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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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