig nif i cantly less hornblende pheno crysts. 
Por phyry Y typ i cally has stron ger al ter ation and con tains
higher amounts of sul phide (5–10%) and Cu grades
(>0.1%) when com pared to por phyry Z. Geochemically,
por phyry Y has lower Ti (<0.2%) and lower Zr (<40 ppm)
than por phyry Z (Bouzari and Barker, 2021). Por phyry W
was orig i nally dis tin guished by slightly el e vated Zr con -
tents com pared to por phyry Y, but is min er al og i cally and
tex tur ally in dis tin guish able and has been clas si fied as part
of por phyry Y dur ing core log ging. There were no clear cross -
cut ting re la tion ships ob served be tween por phy ries Y
and Z.

Porphyry X

Por phyry X is a hornblende-quartz-bi o tite-plagioclase por -
phyry. Di ag nos tic fea tures in clude coarse bi o tite books,
quartz-rich groundmass and strong K-feld spar al ter ation,
dom i nantly within the groundmass. It is cut by a stockwork
of A-type gran u lar quartz veins and has the high est con cen -

tra tion of Cu min er al iza tion among in tru sive units
(>0.2%). Geochemically, por phyry X is dis tin guished by
its low Zr (<20 ppm) rel a tive to por phy ries Y and Z (Bou -
zari and Barker, 2021). No clear cross cut ting re la tion ships
were ob served be tween porphyry X and porphyries Y
and Z.

Porphyry V

Por phyry V is a bi o tite-hornblende-plagioclase por phyry,
typ i cally oc cur ring as smaller dikes that cross cut por phy -
ries Z, Y and X. Di ag nos tic fea tures in clude fresh to weakly 
al tered bi o tite pheno crysts, 3–5% dis sem i nated mag ne tite
and rare quartz pheno crysts. It is weakly al tered and con -
tains trace py rite but no Cu-bear ing min er al iza tion.
Geochemically, por phyry V is char ac ter ized by its high Zr
con cen tra tion (>75 ppm), which is sig nif i cantly higher
than the other por phyry phases ob served at Camp Creek
(Bouzari and Barker, 2021). Clear cross cut ting re la tion -
ships were ob served between porphyry V and porphyries Z, 
Y and X.

Polymictic Diatreme Breccia (Oban breccia)

The Oban zone is a por phyry-re lated diatreme brec cia host -
ing polymetallic (Ag-Au-Pb-Zn-Cu) min er al iza tion within
the brec cia ma trix. The Oban brec cia var ies sig nif i cantly,
and typ i cally con tains subangular and well-rounded frag -
ments of fine- to me dium-grained quartz-diorite por phyry
with al tered bi o tite-feld spar-quartz pheno crysts. Por phyry
clasts host quartz veins with rem nants of K-feld spar al ter -
ation that re sem ble A-type quartz veins, which sug gests the
pres ence of por phyry min er al iza tion at depth. Weakly al -
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Fig ure 3. Clas si fi ca tion of hostrocks at Camp Creek based on Zr, Ti and Sc trace-el e ment data from whole-rock
geo chem i cal anal y sis: a) Sc ver sus Ti; b) Sc ver sus Zr; c) Ti ver sus Zr (Bouzari and Barker, 2021; re pro duced with
per mis sion).



tered vol ca nic and sed i men tary clasts are hosted within
rock flour, and frac tures are com monly filled with sul -
phides and sulphosalts. Gen er ally, the con tact of the Oban
diatreme brec cia with the hostrock is poorly con strained.
Dom i nant al ter ation min er als in clude seri cite and
pyrophyllite with mi nor dia spore, sug gest ing shal lower
depths of a por phyry en vi ron ment. The brec cia is het er o ge -
neously al tered and lo cally con tains frag ments that have
vari able de grees of seri cite-pyrophyllite-dia spore al ter -
ation (Lemiski et al., 2023). Min er als such as pyrophyllite
and dia spore in di cate an ini tially hot, acidic hy dro ther mal
system on the order of 250 °C or greater (Hedenquist et al.,
2000; Simmons, 2005).

Alteration

Ob ser va tions from drill ing in the Camp Creek por phyry in -
di cate mul ti ple dis tinct types of al ter ation that are ev i dent
in the clas sic por phyry-al ter ation model of Sillitoe (2010).
At Camp Creek, pyrophyllite with rare dia spore oc curs at
the roots of the pre served ad vanced argillic zone (see Fig -
ure 5), with re sid ual quartz and quartz-kaolinite oc cur ring
at higher lev els. Zones of ad vanced argillic al ter ation oc cur
in the up per part of por phyry Cu de pos its that can form a
large near-sur face foot print of the hy dro ther mal sys tem,
pro vid ing a vectoring tool to ward con cealed por phyry Cu
min er al iza tion at depth (Bouzari et al., 2022). A chal lenge
to es tab lish ing al ter ation zon ing is the sub tle min er al og i cal
changes across por phy ritic units that can be dif fi cult to
iden tify (Bouzari et al., 2022). MicroXRF is an ef fec tive
tool to gauge modal abun dances and re view min er al ogy by
el e ment map ping, par tic u larly when phases are dif fi cult to
dis tin guish by eye. Based on pre vi ously an a lyzed short -

wave in fra red (SWIR) data, a va ri ety of downhole al ter -
ation trends and observations is shown in Figure 5 (from
Bouzari et al., 2023).

Seri cite al ter ation in creases in in ten sity with depth, be ing
weaker in por phyry Z and typ i cally in creas ing in por phyry Y
be fore transitioning to a dom i nantly K-sil i cate al ter ation in
por phyry X (Bouzari et al., 2023). Sericitic as sem blages
are typ i cally clas si fied by a quartz-seri cite-py rite as sem -
blage, which tran si tions into zones of in tense chlorite re -
place ment of bi o tite and hornblende with depth. K-sil i cate
al ter ation is clas si fied by per va sive fine-grained K-feld spar 
al ter ation (Fig ure 6), com mon 1–3 mm K-feld spar ha loes
and oc ca sional bi o tite al ter ation. Propylitic al ter ation is
char ac ter ized by abun dant epidote and chlorite oc cur ring
dis tally to Camp Creek.

Mineralization

Camp Creek is a blind por phyry tar get, and ex plo ra tion drill -
ing in ter sected por phyry-style min er al iza tion in 2019. Drill 
pro grams from 2021 to 2024 aimed to push holes be yond
1000 m depth, tar get ing deeper Cu-Au-Ag-Mo min er al iza -
tion (Lemiski et al., 2023). Cop per min er al iza tion is pre -
dom i nantly hosted by a coarse-grained feld spar-quartz-bi -
o tite por phyry, with in ter vals of Stuhini in ter me di ate
vol ca nic and sed i men tary rocks. Por phyry-type vein den -
sity, fol low ing the model of Gustafson and Hunt (1975), in -
creases grad u ally with depth. An ex am ple in ter val with
high er grade min er al iza tion oc curred in hole THN22-201
from 335 m to 1302.71 m, with 967.71 m of 0.25% Cu,
0.09 g/t Au, 2.39 g/t Ag and 186 ppm Mo (Lemiski et al.,
2023). Min er al iza tion as sem blages com prise mainly chal -
co py rite, py rite and mo lyb de nite within por phyry-style

Geoscience BC Re port 2025-01 11

Fig ure 4. Ex am ples of hostrocks ob served at Camp Creek, with cor re spond ing scale card shown to the right of each sam ple: a) siltstone
with per va sive and veinlet-con trolled bi o tite al ter ation over printed by chlorite and seri cite, THN23-261 841.20 m; b) quartz-bi o tite-
hornblende-plagioclase por phyry (por phyry Z) with per va sive and phenocryst-re place ment seri cite al ter ation, THN23-277 348.60 m;
c) hornblende-quartz-bi o tite-plagioclase por phyry (por phyry Y) with per va sive and phenocryst-re place ment seri cite al ter ation, over printed 
by chlorite, THN23-276 875.25 m; d) hornblende-quartz-bi o tite-plagioclase-por phyry (por phyry X) with per va sive K-feld spar al ter ation and
quartz-vein stockwork, THN23-276 1235.80 m; e) bi o tite-hornblende-plagioclase por phyry (por phyry V), THN22-201 845.97 m. Min eral
ab bre vi a tions: Bt, bi o tite; Chl, chlorite; Hbl, hornblende; Ilt, illite; Pl, plagioclase; Py, py rite; Qz, quartz; Ser, seri cite.



quartz and quartz-anhydrite veins, as well as dis sem i nated
sulphides.

Sampling and Analytical Work

De tailed ob ser va tions of, and sam ple se lec tion for, fur ther
geo chem i cal anal y sis were com pleted over two sum mer
field sea sons in 2023 and 2024. Four drillholes were
relogged to cap ture ad di tional in for ma tion on min er al ogy,
al ter ation, vein ing and cross cut ting re la tion ships (Ta ble 1).
De tailed ob ser va tions in drillcore have been re corded fol -
low ing log ging ad vice from Wil liams (2022), aid ing in the
con sis tent char ac ter iza tion of in tru sive units. As of Oc to ber 
2024, 40 sam ples have un der gone whole-rock geochem ical
anal y sis. From this sam ple set, 20 were se lected for petro -
graphic anal y sis. MicroXRF anal y sis was com pleted on
14 sam ples to as sess zir con con tent prior to U-Pb geo chron -
ol ogy and hostrock clas si fi ca tion. Four sam ples of

postmineral dikes, each of ap prox i mately 2 kg, were sub -
mit ted for U-Pb geo chron ol ogy.

More than 400 rocks were sam pled from drillcore for fol -
low-up anal y sis. The ma jor ity of these sam ples have been
col lected at 50 m in ter vals to be sent for whole-rock geo -
chem i cal anal y sis and thin-sec tion prep a ra tion. These sam -
ples came from the least-al tered sec tions with the least
quartz vein ing and will be used to un der stand downhole
trends and as sist in dis tin guish ing in tru sive phases. A short
field work stint in Au gust 2024 fo cused on in ves ti gat ing the 
unconformity be tween the Thorn stock and the over ly ing
Windy Ta ble volcanics, with three sam ples col lected for U-Pb
geo chron ol ogy (lo ca tions in Fig ure 1). A com plete suite of
Shortwave In fra red (SWIR) data has been gath ered for 14 pri -
or i tized drillholes at Camp Creek, and fur ther work will
aim to con strain pre vi ously iden ti fied zones of al ter ation.
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Fig ure 5. Downhole shortwave in fra red data on drillcore sam ples col lected in 2019–2022, plot ted along north ward-fac ing drillcore cross-
sec tions (also shown is the cor re spond ing lo ca tion of the cross-sec tion shown in Fig ure 1 [mod i fied from Bouzari et al., 2023]): a) li thol ogy;
b) chlorite to seri cite ra tio, show ing the rel a tive abun dance of chlorite to seri cite us ing the spec tral depth of the min er als; c) illite to seri cite
ra tio, with mus co vite abun dance in creas ing with depth rel a tive to illite; d) seri cite com po si tion, dom i nated by paragonite illite near sur face
and transitioning to illite and then phengitic illite with depth; e) seri cite crystallinity in creas ing with depth to ward zones of K-sil i cate al ter -
ation; f) pyrophyllite oc cur ring at shal low lev els with rare dia spore.



Future Work

On go ing stud ies will uti lize a range of tech niques to in ves -
ti gate the evo lu tion of the Camp Creek por phyry pros pect.
A sub se quent de tailed petrographic study will pro vide in -
sight into the tex tural, min er al og i cal and al ter ation vari a -
tions of the dif fer ent por phyry phases downhole. Ad di tional 
sam ples have been se lected for whole-rock geochem istry,
and a com plete geo chem i cal anal y sis will be per formed on
the col lected data. Fur ther SWIR data will be pro cessed to
build an un der stand ing of the al ter ation model. More
microXRF scans will be col lected from ex ist ing sam ples to
gain in sight into modal abun dance of min er al ogy and tex -
tural re la tion ships. Fur ther U-Pb dat ing will be com pleted
for in tru sive phases, to better con strain the tim ing and for -
ma tion of the por phyry stocks at Camp Creek. Re search
out puts will fo cus on es tab lish ing the evo lu tion ary model
of the sys tem, as well as de vel op ing an al ter ation model of
the dif fer ent por phyry phases.

This pro ject will in form min eral-ex plo ra tion de vel op ment
by add ing vectoring tools to as sist in more ef fi cient ex plo -

ra tion pro grams, en abling more ef fec tive ex plo ra tion of
subsurface cryp tic and ‘blind’ min er al iza tion that may con -
sti tute fu ture high-grade Cu-Mo-(Au) dis cov er ies. Fea si ble 
pro grams may help to boost in vest ment in Brit ish Co lum -
bia’s min eral-ex plo ra tion in dus try and en able more rapid,
cost-ef fec tive ex plo ra tion across the prov ince. Fur ther -
more, un der stand ing the ge om e try of these por phy ries and
the spa tial as so ci a tion of in tru sive phases can help pre dict
where min er al iz ing phases are likely to be en coun tered at
the de posit scale, in creas ing the like li hood of ex plo ra tion
suc cess. Al ter ation foot prints can be linked to mul ti ple por -
phyry phases and help distinguish the paragenetic evo lu -
tion of intrusive phases at Camp Creek.

Conclusions

Min er al iza tion is hosted pri mar ily as dis sem i nated and
vein-hosted chal co py rite in por phyry X, as well as siltstone
and mafic vol ca nic rocks of the Stuhini Group. Por phyry Z
has the weak est seri cite al ter ation, transitioning to more in -
tense seri cite al ter ation and over print ing chlorite al ter ation
in por phyry Y, and weak seri cite al ter ation in shal lower zones
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Fig ure 6. Flat bed op ti cal scans and microXRF el e ment maps of hostrocks at Camp Creek: a) scan of por phyry X at 1013.30 m in drillhole
THN23-261; b) microXRF el e ment map of por phyry X at 1013.30 m in drillhole THN23-261, with a leg end show ing el e ments and their cor re -
spond ing colours; c) scan of siltstone at 1340.23 m in drillhole THN23-261; d) microXRF el e ment map of siltstone at 1340.23 m in drillhole
THN23-261, with a leg end show ing el e ments and their cor re spond ing colours; Min eral ab bre vi a tions: Bt, bi o tite; Pl, plagioclase; Hbl,
hornblende; Qz, quartz; Mol, mo lyb de nite; Py, py rite; Ccp, chal co py rite; Cb, car bon ate.

Ta ble 1. Di a mond-drill hole data for THN22-213, THN23-161, THN23-276 and THN23-285 (Lemiski et al.,
2023). All co-or di nates are in UTM Zone 8N (NAD83).



of por phyry X. These por phyry units over lap in time, based
on U-Pb dat ing, and fur ther an a lyt i cal work will be needed
to re solve un cer tain ties on tim ing. Ad di tion ally, cross cut -
ting re la tion ships do not pro vide in for ma tion on the rel a -
tive ages of por phy ries Z, Y and X through ev i dence gath -
ered to date. Por phyry V clearly post dates por phy ries Z, Y
and X, with ob served postmineral dikes clearly post dat ing
all other in tru sive phases. SWIR data show mul ti ple al ter -
ation zones, with min er al ogy dom i nated by pyrophyllite at
shal low lev els, transitioning to illite and then mus co vite at
greater depths, and even tu ally to K-feld spar in por phyry X.
Fu ture char ac ter iza tion work will aim to con strain field ob -
ser va tions by de tailed pe trog ra phy, ad di tional SWIR anal -
y sis and geo chem i cal analysis.
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Introduction

Un der stand ing tec tonic con trols on min er al iza tion is cen -
tral to lo cat ing and mod el ling ore de pos its and re duc ing the
socio-en vi ron men tal foot print of ex plo ra tion ef forts. Dur -
ing collisional moun tain-build ing events, faults and shear
zones are known to act as planes of weak ness, fa cil i tat ing
the mi gra tion of magma and as so ci ated min er al iz ing flu ids
up through the crust (e.g., Arndt, 2005; Sillitoe, 2010). Ev i -
dence of this fluid flow can be pre served in the form of min -
er al ized quartz-car bon ate veins that are lo cal ized or con -
trolled by fault zones. Meth ods ap pro pri ate for dat ing
mag matic and high-tem per a ture ore-form ing pro cesses
(such as U-Pb zir con and Re-Os mo lyb de nite dat ing) can -
not quan tify im por tant hy dro ther mal pro cesses that may
(re)de posit met als in many sys tems in the mid- to up per
crust. How ever, re cent de vel op ments in in-situ U-Pb car -
bon ate geo chron ol ogy now al low for these lower tem per a -
ture fluid-flow and min er al iza tion pro cesses to be di rectly
dated (e.g., Rasbury and Cole, 2009; Rob erts et al., 2020;
Mottram et al., 2024), providing important timing controls
for petrogenetic models.

This pro ject aims to di rectly date fluid flow, fault ing and
min er al iza tion in a por phyry-epi ther mal-car bon ate re -
place ment de posit (CRD) to un der stand the tim ing, rates
and du ra tion of fluid flow and metal (re)dis tri bu tion. It fo -
cuses on a new dis cov ery in north west ern Brit ish Co lum bia 
(BC) as so ci ated with the Llewellyn fault, which struc tur -
ally con trols many epi ther mal and por phyry Cu-Au de pos -

its in the Atlin Min ing Dis trict north of the Golden Tri an gle (Fig -
ure 1a; e.g., Hart and Pelletier, 1989; Love et al., 1998; Mihal ynuk
et al., 2003; Ootes et al., 2017, 2018; Millonig et al., 2017). The
Blue prop erty, owned and op er ated by Core As sets Corp.,
hosts sev eral min er al iza tion styles: Mo-Cu porphyry, Zn-Cu-
Ag skarn and Ag-Zn-Pb-Cu CRD in sev eral tar get ar eas
(e.g., Sul phide City, Jackie; Fig ure 1). Min er al ized zones
dis play ev i dence of mul ti ple com plex mag matic fault ing
and fluid-flow events that cur rently have no quan ti ta tive
geo chron ol ogi cal con straints. There fore, the case-study
sys tem is ideal for ap ply ing U-Pb car bon ate dat ing meth od -
ol ogy to link the tim ing(s), rate and du ra tion of min er al iz -
ing events to the tec tonic and met al lo gen ic frame work of
north west ern BC. Where pos si ble, car bon ate dates will be
com bined with higher tem per a ture geochron ometers (e.g.,
U-Th-Pb zir con, monazite, gar net, ap a tite and ti tan ite, and/
or Re-Os mo lyb de nite), and trace-el e ment data, to track the
evo lu tion of min er al iza tion from the mag matic to hy dro -
ther mal re gime (~800 ºC to ~200 ºC).

Geological Setting

The west ern mar gin of North Amer ica has un der gone
>200 mil lion years of accretionary oro gen esis, pro cesses
that con tinue to be ac tive to day (e.g., Co ney, 1980; Colpron 
et al., 2007; Mon ger and Gib son, 2019). This long-lived
tec tonic his tory has re sulted in a patch work of com monly
fault-bounded crustal frag ments that make up the ter ranes
of the Ca na dian-Alas kan Cor dil lera (Co ney, 1980; Nel son
and Colpron, 2007). These ter ranes can be grouped into
five dis tinct morphogeological belts (Fig ure 1a; e.g., Nel -
son and Colpron, 2007; Soucy La Roche et al., 2022). Of
these, the Intermontane Belt ex tends from south-cen tral BC 
to cen tral Yu kon and com prises allochthonous pericratonic
ter ranes as so ci ated with subduction-re lated arcs (Yu kon-
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Fig ure 1. a) Morphogeological belts of the Ca na dian-Alas kan Cor dil lera (mod i fied from Gabrielse et al., 1991). Atlin Min ing Dis trict bound -
aries shown in pur ple, and area shown in Fig ure 1b is in di cated by black box. Ab bre vi a tions: IS, In su lar; IM, Intermontane; C, Coast; O,
Omineca; F, Fore land. b) Sim pli fied ge ol ogy of south west ern Yu kon and north west ern Brit ish Co lum bia, show ing lo ca tions of min eral oc -
cur rences and past-pro duc ing mines. Cache Creek terrane units are un dif fer en ti ated and shown in grey. Sul phide City and Jackie sites
within the Blue prop erty are shown with green squares. Ge ol ogy af ter Doherty and Hart (1988), Hart and Pelletier (1989), Hart and Radloff
(1990), Mihalynuk (1999) and Ootes et al. (2018), and in cludes data from MapPlace (BC Geo log i cal Sur vey, 2006) and Yu kon MINFILE (Yu -
kon Geo log i cal Sur vey, 2020),. U-Pb zir con, K-Ar hornblende and Lu-Hf gar net sam ple lo ca tions from, Cur rie and Parrish (1997),
Armstrong (un pub lished data, BC Geo log i cal Sur vey, 2006) and Dyer (2020); see text for ages. Es ti mated ages of min er al iza tion shown in
black are from Hart and Pelletier (1989; Montana Moun tain), Love et al. (1998), Mihalynuk et al. (2003; Mid dle Ridge), Millonig et al. (2017;
En gi neer and Mount Skukum) and Ootes et al. (2018; Bennett Pla teau). Base map in for ma tion from Yu kon map data (https://map-data.ser -
vice.yu kon.ca/geoyukon/Ad min is tra tive_Bound aries/Ter ri to rial_Pro vin cial_Bor ders_1M).



Tanana, Stikinia, Quesnellia), and accretionary com plexes
made up of oce anic-floor sed i men tary and vol ca nic rocks
(Cache Creek, Slide Moun tain; e.g., Colpron and Nelson,
2011; Monger and Gibson, 2019).

In north west ern BC, rocks that con sti tute Stikinia in clude
the up per Tri as sic to mid dle Ju ras sic vol cano-sed i men tary
Stuhini and Laberge Groups, as well as as so ci ated plutonic
suites (Mihalynuk, 1999, Fig ure 1b). Within the Yu kon-
Tanana terrane, units in clude per va sively de formed
greenschist to up per-am phi bo lite grade Pro tero zoic to
early Pa leo zoic con ti nen tal mar gin strata (Mihalynuk,
1999). Strati graphic units in clude the Flor ence Range
meta mor phic suite of quartz-rich metapelitic rocks, mar ble, 
quartz ite and am phi bo lite (Fig ure 1b; e.g., Jack son et al.,
1991). This suite has been cor re lated with the pre-Late De -
vo nian Snowcap as sem blage in Yu kon (Mihalynuk, 1999;
Piercey and Colpron, 2009) and may have un der gone sev -
eral tectonometamorphic events be tween ca. 270 Ma and
ca. 120 Ma (Cur rie, 1994; Dyer, 2020; Soucy La Roche et
al., 2022). Also pres ent in this re gion is the Bound ary
Range meta mor phic suite, which con sists of mar ble and
limestone as well as chlorite-actinolite and quartzo feld -
spathic schists (Soucy La Roche et al., 2022). At pres ent,
the age and prov e nance of this unit re main un clear, al -
though meta mor phism likely post dates the em place ment of 
an Early Mis sis sip pian pluton (Cur rie and Parrish, 1997;
Soucy La Roche et al., 2022) and Lu-Hf ages in di cate gar -
net growth oc cur ring from ca. 202 to 192 Ma (Dyer, 2020).

Llewellyn Fault System

The Llewellyn fault is a steeply dip ping, north west-strik ing 
brit tle fault net work that stretches ~180 km from north -
west ern BC to south west ern Yu kon, where it may over print
the duc tile Tally Ho shear zone (Ootes et al., 2017, 2018).
In the Atlin Min ing Dis trict, this fault may lie along a ma jor
terrane bound ary be tween the Yu kon-Tanana terrane to the
west and the Stikine terrane to the east (Fig ure 1b; e.g., Hart
and Radloff, 1990; Mihalynuk, 1999). Few pre vi ous stud -
ies have di rectly dated this fault; how ever, it is thought to
have both duc tile (ca. 120–75 Ma) and brit tle de for ma tion
phases (ca. 56–50 Ma; Hart and Radloff, 1990; Ootes et al.,
2017, 2018). Along strike, rocks are penetratively de -
formed, with south-south east-trending foliations,
lineations and folds that may in di cate an over all sinistral
sense of shear (Mihalynuk, 1999; Ootes et al., 2018). It is
sug gested that duc tile de for ma tion as so ci ated with the
Llewellyn and Tally Ho deformational cor ri dor post dates
de po si tion of the Ju ras sic Laberge Group (Kellett and
Zagorevski, 2022); and, while par al lel deformational fab -
rics may be pres ent in Tri as sic and older units, it re mains
dif fi cult to de fin i tively link them to a spe cific fault zone
(Mihalynuk, 1999; Ootes et al., 2018). Along the Llewellyn 
fault zone, brit tle de for ma tion has been con strained to ca.
56–50 Ma north of the study site us ing U-Pb zir con ages

from cross cut ting plutons and 40Ar-39Ar vein adu laria and
vanadian illite ages from the En gi neer and Mount Skukum
mines (Love et al., 1998; Millonig et al., 2017; Ootes et al.,
2018). This de for ma tion over prints ear lier duc tile de for -
ma tion fab rics that are likely analogous to the Tally-Ho
shear zone (Figure 1b; Ootes et al., 2018).

The Llewellyn fault is spa tially as so ci ated with more than
50 min eral oc cur rences in this re gion (Fig ure 1b), in clud ing 
epi ther mal, mesothermal and in tru sion-re lated Au (Hart
and Pelletier, 1989; Mihalynuk, 1999, Mihalynuk et al.,
2003; Millonig et al., 2017; Ootes et al., 2017, 2018). At the 
En gi neer and Mount Skukum mines (Fig ure 1b), it is
thought that epi ther mal Au min er al iza tion may be re lated
to Eocene fault ing fol low ing pluton em place ment (Love et
al., 1998; Castonguay et al., 2017; Millonig et al., 2017; Ootes
et al., 2017). How ever, more re cent ev i dence also sug gests
that at least some in tru sion-re lated Au min er al iza tion at
Mid dle Ridge and Bennett Pla teau likely un der went duc tile 
de for ma tion and there fore pre dates the brit tle Eocene
phase of fault ing in this re gion (Ootes et al., 2018).

Case-Study Ore Deposit

The Blue prop erty (Core As sets Corp.), lo cated ~50 km
south west of Atlin, BC and ~20–60 km east-south east of
Skagway, Alaska, is spa tially prox i mal to the Llewellyn de -
for ma tion cor ri dor and com prises Ju ras sic, Cre ta ceous and
Eocene in tru sive units of the Bound ary and Flor ence Range 
meta mor phic suites (Fig ures 1b, 2; Cur rie and Parrish,
1993). Re cent work fo cused on the Wann River shear zone
near the base of the Willison gla cier has shown that duc tile
de for ma tion within the pre-Late De vo nian Flor ence Range
suite may be re lated to two re gional meta mor phic events,
ca. 270–240 Ma and ca. 195–170 Ma, fol lowed by lo cal -
ized con tact meta mor phism af ter ca. 120 Ma (Soucy La
Roche et al., 2022). Sim i larly, Lu-Hf ages from the same
area in di cate that gar net growth oc curred at ca. 190 Ma and
ca. 185 Ma (Dyer, 2020). Prox i mal to the Llewellyn fault,
what are in ter preted to be zir con crys tal li za tion ages of ca.
103 to ca. 101 Ma were ob tained from a large plutonic unit,
and ages of ca. 352, ca. 335, ca. 191 and ca. 189 Ma were
ob tained from small gra nitic dikes near the Llewellyn gla -
cier (Fig ure 2b; Cur rie and Parrish, 1997). Near the
Willison gla cier, pre vi ous stud ies ob tained hornblende and
bi o tite K-Ar cool ing ages of ca. 144 Ma and ca. 97–96 Ma
from am phi bo lite and granodiorite units, re spec tively
(Armstrong and Werner, un pub lished data, BC Geo log i cal
Sur vey, 2006). At pres ent there are few ab so lute geo chron -
ol ogi cal con straints on brit tle fault ing, min er al ized ig ne ous 
units or fluid-flow pro cesses in the re gion. This study aims
to quan tify the ther mal-fluid–min er al iza tion evo lu tion of
this case-study de posit sys tem and test whether min er al iza -
tion at the Blue prop erty is tem po rally re lated to 1) ma jor
re gional in tru sive units; 2) de for ma tion along the
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Fig ure 2. Sche matic de posit-scale maps of the Sul phide City (a) and Jackie (b) show ings within the Blue prop erty (Core As sets Corp.). Lo ca tions of sam ples with U-Pb car bon ate dates in -
cluded in this pa per are shown with num bered or ange stars: 1) 23SB-013B1; 2) SLM22-006-396.0; and 3) SLM22-002-95.53. Stereonet dis plays field data from both show ings and in cludes
Rose di a grams show ing the trends of dike con tacts, gneissic fo li a tion and car bon ate veins. Slickenlines are plot ted by dom i nant shear sense (dextral, sinistral, nor mal or re verse). Poles to
fault planes are con toured at 1s in ter vals. Maps mod i fied, with per mis sion, from a Core As sets Corp. as sess ment re port (Rodway and Barrington, 2024) and plot ted with EPSG:4326–WGS 84 
da tum. Ab bre vi a tions: Bt, bi o tite; Cb, car bon ate; Grt, gar net; Pb, lead; Py, py rite; Qz, quartz; U, ura nium.



Llewellyn fault or other smaller fault splays; and/or
3) several overprinting mineralizing mag matic-hy dro ther -
mal events.

Field Observations and Relationships

Field work car ried out in July 2023 and July 2024 fo cused
on the ‘Sul phide City’ and ‘Jackie’ show ings (Fig -
ures 1b, 2) within the Blue prop erty. Hostrocks com prise
south east-strik ing, steeply dip ping and polyphase folded
mar ble and gar net-bi o tite gneiss of the Flor ence Range
meta mor phic suite (Fig ures 1b, 2; e.g., Mihalynuk, 1999).
Min er al iza tion styles range from Mo-Cu por phyry and Fe-
Zn-Cu skarn at Sul phide City to Zn-Ag-Pb-Cu-Au CRD,
mas sive to semimassive sul phide skarn and dis tal epi ther -
mal veins at Jackie. Min er al ized zones cor re late with prox -
im ity to surficial ex po sures of ~5–200 m wide por phy ritic
tonalitic to granodioritic in tru sions and ~15–50 cm wide
mafic to in ter me di ate dikes. North east-strik ing, steeply
dip ping brit tle faults com monly cross cut the dom i nantly
north west-trending lithological con tacts be tween gneiss
and mar ble units, as well as youn ger dikes and plutonic
units (Fig ure 2), and may also cor re late with ar eas of in -
creased min er al iza tion and fluid al ter ation. Fault planes
vari ably con tain ~1-2 cm thick quartz, carbonate and, more
rarely, zinc- and/or iron-oxide infill.

Sulphide City

In tru sive units, ~5–200 m wide, are ob served at Sul phide
City and in clude min er al ized tonalitic to granodioritic
rocks that can be di vided into four phases based on field re -
la tion ships. Ex posed at the edges of the cen tral in tru sive
body (phase 3; Fig ures 2a and 3), phases 1 and 2 may be de -
fined as diatreme/mag matic-hy dro ther mal brec cias and are
chal leng ing to dif fer en ti ate. Due to per va sive seri cite al ter -
ation, the clasts, rang ing from <1 cm to 10 cm, are dif fi cult
to iden tify but may be com posed pri mar ily of fel sic ig ne ous 
ma te rial con tain ing ~1–2 mm quartz eyes and bi o tite and
feld spar porphyroclasts. In places, clasts of Zn-Fe-Cu mas -
sive sul phide as so ci ated with phase 1 oc cur within phase 2
(Fig ure 3b). The ma trix con tains quartz and seri cite-al tered
feld spar <1 mm in size and, in places, dis sem i nated pyrite
and pyrrhotite mineralization ~2-5 mm in size.

Phase 3 is com posed of light grey, mas sive granodiorite. It
has a por phy ritic tex ture, with 2–3 mm plagioclase and 1-
2 mm bi o tite pheno crysts (~5%) in a fine crys tal line ma trix
com posed dom i nantly of quartz (~50%), plagioclase (~30-
40%) and K-feld spar (~10-20%; Fig ure 3a). It also hosts
~0.1–0.5 cm crys tals of por phyry-style py rite, pyrrhotite
and mo lyb de nite min er al iza tion, both in gen er ally west-
dip ping ~0.2–0.5 cm wide string ers and dis sem i nated
through out the ma trix. Chal co py rite min er al iza tion is less
com mon at the sur face but may oc cur with pyrrhotite as
~0.1–0.5 cm crys tals dis sem i nated within the ma trix and
in creas ing in abun dance with depth. This unit is not per va -

sively brecciated, but in places con tains rare clasts of
mas sive sul phide and gar net skarn min er al iza tion. At the
sur face, phase 3 gen er ally dis plays a lower de gree of seri -
cite al ter ation than phases 1 and 2, and plagioclase
phenocrysts are less pervasively altered.

Phase 4 is a north west-strik ing, steeply dip ping, unmineral -
ized diorite dike ap prox i mately ~5-6 m wide. It has a por -
phy ritic tex ture con tain ing ~1-2 mm bi o tite pheno crysts
(~10-15%) and less quartz than phases 1 to 3 (~30–40%). It
ap pears largely un al tered by seri cite or skarn al ter ation, and 
pheno crysts of plagioclase and bi o tite ap pear euhedral and
in tact on fresh sur faces. There fore, this unit likely post -
dates ig ne ous min er al iz ing ac tiv ity. It has a ~1 m wide
chilled mar gin de fined by a fin ing of crys tal size from ~5-
10 mm to <2 mm that vis i bly cross cuts phases 2 and 3 and
con tains rounded xe no liths similar in com po s i tion to
phase 3.

Car bon ate min er als are pres ent at Sul phide City in an ar ray
of set tings, in clud ing as ~0.5–3 cm wide de formed veins
within the gneissic and mar ble coun try rocks; fault brec cia
infill and slickenfibres; crys tals intergrown with py rite,
pyrrhotite, chal co py rite, sphalerite, epidote and gar net; and 
as bar ren and undeformed veins cross cut ting min er al ized
units (Fig ure 3c, d). Skarn min er al iza tion at Sul phide City
is ob served at the mar gins of phases 1 to 3, oc cur ring
mainly at north west-trending, steeply dip ping con tacts be -
tween mar ble and gar net-bi o tite gneiss hostrock units (Fig -
ure 3e), at con tacts be tween hostrock units and pre-
deformational fel sic sills and dikes, and within north- to
west-north west-trending hinge zones in dou bly plung ing
mar ble folds. Both exoskarn and endoskarn min er al iza tion
oc curs across the show ing. Exoskarn is ob served as mas -
sive re place ment of mar ble and as smaller ~10–50 cm pods
along frac ture sur faces (Fig ure 3d). Prograde as sem blages
in clude ~0.1–1 cm wollastonite nee dles, ~0.2–1 cm red to
light brown zoned gar net and dark green augite in a very
fine (<0.5 mm) crys tal line seri cite-quartz-car bon ate ma trix 
(Fig ure 3d, e); ~0.2–1 cm, light green- to brown-zoned
vesuvianite may also be pres ent in places. These ar eas are
of ten spa tially as so ci ated with ret ro grade as sem blages of
quartz, car bon ate, epidote, chlorite and mas sive sul phide
min er al iza tion (Py+Ccp+Po+Sp±Gn; Fig ure 3e). Al -
though also ob served in phases 2 and 3, endoskarn al ter -
ation is es pe cially well de vel oped in phase 1 as mas sive
gar net, augite, epidote and chlorite, along with rusty or -
ange-weath er ing mas sive sul phide (Py+Po+Gn+Sp) min -
er al iza tion. With in creas ing distance (e.g., >50 m) from
intrusive phases 1–3, both prograde and retrograde skarn
assemblages reduce in intensity.

Jackie

The Jackie show ing com prises mainly south east-strik ing
mar ble and gar net-bi o tite gneiss coun try rocks with gen er -
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ally east-south east-trending com plex folds cross cut by sev -

eral in tru sive units (Fig ure 2b). Cross cut ting in tru sions

include 1) ~2–3 m wide, north east- to east-strik ing horn -

blende gab bro dikes that, in places, host py rite min er al iza -

tion in ~1 mm wide veins; 2) <1 m wide, typ i cally north -

east-strik ing, of ten apha ni tic, light green–weath er ing in ter -

me di ate ‘alaskite’ dikes (Fig ure 4a); 3) ~0.5–1 m wide

north-north west- to north west-trending min er al ized peb ble 

dikes that cross cut host rocks and are com posed of ~1–

15 cm, rounded to subrounded clasts of mar ble and gar net-

bi o tite gneiss, min er al ized tonalite to granodiorite, and

mas sive sul phide skarn min er al iza tion (Fig ure 4b). Peb ble

dikes are largely clast sup ported and have ma tri ces con sist -

ing of ~85–95% hy dro ther mal quartz and car bon ate, and

~5–15% rock flour and sul phide min er als. Pyrrhotite-

sphalerite-ga lena-chal co py rite CRD min er al iza tion com -
monly oc curs in centi metre- to metre-scale amor phous
pods and mas sive re place ment zones, ~1-2 cm wide veins
and at north west-strik ing con tacts be tween mar ble and the
‘alaskite’ dikes (Fig ure 4a, c).

Steeply dip ping, north east-trending brit tle faults cross cut
all lithologies pres ent at Jackie, in clud ing min er al ized units 
and typ i cally show ev i dence for centi metre- to metre-scale
off sets (Fig ure 4d). Car bon ate, wollastonite and/or iron-
ox ide slickenfibres are com monly ob served on fault sur -
faces and sug gest a mix ture of nor mal, re verse and strike-
slip mo tion, with both sinistral and dextral dis place ment,
across the show ing (Fig ure 2b). Al though the ‘alaskite’
dikes are of ten cross cut and off set by faults, fault ing is also
ob served par al lel to and at north west-strik ing con tacts be -
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Fig ure 3. Ex am ples of in tru sive units and min er al iza tion styles at Sul phide City: a) por phyry-style min er al iza tion in granodiorite (phase 3)
con tain ing dis sem i nated and vein-hosted py rite, mo lyb de nite and chal co py rite; b) mas sive sul phide skarn clasts within the highly seri cite-
al tered ma trix of phase 2; c) py rite min er al iza tion within a car bon ate vein cross cut ting de formed and al tered gar net-bi o tite gneiss hostrock;
d) car bon ate-gar net-augite-mag ne tite skarn min er al iza tion par tially re plac ing mar ble hostrock; e) rusty-weath er ing, mas sive  sul phide
min er al iza tion and wollastonite-car bon ate-gar net skarn al ter ation at the mar gin of mar ble hostrock. In set shows de tail of tex ture within the
mas sive sul phide min er al iza tion zone. Ab bre vi a tions: Aug, augite; Bt, bi o tite; Cb, car bon ate; Grt, gar net; Gn, ga lena; Mag, mag ne tite; Pl,
plagioclase; Po, pyrrhotite; Py, py rite; Sp, sphalerite; Wo, wollastonite.



tween the dikes and host rocks. At the NW mar gin of the
show ing, a north-north east-strik ing fault con tains a ~2–3 m 
wide zone of hy dro ther mal brec cia com pris ing ~1–5 cm
clasts sur rounded by cock ade tex ture Fe-rich carbonate and 
disseminated pyrite (Figure 4e).

Methodology

In situ U-Pb car bon ate dat ing via la ser ab la tion–in duc -
tively cou pled plasma–mass spec trom e try (LA-ICP-MS)
was car ried out at the Uni ver sity of Portsmouth to de ter -
mine the tem po ral evo lu tion of fluid flow within the two
study ar eas de scribed above (meth od ol ogy fol lows that de -
scribed in Parrish et al. (2018) and Mottram et al. (2024)).
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Fig ure 4. Min er al iza tion at the Jackie show ing: a) py rite and chal co py rite min er al iza tion at the con tact be tween an ‘alaskite’ dike and mar -
ble host rock; b) peb ble dike con tain ing mar ble, granodiorite and gar net-bi o tite gneiss clasts; in set shows clast con tain ing sul phide min er -
al iza tion; c) car bon ate re place ment-style sul phide min er al iza tion in mar ble; mas sive sul phide tex ture de tail shown in in set; d) ~50–75 cm
off set on a con ju gate fault set cross cut ting min er al ized bands within mar ble host rock; e) hy dro ther mal Fe-rich car bon ate with cock ade tex -
tures in fill ing a ~1–2 m wide fault zone and con tain ing dis sem i nated py rite min er al iza tion. Ab bre vi a tions: Bt, bi o tite; Cb, car bon ate; Ccp,
chal co py rite; Gn, ga lena; Grt, gar net; Po, pyrrhotite; Py, py rite; Sp, sphalerite.

Ta ble 1. Sum mary of sam ple lo ca tions for U-Pb dat ing and pre lim i nary age in for ma tion.



Sam ples were first char ac ter ized via op ti cal and re flected
light, scan ning elec tron mi cros copy (SEM) and elec tron
dispersive spec tros copy (EDS). Car bon ate min er als were
tar geted from a range of pre-, syn- and post-min er al iza tion
vein and fault set tings (Fig ures 3, 4, 5). Quoted un cer tain -
ties in Ta ble 1 and Fig ure 5 are 2ó and in clude 2% ad di -
tional prop a gated un cer tainty to ac count for the dis per sion
and long-term reproducibility of the sec ond ary ref er ence
ma te ri als: Duffbrown lime stone (64 ±2 Ma; Hill et al.,
2016) and Mudtank zir con (732 ±5 Ma; Black and Gulson,
1978; Jack son et al., 2004). Where ap pli ca ble, in situ U-Pb
skarn gar net dat ing and any tar geted ac ces sory min er als
will fol low a sim i lar meth od ol ogy (e.g., Seman et al., 2017).

Preliminary Geochronology Results

Pre lim i nary U-Pb car bon ate dates from sam ples col lected
at the Sul phide City and Jackie show ings are pre sented in
Ta ble 1 and Fig ure 5. At Sul phide City, an ~1 cm wide
blocky car bon ate vein cross cut ting min er al ized grano -
diorite (phase 3) yielded an age of 56.2 ±2.5 Ma (n = 57;
MSWD = 1.3). Sim i larly, an ~0.5 cm wide quartz-car bon -
ate vein cross cut ting large centi metre-scale py rite cubes at
Sul phide City yielded an age of 54.0 ±6.5 Ma (n = 45;
MSWD = 1.5). At Jackie, ~0.2 cm wide pull-apart veins
infilled with fine crys tal line car bon ate cross cut the fo li a -
tion in gar net-bi o tite schist and yielded an age of
51.0 ±4.8 Ma (n = 33; MSWD = 2.0). Ap prox i mately 30 ad -
di tional car bon ate sam ples, rep re sent ing a wide range of
tex tures within the Sul phide City and Jackie show ings, are
cur rently be ing an a lyzed, as well as skarn garnets and
igneous zircon in intrusive units.

First-Order Interpretations

Com bined with field and drillcore ob ser va tions, the pre lim -
i nary dates ob tained here pro vide the first tem po ral con -
straints on the tim ing of mag matic-hy dro ther mal fluid ac -
tiv ity at the Sul phide City and Jackie show ings. Car bon ate
ages date the tim ing of fault ing, extensional crack-seal vein 
for ma tion and fluid flow (e.g., Rob erts et al., 2020;
Mottram et al., 2020, 2024).

The pre lim i nary ages ob tained here broadly cor re late with
ages for epi ther mal gold min er al iza tion at the Mount
Skukum mine at ca. 54 Ma (adu laria 40Ar-39Ar age) and En -
gi neer mine at ca. 50 Ma (vanadian illite 40Ar-39Ar age), and 
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Fig ure 5. Pre lim i nary U-Pb dates from car bon ate sam ples (see Ta -
ble 1 for de tails and Fig ure 2 for map lo ca tions): a) U-Pb date from a 
coarse crys tal line car bon ate (CB) vein cross cut ting min er al ized
granodiorite at Sul phide City (sam ple SLM22-002-95.53); b) U-Pb
date from quartz (Qz)-car bon ate vein cross cut ting ~3 cm py rite
(Py) crys tals at Sul phide City (sam ple SLM22-006-396.0); c) U-Pb
date from small pull-apart veins cross cut ting mar ble host rock at
Jackie (sam ple 23SB-013B1). All quoted un cer tain ties are 2ó and
in clude prop a gated un cer tainty. Black scale bars in all in sets are
1 cm.



mesothermal gold min er al iza tion at Montana Moun tain oc -
cur ring af ter ca. 66 Ma, based on vol cano-strati graphic re -
la tion ships (Fig ures 1, 6; Hart and Pelletier, 1989; Love et
al., 1998; Millonig et al., 2017). Com bined with ex ist ing re -
gional ages, re sults in di cate the wide spread and pro tracted
re la tion ship be tween brit tle de for ma tion oc cur ring along
the Llewellyn fault, the in tru sion of sev eral over print ing
phases of por phy ritic granodioritic-tonalitic units, and a
wide variety of mineralization styles.

Future Work

The next phase of this pro ject will fo cus on com bin ing sev -
eral ad di tional geochronometers, in clud ing zir con, gar net,
ti tan ite and ap a tite, span ning from ig ne ous to hy dro ther mal 
tem per a tures, to thor oughly doc u ment the tem po ral evo lu -
tion of the com plex and in ter re lated ig ne ous and min er al iz -
ing pro cesses at the Blue prop erty. U-Pb zir con dat ing of
the ma jor ig ne ous phases, in clud ing the min er al ized
tonalite and granodiorite, will pro vide ab so lute con straints
for the tim ing of ig ne ous ac tiv ity. The next steps for this
pro ject will there fore in clude anal y sis of ad di tional car bon -
ate and gar net sam ples, and the im prove ment of pre ci sion,
where pos si ble, for ex ist ing ages by car ry ing out more anal -
y ses to lo cate rel a tively high-U do mains. On go ing SEM
and EDS im ag ing will be used to better char ac ter ize micro -
struc tures and mi nor min eral phases pres ent in key sam -
ples. This im ag ing will also aid in iden ti fy ing the tex tural
con text of ad di tional ac ces sory min er als that may be dated,
in clud ing ti tan ite, ap a tite and/or mo lyb de nite. In ad di tion,
trace el e ment anal y sis of dated car bon ate and gar net crys -
tals will aid in link ing these min er als to min er al iza tion pro -
cesses, and pro vide con text for dif fer en ti at ing fluid flow
events. Com par ing the age of in tru sive units, skarn gar net

growth, and car bon ate vein and brec cia crys tal li za tion will
be critical for temporally constraining the rate and duration
of both porphyry and skarn mineralization, as well as
faulting events at the study sites.
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Introduction

The de mand for crit i cal min er als es sen tial for clean en ergy
tech nol o gies like wind tur bines, so lar pan els, elec tric ve hi -
cles and bat tery stor age is in creas ing due to the cli mate
emer gency, and the global aim for de car bon iza tion by 2050
(Dal las et al., 2021). In Can ada, plat i num-group el e ments
(PGEs), listed as crit i cal min er als, play a cru cial role in sup -
port ing clean-en ergy tech nol o gies, ad vanc ing a net-zero
fu ture, and in man u fac tur ing air craft tur bines, in dus trial
cat a lysts and elec tron ics (Bossi, 2012; Nat u ral Re sources
Can ada, 2022). Pri mary eco nomic PGE min er al iza tion is
pres ently ex tracted from stratiform chromitite reefs lo cated 
within ultra mafic–mafic in tru sions formed be tween the
late Archean and early Pro tero zoic (Maier, 2005). How -
ever, PGEs, pri mar ily pal la dium, are also re cov ered as by -
prod ucts from por phyry cop per de pos its (John and Tay lor,
2016), such as at the Bingham Can yon mine, in the United
States (Krahulec, 2018), and Kal’makyr mine, in Uzbeki -
stan (Pasãva et al., 2010).

In this pa per, the de port ment of PGEs and gold in the
Kwanika cop per-gold±mo lyb de num por phyry de posit in
Brit ish Co lum bia (BC) was in ves ti gated, with a par tic u lar
fo cus on the po ten tial of pal la dium to add value as a by -
prod uct through met al lur gi cal pro cesses. The Kwanika
por phyry de posit, lo cated in the cen tral Ca na dian Cor dil -
lera, is a Late Tri as sic to Early Ju ras sic calcalkaline sys tem
com pris ing the Cen tral Zone (cop per-gold-sil ver) and the
South Zone (cop per-gold-sil ver-mo lyb de num). Pal la dium

min er al iza tion was first iden ti fied by North West Cop per
Corp. in 2022 but the for ma tion mech a nisms and de port -
ment char ac ter is tics of pal la dium and gold re main poorly
un der stood. The aims of this study are to de ter mine the pri -
mary host min eral(s) for pal la dium and gold, iden tify as so -
ci ated min er al ogy af fect ing met al lur gi cal de port ment, and
investigate geological factors controlling palladium and
gold precipitation in the deposit.

Background Information

Platinum-Group Elements (PGEs)

Plat i num-group el e ments, which are re ferred to as plat i -
num-group met als in en gi neer ing and met al lurgy, are a
group of six me tal lic el e ments: plat i num, pal la dium, rho -
dium, ru the nium, irid ium and os mium (Gunn, 2014). The
PGEs rarely oc cur in na ture as na tive met als but typ i cally
form al loys with each other or other met als like iron, tin,
cop per, lead, mer cury and sil ver. The PGEs can also bind
with metalloids (such as an ti mony, ar senic, bis muth and
tel lu rium) and non met als (such as se le nium and sul phur).
They also ex ist in solid so lu tions within base-metal sul -
phides, where PGEs sub sti tute for other met als within the
crys tal lat tice with out al ter ing the min eral struc ture
(Zientek et al., 2017). Min er als con tain ing one or more
PGE are called plat i num-group min er als, with over one
hun dred rec og nized types (Cabri, 2002; Gunn, 2014). Plat -
i num-group min er als in rocks are typ i cally very fine
grained, vary ing in size from submicron to hundreds of mi -
crons in diameter (Zientek et al., 2017).

PGEs in Porphyry Deposits

Por phyry cop per de pos its around the Pa cific rim, the Med i -
ter ra nean and Carpathian re gions of Eu rope, and the Al -
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pine-Hi ma la yan moun tain sys tem may con tain PGEs as by -
prod ucts, with some eco nomic ad van tage for the pri mary
pro ducer (Eliopoulos et al., 2014; John and Tay lor, 2016).
El e vated con cen tra tions of com bined PGEs (>5 ppm pal la -
dium+plat i num) have been iden ti fied in high-grade bor -
nite-chal co py rite ores and/or flo ta tion con cen trates from
sev eral al ka line por phyry de pos its in var i ous re gions
world wide (Economou-Eliopoulos, 2005). Plat i num-
group el e ment de port ment is cru cial for the re cov ery of
PGEs as a by prod uct, as it fa cil i tates the de sign of the most
ap pro pri ate flowsheet (Sahu et al., 2021). In BC, Thomp -
son et al. (2002) re ported el e vated pal la dium and plat i num
con tents at five al ka line por phyry de pos its formed in is -
land-arc tec tonic set tings: Ga lore Creek, Lorraine, Mount
Milligan, Mount Polley and Ajax East. The heavy min eral
con cen trates they stud ied com prise a mix ture of sulphides
(bornite, chal co py rite and py rite) and ox ides (mag ne tite
and he ma tite). The PGE min er al iza tion, es pe cially pal la -
dium and plat i num, in cop per-gold por phyry de pos its in the 
BC Cor dil lera is linked to postsubduction, al kali-en riched
magmatism in the up per crust, with hy dro ther mal pro -
cesses enriching palladium, gold, copper and tellurium
from porphyry igneous rocks into hydrothermal deposits
(Holwell et al., 2019).

Geological Setting

The Kwanika por phyry de posit is hosted in the Hogem
bath o lith at the west ern mar gin of the Quesnel terrane. The
Quesnel terrane con sists of Late Tri as sic to Early Ju ras sic
vol ca nic, sed i men tary and plutonic rocks (Nicola and Takla 
groups) and hosts nu mer ous por phyry cop per±gold±mo -
lyb de num±sil ver de pos its (Lo gan and Mihalynuk, 2014).
The Hogem batholith is a com pos ite plutonic body that
con tains calcalkalic and alkalic suites, as well as Alas kan-
type ultra mafic–mafic in tru sions, and hosts sev eral cop per-
gold por phyry de pos its (Osatenko et al., 2020). In the pro -
ject area, Late Tri as sic vol ca nic and sed i men tary rocks of
the Takla Group are cut by sev eral suites of Late Tri as sic,
Early Ju ras sic and Mid dle Ju ras sic plutons of the Hogem
suite (Garnett, 1978; Woodsworth et al., 1991). Min er al iza -
tion within the Kwanika prop erty is as so ci ated with an
Early Ju ras sic quartz monzonite phase of the Hogem
batholith (Osatenko et al., 2020). The Cen tral Zone (cop -
per-gold-sil ver) hosts min er al iza tion within diorite and
mon zodiorite por phy ritic in tru sions, whereas the South
Zone (cop per-gold-sil ver-mo lyb de num) ex hib its struc tur -
ally con trolled min er al iza tion in equigranular quartz mon -
zonite to quartz monzodiorite and brec cia bod ies (Ausenco
En gi neer ing Can ada Inc., 2023). A more de tailed geo log i -
cal set ting is pro vided in Osatenko et al. (2020); Figure 1
illustrates the local geology and the spatial relationships
between these zones.

The Cen tral Zone (Fig ure 1) com prises Takla Group ande -
sites and Early Ju ras sic Hogem batholith in tru sions, both

cut by quartz monzonite por phyry host ing the high est grade 
cop per-gold min er al iza tion. Hy dro ther mal al ter ation in -
cludes an in ner potassic core, an outer potassic shell that
tran si tions into a pe riph eral propylitic zone and a patchy
seri cite al ter ation cov er ing other al ter ation types (Osatenko 
et al., 2020). Pal la dium con cen tra tions from fire as say anal -
y ses done on core sam ples 2 m long range from 0.5 to
1655 ppb (av er age: 17.65 ppb), with fire-as say subsample
con cen tra tions of up to 5280 ppb. Gold con cen tra tions
range from 0.5 to 12 700 ppb (av er age: 281 ppb), reach ing
up to 3180 ppb in fire-as say subsamples. Fig ure 2 shows a
rep re sen ta tive sample from the Central Zone used in the
analysis.

In the South Zone (Fig ure 1), min er al iza tion is hosted
mainly in an equigranular quartz monzonite in tru sion of the 
Hogem batholith, show ing potassic, mi nor propylitic and
seri cite al ter ation. The min er al iza tion in the South Zone is
youn ger than that in the Cen tral Zone (Osatenko et al.,
2020). Based on fire as say anal y ses done on core sam ples
2 m long, pal la dium con cen tra tions range from 0.5 to
73 ppb, with an av er age of 4.60 ppb. Gold con cen tra tions
range from 0.5 to 856 ppb, with an av er age of 32 ppb. Fig -
ure 3 shows a rep re sen ta tive sam ple from the South Zone
used in the analysis.

Ultra mafic rocks, mainly hornblende pyroxenite (Fig -
ure 4), have been drilled in var i ous lo ca tions across the
Kwanika prop erty, in clud ing north-north west of the Cen -
tral Zone (Fig ure 1), west of the West fault, and east of the
South Zone (North West Cop per Corp., 2022; Lang, 2023).
These ultra mafic rocks of un known age show weak al ter -
ation with chlorite, epidote and he ma tite af ter mag ne tite but 
lack cop per-gold or mo lyb de num min er al iza tion (Lang,
2023). Within the ultra mafic rocks, pal la dium con cen tra -
tions range from 0.5 to 410 ppb (av er age of 37.47 ppb),
where as gold con cen tra tions de ter mined from fire as say
anal y ses done on core sam ples 2 m long range from 0.5 to
108 ppb (average of 4.5 ppb).

Methodology

In this study, pal la dium and gold de port ment in three dis -
tinct geo log i cal zones were ex am ined us ing min er al og i cal
char ac ter iza tion (op ti cal pe trog ra phy, mi cro X-ray flu o res -
cence [µ-XRF], scan ning elec tron mi cro scope [SEM],
elec tron probe microanalysis [EPMA]), geo chem is try and
heavy min eral sep a ra tion meth ods. Heavy min eral sep a ra -
tion was con ducted with bench-top tests per formed at the
Coal and Min eral Pro cess ing Lab o ra tory of The Uni ver sity
of Brit ish Co lum bia to de ter mine min er al ogy, grain size
and de port ment of pal la dium- and gold-bear ing min er als,
pro duc ing cop per, py rite and mag netic con cen trates. All
con cen trates and head as say sam ples were an a lyzed us ing
aqua-regia par tial di ges tion fol lowed by in duc tively cou -
pled plasma–mass spec trom e try (ICP-MS), fire as say fol -
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Fig ure 1. Ge ol ogy of the Kwanika por phyry de posit area (lo ca tion shown by red dot on in set map; mod i fied from Osatenko et al., 2020). Due 
to over bur den, the ge ol ogy is pro jected to the sur face based on drillcore data. Green cir cles rep re sent drillholes se lected for this study, blue
cir cles in di cate drillholes with pal la dium con cen tra tions de ter mined from fire as say anal y ses done on core sam ples 2 m long and white cir -
cles show drillholes where no anal y sis was con ducted for pal la dium. Fig ure from Por phyry De pos its on the North west ern Cor dil lera of North 
Amer ica: A 25 Year Up date, page 489. Re printed and re vised with per mis sion of the Ca na dian In sti tute of Min ing, Met al lurgy and Pe tro -
leum. Base map was cre ated us ing ArcGIS® soft ware by Esri. ArcGIS® is the in tel lec tual prop erty of Esri and is used herein un der li cense.
Copy right © Esri. All rights re served. For more in for ma tion about Esri® soft ware, please visit <https://esri.ca/>. All co-or di nates are in UTM
Zone 10N, NAD83.



lowed by in duc tively cou pled plasma–op ti -
cal emis sion spec trom e try (ICP-OES), and
four-acid near-to tal di ges tion followed by
ICP-OES+ICP-MS. Additional reporting
on heavy mineral sep a ra tion methods is
ongoing.

For petrographic and SEM anal y sis, grain
mounts (<106 ìm) were pre pared us ing the
cop per con cen trate (792 ppb pal la dium and
13 000 ppb gold) from the Cen tral Zone,
cop per con cen trate (1520 ppb pal la dium
and 396 ppb gold) from the South Zone, and 
high-in ten sity mag netic con cen trate
(360 ppb pal la dium, 52 ppb plat i num and
9 ppb gold) and tail ings of the ultra mafic
rocks (357 ppb pal la dium, 85 ppb plat i num
and 15 ppb gold) due to their el e vated pal la -
dium and plat i num con cen tra tions. Thin
sec tions were taken from core sam ples with 
el e vated pal la dium and gold con cen tra tions 
based on fire as say anal y ses done on core
sam ples 2 m long. Thin sec tions from the
Cen tral and South zones were pre pared
from half-core sam ples ex hib it ing sul phide
min er al iza tion and quartz veins, whereas in 
the ultra mafic rocks, the pres ence of mag -
ne tite or he ma tite was also a fac tor con sid -
ered for sam ple col lec tion. The SEM anal y -
sis was per formed on four grain mounts and 
four thin sec tions, the lo ca tions of three of
which are shown on Fig ures 2–4, where
pos si ble pal la dium and gold min er als had
been ob served dur ing mi cro scopic ex am i -
na tions. The SEM im ag ing was con ducted
in the Elec tron Microbeam and X-ray Dif -
frac tion Fa cil ity of The Uni ver sity of Brit -
ish Co lum bia us ing a SU3900 scan ning
elec tron mi cro scope fit ted with Ad vanced
Min eral Iden ti fi ca tion and Char ac ter iza -
tion Sys tem soft ware, both de vel oped by
Hi tachi High-Tech Can ada, Inc. A bright-

phase search method was used to iden tify

plat i num-group min er als and gold-bear ing

minerals, with thin sec tions and grain mounts

an a lyzed at dif fer ent res o lu tions (0.72, 0.63

and 0.58 mi cron/pixel). Fur ther more, the ma -

jor-el e ment com po si tion of a com plex plat i -

num-pal la dium grain iden ti fied through SEM

anal y sis in the grain mount of tail ings from

the ultra mafic rocks was de ter mined us ing

a JEOL JXA-iHP200F field emis sion elec -

tron probe microanalyzer with Bruker

30 mm² dual sil i con drift de tec tor-en ergy

dispersive spec trom e try. Ta ble 1 lists plat i -
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Fig ure 2. Rep re sen ta tive half-core sam ple of monzonite cut by quartz veins from the
in ter val with the high est pal la dium con cen tra tion (1655 ppb), based on fire as say
anal y ses done on core sam ples 2 m long, from the Cen tral Zone of the Kwanika por -
phyry de posit. The red out line in di cates the sam pling lo ca tion of a thin sec tion col -
lected for scan ning elec tron mi cro scope anal y sis. Ab bre vi a tions: Cal, cal cite; MON,
monzonite; Qz, quartz.

Fig ure 3. Rep re sen ta tive half-core sam ple of quartz monzonite cut by mo lyb de nite-
quartz vein from the in ter val with the high est pal la dium con cen tra tion (73 ppb), based
on fire as say anal y ses done on core sam ples 2 m long, in the South Zone of the
Kwanika por phyry de posit. The red out line in di cates the sam pling lo ca tion of a thin
sec tion col lected for scan ning elec tron mi cro scope anal y sis. Ab bre vi a tions: Mol, mo -
lyb de nite; QMON, quartz monzonite.

Fig ure 4. Rep re sen ta tive half-core sam ple of hornblende pyroxenite ultra mafic rock,
with mag ne tite and he ma tite veins from the in ter val with the high est pal la dium con -
cen tra tion (410 ppb), based on fire as say anal y ses done on core sam ples 2 m long,
from the Kwanika por phyry de posit. The red out line in di cates the sam pling lo ca tion of
a thin sec tion col lected for scan ning elec tron mi cro scope anal y sis. Ab bre vi a tions:
Hem, he ma tite; HORN. PYX, hornblende pyroxenite; Mag, mag ne tite.



num-group min er als and gold-sil ver min er als iden ti fied
through SEM anal y sis, cor re spond ing to the de tails of the
plat i num-group min er als dis played in Fig ures 5–7.

Results

In the Cen tral Zone, min er als con tain ing pal la dium are
found both en closed in quartz, chal co py rite and py rite, and
at the bound aries be tween these min er als. The size of pal la -
dium min er als in the Cen tral Zone ranges from 0.8 to
341.1 µm2. Min er als con tain ing gold and sil ver were pri -
mar ily within or at the bound aries of chal co py rite, py rite
and bornite, and less com monly found within quartz. The
gold-sil ver min er als in the Cen tral Zone range in size from

0.4 to 70.0 µm2. Gold-sil ver min er als with over 75% gold
are clas si fied as na tive gold (Alguacil, 2006), whereas
some se le nium-bear ing types are iden ti fied as fischesserite
(Bindi and Cipriani, 2004). Gold and sil ver tellurides were
also de tected but did not match known min eral com po si -
tions. Back scat tered elec tron (BSE) images of these min er -
als are shown in Figure 5a–f.

In the South zone, a grain of merenskyite 0.7 µm2 in size
was iden ti fied at the quartz-chal co py rite bound ary (Fig -
ure 6a), and an un known min eral con tain ing sil ver and pal -
la dium of 1.2 µm2 was found en closed in bi o tite (Fig -
ure 6b). The el e men tal com po si tion of the sil ver-pal la dium
min eral does not match any known sil ver-bear ing pal la -
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Ta ble 1. Plat i num-group min er als and gold-sil ver min er als iden ti fied in the Kwanika por phyry de posit us ing scan ning elec tron mi cros copy.
Sperrylite and isomertieite in the ultra mafic rocks share an un clear bound ary; the area (32.6 µm²) rep re sents their to tal com bined area.

Fig ure 5. Scan ning elec tron mi cro scope (SEM) back scat tered elec tron (BSE) im ages of pal la dium min er als and gold-sil ver min er als from
the Cen tral Zone of the Kwanika por phyry de posit: a) merenskyite (PdTe2) and en ar gite (Cu3AsS4) at the bound ary be tween chal co py rite
and quartz; b) kotulskite (PdTe) en closed in quartz; c) isomertieite (Pd11Sb2As2) at the bound ary be tween chal co py rite and quartz;
d) fischesserite (Ag3AuSe2) and merenskyite on a chal co py rite bound ary; e) na tive gold (>75% gold) on a py rite bound ary; f) na tive gold ad -
ja cent to hessite (Ag2Te) en closed in quartz. Ab bre vi a tions: Ccp, chal co py rite; Eng, en ar gite; Py, py rite; Qz, quartz.



dium min er als from the lit er a ture. Back scat tered elec tron
im ages of these minerals are shown in Figure 6.

In the ultra mafic rocks, pal la dium min er als, rang ing in size
from 0.4 to 46.6 µm2, were pri mar ily en closed in clinopy -
roxene. Min er als con tain ing plat i num were also iden ti fied,
with two grains con tain ing both pal la dium and plat i num
min er als (32.6 µm2 and 33.5 µm2, re spec tively) at the
bound ary with clinopyroxene (Fig ure 7b, c). Elec tron
probe mi cro analysis (EPMA) was con ducted on one of
these grains to fur ther an a lyze its com po si tion (Fig ure 7d).
Back scat tered elec tron im ages of these minerals are shown
in Fig ure 7a–c.

Discussion

The dis tri bu tion of pre cious min er als across dif fer ent geo -
log i cal zones pro vides valu able in sights into the min er al -
iza tion pro cesses within the pro ject area. A com par i son of
pal la dium- and plat i num-bear ing min er als iden ti fied in this 
study with those dis cussed in the lit er a ture (Cabri, 2002) re -
veals five pal la dium-bear ing min er als and one plat i num-
bear ing min eral. Ta ble 1 sum ma rizes the oc cur rence of
plat i num-group min er als across geo log i cal zones. Two
distinct styles of PGE min er al iza tion are ob served in the
Kwanika de posit. The first is pal la dium dom i nant, oc cur -
ring in monzonite and quartz monzonite hostrocks in the
Cen tral and South zones. El e vated tel lu rium lev els, along

32 Geoscience BC Sum mary of Ac tiv i ties 2024

Fig ure 7. Scan ning elec tron mi cro scope (SEM) back scat tered elec tron (BSE) im ages show ing 
pal la dium and plat i num min er als within ultra mafic rocks (pri mar ily as so ci ated with
clinopyroxene) from the Kwanika por phyry de posit, in clud ing temagamite (Pd3HgTe3) and
kotulskite (PdTe) en closed in clinopyroxene (a), isomertieite (Pd11Sb2As2) and sperrylite
(PtAs2) on the bound ary with clinopyroxene (b), a pal la dium-plat i num min eral on the bound ary
with clinopyroxene (c) and an elec tron probe microanalysis (EPMA) im age of the pal la dium-
plat i num min eral from im age (c) show ing isomertieite (Pd11Sb2As2), sperrylite (PtAs2) and pal -
ladoarsenide (Pd2As) in a com plex grain (d). Ab bre vi a tions: Cpx, clinopyroxene; Pd, pal la -
dium; Pt, plat i num.

Fig ure 6. Scan ning elec tron mi cro scope (SEM) back scat tered elec tron (BSE) im ages of me -
ren skyite and a sil ver-pal la dium min eral from the South Zone of the Kwanika por phyry de posit:
a) merenskyite (PdTe2) at the bound ary be tween chal co py rite and quartz; b) sil ver-pal la dium
min eral en closed in bi o tite. Ab bre vi a tions: Ag, sil ver; Bt, bi o tite; Ccp, chal co py rite; Pd, pal la -
dium; Qz, quartz.



with the oc cur rence of plat i num-group min er als at sul -
phide-sil i cate bound aries or en closed within hy dro ther mal
quartz and sulphides, sug gest a pro cess sim i lar to the semi -
metal col lec tor mech a nism pro posed for the Skouries por -
phyry de posit (McFall et al., 2018); this mech a nism likely
fa cil i tated the trans port and con cen tra tion of PGEs in these
zones. Fur ther more, a sig nif i cantly higher abun dance of
gold-sil ver min er als in the Cen tral Zone and the as so ci a tion 
of plat i num-group min er als with gold-sil ver min er als in the 
Cen tral and South zones sug gest that PGEs, gold and sil ver
were trans ported by the same tel lu ride melt. The sec ond
PGE style is pal la dium and plat i num dom i nant, con fined to
hornblende pyroxenite, with lit tle to no sul phide min er al -
iza tion. Ab sence of gold-sil ver min er als, low tel lu rium
con tent and plat i num-group min er als (kotulskite, isomer -
tieite, sperrylite, temagamite and palladoarsenide) en -
closed in clinopyroxene in di cate a mag matic or i gin.

Conclusion

The Kwanika por phyry de posit ex hib its an un usual en rich -
ment in plat i num-group el e ments, char ac ter ized by three
dis tinct geo log i cal zones. Six types of plat i num-group min -
er als that av er age 22 µm² in size are iden ti fied in the de -
posit. Two dis tinct styles of plat i num-group el e ment min er -
al iza tion are iden ti fied; pal la dium dom i nant in the Cen tral
and South zones, and pal la dium and plat i num dom i nant in
the ultra mafic rocks. This study con sti tutes part of a
broader in ves ti ga tion into plat i num-group el e ment and
gold de port ment in the Kwanika de posit. On go ing re search
will fo cus on the geo log i cal fac tors con trol ling pal la dium
and gold pre cip i ta tion, and the in ter play be tween these two
styles of plat i num-group el e ment min er al iza tion. Fu ture
studies will also address the potential for lattice-hosted
plat i num-group elements.
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Introduction

Carbonatites are man tle-de rived, sil ica-poor ig ne ous rocks
with >50 vol. % pri mary car bon ate min er als (Yaxley et al.,
2021). De spite be ing sil ica-poor, the modal ra tio of car bon -
ate to sil i cate min er als is highly vari able in carbonatites
(Christy et al., 2021) and is de pend ent on how their pa ren tal 
magma is gen er ated and evolves be fore em place ment. Car -
bona tites are of sig nif i cant in ter est to ex plo ra tion com pa -
nies due to their high con cen tra tions of rare-earth el e ments
(REEs). As carbonatite magma evolves, REEs and other in -
com pat i ble el e ments con cen trate within re sid ual melts
(Anenburg et al., 2021). Anorogenic, rift-re lated set tings
fa cil i tate the em place ment of small-vol ume mag mas
produced by decompressional melt ing of the un der ly ing
man tle. This al lows the em place ment of al kali-rich, sil ica-
under saturated mag mas (which can crys tal lize and form
rocks such as carbonatite, nephe lin ite and phonolite)
within large-scale, intraplate extensional struc tures
(Chakhmouradian and Zaitsev, 2012). Ex am ples of such
anor o genic al ka line rock–carbonatite ig ne ous prov inces
in clude the Kola Pen in sula of Rus sia and the East Af ri can
Rift sys tem. Carbonatites and al ka line rocks in orogenic
set tings may also host con cen trated REEs (Song et al.,
2016). In orogenic set tings, carbonatite em place ment oc -
curs ei ther dur ing postorogenic col lapse or be fore a tran si -
tion from a con ver gent to di ver gent tec tonic set ting (Yaxley 
et al., 2022). The cool ing and crys tal li za tion of carbonatite
mag mas are ac com pa nied by the re lease of al kali-rich flu -
ids, which metasomatically al ter (fenitize) sur round ing
coun try rocks (Le Bas, 2008). Flu ids de rived from carbona -
tite mag mas con tain el e vated lev els of al ka lis and volatiles,
which can trans port in com pat i ble el e ments like REEs
(Elliott et al., 2018). There fore, metasomatically al tered
rocks (fenites) can in prin ci ple pro vide in for ma tion on the

mag mas from which the flu ids were sourced and any as so -
ci ated min eral de pos its.

To form eco nomic con cen tra tions of REEs in ig ne ous
rocks, some sort of evo lu tion ary pro cess (liq uid immisci -
bility, frac tional crys tal li za tion or the re lease of flu ids from
magma) is re quired (Chakhmouradian and Zaitsev, 2012).
Fur ther more, carbonatites are of ten af fected by hy dro ther -
mal flu ids, which fa cil i tate the de vel op ment of late-stage
REE min er al iza tion. The in ter ac tion of pri mary mag matic
REE-bear ing min er als (e.g., burbankite and carbocernaite)
with car bon ate-, chlo ride-, flu o ride- or phos phate-rich hy -
dro ther mal flu ids en ables their dis so lu tion and pre cip i ta -
tion of sec ond ary REE phases (Wil liams-Jones et al., 2012;
Anenburg et al., 2021). The pres ence of fenitized rocks and
REE-bear ing min er als, such as bastnäsite, parisite, synchy -
site, Ba-REE fluorocarbonate and monazite, in di cate REE
en rich ment due to hy dro ther mal in ter ac tion (Wall et al.,
2008; Chakhmouradian and Wall, 2012; Hoshino et al.,
2016). As with hy dro ther mal dis so lu tion-reprecipita tion,
weath er ing can also be re spon si ble for the break down of
pri mary REE phases al low ing the trans port of REEs into
later formed REE phases (Anenburg et al., 2021). Be cause
car bonatites are sus cep ti ble to subsolidus re-equil i bra tion
(Chakhmouradian et al., 2016), un der stand ing how the
min er al ogy of a given carbonatite has been affected by
post mag matic processes is critical for determining its min -
er al i za tion potential.

Ice River Complex

The lead au thor’s grad u ate re search is fo cused on a
carbonatite-as so ci ated REE ex plo ra tion pros pect in the
east ern as pect of the Ice River Com plex (IRC). The pros -
pect is lo cated 42 km south east of Golden, in the Brit ish Co -
lum bian por tion of the Vermillion Range, where it is
sandwiched be tween, and bor dered by, Yoho and Kootenay 
Na tional parks. Since 2003, Ea gle Plains Re sources has
been con duct ing ex plo ra tion on the prop erty. TerraLogic
Ex plo ra tion Inc. (on be half of Ea gle Plains Re sources) ran
six ex plo ra tion pro jects (in 2006–2010 and 2012) to ad -
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vance their un der stand ing of the bed rock ge ol ogy of the
IRC within its con tact au re ole (Brown and Holowath,
2022). The IRC is a late De vo nian to early Car bon if er ous
al ka line in tru sion, which has a J-like out line in plan view
and mea sures ap prox i mately 18 km in length and 29 km2 in
to tal ex po sure. A geo log i cal map and de scrip tion of the
com plex are pro vided in Fig ure 1. Weakly metasomatized
Cam brian and Or do vi cian lime stone, do lo mite and shale
coun try rocks (Chan cel lor and Ottertail for ma tions and
McKay Group) host the in tru sion. The old est parts of the in -
tru sion (here af ter re ferred to as the lay ered se ries) com prise 
a rhyth mi cally strat i fied, feld spar-poor, ultra mafic to mafic
se ries rang ing in modal com po si tion from jacupirangite to
urtite. The lay ered se ries is cross cut by feldspathoid sye -
nites (here af ter re ferred to as the syenite se ries) and carbon -
a tite, which are in turn cross cut by lam pro phyre dikes
(Locock, 1994; Pe ter son and Cur rie, 1994; Mumford,
2009; Brown and Holowath, 2022). Em place ment of the
IRC is believed to have resulted in the formation of a
contact metasomatic skarn at the margins of the complex
(Currie, 1975).

Dur ing the Lara mide orog eny, the IRC and sur round ing
host rocks were thrust ap prox i mately 200 km to the east,
along a west-dip ping décollement sur face (Gabrielse,
1991). The IRC be haved as a rel a tively com pe tent mass
dur ing trans port, whereas the sur round ing hostrocks were
strongly sheared (Locock, 1994). Mar ginal units of the IRC 
show strong de for ma tion (e.g., gneissosity and boudinage;
Mumford, 2009). Both the IRC and hostrocks were af fected 
by re gional meta mor phism of prehnite-pumpellyite fa cies
with pres sures of 2–9 kbar and tem per a tures of 200–400 oC
(Cur rie, 1975; Locock, 1994). Gabrielse (1991) sug gested
that re gional meta mor phism was co eval with the east ward
thrust ing of the IRC. There is a large di ver sity of carbona -
tite types in the IRC, dif fer ing in pe trog ra phy and struc tural
char ac ter is tics. The fol low ing de scrip tion is a sum mary of
pre vi ous work on these rocks. Carbonatites oc cur as dikes
and plugs, in trud ing al ka line ig ne ous, sil i cate ig ne ous and
me ta sedimentary hostrocks (Cur rie, 1975; Pe ter son and
Cur rie, 1994). The carbonatites vary in col our from white
to al most black. Cur rie (1975) iden ti fied three carbonatite
bod ies within the IRC. The larg est one is a len tic u lar plug
(400 by 1500 m) of white- to buff-weath er ing cal cite car -
bonatite (unit 10, Fig ure 1) con tain ing mi nor aegirine-
augite, fluorapatite and phlogopite and ac ces sory pyro -
chlore, py rite, strontianite and il men ite. This larg est car -
bonatite body is vis i ble east of Aquila Moun tain on Fig -
ure 1. Cal cite-carbonatite dikes (thin, elon gate bod ies of
unit 10, Fig ure 1) com monly in trude the lay ered se ries
(units 5–9, Fig ure 1) and the syenite se ries (units 11–15,
Fig ure 1; Pell, 1987). As so ci ated with the large cal cite-
carbona tite body are black-weath er ing dikes with ma jor
cal cite, sid er ite and berthierine; also pres ent are mi nor bi o -
tite, aegirine, edingtonite, perovskite and il men ite, as well

as trace quan ti ties of sphalerite and py rite (Locock, 1994).
A youn ger red-weath er ing carbonatite is min er al og i cally
sim i lar to the black-weath er ing carbonatite, but con tains up 
to 10 vol. % noncarbonate min er als, in clud ing ser pen tine,
pyro chlore and xeno time (Pell, 1987). In ad di tion, car -
bona tites with ropy tex tures, pos si bly in di cat ing duc tile de -
for ma tion, were re ported by Cur rie (1975). More silica-
rich, massive, dark green carbonatites have also been doc u -
mented, but no detailed information on their mineralogy is
currently available.

In the east ern part of the IRC (the Moose Creek val ley
[MCV], out lined in pur ple in Fig ure 1), the carbonatites
have com plex, poorly un der stood struc tural and tem po ral
re la tion ships to the syenites (Mumford, 2009); carbonatite
and syenite bod ies lo cally cross cut each other. This am big -
u ous struc tural re la tion ship may be due to mul ti ple phases
of carbonatite em place ment (Pell, 1987). It has also been
pro posed that syenite-as so ci ated carbonatites are re lated to
the red-weath er ing carbonatite de scribed above (Pe ter son,
1983). Syenite-as so ci ated carbonatites are dis tinct due to
low abun dances of sil i cate min er als in these rocks, and the
pres ence of an ker ite, barytocalcite and strontianite in ad di -
tion to cal cite (Pe ter son, 1983; Pell, 1987). As so ci ated sil i -
cate min er als in syenite-as so ci ated carbonatites in clude
phlogopite, al kali feld spars (dom i nantly al bite with mi nor
mi cro cline) and zeolites (nat rol ite, analcime and mi nor
eding tonite; Pell, 1987). Whole-rock geo chem i cal anal y -
ses of the carbonatites show vari able Nb and REE con tents
(Pell, 1987). The syenites are rel a tively more en riched in
Nb, but relatively less enriched in REE in comparison with
the carbonatites (Brown, 2013).

The aims of this study are to 1) de scribe the min er al ogy and
para genetic char ac ter is tics of the dif fer ent carbonatites in
the MCV, with an em pha sis on REE-bear ing phases and
2) iden tify dis tinct min er al iza tion styles, which cor re late to
geo chem i cal vari a tions and anom a lies in the hostrocks. Us -
ing new an a lyt i cal data, an at tempt will be made to con -
strain the source of REE min er al iza tion in the east ern part
of the IRC and iden tify the re la tion ships be tween min er al -
iza tion styles and carbonatite interaction with their host -
rocks.

Methodology

Iden ti fi ca tion of paragenetic se quences is fun da men tal in
un der stand ing the REE-min er al iza tion styles in the IRC
and has im pli ca tions for the petro gen esis of the com plex.
For this study, there is a par tic u lar em pha sis on the iden ti fi -
ca tion of REE-bear ing min er als and the pro cesses that have 
led to their for ma tion. An in-depth un der stand ing of their
compositional and paragenetic char ac ter is tics is es sen tial
to de ter min ing the eco nomic po ten tial of the IRC. For this
pur pose, 57 rock sam ples were col lected dur ing the 2022
field pro gram. Sam ple sites were se lected based on field
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Fig ure 1. Ge ol ogy of the Ice River Com plex (IRC) show ing the ma jor units in the com plex. The study area (the ex tent of Ea gle Plains Re -
sources’ [EPL] ten ure) is shown as a black out line along the east ern mar gin of the com plex. The area of the Moose Creek val ley (MCV), as
con sid ered for this study, is out lined in pur ple. The orig i nal field map ping was un der taken by Cur rie (1975), later dig i tized by TerraLogic Ex -
plo ra tion Inc. Geo log i cal data from Cui et al. (2017) has been added. BC MINFILE en tries: Moose Creek, MINFILE 082N 027; Shin ing
Beauty, MINFILE 082N 025; Waterloo, MINFILE 082N 028; Yip pie, MINFILE 082N 097; Zinc Creek, MINFILE 082N 026 (Brown and
Holowath, 2022; BC Geo log i cal Sur vey, 2024). All co-or di nates are in UTM Zone 11N, NAD 83. Leg end on the fol low ing page.
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ob ser va tions and the re sults of a scintillometer-as sisted
sur vey (Brown and Holowath, 2022), which tar geted
anom a lies out lined in Brown (2013). From this sam ple
suite, a to tal of 35 pol ished thin sec tions were pre pared
from se lected sam ples cho sen on the ba sis of whole-rock
geo chem i cal data (ma jor- and trace-el e ment con cen tra -
tions), us ing such geo chem i cal in di ca tors as to tal REE, Ba,
Zr, Nb, Th, SiO2 and Al2O3 con tents. The in com pat i ble
trace el e ments were cho sen for their as so ci a tion with man -
tle-de rived mag matism and gen er ally low lev els in meta -
sedi mentary host rocks, whereas the SiO2 and Al2O3 val ues
are use ful for dis crim i nat ing between carbonatites, alkaline 
silicate rocks and their metasomatically modified variants.

The pol ished thin sec tions were ex am ined us ing a Leica
Mi cro sys tems Leica DM750 P po lar iz ing mi cro scope to
iden tify ma jor con stit u ent min er als and tex tural char ac ter -
is tics. The sec tions were then ex am ined us ing a va ri ety of
an a lyt i cal tech niques, in clud ing cathodoluminescence
(CL) and back scat tered-elec tron (BSE) im ag ing, en ergy
dis per sive X-ray spec trom e try (EDX) and wave length-dis -
persive X-ray flu o res cence (WDXRF), and Raman vi bra -
tional microspectroscopy (Raman). By us ing a com bi na -
tion of im ag ing and quan ti ta tive tech niques, a com pre-
 hen sive un der stand ing of tex tural (BSE and CL) and
compositional (EDX, WDXRF, Raman) char ac ter is tics of
the se lected sam ple suite was achieved.

Cold-cath ode CL im ag ing is used for lu mi nes cent min er als
(such as cal cite, ap a tite and flu o rite; Mitch ell et al., 2017) to 
iden tify trace-el e ment-in duced compositional vari a tions
and zonation, which would be un de tect able in BSE im ages,
in clud ing vari a tions aris ing from REE sub sti tu tions in
these min er als. In tan dem with CL im ag ing and EDX, BSE
im ag ing was used to elu ci date in ter re la tions among dif fer -
ent min er als, and in par tic u lar, microtextural char ac ter is -
tics be yond the res o lu tion of an op ti cal mi cro scope (such as 
exsolution lamellae and symplectic inter growths). Op ti cal,
CL and BSE im ag ing were also used to iden tify and map
representative areas of interest for further quantitative
analysis.

Quan ti ta tive microbeam tech niques en able ma jor- and
trace-el e ment compositional vari a tions to be de ter mined

in situ and with a spa tial res o lu tion of 10–30 mm. A non de -
struc tive microbeam tech nique ca pa ble of de tect ing ma jor
and mi nor el e ments in min eral grains at con cen tra tions
>200 ppm is WDXRF. For ac cu rate petrographic char ac ter -
iza tion of all rock types in this study, WDXRF was used to
de ter mine the ma jor-el e ment com po si tion of all con stit u ent 
min er als (feld spars, clinopyroxenes, cal cite, etc.) and REE
phases. Raman was used to iden tify poly morphs and
compositionally sim i lar phases that can not be re li ably dis -
crim i nated us ing a com bi na tion of EDX and CL im ag ing.
To en able ac cu rate beam po si tion ing, match ing BSE and

reflected-light microscopic images and maps of target areas 
were used.

Moose Creek Valley

Structure

Ig ne ous rock ex po sures in the MCV are abun dant at higher
el e va tions in the west ern flank of the val ley, where they are
hosted within the Ottertail For ma tion and McKay Group.
Ig ne ous rock ex po sures in the MCV gen er ally dip gently
west ward. Through out the MCV, three phases of de for ma -
tion are rec og nized. Fold ing F1 is char ac ter ized by small-
scale, tight folds around the mar gins of the syenite se ries.
This de for ma tion event was prob a bly caused by syenite
em place ment. Fold ing F2 rep re sents a struc tur ally dom i -
nant com pres sive event caused by the Lara mide orog eny,
and is char ac ter ized by open, north- to north west-trending
ax ial traces. In the MCV, the main ex po sure of F2 is a
sigmoidal-shaped, open- to iso cli nal-plung ing anticline,
which trends north-north west to west-north west. Post -
orogenic dextral shear ro tated the jacupirangite–urtite lay -
ered se ries, carbonatite plug and sur round ing hostrock
~30° and is also re spon si ble for the sigmoidal shape of the
F2 anticline and lo cal ter tiary fold ing (F3; Currie, 1975).

Late-Stage Igneous Features of the MCV

Nu mer ous syenite, lam pro phyre and carbonatite dikes and
sills are ex posed within the MCV. Three dis tinct groups of
in tru sions were iden ti fied: 1) a neph el ine syenite–nephe -
lino lite group, 2) a syenite–monzodiorite group and 3) an
al ka li feld spar gran ite dike. The syenite dikes are typ i cally
grey, fol low a north-north west trend, and dip be tween 35°
and 65° (Fig ure 2a; Mumford, 2009). Their tex ture is fine
grained to peg ma titic and com monly inequigranular; in di -
vid ual bod ies range from 0.20 m to sev eral metres in width
and may be traced in out crop for ~200 m. Syenite bod ies,
which in trude the Ottertail For ma tion, gen er ally con form
to bed ding in the hostrock and, there fore, can be clas si fied
as sills. Syenite in tru sions are strongly de formed, which is
ob served as boudinage at the out crop scale and as fo li ated
bi o tite ag gre gates at the thin-section scale (Mumford,
2009).

An other abun dant ig ne ous rock type in the MCV is lam pro -
phyre. It oc curs as dark grey to dark green dikes rang ing
from 0.15 to 5 m in width. The dikes cross cut both the IRC
and sur round ing metasedimentary se quence, fol low a
north west trend and have sim i lar dips to the syenite in tru -
sions (Fig ure 2b). Two prin ci pal va ri et ies of lam pro phyre
have been iden ti fied: apha ni tic to fine-grained, am phi bole-
rich sannaite and con spic u ously por phy ritic, bi o tite-rich
mi net te. The lam pro phyres are lo cally de formed, as in di -
cated by cal cite-filled ten sion gashes and boudinage.
Mumford (2009) noted iso to pi cally in dis tin guish able sye -
nite-lam pro phyre dike as sem blages oc cur ring through out
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the MCV, and pre sum ably they were de rived from the same
source as the lam pro phyres. Both lam pro phyre and syenite
in tru sions ex hibit a sim i lar ori en ta tion with re spect to the
re gional tec tonic fab ric, in di cat ing their postem place ment
ro ta tion into the main fo li a tion plane (S3; Figure 2c).

Carbonatite Field Relationships

The least abun dant in tru sive rock in the MCV (both in vol -
ume and num ber of mapped bod ies) is car bona tite. This
rock is typ i cally found as sills or dikes mea sur ing from 0.10 
to 2 m in width. How ever, nu mer ous thin ner cross cut ting
veins and vein lets com pris ing sim i lar min eral as sem blages
are also ob served in the syenites and metasedi mentary host -
rocks (Fig ure 3a–c). For this study, large carbonatite bod ies 
and per va sively metaso ma tized rocks were pref er en tially
sam pled be cause they can be more readily rec og nized in the 
field based on their dis tinc tive struc tural char ac ter is tics
(such as cross cut ting re la tion ships or re cessed units). Also,
a scintillometer-as sisted sur vey in the MCV showed the ra -
dio met ric re sponse from the carbonatites was low but
greater than the hostrock back ground (Brown and
Holowath, 2022). Ar eas of el e vated ra dio met ric re sponse
were tar geted for sam pling. The sam pled in tru sions are

mod er ately to steeply dip ping (24–90°) bod ies that gen er -
ally fol low a south-southwest trend and range from 2 to
>50 m in exposed length.

Three va ri et ies of carbonatite were iden ti fied on the ba sis
of field, geo chem i cal and petrographic char ac ter is tics: pale 
grey ish do lo mite carbonatite; white to light grey, sac cha -
roi dal, cal cite carbona tite; and cream to pink, barytocal cite
car bona tite. Ox i dized carbonatite va ri et ies are or ange-
brown to dark brown ow ing to the re place ment of ac ces sory 
py rite by Fe-oxyhydroxides. Po ten tially re lated to the bary -
to cal cite carbonatite is a frac ture-hosted hy dro ther mal car -
bon ate-rich as sem blage ob served in both cal cite carbona -
tites and syenites. The tex ture of carbonatites ranges from
fine to coarse grained and from subequigranular to brec -
ciated. All sam ples show some tex tural ev i dence of post -
emplacement ductile and brittle deformation.

Mineralogy of the Eastern Ice River
Complex Carbonatites

Dolomite Carbonatite

Do lo mite carbonatite is in ter preted to be the ear li est phase
of carbonatite magmatism in the east ern IRC, where it is
con fined to the area sur round ing the Yip pie min eral show -
ing (MINFILE 082N 097, BC Geo log i cal Sur vey, 2024;
Fig ure 1). Of par tic u lar note in this area is an anastomosing
carbonatite-syenite sill (Fig ure 3a) as so ci ated with the
great est REE en rich ment re corded on the prop erty (Brown
and Holowath, 2022). This carbonatite is com posed pre -
dom i nantly of mo saic-tex tured, fine- to me dium-grained
do lo mite (Fig ure 4a). Its most no ta ble petrographic fea ture
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Fig ure 2. Pho to graphs of late-stage ig ne ous fea tures in the
Moose Creek val ley, south east ern Brit ish Co lum bia: a) ridge be -
tween But tress Peak and Man ga nese Moun tain (look ing south)
show ing syenite dikes em a nat ing from the syenite se ries into sur -
round ing Ottertail For ma tion lime stone (unit 2, Fig ure 1); b) mi -
nette dike (out lined with yel low dashed line) on the ridgeline be -
tween Sen try Peak and Zinc Moun tain (look ing south) in trud ing
meso- to melanocratic syenite (unit 12, Fig ure 1); c) carbonatite
dike cross cut ting car bon ate metasedimentary rocks south of the
ridge be tween Man ga nese Moun tain and But tress Peak (note F3

fold ing in the hostrock).
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Fig ure 3. Pho to graphs of carbonatite dikes in the Moose Creek
val ley (MCV), south east ern Brit ish Co lum bia: a) carbonatite–sye -
nite sill at the Yip pie show ing (MINFILE 082N 097, BC Geo log i cal
Sur vey, 2024), as so ci ated with the great est rare-earth-el e ment en -
rich ment within the study area; b) brown, ox i dized, cal cite car bon -
ate dike, viewed look ing north ward to ward Sen try Peak; c) white,
cal cite carbonatite brec cia cross cut ting the McKay Group, south -
east of Mount Mollison.

Fig ure 4. Im ages of do lo mite and cal cite carbonatites, Ice River
Com plex, south east ern Brit ish Co lum bia: a) back scat tered-elec -
tron (BSE) im age of do lo mite (Dol) carbonatite in truded by cal cite
(Cal) carbonatite; b) BSE im age of rel ict ac ces sory monazite (Mnz) 
sur rounded by a poikilitic re ac tion rim com pris ing fluorapatite
(Fap), ancylite (Anc) and strontianite (Str); c) cathodolumines -
cence im age of b) and sur round ing area show ing yel low-lu mi nesc -
ing cal cite cross cut ting do lo mite and blue lu mi nesc ing fluorapatite
rims on nonluminescent monazite. Ab bre vi a tions: Bbn, bur -
bankite; BCal, barytocalcite; Ca, cal cium; Sr, stron tium.



is ac ces sory equant monazite, which is par tially re placed by 
secondary REE-Sr-Ba phases (Figure 4b, c).

Calcite Carbonatite

The most com mon va ri ety of carbonatite found through out
the MCV is cal cite carbonatite. The best-stud ied ex am ple is 
a dike com posed pre dom i nantly of mo saic-tex tured, fine-
to coarse-grained cal cite, mi nor platy phlogopite and fi -
brous magnesioarfvedsonite near fenitized con tacts. To -
ward the rim, there is a de crease in Mg con tent in cal cite
grains, which in di cates their crys tal li za tion from an ini -
tially Mg-rich source (Viladkar, 2000; Chakhmouradian et
al., 2016). Phlogopite crys tals are also zoned and char ac ter -
ized by Mg en rich ment in their cores rel a tive to more Fe-
rich rims (Fig ure 5a). Ac ces sory phases in clude monazite
and burbankite, which oc cur as ovoid in clu sions en cap su -
lated in cal cite, pyrrhotite or sphalerite (Fig ure 5b). Mona -
zite and burbankite ap pear to have re acted with postmag -
ma tic flu ids (ev i denced by the pre cip i ta tion of hy drous
min er als), pro duc ing re ac tion rims or pseudo morphs com -
posed of ancylite, ap a tite, strontianite, bar ite and cal cite
(Fig ures 4b, c, 5c). Sil i cate-rich va ri et ies of cal cite carbon -
a tite con tain ing el e vated lev els of SiO2, K2O, FeO and
MgO con tents are typ i cally weath ered to an or ange-brown
col our ow ing to ox i da tion of ferro mag nesi an sil i cates (in
par tic u lar, re place ment of bi o tite by chamosite and, to a
lesser ex tent, clinochlore). Through out the MCV, sil i cate-
rich cal cite carbonatite is more abun dant than silicate-poor
calcite carbonatite and contains brecciated fragments of the 
country rocks (Figure 5d).

Barytocalcite Carbonatite

A vein of cream to pink barytocalcite carbonatite with a
glim merite con tact mar gin was ob served at the in ter sec tion
be tween jacupirangite and melasyenite units. Its as so ci a -
tion with glimmerite in di cates con tact-metasomatic
changes sim i lar to those re ported for other carbonatites in
Brit ish Co lum bia (Chakhmouradian et al., 2015; Rukhlov
et al., 2018). Barytocalcite carbonatite is a newly rec og -
nized rock type for the IRC, mak ing it one of just a few lo -
cal i ties world wide where barytocalcite has a rock-form ing
sta tus (Zaitsev et al., 1998; Reguir, 2001). Whole-rock geo -
chem i cal anal y sis of the sam ple col lected from this car -
bona tite shows an oma lously high con cen tra tions of Ba, Sr
and REE (~12.5, 1.9 and 1.4 wt. %, re spec tively). Fine- to
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Fig ure 5. Im ages of cal cite carbonatite as sem blages, Ice River
Com plex, south east ern Brit ish Co lum bia: a) back scat tered-elec -
tron (BSE) im age of zoned phlogopite (Phl) in cal cite (Cal) car bon a -
tite; b) BSE im age of ovoid monazite (Mnz) and ti ta nium-rich mag -
ne tite (Ti Mag) in clu sions in pyr rho tite (Po); c) BSE im age of a
pseu do morph af ter burbankite com posed of ancylite (Anc), stron -
tia nite (Str), ap a tite (Ap), bar ite (Brt) and par tially resorbed do lo -
mite (Dol); d) crossed-po lar ized light im age of comb-tex tured cal -
cite car bon a tite con tain ing xe no liths of fo li ated McKay Group
me ta sedi mentary rock. Ab bre vi a tion: Gn, ga lena.



me dium-grained barytocalcite makes up the bulk of this
vein and is also de vel oped in ter sti tially within the glimmer -
ite (Fig ure 6a, b). The re main der of the vein is com posed of
ac ces sory strontianite and ancylite, which are found as very 
fine-grained overgrowths on in cor po rated bar ite and il -
men ite grains. In CL im ages, barytocalcite lu mi nesces dull
to bright yel low; smaller patches of red-lu mi nesc ing cal cite 
are found within the glimmerite and at its contact with bar -
yto calcite (Figure 6a).

Hydrothermal Carbonate Assemblages

Min er al og i cally com plex hy dro ther mal car bon ate as sem -
blages are hosted in thin veinlets cross cut ting syenites (Fig -
ure 7a) and carbonatites (Fig ure 7b, c). These as sem blages
share many sim i lar i ties with the barytocalcite carbonatite,
in par tic u lar, an abun dance of Ba and Sr car bon ate phases.
The prin ci pal dif fer ence be tween the as sem blages and the
baryto calcite carbonatite is the abun dance of chlorite
(dom i nantly chamosite) in the for mer. The in sta bil ity of bi -
o tite, pau city of he ma tite and abun dance of chamosite, il -
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Fig ure 6. Im ages of barytocalcite carbonatite vein, Ice River Com -
plex, south east ern Brit ish Co lum bia: a) cathodoluminescence im -
age of barytocalcite (BCal) show ing trace-el e ment zon ing, which
is un de tect able op ti cally; note red-lu mi nesc ing cal cite (Cal) near
the glimmerite–barytocalcite vein con tact; b) cor re spond ing
plane-po lar ized light im age of the barytocalcite vein and glim -
merite com posed of phlogopite (Phl) and il men ite (Ilm).

Fig ure 7. Im ages of veinlet-hosted hy dro ther mal car bon ate
as sem blages, Ice River Com plex, south east ern Brit ish Co -
lum bia: a) back scat tered-elec tron (BSE) im age of frac ture
infill of baryto calcite (BCal), strontianite (Str), ancylite (Anc)
and thorite (Thr) in K-feld spar (Kfs)–rich syenite with mi nor
bi o tite (Bt); in syenites, smaller-scale frac tures are com -
posed of thor ite ‘rims’ sur round ing frac ture edges, strontia -
nite and ancylite ‘block ages’ in fluid path ways, and baryto -
cal cite form ing around the strontianite-ancylite block ages;
b) BSE im age of frac ture infill of alstonite (Asn), ancy lite,
stron tia nite and thor ite in carbonatite; in com par i son with a),
there is more ancy lite and less thorite in this as sem blage;
the al ston ite pres ent in this as sem blage is a polymorph of
bary to cal cite; the frac ture infill in carbonatites is dis tinctly
less or dered, com pared to a); c) cathodoluminescence im -
age of zoned ap a tite (Ap) oc cur ring close to the hy dro ther -
mal as sem blage shown in b); wave length-dispersive X-ray
flu o res cence anal y sis of the ap a tite in di cates light rare-
earth-el e ment en rich ment in blue-lu mi nesc ing zones. Ab -
bre vi a tion: Cal, cal cite.



men ite and lo cally sid er ite in this hy dro ther mal as sem blage 
im ply acidic con di tions con du cive to K+ and Fe2+ mo bil ity
(Mücke, 2005; Chakhmouradian et al., 2015). The frac ture-
in fill ing ma te rial is very fine grained and typ i cally com -
prises alstonite, strontianite, ancylite, bi o tite, chamosite
and il men ite; thorite, pyrrhotite, sphalerite, ga lena, mona -
zite, kukharenkoite, synchysite, euxenite and al la nite are
much less abun dant. Min er als such as bi o tite, chamosite
and il men ite are par tic u larly abundant in thicker veinlets
associated with pervasive alteration and oxidation.

Fenite

Metasomatic min eral as sem blages that can be con fi dently
in ter preted as fenite were ob served along frac tures and in
xe no liths hosted by carbonatites and syenites. All known
ex am ples of fenitization in the MCV sam ples are sodic.
These metasomatic rocks are com posed pre dom i nantly of
al bite and aegirine (Fig ure 8a), with magnesioarfvedsonite
(Na am phi bole) ob served only in the endocontact zone of
cal cite carbonatite. At the con tact be tween syenite and
fenitized jacupirangite, pri mary K-feld spar is rimmed by
hya lo phane and Ba-rich phlogopite (Fig ure 8b), in di cat ing
Ba mo bil ity. In ad di tion to Na- and Ba-sil i cate phases,
fenitization pro duced sev eral ox ide min er als (Fig ure 8c).
Oikocrysts of thorutite (ThTi2O6) are intergrown with Nb-
bear ing ana tase (tetragonal TiO2), whereas pyrochlore (Na-
Ca-Nb ox ide) oc curs as in clu sions in Nb-bear ing brookite
(orthorhombic TiO2). Ti tan ite crys tals in the pre cur sor rock 
were re placed by il men ite and cal cite. Mi nor quan ti ties of
very fine-grained cal cite, ancylite and barytocalcite also
occur in the fenitized rocks.

Conclusions and Future Work

Do lo mite, cal cite and barytocalcite carbonatites have been
iden ti fied through out the Moose Creek val ley (MCV). The
most abun dant carbonatite type, cal cite carbonatite, is com -
posed of cal cite and mi nor pro por tions of do lo mite and
ferro mag nesi an sil i cate min er als. Pre dom i nantly dolomitic 
or barytocalcitic rocks are less com mon through out the
MCV; how ever, mi nor quan ti ties of do lo mite and baryto -
cal cite are ob served in cal cite carbonatites. In MCV do lo -
mite carbonatites, monazite and burbankite are pri mary,
early-crys tal liz ing rare-earth-el e ment (REE)–bear ing min -
er als. Both min er als show ev i dence of a re ac tion with post -
mag matic flu ids, which pro duced a tex tur ally com plex sec -
ond ary min eral as sem blage of Sr-Ba car bon ates, bar ite and
ap a tite. In this as sem blage, the prin ci pal REE host is
ancylite. Monazite is an early-crys tal liz ing REE phase in
both do lo mite and cal cite carbonatites, as in di cated by its
euhedral equant mor phol ogy, oc cur rence as in clu sions in
other min er als, and the pres ence of late-stage re ac tion as -
sem blages de vel oped at the ex pense of monazite. All ex am -
ined cal cite carbonatites con tain ancylite and ap a tite; these
min er als are most abun dant in sam ples where the re place -
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Fig ure 8. Im ages of fenite as sem blages, Ice River Com plex,
south east ern Brit ish Co lum bia: a) plane-po lar ized light im age of
aegirine (Aeg)- and al bite-rich fenite over print ing syenite; b) back -
scat tered-elec tron im age of the con tact be tween syenite (at left)
and fenitized jacupirangite; note a re ac tion rim of hya lo phane
(Hya) and phlogopite (Phl) be tween the two rocks; c) BSE im age of
thorutite (Thrt) oikocrysts intergrown with ana tase (Ant) and
rimmed by brookite (Brk) con tain ing pyrochlore (Pcl) in clu sions;
the iden tity of ana tase and brookite was con firmed by Raman
micro spectroscopy. Ab bre vi a tions: Ab, al bite; Anc, ancylite; Ap,
ap a tite; Cal, cal cite; Chl, chlorite; Ilm, il men ite; Kfs, K-feld spar; Ntr, 
nat rol ite; Ttn, ti tan ite.



ment of monazite or burbankite is ob served. The na ture or
source of a fluid re spon si ble for this hy dro ther mal over -
print is at pres ent un known. It can be hy poth e sized that it
was carbonatitic, given the ab sence of other vo lu mi nous
intrusives en riched in Sr, Ba and REE in the study area.
How ever, the rel a tive con tri bu tion of nonmagmatic
sources to this fluid remains to be determined. A study of C-
O stable isotope variations in the MCV rocks is presently
underway to address this question.

Sil ica-rich va ri et ies of cal cite carbonatite are wide spread
through out the MCV; it is not clear if these rocks rep re sent
prod ucts of sil ica con tam i na tion or crys tal lized from a sil -
ica-rich melt. These rocks are per va sively al tered, which
re sulted in bi o tite re place ment by chlorite and de po si tion of 
di verse sec ond ary REE-bear ing min er als (monazite,
kukharenkoite, synchysite, euxenite and al la nite) in as so ci -
a tion with chlorite. The late-stage REE-bear ing min er als
are less abun dant than monazite and ancylite. An in ves ti ga -
tion of compositional vari abil ity of these min er als, with
em pha sis on petrogenetically sen si tive trace el e ments (Mn, 
REEs, Th and U) is cur rently un der way to an a lyze the dis -
tri bu tion of REE among dif fer ent con stit u ent min er als in
the carbonatites and constrain the processes of their
formation.

This study rec og nized barytocalcite carbonatite as a new
rock type for the Ice River Com plex (IRC). Barytocalcite is
ac com pa nied by strontianite and ancylite (as a ma jor REE
car rier), which is min er al og i cally akin to frac ture-hosted
hy dro ther mal as sem blages ob served through out the MCV.
It is there fore pos si ble that this type of carbonatitic mag -
matism had a larger foot print prior to the ex hu ma tion and
ero sion of the IRC dur ing the Lara mide orog eny. The prov -
e nance of barytocalcite is pres ently be ing in ves ti gated us -
ing C-O sta ble iso tope, Sr ra dio genic iso tope and trace-
element geochemical analyses.
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Introduction

Carbonatites are un com mon ig ne ous rocks (Bell et al.,
1999) that con tain over 30% pri mary car bon ate min er als
(Mitch ell, 2005) and are of con sid er able eco nomic in ter est
due to their en rich ment in rare-earth el e ments (REEs) and
ni o bium, mak ing carbonatites the ma jor source of these el -
e ments in the world (Rankin, 2005). In ad di tion to their
eco nomic im por tance, carbonatites are crit i cal for un der -
stand ing man tle pro cesses and tec tonic his tory. Their fre -
quent oc cur rence in Pre cam brian cratonic ar eas (~88%)
and as so ci a tion with extensional tec ton ics or con ti nen tal
rift ing (Bell and Tilton, 2001; Veevers, 2007) make them
valu able mark ers for re con struct ing past con ti nen tal con -
fig u ra tions. Their dis tinc tive geo chem i cal sig na tures, char -
ac ter ized by a high haf nium con tent, en able ra dio genic iso -
tope stud ies that can provide insights into the composition
and evolution of the subcontinental mantle.

De spite sig nif i cant ad vances in un der stand ing carbona -
tites, sev eral key ques tions re main un re solved, par tic u larly
con cern ing their man tle source re gions and gen e sis. Geo -
chem i cal stud ies have linked carbonatite for ma tion to the
chem i cal het er o ge ne ity of the man tle, with dif fer ent iso to -
pic com po si tions, such as de pleted mid-ocean–ridge ba salt
(MORB) man tle (DMM), high-ì (HIMU) and en riched
man tle (EM) types, as so ci ated with carbonatites and
oceanic-is land bas alts (OIBs). Whereas OIBs pro vide in -
sights into the sub-oce anic man tle, carbonatites, pre dom i -

nantly found in con ti nen tal set tings, of fer a win dow into the 
sub con ti nen tal man tle. How ever, there is on go ing de bate
re gard ing whether carbonatites orig i nate from dis tinct
man tle com po nents or from het er o ge neous lithospheric
man tle sources. For ex am ple, carbonatites from the East
Af ri can Rift have been at trib uted to man tle-plume metaso -
matism (Bell and Tilton, 2001), whereas al ter na tive in ter -
pre ta tions sug gest a lo cal ized lithospheric source with out
plume in volve ment (Woolley and Bailey, 2012). The lack
of con sen sus on these is sues high lights the need for fur ther
iso to pic and geo chem i cal re search to clar ify the pro cesses
driv ing carbonatite gen e sis and man tle het er o ge ne ity. The
for ma tion of carbonatites and their po ten tial to be come ore-
grade de pos its are con trolled by fac tors such as the source
re gion of the par ent magma, the depth and de gree of melt -
ing, and the sub se quent evo lu tion of the mag ma dur ing its
as cent and em place ment (Simandl and Paradis, 2018).

Pre lim i nary re sults and dis cus sion aimed at ad dress ing the
gaps in un der stand ing the pro cesses lead ing to carbonatite
for ma tion are pre sented in this pa per, fo cus ing spe cif i cally
on an area of the Ca na dian Cor dil lera in south east ern Brit -
ish Co lum bia (BC). Late De vo nian–Early Mis sis sip pian al -
ka line magmatism in this re gion of fers a unique op por tu -
nity to in ves ti gate man tle pro cesses at a point of sig nif i cant
tec tonic tran si tion from pas sive to ac tive along the west ern
Lau ren tian mar gin. The pri mary ob jec tive of fu ture re -
search will be to in ves ti gate the tim ing and man tle source
char ac ter is tics of carbonatite and syenite magmatism, with
a fo cus on test ing the hy poth e sis that this ac tiv ity re flects
the in volve ment of a metasomatized man tle source. By in -
te grat ing new zir con U-Th-Pb geo chron ol ogi cal data with
Hf iso to pic sig na tures, fu ture re search will aim to clar ify
the role of tec tonic pro cesses and man tle het er o ge ne ity in
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driv ing al ka line magmatism dur ing this pe riod of tec tonic
tran si tion to a subduction zone set ting. An in tro duc tion to
these on go ing in ves ti ga tions is pre sented in this pre lim i -
nary pa per that serves as a foun da tion for forth com ing
studies, which will contribute to a broader understanding of 
the role of metasomatized mantle sources in shaping car -
bona tite genesis.

Regional Geology

The Ca na dian Cor dil lera can be sub di vided into five mor -
pho geo logical belts from west to east: the In su lar, Coast,
Inter montane, Omineca and Fore land belts (Fig ure 1a;
Mon ger et al., 1982; Mon ger and Price, 2002). The Omine -
ca belt rep re sents the wes tern most sec tion of the miogeo -
cline of the North Amer i can craton, where alloch tho nous
ter ranes are struc tur ally jux ta posed with parau toch tho nous
(Kootenay terrane) and autochthonous North Amer i can
mar gin. The study area is lo cated within the south ern
Omineca belt (Fig ure 1a, b) and com prises two tec tonic ter -
ranes: the Selkirk allochthon and the Monashee Com plex.
The Selkirk allochthon fea tures de formed and me ta mor -
phosed rocks from accreted ter ranes, metasedi mentary
strata and mafic sills thrust over the Monashee Com plex,
which in cludes base ment rocks and a cover se quence of
meta sedimentary and meta vol can ic units (Read and
Brown, 1981).

Carbonatites and as so ci ated al ka line rocks in the Ca na dian
Cor dil lera are re stricted to the Omineca and Fore land belts
(Fig ure 1a), where they in truded or erupted in con tact with
Neoproterozoic and early to mid dle Pa leo zoic miogeo -
clinal strata dur ing pe ri ods of rift ing or extensional tec ton -
ics (Okulitch, 1984; Parrish and Scammell, 1988; Pell,
1994). There have been three dis tinct ep i sodes of al ka line
magmatism within the Cor dil lera, span ning ap prox i mately
460 m.y. (Millonig et al., 2012). The youn gest and most ex -
ten sive ep i sode oc curred around 360–340 Ma (Fig ure 1b),
as so ci ated with extensional tec ton ics re lated to a back-arc
re gime dur ing the early stages of subduction along the
west ern mar gin of Laurentia (Pell, 1994; Nelson and
Colpron, 2007).

Local Geology

Blue River Area (BRA)

The Blue River area (BRA) is un der lain by the Selkirk
allochthon, sit u ated struc tur ally above the Paleoprotero -
zoic base ment rep re sented by the Malton and Monashee
com plexes (Fig ure 1b; Digel et al., 1998). It is bounded by
the North Thomp son nor mal fault to the west and the Rocky 
Moun tain Trench to the east (Fig ure 1b; Struik, 1993). The
area fea tures brit tle nor mal faults and folds, col lec tively
known as the Selkirk fan, char ac ter ized by a south west -
ward to north east ward change in vergence (Ew ing, 1981;
Gib son et al., 2008). The Tri dent Moun tain syenite oc curs

on the east ern flank of the fan, where the deep est crustal
levels are ex posed (Figure 1b).

The prin ci pal lithological unit in the BRA is the Neopro -
tero zoic Horsethief Creek Group, a clastic turbidite se -
quence that forms the basal suc ces sion of the up per
Proterozoic and Pa leo zoic Cordilleran miogeocline (Fig -
ure 1b; Wheeler, 1965; Brown, 1978; Perkins, 1983). It is
over lain by the up per Pa leo zoic–lower Cam brian Hamill
Group quartzites, the lower Cam brian Badshot For ma tion
mar bles and the deep-wa ter fa cies of the lower Pa leo zoic
Lardeau Group, which in cludes car bon ates and meta vol -
can ics (Fig ure 1b; Colpron et al., 2002). Ap prox i mately 18
car bonatites and ac com pa ny ing al ka line rocks in the BRA
oc cur as sill-like bod ies and lenses that in truded these units
dur ing the late Cam brian and Late De vo nian–Late Mis sis -
sip pian (Fig ure 1b; Millonig et al., 2012). The Tri dent
Moun tain syenite (TMS) is found within a lower pelite unit
in the east ern part of the BRA.

Frenchman Cap Dome (FCD)

The Monashee Com plex, which in cludes the French man
Cap dome (FCD), rep re sents the deep est ex posed struc tural 
level within the Shuswap meta mor phic core com plex (Fig -
ure 1b; Mon ger et al., 1982; Okulitch, 1984). The FCD is
bounded to the west by the Monashee décollement, a duc -
tile re verse shear zone, and to the east by the Co lum bia
River fault (Fig ure 1b). The Mount Grace carbonatites are
lo cated on an over turned limb of the Mount Grace syncline, 
a west-verg ing fold nappe. The Three Val ley gap (TVG) al -
ka line rocks oc cur in the south west ern part of the FCD,
within a se ries of tightly spaced nor mal faults related to the
Victor Lake fault.

The Monashee core gneiss com prises Pro tero zoic ortho -
gneiss and sub or di nate paragneiss and is un con form ably
over lain by the Monashee cover gneiss, which in cludes a
Meso pro terozoic to Late De vo nian metasedimentary se -
quence (Fig ure 1b; Wheeler, 1965; Reesor and Moore,
1971). Within the FCD, carbonatites and al ka line rocks ap -
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Fig ure 1. Morphogeological belts of the Ca na dian Cor dil lera and
gen er al ized ge ol ogy of the study area: a) dis tri bu tion of carbonatite 
and al ka line com plexes (black dots) in west ern North Amer ica (af -
ter Pell, 1994; McMillan and McLemore, 2004; Lund, 2008;
Woolley and Kjarsgaard, 2008; Millonig et al., 2012) and sim pli fied
map show ing the bound aries (blue dashed lines) of the five
morphogeological belts (mod i fied from Mon ger and Price, 2002),
the pres sure-tem per a ture di a gram of am phi bo lite-fa cies meta -
mor phism (pur ple poly gon) and the study area (red box); b) sam ple 
lo cal i ties (red dots) plot ted on a tec tonic as sem blage map of the
study area, and other carbonatite and syenite lo cal i ties plot ted
(small white dots) with ig ne ous ages (af ter Parrish and Scammell,
1988; Pell, 1994; Parrish, 1995; Colpron et al., 2002; Millonig et al., 
2012). Ab bre vi a tions: BCF, Birch Creek fault; Cr., creek; CRF, Co -
lum bia River fault; Gl., gla cier; L., lake; LtCh, Lit tle Chi cago; MD,
Mon a shee décollement; Mt., mount; Mtn., moun tain; NEF, North -
east fault; NTF, North Thomp son fault; RMT, Rocky Moun tain
Trench; Serp., Ser pen tine.
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pear as large, sill-like bod ies that in truded or erupted into
the basal few hun dred metres of the Monashee cover gneiss
(Höy, 1987; Scammell and Brown, 1990). The Mount
Grace carbonatites (MGCs) are lo cated within the up per
cover gneiss and the TVG rocks are lo cated within the
lower cover gneiss of the Monashee Complex.

Zircon Isotopic Sampling Program

Previous Geochronological Studies

This study fo cuses on the TMS, MGC and TVG carbonatite 
and syenite, each of which has been the sub ject of pre vi ous
geo chron ol ogi cal anal y ses. Ta ble 1 lists the lo ca tions of
sam ples from this study and re lated carbonatites and sye -
nites along with any known ig ne ous or meta mor phic age.
Millonig et al. (2012) con ducted U-Pb zir con anal y sis on
the TMS, this syenite yield ing an in ferred in tru sion age of
ca. 360 Ma, along with a meta mor phic age of ca. 57 Ma,
based on the ob served lin ear discordia ar rays. Millonig et
al. (2012) also in ves ti gated zir con from the MGC at the
Blais Creek lo ca tion, con clud ing that the erup tion age was
ca. 359.3 ±2 Ma. Parrish (1995) an a lyzed sam ples from the
MGC at Blais Creek and de ter mined that the growth of
meta mor phic zir con oc curred at ca. 55 Ma, in di cat ing sig -
nif i cant post-erup tion meta mor phism. Ura nium-lead anal -
y sis of zir con from an in tru sive carbonatite gneiss near the
Three Val ley gap lo cal ity by Parrish (1995) sug gested an
in tru sion age of 359 ±46 Ma for the TVG carbonatite and
syenite. No ta bly, the TVG syenite has not been pre vi ously
dated, making this study crucial for establishing its geo -
chron o l ogi cal context.

Methods

Zir con grains were sep a rated us ing con ven tional den sity
and mag netic meth ods. The en tire sep a rate was an nealed in
a muf fle fur nace at 900 °C for 60 hours to re pair ra di a tion
dam age, en hance cathodoluminescence (CL) emis sion and
im prove la ser-ab la tion in duc tively cou pled plasma–mass
spec trom e try (LA-ICP-MS) per for mance. Af ter an neal ing, 
in di vid ual grains were hand-picked, mounted, pol ished
and im aged via CL us ing a scan ning elec tron mi cro scope
(SEM), and spots for LA-ICP-MS analysis were selected.

Ura nium, tho rium and lead iso tope anal y ses were per -
formed us ing LA-ICP-MS at the Goe the-Universität
Frank furt, fol low ing the method pre sented in Gerdes and
Zeh (2006, 2009), with slight mod i fi ca tions. A Thermo -
Scientific El e ment II High Res o lu tion ICP-MS was cou -
pled with a 193 nm excimer la ser sys tem for ab la tion. Spot
sizes ranged from 17 to 80 µm, de pend ing on ura nium con -
tent. Data were ac quired in time-re solved mode, with a
20 second back ground mea sure ment fol lowed by 21 sec -
onds of sam ple ab la tion. Raw data were cor rected offline
for back ground sig nal, com mon lead, el e men tal frac tion -
ation and in stru men tal mass bias us ing an in-house spread -

sheet pro gram. The method was verified using reference
zircon samples.

Haf nium iso topes were mea sured in zir con by mon i tor ing
masses 172Yb, 173Yb, 175Lu and 176Hf, with iso baric in ter fer -
ence cor rec tions ap plied. Bias cor rec tions used an ex po -
nen tial law (based on 179Hf/177Hf = 0.7325) and the GJ-1
zir con served as the ref er ence stan dard. The av er age 176Hf/
177Hf value ob tained for GJ-1 was 0.282008 ±16 (2ó), con -
sis tent with published values.

Sample Descriptions

Blue River Area

The Tri dent Moun tain syenite is a con cor dant len tic u lar
body within the lower pelite unit of the Horsethief Creek
Group rocks and out crops of the Selkirk terrane on the
slopes of Tri dent Moun tain and ad ja cent ridges (Perkins,
1983; Pell, 1994). The syenite is white to gray, me dium
grained and mod er ately well fo li ated par al lel to the mar gins 
of the in tru sive body, with compositional lay er ing (Perkins, 
1983; Pell, 1994). Sam ple TMS (Ta ble 1) is a neph el ine-
syenite gneiss com posed of K-feld spar (30–40 vol. %),
neph e l ine (34–45 vol. %), plagioclase (10 vol. %), sodalite
(2–5 vol. %) and bi o tite (~2 vol. %), with accessory zircon
and pyrochlore.

Frenchman Cap Dome

The Mount Grace carbonatites are pyroclastic de pos its and
oc cur as thin (~0.5–4 m), lat er ally dis con tin u ous strata -
bound mappable lenses on a sin gle strati graphic ho ri zon
within the Monashee cover gneiss (Höy and McMillan,
1979; Höy, 1987). They can be traced and pro jected for at
least 60 km along strike on the in verted south west ern limb
of the Mount Grace syncline (Fig ure 1; Höy, 1987; Pell,
1994). The Mount Grace carbonatites (at Blais Creek,
Mount Grace, Perry River and Bourne Gla cier; Fig ure 1b)
were ex ten sively de scribed in Abdale et al. (2024) and
com prise a range of lithofacies, from tuffs, lapilli tuffs and
tuff brec cias to coun try-rock brec cia. Sam ple MGC (Ta -
ble 1) is a calciocarbonatite from the Mount Grace lo ca tion; 
it is a brown- to black-weath ered, mas sive to poorly bed ded 
and mildly fo li ated clast-sup ported lapilli tuff that is poorly
sorted and weakly nor mally graded. The grains ap pear to be 
~75–85% ju ve nile carbonatitic in com po si tion, with ~15–
25% albite-rich xenoliths.

The Three Val ley gap carbonatite and syenite oc cur as thin,
dis con tin u ous bed ding-par al lel lenses within the Mona -
shee cover gneiss. Carbonatite lenses are gen er ally 20–
60 cm in width and have mafic fenites 10–30 cm thick de -
vel oped be tween them and ad ja cent rocks. Ev ery where
they were ob served, the fenites are in di rect con tact with,
and gradational to, syenites. Com monly the carbonatite oc -
curs as lenses within the fenite. Sam ple TVG-C (Ta ble 1) is
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Ta ble 1. Rock type, sam ple name, co or di nates and geo chron ol ogi cal data for the Blue River and French man Cap dome ar eas.



a calciocarbonatite and con sists of cal cite (60–70 vol. %),
bi o tite (10–20 vol. %), am phi bole (hornblende, 5–
20 vol. %), ap a tite (5–10 vol. %) and augite (1–5 vol. %), as
well as trace amounts of ti tan ite, il men ite, pyrochlore, pyr -
rho tite, monazite, epidote (al la nite), kyan ite, REE-car bon -
ates and zir con. Sam ple TVG-S (Ta ble 1) is a neph el ine
syenite and con sists of K-feld spar (50–60 vol. %), plagio -
clase (40–50 vol. %), augite (5–15 vol. %) and titanite (1–
2 vol. %).

Preliminary Data Interpretation

In ter pre ta tion of the ini tial data has re vealed key in sights
into the mag matic his tory of Late De vo nian–Early Mis sis -
sip pian carbonatites and syenites in the south east ern Ca na -
dian Cor dil lera. Re sults from pre lim i nary zir con U-Pb dat -
ing sug gest that these rocks may re cord a sig nif i cant
mag ma tic pulse ca. 360 Ma. This aligns with a re gional
pulse of al ka line magmatism that af fected the FCD and
BRA ca. 360–340 Ma (Pell, 1994; Millonig et al., 2012;
Millonig and Groat, 2013). While sev eral carbonatite and
sye nite com plexes in the BRA have been found to date from 
the Late De vo nian–Early Mis sis sip pian (Fig ure 1b), the
MGC and TVG carbonatite and syenite are the only known

oc cur rences of this age in the Monashee Com plex (Fig -
ure 1b). This pe riod cor re sponds to a sig nif i cant tec tonic
tran si tion along the west ern Lau ren tian con ti nen tal mar gin, 
which oc curred ca. 390 Ma (Mon ger and Price, 2002). The
tec tonomagmatic set ting is dis played sche mat i cally in Fig -
ure 2 (see Abdale et al., 2024, Fig ure 9). Dur ing this time,
the mar gin shifted from an intraplate con ti nen tal mar gin to
an interplate con ver gent mar gin, fol lowed by extensional
tec ton ics along re ju ve nated crustal faults and back-arc ba -
sin for ma tion due to slab roll back fur ther west dur ing the
Late De vo nian to early Car bon if er ous (Fig ure 2; Roback et
al., 1994; Smith et al., 1995; Colpron et al., 2007; Nel son
and Colpron, 2007; Lund, 2008; Lund et al., 2010). In this
tec tonic set ting, carbonatites likely in truded near the con ti -
nen tal mar gin, where a thin con ti nen tal litho sphere was
pres ent (Fig ure 2; Millonig et al., 2012; Abdale et al.,
2024). Protoliths to the BRA carbonatite-syenite hostrocks
(the Horsethief Creek Group) rep re sent rel a tively deep-
water, likely back-arc ba sin strata (Brown et al., 1986;
Journeay, 1986; Scammell and Brown, 1990), whereas the
FCD car bona tite-syenite hostrocks (the Monashee cover
gneiss) rep re sent shal low-wa ter, con ti nen tal-mar gin sed i -
ments (Fig ure 2; Wheeler, 1965; Reesor and Moore, 1971;
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Fig ure 2. Sche matic di a gram of an ces tral North Amer i can mar gin in De vo nian–Mis sis sip pian times. Top
panel shows a hy po thet i cal depositional set ting with extensional ar rows and the lo ca tion (small red box)
of the bot tom panel that shows the depositional mech a nism of Mount Grace carbonatite lapilli tuff (LT1)
and tuff brec cia (TB1 and TB2) lithofacies as well as the cal car e ous mud, sand stone, evaporite and lime -
stone in a transgressive ma rine se quence (mod i fied from Abdale et al., 2024, Fig ure 9).



Journeay, 1986; Scammell and Brown, 1990; Crowley,
1997; Höy, 2001). The abun dance of Late De vo nian–Early
Mis sis sip pian al ka line rocks in the BRA re flects the thin
litho sphere and con cen tra tion of re ac ti vated deep-seated
crus tal faults within the back-arc ba sin, whereas fur ther
east on the con ti nent, the thick crust and fewer faults may
have lim ited such ul tra-low vis cos ity in tru sions (Fig ure 2).

Pre lim i nary U-Pb and Hf iso to pic data in di cate cor re la tions 
with man tle source char ac ter is tics, sug gest ing HIMU-
EM2–like com po nents that are con sis tent with metaso -
matized man tle sources. This is sim i lar to the find ings of
Ruhklov et al. (2015), who pre sented Sr, Pb, Nd and Hf iso -
to pic data for carbonatite oc cur rences mainly from the
north ern hemi sphere, in clud ing a few sam ples from the Ca -
na dian Cor dil lera, along with pub lished global data (Fig -
ure 3). Fig ure 3 pres ents car bona tite-evo lu tion data, in clud -
ing HIMU (high-µ, where µ = 238U/204Pb[t = 0]); a
ra dio genic Pb source found in MORBs, OIBs, kimber lites
and carbonatites as so ci ated with re cy cled oce anic and con -
ti nen tal crust subducted into the man tle (Hofmann and
White, 1982; Zindler and Hart, 1986; Hofmann, 1997;
Stracke et al., 2005); and EM2, a ra dio genic Hf source
formed from meta somatic en rich ment of an cient oce anic

litho sphere fol lowed by long-term, deep-man tle stor age
(Zindler et al., 1979 and Roden et al., 1984; Work man et al., 
2004). These sig na tures are con sis tent with a subduction
zone, back-arc, thin-litho sphere set ting. Re sults from this
study es tab lish the pres ence of a metaso matized man tle be -
low the west ern con ti nen tal mar gin in the Late De vo nian–
Early Mis sis sip pian (Fig ure 3). These ini tial ob ser va tions
will be ex plored fur ther in fu ture stud ies to better de fine the
role of man tle het er o ge ne ity in these mag matic sys tems.

Summary and Next Steps

Fu ture re search will fo cus on pro vid ing a com pre hen sive
anal y sis of these find ings, with im pli ca tions for un der -
stand ing man tle metasomatism and tec tonic-mag matic in -
ter ac tions along con ti nen tal mar gins. The suc cess ful ap pli -
ca tion of zir con U-Pb geo chron ol ogy and Hf iso to pic
anal y sis in this study dem on strates a ro bust meth od ol ogy
for un der stand ing the mag matic his tory and man tle pro -
cesses be neath west ern North Amer ica. These ini tial data
hint at con nec tions be tween re gional tec tonic shifts and
mag matic pro cesses; how ever, fur ther stud ies are es sen tial
to fully elu ci date how man tle dy nam ics and crustal struc -
ture in flu enced magmatism in this back-arc set ting. Mov -
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Fig ure 3. Haf nium evo lu tion di a grams for carbonatites world wide and late Archean syenitic
com plexes from the Ca na dian Shield (adapted from Rukhlov et al., 2015, Fig ure 5b). De pleted
mid-ocean–ridge ba salt (MORB) man tle (DMM), en riched man tle 1 and 2 (EM1, EM2), ‘Fo cus
zone’ (FOZO) and high-238U/204Pb or m (HIMU) man tle com po nents are shown on the y-axis of
this eHf(t) ver sus time (Ga) di a gram; eHf(t) = ([176Hf/177Hf(sam ple)/

176Hf/177Hf(CHUR)]-1) ́  104, where
176Hf/177Hf(sam ple) is the ini tial ra tio in the sam ple and 176Hf/177Hf(CHUR) is the ra tio in the chondritic
uni form res er voir (CHUR) at that time (Rukhlov et al., 2015). Also shown are data from the old est 
sil i cate rocks and de tri tal zir cons from South Af rica, West ern Aus tra lia and West Green land
(Rukhlov et al., 2015). Er ror bars are 2s un cer tain ties that in clude prop a gated er rors as so ci ated
with age, mea sured 167Lu/177Hf and 176Hf/177Hf ra tios, 176Lu de cay con stant, and CHUR pa ram e -
ters. Copy right Prov ince of Brit ish Co lum bia. All rights re served. Used with per mis sion.



ing for ward, ad di tional data will be col lected from ap prox i -
mately ten sam ples of carbonatites and syenites sourced
from the FCD and BRA, with ages rang ing from 800 to
360 Ma. Zir con Hf iso to pic anal y sis of these sam ples will
as sist in fur ther elu ci dat ing the Hf com po si tion of the
subcontinental man tle, thus en hanc ing un der stand ing of its
evo lu tion and the tec tonic con text of the re gion. This ex -
panded dataset will con trib ute to a more com pre hen sive in -
ter pre ta tion of sub con ti nen tal man tle dy nam ics and the
geo chem i cal sig na tures as so ci ated with al ka line magma -
tism in this area. The re sults pre sented in this pa per es tab -
lish a pre lim i nary frame work, lay ing the ground work for
fu ture de tailed anal y ses on the in ter ac tion be tween man tle
het er o ge ne ity and tec ton ics in the Cor dil lera.
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Introduction

The Prof peg ma tite is a petalite-sub type peg ma tite lo cated
in south east ern Brit ish Co lum bia (BC). This peg ma tite was
re cently dis cov ered to con tain petalite, mark ing it as the
first known peg ma tite in BC to con tain sig nif i cant lith ium
min er al iza tion (Breasley et al., 2024). The peg ma tite con -
tains a suite of min er als in dic a tive of a highly evolved geo -
chem i cal peg ma titic melt in clud ing petalite, elbaite, le -
pido lite and Ta-Nb ox ides. The mul ti ple tex tural and
geo chem i cal va ri et ies of tour ma line within the Prof peg ma -
tite re cord a com plex geo chem i cal his tory of crys tal li za tion 
and metasomatism. This pa per pres ents the pre lim i nary re -
sults of a study into the tour ma lines of the Prof peg ma tite,
and forms part of the lead au thor’s Ph.D. re search into li th -
ium mineralization in petalite-subtype pegmatites across
Canada.

Regional Geology

The Prof peg ma tite is lo cated on Boul der moun tain2, west
of Revelstoke, BC. It is sit u ated in the Monashee Com plex,
a di vi sion of the larger Shuswap Com plex, which con tains
two ma jor cul mi na tions: the Thor-Odin dome in the south
and the French man Cap dome in the north (Fig ure 1). Boul -
der moun tain is lo cated be tween these two struc tural cul mi -
na tions within the Monashee Com plex cover se quence
(Norlander et al., 2002). The cover se quence con tains a va -
ri ety of schists, quartz ite and calcsilicate and quartzofeld -
spathic gneiss es, which over lie the higher grade ortho- and

paragneisses and migmatites of the Monashee Com plex
base ment (Hinchey et al., 2006). These base ment rocks un -
der went high-grade meta mor phism and de for ma tion and
have ex pe ri enced mul ti ple pe ri ods of anatexis (Hinchey et
al., 2006). Be tween 60 and 50 Ma, the Monashee Com plex
ex pe ri enced rapid ex hu ma tion and de com pres sion, lead ing 
to the dome ex pres sions seen to day (Spalla et al., 2011).
Ana texis was a ma jor pro cess dur ing this time pe riod and is
re corded in the form of migmatites, leucosomes and peg -
ma tites (Hinchey, 2005). Pegmatites of the re gion have
been dated, for ex am ple, the aplite-pegmatites in the Blan -
ket Moun tain and Griz zly flats3 area (25 km south of
Boulder moun tain) crys tal lized be tween 52.2 ±0.5 Ma and
50.2 ±0.5 Ma (U-Pb zir con dat ing; Johnston et al., 2000).
Ad di tion ally, the youn gest S-type gran ite of the re gion, the
La dy bird suite (Hinchey and Carr, 2006), has a zir con U-Pb 
age of 62.1 ±0.3 Ma for the gran ites and as young as
55.5 ±0.3 Ma for as so ci ated pegmatites (Carr, 1992). Eocene-
age nor mal brit tle faults cut through some of the pegmatites
in the re gion (Kruse and Wil liams, 2005; Hinchey et al.,
2006).

Prof Pegmatite

The Prof peg ma tite lies within an ex ten sive field of pegma -
tites, which has not been ex plored in de tail. The pegmatites
on Boul der moun tain were briefly de scribed by Lane
(2017) and the Prof peg ma tite was de scribed in de tail by
Breasley et al. (2024). The Prof peg ma tite is a bilobate in -
tru sion 70 m long and 5 m wide that strikes 60° and was di -
vided into four min er al ized zones by Breasley et al. (2024):
1) bor der zone, 2) in ter me di ate zone in clud ing the graphic
and over growth subzones, 3) cen tral zone and 4) quartz
zone. The bor der zone forms a milli metre-scale band sur -
round ing the peg ma tite and con tains quartz, K-feld spar,
mus co vite and dravite-schorl (Mg- and Fe-bear ing tour ma -
line) with mi nor mag ne tite and bi o tite. Within the in ter me -
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1The lead au thor is a 2024 Geoscience BC Schol ar ship re cip i ent.
2Lat i tude 51.005292, lon gi tude -118.394507
3Lat i tude 50.820186, lon gi tude -118.349559
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Fig ure 1. a) Re gional ge ol ogy of the Revelstoke area (mod i fied af ter Wheeler and McFeely, 1991). The red square shows the lo ca tion of Boul der moun tain (un -
of fi cial name) and the Prof peg ma tite. b) The over view map shows the lo ca tion of the Monashee Com plex in re la tion to the morphogeological belts of Brit ish
Columbia.



di ate zone, the graphic subzone con tains gra phic inter -
growths of K-feld spar and quartz and hosts mul ti ple aplite
bands, which con tain quartz, perth ite, al bite and schorl-
dravite. The over growth subzone lacks graphic inter -
growths and con tains more abun dant tour ma line. Mul ti ple
min er als form rims around older phases in this sub zone.
The cen tral zone hosts an evolved peg ma tite core, which
con tains the main lith ium min er al iza tion of petalite, el baite
(Li-bear ing tour ma line) and le pido lite. A subzone found at
the con tact be tween the in ter me di ate zone and the cen tral
zone is termed the dis tal tour ma line subzone, due to the
abun dance of dif fer ent col oured tour ma lines. The quartz
zone is 1–3 m thick and is al most monomineralic with mi -
nor beryl, schorl and mica. Three phases of metaso ma tism
al tered the Prof peg ma tite in clud ing an albitization event, a
later more Na-Li-F–enriched metasomatic event and a
sericitization event (Breasley et al., 2024).

Methods

Dur ing field work in 2021, 2022 and 2023, a rep re sen ta tive
sam ple set of tour ma lines was col lected from the Prof peg -
ma tite. Sam ples of tour ma lines with vari able colours and
tex tures and from dif fer ent zone lo ca tions form the ba sis of
this study. Min eral com po si tions were de ter mined us ing a
JEOL Ltd. JXA-iHP200F field emis sion elec tron probe mi -
cro analyzer in the De part ment of Earth, Ocean and At mo -
spheric Sci ences at The Uni ver sity of Brit ish Co lum bia
(Van cou ver, BC). Compositional data were ac quired for
tour ma lines and X-ray in ten si ties were pro cessed to gether
within the Probe for EPMA soft ware (Probe Soft ware,
Inc.). The in stru ment was op er ated at an ac cel er at ing volt -
age of 15 kilo volts (kV) with a beam cur rent of 15 nano -
amperes (nA) and a beam di am e ter of 5 ìm. Tour ma line
com po si tions were quan ti fied and cor rected us ing the fol -
low ing stan dards: al bite (CMTaylor) for Si Ká, Na Ká; co -
run dum (CMTaylor) for Al Ká; spessartine (CMTaylor) for
Mn Ká; ScPO4 (Na tional Mu seum of Nat u ral His tory
[NMNH] 168495) for Sc Ká; RbTiPO5 (Astimex Stan dards
Ltd.) for Rb Lá; pollucite (SPI Sup plies [SPI]) for Cs Lá;
chro mium ox ide (SPI) for Cr Ka; di op side (SPI) for Ca Ká,
Mg Ká; flu o rite (SPI) for F Ká; he ma tite (SPI) for Fe Ká;
rutile (SPI) for Ti Ká; orthoclase (SPI) for K Ká; tugtupite
(SPI) for Cl Ká; and Cu (JEOL (Ger many) GMBH) for Cu
Ká. Struc tural for mu lae were cal cu lated on the ba sis of 31
an ions, as sum ing stoichiometric amounts of H2O as (OH),
that is, OH + F = 4 at oms per for mula unit (apfu), B2O3 (B =
3 apfu) and Li2O (as Li+; Mac Don ald et al., 1993; Burns et
al., 1994). The amount of Li as signed to the Y min er al og i -
cal site cor re sponds to the ideal sum of the cat ions oc cu py -
ing the T + Z + Y min er al og i cal sites (15 apfu) mi nus the
sum of the cat ions ac tu ally oc cu py ing these sites (Li = 15 –
[T + Z + Y] or Li = 15 – [Si + Al + Mg + Fe + Mn + Zn + Ti +
Sc + Cr]); the calculation was iterated to self-consistency.

Preliminary Results

All tour ma lines from the Prof peg ma tite were iden ti fied as
part of the al kali group, with dravite, schorl, elbaite, fluor-
elbaite and fluor-schorl com po si tions be ing iden ti fied.
Petro graphic and com po si tion de tails for each zone of the
peg ma tite are given be low. Geo chem i cal points for rep re -
sen ta tive sam ples are shown in Table 1.

Border Zone

Tour ma lines of the bor der zone typ i cally con tain con cen -
tric zon ing and oc cur through out the bor der zone as in di -
vid ual black crys tals, ei ther dis sem i nated or in a comb
struc ture ori ented per pen dic u lar to the con tact. De tailed
com po si tions of these tour ma lines are yet to be an a lyzed,
but they were shown to be dravite-schorls from Raman
spectroscopy.

Intermediate Zone

Tour ma lines are highly vari able in the in ter me di ate zone
and oc cur in comb struc tures (Fig ure 2a), in aplite bands
(Fig ure 2b) and as in di vid ual milli metre-scale crys tals dis -
sem i nated through out the zone. The tour ma lines typ i cally
have a strong con cen tric zonation but lo cally con tain no
zona tion (Fig ure 3a, b). In the aplit ic por tions of the in ter -
me di ate zone, the tour ma line cores con tain high con tents of 
Mg and Fe and are dravites. These tour ma lines are typ i cally 
black in rep re sen ta tive sam ples and ap pear brown to deep
blue in thin sec tion. These dravites are of ten sur rounded by
a dull brown-green rim in rep re sen ta tive sam ples. This cor -
re sponds to schorl com po si tions with Fe > Mg or Li+Al at
the Y min er al og i cal site. Lo cally, the dravites and schorls
are coated by a fi nal F- and Li-rich tour ma line rim with a
fluor-elbaite com po si tion (Figure 3a), which is of ten
colour less in thin sec tion and cannot be distinguished by
eye in rep re sen ta tive samples.

Central Zone

Mul ti ple colours of tour ma line ex ist in the cen tral zone of
the Prof peg ma tite in clud ing green tour ma lines in the more
dis tal re gions of the zone, pale pink tour ma lines and rare
blue tour ma lines. These tour ma lines are all elbaite to fluor-
elbaite in com po si tion. A va ri ety of these multi col oured
tour ma lines are lo cated in the dis tal tour ma line subzone,
which is close to the con tact with the in ter me di ate zone.
Tour ma lines of the core of the cen tral zone form elon gate
ra dial sprays or dis tinct iso lated crys tals (Fig ure 2c). These
pink tour ma lines can ei ther show os cil la tory zonation or
can con tain abun dant quartz (Fig ure 3c) and, rarely, both of
these tex tures can be seen within in di vid ual crys tals (Fig -
ure 3d). The fluor-elbaite commonly host elevated Mn con -
cen tra tions (up to 0.32 apfu).
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Quartz Zone

Large blue-black tour ma lines are pres ent at the edges of the
quartz zone and have a fluor-schorl com po si tion.

Discussion

The Prof peg ma tite con tains mul ti ple min er als that re cord
the frac tion ation and geo chem i cal evo lu tion of melt, as ev i -
denced by their in com pat i ble el e ment con tents. The geo -
chem i cal evo lu tion of the micas and Nb-Ta ox ides of the
peg ma tite are de scribed in de tail in Breasley et al. (2024).

Tour ma lines are a com mon min eral that can re cord geo -
chem i cal evo lu tion trends in pegmatites. They are a use ful
min eral to an a lyze in pegmatites as they have the po ten tial
to form through out all stages of crys tal li za tion, if there is
suf fi cient B in the sys tem, cap tur ing the geo chem i cal en vi -
ron ment through out the paragenesis of the peg ma tite, from
em place ment to the fi nal stages of metasomatism. In gen -
eral, tour ma lines show a trend of Fe- and Mg-bear ing
schorl to dravite to Li-bear ing elbaites with melt evo lu tion.
This has been noted by mul ti ple au thors in the lit er a ture
(Jolliff et al., 1986; Selway et al., 1999; Roda-Robles et al.,
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Ta ble 1. Se lected com po si tions of tour ma lines from the Prof peg ma tite, south east ern Brit ish
Co lum bia. Ox ides are in wt. %, ions are in at oms per for mula unit (apfu), B = 3 apfu and Li = 15 –
(T+Z+Y). Ab bre vi a tions: n.d., no data; r, va cancy; T, Z and Y, min er al og i cal sites.



2015) and com mon el e ments that re flect the geo chem i cal
change of peg ma titic sys tems in clude Fe, Mn, Li, Al and F.
Due to the abun dance, tex tural va ri et ies and geo chem i cal
vari a tion of tour ma lines at the Prof peg ma tite, tour ma line is 
a highly valu able min eral to study to re veal insights into the
geochemical change throughout the paragenetic crys tal li -
za tion sequence of the pegmatite.

The dravite and schorl within the Prof peg ma tite are in ter -
preted to be pri mary mag matic in na ture due to their as so ci -
a tion with blocky min er als and the pris tine na ture of the
crys tals. The elbaites show com plex tex tural re la tion ships
and ex hibit os cil la tory zonation and can be found with
abun dant quartz in clu sions. The elbaites show ev i dence of
pri mary mag matic or i gins due to their os cil la tory zon ing,
which is not usu ally found in re place ment min er als (cor re -
spond ing to the blue/green crys tals). In ad di tion to this, the
elbaites, which con tain abun dant quartz in clu sions and ap -
pear more in ter nally mot tled (pink in col our), are found as -
so ci ated with crosscut ting veins con tain ing al bite and le pi -
do lite. This could in di cate that these elbaites are sec ond ary
me ta somatic in or i gin. Both of these tex tures can be ob -
served within a sin gle crys tal (Fig ure 3d), with a relic cry s -
tal partially altered to tourmaline and quartz.

Three geo chem i cal plots in Fig ure 4 show the tour ma line
com po si tion from dif fer ent zones within the Prof peg ma -
tite. The tour ma lines in gen eral show an in crease in F, Mn
and Na and a de crease in Fe as the peg ma tite crys tal lized.
These trends in di cate that the pro cess of in com pat i ble el e -
ment ac cu mu la tion in the re sid ual melt was sig nif i cant
(Selway et al., 1999). Lo cally, tour ma lines within the in ter -
me di ate zone, which have been in flu enced by the pre vi -
ously men tioned late-stage Li- and F-rich metasomatism,
con tain an en tire pro gres sion from more prim i tive Fe- and
Mg-bear ing dravites and schorls to more evolved elbaite
rims. Fig ure 4a, b and c all show that the in ter me di ate zone
crys tal lized first, re corded as com par a tively low val ues of
F, Mn, Na and el e vated val ues of Fe in tour ma lines. The ini -
tial low val ues and ver ti cal spread in Mn and F in the in ter -
me di ate zone can po ten tially be ex plained by gar nets pref -
er en tially in cor po rat ing Mn dur ing con tem po ra ne ous
cry s tal li za tion (Tindle and Breaks, 2000). A sim i lar trend is
seen in Na val ues, which can be at trib uted to pri mary al bite
cry s tal li za tion in the in ter me di ate zone. The el e vated Fe
val ues in the in ter me di ate zone are un sur pris ing, as this is a
more com pat i ble el e ment and is pref er en tially taken into
the tour ma line crys tal lat tice be fore more in com pat i ble el e -
ments such as Mn. At the con clu sion of the pri mary crys tal -
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Fig ure 2. Out crop and rep re sen ta tive sam ples from the Prof peg ma tite, south east ern Brit ish Co lum bia: a) tour ma lines in a comb struc ture
mark the con tact zone be tween the subzones of the in ter me di ate zone; graphic subzone to the left and over growth subzone to right; pen cil
is 14 cm long; b) aplite band from the graphic subzone, com posed of tour ma line, feld spars and quartz; c) evolved core of the cen tral zone
con tain ing ra dial pink elbaites with pur ple le pido lite roses and white feld spar; note book is 12 cm high.



li za tion of the in ter me di ate zone, gar net and pri mary albites 
stopped crys tal liz ing, al low ing Mn and Na val ues to in -
crease in the re sid ual melt. As the cen tral zone crys tal lized,
the F, Mn and Na con tent of tour ma lines in creased, and this
can also be cor re lated with later stage metasomatism of the
peg ma tite re corded in fluor-elbaite rims. The quartz zone
con tains fluor-schorls, which are thought to be a prod uct of
coun try rock con tam i na tion of the peg ma tite cou pled with
later stage metasomatic recrystallization as ob served in
other pegmatites (Selway et al., 2000a). The most evolved
tour ma lines in the Prof pegmatite are fluor-elbaites, a trend
which is commonly seen in evolved pegmatites (Selway et
al., 2000a; Henry and Dutrow, 2011).

The tex ture of the comb-struc tured tour ma lines in the Prof
peg ma tite is com monly seen in pegmatites such as the
Tanco peg ma tite, Man i toba (Selway et al., 2000b) and in
Minas Gerais, Brazil (Webber and Simmons, 2007). This

tex ture is also as so ci ated with rapid crys tal li za tion of an un -
der cooled melt (Baker and Freda, 1999).

Conclusions

This on go ing study high lights the im por tance of un der -
stand ing the min er al ogy and paragenesis of pegmatites
when ex plor ing peg ma tite fields in south east ern Brit ish
Co lum bia. Pre lim i nary con clu sions from this study are
sum ma rized below:

· The Prof peg ma tite hosts a tex tural and geo chem i cal
suite of tour ma lines that re corded mag matic and meta -
so matic crys tal li za tion pro cesses through out the en tire
para genetic se quence of the deposit.

· Flu o rine in tour ma lines is a good el e men tal tracer of
geo chem i cal evo lu tion in the peg ma tite as con cen tra -
tions in crease through out the crys tal li za tion sequence.
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Fig ure 3. Back scat tered-elec tron im ages of tex tural va ri et ies of tour ma line from the Prof peg ma tite,
south east ern Brit ish Co lum bia: a) con cen tric-zoned dravite-schorl core with fluor-elbaite rim from the
in ter me di ate zone (thin sec tion PFS1A); b) un zoned schorl from the in ter me di ate zone (thin sec tion
PFS1C); c) mot tled fluor-elbaite with abun dant quartz in clu sions from the cen tral zone (thin sec tion
PFL1A); d) two gen er a tions of fluor-elbaite with pre served pri mary os cil la tory zonation (green dashed
line) and sec ond ary in cluded recrystallization (blue dashed line; thin sec tion P28B), from the cen tral
zone.
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Fig ure 4. Plots of tour ma line geo chem is try from the Prof peg ma tite with col our in -
di cat ing the peg ma tite zone/subzone and the shape re flect ing the elec tron probe
microanalysis point po si tion within the min eral: a) F ver sus MnO, b) F ver sus
Na2O, c) FeO ver sus MnO. Ab bre vi a tions: dis tal tur, dis tal tour ma line subzone;
graphic, graphic subzone.



· The Prof peg ma tite lies within an ex ten sive un mapped
field of pegmatites on Boul der moun tain. Geo chem i cal
anal y sis of tour ma lines within other pegmatites of the
field can be used as an ex plo ra tion tool via plot ting data
against es tab lished evo lu tion trends from the Prof peg -
ma tite. The pres ence of F- and Li-en riched rims on tour -
ma lines in seem ingly bar ren peg ma tite surficial ex pres -
sions could re flect Li min er al iza tion at depth. This Li
en rich ment has the po ten tial to be ex pressed as spodu -
mene, the higher pres sure lithium aluminosilicate of
petalite.

Future Work

Fu ture work aims to fur ther in ves ti gate the tour ma line geo -
chem is try of the Prof peg ma tite in depth and pro vide an
over view of the tour ma line tex tures and geo chem i cal evo -
lu tion through out crys tal li za tion. Fu ture anal y ses will in -
clude us ing la ser-ab la tion, in duc tively cou pled plasma–
mass spec trom e try (LA-ICP-MS) to de ter mine ac cu rate li -
th ium con cen tra tions within the tour ma lines. Ad di tional
data will be col lected from the tour ma lines of the bor der
zone to make the dataset more com plete. Once all geo chem -
i cal data has been col lected, links be tween the Prof peg ma -
tite and the neigh bour ing pegmatites on Mount Begbie, de -
scribed and an a lyzed by Dixon et al. (2014), will be drawn.
These pegmatites are hy poth e sized to be con nected to the
Prof peg ma tite’s field, and com par ing the tourmalines will
provide geochemical evidence for a link between them.

This work will pro vide vi tal geo chem i cal in for ma tion,
which could be used as an ex plo ra tion tool for the re gion.
Tour ma lines from mul ti ple pegmatites within the Prof peg -
ma tite’s field could be an a lyzed and plot ted against the
known tour ma lines from the Prof peg ma tite to show how
com par a tively geochemically evolved the sys tem is. The
more geochemically evolved a peg ma titic is, the more
likely it is to host in creased lev els of in com pat i ble el e ments
such as Li, Cs or Ta. There fore, un der stand ing the tour ma -
line geo chem is try can help vec tor for more economic min -
er a l iza tion in the region.
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Introduction

Nat u ral gas pro duc tion from un con ven tional for ma tions
has surged over the past two de cades, driven by ad vance -
ments in hor i zon tal drill ing and mul ti stage hy drau lic frac -
tur ing (Sharma et al., 2019; Cheng et al., 2022). In north -
east ern Brit ish Co lum bia (BC), the Montney gas play has
be come the larg est gas pro ducer in the prov ince, with two-
thirds of drilled wells tar get ing the siltstone-rich Montney
For ma tion (Rivard et al., 2014; Vishkai et al., 2017). The
ef fec tive ness of hy drau lic frac tur ing in cre at ing frac ture
net works is closely linked to the me chan i cal prop er ties of
the tar get for ma tions, which are sig nif i cantly in flu enced by 
the min er al og i cal com po si tion of the rock (Rivard et al.,
2014; Cheng et al., 2022). Ad di tion ally, lo cal ized me chan i -
cal prop er ties of the rock af fect proppant embedment
within frac tures, thereby im pact ing frac ture con duc tiv ity
(Zheng et al., 2019). Thus, un der stand ing the re la tion ship
be tween the mechanical parameters of the rock and its min -
er al ogy at the microscale is critical.

The mi cro-in den ta tion test was ini tially de vel oped to de ter -
mine the hard ness and elas tic modulus of thin films and
small solid sam ples by mea sur ing in den ta tion depth as a
func tion of in creas ing force ap plied by an in denter (Poon et
al., 2008). Com pared to tra di tional com pres sion tests, the
in denter ap plies force to a small area, cre at ing high, lo cal -
ized stress that en ables the mea sure ment of me chan i cal
prop er ties at the microscale (Kasyap et al., 2021; Song et
al., 2022). Mean while, scan ning elec tron mi cros copy
(SEM) pro vides high-res o lu tion micromorphologies of
sam ple sur faces by us ing a fo cused high-en ergy elec tron
beam to ex cite var i ous phys i cal sig nals through its in ter ac -
tion with the sam ple (Fandrich et al., 2007). Ad di tion ally,

the en ergy dispersive spec trom e try (EDS) sys tem, at tached
to the SEM, al lows for chem i cal anal y sis of the scanned
area (Meyer et al., 2013; Akkaº et al., 2015).

Five disk-shaped rock sam ples ob tained from cores drilled
at depths rang ing from 2068.29 to 2337.39 m within the
Lower Tri as sic Montney play in north east ern BC were used 
in this study. Nine in stru mented in den ta tion tests were per -
formed on each sam ple to gen er ate force-dis place ment
curves, from which the lo cal Young’s modulus and hard -
ness at each in den ta tion site were de ter mined. Fol low ing
the in den ta tion tests, SEM and EDS anal y ses were con -
ducted to cre ate dig i tal min eral maps, en abling iden ti fi ca -
tion of the min eral com po si tion and lo cal ized microstruc -
ture at the in den ta tion sites. Fi nally, the in flu ence of the
min er al og i cal com po si tion of the rock on its mechanical
properties is discussed.

Materials and Methods

Materials

The five sam ples were pre pared from the drillcore from well
TOURMALINE HZ TOWN C-031-H/094-B-09 (well au tho -
ri za tion 28232, unique well iden ti fier 200C031H094B0900;
BC En ergy Reg u la tor, 2024a), lo cated in the Lower Tri as sic
Montney play in north east ern BC, as shown in Fig ure 1.
The mea sured depths of the cores ranged from 2068.29 to
2337.39 m. For com par i son pur poses, the cores were se -
lected from two for ma tions: sam ples S1 (2068.29 m) and
S2 (2068.55 m) were taken from the Doig For ma tion, while 
sam ples S3 (2265.85 m), S4 (2336.04 m) and S5
(2336.37 m) were ex tracted from the Mont ney For ma tion.

The sam ples were ob tained by drill ing hor i zon tally into
cores (Fig ure 2a) and then trimmed into disk shapes with a
nom i nal di am e ter of 25.4 mm. The lat eral sur faces of the
sam ples were coated with an ep oxy resin (Fig ure 2b). To
min i mize the ef fects of sur face rough ness on the in den ta -
tion tests, the flat sur faces were pol ished us ing a Buehler
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1The lead au thor is a 2024 Geoscience BC Schol ar ship re cip i ent.

This pub li ca tion is also avail able, free of charge, as col our dig i tal
files in Adobe Ac ro bat® PDF for mat from the Geoscience BC web -
site: https://geosciencebc.com/up dates/sum mary-of-ac tiv i ties/.
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Fig ure 1. Lo ca tion of the Montney un con ven tional gas play (mod i fied from BC En ergy
Reg u la tor, 2024b). The Montney play area and other oil and gas re source bas ins, in -
clud ing the Liard and Horn River bas ins, and Cordova Embayment are shown; the yel -
low star in di cates the lo ca tion of the sam pled well.

Fig ure 2. In stru mented in den ta tion test per formed on sam ples from the Montney play: a) drillcore from well sam pled at ap prox i mately
2068 m (red ar row in di cates the lo ca tion and ori en ta tion of the sam ple plug ex tracted); b) sam ple plug S1 (di am e ter of 25.4 mm); c) nine test 
sites, la belled L1–L9, for the Brinell hard ness test ing in denter ar ranged in a three-by-three grid (red poly gon in panel b shows test site lo ca -
tion); d) Nanovea-M1™ in stru mented in den ta tion ma chine.



AutoMet® 250 Pro grinder-pol isher; sur face rough ness was 
also scanned us ing a profiler, yield ing values less than
0.4 µm.

Experimental Method

Instrumented Indentation Test

The Nanovea-M1™ in stru mented in den ta tion ma chine
(Fig ure 2d) was used to per form the in stru mented in den ta -
tion test, em ploy ing a Brinell hard ness test ing in denter—a
spher i cal tung sten car bide ball with a 1 mm di am e ter. Each
sam ple had nine test lo ca tions, la belled L1 to L9, ar ranged
in a three-by-three grid, as shown in Fig ure 2c. Dur ing the
test, the in den ta tion force in creased at the load ing stage to a
max i mum of 35 newtons (N), then de creased to 0 N at the
un load ing stage. A con stant rate of 17.5 N/min was ap plied
for both the load ing and un load ing stages. The typ i cal
force-dis place ment curve is presented in Figure 3.

No ta bly, the fi nal in den ta tion depth did not fully re cover to
0 af ter un load ing. This re main ing depth is known as the
plas tic depth, whereas the dif fer ence be tween the max i -
mum and fi nal depths is re ferred to as the elas tic depth. The
un load ing curve can thus be used to cal cu late lo cal me chan -
i cal prop er ties, such as Young’s modulus and hard ness.
This method as sumes that the re cov er able depth rep re sents
only elas tic de for ma tion dur ing un load ing (Ol i ver and
Pharr, 2004) and the un load ing curve of in den ta tion force
(P) ver sus in den ta tion depth (h) is used for this calculation.

The P-h curve is a fit ting power-law equa tion:

P h h f
m= -a ( )

where á, m and hf are fit ting con stants.

S is the con tact stiff ness, which is de ter mined by the ini tial
slope (90–50%) of the P-h curve:

S m h h f
m= * - -a ( ) 1

The con tacted depth (hc) be tween the in denter and sam ple
can be cal cu lated as:

h h P Sc = - Îmax max /

where hmax is max i mum depth, Pmax is max i mum force, and

Î is the con stant de pend ing on the ge om e try of the in -
denter; for the Brinell hard ness test ing in denter, it is 0.75.
Based on the hc, the con tact pro jected area (Ac) be tween the
Brinell in denter and sam ple can be cal cu lated as:

A r r hc c= - -p ( [ ] )2 2 2

where r is the ra dius of the spher i cal in denter (0.5 mm).
When Ac is de ter mined, the in den ta tion hard ness (H) can be
ob tained as:

H P Ac= max /

The ef fi cient Young’s modulus (Eeff) pres ents the ap par ent
Young’s modulus be tween sam ple and in denter, which is
cal cu lated as:

E s Aeff c= p b/ 2

where â is the ef fec tive co ef fi cient of all phys i cal pro -
cesses, which is 1.05 in this study.

More over, Young’s modulus (E) of the sam ple is cal cu lated
as:

E v
E

v

Eeff

i

i

= - -
-

( ) / ( )1
1 12

2

where v and E are the Pois son’s ra tio and Young’s modulus
of the sam ple, re spec tively, and vi and Ei are the Pois son’s
ra tio and Young’s modulus of the in denter. In this study, vi

equals 0.31 and Ei equals 600 GPa are used for the tung sten
car bide Brinell in denter, and v equals 0.30 is used for the
rock sample.

SEM and EDS Analysis

Scan ning elec tron mi cros copy (SEM) and en ergy disper -
sive spec trom e try (EDS) anal y ses were per formed on in -
dents from test sites L1 to L9 fol low ing the com ple tion of
the in den ta tion tests. The elec tron im ages of SEM and el e -
men tal dis tri bu tions from EDS were ob tained us ing a
Tescan Mira3 XMU scan ning elec tron mi cro scope equip -
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Fig ure 3. Typ i cal force-dis place ment curve for in stru mented in -
den ta tion test re sults from test site L5 of drilled sam ple S1 from the
Montney play. The force-dis place ment curve is di vided into two
seg ments: the load ing and un load ing stages. The range of 90 to
50% of the max i mum force (Pmax) for the un load ing-stage curve is
se lected and fit ted ver sus in den ta tion depth (h) us ing a power-law
func tion. The ini tial slope of this fit ted curve rep re sents the con tact
stiff ness, as il lus trated by the tri an gle in the fig ure. Ab bre vi a tions: f, 
full; max, max i mum; N, new ton; mm, micrometre.



ped with a field emis sion gun and a X-Max En ergy
Dis per sive Spec trom e ter de tec tor made by Ox ford In stru -
ments. Typ i cal SEM and EDS im ages are pre sented in Fig -
ure 4. The high-res o lu tion SEM im ages re vealed aniso -
tropic micromorphological fea tures of the lo cal ized rock
(Fig ure 4a), whereas the EDS im ages, shown in dif fer ent
colours, dis played the dis tri bu tions of chem i cal el e ments
cor re spond ing to var i ous min eral types (Fig ure 4b–i).

The on line li brary of the BC En ergy Reg u la tor (pre vi ously
BC Oil and Gas Com mis sion) houses a dig i tal ar chive of
well data and re ports avail able to the pub lic. The X-ray dif -
frac tion (XRD) data for rock sam ples from the same study
well and at sim i lar depths were re trieved from this ar chive
to in form this re search (Min er al ogy, Inc., 2014). Con se -
quently, the min eral com po si tion of the sam ples at each
depth was de ter mined. Us ing the chem i cal for mu las of
known min er als, the chem i cal el e ments iden ti fied in the

lay ered EDS im ages were used to de ter mine lo cal min eral
types at the same lo ca tions. For ex am ple, quartz (SiO2)
con tains only Si and O; py rite (FeS2) con tains only Fe and
S; mus co vite {KAl2(Si3AlO10)(OH)2} was de ter mined by
the pres ence of Si, Al and K; and al bite (NaAlSi3O8) was
determined by the presence of Si, Al and Na.

Results

Young’s Modulus and Hardness

Based on the re sults of the un load ing P-h curves from the
in stru mented in den ta tion tests, Young’s modulus and hard -
ness were de ter mined. To en sure pre ci sion, the re sults from
some test sites were dis carded due to fluc tu a tions in the in -
stru mented in den ta tion tests and the fail ure of EDS anal y sis 
to de tect cer tain el e ments. Ta ble 1 pres ents the av er age,
stan dard de vi a tion, and co ef fi cient of vari a tion for Young’s 
modulus and hard ness for each sam ple. The re sults show
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Fig ure 4. Typ i cal scan ning elec tron mi cros copy (SEM) im age of a) test site L1 of sam ple S1 from the Montney play and en ergy dispersive
spec trom e try (EDS) el e men tal maps of b) sil i con (Si); c) cal cium (Ca); d) mag ne sium (Mg); e) sul phur (S); f) iron (Fe); g) so dium (Na);
h) alu minium (Al); i) po tas sium (K).



that sam ples from sim i lar depths ex hibit com pa ra ble val ues 
for Young’s modulus and hard ness. Ad di tion ally, me chan i -
cal prop er ties vary be tween sam ples from dif fer ent depths
within the Montney For ma tion. Test lo ca tions at the shal -
lower depth (S3 at ap prox i mately 2265 m) show a lower av -
er age Young’s modulus com pared to those at greater depths 
(S4 and S5 at ap prox i mately 2336 m). The av er age val ues
of Young’s modulus of the Doig For ma tion sam ples (S1
and S2) are higher than that of the Montney For ma tion at
around 2265 m (S3), but lower than those at around 2336 m
(S4 and S5). For hard ness, S2 from the Doig For ma tion ex -
hib its the high est average value (0.94 GPa), whereas S5
from the Montney Formation has the lowest (0.69 GPa).

Fig ure 5 pres ents the scat ter plot of Young’s modulus and
hard ness for all sam ples at var i ous depths. Due to the sim i -
lar ity in me chan i cal prop er ties among sam ples from sim i lar 
depths, the scat ter plot il lus trates three dis tinct groups cor -
re spond ing to the three depth lev els. The red dots rep re sent
sam ples from the Doig For ma tion at ap prox i mately 2068 m
(S1 and S2), whereas the blue tri an gles at 2265 m (S3) and
the black squares at 2336 m (S4 and S5) cor re spond to sam -

ples from the Montney For ma tion. The dashed lines in Fig -
ure 5 rep re sent the lin ear fit be tween Young’s modulus and
hard ness for the three groups. Re sults in di cate sig nif i cant
cor re la tion be tween Young’s modulus and hard ness for
sam ples from sim i lar depths within the same for ma tion,
with R² val ues of 0.98, 0.97 and 0.98. Ad di tion ally, the co -
ef fi cient (y) of the fit ting equa tion re flects the ra tio be tween 
Young’s modulus and hard ness. For the Montney For ma -
tion, the sam ple from 2265 m (S3) ex hib its a lower lin ear
co ef fi cient (23.14) com pared to sam ples from 2336 m (S4
and S5) with a higher lin ear co ef fi cient (71.07). In con trast,
the lin ear co ef fi cient (40.61) of Doig For ma tion sam ples
(S1 and S2) is larger than that of S3 at 2265 m but smaller
than that of S4 and S5 at 2336 m.

Mineral Composition and Microstructure

Dig i tal min eral maps were gen er ated from EDS im ages of
chem i cal el e ments us ing in-house MATLAB® code. A typ i -
cal min eral map for sam ples from dif fer ent depths is shown
in Fig ure 6a. Ac cord ing to the map, sam ples from var i ous
depths ex hibit dif fer ences in min eral grain sizes and com -
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Ta ble 1. Av er age (Avg), stan dard de vi a tion (std) and co ef fi cient of vari a tion (Cv) of Young’s
modulus and hard ness for the five sam ples (S1–S5) from the Montney play.

Fig ure 5. Young’s modulus ver sus hard ness for sam ples from dif fer ent depths in the Montney play: cir cles, dashed
line and val ues in red rep re sent in den ta tion re sults and fit ting re sult of sam ples S1 and S2 from the Doig For ma tion
at ap prox i mately 2068 m; tri an gles, dashed line and val ues in blue rep re sent in den ta tion re sults and fit ting re sult of
sam ple S3 from the Montney For ma tion at ap prox i mately 2265 m; squares, dashed line and val ues in black rep re -
sent in den ta tion re sults and fit ting re sult of sam ples S4 and S5 from the Montney For ma tion at ap prox i mately
2336 m. Ab bre vi a tion: GPa, gigapascal.



po si tions. The min eral grain sizes of sam ples from ap prox i -
mately 2068 m in the Doig For ma tion range from 20 to
50 µm, with the pri mary load-bear ing frame work com -
posed of coarse min er als, in clud ing cal cite, do lo mite, al bite 
and quartz. Sam ples from around 2265 m in the Montney
For ma tion have grain sizes be tween 10 and 50 µm. The car -
bon ate min eral (cal cite and do lo mite) con tent in sam ples
from 2265 m is of smaller grain size than that of sam ples
from 2068 m. Sam ples from 2336 m in the Montney For ma -
tion have grain sizes of less than 20 µm where clay min er als 
form the rock matrix, with harder minerals embedded
within the clay.

The av er age area per cent ages (A%) of pores and min er als
for each sam ple, in clud ing all in den ta tion lo ca tions, were
mea sured from the dig i tal min eral maps and the re sults are
pre sented in Fig ure 6b. Quartz had the high est av er age area
per cent age across all sam ples, whereas al bite, py rite and
chlorite had the low est val ues. Small amounts of ti ta nium
di ox ide (TiO2) were also iden ti fied in sam ples S3, S4 and
S5. The av er age area per cent age of car bon ate min er als was
rel a tively high in sam ples S1 and S2, whereas clay min er als 
(mus co vite and chlorite) had a higher av er age area per cent -
age in sam ples S4 and S5 than car bon ate min er als. Sam ple
S3 ex hib ited a rel a tively bal anced dis tri bu tion of car bon ate
and clay min er als. Ta ble 2 pres ents the av er age, stan dard
de vi a tion and co ef fi cient of vari a tion for the area per cent -
age of pores and each min eral across all test sites. The re -
sults show a very low co ef fi cient of vari a tion of only 0.25
for quartz, whereas it is very large (1.2) for ti ta nium di ox -

ide; how ever, the av er age area per cent age is very small and
ti ta nium di ox ide is found only in sam ples S3, S4 and S5.

Discussion

Impacts of Mineral Types on
Mechanical Properties

The Pearson cor re la tion co ef fi cient was used to as sess the
im pact of min eral con tent on Young’s modulus and hard -
ness. The p-val ues for the Pearson cor re la tion range from 0
to 1, with a p-value less than 0.05 in di cat ing a sta tis ti cally
sig nif i cant cor re la tion be tween the two vari ables. The cor -
re la tion co ef fi cient (R) ranges from –1 to 1, where a neg a -
tive R in di cates a neg a tive cor re la tion and a pos i tive R in di -
cates a pos i tive cor re la tion. Note that re sults from test sites
due to fluc tu a tions in the in stru mented in den ta tion test
were dis carded, as were those from EDS anal y ses in which
el e ments had been missed. Fig ure 7 pres ents scat ter plots of 
min eral av er age area per cent age (A%) ver sus hard ness and
Young’s modulus, along with the cor re spond ing cor re la -
tion co ef fi cients. In these plots, the hor i zon tal axis rep re -
sents the av er age area per cent age of each mineral, whereas
the vertical axis indicates hardness and Young’s modulus.

Based on the p-val ues and R co ef fi cient, cal cite (P = 0.048,
R = 0.337) shows a pos i tive cor re la tion with hard ness.
Mean while, a pos i tive re la tion ship is ob served be tween do -
lo mite and hard ness (P = 0.057, R = 0.325), al though its p-
value is slightly above 0.05. This find ing aligns with the
con clu sions pre sented ear lier in this pa per, where S2 ex hib -
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Fig ure 6. Min eral map and av er age area per cent age of min er als for sam ples from the Montney play: a) typ i cal dig i tal min eral map for test
site L1 of sam ple S1, with colours rep re sent ing dif fer ent min er als and the scale bar in di cat ing min eral types; b) av er age area per cent age
(A%) of pores and min er als for each sam ple, with close-up (red box) show ing the lo ca tions of small amounts of ti ta nium di ox ide.

Ta ble 2. Av er age (Avg), stan dard de vi a tion (Std) and co ef fi cient of vari a tion (Cv) for the area per cent age of pores and each min eral
across all test sites in the Montney play.



its the great est hard ness with the higher av er age area per -
cent age of cal cite and do lo mite (Fig ure 6b), whereas ortho -
clase (P = 0.025, R = –0.379), py rite (P = 0.010, R = –0.428),
mus co vite (P = 0.002, R = –0.508) and chlorite (P = 0.029,
R = –0.369) ex hibit neg a tive cor re la tions with hard ness.
Sim i larly, S5 has the high est av er age area per cent age of
mus co vite and orthoclase (Fig ure 6b) and ex hib its the
lowest hard ness. In ad di tion, py rite (P = 0.000, R = 0.628),
chlo rite (P = 0.007, R = 0.447) and ti ta nium di ox ide (TiO2;
P = 0.007, R = 0.450) ex hibit pos i tive cor re la tions with
Young’s modulus, whereas al bite (P = 0.032, R = –0.364) is
neg a tively cor re lated with Young’s modulus. This fur ther
cor rob o rates the ear lier re sult shown in Fig ure 5, where
sam ple S3, with the high est al bite con tent, ex hib its the low -
est Young’s modulus.

These find ings in di cate a cor re la tion be tween the me chan i -
cal prop er ties of the rock and its min eral com po si tion. An
in crease in car bon ate min er als (cal cite and do lo mite) en -
hances rock hard ness. Con versely, an in crease in clay min -
eral con tent (mus co vite and chlorite) de creases hard ness
but in creases Young’s modulus, whereas higher al bite con -
tent re duces Young’s modulus. How ever, in this study, the
lack of ob served cor re la tions be tween po ros ity and other
min er als, such as quartz, may be due to the lim ited vari a tion 
in quartz con tent, as ev i denced by a co ef fi cient of vari a tion
of only 0.25 for quartz (Ta ble 2). There fore, it can not be
con cluded that these fac tors have no impact on the me chan -
i cal properties of the rock.

Conclusion

In stru mented in den ta tion tests and scan ning elec tron mi -
cro scope–en ergy dispersive spec trom e try anal y ses were

con ducted on five sam ples from the Montney un con ven -
tional gas play in Brit ish Co lum bia. The in den ta tion tests
mea sured lo cal Young’s modulus and hard ness, whereas
min eral com po si tions were iden ti fied through scan ning
elec tron mi cro scope–en ergy dispersive spec trom e try anal -
y sis. The key find ings of the study are summarized as
follows:

1) Im ages of chem i cal el e ments ob tained through scan -
ning elec tron mi cro scope–en ergy dispersive spec trom -
e try anal y sis fa cil i tate their iden ti fi ca tion in dif fer ent re -
gions, en abling the con struc tion of a lo cal ized min eral
map. Ac cord ing to the min eral map, the grain size of
min er als de creases with depth in the sam pled well, with
the Doig For ma tion char ac ter ized by the pres ence of
more car bon ate min er als than the Montney Formation,
which contains more clay minerals.

2) Sam ples from sim i lar depths ex hibit com pa ra ble me -
chan i cal prop er ties, with Young’s modulus and hard -
ness show ing a lin ear cor re la tion. For the ra tio of
Young’s modulus to hard ness, sam ples from the Mont -
ney For ma tion at 2336 m show the high est val ues, that
from the Montney For ma tion at 2265 m the low est,
where as the sam ples from the Doig For ma tion at 2068 m 
ex hibit in ter me di ate val ues.

3) A cor re la tion is ob served be tween the me chan i cal prop -
er ties of the rock and min eral com po si tion: an in crease
in car bon ate min er als (cal cite and do lo mite) en hances
hard ness, whereas higher clay min eral con tent (mus co -
vite and chlorite) re duces hard ness but in creases
Young’s modulus. Ad di tion ally, in creased al bite con -
tent is as so ci ated with a lower Young’s modulus.
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Fig ure 7. Scat ter plots of in den ta tion depth ver sus min eral area per cent age (A%) and po ros ity for sam ples from the Montney play, with
Pearson cor re la tion co ef fi cient (R) and p-value (P): red scat ter plots show the re la tion ships of hard ness (H) and Young’s modulus (E) with
A%. For plots in the same row, the ver ti cal axis is con sis tently scaled, whereas the hor i zon tal axis var ies ac cord ing to the A% of the min er -
als. These plots vi su ally dem on strate the re la tion ships be tween dif fer ent min er als and Young’s modulus and hard ness. The p-value in di -
cates whether a sig nif i cant lin ear re la tion ship ex ists, whereas the R co ef fi cient re flects the strength of this re la tion ship. Ab bre vi a tion: TiO2,
ti ta nium di ox ide.



The find ings high light the in flu ence of min eral com po si -
tion on the lo cal ized me chan i cal prop er ties of rock for ma -
tions, re veal ing the ef fects of car bon ate and clay min er als
on rock be hav iour. Fu ture work will in clude a broader set of 
ex per i men tal sam ples to in ves ti gate the im pact of min er als
with lim ited vari abil ity in this study, with the aim of de vel -
op ing a pre dic tive model from which rock prop er ties based
on mineral composition can be derived.
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Introduction

The Liard Ba sin in Brit ish Co lum bia (BC) and the North -
west Ter ri to ries (NWT; Fig ure 1) is a pro lific en ergy-re -
source area that hosts hy dro car bon res er voirs and an oma -
lously high geo ther mal gra di ents (40–55 °C/km; Grasby et
al., 2012). Due to the eco nomic po ten tial of geo ther mal re -
sources, ar eas such as the Liard Ba sin are of in creas ing in -
ter est for ex plo ra tion. This is an eco nomic op por tu nity for
die sel-de pend ent com mu ni ties such as Fort Nel son, where
the Tu Deh-Kah First Na tion geo ther mal-en ergy pro ject
can up scale their econ omy by pro vid ing elec tric ity and heat 
for green house food pro duc tion and dis trict heat ing. How -
ever, un like other well-known geo ther mal-re source ar eas
in Can ada (e.g., Mount Mea ger; Grasby et al., 2012), many
ques tions re main about the geo log i cal pro cesses that al -
lowed the high geo ther mal gra di ents in the Liard Ba sin to
de velop. The aim of this project is to investigate the thermal 
history of the basin.

The Liard Ba sin is part of the West ern Can ada Sed i men tary
Ba sin (WCSB; Fig ure 1). Its his tory and stra tig ra phy are
closely linked to orogenies (e.g., Klondike, Cordilleran;
e.g., Mossop and Shetsen, 1994; Beranek and Mortensen,
2011), re sult ing in a wide range of depositional en vi ron -
ments (e.g., deltaic, shelf, deep ma rine). Base ment struc tures 
(e.g., Bovie Struc ture, Liard trans fer zone) also in flu enced
sed i men ta tion and ero sional pat terns within the ba sin (e.g.,
Leckie et al., 1991; Ce cile et al., 1997). The mul ti ple phases
of sub si dence and ero sion that are ex pected to have af fected 
the ba sin are po ten tially linked to the de vel op ment of the
geo ther mal anom aly. The speed at which hot rocks at depth
are brought to sur face by up lift and ero sion could re sult in a
lack of time for iso therms to equilibrate. This dis equi lib -
rium, in turn, would man i fest it self as high geo ther mal gra -
di ents in the shal low subsurface. The hy poth e sis be ing pro -
posed is that the an oma lously high geo ther mal gra di ents in
parts of the Liard Ba sin are a con se quence of the ba sin’s

ero sional his tory. To test this hy poth e sis, low-tem per a ture ther -
mochronology is be ing car ried out on out crop and bore hole
samples from the Liard Ba sin.

The dataset com prises sam ples of dif fer ent depositional
age, depth and po si tion in re la tion to the Cordilleran
Fold-and-Thrust Belt. These char ac ter is tics en abled an ex -
am i na tion of dif fer ent time slices of the ba sin’s his tory,
which in turn can be used to build a more com plete pic ture
of the ba sin’s his tory through time. The main ques tions of
this pro ject are 1) how is the heat ing and cool ing of the
Liard Ba sin re lated to ma jor tec tonic and ero sional events
that took place in west ern Can ada? and 2) is there a spa tial
cor re la tion be tween the ther mal his tory of the Liard Ba sin
and the geo ther mal gra di ents ob served to day? To an swer
these ques tions, 1) thermochronological anal y sis will be
per formed on 16 out crop and 4 bore hole sam ples from
across the Liard Ba sin to con strain their ther mal his tory;
and 2) mod els will be de vel oped that ex plain the dif fer ent
ther mal his to ries within the re gion. Ul ti mately, a ba -
sin-wide model will be cre ated that in cor po rates the dif fer -
ent ther mal his to ries, struc tures, stra tig ra phy and geo ther -
mal-gra di ent vari a tions. Un der stand ing the ther mal evo lu tion
of the ba sin over time and in dif fer ent re gions is crit i cal to un -
der stand ing when and why the ba sin un der went heat ing events
that led to the de vel op ment of the hy dro car bon and geo ther mal,
or po ten tial geo ther mal, re sources.

Geological Background

The WCSB is a wedge-shaped ba sin that re cords the long-lived
his tory of the west ern mar gin of the North Amer ican con ti nent
(Fig ure 2; e.g., Mossop and Shetsen, 1994). Its stra tig ra phy
over lies the Pre cam brian Ca na dian Shield and is de fined by 
a Cam brian to Mid dle Ju ras sic pas sive-mar gin se quence
(Fig ure 2) that evolved af ter the Neoproterozoic–Cam brian 
rift ing. This se quence is over lain by an Up per Ju ras sic to
Ce no zoic fore land-ba sin se quence (Fig ure 2) that de vel -
oped as the re sult of terrane ac cre tion and collisional tec -
ton ics dur ing the Klondike and Cordilleran orogenies (e.g.,
Beranek and Mortensen, 2011; Mon ger and Gib son, 2019).

The Liard Ba sin is part of the WCSB and is bounded to the
east by the north-north east-trending Bovie Struc ture (Fig -
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ure 2), which is a fault that ex tends to the base ment, and to
the west by the Cordilleran Fold-and-Thrust Belt (Fig ures 1 
and 2). The Bovie Struc ture was re ac ti vated sev eral times
dur ing the Phanerozoic (Leckie et al., 1991; MacLean and
Mor row, 2004), which re sulted in the de po si tion of an oma -
lously thick up per Pa leo zoic and mid dle Cre ta ceous strata
(Leslie-Panek and McMechan, 2021). For in stance, the
Car bon if er ous (Mis sis sip pian–Penn syl va nian) Mattson
For ma tion is more than a kilo metre thick in the Liard Ba sin, 
whereas it is only a few metres thick on the Great Slave
Plain, east of the Bovie Struc ture (Fig ures 1 and 2; Leckie et 
al., 1991; Wright et al., 1994).

The Liard Ba sin is also known for its hy dro car bon re sources.
Examples of hy dro car bon source rocks are the De vo nian
Road River and Tri as sic Toad-Grayling for ma tions, and ex -
am ples of res er voir rocks are the De vo nian Nahanni and Cre -
taceous Chinkeh for ma tions (Rocheleau and Fiess, 2014).
They un der went at least two phases of heat ing within the

oil-ma tu rity win dow, one in the De vo nian and the other be -
tween the Tri as sic and Cre ta ceous (e.g., Mor row et al., 1993; 
Jiang et al., 2021). This in for ma tion sheds light on the com -
plex ity of the ther mal his tory of the ba sin, where mul ti ple
phases of heat ing oc curred. The tim ing of such events is not 
fully con strained, nor is the cause of such heat ing.

Geothermal Systems

Heat in the up per crust is gen er ated by de cay of ra dio ac tive
el e ments (e.g., U, Th, K) and also orig i nated from pri mor -
dial heat re lated to Earth’s for ma tion (e.g., Grasby et al.,
2012). Geo ther mal sys tems are gen er ally char ac ter ized by
en hanced heat flows ac com pa nied by ther mal blan ket ing to 
trap heat. In Can ada, the heat flows in the Ca na dian Shield
and Ca na dian Cor dil lera are ap prox i mately 30 MW/m2 and
60 MW/m2, re spec tively (Jessop, 1990). How ever, sev eral
lo ca tions in west ern Can ada have much higher val ues, such 
as the Gar i baldi Vol ca nic Belt re gion (Mount Mea ger,
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Fig ure 1. West ern Can ada Sed i men tary Ba sin, with the study area marked by the blue box. Bas ins and sub-bas ins af ter Mossop et al.
(2004). Sche matic geo ther mal-gra di ent con tours af ter Grasby et al. (2012). Dashed grey line on the in set map in di cates the lo ca tion of the
sche matic cross-sec tion shown in Fig ure 2. Base map was cre ated us ing ArcGIS® soft ware by Esri. ArcGIS® is the in tel lec tual prop erty of
Esri and is used herein un der li cense. Copy right © Esri. All rights re served. For more in for ma tion about Esri® soft ware, please visit
<https://esri.ca/>.
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Fig ure 2. Sche matic cross-sec tion across the Cordilleran Fold-and-Thrust Belt, West ern Can ada Sed i men tary Ba sin and ex posed Ca na dian Shield (dashed grey line in the Fig ure 1 in set).
Strati graphic units af ter Mossop et al. (1994) and Rocheleau and Fiess (2014).



south west ern BC; >200 MW/m2) and the Liard Ba sin and
Great Slave Plain (70 MW/m2; Fig ure 1; Grasby et al.,
2012). In the Liard Ba sin, ther mal blan ket ing is key to the
de vel op ment of geo ther mal anom a lies within lower con -
duc tiv ity rocks (i.e., coal, shale) that al low ther mal trap -
ping. The or i gin of the geo ther mal anom a lies is not well
understood. The sub ject has been stud ied ex ten sively, con sid -
er ing pa ram e ters such as ba sin-wide fluid flow, base ment heat
pro duc tion and the pres ence of youn ger mag matic rocks (e.g.,
Majorowicz and Jessop, 1981; Majorowicz, 1996). The most
re cent hy poth e sis is that base ment heat pro duc tion is higher 
than pre vi ously thought (Majorowicz, 2018). How ever, no
ev i dence for this has been found.

Methods

Low-tem per a ture thermochronology is used to con strain
the ther mal his tory of up per crustal rocks. These dat ing
meth ods are tem per a ture-sen si tive and can there fore re cord 
pro cesses that ther mally af fect rocks. Ex am ples of heat -
ing-re lated pro cesses are burial and hy dro ther mal ac tiv ity,
and cool ing can be caused by rock ex hu ma tion and de nu da -
tion. In this study, zir con (U-Th)/He (ZHe) anal y sis con -
strains heat ing and cool ing be tween 140 and 200 °C
(Reiners et al., 2004; Guenthner et al., 2013).

The ZHe is based on al pha de cay of the par ent nuclides ura -
nium-238 (238U), ura nium-235 (235U) and tho rium-232
(232Th) to their sta ble daugh ter iso tope he lium-4 (4He, al -
pha par ti cle; Farley et al., 2002). The dates de ter mined by
ZHe anal y sis will be a func tion of the ther mal his tory of the
rock. In the case of sed i men tary rocks with com plex ther -
mal his to ries (postdepositional heat ing due to burial and
cool ing due to ero sion), the dates are in ter preted based on

the ex tent to which the rock was ex posed to tem per a tures in
the Par tial Re ten tion Zone (PRZ; ZHe, 140-200 °C;
Reiners et al., 2004; Guenthner et al., 2013). In sed i men tary 
rocks, each grain al ready car ries a cool ing age that re cords
its source-rock cool ing his tory. If burial af ter de po si tion
reaches tem per a tures >PRZ, the He is lost by dif fu sion (re -
set; Fig ure 3, red line), re sult ing in dates youn ger than de -
po si tion that re cord cool ing af ter burial. If max i mum burial
is lim ited to tem per a tures <PRZ, most He is kept, re sult ing
in dates older than de po si tion (not re set), and each grain re -
cords their source re gion (Fig ure 3, blue line). If tem per a -
tures were within the PRZ, sin gle-grain dates will vary
from youn ger to older than de po si tion age (par tially re set;
Fig ure 3, green line). Ther mal his tory mod el ling should be
per formed to de fine pos si ble time-tem per a ture paths that
sta tis ti cally fit the data and further explore the rock’s
possible cooling/heating histories (Ketcham, 2005).

In or der to ob tain the zir con frac tion and per form the ZHe dat -
ing, the study sam ples were first sub jected to min eral-sep a ra -
tion pro ce dures. These in clude, in or der, jaw crusher, disk
mill, wa ter ta ble, mag netic sep a ra tor and heavy-liq uid sep -
a ra tion (heteropolytungstate [LST] and meth y lene io dide
[MI]; e.g., McKay et al., 2021). Af ter min eral sep a ra tion,
the sam ples con tain ing zir cons were iden ti fied and dated.
In di vid ual zir cons were picked un der a stereomicroscope,
aim ing for euhedral, trans par ent and in clu sion-free grains.
How ever, this was not al ways pos si ble due to the age and
his tory of the rocks, which di rectly in flu ence min eral yield
and grain qual ity. Af ter pick ing, width and length of the
grains were mea sured for later use in al pha-ejec tion date
cor rec tion (Ft cor rec tion). The Ft cor rec tion was nec es sary
to ac count for He that was ejected from the grain dur ing al -
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Fig ure 3. The o ret i cal ther mal his to ries of rocks that ex pe ri enced dif fer ent
amounts of heat ing due to burial in a ba sin: a) par tial re ten tion zone (PRZ) of the
zir con (U-Th)/He sys tem is in or ange; b) sche matic date dis tri bu tion of zir con
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Fig ure 4. Ge ol ogy of the Liard Ba sin, show ing lo ca tions of zir con (U-Th)/He dated sam ples. Sam ples are col our-coded ac cord ing to their
strati graphic age. Col oured boxes mark sam ples with sim i lar date pat terns, the ar rows in di cat ing trends to ward sam ples with youn ger
dates. Geo log i cal units and struc tures from dig i tal da ta bases (Al berta Geo log i cal Sur vey, 2013; Lipovsky and Bond, 2014; Cui et al., 2017;
Okulitch and Irwin, 2017).



pha de cay. The grains were packed in Nb tubes and an a -
lyzed to quan tify their daugh ter He con tent (us ing a He-ex -
trac tion line) and par ent U and Th con tent (us ing so lu tion
ICP-MS). Due to the ex pected com plex ity of the ther mal
his tory in the area, five grains were dated per sam ple. All
anal y ses were con ducted at the Uni ver sity of Cal gary Geo-
and Thermochronology Lab o ra tory.

Results

The 16 out crop and 4 bore hole sam ples taken across the Liard
Basin (Fig ure 4) are from units that vary with re spect to the
depositional age. The ma jor ity are Car bon if er ous, with
fewer Cre ta ceous, Tri as sic and De vo nian ages. The re sults
are pre sented for Brit ish Co lum bia and the North west Ter -
ri to ries (Fig ure 4).

The depositional ages of the sam ples in BC are Tri as sic (Lun -
dig ton For ma tion) and Cre ta ceous (Dunvegan, Sikanni,
Scat ter and Gar butt for ma tions). The Tri as sic sam ples pres -
ent ZHe dates that range from Ju ras sic to Cre ta ceous. Due
to their ZHe dates be ing youn ger than de po si tion,
postdepositional burial tem per a tures reached >140 °C.
These sam ples are the only ones in the en tire study area that
show a very sim i lar range of dates (Fig ure 4). Con versely,
all of the Cre ta ceous sam ples pres ent ZHe dates that are
Cre ta ceous and older. This sug gests that postdepositional
burial was lim ited to tem per a tures of 140-200 °C. The Cre -
ta ceous strata in the east ern part of BC yield ZHe dates
rang ing from mid dle Car bon if er ous to early Cre ta ceous. In
the west ern part of the area, Tri as sic sam ples yield ZHe
dates rang ing from early to late Cre ta ceous. These dates
por tray a trend that be comes youn ger and less dis persed to -
ward the west (Fig ure 4). This pre lim i nary as sess ment of
the ZHe dates in the area could in di cate that the Tri as sic
strata ex pe ri enced higher postdepositional tem per a tures
than the Cre ta ceous strata.

The depositional ages of sam ples in the North west Ter ri to -
ries are pri mar ily Car bon if er ous (Mattson and Prophet for -
ma tions), and fewer sam ples are De vo nian (basal clastics)
and Cre ta ceous (un spec i fied). The Car bon if er ous out crop
sam ples yielded ZHe dates that gen er ally range from Cam -
brian to Cre ta ceous. How ever, the range of ZHe dates var -
ies from sam ple to sam ple, de pend ing on their geo graphic
lo ca tion. For ex am ple, the east ern most sam ple has a Cam -
brian–Tri as sic ZHe date range, sug gest ing they are par -
tially re set, while the wes tern most sam ple has a Tri as -
sic–Cre ta ceous ZHe range, in di cat ing that it has been re set.
Over all, the ZHe dates and date range de crease to ward the
west (Fig ure 4). Based on this, it can be stated that the
postdepositional burial tem per a tures were higher to ward
the west but are still lim ited to max i mum tem per a tures of
140-200 °C. The wes tern most sam ple likely ex pe ri enced
>200 °C. The Car bon if er ous bore hole sam ples are lo cated
at depths of 1.2 km and 1.6 km. Their ZHe dates are older

than those of their out crop coun ter parts, rang ing from Neo -
proterozoic to Car bon if er ous, which sug gests par tial re set ting.
The De vo nian borehole sam ple (from a depth of 2.4 km) is
also par tially re set but with a Cam brian–Cre ta ceous ZHe
range. Fi nally, the Cre ta ceous bore hole sam ple from 0.5 km 
pres ents a Neoproterozoic–Or do vi cian ZHe range and is
there fore in ter preted as not re set, hav ing ex pe ri enced post -
depositional burial tem per a tures of <140 °C. This ZHe
dataset from across the Liard Ba sin thus en ables a better un -
der stand ing of the max i mum burial ex pe ri enced across the
ba sin. The up com ing ther mal his tory mod el ling will link
their his to ries with the dis tri bu tion of the geo ther mal gra di -
ents in the ba sin (Fig ure 1).

Summary

This pa per sum ma rizes cur rent prog ress in con strain ing the
ther mal his tory of the Liard Ba sin and its pos si ble link to
the de vel op ment of the high geo ther mal gra di ents in the
area. The south ern Liard Ba sin pres ents Tri as sic strata that
ex pe ri enced postdepositional max i mum tem per a tures
>200 °C, while Cre ta ceous strata ex pe ri enced 140-200 °C.
In the north ern Liard Ba sin, Car bon if er ous strata all ex pe ri -
enced tem per a tures be tween 140 and 200 °C. How ever, the
range of ZHe dates is grad u ally less dis persed and youn ger
to ward the west, sug gest ing that rocks in the west ex pe ri -
enced higher tem per a tures than those in the east. The link
be tween the max i mum burial tem per a tures and the cur rent
geo ther mal gra di ent can not be stated at the mo ment, given
the need to quan tify ero sional/ex hu ma tion rates of the an a -
lyzed sam ples. Ther mal-his tory mod el ling is cur rently un -
der way to quan tify the tim ing and rates of cool ing of these
rocks. Only through mod el ling it will be pos si ble to con -
strain whether ero sion was fast enough to re sult in
isotherms not having time to equilibrate, hence generating
the observed high geothermal gradients.

Un der stand ing how geo ther mal anom a lies de velop is crit i -
cal in guid ing fu ture ex plo ra tion ef forts. Geo ther mal en -
ergy is one of the most prom is ing en ergy al ter na tives due to
its po ten tial for long-term use and low-car bon foot print.
For die sel-de pend ent re mote com mu ni ties in north ern BC
and NWT es pe cially, the use of geo ther mal heat would be
ben e fi cial in pro vid ing en ergy au ton omy and re li abil ity.
Geo ther mal heat could be used by com mu ni ties not only for 
dis trict heat ing, but also for green house food pro duc tion
and wood-pel let dry ing, cre at ing many eco nomic op por tu -
ni ties. Heat ing alone cur rently ac counts for 80% of the en -
ergy de mand (Majorowicz and Grasby, 2021), so mak ing
use of the geo ther mal re sources would have a sig nif i cant
im pact on the health, environment and economic and social
well-being of all northern communities.
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Introduction

In 2023, Geoscience BC re leased the North east BC Geo -
log i cal Car bon Cap ture and Stor age At las (Ca na dian Dis -
cov ery Ltd., 2023), which in cluded maps in both PDF and
shapefile for mats, as well as a com pre hen sive da ta base of
oil and gas pool and aqui fer data. This study iden ti fied and
as sessed prom is ing geo log i cal car bon di ox ide (CO2) se -
ques tra tion sites in north east ern Brit ish Co lum bia (BC)
within the West ern Can ada Sed i men tary Ba sin, quan ti fy ing 
their CO2 stor age po ten tial and eval u at ing their abil ity to
sup port car bon cap ture and se ques tra tion (CCS) and low-
car bon en ergy pro jects. As well, the at las pro vided valu able 
in for ma tion for policymakers, In dig e nous groups, com mu -
ni ties and in dus try stake holders; rec om mended fu ture CCS
eval u a tion steps; and of fered a meth od ol ogy for as sess ing
CO2 se ques tra tion po ten tial in other BC bas ins, par tic u larly 
those near major CO2 emission sources.

The deep Gran ite Wash For ma tion (Gran ite Wash) was not
in cluded in the orig i nal at las be cause of in suf fi cient pub -
licly avail able data. To ad dress this data gap, Geoscience
BC de vel oped a new CCS pro ject to as sess the Gran ite
Wash in north east ern BC (Fig ures 1, 2), and the tech ni cal
work is be ing un der taken by Ca na dian Dis cov ery Ltd. The
pri mary goals of the pro ject are to 1) re gion ally map the
Gran ite Wash, 2) iden tify ar eas of north east ern BC where
the Gran ite Wash has suf fi cient po ros ity, per me abil ity and
net res er voir thick ness to be con sid ered a po ten tial CCS tar -
get and 3) cal cu late the CO2 stor age po ten tial for two Gran -
ite Wash ar eas of in ter est (AOIs). This pa per sum ma rizes
the project’s key activities, expected outcomes and outputs.

Pro ject re sults are ex pected to be made pub lic in March
2026.

Geology of the Granite Wash

The Gran ite Wash is a diachronous lithostratigraphic unit
com posed pri mar ily of siliciclastic rocks that un con form -
ably rests atop a Pre cam brian base ment com pris ing gran -
ites and metasedimentary rocks. The Gran ite Wash sands

were de pos ited as part of an al lu vial to braided plain in a
deltaic and shal low ma rine en vi ron ment sur round ing an
ex posed Peace River arch land mass (Trot ter and Hein,
1988). Re gion ally, Gran ite Wash siliciclastic units thin
across the arch, thicken on the flanks and thin to ward the
dis tal edges. The struc ture of the un der ly ing Pre cam brian
base ment in flu enced the de po si tion of the Gran ite Wash
(O’Connell et al., 1990); the siliciclastic sed i ments typ i -
cally blan keted the paleotopography of the Pre cam brian
drap ing over highs and fill ing in lows (Dec et al., 1996).
The Gran ite Wash can there fore be very thin or ab sent
where the Pre cam brian was highly emer gent at the time of
de po si tion; these ar eas of nondeposition of the Granite
Wash are referred to as ‘bald highs’.

The siliciclastic units of the Gran ite Wash are com posed
pre dom i nantly of siltstones and fine-, me dium- and coarse-
grained feldspathic and quartz-rich sand stones. The most
po rous and per me able zones with the best po ten tial to store
CO2 oc cur in the sand stones. The Gran ite Wash siliciclastic
units are ra dio ac tive due to the high po tas sium con tent of
the feld spar clastic com po nent and are char ac ter ized by
high read ings on gamma-ray well logs (Figure 3).

In the study area, seals (caprocks), which acts as traps, oc -
cur both lo cally and re gion ally and at sev eral lev els in the
subsurface. The seals over ly ing the po ten tial stor age res er -
voir need to pro vide con tain ment and be geomechanically
sta ble. Of par tic u lar note in the area is the Cre ta ceous
Shaftesbury For ma tion, a thick re gional shale unit that ex -
tends through out the study area and is sit u ated be low the
deep est ground wa ter level. This unit can act as a con tain -
ment layer, pre vent ing CO2 migration to the surface.

Project Methodology

Sedimentological and strati graphic data will be ob tained
from geo phys i cal well logs, geo log i cal well files and core
de scrip tions. Data from Al berta (four town ships to the east
of the BC bor der) is in cluded in the eval u a tion, as there are
wells that pen e trated the Gran ite Wash and the well files
can pro vide ad di tional in for ma tion. Gamma-ray, sonic,
neu tron den sity, bulk den sity, microlog and re sis tiv ity wire -
line well logs will all be used to de ter mine gross isopach,
av er age po ros ity and net res er voir. Al though lim ited, core
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Fig ure 1. Pro ject study area (red out line), north east ern Brit ish Co lum bia. The CO2 emit ters are shown as filled
col oured cir cles, with the size and col our be ing pro por tional to an nual CO2 emis sion vol umes. The two ar eas of
in ter est in this study are out lined in blue. Gran ite Wash For ma tion (Gran ite Wash) well data from geo LOGIC sys -
tems ltd. (2024).
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Fig ure 2. Strati graphic chart for north east ern Brit ish Co lum bia
(mod i fied from BC Min is try of En ergy, Mines and Low Car bon In no -
va tion, 2011; Core Lab o ra to ries Pe tro leum Ser vices, 2017). Gran -
ite Wash For ma tion is out lined in red. Ab bre vi a tions: Lk, Lake; Pt.,
Point; R, River.

Fig ure 3. Petrophysical well log high light ing the strati graphic tops
and the typ i cal log re sponses of the Gran ite Wash For ma tion (net
res er voir high lighted in red; log from geo LOGIC sys tems ltd.
[2024]). Ab bre vi a tions: bgs, be low ground sur face; DEN, den sity;
DT, sonic delta-t; GAPI, gamma API units; GRS, gamma ray; ILD,
deep in duc tion; ILM, shal low in duc tion; SFL, spher i cally fo cused
log.



and drillstem test data will also be used to further char ac ter -
ize the reservoir.

Through the gen er ous do na tion of in dus try part ners, over
580 km2 of 3-D seis mic and 3540 km of 2-D seis mic map -
ping is be ing used to map stra tig ra phy and struc ture, fo cus -
ing on the Gran ite Wash and Pre cam brian base ment. Ar eas
of ex ist ing nat u ral fault ing need to be un der stood and as -
sessed as to the risk of re ac ti va tion along their faults and
po ten tial for the fault to breach the seals. This pro ject will
as sess and po ten tially cat e go rize the var i ous ori en ta tions
and depths of seismically identified faults.

The seis mic and geo log i cal data will be com bined to cre ate
a suite of maps that will be used to iden tify ar eas with the
great est res er voir po ten tial and to in form cal cu la tions of
CO2 stor age po ten tial. Based on the geo log i cal and geo -
phys i cal data ac cessed for the pro ject, two ar eas of in ter est
(AOIs) in the study area were iden ti fied based on the
greater avail abil ity of data, which al lows for more de tailed
map ping (Fig ure 1). Fig ure 4 is an en larged map of the
south ern AOI show ing the po si tion of the Peace River arch
and the lo ca tion of the sche matic cross-sec tion shown in
Fig ure 5. The sche matic sec tion in Fig ure 5 high lights the
gen er al ized depositional ge om e try of the Gran ite Wash.
Ini tial isopach map ping of the southern AOI indicates up to
200 m of Granite Wash.

De tailed po ros ity trends will be es tab lished for the AOIs.
When cal cu lat ing the net res er voir for the AOIs, a cut off of
5% po ros ity will be used when suf fi cient po ros ity well logs
are avail able, and when un avail able, net res er voir will be
es ti mated us ing spon ta ne ous po ten tial, cal i per and micro -
log re sponses. Ini tial map ping of the south ern AOI showed
up to 110 m of net reservoir.

Gran ite Wash sa line aqui fer data will be vetted for CO2

stor age suit abil ity cri te ria, in clud ing cut offs for po ros ity
and per me abil ity, as well as suf fi cient depth, tem per a ture,
pres sure and trap ping for ef fec tive stor age, and aqui fers
with po ten tial for CO2 stor age will be iden ti fied. Those
aqui fers with the po ten tial for super criti cal CO2 stor age
will need to have ini tial res er voir pres sures greater than
7500 kilo pas cals and tem per a tures greater than 31.1o C (the 
crit i cal point for CO2). At super criti cal con di tions, CO2 has
high den sity like a liq uid, but low vis cos ity like a gas—
ideal for in jec tion and stor age of greater vol umes as com -
pared to stor age in the gas eous phase. The CO2 den sity cal -
cu la tions re quire ab so lute pres sure and tem per a ture at res -
er voir con di tions from equa tions of state (Span and
Wag ner, 1996). The CO2 den si ties for this study will be cal -
cu lated using a web computation tool (Wischnewski,
2007).

The o ret i cal and ef fec tive CO2 stor age po ten tial for the
Gran ite Wash aqui fer(s) will be pro vided in the re port. The -
o ret i cal stor age is the mass of CO2 that can be stored in the

aqui fer and is based on the mapped pore vol ume of the res -
er voir and CO2 den sity. Ef fec tive stor age is the ca pac ity for
CO2 stor age af ter ac count ing for var i ous res er voir con di -
tions and fluid prop er ties. For re gional aqui fers, given the
large ae rial ex tent and the fact that in jected CO2 must dis -
place fluid in place, the cal cu la tions for ef fec tive stor age
ca pac ity are pro vided on a nine ti eth per cen tile (P90; high),
fif ti eth per cen tile (P50; mean) and tenth per cen tile (P10;
low) ba sis, as a func tion of the per cent age of to tal the o ret i -
cal stor age po ten tial. This data will be gridded and sum ma -
rized on a megatonne per township (or equivalent) map.

Conclusion

Map ping of the Gran ite Wash For ma tion (Gran ite Wash)
will aug ment the ex ist ing maps and da ta base gen er ated for
the North east BC Geo log i cal Car bon Cap ture and Stor age
At las and con trib ute to Geoscience BC’s ob jec tive of pro -
vid ing at las-style CO2 stor age as sess ment re ports for the
geo log i cal bas ins across British Columbia (BC).

The de liv er ables of the North east BC Gran ite Wash Geo -
log i cal Car bon Cap ture and Stor age At las pro ject include

1) cat a logue of all rel e vant geoscience re ports and data;

2) struc tural map and gross thick ness map for the Gran ite
Wash, as well as a struc tural map for the un der ly ing Pre -
cam brian base ment;

3) de tailed maps and data ta bles for the Gran ite Wash in the 
ar eas of in ter est, in clud ing av er age po ros ity, net res er -
voir and CO2 stor age po ten tial;

4) pre lim i nary as sess ment of car bon stor age res er voir
tech ni cal risks;

5) iden ti fi ca tion of data gaps and rec om men da tions for fu -
ture re search phases; and

6) pub lic re port and at las.

This pro ject will ul ti mately pro vide fur ther in sights into the 
geo log i cal frame work and car bon stor age po ten tial of the
Gran ite Wash in north east ern BC.
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Fig ure 4. South ern area of in ter est with bound aries of the Peace River arch and the lo ca tion of the sche matic cross-
sec tion in Fig ure 5. Gran ite Wash For ma tion (Gran ite Wash) well data from geo LOGIC sys tems ltd. (2024).
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Fig ure 5. Sche matic cross-sec tion of the Pre cam brian to the De -
vo nian Wabamun For ma tion in the south ern area of in ter est near
the Peace River arch. See Fig ure 4 for the lo ca tion of the cross-
sec tion.
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