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Foreword

Geoscience BC is pleased to pres ent the re sults of on go ing and re cently com pleted geoscience pro jects and sur veys in this,
our fourth edi tion of the Geoscience BC Sum mary of Ac tiv i ties. The vol ume is di vided into two sec tions, and con tains a to tal
of 25 pa pers. In dus try con sul tants and con trac tors, uni ver sity-based re search ers and gov ern ment geoscientists work ing on
Geoscience BC–funded pro jects prepared most of the papers. 

Geoscience BC launched two new ma jor pro jects in 2010: the Por phyry In te gra tion Pro ject and the Montney Wa ter Pro ject.
The Por phyry In te gra tion Pro ject, which aims to pull to gether ex ist ing geo log i cal, geo chem i cal and geo phys i cal datasets
for se lect BC por phyry dis tricts, is de scribed by Devine in the first pa per. The Montney Wa ter Pro ject, which is fo cused on
in creas ing knowl edge of sur face wa ter, near-sur face wa ter and deep aqui fers in the north east ern BC Montney shale gas
play, is de scribed by Hayes et al. and Brown in the first two pa pers of the oil and gas sec tion. Stay tuned to Geoscience BC’s
website for more de tails on these projects as they become available. 

In ad di tion to the three pa pers men tioned above, this vol ume con tains 14 min er als and 8 oil and gas pa pers from Geoscience
BC–sup ported part ner ship pro jects. The pa pers range from in tro duc tions to new pro jects that are just un der way through on -
go ing pro ject up dates to fi nal pro ject re ports. In each sec tion, the pa pers are or ga nized roughly by lo ca tion, to en able the
reader to quickly identify papers of interest.

Read ers are en cour aged to visit the website for ad di tional in for ma tion on all Geoscience BC–funded pro jects, in clud ing
pro ject ab stracts, post ers and pre sen ta tions, pre vi ous Sum mary of Ac tiv i ties or Geo log i cal Field work pa pers, and fi nal
datasets. All pa pers in this and past vol umes are avail able for down load through Geoscience BC’s website (www.geo
sciencebc.com).

Geoscience BC Publications 2010

In ad di tion to this Sum mary of Ac tiv i ties vol ume, Geoscience BC re leases in terim and fi nal prod ucts from our pro jects as
Geoscience BC Re ports as they be come avail able. All Geoscience BC data and re ports can be ac cessed through our website
at www.geosciencebc.com/s/DataReleases.asp. Geoscience BC datasets and re ports re leased in 2010 in clude the fol low ing:

· 25 tech ni cal pa pers in the Geoscience BC Sum mary of Ac tiv i ties 2009 vol ume 

· Dis tri bu tion of the Chil cotin Group, Taseko Lakes and Bonaparte Lake map ar eas, Brit ish Co lum bia, by J. Dohaney,
G.D.M. An drews, J.K. Rus sell and R.G. An der son (Geoscience BC Map 2010-2-1 / GSC Open File 6344)

· An As sess ment of Soil Geo chem i cal Meth ods for De tect ing Cop per-Gold Por phyry Min er al iza tion through Qua ter -
nary Glaciofluvial Sed i ments at the Kwanika Cen tral Zone, North-Cen tral Brit ish Co lum bia (NTS 93N), by D.R.
Heberlein and H. Sam son (Geoscience BC Re port 2010-3)

· QUEST-South Pro ject Sam ple Reanalysis, by W. Jackaman (Geoscience BC Re port 2010-4)

· Bed rock Ge ol ogy of the QUEST map area, cen tral Brit ish Co lum bia, by J.M. Lo gan, P. Schiarizza, L.C. Struik, C.
Barnett, J.L. Nel son, P. Kowalczyk, F. Ferri, M.G. Mihalynuk, M.D. Thomas, P. Gam mon, R. Lett, W. Jackaman and T.
Ferbey (Geoscience BC Re port 2010-5 / BCGS Geoscience Map 2010-01 / GSC Open File 6476)

· Air borne Grav ity Sur vey, QUEST-South, Brit ish Co lum bia – 2009, by Sander Geo phys ics Ltd. (Geoscience BC Re -
port 2010-6)

· Ge ol ogy of the Deer Park Map Sheet (NTS 082E/08), by T. Höy and W. Jackaman (Geoscience BC Map 2010-7-1)

· An As sess ment of Soil Geo chem i cal Meth ods for De tect ing Cop per-Gold Por phyry Min er al iza tion through Qua ter -
nary Glaciofluvial Sed i ments at the WBX-MBX and 66 Zones, Mt. Milligan, North-Cen tral Brit ish Co lum bia, by
D.R. Heberlein (Geoscience BC Re port 2010-8)

· QUEST Pro ject Com pi la tion, by S.P. Wil liams and F. Ma (Geoscience BC Re port 2010-9)

· Till Geo chem is try of the Nadina River Map Area (093E/15), West-Cen tral Brit ish Co lum bia, by T. Ferbey
(Geoscience BC Re port 2010-10 / BCGS Open File 2010-07)

· Horn River Ba sin Subsurface Aqui fer Pro ject – Phase 1 Data, by Pe trel Rob ert son Con sult ing Ltd. (Geoscience BC
Re port 2010-11)

· QUEST-West Com pi la tion Maps, by Geoscience BC (Geoscience BC Re port 2010-12)
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· QUEST-South Re gional Geo chem i cal Data, South ern Brit ish Co lum bia, by W. Jackaman (Geoscience BC Re port
2010-13)

· Rel a tive Drift Thick ness Map, North-Cen tral British Columbia, by D.M. Maynard, B.C. Ward, M. Geertsema, N. Rob -
erts and D. Sacco (Geoscience BC Re port 2010-14)

· Bed rock Cross-Sec tions in Chasm Pro vin cial Park, by R-E. Farrell, J.K. Rus sell and K.A. Simpson (Geoscience BC
Map 2010-15-1 / GSC Open File 6657)

· 2-D Land Joint In ver sion of Seis mic, Magnetotelluric and Grav ity for Pre-Stack Depth Mi gra tion Im ag ing, by West -
ern GeCo MDIC (Geoscience BC Re port 2010-16)

All re leases of Geoscience BC re ports and data are an nounced through our website and e-mail list. If you are in ter ested in re -
ceiv ing e-mail re gard ing these re ports and other Geoscience BC news, please con tact info@geosciencebc.com.
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Porphyry Integration Project: Combining British Columbia’s Wealth of Datasets
with Modern Exploration Geoscience at the District Scale to Provide New Insight

into Porphyry-Deposit Exploration Strategies

F. Devine, Mer lin Geosciences Inc., Atlin, BC, fdevine@merlingeo.com

Devine, F. (2011): Por phyry In te gra tion Pro ject: com bin ing Brit ish Columbia’s wealth of datasets with mod ern ex plo ra tion geoscience at
the dis trict scale to pro vide new in sight into por phyry-de posit ex plo ra tion strat e gies; in Geoscience BC Sum mary of Ac tiv i ties 2010,
Geoscience BC, Re port 2011-1, p. 1–4.

Introduction

Brit ish Co lum bia is home to one of the world’s ma jor
alkalic por phyry dis tricts and also hosts nu mer ous calc-
alkalic por phyry de pos its. The ma jor ity of cop per pro duc -
tion in the prov ince since the 1960s has come from por -
phyry de pos its and six of the top ten pro duc ing or past-pro -
duc ing cop per mines in BC are por phyry de pos its (BC
Min is try of For ests, Mines and Lands, 2010). These de pos -
its also con tain other met als as the pri mary or sec ond ary
com mod ity, in clud ing mo lyb de num, gold and sil ver. The dis -
covery re cord has proven Stikine and Quesnel arc ter ranes
to be two of the most pro spec tive geo log i cal ter ranes in BC
for por phyry de pos its. Over 2000 por phyry-re lated show -
ings, pros pects, de vel oped pros pects and de pos its have
been re ported in BC (BC Geo log i cal Sur vey, 2010; Fig -
ure 1).

The geo log i cal di ver sity of por phyry de pos its within the
prov ince has proven in trigu ing to re search ers, and has pro -
vided chal leng ing com plex ity to ex plor ers. Por phyry Cu-
Mo-Au, Cu-Au, Cu-Mo, Mo de pos its, and tran si tional vari -
a tions thereof, oc cur with vary ing ig ne ous as so ci a tions as
well as within lim ited, but vari able, geo log i cal hostrocks.
More over, the geo log i cal pro cesses at work in the dif fer ent
phys io graphic re gions of the prov ince ef fec tively al ter their 
surficial sig na tures. With the va ri ety in type, age and ge ol -
ogy of BC’s por phyry de pos its, ex plo ra tion for this de posit
type can be a chal lenge, but de cades of ex plo ra tion his tory,
com bined with new geoscience data, can pro vide di rec tion
and sub tle in di ca tors, which may be used as guides to lo cat -
ing de pos its. Un der stand ing the geo log i cal char ac ter is tics
of BC por phyry de pos its and de vel op ing new ex plo ra tion
cri te ria are fundamental to making new discoveries and
developing these prospects into the mines of the future.

Recent Developments in the Understanding of
BC Porphyry Deposits

Over the past sev eral de cades, there has been sig nif i cant
ad vance ment in the un der stand ing of BC’s por phyry sys -
tems. In the 1990s a ma jor por phyry-de posit re search pro -
ject was un der taken by the Min eral De posit Re search Unit
(MDRU) of the Uni ver sity of Brit ish Co lum bia, which led
to ad vance ments in the un der stand ing of the char ac ter is tics
and re gional tec tonic as so ci a tions of sev eral BC por phyry
Cu-Au de pos its. The widely known spe cial vol ume pub -
lished by the Ca na dian In sti tute of Min ing, Met al lurgy and
Pe tro leum in cluded 69 pa pers con tain ing de scrip tions of
por phyry and por phyry-re lated de pos its in West ern Can ada 
and the United States (Schroeter, 1995). Sev eral re cent
stud ies by the BC Geo log i cal Sur vey have fur ther ex am -
ined the set ting of cer tain por phyry de pos its and re gional
geo log i cal map ping pro jects have con tin ued to de fine the
re gional tec tonic set ting of por phyry sys tems in BC (e.g.,
Nixon and Peatfield, 2003; Lo gan et al., 2007). Fur ther -
more, re cent re search on alkalic de pos its in BC car ried out
un der the alkalic re search pro ject jointly run by MDRU and 
the Cen tre for Ore De posit Re search of the Uni ver sity of Tas -
ma nia (Cham ber lain et al., 2007) has led to the de vel op -
ment of de pos its mod els for sev eral key de pos its, in clud ing
Mount Polley, Mount Milligan and Ga lore Creek.

In ad di tion to sci en tific ad vance ments, ex plo ra tion datasets 
and in-house com pany knowl edge of por phyry de pos its
have been grow ing as the re sult of over 50 years of por -
phyry-fo cused ex plo ra tion. In dus try has con ducted de -
tailed geo phys i cal and geo chem i cal sur veys, as well as
geo log i cal map ping and drill ing on nu mer ous prop er ties.
Some of this data has been filed in the BC as sess ment re port 
sys tem (ARIS), which hosts a wealth of data from over 60
de cades of ex plo ra tion. Even more data is stored within
com pany da ta bases that are not currently available to the
public.

Building on QUEST

The avail abil ity and use of high-qual ity, re gional datasets
has vastly ex panded since the ad vent of dig i tal-files data
col lec tion, dis tri bu tion and stor age. Geoscience BC’s
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QUEST, QUEST-South and QUEST-West pro jects have
gen er ated a sig nif i cant vol ume of new data cov er ing key
parts of the Stikine and Quesnel ter ranes, in clud ing air -
borne-grav ity and elec tro mag netic (EM) sur veys, as well
as geo chem i cal anal y ses of new, and reanalyzed, stream-
and lake-sed i ment sam ples. Geoscience BC has also re -

cently funded many stand-alone pro jects fo cused on de vel -
op ing por phyry-de posit ex plo ra tion tech niques (e.g., Cook
and Dunn, 2007; Dunn et al., 2007; Bouzari et al., 2010;
Heberlein, 2010; Heberlein and Sam son, 2010; Mitchinson 
and Bissig, 2010; Heberlein and Dunn, 2011; Mitchinson
and Enkin, 2011).
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Fig ure 1. Dig i tal el e va tion model of Brit ish Co lum bia show ing the lo ca tion of pro duc ing por phyry de pos its and ‘por phyry-style’ min er al -
iza tion (Ca na dian Coun cil on Geomatics, 2004; BC Geo log i cal Sur vey, 2010). Clas si fi ca tion of oc cur rences fol lows the tec tonic-re -
lated di vi sions high lighted by McMillan et al. (1995). Al though found else where within BC, por phyry min er al iza tion is most com monly
as so ci ated with the Stikine (green) and Quesnel (or ange) ter ranes, high light ing the prospectivity of these ter ranes for ad di tional dis cov -
er ies. Blue out lines cor re spond to the por phyry dis tricts of in ter est that are cur rently un der con sid er ation by the pro ject team. Ul ti mately, 
dis tricts will be cho sen to rep re sent the spec trum of BC por phyry-de posit types (not all dis tricts out lined in Fig ure 1 will be in cluded in the 
fi nal pro ject).



The his tory of por phyry re search and ex plo ra tion in BC,
com bined with im proved un der stand ing of por phyry sys -
tems and sig nif i cant new re gional datasets, as well as de -
tailed stud ies of de pos its and as sess ment of suit able ex plo -
ra tion tech niques, cre ates an op por tu nity to in te grate these
new datasets and knowl edge into a com pre hen sive BC por -
phyry-de posit exploration framework.

Project Approach

The Por phyry In te gra tion Pro ject is based on a ‘por phyry
sig na ture’ con cept. The in ten tion is to iden tify geo log i cal
char ac ter is tics at the dis trict scale that will help lead to the
iden ti fi ca tion of con tained de pos its. By study ing sev eral
rel a tively ma ture dis tricts, some of which have pro duc ing
mines, the pro ject team will ben e fit from know ing where
the por phyry de pos its lie within those dis tricts and have ac -
cess to his tor i cal ex plo ra tion data col lected within the dis -
trict, both ad ja cent to and re mote from the known de -
posit(s). The goals of the pro ject are to com pile, in te grate
and in ter pret dis trict-scale in for ma tion in the con text of the
re gional-scale data con tained in in dus try, ac a demic and
pub lic geoscience datasets; it fur ther aims to pro vide ex plo -
ra tion guide lines di rectly use ful to ex plo ra tion com pa nies
in vectoring to por phyry de pos its in comparably unknown
districts as they follow up on regional-scale targeting pro -
grams.

The dis trict-scale fo cus is key to the pro ject model. The
pro ject will not at tempt to con duct de tailed re search on in -
di vid ual de pos its; it will in stead con cen trate on the in ter -
me di ate scale, in be tween the de tailed de posit or prop erty
scale, which is the fo cus of in dus try, and the more ex pan -
sive re gional scale, which is the fo cus of pub lic geoscience
agen cies. The dis trict scale is fa mil iar to ex plor ers work ing
on min eral prop er ties and the prod ucts gen er ated through
this pro ject will be di rectly com pa ra ble to those pro duced at 
the min eral-ex plo ra tion pro ject scale, thereby being of
immediate use to explorers.

Datasets for com pi la tion and in te gra tion in clude, but are
not lim ited to

· geo log i cal map ping (BC Geo log i cal Sur vey and Geo -
log i cal Sur vey of Can ada re gional map ping; prop erty-
scale mapping);

· BC MINFILE min eral oc cur rences;

· re mote-sens ing data;

· re gional geo phys i cal sur veys, in clud ing re cent re gional
Geoscience BC and Nat u ral Re sources Can ada air -
borne-grav ity and mag netic surveys;

· prop erty-scale geo phys i cal sur veys, in clud ing in duced-
po lar iza tion, EM and mag netic datasets;

· re gional geo chem i cal sur veys;

· soil sur veys us ing var i ous ex trac tion tech niques;

· stream-sed i ment sur veys;

· whole-rock geo chem is try; and

· de tailed de posit re search, in clud ing iso tope- and min -
eral-chem is try stud ies.

Lay er ing and ma nip u la tion of dig i tal data will en able an
eval u a tion of any trends and fea tures vis i ble in the datasets,
and as sist the pro ject team with ac cess ing their abil ity to ef -
fec tively rec og nize the lo ca tion of de pos its in a given dis -
trict. Based on this eval u a tion, the pro ject team will en -
deavour to de velop a set of geo log i cal, geo phys i cal and
geo chem i cal tools and tech niques, which can be ap plied to
porphyry exploration in other districts.

Porphyry Districts of Interest

Six teen dis tricts of in ter est have been iden ti fied (see Fig -
ure 1) and com pi la tion is un der way to eval u ate the pub lic
datasets and po ten tial com pany datasets that ex ist in each of 
these ar eas. A lim ited list of dis tricts will be cho sen to be the 
fo cus of this pro ject, se lec tion of which will de pend on the
avail abil ity, qual ity and breadth of data.

Project Deliverables

Planned prod ucts of the pro ject in clude a hard-copy at las of
maps for each dis trict se lected and guides to de posit char ac -
ter is tics, as well as rec om men da tions on ex plo ra tion tools
and tech niques. The scale of maps be tween dis tricts will be
held con stant to max i mize the abil ity to com pare and con -
trast data be tween map sets. As por phyry de pos its of dif fer -
ent classes and age (e.g., alkalic Cu-Au, Cu-Mo, Mo; Tri as -
sic–Ju ras sic ver sus Cre ta ceous) will be in te grated, some of
which oc cur in dif fer ent phys io graphic re gions, the abil ity
to com pare be tween de pos i ts  is im por tant to the
effectiveness and usefulness of the final product.

Project Team

The pro ject is a col lab o ra tive ef fort be tween Geoscience
BC and the MDRU at the Uni ver sity of Brit ish Co lum bia.
The three branches (ge ol ogy, geo phys ics and geo chem is -
try) of the pro ject all con trib ute to the com plete in te gra tion
of data on each dis trict and will rely on the ex per tise pro -
vided by Geoscience BC con sul tants and MDRU re search -
ers. D. Heberlein (Heberlein Geoconsulting and Geo -
science BC pro ject team) and F. Blaine (MDRU) will be
re spon si ble for the geo chem i cal com po nents of the pro ject.
D. Heberlein, an ex pert in geo chem is try-driven ex plo ra tion 
tar get ing, re cently com pleted two Geoscience BC-funded
pro jects fo cused on test ing the ef fec tive ness of geo chem i -
cal meth ods in iden ti fy ing bur ied por phyry de pos its in cen -
tral Quesnellia (Heberlein, 2010; Heberlein and Sam son,
2010). F. Blaine is cur rently work ing on a Geoscience BC-
spon sored pro ject en ti tled “Geo chem i cal Mod els for BC
Por phyry De pos its: Out crop ping, Blind and Bur ied Ex am -
ples” (http://www.geosciencebc.com/s/2009-048.asp).
P. Kowalczyk (Mira Geoscience and Geoscience BC pro -
ject team) and D. Mitchinson (MDRU) will be re spon si ble
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for the geo phys i cal com po nents. P. Kowalczyk, a lead ing
au thor ity on geo phys i cal tech niques ap plied to min eral ex -
plo ra tion, has over 40 years of ex pe ri ence in BC min eral
ex plo ra tion. D. Mitchinson is near ing com ple tion on a
Geoscience BC-sup ported post-doc toral re search pro ject
en ti tled “In te grated Geo log i cal and Geo phys i cal Por phyry
Mod els: Add ing Value to Geoscience BC Geo phys i cal
Data” (see Mitchinson and Bissig, 2010; Mitchinson and
Enkin, 2011; http://www.geosciencebc.com/s/2009-
001.asp). F. Devine (Mer lin Geosciences Inc. and
Geoscience BC pro ject team) and T. Bissig (joint MDRU-
Geoscience BC re searcher) will be re spon si ble for the geo -
log i cal com po nents. F. Devine has ex per tise in re gional- to
prop erty-scale ge ol ogy eval u a tion and ex pe ri ence in re cent 
por phyry Cu-Au ex plo ra tion and re search in BC. T. Bissig
is lead ing the MDRU porphyry Cu-Au- and epithermal Au-
deposit projects and brings global experience in porphyry-
deposit research, including expertise on BC’s alkalic
porphyry Cu-Au deposits.

Summary

This pro ject will be among the first to de velop a com pre -
hen sive and com par a tive view of new multidisciplinary
datasets on key BC por phyry de pos its, spe cif i cally fo cused
on ex plo ra tion strat egy. Data com pi la tion is un der way with 
dis tricts cho sen for com pi la tion and in te gra tion by the end
of 2010. Dis trict dataset de vel op ment will con tinue
through 2011, with all prod ucts to be avail able in early
2012. New in for ma tion on this pro ject will be avail able
through the Geoscience BC website (www.geoscience
bc.com ).
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Introduction

In 2009, as part of Geoscience BC pro ject 2009-019, a soil
ori en ta tion sur vey was car ried out over the Kwanika Cen -
tral zone in north-cen tral Brit ish Co lum bia (Heberlein,
2010; Heberlein and Sam son, 2010). The aim of this sur vey 
was to in ves ti gate the ef fec tive ness of a suite of com monly
used chem i cal di ges tions, com bined with a range of sam ple
me dia, at de tect ing deeply bur ied por phyry Cu-Au min er al -
iza tion through Qua ter nary glaciofluvial and postmin er al -
iza tion sed i men tary cover. A to tal of nine di ges tions were
used, in clud ing lab o ra tory spe cific (pro pri etary and non -
pro pri etary) meth ods as well as ge neric meth ods. Soil ma -
te rial was col lected from the up per 50 cm of the pro file;
spe cif i cally from Ah, up per B, lower B and C ho ri zons. In
ad di tion, sam ples for Mo bile Metal Ion (MMI®) anal y sis
were col lected from a con stant depth in ter val of 10 to 25 cm 
be low the top of the min eral soil fol low ing the rec om -
mended protocol of SGS Mineral Services (Lakefield, On -
tario).

Re sults showed that soil geo chem is try is an ef fec tive tech -
nique for de tect ing deeply bur ied min er al iza tion. Best re -
sults were ob tained from the Ah ho ri zon us ing an aqua-
regia di ges tion. This com bi na tion of sam ple me dia and di -
ges tion re sulted in con vinc ing multi-el e ment anom a lies for
Cu, Au, W, As, Ag and Mo di rectly over the sur face pro jec -
tion of the min er al ized zone. Most con vinc ing re sponses
were ob tained over the parts of the min er al ized body that
are pres ent at more than 300 m be low the sur face. Of the ge -
neric meth ods, a so dium pyrophosphate leach on Ah ho ri -
zon sam ples was also ef fec tive in pro duc ing credible
anomalies for Cu, Au, Ag, W, U As, Sb and Mn.

Lab o ra tory spe cific meth ods ap plied to up per B, lower B
and C ho ri zons for the most part did not pro duce cred i ble
anom a lies. Of the lab o ra tory spe cific meth ods only ALS
Chemex’s (Van cou ver, BC) ionic leach tech nique con vinc -
ingly iden ti fied the deeper parts of the min er al ized body but 
did not pro duce a re sponse over shal lower min er al iza tion.
MMI®, bioleach and En zyme LeachSM failed to de tect the
zone. A con clu sion of the study there fore was that there was 
no ad van tage to us ing these more ex pen sive proprietary
methods in this environment.

The cur rent study builds on the re sults doc u mented in
Geoscience BC Re port 2010-3 (Heberlein and Sam son,
2010) by in ves ti gat ing the geo chem i cal re sponse to the
Kwanika Cen tral zone in surficial or ganic ma te ri als. It fur -
ther in ves ti gates the ef fec tive ness of the Ah ho ri zon as a
sam ple me dium by test ing three dif fer ent chem i cal di ges -
tions (dis tilled wa ter leach, so dium pyrophosphate leach
and aqua regia) on an off set 100 by 100 m grid over the min -
er al iza tion. It also ex am ines the re la tion ship be tween the
metal con tents of veg e ta tion and the Ah ho ri zon and at -
tempts to de ter mine whether metal anom a lies de tected in
Ah ho ri zon ma te rial are formed by ac cu mu la tion from shed
plant tis sues or by en trap ment of mo bile metal ions by or -
ganic mat ter in the soil. In ad di tion, char coal de bris in the
Ah ho ri zon is in ves ti gated as a po ten tial sam ple me dium.
Char coal is a com mon com po nent of bo real and sub-bo real
for est soils. It is formed by the thermochemical de com po si -
tion of wood by fire (DeLuca and Aplet, 2008). This highly
po rous ma te rial is known to have a strong metal sorp tion
ca pac ity (Johns et al., 1993; McMahon, 2006) and there -
fore should be have as an ef fec tive trap for mo bile metal
ions in the near-sur face en vi ron ment. It is po ten tially a use -
ful sam pling me dium in ar eas of re cent forest fires and
logged areas where the vegetation and the Ah horizon may
have been damaged or completely destroyed.

This pa per de scribes the field sam pling pro gram car ried out 
by the au thors in late Au gust to early Sep tem ber, 2010, and
dis cusses the pre lim i nary re sults of the char coal sam pling.
A com plete syn the sis of the re sults of this study, in clud ing a 
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dis cus sion of the veg e ta tion and Ah ho ri zon geo chem is try,
will be pub lished in a sep a rate Geoscience BC re port and
pre sented at Mineral Exploration Roundup 2011.

Benefits to the Mining Industry

This study is de signed to pro vide the min eral ex plo ra tion
com mu nity with a better un der stand ing of dif fer ent or ganic 
sam pling me dia that can be used for geo chem i cal ex plo ra -
tion in re gions with thick gla cial sed i men tary cover. It pro -
vides com par i sons of metal con cen tra tions be tween veg e -
ta tion, Ah ho ri zon and char coal de bris and as sesses the
rel a tive ca pa bil i ties of each for iso lat ing the sec ond ary geo -
chem i cal dis per sion pat terns re lated to a blind min eral de -
posit. It also pro vides guide lines about ap pro pri ate sam -
pling me dia in a num ber of for est cover sit u a tions that are
com monly en coun tered in north-cen tral BC. These in clude
pristine forest, clear-cut logged areas, beetle kill and
burned areas.

Study Area

Geoscience BC Re port 2010-3 (Heberlein and Sam son,
2010) pro vides a de tailed de scrip tion of the study area. The
Kwanika pro ject area is sit u ated in the Omineca Min ing Di -
vi sion, ap prox i mately 140 km north west of Fort St. James
(55°30’N, 125°18’W; Fig ure 1). It is ac ces si ble by well-
main tained For est Ser vice roads from Fort St. James via the
com mu nity of Takla Land ing. Serengeti Re sources Inc.
holds the ti tle to 28 con tig u ous min eral claims cov er ing an
area of 8960 ha (Rennie and Scott, 2009).

The Kwanika Cen tral zone is one of two min er al ized cen -
tres lo cated at the north ern end of the Kwanika prop erty.

To gether with the South ern zone, it forms a lin ear, north-
trending, Cu-Au por phyry sys tem hosted in sev eral small
monzonite in tru sions along the west ern mar gin of the
multiphase Hogem batholith (Ren nie and Scott, 2009).
Monzonite in trudes diorite, quartz monzonite and gran ite
of the Hogem batholith as well as andesitic vol ca nic rocks
of the Up per Tri as sic Takla Group. In tru sive and vol ca nic
hostrocks are trun cated to the west by the Pinchi fault—a
ma jor ter rain bound ary jux ta pos ing Cache Creek terrane
rocks to the west.

Min er al iza tion at the Cen tral zone is as so ci ated with a
strong core of in tense, tex tur ally de struc tive al bite al ter -
ation as so ci ated with a vari able multiphase stockwork of
quartz veinlets. Sur round ing the albitic core is a broad zone
of weak to strong, per va sive and frac ture-con trolled
potassic al ter ation char ac ter ized by K-feld spar and sec ond -
ary bi o tite (Ren nie and Scott, 2009). Potassic al ter ation
grades lat er ally into propylitic as sem blages. Dom i nant sul -
phide min er als in clude py rite, which is ubiq ui tous to the
de posit, chal co py rite and bornite. Mo lyb de nite is also com -
monly pres ent. Supergene en rich ment con sist ing of an up -
per ox ide zone with na tive cop per and a lower sul phide
zone with sec ond ary chalcocite oc curs on the up per sur face
of the hypogene min er al iza tion be neath a pack age of youn -
ger con glom er ate, sand stone and mudstone that bur ies the
min er al iza tion to the west. These sed i men tary rocks are in -
ter preted to be part of a youn ger sed i men tary ba sin formed
against the Pinchi fault. Qua ter nary glaciofluvial sed i -
ments, consisting of sand, gravel and local conglomerate,
cover the study area.

Surficial Environment

The Kwanika Cen tral zone lies in a broad, flat-

bottomed val ley con tain ing an ex ten sive cover of gla -

cial till and outwash sed i ments. Lo cal re lief is 40 m

within an area where el e va tions range from 900 to

1200 m asl. Drift cover over the de posit var ies in thick -

ness from a few metres to over 50 m (D. Moore, pers.

comm., 2009) and bed rock out crops oc cur only at the

bot tom of the deeply in cised Kwanika Creek val ley

(Ren nie and Scott, 2009). Away from the river val ley,

the sur face is well drained with gently slop ing to pog -

ra phy. The for est is sub-bo real and typ i cal of large ar -

eas of the gently roll ing pla teaus of cen tral in te rior BC. 

The dom i nant trees are lodgepole pine (Pinus

contorta), white spruce (Picea glauca) and sub al pine

fir (Abies lasiocarpa). In the boggy swamps, which

oc cur lo cally in the Kwanika Creek val ley, there are

thick tan gles of wil low (Salix spp.), and on the drier

plains the un der growth is rel a tively sparse with mostly 

soopolallie (Shepherdia canadensis; also known as

buffaloberry or soap berry), oc ca sional shrub al der

(Alnus spp.) and ferns.
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Fig ure 1. Lo ca tion of the study area, north-cen tral Brit ish Co lum bia.



Three types of soil pro file are pres ent in the study area.
These are, for the most part, de vel oped on a sub strate of
cob ble-rich sand and gravel. Podzols (Orthic Ferro-Humic; 
soil no men cla ture based on the Ca na dian Sys tem of Soil
Clas si fi ca tion [Can ada Soil Sur vey Com mit tee, Sub com -
mit tee on Soil Clas si fi ca tion, 1978])) are the most wide -
spread soil type, oc cur ring on well-drained, gen tle slopes
within the pine and spruce for est. Brunisol, the sec ond soil
type, is com mon at the base of slopes ad ja cent to boggy ar -
eas. A typ i cal ex am ple has a surficial LF (a sur face or ganic
layer formed by the ac cu mu la tion of or ganic mat ter de rived 
from leaves, nee dles, twigs and woody ma te ri als [L] and
partly de com posed or ganic mat ter [F]) and Ah ho ri zon up
to 4 cm thick over ly ing an un dif fer en ti ated ol ive-brown
Bm ho ri zon. The third soil type is rep re sented by Or ganic
soils. These oc cur in de pres sions and boggy ar eas and con -
sist of an up per thick, peaty Of or Om ho ri zon that can be
tens of centi metres thick, over ly ing a lower grey or blue-
grey C horizon. All occurrences of Organic soils were wa -
ter saturated.

Sampling and Analysis

Sam ples were col lected from 82 sta tions at 100 m in ter vals
along off set lines. Num bers and types of sam ples col lected
are sum ma rized in Ta ble 1 and il lus trated in Fig ures 2, 3 and 
4. Lim i ta tions on the avail abil ity of sam ple me dia at some
sam ple sta tions meant that not all me dia could be col lected
at ev ery site. This was es pe cially true in ar eas of ground dis -

tur bance caused by road-build ing and drill ing ac tiv i ties as
well as in swamps and major drainage areas.

Soil and Charcoal

Ah ho ri zon sam pling in volved roll ing back the sur face
moss-mat and leaf-lit ter layer (LF ho ri zon) and hand-
picking the black humic ma te rial from the lower sur face
and the top sur face of the min eral soil pro file. In or der to
ob tain enough ma te rial (50–75 g) and to cre ate a com pos ite
sam ple to re duce within-site vari abil ity, at least five ar eas
were sam pled at each sam ple sta tion. Sam ples were placed
in heavy-duty, dou ble-seal Ziploc® plas tic bags. Two Ah
ho ri zon sam ples (Ah 1 and Ah 2) were col lected at each
site. Char coal frag ments (where pres ent) were hand-picked 
from the Ah ho ri zon and placed in Ziploc® plas tic bags. The 
amount and size of frag ments pres ent was found to be
highly vari able from sta tion to sta tion. At some lo ca tions,
only min ute chips were pres ent and a large num ber of
places had to be sam pled in or der to ob tain enough ma te rial. 
At other sam ple sites, car bon ized twigs, bark or wood could 
be sampled relatively easily.

Ah ho ri zon and char coal sam ples were shipped to Acme
An a lyt i cal Lab o ra to ries Ltd. (Van cou ver, BC) where they
were oven dried at 80°C for 24 hours. Char coal sam ples
were man u ally pul ver ized us ing a pes tle and mor tar prior to
anal y sis. Anal y sis was done by in duc tively cou pled
plasma–mass spec trom e try (ICP-MS) fol low ing a mod i -

fied aqua-regia di ges tion (HNO3-HCl-H2O). Ah ho -

ri zon sam ples were screened to –80 mesh and the

+80 mesh frac tion milled to –100 mesh. Ah ho ri zon

sam ples were di gested us ing three dif fer ent meth -

ods: aqua regia, so dium pyrophosphate leach and

dis tilled wa ter leach. In each case, the an a lyt i cal fin -

ish was by ICP-MS. In ad di tion, loss on ig ni tion

(LOI) was de ter mined to as sess the C con tent of the

sam ples. Ta ble 2 summarizes the analytical methods

used for each sample type.
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Sample medium No. of samples Field duplicates Control samples

Ah horizon (Ah 1) 81 7

Ah horizon (Ah 2) 81 7

Charcoal 58 5

Lodgepole pine bark 82 7 10

White spruce bark 9 1 1

Subalpine fir twigs 82 7 10

Other 2

Table 1. Numbers and types of samples collected, Kwanika Central zone,
north-central British Columbia.

Table 2. Sample media and analytical methods employed, Kwanika Central zone, north-central
British Columbia.
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Fig ure 2. Sam ple lo ca tions for dif fer ent sam pling me dia, Kwanika Cen tral zone, north-cen tral Brit ish Co lum bia: a) Ah 1 ho ri zon and b) Ah 2 ho ri zon. Sur face pro jec tion of min er al ized zone
(Cen tral zone) is out lined in red for 0.6% Cu equiv a lent and blue for 0.2% Cu equiv a lent.
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Fig ure 3. Sam ple lo ca tions for dif fer ent sam pling me dia, Kwanika Cen tral zone, north-cen tral Brit ish Co lum bia: a) char coal and b) sub al pine fir twigs. Sur face pro jec tion of min er al ized zone
(Cen tral zone) is out lined in red for 0.6% Cu equiv a lent and blue for 0.2% Cu equiv a lent.
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Fig ure 4. Sam ple lo ca tions for dif fer ent sam pling me dia, Kwanika Cen tral zone, north-cen tral Brit ish Co lum bia: a) lodgepole pine bark and b) spruce bark. Sur face pro jec tion of min er al ized
zone (Cen tral zone) is out lined in red for 0.6% Cu equiv a lent and blue for 0.2% Cu equiv a lent.



Vegetation

The outer bark from lodgepole pine was ob tained by scrap -
ing the scales from around the cir cum fer ence of two neigh -
bour ing trees us ing a hard ened-steel paint scraper, and
pour ing the scales into a stan dard kraft pa per soil bag (ap -
prox i mately 50 g, a fairly full bag; Fig ure 5). At a few sites,
bark from both lodgepole pine and white spruce was col -
lected for chem i cal com par i sons. Anal y sis of the two types
of bark will per mit lev el ling of the spruce bark data to a
‘pine equivalent’.

Twigs and fo liage of sub al pine fir, com pris ing the most re -
cent 5–7 years of growth, were col lected. In cen tral BC, this 
amount of growth is typ i cally about a hand-span in length,
at which point, the twig di am e ter is 4–5 mm. This di am e ter
is quite crit i cal be cause many trace el e ments con cen trate in
the bark part of the twig, while the woody tis sue (the cor tex) 
has lower con cen tra tions of most el e ments. Con se quently,
un less there is a con sis tency in the di am e ters of the twigs
that are col lected, any anal y sis of twig tis sue can re sult in
vari abil ity among sam ples sim ply be cause of the dif fer ing
ra tios of woody tis sue to bark. For the cur rent sur vey, the
po ten tial prob lems that might en sue were not of par tic u lar
sig nif i cance be cause the fo liage was used for anal y sis, not
the twigs. How ever, as a gen eral prin ci ple it is wise to fol -
low this prac tice of con sis tency in sam pling in or der to min -
i mize fac tors, such as plant growth, that might con trol
metal ac cu mu la tions. The twig with fo liage sam ples (5–7
lengths) were snipped from around the cir cum fer ence of a
sin gle tree and were placed into po rous poly propy lene bags
(Hubco Inc.’s Sen try II). The use of plas tic bags is to be
avoided be cause sam ples soon re lease their mois ture and
be come very soggy. If there is any delay in processing, they
develop moulds and lose their integrity.

In the lab o ra tory, all veg e ta tion sam ples were thor oughly
dried at 80oC in an oven for 24 hours to re move mois ture.

The fo liage was then sep a rated from the twigs. In prep a ra -
tion for chem i cal anal y sis, each fo liage and bark sam ple
was then milled to a pow der us ing a Wiley mill. Anal y ses
were car ried out at Acme An a lyt i cal Lab o ra to ries Ltd.
(Van cou ver, BC) us ing their 1VE2-MS method (Ta ble 2).
This in volves dis so lu tion of a 0.5 g aliquot of milled ma te -
rial in ni tric acid, fol lowed by aqua-regia di ges tion, heat ing
on a hot plate then di lut ing to a con stant weight with
deionized wa ter. The an a lyt i cal fin ish is by ICP-MS and
data were obtained for 53 elements.

Quality Control

Qual ity con trol mea sures em ployed for this study in cluded
the col lec tion of field du pli cate sam ples for each sam ple
type. Up to seven field du pli cates were col lected for each
sam ple type at ran domly se lected sam ple sites (Ta ble 1). At
each site, ma te rial was col lected us ing ex actly the same
pro ce dures as the orig i nal and from within 5 m of the orig i -
nal sam ple. ‘Blind’ con trol sam ples (milled veg e ta tion of
sim i lar ma trix and known com po si tion) were in serted in the 
veg e ta tion anal y sis. Con trol sam ples for the veg e ta tion
were in serted at a fre quency of one in every ten field
samples (Table 1).

Results

Pre lim i nary re sults for se lected el e ments from the char coal
sam ples are pre sented in this sec tion. Ta ble 3 sum ma rizes
the rel a tive stan dard de vi a tions (RSD or % co ef fi cient of
vari a tion) for the field du pli cate re sults. RSD is a mea sure
of the pre ci sion or reproducibility of the an a lyt i cal re sults.
It pro vides an es ti mate of how rep re sen ta tive the sam pling
is at a given lo ca tion. For low-level geo chem i cal anal y ses,
val ues of less than 20% are con sid ered to be good, val ues of 
be tween 20 and 50% ac cept able, and val ues of over 50%
mar ginal. Of the el e ments pre sented in this re port, only Zn
has an RSD value in the good range (18.59%). The other el -
e ments have higher val ues, with Mo (46.04%), Cu
(34.08%), Pb (40.75%) and Ag (25.09%) fall ing within the
ac cept able range. Gold is the only el e ment with a higher
RSD (74.77%). These re sults sug gest that the data is us able
but cau tion should be ex er cised when in ter pret ing the Au
re sults. Gen er ally re sults for el e ments with RSD val ues of
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Fig ure 5. Sam pling pro ce dure for white spruce and lodgepole pine
bark, Kwanika Cen tral zone, north-cen tral Brit ish Co lum bia.

Element

Relative standard deviation 

(%)

Mo 46.04

Cu 34.08

Pb 40.75

Zn 18.59

Ag 25.09

Au 74.77

Table 3. Relative standard deviation estimates for
selected ore elements in charcoal samples, Kwanika
Central zone, north-central British Columbia.



>50% should be as sessed based on the geological sig nif i -
cance of the results (i.e., whether they make geo log i cal
sense).

Charcoal

Fig ures 6 to 8 il lus trate the re sults for Au, Cu, Ag, Mo, Pb
and Zn in char coal frag ments. Dots rep re sent log (10) trans -
formed val ues with in creas ing size and hot ter colours rep -
re sent ing more anom a lous val ues. Raw val ues are also
plot ted next to the sym bols for comparison.

Gold re sults (Fig ure 6a) are rel a tively flat across the grid
area with back ground con cen tra tions rang ing be tween 0.1
and 0.9 ppb. Two highly anom a lous sam ples (3.6 and
6.1 ppb) are pres ent in the west-cen tral part of the grid.
These fall within the sur face pro jec tion of the Cen tral zone
min er al iza tion as de fined by the 0.6% Cu equiv a lent out -
line (red line), an area where the top of the min er al iza tion
lies some 300 m be low the sur face (Heberlein and Sam son,
2010). The wes tern most sam ple also lies close to the sur -
face projection of the Pinchi fault.

Cop per (Fig ure 6b) has a sim i lar pat tern to Au. Back ground 
val ues are ex tremely flat, rang ing from 2.1 to 6.5 ppm. The
two sam ples that were highly anom a lous for Au are also
anom a lous for Cu. These have val ues of 44.04 and
63.72 ppm or ap prox i mately 5 to 10 times back ground val -
ues. In ad di tion, two mod er ately anom a lous sam ples (26.44 
and 19.39 ppm) oc cur close to the Pinchi fault, to the north
(and out side) of the lim its of the min er al iza tion. A sec ond
clus ter of mod er ately to highly anom a lous sam ples is pres -
ent at the north east cor ner of the grid. The anom a lous val -
ues (69.03 and 36.51 ppm) have a sim i lar mag ni tude to
those over the sur face pro jec tion of the Cen tral zone. There
is no known source for Cu in this area.

Re sults for Ag and Mo are pre sented in Fig ures 7a and b.
Sil ver (Fig ure 7a) dis plays a con vinc ing anom a lous pat tern
co in cid ing with the west ern part of the Cen tral zone. Four
highly anom a lous sam ples oc cur close to the sur face pro -
jec tion of the min er al iza tion: two in side (597 and 674 ppb)
and two just out side to the north (1333 and 606 ppb). In ad -
di tion, two mod er ately anom a lous sam ples co in cide with
the east ern edge of the min er al ized body (409 and 498 ppb). 
Away from the sur face pro jec tion of the min er al iza tion,
val ues are sub dued and de fine a back ground value av er ag -
ing ap prox i mately 120 ppb. One highly anom a lous
(1688 ppb) and two mod er ately anom a lous sam ples (553
and 537 ppb) oc cur at the south ern limit of the grid. There is 
no obvious source for these anomalies.

Pat terns for Mo (Fig ure 7b) are less clear than those for Cu
and Au. Mod er ately anom a lous val ues (0.76 to 1.26 ppm)
are scat tered over much of the grid within both back ground
and min er al ized ar eas. Max i mum val ues, how ever, oc cur
over the west ern limit of the Cen tral zone at the sur face pro -

jec tion of the Pinchi fault (22.09 ppm) and at the north east
cor ner of the grid (3.73 ppm), co in ci dent with the
maximum Cu value.

Lead (Fig ure 8a) has quite a dif fer ent dis tri bu tion to the el e -
ments de scribed so far. All ex cept two of the mod er ately
anom a lous (11.68 ppm) and highly anom a lous val ues
(16.71 ppm) fall out side the sur face pro jec tion of the Cen -
tral zone and ap pear to form a halo around the de posit.
High est val ues oc cur on the north side where con cen tra -
tions reach 15.95 ppm. Iso lated highly anom a lous val ues
also oc cur on the north east and south east mar gins of the
zone (13.3 and 16.71 ppm, re spec tively). Out side this
anom a lous zone, back ground val ues are rel a tively flat and
range between 1.7 and 5.5 ppm.

A less co her ent pat tern is shown by Zn (Fig ure 8b). Five
highly anom a lous sam ples are scat tered across the cen tral
part of the grid. One oc curs within the sur face pro jec tion of
the Cen tral zone on the Pinchi fault (109.1 ppm) and three
oth ers (83.5, 113.6 and 88.0 ppm) lie pe riph eral to the zone
near its north, east and south edges. An iso lated highly
anom a lous value (96.6 ppm) oc curs due east of the zone on
the east ern most grid line. Four of these anom a lous sam ples
have one thing in com mon; they lie ei ther at the base of
slope or on the slope lead ing down to the Kwanika Creek
drain age. This sug gests that the char coal may be con cen -
trat ing hydromorphically dis persed Zn. There is no ob vi -
ous anom aly as so ci ated with the sur face pro jec tion of the
Central zone mineralization.

Discussion

Re sults of the char coal sam pling show con vinc ing pat terns
that sug gest this ma te rial is act ing as a re pos i tory for mo bile 
metal ions in the near-sur face en vi ron ment. Co in ci dent
anom a lies for the ore el e ments, Au, Cu, Ag and Mo, di -
rectly over the high est grade part of the Cen tral zone sug -
gest that ions mi grat ing from the min er al iza tion to the sur -
face (by what ever mech a nism) are be ing trapped in the
char coal to form de tect able anom a lies. Sev eral anom a lous
sam ples lie on or close to the sur face trace of the Pinchi
fault, which in ter sects the min er al iza tion at depth. There -
fore one likely sce nario is that some of the met als con cen -
trated in the char coal may have mi grated to the sur face
along the per me able fault zone. There is also ev i dence that
the char coal is con cen trat ing hydromorphically dis persed
met als, such as Zn. The pres ence of Zn anom a lies along the
base of slope on the north side of the Kwanika Creek drain -
age could be re lated to seep age zones where ground wa ter
car ry ing dis solved Zn is emerg ing at sur face. An other pos -
si bil ity is that the char coal con tains met als that were in the
orig i nal plant tissues. Results from the vegetation samples
will help to determine if this is the case.

The spotty na ture of the Cu and Au re sponses over the min -
er al ized zone is in ter est ing. Only two of six sam ple sites oc -
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Fig ure 6. An a lyt i cal re sults for char coal sam ples, north-cen tral Brit ish Co lum bia: a) Au and b) Cu. Scaled sym bols rep re sent log (10) trans formed val ues; raw val ues (Au in ppb and Cu in ppm) 
are plot ted next to each sym bol. Sur face pro jec tion of min er al ized zone (Cen tral zone) is out lined in red for 0.6% Cu equiv a lent and blue for 0.2% Cu equiv a lent. Green dots in di cate 2009
transects.
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Fig ure 7. An a lyt i cal re sults for char coal sam ples, north-cen tral Brit ish Co lum bia: a) Ag and b) Mo. Scaled sym bols rep re sent log (10) trans formed val ues; raw val ues (Ag in ppb and Mo in ppm) 
are plot ted next to each sym bol. Sur face pro jec tion of min er al ized zone (Cen tral zone) is out lined in red for 0.6% Cu equiv a lent and blue for 0.2% Cu equiv a lent. Green dots in di cate 2009
transects.
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Fig ure 8. An a lyt i cal re sults for char coal sam ples, north-cen tral Brit ish Co lum bia: a) Pb and b) Zn. Scaled sym bols rep re sent log (10) trans formed val ues; raw val ues (in ppm) are plot ted next to 
each sym bol. Sur face pro jec tion of min er al ized zone (Cen tral zone) is out lined in red for 0.6% Cu equiv a lent and blue for 0.2% Cu equiv a lent. Green dots in di cate 2009 transects.



cur ring within the 0.6% Cu equiv a lent out line have anom a -
lous con cen tra tions for these el e ments. This may be a
func tion of the quan tity and qual ity of the char coal at each
site, which was found to be highly vari able. At most sites
only the coars est char coal frag ments were col lected by
hand-pick ing. This sam pling method may not be pro vid ing
a truly rep re sen ta tive or con sis tent sam ple. This con clu sion 
is sup ported by the rel a tively high RSD val ues for these el e -
ments. Better re sults may be ob tained by us ing a more ef -
fec tive sam pling tech nique that would con cen trate char -
coal par ti cles from the finer frac tions of the soil. Such a
method is de scribed by McMahon (2006). This in volves
float ing the char coal par ti cles (spe cific grav ity <1.0 g/cm3)
in deionized wa ter and con cen trat ing them by fil ter ing.
More experimentation is needed in order to perfect the
sampling technique.

Conclusions

The fol low ing con clu sions can be drawn from re sults ob -
tained to date for this study:
· char coal is a po ten tially ef fec tive sam pling me dium—it

has the ca pa bil ity of pre serv ing the geo chem i cal sig nal
from a deeply bur ied min eral deposit;

· co in ci den tal anom a lies for the ore el e ments Au, Cu, Ag 
and Mo di rectly over the sur face pro jec tion of the de -
posit sug gest the met als are de rived from the un der ly ing
mineralization;

· Pb anom a lies in char coal ap pear to form a par tial halo
around the Cu-Au min er al iza tion—high est val ues are
de vel oped on the north side of the zone;

· char coal ap pears to be sen si tive to hydromorphic dis -
per sion as il lus trated by anom a lous Zn val ues along the
break of the slope south of the Cen tral zone; and

· Cu and Mo de fine a sep a rate anom aly at the north east
cor ner of the grid where there is no known source of
min er al iza tion.
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Introduction

In 2007 and 2008, Geoscience BC sup -
ported re gional-scale air borne elec tro -
mag netic and mag netic sur veys over cen -
tral and west-cen tral Brit ish Co lum bia
with the in tent to im prove geo log i cal un -
der stand ing in Qua ter nary sed i ment–cov -
ered ar eas, and thus to en cour age min eral
ex plo ra tion in these underexplored re -
gions. As part of the QUEST and QUEST-
West geo phys i cal pro grams, six known
por phyry de pos its were also sur veyed on a
more de tailed scale (Fig ure 1). Phys i cal
rock prop erty stud ies based on sam ple
suites from these de pos its at tempt to de -
fine re la tion ships be tween por phyry de -
posit ge ol ogy and geo phys ics. The re sults
of these stud ies pre sented herein are of in -
ter est not only for in ter pre ta tion of the re -
cently col lected geo phys i cal datasets, but
for ap pli ca tion to geo phys i cal exploration
programs in similar geological settings
throughout central BC.

Mag netic sus cep ti bil ity data from the
Mount Milligan (MINFILE 093N  194;
BC Geo log i cal Sur vey, 2010), Endako
(MINFILE 093K  006) and Huck le berry
(MINFILE 093E  037) por phyry de pos its
were pre vi ously re ported in Mitchinson
and Bissig (2010a). Mount Milligan
downhole and out crop sus cep ti bil ity mea -
sure ments have also been used to gen er ate

con strained in ver sions of mag netic data col lected over this
de posit (Mitchinson and Bissig, 2010b). This pa per sum -
ma rizes the re sults of con tin ued phys i cal prop erty stud ies
on the Mount Milligan, Endako and Huck le berry de pos its
and pro vides an ini tial as sess ment of mag netic sus cep ti bil -
ity data from three ad di tional por phyry de pos its from
Geoscience BC’s QUEST-West Pro ject area: the Mor ri son
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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
website: http://www.geosciencebc.com/s/DataReleases.asp.

Fig ure 1. Ar eas cov ered by the Geoscience BC QUEST and QUEST-West air borne
elec tro mag netic (EM) and mag netic geo phys i cal sur veys of cen tral Brit ish Co lum bia.
Lo ca tions of infill sur veys com pleted over six known por phyry de pos its (the Mount
Milligan, Endako, Huck le berry, Granisle, Bell and Mor ri son de pos its [BC Geo log i cal
Sur vey, 2010]) are in di cated. Base map data are from Nat u ral Re sources Can ada
(2004, 2010). The dig i tal el e va tion model was pre pared by K. Shimamura (Geo log i cal
Sur vey of Can ada). Ge ol ogy and de posit lo ca tions are from Massey et al. (2005) and
MINFILE, re spec tively.
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de posit (MINFILE 093M  007), a de vel oped Cu (±Au±Mo) 
por phyry pros pect, and the Bell (MINFILE 093M  001) and 
Granisle (MINFILE 093L  146) deposits, both past-pro -
duc ing Cu (±Au±Ag±Mo) porphyry deposits.

Background

The por phyry de pos its ex am ined in this study be long to two 
sub types and rep re sent four mag matic ep i sodes. The
Mount Milligan de posit is an alkalic por phyry Cu-Au de -
posit. Min er al iza tion at Mount Milligan is spa tially re lated
to alkalic (sil ica-sat u rated) monzonitic plugs of the Early
Ju ras sic, hosted within Takla Group vol ca nic rocks of the
Quesnel terrane. The Endako, Huck le berry, Mor ri son, Bell
and Granisle por phyry de pos its all have a calcalkalic af fin -
ity and oc cur within the Ju ras sic to Cre ta ceous vol ca nic and 
sed i men tary stra tig ra phy of the Stikine terrane. Endako is
linked to Late Ju ras sic magmatism, Huck le berry to Cre ta -
ceous mag matic events, and Granisle, Bell and Morrison to
Eocene intrusive rocks.

Ini tial phys i cal prop erty work has shown that the mag matic
af fin i ties of por phyry in tru sions and re lated hy dro ther mal
al ter ation, as well as the hostrock set ting, play im por tant
roles in con trol ling the mag netic sus cep ti bil ity sig na tures
of the Mount Milligan, Endako and Huck le berry de pos its.
Prox i mal potassic al ter ation as so ci ated with alkalic por -
phy ry de pos its is com monly as so ci ated with mag ne tite for -
ma tion. This re la tion ship is ev i dent in mag netic sus cep ti -
bil ity data from Mount Milligan (Mitchinson and Bissig,
2010a). One of the key dif fer ences be tween calcalkalic and
alkalic por phyry sys tems is the pres ence of ex ten sive phyl -
lic and argillic al ter ation zones in the for mer, con trast ing
with the lat ter, where phyllic and argillic al ter ation is re -
stricted (Jensen and Barton, 2000). Mag ne tite is usu ally a
less sig nif i cant com po nent of potassic zones in calcalkalic
sys tems, but it may be that early mag ne tite-bear ing potassic 
al ter ation as sem blages are over printed by later, lower-tem -
per a ture mag ne tite de struc tive hy dro ther mal flu ids. At
Huck le berry and Endako, sus cep ti bil ity data showed that
phyllic and argillic al ter ation at these sites caused the de -
struc tion of mag ne tite (within host gran ite at Endako and
within a mag ne tite-rich hornfelsed vol ca nic tuff at Huck le -
berry), re duc ing sus cep ti bil ity in prox im ity to min er al ized
zones. On go ing stud ies con tinue to highlight the influence
of magmatic affinity and alteration zonation on physical
property trends associated with BC porphyry deposits.

Density, Conductivity and Porosity Data
from Mount Milligan, Endako and

Huckleberry Deposits

Methods

Den sity, con duc tiv ity and po ros ity were mea sured at the
Geo log i cal Sur vey of Can ada–Pa cific in Sid ney un der the
su per vi sion of the sec ond au thor. Phys i cal prop erty mea -

sure ments are made on 2.2 cm long cy lin dri cal cores 2.5 cm 
in di am e ter, drilled from larger core sam ples or from hand
sam ples. Skel e tal den sity is mea sured for all sam ples us ing
the hy dro static method (Mul ler, 1967). Skel e tal den sity ac -
counts for only the min eral vol ume and not the con nected
pore space. Bulk den sity is mea sured on the core us ing geo -
met ric meth ods, and this pa per re ports on these mea sure -
ments. The po ros ity can be cal cu lated by de ter min ing the
dif fer ence be tween the skel e tal and bulk den sity, and nor -
mal iz ing the dif fer ence by the skel e tal den sity. Sam ples
with low ap par ent po ros i ties (near ing zero) gen er ally have
higher as so ci ated er rors with precisions of ap prox i mately
±2%. Re sis tiv ity data are de rived from com plex elec tri cal
im ped ance fre quency spec tra as per the method de scribed
in Enkin et al. (2011). Con duc tiv ity, the in verse of re sis tiv -
ity, is used in ter change ably with re sis tiv ity in this pa per.
Sam ple pop u la tion, mean and stan dard de vi a tions re lated
to data for the significant lithological and alteration groups
are shown with each of the density and conductivity his to -
gram plots.

Min er al og i cal com po si tion, min eral abun dance and min eral
dis tri bu tion, es pe cially of sulphides and ox ides, strong ly in -
flu ence the phys i cal prop er ties of a rock. To be gin ex plor -
ing the min er al og i cal con trols on mag netic sus cep ti bil ity,
den sity and con duc tiv ity, a rep re sen ta tive suite of 32 sam -
ples from Mount Milligan were an a lyzed us ing X-ray dif -
frac tion (XRD) Rietveld re fine ment meth ods de scribed by
Raudsepp and Pani (2003). The anal y sis was con ducted by
E. Pani at The Uni ver sity of Brit ish Co lum bia.

Density and Conductivity Studies

A brief in tro duc tion is given in the re spec tive sec tions for
geo log i cal set ting, al ter ation zonation and min er al iza tion
re lated to the Mount Milligan, Endako and Huck le berry de -
pos its. For more de tailed de scrip tions of de posit ge ol ogy
and re sults of mag netic sus cep ti bil ity anal y ses, see Mitch -
inson and Bissig (2010a).

Mount Milligan

Cop per-gold min er al iza tion at Mount Milligan is spa tially
re lated to sev eral alkalic monzonite plugs that have in tru -
ded into ba saltic vol ca nic and volcaniclastic rocks of the
Takla Group of the north-cen tral Quesnel terrane. Potassic
al ter ation co in cides with the min er al ized core of the sys -
tem. The potassic al ter ation grades out ward into a sodic-
calcic al ter ation zone, and fi nally into a propylitic al ter -
ation zone.

Min er al ogy ap pears to best ex plain the vari a tions in den sity 
seen in the Mount Milligan sam ples. The sam ple group
with the high est av er age den sity (3.06 g/cm3) is the propy -
litically al tered ba salt suite (Fig ure 2). These sam ples have
the great est abun dance of mafic min er als, such as clino -
pyroxene (augite) and actinolite (3.31 and 3.07 g/cm3, re -
spec tively; Ralph and Chau, 2010a, b). Ba saltic rocks prox -
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i mal to min er al iza tion are al tered to min eral as sem blages
in creas ingly dom i nated by fel sic min er als; con se quently,
their den sity is lower. The low est den sity sam ples are
monzonitic (<2.66 g/cm3). Monzonite is dom i nated by the
low-den sity fel sic min er als, al bite and microcline (2.62 and 
2.56 g/cm3, re spec tively; Ralph and Chau, 2010c, d).

Propylitic and albitic (sodic-calcic)–al tered ba salt from
Mount Milligan have lower av er age resistivities (higher
con duc tiv i ties) than potassically al tered ba salt (Fig ure 2).
Propylitic and sodic-calcic al ter ation zones are cor re la tive
with high abun dances of sulphides, spe cif i cally py rite
(Jago, 2008), and the pres ence of these me tal lic min er als
po ten tially re duce the ba salt’s re sis tiv ity. X-ray dif frac tion
min eral abun dance data con firm that there is a pos i tive cor -
re la tion be tween sul phide abun dance and con duc tiv ity
(Fig ure 3). Monzonite in tru sive rocks at Mount Milligan
are generally resistive.

It is im por tant to con sider the scale of mea sure ment when
in ter pret ing re sis tiv ity/con duc tiv ity data. Hand sam ple or
drillcore mea sure ments likely will not re flect mea sure -
ments made at larger scales (over out crops or larger ar eas),

where dis trict-scale struc tural fab rics or frac tures and the
pres ence of ground wa ter will in flu ence mea sure ments. The 
con trol on con duc tiv ity by larger-scale struc tural fea tures
may be seen in geo phys i cal in ver sions of DC re sis tiv ity
data from Mount Milligan (Oldenburg et al., 1997). The
con duc tiv ity anom a lies ap pear spa tially cor re lated with
known lo cal faults (Fig ure 4). Since these faults co in cide in
part with the dis tri bu tion of al bite-rich and propylitic al ter -
ation as sem blages, anom a lies can po ten tially be attributed
to the combined presence of sulphides and faulting.

Based on phys i cal prop erty as sess ments at Mount Milligan, 
with con sid er ation of pre vi ous com pi la tion of sus cep ti bil -
ity data (Mitchinson and Bissig, 2010a), a pro spec tive geo -
phys i cal tar get at the de posit scale in the Mount Milligan
area would com prise a high-sus cep ti bil ity zone re flect ing
potassic al ter ation, cou pled with low den si ties rep re sent ing 
ei ther monzonite in tru sive rocks or al tered rocks.
Resistivities would be high at the core of the sys tem, co in -
cid ing with al tered vol ca nic rocks and monzonite, but
would be lower in as so ci a tion with albitic and propylitic al -
ter ation shells.
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Fig ure 2. Den sity (left) and re sis tiv ity (right) data for ba salt and monzonite sam ples taken from drillcore at the Mount Milligan
de posit, cen tral Brit ish Co lum bia. Ab bre vi a tions: ab, al bite; act, actinolite; bt, bi o tite; chl, chlorite; ep, epidote; Kspar, K-feld -
spar; mag, mag ne tite; N, num ber of sam ples; std. dev., stan dard de vi a tion.
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Endako

The Endako Mo de posit oc curs near the bound ary be tween
the Cache Creek and Stikine ter ranes, within the Endako
quartz monzonite of the François Lake in tru sive suite. The
nearby Casey gran ite is tem po rally and po ten tially ge net i -
cally re lated to the Endako de posit. Ore-re lated min er al iza -
tion con sists of an early per va sive potassic al ter ation, fol -
lowed by later quartz-seri cite-py rite and clay (kaolinite)
alteration.

It is dif fi cult to dis crim i nate be tween least-al tered and al -
tered Endako quartz monzonite (EQM) sam ples in the
Endako de posit area based on den sity, due to the over lap in
ranges of den sity data (Fig ure 5). From his to grams, al ter -
ation has no ap par ent ef fect on this phys i cal prop erty.
Casey gran ite sam ples are of sim i lar den sity. Postmineral
ba salt dikes have av er age val ues only mar gin ally higher
than monzonite and gran ite den si ties. Their low den si ties
could be due to their plagioclase-rich compositions.
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Fig ure 4. Plan-view ge ol ogy of the Mount Milligan de posit, cen tral Brit ish Co lum bia (left) and the same im age over lain by con duc tiv ity
anom a lies as so ci ated with the Mount Milligan de posit, from DC re sis tiv ity in ver sions (right: Oldenburg et al., 1997). The four main min er al -
ized zones re lated to the MBX stock at Mount Milligan are in di cated. Out lines of high-con duc tiv ity zones are from a hor i zon tal slice through
the in ver sion re sult at 80 m depth. Mount Milligan base map files were pro vided by Terrane Met als Corp.

Fig ure 3. Per cent to tal sulphides (py rite+chal co py rite) from X-ray dif frac tion (XRD) min eral abun -
dance anal y ses ver sus re sis tiv ity data for Mount Milligan sam ples, cen tral Brit ish Co lum bia. A neg -
a tive cor re la tion ex ists be tween the two vari ables, in di cat ing that at Mount Milligan, in creased sul -
phide con tent in creases rock con duc tiv i ties at the hand-sam ple scale.



Least-al tered EQM is rel a tively re sis tive (Fig ure 5). Least-

al tered sam ples hav ing low resistivities cor re late with low-

sus cep ti bil ity, ‘least-al tered’ sam ples from Mitchinson and

Bissig (2010a), and could in di cate that these sam ples are

ac tu ally weakly al tered. As was pre vi ously in di cated by

Mitchinson and Bissig (2010a), even com par a tively weak

al ter ation can cause mag ne tite de struc tion and bring about

a sig nif i cant de crease in sus cep ti bil ity. Re sis tiv ity drops

with al ter ation, most no tice ably in sam ples char ac ter ized

by quartz-seri cite-py rite and clay (kaolinite)-dom i nated al -

ter ation. Their low resistivities (high con duc tiv i ties) may

be re lated to ei ther py rite in sam ples al tered to quartz-seri -

cite-py rite as sem blages, or to the higher po ros i ties of the

fis sile clay-al tered rocks. Two least-al tered Casey gran ite

sam ples have high resistivities, while it is un clear as to why

a sim i lar third sam ple is rel a tively con duc tive as there are

ap par ently no sulphides and alteration is very weak.

Postmineral basalt dikes are relatively resistive.

From this phys i cal prop erty as sess ment, an ap pro pri ate ex -
plo ra tion strat egy in the Endako area would tar get low sus -
cep ti bil i ties caused by mag ne tite-de struc tive, ore-prox i mal 
al ter ation, com bined with low den sity and low-re sis tiv ity
zones in dic a tive of strong seri cite and clay alteration of
granite.

Huckleberry

The Huck le berry de posit is a Cu-Mo por phyry de posit oc -
cur ring in as so ci a tion with granodioritic plugs that in trude
Hazelton Group andesitic rocks in the west ern Stikine
terrane. Host an de site has been af fected by hornfelsing re -
lated to in tru sive ac tiv ity. Bi o tite-quartz–dom i nated
potassic al ter ation is co in ci dent with min er al iza tion.
Granodiorite is over printed ad di tion ally by seri cite-clay al -
ter ation.

His to grams dis play ing den sity data for Huck le berry sam -
ples (Fig ure 6) show that hornfelsed and potassically al -
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Fig ure 5. Den sity (left) and re sis tiv ity (right) data for sam ples taken from the Endako pit and from drillcore, cen tral Brit ish Co lum bia. Ab bre -
vi a tions: EQM, Endako quartz monzonite; Kspar, K-feld spar; N, num ber of sam ples; std. dev., stan dard de vi a tion.



tered (bi o tite-quartz) andesites have the high est av er age
den si ties (2.97 and 2.96 g/cm3, re spec tively), whereas
back ground andesitic tuff sam ples from out side the zone
af fected by hornfelsing are the least dense of the an de site
suite, which might re flect a slightly higher po ros ity. A
slight de crease in den sity av er ages from an de site sam ples
to granodiorite sam ples is ap par ent. As for Mount Milligan
sam ples, this re flects an in crease in fel sic min eral con tent.
The clay-al tered granodiorite sam ple suite has the low est
av er age den sity; how ever, there are only two least-al tered
sam ples to com pare with. One an oma lously high-den sity
bi o tite (potassically)–al tered sam ple was col lected from
the ore zone and contains abundant sulphides (chalcopyrite
and pyrite).

Al tered andesitic rocks and least-al tered granodiorite have
re sis tiv ity ranges that gen er ally over lap (Fig ure 6). Clay-al -
tered granodiorite sam ples have the low est resistivities
(high est con duc tiv i ties), a po ten tial re sult of in creased po -
ros i ties in these more fri a ble rocks. The an oma lously low-
re sis tiv ity bi o tite-quartz–al tered an de site sam ple is the
same sam ple as that de scribed above, char ac ter ized by
abundant sulphides and high density.

A geo phys i cal ex plo ra tion strat egy in the Huck le berry area
might tar get lo cal sus cep ti bil ity lows within ar eas char ac -
ter ized by high sus cep ti bil i ties (rep re sent ing mag ne tite-
rich hornfels), and lo cal den sity and re sis tiv ity lows re flect -
ing clay-rich al ter ation of granodiorite, which con trasts the
hornfelsed an de site.

Porosity Influence on Density and
Conductivity

Rock den sity and con duc tiv ity are known to be in flu enced
by rock po ros ity. The rel a tive im por tance of min er al ogy
ver sus rock tex ture can be ex plored by con sid er ing the ad -
di tional physical property.

Density and Porosity

In a plot of den sity ver sus po ros ity for all Mount Milligan,
Endako and Huck le berry rock sam ples, a gen eral trend of
in creas ing den sity with de creas ing po ros ity is ev i dent (Fig -
ure 7a). The trend is es pe cially ap par ent for Endako sam -
ples. In gen eral, Endako sam ples are the most po rous of the
en tire suite, likely be cause the ex tent of phyllic (quartz-
seri cite-py rite) and argillic al ter ation was the great est in
Endako com pared to the two other por phyry sites. An in -
crease in mica and clay can cause the rock to be come more
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Fig ure 6. Den sity (left) and re sis tiv ity (right) data for an de site and granodiorite sam ples taken from the Huck le berry pit and from drillcore,
cen tral Brit ish Co lum bia. Ab bre vi a tions: act, actinolite; cb, car bon ate; fsp, feld spar; N, num ber of sam ples; py, py rite; qtz, quartz; std. dev.,
stan dard de vi a tion.



fri a ble and po rous, thus de creas ing the den sity of the rock.
Cor re la tions be tween den sity and po ros ity at Huck le berry
and Mount Milligan are less clear cut. The lower den sity of
in tru sive rocks (open sym bols) com pared to vol ca nic rocks
(closed sym bols) is seen. Some Huck le berry granodiorite
rocks al tered to seri cite and kaolinite have slightly higher
po ros i ties. Phyllic and argillic al ter ation at Huck le berry is
ap par ently not de vel oped to the same de gree as at Endako.
The Mount Milligan sam ples ex hibit the weak est cor re la -
tion. Some of the lower-den sity ba salt sam ples (open sym -
bols) have high po ros i ties, which may in part be as so ci ated
with brecciation, but there are no ap par ent trends be tween
the two rock properties that can be related to alteration.

Conductivity and Porosity

When all sam ples are plot ted, a neg a tive cor re la tion be -
tween re sis tiv ity and po ros ity is ap par ent (Fig ure 7b). With
de creas ing po ros ity, re sis tiv ity in creases. Again, the cor re -
la tion is best char ac ter ized by the Endako sam ples, which
roughly trend from the high-re sis tiv ity (low-con duc tiv ity),
low-po ros ity least-al tered gran ite to the low-re sis tiv ity
(high-con duc tiv ity), high-po ros ity K-feld spar–, seri cite-
and clay-al tered gran ite. A sim i lar trend, al beit slightly less
ev i dent, is ob scured in the Huck le berry data; clay-seri cite–
al tered granodiorite is less re sis tive than the least-al tered
granodiorite sam ple and the andesitic rocks. Al ter ation-re -
lated in creases in po ros ity will al low wa ter to per me ate the
rock, and through Archie’s law, elec tri cal con duc tiv ity in -
creases with wa ter con tent (Tel ford et al., 1990). Mount
Milligan sam ples ex hibit es sen tially no cor re la tion be -
tween po ros ity and re sis tiv ity/con duc tiv ity and sulphide
abundance remains the most important control on
conductivity at this site (Figure 3).

Density versus Conductivity

When den sity and re sis tiv ity/con duc tiv ity are com pared,
the in flu ence of al ter ation on rock tex ture and in turn, on
phys i cal prop er ties, is fur ther em pha sized. In tru sive rocks
(closed sym bols) from all three por phyry de pos its lie along
a sin gle trend of de creas ing re sis tiv ity with de creas ing den -
sity (Fig ure 7c). Those sam ples al tered to clay±seri cite
have the low est resistivities and the low est den si ties.
Mount Milligan monzonite in tru sive rocks are the most re -
sis tive. Huck le berry vol ca nic rocks ap pear to fol low this
same trend. Mount Milligan vol ca nic rocks form a sep a rate
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Fig ure 7. Plots show ing re la tion ships be tween rock type, al ter -
ation and po ros ity, and the in flu ence of po ros ity on den sity and
con duc tiv ity, cen tral Brit ish Co lum bia: a) Re la tion ship be tween
den sity and po ros ity; b) re la tion ship be tween con duc tiv ity and
den sity and c) re la tion ship be tween den sity and con duc tiv ity. Blue
sam ples are from Mount Milligan, red are from Endako and green
are from Huck le berry. Filled sym bols rep re sent im por tant in tru sive
rocks and open sym bols rep re sent vol ca nic rocks. Ab bre vi a tions:
alt’n, al ter ation; alt’d, al tered; And, an de site; Bas, ba salt; bt, bi o -
tite; Granodt, granodiorite; kaol, kaolinite; Monz., monzonite; py,
py rite; qtz, quartz; ser, seri cite.



and con trary trend, as there is a de crease in re sis tiv ity (in -
crease in con duc tiv ity) with an in crease in den sity. This
trend is re lated to the cor re la tion of sulphides with
marginal, higher-density, propylitic alteration as sem -
blages.

Magnetic Susceptibility Data for the
Morrison, Bell and Granisle Deposits

The Mor ri son, Bell and Granisle Cu (±Au±Ag±Mo) de pos -
its be long to a re gion lo cated within the west ern Stikine
terrane re ferred to as the Babine por phyry cop per dis trict.
The three por phyry de pos its sur veyed are sim i lar in that
min er al iza tion is fo cused on a cen tral Eocene bi o tite-feld -
spar–phyric in tru sion (BFP), and al ter ation as sem blages
re flect ‘clas sic’ al ter ation pat terns doc u mented for
calcalkalic por phyry de pos its (e.g., Lowell and Guilbert,
1970). The de pos its are aligned with the north west-
trending Mor ri son fault and the as so ci ated Newman fault.
Bi o tite-feld spar por phyry plugs are in ter preted to have in -
truded into dilational zones within graben struc tures ad ja -
cent to these faults dur ing a pe riod of Late Cretaceous to
Early Tertiary extension (Dirom et al., 1995).

De spite sim i lar i ties in as so ci ated in tru sive rocks and al ter -
ation se quences, the three de pos its are each hosted at dif fer -
ent lev els within the Ju ras sic to Cre ta ceous vol ca nic and
sed i men tary stra tig ra phy. The Granisle de posit sits within

Early Ju ras sic Hazelton Group mafic vol ca nic rocks, the
Mor ri son de posit is hosted in slightly youn ger Mid dle to
Late Ju ras sic Bow ser Lake Group sed i men tary rocks and
the Bell de posit is hosted in Early Cre ta ceous Skeena
Group sed i men tary rocks. Both the Granisle and Bell de -
pos its are past-pro duc ing mines, while Morrison is a de vel -
oped prospect.

The fol low ing re sults rep re sent pre lim i nary in ter pre ta tions
for the Mor ri son, Bell and Granisle sam ple suites for which
sam ples have yet to be petro graphi cally examined.

Mag netic sus cep ti bil ity mea sure ments were made at the
Geo log i cal Sur vey of Can ada–Pa cific lab o ra tory us ing a
GF In stru ments, SM-20 pocket mag netic sus cep ti bil ity me -
ter. Re sults are given in a se ries of his to grams for better vi -
sual com par i son of pop u la tion dis tri bu tions, but are also
summarized in Table 1.

Granisle

Deposit Geology

The Granisle de posit is in the low est strati graphic po si tion
of the three de pos its sam pled. Min er al iza tion is spa tially
re lated to two Eocene por phy ritic in tru sive units, a quartz-
diorite microporphyry and a bi o tite-feld spar–phyric in tru -
sive body, which were emplaced into Early Ju ras sic
Hazelton Group vol ca nic and volcaniclastic rocks (Fig -
ure 8, left). The two in tru sive units are in ter preted to be cen -
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Table 1. Statistical summary of magnetic susceptibility measurements for the Granisle, Bell and Morrison deposits,
central British Columbia.
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Fig ure 8. Map of Granisle de posit area ge ol ogy, cen tral Brit ish Co lum bia (left), show ing pit out line, limit of al ter ation and lo ca tion of hand sam ples col lected from the per im e ter of the open pit
(green cir cles). Base map from Geoscience BC QUEST ge ol ogy com pi la tion (Wil liams and Ma, 2010). Pit out line and al ter ation lim its from Dirom et al. (1995). Mag netic data (right) from
Granisle de posit air borne vari able time-do main elec tro mag netic (VTEM)/mag netic infill sur vey, Aeroquest Lim ited (2009).



tred on a zone of di la tion oc cur ring be tween two trans verse
faults (Dirom et al., 1995). Potassic bi o tite-mag ne tite al ter -
ation oc curs in the core of the por phyry sys tem. The ma jor -
ity of Cu ore is hosted in potassically al tered quartz-diorite
and BFP in tru sive rocks. A later car bon ate-seri cite-quartz-
py rite al ter ation over print oc curs at the fringes of the de -
posit and most of the vol ca nic and in tru sive rocks sam pled
from the up per walls of the pit for this study are ex ten sively
al tered to this as sem blage. This al ter ation as sem blage is as -
so ci ated with low Cu grades and the af fected rocks were
considered waste for the mining operations (Dirom et al.,
1995).

Re gional aero mag net ic data from the Geo log i cal Sur vey of
Can ada and aero mag net ic data col lected over the Granisle
de posit as part of Geoscience BC VTEM (vari able time-do -
main elec tro mag netic) infill sur vey ing (Fig ure 8, right) in -
di cate that the lo cal Hazelton Group vol ca nic rocks are
mod er ately to strongly mag netic. In the im me di ate vi cin ity
of the Granisle de posit, how ever, back ground vol ca nic
rocks and in tru sive rocks are poorly mag netic. The ex cep -
tion is a small mag netic anom aly cen tred over the core of
the Granisle pit, at the con tact be tween the quartz diorite
and the BFP intrusion.

Magnetic Susceptibility

Of the three Babine Lake area de pos its, the Granisle sam ple 
suite con tains the few est num ber of sam ples. Al though
there was drillcore at the past-pro duc ing minesite, the core
stor age racks were par tially col lapsed, much of the core
was unlabeled or depth mark ers were miss ing, and time
spent at the site was lim ited. For this study, five sam ples
were col lected from the per im e ter of the Granisle pit and
were mea sured for mag netic sus cep ti bil ity. Some out crop
mea sure ments from the pit were used in ad di tion to sam ples 
to en hance the dataset. Eight drillcore sam ples were col -
lected, three of which have no location information.

Fig ure 9 com piles sus cep ti bil ity data for in tru sive (up per
his to gram) and vol ca nic rock (lower his to gram, mainly
Hazelton andesitic tuff) sam ples. Two sam ples col lected
from west of the Granisle de posit, out side the in flu ence of
al ter ation (not shown on map), are con sid ered to rep re sent
Eocene ex tru sive equiv a lents of bi o tite-feld spar por phyry.
These sam ples have mod er ate sus cep ti bil i ties with an av er -
age of 21.8 × 10–3 SI units and are sus pected to con tain pri -
mary mag ne tite. Potassically al tered BFP and granodiorite
sam ples fall into a slightly higher sus cep ti bil ity range
(com bined BFP and granodiorite sam ples av er age 37.68 ×
10–3 SI units) with for ma tion of sec ond ary hy dro ther mal
mag ne tite (pos si bly su per im posed on pri mary mag ne tite).
Car bon ate-seri cite-quartz-py rite–al tered BFP and
granodiorite in tru sive rocks have lower sus cep ti bil i ties
rang ing from 0.03 to 0.17 × 10–3 SI units. Vol ca nic rocks
show the same trends. A bi o tite-mag ne tite–al tered tuff has
a rel a tively high sus cep ti bil ity of 42.7 × 10–3 SI units,

whereas three car bon ate-seri cite-quartz-py rite–al tered
vol ca nic rocks are as so ci ated with lower sus cep ti bil ity ran -
ges. A fourth car bon ate-seri cite-quartz-py rite–al tered an -
de site sam ple with a higher documented susceptibility may
have been previously potassically altered and might
contain relict secondary magnetite.

Based on sus cep ti bil ity mea sure ments col lected from
drillholes from the core of the min er al ized sys tem, the lo cal
mag netic anom aly over the Granisle pit (Fig ure 8) is likely
re lated to the potassic al ter ation of the in tru sive rocks. The
mag netic anom aly might have once been more ex ten sive
prior to min ing. At the time of the mine clos ing, the bulk of
the min er al ized, and likely the potassically al tered, rock
was thought to be al most com pletely mined out (Dirom et
al., 1995). The mag net i cally weak zone sur round ing the de -
posit might be at trib uted to strong over print ing car bon ate-
seri cite-quartz-py rite al ter ation that po ten tially caused de -
struc tion of pri mary and/or sec ond ary mag ne tite within
peripheral volcanic and intrusive rocks.

Bell

Deposit Geology

The Bell de posit was formed in as so ci a tion with BFP in tru -
sive rocks that were emplaced into argillite and rhy o lite
domes of the Early Cre ta ceous Skeena Group (Fig ure 10).
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Fig ure 9. His to grams show ing mag netic sus cep ti bil ity data for
vari ably al tered in tru sive (top) and vol ca nic (bot tom) rock sam ples
from the Granisle de posit, cen tral Brit ish Co lum bia. Ab bre vi a tions:
BFP, bi o tite-feld spar por phyry; bt, bi o tite; cb, car bon ate; chl,
chlorite; granodt., granodiorite; mag, mag ne tite; py, py rite; qtz,
quartz; ser, seri cite.



Thus, this de posit sits higher in the Ju ras sic to Cre ta ceous
vol ca nic and sed i men tary pack age un der ly ing the Babine
Lake area than the Granisle de posit, which oc curs in Ju ras -
sic vol ca nic rocks. The lo ca tion of the de posit is con trolled
by the in ter sec tion of the north west-trending Newman fault 
and a sec ond east-north east-trending fault (Dirom et al.,
1995). Al ter ation is sim i lar to that at Granisle, con sist ing of
a potassic bi o tite-mag ne tite core sur rounded by a dis tal
propylitic al ter ation. Later seri cite-car bon ate al ter ation and 
a quartz-seri cite-py rite stockwork over prints ear lier
potassic al ter ation. Quartz-seri cite-py rite stockwork
fringes the BFP in tru sive and com prises an im por tant al ter -
ation phase be cause it is as so ci ated with high Cu grades,
which tend to de crease to ward the bi o tite-mag ne tite–al -
tered core of the in tru sion. Re sults from iso tope stud ies at
Bell sug gest the po ten tial leach ing and re de pos it ing of Cu
in as so ci a tion with later fluid boil ing and mod i fi ca tion by
mix ing with me te oric wa ters (Dirom et al., 1995). The Bell
de posit is as so ci ated with an ex ten sive, greater than 1100 m 
wide py rite halo, which may in part be en hanced by py rite-
bear ing Cre ta ceous argillite units. Air borne mag netic data
in di cate Skeena Group sed i men tary rocks and rhy o lite
domes are non mag netic, con trast ing with mag netic Cre ta -
ceous vol ca nic rocks in fault con tact to the east. Eocene
BFP intrusive rocks form clear positive magnetic anom a -
lies within the only weakly magnetic sedimentary package
(Figure 10).

Magnetic Susceptibility

Sev eral mag netic sus cep ti bil ity mea sure ments were made
on out crop and hand sam ples from near the Bell site.
Twenty-eight sam ples were col lected from an ar chived
drillcore li brary onsite. Drillcore from 25 core boxes rep re -
sent ing 25 drillholes from a 1989–1990 drill pro gram were
mea sured for mag netic sus cep ti bil ity. These downhole data 
will be pre sented in a fu ture Geoscience BC paper.

Mag netic sus cep ti bil ity data from BFP in tru sive rocks at
Bell show dis tinct bimodality (Fig ure 11). Potassically al -
tered BFP dom i nates the high-sus cep ti bil ity pop u la tion,
with the ex cep tion of one sam ple clas si fied as quartz-seri -
cite-py rite al tered. This sam ple, col lected from deeper lev -
els within the por phyry (294 m), may have been pre vi ously
strongly potassically al tered or may only have a weak
phyllic over print. Petrographic anal y sis will help de ter -
mine the na ture of the mag ne tite and de gree of over print ing
al ter ation. Oth er wise, quartz-seri cite-py rite–al tered BFP
sam ples are as so ci ated with con sis tently low sus cep ti bil i -
ties (rang ing from 0 to 0.65 × 10–3 SI units).

Four potassically al tered sed i men tary sam ples were col -
lected and these had rel a tively high susceptibilties (with an
av er age of 15.06 × 10–3 SI units), rel a tive to a back ground
argillite sam ple (0.13 × 10–3 SI units) and quartz-seri cite-
py rite–al tered sed i ments (with an av er age of 0.22 × 10–3 SI
units). The potassically al tered sed i men tary sam ples do not

ap pear to yield as high sus cep ti bil i ties as potassically al -
tered BFP at Bell (Figure 11, top).

It is not ob vi ous why BFP in tru sive rocks at Bell are as so ci -
ated with strong mag netic anom a lies, whereas anom a lies
are rel a tively weak over sim i lar rocks in the Granisle and
Mor ri son ar eas. Mag ne tite de struc tive phyllic over prints
seem to be as in tense in the Bell area as for the other two de -
pos its, and Granisle, in fact, yields the high est sus cep ti bil -
ity BFP rocks from the Babine por phyry suite. The strong
mag netic sig na ture may have to do with Bell be ing a larger
or deeper sys tem. It has been sug gested that the lower ex -
tent of the Granisle por phyry sys tem was es sen tially
reached dur ing min ing, whereas Bell min er al iza tion is
thought to con tinue fur ther to depth, and in deed, strongly
potassically al tered BFP is en coun tered at depth in the sam -
pled Bell drillholes (Dirom et al., 1995).

Morrison

Deposit Geology

The Mor ri son de posit oc curs in as so ci a tion with an Eocene
BFP that in truded into siltstone and silty argillite units of
the Bow ser Lake Group (Fig ure 12). Later, north west-
trending strike-slip fault ing bi sected the main BFP in tru -
sive body at Mor ri son. Min er al iza tion is fo cused within
and around the BFP. Al ter ation at Mor ri son is man i fested as 
a potassic core of bi o tite and mag ne tite, which grades out -
ward into a propylitic (chlorite-epidote-car bon ate) halo.
Early potassic al ter ation is over printed by phyllic (quartz-
seri cite-py rite) and fi nally by later, argillic (clay-seri cite)
al ter ation, which is lo cally con trolled by late faults
(Ogryzlo et al., 1995). Min er al iza tion oc curs pre dom i -
nantly within and mar ginal to the bi o tite-mag ne tite core.
Mag netic data col lected over the Mor ri son de posit dur ing
the Geoscience BC VTEM sur vey show lo cal mod er ate
mag netic anom a lies over the dis sected BFP in tru sive body,
as well as over sim i lar BFP dikes in the area. Surrounding
sedimentary rocks appear to be nonmagnetic (Figure 12).

Magnetic Susceptibility

For this study, hand sam ple and out crop mag netic sus cep ti -
bil ity mea sure ments were made on BFP in tru sive and sed i -
men tary rocks at the site of the de posit, but the ma jor ity of
sam ples and mea sure ments are de rived from seven
drillcores ex tracted from dif fer ent lo ca tions within the min -
er al ized zone (Fig ure 12). Sus cep ti bil ity mea sure ments
were col lected on 39 sam ples. Potassic, phyllic and argillic
al ter ation zones were sam pled; propylitically al tered rocks
were not en coun tered. Sus cep ti bil ity mea sure ments were
also made at ap prox i mately 4–4.5 m in ter vals along the
same seven drillholes (downhole measurements not
included in this report).

Fig ure 13 shows sus cep ti bil ity data mea sured from Mor ri -
son BFP and sed i men tary sam ples. Potassically al tered
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Fig ure 10. Map of Bell de posit area ge ol ogy, cen tral Brit ish Co lum bia (left), show ing pit out line (dot ted line), limit of al ter ation and lo ca tion of hand sam ples (green cir cles) col lected from the
per im e ter of the open pit and from the mar gins of the al ter ation halo. Base map is from Geoscience BC QUEST ge ol ogy com pi la tion (Wil liams and Ma, 2010). Pit out line and al ter ation lim its are 
from Dirom et al. (1995). Mag netic data (right) are from the Bell de posit air borne vari able time-do main elec tro mag netic (VTEM)/mag netic infill sur vey, Aeroquest Lim ited (2009).



BFP and sam ples where phyllic al ter ation has over printed
potassic al ter ation are the most mag net i cally sus cep ti ble
sam ples rang ing from 0.24 to 63.8 × 10-3 SI units and av er -
ag ing 12.06 × 10-3 SI units. Least-al tered (pri mary mag ne -
tite-bear ing, based on ex tru sive equiv a lents; see Granisle
sam ple data) and bi o tite-mag ne tite–al tered BFP are likely
the cause of the mag netic highs at Mor ri son. Phyllic and
argillic al ter ation of BFP over prints potassic al ter ation,
caus ing mag ne tite to break down and sus cep ti bil i ties to
drop sig nif i cantly. Phyllic (quartz-seri cite-py rite–al tered)
sam ples have an av er age sus cep ti bil ity of 0.23 × 10–3 SI
units and argillic (clay-al tered) sam ples av er age 0.18 ×10–3

SI units.

The sed i men tary rock sam ples col lected from the Mor ri son
de posit for this study are all af fected by phyllic al ter ation.
Since min er al iza tion is fo cused on the BFP in tru sive body,
the sur round ing sed i men tary rocks would spa tially gen er -
ally cor re late with the more dis tal al ter ation as sem blages.
Phyllic-al tered sed i men tary rock sam ples gen er ally have
low sus cep ti bil i ties, av er ag ing 1.62 × 10–3 SI units. Fu ture
petrographic work should help re solve if two higher sus -
cep ti bil ity phyllic-al tered sed i men tary rock sam ples rep re -
sent sam ples that were pre vi ously al tered to potassic as -
sem blages, but later over printed. Phyllic and argillic
al ter ation of sed i men tary rocks would likely not be
distinguishable from weakly magnetic background
sedimentary units.

Conclusions

Phys i cal prop er ties of vari ably al tered hostrocks and in tru -
sive rocks vary sig nif i cantly be tween dif fer ent BC por -
phyry de pos its and no spe cific uni fy ing geo phys i cal model
ex ists that can be uni formly ap plied dur ing ex plo ra tion.
Knowl edge of lo cal back ground ge ol ogy and lo cal phys i cal 
prop erty vari a tions is nec es sary as hostrocks and in tru sive
rock com po si tions can vary de pend ing on mag matic af fin i -
ties, and al ter ation styles will vary re flect ing mag matic af -
fin i ties, crustal depth and influence of meteoric water.

At a very gen eral level, a dis trict-scale ex plo ra tion strat egy
would in volve an at tempt to lo cate in tru sive bod ies, which
are com monly mag netic (but not ex clu sively), re sis tive and
low in den sity. Cor re la tions should not nec es sar ily be ex -
pected be tween den sity and mag netic sus cep ti bil ity, be -
cause por phyry-re lated in tru sive rocks, al though usu ally
as so ci ated with low den si ties due to high abun dances of
low-den sity feld spar and quartz, may or may not con tain
pri mary mag ne tite or could be al tered to de velop sec ond ary 
mag ne tite or un dergo mag ne tite de struc tion. De posit-scale
ground geo phys ics might im age potassic al ter ation zones
that can be mag netic in both alkalic and calcalkalic sys -
tems. It must be re mem bered, how ever, es pe cially in the
case of calcalkalic por phyry de pos its, that later phyllic and
argillic al ter ation is likely to have de stroyed mag ne tite.

Low resistivities and den si ties might aid in lo cat ing the typ -
i cally more po rous phyllic and argillic zones. Again, all
geo phys i cal data must be in ter preted with at least some
back ground knowl edge of lo cal rock types and in light of
the ex pected de posit model and as so ci ated mag matic and
hy dro ther mal pro cesses. This type of in for ma tion can in
many cases eas ily be gath ered from pre vi ous exploration
records and from government and academic geological
summaries of the areas and their known deposits.

Future Work

Con duc tiv ity and den sity data for the Mor ri son, Bell and
Granisle de pos its will be com piled and in ter preted in early
2011. It will be of in ter est to see if BFP in tru sions al tered to
seri cite-rich phyllic as sem blages yield low con duc tiv i ties
sim i lar to phyllic- and argillic-al tered sam ples from the
Endako and Huck le berry de pos its, and to de ter mine if sim i -
lar trends ex ist be tween po ros ity, den sity and con duc tiv ity.
Ad di tional XRD anal y ses will be com pleted on sam ples
from the Endako, Huck le berry, Granisle, Bell and Mor ri -
son de pos its to fur ther as sess links be tween min er al ogy and 
mag netic sus cep ti bil ity, den sity and con duc tiv ity. Phys i cal
prop erty data col lected dur ing this study will even tu ally be
used to con strain mag netic and elec tro mag netic geo phys i -
cal in ver sions to gen er ate 3D mod els for each of the six
porphyry deposits surveyed during the QUEST and
QUEST-West projects.
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Fig ure 11. His to grams show ing mag netic-sus cep ti bil ity data for
vari ably al tered in tru sive (top) and sed i men tary (bot tom) rock
sam ples from the Bell de posit, cen tral Brit ish Co lum bia. Ab bre vi a -
tions: BFP, bi o tite-feld spar por phyry; bt, bi o tite; mag, mag ne tite;
py, py rite; qtz, quartz; ser, seri cite.
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Fig ure 12. Map of Mor ri son de posit area ge ol ogy, cen tral Brit ish Co lum bia (left), show ing the lo ca tion of hand sam ples col lected from the Mor ri son de posit site (red cir cles) and the lo ca tion of
drillholes sam pled for this study (green tri an gles). The base map is from Geoscience BC QUEST ge ol ogy com pi la tion (Wil liams and Ma, 2010). Pit out line and al ter ation lim its are from Dirom et 
al. (1995). Mag netic data (right) from Mor ri son de posit air borne vari able time-do main elec tro mag netic (VTEM)/mag netic infill sur vey, Aeroquest Lim ited (2009).
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Introduction

The Red Chris por phyry Cu-Au de posit in Brit ish Co lum -
bia has geo log i cal fea tures that are typ i cal of both alkalic
and calcalkalic por phyry de posit types. Quartz-vein
stockworks, typ i cally ab sent in most alkalic por phy ries,
char ac ter ize the best min er al ized zones at Red Chris. In -
tense late-stage clay al ter ation, such as illite and kaolinite,
is pres ent at Red Chris. Per haps the most cu ri ous fea ture is
the wide spread and in tense late car bon ate al ter ation (Baker
et al., 1999), which is not a com mon fea ture of por phyry Cu
sys tems (Seedorff et al., 2005). None the less, Red Chris is
hosted in monzonitic rocks, has char ac ter is tic he ma tite al -
ter ation, and has the high Au grades typ i cal of BC alkalic
por phyry de pos its (New ell and Peatfield, 1995; Baker et
al., 1999; Holliday and Cooke, 2007).

The Red Chris de posit is in north west ern BC (Fig ure 1), ap -
prox i mately 80 km south of the town of Dease Lake and
12 km east of the Stew art-Cassiar High way (High way 37).
It is ac cessed by a 23 km gravel road. The de posit is sit u ated 
at lat i tude 57°42'N and lon gi tude 129°47'W, in NTS area
104H/12W. The rock units, min er al iza tion, as so ci ated
veins and al ter ation at Red Chris were pre vi ously de scribed 
by Schink (1977), Ash et al. (1995), Blanchflower (1995)
and Baker et al. (1999).

The prop erty has been ex plored in ter mit tently by sev eral
com pa nies since the mid-1950s, with a hi a tus be tween
1981 and 1994 when more fo cused drill pro jects dom i nated 
(New ell and Peatfield, 1995). Ex plo ra tion drill ing cam -
paigns con tin ued un til 2005 and re sulted in a cal cu lated
open-pit re serve by bcMetals Cor po ra tion. This re serve
(proven and prob a ble) has been re cently up dated to

301.5 mil lion tonnes grad ing 0.359% Cu and 0.274 g/t Au
(Im pe rial Met als Cor po ra tion, 2010). Fol low ing a take over 
by Im pe rial Met als Cor po ra tion in Feb ru ary 2007, drill ing
be tween 2007 and 2009 tar geted deeper min er al iza tion in
the ‘East zone’ and ‘Main zone’, re sult ing in new di men -
sions to the po ten tial shape, depth, size and grade of the Red 
Chris de posit. The most no ta ble re sults came from the East
zone: 1) RC07-335 in ter sected 1024.1 m of 1.01% Cu,
1.26 g/t Au and 3.92 g/t Ag over the en tire length of the hole 
(Im pe rial Met als Cor po ra tion, 2007), and 2) RC09-350 in -
ter sected 152 m of 4.12% Cu, 8.83 g/t Au and 10.46 g/t Ag
at a depth of 504 m (Gillstrom and Rob ert son, 2010). More
im por tantly, these deep drillholes dem on strated ver ti cal
con ti nu ity at Red Chris and had sig nif i cant im pli ca tions for
fur ther ex plo ra tion and mine plan ning. An up dated re -
source es ti mate of 619 mil lion tonnes (mea sured and in di -
cated) at 0.38% Cu and 0.36 g/t Au (at 0.1% Cu-equiv a lent
cut-off, with in ferred re sources of more than 619 mil lion
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Fig ure 1. Ma jor tec tonic ter ranes and as so ci ated Me so zoic por -
phyry de pos its of the Ca na dian cor dil lera in Brit ish Co lum bia.
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tonnes at 0.30% Cu and 0.32 g/t Au) was re leased in May
2010 (Gillstrom and Rob ert son, 2010). On a broader scale,
re sults from these deep drillholes in di cate sig nif i cant po -
ten tial for high Au and Cu grades in BC’s alkalic por phyry
sys tems. Giroux and Bellamy (2004) re ported in ferred re -
sources at the Far West and Gully zones con tain ing 76.8
mil lion tonnes of 0.17 % Cu and 0.33 g/t Au (at 0.1 % Cu-
equiv a lent cut-off) and 230.3 mil lion tonnes of 0.22 % Cu and
0.20 g/t Au (at 0.1 % Cu-equiv a lent cut-off), re spec tively.

Re sults from the 2007 drill ing pro gram en cour aged a joint
re search pro ject be tween the Min eral De posit Re search
Unit at the Uni ver sity of Brit ish Co lum bia, Im pe rial Met als
Cor po ra tion and Geoscience BC. Ob ser va tions and re sults
pre sented herein are from in ves ti ga tions of the sec ond field
sea son at the Red Chris de posit in the sum mer of 2010,
when 11 833 m of di a mond-drill core were logged. Re sults
pre sented here build upon observations of Norris et al.
(2010).

This pa per fo cuses on in creas ing the un der stand ing of the
mag matic evo lu tion, min er al iza tion styles and al ter ation of
the de posit, with par tic u lar em pha sis on the deeper parts of
the East zone. Spe cif i cally, the em pha sis is along a 500 m

long sec tion trending N50°E, where the na ture of the in tru -
sive rocks, min er al iza tion, veins and al ter ation were in ves -
ti gated in eight di a mond-drill holes in 2010. Ad di tion ally, a 
di a mond-drill hole stud ied in 2009 (RC07-335) lies on this
sec tion (Norris et al., 2010). Sam ples were taken roughly
ev ery 50 m as 10–15 cm slabs of pre vi ously cut drillcore,
for a total of 324 samples along the N50E section.

Tectonic Setting

Much of BC is un der lain by sev eral tec tonic blocks that
were accreted to the grow ing mar gin of west ern North
Amer ica dur ing the Me so zoic. Three of these accreted ter -
ranes, the Quesnel terrane (or Quesnellia), the Stikine
terrane (or Stikinia) and the Cache Creek terrane form most
of the Intermontane Belt that un der lies much of cen tral BC
(Mon ger and Price, 2002). Stikinia and Quesnellia are
dom i nated by Late Tri as sic to Early Ju ras sic is land-arc ter -
ranes that host most of BC’s por phyry de pos its and are sep -
a rated from each other by the in ter ven ing Cache Creek
terrane (McMillan et al., 1995; Fig ure 1). These dom i -
nantly Late Tri as sic vol ca nic is land-arc ter ranes, which
have sim i lar com po si tions and stra tig ra phy, formed out -
board from the west ern North Amer i can con ti nen tal mar gin 
and were sub se quently accreted to the mar gin dur ing the
Early Ju ras sic (Mon ger and Price, 2002). Por phyry Cu de -
pos its within Quesnellia and Stikinia formed largely in the
lat est Tri as sic prior to ac cre tion, but some de pos its con tin -
ued to form into the Mid dle Ju ras sic (e.g., Mount Milligan;
McMillan et al., 1995). The Late Tri as sic to Early Ju ras sic
Red Chris por phyry de posit is hosted in the Late Tri as sic to

Early Jurassic arc and arc-marginal sedimentary rocks in
the northern portion of Stikinia.

Regional Geology

There are three main geo log i cal pack ages in the Red Chris
area: the late Tri as sic Stuhini Group, the late Tri as sic Red
stock and the Mid dle Ju ras sic Bow ser Lake Group
(Figure 2). The Stuhini Group (LTrS) con sists of Late Tri -
as sic vol ca nic and vol ca ni cally de rived sed i men tary rocks
that form part of Stikinia. These arc-vol ca nic rocks
(LTrSb) are dom i nated by augite-phyric ba saltic pil lowed
flows and flow brec cias to ba saltic an de site (Ash et al.,
1995). The vol ca nic rocks are in ter ca lated with fine-
grained mafic-de rived volcaniclastic siltstone, si li ceous
siltstone and feldspathic sand stone (LTrSss), on the or der
of metres to tens of metres in apparent thickness.

Plutonic rocks of the Late Tri as sic Red stock (LTrEJmd)
in truded the Stuhini Group and form an east-north east-
trending, 4.5 by 1.5 km body (Ash et al., 1995; Ferreira,
2009). The stock con sists of me dium- to coarse-grained
hornblende-plagioclase–por phy ritic monzodiorite (Ash et
al., 1995). A monzonite sam ple taken at a depth of ~105 m
in drillhole RC95-224 gave a U-Pb zir con crys tal li za tion
age of 203.8 ±1.3 Ma (Freidman and Ash, 1997). The South 
Bound ary fault trun cates the Red stock at its south ern mar -
gin and jux ta poses the plutonic rocks against the Bowser
Lake Group.

Sed i men tary rocks of the Mid dle Ju ras sic Bow ser Lake
Group (MJB) out crop south of the South Bound ary fault.
These ma rine clastic sed i men tary rocks, be long ing to the
Ashman For ma tion, were de pos ited un con form ably on top
of the Late Tri as sic vol ca nic and plutonic rocks. The sed i -
men tary rocks rep re sent the basal unit of the Bow ser Lake
Group and are com posed of siltstone, chert-peb ble con -
glom er ate and sand stone (Evenchick and Thorkelson,
1993).

Deposit Geology

The Red Chris de posit con sists of sev eral min er al ized
zones: the Main, East, Far West and Gully zones (Fig ure 2).
Cur rently only the Main and East zones host mea sured and
indicated re sources. The Main zone has a larger ar eal ex tent 
than the East zone, and their cen tres are ~600 m apart. Both
Main and East zones are ver ti cal to subvertical, ap par ent
pipe-like orebodies that are bounded to the south by the
gen eral east-north east erly-trending faults in the re gion
(Col lins et al., 2004).

The high-grade min er al ized zones are hosted en tirely with -
in the Red stock, a plagioclase-hornblende–por phy ritic
monzodiorite that prob a bly con sists of mul ti ple in tru sive
phases. The stock is cut by sev eral late-stage fel sic dikes.
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The drillholes logged dur ing this study are high lighted in
yel low on the drillhole plan (Figure 3).

Rock Units

Intrusive Rocks

His tor i cally, the com pos ite Red stock in the East zone (see
Schink, 1977) was con sid ered to com prise main and late in -
tru sive phases, both of which are cut by postmineral dikes.
How ever, this study has ob served that there is no dis cern -
ible tex tural dif fer ence be tween the main phase and late
phase of Schink (1977). Only a few cross cut ting re la tion -
ships be tween in tru sive phases are pre served. Most of these 
con tacts ap pear to have been re ac ti vated by later faults and
are in tensely car bon ate ce mented. There are ap par ent
changes in size and den sity of plagioclase and hornblende
pheno crysts in ad di tion to mi nor tex tural changes in the
groundmass; how ever, these changes do not distinguish
separate intrusive phases.

The Red stock in tru sive suite is monzonite to monzodiorite
in com po si tion (Ash et al., 1995). How ever, it is un cer tain if 
the K-feld spar in the groundmass is pri mary or of sec ond -

ary or i gin due to ex ten sive al ter ation. Through out this pa -
per, the Red stock will be re ferred to as a monzodiorite.

The Red stock is me dium grey with pheno crysts of
plagioclase and hornblende in a very fine grained ground -
mass (Fig ure 4a). The groundmass typ i cally ac counts for
40% of the rock and con sists of anhedral microcrystalline
K-feld spar and mi nor quartz (Schink, 1977). The feld spar
pheno crysts are gen er ally buff-white, 2–4 mm euhedral to
subhedral crys tals (Fig ure 4b–d). Hornblende pheno crysts
are al tered to sec ond ary bi o tite and seri cite, mak ing the pri -
mary tex ture dif fi cult to as cer tain, but are typ i cally
euhedral, 2–10 mm crys tals with dis tinct crys tal bound aries 
(Fig ure 4b–d). The pheno crysts are ran domly ori ented
within the grey apha ni tic groundmass (Schink, 1977). Es ti -
mated vi su ally, phenocryst abun dance typ i cally var ies be -
tween 15 and 30%, but can be as low as 5% and as high as
45% (Figure 4a–d).

Stuhini Group Volcanic Rocks and Associated
Sedimentary Rocks

The Stuhini Group vol ca nic and re lated sed i men tary rocks
oc cur as septa within the Red Stock, as well as the ex ter nal
host rocks. They are typ i cally me dium to dark green, as
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Fig ure 3. Lo ca tion of N50E cross-sec tion (±85 m) across the East zone of the Red Chris de posit, north west ern Brit ish Co lum bia. Drillholes
ex am ined in 2010 and the N50E cross-sec tion are in yel low; drillholes ex am ined in 2009 and sec tion 452700E (dis cussed in Norris et al,
2010) are in or ange. Ge ol ogy and pro jected pit out line as per Fig ure 2.



well as dark brown and lo cally pale or ange near zones of K-
sil i cate al ter ation. The vol ca nic rocks are fine grained with
lo cal clasts up to 3 mm in di am e ter, abun dant <1 mm
microfractures filled with dark black min er als (prob a bly
chlorite) and lo cally py rite and chal co py rite. Sparse car -
bon ate and quartz veins cut the Stuhini Group rocks. This
unit oc curs as iso lated, 0.3–30 m thick ‘rafts’ within the
Red stock monzodiorite, be low 500 m depth on the flanks
of the East zone.

Postmineral Dikes

Two types of 1–20 m wide (mea sured in drillcore), diorite
to monzodiorite dikes in trude the Red stock. The amyg da -
loid al monzodiorite and bi o tite diorite dikes make up <2%
of the stock, are not min er al ized and are cut by mi nor, late,
buff-white car bon ate veins. The amyg da loid al monzo dior -
ite dikes are beige to lo cally light green and very fine
grained, with car bon ate>quartz amygdules 2–10 mm in
size. Euhedral hornblende pheno crysts (<3%), up to 4 mm
long, are al tered to clay and/or chlorite. The bi o tite diorite
dikes are light to me dium green and very fine grained, with
up to 10% hornblende and/or bi o tite pheno crysts, up to

5 mm long, that are lo cally al tered to clay and/or chlorite.
These dikes oc cur through out the Red stock, yet are mostly
lo cated be tween 400 and 800 m in depth.

Alteration

Al ter ation in the East zone along sec tion line N50E is dom i -
nantly potassic (herein called K-sil i cate al ter ation) and is
over printed by clay al ter ation (Fig ure 5). These rocks were
pre vi ously rec og nized as host ing seri cite al ter ation. ‘Seri -
cite’ is a field term widely used to de scribe al ter ation to
fine-grained hy drous white mica min er als and may in clude
mus co vite, pyrophyllite, paragonite, phlogopite and oc ca -
sion ally illitic mica and interlayered dis or dered micas with
other sheet-struc tured min er als such as mont mo ril lo nite,
chlorite and ver mic u lite (Meyer and Hemley, 1967). Re -
sults of shortwave-in fra red spec tros copy, us ing the An a lyt -
i cal Spec tral De vices (ASD) TerraSpec™ an a lyzer, on
sam ples from the 2009 field sea son iden ti fied the dom i nant
‘sericitic’ zone clay al ter ation min er als as illite and lesser
kaolinite. Mi nor chlorite and mod er ate per va sive car bon -
ate, as an ker ite-do lo mite, are as so ci ated with the illite-
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Fig ure 4. Ex am ples of the Red stock taken from di a mond-drill holes on the Red Chris de posit, north west ern Brit ish Co lum bia, il lus trat ing
the vari abil ity in phenocryst size and abun dance (re pro duced from Norris et al., 2010): a) 10% plagioclase (Plag), up to 2 mm in length, and
mafic min er als al tered to he ma tite, drillhole RC79-003 (51.52 m); b) 15% plagioclase, up to 4 mm in length, al tered to illite-kaolinite and
10% hornblende (Hbl), up to 1 cm in length and al tered to illite-kaolinite, drillhole RC106-038 (405.51 m); c) 25% plagioclase, up to 4 mm in
length, and 5% hornblende, up to 7 mm in length, drillhole RC335-036 (461.90 m). d) 10% plagioclase, up to 3 mm in length, and 15%
hornblende, up to 5 mm in length, drillhole RC224-006 (124.48 m). Drillhole lo ca tions are shown on Fig ure 3.
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kaolinite clay al ter ation. Through out this paper, the
‘sericite’ alteration overprint will be referred to as illite-
kaolinite.

The K-sil i cate–dom i nant al ter ation zone has a broadly
arch ing ge om e try, deep est in the wes tern most por tion of
the sec tion (~1000 m depth) and shal low est in the east ern -
most (~600 m depth). The shal lower por tions of K-sil i cate
al ter ation are over printed by illite-kaolinite al ter ation,
mak ing it dif fi cult to de ter mine the orig i nal ex tent of the K-
sil i cate zone. A tran si tional zone of weak, re sid ual K-sil i -
cate al ter ation with a mod er ate to strong illite-kaolinite
over print oc curs di rectly above the in tense K-sil i cate zone
and be low a zone of in tense illite-kaolinite al ter ation. The
up per con tact of the tran si tional zone is ir reg u lar, varying in 
depth between 200 and 400 m (Figure 5).

The K-sil i cate al ter ation zone is char ac ter ized by sec ond -
ary bi o tite, mag ne tite and tex tur ally de struc tive K-feld spar
that re placed the groundmass and pri mary plagioclase feld -
spar pheno crysts (Fig ure 6a, b). Baker et al. (1999) noted
that the por phy ritic ig ne ous tex ture may be com pletely de -
stroyed by fine-grained orthoclase and albitic feld spar
(Ab80–94; Schink, 1977). Pri mary mafic min er als were re -
placed by sec ond ary bi o tite and mag ne tite, and lo cally by
later chlorite (Fig ure 6c); lo ca tions in which they dom i nate
are mapped along sec tion line N50E (heavy dashed lines in
Fig ure 5). In tense sec ond ary bi o tite and chlorite oc cur be -
low a depth of 950 m in the east ern por tion of the sec tion
and at 600 m in the west ern por tion, cre at ing a sharp bound -
ary be tween holes RC09-349 and RC09-350. A lo cal ized
zone of mod er ate sec ond ary bi o tite and chlorite al ter ation,
oc cur ring in holes RC07-335 and RC09-348 at depths of
400 and 450 m, re spec tively, is con tin u ous to the west
through holes RC09-352 and RC09-351 at a depth of 800
m. Chlorite is pres ent in mi nor amounts within the mafic
sites above the strong and moderate alteration zones and
extending to the surface.

Anhydrite veins are part of the min eral as so ci a tion that de -
fines the K-sil i cate al ter ation zone. Gen er ally oc cur ring be -
low 1000 m in depth, anhydrite oc curs as me dium pur ple to
lav en der veins where the monzodiorite is vis i bly K-sil i cate
al tered. In ar eas of weak to mod er ate illite-kaolinite over -
print ing, the anhydrite is pale pink to peach. Anhydrite is
ab sent in zones of in tense illite-kaolinite al ter ation, per -
haps no lon ger vis i ble due to ex ploi ta tion by later quartz
veins. Mod er ate anhydrite vein ing oc curs deep est in the
cen tre of the East zone (depth of 1100 m in drillholes RC09-

345, RC09-348, RC09-349 and RC09-354) and shal low est
on the flanks of the zone (800 m depth in RC09-350, RC09-
351 and RC09-354). Trace epidote is as so ci ated with
anhydrite veins and also within mafic sites of the fresh est
look ing monzodiorite, be low a depth of 1100 m on the
flanks of the East zone. Epidote is not ob served in the cen tre 
of the East zone, in drillhole RC09-345. The oc cur rence of
epidote may in di cate that zones of propylitic alteration
flank the K-silicate core of the East zone.

In the illite-kaolinite zone, illite and kaolinite per va sively
al ter both plagioclase and K-feld spars, hornblende pheno -
crysts and sec ond ary bi o tite of both the pri mary and K-sil i -
cate–al tered monzodiorite to buff-white, pale or ange (an -
ker ite-do lo mite) and lo cally pale green (illite; Fig ure 6d, e). 
Through out the illite-kaolinite zone, per va sive but mi nor
he ma tite oc cu pies the mafic sites and has both sharp and
dif fuse crys tal bound aries. The he ma tite is very fine
grained and dark grey to ma roon. Py rite within the illite-
kaolinite zone dom i nates in the up per east ern por tion of the
sec tion, oc cur ring as very fine to fine-grained anhedral
crys tals oc cur ring pref er en tially within the mafic crys tal
sites. Mag ne tite as so ci ated with the K-sil i cate al ter ation
zone is al tered to he ma tite by the illite-kaolinite al ter ation
flu ids. Per va sive car bon ate al ter ation is spa tially as so ci -
ated with the illite-kaolinite al ter ation in the up per por tions
of the sec tion. Baker et al. (1999) re ported a ferroan-do lo -
mite com po si tion for this car bon ate al ter ation (Fig ure
6e, f). The pres ence of py rite, he ma tite and mag ne tite
within the mafic sites has been mapped along sec tion line
N50E (Fig ure 5). Py rite within the mafic sites dom i nates in
the east ern por tion of the sec tion, oc cur ring at a depth of
580 m in RC09-353 (east ern most drillhole) and grad u ally
at shal lower depths west ward to ward RC07-348, where py -
rite oc curs in the mafic sites in the up per 10 m of the hole.
Im me di ately be low the py rite-dom i nant zone, he ma tite is
the dom i nant ox ide in the mafic sites, ex tend ing to a depth
of 900 m depth in RC09-348, mark ing the apex of a deeper,
mag ne tite-dom i nant zone. Mod er ate to abun dant amounts
of mag ne tite oc cur within the mafic sites be low this apex
and at grad u ally deeper depths to wards the flanks of the
East zone. This zone oc curs at a depth of ~1150 m in the
east ern por tion of the sec tion and at 1100–1400 m in the
west, with its apex at 950 m in hole RC09-348. Lo cal ized
iso lated pods of mag ne tite as the dom i nant ox ide in the
mafic sites oc cur through out the he ma tite-dom i nant zone,
likely re flect ing ar eas with a less in tense illite-kaolinite al -
ter ation over print. A zone of nearly equal he ma tite and
magnetite within the mafic sites indicates a transitional
zone between depths of 550 and 1100 m in the easternmost
part of the section, in drillholes RC09-353 and RC09-350.

Mineralization

Cop per and gold grades in the East zone at Red Chris are
con cen trated in dis sem i nated and vein-hosted bornite and
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Fig ure 5. Cross-sec tion N50E show ing al ter ation of fel sic min er als 
to K-feld spar and illite-kaolinite, and al ter ation of mafic min er als to
sec ond ary bi o tite (Bt) and chlorite (Chl), py rite (Py), he ma tite (Hm)
and mag ne tite (Mt) in the East zone of the Red Chris de posit,
north west ern Brit ish Co lum bia. Drillhole depths are shown in
200 m in cre ments.



chal co py rite that are mostly within banded quartz-
stockwork veins. Bornite and chal co py rite are dom i nantly
fine anhedral grains but lo cally form ag gre gates in quartz
veins with mi nor to mod er ate white car bon ate. Sul phide-

only veins of chal co py rite and/or bornite, 1–2 mm thick
with wavy char ac ter, are par tic u larly com mon in deeper
por tions of the N50E sec tion line where K-sil i cate al ter -
ation dom i nates. Trace amounts of very fine grained chal -
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Fig ure 6. Typ i cal ex am ples of K-sil i cate and illite-kaolinite al ter ation in the Red stock from drillholes in the East zone of the Red Chris de -
posit, north west ern Brit ish Co lum bia: a) strong K-sil i cate al ter ation of monzodiorite, with mafic min er als al tered to py rite, he ma tite and illite-
kaolinite, drillhole RC335-070 (985.37 m); b) in tense K-sil i cate al ter ation of the groundmass with quartz veins, drillhole RC335-060
(863.54 m); c) K-sil i cate al ter ation of the groundmass, with sec ond ary bi o tite pheno crysts (orig i nally hornblende) be ing al tered to mag ne -
tite and chlorite, drillhole RC335-034 (409.48 m); d) illite (light green) al ter ation of plagioclase pheno crysts and kaolinite (blotchy white) al -
ter ation of hornblende pheno crysts, drillhole RC335-041 (532.90 m); e) in tense kaolinite and illite al ter ation of plagioclase and hornblende
pheno crysts and of the groundmass, with the groundmass also be ing per va sively car bon ate al tered, drillhole RC335-035 (441.17 m); f)
per va sive car bon ate (an ker ite?) al ter ation of plagioclase and hornblende pheno crysts (or ange), along with in tense car bon ate al ter ation of
the groundmass, drillhole RC106-019 (151.31 m). Fig ure re pro duced from Norris et al. (2010).



co py rite are pres ent in the K-sil i cate–al tered mafic min eral
sites and sparsely as fine-grained ag gre gates within pur ple
anhydrite veins. Mo lyb de nite is ob served in mi nor and
mod er ate amounts as fine- to me dium-grained dis sem i na -
tions within quartz-car bon ate veins and locally along the
margins of quartz-carbonate±anhydrite veins.

Bornite, chal co py rite, py rite and mo lyb de nite in quartz,
quartz-car bon ate and/or anhydrite veins have vari able dis -
tri bu tions along sec tion N50E (Fig ure 7). A nar row, yet ver -
ti cally sig nif i cant zone of bornite+chal co py rite oc curs in
the cen tral re gion of the sec tion, with its deep est ex tent at a
depth of 1100 m in drillhole RC09-348. At 900 m in depth,
this zone is roughly 200 m wide and was in ter sected by four
ad ja cent drillholes. The bornite+chal co py rite zone grad u -
ally nar rows to wards the sur face, and is roughly 50 m wide
at a depth of 50 m. Out board of the bornite+chal co py rite
core, a zone of chal co py rite>py rite forms the bulk of the
N50E sec tion. A zone of py rite>chal co py rite in quartz
veins forms an asym met ric dome about the cen tre of the
sec tion (drillholes RC09-348, RC07-335). This py rite zone 
is con cen trated near the sur face in the west ern por tion of
the sec tion and ex tends down to a depth of 400 m. Mo lyb -
de nite oc curs through out the N50E sec tion (typ i cally
<10 ppm) but is con cen trated in mod er ate amounts (~50–
100 ppm) in the eastern portion of the section below 750 m
in depth.

Vi sual es ti mates of quartz-vein den sity across sec tion
N50E were re corded as per cent ages, di vided into five bins
(0–20%, 20–40%, 40–60%, 60–80% and 80–100%) and
plot ted as a his to gram for each hole. Sev eral iso lated re -
gions of quartz-vein den si ties greater than 20% clus ter in
the cen tre of the sec tion and are out lined by thick black
dashed lines on Fig ure 7. The wid est re gion oc curs in the
cen tre of the East zone around 800 m in depth. A re gion of
very high den sity of quartz veins oc curs iso lated within
drillhole RC09-350 be tween 540 and 700 m in depth. An -
other re gion of very high den sity of quartz veins oc curs at
the sur face and ex tend ing down to a depth of 65 m in
drillholes RC07-335 and RC09-354.

Grade

Cop per and gold in the East zone at Red Chris have an av er -
age ra tio of 1:1 (% Cu to g/t Au), and they are strongly cor -
re lated across all grades (co ef fi cient of de ter mi na tion, r2 =
0.89; Baker et al., 1999). Vis i ble gold was not ob served.
His to grams of cop per and gold grades across sec tion N50E
(Fig ure 7) show that the high est gold grades are as so ci ated
with the high est den si ties of banded quartz-stockwork
veins. The cen tral sec tion of the East zone has grades
>0.5% Cu and >0.1 g/t Au from sur face down to ~1000 m in 
depth, with lo cal ized sec tions of much higher grade val ues.
The east ern por tion of the sec tion has grades typ i cally
>0.5% Cu and >0.1 g/t Au from 400–550 m down to

~1000 m, also with lo cal ized sec tions that are much higher
in grade. An ex am ple is drillhole RC09-350, which has an
in ter sec tion of 152 m, at 504 m in depth, of 4.12% Cu and
8.83 g/t Au. In the west (RC09-352), grades are typ i cally
>0.5% Cu and >0.1 g/t Au be tween depths of 400 and
850 m. The wes tern most sec tion of the East zone (RC09-
351) has lo cal ized sec tions grad ing >0.5% Cu and >0.1 g/t
Au be tween 400 and 800 m in depth. The high est gold
grades are as so ci ated with the chal co py rite and bornite core 
in the cen tre of the East zone, and lo cally out board within
ar eas of dom i nantly chal co py rite. Cop per and gold grade is
con trolled by quartz veins and does not appear to be related
to one specific alteration association.

Discussion and Conclusions

Al though only one gen eral compositional type of the Red
stock was rec og nized by Schink (1977), changes in
phenocryst size and abun dance iden ti fied in this study in di -
cate that sev eral dif fer ent por phy ritic phases likely are
pres ent. The con tacts be tween these dif fer ent tex tural types 
are typ i cally marked by zones of brecciation, which make
cross cut ting re la tion ships dif fi cult to de ter mine. It is likely
that the brecciated zones rep re sent the orig i nal in tru sive
con tacts be tween dif fer ent por phyry units that were later
re ac ti vated by suc ces sive struc tural and fluid events, in -
clud ing de po si tion of the abun dant late car bon ate ce ment
that is char ac ter is tic of these brec cia zones. Some of these
por phyry phases have much higher den si ties of veins and
higher Cu and Au grades, and are in ter preted to be early
phases of the in tru sion. Sim ple use of Cu and Au grades
may there fore be use ful, in ad di tion to textural evidence, to
distinguish between different porphyritic phases.

The typ i cally high-grade min er al iza tion at Red Chris is
closely as so ci ated with ar eas that have mul ti ple gen er a tions 
of the banded quartz-stockwork veins. Al though most of
the high-grade min er al iza tion in the core of the East zone is
chal co py rite+bornite, the min er al iza tion in the in tense
zone of quartz vein ing at a depth of 504 m in drillhole
RC09-350 is al most en tirely chal co py rite. The dis tri bu tion
of high-den sity quartz veins may be lithologically con -
trolled by compositionally sim i lar yet paragenetically
different porphyry intrusions.

Con trols on the oc cur rence of he ma tite and mag ne tite re -
main am big u ous. The pres ence of he ma tite and mag ne tite
in veins is di rectly as so ci ated with the K-sil i cate–al tered
core. How ever, the dis tri bu tion of he ma tite and mag ne tite
within mafic sites is ir reg u lar due to the in ten sity of the
illite-kaolinite al ter ation over print. Hornblende is al tered
to mag ne tite and sec ond ary bi o tite lo cally within the K-sil i -
cate–al tered zones, whereas mafic sites are al tered to he ma -
tite within zones of the wide spread illite-kaolinite al ter -
ation over print. The flu ids in volved in the illite-kaolinite
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al ter ation of the monzodiorite may have altered the
magnetite to hematite.

The pres ence of illite and kaolinite as the dom i nant clay al -
ter ation min er als over print ing the K-sil i cate zone in di cate a 
lower tem per a ture as so ci a tion than the seri cite min eral as -
so ci a tion. X-ray dif frac tion tech niques will be used to con -
firm the re sults of the TerraSpec™ anal y ses and may in di -
cate dis tinct mus co vite-, illite- and kaolinite-dominant
alteration zones.

Nu mer ous cross cut ting re la tion ships be tween dif fer ent
vein types ob served in the East zone com pli cate the de vel -
op ment of a rel a tive paragenesis. Flu ids as so ci ated with in -
di vid ual por phy ritic in tru sions frac tured older phases of the 
Red stock. Evo lu tion of the mag matic com po si tions and
their re la tion ships to the veins, min er al iza tion and al ter -
ation, and char ac ter iza tion of paragenetic vein se quences,
are the fo cus of the next stage of research on the Red Chris
deposit.
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Abstract

Eskay Creek rep re sents an un usual, pre cious metal-rich,
polymetallic, vol ca nic-hosted sul phide and sulphosalt de -
posit lo cated in the Iskut River area of north west ern Brit ish
Co lum bia. The bulk of the ore con sists of stratiform clastic
beds and lami na tions of graded sul phide and sulphosalt de -
bris that are hosted by a thick in ter val of car bo na ceous
mudstone at the con tact be tween fel sic vol ca nic rocks and
over ly ing ba salt. In ad di tion to the stratiform orebodies,
eco nomic con cen tra tions of pre cious met als have been rec -
og nized in dis cor dant zones of sul phide veins and dis sem i -
na tions in the footwall rhyolite.

De tailed compositional in ves ti ga tions of the car bo na ceous
mudstone host ing the stratiform ores at Eskay Creek re veal
the ex is tence of a dis tinc tive al ter ation halo around the de -
posit. In ter ac tion of the host mudstone with hy dro ther mal
flu ids re sulted in the wide spread for ma tion of car bon ate
min er als. Qual i ta tive and quan ti ta tive X-ray dif frac tion
anal y sis showed that al tered mudstone con tains abun dant
an ker ite, with ferroan magnesite, magnesian sid er ite and
sid er ite be ing lo cally pres ent. Cal cite was found to oc cur in
the outer part of the al ter ation halo and forms an im por tant
com po nent of mudstone away from the de posit. Car bon ate
al ter ation of the mudstone was ac com pa nied by the for ma -
tion of kaolinite. The spa tial dis tri bu tion of the dif fer ent
car bon ate spe cies sug gests that car bon ate al ter ation of the
fine-grained car bo na ceous hostrocks was largely re stricted
to ar eas over ly ing upflow zones of min er al iz ing hy dro ther -
mal flu ids and as so ci ated dis cor dant sul phide zones in the
footwall rhy o lite. Fluid-rock in ter ac tion and as so ci ated
car bon ate al ter ation in the halo around the de posit are in ter -
preted to have taken place in sea wa ter-sat u rated mudstone

at low to mod er ate temperatures from cooling, low-pH,
high-CO2 fluids.

Prin ci pal-com po nent anal y sis of the geo chem i cal dataset
pro vides sup port for car bon ate-al ter ation trends ob served
by whole-rock XRD anal y sis and re veals ad di tional min er -
al og i cal and com po nent vec tors to ore, in clud ing in creas -
ing Mg/F ra tios in chlorite, in creas ing V/Corg ra tios in the
mudstone and vari able Cs sub sti tu tion ra tios in white mica,
all prox i mal to hy dro ther mal ac tiv ity. Ar senic con cen tra -
tions in py rite also in crease to wards min er al ized zones and
can be used to discern hydrothermal from diagenetic pyrite.

Purpose of Research

The Eskay Creek de posit (MINFILE 104B  008; BC Geo -
log i cal Sur vey, 2010) in north west ern BC has gen er ated
sig nif i cant in ter est be cause it is among the most pre cious
metal–rich vol ca nic-hosted mas sive-sul phide de pos its in
the world (48.4 g/t Au and 132.3 g/t Ag), and sev eral of its
geo log i cal char ac ter is tics dif fer from or di nary mas sive-
sul phide de pos its. Key fea tures in clude the bed ded and
com monly graded na ture of the clastic ore; the high con -
cen tra tions of Au, Ag and other el e ments more typ i cally as -
so ci ated with epi ther mal en vi ron ments; the com plex ore
min er al ogy; and the low tem per a tures (<200°C) of sul -
phide and sulphosalt de po si tion (Roth et al., 1999). The de -
posit has been con sid ered a type ex am ple of a new group of
vol ca nic-hosted gold de pos its that formed in rel a tively
shal low wa ter sub ma rine en vi ron ments where phase sep a -
ra tion of the hy dro ther mal flu ids represented an important
control on the precipitation of metals (Hannington et al.,
1999).

Eco nomic con cen tra tions of pre cious and base met als at
Eskay Creek are con fined mainly to lat er ally dis con tin u -
ous, stratiform clastic ore lenses hosted by a thick mudstone 
in ter val at the con tact be tween fel sic vol ca nic rocks and
over ly ing ba salt. Al though the min er al iz ing hy dro ther mal
sys tem was ac tive over an ex ten sive area, it is cur rently not
well es tab lished whether min er al og i cal gra di ents within ei -
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ther the footwall al ter ation halo or the mudstone host ing the 
sulphides can be used for tar get vectoring. Due to the ab -
sence of readily rec og niz able al ter ation fea tures in the car -
bo na ceous mudstone, pre vi ous re search fo cused largely on
hy dro ther mal al ter ation patterns in the footwall rhyolite
(Barrett and Sherlock, 1996).

This pa per re ports ini tial re sults of a com pre hen sive min er -
al og i cal and geo chem i cal study of the ore-host ing mud -
stone, and dem on strates that hy dro ther mal al ter ation can be 
rec og nized up to tens to hun dreds of metres from the ore -
bodies. Iden ti fi ca tion of compositional gra di ents within the 
al ter ation halo per mits the de lin ea tion of a set of vec tors to
ore that can be used in the ex plo ra tion for this un usual de -
posit type in BC and elsewhere.

Geology

The Eskay Creek de posit is lo cated in the Iskut River area at 
the west ern mar gin of the allochthonous Stikine terrane of
the north ern Ca na dian Cor dil lera (Fig ure 1). Mid dle Ju ras -
sic sub ma rine and subaerial vol ca nic and sed i men tary
rocks in the Iskut River area have yielded U-Pb zir con ages
be tween 181 and 172 Ma (Childe, 1996). The hostrocks of
the de posit are folded into a shal lowly north-plung ing,

north-north east-trending, up right open anticline (Fig ure 1). 
Stratiform min er al iza tion at Eskay Creek oc curs on the
west ern limb of the fold, near the fold clo sure, and dips gent -

ly 30–45° to the west (Fig ure 2). The meta mor phic grade in
the mine area is lower greenschist (Britton et al., 1990;
Roth et al., 1999).

The strati graphic footwall to the min er al iza tion is com -
posed of mul ti ple in tru sive/ex tru sive rhy o lite units with a
max i mum ap par ent thick ness of ap prox i mately 100 m in
the mine area. Hy dro ther mal al ter ation is wide spread
through out the footwall rhy o lite. Sec ond ary po tas sium-
feld spar al ter ation and mod er ate sili ci fi ca tion oc cur pe -
riph eral to the stratiform ore and in deeper parts of the
footwall. Im me di ately un der ly ing the stratiform ores, a
more in tense and tex tur ally de struc tive al ter ation is seen in
a tab u lar zone of per va sive chlorite and white-mica for ma -
tion (Barrett and Sherlock, 1996; Monecke et al., work in
progress).

The footwall rhy o lite is over lain by car bo na ceous mud -
stone, which hosts the clastic sul phide and sulphosalt ore -
bodies. The unit ranges from <1 to >60 m in thick ness. The
mudstone is lam i nated, thinly bed ded or mas sive, and con -
tains abun dant in ter ca lated, tan-col oured beds of fine-
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Fig ure 1. Ge ol ogy of the Eskay Creek anticline, show ing the lo ca tions of the sur face pro jec tion of the ore zones (mod i fied from Alldrick et
al., 2005). In set shows the lo ca tion of the de posit in the Stikine terrane (mod i fied from Gabrielse et al., 1991).



grained volcaniclastic ma te rial. Cal car e ous 
and si li ceous in ter vals can be rec og nized in 
drillcore but are not com mon. The mud -
stone unit con tains radio lar ians, dinoflag -
el lates, rare bel em nites and cor als, con -
firm ing a ma rine depositional en vi ron ment.
Thin py rite lami na tions are com mon within 
the mudstone. The oc cur rence of flame
struc tures at the base of the sul phide lami -
na tions in di cates that this type of py rite is
clastic in or i gin. Ad di tion ally, thin veins
and veinlets of py rite cross cut ting bed ding
are wide spread through out the mine area.
Diagenetic py rite nod ules have been lo -
cally ob served (Monecke et al., 2005).

Ba salt sills and dikes oc cur through out the
car bo na ceous mudstone unit. The oc cur -
rence of mudstone-ma trix ba salt brec cia
along the bot tom and top mar gins of co her -
ent ba salt in ter vals in di cates that the lava
in truded mudstone that was still wet and
un con sol i dated (Monecke et al., 2005).
The rel a tive pro por tion of ba salt in creases
in the up per part of the mine suc ces sion.
The hangingwall ba salt lo cally ex ceeds
150 m in thick ness and gen er ally thins
south ward away from the de posit. The
mafic rocks are in ter ca lated with vari ably
thick intervals of the carbonaceous mud -
stone.

Mudstone Mineralogy

One hun dred and eighty mudstone sam ples
were se lected from ex plo ra tion drillcore, as 
well as sur face and un der ground ex po sures
(Fig ure 2, in set). The sam ples were col lected at var i ous dis -
tances from ore, rang ing from the im me di ate ore zones to a
max i mum dis tance of ap prox i mately 4.4 km from ore.
Mudstone sam ples were fur ther sub di vided into con tact
and hangingwall mudstones. The con tact mudstone unit is
de fined as the mudstone be tween the up per sur face of the
footwall rhy o lite and the low est ba salt unit in the
hangingwall. Mudstone oc cur ring far ther up stra tig ra phy
in the mine suc ces sion is col lec tively referred to as the
hangingwall mudstone.

Qual i ta tive and quan ti ta tive X-ray pow der dif frac tion
(XRD) anal y sis, us ing the Rietveld method, iden ti fied 28
dif fer ent min er als within the mudstone sam ples and re -
vealed that the hostrocks of the stratiform min er al iza tion
have a highly vari able min er al og i cal com po si tion. An a lyt i -
cal re sults for the 180 sam ples col lected from the con tact
and hangingwall mudstones are sum ma rized in a se ries of

his to grams (Fig ure 3). The min er al og i cal com po si tions of
representative samples are listed in Table 1.

Mudstones from Eskay Creek con tain abun dant quartz,
plagioclase and microcline (Fig ure 3). Some con tact
mudstone con tains an oma lously high quartz con tents (50–
80 wt. %) when com pared to mudstone from the hanging -
wall (rarely >50%). The ob served vari a tions in quartz con -
tent may re flect dif fer ences in protolith com po si tion, or al -
ter na tively re sult from hy dro ther mal al ter ation of the
con tact mudstone. An other pos si ble in di ca tion for min er al -
og i cal changes caused by fluid-rock in ter ac tion is the gen -
er ally lower plagioclase content of the contact mudstone.

Car bon ate min er als are a sig nif i cant com po nent of the
mudstones host ing the Eskay Creek de posit, some times ex -
ceed ing 30 wt. %. Stratiform ore at Eskay Creek is lat er ally
dis con tin u ous and car bon ate abun dances did not ini tially
ap pear strongly cor re lated to min er al iza tion. Scat ter di a -
grams sug gest only a weak cor re la tion be tween in creased
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Fig ure 2. Plan view of the spa tial dis tri bu tion of min er al ized zones at Eskay Creek
(mod i fied from Roth et al., 1999). In set shows the pro jected lo ca tions of mudstone
sam ples in ves ti gated in this study. Note that ad di tional sam ples were col lected out -
side the im me di ate de posit area.
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Fig ure 3. His to grams de pict ing the oc cur rence of rock-form ing min er als in the con tact and hangingwall mudstones of the Eskay Creek de -
posit. Con tact mudstone is typ i fied by a higher quartz con cen tra tion and com monly con tains mem bers of the do lo mite-an ker ite and
magnesite-sid er ite solid so lu tions. Sam ples col lected from the stratigraphically higher hangingwall mudstone are char ac ter ized by el e -
vated chlorite and feld spar con tents, and con tain abun dant prehnite in prox im ity to ba saltic in tru sions.
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Table 1. Mineralogical composition (wt. %) of representative mudstone samples from the Eskay Creek deposit (‘–’ indicates not detected or not present)



amounts of car bon ate min eral phases and dis tance from the
clastic ore lenses. How ever, car bon ate con cen tra tions are
ap par ently cor re lated to dis tance from the rhy o lite foot -
wall. About 45% of the an a lyzed con tact mudstone sam ples 
con tain mem bers of the do lo mite {CaMg(CO3)2}–an ker ite
{CaFe(CO3)2} and (lesser) magnesite {MgCO3}–sid er ite
{FeCO3} solid so lu tions, compared to only 26% of the
more peripheral hangingwall mudstone.

The spa tial dis tri bu tion of an ker ite as a ma jor car bon ate
phase in the car bo na ceous mudstone hostrocks sug gests
that this hy dro ther mal pre cip i tate formed dur ing or af ter
de po si tion of the clastic sul phide and sulphosalt min er al -
iza tion at Eskay Creek. Per va sive car bon ate al ter ation and
an ker ite vein ing are abun dant in the con tact mudstone, but
also oc cur in the hangingwall tens of metres above the
strati graphic in ter val host ing the bulk of the clastic
sulphides (Fig ure 4). Be cause stratiform min er al iza tion
took place at or very close to the con tact be tween the
footwall rhy o lite and the over ly ing mudstone, an ker ite in
this part of the mine suc ces sion re cords a stage of
hangingwall al ter ation. The an ker ite is com monly as so ci -
ated with cal cite, but more than one cal cite gen er a tion has
been ob served in thin sec tion and sig nif i cant amounts of
cal cite may be of re gional meta mor phic or i gin. Cal cite, un -
like an ker ite, is in creas ingly abun dant in the pe riph eral
hangingwall sam ples. De tailed in ves ti ga tion of cal cite lat -
tice pa ram e ters re veals ad di tional compositional zonation.
Cal cite with a magnesite com po nent oc curs in the prox i mal
con tact mudstone, whereas end-mem ber cal cite is more
com mon in hangingwall sam ples. Re search car ried out so
far in di cates that zonation of car bon ate al ter ation at Eskay
Creek may be the most reliable vector of proximity to
hydrothermal upflow zones within tens to hundreds of
metres of mineralized zones.

Kaolinite was rec og nized in the whole-rock XRD pat terns
of a few sam ples, all of which also con tain abun dant an ker -
ite. Ther mal sta bil ity con straints and ob ser va tions in nat u -
ral geo ther mal sys tems sug gest that kaolinite rep re sents a
sta ble al ter ation prod uct only at tem per a tures be low 200–

300°C (Velde and Kornprobst, 1969), brack et ing the tem -
per a ture of car bon ate al ter ation (and lower greenschist
meta mor phism). The pres ence of both phases likely re -
flects cir cu la tion of highly re ac tive, low-pH, high-CO2 hy -
dro ther mal flu ids in ter act ing with hostrocks and di luted by
cold sea wa ter (Giggenbach, 1984). Ini tial geo chem i cal
mod el ling re sults sug gest that fluid al ka lin ity, mix ing with
sea wa ter, hostrock chem is try and a tem per a ture de crease
as so ci ated with fluid migration all contributed to the final
alteration assemblage.

The prin ci pal sheet sil i cates de tected in the mudstone sam -
ples are illite and chlorite. The XRD pat terns sug gest the
pres ence of two white-mica polytypes, al though pa ram e ter
cor re la tion pre cluded re li able de ter mi na tion of their rel a -

tive abun dances by the Rietveld method. To tal illite con -
cen tra tions range from <5 to 50 wt. %, whereas chlorite
con tents range from <5 to 40 wt. %. A num ber of con tact
mud stone units have higher illite con tents than the
hangingwall mudstone, sug gest ing that illite may, at least in 
part, be a hy dro ther mal al ter ation prod uct. In con trast,
chlorite is less abun dant in the con tact mudstone than in
hangingwall sam ples. Hangingwall sam ples with abun dant
chlorite of ten also con tain prehnite and pyrrhotite. The spa -
tial as so ci a tion of prehnite porphyroblasts and ba salt in tru -
sions in the hangingwall (Monecke et al., 2005) may sug -
gest that the com po si tion of the mudstone samples is
influenced by contact metamorphism.

Py rite ap pears equally ubiq ui tous in the con tact and hang -
ingwall mudstone sam ples in ves ti gated. The amount of py -
rite var ies be tween <1 and 20 wt. % (Fig ure 3). Tex tural ev -
i dence sug gests that most py rite is of diagenetic or i gin.
How ever, the XRD in ves ti ga tions have shown that py rite
with dis tinctly larger lat tice pa ram e ters is abun dant in prox -
im ity to ore, with the en large ment of the unit cell be ing
caused by the pres ence of As in the crys tal struc ture. These
pre lim i nary find ings sug gest that the As con cen tra tion of
py rite could also be used for tar get vectoring. Mi nor
amounts of sphalerite were de tected in many con tact and
hangingwall mudstone sam ples, whereas trace amounts of
ga lena and chal co py rite were only observed proximal to
known orebodies.

Principal-Component Analysis

In ad di tion to the min er als iden ti fied by whole-rock XRD
anal y sis, the ma jor- and trace-el e ment com po si tion of the
mudstone sam ples was de ter mined by a com bi na tion of an -
a lyt i cal meth ods, in clud ing X-ray flu o res cence and in duc -
tively cou pled plasma–mass spec trom e try (anal y sis of 22
sam ples was still in com plete when this pa per was writ ten).
All min eral and com po nent data were eval u ated us ing prin -
ci pal-com po nent anal y sis (PCA), which iden ti fied 20 sta -
tis ti cally sig nif i cant fac tors. A varimax ro ta tion was ap -
plied to the dataset to give a max i mum con trast in load ings,
which max i mizes vari ance. Ta ble 2 lists fac tors by
eigenvalue and by the per cent age of dataset vari ance that
each fac tor ex plains, whereas the cu mu la tive vari ance is
given in the last col umn. Ta ble 3 lists sta tis ti cally sig nif i -
cant fac tor load ings and vari ables for each fac tor. Fac tor
load ings can be thought of as cor re la tion co ef fi cients
whose nu mer i cal val ues re flect the like li hood that vari able
re la tion ships can not be ex plained by ran dom chance.
Given a dataset of 158 mea sure ments, each vari able car ries

a sin gle stan dard de vi a tion of 0.08 (1/[Ön–1]; n = num ber of 
mea sure ments). A nor mally dis trib uted vari able with a fac -
tor load ing rep re sent ing one stan dard de vi a tion has a 32%
prob a bil ity of be ing ex plained by ran dom chance, one with
two stan dard de vi a tions has a 4.6% probability, etc. For all
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Fig ure 4. Sim pli fied geo log i cal sec tion through the 21C zone, de pict ing the dis tri bu tion of car bon ate spe cies in the con tact and hangingwall mudstones: 
A) do lo mite-an ker ite solid so lu tions show a strong spa tial as so ci a tion with zones of dis cor dant min er al iza tion in the footwall rhy o lite (dot ted out line); B)
cal cite is more com mon in the up per part of the con tact mudstone and in the stratigraphically higher hangingwall mudstone. Stratiform min er al iza tion
hosted by the mudstone is omit ted for clar ity. In set gives the lo ca tion of the sec tion. Sam ple po si tions and lo ca tions of zones of dis cor dant min er al iza tion 
were pro jected on the sec tion us ing an en ve lope of ±100 m.



loadings, only those with three standard deviations (0.24)
or greater were chosen as being statistically meaningful.

The PCA tech niques proved use ful in iden ti fy ing a num ber
of geo log i cally sig nif i cant fac tor load ings that sup port ex -
ist ing field and lab o ra tory ob ser va tions, as well as point ing
out pre vi ously un rec og nized pat terns. Fac tor 2, the ‘hy dro -
ther mal sul phide group’, shows a very strong cor re la tion
among Cu, Ag, chal co py rite, ga lena, Pb, Zn, sphalerite, Sb,
Cd and Te, re flect ing hy dro ther mal al ter ation and min er al -
iza tion of the mudstone. This el e ment suite is not un like
those of epi ther mal de pos its and is in agree ment with the
un usual el e ment as so ci a tion ob served within the ore zones.
Data for Au, As and Hg are not yet avail able, but all are ex -
pected to cor re late with this group. In con trast to ga lena,
chal co py rite and sphalerite, py rite does not cor re late with
any of these vari ables. This min eral is cor re lated with to tal

S, to tal Fe and Mo in fac tor 8, the ‘diagenetic sul phide
group’, sup port ing a diagenetic or i gin for much of the py -
rite, as ob served in the field and in thin sec tion. A weaker
in verse cor re la tion with quartz and sil ica re flects ei ther a
vari able mudstone protolith siliciclastic and or ganic frac -
tion or ‘di lu tion’ of organic material, pyrite, illite and the
feldspathic component of the mudstone with hydrothermal
quartz.

Fac tor 7 sug gests a strong re la tion ship be tween MgO, chlo -
rite and F. A scat ter di a gram of F/chlorite and MgO/chlorite 
ra tios (Fig ure 5) dem on strates a strong re la tion ship be -
tween F and Mg con cen tra tions in chlorite and, more im -
por tantly, shows that the high est con cen tra tions of these el -
e ments oc cur in con tact mudstone close to fluid-upflow
zones. Ad di tional cor re la tion with Ga, Cd, Zn and Pb pro -
vides ev i dence that compositional trends in chlorite are hy -
dro ther mal in na ture. Fac tor 17 con firms the find ings of the
XRD study that an ker ite and kaolinite are cor re lated with
each other, while being inversely correlated with calcite.

Two other fac tors yield in sights that war rant fur ther in ves ti -
ga tion. Fac tor 6 points to strong Cs and Rb sub sti tu tion into
the interlayer po si tion of illite. How ever, for con tact
mudstone sam ples with very high illite con tents, the sub sti -
tu tion ra tio ap pears to vary. Fur ther stud ies will es tab lish
whether Cs and Rb sub sti tu tion de pends on the illite
polytype ob served by XRD. Fac tor 9 shows a cor re la tion
among or ganic car bon, Ni and V (and a lesser U, Mo cor re -
la tion), which points to Ni/V sub sti tu tion for Mg in chlo ro -
phyll porphyrin mol e cules de rived from de cay ing phyto -
plankton in the hemipelagic wa ter col umn (Treibs, 1936).
While add ing fur ther sup port for a ma rine depositional en -
vi ron ment, a scat ter di a gram of Ni/Corg ver sus V/Corg ra tios
(Fig ure 6) shows both Ni en rich ment in car bon-rich
hangingwall sam ples and V en rich ment in a num ber of con -
tact mudstone sam ples. The trends in both fac tors 6 and 9
will be further investigated by detailed mineral-
composition analysis.

Other geo log i cally sig nif i cant fac tor load ings in clude Th,
Ta, Nb, Hf, Zr and Be en rich ment in ac ces sory phases such
as zir con; rare earth el e ment (ex cept Eu) en rich ment in sul -
phide-bear ing sam ples; Sr and Mn sub sti tu tion in cal cite;
and Eu en rich ment in fluorapatite.

The pre lim i nary re sults of this study show that PCA is a
use ful tool for eval u at ing multicomponent datasets, and
proves to be es pe cially pow er ful when ap plied to min er al -
og i cal and geo chem i cal data ob tained on fine-grained car -
bo na ceous rocks that can not be readily stud ied by con ven -
tional op ti cal mi cros copy. Some of the fac tors iden ti fied by
PCA add crit i cal sta tis ti cal sup port for in tu itive con clu -
sions drawn from field and lab o ra tory ob ser va tions, where -
as oth ers point out compositional trends and ge netic re la -
tion ships that would more than likely be missed by
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Individual Cumulative
percentage percentage

F1 17.58398 19.76 19.76

F2 7.653404 8.60 28.36

F3 6.185688 6.95 35.31

F4 2.978795 3.35 38.65

F5 6.030588 6.78 45.43

F6 4.544631 5.11 50.54

F7 4.663422 5.24 55.78

F8 3.708948 4.17 59.94

F9 2.922589 3.28 63.23

F10 2.760368 3.10 66.33

F11 2.960360 3.33 69.65

F12 3.716366 4.18 73.83

F13 1.603891 1.80 75.63

F14 1.562975 1.76 77.39

F15 1.783613 2.00 79.39

F16 1.201634 1.35 80.74

F17 1.461582 1.64 82.39

F18 1.314624 1.48 83.86

F19 1.812485 2.04 85.90

F20 1.258079 1.41 87.31

F21 0.883272 0.99 88.30

F22 0.821600 0.92 89.23

F23 0.752652 0.85 90.07

F24 0.726609 0.82 90.89

F25 0.691595 0.78 91.67

F26 0.668764 0.75 92.42

F27 0.607333 0.68 93.10

F28 0.566407 0.64 93.74

F29 0.469700 0.53 94.27

F30 0.413308 0.46 94.73

Factor
Eigen- 

value

Table 2. Eigenvalues, percentage of variance and
cumulative variance for the first 30 factors
identified by principal-component analysis. Based
on decreasing variance, geological relevance and
number of variables within each factor loading,
only the first 20 factors were deemed to be
statistically significant.
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Factor Correlation Factor loadings

F1 Strong Tb (-1.00), Dy (-0.99), Er (-0.99), Gd (-0.99), Ho (-0.99), Sm (-0.99), Tm (-0.99), Y (-0.99),
Yb (-0.98), Ce (-0.97), Lu (-0.97), Nd (-0.97), Pr (-0.97), La (-0.96), Tl (-0.94)

Medium Sb (-0.53), Eu (-0.44), S (-0.42)

Weak U (-0.38), Be (-0.37), Fe2O3
T
 (-0.33)

F2 Strong Cu (-0.98), Ag (-0.97), chalcopyrite (-0.95), galena (-0.95), Pb (-0.87), Zn (-0.86)
Medium Sphalerite (-0.75), Sb (-0.73), Cd (-0.67), Te (-0.62)
Weak Ga (-0.40)

F3 Strong Th (-0.94), Ta (-0.93), Nb (-0.92), Hf (-0.82)
Medium Zr (-0.72), Be (-0.60), U (-0.53), Ga (-0.49), Sn (-0.44), Rb (-0.41)

Weak Bi (-0.40), illite (-0.38), Al2O3 (-0.36), K2O (-0.30)

F4 Strong Rutile (-0.83), Cr (-0.82)

Medium Co (-0.61), TiO2 (-0.55), Sc (-0.49)

Weak Fe2O3
T (-0.35), chlorite (-0.32)

F5 Medium SiO2 (-0.75), quartz (-0.44)

Medium Barite (0.45), ankerite (0.58), Sr (0.69), MnO (0.79)

Strong LOI (0.85), calcite (0.87), CaO (0.90), CO2 (0.95)

F6 Strong Cs (-0.88), Illite (-0.83)

Medium Anatase (-0.66), Rb (-0.58), Al2O3 (-0.48)

Weak Gypsum (-0.38), K2O (-0.38), TiO2 (-0.37), Zr (-0.36), Sc (-0.33), F (-0.32)

Weak Chlorite (0.32)

F7 Weak SiO2 (-0.34)

Weak Pb (0.34), dolomite (0.38)
Medium Zn (0.44), Cd (0.51), Ga (0.52), sphalerite (0.56), F (0.70), chlorite (0.74)
Strong MgO (0.84), anglesite (0.86)

F8 Strong Pyrite (-0.89), S (-0.83)

Medium Fe2O3
T
 (-0.76), Mo (-0.44)

Weak Quartz (0.35), SiO2 (0.37)

F9 Strong Ni (-0.82), C (-0.80)
Medium V (-0.77), U (-0.42)
Weak Mo (-0.31)

F10 Medium Eu (0.69)

Strong Apatite (0.95), P2O5 (0.96)

F11 Strong Plagioclase (-0.95), Na2O (-0.94)

Medium Anatase (-0.37), Sr (-0.36)
Medium Quartz (0.36)

F12 Strong Microcline (-0.90)

Medium K2O (-0.77), Al2O3 (-0.57), Sc (-0.56), TiO2 (-0.53), Ba (-0.43)

Weak Rb (-0.38), Zr (-0.34), Hf (-0.32), Co (-0.31)
Medium Quartz (0.55)

F13 Medium In (-0.79), Bi (-0.78)
Weak Siderite (-0.30)

F14 Medium Dolomite (-0.63), siderite (-0.60)
Weak Be (-0.31)
Weak Gypsum (0.38)

F15 Strong Prehnite (-0.87)
Medium Pyrrhotite (-0.70)

F16 Strong Magnesite (-0.90)
Medium Kaolinite (-0.50)

F17 Medium Barite (-0.59)
Weak Ba (-0.31), calcite (-0.31)

Medium Kaolinite (0.52), ankerite (0.63) 

F18 Medium Ba (0.59)
Strong Armenite (0.82)

F19 Weak Pb (0.30)
Medium Te (0.59)
Strong Jarosite (0.85)

F20 Medium Bassanite (-0.72), gypsum (-0.42)
Weak Mo (-0.40)

Table 3. Factor loadings and variables for the first 20 factors identified by principal-component analysis. Highly 
correlated variables are sorted by values, which represent correlation coefficients that reflect strength of
relationship. A value of 0.08 represents one standard deviation from random variability. Therefore, a value of at 
least 0.24 (three standard deviations) deems the correlation 99.7% likely to be statistically meaningful, and not
due to natural data variability.



tra di tional univariate and bivariate analysis of such a large
dataset.

Potential Vectors to Ore

A num ber of ob served compositional trends in the mud -
stone rep re sent po ten tial vec tors to ore, and will the sub ject
of fur ther stud ies. The fol low ing min er als and com po nent
con cen tra tions all in crease with in creas ing al ter ation in ten -
sity prox i mal to mineralization:

· an ker ite and kaolinite (end-mem ber cal cite in creases in
dis tal rocks)

· Mg and Fe con cen tra tions in all car bon ates

· As con cen tra tions in py rite

· Mg and F ra tios in chlorite

· Cs (and pos si bly Rb) sub sti tu tion ra tios in illite

· V/Corg ra tios

Fu ture work will in clude microanalytical stud ies on the car -
bon ate min er als and on py rite, chlorite and illite. Ad di -
tional multivariate in ves ti ga tions will in volve ad di tion of
geo chem i cal pa ram e ters (i.e., Au, As, Se and Hg), de tailed
plot ting of fac tor scores to un der stand spa tial con trols on
data vari ance, prin ci pal-com po nent re gres sion (PCR) with
spa tial vari ables, and protolith cluster analysis.
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Fig ure 5. Scat ter di a gram of F/chlorite ver sus MgO/chlorite ra tios,
show ing strong cor re la tion be tween F and Mg con cen tra tions in
chlorite. High est F and Mg con cen tra tions oc cur in sam ples col -
lected prox i mal to min er al iza tion.

Fig ure 6. Scat ter di a gram of Ni/Corg ra tio ver sus V/Corg ra tio. High
cor re la tion re flects sub sti tu tion of these met als for Mg in the
porphyrin ring-struc ture of chlo ro phyll mol e cules de rived from de -
cay ing phytoplankton. Some hangingwall sam ples show Ni en rich -
ment, whereas a group of con tact mudstone units shows a rel a tive
en rich ment in V.
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Introduction

Min eral ex plo ra tion by tra di tional ex plo ra tion tech niques
has been hin dered in cen tral Brit ish Co lum bia be cause of a
thick and nearly con tin u ous cover of gla cial sed i ments
mask ing the bed rock sur face. The bed rock in the re gion has
a high min eral po ten tial with sev eral ac tive mines and past
pro duc ers. Re gional till geo chem is try sur veys have been
used to de ter mine the back ground min eral com po si tion and 
iden tify anom a lous con cen tra tions that can be traced to
bed rock sources. The geo chem i cal com po si tion of till is di -
rectly in flu enced by the bed rock ge ol ogy and dom i nant di -
rec tion of glacier flow during the last glaciation (Late
Wisconsinan).

To as sist the min ing in dus try in lo cat ing new min eral pros -
pects, a till geo chem is try sur vey and as so ci ated till peb ble
col lec tion was un der taken in the Bulkley River val ley and
ad ja cent ar eas (Fig ure 1). The data was col lected for the
Brit ish Co lum bia Geo log i cal Sur vey (BCGS) in 1996, as
part of a larger re gional till sam pling and surficial ge ol ogy
map ping pro ject in the Babine Lake val ley area of west-
cen tral BC. The BCGS pro ject was a com po nent of a pro -
gram of multidisciplinary and col lab o ra tive re search with
the Geo log i cal Sur vey of Can ada (GSC), uni ver si ties and
the min ing in dus try un der the Nechako Na tional
Geoscience Map ping Pro gram (NATMAP) in cen tral BC.
This Bulkley River val ley data has not been pub lished and
its re lease now would pro vide in for ma tion about the back -
ground geo chem is try and Qua ter nary ge ol ogy of this part
of west-central British Columbia, information that is not
currently available.

A two-year Geoscience BC–funded pro ject is un der way to
de liver the till geo chem i cal and peb ble li thol ogy data for
Bulkley River val ley and ad ja cent ar eas (en com pass ing
parts of NTS map ar eas 093L/07, /08, /09, /10, /11, /15; Fig -
ure 2). This pro ject is be ing un der taken in an area that is

within Geoscience BC’s QUEST-West Pro ject area and the
Moun tain Pine Beetle–Impacted Zone.

The ob jec tives of this study are three-fold:

· pub lish ex ist ing till geo chem i cal and peb ble li thol ogy
data;

· de ter mine the back ground geo chem i cal com po si tion of
till in an area hav ing a high min eral po ten tial; and

· iden tify gla cial dis persal trains orig i nat ing from bur ied
(subcropping) bed rock by an a lyz ing the dis tri bu tion of
above back ground (anom a lous) geo chem i cal and peb -
ble li thol ogy compositions.

The goal of this pro ject is to pro vide the min eral ex plo ra -
tion com mu nity ad di tional in for ma tion char ac ter iz ing the
gla cial ma te ri als, which in this re gion form a near-
continuous cover mask ing the bed rock sur face. Com bined
with ex ist ing geo log i cal and geo phys i cal data col lected by
Geoscience BC, and his tor i cal da ta bases ar chived at the
BCGS and GSC, this in for ma tion will as sist com pa nies to
iden tify new ex plo ra tion tar gets and re-eval u ate known
min eral oc cur rences. These ac tiv i ties will pro mote fur ther
in vest ment in the resource exploration and development
sector in this part of BC.

Study Area

The study area is lo cated in west-cen tral BC ap prox i mately
340 km east of Prince Rupert and 400 west of Prince
George (Fig ure 1), and cen tred along the Bulkley River val -
ley from its head wa ters, lo cated west of Hous ton (NTS
093L/07), north west to the town of Smithers (NTS
093L/14). The area can be ac cessed from the Yellowhead
(Trans-Can ada) High way 16 along an ex ten sive sys tem of
For est Ser vice, pro vin cial high ways, mu nic i pal and/or
farming roads.

This area of west-cen tral BC is char ac ter ized by broad U-
shaped drift-filled val leys, bor dered by gla cially rounded
moun tains, with only a few jag ged peaks emerg ing from the 
high est moun tains. The south ern two-thirds of the study
area, in clud ing much of the Bulkley River and Babine Lake
val leys, lie within the Nechako Pla teau phys io graphic sub -
di vi sion of the In te rior Pla teau (Hol land, 1976). The
Nechako Pla teau is char ac ter ized by a roll ing to un du lat ing
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to pog ra phy that lies at an av er age el e va tion of 1200 m asl.
The Bulkley River val ley is bor dered to the north and south
by the Skeena and Hazelton moun tains, re spec tively. The
Skeena Moun tains av er age 1600 m asl north of Hous ton
and rise steeply to over 2100 m asl north west of the town of
Smithers (Fig ure 2). The Bulkley, Telkwa and Hud son Bay
ranges of the Hazelton Moun tains lie south of the val ley
and reach el e va tions over 2300 m asl. Gla ciers and ice fields 
oc cupy the north-fac ing cirques. The Morice and Telkwa
River val leys drain these moun tains to the Bulkley River,
which flows north to the Skeena River and on to the Pa cific
Ocean. Babine Lake drains south and then east and lies
within the Fra ser River wa ter shed. A low di vide con -
structed of gla cial sed i ments sep a rates the Skeena River
and Fra ser River wa ter sheds along the east ern bound ary of
the study area. In places, gla cial melt wa ter streams have cut 
nar row chan nels across the di vide. These melt wa ter
streams drained gla cial lakes that formed in the Bulkley

River and Fraser River valleys (Plouffe, 2000; Stumpf et
al., 2004).

Quaternary Geology

Ex cept dur ing ear lier map ping of the bed rock ge ol ogy
where notes were made on gla cial land forms and fea tures
(e.g., Tip per and Rich ards, 1976), map ping of gla cial sed i -
ments in the study area was not con ducted un til the early
1980s (Clague, 1984). Only the surficial ma te ri als and gla -
cial land forms ly ing in the Bulkley River val ley be tween
the vil lage of Telkwa and town of Smithers be low
1220 m asl were mapped as part of this pro ject. Ad di tional
map ping was un der taken in other parts of the study area
from 1995 to 1997 as part of the Nechako NATMAP.
Stumpf (2001) and Stumpf et al. (2004) de scribed in de tail
the gla cial sed i ments ex posed in out crops along the
Bulkley, Morice and Telkwa rivers. Levson et al. (1998),
Stumpf et al. (2000) and Stumpf (2001) mapped the prom i -
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Fig ure 1. Lo ca tion of study area in west-cen tral Brit ish Co lum bia. The grid of 1:250 000 scale NTS map sheets is over lain on the map. The
study area is de lin eated by the red shad ing.



nent gla cial land forms and ero sional fea tures (e.g., striae,
flut ings, rat tails) found in the Bulkley River val ley and on
the ad ja cent up lands. The surficial ge ol ogy of the NTS
093L/09 map area was com piled by Levson (2002) as part
of geological studies conducted in the Babine Lake area.

Thick de pos its of till, gla cial lake and glaciofluvial sed i -
ments infill the ma jor val leys. Bore hole logs re corded dur -
ing drill ing of wa ter wells, en gi neer ing struc tural bor ings
and ex plo ra tion testholes sug gest that >50 m of gla cial sed i -

ments are pres ent in the deep est part of the Bulkley River
val ley (Stumpf, 2003). Gla cial lake sed i ments cap these de -
pos its in some val leys at <750 m asl (Stumpf et al., 2004).
Out side of the val leys, above ap prox i mately 1050 m asl, a
dis con tin u ous ve neer or blan ket of till is present on the bed -
rock surface.

Ice-Flow History

Stumpf et al. (2000), Stumpf (2001) and Levson (2002)
pro vide a de tailed dis cus sion of the ice-flow his tory of the
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Fig ure 2. Over view of the Bulkley River pro ject area in west-cen tral Brit ish Co lum bia. Till sam ple lo ca tions are de noted by the red dots. The
grid of 1:50 000 scale NTS map sheets is over lain on the map. Min eral oc cur rences were plot ted from the MINFILE BC min eral de pos its da -
ta base (BC Geo log i cal Sur vey, 2008).



Bulkley River area. The chro nol ogy of gla cier flow events
was built from sug gested ice-flow his to ries (e.g., Clague,
1984; Plouffe, 1991; Tip per, 1994). This was ad vanced fur -
ther by the in ter pre ta tions made from ice-flow in di ca tors,
which in cluded mea sur ing the ori en ta tion of stream lined
land forms (such as drum lins, crag-and-tail ridges and flut -
ings mapped from ae rial pho to graphs) and the ori en ta tion,
cross cut ting pat tern and de gree of pres er va tion of
striations, rat tails and grooves on bed rock out crop. Three
main phases of ice flow have been rec og nized in the study
area from in ter pre ta tion of the ice-flow in di ca tors. At the
on set of gla ci ation, cirques and val ley gla ciers ex panded
from ac cu mu la tion cen tres in the Skeena and Hazelton
moun tains and flowed west along the Bulkley River val ley
into the Skeena River val ley and south and east on to the
Nechako Pla teau. At this time, the di rec tion of gla cier flow
was con trolled pri mar ily by up lands bor der ing the val leys.
Upon fur ther ac cu mu la tion, ex pan sion and thick en ing of
the ice, the gla ciers even tu ally formed a sin gle (Cor dil -
leran) ice sheet. At its max i mum ex tent, the ice sheet
reached a thick ness over 2000 m, at which time the cen tres
of ac cu mu la tion had shifted to the east of the study area
over the Nechako Pla teau. This re con fig u ra tion in the ice
sheet caused a ma jor re ver sal in gla cier flow across the
study area. The ice sheet was able to flow un ob structed,
above ma jor top o graphic bar ri ers in the Skeena and
Hazelton moun tains. Sub se quently, gla cier flow was from
east to west across the Bulkley River val ley, away from ice
cen tres lo cated fur ther in land, then across coastal moun -
tains to the Pa cific Ocean. This re ver sal con tin ued well into
the gla ci ation pe riod un til the drawdown of the ice low ered
the sur face of the gla ciers be low top o graphic bar ri ers in the
Skeena and Coast moun tains. At this time, the cen tres of
growth shifted west to the Skeena and Hazelton moun tains
caus ing the pat tern of gla cier flow to shift back to the con -
fig u ra tion of the early (ad vance) gla cial phase. These re ver -
sals are not only rec og nized by map ping ice-flow in di ca -
tors, but also by the pat tern of glacial transport determined
from till geochemistry surveys and tracing erratics back to
the bedrock source (Stumpf et al., 2000; Ferbey and
Levson, 2001, 2010).

Bedrock Geology

The Bulkley River area lies en tirely within the Stikine
terrane of the morphogeological Intermontane Belt, just
east of the Coast Belt (Gabrielse et al., 1991). The bed rock
ge ol ogy in the NTS 093L map area was first de scribed and
mapped by Armstrong (1944), and later re vised by Tip per
and Rich ards (1976). Ad di tional geo log i cal map ping and
data com pi la tion has been con ducted (e.g., Mac In tyre et al., 
1987; Massey et al., 2003; Struik et al., 2007) to up date the
geo log i cal units and tec tonic set ting. Re cent map ping, sup -
ported by Geoscience BC, in Bulkley River val ley and ad ja -
cent ar eas was fo cussed on com pil ing ex ist ing data on

Skeena Group and Bow ser Ba sin rocks (Mac In tyre, 2006;
Evenchick et al., 2008).

The study area is un der lain by Mid dle to Late Tri as sic,
Early to Mid dle Ju ras sic vol ca nic, volcaniclastic and re -
lated ma rine sed i men tary rocks of the Takla and Hazelton
groups (Mac In tyre, 2006). Lo cally, these rocks are un con -
form ably over lain by Late Ju ras sic to Early Cre ta ceous ma -
rine to nonmarine sed i men tary rocks of the Bow ser Lake
and Skeena groups, which were de pos ited along the south -
east ern mar gin of the Bow ser Ba sin (Mac In tyre, 2006;
Alldrick et al., 2007). Over the west ern half of the study
area, Late Cre ta ceous to early Eocene vol ca nic and re lated
pyroclastic and volcaniclastic rocks un con form ably over lie 
rocks of the Stikine terrane and Bow ser Ba sin (Mac In tyre,
2006). From Hous ton to the south east, the Stikine terrane is
un con form ably over lain by Early Eocene ba salt and flows
with re lated pyroclastic rocks of the Endako Group. These
strat i fied rocks are cut by four plutonic suites (Topley,
Bulkley, Babine and Nanika) as so ci ated with ma jor mag -
matic events that oc curred dur ing the Early Ju ras sic, Late
Cre ta ceous and Eocene. Most of the min eral de pos its in the
study area are re lated to the Late Cre ta ceous Bulkley and
Eocene Babine and Nanika suites (Carter, 1981; Mac In -
tyre, 2006). The most eco nom i cally important deposit
types associated with these intrusions are the following:

· epi ther mal and polymetallic veins – in tru sions out crop -
ping on Grouse and Dome moun tains;

· por phyry Cu±Mo±Au de pos its – Bell past pro ducer
(MINFILE 093M  001; BC Geo log i cal Sur vey, 2010),
Granisle past pro ducer (MINFILE 093L  146) and Big
On ion de vel oped pros pect (MINFILE 093L  124), all
shown on Fig ure 2; and

· low F-type por phyry Mo de pos its – Davidson de vel -
oped pros pect (MINFILE 093L  110; Fig ure 2).

In ad di tion, Eskay Creek–type subvolcanic Cu-Ag-Au-
(As-Sb) de pos its (Del Santo pros pect [MINFILE
093L  025; Fig ure 2]) have been rec og nized as po ten tial tar -
get ar eas for fur ther ex plo ra tion. The most pro spec tive
rocks for dis cov ery of this type of de posit in clude Mid dle
Ju ras sic sub ma rine vol ca nic rocks of the Hazelton Group
(Massey et al., 1999) and mid-Cre ta ceous bi modal vol ca nic 
rocks of the Rocky Ridge For ma tion (Mac In tyre and
Villeneuve, 2001; Alldrick et al., 2007).

Previous Work

Re gional- and prop erty-scale till geo chem is try sur veys
were un der taken ad ja cent to and di rectly east and south of
the study area (Plouffe, 1995; Ferbey and Levson, 2001,
2010; Levson, 2002; Ferbey et al., 2009; Ferbey, 2010).
These stud ies have found a di rect cor re la tion with the min -
er al ogy and li thol ogy of till and min er al ized bed rock found
up-ice. In ad di tion to de ter min ing the back ground el e men -
tal com po si tion of till, in some ar eas, the di rec tion and max -
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i mum dis tance of gla cial trans port was de ter mined based
upon the lo ca tion of geo chem i cal anom a lies, di rec tion of
gla cier flow and till thick ness (Plouffe, 1995; Levson,
2001; Ferbey and Levson, 2010).

Till Sample Collection

In 1996, as part of till geo chem is try and Qua ter nary ge ol -
ogy stud ies in the Babine Lake area in sup port of the
Nechako NATMAP in cen tral BC, a till sam pling pro ject
was un der taken in the Bulkley River val ley and ad ja cent ar -
eas to ex pand the col lec tion of geo chem i cal data in the re -
gion and pos si bly con firm the dom i nant di rec tion of gla cial
trans port in ferred from the ice-flow in di ca tors. A to tal of
135 till sam ples was col lected for geo chem i cal anal y ses
(Fig ure 2). In ad di tion, peb bles from the till, which were
rep re sen ta tive of the lithological composition, were col -
lect ed for identification.

Field Methods

Till sam pling sites were se lected to set the great est den sity
of sam ples along transects per pen dic u lar to es tab lished ice-
flow di rec tion as out lined in Levson (2002). Sam ples of
basal till (the pre ferred sam pling me dium for till geo chem -
is try pro grams in cen tral BC; see Levson, 2001) were col -
lected from nat u ral and man-made ex po sures (roadcuts,
river shore ex po sures, bor row pits and soil pits). The av er -
age sam ple depth was ap prox i mately 1 m and sam ples typ i -
cally weighed be tween 3 and 5 kg. Field sites were marked
with metal tags and flag ging tape, both la belled with the
unique site num ber. Lo ca tions of sam ples sites were plot ted 
on a 1:50 000 scale NTS base map with the aid of ae rial pho -
to graphs and a hand-held GPS unit. Co-or di nates (NAD 83, 
Zone 9) ob tained from the GPS unit for each sample site
were recorded on field sheets.

Sedimentological data were col lected at all sam ple sites.
The data in cluded de scrip tions of sed i ment type, pri mary
and sec ond ary struc tures, ma trix tex ture, pres ence of
fissility and com pact ness, to tal per cent age and modal size
of clasts, round ing of clasts, pres ence of stri ated clasts, and
sed i ment gen e sis and thick ness. Fur ther in for ma tion was
noted on soil ho ri zons, lo cal slope, bed rock striae, bed rock
li thol ogy, clast prov e nance and abundance of mineralized
erratics.

From each till sam ple, the li thol ogy of 50 to 100 clasts in the 
25 to 100 mm size range were iden ti fied and grouped into
broad lithological cat e go ries to re flect ma jor prov e nance
ar eas. The ob jec tive of this anal y sis was to de ter mine the
di rec tion and dis tance of gla cial trans port from source
bedrock units.

Laboratory Methods

The till sam ples col lected were air dried, split and sieved to
the –230 mesh (<62.5 µm). One split from each sam ple was

re served  for  grain-size  or  other  fol low-up  anal y ses.  The
–230 mesh frac tion from each sam ple was an a lyzed by in -
stru men tal neu tron ac ti va tion anal y sis (INAA) for 35 el e -
ments at Ac ti va tion Lab o ra to ries Ltd. (Ancaster, On tario).
Sam ples were also sub mit ted to Acme An a lyt i cal Lab o ra -
to ries Ltd. (Van cou ver, BC) for two types of anal y ses: in -
duc tively cou pled plasma–emis sion spec trom e try (ICP-
ES) af ter aqua-regia di ges tion for 30 el e ments and flame -
less atomic ab sorp tion spec tros copy for Hg.

Quality Assurance–Quality Control

In or der to dis crim i nate geo chem i cal trends re lated to geo -
log i cal fac tors from those that re sult from spu ri ous sam -
pling or an a lyt i cal er rors, a num ber of qual ity con trol mea -
sures were in cluded in both the field and lab o ra tory
com po nents of the pro ject. These in cluded the use of field
du pli cates, an a lyt i cal or blind du pli cates and con trol stan -
dards, one of each type be ing ran domly in serted into each
set of 17 rou tine field sam ples to make a block of 20 sam -
ples sub mit ted for anal y sis. Field du pli cates were taken
from ran domly se lected field lo ca tions and sub jected to
iden ti cal lab o ra tory prep a ra tion pro ce dures. An a lyt i cal or
blind du pli cates con sist of sam ple splits taken af ter lab o ra -
tory prep a ra tion pro ce dures but prior to anal y sis. Con trol
ref er ence stan dards in clude sev eral BCGS geo chem i cal
ref er ence ma te ri als com pris ing the –180 µm size frac tion of 
a va ri ety of bulk sam ples. Du pli cate field and lab o ra tory
sam ples were in cluded to mea sure sam pling vari abil ity and
analytical precision, respectively, whereas reference
standards were used to measure the analytical accuracy.

Forthcoming Data Release

Till geo chem i cal data and peb ble li thol ogy data from the
Bulkley River val ley and ad ja cent ar eas will be re leased as
a Geoscience BC re port by spring 2012. This re port will in -
clude data from the geo chem i cal sur vey and peb ble sam -
pling pro gram, an anal y sis of the data in terms of ex plo ra -
tion for me tal lic min eral de pos its, and an eval u a tion of
trends in the geo chem i cal and lithological data with re spect
to the com plex ice-flow his tory. The re port will be ac com -
pa nied by dig i tal datasets con tain ing the geo chem i cal, clast 
li thol ogy and sedimentological data collected at each field
site.
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in Geoscience BC Sum mary of Ac tiv i ties 2010, Geoscience BC, Re port 2011-1, p. 65–72.

Introduction

The Tahtsa Lake dis trict, and sur round ing area, has 
high po ten tial to host new por phyry Cu±Mo and
polymetallic vein–style (in clud ing Au) min er al iza -
tion. Cen tred on Tahtsa Lake (ap prox i mately
100 km south of Hous ton, Brit ish Co lum bia; Fig -
ure 1) this dis trict, and ar eas im me di ately ad ja cent
to it, have a rich min eral ex plo ra tion his tory and at
pres ent host a pro duc ing por phyry Cu-Mo mine
(Huck le berry mine) and nu mer ous de vel oped
Cu±Mo pros pects (e.g., Berg, Lucky Ship, Whit -
ing Creek). This dis trict also hosts epi ther mal vein
and per haps volcanogenic mas sive sul phide
(VMS)–style min er al iza tion, as sug gested by past
pro duc ers such as Eq uity Sil ver, Em er ald Gla cier
and Sil ver Queen (Mac In tyre, 1985; MacIntyre et
al., 2004; Alldrick et al., 2007; Figure 2).

A two-year Qua ter nary ge ol ogy and till geo chem -
is try pro gram is cur rently un der way within the
north ern por tion of the Tahtsa Lake dis trict, within
NTS map ar eas 093E/15, /16 and 093L/01, /02
(Fig ure 2). Pre sented here are ob ser va tions made and de -
tails on till sam ples col lected dur ing the 2010 field sea son
within Colleymount map area (NTS 093L/01). This is the
sec ond and fi nal year of this pro gram and builds on pre vi -
ous Qua ter nary ge ol ogy and till geo chem is try work by
Ferbey (2010a, b) con ducted im me di ately to the southwest
in NTS 093E/15.

The Colleymount map area is ide ally suited for a Qua ter -
nary ge ol ogy and till geo chem is try pro gram as much of the
map area is cov ered with gla cial drift and con tin u ous bed -
rock out crop is lim ited. Till geo chem i cal sur veys are an ef -
fec tive method for as sess ing the me tal lic min eral po ten tial
of ar eas cov ered with gla cial drift and can be used to
follow-up air borne geo phys i cal sur veys conducted over
drift-covered areas.

The ob jec tives of this two-year Qua ter nary ge ol ogy and till
geo chem is try pro gram are to

· char ac ter ize and de lin eate the Qua ter nary ma te ri als that
oc cur in the study area and re con struct the re gion’s gla -
cial and ice-flow history; and

· as sess the eco nomic po ten tial of cov ered bed rock
(subcrop) by con duct ing till geo chem is try surveys.

The study area falls within the Moun tain Pine Bee tle–
Impacted Zone and Geoscience BC’s QUEST-West Pro ject
area. The goal of this pro ject is to pro vide the min eral ex -
plo ra tion com mu nity with high qual ity, re gional-scale,
geo chem i cal data that will help guide ex plo ra tion ef forts.
In ad di tion to geo chem i cal and geo phys i cal data re cently
col lected by Geoscience BC in the QUEST-West Pro ject
area, his toric re gional bed rock map ping and geo chem i cal
data have been pub lished by the Brit ish Co lum bia Geo log i -
cal Sur vey (BCGS) and the Geo log i cal Sur vey of Can ada
(GSC). The BCGS has also made sig nif i cant con tri bu tions
to wards an un der stand ing of the re gion’s metallogeny (e.g., 
Carter, 1981; Mac In tyre, 1985, 2001; Mac In tyre et al.,
2004; Alldrick, 2007a, b; Alldrick et al., 2007). New dis -
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Fig ure 1. Lo ca tion of study area in west-cen tral Brit ish Co lum bia.

http://www.geosciencebc.com/s/DataReleases.asp


6
6

G
e

o
s
c
ie

n
c
e

 B
C

 S
u

m
 m

a
ry o

f A
c
 tiv

 i tie
s
 2

0
1

0

Fig ure 2. Study area in clud ing lo ca tions of min eral oc cur rences. Also shown are lo ca tions of till sam ples col lected dur ing the 2009 and 2010 field sea sons within NTS 093E/16 and 093L/01,
re spec tively.



cov er ies, and new in sights into known min eral oc cur -
rences, will likely be a product of the integration of these
new and existing datasets.

Study Area

The study area is lo cated in west-cen tral BC, ap prox i mately 
65 km south east of Hous ton, BC (Fig ures 1, 2), and is ac -
ces si ble by For est Ser vice, mine and min eral ex plo ra tion
roads. Qua ter nary sed i ments were stud ied in de tail within
NTS 093L/01 while a re gional-scale gla cial his tory and ice-
flow study was con ducted within NTS 093L/01, /02 and
/08. The pri mary ob jec tive of this year’s till geo chem is try
sur vey is to as sess the min eral po ten tial of NTS 093L/01.
To do this, ad di tional infill till sam ples were col lected
within the east ern most por tions of NTS 093L/02, to cover a
lack of ap pro pri ate sample material within NTS 093L/01
(Figure 2).

The study area is sit u ated in the Nechako Pla teau, a sub di vi -
sion of the In te rior Pla teau. The Nechako Pla teau is an area
of low re lief with flat or gently roll ing to pog ra phy and near-
con tin u ous for est cover (Fig ure 3; Hol land, 1976). El e va -
tions within the study area range from 715 to 1624 m asl.
Al though gla cial sed i ments are ubiq ui tous, bed rock out -
crop can be found along lake shore lines, on high ground
and sur round ing steep flanks, and on lo cal small-scale ero -
sional rem nants that stand above Qua ter nary sed i ment
cover in lower el e va tion set tings. Small lakes and low dis -
charge streams are com mon within the study area. The larg -
est lake within the study area is Francois Lake, which is fed
at its west end by Nadina River and drained 100 km away at
its east end by Stellako River.

Bedrock Geology

The bed rock ge ol ogy of the study area was first de scribed
and mapped by Hanson et al. (1942). More de tailed map -
ping has since been com pleted by Tip per (1976), Church

and Barakso (1990) and Alldrick (2007a, b). The fol low ing
is a sum mary of the main geo log i cal sub di vi sions found in
the study area from this more recent work.

The study area lies within the Stikine terrane, just east of the 
Coast Crys tal line Belt (Mon ger et al., 1991). The old est
rocks within it are calcalkaline vol ca nic rocks be long ing to
the Telkwa For ma tion of the Early Ju ras sic Hazelton
Group. Un con form ably over ly ing these rocks are coarse
clastic ma rine sed i men tary and vol ca nic rocks be long ing to 
the Early Cre ta ceous Skeena Group. The Early Cre ta ceous
vol ca nic suc ces sion (as signed to the Mount Ney vol ca nic
pack age) is sig nif i cant from a min eral ex plo ra tion per spec -
tive as a pyroclastic unit (a dis tal dacitic dust tuff) within it
hosts Ag-Cu-Au min er al iza tion at the past-pro duc ing Eq -
uity Sil ver mine (Alldrick, 2007a, b; Mac In tyre and Villen -
euve, 2007). These rocks are in turn un con form ably over -
lain by vol ca nic rocks of the Late Cre ta ceous Kasalka
Group and Eocene Ootsa Lake and Endako groups. An de -
site and ba salt flows be long ing to the Buck Creek For ma -
tion, and trachyte to ba salt flows of the Goosly Lake For -
ma tion (both of the Endako Group), are the most areally
extensive bedrock units of the study area.

Small- to me dium-sized stocks of Late Cre ta ceous to Early
Ter tiary age in trude these Ju ras sic and Cre ta ceous vol ca nic
and sed i men tary units. Here, as else where in the re gion,
there is a strong pos i tive re la tion ship be tween the lo ca tion
of in tru sive lithologies (in par tic u lar por phy ritic in tru sions
like those of the Late Cre ta ceous Bulkley suite) and the lo -
ca tions of Cu, Mo, Ag, Pb, Zn and/or Au min er al iza tion
(Carter, 1981; MacIntyre, 1985).

Sig nif i cant con tri bu tions to wards the un der stand ing of the
re gion’s metallogenesis, in par tic u lar por phyry Cu-Mo de -
pos its, have been made by Carter (1981) and Mac In tyre
(1985). More re cently Mac In tyre (2001), Mac In tyre et al.
(2004), Alldrick (2007a, b) and Alldrick et al. (2007) have
in ves ti gated the min eral po ten tial of the Skeena Group.

Mineral Occurrences

There are seven doc u mented me tal lic min eral oc cur rences
within the study area (Fig ure 2). With the ex cep tion of
Orion show ing (MINFILE 093L  330; BC Geo log i cal Sur -
vey, 2010; Ag, Zn), for which a min eral de posit type has not 
yet been as signed, all me tal lic min eral show ings and pros -
pects within the study area are con sid ered to be tran si tional, 
in tru sion-re lated stockworks and veins (Panteleyev, 1995). 
Min i mal ex plo ra tion work has been con ducted on Sam
(MINFILE 093L  260; Ag, Zn),  Dina (MINFILE
093L  313; Cu, Ag) and Benamy (MINFILE 093L  331; Ag) 
show ings while pros pect ing and map ping, geo chem i cal,
geo phys i cal and di a mond-drill pro grams have been con -
ducted on Gaul (MINFILE 093L  256; Ag, Cu, Zn) and
Allin (MINFILE 093L  293; Cu, Ag, Zn, Pb, Mo) pros -
pects.
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Fig ure 3. Sub dued to pog ra phy of the study area, west-cen tral Brit -
ish Co lum bia. View is to the north to wards the sad dle that hosts the
past-pro duc ing Eq uity Sil ver Ag-Cu-Au mine (cen tral back ground).



Eq uity Sil ver (MINFILE 093L  001; Ag, Cu, Au), lo cated
in the north-cen tral part of the study area, is a past-
producing Ag-Cu-Au mine. While in op er a tion from 1980
to 1994, it was BC’s larg est sil ver mine and pro duced
33.8 mil lion tonnes of ore grad ing 64.9 g/t Ag, 0.4% Cu and 
0.46 g/t Au (MINFILE 093L  001). Since its dis cov ery,
there has been some de bate over the style of min er al iza tion
at Eq uity Sil ver and the re la tion ship, if any, be tween the
orebodies and a Paleocene quartz monzonite stock to the
west and an Eocene gab bro-monzonite stock to the east.
The five ge netic mod els that have been pro posed for min er -
al iza tion at Eq uity Sil ver, sum ma rized from Alldrick et al.
(2007), are

· Early Cre ta ceous syngenetic ex ha la tive min er al iza tion
with later remobilization re sult ing from em place ment of 
the east ern Eocene stock (Ney et al., 1972; Mac In tyre,
2006);

· Early Cre ta ceous epi ther mal min er al iza tion with later
remobilization re sult ing from em place ment of the east -
ern Eocene stock (Wojdak and Sinclair, 1984);

· Early Cre ta ceous por phyry-epi ther mal (tran si tional)
min er al iza tion with later remobilization re sult ing from
em place ment of the east ern Eocene stock (Panteleyev,
1995);

· epigenetic min er al iza tion re lated to em place ment of the
west ern Paleocene stock (Cyr et al., 1984); and

· epigenetic min er al iza tion re lated to em place ment of the
east ern Eocene stock (Church and Barakso, 1990).

A U-Pb zir con crys tal li za tion age of 113.5 +4.5/–7.2 Ma,
re ported by Mac In tyre and Villeneuve (2007), con firms
that the vol ca nic hostrock at Eq uity Sil ver is Early Cre ta -
ceous and part of the Mount Ney vol ca nic pack age of the
Skeena Group (Alldrick, 2007a, b; Alldrick et al., 2007).
Ga lena lead iso tope stud ies by Godwin et al. (1988) and
Alldrick (1993) in di cates that Pb was in tro duced into the
ore zones dur ing the Early Cre ta ceous, and may have been
con tem po ra ne ous with the de po si tion of the dacitic dust
tuff that hosts these min er al ized zones (Alldrick et al.,
2007). Of the five ge netic mod els pro posed, the first three
fit this geo chron ol ogi cal con trol best. Un der stand ing the
tim ing and style of min er al iza tion at Eq uity Sil ver, and the
bed rock lithologies that host this min er al iza tion, is im por -
tant for the success of future exploration programs in the
region.

Quaternary Geology

Pre vi ous Qua ter nary ge ol ogy work con ducted within the
study area was lim ited to soils and ter rain map ping. Re -
search ers with the BC Min is try of En vi ron ment, Lands and
Parks were the first to map the area, pro duc ing a 1:50 000
scale soil and landform map (BC Min is try of En vi ron ment,
Lands and Parks, 1976). Singh (1998) has com pleted the
most re cent map ping within the study area, a ter rain clas si -
fi ca tion map completed at 1:20 000 scale.

Qua ter nary geo log i cal stud ies have been con ducted in ar -
eas ad ja cent to the study area. To the north and north west,
Clague (1984), Tip per (1994), Levson (2001a) and Levson
(2002) dis cuss the Qua ter nary ge ol ogy and geomorphic
fea tures of por tions of NTS 093L, M and 103I, P. To the
north east, Plouffe (1996a, b) mapped the surficial de pos its
and de scribed the Qua ter nary stra tig ra phy of the west half
of NTS 093K. Mate (2000) con ducted a sim i lar study to the
south east in NTS 093F/12 while Ferbey and Levson
(2001a, b, 2003) and Ferbey (2004) con ducted a de tailed
study of the Qua ter nary ge ol ogy and till geo chem is try of
the Huck le berry mine re gion. In cluded in this work was
surficial ge ol ogy map ping and de tailed sedimentological
de scrip tions for Qua ter nary sed i ments in the vi cin ity of
Huck le berry mine and an in ves ti ga tion into the re gion’s
ice-flow his tory. Most re cently Ferbey (2010a, b) pres ents
data and in ter pre ta tions on the Qua ter nary ge ol ogy and till
geo chem is try of NTS 093E/15, located immediately to the
southwest of the study area.

Surficial Geology

Dur ing the 2010 field sea son, surficial ma te ri als were de -
scribed at 141 sites within the study area. Ob ser va tions
were made at roadcuts and streamcuts, in hand-dug pits,
and at dis con tin u ous ex po sures along Francois Lake. Data
col lected at each site in cluded map unit, top o graphic po si -
tion, slope as pect and an gle, and sedimentological char ac -
ter is tics, such as tex ture, struc ture, lat eral and ver ti cal vari -
abil ity, lower con tacts and re la tion ships with adjacent
sediment types.

The dom i nant surficial ma te rial found in the study area is an 
overconsolidated, light brown diamicton with a clayey silt-
to silt-rich ma trix, sim i lar to that de scribed by Ferbey
(2010a, b). It is typ i cally mas sive and ma trix sup ported,
and in many ex am ples ver ti cal joint ing and subhorizontal

68 Geoscience BC Sum mary of Ac tiv i ties 2010

Fig ure 4. Clayey silt- to silt-rich, overconsolidated diamicton, in ter -
preted as a basal till. The blocky ap pear ance of this till is due to well 
de vel oped ver ti cal joint ing and subhorizontal fissility. Pick for scale 
(65 cm).



fissility is well de vel oped giv ing it a blocky ap pear ance
(Fig ure 4). Ma trix pro por tion var ies from 65 to 75% and
modal clast size is small peb ble but can in clude boul der-
sized ma te rial. Clast shape is typ i cally subangular to
subrounded. This diamicton gen er ally con forms to un der -
ly ing bed rock to pog ra phy. Un like ar eas to the south and
south east, how ever, stream lined or drumlinized and fluted
ter rain is rel a tively un com mon in NTS 093L/01 (cf.,
Ferbey, 2010a, b). Nev er the less, this overconsolidated,
silt- and clay-rich diamicton is thought to be a subglacially
de rived diamicton (Dreimanis, 1989) and is in ter preted as a
basal till; the ideal sample medium for a till geochemistry
survey.

Other gla cial sed i ments oc cur within the study area.
Glaciofluvial sands and grav els can be found along the
south end of Parrott Lakes and ex tend south east through
Parrott Creek (lo cally known as Trout Creek) in a late-
glacial to deglacial drain age sys tem. Other sim i lar, but
smaller scale, sys tems oc cur in south-flow ing creeks that
drain into Francois Lake. Sandy, cob ble-sized grav els oc -
cur in outwash plains and fan-del tas where these creeks ap -
proach Francois Lake. An other deglacial drain age sys tem
oc curs within the Allin and Buck creek val leys east of
Goosly Lake. Glaciofluvial hum mocks in this sys tem are
up to 425 m long, 225 m across and 20 m high, and are com -
posed of sandy peb ble to cobble-sized gravels.

Glaciolacustrine and lac us trine sed i ments ap pear to be rare
within the study area, even along the shore of Francois
Lake. This and the al most ex clu sive oc cur rence of sands
and grav els sug gests that larger phys io graphic fea tures
such as the Francois and Goosly lake val leys last acted as
con duits for melt wa ter drain age rather than bas ins for
meltwater ponding.

Surficial ge ol ogy map ping is cur rently in prog ress for NTS
093E/15 and 093L/01. This map ping is be ing con ducted at
1:50 000 scale us ing ae rial pho to graphs (1:40 000 scale
black and white), dig i tal orthophotographs and other avail -
able re motely sensed im ag ery (e.g., Land sat). An in te gral
part of this map ping, and of field data col lec tion, is the re -
con struc tion of the re gion’s gla cial and ice-flow history.

Ice-Flow History

Dur ing the 2010 field sea son, ice-flow data were ob served
and re corded at 33 field sta tions. These data sup ple ment
data col lected from an ad di tional 153 field sta tions, and 207 
mod er ately well to well-pre served, stream lined land forms
mea sured in ae rial pho to graphs, which were pre sented and
dis cussed by Ferbey and Levson (2001a, b) and Ferbey
(2004, 2010a, b). The ma jor ity of ice-flow in di ca tors stud -
ied dur ing the 2010 field sea son were out crop-scale fea -
tures such as striations, grooves and rat tails. These fea tures 
are typ i cally found on the lower flanks of hillslopes where
rel a tively unweathered bed rock has been ex posed in

roadcuts. As seen in Fig ure 5, the de gree of pres er va tion of
these smaller scale features can be high.

Ori en ta tions of these fea tures in di cate that there are two
dom i nant ice-flow di rec tions in the study area, 062–092°
and 252–288°. These val ues are in agree ment with those
pre sented by Stumpf et al. (2000), Ferbey and Levson
(2001a, b) and Ferbey (2004, 2010a, b) and con firm that an
ice-flow re ver sal oc curred within the study area dur ing the
Late Wisconsinan. Dur ing the on set of gla ci ation, ice
flowed ra di ally from ac cu mu la tion cen tres such as the
Coast Moun tains to wards cen tral BC. Some time dur ing the
gla cial max i mum, how ever, the ice di vide over the Coast
Moun tains mi grated east into cen tral BC re sult ing in an ice-
flow re ver sal. Gla ciers that were once flow ing east were
now flow ing west across some parts of the west ern
Nechako Pla teau, over the Coast Moun tains and to wards
the Pa cific Ocean. East ward ice flow re sumed once the ice
di vide mi grated back over the axis of the Coast Moun tains,
and con tin ued until the close of the Late Wisconsinan
glaciation.

Till Geochemistry Survey

Till geo chem i cal sur veys are well suited to as sess ing the
min eral po ten tial of ground cov ered by gla cial drift
(Levson et al., 1994; Cook et al., 1995; Levson, 2002; Lett
et al., 2006). Basal till, the sam ple me dium used in these
sur veys, is ideal for these as sess ments as in most cases it has 
a rel a tively sim ple trans port his tory, is de pos ited di rectly
down-ice of its source, and pro duces a geo chem i cal sig na -
ture that is areally more ex ten sive than its bed rock source
and there fore, at a re gional scale, can be more easily
detected (Levson, 2001b).

Ap prox i mately 60 km south west of the study area, Ferbey
and Levson (2001b) and Ferbey (2004) con ducted a de -
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Fig ure 5. Well-pre served rat tails on an out crop of Goosly Lake
trachyandesite. The out crop is lo cated 3 km south east of the Eq -
uity Sil ver minesite, on a south east ern as pect slope. Ori en ta tions
of these rat tails in di cated ice flow to wards 272°. Pen for scale
(14 cm).



tailed till geo chem is try sur vey of the Huck le berry mine re -
gion. These stud ies dem on strate a clear re la tion ship be -
tween till sam ples el e vated in Cu, Mo, Au, Ag and Zn and
Cu-Mo ore zones at Huck le berry mine and smaller scale
polymetallic vein oc cur rences on the mine prop erty. Lat -
eral and ver ti cal vari abil ity in trace-el e ment con cen tra tions
in till at Huck le berry mine pro vide fur ther ev i dence for an
ice-flow re ver sal in the re gion dur ing the Late Wisconsinan 
gla cial max i mum (Ferbey and Levson, 2007). Re sults from
an other case study con ducted by Ferbey and Levson (2010) 
near the Cop per Star Cu±Mo±Au oc cur rence, ap prox i -
mately 50 km west-north west of the study area, also pro -
vide geo chem i cal ev i dence for an ice-flow re ver sal. These
re sults sug gest that in ter pret ing trace-el e ment geo chem i cal 
data from tills or soils in this region, in particular transport
direction, can be complex.

Ney et al. (1972) rec og nized this ice-flow re ver sal dur ing
the early stages of ex plo ra tion on the Sam Goosly de posit
(even tu ally to be come Eq uity Sil ver mine) when Ag anom -
a lies in soils were ini tially un suc cess fully fol lowed up with
trench ing and drill ing. An even tual rec og ni tion of west -
ward trans port of gla cial sed i ments (re sult ing from stud ies
of ice-flow in di ca tors on bed rock out crop and in ae rial pho -
to graphs) led to drill ing up-ice or north east of the Ag anom -
a lies in soils. A min er al ized zone was soon out lined and a
close re la tion ship was dem on strated be tween the sur face
trace of this zone and west ward-trans ported sediments that
produced Ag anomalies in soils.

Plouffe and Ballantyne (1993), Plouffe (1995), Plouffe et
al. (2001) and Levson and Mate (2002) have also con -
ducted till geo chem is try sur veys to the east of the study
area, in NTS 093F and K. Us ing per cen tile plots of pre c -
ious-metal, base-metal and path finder el e ment con cen tra -
tions, and/or gold grain counts, each of these sur veys iden -
ti fies pro spec tive ground where there were no known
min eral occurrences.

Sample Media

Dur ing the 2010 field sea son, 2–3 kg till sam ples were col -
lected at 85 sam ple sites for ma jor-, mi nor- and trace-
element geo chem i cal anal y ses (Fig ure 2). An ad di tional 18
till sam ples, each weigh ing 10–15 kg, were col lected for
heavy min eral sep a ra tion and gold grain counts (Fig ure 2).
These larger sam ples were col lected at sites where an ad e -
quate amount of sam ple ma te rial was ex posed. Till sam ple
den sity for this sur vey is one sam ple per 10.5 km2. The ma -
jor ity of unweathered till in the study area oc curs at ap prox -
i mately 1 m be low sur face so most till samples were col-
lected at this depth.

Till sam ples col lected for ma jor-, mi nor- and trace-el e ment
anal y ses are be ing sieved, and de canted and cen tri fuged to
pro duce a silt plus clay–sized (<0.063 mm) and clay-sized
(<0.002 mm) frac tion. This sam ple prep a ra tion is be ing

con ducted at Acme An a lyt i cal Lab o ra to ries Ltd. (Van cou -
ver, BC). Heavy min eral sam ples have been sent to
Over bur den Drill ing Man age ment (Nepean, On tario),
where heavy min eral (0.25–2.0 mm) and gold grain
(<2.0 mm) con cen trates are be ing pro duced us ing a com bi -
na tion of gravity tabling and heavy liquids.

On the 2–3 kg sam ples, mi nor- and trace-el e ment anal y ses
(37 el e ments) will be con ducted on splits of the silt plus
clay– and clay-sized frac tions, re spec tively, by in duc tively
cou pled plasma–mass spec trom e try (ICP-MS), fol low ing
an aqua-regia di ges tion. Ma jor-el e ment anal y ses will be
con ducted on a split of the silt plus clay–sized frac tion only
us ing in duc tively cou pled plasma–emis sion spec trom e try
(ICP-ES), fol low ing a lith ium metaborate/tetraborate fu -
sion and di lute ni tric acid di ges tion. This an a lyt i cal work
will be con ducted at Acme Analytical Laboratories Ltd.
(Vancouver, BC).

Also as part of this pro ject, a split of the silt plus clay–sized
frac tion (<0.063 mm) will be an a lyzed for 35 el e ments by
in stru men tal neu tron ac ti va tion anal y sis (INAA) at Bec -
querel Lab o ra to ries Inc. (Mississauga, On tario). In stru -
men tal neu tron ac ti va tion anal y ses for el e ments such as Au, 
Ba and Cr com ple ment those pro duced by aqua-regia di -
ges tion fol lowed by ICP-MS, as they are con sid ered to be a
near-to tal de ter mi na tion and hence more rep re sen ta tive of
rock-form ing and eco nomic min eral geo chem is try. Ad di -
tion ally, INAA de ter mi na tions will be con ducted on bulk
heavy mineral concentrates produced from the 10–15 kg
samples.

Quality Control

Qual ity con trol mea sures for an a lyt i cal de ter mi na tions in -
clude the use of field du pli cates, an a lyt i cal du pli cates and
ref er ence stan dards. For each block of 20 sam ples sub mit -
ted for anal y sis, one field du pli cate (taken at a ran domly se -
lected sam ple site), one an a lyt i cal du pli cate (a sam ple split
af ter sam ple prep a ra tion but be fore anal y sis) and one ref er -
ence stan dard will be in cluded in INAA and aqua-regia di -
ges tion fol lowed by ICP-MS anal y sis. Ref er ence stan dards
used will be a com bi na tion of cer ti fied Can ada Cen tre for
Min eral and En ergy Tech nol ogy (CANMET) and in-house
BCGS geo chem i cal ref er ence ma te ri als. Du pli cate sam ples 
will be used to mea sure sam pling and an a lyt i cal vari abil ity,
whereas ref er ence standards will be used to measure the
accuracy and precision of the analytical methods.

Summary

Dur ing the 2010 field sea son, 85 basal till sam ples were
col lected for ma jor-, mi nor- and trace-el e ment geo chem i -
cal anal y ses, while an ad di tional 18 till sam ples were col -
lected for sep a ra tion and anal y sis of heavy min eral con cen -
trates and gold grain counts. The goal of this till
geo chem i cal sur vey is to as sess the min eral po ten tial of the
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Colleymount map area (NTS 093L/01), an area ide ally
suited for a till geo chem is try pro gram as much of the map
area is cov ered with gla cial drift and con tin u ous bed rock
out crop is lim ited. On go ing and com ple men tary to this till
geo chem i cal sur vey is 1:50 000 scale surficial ge ol ogy
map ping and a re gional ice-flow study. De lin eat ing and
char ac ter iz ing surficial ma te ri als of the study area and
quan ti fy ing the net trans port di rec tion of basal tills are in te -
gral to the in ter pre ta tion of re sul tant till geo chem i cal data
and will be use ful to min eral ex plo ra tion companies
conducting their own surficial sediment geochemistry
surveys in the area.

The 2010 field sea son saw the com ple tion of field work for
the sec ond and last year of a Qua ter nary ge ol ogy pro gram
de signed to as sess the min eral po ten tial of the north ern por -
tion of the Tahtsa Lake dis trict, and ad ja cent ar eas (NTS
093E/15, /16 and 093L/01, /02). This study area falls within 
Geoscience BC’s QUEST-West Pro ject area, where ad di -
tional geo chem i cal data have re cently been com piled and
col lected, min eral oc cur rence data have been up dated (i.e.,
MINFILE, BC Geo log i cal Sur vey, 2010), and he li cop ter-
borne time do main elec tro mag netic and grav ity data have
been ac quired. These new data, in com bi na tion with the
pre vi ous data pub lished by the BCGS and GSC, the re -
gion’s pro spec tive bed rock ge ol ogy and good road ac cess
make the Colleymount map area an attractive area to
explore.

Till geo chem i cal data for the Colleymount map area (NTS
093L/01) will be the topic of a com bined BCGS Open File
and Geoscience BC Re port to be re leased in late spring
2011.
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Introduction

The In te rior Pla teau re gion of cen tral Brit ish Co lum bia has
ex pe ri enced a ma jor out break of moun tain pine bee tle,
which has dec i mated pine for ests in the re gion caus ing a
sig nif i cant eco nomic down turn in for estry-de pend ent com -
mu ni ties (e.g., Abbott et al., 2009; Coops and Wulder,
2010; Woods et al., 2010; Wulder et al., 2010). Geoscience
BC’s Quesnellia Ex plo ra tion Strat egy (QUEST) Pro ject is
de signed to stim u late min ing ex plo ra tion and pro vide em -
ploy ment op por tu ni ties to those ad versely af fected by this
de cline in for estry jobs (e.g., Nelsen et al., 2010). The
QUEST Pro ject area has good po ten tial for Cu-Au por -
phyry and volcanogenic mas sive sul phide (VMS) min er al -
iza tion, but min eral ex plo ra tion ac tiv ity has been hin dered
in some ar eas due to the thick cover of surficial de pos its.
Re gional-scale till sam pling can be car ried out to as sess the
min eral po ten tial of ar eas cov ered with thick gla cial de pos -
its (Levson, 2001; McClenaghan et al., 2002; McClena -
ghan, 2005). De tailed in ves ti ga tions of till sam ples with el -
e vated or anom a lous val ues, at a re gional scale, can help
iden tify po ten tially min er al ized zones within cov ered bed -
rock units. The pre ferred sam pling me dium for till geo -
chem i cal sur veys is basal till, as it is com monly con sid ered
a first de riv a tive of bed rock (Dreimanis, 1989; Levson,
2001). Knowl edge of the gla cial his tory, spe cif i cally the
ice-flow his tory and dom i nant trans port di rec tion, is vi tal to 
the in ter pre ta tion of geo chem i cal sur vey data from the area.

The ob jec tive of this study is to use re gional-scale ma jor-,
mi nor- and trace-el e ment till geo chem i cal data (by in duc -
tively cou pled plasma–mass spec trom e try [ICP-MS] fol -
low ing aqua-regia di ges tion, in stru men tal neu tron ac ti va -
tion anal y sis [INAA], gold grain counts and heavy min eral

sep a ra tions) to iden tify min er al ized bed rock and pre dict
bed rock lithologies. These data will pro vide new ex plo ra -
tion tar gets and also pro vide geo log i cal con text for com pa -
nies to in ter pret their own geo chem i cal and geo log i cal
datasets. This pa per is a sum mary of a fu ture Geoscience
BC pub li ca tion that will in clude all data ta bles, sta tis ti cal
anal y sis and pro por tional dot maps of el e ments an a lyzed.
In the in ter ests of brev ity, data for some of the el e ments men -
tioned here are not shown.

Bedrock and Quaternary Geology
Background

The study area oc curs in the heart of the QUEST Pro ject
area, north west of the city of Prince George (Fig ure 1). The
ma jor ity of this area lies in the rel a tively low re lief area of
the In te rior Pla teau (Mathews, 1986), in clud ing its sub di vi -
sions, the Fra ser Ba sin and Nechako Pla teau. It is char ac ter -
ized by gla cial lake de pos its, drumlinized drift, and glacio -
fluvial outwash and esker de pos its (Holland, 1976).

Regional Quaternary Framework

The study area was re peat edly af fected by the Cordilleran
Ice Sheet over ap prox i mately the last two mil lion years
(Armstrong et al., 1965; Clague, 1989), the most re cent be -
ing dur ing the Fra ser gla ci ation. The ma jor sources of re -
gional ice that cov ered the study area ad vanced from ac cu -
mu la tion cen tres in the Coast, Skeena and Cariboo moun tains
(Tip per, 1971a, b; Levson and Giles, 1997; Plouffe, 1997,
2000; Fig ure 1). The ice-flow his tory of the study area was
de ter mined by com pil ing and com bin ing ice-flow in for ma -
tion from ex ist ing maps (Tip per, 1971a; Clague, 1998a, b;
Blais-Stevens and Clague, 2007), to gether with ob ser va -
tions made in the field (Sacco et al., 2010). Ice-flow in di ca -
tors mea sured in the field by Ward et al. (2009) and Sacco et 
al. (2010) were mainly microflow in di ca tors such as
grooves, striations and rat tails. The dom i nant ice flow
(Sacco et al., 2010; Fig ure 2) was de ter mined by com bin ing 
data from macroforms (drum lins, flut ings, stream lined bed -
rock) and mi cro forms (striations, grooves, rat tails). These
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data sug gest that it was mainly ice from the Coast Moun -
tains to the west and south, and to a lesser ex tent ice from
the Cariboo Moun tains, that cov ered the area. Lit tle in for -
ma tion ex ists on ice flow dur ing the gla cier’s ad vance into
the area, but it is likely that ice flowed east ward from the
Coast Moun tains and was sub se quently de flected to the
north east by in ter ac tion with ice flow ing north from
sources in the Coast and Car i bou moun tains to the south.
The dom i nant ice flow, and thus main sed i ment trans port,
was north east erly with mi nor de vi a tions to a more north -
erly di rec tion in the north and a more east erly di rec tion in
the south ern por tions of the study area. Eval u a tion of till
geo chem i cal anom a lies should con cen trate on these dom i -
nant flow di rec tions. Striation and till fab ric data in di cate
ice flow was more west erly dur ing deglaciation, which
would also in flu ence in ter pre ta tion of anom a lies. More in -
for ma tion on the gla cial his tory is given in Sacco et al.
(2010).

Regional Bedrock Framework

The study area strad dles four of the ter ranes that make up
the Ca na dian Cor dil lera (Cache Creek, Slide Moun tain,
Quesnel, Kootenay) while the most north east ern cor ner of
it ex tends into the Rocky Moun tain as sem blage (Fig ure 2).
A com plex as sem blage of in tru sive and ex tru sive rocks of
the Slide Moun tain terrane oc curs in the east. The Cache
Creek terrane is com posed of Penn syl va nian and Perm ian
lime stone in the south west ern por tion of the study area,
with bas alts oc cur ring just to the south. The Rocky Moun -
tain as sem blage in the north east ern cor ner of the study area
com prises Si lu rian to De vo nian sand stone and quartz ite.
The Quesnel terrane dom i nates the study area and is com -
posed pri mar ily of Late Tri as sic to Early Ju ras sic arc vol ca -
nic rocks of the Witch Lake suc ces sion and volcaniclastic
rocks of the Cot ton wood River suc ces sion, both part of the
Nicola Group (Lo gan et al., 2010). The Nicola Group was
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Fig ure 1. North ern Brit ish Co lum bia with dom i nant ice-flow di rec tions (shown by the black ar rows and short black lines) for the Late
Wisconsinan Fra ser gla ci ation (mod i fied from Stumpf et al., 2000). Light blue ar eas in di cate the ap prox i mate dis tri bu tion of deglacial lake
sed i ments, which can be a hin drance to drift pros pect ing. Red dashed line de lin eates the study area, which is shown in de tail in Fig ure 2.
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Fig ure 2. Ma jor bed rock geo log i cal units of the study area, cen tral Brit ish Co lum bia (mod i fied from Struik, 1994 and Lo gan et al., 2010). Also shown are
min eral oc cur rences for dif fer ent com mod ity types (af ter BC Geo log i cal Sur vey, 2010) and the dom i nant ice-flow di rec tion (light-col oured ar rows; af ter
Sacco et al., 2010).



pre vi ously re ferred to as the Takla Group (Struik, 1994),
fol low ing first us age. It was cor re lated with Takla Group
rocks to the west within the Stikine terrane. The Nicola
Group com prises: a) mainly ba saltic to dacitic volcaniclas -
tic rocks and sub or di nate co her ent vol ca nic rocks, each
with augite-por phyry tex tures (par tic u larly char ac ter is tic
of the Quesnel terrane), which form an east ern fa cies of al -
ka line to subalkaline augite-phyric ba saltic an de site; b) co -
eval and partly comagmatic plutons rang ing from calcalka -
line (in the west) to al ka line (in the east); and c) sedimen-
tary rocks, including shale, limestone and epiclastic
deposits.

Stratigraphically over ly ing these ter ranes are a se ries of over -
lap as sem blages rang ing from Up per Cre ta ceous to Mio -
cene sed i men tary rocks and Cre ta ceous to Plio cene vol ca -
nic rocks. The lat ter in cludes the dom i nantly Mio cene Chil -
cotin bas alts and Eocene fel sic vol ca nic rocks. In tru sive
rocks, paragneiss and metasedimentary rocks of the Wol -
ver ine meta mor phic com plex were ex posed dur ing Eocene
ex ten sion. The meta mor phism and plutonism oc curred in
the late Cre ta ceous and Paleogene, and the protolith for the
paragneiss and metasedimentary rocks are likely Pre cam -
brian and Early Pa leo zoic (Struik, 1994). Re cent com pi la -
tion has as signed these rocks to the Kootenay terrane (Lo -
gan et al., 2010).

Within the study area, the BC Min is try of For ests, Mines
and Lands min eral in ven tory da ta base (MINFILE; BC
Geo log i cal Sur vey, 2010) lists twelve Cu show ings, six Au
show ings, one plat i num group el e ments (PGE) show ing,
two Hg show ings and two past-pro duc ing Au and Pt de pos -
its (Figure 2).

The two past pro duc ers are the McDougall River and Mc -
Leod River placer de pos its (MINFILE 093J  007, 093J  012;
BC Geo log i cal Sur vey, 2010). Both de pos its oc cur in the
north east ern part of the study area, un der lain pri mar ily by
Mis sis sip pian Slide Moun tain Group. Cariboo North ern
De vel op ment Co. Ltd. and North ern Reef Gold Mines Ltd.
worked the McDougall River placer min er al iza tion from
around 1931 to 1935, with to tal pro duc tion of ap prox i -
mately 1750 g (62 oz.). From 1981 to pres ent, the area has
re ceived re newed in ter est, in clud ing heavy min eral, soil,
silt and rock sam pling; geo log i cal map ping; air borne very
low fre quency (VLF) and mag ne tom e ter sur veys; and ground
VLF and mag ne tom e ter sur veys by a va ri ety of com pa nies.
At McDougall River, Au and Pt were ex tracted from shal -
low gravel de pos its on both banks of the river, with ad di -
tional clasts re trieved from cracks and crev ices in the bed -
rock. Lo cal sheared rocks and quartz veins may be the
source of the placer Au and PGE. Heavy min eral sam ples
have yielded high Au and Ag con tents, and many of the
placer Au grains re cov ered are an gu lar to wiry, con sis tent
with min i mal trans port from a lo cal bed rock source. The

co in ci dent elec tro mag netic (EM) and mag netic anom a lies
could rep re sent the lo cal source for Au.

The two Hg show ings (Mount Prince South east and North -
west, MINFILE 093J  010, 093J  011) in the south west ern
part of the study area are as so ci ated with the Pinchi fault.
Both show ings are char ac ter ized by small vol umes of cin -
na bar hosted by car bon ate-al tered and sheared Takla Group 
mafic vol ca nic rocks, com monly as so ci ated with quartz
string ers. Most of the other min eral show ings in the study
area are small with min i mal as so ci ated exploration activity.

Mount Milligan is a Cu-Au por phyry de vel oped pros pect
(MINFILE 093N  194) to the north west of the study area in
the Quesnel terrane. In this area, Tri as sic to Lower Ju ras sic
vol ca nic and sub or di nate sed i men tary rocks of Nicola
Group are in ter preted to be the ex tru sive phase of the
Hogem in tru sive suite. Many Cu-Au min eral show ings are
as so ci ated with the Hogem batholith and smaller co eval in -
tru sions. The Nicola Group in the Mount Milligan area is
in for mally sub di vided into a lower, pre dom i nantly sed i -
men tary Inzana Lake suc ces sion, and an up per, pre dom i -
nantly volcaniclastic Witch Lake suc ces sion. The Witch
Lake suc ces sion hosts the Mount Milligan de posit, and is
char ac ter ized by augite-phyric volcaniclastic and co her ent
ba saltic an de site, with sub or di nate epiclastic beds. Re -
gional map ping and petrographic stud ies in the Mount
Milligan area in di cate that the Witch Lake ba saltic an de site
and as so ci ated sed i men tary rocks have been sub jected to
strong potassic al ter ation up to 4 km from the de posit.
Witch Lake suc ces sion vol ca nic rocks were in truded by
syn- and post-depositional gabbro, diorite, granodiorite,
monzonite and syenite (Logan et al., 2010).

Field and Analytical Methods

Field Sampling

Basal till sam ples were col lected at a to tal of 712 sites.
Basal till in this area is a dense, dark grey, ma trix-sup ported
diamicton and is com posed of 25–40% gravel-sized ma te -
rial (clasts) with a typ i cally sandy silt ma trix. Over all sam -
ple den sity is about 1 sam ple/7.5 km2 but there are some
zones with no sam ples and some zones with higher den sity.
In some ar eas, sam pling was not pos si ble be cause of road
de ac ti va tion or lack of roads, and/or a lack of suit able sam -
ple me dia, such as in ar eas of eolian, glaciofluvial and glac -
io lacustrine de pos its. In ad di tion, no sam pling oc curred with -
in Carp Lake Pro vin cial Park (Fig ure 2).

The sam pling re gime in cluded col lect ing three sep a rate
sam ples, ap prox i mately 800–900 g each, at each sam ple
site for: a) anal y sis of the clay-sized (here af ter re ferred to as 
clay) frac tion by aqua-regia di ges tion fol lowed by in duc -
tively cou pled plasma–mass spec trom e try (ICP-MS) at
Acme An a lyt i cal Lab o ra to ries Ltd. (Van cou ver, BC); b)
anal y sis of the clay plus silt–sized (here af ter re ferred to as
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clay+silt) frac tion by in stru men tal neu tron ac ti va tion anal -
y sis (INAA) at Ac ti va tion Lab o ra to ries Inc. (Ancaster, On -
tario); and c) ar chiv ing at the Geo log i cal Sur vey of Can ada
(GSC). In ad di tion, at ev ery 4–5 sites, a >10–15 kg sam ple
was col lected for heavy min eral sep a ra tion and gold grain
counts. The heavy min eral sep a ra tions and counts were
con ducted at Over bur den Drill ing Man age ment Lim ited
(Nepean, On tario). The <0.25 mm frac tion of the heavy
min eral con cen trates were then analyzed by INAA at Bec -
querel Laboratories Inc. (Mississauga, Ontario).

Analytical Methods

The clay+silt frac tion of till sam ples (on av er age, 24 g of
ma te rial was used) were an a lyzed for 35 el e ments by INAA
(1D En hanced) at Ac ti va tion Lab o ra to ries Ltd. The INAA
method has been de scribed pre vi ously by Hoffman (1992)
and de tails of the pro ce dure can be found in Ac ti va tion
Lab o ra to ries Ltd. (2010). The fol low ing de scrip tion sum -
ma rizes the pro ce dure. An aliquot and an in ter nal stan dard
(one for ev ery eleven sam ples) are ir ra di ated with flux
wires at a ther mal neu tron flux of 7 x 1012 n·cm-2·s-1. Af ter a
seven-day de cay, the sam ples are counted on a high pu rity
Ge de tec tor. Us ing the flux wires, the de cay-cor rected ac -
tiv i ties are com pared to a cal i bra tion. The stan dard in -
cluded is only a check on ac cu racy and is not used for cal i -
bra tion pur poses. From 10 to 30% of the sam ples are
re checked by remeasurement. For all analytes, ex cept Au, a 
1 g aliquot is used. For Au a 30 g size, if available, is used.

Sam ples were pro cessed to ex tract the clay at Acme An a lyt -
i cal Lab o ra to ries Ltd. (Van cou ver, BC). Typ i cally, be tween 
0.5 and 0.8 kg of till were pro cessed, which yielded ap prox -
i mately 5 g of clay, on av er age. The clay splits were an a -
lyzed by ICP-MS for 36 el e ments (1DX) fol low ing leach -
ing in a hot (95°C) aqua-regia di ges tion. Up to 5 g of clay is
pro cessed to over come nugget effects for Au.

Heavy min eral con cen trates (HMC) were sep a rated on
large till sam ples at Over bur den Drill ing Man age ment
Lim ited. A to tal of 122 sam ples of 10–15 kg were panned
for gold grains, plat i num group met als (PGM) and uran -
inite. Bulk sam ples were disaggregated, fol lowed by sep a -
ra tion of the >2 and <2 mm frac tions. The <2 mm frac tion is
then pre-con cen trated on a shak ing ta ble, with the
<0.25 mm frac tion sub se quently sep a rated us ing heavy liq -
uid (spe cific grav ity of 3.2 g/cm3). Panned Au, uraninite
and PGM are then ex am ined un der op ti cal mi cro scope to
pro vide grain counts as well as grain mor phol ogy. More de -
tailed de scrip tions of the meth ods are pro vided in Averill
(2001) and McClenaghan et al. (2002). Sul phide and cin na -
bar grains were also counted, al though where the number of 
grains was >20, these counts are estimates.

The se lected re sults of the anal y ses are dis cussed be low;
those el e ments with the most sig nif i cance to po ten tial min -
er al iza tion in this pro ject area are dis cussed. A fu ture Geo -

science BC pub li ca tion will in clude all of the data for all of
the elements analyzed.

To quan tify the ac cu racy and pre ci sion of these an a lyt i cal
data, a com bi na tion of field du pli cates, an a lyt i cal du pli -
cates and ref er ence stan dards are used. For ev ery 20 sam -
ples col lected in the field, one field du pli cate is col lected,
one an a lyt i cal du pli cate is split and in serted into the sam ple
se quence at the lab, and one ref er ence stan dard (ei ther an
in-house BCGS stan dard or a cer ti fied Can ada Cen tre for
Min eral and En ergy Tech nol ogy [CANMET] stan dard) is
in serted. For the aqua-regia di ges tion fol lowed by ICP-MS
method, pre ci sion for most analytes is <5% rel a tive stan -
dard de vi a tion (RSD) at 10 times the de tec tion limit. Closer
to the de tec tion limit, most analytes still have RSD val ues
of <10%. Sim i larly, for analytes above the de tec tion limit,
the INAA data are gen er ally very good with precision gen -
er ally <5% RSD, and accuracy generally <3%, except W at
5%.

Results

Au, As, Ag and Hg Contents

Gold con tents in the clay frac tion show clearly anom a lous
val ues around the 98th per cen tile (10 ppb), al though there is
also a sub tle change in slope around the 90th per cen tile, or
8 ppb (Fig ure 3a). Gold con tents in the clay frac tion range
from less than de tec tion (0.5 ppb) to 294 ppb (av er age =
5.1 ±11 ppb, n = 704). For the clay+silt frac tion, anom a lous
Au con tents oc cur above the 80th per cen tile (~8 ppb; Fig ure
3a); most sam ples be low this thresh old were be low the de -
tec tion limit by this method (2 ppb). In the clay+silt frac -
tion, Au con tents range up to 635 ppb. Anom a lous Au con -
tents oc cur in the north east ern and north west ern parts of the 
map area for both size frac tions, largely co in ci dent with
known Au show ings (Fig ures 4a, b). There are also anom a -
lous Au con tents, in par tic u lar in the clay+silt frac tion, to
the south, and to a lesser ex tent, to the east of Carp Lake.
There are no known Au show ings here. Gold shows the best 
correlation with Cu (r = 0.410).

Ar senic is typ i cally con sid ered a path finder el e ment for
Au. In this study, thresh old As con tents in till are ~32 and
26 ppm, at the 95th and 98th per cen tiles for the clay and
clay+silt frac tions, re spec tively (Fig ure 3a). Ar senic con -
tents are anom a lous in both the north east ern and north west -
ern sec tions of the study area (Fig ures 4c, d), largely co in ci -
dent with Au anom a lies. How ever, As con tents do not
ap pear to be anom a lous south of Carp Lake; in con trast,
there are mod er ately anom a lous As con tents in the west-
cen tral part of the study area, pri mar ily in the clay+silt frac -
tion. Au and As show a mod er ately pos i tive cor re la tion (r =
0.372) for the clay frac tion based on the R-mode fac tor
anal y sis, sta tis ti cally sig nif i cant at the 99.9% con fi dence
in ter val. By con trast, the cor re la tion be tween As and Au for 
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Fig ure 3a. Cu mu la tive prob a bil ity plots for Au, As, Ag, Hg, Cu, Pb, Mo and Sb, an a lyzed by aqua-regia di ges tion fol lowed by in -
duc tively cou pled plasma–mass spec trom e try (ICP-MS) on the clay-sized frac tion and/or in stru men tal neu tron ac ti va tion anal y sis 
(INAA) on the clay plus silt–sized frac tion. Anom a lous metal con cen tra tions typ i cally oc cur around the 90 to 95th per cen tiles,
where there is a change in slope on the prob a bil ity plot.
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Fig ure 3b. Cu mu la tive prob a bil ity plots for Cd, Bi, Zn, Mn, La, Ni, Cr and Co, an a lyzed by aqua-regia di ges tion fol lowed by in duc -
tively cou pled plasma–mass spec trom e try (ICP-MS) on the clay-sized frac tion and/or in stru men tal neu tron ac ti va tion anal y sis
(INAA) on the clay plus silt–sized frac tion. Anom a lous metal con cen tra tions typ i cally oc cur around the 90 to 95th per cen tiles,
where there is a change in slope on the prob a bil ity plot.
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Fig ure 4. Pro por tional dot maps of se lected el e ments from till geo chem i cal anal y ses, cen tral Brit ish Co lum bia: a) Au con tents (clay-sized frac tion) by in duc tively cou pled plasma–mass spec -
trom e try (ICP-MS) and b) Au con tents (clay plus silt–sized frac tion) by in stru men tal neu tron ac ti va tion anal y sis (INAA). Size of dots are pro por tional to the con tent. Data are over laid on the
bed rock ge ol ogy map pre sented in Fig ure 2.
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Fig ure 4 (con tin ued). Pro por tional dot maps of se lected el e ments from till geo chem i cal anal y ses, cen tral Brit ish Co lum bia: c) As con tents (clay-sized frac tion) by ICP-MS and d) As con tents
(clay plus silt–sized frac tion) by INAA. Size of dots are pro por tional to the con tent. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2.
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Fig ure 4 (con tin ued). Pro por tional dot maps of se lected el e ments from till geo chem i cal anal y ses, cen tral Brit ish Co lum bia: e) Ag con tents (clay-sized frac tion) by ICP-MS and f) Hg con tents
(clay-sized frac tion) by ICP-MS. Size of dots are pro por tional to the con tent. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2.
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Fig ure 4 (con tin ued). Pro por tional dot maps of se lected el e ments from till geo chem i cal anal y ses, cen tral Brit ish Co lum bia: g) Cu con tents (clay-sized frac tion) by ICP-MS and h) Mo con tents
(clay-sized frac tion) by ICP-MS. Size of dots are pro por tional to the con tent. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2.
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Fig ure 4 (con tin ued). Pro por tional dot maps of se lected el e ments from till geo chem i cal anal y ses, cen tral Brit ish Co lum bia: i) Sb con tents (clay-sized frac tion) by ICP-MS and j) Pb con tents
(clay-sized frac tion) by ICP-MS. Size of dots are pro por tional to the con tent. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2.
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Fig ure 4 (con tin ued). Pro por tional dot maps of se lected el e ments from till geo chem i cal anal y ses, cen tral Brit ish Co lum bia:  k) Bi con tents (clay-sized frac tion) by ICP-MS and l) Zn con tents
(clay-sized frac tion) by ICP-MS. Size of dots are pro por tional to the con tent. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2.
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Fig ure 4 (con tin ued). Pro por tional dot maps of se lected el e ments from till geo chem i cal anal y ses, cen tral Brit ish Co lum bia: m) Cd con tents (clay-sized frac tion) by ICP-MS and n) Cr con tents
(clay-sized frac tion) by ICP-MS. Size of dots are pro por tional to the con tent. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2.



the clay+silt frac tion is poor (r = 0.112), despite the evident
spatial association (Figures 4b, d).

Sil ver con tents for the clay frac tion range from less than de -
tec tion (0.1 ppm) to 1.1 ppm (av er age  =  0.21 ±0.14 ppm,
n = 520), with anom a lous val ues >0.5 ppm (~95th per cen -
tile; Fig ure 3a). Sil ver shows a mod er ately pos i tive, sta tis ti -
cally sig nif i cant cor re la tion (r = 0.313) with Au, with
anom a lous val ues in the north east ern and north west ern
parts of the study area (Fig ure 4e), be ing co in ci dent with
the Au anom a lies. Sil ver for the clay+silt frac tion was be -
low the 5 ppm detection limit for all samples.

Mer cury was only de tected in the clay frac tion, al though
heavy min eral con cen trate data (see be low) in di cates many
sam ples have sig nif i cant quan ti ties of cin na bar grains. In
the clay frac tion, Hg ranges from 0.02 to 1.0 ppm (av er age
= 0.29 ±0.13 ppm). In the cu mu la tive fre quency plot there
are no ma jor breaks in slope, con sis tent with a close to nor -
mal dis tri bu tion (Fig ure 3a). Set ting the thresh old at the
95th per cen tile (0.51 ppm), anom a lous Hg con tents oc cur in
the west-cen tral por tion of the study area (Fig ure 4f), north
of the two known Hg show ings. Sev eral till sam ples are
also anom a lous in Hg in the ar eas with Au, As and Ag
anomalies in the north east ern and north west ern parts of the
study area. Mer cury val ues do not, how ever, cor re late well
with Au val ues (r = 0.083), but do correlate moderately
with As values (r = 0.360).

Cu, Mo and Sb Contents

Cop per was an a lyzed only for the clay frac tion sam ples and
ranges from 33 to 408 ppm (av er age = 125 ±38 ppm). Based 
on the cu mu la tive prob a bil ity plot, Cu con tents in the clay
frac tion are anom a lous at the 90th per cen tile (165 ppm; Fig -
ure 3a). Anom a lous Cu con tents oc cur in the north west ern
cor ner of the study area, with smaller anom a lies in the
north east ern cor ner (Fig ure 4g). There is a pos i tive con cen -
tra tion cor re la tion be tween Cu and a num ber of other
analytes such as Fe (r = 0.712), Sc (r = 0.654), V (r = 0.656),
As (r = 0.538), Au (r = 0.410), Co (r = 0.341) and Mo (r =
0.313). These el e ment as so ci a tions in di cate that Cu in the
clay frac tion of the till in the north west ern and north east ern
parts of the study area is associated with Cu-Au
mineralization.

Mo lyb de num was an a lyzed for both size frac tions. All clay
sam ples re turned Mo con tents above the de tec tion limit,
rang ing from 0.3 to 12 ppm (av er age = 1.74 ±1.12 ppm). By 
con trast, the clay+silt frac tion had only 132 sam ples above
de tec tion limit (1 ppm), rang ing from 3 to 28 ppm. For the
clay frac tion, the anom a lous thresh old is around the 97th

per cen tile (3.5 ppm; Fig ure 3a), whereas for the clay+silt
frac tion, all sam ples with de tect able Mo can be con sid ered
anom a lous at the 85th per cen tile (≥3 ppm; Fig ure 3a). The
two size frac tions show dif fer ent spa tial re la tion ships. For
the clay frac tion, anom a lous Mo con tents oc cur mainly in

the north east ern sec tion of the study area; Mo con tents are
not anom a lous in the north west ern sec tion (Fig ure 4h). The
high est Mo con tent is for a sam ple in the west-cen tral part
of the study area. By con trast, the clay+silt frac tion has
anom a lous Mo con tents scat tered over much of the study
area, with the most con sis tently el e vated con tents in the
east-cen tral and south ern ar eas. No ta bly, Mo con tents in the 
clay+silt frac tion are be low de tec tion for the north west ern
area where high Cu, Au and As val ues oc cur.

An ti mony was mea sured for both size frac tions, with clay
con tents rang ing from 0.1 to 5.6 ppm (av er age = 0.80
±0.48 ppm), and clay+silt con tents rang ing from 0.5 to
13.1 ppm (av er age = 1.84 ±0.87 ppm). Thresh old val ues are 
around the 95th per cen tile for both frac tions, at 1.5 and
2.7 ppm for the clay and clay+silt frac tions, re spec tively
(Fig ure 3a). Spa tially, the two size frac tions show sim i lar
dis tri bu tions, with the most anom a lous con tents oc cur ring
in the north east ern sec tion of the study area (Fig ure 4i).

Pb, Bi, Zn and Cd Contents

Lead was only an a lyzed in the clay frac tion, and ranges from
6.6 to 64 ppm (av er age = 14.7 ±5.2 ppm). Lead shows a
near nor mal dis tri bu tion, al though there is a sub tle in flec -
tion in the cu mu la tive prob a bil ity plot near the 85th per cen -
tile (Fig ure 3a); set ting the thresh old value at the 95th per -
cen tile gives anom a lous Pb at >24 ppm. The stron gest
cor re la tions with Pb are shown by K (r = 0.591), La (r =
0.501), Bi (r = 0.668), Th (r = 0.720) and U (r = 0.621). The
spa tial dis tri bu tion of anom a lous Pb con cen tra tions is dis -
tinct from the other ore-re lated el e ments, with the high est
Pb con tents in the north-cen tral part of the map area, be -
tween the north east ern and north west ern ar eas that are
anom a lous in Au, Cu and As (Fig ure 4j). Bis muth (Fig ure
4k) shows a sim i lar spa tial dis tri bu tion to Pb, along with U,
Th and the rare earth el e ments (REE). Bis muth ranges from
less than de tec tion (0.1 ppm) to 2.7 ppm (av er age = 0.33
±0.26 ppm), with a thresh old around the 95th per cen tile
(0.8 ppm; Fig ure 3b).

Zinc con tents were an a lyzed in both size frac tions and Cd
was only an a lyzed in the clay frac tion. Zinc con tents in clay 
range from 83 to 531 ppm (av er age = 185 ±42 ppm) com -
pared to 60 to 400 ppm in clay+silt (av er age = 167 ±49 ppm,
with around 280 sam ples be low de tec tion). Cad mium
shows sim i lar spa tial dis tri bu tion to Zn, and ranges from
0.1 to 4.0 ppm (av er age = 0.75 ± 0.48 ppm). Both met als
show the larg est anom a lies (thresh old at the 95th per cen tile
= 245 ppm Zn for clay, 250 ppm Zn for clay+silt and
1.6 ppm Cd for clay; Fig ure 3b) along the east ern side of the
map area (Fig ure 4l, m), al though Cd also shows sev eral
anom a lous val ues in the west-cen tral por tion of the study
area. Both Zn and Cd have strong pos i tive cor re la tions with
Mo (r = 0.743 and 0.586, re spec tively), As (r = 0.421 and
0.364, re spec tively) and Sb (r = 0.464 and 0.334, re spec -
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tively), as well as with each other (r = 0.719). Al though Zn
cor re lates poorly with ma jor el e ments, Cd is strongly cor re -
lated with Ca (r = 0.595).

Rare Earth Elements, U, Th, K, Ca, Mg, Na,
Cr, Hf, Co, Mn and Ni Contents

REE (La, Ce, Nd, Sm, Eu, Yb), U, Th, K, Ca, Mg, Na, Ni
and Cr broadly show spa tial re la tion ships that are con sis -
tent with changes in the dom i nant un der ly ing bed rock li -
thol ogy (e.g., Fig ure 4n). Thus in com pat i ble el e ments (i.e.,
REE, U, Th, K, Hf), which are usu ally as so ci ated with
mafic alkalic rocks, are el e vated in the north ern part of the
study area where mafic alkalic rocks oc cur. In the large
HMC sam ples from this area of the map, >33% of the clasts
that are >2 mm are granitoid, in di cat ing a greater prev a -
lence of alkalic vol ca nic rocks and as so ci ated late-stage in -
tru sive rocks. Con versely, whereas Co shows a strong cor -
re la tion with Mn in the clay frac tion, Cr and Ni, which are
strongly ad sorbed by Mn ox ides and oxyhydroxides
(Nichol son and Eley, 1997; Leybourne et al., 2003), show
dis tri bu tion pat terns that fol low the ma jor mafic vol ca nic
bed rock units in the southern part of the study area (Fig -
ure 4n).

Heavy Mineral Concentrates:
 Au, Pyrite and HgS

All till sam ples pro cessed for heavy min er als (n = 122) con -
tain vis i ble Au. The num ber of Au grains per ~10 kg of sam -
ple ranges from 1 to 91 (Fig ure 5a) and the cal cu lated Au
con tents range from 1 to 4883 ppb (Fig ure 5b). Gold grains
were clas si fied on the ba sis of size and mor phol ogy. Gold
grain morphologies are sub di vided into three groups: pris -
tine, mod i fied and re shaped, based on the clas si fi ca tion
scheme of Dilabio (1990). The ma jor ity of Au grains in this
study are clas si fied as re shaped (1098 of a to tal of 1347
grains or 81.5%), with less com mon mod i fied grains (15%)
and rare pris tine grains (3.5%). The thresh old value for the
to tal num ber of Au grains is around 12 to 15 (80–85th per -
cen tile), based on changes in slope of a probability dis tri b u -
tion.

Al though they are only es ti mates, grain counts of py rite and 
cin na bar are use ful. Py rite counts range from zero to a high
of ~10 000 grains. Most of the till sam ples with el e vated py -
rite grain counts (where anom a lous val ues are ap prox i -
mately >50 grains) oc cur in the east ern and south ern parts
of the study area (Fig ure 5c), dis tinctly south of the area
with anom a lous metal val ues (north east ern cor ner of the
study area; Fig ures 4a–i, k–m). By con trast, cin na bar
counts range from 0 to 400, with anom a lous cin na bar grain
counts (ap prox i mately >60 grains) in the west ern part of the 
study area, with a trend of de creas ing values to the south -
east (Figure 5d).

Till Geochemical Exploration

Epigenetic Au-Cu Mineralization

In the north east ern part of the study area, there are a num ber 
of Au and Cu-Au show ings, as well as two small past-pro -
duc ing placer de pos its (dis cussed pre vi ously). Gold re cov -
ered from the placer de pos its was de scribed as wiry to an -
gu lar (MINFILE 093J  007), sug gest ing that the placer gold 
had not been trans ported far from source. Sam ples of the
clay frac tion were an a lyzed by aqua-regia di ges tion fol -
lowed by ICP-MS, whereas the silt+clay frac tion was an a -
lyzed by INAA, thus the ICP-MS re sults will be less bi ased
by the nug get ef fect. Gold in the clay frac tion oc curs ei ther
as clay-sized gold grains, most likely a re sult of gla cial
comminution and/or small-scale hydromorphic gold dis -
per sion and ad sorp tion to clay and oxyhydroxide min eral
sur faces in the clay frac tion. Other than a small num ber
(~3) of highly anom a lous Au val ues in the ICP-MS re sults,
there is a rel a tively strong cor re la tion (r = 0.410) be tween
Cu and Au; this sug gests that much of the Au is as so ci ated
with Cu-sul phide min er als. The path finder el e men tal as so -
ci a tions de ter mined here (Sb, As, Se, Tl, Cd, Zn) are con sis -
tent with this style of min er al iza tion. This as so ci a tion is co -
her ent with de scrip tions of many of the show ings in the
north east ern sec tion of the study area; show ings of quartz
veins with Cu±Au, Ag and/or PGE (MINFILE 093J  007,
093J  012, 093J  027, 093J  037), likely of epigenetic or i gin.
The main clus ter of till sam ples with anom a lous val ues is
es sen tially spa tially co in ci dent with many of the showings.
The dominant ice flow towards the northeast can be used
for further prospecting.

Porphyry Cu-Au

There is po ten tial for por phyry Cu-Au–style min er al iza tion 
in the study area based on the pres ence of the Mount
Milligan por phyry Cu-Au de vel oped pros pect in cor re la -
tive rocks to the north west of the study area. The till geo -
chem i cal data shows el e vated val ues of Cu and Au and a
num ber of path finder el e ments (e.g., As, Hg, Sb) in the
north west ern part of the study area (Fig ures 4a, b, c, d, f, g,
i). These anom a lous till sam ples strongly in di cate sources
of min er al iza tion up-ice, to wards the south west. There are
a num ber of Cu and Cu-Au show ings co in ci dent and up-ice
of this area of el e vated geo chem i cal val ues (Fig ure 2). At
the Tsil show ing (MINFILE 094C 180), in the north west -
ern cor ner of the study area, there are re ports of out crops of
in ter me di ate hornblende and feld spar por phy ritic rocks ex -
hib it ing quartz-car bon ate al ter ation with py rite, pyrrhotite
and rare chal co py rite veins. The main clus ter of Cu and Au
anom a lies in the north west ern part of the study area di rectly 
overlie the main cluster of Cu and Au showings in this area
(Figure 2).
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Fig ure 5. Pro por tional dot maps for a) gold grain counts from heavy min eral con cen trates from 10 kg till sam ples, cen tral Brit ish Co lum bia. Also pre sented are b) cal cu lated gold con tents (ppb) 
of heavy min eral con cen trates, which are based on gold grain counts. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2.
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Fig ure 5 (con tin ued). Pro por tional dot maps for c) py rite and d) cin na bar grain counts from heavy min eral con cen trates from 10 kg till sam ples, cen tral Brit ish Co lum bia. Data are over laid on
the bed rock ge ol ogy map pre sented in Fig ure 2.



Volcanogenic Massive Sulphide Deposits

VMS de pos its oc cur to the south east and to the north west of 
the study area along the trend of the ma jor bed rock units.
There should be sig nif i cant po ten tial for VMS min er al iza -
tion in the study area, even though there are no VMS show -
ings or de pos its listed in MINFILE. How ever, this study in -
di cates there is rel a tively lit tle spa tial cor re la tion be tween
the ma jor met als as so ci ated with VMS min er al iza tion.
Lead anom a lies are clearly dis tinct from both Cu and Zn.
The rel a tively low Pb con tents in the till in the study area,
com pared to other ar eas of VMS de pos its (cf., Hall et al.,
2003; Parkhill and Doiron, 2003), could be related to three
factors:

· Given the pre pon der ance of mafic vol ca nic rocks in this
part of BC, VMS min er al iza tion, if pres ent, would
likely be lead-poor given the gen er ally ju ve nile na ture
of the source of the vol ca nic rocks (Smith et al., 1995;
Patchett and Gehrels, 1998; Dostal et al., 1999; Erdmer
et al., 2002; Ross et al., 2005). Also, VMS de pos its as so -
ci ated with ocean floor and oce anic arc set tings are lead-
poor com pared to those as so ci ated with con ti nen tal mar -
gins (Frank lin et al., 1981; Gal ley et al., 2007).

· Only the clay frac tion was an a lyzed for Pb, by aqua-
regia di ges tion fol lowed by ICP-MS, and it is pos si ble
that Pb is pres ent in a less la bile form or in a coarser size
frac tion.

· It is pos si ble that the thick till units of the study area
have di luted the geo chem i cal sig na ture of un der ly ing
bed rock lithologies re sult ing in sub dued anom a lies for
metals.

There is still po ten tial for VMS-style min er al iza tion in the
study area. The gen eral lack of spa tial cor re la tion be tween
anom a lous Cu and Zn may sim ply be a func tion of VMS-
related Cu anom a lies be ing masked by greater Cu abun -
dances as so ci ated with por phyry Cu-Au and epigenetic
Au-Cu min er al iza tion. Zinc shows poor cor re la tions with
Ni, Cr and Mg in di cat ing that anom a lous Zn con tents in the
till are not sim ply a func tion of weath er ing of mafic vol ca -
nic rocks. In ad di tion to anom a lous Zn along the east ern
por tion of the study area (Fig ure 4l), there are co in ci dent
anom a lies for Cd, Bi and Tl, sug gest ing the po ten tial for
con cealed, pres ently un rec og nized, Zn min er al iza tion. The 
HMC sam ples with the high est py rite grain counts are also
from the east-cen tral part of the map area (Fig ure 5c), fur -
ther sug gest ing the pres ence of VMS-style min er al iza tion
in this area. More de tailed work fol low ing up the source of
anom a lous pyrite grain counts and Zn, Cd, Bi and Tl
contents in the till is warranted.

Mercury

Pinchi Lake mer cury mine (MINFILE 093K  049) is lo -
cated on the Pinchi fault ap prox i mately 45 km to the north -
west of the two Hg oc cur rences in the south west ern por tion

of the study area (Fig ure 2). The Pinchi Lake mine op er ated
from 1940 to 1944 and 1968 to 1975, and was one of only
two mer cury-pro duc ing mines in Can ada (Plouffe, 1998).
The two Hg show ings within the study area are as so ci ated
with the ex ten sion of the Pinchi fault, but anom a lous cin na -
bar counts and Hg con tents in the clay frac tion are not spa -
tially as so ci ated with these show ings (Fig ures 4f, 5d). El e -
vated cin na bar grain counts oc cur to the north of the show ings,
sug gest ing ad di tional sources of fault-as so ci ated Hg min -
er al iza tion up-ice from the cin na bar grains. Mod er ately el -
e vated Hg in the clay frac tion also oc curs in the area of high
cin na bar grain counts. Fol low-up work that in cludes an
anal y sis of the clay+silt frac tion us ing an an a lyt i cal method 
with lower de tec tion lim its for Hg is war ranted.

Cluster Analysis

A k-means clus ter anal y sis was per formed on the geo chem -
i cal re sults from the clay frac tion of the till sam ples (Fig -
ure 6). Clus ter anal y sis helps to iden tify nat u ral group ings
of geo chem i cal data that may not be eas ily ev i dent from
man ual iden ti fi ca tion (cf., Grunsky, 2010). It is a way of
see ing el e men tal as so ci a tions in a spa tial con text. K-means
clus ter ing is a method of par ti tion ing n ob ser va tions into k
clus ters, based on min i miz ing the sum of the squares from
the mean within each clus ter, sim i lar to prin ci ple com po -
nent anal y sis. In this anal y sis, data clus ters are plot ted as
col our sym bols for two, three, five and seven clus ters; k-
means clus ter anal y sis re quires in de pend ent es ti mates of
the num ber of clus ters. The k-means clus ter ing was per -
formed us ing the fol low ing el e ments: Mo, Cu, Pb, Zn, Ni,
Co, Mn, Fe, As, U, Au, Sr, Cd, Sb, V, Th, Ca, La, Cr, Mg,
Ba, Al, Na, K, Sc and Hg. These anal y ses graph i cally dem -
on strate the spa tial as so ci a tions de scribed above and re flect 
dif fer ences in the bed rock ge ol ogy and their po ten tial styles 
of min er al iza tion. Two clus ters broadly di vides the study
area into a north ern third and a south ern two-thirds. This
two clus ter sub di vi sion cor re lates well with the till sam ples
in the north hav ing higher Cu, Au, As, Hg, Sb, Ti, V, Hf,
REE, U, Th and Pb (blue squares, Fig ure 6a) and till sam -
ples in the south ern two-thirds hav ing higher Ca, Mg, Cr
and Ni (green diamonds, Fig ure 6a). As the num ber of clus -
ters is in creased, there is an in crease in co her ent data clus -
ters that cor re spond to many of the el e ment re la tion ships,
and po ten tial styles of min er al iza tion, dis cussed above.
Thus, for five and seven clus ters (Fig ures 6c, d), the anal y -
sis clearly sep a rate tills in north west ern part of the study
area that are el e vated in Cu-Au (green di a monds, Fig ure 6c; 
solid blue squares, Fig ure 6d), from tills of the north east ern
part that are el e vated in Cu-Au-Mo-Ag-Sb (pink crosses,
Fig ure 6c; red di a monds, Fig ure 6d). Both of these ar eas are 
dis tinct from the re gion be tween them, which is char ac ter -
ized by anom a lous Pb and Bi con tents in the till (blue open
squares, Fig ure 6c; red crosses, Fig ure 6d). The seven-
cluster plot also dis tin guishes the very south ern block of till 
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Fig ure 6. Re sults of clus ter anal y sis of the clay frac tion of till geo chem i cal data (Mo, Cu, Pb, Zn, Ni, Co, Mn, Fe, As, U, Au, Sr, Cd, Sb, V, Th, Ca, La, Cr, Mg, Ba, Al, Na, K, Sc and Hg), cen tral Brit -
ish Co lum bia. Sam ples were di vided into a) two and b) three clus ters. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2. Note that al though the num ber of clus ters is set for
each anal y sis, data that do not con form to a ma jor clus ter are as signed dif fer ent sym bols.
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Hg), cen tral Brit ish Co lum bia. Sam ples were di vided into c) five and d) seven clus ters. Data are over laid on the bed rock ge ol ogy map pre sented in Fig ure 2. Note that al though the num ber of
clus ters is set for each anal y sis, data that do not con form to a ma jor clus ter are as signed dif fer ent sym bols.



samples (open blue squares), from the other southern till
(purple box crosses), based on the most southern group
having less elevated Cr, Ni and Mg contents (Figure 6d).

Conclusions

In part of the QUEST Pro ject area, cen tral BC, 712 till sam -
ples have been col lected where thick gla cial de pos its cover
bed rock, hin der ing both bed rock map ping and min eral ex -
plo ra tion pro grams. The study area oc curs within the
Quesnel terrane, and is dom i nated by mid dle to up per Tri -
as sic mafic vol ca nic rocks and volcaniclastic sed i men tary
rocks of the Nicola Group. The large Mount Milligan Cu-
Au por phyry de posit oc curs just to the north west of the
study area in cor re la tive rocks, part of a near lin ear,
northwest-trending se ries of Cu±Mo de pos its that oc cur
within this terrane. Till geo chem i cal data and heavy min -
eral grain count data high light four areas that warrant
further work:

1) In the north west ern part of the study area, there is a large 
num ber of till sam ples with sig nif i cantly anom a lous Cu
and Au con tents (and co in ci dent but less sig nif i cant As
and Ag anom a lies). The un der ly ing rocks are cor re la -
tive with those that host the Mount Milligan Cu-Au por -
phyry de posit. Con sis tent with the po ten tial for por -
phyry Cu-Au style min er al iza tion, there are a num ber of
show ings as so ci ated with alkalic vol ca nic and por phy -
ritic rocks. This area also has el e vated Hf, REE, Th, Ti,
Fe and V, re flect ing Fe-rich alkalic ig ne ous rocks in the
underlying and up-ice bedrock.

2) In the north east ern part of the study area, there are Au,
Cu, As, Ag, Sb and Cd anom a lies in an area with sev eral
epigenetic-type Cu-Au vein show ings and two small-
scale past-pro duc ing Au (and Pt) placer mines.

3) In the east-cen tral por tion of the study area, till sam ples
have el e vated Zn, Cd and Bi con tents, as well as high py -
rite grain counts (up to 10 000 grains in a 10 kg sam ple).
There are no known show ings or min er al iza tion in this
part of the study area; the till geo chem i cal re sults sug -
gest the pos si bil ity of con cealed VMS-type min er al iza -
tion.

4) In the west-cen tral por tion and into the cen tral por tion
of the study area, Hg val ues and el e vated cin na bar grain
counts sug gest there is fault-as so ci ated Hg min er al iza -
tion up-ice, per haps sim i lar to the Pinchi Lake mer cury
mine lo cated to the west of the study area.

In these four ar eas, in creased till sam ple den sity could pro -
vide some in sight into the lo ca tions of po ten tially min er al -
ized bed rock. Till sam pling can be come more chal leng ing,
how ever, as sam ple den sity in creases ap pro pri ate sam ple
ma te rial can be dif fi cult to find and ac cess to good sam ple
sites can be lim ited. In such cases, pros pect ing (in clud ing
an ex am i na tion of clasts in drift) and trench ing could be
carried out to further test these areas.
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Introduction

The Cariboo gold dis trict (CGD) in east-cen tral Brit ish Co -
lum bia (BC; Fig ure 1) is one of BC’s most pro duc tive
placer-gold camps, hav ing yielded an es ti mated 80 to
96 tonnes (2.5 to 3 mil lion ounces) of placer-gold (roughly
half of BC’s to tal his tor i cal placer-gold pro duc tion) since
its dis cov ery in the mid-1800s (e.g., Levson and Giles,
1993). Gold-bear ing quartz vein sys tems and py ritic re -
place ment de pos its in meta mor phic rocks of the Barker -
ville terrane, in the Wells-Barkerville area (Fig ure 1), were
lo cated soon af ter the dis cov ery of placer-gold in the area,
and have pro duced ap prox i mately 38.3 tonnes (1.2 mil lion
ounces) of gold since that time. At pres ent, lode-gold ex -
plo ra tion in the CGD fo cuses on both the Wells-Barkerville 
area and the struc tur ally higher rock units of the Quesnel
terrane, lo cated far ther to the south and west where the
Span ish Moun tain and Frasergold deposits occur
(Figure 1).

Gold-bear ing veins and re place ment de pos its in the CGD
are classed as orogenic sys tems (Goldfarb et al., 2005), be -
cause there is ev i dence for strong struc tural con trol and the
min er al iza tion does not ap pear to be spa tially or tem po rally 
re lated to in tru sive rocks. A study of lode-gold min er al iza -
tion and po ten tial of the CGD (Fig ure 1) was ini ti ated by the 
au thors in 2008, aimed at pro vid ing con straints on the
age(s) and struc tural con trols on min er al iza tion in dif fer ent
parts of the CGD. The study in cluded a syn the sis of pre vi -
ous work in the re gion to gether with fo cused struc tural,
geo chron ol ogi cal and Pb-iso to pic stud ies of some of the
main lode-gold oc cur rences in the belt. The main goals of
this work were to better un der stand the ge ol ogy and gold
metallogeny of the CGD, to pro vide guide lines for fu ture
ex plo ra tion of the dis trict, and to en able com par i sons to

other sim i lar gold dis tricts glob ally. A de tailed dis cus sion
of the struc tural set ting and con trols on gold min er al iza tion
in the CGD, based largely on this new work, was pre sented
by Rhys et al. (2009). A pre lim i nary dis cus sion of dat ing
and Pb-iso to pic stud ies of gold de pos its and oc cur rences in
the CGD was also in cluded in that con tri bu tion. In this pa -
per, the au thors re port new 40Ar/39Ar dat ing re sults and dis -
cuss the im pli ca tions for the tim ing of orogenic gold sys -
tems in the re gion. Dis cus sions also in clude the age and
pet ro chem is try of in tru sive rocks in the vi cin ity of gold
min er al iza tion in the Span ish Moun tain area, and the use of
Pb-isotopic constraints to identify possible sources of the
gold and other metals in deposits and occurrences through -
out the CGD.

Regional Geological Framework

The re gional geo log i cal set ting of the CGD is dis cussed in
de tail in Rhys et al. (2009) and is only briefly sum ma rized
here. The CGD is un der lain by parts of four main ter ranes
(Fig ure 1). Bed rock in most of the north ern and east ern
parts of the area in cludes polydeformed, me dium grade
meta mor phic rocks of the Barkerville terrane and the struc -
tur ally over ly ing Cariboo terrane, which are sep a rated by
the north east-dip ping Pleas ant Val ley thrust fault (Struik,
1987, 1988; Fig ure 1). Struc tur ally over ly ing both the
Barkerville and Cariboo ter ranes in the north ern part of the
area are mafic vol ca nic rocks and as so ci ated sed i men tary
units of the Slide Moun tain terrane. The south west ern mar -
gin of the Barkerville terrane is struc tur ally over lain along
the Eu reka thrust by much less de formed and less meta mor -
phosed rock units of the Quesnel terrane. In this area, the
Quesnel terrane mainly con sists of a pack age of weakly de -
formed, vari ably phyllitic, car bo na ceous siliciclastic rocks
(lo cally termed the ‘black phyllite’ by Rees, 1987; equiv a -
lent to the ‘black pelite suc ces sion’ of Lo gan, 2008), with
mi nor mafic vol ca nic and volcaniclastic interlayers. This
lower, dom i nantly meta-clastic pack age is over lain along
the Span ish thrust (Struik, 1988; Lo gan, 2008) by mafic to
in ter me di ate vol ca nic rocks as signed to the Late Tri as sic
Nicola Group. The sed i men tary pack age has yielded Mid -
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dle and Late Tri as sic fos sil ages (Bloodgood, 1992; Pantel -
eyev et al., 1996). The Crooked Am phi bo lite (Fig ure 1)
occurs as a dis con tin u ous, strongly de formed and meta mor -
phosed lens of mafic meta vol can ic rocks and mi nor ser pen -
tin ite, along the Eu reka thrust be tween the Ques nel terrane
and the un der ly ing Barkerville terrane.

Sev eral suites and ages of in tru sive rocks are pres ent in the
Wells-Barkerville camp and ad join ing por tions of the Bar -
kerville terrane. Strongly de formed gra nitic to granodio -
ritic orthogneiss bod ies of Early Mis sis sip pian age oc cur in
sev eral lo cal i ties, par tic u larly in the vi cin ity of Quesnel

Lake and the Eu reka Peak syncline (Fig ure 1). Vari ably fo -
li ated metadiorite units, some of which have yielded Early
Perm ian U-Pb zir con ages, oc cur as small, wide spread but
vol u met ri cally mi nor sills, dikes and ir reg u lar bod ies
within the Snow shoe Group of the Barkerville terrane
(Struik, 1988; Schiarizza and Ferri, 2003). In the Wells-
Barkerville area, sev eral small, strongly al tered, and fo li -
ated fel sic bod ies, termed the Proserpine in tru sions, have
been doc u mented and ap pear to have been emplaced prior
to the D2 fold ing (Struik, 1988; Schiarizza and Ferri, 2003). 
Youn ger, rare, lo cally quartz-phyric rhy o lite dikes and rel a -
tively fresh lam pro phyre dikes, both of which ap pear to be
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Fig ure 1: Re gional geo log i cal set ting of the Cariboo gold dis trict, east-cen tral Brit ish Co lum bia, show -
ing prin ci pal ter ranes and ma jor lithological pack ages. Ar eas of known lode-gold oc cur rences are
shaded in yel low, and placer-gold pro duc ing creeks are in di cated by thick pur ple lines. Prin ci pal known
gold-pro duc ing ar eas in the Barkerville terrane are in ar eas of greenschist-grade meta mor phism, and
do not ex tend into am phi bo lite-grade do mains. Ab bre vi a tion: EPS, Eu reka Peak syncline.



post-tec tonic, are also pres ent in sev eral lo cal i ties in the
east ern Barkerville terrane area (Holland, 1954; Struik,
1988; Termuende, 1990).

Sev eral small in tru sions oc cur in the vi cin ity of gold min er -
al iza tion in the Span ish Moun tain area south west of
Quesnel Lake; these oc cur within the black phyllite suc ces -
sion of the Quesnel terrane and range from diorite to
monzonite and syenite in com po si tion. Rhys et al. (2009)
re ported Early Ju ras sic U-Pb zir con ages for sev eral of
these bodies.

Meta mor phic rocks in the CGD have been af fected by two
dom i nant syn- to post-accretionary phases of de for ma tion
(D1 and D2), which af fect rocks in both the Quesnel and
Barkerville ter ranes. D1 struc tures in clude a pen e tra tive
slaty to phyllitic cleav age (S1) that is ax ial pla nar to gen er -
ally east- to north east verg ing tight to iso cli nal, gen er ally
north west-trending F1 folds and shear zones. The D1 event
is in ter preted to be as so ci ated with em place ment of the
Quesnel terrane onto the Barkerville terrane along the Eu -
reka thrust (Rees, 1987; Bloodgood, 1987, 1992;
Panteleyev et al., 1996; Ferri and Schiarizza, 2006). D1 was
ac com pa nied and lo cally out lasted by peak re gional meta -
mor phism. D2 struc tures re gion ally in clude the Eu reka
Peak syncline (Fig ure 1), which openly refolds both the
ear lier S1 fo li a tion and as so ci ated folds and the D1 Eu reka
thrust (Bloodgood, 1987, 1992). D2 struc tures in clude a
sec ond ary, lo cally dom i nant crenulation cleav age (S2),
which is ax ial pla nar to the Eu reka Syncline and other D2

folds (F2; Bloodgood, 1987, 1992). An in tense, shal low
north west-plung ing com pos ite in ter sec tion and elon ga tion
lineation (L2) oc curs at the in ter sec tion of S2 and older S1

fo li a tion, and is par al lel to F2 fold axes. The long axes of
many gold-bear ing zones in the area are par al lel to L2, and
extensional veins re lated to many gold de pos its in the area
are ap prox i mately or thogo nal to L2. Lo cally de vel oped,
late, north- to northeast-trending crenulation cleavage and
kink bands reflect late, retrograde, low-strain events.

Struc tur ally late north erly to north-north east erly trending,
right-lat eral (dextral) faults oc cur through out the CGD, ex -
tend ing across and off set ting lithological con tacts, in clud -
ing ma jor thrust sur faces as so ci ated with terrane bound -
aries. These faults have a pro tracted struc tural his tory,
lo cally dis play ing early semi-brit tle fab rics, with wide -
spread later brit tle dis place ments along clay gouge seams.
These struc tures are com monly spa tially as so ci ated with
late gold-bear ing quartz veins that are widespread through -
out the district.

Lode Gold Deposits in the Barkerville Terrane

Most his tor i cal gold ex plo ra tion and placer and lode-gold
pro duc tion in the CGD has been from lo cal i ties within the
Barkerville terrane. Known lode-gold oc cur rences are
most abun dant over an ap prox i mately 50 km strike length

from Cariboo Lake in the south east to sev eral kilo metres
north west of Wells (Fig ure 1). Most placer-gold de pos its in
the area are spa tially as so ci ated with por tions of the
Barkerville terrane that are known to con tain lode-gold oc -
cur rences, sug gest ing that much of the placer gold is lo cally 
sourced (this is dis cussed in more de tail by Mortensen and
Chap man, 2010, and Chap man and Mortensen, 2011).
Known lode-gold min er al iza tion ap pears to be con fined to
rocks of sub-bi o tite grade (Fig ure 1), sug gest ing that the as -
so ci ated vein sys tems may be pref er en tially lo cal ized in
lower greenschist-grade rocks (Struik, 1988).

Wells-Barkerville camp

The Wells-Barkerville camp (Fig ure 1) was the source of
nearly all his tor i cal lode-gold pro duc tion and much of the
placer pro duc tion from the CGD (Hall, 1999). An es ti -
mated 38.3 tonnes (1.2 mil lion ounces) of gold in the camp
came from the Cariboo Gold Quartz (MINFILE 093H  019,
BC Geo log i cal Sur vey, 2010), Is land Moun tain (MINFILE
093H  019) and Mos quito Creek (MINFILE 093H  025)
mines in the Wells-Barkerville camp. Gold min er al iza tion
in the area in cludes both py ritic re place ment bod ies and
veins. The na ture and struc tural con trols on gold min er al -
iza tion in the Wells-Barkerville camp are dis cussed in
detail by Rhys et al. (2009).

Ap prox i mately one-third of the lode-gold pro duc tion from
the Wells-Barkerville camp was from re place ment min er al -
iza tion (Ray et al., 2001), which oc curs as mul ti ple small
(500–40 000 tonnes), manto-like, folded, north west-plung -
ing, rod-shaped bod ies of mas sive, fine-grained py rite >
(Fe-car bon ate + quartz) that re place lime stone bands. Re -
place ment style ore shoots in the Is land Moun tain and Mos -
quito Creek mines are spa tially as so ci ated with hinge zones 
of mesoscopic D2 folds. Min er al iza tion is com monly
banded, with al ter nat ing py rite- and car bon ate-dom i nant
bands. High est Au grades are as so ci ated with fine-grained
py rite within which Au oc curs as grains along crys tal
bound aries and frac tures. Re place ment min er al iza tion also
oc curs in the Bo nanza Ledge Zone south of Wells (MIN -
FILE 093H  140; Fig ure 1), where it re places thinly bedded
meta-clastic rocks rather than limestone.

At least two stages of quartz vein ing oc cur in the Wells-
Barkerville camp, in clud ing early poorly min er al ized and
de formed veins, which are cut by later gold-bear ing, late
tec tonic quartz-car bon ate-py rite veins. The early veins
con tain only back ground or low (<2 g/t) gold con cen tra -
tions. The youn ger, main-stage quartz veins, as so ci ated
with gold min er al iza tion, are struc tur ally late and post-date
all D1 and much or all D2 strain in the re gion. They have
been the source of ap prox i mately two-thirds of the lode-
gold pro duc tion in the Wells-Barkerville camp (Hall,
1999). The au rif er ous veins form com plex vein ar rays at
two or more ori en ta tions (Suther land-Brown, 1957; Skerl,
1948). Veins con sist of white quartz+py rite with Fe-car -
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bon ate±mus co vite selvages. Schee lite and fuch site are lo -
cal ac ces sory min er als, and na tive gold oc curs in as so ci a -
tion with py rite, and lo cally cosalite and bis muthi nite
(Skerl, 1948). Where the quartz veins oc cur to gether with
re place ment style mineralization, the veins typically cut
across it.

The re la tion ship be tween the re place ment and vein styles
of min er al iza tion in the Wells-Barkerville area has long
been a topic of de bate (e.g., Ben e dict, 1945; Rob ert and
Tay lor, 1989, Ray et al., 2001). The close spa tial as so ci a -
tion of the two styles of min er al iza tion in a sin gle, north -
west-plung ing min er al iz ing sys tem could be in ter preted in
three dif fer ent ways: 1) a ge netic link, rep re sent ing dif fer -
ent prod ucts of a sin gle, long-lived, syn-meta mor phic and
syn- deformational min er al iz ing event; 2) vein min er al iza -
tion be ing remobilized from older Au-en riched re place -
ment ores; or 3) two un re lated min er al iz ing events with
com mon struc tural con trols. In suf fi cient ev i dence is avail -
able to re solve this de bate; how ever, dat ing re sults dis -
cussed be low dem on strate that the two styles of min er al iza -
tion formed over a relatively short time interval, and thus
could be related.

Cunningham Creek Area

South east of the Wells-Barkerville camp, vein show ings
ex tend dis con tin u ously over a 40 km strike length to Cari -
boo Lake (Fig ure 1), and are as so ci ated with sig nif i cant
placer-gold pro duc ing drainages such as Cunningham,
Keithley, Ant ler and Grouse creeks (Schiarizza, 2004).

Lode-gold min er al iza tion along Cunningham Creek (Fig -
ure 1) oc curs mainly in sets of struc tur ally late quartz-sul -
phide veins that are sim i lar in style to those in the Wells-
Barkerville camp. Au rif er ous quartz veins com monly in -
clude coarse-grained py rite-ar seno py rite and mi nor ga lena
and sphalerite fill. Far ther to the south, pros pects in clud ing
Skarn (Sil ver Mine), Penny Creek, and Cariboo Hud son
(MINFILE 093A  071) oc cur as north erly to north-north -
west erly trending, dis cor dant and steeply dip ping fault-fill
veins (Delancey, 1988; Termuende, 1990). These veins
con tain abun dant ga lena, sphalerite, py rite, tetrahedrite and 
ar seno py rite. The veins in this area are much more Ag-rich
than those to the north west. The Cunningham Creek area
veins dis play sim i lar tim ing re la tion ships to re gional fab -
rics as main-stage gold-bear ing quartz veins in the Wells-
Barkerville camp. The veins post-date all D1 and most or all
D2 strain, and are associated with northerly trending, dex -
tral faults.

Geological Setting and Gold Mineralization in
Quesnel Terrane Metasedimentary Units

The Span ish Moun tain de posit (MINFILE 093A  043), held 
by Skygold Ven tures Ltd., and the Frasergold de posit
(MINFILE 093A  150), cur rently held by Eu reka Re sour -
ces Inc., are two sig nif i cant gold de pos its that have been

dis cov ered within lower greenschist-grade metasediment -
ary units in the lower part of the Quesnel terrane (Figure 1).

Spanish Mountain

The Span ish Moun tain de posit (MINFILE 093A  043) is
hosted by the black phyllite pack age of the Quesnel terrane, 
in clud ing interbedded slaty to phyllitic, dark grey to black
siltstone, car bo na ceous mudstone, greywacke, and mi nor
con glom er ate. The main host for gold min er al iza tion is car -
bo na ceous phyllite and argillite. The sed i men tary units at
Span ish Moun tain are in truded by plagioclase±quartz±
hornblende sills and lo cally dikes, which range in thick ness 
from a few tens of centi metres to as much as 100 m thick.
These sills are af fected by all phases of fold ing, al ter ation
and quartz vein min er al iza tion, and have given Early Ju ras -
sic U-Pb zircon ages (Rhys et al., 2009).

The Span ish Moun tain de posit is a bulk ton nage gold sys -
tem that also in cludes lo cal higher grade gold-bear ing
quartz veins (Peatfield et al., 2009). The most eco nom i cally 
sig nif i cant gold min er al iza tion (>1 g/t Au) oc curs in wide
zones (10–135 m), hosted mainly within the black argillite
unit as a set of stacked, roughly lensoid bod ies. The larg est
zone iden ti fied thus far is the ‘Main Zone’, which has been
traced by drill ing over a strike length of ap prox i mately
1.3 km, and width of 500 m (Peatfield et al., 2009). At least
two pe ri ods of min er al iza tion are rec og nized within these
min er al ized zones at Span ish Moun tain; an ear lier phase of
dis sem i nated py rite and py rite-quartz veinlets, and a later
phase of fault-re lated quartz vein ing. These later veins and
vein-faults re sem ble the dom i nant, late vein-re lated gold
min er al iza tion style in the Barkerville terrane. They cut the
folded early quartz-py rite veins and may con tain mi nor py -
rite, ga lena, sphalerite and tetrahedrite. The high est gold
grades in the Span ish Moun tain de posit are typ i cally as so -
ci ated with quartz veins, par tic u larly in as so ci a tion with
min er al ized faults. The as so ci a tion of steeply dip ping,
north east-trending ex ten sion veins with the faults in the
Span ish Moun tain area, and the struc tur ally late tim ing of
vein ing (late to post-D2), is sim i lar to that ob served in the
Barkerville terrane, sug gest ing a pos si ble structural and
temporal link between gold mineralization in the two areas
(Rhys et al., 2009).

Frasergold

The Frasergold prop erty (MINFILE 093A  150) is lo cated
ap prox i mately 60 km south east of Span ish Moun tain and
cov ers an ~10 km long, north west-trending area of min er al -
ized pros pects along the north east limb of the Eu reka Peak
syncline (Fig ure 1). Anom a lous gold zones on the prop erty
were de fined by drill ing and soil sam pling. Min er al iza tion
at Frasergold is hosted by the same gen eral se quence of
Mid dle to Late Tri as sic metasedimentary rocks that oc cur
at Span ish Moun tain, con sist ing of a fine-grained turbidite
se quence that is dom i nated by black car bo na ceous phyllite
with lo cal thin interbeds of metasiltstone, and more rarely,
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fine-grained metasandstone. Un like Span ish Moun tain,
how ever, in tru sive rocks ap pear to be absent from the
section at Frasergold.

Gold min er al iza tion at Frasergold oc curs within, or is spa -
tially as so ci ated with, stratabound sets of white quartz
veins con tain ing lesser amounts of Fe-car bon ate+mus co -
vite+py rite that are de vel oped within ‘knot ted’, Fe-car bon -
ate porphyroblastic, car bo na ceous phyllite. The veins form
com plex sets that are de vel oped in con cen trated zones sev -
eral metres to tens of metres wide, which col lec tively dip to
the south west and form a bulk ton nage low-grade gold de -
posit. An in ferred his tor i cal re source (non NI 43-101 com -
pli ant) of 6.6 mil lion tonnes grad ing 1.6 g/t (0.055 oz/t)
gold to depths of 100 m and over a 3 km strike length has
been reported (Goodall and Campbell, 2007).

Un like gold-bear ing quartz veins in the Barkerville terrane
and at Span ish Moun tain, those within min er al ized zones at 
Frasergold formed struc tur ally early in the tec tonic evo lu -
tion of the area. The veins have been af fected by both D1

and D2 strain, and are com monly trans posed and boudin -
aged, lo cally with the de vel op ment of in ter nal S1-par al lel
seri cite sty lo lites. The veins are af fected by F2 folds. Fe-
car bon ate typ i cally oc curs as clots, bands and selvages on
veins, which con tain dis sem i nated py rite±pyrrhotite with
lo cally trace amounts of chal co py rite, sphalerite and ga -
lena. Struc tur ally late quartz ex ten sion veins and shear
veins, as seen in the Barkerville lode-gold de pos its and at
Span ish Mountain, have not been observed at Frasergold.

Sev eral other gold oc cur rences that are sim i lar in style to
that at Frasergold, in clud ing the Kusk oc cur rence (MIN -
FILE 093A  061; Belik, 1988) and the Forks oc cur rence
(MINFILE 093A  092; Howard, 1989), oc cur ap prox i -
mately 4 km along strike to the south east and 20 km north -
west of the Frasergold de posit, within the same belt of Tri -
as sic phyllite. Col lec tively, these oc cur rences and the
Frasergold de posit de fine a min er al ized cor ri dor that is
nearly 35 km long.

New Analytical Results and Interpretation

40Ar/39Ar Geochronology

A to tal of 13 40Ar/39Ar ages were re ported by Rhys et al.
(2009) for meta mor phic and hy dro ther mal white mica from 
the Wells-Barkerville area. In Ta ble 1 be low the au thors
pres ent an ad di tional 14 40Ar/39Ar ages from the study area,
in clud ing more re sults from gold oc cur rences in the
Barkerville terrane to gether with ages from the Span ish
Moun tain and Frasergold de pos its. The re sults are com -
piled along with the pre vi ous results in Figure 2.

The 40Ar/39Ar ages ob tained for meta mor phic and hy dro -
ther mal micas from the CGD dur ing this pro ject (Fig ure 2)
range from Late Ju ras sic to Early Cre ta ceous. Rhys et al.

(2009) ar gued that since the tem per a tures of re gional meta -
mor phism in di cated by meta mor phic min eral as sem blages
in the min er al ized por tions of the Barkerville terrane are
rel a tively low, mus co vite ages from the syn- to mainly post-
meta mor phic gold lodes prob a bly re flect the age of for ma -
tion of the veins rather than post-meta mor phic cool ing
ages. Two early (pre-min eral), de formed quartz-py rite
veins in the Wells-Barkerville camp give con sis tent ages of
156–153 Ma. Micas in re place ment-type ore and in late,
gold-bear ing extensional veins in the Wells-Barkerville
camp, and else where in the Barkerville terrane, range in age 
from 148–135 Ma, with no ob vi ous cor re la tion be tween
age geo graphic lo ca tion, or style or com po si tion of min er -
al iza tion. The ages gen er ally over lap with ages for meta -
mor phic micas in the Wells-Barkerville camp, al though it is 
un cer tain which of these meta mor phic sam ples, if any, may
have been af fected and po ten tially dis turbed by hy dro ther -
mal ac tiv ity re lated to the gold min er al iza tion. Taken at
face value the data sug gest that the mineralizing event in the 
Barkerville terrane was protracted, lasting at least 13 m.y.

Micas from var i ous gold-bear ing quartz veins in the Span -
ish Moun tain area are sub stan tially older than those from
within the Barkerville terrane, rang ing from 160–152 Ma.
Rhys et al. (2009) had spec u lated, based on struc tural ar gu -
ments, that struc tur ally late gold-bear ing extensional veins
at Span ish Moun tain were the same age as sim i lar veins in
the Barkerville terrane; how ever, the 40Ar/39Ar dat ing re -
sults in di cate that this is not the case.

The age of for ma tion of gold-bear ing veins at the Fraser -
gold de posit is still un cer tain. Micas from four sam ples of
gold-bear ing vein ma te rial at Frasergold were dated us ing
40Ar/39Ar meth ods. One sam ple yielded ages of 147 and
143 Ma (an a lyzed in du pli cate), whereas three other sam -
ples gave con sid er ably youn ger ages rang ing from 129 to
122 Ma (Fig ure 2). The micas were all from veins that were
strongly de formed and boudinaged, there fore, it is likely
that the 40Ar/39Ar sys tem at ics would have been dis turbed
and pos si bly com pletely re set dur ing that de for ma tion. It is
un likely, there fore, that the ages re flect the ac tual time of
for ma tion of the gold-bear ing veins. It is prob a ble that even 
the old est ages ob tained from Frasergold (147–143 Ma) re -
flect the tim ing of su per im posed de for ma tion of pre-ex ist -
ing veins rather than the age of vein formation.

Mus co vite from a sul phide-bear ing quartz vein (not known
to con tain gold) from within the Eu reka thrust zone, east of
the Frasergold de posit, gave the youn gest age in the en tire
study, at 110.8 ±1.2 Ma. This vein was undeformed, and
thus the age may give the ac tual tim ing of vein for ma tion.
There is in suf fi cient in for ma tion on the tim ing of de for ma -
tion in this area to be able to re late this vein ing event to spe -
cific phases of regional tectonism.
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Pb-Isotopic Studies

A to tal of 74 Pb-iso to pic anal y ses are avail able from gold-
bear ing re place ments and veins in the CGD, in clud ing 57
anal y ses that were done as part of this study. These data are
shown in 207Pb/204Pb ver sus 206Pb/204Pb and 207Pb/206Pb ver -
sus 208Pb/206Pb di a grams in Fig ure 3. Also shown for ref er -
ence is the ‘shale curve’ of Godwin and Sinclair (1982),
which mod els the av er age growth of Pb-iso to pic com po si -
tions in the North Amer i can miogeocline and as so ci ated
pericratonic ter ranes (in clud ing the Barkerville terrane) of
the north ern Cor dil lera (Mortensen et al., 2006).

Lead anal y ses from the Barkerville terrane sam ples lie on
or above the shale curve in 207Pb/204Pb ver sus 206Pb/204Pb
space (Fig ure 3A), sug gest ing that the Pb (and pre sum ably
Au) in these oc cur rences was ex tracted from rocks of North 
Amer i can af fin ity, or more likely from the Barkerville
terrane it self. Lead in sulphides in the Frasergold de posit,
which is hosted in the black phyllite of the Quesnel terrane,
is sub stan tially less ra dio genic, which is con sis tent with the 
Pb hav ing been de rived at least in part from a some what
more ju ve nile source such as Quesnel terrane ig ne ous rocks 

(as in di cated by the field of ig ne ous lead com po si tions from 
the Nicola arc from Breitsprecher et al., 2008). Lead anal y -
ses from the Span ish Moun tain de posit, also hosted in the
black phyllite unit, form an ar ray that ex tends from the
Frasergold clus ter to sig nif i cantly more ra dio genic val ues,
over lap ping in part with anal y ses from the Barkerville
terrane. This sug gests a mixed source for the con tained Pb.
The Quesnel terrane is in ter preted to be a con ti nen tal-mar -
gin arc that was prob a bly built on a thinned and ex tended
west ern mar gin of the Barkerville terrane. Thus, a com po -
nent of Pb in Span ish Moun tain veins could be de rived
from Barkerville terrane units that struc tur ally un der lie the
Quesnel terrane in this area (be neath the Eu reka thrust).
Ferri and Fried man (pers. comm., 2009), how ever, have ob -
tained abun dant Pre cam brian de tri tal zir cons from a sam ple 
of con glom er ate within the black phyllite unit, sug gest ing
that this sed i men tary unit was de rived from ero sion of con -
ti nen tal rocks (prob a bly the Barkerville terrane). Thus Pb
de rived from the black phyllite unit it self would be ex -
pected to have a mixed sig na ture, in clud ing more ra dio -
genic com po nents from the Barkerville terrane and pos s i -
bly a less radiogenic component related to the arc magmas
(Figure 3B).
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Table 1. Summary of new 40Ar/39Ar dating results from Cariboo gold district, east-central British Columbia.



Re sults of the Pb-iso to pic study are in ter preted to in di cate
that most of the Pb and other con tained met als in gold-bear -
ing de pos its and oc cur rences in the CGD were de rived ei -
ther from the im me di ate host rocks for the oc cur rences or
from rock units that im me di ately un der lie them. A rel a -
tively lo cal source for the met als in the CGD de pos its dif -
fers from mod els that have been pro posed for other large
orogenic gold sys tems (e.g., the Otago schist belt in South
Is land, New Zea land; Mortensen et al., 2010), in which
met als are in ter preted to have been de rived from very large
vol umes of rock dur ing prograde greenschist- to am phi b o -
lite-fa cies metamorphism.

Igneous Geochemistry of Intrusive Rocks

The na ture and or i gin of the in tru sive sills and dikes in the
Span ish Moun tain area are in ter est ing, in view of their
close spa tial re la tion ship with gold min er al iza tion. Rhys et
al. (2009) re ported Early Ju ras sic U-Pb zir con crys tal li za -
tion ages for three of these bod ies rang ing from 185.6 ±1.5
to 187 ±0.8 Ma. These in tru sions are typ i cally fine- to me -
dium-grained and equigranular to sparsely plagioclase-

phyric, and have been strongly over printed by hy dro ther -
mal al ter ation. An un usual fea ture of many of the bod ies is
the pres ence of lo cally abun dant chro mite grains of pre -
sum ably xenocrystic or i gin, as well as small rounded mafic
to ultra mafic xe no liths. Both the chro mite grains and
mafic/ultra mafic xe no liths are typ i cally rimmed by Cr-
mica (fuch site), the pres ence of which was ini tially in ter -
preted to in di cate a mafic or pos si bly ultra mafic com po si -
tion for the sills. Ma jor, trace and rare earth el e ment anal y -
ses have been car ried out on six sam ples of in tru sions from
through out the Span ish Moun tain area, and the data are
plot ted on discriminant plots in Fig ure 4. The re sults show
that most of the sam ples are in ter me di ate in com po si tion
(diorite, monzonite and monzodiorite; Fig ure 4A) ex cept
for one anal y sis, which yields a much more mafic com po si -
tion, pos si bly due to the pres ence of abun dant mafic
xenolithic and xenocrystic material. All of the sam ple
compositions fall in the volcanic arc field in Fig ure 4B.

The Span ish Moun tain sills and dikes are the only Early Ju -
ras sic bod ies that have been rec og nized thus far in trud ing
the black phyllite unit of the Quesnel terrane. Rhys et al.
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Fig ure 2. Com pi la tion of all 40Ar/39Ar dat ing re sults from the Cariboo gold dis trict, east-cen tral Brit ish Co lum bia. Ab bre vi -
a tion: ms, mus co vite.



(2009) sug gested that the lo cally ir reg u lar con tacts of these
sills, and brecciation on their finer-grained mar gins that
may rep re sent peperitic tex tures, in di cate that the in tru -
sions were emplaced into wet, un con sol i dated sed i ments. If 
cor rect, this would re quire that the protolith of the black
phyllite in the Span ish Moun tain area is ac tu ally Early Ju -
ras sic in age, rather than Mid dle or Late Tri as sic as has pre -
vi ously been pro posed (e.g., Panteleyev et al., 1996). There 
are no fos sil ages from the black phyllite pack age in the

Span ish Moun tain area, and it is in struc tural con tact with
the over ly ing Late Tri as sic vol ca nic se quence; hence, the
depositional age of the black phyllite in this area is pres -
ently unconstrained.

The sig nif i cance, if any, of the Early Ju ras sic in tru sions at
Span ish Moun tain and ap par ent spa tial as so ci a tion with
gold min er al iza tion is un cer tain. Al though Early Me so zoic
in tru sions are rel a tively wide spread in this part of the cen -
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Fig ure 3. Lead iso to pic com po si tions of gold-bear ing veins and re place ments from
the Cariboo gold dis trict, east-cen tral Brit ish Co lum bia. The ‘shale curve’ of Godwin
and Sinclair (1982) is shown for ref er ence. The dashed out line in A) shows the field
for Pb-iso to pic com po si tions of Nicola arc in tru sive and vol ca nic rocks from
Breitsprecher et al. (2008). Solid sym bols rep re sent anal y ses done as part of this
study and open sym bols are anal y ses from Godwin et al. (1988).



tral Quesnel terrane (e.g., Lo gan et al., 2007), no other in -
tru sions of this par tic u lar age range have been rec og nized
thus far. The 40Ar/39Ar dat ing re sults for the Span ish Moun -
tain veins in di cate that the min er al iza tion is at least 35 m.y.
youn ger than the in tru sions; hence, there can be no di rect
ge netic re la tion ship between the intrusions and min er al iza -
tion.

Discussion and Ongoing Work

Re sults of struc tural anal y sis car ried out dur ing this study
have es tab lished the main struc tural con trols on orogenic
gold min er al iza tion in the Wells-Barkerville and
Cunningham Creek ar eas in the Barkerville terrane, and the
Span ish Moun tain and Frasergold ar eas in the Quesnel
terrane. The struc tural study sug gested that the min er al iza -
tion in the Barkerville terrane and at Span ish Moun tain
were of roughly the same age (late- and post-D2), and that
Frasergold was some what older (pre-D1). This in ter pre ta -
tion was based on the as sump tion that D1 and D2 de for ma -
tion oc curred at ap prox i mately the same time at dif fer ent
struc tural lev els in the CGD. Our new 40Ar/39Ar age data,
how ever, in di cate this as sump tion is in cor rect. Gold min er -
al iza tion at Frasergold is pres ently only con strained to be
>148 Ma, and there fore may be the old est min er al iza tion in
the belt. How ever, vein-style min er al iza tion in the struc tur -
ally deeper Barkerville terrane is mostly youn ger than that
in struc tur ally higher rock units at Span ish Moun tain (148–
135 Ma in the Barkerville terrane compared to 161–150 Ma 
at Spanish Mountain).

Lead iso to pic stud ies of gold min er al iza tion in the CGD in -
di cate that met als in the var i ous gold de pos its and oc cur -
rences were mostly de rived from lo cal host rocks, and were
prob a bly not brought in dur ing an in flux of min er al iz ing
flu ids gen er ated at great depth, as has been sug gested for
many other orogenic gold sys tems in the world (e.g.,

Goldfarb et al., 2005; Mortensen et al., 2010). In the
Barkerville terrane, gold-bear ing veins and re place ment
oc cur in lower greenschist-fa cies host rocks, and ap pear to
be ab sent within higher meta mor phic-grade (am phi bo lite
fa cies) rock units (Fig ure 1). It is there fore pos si ble that the
met als and flu ids were mo bi lized from Barkerville terrane
as sem blages at rel a tively shal low depths be low the gold-
bear ing por tion of the terrane dur ing prograde greenschist-
to am phi bo lite-fa cies meta mor phism. The source of flu ids
and met als that gen er ated gold-bear ing veins in the black
phyllite unit of the Quesnel terrane is more prob lem at i cal,
since Pb iso topes sug gest that the met als (and pre sum ably
flu ids) were de rived from the phyllite unit, but this unit no -
where ex pe r i enced meta mor phism above mid dle
greenschist fa cies, at least at the pres ent level of ex po sure.
Thus prograde de hy dra tion re ac tions do not ap pear to be a
vi a ble mech a nism for mo bi liz ing fluid (and met als) from
the black phyllite units. Sim i larly, de spite the ap par ent spa -
tial as so ci a tion be tween the Early Ju ras sic in tru sions and
gold min er al iza tion in the Span ish Moun tain area, the in -
tru sive rocks can not be ge net i cally re lated to the min er al -
iza tion be cause, 1) the gold min er al iza tion formed ca. 25–
30 m.y. af ter the in tru sions were emplaced, and 2) there are
no in tru sions known in the vi cin ity of the Frasergold de -
posit or other sim i lar gold oc cur rences in the Quesnel
terrane. The reason for the localization of gold min er al iza -
tion in particular areas within the Quesnel terrane,
therefore, remains uncertain.

The au thors are con tin u ing work on two main lines of in -
ves ti ga tion within the CGD. First, at tempts are be ing made
to iden tify min eral phases such as monazite or xeno time
that formed dur ing hy dro ther mal ac tiv ity in the var i ous
gold zones and are ame na ble to dat ing us ing U-Pb meth ods, 
but have sub stan tially higher clo sure tem per a tures than that 
of the 40Ar/39Ar sys tem in mus co vite (~350ºC). Such
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Fig ure 4. Com po si tions of Early Ju ras sic in tru sions in the Span ish Moun tain area, east-cen tral Brit ish Co lum bia. Fields in A) are from Le
Bas et al. (1986) and those in B) are from Pearce et al. (1984).



phases, if pres ent, should re cord the age of the hy dro ther -
mal ac tiv ity with no pos si bil ity of later ther mal over print -
ing and re set ting. Sec ond, a fluid chem is try study of gold-
bear ing veins from through out the CGD, will be con ducted
us ing an ex ten sive suite of sam ples that were collected for
this purpose during the 2008 field season.
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Introduction

This pa per de scribes the re sults of a pro ject de signed to
eval u ate the use of microchemistry of placer-gold grains
(al loy com po si tions plus opaque in clu sion suite) as an ex -
plo ra tion tool in the Cariboo gold dis trict (CGD) in east-
cen tral Brit ish Co lum bia. Field work was com pleted in July
2009 and the anal y sis of gold grains was com pleted in late
2009. Some ear lier re sults of the work have been dis cussed
pre vi ously by Mortensen and Chapman (2010).

The ge ol ogy and gold min er al iza tion of the study area was
sum ma rized by Mortensen and Chap man (2010) and
orogenic gold min er al iza tion through out the CGD has been 
de scribed in more de tail by Rhys et al. (2009) and
Mortensen et al. (2011). These stud ies pro vide a geo log i cal
frame work within which to un der take a de tailed study of
placer gold in drainages within the CGD. Mortensen and
Chap man (2010) pro vided the ra tio nale for the placer-gold
study based on a re-eval u a tion of gold compositional data
orig i nally pre sented by McTaggart and Knight (1993), en -
hanced by new in for ma tion de scrib ing the suite of opaque
min er als pres ent in each sam ple set. In this pa per, we pres -
ent the com plete an a lyt i cal re sults and in ter pre ta tion re lat -
ing to the new sample suites collected during the study.

Experimental Methods

A to tal of 1330 placer grains from 25 placer lo cal i ties have
been an a lyzed dur ing this phase of the study (Fig ure 1, Ta -
ble 1). The tech niques used to col lect sam ples in the field
were de scribed by Mortensen and Chap man (2010). Anal y -
sis of gold grains was un der taken ac cord ing to the meth od -
ol ogy of Chap man et al. (2010a) and in volved iden ti fy ing
opaque min eral in clu sions us ing scan ning elec tron mi cros -
copy and the de ter mi na tion of the al loy com po si tion us ing
an elec tron microprobe. In some cases, gold grains from a
sin gle lo cal ity were sub di vided ac cord ing to mor phol ogy

and tex ture (e.g., rough, im ply ing rel a tively short trans port
dis tances ver sus smooth and/or flaky, im ply ing lon ger
trans port dis tances) prior to mount ing the grains for anal y -
sis in an at tempt to cor re late compositional data with
inferred transport distance from the source.

Presentation of Data

Char ac ter iza tion of the sig na tures of gold grain pop u la tions 
is based on the al loy com po si tion and in clu sion as sem -
blages of the gold par ti cles. The al loy com po si tions are rep -
re sented by cu mu la tive per cen tile ver sus in creas ing Ag
plots in Fig ure 2. This ap proach makes it pos si ble to di -
rectly com pare pop u la tions with dif fer ent num bers of
grains. Suites of min eral in clu sions are rep re sented us ing
ter nary di a grams with axes se lected to high light the dif fer -
ences in min er al ogy (e.g., Fig ure 3). The num bers of grains
in a pop u la tion con tain ing a spe cific in clu sion are re corded
and these data are com bined ac cord ing to ap pro pri ate cri te -
ria, which may be mineral class or the presence of a spe c ific
mineral.

Results and Discussion

General Comments on Gold-Grain Signatures

The ma jor ity of gold grains an a lyzed from the CGD are
sim ple bi nary Au-Ag al loys. The pop u la tions of rel a tively
high-Ag grains from the Dragon Creek area west of Wells
(Fig ure 4) also con tained some grains with Hg above the
de tec tion limit (0.065% at The Uni ver sity of Brit ish Co -
lum bia [UBC]; 0.03% at the Uni ver sity of Leeds). No
grains con tained Cu above the de tec tion limit (~0.025% at
UBC); there fore, this el e ment is not con sid ered fur ther in
this pa per. In gen eral, the abun dance of opaque in clu sions
within the pol ished grain sec tions was very low. The ex cep -
tion to this is the low-Ag gold grains from the Wells area, in
which in clu sions of Ni- and Co-bear ing sulpharsenides,
base-metal sulphides and Bi-bear ing min er als were mod er -
ately abun dant. The gen eral scar city of in clu sions in pop u -
la tions from other ar eas has pre cluded the usual ap proach
in volv ing semiquantitative anal y ses of in clu sion as sem -
blages; how ever, in some cases it has been pos si ble to com -
bine datasets to provide additional information to char ac -
ter ize gold grain types.
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Fig ure 1. Re gional ge ol ogy of the study area in east-cen tral Brit ish Co lum bia, show ing lo ca tions of the Cariboo gold
dis trict (dot ted black line), sig nif i cant known lode-gold and cop per-gold de pos its (crossed rock ham mer sym bols) and 
sig nif i cant placer streams (red lines).

Locality Easting Northing No.  grains Notes on abundance and size of grains

Dragon Creek 583016 5885903 12 Gold very scarce in stream bed

Montgomery Creek 583950 5885450 3 Gold extremely scarce in current stream bed

Antler Creek (upper) 606398 5870152 48 Gold moderately abundant in bedrock cracks

Antler Creek (lower) 606750 5871205 91 Good site in bedrock; gold grains up to 2 mm

Beggs Gulch 606300 5875500 71 Heavily worked area, lots of outcrop, gold rare and very small; 
recovered from gravel at exit of road culvert

Peter Gulch 611129 5863278 27 Fine and rough gold in bedrock; gold grains very rare 

Cunningham Creek at Trehouse 610500 5865900 66 Fine grains in gravel; not very abundant 

Chisholm Creek (upper) 586874 5878438 96 Gold plentiful in established bar

Chisholm Creek (lower) 586791 5878197 118 Gold grains up to 3 mm under boulders

Perkins Gulch 587655 5876715 32 Gold scarce in gravel bar

Amador Creek 588853 5876180 73 Gold from a ford in the stream� valley not heavily worked; gold 
abundant 

Moustique Creek 569250 5873350 167 Bedrock cracks in the gorge plus donated samples; gold grains up to 5 
mm

Burns Creek 590031 5881840 53 Grains moderately abundant in established bar

Devlin Bench 600162 5883208 8 Gold grains rare� bench already stripped to remove top 0.5 m of 
bedrock

Williams Creek 59983 5881613 54 Gold grains up to 2 mm moderately abundant in gravel on bedrock

Lowhee Creek 596500 5883750 103 Gold grains up to 4 mm moderately abundant in gravel on bedrock 

Pleasant Valley Creek 606050 5879000 1 New river course; bedrock present but only one grain 

Baldhead Creek 574196 5883884 16 Flaky grains up to 3 mm in upper hydraulic pit  

Hixon Creek 529328 5922040 49 Gold grains abundant and variable in colour and  morphology

Keithley Creek 604183 5849514 95 Flakes up to 3 mm in bedrock traps

Little Snowshoe Creek 604600 5856500 35 Fine gold moderately common in creek bed but apparently absent from 
bench at the side

Morehead Creek (upper) 588292 5825369 0 Gold absent in drainage closest to Mt. Polley

Unnamed, Frasergold 666389 5797008 28 Grains up to 2 mm moderately abundant in gravel

Eureka Brook 664345 5798813 4 Grains rare� inconsistent with historical reports

Mackay River 6601050 5802692 80 Flakes moderately common in gravel on bedrock near bridge

Table 1. Placer-gold sampling localities, east-central British Columbia, July 2009.



The new data pre sented here en hances the dataset of
McTaggart and Knight (1993), which was based largely on
sam ples ob tained from ac tive placer op er a tions in the
CGD. Be cause of the dif fi culty of ac cess ing some
drainages and the scar city of ac tive placer op er a tions in the
study area dur ing the 2009 field work, it has only been pos -
si ble to gen er ate new data in some parts of the study area.
The sec tion be low fo cuses on the ar eas where new re sults
per mit a re fine ment of in ter pre ta tions from the pre vi ous
work (Mortensen and Chapman, 2010).

Reproducibility of Data

Fig ure 2a com pares the Ag con tents of
placer-gold sam ples taken from spe cific
drainages dur ing this study with that ob tained 
by McTaggart and Knight (1993) from the
s a m e  d r a i n a g e s .  I n  m o s t  c a s e s ,  t h e
reproducibility of the data be tween the two
stud ies is very good, in di cat ing that an a lyt i -
cal re sults ob tained in UBC and Uni ver sity of 
Leeds microprobe lab o ra to ries are quite
com pa ra ble. Mi nor dis crep an cies be tween
sam ples are to be ex pected, es pe cially in
cases in which more than one compositional
range is pres ent. In such in stances, it is highly 
l i k e l y  t h a t  t h e  p ro  p o r  t i o n s  o f  e ac h
compositional subpopulation will dif fer
some what from one sam ple to an other.

Fig ure 2b shows the Ag con tents of two placer sam ples col -
lected 0.5 km apart from Chis holm Creek (Fig ure 4) dur ing
this study. The two al loy sig na tures are very sim i lar, show -
ing that the placer pop u la tion is the same at each sam pling
site. In con trast, a de tailed study of gold grains from sev eral 
lo cal i ties and sed i men tary en vi ron ments within Moustique
Creek (Fig ures 4, 5) gen er ated com pletely dif fer ent sig na -
tures within a small geo graphic area. Ta ble 2 pro vides the
de tails of sam ples from Moustique Creek. The sam ples
from the main creek bed were col lected by the au thors and
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Fig ure 2. a) Com par i son of Ag con tents of sam ple pop u la tions as mea sured by McTaggart and Knight (1993) and this study, b) al loy sig na -
ture of two sam ples from Chis holm Creek, east-cen tral Brit ish Co lum bia (this study) taken 0.5 km apart.

Fig ure 3. Ter nary di a gram show ing the com po si tion of in clu sion as sem blages in
gold grains from the Wells-Barkerville area, east-cen tral Brit ish Co lum bia.



the re main ing sam ples were do nated by the claim owner
(D. Steele). Sam ples of gold grains from dif fer ent gravel
ho ri zons were ob tained from the up per and mid dle reaches
of the val ley, where the gravel ma trix cor re lated with vary -
ing mor phol ogy of the gold grains. The gold grains from the 
creek bed were col lected ad ja cent to the his toric hy drau lic
min ing area known as Slade’s Pit, at the mouth of Mous -
tique Creek (Ta ble 2). The sam ples were mounted within
sam ple pucks ac cord ing to mor phol ogy to de ter mine
whether dif fer ent sig na tures were as so ci ated with dif fer ent
grain shapes and, by in fer ence, dif fer ent sources. Fig ure 5b
shows the Ag con tents of the in clu sion as sem blage and var -
i ous sam ple pop u la tions. In clu sions were ex tremely rare in
the sam ples stud ied, but where pres ent, they in di cated a
sim ple min er al ogy of py rite and cal cite. The sig na tures of
gold grains from the creek bed are de picted in Fig ure 5a.
The mor pho log i cal and tex tural dif fer ences cor re spond to
dif fer ent Ag con tents of the subpopulations. All three plots
ex hibit a subpopulation of 5–8% Ag, al though the pro por -
tion of grains with this com po si tion var ies be tween sam -
ples. The shape of the curve de scrib ing the ‘flaky’ pop u la -
tion is much smoother than the cor re spond ing curve for
‘rough’ gold grains. The pop u la tion of ‘dark’ grains ex hib -
ited the low est Ag con tents, but most ex hib ited a rim of Hg
amal gam (in ter preted as a con se quence of mining activity)

surrounding a core that contained no Hg. The reason for the
apparent correlation between Hg contamination and core
alloy composition is unclear.

Sam ples of placer gold from Hixon Creek, Burns Creek and 
Beggs Gulch an a lyzed by McTaggart and Knight (1993)
and this study were not col lected at ex actly the same lo cal -
ity. One ex pla na tion for the slight dis crep an cies be tween
the curves for these placer sam ples il lus trated in Fig ure 2a
is that ad di tions of gold from lo cal lode sources may have
in creased the placer in ven tory be tween sam pling sites. The
vari a tion in al loy sig na tures among dif fer ent sam ples from
Moustique Creek shows that in some cases, the lo cal gold
min er al iza tion may ex hibit a rel a tively wide range of sig na -
tures. In the ab sence of an in flux of gold, how ever, the sig -
na ture should be ex pected to re main con stant, as is the case
with the sam ples from Chis holm Creek (Fig ure 2b). The pres -
ence of the same Ag compositional ranges in subpop -
ulations of gold grains from Burns and Hixon creeks and
Beggs Gulch pro vides con fi dence in the an a lyt i cal pro ce -
dures; con se quently, we con clude that mi nor dif fer ences
be tween plots from dif fer ent sam pling points in the same
drain age re flects pro gres sive mod i fi ca tion of the placer
sig na ture through the ad di tion of gold from dif fer ent lode
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Fig ure 4. Sim pli fied ge ol ogy of the Wells-Barkerville and Cunningham Creek ar eas, east-cen tral Brit ish Co lum -
bia, show ing pre vi ous (McTaggart and Knight, 1993) and new (this study) lode- and placer-gold sam pling lo cal i -
ties. Past-pro duc ing gold mines and sig nif i cant lode oc cur rences in clude Bo nanza Ledge de posit (BL), Cariboo
Gold Quartz mine (CGQ), Cariboo Hud son mine (CH), Is land Moun tain mine (IM) and Mos quito Creek mine (MC).
Spe cific sam ple lo cal i ties re ferred to in the text in clude 1: Beggs Gulch; 2: Ant ler Creek (up per and lower lo cal i -
ties); 3: Wil liams Creek; 4: Lowhee Creek; 5: Cunningham Creek; 6: Pe ter Gulch; 7, 8: Chis holm Creek (up per and
lower); 9: Perkins Gulch; 10: Amador Creek; 11: Burns Creek; 12: Dragon Creek; 13: Eight Mile Lake; 14:
Moustique Creek and 15: Proserpine oc cur rence.



sources. The im pli ca tions of this ob ser va tion for re gional
min er al iza tion are dis cussed in a later sec tion.

Lode-Gold Signatures

Five sam ples of lode gold were col lected dur ing this study.
The lode sam ple from the Span ish Moun tain de posit (Im pe -
rial Pit, MINFILE 093A  043; BC Geo log i cal Sur vey,
2010) near Likely (Fig ure 6) is com pared with other lode
sam ples and a com pos ite placer-gold sam ple from Span ish
Creek in Fig ure 7a. The compositional range of the sam ple
from the Im pe rial Pit (17–27% Ag) en com passes the ranges 
of other smaller lode sam ples from the Span ish Moun tain
area an a lyzed by McTaggart and Knight (1993) and cor re -
lates with the bulk of placer grains from Spanish Creek.

The Ag con tents of lode sam ples from the Mi das adit north
of Yanks Peak (MINFILE 093A  035; Fig ure 6), the
Hibernian oc cur rence on Cunningham Creek (MINFILE
093A  051) and the Bo nanza Ledge zone in the Wells area
(MINFILE 093H  019; Fig ure 4) are pre sented in Fig ure 7b. 
The lode sam ples from Hibernian and Bo nanza Ledge ap -
pear broadly sim i lar to sig na tures of pop u la tions or
subpopulations pre vi ously re ported (Fig ure 7b); how ever,
the gold from the Mi das adit (Fig ure 6) shows a nar row
compositional range that has not been rec og nized else -
where in the CGD.

McTaggart and Knight (1993) an a lyzed very fine grains of
gold that oc cur as thin films and as in clu sions and frac ture

Geoscience BC Re port 2011-1 113

Table 2. Descriptions of samples from Moustique Creek, east-central British Columbia.

Fig ure 5. a) Placer-gold com po si tions from var i ous sites on Moustique Creek, east-cen tral Brit ish Co lum bia, in clud ing sam ples from the
mod ern placer de posit and b) sil ver con tents of other sam ple pop u la tions from the study area, with the curves from Fig ure 5a in cluded for
ref er ence. There is a com mon break in slope at 8% Ag.



fill ings within py rite from py ritic re place ment ore from the
Mos quito Creek mine (MINFILE 093H  010; sam ple ‘497
Mos quito Creek’ in Fig ure 7b), and found that these gold
grains were sig nif i cantly more Ag-rich than most of the
vein-hosted gold in the Wells-Barkerville area. Be cause of
the very fine grain size of this gold, McTaggart and Knight
sug gest that it prob a bly would not have been con cen trated
in placer de pos its in the area and is there fore un likely to be
rec og nized in placer samples.

Placer-Gold Signatures in the Wells-
Barkerville Area

Mortensen and Chap man (2010) com pared the sig na tures
of lode gold to placer gold us ing the data from McTaggart
and Knight (1993). Lode-gold sig na tures were com monly
dis tinc tive, with most sam ples com pris ing one or more sub -
populations, each with a nar row compositional range. In
some cases, how ever, the range of Ag con tents ex hib ited by 
lode sam ples from the same area show a wide vari a tion,

which is con sis tent with the cor re spond ing compositional
vari a tion in placer samples.

Fig ure 8a shows the Ag con tents of sam ples from the Stan -
ley area (Fig ure 4). Gold from Perkins Gulch and Amador
Gulch shows very sim i lar sig na tures that re sem ble but are
not iden ti cal to the gold from Chis holm Creek (lower). The
sim i lar ity be tween the over all sig na tures of gold from the
two sam pling sites on Chis holm Creek has been de scribed
ear lier; how ever, the var ied mor phol ogy of grains within
the pop u la tion from the up per site per mit ted sub di vi sion of
the gold into ‘flaky’ grains and ‘rough’ grains (Fig ure 8b).
The pop u la tion of flaky grains is clearly Ag poor with re -
spect to the rough grains. Al though a few of the rough
grains ex hibit a sim i lar low-Ag com po si tion be low 12.3%
Ag, there is also a high-Ag subpopulation, mostly be tween
17 and 25% Ag. The com po si tion of ‘rough’ grains from
Chis holm Creek re sem bles those of sam ples from Perkins
and Amador gulches, but the low-Ag sig na ture of flaky

114 Geoscience BC Sum mary of Ac tiv i ties 2010

Fig ure 6. Ge ol ogy of the Likely–Cariboo Lake area, east-cen tral Brit ish Co lum bia. Spe cific sam ple lo -
cal i ties re ferred to in the text are 1: Keithley Creek, 2: Lit tle Snow shoe Creek and 3: up per Morehead
Creek.
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Fig ure 7. Al loy com po si tions of placer and lode gold from the Span ish Moun tain area (a) and gold from var i ous lode oc cur rences in the
Wells-Barkerville area (b), east-cen tral Brit ish Co lum bia.

Fig ure 8. Al loy com po si tions of placer gold grains from the Stan ley (a) and Wells-Barkerville (b) ar eas, east-cen tral Brit ish Co lum bia.



gold grains from Chis holm Creek re sem bles that of gold
grains from Burns Creek 3 km to the west (Figure 8b).

Con sid er ation of in clu sion as sem blages ob served within
grains of dif fer ent al loy com po si tions pro vides fur ther in -
for ma tion for the char ac ter iza tion of gold-grain types. Fig -
ure 3 shows the rel a tive pro por tions of grains con tain ing
py rite, Ni- and Co-bear ing sulpharsenides and Bi-bear ing
min er als in pop u la tions of grains in the Stan ley and Wells-
Barkerville ar eas. The in clu sion sig na ture of the low-Ag
pop u la tion from Chis holm Creek is very sim i lar to that of
gold grains from Burns Creek in all re spects; how ever, the
in clu sion suite of the high-Ag gold grains is dom i nated by
py rite, which is also the only in clu sion spe cies ob served in
gold grains from the Perkins and Amador gulches. Fig -
ure 8b shows the al loy com po si tion of gold grains from
Lowhee Creek in the Wells area are very sim i lar to that of
gold grains from Burns Creek. Anal y sis of the in clu sion as -
sem blage of the gold grains from Lowhee Creek (Fig ure 3)
fur ther em pha sizes the sim i lar ity be tween these sig na tures.

A sam ple of gold grains from Wil liams Creek col lected be -
tween Barkerville and Wells (Fig ure 4) yields a mark edly
dif fer ent sig na ture from that of gold grains from Lowhee
Creek 2 km to the north west. The low-Ag gold grains con -
tain ing Bi-bear ing and Co-Ni sulpharsenide in clu sions is
ab sent in the Wil liams Creek sam ple and the pop u la tion is
more Ag-rich than the gold sig na ture from Lowhee Creek.

Gold grains from Wil liams Creek com prise mostly two
compositional pop u la tions: 8.5–11.5% Ag and 19–25.5%
Ag. In clu sions are rare in this sam ple, but a sin gle in clu sion
of ar seno py rite (con tain ing no Ni or Co) was recorded in a
grain containing 19% Ag.

Antler and Cunningham Creeks

McTaggart and Knight (1993) re ported compositional data
for placer gold from Cunningham Creek, as well as Beggs
Gulch and Cal i for nia Creek, both of which are trib u tar ies of 
Ant ler Creek (Fig ure 4). We sought to broaden this sam ple
suite with placer gold from sites on Ant ler and Cunningham 
creeks and Pe ter Creek (a trib u tary of Cunningham Creek).
McTaggart and Knight (1993) had es tab lished that placer
gold from Beggs and Cal i for nia gulches ex hib ited un usu -
ally high Ag con tents. Ad di tional gold grains were col -
lected from Beggs Gulch in an at tempt to es tab lish whether
the dif fer ent al loy com po si tion cor re lated with a different
inclusion suite.

Fig ure 9a shows the Ag con tents of these placer pop u la -
tions. The sam ple from up per Ant ler Creek com prised both
waterworn and rough grains, and the two subpopulations
have been an a lyzed sep a rately. Three main ranges of al loy
com po si tions are pres ent in these pop u la tions of placer-
gold grains iden ti fied by compositional lim its and com mon
breaks in the slope of the plots. These ranges are 5–10%
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Fig ure 9. Gold grain com po si tions from the Ant ler and Cunningham Creek drainages (a) and the Keithley Creek drain age west of Cariboo
Lake (b), east-cen tral Brit ish Co lum bia.



Ag, 13–20% Ag and 20–27% Ag. The sam ple from Cun -
ningham Creek ex hib its all three ranges, whereas the Beggs 
Gulch sam ple com prises only the two high-Ag com po s i -
tions.

In clu sions were scarce in gold grains from these sam ple
sites. In clu sions of py rite and Ca-Mg-Fe car bon ate were
the only in clu sions ob served in gold grains from Cunning -
ham and Pe ter creeks. Gold grains from Ant ler Creek con -
tained these min eral spe cies, but chal co py rite was also ob -
served in one grain of very high (48%) Ag con tent. Two
in clu sions of a Ce-Al phos phate, pos si bly florencite
{CeAl3(OH)6(PO4)2}, were also re corded in these sam ples.
Gold grains from Beggs Gulch re turned a range of in clu -
sions, in clud ing py rite, ar gen tite, sphalerite and (Co-Ni-
Fe) sulpharsenide. In ad di tion, an (Fe-Pb)-S-P-O–bear ing
min eral, pos si bly corkite {FePb(SO4)(PO4)}, was ob -
served. Each of these min er als, how ever, was re corded in
one grain only; there fore, a clear in clu sion sig na ture can not 
be es tab lished. Nev er the less, it ap pears that the min er al ogy
of the Ag-rich gold grains from Beggs Gulch is more com -
plex than the sim ple car bon ate-py rite signature evident
else where in this group of samples.

Keithley and Little Snowshoe Creeks

Fig ure 9b shows the al loy com po si tions of placer-gold pop -
u la tions from Keithley Creek and Lit tle Snow shoe Creek,
west of Cariboo Lake (Fig ure 6). These sig na tures ex hibit

some dif fer ences in rel a tive pro por tions of gold of dif fer ent 
com po si tions, but over all the compositional range is sim i -
lar. The compositional range of gold grains from Lit tle
Snow shoe Creek is also very sim i lar to that of gold grains
from Cunningham Creek. Gold from the Mi das adit on the
north east side of Yanks Peak is a po ten tial source of some
of the gold in Lit tle Snow shoe and Keithley creeks; how -
ever, gold from the Mi das sam ples yields a very nar row
compositional range (Fig ure 9b). It there fore can not rep re -
sent the only lode source for the placer samples.

In clu sions are un com mon in these pop u la tions of placer
grains, but the py rite-Fe-Ca-Mg car bon ate sig na ture ob -
served in gold grains from Cunningham Creek was again
ev i dent. In ad di tion, in clu sions of chal co py rite, ga lena,
sphalerite and ap a tite were ob served in single grains.

Frasergold Area

Mortensen and Chap man (2010) re ported that lode gold
from the Frasergold de posit (MINFILE 093A  150; Fig -
ure 1) typ i cally ex hib its very high (30–34%) Ag con tents.
Fig ure 10 shows that most placer-gold grains re cov ered
from a small un named creek ap prox i mately 1.5 km south -
east of the Frasergold adit dis play very sim i lar al loy com -
po si tions (27–32% Ag). There is, how ever, an ad di tional
smaller sub set of grains within this sam ple that con tain 20–
24% Ag. Roughly half of the grains in the placer-gold sam -
ple from the McKay River, ap prox i mately 7 km down -
stream from the Frasergold de posit (Fig ure 10), cor re spond 
to this high-Ag type, but there is an ad di tional population
containing 6.5–16% Ag.

In clu sions were not ob served in the placer grains from the
un named trib u tary near Frasergold, and they are very
scarce in the larger pop u la tion col lected from the McKay
River. Ga lena was the only opaque in clu sion re corded in
the MacKay River gold grains, but sphene and faya lite were 
also ob served. These in clu sion spe cies have not been pre vi -
ously re ported in stud ies of this type, ei ther in BC or else -
where.

Hixon Creek

McTaggart and Knight (1993) re ported high-Ag con tents in 
placer gold from Hixon Creek (Fig ure 1). Mortensen and
Chap man (2010) sug gested that the atyp i cal al loy sig na ture 
could re flect der i va tion from ei ther epi ther mal min er al iza -
tion as so ci ated with lo cal vol ca nic rocks, or from
Frasergold-type orogenic gold min er al iza tion. It is pos si ble 
to dis crim i nate be tween placer gold de rived from an oro -
genic vein sys tem ver sus gold of epi ther mal or i gin ac cord -
ing to the suite of opaque in clu sions ob served (e.g., Chap -
man and Mortensen, 2008); how ever, no in clu sions were
ob served in the sam ple suite of McTaggart and Knight
(1993). An ad di tional sam ple of placer gold was col lected
from Hixon Creek as part of this study and the al loy com po -
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Fig ure 10. Placer- and lode-gold com po si tions in the Frasergold
area, east-cen tral Brit ish Co lum bia.



si tions (shown in Fig ure 2) cor re spond closely the data gen -
er ated by McTaggart and Knight (1993). An ad di tional
39 grains were screened for in clu sions but only sin gle in -
clu sions of cal cite, py rite and chal co py rite were ob served.
The gold grain sig na ture from Hixon Creek is sim i lar to that 
of gold grains from some other lo cal i ties in the west ern part
of the study area where an orogenic source is pre sumed
(e.g., McKay River and some pop u la tions from Moustique
Creek). No in clu sions sug ges tive of an epi ther mal source
have been ob served but those re corded are broadly com pat -
i ble with the re gional sig na ture. On the ba sis of these ob ser -
va tions, it seems likely that the placer gold in Hixon Creek
is also derived from orogenic mineralization.

Comparison of Placer-Gold Signatures
throughout the Study Area

The low-Ag gold grains that con tain Bi and Ni±Co sulphar -
senides are a dis tinct type of gold grains with a co her ent re -
gional dis tri bu tion in the Wells-Barkerville area. It has
been pre vi ously ob served in lode min er al iza tion at Cow
Moun tain south west of Wells (compositional data from
McTaggart and Knight, 1993 and in clu sion anal y sis from
this study). The pres ence of this gold grain type in the flaky
(trav elled) subpopulation of gold from Chis holm Creek
sug gests a limit to the ex tent of the lode source for this type
be tween Chis holm and Burns creeks (Fig ure 8). Lode min -
er al iza tion in the Chis holm Creek catch ment ap pears to be
more sim i lar to that which con trib uted to the placer de pos -
its in Perkins Gulch and Amador Creek to the south (Fig -
ure 8), on the ba sis of the sig na ture of the high-Ag com po -
nent, which contains only pyrite inclusions.

Gold grains from Wil liams Creek show a dif fer ent sig na -
ture to that from Lowhee Creek (Fig ure 2b). Nei ther of the
main al loy subpopulations in the Wil liams Creek sam ple
matches the Lowhee Creek sig na ture and the in clu sion sig -
na ture does not ex hibit any of the Bi or Ni-Co min er als
com mon in the low-Ag gold-grain type from lo cal i ties im -
me di ately to the west. The high-Ag pop u la tion in the Wil -
liams Creek sam ple, how ever, is very sim i lar to the high-
Ag gold grains in Beggs Gulch, both in terms of compos -
itional range and scarcity of inclusions.

The placer sam ples from Ant ler, Cunningham and Keithley
creeks and their trib u tar ies all show com mon compos -
itional ranges in com po nent subpopulations. The
compositional range of rough gold grains from Pe ter Creek
and a larger sam ple from Cunningham Creek (Fig ure 9a) is
very sim i lar. The pres ence of some un usual in clu sions in
the high-Ag gold grains from Beggs Gulch sug gest a lo cal
in flu ence on ore fluid chem is try, but over all in clu sion data
does not pro vide any use ful discriminants to dis tin guish be -
tween gold pop u la tions or strong in di ca tions of the origins
of the ore fluids.

The sim i lar ity of the sig na ture of gold grains from Lit tle
Snow shoe Creek with that from Cunningham Creek sug -
gests a re lated source for placer gold on ei ther side of the
wa ter shed of Yanks Peak (Fig ure 9b). The small vari a tion
be tween sig na tures of gold grains from Keithley Creek and
Lit tle Snow shoe Creek sug gests an in flux of gold within the 
Keithley Creek catchment.

The high-Ag gold grains re ported in lode sam ples from
Frasergold by Mortensen and Chap man (2010) is the main
com po nent of the placer gold in a nearby creek, but only
half of the grains from a lo cal ity far ther down stream on the
McKay River are of this com po si tion. The or i gins of the
low-Ag pop u la tion in the McKay River sam ple remain
unclear.

The scar city of in clu sions in grains from Hixon Creek sug -
gests a sim i lar ity with many other pop u la tions of gold
grains of orogenic or i gin through out the CGD. Fur ther -
more, the few in clu sion spe cies ob served pro vide no ev i -
dence for a mag matic in flu ence on the mineralizing fluids.

Characterization and Distribution of Gold
Types

Stud ies of placer and lode gold in re gions where mul ti ple
sig na tures are pres ent usu ally ben e fit from clas si fi ca tion of
gold-grain types ac cord ing to microchemical sig na ture.
Pop u la tions of placer gold con tain ing mul ti ple gold-grain
types may be sub se quently de fined in terms of their rel a tive
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Fig ure 11. Placer-lode com par i sons in the Wells-Barkerville area,
east-cen tral Brit ish Co lum bia.



pro por tions. This ap proach has been ap plied here, al though 
the na ture of the var i ous sig na tures pre cludes iden ti fi ca tion 
of many clearly de fin able gold-grain types. Fig ure 11
shows the plots of some lode-gold pop u la tions from the
Wells-Barkerville area rep re sen ta tive of the whole dataset,
with some of the most dis tinc tive sil ver compositional plots 
for placer gold superimposed.

The most dis tinc tive sig na ture is that of the low-Ag gold
grains as so ci ated with the (Co-Ni-Fe) ar se nide-Bi–bear ing
min eral as sem blage (type 1 gold grains). This gold-grain
type is dom i nant in the cen tral part of the Wells-Barkerville
area and to the west in Burns Creek. The sig na ture is iden ti -
cal to that re corded in gold grains from lode sam ples of
Cow Moun tain, im me di ately to the south west of Wells.
Gold from re place ment-style ore at the Mos quito Creek
mine in Wells an a lyzed by McTaggart and Knight (1993)
had higher Ag con tents (14% Ag) than most of the type 1
gold grains; how ever, in clu sions of Pb-Bi sul phide were
iden ti fied dur ing the ex am i na tion of Mos quito Creek gold
in this study.

Most gold grains we have ex am ined in the CGD other than
type 1 are sim ple Au-Ag al loys show ing oc ca sional in clu -
sions of car bon ate, base-metal sulphides and rare sulphar -
senides. The in clu sion sig na tures in sam ples from dif fer ent
lo cal i ties are not suf fi ciently well de fined to per mit iden ti -
fi ca tion of dis tinct gold grain types. Sim i larly, the con tin -
uum of al loy com po si tions pre cludes char ac ter iza tion on
the ba sis of al loy chem is try alone. This gold-grain sig na -
ture (which may ex hibit Ag con tents be tween 1 and 30%
Ag) has con se quently been clas si fied as type 2. We in ter -
pret this sig na ture as in dic a tive of gold de po si tion from
broadly equiv a lent hy dro ther mal sys tems where the vary -
ing Ag con tent in the gold grains is a consequence of local
mineralizing conditions (see discussion below).

De spite the noise in sig na tures at a lo cal level, it is pos si ble
to rec og nize some re gional trends in placer-gold com po si -
tion within the study area. The dis tri bu tion of type 1 gold
grains is geo graph i cally co her ent and the dis tri bu tion area
is sur rounded by lo cal i ties that yield type 2 gold grains.
How ever, a vari a tion on the high-Ag gold grains oc curs in
the vi cin ity of Dragon Creek, where placer-gold grains
con tain up to 7% Hg (McTaggart and Knight, 1993). This
gold-grain type has been designated type 3.

The sam ples with the high est Ag con tents are found at the
east ern, south ern and west ern ex trem i ties of the study area.
In gen eral, the Ag con tents of gold pop u la tions rises with
dis tance from Wells, al though both high-Ag and low-Ag
subpopulations may co ex ist at these lo cal i ties. This ob ser -
va tion raises the pos si bil ity of zonation of al loy com po si -
tions on a re gional scale. Sam ples are scarce north of Wells
but the pres ence of a rel a tively high pro por tion of high-Ag
gold grains from Sum mit Creek near Eight Mile Lake (Fig -

ure 1; McTaggart and Knight, 1993) lends some sup port to
the hy poth e sis of a large, broadly zoned sys tem. The oc cur -
rence of a zone of Hg-rich gold grains also rich in Ag at the
pe riph ery of a larger zone of Ag-rich gold grains has been
pre vi ously re corded in the Klondike Dis trict in west ern Yu -
kon (Chap man et al., 2010a, b). These au thors in ter preted
the pres ence of Hg as in dic a tive of lower-tem per a ture hy -
dro ther mal ac tiv ity emplaced at higher struc tural lev els.
Only the gold sam ple from Dragon Creek in the west ern
part of the Wells-Barkerville area (Fig ure 4) con tains a sig -
nif i cant amount of Hg, which could be con sis tent with
formation at the cooler outer fringe of a zoned hy dro ther -
mal system.

Placer-Lode Gold Relationships and
Implications for Exploration

Comparison of Placer-Lode Compositions

In the Wells area, the dis tinc tive sig na ture of type 1 gold
grains is ev i dent in pop u la tions of placer gold from nearby
drainages. Else where, close re la tion ships are more dif fi cult 
to es tab lish be cause of the vari abil ity of the al loy com po si -
tions be tween ad ja cent lo cal i ties and com monly within
lode-gold pop u la tions from in di vid ual lo cal i ties. Nev er the -
less, in ar eas where com po si tions of lode and placer gold
are avail able, there is sub stan tial over lap (e.g., Span ish
Moun tain, Frasergold). The wider range of com po si tions in 
the placer-gold sam ples may ei ther be a con se quence of
gold grains de rived from other as yet un dis cov ered sources, 
or the con se quence of ver ti cal vari a tion in Au al loy com po -
si tion in a deposit or cluster of deposits with highly het er o -
ge neous signatures.

The al loy sig na tures of gold grains are in dic a tive of the
chem i cal en vi ron ment of Au pre cip i ta tion (Gam mons and
Wil liams-Jones, 1995). Con se quently, vari a tion in the al -
loy com po si tions of sin gle pop u la tions pro vides in for ma -
tion con cern ing the sta bil ity of the en vi ron ment of Au pre -
cip i ta tion. In spec tion of the Ag plots for lode gold
(Fig ure 7) shows that while some sam ples are dom i nated by 
a nar row range of com po si tions (e.g., Mi das and Cow
Moun tain lodes), oth ers com prise a se ries of well-de fined
steps (e.g., BC Vein, Myr tle and Hibernian). Other lodes,
such as Proserpine AU586 (MINFILE 093H  021), show a
con tin uum of com po si tions over a range of Ag con tents.
Gam mons and Wil liams-Jones (1995) iden ti fied the pa -
ram e ters that con trol the Au/Ag ra tio in Au al loys, and
Chap man et al. (2010a, b) dis cussed the in flu ences on the
vari a tion in gold-grain com po si tion in the Klondike placer-
gold dis trict. These au thors ex plained the vari a tion in gold
com po si tion within sin gle veins as a con se quence of tem -
po ral vari a tion in both tem per a ture and in par tic u lar the
aque ous ra tio of Au/Ag. Be cause gold is pref er en tially pre -
cip i tated from these so lu tions, the al loy com po si tion be -
comes pro gres sively richer in Ag with time. This ef fect is

Geoscience BC Re port 2011-1 119



am pli fied if pre cip i ta tion oc curs within a closed sys tem;
i.e., in the ab sence of in flux of min er al iz ing fluid. Thus,
hor i zon tal plots can in di cate a strong min er al iz ing sys tem
where the pre cip i ta tion of Au does not sub stan tially al ter
the Au/Agaq. Con versely, con tin u ous steep curves sug gest
rapid al ter ation of the pre cip i ta tion con di tions, per haps as -
so ci ated with a closed (smaller) sys tem. Steps in the curve,
where con fi dently identified in large (>50 grain) sample
sets, are interpreted as indicative of a break in the history of
precipitation, implying successive pulses of mineralizing
fluids.

Pre vi ous stud ies have dem on strated the ben e fit of tak ing
sam ples of placer gold from the head wa ters of drain age
sys tems (e.g., Chap man et al. 2010a, b). The re sult ing sam -
ple pop u la tions com monly yield a clearer sig na ture of gold
de rived from prox i mal min er al iza tion. In this study, how -
ever, the sig na tures re corded from such sam pling sites were 
com monly com pli cated. There are two pos si ble rea sons for
this. First, the placer com po si tion may faith fully rep re sent
the real vari abil ity in the lo cal source min er al iza tion. Com -
par i son of the Ag con tents of gold grains from the BC Vein
(MINFILE 093H  019) and the Myr tle oc cur rence (MIN -
FILE 093H  025) near Wells (Fig ure 7b) il lus trates the de -
gree of vari a tion of sig na tures pos si ble in a small geo -
graphic area. Placer sig na tures, how ever, may show
v a r i  a  t i o n ,  e i  t h e r  a s  a  c o n  s e  q u e n c e  o f  mi x  i n g
subpopulations, each with a nar row Ag range (e.g., Wil -
liams Creek; Fig ure 8b), or be cause the sig na ture of a sin gle 
lode source ex hib its a con tin uum of al loy com po si tions
(e.g., Proserpine and Myr tle; Fig ure 7b). Sec ondly, the
com plex geomorphological his tory of the study area may
af fect crosscontamination of sig na tures be tween cur rent
drainages. Levson and Giles (1993) pre sented a de tailed
sedimentological study of the main placer lo cal i ties
through out cen tral BC. These au thors showed that
paleochannels cut across the drain age pat tern of the cur rent
to pog ra phy. This is the first ma jor study of placer-lode gold
re la tion ships in which there is a pos si bil ity of cross -
drainage ‘con tam i na tion’ of the placer sig na ture. In the
light of this po ten tial complication, the practice of
mounting gold grains from the same site according to
morphology provides valuable information.

One ma jor ob jec tive of the pro ject was to es tab lish whether
placer-gold sig na tures could be em ployed to tar get Cu-Au
por phyry min er al iza tion of the Mount Polley type cur rently 
un iden ti fied in the low-ly ing and poorly ex posed ar eas in
the west of the study ar eas. Cen tral to this aim was the iden -
ti fi ca tion of the sig na ture of the gold as so ci ated with this
style of min er al iza tion. Sam pling in up per Morehead
Creek, the near est prac ti cal lo ca tion to the Mount Polley
mine (MINFILE 093A  008; Fig ure 1), failed to re cover any 
gold grains de spite con sid er able ef fort. Sub se quently, dis -
cus sions with ge ol o gists from the Mount Polley mine re -
vealed that the par ti cle size of the gold was too fine to per -

mit ac cu mu la tion in placer de pos its. Con se quently, we con -
clude that the placer sam ples from Morehead Creek re -
ported by McTaggart and Knight (1993) are likely de rived
from orogenic-style gold min er al iza tion, and that the par ti -
cle size of the gold as so ci ated with some Cu-Au por phyry
outcrops presents a barrier to their discovery using panned
grains of gold.

Correlation of Compositional Data with
Production Records

Hol land (1950) pro vided pro duc tion fig ures for most
placer streams in the Cariboo Min ing Dis trict un til 1945,
in di cat ing a to tal of 14 200 000 g (500 000 oz.). While in -
com plete, these fig ures pro vide an in di ca tion of the rel a tive 
eco nomic im por tance of the placer de pos its. Placer de pos -
its com pris ing the low-Ag type 1 gold grains can be iden ti -
fied both by their lo cal ity (with re spect to the zone of type 1
gold grains iden ti fied in this study) and the fine ness data
pre sented by Hol land (1950). Light ning Creek was by far
the larg est sin gle pro ducer in the re gion (to tal pro duc tion
ap prox i mately 3 700 000 g [130 000 oz.]; Hol land, 1950)
and the drain age over laps the zone of type 1 gold grains.
Con se quently, it is cer tain that the gold in ven tory of Light -
ning Creek in cludes type 1 gold grains, al though the pro -
por tion can not be in ferred from fine ness data alone. The
compositional data of McTaggart and Knight (1993) show
that ap prox i mately 35% of the placer grains from Light ning 
Creek con tains less than 9% Ag and are likely to be type 1
gold grains. Sum ma tion of the pro duc tion fig ures for placer 
de pos its where it is pos si ble to es ti mate the amount of
type 1 gold grains yields a fig ure of 4 800 000 g
(170 000 oz.), which is ap prox i mately one third of the to tal
pro duc tion of the re gion. Type 1 gold grains are pres ent
only in a small part of the whole placer area, which suggests 
a centre of mineralization at this point.

This anal y sis high lights the two mech a nisms by which
placer de pos its can form. Small creeks close to the source
may be rich in gold by vir tue of lack of trans port of the gold
par ti cles, whereas those in the trunk drainages usu ally form 
as a con se quence of fa vour able sed i men tary con di tions.
The small gold-rich placer streams near Wells and Barker -
ville form an ex cel lent ex am ple of the first type (e.g.,
Lowhee Gulch: 2 100 000 g [74 000 oz.], Mos quito Creek:
510 000 g [18 000 oz.] and Stouts Gulch: 430 000 g
[15 000 oz.]), whereas Light ning Creek (3 700 000 g
[130 000 oz.]), Slough Creek (850 000 g [30 000 oz.]) and
the Cot ton wood River (280 000 g [10 000 oz.]) pro vide ex -
am ples of the sec ond model of placer for ma tion. Most no ta -
bly, Wil liams Creek (2 400 000 g [84 000 oz.]) ex hib its two
dis tinc tive ranges of Ag (see Fig ure 8b), which is also re -
flected in the range of pub lished fine ness val ues (Hol land,
1950). Many of the placer streams to the north, east and
south of Barkerville were also rel a tively rich (e.g., Grouse
Creek: 400 000 g [14 000 oz.] and Ant ler Creek: 960 000 g
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[34 000 oz.]). In gen eral, the rich est placer de pos its are rel -
a tively close to the towns of Wells and Barkerville or are
present in rivers that drain this area.

The type 2 gold grains found in Wil liams and Ant ler creeks
com prise iden ti fi able subpopulations. Type 2 gold grains
could rep re sent a dif fer ent ep i sode of min er al iza tion to
type 1 gold grains, but the two types ap pear to have a clear
geo graphic de mar ca tion, which is more sug ges tive of
zonation than mul ti ple ep i sodes of fluid in flux. It is in ter -
est ing to note that the most im por tant placer de pos its of
type 2 gold grains con tain the high-Ag subpopulation (20–
25%). This sig na ture has not been iden ti fied in any lode
source but is a ma jor com po nent of gold grains in both
Williams and Antler creeks.

The re gional dis tri bu tion of gold grain com po si tions in the
Wells-Barkerville area dif fers from that pre vi ously re -
corded in a sim i lar study in the Klondike Dis trict in west ern
Yu kon (Chap man et al., 2010 a, b). In the Klondike, dis -
crete hy dro ther mal sys tems were pro posed on the ba sis of
the cor re la tion be tween high Au abun dance and low Ag
con tents. This cor re la tion was as cribed to the pro gres sive
im pov er ish ment of the min er al iz ing flu ids in Au, and the
mi nor Ag-rich sig na ture was in ter preted to be in dic a tive of
a wan ing hy dro ther mal sys tem. This model is only par tially 
ap pli ca ble to the CGD. It may be that type 1 gold grains rep -
re sent the cen tre of ac tiv ity of a re gional-scale hy dro ther -
mal sys tem, which pref er en tially de pos ited Au and other
met als such as Bi, Co and Ni. In some eco nom i cally im por -
tant placer lo cal i ties, how ever, Ag-rich gold grains form an
im por tant part of the gold in ven tory (e.g., Wil liams and
Ant ler creeks). Con se quently, the ge netic re la tion ship be -
tween type 1 and type 2 gold grains in this area re mains un -
clear. The spa tial re la tion ships of the oc cur rence of the two
types are sug ges tive of zonation, but the high abun dance of
Ag-rich gold grains (of nar row compositional range) at
sev eral lo cal i ties sug gests the pres ence of a sep a rate strong
hy dro ther mal sys tem. Al ter na tively, the high-Ag gold
grains could represent a separate mineralizing episode ei -
ther pre- or postdating a zoned system such as those ob -
served in the Klondike.

Lode-gold oc cur rences in the Cunningham and Ant ler
creek drainages gen er ally con tain sig nif i cantly higher Ag
con tents than those in the Wells area (Mortensen et al.,
2011), which is con sis tent with the higher Ag con tents ob -
served in the placer gold in these drainages. The 40Ar/39Ar
ages for hy dro ther mal mica from gold-bear ing veins in the
vi cin ity of Wells fall in the same age range as those from the 
Cunningham and Ant ler creeks ar eas (ca. 148–135 Ma;
Mortensen et al., 2011); thus, type 1 and type 2 gold min er -
al iza tion ap pears to have formed at the same time, con sis -
tent with the pres ence of a sin gle lat er ally zoned sys tem
cen tred approximately on Wells.

The pres ence of placer-gold sig na tures in both the Span ish
Moun tain and Frasergold ar eas that dif fer sig nif i cantly
from the sig na tures of known lode oc cur rences in the vi cin -
ity sug gests that other lode oc cur rences, pos si bly of some -
what dif fer ent in style, may be pres ent in these areas.

Discussion

This study has shown that there is sys tem atic re gional vari -
a tion in gold com po si tion around the Wells-Barkerville
area in the CGD. The most im por tant gold-grain sig na tures
have been iden ti fied from cor re la tion of compositional
stud ies of lode and placer gold with placer pro duc tion re -
cords. The ma jor pro por tion of placer gold (and nearly all
of the lode gold) dis cov ered in the Cariboo was from the
area close to Wells and Barkerville, and com prised type 1
gold grains, a low-Ag gold with a dis tinc tive Bi-Co-Ni-As
sig na ture, and type 2 gold grains, bi nary al loys with a sim -
ple min er al ogy com monly fea tur ing a com po nent al loy of
rel a tively high (20–25%) Ag. At a lo cal level, there is typ i -
cally sub stan tial vari a tion in the com po si tion of gold
grains, which sug gests some vari abil ity in the physico -
chemical con di tions in the min er al iz ing sys tem. While the
sig na tures of some lode and placer pop u la tions are en tirely
typ i cal of orogenic gold re gions else where, this de gree of
vari a tion has not been pre vi ously ob served in an im por tant
placer area. The ge netic re la tion ship be tween gold grains
types 1 and 2 re mains un re solved but we be lieve that the ob -
served abun dances of the var i ous compositional types and
subpopulations are best ex plained by the aug men ta tion of a
zoned gold field by a sep a rate min er al iza tion event that con -
trib uted a sec ond gen er a tion of gold grains of higher Ag
con tents.  Nev er the less, we ac knowl edge that this
explanation is highly speculative in the absence of evidence 
gained from the examination of lode sources.

Com par i son of gold sig na tures through out the study area
shows that type 2 gold grains are pres ent in all ar eas ex cept
in the zone of type 1 gold grains. Al though the Ag con tents
of pop u la tions tends to in crease away from Wells, the more
dis tant lo cal i ties com monly ex hibit a mix ture of both high-
Ag and low-Ag pop u la tions. Vari a tion in the al loy com po -
si tion alone is in suf fi cient to dif fer en ti ate be tween a sin gle
event with tem po ral vari a tion in min er al iz ing con di tions or
mul ti ple ep i sodes of fluid in flux. In many cases, it is pos si -
ble that an eco nom i cally vi a ble placer re source may have
formed from sev eral rel a tively mi nor vein sys tems; how -
ever, the in ter pre ta tion of the na ture of placer-gold sig na -
tures can in di cate whether the con trib ut ing sources are de -
rived from a large sta ble hy dro ther mal sys tem or smaller
min er al iz ing events. Con se quently, it would ap pear that the 
best tar gets for ex plo ra tion are in the vi cin ity of the known
rich placer de pos its. In par tic u lar, the ab sence of gold
grains con tain ing 20–25% Ag, which is a ma jor com po nent 
of rich placer de pos its near Wells but un known in lode min -
er al iza tion, shows that po ten tially im por tant min er al iza tion 
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re mains to be dis cov ered in this area. By a sim i lar anal y sis,
the low-Ag gold grain population in the placer gold of the
MacKay River indicates the presence of other un dis cov -
ered lode sources within this drainage.
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Introduction

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

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

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

Samples

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

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

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

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

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

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

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

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

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

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

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

2

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

Petrography and Geochemistry

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

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



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

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

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

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

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

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

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

Stable Isotopes

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

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

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

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

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

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

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



Discussion

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

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

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



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

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

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

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

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

relatively shallow water, where marine carbonate was
present.

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

Current and Future Work

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

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

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

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

Many as pects of the na ture and metallogeny of the south ern
Quesnel terrane in south ern and south-cen tral Brit ish Co -
lum bia are not well un der stood. Most re search con ducted
within the Quesnel terrane over the past 40 years has fo -
cused on the Late Tri as sic Nicola Group and Early Ju ras sic
Rossland Group vol ca nic arcs and their as so ci ated in tru -
sions in the south ern Quesnel terrane. These youn ger por -
tions of the south ern Quesnel terrane host im por tant
Cu±Au por phyry de pos its such as Cop per Moun tain, Mt.
Polley and High land Val ley, as well as youn ger (Cre ta -
ceous) Au-Cu por phyry de pos its such as Pros per ity, and
shear-zone–hosted pre cious-metal de pos its and oc cur -
rences. Im por tant gold and base-metal de pos its have been
ex ploited in the Hed ley area and in the Bound ary Dis trict
near Green wood, where the pre–Late Tri as sic base ment of
the Nicola Group is more widely ex posed. The Hed ley gold
skarn de posit is hosted in vol ca nic and sed i men tary strata
of the Nicola Group that lie close to the con tact with the
older rocks in ves ti gated in this study, and is ge net i cally as -
so ci ated with Late Tri as sic in tru sions. Some of these de -
pos its, how ever, in clud ing cop per and gold skarn and por -
phyry (?) de pos its in the Bound ary Dis trict (Fig ure 1) are
hosted in part by older rock units that form the base ment to
the Late Tri as sic and Early Ju ras sic arc-re lated strata that
de fine the Quesnel terrane. Al though most known base-
and pre cious-metal oc cur rences within the older por tions
of the south ern Quesnel terrane are spa tially and prob a bly
ge net i cally re lated to early Me so zoic and youn ger in tru -
sions, the po ten tial for pre-Tri as sic min er al iza tion in the
area, and the pos si ble role of the older basement rocks in

controlling the distribution and character of younger
mineralization, are largely unknown.

Geoscience BC is cur rently un der tak ing a ma jor in ves ti ga -
tion of the ge ol ogy and min eral po ten tial of the south ern
Quesnel terrane as part of the QUEST-South Pro ject, which 
in cludes re gional soil and silt geo chem i cal sur veys of the
en tire south ern part of the Quesnel terrane, as well as air -
borne geo phys i cal sur veys of the west ern por tion of the
terrane. The ge ol ogy of most pre-Me so zoic base ment as -
sem blages of the south ern Quesnel terrane, how ever, is not
well un der stood at pres ent, and with out such in for ma tion it
is not pos si ble to fully in ter pret the geo chem i cal or
geophysical results of the QUEST-South Project.

Paleozoic Components of the Southern
Quesnel Terrane

Base ment as sem blages that are re ported to un con form ably
un der lie the early Me so zoic arc-re lated strata of the south -
ern Quesnel terrane (Read and Okulitch, 1977) have gen er -
ally been sub di vided into two main lithotectonic as sem -
blages, both con sid ered to be of mid dle to late Pa leo zoic
age (e.g., Mon ger, 1977; Peatfield, 1978; Wheeler and
McFeely, 1991). These are the Harper Ranch subterrane,
which in south ern BC com prises mainly clastic sediment -
ary rocks, volcaniclastic rocks and lime stone, which are in -
ter preted to have been de pos ited in the vi cin ity of a ju ve nile 
is land arc, and the Okanagan subterrane, which con sists of
mafic vol ca nic rocks, chert, argillite and mi nor ultra mafic
rocks, which are thought to have been de pos ited in, or near,
an ocean ba sin. With the ex cep tion of re cent stud ies in the
Bound ary Dis trict near Green wood by the BC Geo log i cal
Sur vey (BCGS; Massey, 2006; Massey and Duffy, 2008),
the Pa leo zoic as sem blages that form the base ment to the
early Me so zoic Quesnel terrane arcs have re ceived very
lim ited geo log i cal, geo chem i cal or geo chron ol ogi cal
study. Con tacts within and be tween the Harper Ranch and
Okanagan subterranes are com monly ob scured by youn ger
vol ca nic or sed i men tary units, youn ger in tru sions and/or
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later de for ma tion; there fore, the orig i nal tec tonic re la tion -
ship be tween the two subterranes re mains spec u la tive.
Some work ers (e.g., Thomp son et al., 2006) sug gest that
parts of the Quesnel terrane depositionally over lie rocks
that are in ter preted to be high-stand ing, wes tern most parts
of the early Pa leo zoic con ti nen tal mar gin of North Amer -
ica. How ever, the re la tion ship, if any, be tween any pos si ble
old con ti nen tal mar gin rocks and the Harper Ranch and
Okanagan subterranes is un known.

The type lo cal ity for the Harper Ranch subterrane is the
Harper Ranch Group in the Kamloops area (Fig ure 1).
There, the Harper Ranch Group con sists of a lower se -
quence of chert-peb ble con glom er ate and sand stone of
Late De vo nian (Famennian) age, grad ing stratigraphically
up wards into arc-re lated volcaniclastic and sed i men tary
strata of the Late Mis sis sip pian, which are over lain by a
Perm ian car bon ate platformal se quence of Perm ian age
(Beatty et al., 2006). It is these rocks that pos si bly over lie
out board parts of the old con ti nen tal margin (Thompson et
al., 2006).

The Okanagan subterrane is best pre served near Keremeos
(Fig ure 1). The rocks in this area were mapped be tween
1927 and 1930 by H.S. Bostock, who di vided them into the

‘Tri as sic or older’ Old Tom, In de pend ence, Shoe maker,
Bradshaw and Barslow for ma tions, and the ‘Perm ian’
Blind Creek for ma tion (Bostock, 1939, 1940). The first
four of these for ma tions were in cluded in what has been
called the Apex Moun tain Com plex by Milford (1984).
Rock types pres ent are chert; mas sive and pil lowed ba salt
and mi nor gab bro; argillite, sand stone and con glom er ate;
and lo cal lenses of car bon ate. The paleontological ages of
these rocks are mainly late Pa leo zoic, al though older fos sils 
have been found in one location (see later discussion).

Sev eral other pre-Tri as sic rock as sem blages in the south ern 
Quesnel terrane con tain a range of rock types sim i lar to
those ob served in the Keremeos area, and are also known or 
in ferred to be mid- to late Pa leo zoic in age. The Knob Hill
Com plex and Att wood For ma tion in the Bound ary Dis trict
(Massey, 2006, 2009; Massey and Duffy, 2008) are the only 
as sem blages that have been ex am ined in de tail prior to the
cur rent study. These com prise ba salt, gab bro and am phi bo -
lite, chert, argillite, mi nor sand stone and con glom er ate,
car bon ate, and ultra mafic rocks, and have yielded Late De -
vo nian and Car bon if er ous fos sils and Late De vo nian U-Pb
zir con ages. The An ar chist Group (or An ar chist schist of
Massey and Duffy, 2008), which lies be tween the Green -
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Fig ure 1. Map show ing the dis tri bu tion of Pa leo zoic base ment units and early and late Me so zoic in tru sions
in the Quesnel terrane in south ern and south-cen tral BC.



wood area and the south ern Okanagan Val ley to the west
(Fig ure 1), was de scribed by Daly (1912) as fol lows: “The
name is lit er ally not in ap pro pri ate, for these rocks can not as 
yet be re duced to strati graphic or der or a struc tural sys tem.
The dom i nant spe cies are quartz ite and phyllite, ap par ently
in about equal pro por tion. Greenstone is next in im por -
tance, while lime stone is rep re sented by a few lo cal pod-
like masses gen er ally from 200 to 100 feet or less in thick -
ness”. Car bon if er ous fos sils have been re cov ered from
probable Anarchist schist in the Greenwood area (N. Mas -
sey, pers. comm., 2010).

The range of protoliths for the more schis tose, meta mor -
phosed and also un dated Kobau Group (Bostock, 1939;
Okulitch, 1969, 1973), which lies west of the Okanagan
Val ley be tween the An ar chist Group and the rocks near
Keremeos (Fig ure 1), is sim i lar to those of the rocks near
Keremeos, Green wood and the An ar chist Group. Fi nally,
north and west of Vernon, the pre–Late Tri as sic but as yet
un dated Chapperon Group south east of Kamloops (Fig -
ure 1; Jones, 1959; Read and Okulitch, 1977) has a sim i lar
range of rock types.

Metallogeny of Quesnel Terrane Basement
Assemblages

The min eral po ten tial of the Pa leo zoic base ment rocks in
the south ern Quesnel terrane is un cer tain at this time. As
dis cussed above, most known min er al iza tion in the south -
ern Quesnel terrane is hosted by, or is closely as so ci ated
with, ig ne ous rock units of the Nicola Arc or youn ger as -
sem blages. A num ber of ultra mafic-hosted chrome and
nickel oc cur rences and pos si ble vol ca nic mas sive sul phide
oc cur rences have been de scribed in the Bound ary Dis trict
(Peatfield, 1978; Fyles, 1990; Han cock, 1990; Massey,
2006). Ex plo ra tion within these older units has been greatly 
ham pered by an in com plete un der stand ing of the nature
and distribution of the rock units.

Current Study

A study of the base ment to the early Me so zoic arc as sem -
blages of the Quesnel terrane in south ern BC was started by
the au thors in Oc to ber 2009. The goal of this work is to ob -
tain new in for ma tion con cern ing the na ture, age and
paleotectonic set ting of the var i ous Pa leo zoic base ment
com po nents in the south ern Quesnel terrane, so as to pro -
vide a ba sis for better un der stand ing the na ture and con trols 
on the su per im posed in tru sion-re lated min er al iza tion of the 
Me so zoic and Ter tiary ages. The study fo cused mainly on
rock units in the vi cin ity of Keremeos, but pos si bly cor re la -
tive rock units as far east as Grand Forks (Fig ure 1) were
also ex am ined and sam pled. Al though ex po sures of base -
ment rock units in this large area are rea son ably wide -
spread, strati graphic con tacts be tween the dif fer ent rock
units are gen er ally dif fi cult to find. Most of the main ex po -

sures of the base ment units in the study area had been pre vi -
ously mapped and this pro vided a geographic framework
for locating specific rock units for this study.

All avail able in for ma tion has been com piled on the na ture,
ages and min eral de pos its of the pre-Me so zoic rocks that
make up the base ment of the early Me so zoic strata in the
study area. Re con nais sance-scale sam pling of eas ily ac ces -
si ble rock units in the Keremeos and Osoyoos ar eas was
done in Oc to ber 2009. Sam ples ob tained were ex am ined
petro graphi cally and, for some, de tri tal zir con ages and
lithogeochemical sig na tures were de ter mined. Mortensen,
Lucas and Mon ger sub se quently spent a to tal of three
weeks in the field in July 2010, ex am in ing key lo cal i ties be -
tween Hed ley and Grand Forks, and car ry ing out de tailed
sam pling for de tri tal zir con dat ing and lithogeochemical
anal y sis. Cordey spent two weeks in the study area, re-ex -
am in ing and resampling pre vi ously vis ited chert lo cal i ties
for microfossil dat ing, and col lect ing ad di tional chert sam -
ples from else where in the area. N. Massey of the BCGS
spent three days in tro duc ing the au thors to Pa leo zoic rock
units in the Bound ary Dis trict and pro vid ing guidance in
sampling for dating and lithogeochemical studies of that
area.

In ad di tion to petrographic stud ies of the main Pa leo zoic
base ment as sem blages in the study area, four other main
tools are be ing used to help char ac ter ize each of the as sem -
blages and to pro vide a ba sis for re con struct ing the tectono -
stratigraphic re la tions within and be tween these rock units,
including
· U-Pb zir con dates of in tru sive phases as so ci ated with

the main Pa leo zoic vol ca nic rock pack ages. Ad di tional
age in for ma tion for the var i ous base ment as sem blages
is badly needed to con strain pos si ble re la tion ships
between these packages.

· micropaleontological ages for chert and car bon ate rocks 
(us ing radio lar ians and cono donts) within the dif fer ent
base ment as sem blages to pro vide ad di tional age con -
straints on the rock units present.

· lithogeochemical anal y sis of ig ne ous rock units within
each of the base ment as sem blages, which pro vides in -
for ma tion on the na ture and paleotectonic set ting in
which each as sem blage formed (e.g., vol ca nic arc or
backarc ver sus within-plate or rift set ting). This in for -
ma tion will help in re con struct ing the orig i nal tec tonic
set tings of and pos si ble re la tion ships between the
various assemblages.

· U-Pb dates of de tri tal zir con grains in clastic sed i men -
tary units within each of the Pa leo zoic as sem blages.
This is a new ap proach in this area. The ages of de tri tal
zir cons re flects the sources from which the host sed i -
ments were de rived. The age of the Pre cam brian base -
ment of the north west ern part of the North Amer i can
con ti nent, for mer Laurentia, is well known and is re -
flected by the ages of de tri tal zir con pop u la tions in sed i -
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ments de rived from it and de pos ited on the west ern mar -
gin of Laurentia. The lat ter are sub stan tially dif fer ent
from de tri tal zir con ages known from wes tern most ter -
ranes in the north ern Cor dil lera, such as the Al ex an der
terrane or the Wrangell terrane. De tri tal zir con ages
there fore pro vide a means of ex plor ing paleogeo -
graphic re la tion ships be tween the var i ous com po nents
of the Pa leo zoic base ment in the south ern Quesnel
terrane, be tween these units and rocks de pos ited on
north west ern Laurentia, and with other Cordilleran
terranes with known detrital zircon populations.

In a sep a rate part of the study, a num ber of the main Me so -
zoic in tru sive phases in the pro ject area were sam pled, es -
pe cially those that are spa tially and pos si bly ge net i cally as -
so ci ated with sig nif i cant min eral oc cur rences and de pos its
(e.g., in the Nickel Plate mine area and Bound ary Dis trict),
and U-Pb dat ing of zir con grains will be car ried out, along
with Pb iso to pic anal y sis of ig ne ous feld spar grains from
these bod ies. Lead iso to pic com po si tions of sul phide min -
er als from a wide se lec tion of min eral oc cur rences in the
study area will also be de ter mined. These data will al low
for the eval u a tion of the tem po ral and ge netic re la tion ships
be tween in tru sions and sul phide min eral oc cur rences, and
the as sess ment of the role, if any, that the un der ly ing base -
ment rocks play in con trol ling the na ture and dis tri bu tion of 
youn ger min er al iza tion. It will also be de ter mined whether
re gional vari a tions in ages and/or styles of min er al iza tion
in the south ern Quesnel terrane can be correlated with the
age and nature of the underlying basement, based on Pb
isotopic signatures.

Studies of the Southern Quesnel Terrane
Paleozoic Rocks

The field stud ies fo cused on the Keremeos and Mt. Kobau
ar eas (Fig ure 1), where ex po sure is rel a tively good. For
com par i son, por tions of the Bound ary Dis trict were ex am -
ined, where de tailed map ping had been car ried out in re cent 
years by the BCGS (Fyles, 1990; Massey, 2006; Massey
and Duffy, 2008).

Keremeos Area

Pa leo zoic base ment units are well ex posed in the steep
walls of the Similkameen River val ley from Hed ley to east
of Keremeos, in the Keremeos Creek area north of
Keremeos, and in the high coun try in the vi cin ity of the
Apex Moun tain Re sort. As noted above, Bostock (1939,
1940) di vided the highly de formed but gen er ally only
slightly meta mor phosed Tri as sic or older rocks in this area
into the Old Tom, Shoe maker, In de pend ence, Bradshaw,
Barslow and Blind Creek for ma tions. As rec og nized by
Bostock, the first three of these units con tain metabasalt
(greenstone), chert, argillite and mi nor lenses of lime stone,
and the mapped units dif fer mainly in terms of the rel a tive
pro por tion of each rock type pres ent. Few, if any, de fined

bound aries are known be tween for ma tions al though many
depositional con tacts be tween dif fer ent rock types within
for ma tions were ob served. As shown on ex ist ing geo log i -
cal maps, the Barslow For ma tion com prises mainly
argillite, the Bradshaw For ma tion con sists mainly of
argillite, siltstone, quartz ite, tuff, brec cia and mafic to in ter -
me di ate com po si tion vol ca nic rocks, and the Blind Creek
For ma tion is lime stone. The only de fin i tive age given by Bos -
tock was a Perm ian age from the Blind Creek For ma tion.

Milford (1984) car ried out map ping and struc tural stud ies
north west of Keremeos and de fined the Apex Moun tain
Com plex, which con tains Bostock’s Old Tom, Shoe maker,
In de pend ence and Bradshaw for ma tions. The Apex Moun -
tain Com plex was in ter preted by Milford (1984), mainly on 
struc tural grounds, to rep re sent a pre–Late Tri as sic accret -
ionary com plex. A ma jor con tri bu tion by Milford was the
dis cov ery of sev eral fos sil lo cal i ties, in clud ing crinoidal
lime stone in Olalla Creek, iden ti fied by W.R. Danner (The
Uni ver sity of Brit ish Co lum bia; UBC) as prob a bly Car bon -
if er ous (Milford, 1984), Penn syl va nian and/or Perm ian
radio lar ians in the same area, iden ti fied by D.L. Jones (The
United States Geo log i cal Sur vey; USGS; Milford, 1984),
and an enig matic lime stone unit in Shoe maker Creek, east
of Hed ley, within which are lime stone blocks con tain ing
Si lu rian to Early Car bon if er ous mi cro- and macrofossils
(iden ti fied by A.E.H. Ped der and B.L. Mamet; in Read and
Okulitch, 1977) and Tri as sic cono donts (M.L. Or chard, in
Milford, 1984).

Ray and Dawson (1994) car ried out de tailed geo log i cal
map ping of the Hed ley area, al though their study fo cused
mainly on the Late Tri as sic strata that host the Nickel Plate
de posit, as so ci ated min eral de pos its and ac com pa ny ing in -
tru sions. They also mapped across the still-enig matic
bound ary be tween the Late Tri as sic rocks and the wes tern -
most parts of the Apex Moun tain Com plex, from which
they re ported a few pos si ble early Pa leo zoic and some
definite Late Devonian fossils.

Later stud ies have con trib uted more in for ma tion on the age
of these rocks. Pohler et al. (1989) found Or do vi cian cono -
donts in a lime stone block in a dis rupted shale, sand stone
and chert ma trix near Ce dar Creek, on the west side of the
val ley of Keremeos Creek. This was a no ta ble dis cov ery
be cause these are the old est known fos sils from any terrane
in the in te rior of BC. A re-study of the Blind Creek lime -
stone showed it to be of Early Mis sis sip pian age rather than
Perm ian (M.L. Or chard, pers. comm., 2010). Tempelman-
Kluit (1989), in the course of re gional map ping, made a col -
lec tion of Mis sis sip pian macrofossils from ta lus in
Bostock’s Barslow For ma tion. Radio lar ians pres ent in sev -
eral lo cal i ties in bed ded chert, mainly in Bostock’s Shoe -
maker For ma tion, were gen er ally too recrystallized to ex -
tract and iden tify; how ever,  lat  est De vo nian and
Penn syl va nian–Perm ian ages have been ob tained from
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chert blocks in ta lus slopes on the north side of the Simil -
kameen val ley northwest of Keremeos (F. Cordey,
unpublished data, 2010).

The 2010 field work in the Keremeos area was guided by
the dis tri bu tion of the broad lithological group ings that
Bostock (1939, 1940) called ‘for ma tions’. Be low, rock de -
scrip tions are framed in terms of his for ma tions but it is rec -
og nized that most are not clearly dis tinct and may grade one 
into the other. For this rea son, the in for mal term ‘as sem -
blage’ has been used.

The Old Tom as sem blage con sists pre dom i nantly of mas -
sive to lo cally pil lowed ba salt or greenstone, with lo cal
interlayers of cream, green, grey and lo cally red chert and
cherty argillite, rare thin sand stone and siltstone beds, and
mi nor gab bro. The greenstone con tains min eral as sem -
blages con sis tent with lower greenschist fa cies meta mor -
phism; how ever, recrystallization fab rics are only lo cally
de vel oped in the greenstone and the min eral as sem blages
may be mainly due to hy dro ther mal al ter ation on the
seafloor. Pale to dark pink jas per, com monly with man ga -
nese ox ide stain ing on frac ture sur faces, is lo cally abun dant 
(es pe cially on the ridges south of Apex Mountain).

The main rock types in the Shoe maker as sem blage is mas -
sive to bed ded chert and cherty argillite, which are iden ti cal 
in ap pear ance and char ac ter as those interlayered in the Old
Tom as sem blage. Bands of mas sive greenstone, lo cal sand -
stone beds and lenses of car bon ate are also pres ent within
the Shoe maker as sem blage. Al most all of the fos sil ages
ob tained by Milford (1984), Pohler et al. (1989) and F.
Cordey (un pub lished data, 2010) have been ob tained from
the Shoe maker as sem blage. One struc tural char ac ter is tic of 
parts of the Shoe maker as sem blage is the highly dis rupted
fab ric of interbedded argillite, sand stone and chert, in
which com pe tent lay ers such as sand stone beds are bro ken
into sep a rate lens-like (phacoidal) bod ies. This is readily
seen north west of Keremeos above the gar bage dis posal
site and in Ce dar Creek north of Olalla, where it is the ma -
trix of the block of Or do vi cian lime stone. This kind of fab -
ric is com mon in most accretionary complexes, but is only
seen locally in these rocks.

The In de pend ence as sem blage con tains el e ments of both
the Old Tom and Shoe maker as sem blages, along with many 
small recrystallized lime stone lenses, and on Bea cons field
Moun tain at the Apex Moun tain Re sort, a lo cally thick
mass of chert brec cia with lo cal argillite rip-up clasts.

The Bradshaw as sem blage is dis tinc tive in that it dom i -
nantly com prises clastic rocks, in clud ing argillite, siltstone, 
mi nor quartz ite and con glom er ate, brec cia and mafic to in -
ter me di ate vol ca nic rocks. South west of Apex Moun tain,
the Bradshaw as sem blage lies along strike from the In de -
pend ence as sem blage but is sep a rated from it by a later
granitic intrusion.

The Barslow as sem blage is ex posed only in the vi cin ity of
Cawston, ap prox i mately 6 km east of Keremeos (Fig ure 1).
As mapped by Bostock, the Barslow as sem blage forms the
core of a north east-trending antiform, and it is flanked
struc tur ally or stratigraphically un der lies mas sive green -
stone rocks of the Old Tom as sem blage. The Barslow as -
sem blage con sists mainly of sed i men tary rocks, in clud ing
dis tinc tive chert peb ble and gran ule con glom er ate, as well
as sand stone, siltstone, radiolarian-bear ing cherty argillite
and mi nor crinoidal lime stone. At least two greenstone
bands are interlayered within the Barslow as sem blage;
these com prise mas sive metabasalt and ba saltic tuff and
tuff-brec cia .  Macrofossils  (brachi o  pods,  c lams,
ammonoids and wood frag ments) are lo cally abun dant
within ta lus orig i nat ing from some of the sand stone and
siltstone units, and are of Early Mis sis sip pian (Tournaisian) 
age (E.W. Bamber, pers. comm., 2010).

The Blind Creek For ma tion, which is ex posed to the east of
the Barslow as sem blage ap prox i mately 8 km east of Kere -
meos (Fig ure 1), con sists en tirely of car bon ate. Orig i nally
thought to be Perm ian by Bostock (1939) and Barnes and
Ross (1975), it is now known to be Early Mis sis sip pian
(M.L. Or chard, pers. comm., 2010). Bostock showed the
for ma tion to be faulted against Barslow and Old Tom as -
sem blages and the Kobau Group, but Barnes and Ross
(1975) sug gest that it is may be en tirely a large slide-block.

Mt. Kobau Area

The ‘Kobau Group’, named by Bostock (1939; Fig ure 1),
was mapped in de tail by Okulitch (1969, 1973). It con sists
of greenstone, am phi bo lite and metaclastic rocks, abun dant 
fine-grained quartz ite thought to be mainly metachert and
sev eral small mar ble bod ies (Okulitch, 1969, 1973; Lewis
et al., 1989). The range of rock types is sim i lar to that of the
rocks near Keremeos, but the meta mor phic grade is some -
what higher (up per greenschist fa cies) and the rocks are
strongly de formed and schis tose. Rock units in the Mt.
Kobau area are strongly hornfelsed around Me so zoic in tru -
sions in clud ing the Osoyoos and Ol i ver gran ite. Tempel -
man-Kluit (1989) shows the Kobau to be sep a rated from
the rocks near Keremeos by an in ferred north-trending,
east-side-up normal fault.

Lithogeochemistry

Ma jor, trace and rare earth el e ment com po si tions of ig ne -
ous rocks can be used to con strain the prob a ble paleotec -
tonic set ting(s) in which the units were erupted, based on
anal ogy with the geo chem is try of vol ca nic rocks from
mod ern plate tec tonic set tings (e.g., Piercey et al., 2006).
Mafic vol ca nic units and less abun dant hypa bys sal and
plutonic equiv a lents are abun dant in most of the Pa leo zoic
base ment as sem blages in the south ern Quesnel terrane;
how ever, lithogeochemistry has only been used to in ves ti -
gate the or i gin of these as sem blages in the Bound ary Dis -
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trict. Massey’s lithogeochemical stud ies of mafic vol ca nic
rocks in the Knob Hill Com plex in the Bound ary Dis trict
shows that they are mainly is land-arc tholeiitic rocks, with
mi nor amounts of N- and E-MORB (Massey, 2009). In con -
trast, vol ca nic rocks in the An ar chist schist have within-
plate geochemical signatures (N. Massey, pers. comm.,
2010).

Geo chem i cal com po si tions were de ter mined for three sam -
ples of mas sive greenstone from the Old Tom as sem blage
be tween Keremeos and Hed ley and three sam ples of
greenstone from within the Kobau as sem blage on Mt.
Kobau, all col lected in 2009. Mi nor and trace el e ments con -
sid ered to be rel a tively im mo bile dur ing hy dro ther mal al -
ter ation and re gional meta mor phism have been plot ted on
tec tonic discriminant plots in Fig ure 2. The re sults show a
very clear dis tinc tion be tween is land arc tholeiite com po si -
tions for the Old Tom sam ples and an al ka line/within-plate
com po si tion for the Kobau sam ples. Al though based on a
very lim ited dataset at this point, cur rent in di ca tions from
lithogeochemistry are that the Knob Hill and Old Tom as -
sem blages may be cor re la tive, and similarly the Anarchist
and Kobau rocks may be correlative.

In 2010, a to tal of 40 sam ples of mafic vol ca nic rocks and
re lated dikes and sills from through out the Old Tom as sem -
blage and from the less abun dant greenstone units within
Shoe maker, In de pend ence, Barslow and Kobau rocks were
sys tem at i cally sam pled for lithogeochemical anal y sis. In
ad di tion, sam ples were col lected from a dated Late De vo -
nian gab bro and sheeted diabase dikes from the Bound ary
Dis trict. To gether with pre vi ously ob tained re sults, this
will pro vide an ex cel lent re gional lithogeochemical da ta -
base to test pos si ble re la tion ships within and be tween the

var i ous base ment as sem blages, and con strain the paleotec -
tonic set ting(s) in which they formed.

Detrital Zircon Dating

Two sam ples of sand stone were col lected for de tri tal zir con 
dat ing by J. Wright (Uni ver sity of Geor gia) and Mon ger in
2007. One of these was from Late De vo nian strata in the
type sec tion of the Harper Ranch as sem blage east of
Kamloops, and yielded sin gle-grain ages rang ing from 340
to 400 Ma (n = 25) with a prom i nent peak in the 360–
380 Ma range (J. Wright, pers. comm., 2008). A sec ond
sam ple was sand stone from the Barslow For ma tion near
Cawston (Fig ure 1). This sam ple yielded a very dif fer ent
de tri tal zir con age dis tri bu tion, with the ma jor ity of grains
giv ing ages be tween 1700 and 2900 Ma (dom i nantly 1800–
2100 Ma) with a sin gle grain at ca. 520 Ma (J. Wright, pers.
comm., 2008).

De tri tal zir cons from three sam ples col lected dur ing re con -
nais sance sam pling in 2009 have been sep a rated and dated.
Re sults are shown in Fig ure 3 and are dis cussed briefly
below.

Sam ple 09KL-01 is from a boudinaged, pale grey
greywacke band within dark grey argillite and chert argil -
lite along the north bank of the Ashnola River, ap prox i -
mately 13.5 km west of Keremeos (Fig ure 1). A to tal of 30
zir con grains were dated and yielded ages rang ing from 350 
to 404 Ma, with a strong unimodal peak at ap prox i mately
363 Ma (Fig ure 3a).

Sam ple 09KL-02 is siltstone to fine sand stone within
sheared and hornfelsed, me dium to dark grey argillite in a
roadcut on the Apex Moun tain Re sort Road, ap prox i mately 
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Fig ure 2. Trace-el e ment discriminant plots show ing the dis tinc tion be tween greenstone sam ples of the Old Tom as sem blage (pink di a -
monds) and the Kobau as sem blage (blue squares), south ern Brit ish Co lum bia: a) Ti/100 ver sus V discriminant plot; field bound aries from
Shervais (1982); b) Ti/100–Zr–Y×3 discriminant plot; field bound aries from Pearce and Cann (1973). Ab bre vi a tions: MORB, mid-ocean
ridge ba salt; OFB; ocean floor ba salt.



3.5 km east of the re sort. A to tal of 65 sin gle zir con grains
were an a lyzed from the sam ple. Most gave ages in the
range of 1720–2766 Ma, with the ma jor ity fall ing be tween

1700 and 2100 Ma (Fig ure 3b). A sin gle grain gave a much
older age of 3126 Ma. This de tri tal zir con age dis tri bu tion
is very sim i lar to sam ples from north west ern Laurentia and

sug gests that the argillite unit, what ever its age is, has an

affiliation with North America.

The third de tri tal zir con sam ple (09KL-11) is from a chert
peb ble con glom er ate lens from the Att wood as sem blage on 
High way 3, ap prox i mately 2 km south of Green wood. Ages 
for a to tal of 32 sin gle zir con grains give a scat ter of ages
from 975 to 2961 Ma and a clus ter of ages be tween 327 and
429 Ma with a prom i nent peak at 362 Ma (Fig ure 3c). These 
age data in di cate that the depositional age of the Att wood
For ma tion can be no older than Mis sis sip pian and that the
Att wood For ma tion may share prov e nance with the clastic
unit sam pled on the Ashnola River near Keremeos (sam -
ple 09KL-01 above), and pos si bly with Late De vo nian
rocks of the Harper Ranch assemblage near Kamloops.

A to tal of 41 ad di tional sam ples were col lected dur ing 2010 
field work for de tri tal zir con dat ing, in clud ing sam ples from 
all of the Pa leo zoic lithological as sem blages in the area.
These sam ples are now be ing ex am ined petro graphi cally
and de tri tal zir cons will be sep a rated from a sub set of the
sam ples. It is an tic i pated that the re sults will pro vide valu -
able in for ma tion re gard ing the terrane af fin ity of the var i -
ous as sem blages and possible correlations between them.

Biochronology and Isotopic Dating

The fos sil age da ta base for the Pa leo zoic base ment as sem -
blages in the south ern Quesnel terrane is still very lim ited,
and is cur rently in ad e quate to per mit con fi dent cor re la tions
within or be tween the var i ous as sem blages. Base ment units 
in the Keremeos area con tain fos sils rang ing in age from
Late De vo nian to Perm ian; how ever, lime stone units that
may rep re sent blocks in Late Tri as sic olistostromes
(Milford, 1984; Pohler et al., 1989) have yielded mi cro-
and macrofossil ages as old as Or do vi cian. The Blind Creek 
lime stone is known to be Mis sis sip pian in age, as is at least
part of the Barslow as sem blage. In the Bound ary Dis trict,
sed i men tary units in the Knob Hill Com plex have given
Late De vo nian to Penn syl va nian fos sil ages. The Att wood
for ma tion in the Bound ary Dis trict has yielded Mis sis sip -
pian fos sil ages. Thus, al though the var i ous as sem blages
are broadly age equiv a lent based on ex ist ing fos sil age con -
straints, the data are still far too scarce to be able to de fine a
stra tig ra phy within any one of the as sem blages, and some
of the as sem blages (e.g., Kobau) have no age con straints at
all. Ap prox i mately 15 chert sam ples from the Old Tom,
Shoe maker and Barslow as sem blages in the Keremeos area 
are cur rently be ing pro cessed for radiolarian dat ing by
Cordey, and sev eral sam ples of lime stone that were col -
lected for cono dont dat ing are also be ing pro cessed. It is
hoped that new ages re sult ing from this work will permit
better-constrained stratigraphic and structural in ter pre t a -
tions for the area.

With the ex cep tion of three Late De vo nian U-Pb zir con
ages from gab bro of the Knob Hill Com plex in the Bound -
ary Dis trict by Massey (2009; pers. comm., 2010), there are
no iso to pic ages cur rently avail able for any of the Pa leo zoic 
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Fig ure 3. De tri tal zir con age plots from clastic metasedimentary
sam ples from the Keremeos and Green wood ar eas, south ern Brit -
ish Co lum bia: a) sam ple 09K-01, b) sam ple 09KL-02 and c) sam -
ple 09KL-11.



as sem blages in the study area. Most of the rock types rep re -
sented are mafic, and min er als dat able us ing U-Pb meth ods
are typ i cally rare in such rocks. One granophyric seg re ga -
tion was sam pled in a thick gab bro sill within the Old Tom
as sem blage on the south side of the Similkameen River east 
of Keremeos that might yield zir cons or baddeleyite that
can be dated by U-Pb meth ods; if suc cess ful, this will pro -
vide the only di rect age constraint for this assemblage.

Ongoing Research and Timeline

Lithogeochemical and de tri tal zir con dat ing stud ies of the
base ment of the south ern Quesnel terrane are now un der -
way; these are be ing done by Lucas as part of her M.Sc. the -
sis at UBC. The pro cess ing of all of the microfossil sam ples
col lected in 2010 is now un der way, with fi nal re sults ex -
pected early in 2011. Ura nium-lead dat ing and Pb iso to pic
stud ies of Me so zoic in tru sions and re lated sul phide min er -
al iza tion will be gin shortly and is ex pected to be complete
by early 2011.
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Introduction

Nonsulphide de pos its were the main source of zinc prior to
the 1930s, but fol low ing the de vel op ment of dif fer en tial
flo ta tion and break throughs in smelt ing tech nol ogy, the
min ing in dus try turned its at ten tion to sul phide ore. To day,
most zinc is de rived from sul phide ore (Hitzman et al.,
2003; Simandl and Paradis, 2009), yet re cently, the suc -
cess ful op er a tion of a ded i cated pro cess ing plant to ex tract
zinc metal (through di rect acid leach ing, solid-liq uid sep a -
ra tion, sol vent ex trac tion and elec tro win ning) from non sul -
phide and mixed ores, mined at the Skorpion mine in Nam -
ibia, has put nonsulphide Zn-Pb de pos its back into the
lime light.

Car bon ate-hosted, nonsulphide base-metal (CHNSBM) de -
pos its form in supergene en vi ron ments from sul phide de -
pos its such as Mis sis sippi Val ley–type (MVT), sed i men -
tary ex ha la tive–type (SEDEX), Irish-type and vein-type
de pos its and, to lesser ex tent, skarns. Sev eral car bon ate-
hosted sul phide de pos its in the Kootenay terrane, ad ja cent
Cariboo terrane and, else where in BC, have near-sur face
Zn- and Pb-bear ing iron-ox ide gos sans (Simandl and
Paradis, 2009; Paradis et al., 2010). Such gos sans form
when car bon ate-hosted base-metal sul phide min er al iza tion 
is sub ject to in tense weath er ing and met als are lib er ated by
the ox i da tion of sul phide min er als. The met als can be
trapped lo cally, form ing di rect-re place ment, nonsulphide
ore de pos its, or they can be trans ported by per co lat ing wa -
ters down and away from the sul phide protore (pri mary
ore), form ing wallrock-re place ment CHNSBM de pos its
(Heyl and Bozion, 1962; Hitzman et al., 2003; Simandl and
Paradis, 2009). Wallrock-re place ment de pos its can be lo -

cated in prox im ity to protore or up to sev eral hun dreds of
metres away (Heyl and Bozion, 1962; Hitzman et al., 2003;
Reichert and Borg, 2008; Reichert, 2009). The di rect-re -
place ment nonsulphide de pos its are also known as ‘red
ores’ be cause they con sist com monly of iron oxyhydrox -
ides, goethite, he ma tite, hemimorphite, smithsonite, hydro -
zincite and cerussite; they typ i cally con tain >20% Zn,
>7% Fe and Pb±As. The wallrock-re place ment de pos its,
also known as ‘white ores’, con sist of smithsonite, hy dro -
zincite and mi nor iron oxyhydroxides, and con tain <40% Zn,
<7% Fe and very low con cen tra tions of Pb. Wall rock-re -
place ment de pos its are com monly rich in Zn and poor in Pb
rel a tive to the di rect-re place ment CHNSBM de pos its
(Simandl and Paradis, 2009) and, from a met al lur gi cal and
en vi ron men tal per spec tive, white ores are sim pler and pref -
er a ble.

His tor i cally, it was as sumed that Brit ish Co lum bia did not
have a sig nif i cant po ten tial to host eco nomic CHNSBM de -
pos its be cause it had been sub jected to sev eral pe ri ods of
gla ci ation. It is now well es tab lished, that given fa vour able
mor phol ogy and ori en ta tion, CHNSBM de pos its can sur -
vive glaciations (Simandl and Paradis, 2009; Paradis et al.,
2010), mak ing these de pos its le git i mate exploration targets 
in the province.

The pri mary ob jec tive of this pa per is to de fine the geo log i -
cal and min er al og i cal at trib utes of rep re sen ta tive
CHNSBM de pos its in south ern and cen tral BC (Fig ure 1),
which will also pro vide the foun da tion for the B.Sc. hon -
ours the sis of H. Keevil. These at trib utes could be used as a
tool for the iden ti fi ca tion of ar eas of max i mum prospectiv -
ity in south ern and cen tral BC, as well as elsewhere in the
province.

Regional Geology

The ar eas of in ter est are lo cated in the Salmo camp of the
south ern Kootenay Arc in south eastern BC (NTS 082F/03)
and at the Cariboo Zinc prop erty in the Quesnel Lake area
of east-cen tral BC (NTS 093A/14E, 15W; Figure 1).
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The Kootenay Arc is an ar cu ate belt of comp lexly de -

formed rocks ex tend ing at least 400 km from near

Revelstoke to the south west across the Can ada–United

States border (Fyles, 1964). The Kootenay Arc lies be -

tween the Purcell Anticlinorium in the Purcell Moun tains

to the east and the Monashee meta mor phic com plex to the

west, and it is part of the Kootenay terrane (Fig ure 2). The

arc con sists of a thick suc ces sion of thrust-imbricated Pro -

tero zoic to Early Me so zoic miogeoclinal to basinal strata of 

sed i men tary and vol ca nic protoliths (Brown et al., 1981).

Colpron and Price (1995) out lined a re gion ally co her ent

strati graphic suc ces sion in the Kootenay Arc. The lower

part is com posed of siliciclastic and car bon ate rocks of the

Eocambrian Hamill/Gog Group and Mohican For ma tion.

These are over lain by the archaeocyathid-bear ing car bon -

ate rocks of the Early Cam brian Badshot For ma tion and its

equiv a lent, the Reeves Mem ber of the Laib For ma tion

(Fyles and East wood, 1962; Fyles, 1964; Read and

Wheeler, 1976), which host a num ber of Zn-Pb sul phide

de pos its. The Badshot For ma tion is char ac ter ized by

calcitic to dolomitic mar ble. Schist is lo cally interlayered

with the mar ble. In the south ern part of the Kootenay Arc,

the car bon ate rocks are over lain by siliciclastic, basinal

shale and mafic vol ca nic rocks of the Early Pa leo zoic

Lardeau Group (Colpron and Price, 1995). Polyphase de -
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Fig ure 1. Lo ca tion of the pro ject area, south-cen tral Brit ish Co lum bia, with re spect to other sig nif i cant car bon ate-hosted sul phide and
nonsulphide oc cur rences in the north ern cor dil lera, (mod i fied from Nel son et al., 2002, 2006). Ab bre vi a tions: CC, Cache Creek terrane; Q,
Quesnel terrane; SMRT, Southern Rocky Moun tain Trench.



for ma tion has trans posed bed ding and locally obscured pri -
mary stratigraphic relationships (Colpron and Price, 1995).

The Quesnel Lake area in cen tral BC is com posed of rocks
of the Cariboo terrane, North Amer i can miogeocline and
the Barkerville subterrane (Fig ures 2 and 3). To the east, the 
Cariboo terrane is in fault con tact with the west ern mar gin
of the North Amer i can miogeocline along the Rocky
Moun tain Trench. To the west, it is in fault con tact (along
the west erly verg ing Pleas ant Val ley thrust) with rocks of
the Barkerville subterrane, which rep re sent a north ern ex -
ten sion of the Kootenay terrane.

The Cariboo terrane com prises thick se quences of Pre cam -
brian to Early Me so zoic siliciclastic and car bon ate rocks
that show sim i lar i ties with rocks of the North Amer i can
miogeocline. In the Quesnel Lake area, the Cariboo terrane

is rep re sented by the Late Pro tero zoic Kaza Group, the Late 
Pro tero zoic to Late Cam brian Cariboo Group and the Or do -
vi cian to Mis sis sip pian Black Stu art Group (Fig ure 3). The
Cariboo Group in cludes argillite, slate and phyllite of the
Isaac For ma tion; car bon ate of the Cunningham For ma tion;
argillite and phyllite of the Yan kee Belle For ma tion; white
quartz ite of the Yanks Peak For ma tion; shale, phyllite and
micaceous quartz ite of the Mi das For ma tion; car bon ate of
the Mu ral For ma tion; and slate, phyllite and mi nor lime -
stone of the Dome Creek For ma tion (Struik, 1988). Sed i -
men tary rocks of the Isaac, Cunningham and Yan kee Belle
for ma tions cor re late with those of the Windermere
Supergroup, and the quartz ite of the Yanks Peak For ma tion
cor re lates with that of the Hamill Group in south ern BC
(Struik, 1988). The archaeocyathid-bear ing car bon ate of
the Mu ral For ma tion is biostratigraphically cor re la tive
with the Badshot For ma tion of the Kootenay Arc, which
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Fig ure 2. Sim pli fied geo log i cal map of south east ern Brit ish Co lum bia and sur round ing re gion, show ing the Kootenay Arc and lo ca tion of
car bon ate-hosted Zn-Pb de pos its (mod i fied from Wheeler and McFeely, 1991; Lo gan and Colpron, 2006; Paradis, 2007). The Cam brian-
De vo nian car bon ates in clude the Early Cam brian Badshot For ma tion and its equiv a lent, the Reeves Mem ber of the Laib For ma tion, which
hosts the Zn-Pb sul phide and nonsulphide de pos its. Ab bre vi a tions: MC, Monashee com plex.



hosts nu mer ous stratabound car bon ate-hosted Zn-Pb sul -
phide and nonsulphide deposits and polymetallic Pb-Zn
(±Ag) veins (Struik, 1988; Paradis, 2007).

Carbonate-Hosted Sulphide and
Nonsulphide Deposits of the Salmo Camp

The sul phide de pos its of the Salmo camp are com monly re -
ferred to as ‘Kootenay Arc–type de pos its’ (Höy, 1982; Nel -
son, 1991). Most of the de pos its oc cur in Early Cam brian
shal low-wa ter plat form car bon ates of the Badshot For ma -
tion or its equiv a lent, the Laib For ma tion (Reeves Mem -
ber). Some oc cur in the Mid dle Cam brian to Early Ordovic -
ian Nelway For ma tion. They have been var i ously inter pret -
ed as meta mor phosed Mis sis sippi Val ley–type (MVT), sedi -
mentary ex ha la tive–type (SEDEX), and Irish-type Pb-Zn
de pos its (Sangster, 1970, 1990; Nel son, 1991; Goodfellow
and Lydon, 2007; Paradis, 2007, 2008). More re cently,
Paradis (2010) in ter preted them as Mis sis sippi Val ley–type
based on Re-Os dat ing on the min er al iza tion.
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Fig ure 3. Gen eral bed rock ge ol ogy be tween the Cariboo River and
Mitch ell Lake (af ter Camp bell, 1978; Struik, 1983a, b, 1988; Ferri
and O’Brien, 2003), east-cen tral Brit ish Co lum bia. The dot ted rect -
an gle (oc cur rences 1, 2 and 3) is the area cov ered by the Cariboo
Zinc prop erty (Fig ure 12). Min eral oc cur rences, ac cord ing to BC
MINFILE (BC Geo log i cal Sur vey, 2010): 1, Sil; 2, Griz zly Lake; 3,
Lam; 4, Comin Throu Bear; 5, Maybe; 6, Mt. Kimball; 7, Maeford
Lake; 8, Ace; 9, Mae; 10, Cariboo Schee lite.



The de pos its range in size from 6 to 10 mil lion tonnes with
av er age grades of 3–4% Zn, 1–2% Pb, 0.4% Cd and traces
of Ag (Höy, 1982; Höy and Brown, 2000). They are strata -
bound and stratiform lens-shaped con cen tra tions of sul -
phides (sphalerite, ga lena, py rite, lo cal pyrrhotite and rare ar -
senopyrite) in isoclinally folded dolomitized or si lici fied
car bon ate lay ers (Paradis, 2007). Sev eral de pos its are past-
pro duc ers (e.g., Reeves Mac Don ald, Jer sey, HB) and oth -
ers have seen ad vanced ex plo ra tion work (e.g., As pen,
Jack pot), al though none are pres ently in pro duc tion.

With the ex cep tion of Lomond (which is hosted by the Mid -
dle Cam brian–Early Or do vi cian Nelway For ma tion), the
de pos its are hosted by fine-grained, poorly lay ered or mas -
sive dolostone of the Reeves Mem ber, which is tex tur ally
dis tinct from bar ren, gen er ally me dium-grained, well-
banded, grey and white or black and white lime stone of the
same unit. The min er al ized dolostone is dark grey, poorly
lay ered and mot tled with black flecks, wisps and lay ers of
im pu ri ties (Fyles, 1970). The de pos its, their dolostone en -
ve lopes, and the lime stone host rock gen er ally lie within
sec ond ary iso cli nal folds along the limbs of re gional anti -
clinal struc tures. They form stratabound and stratiform, tab -
ular and lens-shaped con cen tra tions of py rite, sphalerite
and ga lena in dolomitized zones. Brecciated zones are com -
mon within the more mas sive sul phide min er al iza tion
(Fyles and Hewlett, 1959; Legun, 2000).

The near-sur face por tions of the sev eral car bon ate-hosted
sul phide de pos its are weath ered, strongly ox i dized and
con sist, in many cases, of ex ten sive Zn- and Pb-bear ing,
iron-ox ide gos sans and base-metal–bear ing nonsulphide
min er als. The weath ered zones of some of the de pos its are
par tially de lim ited and none have been ex ploited in the
past. The min er al ogy and paragenesis of ox i dized zones are 
in dic a tive of di rect-re place ment of sulphides by nonsul -
phide base-metal–bear ing min er als. The main ex po sure at
Lomond is an ex cel lent ex am ple of a CHNSBM iron-rich
gos san (Fig ure 4). The Ox ide de posit may cor re spond to
the hemimorphite por tion of a CHNSBM de posit formed
by wallrock-re place ment (Fig ure 5). There are not enough
data avail able to de ter mine con clu sively if the Ox ide de -
posit is of the di rect- or wallrock-re place ment–type, but the 
dom i nance of hemimorphite is linked to high sil ica ac tiv ity
(pro vided by the un der ly ing Reno For ma tion quartz ite)
dur ing base-metal trap ping. In most other oc cur rences, spa -
tial con ti nu ity and/or the close spa tial re la tion ships, in
com bi na tion with mor pho log i cal sim i lar i ties be tween sul -
phide and as so ci ated nonsulphide zones, sug gest di rect-re -
place ment CHNSBM min er al iza tion. The ev i dence for di -
rect-re place ment or i gin is strongest where the transition of
nonsulphide to sulphide mineralization with increasing
depth is well documented.

Brief de scrip tions of sam pled de pos its are given be low;
more de tailed de scrip tions can be found in Simandl and

Paradis (2009). The de scrip tions are based on our field in -
ves ti ga tions (2008, 2009) and de scrip tions of Fyles and
Hewlett (1959), Fyles (1964, 1970), Höy (1982) and Legun 
(2000).

Reeves MacDonald, Annex and Red Bird

The Reeves Mac Don ald de pos its are lo cated 30 km south-
south west of the vil lage of Salmo. They in clude the past-
pro duc ing de pos its of Reeves Mac Don ald (MIN -
FILE 082FSW026; BC Geo log i cal Sur vey, 2010) and An -
nex (MINFILE 082FSW219), and the Red Bird pros pect
(MINFILE 082FSW024). Com bined pro duc tion from
1949 to 1971 to talled 5 848 021 t of sul phide ore grad ing
3.50% Zn and 1.39% Pb. Like most car bon ate-hosted Zn-
Pb de pos its in the south ern Kootenay Arc, the min er al ized
zones are en closed by a dolomitized en ve lope within the
Reeves Mem ber lime stone. The sul phide orebodies, their
en vel op ing dolostone, and the lime stone host rock are
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Fig ure 4. The main ex po sure at the Lomond de posit; an ex am ple
of a CHNSBM de posit with an iron-rich gos san com po nent, south -
east ern Brit ish Co lum bia.

Fig ure 5. Hemimorphite-bear ing ma te rial, Ox ide de posit, south -
east ern Brit ish Co lum bia.



folded and meta mor phosed to greenschist fa cies. Struc ture
in the area is char ac ter ized by nearly east-strik ing fo li a tion
and south west erly trending fold axes. A se ries of north-
strik ing faults that dip 25–45°E off set the for ma tions and
the min er al ized zones.

The Reeves Mac Don ald mine con sisted of the Reeves, B.L. 
(MINFILE 082FSW026) and O’Donnell (MINFILE
082FSW028) de pos its, which are in ter preted as faulted
seg ments of the same orebody (Fyles and Hewlett, 1959;
Gorzynski, 2001). Other de pos its in the area, such as Red
Bird, An nex, Mac Don ald (MINFILE 082FSW026), Point
(MINFILE 082FSW027) and Pros pect (MINFILE
082FSW029) may be re lated by the style of fault ing to the
above min er al ized zones; how ever, they may be sep a rate
de pos its (Fyles and Hewlett, 1959; G. Klein, pers. comm.,
2007).

The sul phide bod ies are struc tur ally con form able and
stratabound. The sulphides form bands, lenses and lay ers of 
mas sive to dis sem i nated ma te rial, par al lel to compositional 
lay er ing within me dium to dark grey dolostone. Lay er ing
var ies from milli metre-scale to sev eral centi metres in
thick ness, and is ei ther con tin u ous over tens of metres, or
dis con tin u ous and highly con torted. Lenses of unmineral -
ized light grey do lo mite interlayered with thin bands of
argillite are com mon within the ore zones. Sulphides also
form a ma trix to brec cias, which con sist of rounded to platy
frag ments of do lo mite, lime stone and quartz. The sulphides 
con sist of fine- to me dium-grained py rite, honey-col oured
to brown sphalerite, mi nor ga lena and traces of chal co py -
rite. Cop per and cad mium con tent is typ i cally less than
0.5% and 1 g/t, respectively (S. Paradis, unpublished data,
2010).

Only sul phide min er al iza tion was mined at the Reeves
Mac don ald and An nex de posit, the nonsulphide base-
metal–bear ing zones, con sist ing of earthy yel low-brown
gos san of li mo nite, he ma tite and goethite, with vari able
amounts of hemimorphite, cerussite and pos si bly smith -
sonite, were left be hind. Ac cord ing to Höy et al. (1993), the
ox i da tion oc curred prior to gla ci ation and much of the ox i -
dized ma te rial was removed by the advancing ice.

The de pos its and pros pects (i.e., Reeves Mac Don ald, An -
nex and Red Bird) are ex posed over a dis tance of ap prox i -
mately 4 km.

Red Bird

The Red Bird pros pect lies south and west of the Pend
Oreille River along Red Bird Creek. It in cludes zones A, B,
C and D de scribed be low. The main work ings in clude four
adits, a shaft and sev eral more re cent trenches and roadcuts. 
All the un der ground work ings are in ac ces si ble. The in di -
cated re source (which pre dates Na tional In stru ment [NI]
43-101) within the Red Bird pros pect is re ported at

2 177 040 t grad ing 18.5% Zn, 6.5% Pb and 68.5 g/t Ag
(Price, 1987).

Zone A cor re sponds to a roadcut of the old Red Bird no. 4
tun nel. The trenches ex posed nar row zones of zinc-ox ide
min er al iza tion in dolostone of the Reeves Mem ber.
Gorzynski (2001) re ported val ues of 5.4% Zn over 1.6 m,
6.42% Zn over 1.3 m and 16.1% Zn over 1.5 m.

Zone B, also called the Beer Bot tle zone, is lo cated ap prox i -
mately 300 m east of zone A (Fig ure 6) and has been traced
over a strike length of 110 m. It is trun cated to the east by the 
Beer Bot tle creek fault and re mains open to the west (Klein, 
1999; Gorzynski, 2001). Trench B-2000-01 ex posed bands
and lay ers of red-brown iron-ox ide gos san in ter ca lated
with vari ably al tered and weakly min er al ized dolomitic
lime stone (Fig ure 7). Our as say re sults from sam ples se -
lected along trench B-2000-01 are given in Fig ure 7. Two
grab sam ples from the thick est part of the iron-ox ide gos san 
re turned highly vari able val ues of 0.5% and 23% Zn, and
0.12% and 2.8% Pb, re spec tively. An other sam ple (no. 181, 
Ta ble 1) from an iron-ox ide–rich band 0.5 m wide re turned
15.7% Zn and 3.0% Pb. Sam ples of the weakly min er al ized
dolomitic lime stone also re turned in ter est ing Zn and Pb
val ues (see Fig ure 7). In 2000, Redhawk Re sources Inc. an -
a lyzed a chan nel sam ple across the sec tion, which re turned
15.00% Zn over 12.8 m (Gorzynski, 2001). The footwall
por tion of this zone as sayed 22.16% Zn over 6.3 m, and the
hangingwall portion returned 8.08% Zn over 6.5 m
(Gorzynski, 2001).

Zone C, lo cated 150 m north east of Zone B (Fig ure 6), is
one of the main min er al ized zones of the Red Bird pros pect
ex posed at sur face. It is in ter preted as a down-faulted por -
tion of zone B. Red Bird tun nel no. 1 ex posed a nonsulphide 
sec tion of ap prox i mately 140 m in length, in clud ing a 75 m
long and over 6 m wide zone that has av er age grades of
18.55% Zn, 5.97% Pb and 36.7 g/t Ag (Emendorf, 1927;
Sorensen, 1942; Gorzynski, 2001). One of the re-ex ca vated 
road cuts (ap prox i mately 100 m in length; Fig ure 8), lo -
cated 85 m in el e va tion above tun nel no. 1, ex posed a
nonsulphide-rich sec tion that re turned 6.93% Zn over 21 m
(Gorzynski, 2001). High-grade zones in the footwall and
hangingwall of this sec tion as sayed 12.30% Zn over 4.4 m
and 9.75% Zn over 5.6 m (Gorzynski, 2001). As say re sults
of sam ples col lected in 2009 along trench C-2000-01 are
given in Fig ure 8. This sec tion ex poses high-grade iron-ox -
ide gos san, which re placed the weakly min er al ized dolo -
stone. Two smaller bands of iron-ox ide gos san are pres ent
in the ar gil la ceous lime stone or at the con tact be tween the
al tered dolostone and the lime stone. One sample at the
contact zone assayed 43.7% Zn and 0.68% Pb.

Zone D was found by deep drill ing. One drillhole re ported
an ox i dized in ter sec tion of 16.7 m that as sayed 7.2% Pb,
8.95% Zn and 23.5 g/t Ag, di rectly over ly ing a 1.5 m sul -
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Fig ure 6. Sche matic sur face plan of zones B and C, Red Bird pros pect, south east ern Brit ish Co lum bia (af ter Gorzynski, 2001).

Fig ure 7. Ver ti cal sec tion ori ented 316°, look ing north east of trench B-2000-01, Red Bird pros pect, south east ern Brit ish Co lum bia.
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Table 1. Chemical analyses of selected nonsulphide-rich samples from the Salmo district and Cariboo Zinc property, southeastern British Columbia.
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phide-rich do lo mite sec tion that as sayed 5.64% Zn,
0.38% Pb, 8.8 g/t Ag and 0.06% Cd (Price, 1987).

Lomond

The Lomond oc cur rence (MINFILE 082FSW018) is lo -
cated ap prox i mately 27 km south of Salmo, BC. Highly ox -
i dized Pb-Zn sulphides are ex posed within the mid dle and
up per part of the Mid dle Cam brian to Early Or do vi cian Nel -
way For ma tion, which con sists of cream- and grey-banded
do lo mite with dis con tin u ous lenses of darker dolostone and 
dolomitic siltstone (Fyles and Hewlett, 1959). The main
show ing (Fig ure 4) is pre dom i nantly iron ox ides (li mo nite
and goethite). It was mined be tween 1947 and 1948 as well
as in the 1950s, and a small quan tity of hand-sorted ga lena
was shipped to the smelter at Trail (BC).

Two ox i dized zones, 1.5 and 3.6 m thick and 3 m apart, are
de scribed by Fyles and Hewlett (1959) as con form able to
the dolomitic band ing, but lo cally dis cor dant. They con sist
of earthy brown, iron-ox ide li mo nite con tain ing harder ar -
eas of goethite. Within the soft earthy li mo nite are oc ca -
sional angle site-coated nod ules of ga lena. Trans par ent to
trans lu cent crys tals of cerussite (0.5–2 mm long) are lo -
cally pres ent within the open cav i ties (Fig ure 9). A sam ple
of the main ox i dized zone as sayed 10.3 g/t Ag, 1.2% Pb and 
2.7% Zn (Fyles and Hewlett, 1959). A 4.8 m long chan nel
sam ple as sayed 3.6% Zn, 1.41% Pb and 48.9% Fe (Fig -
ure 4), and var i ous grab sam ples as sayed from 0.4 to 2.4%
Zn and 0.13 to 2.5% Pb.

Jersey-Emerald

The Jer sey-Em er ald prop erty (MINFILE 082FSW009) lies 
ap prox i mately 11 km south east of the vil lage of Salmo. It

en com passes the for mer Jer sey and Em er ald Zn-Pb mines,
and the Em er ald, Feeney, In vin ci ble and Dodger tung sten
mines. Only the Zn-Pb de pos its will be con sid ered in this
study. Lead-zinc pro duc tion of over 8 mil lion tonnes grad -
ing 1.95% Pb and 3.83% Zn (Sul tan Min er als Inc., 2010)
was re corded for the Jersey and Emerald deposits.

The Jer sey-Em er ald Zn-Pb min er al iza tion oc curs within a
dolomitized zone, near the base of the Reeves Mem ber.
Five Zn-Pb do lo mite-hosted ore bands, rang ing in thick -
ness from 0.3 to 9 m, are rec og nized within the mine. Re -
cent drill ing in ter sected a Pb-Zn-bear ing do lo mite ho ri zon
lo cated 55–60 m be low the for mer Jer sey Zn-Pb de posit.
Sul phide ore con sists of fine-grained sphalerite and ga lena
with py rite and pyrrhotite. The ga lena-sphalerite-py rite-
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Fig ure 8. Ver ti cal sec tion ori ented 030°, look ing north west of trench C-2000-01, Red Bird pros pect, south east ern Brit ish Co lum bia.

Fig ure 9. Cerussite crys tals in open cav i ties of a goethite sam ple,
Lomond de posit, south east ern Brit ish Co lum bia.



pyrrhotite ore is banded and sim i lar to ore from the HB
deposits, where Pb dominates.

Un like many of the other car bon ate-hosted Pb-Zn de pos its
in the Salmo area, there is no re cord of a near-sur face ox i da -
tion zone at Jer sey. Gen er ally, this agrees with the au thors’
field ob ser va tions. The mine is dry and only two of the ten
ore zones, B and D, were ex posed at the sur face. Both of
these zones are elon gated ap prox i mately north ward and
plunge gently south. Only the south ern-most and top o -
graph i cally low est por tions of these orebodies out cropped.
An iron-rich gos san (Fig ure 10) was noted and sam pled at
1394 m of el e va tion, west of the Em er ald Zn-Pb mine por tal 
no. 1; a grab sam ple from this zone assayed 3.08% Pb and
0.8% Zn (49.4% Fe).

HB

The HB mine (MINFILE 082FSW004) is lo cated 8 km
south east of the vil lage of Salmo. It con sists of the HB and
Gar net de pos its. The HB de posit con tains at least five
orebodies and the Gar net de posit is a sin gle lens. The mine
pro duced a to tal of 6 656 101 tonnes of ore be tween 1912
and 1978. Mea sured and in di cated re serves, pub lished in
1978 (pre dat ing NI 43-101) by Ca na dian Pa cific Lim ited,
were 36 287 tonnes grad ing 0.1% Pb and 4.1% Zn (Anon y -
mous, 1983).

The orebodies, hosted by the Reeves Mem ber lime stone,
are lo cated less than 100 m west of the Argillite fault. Sed i -
men tary rocks in the mine area are folded into a broad
synclinorium, and the lime stone-dolostone beds host ing
the orebodies are on the west limb of this struc ture. The
main min er al iza tion at HB con sists of three elon gated,
crudely el lip soid orebodies dip ping steeply to ward the east
and plung ing 15–20° south ward. These steeply dip ping
orebodies are con nected by two gently dip ping tab u lar sul -
phide brec cia bod ies, which also plunge 15–20° south ward
(MINFILE 082FSW004). The steeply dip ping orebodies

con sist of con cen tra tions of dis con tin u ous string ers that
have a Pb:Zn ra tio of 1:5, whereas the tab u lar brecciated
min er al ized zones have a Pb:Zn ra tio of ap prox i mately
1:2.5 (MINFILE 082FSW004). The sul phide con cen tra -
tions within steeply dip ping ore zones ap pear to be par al lel
to cleav age in the host dolomitic lime stone (Mac Don ald,
1973). Sul phide min er al iza tion within the tabular zones
appears to follow the bedding.

Sul phide min er als con sist pre dom i nantly of fine-grained
py rite and sub or di nate sphalerite, ga lena and lo cally mi nor
pyrrhotite. The sul phide min er al iza tion is en vel oped by a
broad zone of dolomitization, which is bor dered along its
con tact with lime stone by a nar row silica-rich zone.

The north ern por tions of the min er al ized zones are ex posed
at sur face and ox i dized to a depth of 100 m (Fyles and
Hewlett, 1959). Avail able ev i dence points to the or i gin by
the di rect-re place ment pro cess. Nonsulphide min er als in -
clude hemimorphite {Zn4Si2O7(OH)2·H2O}, cerussite
{PbCO3} and goethite {FeO(OH)}. Fyles and Hewlett
(1959) also men tioned the fol low ing phos phates: pyromor -
phite {Pb5(PO4,AsO4)3Cl}, hopeite {Zn3(PO4)2·4H2O},
spencerite (an un com mon zinc phos phate) {Zn4(PO4)2

(OH)2×4H2O)} and tar but tite {Zn2(PO4)(OH)}. A grab
sam ple from the ox i dized zone as sayed 30.6% Zn, 5.1% Pb
and 19.3% Fe.

Oxide

The main show ings of the Ox ide pros pect (MINFILE
082FSW022) out crop to the west of the north-strik ing Ox -
ide pass, 5.5 km east-south east of Ymir, BC. The area is un -
der lain by black argillite and slate of the Early(?) to Mid dle
Or do vi cian Ac tive For ma tion, grey lime stone of the
Reeves Mem ber of the Laib For ma tion, and micaceous and
white quartz ite re sem bling the lower Navada Mem ber of
the Quartz ite Range For ma tion (Fyles and Hewlett, 1959).

Min er al iza tion is hosted by the Ox ide fault, which strikes
010° and dips 75 to 80°E. The fault zone (up to 9 m wide)
con sists of crushed and sheared rocks, con tain ing a muddy
clay-like gouge about 0.5 m thick (Fyles and Hewlett,
1959; MINFILE 082FSW022). The nonsulphide base-
metal–bear ing zone at the Ox ide adit was re ported to be
highly ox i dized and was ex posed along strike for 458 m
with a max i mum width ap proach ing 9 m. Past drill ing and
un der ground de vel op ment con firmed that the ox i dized
zone ex tends more than 180 m in depth. The In ter na tional
adit, lo cated ap prox i mately 830 m to the south of the Ox ide
adit, in ter sects an ox ide zone up to 7.3 m in width, which is
also re ported to host nonsulphide Zn-Pb mineralization.

Fig ure 5 shows the typ i cal ex po sure in the vi cin ity of the
Ox ide fault. The limonitic gos san con tains hemimorphite
(Fig ure 11) and hydrozincite as the ma jor Zn-bear ing min -
er als. Parahopeite, ga lena nod ules and pyromorphite have
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Fig ure 10. Iron-rich gos san on the Jer sey-Em er ald prop erty,
south east ern Brit ish Co lum bia.



also been re ported by McAllister (1951). The high est as say
from the Ox ide adit in 1948 was 15.7% Zn, 1.4% Pb, 0.34 g/t
Au and 3.4 g/t Ag (Fyles and Hewlett, 1959). Grab sam ples
from var i ous iron-ox ide gos sans and base-metal–bear ing
nonsulphide out crops as sayed from 1.55 to 49.8% Zn, 0.13
to 1.02% Pb, 0.72 to 56.2% Fe and 0.14 to 9.8% P (Ta ble 1).

Carbonate-Hosted Sulphide and
Nonsulphide Deposits of the Cariboo Zinc

Property

The car bon ate-hosted sul phide and nonsulphide oc cur -
rences (Flip per Creek, Do lo mite Flats, Main, Gunn and
Que) of the Cariboo Zinc prop erty (NTS 093A/14E and
15W; Fig ure 12) be long to a num ber of stratabound Zn-Pb
oc cur rences in Late Pro tero zoic to Early Pa leo zoic plat -
form car bon ate units and car bo na ceous shale units of the
Cariboo terrane, such as Comin Throu Bear (MINFILE
093A  158) and Maybe (MINFILE 093A  110).

The Cariboo Zinc prop erty en com passes sev eral Zn-Pb sul -
phide and nonsulphide oc cur rences in a south east-trending
belt about 8 km long. The main oc cur rences, from west to
east, are Canopener, DeBasher, Flip per Creek, Do lo mite
Flats, Main, Gunn and Que (Fig ure 12). In the BC MIN -
FILE da ta base, DeBasher cor re sponds to the LAM show -
ing (MINFILE 093A  050), Flip per Creek, Do lo mite Flats,
and Main are en com passed by the Griz zly Lake pros pect
(MINFILE 093A  065), and Gunn and Que cor re spond to
the Sil show ing (MINFILE 093A  062).

The Cariboo Zinc prop erty is un der lain by folded and
interlayered Late Pro tero zoic car bon ate and pelitic
metasedimentary rocks of the Cunningham and Isaac for -
ma tions of the Cariboo Group (Fig ure 3). The car bon ates
and interlayered metapelitic sed i ments strike 240º and dip
to the north west in the north ern part of the prop erty, and
strike 310º and dip to the north east in the south ern part
(Murrell, 1991; McLeod, 1995). This sug gests the pres ence 
of a ma jor open fold, with a hinge lo cated near the Griz zly
Lake area. A strong south west- to north west-strik ing fo li a -
tion is pres ent in metapelitic units on the east ern limb of the
fold. The west ern limb is char ac ter ized by a south west-
strik ing fo li a tion that gen er ally dips north west. Sev eral
north- to north east-trending faults are in ter preted to cross -
cut the metasedimentary rocks (Figure 12).

The sul phide and nonsulphide oc cur rences are hosted by a
dolostone–dolomitic lime stone unit ad ja cent to a ‘phyllite’
unit of the Cunningham For ma tion (Paradis et al., 2010).

Brief de scrip tions of sam pled de pos its are given be low;
more de tailed de scrip tions can be found in Paradis et al.
(2010). The de scrip tions are based on field ob ser va tions
(Paradis et al., 2010) and re ports of Murrell (1991) and
Brad ford and Hock ing (2008).

Flipper Creek

Min er al iza tion of the Flip per Creek pros pect, hosted by
me dium-grained white dolostone, con sists of clots and
pods of sphalerite, veins, and dis tinc tive brec cia zones ap -
prox i mately 0.5 m thick con tain ing bar ite, ga lena and
sphalerite. The brec cia is cross cut by a white, fine- to

coarse-grained bar ite vein trending 185°, which has seams
and pods of ga lena and sphalerite within and along the mar -
gin of the vein. Bar ite-as so ci ated min er al iza tion post dates
some ear lier sphalerite- and galena-bearing veinlets.

Ac cord ing to Murrell (1991), min er al iza tion is pref er en -
tially lo cated at the con tact be tween phyllite to the north
and un der ly ing cream dolostone to the south. This con tact
may cor re spond to a north west-trending fault along Flip per 
creek. Murrell (1991) re ported patchy green sphalerite,
hosted within the cream dolostone and as so ci ated with
white bar ite in prox im ity to the fault. Ir reg u lar dis sem i -
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Fig ure 11. Ox ide de posit, south east ern Brit ish Co lum bia: A)
Hemimorphite-rich sam ple; B) Close up of A) show ing ag gre gates
of white ra di at ing hemimorphite crys tals form ing bot ry oi dal struc -
tures.
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Fig ure 12. Re gional ge ol ogy of the Cariboo Zinc prop erty area, Quesnel Lake area, east-cen tral Brit ish Co lum bia (from Lormand and Al ford, 1990). Lake names with the ge neric in lower case
are un of fi cial.



nated blebs, wisps and veinlets of ga lena were un cov ered
by the au thors dur ing field work, and or ange-red sphalerite
was ob served within a dark grey brecciated dolostone.

Dolomite Flats

The Do lo mite Flats pros pect is lo cated ap prox i mately
800 m east-south east of the Flip per Creek oc cur rence and
600 m north west of the Main zone. The min er al iza tion is
pres ent in sev eral low-re lief dome-shaped out crops, up to
40 by 20 m in size, along the main ac cess road. White to
cream, fine- to me dium-grained crys tal line dolostone is the
dom i nant rock type. The dolostone is char ac ter ized by low
re sponse to ‘Zinc Zap’ (zinc in di ca tor so lu tion) and weak
acid re ac tion (largely lim ited to cal cite microfracture coat -
ings). The base-metal (Zn-Pb) sul phide and nonsulphide
min er al iza tion are con fined to the dolostone. The main sul -
phide min er als are or ange-brown to dark grey sphalerite
and py rite that are com monly (at least par tially) ox i dized

and ac com pa nied by some quartz grains. These are dis sem -
i nated within the dolostone or oc cur as frac ture fill ings
(Fig ure 13A, B). No ob vi ous struc tural con trol for the dis -
sem i nated sphalerite min er al iza tion is vis i ble on the scale
of the out crop; how ever, at hand-spec i men scale, sphalerite 
ap pears to be par tially con trolled by hair line frac tures.
Nonsulphide min er als typ i cally form soft red dish brown to
or ange patches that are wide spread through out the fine-
grained cream-col oured dolostone (char ac ter ized by a
weak re sponse to Zinc Zap); they also oc cur in low con cen -
tra tions as fine ag gre gates or min ute specks. Where pres ent
in above-av er age con cen tra tions, they form dull frac ture
coat ings and/or sug ary tex tured and po rous pods with
strong Zinc Zap re sponse. Lead is pres ent in the form of ga -
lena as iso lated short (<5 cm) and nar row (<2 mm) frac ture
fill ings and small pods (<3 cm). These galena fillings are
not common in the outcrops and are rather irregularly
distributed.

156 Geoscience BC Sum mary of Ac tiv i ties 2010

Fig ure 13. Do lo mite Flats pros pect, Cariboo Zinc prop erty, east-cen tral Brit ish Co lum bia: A) or ange-brown patches cor re spond ing to ox i -
dized sulphides dis sem i nated in the dolostone; B) frac ture-fill ing ox i dized sulphides oc ca sion ally form ing boxwork tex ture in the dolostone;
C) stubby white trans lu cent crys tals of hemimorphite lin ing cav i ties; D) white trans lu cent fan-shaped crys tals of hemimorphite lin ing cav i -
ties.



Two grab sam ples from the Do lo mite Flats pros pect as -
sayed 0.25% Zn and 0.08% Pb, and 5.6% Zn and <0.02%
Pb, re spec tively (Ta ble 1).

Main

The Main pros pect is ex posed in a trench ap prox i mately
48 m long and 28 m wide. An other smaller trench is lo cated
230 m north west of the main trench. Min er al iza tion con -
sists of nu mer ous in ter sect ing 2–3 cm wide quartz veins
con tain ing ga lena and lesser sphalerite and nonsulphide
min er als (Fig ure 14A). Min er al iza tion is largely frac ture
con trolled. The main quartz-ga lena (±sphalerite±non -

sulphides) vein sys tem strikes 300–360° and dips east at

60–90°. It cross cuts bar ren quartz veins (2–3 cm wide) with 

ori en ta tions of 150°/80°W, 135°/50°S and 120°/45°S.

Ar eas (up to 1 by 0.5 m) con sist ing largely of mas sive ga -
lena (± euhedral sphalerite and ± ag gre gates of nonsulphide 
min er als) are pres ent along ex posed faces of ma jor frac -
tures within the prin ci pal trench of the Main zone (Fig -
ure 14B). The frac tures are less than 5 cm thick and, as the
ga lena con tent de creases, quartz con tent in creases. A grab
sam ple from the ga lena-rich vein brec cia sys tem as sayed
5.6% Zn and 43% Pb.

Gunn

Nu mer ous small trenches and larger trenches oc cur over a
350 by 125 m area south of the dirt road, ap prox i mately
150 m south east of the Main oc cur rence. Min er al iza tion con -
sists of quartz-ga lena (±sphalerite±nonsulphides) veins
and frac ture fill ings (Fig ure 15A), bar ite-ga lena-sphalerite
veins (Fig ure 15B), pods and ir reg u lar re place ment zones
of ox i dized sulphides (Fig ure 15C), and dis sem i nated fresh
and ox i dized sphalerite (Fig ure 15D). The car bon ate host is 
a fine- to me dium-grained recrystallized white dolostone.

The prin ci pal Gunn ex ca va tion, lo cated 250 m west of the
road, shows a com plex net work of quartz-ga lena (±sphal -
erite±nonsulphides) veins en closed in si li ceous cream-col -
oured dolostone that also lo cally hosts fine-grained, dis -
sem i nated, dark grey sphalerite and en closes ir reg u lar
zones of nonsulphide Zn-Pb min er al iza tion. The veins gen -
er ally trend north to north west and dip mod er ately to
steeply (000°/45°E, 280°/67°N, and 300°/80–90°N to 110–
130°/46°S). One set of min er al ized veins trends 040° and
dips 60°SE. Most of the veins are less than 5 cm thick and
vary in min er al ogy and min eral pro por tions along strike.
They con sist of quartz and ga lena with sub or di nate
amounts of cal cite, sphalerite and nonsulphide minerals.

At two lo ca tions within the main ex ca va tion, Pembrook
Min ing Cor po ra tion and Zincore Met als Inc., ge ol o gists re -
ported 16–30% Zn with much lower Pb val ues across
widths of 3–6 m. These zones most likely sam pled a com bi -
na tion of vein-type and nonsulphide re place ment-type

min er al iza tion. One grab sam ple of finely dis sem i nated
sul phides in dolostone as sayed 0.8% Zn and 0.3% Pb.

Que

The Que show ing con sists of a large num ber of shal low ex -
plor atory trenches and stripped out crops and subcrops lo -
cated at the ex treme south east cor ner of the Cariboo Zinc
prop erty, ap prox i mately 750 m south of the Gunn zone. The 
show ing con sists of ir reg u larly dis trib uted dolostone-
hosted frac ture-filled sphalerite, ga lena and nonsulphide
min er al iza tion (Fig ure 16A, B). Boul ders of Zn-bear ing
nonsulphide min er al iza tion are scat tered through out the
area (Fig ure 16C). At least at one lo cal ity, the pres ence of
sev eral large an gu lar and fri a ble nonsulphide-bear ing
blocks (>1 m in di am e ter), which strongly re act to Zinc
Zap, sug gests a lo cal or i gin. White-coated ga lena (sphal -
erite-free) nod ules up to 4–5 cm across were ob served in a
north-flow ing stream less than 50 m up stream from an oc -
cur rence of high-grade nonsulphide-rich boul ders. Grab
sam ples from trenches, subcrops and boul ders assayed
17.3–51% Zn, 0.14–1.5% Pb, and 0.07–0.76% Fe.
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Fig ure 14. Main pros pect, Cariboo Zinc prop erty, east-cen tral Brit -
ish Co lum bia: A) quartz-ga lena-nonsulphide-sphalerite vein; B)
pod of ga lena, nonsulphides and sphalerite that form part of a vein-
brec cia sys tem cross cut ting the host dolostone.



Samples and Methods

Our work is pri mar ily based on prop erty ex am i na tions, lim -
ited prop erty-scale map ping, and sam pling done in 2007,
2008 and 2009. Be fore sam pling, a rough eval u a tion of the
high-grade zones was made both vi su ally and by test ing
with Zinc Zap re ac tant (a so lu tion of 3% po tas sium ferri -
cyanide {K3Fe(CN)6} and 0.5% diethylaniline dis solved in
3% ox alic acid), which causes a bright red colouration on
the rocks when zinc is pres ent (Fig ure 17). This was com -
ple mented by pe trog ra phy, X-ray pow der dif frac tion
(XRD) and scan ning elec tron mi cro scope (SEM) anal y ses,
and whole rock geo chem is try. Eighty-nine sam ples were
taken from key out crops from the Red bird, Lomond, Ox -
ide, Jer sey and HB prop er ties in the Salmo dis trict of south -
ern BC, and forty sam ples were col lected from key out -
crops from the Cariboo Zinc property in the Quesnel Lake
area of central BC.

Most of the sam ples were ex am ined by con ven tional op ti -
cal mi cros copy; how ever, some were too fri a ble to al low

the prep a ra tion of a good thin sec tion and were ob served as

frag ments un der a ste reo scopic mi cro scope. Ap prox i -

mately 25 sam ples were an a lyzed by XRD and SEM at the

Uni ver sity of Brit ish Co lum bia Earth and Ocean Sci ences

microbeam lab o ra tory, to ac quire a broad sum mary of the

min eral phases pres ent and re cord their hab its and tex tural

re la tion ships. Finely ground aliquots of sam ple were

smear-mounted onto petrographic slides with an hy drous

eth a nol and al lowed to dry at room tem per a ture. X-ray dif -

frac tion data for min eral iden ti fi ca tion were col lected with

a scan ning step of 0.04° 2q and count ing time of 2 s/step on

a Siemens D5000 q-2q diffractometer over a range of 3°–

70° 2q, with each scan tak ing 55 min utes. Min er als were iden -

tified with ref er ence to the In ter na tional Cen tre for Dif frac -

tion Data (ICDD) PDF-4 da ta base us ing the pro gram

DIFFRACplus EVA (Bruker AXS, 2004, Karlsruhe, Ger -

many). The nor mal-fo cus Cu X-ray tube was op er ated at

40 kV and 40 mA.
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Fig ure 15. Gunn show ing, Cariboo Zinc prop erty, east-cen tral Brit ish Co lum bia: A) quartz–ga lena–nonsulphides (±sphalerite) veins; B)
bar ite-ga lena-sphalerite vein cross cut ting the dolostone (only bar ite is clearly vis i ble in the pho to graph); C) ir reg u lar re place ment zones of
ox i dized sulphides in dolostone; D) dis sem i nated ox i dized (or ange) and fresh (yel low ish) sphalerite in the fine-grained white dolostone.



Min eral hab its and the tex tural re la tion ships among min er -
als were char ac ter ized us ing a Philips XL-30 scan ning elec -
tron mi cro scope (SEM), equipped with a Bruker Quantax
200 en ergy dispersive X-ray spec trom e ter (EDS) sys tem.
Back scat tered elec tron im ag ing was used to ob serve tex -
tural re la tion ships in thin sec tion. EDS was used for the
identification of minerals.

Con ven tional whole-rock geo chem i cal anal y ses were done 
on ‘red’ and ‘white’ ores to as sess their com po si tion. The
anal y ses were done at ACME An a lyt i cal Lab o ra to ries Ltd.
(Van cou ver, BC). Ma jor ox ides and sev eral mi nor el e ments 
are re ported on a 0.2 g sam ple an a lyzed by in duc tively cou -
pled plasma–emis sion spec trom e try (ICP-ES) fol low ing a
lith ium metaborate/tetraborate fu sion and di lute ni tric di -
ges tion. Loss-on-ig ni tion (LOI) is by weight dif fer ence af -
ter ig ni tion at 1000°C. To tal car bon and to tal sul phur were
done by LECO anal y sis. High-grade min er al ized sam ples
were analyzed by ICP-ES fol low ing a hot four-acid di ges -
tion for sul phide and sil i cate ores. Rare earth and re frac tory
el e ments (e.g., Ba, Co) are de ter mined by in duc tively cou -

pled plasma–mass spec trom e try (ICP-MS) fol low ing a lith -
ium metaborate/tetraborate fu sion and ni tric acid di ges tion
of a 0.2 g sam ple. In ad di tion a sep a rate 0.5 g split is di -
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Fig ure 16. Que show ing, Cariboo Zinc prop erty, east-cen tral Brit ish Co lum bia: A) ga lena veinlets cross cut ting nonsulphide-rich dolostone;
B) frac ture filled by coarse-grained do lo mite, iron oxyhydroxides, ox i dized sulphides (pre sum ably sphalerite) and ga lena; C) large an gu lar
nonsulphide-bear ing blocks; D) trans lu cent ra di at ing tab u lar crys tals of hemimorphite in cav ity.

Fig ure 17. Typ i cal bright red re ac tion of Zinc Zap so lu tion in a zinc-
rich ex po sure, east-cen tral Brit ish Co lum bia.



gested in aqua regia and an a lyzed by ICP-MS to re port the
pre cious and base-metal con tent.

Mineralogy of the Carbonate-Hosted
Nonsulphide Occurrences

Salmo Camp

The in te gra tion of the an a lyt i cal meth ods iden ti fied the fol -
low ing nonsulphide min er als in the de pos its of the Salmo
re gion: Hemimorphite {Zn4Si2O7(OH)2·H2O}, cerussite {PbCO3},
hydrozincite {(Zn5(CO3)2(OH)6}, and iron oxyhydroxides
(goethite {FeO(OH)}, and he ma tite {Fe2O3}). Among the
gangue min er als, do lo mite is ubiq ui tous, fol lowed in abun -
dance by cal cite, quartz, iron oxyhydroxides, and traces of
anhydrite/gyp sum. Rem nants of sphalerite and py rite are
noted oc ca sion ally. Ta ble 2 lists all ob served nonsulphide
Zn and Pb min er als oc cur ring with the de pos its.

The nonsulphide min er als are paragenetically late and re -
place the host car bon ates and the pri mary sulphides. They
are not de formed and post date meta mor phism and re gional
de for ma tion of the host rocks. Dolostone, which is an al ter -
ation prod uct of the re gional lime stone, is the pri mary host
rock to the nonsulphide min er als. This dolostone is in ter -
preted as hy dro ther mal in origin.

The sec tions at the Red Bird pros pect ex pose high-grade
semiconsolidated to con sol i dated iron-ox ide gos san, which 
re placed the dolostone. Petrographic, XRD and SEM anal -
y ses found var i ous iron oxyhydroxides with rem nants of
goethite, hemimorphite, and rem nants of fine-grained py -
rite and sphalerite grains in a groundmass of do lo mite, cal -
cite, iron oxyhydroxides, and oc ca sional quartz grains. Iron 
oxyhydroxides oc cur along frac tures and per va sively re -
placed the car bon ate host rock. Hemimorphite is the main
nonsulphide min eral at Red Bird. It oc curs as trans lu cent
white thin tab u lar crys tals and fan-like ra di at ing and con -
cen tric ag gre gates in open spaces, such as sec ond ary pores,
inter gra nu lar spaces and frac tures, and it also per va sively
re places the car bon ate groundmass (Fig ure 18A, B). When
pres ent, hydrozincite post dates de po si tion of hemimor -
phite and oc curs as thin whit ish crust on hemimorphite. The 
fine-grained py rite and sphalerite are al ways crosscut and
enveloped by a fine layer of iron oxyhydroxides.

The ex po sures at the Lomond de posit con sist of semicon -
solidated earthy brown, iron-ox ide li mo nite con tain ing
harder ar eas of goethite. Within the soft earthy li mo nite are
con cre tions of goethite and rare angle site-coated nod ules
of ga lena. Trans par ent to trans lu cent crys tals of cerussite
(0.5–2 mm long) are lo cally pres ent within the open cav i -
ties of goethite (Figure 9).

The iron-ox ide gos san at the Jer sey-Em er ald prop erty con -
sists of goethite, he ma tite, quartz and mi nor amounts of

sphalerite and py rite. No zinc or lead car bon ates/sil i cates
were observed.

The ox i dized zones sam pled at the HB de posit con sist of
car bon ates, quartz, hemimorphite {Zn4Si2O7(OH)2·H2O},
cerussite {PbCO3}, goethite {FeO(OH)}, he ma tite, and
traces of sulphides (py rite, ga lena). Fyles and Hewlett (1959)
also men tioned pyromorphite {Pb5(PO4,AsO4)3Cl}, hope -
ite {Zn3(PO4)2·4H2O}, spencerite (an un com mon zinc
phos phate) {Zn4(PO4)2(OH)2·3H2O} and tar but tite {Zn2

(PO4)(OH)}. The nonsulphide min er als oc cur as frac ture
and cav ity-fill ing in a groundmass of car bon ate, quartz and
iron oxyhydroxides.

The Ox ide show ing con sists of un con sol i dated to semicon -
solidated limonitic gos sans (Fig ure 5) that con tain hemim -
orphite and mi nor hydrozincite as the ma jor Zn-bear ing
min er als. Hemimorphite con sists of white and red dish
brown fine-grained tab u lar, bot ry oi dal, colloform, and fan-
like ra di at ing and con cen tric crys tals that per va sively re -
place the car bon ate groundmass, and fills cav i ties and frac -
tures (Fig ure 18C, D). No sulphides are ob served in the
sam ples. Parahopeite {Zn3(PO4)2·4(H2O)}, ga lena nod ules
and pyromorphite {Pb5(PO4,AsO4)3Cl} have also been
reported by McAllister (1951).

Cariboo Zinc Property

The main nonsulphide min er als iden ti fied within the
Cariboo Zinc prop erty are hemimorphite {Zn4Si2O7

(OH)2·H2O}, smithsonite {ZnCO3}, wil lem ite {Zn2SiO4},
cerussite {PbCO3}, hydrozincite {Zn5(CO3)2(OH)6}, goe -
thite {FeO(OH)} and he ma tite {Fe2O3}. The gangue min -
er als are do lo mite, cal cite, quartz and iron oxyhydroxides.
Ta ble 2 lists all the nonsulphide Zn and Pb min er als ob -
served within the de pos its. Hemimorphite and wil lem ite
are the most com mon nonsulphide zinc min er als. Wil lem ite 
is pref er en tially as so ci ated with quartz-ga lena–bear ing
veins; whereas, hemimorphite is as so ci ated with iron
oxyhydroxides as re place ment of sphalerite crys tals and
car bon ate groundmass. The nonsulphide min er als are
paragenetically late and re place the pri mary sulphides and
the host car bon ates. They are not de formed and post date
meta mor phism and regional deformation of the host rocks.

Nonsulphide min er als within the Do lo mite Flats pros pect
are typ i cally soft red dish brown to or ange, dom i nated by
smithsonite and hemimorphite. These min er als are wide -
spread through out the fine-grained cream-col oured
dolostone in low con cen tra tions as fine ag gre gates or min -
ute specks. They also form dull frac ture coat ings and/or
sug ary tex tured and po rous pods. Lo cally, the nonsulphides 
are as so ci ated with quartz grains, and vis i ble relicts of
sphalerite and py rite crys tals. The most spec tac u lar oc cur -
rences of nonsulphides at this lo cal ity con sist of ra di at ing
hemimorphite nee dles lin ing cav i ties (Fig ure 13C, D).
Hemimorphite also oc curs as fine del i cate euhedral crys tals 
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along frac tures of the dolostone (Fig ure 19A). Smithsonite
is in con spic u ous in hand spec i mens but mi cro scop i cally it
grows as fine crys tals on a network of crosscutting iron-
oxyhydroxide seams (Figure 19B).

The main nonsulphide min er als within the Main pros pect
are iron oxyhydroxides, hemimorphite and smithsonite,
which prin ci pally oc cur as soft red dish brown to or ange ag -
gre gates in the quartz-ga lena veins, and in the sul phide
pods as so ci ated with the vein-brec cia sys tem (Fig ure 14).
Mi cro scop i cally, hemimorphite forms ag gre gates of eu -
hedral ra di at ing crys tals fol low ing the iron-oxyhydroxide
seams, fill ing cav i ties, or re plac ing the car bon ate ground -
mass (Fig ure 19C). Smithsonite oc curs where hemimor -
phite pre vails as a fine dust ing al ter ing sphalerite (Fig -
ure 19D). Hydrozincite, pres ent in small amounts,
post dates de po si tion of hemimorphite and smithsonite and
oc curs as thin whit ish crusts on the fine botryoidal
concretions of smithsonite.

The nonsulphide min er als at Gunn are prin ci pally as so ci -
ated with quartz–ga lena (±sphalerite) veins and frac ture fil -
l ings, and some ir reg u lar re place ment zones in the
dolostone. The nonsulphides in clude hemimorphite,
smithsonite, wil lem ite, cerussite, hydrozincite and iron
oxy hydroxide. Hemimorphite forms ag gre gates of white to
pale grey, trans lu cent to trans par ent ra di at ing euhedral
crys tals, 2–3 mm in length or less al ter ing sphalerite (Fig -
ure 19C), fill ing cav i ties, and re plac ing the car bon ate
groundmass. It also oc curs as white trans par ent crys tals,
1.5 mm in length and 0.5 mm in di am e ter fill ing cav i ties.
Smithsonite, wil lem ite and cerussite were only ob served
mi cro scop i cally. Smithsonite is a grungy look ing min eral
that is as so ci ated with the quartz–ga lena (±sphalerite)
veins. Wil lem ite oc curs as ag gre gates of gran u lar crys tals
form ing dis con tin u ous rims around ga lena crys tals in the
veins (Fig ure 19E). Cerussite oc curs in very small amounts
(<1%) in the sam ples and is associated with microfractures
of galena and iron oxyhydroxide.

Two types of nonsulphide oc cur rences are found at Que: 1)
dolostone out crops with microfractures and veinlets of iron 
oxyhydroxide, nonsulphides, and rem nants of ga lena,
sphalerite and py rite crys tals; and 2) scat tered high-grade
boul ders of Zn-bear ing nonsulphide min er al iza tion.
Hemimorphite can be found in both types of oc cur rences. It
is the prin ci pal nonsulphide min eral al ter ing sphalerite and
oc curs as scat tered crys tals along the iron-oxyhydroxide
microfractures. In the boul ders, it forms mas sive ag gre -
gates of coarse-grained euhedral ra di at ing crys tals (Fig -
ure 19F). Hydrozincite forms a thin white crust on the
hemimorphite-rich sam ples.

Discussion

Two dis tinct types of car bon ate-hosted, nonsulphide base-
metal (CHNSBM) min er al iza tion oc cur within the Salmo

camp: 1) the min er al iza tion ex posed at the sur face of the
Red Bird, Lomond, HB and Jer sey-Em er ald prop er ties con -
sist pre dom i nantly of red ore, and 2) the min er al iza tion ex -
posed at the sur face of the Ox ide pros pect is char ac ter ized
by white ore. The dom i nant min er al og i cal phases of the red
ore are iron oxyhydroxides and hemimorphite re plac ing
both pri mary sulphides and car bon ate host rocks.
Cerussite, smithsonite and hydrozincite are lo cally pres ent. 
Rem nants of pri mary sphalerite, py rite and ga lena are pres -
ent at all show ings. Inter growth crys tals of do lo mite (70–
90%) and cal cite (30–10%), and oc ca sional quartz form the 
gangue min er als, and rhombohedral and scalenohedral cal -
cites are also ob served as newly formed phase-fill ing cav i -
ties and frac tures. Based on his tor i cal de scrip tions, the
white ore of the Ox ide pros pect is made of soft earthy ma te -
rial con tain ing pre dom i nantly hemimorphite, mi nor
amounts of iron oxyhydroxides, and rare nod ules of ga lena. 
McAllister (1951) and Fyles and Hewlett (1959) also re -
ported the lo cal pres ence of pyromorphite and parahopeite.
The un der ground work ings at Ox ide are not ac ces si ble;
how ever, hemimorphite-rich ma te rial is found com monly
as rounded or ovoid-shaped, dense but po rous masses in
un con sol i dated over bur den. These masses are beige to pale
gray in col our, hard but po rous and char ac ter ized by in tri -
cate (commonly concentric) system of pores. No remnants
of sulphides have been observed within these masses.

The min er al og i cal and geo log i cal char ac ter is tics (i.e.,
CHNSBM zones un der lain by sul phide min er al iza tion) of
the nonsulphide Zn-Pb min er al iza tion at Red Bird,
Lomond, HB and Jer sey point to supergene di rect-re place -
ment of the sul phide-rich protore. Dur ing the for ma tion of a 
di rect-re place ment CHNSBM de posit, pri mary ore
(protore) is ox i dized, and base met als pass into so lu tion and 
are re dis trib uted and trapped within space orig i nally oc cu -
pied by the protore (Simandl and Paradis, 2009). De pend -
ing on the ex tent of re place ment of sulphides by base-metal
and iron-bear ing nonsulphide min er als (ox ides, sil i cates,
car bon ates and phos phates), the re sult ing ore is called
mixed (com bi na tion of sul phide and nonsulphide ore) or
nonsulphide ore (also re ferred to as ox ide ore). The geo log -
i cal and min er al og i cal ev i dence sug gests that the Zn-rich
white ore min er al iza tion at Ox ide may be of supergene
wallrock-re place ment type (Simandl and Paradis, 2009). In 
this sys tem, the base met als lib er ated by the ox i da tion of
sulphides are not trapped lo cally (as for the red ore), but
they are trans ported by per co lat ing wa ters down and away
from the sul phide protore and pre cip i tated un der more re -
duc ing con di tions (cf. Hitzman et al., 2003). In this par tic u -
lar case, be cause the de posit is lo cated at the con tact of car -
bon ate with quartz ite, high ac tiv ity of sil ica was prob a bly
the de ter min ing fac tor in crys tal li za tion of hemimorphite
rather than smithsonite-rich ore. Wallrock-re place ment de -
pos its can be lo cated in proximity to protore or several
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Table 2. Most common minerals occurring within properties of the Salmo camp and the Cariboo Zinc property, east-central British Columbia.
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hundreds of metres away (Heyl and Bozion, 1962; Hitzman 
et al., 2003; Reichert and Borg, 2008).

The car bon ate-hosted sul phide and nonsulphide min er al -
iza tion of the Cariboo Zinc prop erty oc curs as dis sem i na -
tions of fine specks and centi metre-size ag gre gates, irregu -
lar re place ment zones, and veins and frac ture fill ings lo cally
form ing nar row brec cia zones. Sphalerite oc curs mostly as
per va sive fine- to me dium-grained, low-grade dis sem i na -
tions in dolostone; ag gre gates form ing centi metre-size
clots; and, less fre quently, frac ture and brec cia fill ings. Ga -
lena oc curs mainly as frac ture and vein fill ings in as so ci a -
tion with quartz and/or cal cite, sphalerite and bar ite. Ga -
lena-rich crackle and mo saic dolostone brec cias (±
sphalerite) are less com mon. In all of the oc cur rences, ga -
lena and sphalerite are at least par tially or to tally trans -
formed into Zn-Pb nonsulphides.  The dom i  nant
nonsulphide min er als are hemimorphite and smithsonite,
with vari able amounts of iron oxyhydroxides and hydro -
zincite. Wil lem ite and cerussite were rec og nized only at

Gunn and Que oc cur rences. The nonsulphides form milli -
metre-scale or ange patches, ox ide boxworks (af ter
sphalerite), open-space fill ings, and ir reg u lar re place ment
pods and masses with or with out rem nants of sphalerite, ga -
lena and py rite. Hemimorphite and smithsonite re place
sulphides and host car bon ates, but wil lem ite and cerussite
only re place the sul phide as sem blages. Our pre lim i nary ob -
ser va tions sug gest that hemimorphite and smithsonite de -
vel oped at the ex penses of wil lem ite and cerussite in near-
sur face ox i da tion of the sulphides. They have all the char -
ac ter is tics of supergene ox i da tion prod ucts, whose
physicochemical con di tions of for ma tion re main un clear.
Sur pris ingly, iron sulphides (py rite and/or marcasite) are
pres ent in low con cen tra tions through out the area, with the
ex cep tions of the DeBasher and Do lo mite Flats oc cur -
rences, where py rite is found as so ci ated with ag gre gates of
sphalerite. This is sig nif i cant be cause un der ox i diz ing con -
di tions, py rite is more re ac tive in sur face en vi ron ments
than sphalerite or ga lena. The best and high est grade
nonsulphide min er al iza tion within the Cariboo Zinc prop -
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Fig ure 18. Mi cro pho to graphs taken un der crossed po lar light of Zn and Pb nonsulphide min er als from the Red Bird and Ox ide de pos its,
east-cen tral Brit ish Co lum bia: A) ag gre gates of tab u lar crys tals of hemimorphite re plac ing the car bon ate host rock; B) tab u lar crys tals of
hemimorphite lin ing cav i ties; C) ag gre gates of fine ra di at ing crys tals of hemimorphite per va sively re plac ing the car bon ate groundmass; D)
two gen er a tions of hemimorphite: con cen tric ag gre gates of ra di at ing crys tals; and coarse-grained tab u lar crys tals.



erty is found within subcrops and large an gu lar boul ders of
nonsulphide min er al iza tion scat tered through out the Que
show ing area. Three grab sam ples as sayed 51% Zn, 43.3%

Zn, and 17.32% Zn with low con cen tra tions of Pb and Fe
(Ta ble 1).
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Fig ure 19. Mi cro pho to graphs of Zn and Pb nonsulphide min er als from the Cariboo Zinc prop erty, east-cen tral Brit ish Co lum bia: A) Do lo -
mite Flats show ing, fine euhedral crys tals of hemimorphite fol low ing the iron-oxyhydroxide microfractures in the dolostone, crossed polars;
B) fine-grained ag gre gates of smithsonite form ing a cross cut ting net work in the dolostone, crossed polars; C) ag gre gates of euhedral crys -
tals of hemimorphite, plane-po lar ized light; D) smithsonite al ter ing sphalerite, plane-po lar ized light; E) wil lem ite form ing a rim around ga -
lena, crossed polars; F) ag gre gates of ra di at ing hemimorphite crys tals al ter ing sphalerite and re plac ing car bon ates, crossed polars.



In sum mary, the nonsulphide min eral oc cur rences and as -
sem blages within the Salmo dis trict and the Cariboo Zinc
prop erty are dif fer ent; how ever, in both cases they fit the
supergene model de scribed by Simandl and Paradis (2009).

Ongoing Work and Applied Research
Aiming to Help the Exploration Community

The char ac ter iza tion of the nonsulphide de pos its of south -
ern and cen tral BC is es sen tial for the for mu la tion of in te -
grated ex plo ra tion pro grams tar get ing CHNSBM de pos its
in BC and else where. Zinc or lead ox ides, sil i cates and car -
bon ates are also in di rect in di ca tor min er als in ex plo ra tion
for MVT, SEDEX, Irish-type, and vein-type Zn-Pb de pos its
(i.e., Zn-Pb sul phide pre cur sors to CHNSBM de pos its). The
po ten tial for nonsulphide de pos its in BC is good re gard less
of the in ten sity of the gla ci ation. The ori en ta tion of the
nonsulphide min er al iza tion is a key fac tor. Steeply plung -
ing, rod-shaped nonsulphide ox ide de pos its (such as those
of the Salmo camp), with their small est di men sion ex posed
at sur face, en closed in com pe tent rocks (i.e., dolomitized
lime stone), have the best pres er va tion po ten tial. Flat-ly ing
ex posed de pos its, with the larg est di men sions coplanar
with ero sion sur faces, have lower sur vival po ten tial. The
com pact hemimorphite-rich masses within the over bur den
at the Ox ide de posit sug gest that, small-scale gla cial trans -
port of the nonsulphide ma te rial from steeply plung ing
CHNSBM bod ies in creases the foot print of the ex plo ra tion
tar get.

Pre lim i nary re sults of por ta ble XRF tests con ducted on
nonsulphide ores in di cate that this tech nol ogy could great -
ly fa cil i tate ex plo ra tion for nonsulphide de pos its, since
white ores are no to ri ously dif fi cult to rec og nize by tra di -
tional pros pect ing meth ods (Simandl and Paradis, 2009; S.
Paradis and G.J. Simandl, work in progress).

Char ac ter iza tion of the phys i cal prop er ties of the nonsul -
phide Zn, Pb, Fe ox ides, car bon ates and sil i cates is es sen -
tial for eval u a tion/se lec tion of geo phys i cal meth ods in ex -
plo ra tion for nonsulphide Pb-Zn de pos its. To the best of our 
knowl edge, such data is not avail able in the lit er a ture; and a
sis ter pub li ca tion to this doc u ment by Enkin et al. (2011)
will be the first one of its kind.
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Introduction

Car bon ate-hosted, nonsulphide base metal (CHNSBM) de -
pos its form in supergene en vi ron ments from sul phide de -
pos its such as Mis sis sippi Val ley-type (MVT), sed i men -
tary-ex ha la tive (SEDEX), Irish-type and vein-type de pos its
and, to lesser ex tent, skarns. Car bon ate-hosted sul phide de -
pos its in the Kootenay terrane, ad ja cent Cariboo terrane
and else where in Brit ish Co lum bia (Fig ure 1), have near-
sur face Zn- and Pb-bear ing–ox ide gos sans (Simandl and
Paradis, 2009; Paradis et al., 2010, 2011). The met als, lib er -
ated dur ing the weath er ing of sulphides, can be trapped lo -
cally, form ing di rect-re place ment CHNSBM de pos its or
they can be trans ported by per co lat ing wa ters down and
away from the sul phide protore, form ing wallrock-re place -
ment CHNSBM de pos its (Heyl and Bozion, 1962; Hitzman 
et al., 2003; Simandl and Paradis, 2009).

Nei ther di rect-re place ment nor wallrock-re place ment
CHNSBM de pos its in BC have been com pre hen sively
char ac ter ized. The char ac ter iza tion of these de pos its is es -
sen tial for the for mu la tion of in te grated ex plo ra tion pro -
grams tar get ing CHNSBM de pos its. Zn or Pb ox ides, sil i -
cates and car bon ates may also rep re sent in di rect in di ca tor
min er als in ex plo ra tion for MVT, SEDEX, Irish-type and
vein-type Zn-Pb de pos its (i.e., Zn-Pb sulphide precursors
to CHNSBM deposits).

Grav ity, mag netic, elec tro mag netic, ra dio met ric and seis -
mic sur veys all pro vide meth ods to de ter mine the three-di -
men sional ge om e try of host rock, cover and ex plo ra tion
tar gets. To iden tify the sources of geo phys i cal anom a lies, it
is nec es sary to iden tify the phys i cal prop erty fin ger prints of 
each rock type and formation in the area.

In the anal y sis of CHNSBM de pos its, the phys i cal prop er -
ties of the host rocks, par ent sul phide min er al iza tion and
the tar get nonsulphide de pos its must all be char ac ter ized. A
ground grav ity sur vey of the Cariboo Zinc prop erty
(Luckman, 2008) re vealed par tial cor re la tion be tween
known Pb-Zn show ings and pos i tive Bouguer grav ity anom -
alies, as well as some enig matic small neg a tive anom a lies.
In an a lyz ing this sur vey, Paradis et al. (2010) stated
“Knowl edge of phys i cal prop er ties of nonsulphide min er -
al iza tion in the Cariboo Zinc dis trict would greatly im prove 
the qual ity of the in ter pre ta tion, but such data are not pres -
ently avail able.”

This knowl edge gap is ad dressed by pre sent ing new mea -
sure ments on the den sity, mag netic and elec tri cal prop er -
ties of a rep re sen ta tive set of hand sam ples col lected from
one Pb-Zn min er al iza tion camp (i.e., Salmo camp) in the
Kootenay Arc of south ern BC, and one min eral camp (i.e.,
Cariboo Zinc prop erty) in the Quesnel Lake area of east-
cen tral BC. The study forms one part of Geoscience BC
Pro ject 2009-030: “Ge ol ogy and min er al ogy of car bon ate-
hosted nonsulphide Zn-Pb min er al iza tion in south ern (NTS 
082F/03) and cen tral BC (NTS 093A/14E, 15W)”.

Carbonate-Hosted Nonsulphide Zn-Pb
Deposits

Nonsulphide de pos its were the main source of zinc prior to
the 1930s, but fol low ing the de vel op ment of dif fer en tial
flo ta tion and break throughs in smelt ing tech nol ogy, the
min ing in dus try turned its at ten tion to sul phide ore. To day,
most zinc is de rived from sul phide ore (Hitzman et al.,
2003; Simandl and Paradis, 2009). The sit u a tion is chang -
ing fur ther, as ev i denced by the suc cess ful op er a tion of a
ded i cated pro cess ing plant to ex tract zinc metal, through
di rect acid leach ing, solid-liq uid sep a ra tion, sol vent ex trac -
tion and elec tro win ning, from nonsulphide and mixed ores
mined at the Skorpion mine, Namibia.

Wallrock-re place ment de pos its can be lo cated in prox im ity
to protore (pri mary ore) or sev eral hun dreds of metres away 
(Heyl and Bozion, 1962; Hitzman et al., 2003; Reichert and
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Borg, 2008). The di rect-re place ment nonsulphide de pos its

are also known as ‘red ores’ be cause they con sist com -

monly of Fe-oxyhydroxides, goethite, he ma tite, hemimor -

phite, smithsonite, hydrozincite and cerussite; they typ i -

cally con tain >20% Zn, >7% Fe and Pb±As. The wallrock-

re place ment de pos its know as ‘white ore’ con sist of

smithsonite, hydrozincite and mi nor Fe-oxyhydroxides,

and con tain <40% Zn, <7% Fe and very low con cen tra tions

of Pb. Wallrock-re place ment de pos its are com monly rich in 

Zn and poor in Pb rel a tive to the di rect-re place ment

CHNSBM de pos its (Simandl and Paradis, 2009) and, from

a met al lur gi cal and en vi ron men tal perspective, white ores
are simpler and preferable.

His tor i cally, it was be lieved that BC did not have a sig nif i -
cant po ten tial to host eco nomic CHNSBM de pos its be -
cause it was sub jected to sev eral pe ri ods of gla ci ation. It is
now con vinc ingly es tab lished, that given fa vour able mor -
phol ogy and ori en ta tion, CHNSBM de pos its can sur vive
glaciations, mak ing these de pos its le git i mate ex plo ra tion
tar gets in the prov ince. In tro duc tory pa pers on car bon ate-
hosted nonsulphide Zn-Pb de pos its of the south ern
Kootenay Arc (Simandl and Paradis, 2009) and on the sul -
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Fig ure 1. Lo ca tion of the pro ject area, south-cen tral Brit ish Co lum bia, with re spect to other sig nif i cant car bon ate-hosted sul phide and
nonsulphide oc cur rences in the north ern cor dil lera (mod i fied from Nel son et al., 2002, 2006). Sam ples for this study were col lected from the 
Salmo and Quesnel Lake min eral camps. Ab bre vi a tions: CC, Cache Creek terrane; Q, Quesnel terrane; SRMT, Southern Rocky Moun tain
Trench.



phide/nonsulphide Pb-Zn min er al iza tion of the Quesnel
Lake area (Paradis et al., 2010), de scribe ex am ples of these
de posit-types lo cated in Brit ish Co lum bia, but de tailed
min er al og i cal and geo chem i cal char ac ter iza tion of ore
min er als was not done at the time. The com pan ion pa per
(Paradis et al., 2011) dis cusses the com ple men tary min er al -
og i cal and geochemical analyses of these same samples and 
places them in their geological context.

Regional Geology

The ar eas of in ter est are lo cated in the Salmo camp of the
south ern Kootenay Arc of south eastern BC (NTS 082F/03)
and the Cariboo Zinc prop erty, Quesnel Lake area of east-
cen tral BC (NTS 093A/14E, 15W; Fig ures 1, 2). The Koot -
enay Arc is an ar cu ate belt of comp lexly de formed rocks
ex tend ing at least 400 km from near Revelstoke to the

south west across the Can ada–United States border (Fyles,
1964). The Kootenay Arc lies be tween the Purcell
Anticlinorium in the Purcell Moun tains to the east and the
Monashee meta mor phic com plex to the west, and it is part
of the Kootenay terrane. The arc con sists of a thick suc ces -
sion of thrust-imbricated Pro tero zoic to Early Me so zoic
miogeoclinal to basinal strata de rived from sed i men tary
and vol ca nic protoliths (Brown et al., 1981). Colpron and
Price (1995) out lined a re gion ally co her ent strati graphic
suc ces sion in the Kootenay Arc. The lower part is com -
posed of siliciclastic and car bon ate rocks of the
Eocambrian Hamill/Gog Group and Mohican For ma tion.
These are over lain by the archaeocyathid-bear ing car bon -
ate rocks of the Early Cam brian Badshot For ma tion and its
equiv a lent, the Reeves Mem ber of the Laib For ma tion
(Fyles and East wood, 1962; Fyles, 1964; Read and
Wheeler, 1976), which host a num ber of Zn-Pb sul phide
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Fig ure 2. Sim pli fied geo log i cal map of south east ern Brit ish Co lum bia and sur round ing re gion, show ing the Kootenay Arc and lo ca tion of
car bon ate-hosted Zn-Pb de pos its (mod i fied from Wheeler and McFeely, 1991; Lo gan and Colpron, 2006; Paradis, 2007). The Cam brian-
De vo nian car bon ates in clude the Early Cam brian Badshot For ma tion and its equiv a lent, the Reeves Mem ber of the Laib For ma tion, which
hosts the Zn-Pb sul phide and nonsulphide de pos its. Ab bre vi a tions: MC, Monashee com plex.



de pos its. The Badshot For ma tion is char ac ter ized by
calcitic to dolomitic mar ble. Schist is lo cally interlayered
with the mar ble. In the south ern part of the Kootenay Arc,
the car bon ate rocks are over lain by siliciclastic, basinal
shale and mafic vol ca nic rocks of the Early Pa leo zoic
Lardeau Group (Colpron and Price, 1995). Polyphase de -
for ma tion has trans posed bedding and locally obscured
primary stratigraphic relationships (Colpron and Price,
1995).

The Quesnel Lake area in cen tral BC is com posed of rocks
of the Cariboo terrane, North Amer i can mio geocline and the 
Barkerville subterrane. To the east, the Cariboo terrane is in 
fault con tact with the west ern mar gin of the North Amer i can 
miogeocline along the Rocky Moun tain Trench. To the
west, it is in fault con tact (along the west erly verg ing Pleas -
ant Val ley thrust) with rocks of the Barkerville subterrane,
which cor re sponds to a north ern ex ten sion of the Kootenay
terrane.

The Cariboo terrane com prises thick se quences of Pre cam -
brian to Early Me so zoic siliciclastic and car bon ate rocks
that have sim i lar i ties with rocks of the North Amer i can
miogeocline. In the Quesnel Lake area, the Cariboo terrane
is rep re sented by the Late Pro tero zoic Kaza Group, the Late 
Pro tero zoic to Late Cam brian Cariboo Group and the Or do -
vi cian to Mis sis sip pian Black Stu art Group. The Cariboo
Group in cludes argillite, slate and phyllite of the Isaac For -
ma tion; car bon ate of the Cunningham For ma tion; argillite
and phyllite of the Yan kee Belle For ma tion; white quartz ite
of the Yanks Peak For ma tion; shale, phyllite and micaceous 
quartz ite of the Mi das For ma tion; car bon ate of the Mu ral
For ma tion; and slate, phyllite and mi nor lime stone of the
Dome Creek For ma tion (Struik, 1988). Sed i men tary rocks
of the Isaac, Cunningham and Yan kee Belle for ma tions
cor re late with like rocks of the Windermere Supergroup,
and the quartz ite of the Yanks Peak For ma tion cor re lates
with that of the Hamill Group in south ern BC (Struik,
1988). The archaeocyathid-bear ing car bon ate of the Mu ral
For ma tion is biostratigraphically cor re la tive with the
Badshot For ma tion of the Kootenay Arc, which con tains
nu mer ous stratabound car bon ate-hosted Zn-Pb sul phide
and nonsulphide deposits and polymetallic Pb-Zn (±Ag)
veins (Struik, 1988; Paradis, 2007).

Sample Collection

Sam ples, col lected dur ing the 2007, 2008 and 2009 field
sea sons, were cho sen to rep re sent the range of rock types
found within the CHNSBM de posit ar eas. In to tal, 47 sam -
ples were taken from the Salmo camp and 19 from the
Quesnel Lake camp. Brief lithological de scrip tions are in -
cluded in Ta ble 1; to sim plify anal y sis, how ever, the rock
types have been grouped into the fol low ing clas si fi ca tions
(with the num ber of sam ples stud ied):

Hostrocks:

· nonmineralized lime stone (4)

· nonmineralized dolostone (9)

Sul phide (± nonsulphide)–bear ing rocks:

· weakly min er al ized lime stone (1)

· weakly to mod er ately min er al ized dolostone (some con -
tain sulphides and nonsulphides) (13)

· semi-mas sive sulphides (protore) (9)

· skarn (1)

Nonsulphide (± sul phide, iron ox ides)–rich dolostone:

· iron-ox ides (16)

· nonsulphide-rich rock, i.e., rich in Zn-Pb car bon ates or
sil i cates (13)

Laboratory Methods

All sam ples were petro graphi cally de scribed. Some of the
sam ples were in ves ti gated us ing X-ray pow der dif frac tion
(XRD) and scan ning elec tron mi cro scope (SEM) anal y ses.
Most sam ples were suf fi ciently com pe tent to per mit ex trac -
tion of 2.5 cm di am e ter, 2.2 cm long cy lin dri cal cores.
These drillcores were char ac ter ized in terms of skel e tal and
bulk den sity, po ros ity, mag netic sus cep ti bil ity, mag netic
remanence, Koenigsberger ra tio and elec tric re sis tiv ity.
Fri a ble or un con sol i dated sam ples were sub ject only to
skel e tal density and magnetic susceptibility measurements.

Density and Porosity

For all sam ples, the skel e tal den sity (i.e., the den sity of the
min er als not in clud ing the con nected pore space) was mea -
sured us ing the ‘weight-in-air–weight-in-wa ter’ method
(Mul ler, 1967). The bulk den sity (i.e., the den sity of the
whole rock in clud ing the pore space) was also mea sured on
the sam ples that could be drilled, since the vol ume of a right 
cyl in der can be mea sured geo met ri cally. For six sam ples
that were too fri a ble to drill, yet com pe tent enough to saw
and grind into rough cubes, the hexa he dral vol ume was de -
ter mined us ing the tetrakis hexahedron volume for mu la -
tion of Grandy (1997).

Po ros ity is cal cu lated as the dif fer ence be tween the skel e tal
and bulk den sity mea sure ments nor mal ized by the skel e tal
den sity. In the au thors’ ex pe ri ence, val ues be low 2% are not 
sig nif i cantly dif fer ent from 0% porosity.

For pow ders, the skel e tal vol ume was de ter mined by mea -
sur ing the mass of wa ter needed to fill a grad u ated cyl in der
to a given level. The po ros ity of the pow ders was around
50%, but that is not nec es sar ily rep re sen ta tive of their in
situ porosity.

Magnetic Susceptibility

Mag netic sus cep ti bil ity was mea sured on fri a ble or un con -
sol i dated hand sam ples in the lab o ra tory us ing a SM-20
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Table 1. Physical properties of samples collected from the Salmo and Cariboo Lake mineral camps, south-central British Columbia.
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pocket mag netic sus cep ti bil ity me ter (GF In stru -
ments s.r.o., Brno, Czech Re pub lic), with a sen si -
tiv ity of 10-6 SI vol ume units and a mea sure ment
coil with a 5 cm di am e ter. Ap prox i mately 90% of
the mea sured re sponses came from the top 2 cm of 
sam ples tested. Sus cep ti bil ity mea sure ments on
cores were taken with an SI2B sus cep ti bil ity me -
ter (Sap phire In stru ments, Ruth ven, On tario), ac -
cu rate to 10-7 SI units. These higher pre ci sion
mea sure ment tech niques were used in pref er ence
to the SM-20 hand-sam ple measurements when
the stability of the sample permitted.

Magnetic Remanence and
Koenigsberger Ratio

Mag netic remanence was mea sured us ing an
AGICO s.r.o. (Brno, Czech Re pub lic) JR5-A
spin ner mag ne tom e ter (sen si tiv ity 10-5 A/m). The
three-di men sional vec tor was mea sured, but as
the sam ples were not ori ented, only the vec tor
mag ni tude of the remanence is re ported in the da -
ta base. The Koenigsberger ra tio (KN) com pares
the rel a tive strength of the nat u ral remanent mag -
ne ti za tion (NRM) to the in duced mag ne tism in the 

geo mag netic field: KN = NRM/(H0 c0), where c0

is the mag netic sus cep ti bil ity and the geo mag -
netic field strength (H0) is ap prox i mated as a con -

stant 40 A/m (or m0H0 = 50 mT = 50000 g, where m0

is the per me abil ity of free space). When KN is
above 1, then a quan ti ta tive model de rived from a
mag netic anom aly in ter pre ta tion will be in ac cu -
rate if mag netic remanence is not taken into con -
sid er ation.

Electrical Resistivity

Com plex elec tri cal im ped ance fre quency spec tra
were mea sured us ing a Solartron Model 1260 Im -
ped ance/Gain-Phase An a lyzer (AMETEK,
Farnborough, United King dom), based on the
method of Katsube (2001). Sam ple cyl in ders
were vac uum im preg nated in dis tilled wa ter and
al lowed to soak for at least 24 hours, to al low orig -
i nal ground wa ter sol utes pre cip i tated in the sam -
ple po ros ity to dis solve and ap prox i mate orig i nal
ground wa ter con duc tiv ity. The im ped ance was
mea sured with 5 fre quen cies per de cade from
1 MHz to 1 Hz. The sca lar re sis tance was picked
as the real im ped ance at the fre quency which dis -
plays min i mum imag i nary im ped ance, typ i cally
around 1000 Hz. In do ing so, we re port the real re -
sis tance valid over the larg est pos si ble fre quency

range. Re sis tiv ity (ohm×m) is this re sis tance times
the sample geometric factor, the cross-section
area divided by the length.
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Fig ure 3. Re la tion ship be tween skel e tal den sity and mag netic sus cep ti bil ity,
sam ples from Salmo and Quesnel Lake camps, south-cen tral Brit ish Co lum -
bia. Salmo camp sam ples are plot ted as squares while Quesnel Lake sam ples 
are plot ted as tri an gles. Note that dia mag netic sam ples (i.e., neg a tive sus cep -
ti bil ity) are plot ted with sus cep ti bil ity of +10-6 SI, as neg a tive val ues can not plot 
on a log a rith mic scale.

Fig ure 4. Plot of bulk den sity ver sus po ros ity, sam ples from Salmo and
Quesnel Lake camps, south-cen tral Brit ish Co lum bia. Salmo camp sam ples
are plot ted as squares while Quesnel Lake sam ples are plot ted as tri an gles.



Results and Interpretation

The mea sure ments taken from 66 sam ples col -
lected in the Salmo and Quesnel Lake camps are
com piled in Ta ble 1. The only phys i cal prop er ties
that could be mea sured on all sam ples were the
skel e tal den sity and the mag netic sus cep ti bil ity.
The dif fer ent rock types lie in dis tinct re gions of
the den sity/sus cep ti bil ity plot (Fig ure 3). The
skarn and the iron ox ides have the high est mag -
netic sus cep ti bil i ties, as ex pected. They have a
wide range of den si ties, with one sam ple (08-SP-
104B2) denser than 4 g/cm3. The semi-mas sive
sulphides are dis tin guished by their high den sity,
al ways near or above 3 g/cm3 .  While the
nonmineralized car bon ates and weakly min er al -
ized car bon ates have skel e tal den si ties be tween
2.5 and 2.9 g/cm3, typ i cal of car bon ate rocks,
strongly min er al ized nonsulphide sam ples range
from 1.8 to 3.5 g/cm3. The low skel e tal den sity
nonsulphide sam ples (09-SP-225B and 09-SP-
174) are dia mag netic, re flect ing the dom i nance of 
do lo mite in the min er al ogy. The nonsulphide
sam ple with high est den sity (09-SP-230) con tains 
ga lena string ers (ga lena has den sity above
7 g/cm3), and thus the anomalous density may be
dominated by the sulphide component.

The bulk den sity is in flu enced by the po ros ity (as
ex pected). The most po rous sam ples (>8% po ros -
ity) have bulk den sity <2.5 g/cm3 (Fig ure 4). Of
the 45 sam ples for which mag netic remanence
c o u l d  b e  me a  s u r e d ,  a  n o  t a  b l e  2 0  h a v e
Koenigsberger ra tios >1 (Fig ure 5), sug gest ing
that mag netic sur vey in ter pre ta tion in volv ing
quan ti ta tive mod el ling of the shapes of mag netic
bod ies can be mis lead ing if only mag netic sus cep -
ti bil ity is mod elled. While most sam ples have

very high resistivities (>106 ohm×m), two iron-ox -
ide sam ples and two mas sive-sul phide sam ples
have low resistivities (Fig ure 6), which, if rep re -
sent ing suf fi ciently large bod ies, could pro duce
sig nif i cant electromagnetic anomalies.

Conclusion

This study is the first of its kind to de ter mine and
doc u ment phys i cal prop er ties of car bon ate-
hosted Pb-Zn nonsulphide min er al iza tion and to
com pare these prop er ties with those of sur round -
ing coun try rock and sul phide protore. Based on
the re sults of this study, grav ity sur veys prob a bly
hold the most prom ise for de tec tion of this type of
de posit, as both the sul phide protore and many of
the nonsulphide rocks have den si ties above
3 g/cm3. From a prac ti cal point of view, the in ter -
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Figure 5. Plot of mag netic remanence ver sus mag netic sus cep ti bil ity, with
lines of equal Koenigsberger ra tio (KN) in di cated, sam ples from Salmo and
Quesnel Lake camps, south-cen tral Brit ish Co lum bia. Note that nearly half the
sam ples have KN >1. Salmo camp sam ples are plot ted as squares while
Quesnel Lake sam ples are plot ted as tri an gles.

Fig ure 6. Plot of bulk den sity ver sus elec tri cal re sis tiv ity, south-cen tral Brit ish
Co lum bia. Salmo camp sam ples are plot ted as squares while Quesnel Lake
sam ples are plot ted as tri an gles.



pre ta tion of the grav ity data will not be straight for ward; the
den sity of nonsulphide min er al iza tion can also be very low,
which may ex plain the small neg a tive grav ity anom a lies
ob served in the Cariboo Zinc prop erty of the Quesnel Lake
area. A full un der stand ing of the sig nif i cance of these rock
prop erty mea sure ments re quires fur ther con sid er ation of
the cor re la tion be tween a mea sured rock prop erty and the
min er al ogy, tex ture and po ros ity of each sam ple. With the
ben e fit of such an un der stand ing, the next step of eval u at -
ing the significance of geophysical anomalies can proceed
with a measure of confidence.
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Introduction

Gov ern ment-funded re con nais sance-scale re gional geo -
chem i cal sur veys have been con ducted in Brit ish Co lum bia 
since 1976. Up to this point, more than 62 700 drain age sed -
i ment and wa ter sam ples have been col lected and sam ple
sites cover ap prox i mately 77% of BC at an av er age den sity
of one sam ple for ev ery 12 km2 (Fig ure 1). Com piled re -
sults from these sur veys have pro vided a com pre hen sive
multi-el e ment geo chem i cal da ta base that de lin eates re -
gional geo chem i cal pat terns and pro vides base line in for -
ma tion that is be ing used to guide and sup port mineral
exploration activities (Lett et al., 2008).

Ef forts to max i mize the util ity of the re gional geo chem i cal
da ta base are on go ing and in clude both new sam pling and
en hance ments to avail able an a lyt i cal in for ma tion. In 2010,
Geoscience BC sup ported the fol low ing da ta base upgrade
projects to

· reanalyze moss-mat sed i ment sam ples orig i nally col -
lected in 1988 and 1989 from creeks lo cated on Van cou -
ver Is land; the sam ples were an a lyzed for 51 el e ments
by aqua-regia di ges tion fol lowed by in duc tively cou -
pled plasma–mass spec trom e try (ICP-MS) and Pt and
Pd by fire assay;

· reanalyze drain age sed i ment sam ples from sev eral sur -
veys orig i nally con ducted in north ern BC from 1977 to
1995 for 53 el e ments by aqua-regia ICP-MS; and

· cat a logue and trans fer sam ple pulps re tained from sur -
veys con ducted in BC into a sin gle ma te ri als ar chi val fa -
cil ity main tained by Nat u ral Re sources Canada
(NRCan).

Regional Geochemical Survey Program
History

Ex ten sive ori en ta tion stud ies (Ballantyne and Bottriel,
1975; Suther land-Brown, 1975; Friske, 1991; Cook, 1997)
have es tab lished op er a tional stan dards for sur vey de sign,

me dia col lec tion, sam ple pro cess ing and an a lyt i cal work
con ducted in BC. These guide lines and pro to cols have
main tained pro gram qual ity and as sisted in the long-term
de vel op ment of a con sis tent and func tional da ta base
(Ballantyne, 1991; Friske and Hornbrooke, 1991). Un der
the guid ance of the Na tional Geo chem i cal Re con nais sance
(NGR) Pro gram, the BC Re gional Geo chem i cal Sur vey
(RGS) Pro gram, ad min is tered by the BC Geo log i cal Sur -
vey emerged from the joint fed eral-pro vin cial Ura nium Re -
con nais sance Pro gram (URP) and the Ac cel er ated Min eral
De vel op ment Pro gram. These pro grams sup ported the
sam pling of 14 034 stream- and lake-based sites from 1976
to 1978 (Carter, 1978; Carter et al., 1979). From 1979 to
2004, more than 35 sur veys were com pleted by the BC
Geo log i cal Sur vey. In some cases, the work was jointly
man aged with the Geo log i cal Sur vey of Can ada (GSC).
These pro grams added re sults for 39 212 sam ples to the da -
ta base. Since 2005, surveys supported by Geoscience BC
have produced an additional 9671 new samples.

In BC, fine-grained stream sed i ment is the con ven tional
sam ple me dia for most RGS pro jects con ducted in moun -
tain ous re gions. This is due to its wide spread avail abil ity
and ease of col lec tion and anal y sis. Moss-mat sed i ment has
been col lected in ar eas such as Van cou ver Is land, where
con ven tional stream sed i ment is scarce. Liv ing mosses
found in the stream chan nel be low the high wa ter level have 
been found to fil ter sus pended sed i ment from the
streamwater. Lake sed i ments are col lected in ar eas of low
re lief, such as the In te rior Pla teau, where streams are either
nonexistent or have very low energy.

Over time, mod i fi ca tions and up grades have been adopted
to im prove the util ity of the da ta base. These have in cluded
the com ple tion of sur veys in ar eas not pre vi ously sam pled,
infill sam pling to in crease ex ist ing sam ple den sity, tar geted
mul ti me dia sur veys and the reanalysis, us ing up-to-date an -
a lyt i cal tech niques, of sam ple pulps saved from older sur -
veys. In ad di tion, the data have be come more readily ac ces -
si ble to a wider seg ment of the ex plo ra tion in dus try through 
the de vel op ment of websites such as MapPlace (BC Geo -
log i cal Sur vey, 2010) and the com pi la tion and pub lic avail -
abil ity of RGS data in digital formats (Matysek, 1987; Lett,
2005).
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An a lyt i cal de ter mi na tions re ported for each sur vey have
un der gone var i ous changes and en hance ments. Ini tial sur -
veys only re ported a very lim ited num ber of met als in sed i -
ments in clud ing Zn, Cu, Pb, Ni, Co, Ag, Mn, Fe and Mo,
de ter mined by aqua-regia di ges tion atomic ab sorp tion
spec trom e try (AAS), W by a colorimetric method and U by
neu tron ac ti va tion. Wa ter sam ples were an a lyzed for U, F
and pH. Rec og niz ing the value of geo chem i cal data for
min eral ex plo ra tion, new de ter mi na tions were quickly
added to the pack age, in clud ing Hg, Sn, As, Sb, Ba, Cd, V
and loss on ig ni tion. Re sults for Au were in tro duced for
sur veys con ducted af ter the mid-1980s. More re cently, an a -
lyt i cal tech niques such as in stru men tal neu tron ac ti va tion
anal y sis (INAA) and ICP-MS have be come the stan dard
an a lyt i cal pack age for the RGS pro gram. The meth ods are
cost ef fec tive and pro vide sig nif i cantly lower detection
levels for a wide range of base, precious, pathfinder and
rare earth elements.

By de sign, sam ples have been rou tinely re tained for all sur -
veys com pleted in BC. The avail abil ity of these sam ples
has pro vided the op por tu nity to gen er ate en hanced an a lyt i -
cal in for ma tion for sam ples col lected dur ing older sur veys.
In the 1990s, more than 24 000 of these sam ples were
reanalyzed by INAA (Jackaman et al., 1991), and more re -
cently, more than 30 000 sam ples have been reanalyzed by
ICP-MS as part of BC Geo log i cal Sur vey pro jects (Lett and 
Jackaman, 2004; Lett and Bluemel, 2006) and sev eral
Geoscience BC–funded ini tia tives (Jackaman, 2008a, b,
2009, 2010).

Geoscience BC 2010 Projects

Vancouver Island Sample Reanalysis Project

Re gional geo chem i cal sur veys were orig i nally con ducted
on Van cou ver Is land and the ad ja cent main land in 1988 and 
1989 (Matysek et al., 1988; Lett, 2008). The Van cou ver Is -
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Fig ure 1. Lo ca tion of Re gional Geo chem i cal Sur vey drain age sed i ment and wa ter sam ple sites, Brit ish Co lum bia.



land por tion of these sur veys in cluded the col lec tion of
3138 moss-mat sed i ment sam ples and cov ered an area of
31 000 km2 (Fig ure 2). When re leased, the sed i ment an a lyt -
i cal pack age in cluded Zn, Cu, Pb, Ni, Co, Ag, Mn, Fe, Mo,
U, W, Sn, Hg, As, Sb, Cd, V, Bi and Cr by aqua-regia AAS
and Au by fire as say. This rel a tively lim ited da ta base com -
bined with the re gion’s ac tive min ing and ex plo ra tion his -
tory sug gested that an en hanced an a lyt i cal da ta base would
as sist in the tar get ing of mas sive sul phide, por phyry, quartz
vein and skarn de pos its as well as ultra mafic bod ies that
may host PGE sulphides (Larocque and Canil, 2007; Nixon 
and Orr, 2007).

To gen er ate the new an a lyt i cal in for ma tion, a to tal of 3369
moss-mat sed i ment and qual ity-con trol sam ples have been
reanalyzed for 51 el e ments by aqua-regia di ges tion (0.5 g)
ICP-MS/in duc tively cou pled plasma–emis sion spec tros -
copy (ICP-ES) anal y sis, and Pt and Pd by a lead fire as say
(30 g) with ICP-MS fin ish. In co-op er a tion with the BC
Geo log i cal Sur vey, the orig i nal sam ples were re cov ered
from the stor age fa cil ity in Vic to ria. A to tal of 32 g of ma te -
rial was sys tem at i cally re moved from each stor age vial,

placed in la belled sam ple bags and de liv ered to ALS Can -

ada Ltd. (North Van cou ver, BC). For tu nately, the ar chive

in cluded orig i nal an a lyt i cal du pli cate and con trol ref er ence 

sam ples that were used to mon i tor and as sess the ac cu racy

and pre ci sion of the new an a lyt i cal re sults. Ad di tional con -

trol ref er ence ma te rial ap pli ca ble to this study was also

added to the sam ple se quence prior to anal y sis. Ta ble 1 pro -

vides a list ing of metal de ter mi na tions by aqua-regia AAS

and Ta ble 2 pro vides a com plete list ing of the new analytes

and ranges.

An a lyt i cal re sults will be com piled and merged with orig i -

nal sur vey in for ma tion and pro vided as dig i tal data files.

The data pub li ca tion will in clude sur vey de scrip tions and

de tails re gard ing meth ods, an a lyt i cal and field data list ings, 

sum mary sta tis tics, sam ple lo ca tion maps and maps for in -

di vid ual met als. The pub li ca tion will be re leased as PDF

files and raw dig i tal data files used in the pro duc tion pro -

cess. The data pack ages are scheduled for release in spring

2011.
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Fig ure 2. Re gional Geochemical Sur vey sam ple lo ca tions and as so ci ated drain age bas ins in the Van cou ver Is land study area, south west -
ern Brit ish Co lum bia.



Northern BC Sample Reanalysis Project

The North ern BC Reanalysis Pro ject is a con tin u a tion of a
se ries of large-scale reanalysis ini tia tives that have been
spon sored by Geoscience BC since 2007 (Fig ure 3). Rec -
og nized as a cost-ef fec tive means of up dat ing older RGS
in for ma tion, these pro grams have sig nif i cantly im proved

the BC geo chem i cal da ta base by pro vid ing a wide range of
new an a lyt i cal in for ma tion at improved detection levels.

Re gional geo chem i cal sur veys tar geted for this pro ject
were orig i nally con ducted from 1979 to 1997 and in clude
parts of NTS map ar eas 094C, D, E, L, M and 104B, G, I, O,
P (Ta ble 3). In co-op er a tion with the BC Geo log i cal Sur vey
and the GSC, sam ples were re trieved from stor age fa cil i ties 
in Vic to ria and Ot tawa. A to tal of 8572 drain age-sed i ment
and qual ity-con trol sam ples have been de liv ered to Acme
An a lyt i cal Lab o ra to ries Ltd. (Van cou ver, BC) and are be -
ing an a lyzed by an ultratrace aqua-regia di ges tion (0.5 g)
ICP-MS pack age for 53 el e ments. Ta ble 4 provides a
complete listing of the analytes and ranges.

An a lyt i cal re sults will be com piled and merged with orig i -
nal sur vey in for ma tion and pro vided as dig i tal data files.
The data pack ages are sched uled for re lease in spring 2011.

Regional Geochemical Survey Sample Archive 
Project

By de sign, drain age sed i ment ma te rial col lected dur ing
pre vi ous RGS pro grams con ducted in BC have been saved
and stored at fa cil i ties in Ot tawa and Vic to ria. Cur rently,
more than 32 000 pulps are stored in Ot tawa and 22 000 lo -
cated in Vic to ria. There are also an other 9000 sam ples re -
tained from re cent Geoscience BC–sup ported sur veys.
Based on the cost to ac quire these sam ples, the value of this
col lec tion is es ti mated at more than $10 mil lion. In ad di -
tion, ac cess to the ma te rial has sup ported nu mer ous
reanalysis ini tia tives that are rec og nized as an ex tremely
cost-ef fec tive means of im prov ing older RGS in for ma tion.
Ar chi val sam ple reanalysis pro grams are highly re garded
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Table 2. List of elements and associated
detection levels from ICP-MS analysis using an 
aqua-regia digestion and Pt and Pd by fire
assay, Vancouver Island Project areas.

Table 1. List of elements and associated
detection levels from published aqua-regia 
AAS analysis, Vancouver Island Project
areas.



by in dus try and other groups that use this important
exploration resource.

Over time, the col lec tion has be come frac tured and ex ist ing 
stor age con tain ers have weak ened or
have been im prop erly stored, which
has placed the over all se cu rity of the
sam ples at risk. In an ef fort to re vi tal ize
the stor age sit u a tion, a co-op er a tive ef -
fort be tween the GSC, the BC Geo log i -
cal Sur vey and Geoscience BC has
been ini ti ated. The goal of the pro ject is
to re pack age the sam ples to cur rent
stor age stan dards (Fig ure 4) and amal -
gam ate with the col lec tion in Ot tawa as
part of the Earth Ma te rial Col lec tion.
To date, ap prox i mately 20 000 sam ples
that were stored in Vic to ria have been
re pack aged and de liv ered to the ar -
chive fa cil ity in Ot tawa. Dur ing the
next year, the re main ing sam ples in
Vic to r ia wil l  be trans  ferred and

samples located in Ottawa will be reinstated into the
archive.
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Table 3. List of Regional Geological Survey map areas and associated number of samples
(including quality-control samples) included in the 2010 Northern BC Reanalysis Project.

Fig ure 3. Lo ca tions of Geoscience BC– and BC Geo log i cal Sur vey–spon sored ICP-MS reanalysis work (ab bre vi a tions: BCGS, Brit ish Co -
lum bia Geo log i cal Sur vey; GSC, Geo log i cal Sur vey of Can ada; ICP-MS, in duc tively cou pled plasma–mass spec trom e try; RGS, Re gional
Geo chem i cal Sur vey).



Summary

On go ing ef forts by gov ern ment-funded agen cies such as
the GSC, the BC Geo log i cal Sur vey and Geoscience BC to
ap pend to, up date and main tain the RGS da ta base has
helped pro duce one of the most com pre hen sive col lec tions
of field in for ma tion and multi-el e ment geo chem i cal data in
Can ada. The col lec tion re mains an im por tant in stru ment

for fo cus ing and di rect ing min eral ex plo ra tion ac tiv i ties in
the prov ince and has been cred ited with lo cat ing many pro -
spec tive ar eas and the dis cov ery of new sources of met als.
Its value is sus tained by the fact that data have been ac -
quired and main tained ac cord ing to strict op er a tional stan -
dards and is pub licly avail able free of charge in us able dig i -
tal and hard-copy for mats. With con tin ued de vel op ment
and main te nance, the util ity of the in for ma tion will re main
rel e vant to exploration purposes and will help provide
economic benefits in the future.
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Introduction

The Tri as sic Montney For ma tion in north -
east ern Brit ish Co lum bia is one of North
Amer ica’s new est and hot test gas plays
(Fig ure 1). Ten years ago, the deep Mont -
ney For ma tion was re garded as a thick
body of nonprospective siltstones and
shales. To day, how ever, hor i zon tal well
tech nol ogy and mul ti ple hy drau lic frac -
ture (frac) stim u la tions have un locked
huge po ten tial for gas pro duc tion. Low
de vel op ment risk, large re serves and high
flow rates make the Montney play of
north east ern BC one of the most eco -
nomic gas re source plays on the con ti nent.

Since 2005, hun dreds of hor i zon tal wells
have been drilled into the Montney For -
ma tion, and cur rent pro duc tion ex ceeds
500 mmcf/day (14 e6m3/day)—or ap prox -
i mately 3% of Can ada’s daily to tal. A va ri -
ety of com ple tion and frac tech niques
have been used to stim u late Montney res -
er voirs, and ex per i men ta tion con tin ues to
op ti mize treat ments ac cord ing to lo cal
burial depth and rock com po si tion. All of these treat ments
re quire large quan ti ties of wa ter—hun dreds to thou sands of 
cu bic metres per wellbore—and safe dis posal must be en -

sured for sub stan tial vol umes of con tam i nated pro duced
wa ter. Deep subsurface aqui fers, car ry ing nonpotable wa -
ter and ly ing far be low the wa ter ta ble and do mes tic wa ter
wells, are ideal sources and sinks for the wa ter vol umes re -
quired. Shal lower aqui fers, such as bur ied val ley fills as so -
ci ated with Qua ter nary gla ci ation and drain age, are also
tar gets. Sur face wa ters may serve as wa ter sources, but
produced water cannot be disposed of at surface.

In 2008, mem bers of the Horn River Ba sin Pro duc ers
Group asked Geoscience BC to in ves ti gate deep subsurface 
aqui fers as sources of frac wa ter and sub se quent dis posal
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Fig ure 1. Lo ca tions of the Montney gas play ar eas, in the Peace River plains (Plains
study area) and ad ja cent Foot hills (Foot hills study area) of north east ern Brit ish Co -
lum bia.
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sites for the pro duced wa ter, to sup port the emerg ing De vo -
nian shale gas play in the Horn River Ba sin (Hayes, 2010).
In 2009, a group of pro duc ing com pa nies ap proached
Geoscience BC to un der take a sim i lar as sess ment of po ten -
tial wa ter sources and sinks in the Montney play area. In re -
sponse, Geoscience BC as sem bled a pro ject team to ad -
dress deep subsurface, shal low subsurface and sur face
wa ter dis tri bu tion. Pe trel Rob ert son Con sult ing Ltd.
(PRCL) and Ca na dian Dis cov ery Ltd. have been com mis -
sioned to un der take and re port upon the tech ni cal as sess -
ment of deep subsurface aqui fers, and this report
summarizes their work to fall 2010.

Regional Setting

Montney For ma tion strata subcrop along the west ern flank
of the West ern Can ada Sed i men tary Ba sin, and strata
equiv a lent to the Montney For ma tion (Toad and Grayling
for ma tions) crop out near the east ern edge of the ad ja cent
Rocky Moun tains (Fig ure 2). In the Deep Ba sin, im me di -
ately east of the Foot hills, the Montney For ma tion con sists
pri mar ily of siltstones de pos ited in dis tal shelf set tings
(Davies et al., 1997). Al though per va sively gas-sat u rated,
Montney For ma tion siltstones ex hibit po ros i ties of <10%
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Fig ure 2. Lo ca tions of the Montney For ma tion subcrop in the West ern Can ada Sed i men tary Ba sin, the Montney Deep Ba sin (red-
shaded area) and Tri as sic out crops (Toad and Grayling for ma tions) in the ad ja cent Rocky Moun tains.



and very low permeabilities and thus are considered ‘tight
gas’ reservoirs.

Sys tem atic de vel op ment of Montney tight gas be gan in
2003 in the Dawson Field near Dawson Creek, with the
drill ing of nu mer ous closely spaced ver ti cal gas wells. In
2005, the first hor i zon tal well was drilled into the play, and
the gas rates ob tained sparked a mas sive land rush and sub -
se quently hor i zon tal drill ing in sev eral ar eas across the BC
Peace River plains (en com passed in the Plains study area;
Fig ure 3). As play ac tiv ity pro gressed, some op er a tors ex -
per i mented with hor i zon tal wells in thicker, more shaly
Montney For ma tion strata in the outer Foot hills. To day,

Montney tight gas drill ing ex tends northwestward in the
Foot hills to near Pink Moun tain (out lined by the Foot hills
study area; Fig ure 3). The Montney tight gas fair way in -
cludes sev eral cit ies and towns, and ex ten sive ar eas of ag ri -
cul tural, for estry and other hu man de vel op ment—mean ing
that water resources are in high demand by other users.

The top of the Montney For ma tion ranges from 2000 to al -
most 3000 m deep across the play fair way. Sev eral deep
subsurface aqui fers oc cur above the Montney For ma tion,
and there is con sid er able well con trol with which to map
these units be cause of ex ten sive, multizone gas and oil de -
vel op ment. While some aqui fer po ten tial ex ists in deeper
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Fig ure 3. Lo ca tions of the Plains and Foot hills study ar eas for Montney tight gas drill ing, north east ern Brit ish Co lum bia.



strata, po ros i ties and permeabilities tend to be poorer, and
deep-well con trol is lacking in most areas.

Methodology

Sev eral deep subsurface aqui fers over ly ing the Montney
For ma tion can be iden ti fied through out the Plains and
Foot hills study ar eas (Fig ure 4). Aqui fers ly ing be low the
Montney For ma tion were not con sid ered for the Plains
study area, as well con trol is too poor for rea son able char -
ac ter iza tion. In the Foot hills study area, how ever, the
Debolt For ma tion car bon ates im me di ately un der ly ing the
Toad and Grayling for ma tions (strati graphic equiv a lents
to the Montney For ma tion) were also in cluded, as they are
sub stan tial hy dro car bon reservoirs and thus viable aquifer
targets.

Strati graphic map ping and res er voir char ac ter iza tion were 
sup ported by in ter pre ta tion of well logs, cores, sam ple cut -
tings logs (from wellsites) and well test data. The Plains
study area strati graphic da ta base com prises data from ap -
prox i mately 1100 wells dis trib uted rel a tively evenly
across the map sheet (Fig ure 5). Some very old wells with
poor log suites and some closely spaced de vel op ment
wells were ex cluded. In the Foot hills study area, ap prox i -
mately 900 wells were used; note that many of these were
drilled along tight north west anticlinal trends (Figure 6).

To es tab lish a strati graphic frame work, eight re gional
cross-sec tions were con structed for the Plains study area
and nine re gional cross-sec tions for the Foot hills study
area (Fig ures 5, 6). Ob ser va tions from cores and sam ple
cut tings logs, as well as cor re la tions from the lit er a ture and 
pre vi ous stud ies, were in cor po rated in the cross-sections.

Logs from each well were tied to the cross-sec tion grid to
in ter pret strati graphic tops. All full-di am e ter cores were
as signed to the cor rect strati graphic unit, and core anal y sis
data (po ros ity/per me abil ity) were tab u lated by for ma tion.
Nu mer ous core de scrip tions from PRCL files and the lit er -
a ture were used for res er voir char ac ter iza tion, and sev eral
new cores, pri mar ily in the Baldonnel and Debolt for ma -
tions, were logged at the BC Min is try of En ergy core stor -
age fa cil ity in the com mu nity of Char lie Lake. As this re -
port is be ing writ ten, first-cut strati graphic map ping is
be ing un der taken, based on the strati graphic work de -
scribed above. Res er voir char ac ter iza tion work will con -
tinue with map ping of the net po rous reservoir and the
porosity-thickness for each aquifer interval.

Re gional hydrostratigraphy and flow char ac ter is tics are
be ing ex am ined as strati graphic work pro gresses. Ex ist ing 
deep-wa ter source and dis posal wells are be ing cat a -
logued. Test data, in clud ing drillstem tests and pro duc -
tion/injectivity tests, are be ing an a lyzed se lec tively, as -
sign ing re sults to the ap pro pri ate aqui fer unit. Re sults will
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Fig ure 4. Strati graphic col umns for Peace River plains and ad ja -
cent Foot hills, south ern re gion of north east ern Brit ish Co lum bia.
Po ten tial aqui fers are high lighted in dark blue.
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be com bined with the strati graphic map -
ping to pro duce a re gional char ac ter iza -
tion of each aquifer unit.

Preliminary Results

Pro ject com ple tion is sched uled for early
2011, at which time re sults will be re leased 
to work ing group mem bers and in te grated
with re sults from sur face and shal low
subsurface in ves ti ga tions. Full pub lic re -
lease will be sched uled in 2011. A few
gen eral ob ser va tions can be made at this
point:
· Deep Ba sin (per va sive gas sat u ra tion)

hy dro dy namic re gimes can be de fined
for most aqui fer units. Within the Deep
Ba sin, there is no po ten tial for wa ter
pro duc tion and mod est permeabilities
will re strict wa ter dis posal po ten tial.

· Shal low Cre ta ceous aqui fers, par tic u -
larly the Cardium and Dunvegan for -
ma tions, crop out in cen tral to north ern
parts of the Plains study area, and are
not pres ent to the north.

· Well con trol and hy dro car bon pro duc -
tion in the Foot hills study area is
strongly fo cused along north west an ti -
cli nal trends. A key is sue will be to de -
ter mine whether res er voir per me abil ity 
arises in part from struc tur ally as so ci -
ated frac tur ing. In many ar eas, there
may be in suf fi cient well con trol be -
tween the sharply de fined struc tural
trends to ac cu rately char ac ter ize aqui -
fer potential between producing pools.
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Fig ure 6. Well base map for Foot hills study area, north east ern Brit ish Co lum bia,
high light ing well con trol and re gional cross-sec tions.
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Introduction

This pa per is an over view of Geoscience BC’s Montney
Wa ter Pro ject (MWP), which is a col lab o ra tion be tween in -
dus try, gov ern ment, com mu ni ties and stake holders to pro -
vide a re gional over view of wa ter re sources in the Montney
shale gas play area of north east ern Brit ish Co lum bia. The
pro ject out comes are in tended to as sist the oil and gas in -
dus try in lo cat ing and eval u at ing wa ter sources and waste
fluid dis posal zones. In ad di tion, re sults will also be of
value to pro vin cial and lo cal gov ern ments, com mu ni ties
and other stake holders. The pro ject ob jec tives are to com -
pile ex ist ing data, pro vide a syn op sis of knowl edge for all
wa ter re sources from sur face to deep bed rock, and iden tify
data and knowl edge gaps for fu ture re search and pro ject
plan ning. Dur ing the ini tial phase, a num ber of hy dro log i -
cal models will be assessed to determine their applicability
in the region.

The lib er a tion of nat u ral gas from un con ven tional tight
sand stone and shale plays through hy drau lic frac tur ing
(fracing) re quires sig nif i cant quan ti ties of wa ter. This wa -
ter is used to frac ture es sen tially im per me able res er voir
rocks deep be low the sur face (com monly >1500 m), there-
by pro vid ing a con duit for the gas to flow from the rock to
the wellbore.

In the Montney play re gion, wa ter for hy drau lic fracing is
po ten tially ob tained from sur face sources (e.g., rivers and
lakes), lo cal wa ter pro vid ers (e.g., the City of Dawson
Creek, pri vate dug outs and ground wa ter wells of pri vate
land own ers) and bed rock aqui fers. Other us ers of the wa ter
re sources in clude lo cal com mu ni ties (mu nic i pal), land -
own ers and ag ri cul tur al ists. One of the im por tant wa ter re -
sources that ex tends across the Montney play is the
Kiskatinaw River wa ter shed, which is the wa ter sup ply for
the City of Dawson Creek. Gain ing more de tailed knowl -
edge of avail able hy dro log i cal data, as sess ing sur face and

ground wa ter in ter ac tions, and the over all hy dro log i cal
cycle in the region is the ultimate goal of the project.

Montney Play

Brit ish Columbia’s Montney play is an ex ten sive nat u ral
gas re source that un der lies over 2 mil lion ha and ex tends
from the BC-Alberta bor der near the City of Dawson
Creek, north west to Pink Moun tain. The area in cludes the
460 000 ha Re gional Her i tage Field (Montney “A” gas
pool) as de fined by the BC Oil and Gas Com mis sion
(OGC). Geo log i cally, the res er voir com prises the Tri as sic
Doig phos phate zone (Mid dle Tri as sic) in the Groundbirch
area (Pine River area) and the Montney For ma tion (Lower
Tri as sic) in the Swan Lake, Bissette Creek and City of
Dawson Creek ar eas (C. Ad ams, pers. comm., 2010). The
tar get ho ri zon lies ap prox i mately 1200 to over 4400 m be -
low sur face, with an av er age thick ness of 300 to 500 m. Pe -
tro leum and nat u ral gas ten ure dis po si tions and drill ing ac -
tiv ity in this area have in creased dra mat i cally over the last
five years and re cord land (pe tro leum and nat u ral gas
rights) sales of $1.3 bil lion oc curred in 2008. The Montney
play has evolved into a world-class nat u ral gas play and it is
es ti mated to con tain an orig i nal-gas-in-place of 35 to 250
tril lion cu bic feet (Tcf) of nat u ral gas (Ad ams, 2010). The
MWP area (Fig ure 1) in cludes the Her i tage Montney “A”
gas pool as de fined by the OGC, the pool has an orig i nal-
gas-in-place es ti mate of 52.8 Tcf, ini tial raw gas re serves of 
7.5 Tcf and pro duc tion of 450 mmcf/day (BC Oil and Gas
Com mis sion, 2009, 2010). Over 30 com pa nies have drilled
wells in the Montney play area since 2003, led by Encana
Cor po ra tion, Arc Resources Ltd., Shell Canada Limited
and Murphy Oil Corporation (C. Adams, pers. comm.,
2010).

Physiographic Setting

The MWP area is dom i nantly within the Al berta Pla teau, a
flat to gently roll ing gla ci ated fea ture be tween 600 and
800 m asl el e va tion (Hol land, 1976). This pla teau is deeply
in cised by the Peace River and its trib u tar ies, the Kis-
katinaw, Beatton, Pine (and Murray), Moberly and Half -
way rivers (Figure 1).

Drain age over part of the up land sur face is poorly or ga -
nized; there are ar eas of muskeg and low gra di ent streams
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that me an der across the sur face be fore even tu ally in cis ing
to join one of the main streams. North of the Peace River,
much of the drain age is con trolled by the Half way and
Beatton rivers. These rivers have be come en trenched in the
soft Fort St. John Group shale be low the up land sur face
(Holland, 1976).

The re gion was gla ci ated dur ing the Pleis to cene (Mathews,
1978a, b, 1980). As the ice waned, the Laurentide Ice Sheet
blocked re gional drain age, re sult ing in the de vel op ment of
a large proglacial lake (gla cial Lake Peace), with shore lines 
iden ti fied be tween 688 and 838 m asl (Mathews, 1980).
This large lake is re spon si ble for de pos it ing a blan ket of
glaciolacustrine sed i ment across the lake ba sin, rang ing in
thick ness from a few metres to more than 50 m in some lo -
ca tions. Post-Pleis to cene ero sion has in cised the rivers to
their present elevations.

Montney Water Project

The MWP is fo cused on de vel op ing an in ven tory of the wa -
ter re sources. The pro ject com prises three com po nents:
1) sur face wa ter bod ies (lakes, stream and rivers); 2) shal -
low aqui fers in un con sol i dated sed i ments (e.g., glacio -

fluvial de pos its) and shal low bed rock
(<250 m be low sur face); and 3) deep bed -
rock aqui fers and dis posal zones (>250 m
be low sur face). The MWP was of fi cially
a n  n o u n c e d  i n  O c  t o  b e r  2 0 1 0 ,  b y
Geoscience BC and its part ners. The ini tial
phase con sists of col lect ing rel e vant pub lic
in for ma tion for eval u at ing wa ter re sources
at the re gional level. The ob jec tive of this
phase is to com pile ex ist ing and per ti nent
data in for mats that can be used in GIS-
based sys tems. This is to be com pleted by
the spring of 2011. Prog ress for com po -
nents 1 and 2 are dis cussed be low. Prog ress 
for com po nent 3 can be found in Hayes et
al. (2011).

Project Governance

Geoscience BC de vel oped the MWP
through en gage ment with in dus try, gov -
ern ment, com mu ni ties and stake holders.
Geoscience BC, through its con trac tors,
acts as the gen eral pro ject man ager with el -
e ments con ducted by con sul tants and gov -
ern ment agen cies. The pro ject is guided by
a steer ing com mit tee and a tech ni cal ad vi -
sory group com posed of in dus try and
government representatives.

The MWP is be ing de liv ered as a co-op er a -
tive ef fort be tween Geoscience BC, ex plo -
ra tion com pa nies, con trac tors, Min is try of

En vi ron ment, Min is try of En ergy, OGC, Min is try of Health 
Ser vices and North ern Health Au thor ity. Fund ing sup port
for the ini tial phase of this pro ject has been pro vided by the
fol low ing seven com pa nies: Arc Re sources Ltd.,
ConocoPhillips Can ada, Devon En ergy Cor po ra tion (Can -
ada), Encana Cor po ra tion, Prog ress En ergy Re sources
Corp., Shell Can ada Lim ited and Tal is man En ergy Inc.
These com pa nies are match ing funds pro vided by
Geoscience BC and the Sci ence and Com mu nity En vi ron -
men tal Knowl edge Fund, an in dus try-spon sored fund that
is ad min is tered by the OGC. In ad di tion, gov ern ment
organizations are providing significant in-kind support to
the project.

Current Status of the Montney
Water Project

Surface Water

This com po nent will as sess the sur face wa ter re source
through the col lec tion of a va ri ety of pub licly avail able
data, in clud ing cli mate and pre cip i ta tion data, stream flow,
lake vol ume and re lated hydrometric in for ma tion at the wa -
ter shed level. These datasets vary in their qual ity and com -
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Fig ure 1. Lo ca tion of  the study area for the Montney Wa ter Pro ject, north east ern Brit -
ish Co lum bia. Base map in for ma tion from Ca na dian dig i tal el e va tion data (Ca na dian
Coun cil on Geomatics, 2004) and the At las of Can ada base maps (Nat u ral Re sources
Can ada, 2007). The dig i tal-el e va tion-model base map was as sem bled by K.
Shimamura.



plete ness and each will be ranked in the ini -
tial phase of the pro ject. The hy dro log i cal
anal y sis is aimed at de ter min ing sur face
wa ter avail abil ity, sea sonal changes in
these vol umes and re charge rates on a
drain age sub-ba sin and basin (watershed)
level (Figure 2).

Kiskatinaw River Watershed
Research Project

The Kiskatinaw River Wa ter shed Re search 
Pro ject is a col lab o ra tive re search pro ject
de vel oped jointly be tween the City of
Dawson Creek, Uni ver sity of North ern
Brit ish Co lum bia and Min is try of En vi ron -
ment. The pro ject is re ceiv ing some fi nan -
cial sup port from Geoscience BC and
forms an im por tant part ner-pro ject within
the MWP area. The goal is to ob tain suf fi -
cient sci en tific in for ma tion nec es sary to
suc cess fully man age the wa ter shed and
thereby re duce con flict and un cer tainty be -
tween wa ter us ers. The Kiskatinaw River
wa ter shed (drain age ba sin) pro vides com -
mu nity wa ter sup ply and sup ports var i ous
other val ues such as tim ber har vest ing, ag -
ri cul ture, oil and gas, wild life and rec re -
ation. The Kiskatinaw wa ter shed’s hy drol -
ogy is cur rently poorly understood and has
proven to be intermittent in terms of water
supply.

Two Ph.D. can di dates, F. Hirshfield and G. Saha, are con -
duct ing the pro ject as part of their dis ser ta tions. The pro ject 
in cludes six main tasks:

1) in ves ti gat ing the con tri bu tion of dis charge and sed i -
ment lev els (sed i ment yield) from each trib u tary to the
main stem of the Kiskatinaw River;

2) se lect ing a hy dro log i cal model for wa ter shed mod el -
ling;

3) ex am in ing the im pacts of fu ture cli mate changes on the
snowmelt pro cesses and dis charge;

4) iden ti fy ing the im pacts of oil and gas ac tiv i ties on dis -
charge in each trib u tary and main stem;

5) in ves ti gat ing the sur face wa ter–ground wa ter (SW-
GW) in ter ac tion and quan ti fi ca tion of ground wa ter
con tri bu tion to river flow; and

6) mod el ling of wa ter qual ity in the Kiskatinaw River and
its trib u tar ies.

For task 1, data log ging de vices for cap tur ing flow in for ma -
tion at var i ous wa ter lev els have been in stalled on se lected
trib u tar ies of Kiskatinaw River. Mea sured trib u tary flow
will then be com pared to the gauged flow at the Farmington
hy dro log i cal sta tion to de ter mine spe cific trib u tary con tri -

bu tions. Dis charge data will be used for hydrological
model calibration.

Water in Unconsolidated Sediments and
Shallow Bedrock

Most of the Montney play area is cov ered by un con sol i -
dated sed i ments com pris ing gla cial, glaciofluvial, glacio-
lac us trine and flu vial de pos its that vary greatly in thick -
ness. These di verse ma te ri als in clude aqui fers and aqui -
tards. Pro vin cial and fed eral gov ern ment map ping pro -
grams have de lin eated these de pos its at var i ous scales
within var i ous por tions of the Montney play area. In ad di -
tion, sev eral agen cies col lect rel e vant data, in clud ing the
Min is try of En vi ron ment, En vi ron ment Can ada, Prai rie
Farm Re ha bil i ta tion Administration, Ministry of Energy
and OGC.

Since much of the un con sol i dated ma te rial is of gla cial or i -
gin, the first pri or ity of this com po nent is to com pile ex ist -
ing Qua ter nary map ping and data in the Montney play area.
A sum mary re port de scrib ing which de pos its hold the best
po ten tial for sour cing wa ter in un con sol i dated sed i ments
will be pro duced. From this ini tial ef fort, po ten tial fu ture
field work or other ap pro pri ate stud ies will be de fined. The
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Fig ure 2. Main drain age bas ins of the Montney Wa ter Pro ject, north east ern Brit ish
Co lum bia: Beatton, Half way, Peace, Pine and Kiskatinaw. The bound ary of the
Montney Wa ter Pro ject is rep re sented by the red dashed line.



ma jor ity of this com po nent is being
overseen by Ministry of Energy (A.
Hickin).

Surficial Geology

A dig i tal com pi la tion of surficial ge ol ogy
maps at 1:250 000 scale (NTS 093P, 094A)
and 1:50 000 scale (NTS 093P/09, /10, /15,
/16, 094A/01, /02, /07, /08; Fig ure 3) is be -
ing pre pared by MAF Geographix (M.
Fournier). Ap prox i mately 30% of the
MWP area is cov ered by 1:50 000 scale
surficial ge ol ogy map ping. In ad di tion,
new map ping has been pro posed by the
Min is try of En ergy in NTS 093P/01 and
/08.

Depth to Bedrock

Depth to bed rock in for ma tion is be ing col -
lected by Min is try of En ergy (A. Hickin) to
sup  por t  mod els  tha t  wi l l  de  l in  eate
paleochannels (bur ied val leys). These
chan nels are known to con tain coarser ma -
te rial and good aqui fers lo cally. The ex is -
tence of the bur ied chan nels has been
known for de cades (Matthews, 1978a) and
they are re ported to have higher wa ter
yields than other aqui fers in the Qua ter nary 
sec tion (Cowen, 1998). Re cent, un pub -
lished work by E. Janicki (Min is try of En -
ergy) will be in cor po rated into the depth to bed rock pro ject.

Domestic and Public Water Wells

An up date of the dig i tal da ta base of do mes tic and pub lic
wa ter wells, and the re gional shal low aqui fers da ta base,
will be com pleted. This part of the pro ject is spear headed
by the Min is try of En vi ron ment (M. Wei, L. MacFarlane,
K. Ronneseth). It en tails in put ting pre vi ously un re corded
in for ma tion from wa ter wells into the Min is try’s pub licly
avail able WELLS da ta base. In ad di tion, wells sour cing
“ground wa ter un der the di rect in flu ence of sur face water”
will be identified in select areas.

The Min is try of En vi ron ment main tains a WELLS da ta -
base for the en tire prov ince. Data for this da ta base is sub -
mit ted on a vol un tary ba sis, which re sults in in com plete
cov er age across re gions. Cur rently, there are about 500
WELLS re cords in the MWP area. This is a par tial rep re -
sen ta tion of the num ber of ac tual wells in the re gion. There -
fore, the Min is try of En vi ron ment will so licit new data
from var i ous sources and en ter this new in for ma tion into its 
WELLS sys tem. The new data will then be used to re view
and refine the knowledge of shallow aquifers.

Aquifer Classification

Geoscience BC has let a con tract, with the as sis tance of the
Min is try of En vi ron ment, to com plete the map ping and
clas si fi ca tion of aqui fers iden ti fied dur ing this pro ject and
those cur rently be ing used as sources of wa ter in the
Montney play area. The map ping and clas si fi ca tion fol lows 
the BC aqui fer clas si fi ca tion sys tem (Kreye, Ronneseth
and Wei, 1994), which maps the known out line of an aqui -
fer and sub jec tively clas si fies the aqui fer based on the level
of use and vul ner a bil ity. Aqui fer clas si fi ca tion map ping
was ini ti ated in the Peace River in 2004 with fund ing from
Ag ri cul ture Can ada (Lowen Hydrogeology Con sult ing,
2004). Map ping and clas si fi ca tion is con tin u ing via
Geoscience BC for the re main ing pri or ity ar eas in the
Montney play area where well record data are available.

Deep Bedrock Water and Disposal Zones

One of the key fo cuses of the MWP is as sess ing the po ten -
tial for deep bed rock wa ter sources and deep dis posal zones 
in the area. These zones are much deeper than do mes tic wa -
ter wells, at depths >250 m be low sur face. This com po nent
of the MWP is be ing com pleted by Pe trel Rob ert son Con -
sult ing Ltd. and Ca na dian Dis cov ery Ltd., and is de scribed
by Hayes et al. (2011). The deep bed rock work has been di -

198 Geoscience BC Sum mary of Ac tiv i ties 2010

Fig ure 3. In dex of surficial ge ol ogy dig i tal map com pi la tion un der way for the Montney
Wa ter Pro ject, north east ern Brit ish Co lum bia.



vided into two dis tinct study ar eas: Plains study area and
Foot hills study area, as depicted in Figure 4.

Database Design and Management

The da ta base de sign and man age ment com po nent is be ing
led by Foundry Spa tial Ltd. (B. Kerr) with in put from gov -
ern ment and in dus try ex perts. The ini tial phase of this com -
po nent of the pro ject is ded i cated to in ven tory and data col -
lec tion, with wa ter sup ply as the pri mary fo cus. Informa tion
on ex ist ing wa ter wells, aqui fers, lake bathymetry, bed rock
to pog ra phy/drift thick ness, deep re gional stra tig ra phy and
other var i ous themes is be ing col lected in or der to iden tify
po ten tial wa ter sources.

Cur rently, hy dro log i cal and hydrogeological mod el ling
op tions are be ing in ves ti gated to de fine fu ture data re quire -
ments. Given the num ber of stake holders in volved with the
pro ject, the wide range of mod el ling op tions, and the over -
lap be tween in di vid ual model re quire ments, a GIS da ta base 
con tain ing all avail able datasets is be ing de vel oped to al -
low for quick and easy ac cess to data for future modelling
and analysis.

Conclusion

Geoscience BC’s MWP is a col lab o ra tive pro ject, in volv -
ing in dus try, gov ern ment (lo cal and pro vin cial) and other

stake holders. Re sults of the ini tial phase of
the pro ject will pro vide re source de vel op -
ers and man ag ers with a ro bust in ven tory of
data ap pli ca ble for the as sess ment of wa ter
sources in the Montney play. This part of
the MWP in volves the com pi la tion of wa -
ter-re lated in for ma tion in a co her ent da ta -
base of fer ing a sin gle ref er ence lo ca tion for
all ex ist ing wa ter in for ma tion. This data
will be fun da men tal in as sess ing knowl -
edge gaps that will need to be ad dressed in
fu ture work. These out comes will in form all 
parties about the merits and scope for the
next phase of the MWP.
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Introduction

Tre men dous re sources of un con ven tional gas ex ist in 
Brit ish Co lum bia, par tic u larly in rocks gen er ally re -
ferred to as gas shales (Bustin, 2008). Even though
com mer cial pro duc tion from shale is cur rently mi -
nor, in dus try in vest ment into un con ven tional gas re -
sources al ready greatly ex ceeds two bil lion dol lars in 
BC through land sale bo nuses alone. How ever, the
rapid growth of the un con ven tional gas in dus try in
gen eral, and in BC in par tic u lar, has not been ac com -
pa nied by in creased un der stand ing of ei ther the geo -
log i cal pro cesses that de ter mine gas-in-place, the
meth ods for quan ti fy ing gas-in-place or the flow
char ac ter is tics of the rocks, the con sid er ation of
which is crit i cal to eco nomic de vel op ment. In Feb ru -
ary 2010, in re sponse to a fund ing ap pli ca tion sub -
mit ted in 2008, Geoscience BC awarded the au thors
a two-year grant to in ves ti gate those fac tors that de -
ter mine the gas-in-place and flow char ac ter is tics of
gas (and oil) pro duc ing shales. The pro posed re -
search pro ject tar gets the De vo nian strata in the Horn 
River Ba sin and Cordova Embayment, Montney and
Doig for ma tions, Gordondale Mem ber (for merly the
in for mal ‘Nordegg Mem ber’), Buckinghorse and
Shaftesbury formations, and Fort St. John Group,
covering a broad area of northeastern BC (Figure 1).

The re search has two in ter re lated com po nents:
· to de velop better meth od ol o gies for de ter min ing

gas-in-place ca pac ity in gas shales and the ma trix
flow char ac ter is tics (per me abil ity and diffusiv -
ity)

·  to quan tify the gas-in-place and flow ca pac i ties
of im por tant gas shales in north east ern BC us ing
es tab lished and novel meth od ol o gies

Results to Date

Dur ing the ini tial six months of the study, re search has fo -
cused on re fin ing meth ods of quan ti fy ing po ros ity and per -
me abil ity of shales, as sem bling a rep re sen ta tive sam ple
suite for anal y ses and ini ti at ing an analysis program.
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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
website: http://www.geosciencebc.com/s/DataReleases.asp.

Fig ure 1. Ap prox i mate bound aries or lim its of avail able core for the ma jor
po ten tial gas-shale res er voirs in north east ern Brit ish Co lum bia (mod i fied
from Mossop and Shetsen, 1994).
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Quantifying Gas-in-Place and Flow
Characteristics of Gas Shales

The meth od ol o gies cur rently used to char ac ter ize the pore
sys tems, gas-stor age ca pac ity and flow char ac ter is tics of
the shale ma trix are mainly a hy brid mix ture of specialized
meth ods used for coals and con ven tional res er voir rocks,
which have been ap plied to gas shales with lim ited con sid -
er ation of the lat ter’s unique and var ied prop er ties (Amer i -
can Pe tro leum In sti tute, 1998; Bustin et al., 2008). The
tight-rock anal y sis pro grams ap plied to shale by some com -
mer cial lab o ra to ries date from work on Ap pa la chian shale
car ried out by the Gas Re search In sti tute (GRI) in the early
1990s (i.e., Luffel et al., 1993); these pro grams do not take
into con sid er ation the po ten tial prob lems caused by the
unique pore-struc ture char ac ter is tics of gas shales, such as
mo lec u lar siev ing or er rors in anal y sis due to gas sorp tion
dur ing po ros ity, per me abil ity and diffusivity mea sure -
ments. Ad di tion ally, the GRI meth ods for per me abil ity
anal y sis (Luffel et al., 1993) and po ros ity de ter mi na tion are 
car ried out un der un con fined and low hy dro static pres -
sures; hence, they as sume that no pore com press ibil ity ex -
ists and it is like wise as sumed that skel e tal and grain den -
sity are equal. The un crit i cal ap pli ca tion of these
meth od ol o gies to gas shales has re sulted in un cer tainty as
to the amount of orig i nal gas-in-place and flow prop er ties
of the rocks; this in turn cas cades into poorly for mu lated
nu mer i cal sim u la tions and development programs that are
inadequately optimized, require ongoing revisions, and
which therefore have a major impact on project economics.

As part of this study, the au thors have con tin ued to de velop
in stru men ta tion, the ory and pro to cols to rou tinely mea sure
ef fec tive gas po ros ity and per me abil ity of core plugs un der
es ti mated in situ stress con di tions likely ex pe ri enced by a
res er voir dur ing its pro duc tion life. Test ing of core or core
plugs un der in situ res er voir con di tions can sig nif i cantly re -
duce un cer tain ties or er rors in tro duced by sam ple crush ing
and zero con fin ing stress. Si mul ta neous mea sure ment of
po ros ity and per me abil ity on the same sam ple is also ben e -
fi cial as it re sults in a re duc tion in test ing time and re quire -
ments for good-qual ity core sam ples, which are usu ally
unavail able; it also pro vides in trin si cally con sis tent cor re l a -
tion of po ros ity and per me abil ity.

The in stru ment de sign de vel oped is based on Boyle’s law
and a con cep tual sche matic is shown in Fig ure 2. A triaxial
cell with an in ter nal ure thane rub ber, form ing a pres sur iza -
tion cham ber, is used to hold the cy lin dri cal core plugs. Ra -
dial or con fin ing stress (Sr) is ap plied through the hy drau lic
pres sur iza tion cham ber in side the cell by a pump and ax ial
stress (Sa) is im posed on both ends of the sam ple through
pis tons with a load frame. Ei ther bi axial (Sr ? Sa) or hy dro -
static stress (Sr = Sa) may be ap plied to sam ples be ing
tested. One pis ton has a port con nected so that it en ables gas 
to flow from the ex ter nal gas cyl in der to the sam ple. The in -

ter nal open space of the tubes be tween valve 1 and the sam -
ple end, con sist ing of the sam ple cell void vol ume (Vs) and
the ref er ence cell void vol ume (Vr), is de fined among
valves 1, 2 and 3. A high-pre ci sion pres sure trans ducer is
con nected to the sys tem for mea sur ing gas pres sure and
am bi ent tem per a ture. The small cell vol umes (ap prox i -
mately 5 cm3 in to tal) al low ac cu rate capture of small
pressure changes due to gas flow into or out of the sample.

Test pro ce dures of a typ i cal po ros ity and per me abil ity run
con sist of:
1) pre cise grind ing in a mill ing ma chine of the ends of an

ori en tated core plug cut from rep re sen ta tive core;
2) mount ing of the sam ple in the con fine ment cell and ap -

pli ca tion of de sired con fin ing (Sr) and ax ial stress (Sa);
3) flush ing of the sam ple with ex per i men tal gas;
4) ob tain ment of ini tial equi lib rium pres sure in the sam ple

cell (Ps) with valve 1 closed;
5) es tab lish ment of a higher or lower ref er ence cell pres -

sure (Pr) rel a tive to Ps; and
6) open ing of valve 1 for gas dos ing be tween the sam ple

and ref er ence cells and mon i tor ing of pres sure vari a tion
with time of the mixed sys tem un til fi nal equi lib rium
pres sure (Pm) is obtained.

A typ i cal data set of a test is shown in Fig ure 3. De tailed dis -
cus sion of the an a lyt i cal meth od ol ogy may be found in Cui
et al. (2010).

Porosity Determination

Sam ple pore vol ume (Vp) un der the spec i fied Sr and Sa is
cal cu lated as:

Vp = [(Vs + Vr)rm - (Vsrs + Vrrr)]/(rs - rm)

where r is real gas den sity and its sub scripts s, r and m rep -
re sent the ini tial sam ple and ref er ence cells gas den si ties,
and the fi nal equi lib rium den sity, re spec tively, at pres sures
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Fig ure 2. Connectional di a gram of in stru ment de signed to mea -
sure ef fec tive gas po ros ity of core plugs from study area in north -
east ern Brit ish Co lum bia. Ab bre vi a tions: pres sure trans ducer, P;
ax ial stress, Sa; ref er ence cell void vol ume, Vr; sam ple cell void vol -
ume, Vs.



Ps, Pr and Pm and cor re spond ing tem per a tures. Then the po -
ros ity is de ter mined as:

f = Vp/Vb

where Vb is the sam ple bulk vol ume un der the ap plied stress 
con di tion.

Permeability Determination

Ef fec tive gas per me abil ity k (mD) un der the ap plied stress
is given as:

k = 0.10327·S·f·c·µ/b2

where c and µ are gas com press ibil ity (1/MPa) and vis cos -
ity (MPa·s) val ues, re spec tively, and b is the first root of the
tran scen den tal equation:

b·cot(b·l) = -h

where l is the length of the sam ple (cm), h is given by:

h = A·f/(Vr+Vs)

and A is the sam ple cross-sec tional area. As shown in Fig -
ures 2 and 3 (left), S (1/sec ond) is the slope of the straight-
line part of the semi-log plot of the dimensionless den sity

(rD) ver sus time t, af ter gas mix ing, and rD is cal cu lated as:

rD = [(r-rs) (1+h·l)-(re-rs)]/[(1+h·l)·(re-rs)]

where

re = (rsVs+rrVr)/(Vs+Vr)

Test ing of the in stru men ta tion and anal y sis pro to cols are
on go ing.

Reservoir Characteristics of Northeastern
BC Shales

Doig and Montney Formations

Dur ing the ini tial stage of this study, the res er voir char ac -
ter is tics of the Doig and Montney for ma tions were tar geted
due to in dus try in ter est, ready avail abil ity of sam ples (core) 
and com plex ity of the res er voir fa cies, which pro vides an
op por tu nity to study the im pact of res er voir li thol ogy and
fab ric on gas-storage me chan ics and flow prop er ties. The
spe cific objectives of the study are to

· un der stand the in flu ence sedimentology has on the to -
tal-or ganic-car bon–con tent dis tri bu tion, min er al ogy,
po ros ity and the pore-size distribution;

· un der stand the in flu ence of min er al ogy on the po ros ity
and the pore-size dis tri bu tion; and

· iden tify the con trols on the ma trix per me abil ity.

The Tri as sic Doig and Montney for ma tions in the Fort St.
John graben and Groundbirch field of north east ern BC are

be ing stud ied in a se ries of wells (Fig ure 4). A sche matic
strati graphic cross-sec tion show ing the gen eral stra tig ra -
phy and fa cies changes is pre sented in Fig ure 5; Fig ure 6
shows the de tailed stratigraphy.

Pre lim i nary re sults for well 16-2-78-22 (Fig ure 6) are sum -
ma rized be low.

Mineralogy

Quartz con tent in well 16-2-78-22 av er ages 23% and
ranges be tween 10 and 38%. Quartz con tent shows no sig -
nif i cant downhole trends, but does show abrupt vari a tions
be tween 15–25%. There is a sub tle de crease in quartz con -
tent from the top of the Montney For ma tion into the lower
and mid dle mem bers of the Doig phos phate zone (Fig ure
6). The car bon ate con tent var ies be tween 5 and 47%, with
an av er age con tent of 20%; it also shows an in creas ing
trend to wards the top of the phos phate zone and sev eral
large peaks at 3118 m and 3075 m within the F mem ber of
the Montney For ma tion. Feld spar con tent shows a sub tle
de creas ing trend to wards the top of the Doig phos phate
zone, sim i lar to the quartz con tent and con trary to the car -
bon ate con tent. Do lo mite con tent peaks where quartz and
feld spar con tent de creases. The highly ra dio ac tive phos -
phate zone ap pears to have lower quartz and feld spar and
higher car bon ate and do lo mite con tents com pared to the
Montney For ma tion. Illite con tent re mains low through out
the pro file. The av er age ap a tite con tent is 2.9% and var ies
be tween zero and 17%. Ap a tite con tent is the great est
within this well, com pared to the other wells, and peaks just
be low the phos phate zone. Feld spar con tent av er ages 26%
and ranges between 15 and 42%.The average pyrite content 
is 1.6% and varies between 0.1 and 3.5%.

Porosity

To tal po ros ity to he lium (He), based on mea sure ment of
bulk den sity by mer cury (Hg) im mer sion and skel e tal den -
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Fig ure 3. Typ i cal pres sure and tem per a ture data of po ros ity and
per me abil ity anal y ses car ried out on core from the study area in
north east ern Brit ish Co lum bia (af ter Cui et al., 2010). Ab bre vi a -
tions: ini tial equi lib rium pres sure in sam ple cell, Ps; ref er ence cell
pres sure, Pr; fi nal equi lib rium pres sure, Pm.



sity us ing a Boyle’s Law ap pa ra tus and Hg porosimetry, are
sum ma rized for well 16-2-78-22 in Fig ure 7. Av er age pyc -
nometry de rived po ros ity for well 16-2-78-22 is 5.5%, with
po ros ity rang ing be tween 3 and 8.5%. Av er age poros im -
etry-de rived po ros ity is 4.4% and ranges be tween 3 and
5.8%. Above av er age porosimetry-de rived po ros ity is
more com mon within the Montney For ma tion than in the
lower and mid dle mem bers of the Doig phos phate zone,
while the pycnometry-de rived po ros ity val ues al ter nate
above and be low av er age through out both the Doig and
Montney for ma tions. The sep a ra tion be tween the
porosimetry- and pycnometry-de rived po ros ity, par tic u -
larly in the up per Montney (F mem ber) and the Doig phos -
phate zone, may be an in di ca tion that there is an in crease in

the fine meso- and microporosity (0.26 to 3 nm) within the
shale.

A pos i tive trend ex ists be tween porosimetry-de rived po ros -
ity and quartz con tent (r = 0.61; Fig ure 8), whereas a neg a -
tive re la tion ship ex ists be tween the car bon ate con tent and
porosimetry-de rived po ros ity (r = -0.61). No other min er als 
show a cor re la tion or re la tion ship with pycnometry- or por -
osimetry-de rived porosity.

Future Work

This re search pro ject is in its early stages: in stru men ta tion
de vel op ment and test ing are in prog ress and sam ple col lec -
tion and anal y sis are on go ing. Stud ies to date have fo cused
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Fig ure 4. In dex map show ing the lo ca tion of the Doig and Montney for ma tions, and the lo -
ca tion of cross-sec tion A–A` in north east ern Brit ish Co lum bia (Fig ure 5). Red squares
rep re sent wells that are sam pled for this pro ject and green tri an gles, the lo ca tions of cit ies 
and towns. The struc tural el e ments for the area are mod i fied from Berger et al. (2008),
with both the darker and lighter grey ar eas rep re sent ing the Fort St. John and
Groundbirch graben sys tem. Black cir cles rep re sent the lo ca tions of wells used in this
study to date.
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Fig ure 5: Cross-sec tion A–A` show ing the stra tal ge om e tries of the Tri as sic sed i ments sam pled from wells lo cated along the depositional dip in the study area, in north east ern Brit ish Co lum -
bia. Geo phys i cal logs in clude gamma ray (red curve), bulk den sity (black curve), sonic den sity (blue curve) and gas con tent (ma genta curve).
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Fig ure 6. Min er al og i cal and gamma ray (left) pro files for well 16-2-78-22 in north east ern Brit ish Co lum bia, with sam ples cov er ing only the
Montney For ma tion and lower mem ber of the Doig phos phate zone. Black ar rows in di cate sam pling lo ca tions.

Fig ure 7. Gamma-ray curve (left) and pycnometry- and porosimetry-de rived po ros ity pro file (po ros ity
vari a tion with depth) for well 16-2-78-22 in north east ern Brit ish Co lum bia. Dashed line rep re sents the
porosimetry (Hg)-de rived po ros ity and the dot ted line, the pycnometry (He)-de rived po ros ity. Black ar -
rows in di cate sam pling lo ca tions. Ab bre vi a tions: he lium, He; mer cury, Hg.



on the Doig phos phate zone and Montney For ma tion in a
stra te gic area lo cated in the Fort St. John graben and
Groundbirch field, where sam ple avail abil ity is ex cel lent.
Sam pling will be ex panded through the sec ond year of the
pro ject, which will in clude sam pling in the last quar ter of
2010 of well sam ples from the Core Facility located at
Charlie Lake.
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Introduction

The north west ern mar gin of Pangea dur ing the late Pa leo -
zoic (Mis sis sip pian–Perm ian) is his tor i cally de picted as a
pas sive mar gin (Barclay et al., 1990). How ever, there is ev -
i dence for ac tive com pres sive tec ton ics dur ing the Ant ler
and Sonoma orogenies re corded in the west ern United
States and into south ern Can ada (Dickenson, 2004). In ad -
di tion, ac tive tectonism dur ing the Penn syl va nian–Perm ian 
has been in ter preted to af fect suc ces sions in the west ern
United States (Snyder et al., 2002; Trexler et al., 2004). A
very fun da men tal ques tion con cerns whether these tec tonic 
events af fected the North Amer i can mar gin or oc curred
dur ing the pro cess of amal gam ation of a dis tant rib bon con -
ti nent termed Rubia (Hildebrand, 2009). Re search dur ing
the past fif teen years on the North Amer i can craton of west-
cen tral Al berta and east-cen tral Brit ish Co lum bia (BC) has
shown ev i dence for tec tonic ac tiv ity in the form of struc -
tural in ver sion of block faults dur ing the Late Pa leo zoic
(Fossenier, 2002; Henderson et al., 2002; Dunn, 2003;
Henderson et al., 2010). These struc tural in ver sion events
di rectly af fect the paleogeography of this area and set some
lim its on the site of tec tonic ac tiv ity. Al though the late Pa -
leo zoic paleogeography of west-cen tral Al berta sur round -
ing the Peace River Ba sin (PRB) is es tab lished (Dunn,
2003), the BC por tion of the equiv a lent-aged units is still
un re solved. This pa per pres ents new data that show how
tec tonic and paleogeographic fea tures had sig nif i cant con -
trol on the en vi ron ments of de po si tion of Penn syl va nian–
Perm ian strata, as well as the in her i tance of some of these
tec tonic and paleogeographic trends dur ing the Late Cre ta -

ceous to Paleogene de vel op ment of the fold-and-thrust
belt. A new ‘west ern paleo-high’, lo cated west of the Peace
River Ba sin, is doc u mented by sig nif i cant dif fer ences in
car bon ate rock types, as well as an un con formity gen er ated
dur ing up lift. The in te gra tion of se quence stra tig ra phy,
biostratigraphy, sedimentology and fracture analysis helps
to develop predictive models for the distribution of
reservoir units within the study area.

Study Area and Methods

Field sites for this study are lo cated in the Sukunka-Kakwa
area of east-cen tral BC, within NTS ar eas 93I, O and P (Fig -
ure 1). The out crops are lo cated south east of Chetwynd and
ex tend to south of Tum bler Ridge. They are part of a south -
east-trending out crop belt that rep re sents the wes tern most
ex tent of the West ern Can ada Sed i men tary Ba sin. Nine out -
crops were stud ied in Au gust of 2009 and 2010. They are,
from north to south, Ursula Creek, Peck Creek, Moun tain
Creek, Wat son Peak, Mount Palsson, Mount Crum, Fell ers
Creek, Mount Cornock and Ganoid Ridge. One ex plo ra tion 
well (06-20-068-9W6, Fig ure 1) is used and la belled on the
map to show the re la tion ship be tween de pos its in the study
area and those far ther east into the subsurface of west-cen -
tral Al berta. Out crops were ac cessed by he li cop ter due to
the re mote na ture of the sites. Data col lected and pro cessed
from field work in 2009 (Henderson et al., 2010) are com -
bined with new field ob ser va tions obtained in August 2010
and presented in this summary.

Peck Creek, Moun tain Creek, Fell ers Creek and Mount
Cornock were the fo cus of field work in Au gust 2010. Sam -
ples col lected at Fell ers Creek and Moun tain Creek fill data
gaps that were iden ti fied from the 2009 sea son (Henderson
et al., 2010). Ursula Creek, Peck Creek and Mount Cornock 
rep re sent new out crops ac cessed in Au gust 2010. Sam ples
col lected in 2010 in cluded 49 large (5–10 kg) rock sam ples
used for cono dont anal y sis and 60 small sam ples for thin
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sec tions. In to tal, 260 thin sec tions and 140 cono dont sam -
ples were an a lyzed from both field sea sons. Cono dont sam -
ples were pro cessed fol low ing stan dard pro ce dures out -
lined by Collinson (1963) and Stone (1987). Car bon ate
pe trog ra phy was nec es sary for interpretation of deposit ion -
al environments.

Frac ture anal y sis was con ducted only in Au gust 2009, but
new in ter pre ta tions sup ple ment pre lim i nary re sults pre -
sented in Henderson et al. (2010). Both lin ear and cir cu lar
scan lines were used to re cord the ori en ta tion and den sity of 
frac tures found in Mis sis sip pian, Penn syl va nian and Perm -
ian rocks. In ad di tion, large-scale lin ea ment data were col -
lected us ing dig i tal el e va tion mod els over lain on geo log i -
cal maps of the study area. These frac ture pat terns were
rec og nized and an a lyzed at the micro, meso and macro
scales (Dean, 2010).

Geological Setting

The strata in ques tion are equiv a lent to subsurface strata to
the east in the PRB and to the south west in the Al berta por -
tion of the Rocky Moun tains (Fig ure 2). The strati graphic
se quences in both out crop and the subsurface are bounded
by sev eral ma jor un con formi ties. Dif fer ences in the du ra -
tion and tim ing of un con formi ties be tween east-cen tral BC
and the subsurface in Al berta pro vide in sight into the
paleogeographic de tails of both lo cal i ties. The Penn -
sylvanian por tion of the Belcourt For ma tion in east-cen tral
BC is equiv a lent to the lower Belloy For ma tion in the sub -
surface (PRB), while the Lower Perm ian por tion of the Bel -
court For ma tion is equiv a lent to the mid dle Bel loy For ma -

tion. The Fantasque For ma tion is equiv a lent to the up per
Belloy For ma tion from the PRB (Henderson et al., 1994).

Biostratigraphic data pro vide ev i dence that ac tive tec ton ics 
in east-cen tral BC co in cided with the tim ing of tectonism
re corded in Ne vada (Snyder et al., 2002; Trexler et al.,
2004); these tec tonic events occured dur ing an in ter val that
falls be tween the Ant ler and Sonoma orogenies (Hender -
son et al., 2010). The Ant ler and Sonoma orogenies are re -
corded not only in the west ern United States, but also into
the south ern and cen tral por tions of west ern Can ada (Root,
2001), pro vid ing a com pel ling ar gu ment that the Ant ler,
Sonoma and Penn syl va nian–Perm ian tec tonic events in flu -
enced the en tire west ern mar gin of the supercontinent
Pangea. Tec tonic ac tiv ity dur ing this time pe riod af fected
ba sin and sub-ba sin de vel op ment, as seen by vari able pres -
er va tion of strati graphic units and the compartment -
alization of res er voir units (Fossenier, 2002; Dunn, 2003;
Henderson et al., 2010).

These strata were de pos ited as sed i ments on the west ern
mar gin of Pangea ad ja cent to the PRB at a paleolatitude of

20–30°N (Golonka and Ford, 2000), a set ting that prob a bly
was in flu enced by east erly trade winds, caus ing vary ing de -
grees of upwelling along the west ern coast of North Amer -
ica (Levitus, 1988; Xie and Hsieh, 1995). The known
paleogeographic fea tures in clude the PRB, a fault-bounded 
ba sin rep re sent ing mar ginal ma rine de pos its of the Penn -
syl va nian and Perm ian (Douglas et al., 1970); and the
Sukunka Up lift, a north east-trending fea ture that un der -
went sev eral struc tural in ver sions through out the late Pa -
leo zoic and bounded the south west ern sec tion of the PRB
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Fig ure 1. Study area in east-cen tral Brit ish Co lum bia, show ing the lo ca tion of mea sured sec tions and the line of cross-sec tion (A-A’) de -
tailed in Fig ure 5. Mod i fied from Henderson et al. (2010).
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Fig ure 2. Stra tig ra phy and tectonostratigraphic se quences of east-cen tral Brit ish Co lum bia cor re lated to the Peace River Ba sin of west-
cen tral Al berta and north east ern Brit ish Co lum bia, and the south west ern Al berta Rock ies (‘Banff re gion’). Tectonostratigraphic se quences
are from Snyder at al. (2002), Trexler et al. (2004) and Henderson et al. (2010). Stra tig ra phy is mod i fied from Henderson et al. (2010).
Cono dont sym bols in di cate con trol points. Colours rep re sent pri mary li thol ogy, in clud ing lime stone (blue), dolostone (pur ple), chert (or -
ange), quartz arenite (yel low), bioturbated and bioclastic sand stone (green) and silty shale (grey). Ab bre vi a tions: C, Car bon if er ous; P,
Perm ian.



(Rich ards, 1989). The Beatton High is a struc tural el e ment
along the north west ern mar gin of the PRB, and the Ishbel
Trough is the lo ca tion of deeper ma rine de po si tion along
the north west ern mar gin of Pangea (Henderson et al., 1993; 
Henderson et al., 1994; see inset on Fig ure 3).

Evidence for Pennsylvanian–Permian
Tectonics

Stratigraphy

The iden ti fi ca tion and du ra tion of un con -
formi ties in the Penn syl va nian–Perm ian of 
the study area is based on de tailed cono -
dont biostratigraphy and lithological con -
tacts and char ac ter is tics. Sev eral dis tinct
strati graphic pack ages are bounded by
these un con form able sur faces, as il lus -
trated in Fig ure 2. The mid dle to up per
Penn syl va nian is pres ent at Moun tain
Creek and Fell ers Creek, bounded by a
sub-Penn syl va nian un con formity be low
and a sub–up per Kasimovian un con -
formity above (Fig ure 2). Early Perm ian
rocks (Asselian–Sakmarian) are pres ent at
Moun tain Creek and Fell ers Creek,
bounded by a sub–late Early Perm ian un -
con formity at the base and a sub–mid dle
Perm ian un con formity at the top. Mid dle
Perm ian strata (Roadian–Wordian) are
pres ent at all of the out crops ex cept Wat son 
Peak, where they are bounded by a sub–
mid dle Perm ian un con formity at the base
and a sub-Triassic unconformity at the top.

Unconformities

These un con formi ties are in ter preted to
have been gen er ated largely by tec tonic
events, and may be cor re lated with events
de scribed in Ne vada. This study adopts the
no men cla ture pre sented by Snyder et al.
(2002) and Trexler et al. (2004) for late Pa -
leo zoic un con formi ties iden ti fied in north -
west ern Ne vada. These events de scribed
from Ne vada are a re sult of com pres sive
tec ton ics dur ing Penn syl va nian–Perm ian
time that may have far-field in flu ence from 
the Ant ler Orog eny, but are con sid ered as
sep a rate tec tonic events that cre ated sig nif -
i cant an gu lar un con formi ties (Trexler et
al., 2004). Two of the un con formi ties in
east-cen tral BC and Ne vada are marked by
prom i nent con glom er ates found at the
Fellers Creek section in the study area
(Figure 4).

The first sig nif i cant un con formity is sub–late Penn syl va -
nian in age and is equiv a lent to the C5 and C6 un con formi -
ties rec og nized in Ne vada (Fig ure 2). It is re corded in out -
crop at Fell ers Creek as the ero sional base of the first
con glom er ate, which, from cono dont ages, is Moscovian in 
age. The sec ond un con formity is equiv a lent to the P1 event
(Fig ure 2), which is a sub–Early Perm ian (Artinskian–Kun -
gurian) un con formity rep re sented by the ero sional base of
the sec ond con glom er ate at Fell ers Creek. The next youn -
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Fig ure 3. Sim pli fied late Sakmarian paleogeography of west ern North America, show -
ing sig nif i cant tec tonic el e ments and the in ter preted lo ca tion and con fig u ra tion of the
newly de fined (this pa per) west ern paleo-high, ex tend ing south from the Beatton High. 
Num bered fea tures: 1, Mount Cornock; 2, Fell ers Creek; 3, Moun tain Creek.
Paleogeographic fea tures as so ci ated with the Ant ler Orog eny in the west ern United
States are also la belled. In set in up per right is of known and pub lished sim pli fied
paleogeography in west-cen tral Al berta, with study area out lined in red. Mod i fied from
Henderson et al. (2002).



gest event is the com bined P3 and P4 (P3-P4) un con -
formity, which is sub–mid dle Perm ian in age (Fig ure 2).
Artinskian and Kungurian strata are miss ing be low this un -
con formity in the study area, whereas the late Artinskian is
miss ing be low the P3-P4 un con formity in the PRB. The
P6/P7 event (Fig ure 2) re corded the re moval of Late
Permian strata in almost all of the outcrop sections.

The most prom i nent un con formity in the BC out crops, the
P3-P4, or the amal gam ation of P4 through C3 un con formi -
ties, is a re sult of nondeposition or a struc tural high that was 
pres ent from Late Mis sis sip pian through Early Perm ian
(Fig ures 3, 5). The rec og ni tion of this un con formity de lin -
eates this fea ture in de tail. Sev eral out crops in the study
area, in clud ing Mount Cornock, Mount Crum, Wat son
Peak and Mount Palsson, have no Early Perm ian and lit tle
to no Mid dle Perm ian strata pre served, thus re flect ing the
P3/P4 event. These out crops show a north-trending struc -
ture just to the west of out crops con tain ing thicker Early
Perm ian de pos its. Cross-sec tion A–A' (Fig ure 5), from
west to east, shows a paleogeographic high at Mount
Cornock. This fea ture ex tends as far north as Ursula Creek,
where Early Perm ian strata are also miss ing. In ad di tion,
the Penn syl va nian is thicker and con tains deeper wa ter de -
pos its to the north west at Moun tain Creek. This out crop is
lo cated on a dif fer ent thrust sheet to the west of the one con -
tain ing Peck Creek, Mount Cornock and Fell ers Creek, and
may re cord de po si tion in a deeper trough on the west ern
side of this paleogeographic high (Fig ure 5).

Fractures

Nine main frac ture ori en ta tions were ob served in out crop
and from cores in east-cen tral BC. Most frac ture ori en ta -
tions are par al lel and con ju gate to the max i mum prin ci pal

stress di rec tion (050°, s1) and re gional struc tural trend

(320°, s2). These frac ture ori en ta tions in clude the 290°,

310° and 330° sets, which are par al lel and con ju gate to the

re gional struc tural trend. The 030°, 050° and 070° sets are
roughly or thogo nal to the re gional fold axes. These are in -
ter preted as be ing re lated to Lara mide-age (Late Cre ta -
ceous–Early Paleogene) fold ing and thrust ing. Frac tures
not con sis tent with these ori en ta tions, or oblique to the re -

gional struc tural trend, in clude the 010°, 090° and 350°
sets. These oblique ori en ta tions may be seen at the macro
scale (map scale) as lin ea ments (Fig ure 6). These lin ea -
ments are ero sional fea tures de vel oped along weak strata,
thrust faults, tear faults and thrust- and fold-re lated frac ture
swarms dur ing ex hu ma tion and gla ci ation.

The oblique sets of frac tures that do not fol low the re gional
Lara mide struc tural trend may re flect struc tural in her i tance 
of re ac ti vated Penn syl va nian–Perm ian sub-ba sin bound -

aries. The 010°, 090° and 350° sets roughly par al lel the ori -
en ta tions of Penn syl va nian–Perm ian sub-ba sin bound ary
faults (Fig ure 7). Struc tural fea tures and ori en ta tions that
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Fig ure 4. Pho to graphs of cut slabs of con glom er ate from Fell ers
Creek, east-cen tral Brit ish Columbia: A) basal Belcourt con glom -
er ate with chert clasts (27–27.7 m); B) sec ond con glom er ate from
Fell ers Creek (29.8 m); C) pho to mi cro graph of top of sec ond con -
glom er ate from Fell ers Creek (31.9 m), out lin ing subrounded car -
bon ate clasts. All mea sure ments are from the base of the sec tion.
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Fig ure 5. Cross-sec tion A–A’ (see Fig ure 1 for lo ca tion), show ing strati graphic re la tion ships be tween out crops, rock types and for ma tions. The west ern paleo-
high and in te rior sea shown in Fig ure 3 are also la belled. Strati graphic units in clude, in as cend ing or der, Mis sis sip pian (be low the low est red line), Penn syl va -
nian Hannington For ma tion, Penn syl va nian–Early Perm ian Belcourt For ma tion, Early Perm ian Kin dle For ma tion and mid dle Perm ian Fantasque For ma tion.
The strati graphic da tum is the base of the Tri as sic Sul phur Moun tain For ma tion.
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Fig ure 6. Dig i tal el e va tion model (DEM; data from GeoBase) of the study area, il lus trat ing macro-scale lin ea ment ori en ta tions: A) Sol i tude Moun tain, B) Moun tain Creek,
C) Wat son Peak, D) Mount Palsson, E) Mount Crum, F) Fell ers Creek, and G) Ganoid Ridge. Dashed white box de notes the Fort St. John block, an ex ten sion of Al berta
town ships and ranges into Brit ish Co lum bia be tween 55.65 and 56.65°N and 120 and 122°E (map adapted from Stott et al., 1983; McMechan and Thomp son, 1989, 1994).



de vel oped dur ing the Penn syl va nian–Perm ian in flu -
enced the lo ca tions and ori en ta tion of Lara mide-age
struc tures and frac tures. These frac ture ori en ta tions
im ply that faults bounded sub-bas ins dur ing and pos -
s i  b ly subsequent  to  depos i t ion  dur ing  the
Pennsylvanian–Permian.

Facies Descriptions and Interpretations

Fa cies de scribed in this sec tion do not in clude all
rock types found in the study area, but are the prin ci -
pal fa cies that re flect the tec tonic and en vi ron men tal
con di tions. The two pri mary out crops de scribed in
this study are Moun tain Creek and Fell ers Creek, and 
fa cies are de scribed from these two out crops. Moun -
tain Creek con tains more Penn syl va nian and deeper
wa ter fa cies, and rep re sents de po si tion on the west -
ern side of the west ern paleo-high (Fig ures 3, 5).
Fell ers Creek con tains the shal low est wa ter fa cies
found in the study area and rep re sents de po si tion
within the pro tected in te rior sea (Fig ures 4, 5). Pho -
to mi cro graphs of thin sec tions from Fell ers Creek
and Mountain Creek are illustrated in Figure 8.

Conglomerate

De scrip tion

Sev eral con glom er ates with ero sional bases oc cur
through out the study area and are com posed of
poorly sorted, rounded to subangular car bon ate and
chert clasts in a car bon ate ma trix. The most rep re sen -
ta tive of these con glom er ates is at Fell ers Creek
(Figures 4, 5).

In ter pre ta tion

These con glom er ates are in ter preted to re cord ero sion as a
re sult of tec tonic up lift. Clasts are very poorly sorted and
subrounded to an gu lar, sug gest ing that the source of the
clasts is fairly close to the lo ca tion of de po si tion. Car bon ate 
clasts of ten con tain Mis sis sip pian foraminifera, in di cat ing
that up lift and sub se quent ero sion oc curred be tween the
Mis sis sip pian and early Permian (Figure 4C).

Photozoan2 Carbonates Deposited East of the
Western Paleo-High

Ooid Grainstone

De scrip tion

This fa cies is found at the Fell ers Creek sec tion and is char -
ac ter ized by ooids. It ranges from oolite con sist ing en tirely

of ooids to grainstone with abun dant bioclasts and ooids.
Bioclasts in clude echinoderms, brachi o pods, bryo zoans
and com mon large fusulinids (Fig ure 8A–C). 

In ter pre ta tion

This fa cies rep re sents de po si tion in a high-en ergy en vi ron -
ment close to a shore line and forms an ooid shoal. Most of
the con stit u ents within the fa cies, es pe cially the ooids and
large fusulinids, im ply de po si tion of a photozoan car bon ate 
as so ci a tion, or a warm-wa ter car bon ate as so ci a tion (James
1997; Reid et al., 2007).
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Fig ure 7. Sche matic di a gram il lus trat ing the dom i nant sub-ba sin ori en ta -
tions (see leg end) in the A) Penn syl va nian, and B) Perm ian. The dashed
grey boxes de note the pres ent-day po si tion of the Fort St. John block.
Adapted from Dunn (2003) and Dean (2010).

Fig ure 8. Pho to mi cro graphs of thin sec tions from Fell ers Creek
and Moun tain Creek, east-cen tral Brit ish Columbia: A) ooid
grainstone, Fell ers Creek (38.3 m); B) ooid grainstone with large
fusulinid, Fell ers Creek (38.3 m); C) bioclastic ooid grainstone with
fusulinids and brachi o pods, Fell ers Creek (39.3 m); D) al gal-
bioclastic grainstone, Fell ers Creek (45.1 m); E) al gal-bioclastic
grainstone, Fell ers Creek (45.1 m); F) coral boundstone, Fell ers
Creek (66 m); G) brachi o pod-bryo zoan packstone-wackestone fa -
cies show ing abun dant ramose bryo zoans, Moun tain Creek (9 m);
H) brachi o pod-bryo zoan packstone-wackestone fa cies show ing
abun dant pseudopunctate brachi o pods, Moun tain Creek (91.4 m).
All mea sure ments are from the base of the sec tion. Ab bre vi a tions:
Bch, brachi o pod; Bry, bryo zoan; Da, Dasycladacean; Ec,
echinoderm; Fm, foraminifera; Fus, fusulinid; Od, ooid; Phy,
phylloid.

2 “An association of benthic carbonate particles including
1)skeletons of light-dependent organisms, and/or 2) non-
skeletal particles (ooids, peloids etc.), plus or minus
3) skeletons from the heterozoan association” (James 1997,
p. 4). Warm-water carbonates are composed of the photozoan
association plus or minus the heterozoan association.
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Algal-Bioclastic Grainstone

De scrip tion

This fa cies is rec og nized by the pres ence of green al gae, in -
clud ing dasycladacean and phylloid al gae. Other car bon ate
grains in clude echinoderms, bryo zoans, brachi o pods and
foraminifers. Many grains have a micrite coat ing or are
abraded, or both. The fa cies is found only at Fellers Creek.

In ter pre ta tion

This fa cies was de pos ited within the photic zone in a warm,
high-en ergy en vi ron ment. It prob a bly rep re sents de po si -
tion on a car bon ate ramp, above fair-weather wave base. It
also rep re sents a photozoan or warm-wa ter car bon ate
association.

Palaeoaplysina-Rugose Coral Boundstone

De scrip tion

This fa cies oc curs at two lev els in the Fell ers Creek sec tion.
The first, just above the sec ond Belcourt con glom er ate,
con tains only Palaeoaplysina; the sec ond has both
Palaeoaplysina and co lo nial rugose cor als (Proto went -
zelella kunthi: pers. comm., E.W. Bamber, 2010). This as -
so ci a tion shows both of these reef-build ing or gan isms
form ing biostromes that are closely re lated, span the en tire
length of the bed and are up to 1.5 m thick (Figure 5).

In ter pre ta tion

These car bon ate con stit u ents rep re sent a clas sic photozoan
or warm-wa ter as sem blage (James, 1997). In com par i son
to mod ern car bon ate fauna, the Palaeoaplysina and co lo -
nial rugose cor als would have flour ished in a warm-, clear-
wa ter en vi ron ment (Halfar et al., 2004).

Heterozoan3 Carbonates Deposited West of the
Western Paleo-High

Bryozoan-Brachiopod Packstone-Wackestone

De scrip tion

This fa cies con sists pri mar ily of ramose bryo zoans and
strophomenid brachi o pods with a lime-mud ma trix. Silt-
sized quartz grains con sti tute 5–10% of the ma trix and may
be eolian in or i gin. The fos sil abun dance var ies from grain
sup ported to ma trix sup ported with as lit tle as 15% car bon -
ate grains. Echinoderm frag ments are oc ca sion ally pres ent
and small foraminifera occur sporadically.

In ter pre ta tion

This is the pri mary fa cies found at the Moun tain Creek sec -
tion and rep re sents de po si tion in an outer ramp set ting, be -
low fair-weather wave base. The lack of any warm-wa ter

car bon ate con stit u ents sug gests a deeper, cool-wa ter en vi -
ron ment (be low the thermocline). This fos sil as sem blage is
char ac ter is tic of a heterozoan car bon ate as so ci a tion typ i cal

of wa ter tem per a tures down to 13.7°C (James, 1997).

Bioturbated Silty Mudstone

De scrip tion

This fa cies was found pri mar ily at the Moun tain Creek sec -
tion. It is an or ganic-rich car bon ate mudstone with a low di -
ver sity of trace fos sils. Subangular quartz silt con sti tutes up 
to 20% of the matrix.

In ter pre ta tion

This fa cies rep re sents de po si tion on the outer ramp in
deeper wa ter than that rep re sented by the bryo zoan-brachi -
o pod packstone-wackestone fa cies, with some pos si ble
eolian in flu ence. The abun dant or ganic ma te rial may be a
re sult of dysoxic4 wa ters, al though trace fos sils sug gest the
en vi ron ment was not hos tile enough to de ter or gan isms
from ex ist ing (Allison et al., 1995). Both wa ter depth (be -
low photic zone and thermocline) and clastic in put would
have de terred car bon ate-pro duc ing organisms from
growing.

Paleogeography: Discussion

Stratigraphic Implications

Rec og ni tion, cor re la tion and dat ing of un con formi ties are
im por tant in in ter pret ing the paleogeography of these de -
pos its. Map ping the oc cur rence of units and fa cies shows
the west ern paleo-high (Fig ure 5) ex tend ing north to Ursula 
Creek and pos tu lated to ex tend as far south as the Meosin
Moun tain area (Fig ure 9). Thicker car bon ate de pos its are
found both east and west of this lin ear struc tural fea ture
(Fig ure 9). The most sig nif i cant un con formity, which is an
amal gam ation of the P3-P4 through C3 un con formi ties
(Fig ure 2), rep re sents a paleo-high to the west of the open -
ing of the PRB (Fig ure 3). This paleogeographic high, re -
corded by miss ing strata at Wat son Peak, Mount Palsson,
Mount Crum and Mount Cornock (Fig ures 5, 9), is a re sult
of ac tive tec ton ics that may be tem po rally cor re lated with
tectonism in Ne vada (Trexler et al., 2004). The Moun tain
Creek sec tion is lo cated in a thrust sheet to the west of out -
crops that doc u ment this high, and re cords deep-wa ter sed i -
ments that were de pos ited in a deeper, more dis tal trough to
the west of the high (Fig ures 3, 5, 9). Thin ner and shal lower
wa ter car bon ates mea sured to the east of the paleo-high are
ex posed at Fell ers Creek and rep re sent the more restricted,
inner eastern side of the western paleo-high (more
proximal; Figures 3, 9).
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3 “An association of benthic carbonate particles produced by
1) organisms that are light independent, plus or minus 2) red
calcareous algae” (James 1997, p. 4). Cool-water carbonates
are composed of the heterozoan association.

4 having a very low oxygen concentration (i.e., between anoxic
and hypoxic)
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Fig ure 9. Ge ol ogy of the east-cen tral Brit ish Columbia study area, show ing sche matic sum mary col umns of strata pres ent at each out crop. Note miss ing
Early Perm ian strata at Wat son Peak, Mount Palsson, Mount Crum and Mount Cornock, de fin ing a south east-trending lin ear paleo-high.



Paleoenvironmental Implications

Penn syl va nian and Perm ian warm-wa ter car bon ate rocks
have been de scribed be fore in east-cen tral BC (Bamber and 
MacQueen, 1979). The ap par ent anom a lous oc cur rence of
this nar row belt of warm-wa ter car bon ate rocks in a re gion
that should have been af fected by cool upwelling cur rents
has not been ad dressed. These de pos its were lo cated at a
paleolatitude equiv a lent to the cur rent lat i tude of the Baja
Cal i for nia pen in sula in Mex ico, which, on the Pa cific side,
is sub ject to cool upwelling wa ters caused by east erly trade
winds (Zaytsev et al., 2003). The tec tonic el e ments rec og -
nized in this area are key to ex plain ing the en vi ron ment in
which these warm-wa ter or gan isms thrived. Early Perm ian
photozoan car bon ates are found in a nar row belt just to the
east of out crops that con tain no Early Perm ian de pos its and, 
in some cases, no Perm ian strata at all. It is pro posed that
the south east-trending struc tural high (Fig ure 9) is a west -
ern land mass, much like Baja Cal i for nia to day, that
protected an inland sea where photozoan carbonates could
grow.

Hydrocarbon Potential

The re sults of this study pro vide ev i dence for ac tive tec ton -
ics cre at ing paleogeographic highs that co in cide tem po -
rally with Penn syl va nian–Perm ian events de scribed in Ne -
vada. The de lin ea tion of these paleogeographic fea tures
helps to ex plain and pre dict the dis tri bu tion of Penn syl va -
nian–Perm ian sed i ments in east-cen tral BC, and may have
a bear ing on the dis tri bu tion and type of po ten tially po rous
lithofacies in the subsurface. Ex plo ra tion ef forts should be
fo cused on the dolomitization of in ner-ramp lithofacies that 
dom i nate the mar gins of the in te rior sea. Dolomitization
ap pears to be as so ci ated with prox im ity to sub-ba sin de fin -

ing faults, es pe cially those that have trends of 010°, 090°

and 350°, as re vealed by macro-scale lin ea ments. These
trends are not as so ci ated with re gional stress pat terns as so -
ci ated with the Laramide Orogeny and may be inherited
from Pennsylvanian–Permian faults.
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Introduction

The Montney For ma tion in north east ern Brit ish Co lum bia
is a fo cus of con sid er able in dus try ac tiv ity as a shale gas
and tight gas tar get. Suc cess ful ex ploi ta tion of this re source 
will re quire geo log i cal in sights into the strati graphic
frame work, dis tri bu tion of or ganic mat ter and shale fab ric.
The lat ter af fects me chan i cal rock prop er ties and more
knowl edge on this topic will lead to in no va tive en gi neer ing
tech niques to ef fi ciently ex ploit this re source. A se quence
biostratigraphic frame work in both core and out crop to the
west is needed in or der to map the dis tri bu tion of silt ier and
sand ier ho ri zons, and the po ten tial con cen tra tion of or ganic 
mat ter. This pre lim i nary study ad dresses the cur rent
biostratigraphic po ten tial for the in ter val (lat est Perm ian to
ear li est Mid dle Tri as sic) and dis cusses li thol ogy and
depositional rates at four different locations. The sequence
biostratigraphic framework is still in progress.

Study Area and Methods

Field sites for this study are lo cated in east-cen tral Brit ish
Co lum bia (BC) in the Sukunka-Kakwa area, within NTS
ar eas 093I, O and P (Fig ure 1). The out crops, lo cated south
and west of Chetwynd, BC, are part of the south east-
trending out crop belt that rep re sents the wes tern most ex -
tent of the West ern Can ada Sed i men tary Ba sin. Three out -
crops were stud ied in Au gust 2010, in clud ing Mount Crum, 
Peck Creek and Ursula Creek, and a fourth site is de scribed
based on the re port by Or chard and Zonneveld (2009). Out -
crops were ac cessed by he li cop ter due to the re mote na ture
of the sites.

Li thol ogy sam ples were col lected for Rock Eval™ anal y sis 
and to char ac ter ize shale fab ric. Cono dont sam ples were
col lected to pro vide a biostratigraphic frame work for cor -
re la tion and are be ing pro cessed fol low ing standard
procedures.

Geological Setting

Sed i ments were de pos ited in a va ri ety of depositional en vi -
ron ments within the Peace River Ba sin from west-cen tral
Al berta to north east ern BC. Struc tural in ver sion of var i ous
tec tonic el e ments, pos si bly caused by far-field ef fects from
the Sonoma Orog eny, re sulted in a com plex ba sin that af -
fected the dis tri bu tion of depositional en vi ron ments dur ing
the lat est Perm ian to ear li est Tri as sic trans gres sion. The
dis tri bu tion of tec tonic highs and lows are known at a re -
con nais sance level for the Up per Pa leo zoic suc ces sion in
the area (Henderson et al., 2010; Zubin-Stathopoulos et al.,
2011), but are very poorly known for the Lower Tri as sic in
the re gion. Kend all (1999) dem on strated some of the ef -
fects of struc tural in ver sion at the Perm ian–Tri as sic bound -
ary and latest Dienerian through her subsurface mapping in
west-central Alberta.

Sed i men ta tion oc curred on the north west ern mar gin of
Pangea at a paleolatitude cen tred about 25ºN that was, just
as to day, a site of very arid con di tions (Davies et al., 1997).
Arid ity and re duced rates of chem i cal weath er ing meant
that very lit tle me dium to coarse sand and very lit tle clay
were de liv ered to the Peace River Ba sin by ephem eral flu -
vial sys tems. Very fine grained sand was dis trib uted by var -
i ous pro cesses along the coast and de liv ered to the ba sin by
storms and turbidites (Moslow and Davies, 1997). Eolian
pro cesses de liv ered a con sid er able pro por tion of coarse silt
into the ba sin through out this in ter val (Davies et al., 1997),
but the pro por tion of clay may have been higher dur ing the
lat est Perm ian and ear li est Tri as sic (Phroso Mem ber of the
Sul phur Moun tain For ma tion) be cause of in creased weath -
er ing as so ci ated with ef fects from the Late Perm ian ex tinc -
tion event (Hays et al., 2007; Algeo and Twitchett, 2010).
The Late Perm ian ex tinc tion also af fected the dis tri bu tion
of trace fos sils (Beatty et al., 2008) and the pro por tion of
bioclasts, both of which significantly affect reservoir
characteristics.

Biostratigraphy and Biochronology

Cono dont biostratigraphy is sum ma rized in Fig ure 2. Three 
M.Sc. the ses un der my su per vi sion orig i nally dem on -
strated the value of cono dont biostratigraphy in the
Montney For ma tion (Markhasin, 1997; Kend all, 1999;
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Panek, 2000). The biozonation for the Late Perm ian is
strongly con trolled by pro vin cial ism and, as a re sult, there
is a zonation for cool-wa ter and warm-wa ter (Mei and
Henderson, 2001; Henderson and Mei, 2007). Dur ing the
lat est Perm ian, as so ci ated with events that re sulted in
Earth’s great est ex tinc tion event, this pro vin cial ism breaks
down for the most part and a sin gle stan dard zonation re -
sults (Fig ure 2), but there re main some is sues as so ci ated
with biofacies con trol, endemism and tax on omy that af fect
the du ra tion of zones and pres ence of dis tinc tive fau nas.
The ages for stage bound aries have been con sid er ably mod -
i fied in the past few years with ad vances in U-Pb ra dio met -
ric dat ing and the dis cov ery of new ash beds in sed i men tary
suc ces sions (Fig ure 2). The ages of in di vid ual zones are not 
known with cer tainty, but are pro por tion ally cal i brated
within the known frame work. As a re sult, the pre ci sion and
ac cu racy of zonal ages for the Induan and Early Olenekian
are much higher than for the Late Olenekian and Anisian.
Im proved tax on omy will un doubt edly lead to in creased
pre ci sion for the Spathian and Anisian. As a re sult, with this 
good biochronological con trol, it is pos si ble to es ti mate
rates of de po si tion for the Phroso, Meosin Moun tain and
Vega members of the Sulphur Mountain Formation, and
portions of the Grayling and Toad formations.

Stratigraphy and Depositional Rates

The strati graphic units be ing in ves ti gated rep re sent the sur -
face equiv a lents of the Montney For ma tion and in clude the
Phroso, Meosin Moun tain and Vega mem bers of the Sul -
phur Moun tain For ma tion, as well as the Grayling and Toad 
for ma tions. The li thol ogy and dis tri bu tion of these units in
the study area was dis cussed by Gib son (1975). This sec -
tion dis cusses these units at four lo ca tions: Meosin Moun -
tain, Mount Crum and a com pos ite of Peck Creek and
Ursula Creek (Fig ure 3). Very lit tle of the suc ces sion can be
re ferred to as pure shale and so many of the res er voir char -
ac ter is tics are re lated to the po ros ity and per me abil ity dis -
tri bu tion within siltstone and very fine grained sand stone
beds. The fab ric of shaly parts of the suc ces sion is char ac -
ter ized by vari a tions in cal car e ous or dolomitic ce ment,
phys i cal sed i men tary struc tures, biogenic sed i men tary
struc tures and depositional rates. Slower de po si tion rates
re sult in more compacted rock fabrics that would behave in
a more brittle fashion.

Meosin Mountain Section

This sec tion de scrip tion is based on Or chard and
Zonneveld (2009), in which they named a new mem ber, the
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Fig ure 1. Study area in east-cen tral Brit ish Co lum bia, show ing the lo ca tions of sec tions (us ing NAD 83): Meosin Moun tain, 54.28616°N,
120.32557°W; Mount Crum, 55.02541°N, 121.65057°W; Peck Creek, 55.75045°N, 122.95348°W; and Ursula Creek, 55.99312°N,
123.17426°W.



Meosin Moun tain Mem ber, for an ap prox i mately 20 m
thick suc ces sion of turbidites. The Phroso Mem ber sits un -
con form ably on the Mid dle Perm ian Mowitch For ma tion,
which in turn rests un con form ably on the Lower Perm ian
Belcourt For ma tion. The Phroso Mem ber is 48.5 m thick at
Meosin Moun tain and in cludes a re ces sive, pla nar-lam i -

nated, or ganic-rich and pyritiferous silty shale suc ces sion
that grades up ward into rip ple-lam i nated dolomitic
siltstone and very fine grained, quartz-rich litharenite. The
unit is cor re lated with the Clarkina carinata to lower
Paulella meeki zones (Or chard and Zonneveld, 2009) and
is  there  fore  Griesbachian to  mid-Smithian. The
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Fig ure 2. Dis tri bu tion of cono dont biozones for the Changhsingian (Late Perm ian) to Anisian (Mid dle Tri as sic) in the study area, east-cen -
tral Brit ish Co lum bia. This chart is a mod i fied sum mary of biozonation de scribed in Or chard (2008, 2010) and Or chard and Zonneveld
(2009). The geo chron ol ogi cal ages are mod i fied from Ogg (2004) based on new dates from Mundil et al. (2010) and Shen et al. (2010).
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Fig ure 3. Li thol ogy for Meosin Moun tain, Mount Crum and the Peck Creek and Ursula Creek com pos ite, east-cen tral Brit ish Co lum bia.
Strati graphic units are ar ranged ac cord ing to time, and mea sure ments above base in metres are pro vided at key points. MM, Meosin Moun -
tain Mem ber.



Griesbachian (but not ear li est Griesbachian) to Dienerian
in ter val of 37 m in di cates a depositional rate of 0.04 m per
1000 years, which seems to rep re sent a gen eral back ground 
rate of de po si tion for much of the Sul phur Moun tain and
equiv a lent Grayling and Toad for ma tions in the re gion.
This unit is sharply over lain by the Meosin Moun tain Mem -
ber, which is rep re sented by 19.5 m of amal gam ated, dis -
tinct, very fine grained sand stone beds that are in ter preted
to be the prod uct of turbidite de po si tion. Or chard and
Zonneveld (2009) showed that this mem ber was de pos ited
dur ing the up per half of the P. meeki zone and lower
Scythogondolella mosheri zone, an in ter val es ti mated at
200 000 years based on equal dis tri bu tion of zones in the
Smithian. This would trans late into an av er age depositional 
rate of 0.10 m per 1000 years. These turbidites are youn ger
and prob a bly un re lated to the low er most Smithian
turbidites that char ac ter ize the Val halla–La Glace–
Knopcik suc ces sion in west-cen tral Al berta (Kend all,
1999). The over ly ing Vega Mem ber is 126 m thick and con -
sists of mostly quartz-rich shaly siltstone and vari ably cal -
car e ous, very fine grained sand stone. The depositional rate
is es ti mated at 0.04 m per 1000 years. The up per con tact
with the Whis tler Mem ber (equiv a lent to the basal Doig
For ma tion in subsurface) is sharp and marked by a
phosphate-rich shale and siltstone interval with a phos -
phate-gran ule layer at the erosional base.

Mount Crum Section

This sec tion dif fers in many re spects from that at Meosin
Moun tain. The suc ces sion be gins with 24 m of silty black
shale with dis sem i nated py rite and cal car e ous con cre tions
be long ing to the Phroso Mem ber, which is re stricted to the
Dienerian. The Griesbachian is miss ing at this lo ca tion,
prob a bly be cause this site was high through much of the
Late Pa leo zoic (Henderson et al., 2010) and ear li est Tri as -
sic; 1 m of phos phatic sand stone and chert, cor re lated with
the Mid dle Perm ian Fantasque For ma tion, sits un con form -
ably on Mis sis sip pian car bon ate of the Visean Mount Head
For ma tion. The Phroso Mem ber is con form ably over lain
by platy, or ange- to grey-weath er ing, cal car e ous siltstone
and shaly siltstone with con cre tions and bi valve-rich
bioclastic lime stone beds, cor re lated with the Smithian part
of the Vega Mem ber. Depositional rates of 0.08  and
0.14 metres per 1000 years for the Dienerian and Smithian,
re spec tively, are some of the high est es ti mated in the re gion 
(Ta ble 1). This may be a func tion of in creased sub si dence
fol low ing struc tural in ver sion of a Late Pa leo zoic high dur -
ing the Early Tri as sic and the in creased pro por tion of
bioclastic car bon ate. In ad di tion, there are no turbiditic
sand stone units within any part of the suc ces sion at Mount
Crum. The Spathian at Mount Crum is about 190 m thick
and con sists of grey-weath er ing, interbedded cal car e ous
silty shale and bioclastic lime stone. The depositional rate is
es ti mated at 0.06 m per 1000 years. The Vega is over lain by
phos phatic shale and lime stone of the Whis tler Mem ber.

The in creased pro por tion of car bon ate at this sec tion might
suggest that these units would be better attributed to the
Grayling and Toad formations (see Gibson, 1975).

Peck Creek and Ursula Creek Composite
Section

The Peck Creek sec tion was mea sured in de tail dur ing Au -
gust 2010 and cono dont work is still pend ing. How ever,
cor re la tions can be made di rectly to the sec tion at Ursula
Creek (Henderson, 1997; Zonneveld and Henderson,
1999). As a re sult, the sec tion de picted in Fig ure 3 is a com -
pos ite of the two sites. In gen eral, depositional rates at these 
two sec tions are much lower than at the other de scribed
sites, ow ing largely to the more dis tal depositional set ting.
At both lo ca tions, the Grayling For ma tion sits con form ably 
on a re ces sive up per mem ber of the Fantasque For ma tion
that con sists of interbedded fis sile shale and thin beds of
dark grey to black chert. There is no ero sional lag and the
for ma tion con tact ap pears sharp only be cause of the de gree
of sili ci fi ca tion. The source of sil ica is sponge spicules that
are miss ing in the Grayling For ma tion af ter the Late Perm -
ian ex tinc tion. The basal Grayling con sists of silty shale
and dolomicrite (Wignall and New ton, 2003) that grades
up ward into lam i nated black shale de pos ited in a deep
basinal set ting. The Grayling-Toad formational con tact is
marked by the in crease in bioclastic lime stone interbedded
with black silty shale. In ter ca lated lam i nated black silty
shale and dark grey siltstone char ac ter ize the suc ces sion a
lit tle higher in the Toad For ma tion. These beds are at trib -
uted to dis tal turbidites dis play ing amal gam ated D-E and
C-D-E Bouma se quences in an outer turbidite fan to
turbidite fan fringe set ting (Zonneveld and Henderson,
1999). These turbidites are cor re lated with the Up per
Smithian and Spathian and, al though they may over lap in
age with turbidites at Meosin Moun tain, most of them are
youn ger and seem ingly un re lated to that suc ces sion or to
the suc ces sion in west-cen tral Al berta men tioned pre vi -
ously. The turbidite suc ces sion is over lain by phos phatic
silty black shale with bioclastic cal car e ous con cre tions that
are dated as Anisian on the ba sis of cono donts. Ages are
poorly con strained for the Lower Tri as sic in ter val (see
Zonneveld and Henderson, 1999), but depositional rates
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Stage \ 

Section

Meosin 

Mountain

Mount 

Crum

Peck Creek�

Ursula Creek

Smithian�
Spathian

0.04 0.08 0.01

Spathian 0.03 0.06 0.004

Smithian 0.07 0.14 0.03

Dienerian only 0.08

Griesbachian�
Dienerian

0.04 0.03

Table 1. Estimated depositional rates for the studied
sections, expressed as metres per 1000 years.



are es ti mated at 0.03 m per 1000 years for the Griesbachian
to Smithian and as low as 0.004 m per 1000 years for the
Spathian, although rates must have been higher during
deposition of the turbidite intervals.

Conclusions

Li thol ogy and depositional rates for the Lower Tri as sic
suc ces sion of east-cen tral and north east ern BC vary sig nif -
i cantly across the re gion, point ing to the need for a well-de -
vel oped se quence biostratigraphic frame work in or der to
best as sess the over all po ten tial for shale gas and tight gas
in the region.
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Introduction

Tri as sic rocks of the West ern Can ada Sed i men -
tary Ba sin (WCSB) in north east ern Brit ish Co -
lum bia con tain large re serves of nat u ral gas that 
are an im por tant re source for the prov ince.
Their equiv a lents in Al berta have long been de -
vel oped for oil and gas; the lower-most of these
units are known as the Montney and Doig for -
ma tions in the subsurface. The equiv a lents in
BC, how ever, have not been as ex ten sively
stud ied or de vel oped as those in Al berta. Pre vi -
o u s  w o r k  h a s  c o n  c e n  t r a t e d  o n  t h e
sedimentology and biostratigraphy of the sur -
face equiv a lents to the Montney and Doig for -
ma tions, namely the Grayling, Toad and Liard
for ma tions in north east ern BC. This pro ject
aims to build on this work by study ing out crop
sec tions in the Half way River map area (NTS
094B), pay ing par tic u lar at ten tion to the
sedimentology of the sec tions, and col lec tion
of sam ples for biostrati graphic and de tri tal zir -
con stud ies. This in turn will al low im proved
cor re la tion of hydrocarbon-bear ing rocks
across BC, with the po ten tial to in crease ex plo -
ra tion in the ar eas sur round ing the city of Fort St. John. It
will also lead to an in creased un der stand ing of sed i men ta -
tion path ways dur ing the de po si tion of Tri as sic rocks in the
WCSB, which will help to de ter mine the distribution of

sedimentary facies amenable to hydrocarbon generation
and accumulation.

In ad di tion to be ing pro duc tive hy dro car bon re serves, the
Tri as sic rocks of the WCSB were de pos ited at an im por tant
time in the as sem bly of the North Amer i can Cor dil lera. It
has pre vi ously been ar gued that con ver gence be tween the
pas sive mar gin of North Amer ica and the out board
pericratonic ter ranes be gan some time dur ing the Ju ras sic
(Mon ger and Price, 2002). Ev i dence from the Yu kon, how -
ever, has sug gested that this con ver gence may have be gun
as long ago as the Late Perm ian (Nel son et al., 2006; Ber -
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Fig ure 1. Lo ca tion of the Half way River map area (NTS 094B), north east ern Brit -
ish Co lum bia.
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anek et al., 2010b). This the ory is based in part upon the
tim ing of em place ment of in tru sions in Yu kon-Tanana
terrane, as well as the pres ence of de tri tal zir cons in Tri as sic 
sed i ments that could only have been sourced from that
terrane. The col lec tion of de tri tal zir con sam ples from
north east ern BC will help de ter mine whether ac cre tion be -
gan at a sim i lar time far ther south. The well-de fined
biostratigraphic timescale for the Triassic in BC will allow
the timing of this event to be better constrained.

Field work was un der taken in the sum mer of 2009, with a
sin gle sec tion stud ied south of the Half way River (Fig -
ure 2), named the South Half way sec tion. A de tailed re port
of this work was pub lished in Ferri et al. (2010). Since that
time, work on the biostratigraphy of the sec tion has been
com pleted, and pre lim i nary re sults from the de tri tal zir con
sam ples are reported here.

This pa per also pro vides an up date on field work con ducted
along the east arm of Williston Lake (Fig ure 3) dur ing the
sum mer of 2010. Eight Tri as sic sec tions were ex am ined,
namely Beat tie Ledge, East Car bon Creek, Folded Hill,
Gla cier Spur, Brown Hill, Black Bear Ridge, Ne-parle-pas
Point and Ursula Creek. Al though these sites have been
well stud ied in the past (Whiteaves, 1889; McLearn, 1930,
1940, 1941a, 1941b; Tozer, 1967; Irish, 1970; Thomp son,
1989; Gib son and Ed wards, 1990, 1992; Zonneveld, 2010), 
no sam pling for de tri tal zir con dat ing was car ried out at that
time. The well-es tab lished cono dont and ammonoid
biostratigraphy of these sec tions (Or chard and Tozer, 1997) 
make them well suited for a study of the tim ing of changes
in sed i men tary trans port path ways. Cono dont sam ples
have also been col lected from some of these lo cal i ties in or -
der to im prove the biostratigraphic re cord of these sec tions
and hence im prove cor re la tions within Triassic strata
throughout northeastern BC.

Triassic Stratigraphy of Northeastern
British Columbia

Fig ure 4 is a strati graphic chart show ing the dif fer ent Tri as -
sic for ma tions rec og nized in north east ern BC, as well as
their equiv a lents in the subsurface to the east (Peace River
and Al berta/BC) and in Al berta far ther to the south east
(Foot hills–Bow/Sukunka rivers).

The old est for ma tion stud ied and sam pled dur ing field work 
on this pro ject is the Toad For ma tion, at South Half way
(Fig ure 2), Ursula Creek, Brown Hill and Gla cier Spur (lo -
cal i ties 16, 10, 9, Fig ure 3). This for ma tion con sists of ar -
gil la ceous to cal car e ous siltstone, silty shale, silty lime -
stone and dolostone, as well as very fine grained sand stone
(Thomp son, 1989). It spans the Smithian (Early Tri as sic) to 
the Ladinian (Mid dle Tri as sic), and it is equiv a lent to the
Montney and lower Doig for ma tions in the subsurface
(Zonneveld, 2010).

Above the Toad For ma tion lies the Liard For ma tion, which
con sists of fine to coarse sand stone, cal car e ous and
dolomitic siltstone and sandy to silty dolostone and lime -
stone (Thomp son, 1989). It was ex am ined and sam pled at
South Half way (Fig ure 2), Gla cier Spur, Folded Hill and
Beat tie Ledge (lo cal i ties 9, 8, 3, Fig ure 3). It ranges in age
from the Ladinian to the Carnian, and is the sur face equiv a -
lent of the up per Doig and Half way for ma tions (Zonneveld, 
2010).

The Char lie Lake For ma tion over lies the Liard For ma tion
and con sists of cal car e ous and dolomitic siltstone and sand -
stone, dolostone, lime stone and evaporite (Zonneveld,
2010). The for ma tion re tains its name in the subsurface,
and is con sid ered to be Ladinian–Carnian in age (Zonne -
veld, 2010). No sam ples were col lected from this for ma -
tion.

The Char lie Lake For ma tion is in turn over lain by the Bal -
donnel For ma tion, which is char ac ter ized by a se quence of
lime stone, dolostone and siltstone (Zonneveld, 2010). This
unit is named af ter its subsurface equiv a lent. The age of this 
for ma tion ranges from up per Carnian to lower Norian in the 
east, and from lower Carnian to up per Carnian in the west
(Zonneveld, 2010). It was ob served and sam pled at East
Car bon Creek (lo cal ity 4, Figure 3).

The Ludington For ma tion is the west ern deep-wa ter equiv -
a lent of the Liard, Char lie Lake and Baldonnel for ma tions
(Gib son, 1993), and as such is only found in the most west -
erly out crops. Sam ples were col lected from this for ma tion
at Ursula Creek (lo cal ity 16, Fig ure 3). It con sists pri mar ily
of dolostone, lime stone and cal car e ous siltstone and is
Ladinian–Carnian in age (Zonneveld, 2010).

The youn gest part of the Tri as sic is rep re sented by the
Pardonet For ma tion, which was stud ied and sam pled at Ne-
parle-pas Point and Black Bear Ridge (lo cal i ties 15, 12,
Fig ure 3). This for ma tion con sists of lime stone, dolostone,
cal car e ous silt and shale (Zonneveld, 2010). This unit can
also be traced into the subsurface, and it is Norian to
Rhaetian in age (Zonneveld, 2010).

South Halfway Section

The South Half way sec tion is lo cated ap prox i mately 2 km
south of the Half way River, with the base of the mea sured
sec tion at 473870E 631169N (Zone 10, NAD 83; Fig ure 2). 
The sec tion has pre vi ously been de scribed by Gib son
(1971) and Ferri et al. (2010). In the sum mer of 2009, the
sec tion was in ves ti gated by two of the au thors (Golding and 
Ferri). The sec tion con sists of 643 m of the Toad and Liard
for ma tions with stratigraphically higher out crops of the
Char lie Lake, Baldonnel and Pardonet for ma tions. A de -
tailed re port of this work was pub lished in Ferri et al.
(2010). Since that time, work on the biostratigraphy of the
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sec tion has been com pleted, and pre lim i nary re sults from
the de tri tal zircon samples are reported here.

Biostratigraphy

Eigh teen cono dont sam ples were col lected from through -
out the sec tion, but only one was pro duc tive (sam ple 09-
OF-SH15). This sam ple was taken from sandy car bon ate
near the base of the Liard For ma tion, at a dis tance of 627 m

above the base of the sec tion, as de fined in Ferri et al.

(2010). The cono donts be long to two spe cies—Neogon dol -

ella liardensis Or chard and Budurovignathus mungoensis

(Diebel). Both of these spe cies are in dic a tive of the

sutherlandi and desatoyense zones. Al though a num ber of

ammonoids and bi valves were col lected in situ, it has not

been pos si ble to iden tify these due to poor pres er va tion.

How ever, one ammonoid col lected from scree above the
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Fig ure 2. Re gional ge ol ogy of the Half way River map area, north east ern Brit ish Co lum bia, show ing the lo ca tion of
the 2010 study area, the South Half way sec tion (stud ied in 2009), as well as the lo ca tion of work car ried out by the
au thors in 2008 (see Ferri, 2009). Af ter Ferri et al. (2010).
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Figure 3. Map of Peace Reach in the Half way River map area, north east ern Brit ish Co lum bia, show ing the dis tri bu tion of Tri as sic out crop
and the lo ca tion of Williston Lake sec tions (af ter Zonneveld, 2010). Those sec tions stud ied in 2010 are high lighted by red stars: Beat tie
Ledge (3); East Car bon Creek (4); Folded Hill (8); Gla cier Spur (9); Brown Hill (10); Black Bear Ridge (12); Ne-parle-pas Point (15); and
Ursula Creek (16).

Fig ure 4. Tri as sic for ma tions in Brit ish Co lum bia and their cor re la tions with those in the subsurface and in south ern Al -
berta (mod i fied from Ferri, 2009). Ab bre vi a tions: Ck, Creek; Fm, For ma tion; Gp, Group; Lk, Lake; Mb, Mem ber; Mtn,
Moun tain.



high est cono dont sam ple is iden ti fi able as Nathorstites mac -
connelli (Whiteaves). This is in dic a tive of the sutherlandi
zone, which is con sis tent with the cono donts col lected from 
stratigraphically lower in the sec tion. The sutherlandi zone, 
as de fined by Tozer (1994), con sists of two subzones and is
the youn gest zone of the Ladinian; how ever, work on cono -
donts from BC and Ne vada (sum ma rized in Or chard, 2010)
in di cates that the youn ger subzone is Carnian in age. This is 
the subzone that con tains Nathorstites macconnelli. There -
fore, at the South Half way sec tion, the base of the Liard
For ma tion ei ther oc curs within the up per most Ladinian or
the low er most Carnian. The for ma tion is at least in part
Carnian. It is in ter est ing to note that within the scree be low
the sam ple of Nathorstites there is a large ac cu mu la tion of
terebratulid brachi o pods, which are also found be low the
oc cur rence of Nathorstites on Williston Lake, more than
60 km to the south. McLearn (1947) de scribed the dis tri bu -
tion of the Nathorstites fauna across BC.

Detrital Zircons

Six de tri tal zir con sam ples were col lected from through out
the sec tion. The ma jor ity of the rock sam pled was siltstone,
and the very small grain size of the con tained zir cons made
them very dif fi cult to an a lyze. The most in ter est ing of the
pre lim i nary re sults co mes from sam ple SH02-Z, col lected
421 m above the base of the sec tion. Al though some of the
grains from sam ple SH02-Z are of Pro tero zoic age, at least
one grain is De vo nian in age. This could in di cate der i va tion 
from the Ellesmerian orogenic wedge to the north (e.g.,
Beranek et al., 2010a), from De vo nian ig ne ous rocks
within the Yu kon-Tanana terrane, or from a more lo cal or i -
gin. How ever, with only one grain pres ent it is not pos si ble
to dis tin guish the pos si ble source ar eas based on the zir con
data alone. The sam ple orig i nates 206 m be low the only
firm age con straint in the sec tion (dated cono dont sam ple
09-OF-SH15 at 627 m) and so the tim ing of De vo nian in put
into the WCSB is poorly con strained. Fur ther at tempts will
be made to ob tain dat able zir cons from sam ple SH02-Z and
also SH04-Z and SH05-Z, which are closer to the location
of the dated conodont sample 09-OF-SH15.

Correlation with the Subsurface

The gamma-ray logs that were gen er ated for the sec tion en -
able its cor re la tion with other sec tions both at the sur face
and in the subsurface. A pre lim i nary cor re la tion has been
pub lished by Ferri et al. (2010), based upon the rec og ni tion
of the Doig phos phate zone. Phos phate is com monly as so -
ci ated with ra dio ac tive el e ments in clud ing U, K and Th.
The Doig phos phate zone there fore shows up as a spike at
the Montney-Doig bound ary in the gamma-ray logs, as
shown in Fig ure 5. This is par tic u larly sharp in the more
east erly sec tions, but be comes more dif fuse to the west,
pos si bly in di cat ing that the Doig For ma tion is con densed in 
the east, and the lower bound ary may be un con form able.

The Doig phos phate zone has pre vi ously been as signed an
age from Spathian to Anisian (Zonneveld, 2010), and al -
though the top of the spike at the South Half way sec tion is
327 m be low the cono dont sam ple 09-OF-SH15 that
yielded a Ladinian–Carnian age, it is con sis tent with the
age range that has previously been suggested.

Williston Lake Sections

In the sum mer of 2010, three of the au thors (Golding,
Zonneveld and Or chard) con ducted field work on Peace
Reach, the east ern ex ten sion of Williston Lake in the Half -
way River map area (NTS 094B; Fig ure 3). Eight Tri as sic
sec tions were ex am ined, namely Beat tie Ledge, East Car -
bon Creek, Folded Hill, Gla cier Spur, Brown Hill, Black
Bear Ridge, Ne-parle-pas Point and Ursula Creek. Sam ples
were ob tained for both de tri tal zir con and cono dont anal y -
sis, and col lec tion fo cused on the parts of the sec tions that
were con sid ered most likely to be pro duc tive. De tri tal zir -
con sam ples were col lected from the coars est sed i ment
pres ent, whilst cono dont sam ples were col lected from car -
bon ates where knowl edge of the fauna pres ent was in com -
plete in or der to im prove the biostratigraphic re cord of
these sec tions and hence im prove cor re la tions within
Triassic strata throughout northeastern BC.

Sam pled sec tions range in age from Smithian to Rhaetian.
The Late Perm ian is the ear li est time that the ac cre tion of
the pericratonic ter ranes has been pos tu lated (Beranek et
al., 2010b), how ever ev i dence for con ver gence dur ing the
Tri as sic would be ear lier than has pre vi ously been sug -
gested for the Cor dil lera (Mon ger and Price, 2002).

The fol low ing de scrip tions of ex am ined sec tions are dis -
cussed by geo graphic lo cal ity, from west to east (Fig ure 4).
Strati graphic logs of the sec tions were pub lished in
Zonneveld (2010), and mea sure ments re fer to the dis tance
above the base of the sec tions as de fined in those logs.

Ursula Creek

The sec tion at Ursula Creek is lo cated near the west ern end
of Peace Reach (lo cal ity 16, Fig ure 3). This lo ca tion was
cho sen be cause it is one of the most west erly out crops of
Tri as sic rocks in the WCSB, and as such is more likely to
con tain ev i dence for sed i ment trans port from the west, if
any such ev i dence is pres ent. The sed i ments at this sec tion
con sist pri mar ily of shale and siltstone of the Grayling and
Toad for ma tions with car bon ates be long ing to the
Ludington For ma tion above. Four de tri tal zir con sam ples
were col lected from coarse beds lo cated 78.90, 85.20,
124.9 and 129.55 m above the base of the sec tion. These
sam ples were all taken from the Toad For ma tion and fit into
a well-de fined biostratigraphic timescale that ranges from
Smithian to Ladinian in age.
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Fig ure 5. Cor re la tion of lithological and gamma-ray logs of the South Half way sec tion with gamma-ray logs from subsurface wells to the east, north east ern
Brit ish Co lum bia. The Doig phos phate zone shows up as a prom i nent spike in the read ings near to the Montney-Doig bound ary, al though it be comes less
pro nounced in the more west erly logs. Lo ca tions of the logs shown on map (in set). Af ter Ferri et al. (2010).



Ne-parle-pas Point

The Ne-parle-pas Point sec tion (lo cal ity 15, Fig ure 3) is lo -
cated far ther to the east of Ursula Creek, and was cho sen for 
in ves ti ga tion be cause of three coarse lag beds within the
Pardonet For ma tion. These beds are lo cated 41.2, 42.5 and
51 m above the base of the mea sured sec tion and were sam -
pled for de tri tal zir con geo chron ol ogy. The Pardonet For -
ma tion here con sists of shale and silt punc tu ated by coarser
beds, and it has pre vi ously been dated to the Norian stage.

Black Bear Ridge

The sec tion at Black Bear Ridge (lo cal ity 12, Fig ure 3) has
been ex ten sively stud ied due to the pres ence of a com plete
Carnian-Norian bound ary sec tion, and it is a can di date for
the Global Bound ary Stratotype Sec tion and Point for this
bound ary (Or chard et al., 2001). The old est unit pres ent at
Black Bear Ridge is the Ludington For ma tion, which con -
sists of cal car e ous and dolomitic siltstone. This is over lain
by turbidites be long ing to the Pardonet For ma tion. This
study fo cused on the up per part of the Pardonet For ma tion,
which has been dated to the Rhaetian. This is the youn gest
sec tion that was ex am ined on Williston Lake. If de tri tal zir -
cons sam pled from this sec tion sug gest trans port from the
west dur ing the Rhaetian, it would push back the cur rently
ac cepted date for the fi nal ac cre tion of the out board ter -
ranes from the Early Ju ras sic. In the Yu kon, west erly de -
rived sed i ment from the Late Perm ian on wards have been
de tected but it is not clear whether sediment input occurred
as early in BC.

One de tri tal zir con sam ple was col lected from a gran ule lag
bed, 242 m above the base of the mea sured sec tion. The last
oc cur rence of Monotis is be low the lag bed. How ever, the
age of the sec tion above the lag bed is poorly con strained
due to dif fi culty in ob tain ing pro duc tive cono dont sam ples, 
and as such, four ad di tional cono dont sam ples were col -
lected in an at tempt to im prove the res o lu tion of the
biostratigraphic timescale. Two were from shale, 242.8 and
243.8 m above the base of the mea sured sec tion, and two
were from cal car e ous nod ules that were 242.8 and
244.05 m above the base.

Brown Hill

The Brown Hill sec tion is lo cated far ther east of Black Bear
Ridge (lo cal ity 10, Fig ure 3). Here, cal car e ous siltstones
and fine sand stones of the Toad For ma tion are over lain by
fine to me dium sand stone and car bon ate of the Liard For -
ma tion, which is in turn over lain by car bon ates, evaporites
and crossbedded sand stones be long ing to the Char lie Lake
For ma tion. The up per part of the sec tion con sists of car bon -
ate and cal car e ous sand stone of the Baldonnel For ma tion
over lain by sand stone, shale and nod u lar and bioclastic
lime stone be long ing to the Pardonet For ma tion. Two sam -
ples were col lected for de tri tal zir con dat ing from beds lo -

cated 191 and 239 m above the base of the mea sured sec -
tion. These sam ples are from fine sand stone of the Toad
Formation (Anisian to Ladinian in age).

Glacier Spur

Gla cier Spur is lo cated across the lake from Brown Hill (lo -
cal ity 9, Fig ure 3). The sec tion is 370 m thick, and is the
most ex ten sively sam pled of all the sec tions. At the base of
the sec t ion is  the Toad For ma t ion,  con sist  ing of
interbedded siltstone and shale. Above this are fine to me -
dium sand stones and car bon ates of the Liard For ma tion as
well as car bon ates and evaporites be long ing to the Char lie
Lake For ma tion. Five de tri tal zir con sam ples were col -
lected from coarse sand beds at 122.6, 149.0, 255, 293.8
and 304 m above the base of the mea sured sec tion, and five
cono dont sam ples were col lected from cal car e ous beds at
129, 235, 312.3, 312.7, 313 and 319.3 m above the base.
The sam ples all come from the Liard For ma tion, which is
dated to the Ladinian. The col lec tion of a large num ber of
de tri tal zir con and cono dont sam ples will hope fully al low
the tim ing of any changes in sed i men tary prov e nance to be
tightly con strained. Al though cono dont sam ples have pre -
vi ously been col lected from this sec tion, the cur rent
samples should help to better constrain the age ranges
present.

Folded Hill

Folded Hill is lo cated just east of the Brown Hill lo cal ity
(lo cal ity 8, Fig ure 3). The sec tion con sists of shale,
siltstone and sand stone be long ing to the Toad For ma tion,
over lain by shale, fine to me dium sand stone and mi nor car -
bon ate of the Liard For ma tion, which is in ter ca lated with
fine sand stone of the Char lie Lake For ma tion. One de tri tal
zir con sam ple was col lected from a coarse sand bed lo cated
203 m above the base of the mea sured sec tion. This sam ple
was taken from the Liard Formation (Ladinian in age).

East Carbon Creek

Far ther to the east, there is a sec tion at East Car bon Creek
(lo cal ity 4, Fig ure 3). At the base of the sec tion, there is fine
sand stone and car bon ate of the Char lie Lake For ma tion,
which tran si tions into cal car e ous siltstone, sand stone and
car bon ate of the Baldonnel For ma tion. Again, one sam ple
was col lected for de tri tal zir con anal y sis from a gran ule lag
bed lo cated 76 m above the base of the mea sured sec tion.
This sam ple co mes from the Baldonnel Formation (Carnian 
in age).

Beattie Ledge

The east ern most sec tion in ves ti gated was Beat tie Ledge
(lo cal ity 3, Fig ure 3). Here there is siltstone and fine sand -
stone of the Toad For ma tion, in ter ca lated with fine to
coarse sand stone and car bon ate biostromes of the Liard
For ma tion. This unit is in turn in ter ca lated with sand stone,
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car bon ate and evaporite of the Char lie Lake For ma tion. No
de tri tal zir con sam ples were col lected from this sec tion. In -
stead, two cono dont sam ples were col lected from 36 and
48.5 m above the base of the mea sured sec tion. These were
taken from the Liard For ma tion, which is Ladinian in age.
The sam ples were col lected from beds that also con tained
an abun dant ammonoid fauna, which was col lected by
L. Krystyn (Uni ver sity of Vi enna, Aus tria) and M. Balini
(Uni ver sity of Mi lan, It aly), and will com ple ment the age
de ter mi na tions of the cono dont sam ples. An im proved un -
der stand ing of the age of these beds will aid in the cor re la -
tion of this section with others on the lake and elsewhere in
northeastern BC.

Conclusions and Future Work

The work that was be gun in 2009 has thus far en abled cor -
re la tion of the South Half way sec tion with other sec tions
both in the subsurface to the east and with the sec tions on
Williston Lake to the south. This cor re la tion is based partly
on gamma-ray logs and partly on biostratigraphy, and the
com bi na tion of these tech niques holds prom ise for more
pre cise and wide spread cor re la tion of these rocks in the fu -
ture. The age of the Doig phos phate zone has been con -
firmed as older than Ladinian within the west ern part of the
WCSB. A sin gle de tri tal zir con from the South Half way
sec tion in di cates the de po si tion of sed i ment de rived from a
De vo nian source, pos si bly the Ellesmerian orogenic wedge 
to the north. Ad di tional dat ing of de tri tal zir con sam ples
close to a cono dont sam ple in dic a tive of the sutherlandi
zone will hope fully pro vide con fir ma tion of this finding
and constrain the timing of this sediment input.

Sam ples col lected from Williston Lake will be pro cessed
for de tri tal zir con dat ing and cono dont anal y sis. This will
build on the ini tial ob ser va tions from the South Half way
sec tion and in di cate if and when changes in sed i men ta tion
took place in north east ern BC in the Tri as sic. More sam ples 
will be col lected in the au tumn of 2010 from core housed in
the BC Min is try of En ergy’s stor age fa cil ity in the com mu -
nity of Char lie Lake, to al low cor re la tion be tween sur face
out crop and subsurface sec tions. The re sult ing data will
have im pli ca tions for the tim ing of changes in Tri as sic sed i -
men tary fa cies and prov e nance of these nat u ral gas–
bearing rocks in BC, which will in turn al low more de tailed
mod els of the dis tri bu tion of fa cies to be made. This, com -
bined with the im proved cor re la tion of Tri as sic rocks
across BC, will help to de ter mine the location and nature of
likely hydrocarbon-bearing rocks in the province.
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Introduction

The Nechako re gion of cen tral Brit ish Co lum bia (BC) is par -
tially un der lain by Jura–Cre ta ceous suc ces sor-ba sin clastic 
sed i men tary rocks with pe tro leum po ten tial (Ferri and Rid -
dell, 2006; Rid dell and Ferri, 2008). Ex plo ra tion ef forts be -
tween 1931 and 1986 have re sulted in over 1100 km of seis -
mic pro files, 5000 km of grav ity sur veys and the drill ing of
12 wells. Re cent sur veys and in ter pre tive ef forts fa cil i tated
by Geoscience BC (i.e., Calvert et al., 2009; Hay ward and
Calvert, 2009; Spratt and Cra ven, 2009, 2010) in clude ap -
prox i mately 330 km of seis mic re flec tion data and new
magnetotelluric sur veys, and have at tracted in ter est as well
as pro vided a greater un der stand ing of the re gion.

Me so zoic stra tig ra phy and struc tures, which po ten tially
host hy dro car bons in the Nechako re gion, have been sub -
jected to wide spread Eocene mag matic, ther mal and struc -
tural over print ing, which have ex ten sively mod i fied and
com pli cated the older ge ol ogy. Vari able thick nesses of
Eocene vol ca nic strata now cover po ten tially hy dro car bon-
bear ing host rocks. Mask ing of the hy dro car bon pro spec -
tive strata is fur ther ex ac er bated by the ex ten sive cover of
Late Ce no zoic subaerial Chil cotin flood bas alts (An drews
and Rus sell, 2008) and ex ten sive gla cial sed i ments, typ i -
cally between 10 and 50 m thick (Andrews and Russell,
2008).

Over the course of this pro ject, the au thors pro pose to eval -
u ate the na ture, thick ness and struc tural frame work of
Eocene vol ca nic rocks in the Nechako re gion, which will
lead to in creased un der stand ing of the area’s Ce no zoic his -
tory, con trib ute to im proved in ter pre ta tions and add value
to ex ist ing seis mic and magnetotelluric data sets.

In this pa per, the au thors pres ent the sig nif i cant out comes
of their 2010 field sea son, doc u ment the na ture, struc ture
and ex tent of the dif fer ent pack ages of vol ca nic se quences

cur rently in ferred to be Eocene in age, and dis cuss the lat -
ter’s re la tion ships with un der ly ing and overlying rocks.

Geological Summary and Stratigraphy

The Nechako re gion is un der lain by the accreted Pa leo zoic
and Me so zoic ter ranes of the west ern Ca na dian Cor dil lera,
in clud ing the Stikine (is land arc), Cache Creek (subduc -
tion-re lated accretionary-com plex) and Quesnel (is land
arc) ter ranes (Fig ure 1; Mon ger and Price, 2002; Gabrielse
and Yorath, 1991). The Nechako re gion has been de fined as 
the area bounded to the east by the Fra ser fault, to the west
by the Coast Moun tains and Yalakom fault, by the Skeena
arch to the north and the Tyaughton Ba sin to the south (Fig -
ure 1; Ferri and Riddell, 2006).

Jura–Cretaceous Basin Stratigraphy

Ju ras sic strata are poorly ex posed in the re gion (Fig ure 2).
Ba salt and andesitic lava flows, sed i men tary rocks, lapilli
tuff and rhy o lite ash flows of the Early and Mid dle Ju ras sic
Hazelton Group are ex posed in the Tsacha Lake area (NTS
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Fig ure 1. Lo ca tion of the Nechako re gion in cen tral Brit ish Co lum -
bia, and po si tion of the re gion rel a tive to the accreted ter ranes and
re gional struc tures.
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Fig ure 2. Sim pli fied ge ol ogy (based on Massey et al., 2005) of the Nechako re gion, cen tral Brit ish Co lum bia, show ing the dis tri bu tion of
doc u mented out crops, oil and gas wells (Ferri and Rid dell, 2006), seis mic lines (Calvert et al., 2009; Hay ward and Calvert, 2009) and
magnetotelluric sta tions (Spratt and Cra ven, 2009, 2010). Key lo ca tions and tra verses il lus trated in sub se quent fig ures are also shown
(UTM Zone 10N, NAD 83).



093F; Diakow and Levson, 1997). Sim i lar units as cribed to
the Hazelton Group are also iden ti fied in the west ern part of 
the Quesnel 1:250 000 map sheet (NTS 093B; Tip per,
1959). Mid dle to Up per Ju ras sic strata con sist of sand stone, 
con glom er ate, shale and mi nor cal car e ous sed i ments,
andesitic, rhyolitic and ba saltic flows as so ci ated with tuff,
brec cias and volcaniclastic sand stone and con glom er ate
(Rid dell, 2006; Rid dell and Ferri, 2008). In the Chilanko
Forks (Mihalynuk et al., 2009) and Chezacut ar eas
(Mihalynuk et al., 2008a; Fig ure 2), un dated oc cur rences of 
volcaniclastic rocks, bas alts, dacite tuff and brec cias oc cur,
which may be Jurassic in age as inferred by Tipper (1969).

Cre ta ceous rocks are sparsely ex posed in the re gion. Thick
beds of Cre ta ceous con glom er ate and sand stone are lo cally
ex posed along the Nazko River val ley as a re sult of tec tonic
de for ma tion and tilt ing, but their ex tent out side of this nar -
row belt in un known. These clastic sed i men tary rocks are
rich in chert clasts, but con tain a va ri ety of clasts types in
vari able pro por tions, in clud ing quartz ite and vol ca nic rock
peb bles. Feld spar crys tals and muscovite flakes are locally
abundant.

Eocene Volcanic Rocks

Lo cally thick, subaerial Eocene vol ca nic se quences un con -
form ably over lie the de formed Me so zoic rocks. Eocene
mag matic rocks erupted dur ing a pe riod of re gional north -
west-di rected ex ten sion (Struik and Mac In tyre, 2001) as -
so ci ated with move ment along ma jor north-north west-
trending struc tures, such as the Yalakom and Fra ser dextral
strike-slip faults. Dextral transtensional events were ac -
com pa nied by ex ten sive vol ca nism, which prob a bly ex -
ploited the ma jor extensional struc tures as conduits
towards the surface.

Eocene vol ca nic rocks have been tra di tion ally di vided into
the Ootsa Lake Group and the Endako Group (Souther,
1991; An der son et al., 2000). The Ootsa Lake Group com -
prises flow-banded rhy o lite, dacite, amyg da loid al ba salt
flows and mi nor an de site flows and tuff units (Diakow and
Mihalynuk, 1986; Wetherup, 1997; Grainger et al., 2001;
Rid dell, 2006), lo cally interbedded with al ter nat ing sand -
stone and coarse peb ble- to cob ble-con glom er ate beds
(Diakow and Mihalynuk, 1986; Wetherup, 1997). Re gional 
lithological vari a tions are ob served be tween the north ern
and south ern part of the Nechako re gion (Grainger et al.,
2001). To the north, on the Whitesail Lake map sheet (NTS
093E), diorite sills and dikes, andesitic and ba saltic flows,
and augite-phyric ba salt flows are in ter mixed with dacitic
tuff at the base, air-fall tuff, ash-flow tuff, de bris flows and
con glom er ate. On the Nechako River and Fort Fra ser map
sheets (NTS 093F and 093K, re spec tively), rhyolitic flows
and domes, tuff, pyroclastic and autoclastic brec cias and
mi nor dacitic and andesitic flows dom i nate. The age of the
Ootsa Lake Group in the Vanderhoof area has been

constrained be tween 53–47 Ma by U-Pb and Ar-Ar dat ing
tech niques (Grainger et al., 2001).

The Endako Group con sists of andesitic bas alts and ba salt
flows (Grainger et al., 2001). They are dis tin guished from
the youn ger Chil cotin Group bas alts by the pres ence of sig -
nif i cant amounts (5–30%) of elon gate to acicular plagio -
clase pheno crysts and li mo nite-, chlorite-, cal cite- or
quartz-filled amygdules (Wetherup, 1997). Whereas the
Chil cotin bas alts are nor mally hor i zon tal, the Endako
Group bas alts form beds 1 to 3 m thick con sist ing of rarely
co lum nar-jointed, mod er ately to highly ve sic u lar lava and
dip ping mod er ately from 20 to 30° (Wetherup, 1997). West
of the Fra ser River, south of Quesnel, an Eocene as sem -
blage of pyroclastic rocks, lava flows and mi nor sed i men -
tary rocks has been as signed to the Endako Group (Lo gan
and Moynihan, 2009). This as sem blage in cludes auto -
breccias, monomictic and diamictic de bris de pos its that
pre dom i nate over co her ent flows, tuffs and sed i men tary
rocks. East of the Fra ser River, lo cally co lum nar-jointed,
flat-ly ing ve sic u lar ba salt or ba saltic an de site flows
interlayered with clastic units yielded a K-Ar age of 50–
44 Ma (Lo gan and Moynihan, 2009), which is sim i lar to the
51–45 Ma (Ar-Ar) age previously obtained for the Endako
Group (Grainger et al., 2001).

Eocene and/or Oligocene Rocks

Tip per (1959) rec og nized a dis tinct mappable unit in the
north ern part of the Quesnel 1:250 000 map sheet, east of
the Nazko River. This unit is formed of ba salt, an de site, re -
lated tuff and brec cias, as well as mi nor con glom er ate,
sand stone and shale. From the field re la tion ships, these
rocks were in ferred by Tip per to be youn ger than and dis -
tinct from the Ootsa and Endako groups, but youn ger than
the Chilcotin basalts.

Neogene Rocks

Un con form ably over ly ing the Eocene vol ca nic se quences
are the Neo gene (28–1 Ma) Chil cotin Group flood bas alts
(An drews and Rus sell, 2008). These are gen er ally flat-ly -
ing to shal low-dip ping, mas sive to co lum nar-jointed, ol iv -
ine-phyric ba salt lavas with mi nor pil low bas alts and
hyaloclastite. They cover an area pos si bly as large as
30 000 km2 in cen tral BC and have been dem on strated to be
thin ner than 50 m, ex cept in paleodrainage ar eas where they 
can be over 50 m thick (An drews and Rus sell, 2007;
Andrews and Russell, 2008).

Mesozoic and Cenozoic Intrusions

Post-accretionary plutonic suites of the Late Tri as sic, Mid -
dle Ju ras sic, Late Ju ras sic–Early Cre ta ceous, Late Cre ta -
ceous and Eocene in trude older se quences (Struik and Mac -
In tyre, 2001; Rid dell, 2006), but few have been mapped in
the cen tral part of the Nechako re gion. These in tru sions dis -
play a range of com po si tions from gran ite, through diorite,
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granodiorite, monzonite and tonalite to syenite (Massey et
al., 2005), which are not in cluded in the pres ent study as
they were not investigated.

Regional Structural Framework

Three ma jor fault sys tems, north-, north west- and north -
east-trending, are rec og nized in the Nechako re gion
(Struik, 1993). North-trending dextral faults form an en
échelon fault sys tem and in clude the Pinchi and Fra ser re -
gional faults (Struik, 1993). Their last move ments are in -
ferred to be Late Eocene to Early Oligocene in age and are
co eval with the north west-di rected ex ten sion that ex posed
the Vanderhoof Meta mor phic Com plex be tween 55–45 Ma
(Struik, 1993; Wetherup and Stuik, 1996; Wetherup, 1997).

Early Eocene north west-trending faults, such as the re -
gional Yalakom and Casey faults, are at trib uted to ex ten -
sion and dextral-trans la tion pro cesses (Struik, 1993). In the 
Endako re gion, the Casey fault pres ents a min i mum of 4 km 
of hor i zon tal dextral dis place ment (Lowe et al., 2001).
These faults are in ferred to be older than the north-trending
strike-slip faults, and have ac com pa nied the de vel op ment
of Early Ce no zoic pull-apart basins (Struik, 1993).

North east-trending faults show dip-slip extensional mo tion 
(Struik, 1993) and, in the Endako re gion, are as so ci ated
with north west-trending faults. They show nor mal or
strike-slip dis place ment and are of ten filled with Eocene
mafic dikes (Lowe et al., 2001). Extensional de for ma tion is
con fined to the Late Cre ta ceous, Paleocene or Early
Eocene, and has the same age con straints as the north west-
trending strike-slip faults (Struik, 1993).

Con sid er able ev i dence for de for ma tion is found within the
Me so zoic to Ce no zoic rocks of the Nechako re gion. Wide -
spread block fault ing and ex ten sion is in ferred to have
taken place dur ing Eocene mag matic events (Struik and
Mac In tyre, 2001). In the Chezacut map area, large-scale
fold ing rather than block fault ing and ro ta tion is pro posed
to ex plain the vari able dips of Ootsa Lake Group strata, as
well as pen e tra tive, closely spaced shear fab rics (Mihaly -
nuk et al., 2008b).

Field Investigations

Field sur veys con ducted in 2010 cov ered a large por tion of
the Nechako re gion, with em pha sis in the area near Nazko
and along ex ist ing seis mic, grav ity and magnetotelluric
(MT) sur veys (Ta ble 1, Fig ure 2). Over 200 rock ex po sures
were mapped, many more new out crops were doc u mented,
and about 300 rock sam ples col lected. Mag netic sus cep ti -
bil ity data were also col lected at each out crop. De tailed re -
sults of the mag netic sus cep ti bil ity sur vey will be pro vided
in a subsequent final project report.

Nu mer ous pre vi ously un doc u mented rock ex po sures have
been iden ti fied in the Nazko–Clisbako, Baezaeko and
Tibbles Road ar eas (Fig ure 2), which lent them selves to the
col lec tion of a de tailed and rel a tively con tin u ous litholog -
ical and struc tural dataset. In ves ti ga tions on the Chil cotin
pla teau were less fruit ful since out crops are scarce and field 
re la tion ships are more dif fi cult to es tab lish. The re cently
mapped Chezacut area (Mihalynuk et al., 2008a) was also
in ves ti gated to cor re late units from pre vi ously rec og nized
out crops. Ad di tional tra verses were con ducted along an
east ern por tion of the transect that was seis mi cally sur -
veyed in 2009 as part of the BATHOLITHS Con ti nen tal
Dy nam ics Pro ject (Wang et al., 2010) be tween Nazko and
Quesnel, and along the Fra ser River val ley be tween
Quesnel and Wil liams Lake (Fig ure 2) to doc u ment the re -
gional sig na ture of the Eocene volcanic sequences outside
of the main survey areas.

Field Observations

A range of vol ca nic rock com po si tions and tex tures were
ob served over the sur veyed ar eas. Ob ser va tions made
along four of the main tra verses: Nazko and Clisbako val -
leys, Baezaeko area, Tibbles Road and High way 59, and
Chil cotin pla teau are pre sented be low. Rock types and tex -
tural in ter pre ta tions cor re spond ing to stud ied lo ca tions are
pre sented in maps in the ac com pa ny ing fig ures. De scrip -
tions of the rock types are sup ported by mac ro scopic and
mi cro scopic sam ples ob ser va tions. Where avail able, field
re la tion ships be tween units are illustrated using field sket -
ches and photographs.

Nazko–Clisbako Traverse (NTS 093B and
093G)

De formed Cre ta ceous clastic sed i men tary rocks are ex -
posed along the Nazko River val ley, and tilt ing of these
strata may be syn- or post-Cre ta ceous. They are un con -
form ably over lain by co her ent, mas sive to co lum nar-
jointed, ve sic u lar ba saltic to andesitic lava flows in ferred to 
be part of the Ootsa Lake, Endako or Chil cotin groups (Tip -
per, 1959; Massey et al., 2005). These vol ca nic rocks are
ex posed along the Nazko River val ley on the hills form ing
the val ley walls and to the east, along the Clisbako River
(Fig ure 3). Fragmental units as so ci ated with the co her ent
lavas are mostly autoclastic flow-top brec cias (Fig ure 3a
and b). Some out crops of in ferred Eocene vol ca nic rocks
dis play strong ev i dence of de for ma tion, marked by in -
tensely frac tured rocks, tight folds and small-scale faults.

A com monly ob served co her ent unit along the Clisbako
val ley is made of very dense plagioclase-phyric ba salt
which forms mas sive out crops of subhorizontal (Fig ure 3c) 
or subvertical (Fig ure 3d) co lum nar-jointed lava. To the
south, this unit over lies beds of co her ent, banded, apha ni tic
brown-black rhyolitic lava (Fig ure 3e). Mac ro scopic sam -
ples of plagioclase-phyric mafic lava from these dif fer ent
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Table 1. Summary of traverses and corresponding geophysical surveys carried out in the Nechako region of central British Columbia.
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Fig ure 3. Nazko–Clisbako tra verse, in the Nechako re gion, cen tral Brit ish Co lum bia, show ing dom i nant lithological and tex -
tural in for ma tion for each sam ple lo cal ity: a) co her ent, mas sive ba saltic flows and as so ci ated autoclastic flow-top brec cias in -
ferred to be part of the Eocene Ootsa Lake Group (also see Fig ure 4c); b) co her ent, co lum nar-jointed ba saltic flows over lain
by autoclastic brec cia, as signed to the Chil cotin Group on ex ist ing maps (Massey et al., 2005; Rid dell, 2006); c) subhorizontal
col umns of ba salt, as signed to the Chil cotin Group on ex ist ing maps but in ferred to be Eocene, based on tilt ing of the col umns
and cor re la tion with sim i lar out crops; d) ba saltic dome and subvertical co lum nar joints in ferred to be part of the Eocene Ootsa
Lake Group (Massey et al., 2005; Rid dell, 2006); e) banded rhy o lite in ferred to be part of the Endako Group (Massey et al.,
2005; Rid dell, 2006).



lo ca tions dis play very sim i lar rock com po si tion and tex -
tures. These rocks have been as signed to the Eocene Ootsa
Lake and Endako groups or to the Neo gene Chil cotin
Group on pre-ex ist ing maps (Massey et al., 2005; Rid dell,
2006), but are be lieved to represent a distinct mappable
unit.

West of the Nazko River, the In dian Head prom on tory is de -
fined by a 90 m thick succes sion of Cre ta ceous con glom er ate
and sand stone dip ping about 60° to the south (Fig ure 4a–d).
East of the Nazko River, across from the prom on tory,
folded, banded, fel sic ash-tuff de pos its are ob served within
a length of 5 km along Ho no lulu Road. A thin ash and tuff
de posit over ly ing co her ent mas sive and ve sic u lar ba saltic
rocks can be seen on Fig ures 4e–f.

Tibbles Road and Highway 59 Traverse (NTS
093B and 093G)

East of Nazko and the Nazko–Clisbako tra verse de scribed
above, a large abun dance of fel sic ash and tuff de pos its
were mapped; these are spa tially as so ci ated with co her ent
mafic units. Both rock types are in cluded with the Endako
Group on pre vi ous com pi la tions by Massey et al. (2005)
and Riddell (2006).

North of High way 59 (Fig ure 5), an out crop of dense,
nonvesicular co lum nar-jointed bas alts forms a dome-like
struc ture at a top o graphic high (ap prox i mately 2000 m asl). 
The base of the out crop is made up of large, mas sive col -
umns. To wards the top, the bound aries of centi metre-scale
beds in ter sect the co lum nar joints pat tern (Fig ure 5a). Sim i -
lar rock units are found to wards the south and are char ac ter -
ized by the pres ence of vari able pro por tions of ves i cles, but
the ma trix is con sis tently dense and apha ni tic. Other mafic
rock types in clude dark grey-pur ple-red dish, dense and
hard, slightly ve sic u lar to highly ve sic u lar co her ent
plagioclase-bear ing an de site or ba salt, which are as so ci -
ated with autoclastic brec cias. Sev eral rock sam ples show
frac ture planes filled with very hard, mammillary silica-
rich mineral, probably chalcedony.

South of High way 59, fel sic vol ca nic rocks dom i nate. Fig -
ure 5b il lus trates an out crop of a bed ded light grey plagio -
clase-bi o tite-mag ne tite apha ni tic rhyodacite interbedded
with co her ent mas sive ve sic u lar ba salt. Along Tibbles
Road and transversal for estry roads, sev eral road side quar -
ries pro vide good ac cess to a widely rec og nized mappable
unit of con sol i dated rhyolitic tuff-ash de posit (Fig ure 5c),
which has been dated at 49.8 Ma (K/Ar whole-rock geo -
chron ol ogy; Rouse and Mathews, 1988) at one lo ca tion
along High way 59. These good qual ity ex po sures al low for
the col lec tion of struc tural data and ob ser va tion of lo cal
compositional vari a tions within this unit. Mac ro scopic
sam ples dis play a white to pale pink ma trix made up of ash-
size com pacted par ti cles. Crys tals in clude quartz, bi o tite
and, pos si bly, some mag ne tite or pyrrhotite in vari able pro -

por tions. Band ing is ob served lo cally, as are fiammae. Den -
dritic pyrolusite is com monly ob served on fracture
surfaces, and iron oxides and sulphides have been locally
identified.

An other road side quarry dis plays a se quence of sev eral
volcaniclastic de pos its. Three rock types are iden ti fied:

· a brecciated unit made of an gu lar to subangular blocks
of dark grey-red highly ve sic u lar bas alts sup ported by a
soft-weath ered, light pink ve sic u lar ma trix, (Fig ure 5d,
left photo)

· a lay ered, poorly sorted polymictic fragmental unit dis -
play ing an gu lar to subangular ash- and lapilli-size fel sic 
and mafic frag ments (Fig ure 5d, right photo)

· a dark grey ba saltic brec cia, with centi metre-scale ir reg -
u lar frag ments of light grey pum ice-like lava in a sil ica
rich apha ni tic to glassy sparsely ve sic u lar matrix

An other com mon rock type ob served along Tibbles Road
in cludes sil ica-rich mas sive to bed ded apha ni tic to
plagioclase-bear ing light grey rhyodacite (Fig ure 5e). Out -
crops dis play typ i cal centi metre-scale beds, brit tle frac -
tures and a ‘bro ken glass’ ap pear ance. Min er al ogy is
characterized by the pres ence of 2–3% euhedral feld spar crys -
tals, and a very hard and dense nonvesicular apha ni tic ma -
trix prob a bly con tain ing a high per cent age of sil ica.

Baezaeko Traverse (NTS 093B and 093C)

The Baezaeko tra verse dis plays a wide va ri ety of
volcaniclastic de pos its, in ferred to range from block and
ash-fall de pos its to volcaniclastic de bris flows, and pos si -
bly in cludes some prod ucts of hyaloclastic brecciation.
How ever, fur ther work is re quired to char ac ter ize in di vid -
ual units and as so ci ate them with spe cific fragmental pro -
cesses or em place ment en vi ron ments. A num ber of co her -
ent lava ex po sures have also been de scribed, sev eral of
which are clearly iden ti fied as Chil cotin bas alts. The main
mappable units iden ti fied are de scribed below but this
review is not exhaustive.

A con spic u ous mappable unit is a monomictic indurated
red-brown brec cia with an gu lar blocks of black mafic vol -
ca nic rocks in a very fine-grained indurated apha ni tic ma -
trix (Fig ure 6a). The brec cia is ei ther clast or ma trix sup -
ported and jig saw-fit tex tures are ob served locally.

Dis tinct from this unit is an other poorly indurated unit that
con tains an gu lar to subangular clasts of ve sic u lar to non -
vesicular ba salt, which is sim i lar in com po si tion and tex -
ture to the co her ent plagioclase-ol iv ine ba salt iden ti fied at
sev eral lo ca tions through out the study area. The ma trix is
brown and very crum bly, prob a bly as a re sult of alteration
or weathering.

An other mappable unit is a thick, poorly sorted, lay ered
polymictic volcaniclastic de posit, pos si bly a de bris flow
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Fig ure 4. Strati graphic and struc tural re la tion ships in the Nazko River val ley, cen tral Brit ish Co lum bia: a) pho to graph and b) in ter pre ta tive
sketch of the Nazko River val ley, look ing south, and show ing south to south east-dip ping Cre ta ceous con glom er ate ex posed at the In dian
Head prom on tory on the west ern side of the Nazko River and on the east ern side of the river, and Eocene ba salt flows as well as autoclastic
brec cias, which form the hill top on the east ern side of the Nazko River val ley; c) view from the camp site on Ho no lulu Road (see Fig ure 3),
where in ferred Eocene ba saltic flows and as so ci ated autoclastic brec cias form a dome dom i nat ing the Nazko River val ley; d) south-dip ping 
In dian Head prom on tory con glom er ates, look ing west; e) pho to graph and f) in ter pre ta tive sketch of the Nazko River val ley look ing east
from the In dian Head prom on tory, where south-dip ping Cre ta ceous con glom er ate is over lain by Eocene ba salt flows and autoclastic brec -
cias to the east, and across Ho no lulu Road, a thin layer of fel sic ash-tuff over lies co her ent, blocky ve sic u lar ba salt. Place names with the ge -
neric in lower case are un of fi cial.
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Fig ure 5. Tibbles Road and High way 59 sam pling lo ca tions in the Nechako re gion, cen tral Brit ish Co lum bia, and pho to graphs of
typ i cal ex po sures. All out crops are in ferred to be Eocene and/or Oligocene by Tip per (1959), and are in cluded with the Endako
Group on com pi la tions by Massey et al. (2005) and Rid dell (2006): a) co lum nar-jointed bas alts; b) bed ded rhyodacite (pale grey) 
interbedded with co her ent mas sive ve sic u lar ba salt and autoclastic brec cias (dark brown bands); c) road side quarry (top photo)
dis play ing bed ded fel sic con sol i dated ash-fall de posit (bot tom photo); d) an gu lar to subangular blocks of dark grey-red highly
ve sic u lar bas alts sup ported by a soft-weath ered, light pink ve sic u lar ma trix (left photo) and lay ered, poorly sorted, polymictic
fragmental unit dis play ing an gu lar to subangular tuff- and lapilli- size fel sic and mafic clasts (right photo); e) bed ded, slightly
tilted lay ers of rhyodacite (top photo) over lie more mas sive, lo cally flow-banded rock of the same com po si tion (bot tom photo).
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Fig ure 6. Baezaeko tra verse sam pling lo ca tions in the Nechako re gion, cen tral Brit ish Co lum bia, and pho to graphs of typ i cal ex po -
sures: a) monomictic indurated red brec cia; b) thick polymictic volcaniclastic de posit (left), pos si bly a de bris flow, which dis plays
clasts of var ied sizes and com po si tions (right), but all of vol ca nic or i gin; c) road side quarry dis play ing a se quence of volcaniclastic
rocks, pos si bly a block and ash-fall de posit, with banded ash-tuff par ti cles, which grade into lapilli-size clasts to wards the top (right),
over lain by a 3 m thick very cha otic, nonsorted fragmental unit com pris ing ve sic u lar and nonvesicular ba saltic blocks in a lapilli-tuff
ma trix (left); d) and e) typ i cal out crops of Chil cotin Group co lum nar-jointed bas alts.



(il lus trated in Fig ure 6b). It dis plays mostly rounded vol ca -
nic blocks of var i ous sizes and com po si tions. About 10 km
to the west, a thick se quence of volcaniclastic rocks is ex -
posed in a road side quarry, and is pre lim i nar ily in ter preted
as a block, lapilli and ash-fall de posit (Fig ure 6c). At the
base of this out crop, a 4–5 m thick de posit shows banded
ash-tuff par ti cles grad ing into lapilli-size clasts to wards the
top (Fig ure 6c, right). This se quence is over lain by a 3 m
thick, very cha otic, nonsorted fragmental unit, which com -
prises ve sic u lar and nonvesicular ba saltic blocks in a la -
pilli-tuff matrix (Figure 6c, left).

Co her ent mafic units as signed to the Ootsa Lake Group (Mas -
sey et al., 2005; Rid dell, 2006) in clude dense, mas sive to
ve s ic u lar plagioclase-phyric ba salt, which lo cally dis plays
a glassy ma trix. Jag ged autobreccia tex tures are of ten assoc -
iated with this rock type. An other unit, lo cated at the south -
west ern ex trem ity of the Baezaeko tra verse is com posed of
very dense, glassy apha ni tic, brown-black, highly mag net ic 
ba salt, with dark green crys tal line man tle xe no liths. Plag -
ioclase-ol iv ine bas alts sim i lar to the ones ob served in the
Nazko River val ley are also rec og nized at sev eral lo ca tions.

Flat-ly ing flows of ve sic u lar ba salt 2 to 4 m thick, which
form blocky to co lum nar-jointed out crops, have been pre -
vi ously as signed to the Chil cotin Group (Fig ure 6d, e; Mas -
sey et al., 2005; Rid dell, 2006); these oc cur rences are found 
in top o graphic lows, such as rivers or along the road.

Fi nally, in ter me di ate-com po si tion vol ca nic rocks in clude
bed ded and banded grey-red, sil ica-rich, apha ni tic rhyo -
dacite such as the one ob served in the Tibbles Road tra verse 
(Figure 5e).

BATHOLITHS Seismic Transect Traverse
(NTS 093B)

Along the 2009 BATHOLITHS seis mic transect (Fig ure 2;
Wang et al., 2010), co her ent mafic units in clude mas sive to
ve sic u lar dark grey-pur ple, plagioclase-ol iv ine–phyric to
apha ni tic bas alts as signed to the Endako Group on pre vi ous 
com pi la tions (Massey et al., 2005; Rid dell, 2006). Frag -
mental units are as so ci ated with the co her ent ba salt flows.
They dis play an ochre-or ange ma trix and con tain blocks or
ash-size par ti cles of ve sic u lar pur ple and dark grey ba salt
and; in some places, bed ding is dis cern ible. Co her ent in ter -
me di ate to fel sic units are dom i nated by bed ded, dense and
highly frac tured, lo cally slightly ve sic u lar, light grey-green 
to dark grey apha ni tic, in ter me di ate dacite or rhy o lite. A
few oc cur rences of felsic, white-beige rhyolitic tuff unit
were also recorded.

Chilcotin Plateau Traverse (NTS 092O and
092N)

Sev eral tra verses were con ducted on the Chil cotin pla teau
along Ca na dian Hunter’s seis mic lines and re cent MT sur -
veys. The very few out crops were of poor qual ity and too

far away from each other to es tab lish strati graphic or struc -
tural re la tion ships. Boul ders of fel sic vol ca nic rock
(plag ioclase-quartz-chlorite) oc cur in the vi cin ity of Ca na -
dian Hunter well b-82-c (Fig ure 2). Co her ent fa cies rec og -
nized in this area in clude ve sic u lar, blobby, mafic
pyroxene-plag ioclase-am phi bole–bear ing ba salt and mas -
sive to ve sic u lar green-pur ple pyroxene-plagioclase–bear -
ing an de site. Frag men tal vol ca nic fa cies in clude top-flow
autobreccia con tain ing blocks of an gu lar ba salt in a grey
apha ni tic ma trix. A polymictic brec cia con tains an gu lar
vol ca nic clasts of var i ous sizes and tex tures (red ve sic u lar,
grey, mas sive dark ba salt, ve sic u lar ba salt) in a light brown-
beige ma trix. At the New ton gold pros pect (MINFILE
092O  050; BC Geo log i cal Sur vey, 2010) about 24 km west
of the well, Late Cre ta ceous to Paleogene feld spar-phyric fel -
sic in tru sive rocks are mapped (Massey et al., 2005).

Summary of Observations

The Nechako re gion of cen tral BC is cov ered with a range
of co her ent mag matic and volcaniclastic rocks of var i ous
ages, com po si tions and tex tures, re flect ing a long-lived and 
com plex his tory of tectonomagmatic events. The Nazko and
Clisbako val leys rock ex po sures dis play mostly co her ent
Eocene Ootsa Lake and Endako ba salt and an de site flows
show ing typ i cal autoclastic top- and front-flow tex tures, as
well as mi nor fel sic ash de pos its. Sev eral of these out crops
oc cur at high el e va tion above the val ley bot tom. In the Naz -
ko River val ley they over lie the de formed Cre ta ceous clas -
tic rocks, which have also been in ter sected by two oil ex -
plo ra tion wells drilled in the val ley.

Be tween Tibbles Road and High way 59, a broad fel sic unit
pre vi ously dated at 49.8 Ma and in di cated as be ing part of
the Endako Group on pre-ex ist ing maps is in ter preted as an
ash-fall de posit. Based on field ob ser va tions, this unit is as -
sumed to be con tin u ous for up to 20 km, but it is lo cally
interbedded with co her ent mafic and in ter me di ate lava and
breccias.

In the Baezaeko tra verse area, volcaniclastic units are wide ly 
pres ent in as so ci a tion with co her ent ba saltic, andes itic and
fel sic vol ca nic rocks. The strati graphic pat tern dif fers con -
sid er ably from that rec og nized in the Nazko River val ley or
along Tibbles Road. There is a wide vari a tion of tex tures
and com po si tions within the volcaniclastic fa cies, and more
work is re quired to fully un der stand the dif fer ent pro cesses
tak ing place, as well as the events and time scales with which
they are as so ci ated. Chil cotin ba salt out crops nor mally show 
thick, flat beds of mas sive to blocky or co lum nar jointed,
ve sic u lar to non ve sic u lar bas alts. In this area, some of the
out crops mapped dur ing sum mer 2010 have been pre vi -
ously dated, pro vid ing a frame work for fu ture in ter pre ta -
tion of ther mal events.

Fig ures 7 and 8 are pre lim i nary maps show ing the dis tri bu -
tion of ob served vol ca nic fa cies and their cor re spond ing
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Fig ure 7. Re gional dis tri bu tion of the doc u mented out crops in the Nechako re gion, cen tral Brit ish Co lum bia, and cor re spond ing tex tural
cat e go ries (co her ent ver sus volcaniclastic) and rock types. Ex ist ing geo chron ol ogy dates (Breitsprecher and Mortensen, 2004) are also
dis played (UTM Zone 10N, NAD83).
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Fig ure 8. Dis tri bu tion of the doc u mented out crops in the Nechako re gion, cen tral Brit ish Co lum bia, and av er age mag netic sus cep ti bil ity
val ues (x 10-3 SI) re corded (UTM Zone 10N, NAD83).



av er age mag netic sus cep ti bil i ties. They il lus trate the spa -
tial vari abil ity of tex tures, com po si tions and prop er ties of
the dif fer ent pack ages of vol ca nic rocks col lected through -
out the re gion dur ing the sum mer of 2010. This vari abil ity
cer tainly re flects suc ces sive mag matic events and the com -
plex tec tonic evo lu tion of cen tral BC dur ing Eocene times.
Such ob ser va tions will add value to ex ist ing geo phys i cal
datasets and lead to an im proved re gional scale un der stand -
ing of the tec tonic evo lu tion of the re gion, which, in turn,
will fa cil i tate oil and gas, min eral and geothermal resource
exploration efforts through this part of central BC.

Future Work

The com pi la tion of the new field data and ob ser va tions is
still in prog ress. This crit i cal step in cludes the dis crim i na -
tion be tween Eocene vol ca nic rocks and Chil cotin Group
bas alts based on com po si tion and tex ture at trib utes, but
also us ing field ob ser va tions of the char ac ter is tics of the
out crop and re la tion ships with ad ja cent units. Ul ti mately,
an im proved map of the dis tri bu tion of Ce no zoic vol ca nic
units in the re gion will be pro duced. Thin-sec tion de scrip -
tions will add value to mac ro scopic ob ser va tions and as sist
in the de vel op ment of a de scrip tive and interpretative
model for the stratigraphy of the surveyed area.

The an a lyt i cal part of the pro ject will in volve the pro cess -
ing of four rock sam ples for geo chron ol ogy. Sam ples con -
sist of fel sic vol ca nic rocks and have been cho sen to fill
gaps in the ex ist ing geo chron ol ogy da ta base; sam ples will
also be se lected and pro cessed for geo chem is try and
physical properties analyses.

The new ob ser va tions, data and anal y ses will be in te grated
with ex ist ing datasets to de velop a new set of in ter pre ta tive
cross-sec tions for the area. In par tic u lar, well data, and seis -
mic and MT sec tions will be used to con strain the thick ness
of Eocene vol ca nic rocks. Struc tural data from the tilted
Cre ta ceous ba sin strata and the over ly ing lo cally de formed
vol ca nic suc ces sion will be used to con strain the tim ing and 
style of de for ma tion. Sub se quently, ef forts will be di rected
to wards de vel op ing a re gional struc tural and volcanic
framework for the Nechako region.
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Introduction

The goal of this pro ject was to pro cess first-ar rival data
from a mul ti chan nel vibroseis re flec tion sur vey in the
Nechako Ba sin of south-cen tral Brit ish Co lum bia (BC) to
pro vide an im proved near-sur face ve loc ity model. In
Smithy man and Clowes (2010), we re ported on traveltime-
in ver sion re sults us ing two well-known traveltime-in ver -
sion codes. We de vel oped ve loc ity mod els that, while po -
ten tially use ful for in ter pre ta tion in their own right, were
de signed pri mar ily as in puts to a full-wave form in ver sion
pro cess. In this pa per, we pres ent subsurface ve loc ity mod -
els gen er ated by full-wave form in ver sion of these seis mic
data. Be cause they in cor po rate wave form am pli tude and
phase in for ma tion, these ve loc ity mod els are more de tailed
than the re sults of con ven tional near-sur face re frac tion
stat ics or ray-trac ing. Ad di tion ally, the seis mic first-ar rival
wave forms en code in for ma tion about low-ve loc ity zones
in the near-sur face re gion. Such zones are not modelled by
traveltime codes, but are modelled in full-waveform
inversion.

Vibroseis mul ti chan nel seis mic ac qui si tion is de signed and
tuned to pro duce high-qual ity near-off set re flec tion data.
The ap pli ca tion of re frac tion stat ics is nor mally used to ac -
count for near-sur face heterogeneities when pro cess ing
later ar riv als, but the pro cess can pro duce use ful ve loc ity
mod els. In con trast, our traveltime-in ver sion ef forts were
de signed pri mar ily to pro duce high-qual ity ve loc ity mod -
els us ing the ex tended off set data avail able from the 2008
Geoscience BC Nechako Ba sin vibroseis seis mic sur vey
(Calvert et al., 2009). The use of data from off sets of up to
14.4 km in the traveltime-in ver sion pro cess pro vided ve -
loc ity mod els with depths of in ves ti ga tion on the or der of

2–3 km (de pend ent on lo cal ge ol ogy). Full-wave form in -
ver sion im proves on the res o lu tion and fi del ity of the
traveltime-in ver sion re sult by fit ting the waveform
amplitude and phase, instead of a single traveltime pick per
trace.

Re sults from our stud ies (and the meth od ol ogy that pro -
duced them) have rel e vance in the seis mic pro cess ing and
in ter pre ta tion workflows for two main rea sons: 1) in ter pre -
ta tion can pro vide valu able in for ma tion about the near-sur -
face re gion that is not well parameterized by re flec tion
meth ods; and 2) ad di tional near-sur face ve loc ity in for ma -
tion may be used to im prove stack ing and mi gra tion re sults
through re pro cess ing pro ce dures. In for ma tion from (1) can 
be help ful in iden ti fy ing dif fer ing rock types and their rel e -
vance for fur ther ex plo ra tion, while that from (2) can en -
able im proved im ages of the subsurface for better in ter pre -
ta tion of geo log i cal struc tures, including those that may be
associated with petroleum deposits.

Technical Background

We ap plied a tech nique known as wave form to mog ra phy,
in which high-qual ity traveltime data are pro cessed by
traveltime (tomographic) in ver sion fol lowed by fre quency-
do main, two-di men sional (2-D) acous tic full-wave form in -
ver sion of pre con di tioned wave form data (Pratt and
Worthington, 1990; Pratt and Goulty, 1991; Pratt, 1999).
This tech nique takes ad van tage of the re duced nonlinearity
of the traveltime-in ver sion ob jec tive func tion com pared to
the ob jec tive func tion found in full-wave form in ver sion.
By care ful use of traveltime-in ver sion tech niques, the full-
wave form in ver sion pro cess can be gin close to the global
minimum of the eventual solution.

The ap pli ca tion of full-wave form in ver sion re quires that
the char ac ter is tics of the sur vey be re pro duced ac cu rately
when gen er at ing syn thetic data (for ward mod el ling). This
is sim plest in cases where ge om e try and sur vey char ac ter is -
tics are reg u lar or eas ily con trolled; ex am ples in clude syn -
thetic stud ies, ma rine ac qui si tion and cross-hole ex per i -
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ments. In these cases, the ge om e try of the sur vey can of ten
be well parameterized and is fre quently known to a high
pre ci sion. Land ac qui si tion in gen eral, and vibroseis ac qui -
si tion in par tic u lar, are more dif fi cult to sim u late in a 2-D
full-wave form mod el ling code. This is be cause top o -
graphic fea tures and land-use con cerns of ten con trol the
place ment of shot points and re ceiver groups. The vibroseis 
method uses trucks with com puter-con trolled hy drau lic vi -
bra tors to sim u late the seis mic re sponse from an ex plo sive
source, but with less dis rup tion and lower cost than ex plo -
sives. This al lows for denser and faster ac qui si tion; hence,
vibroseis is typ i cally the pre ferred method for land-based
ex plo ra tion-seis mic ac qui si tion. The in cor po ra tion of off-
line (y-di rec tion) sta tion off sets is of ten un avoid able. In the 
case of the Geoscience BC Nechako Ba sin seis mic sur vey,
the vibroseis trucks worked on the pre-ex ist ing log ging
roads in the area. The source and re ceiver ge om e tries were
con trolled by the lo ca tion of the roads, which in turn were
de ter mined by topography. The irregular geometries
produce effects in the data that cannot be modelled
correctly with a 2-D implementation.

The source char ac ter is tics of the vibroseis ac qui si tion also
pro vide ad van tages and dis ad van tages for full-wave form
in ver sion. Vibroseis com monly al lows for high sig nal-to-
noise ra tios through high-fold sur veys and stack ing of
shots. The spa tial sam pling of the source lo ca tions is also
po ten tially much finer, due to the speed and re peat abil ity of
vibroseis shoot ing. This is ben e fi cial, es pe cially with hor i -
zon tally trav el ling waves, since the sta tion spac ing con trols 
the max i mum mea sur able fre quency at wide az i muth.
How ever, vibroseis seis mic data are of ten band lim ited
com pared to data col lected us ing an ex plo sive source. The
low-fre quency sig nals that are very ben e fi cial in full-wave -
form in ver sion are not typ i cally in cluded in the vibroseis
sweep. The nom i nally zero-phase source sig na ture must
also be ac counted for in pro cess ing and may af fect the ef fi -
cacy of wave form in ver sion at vary ing off sets. Fi nally, it is
nec es sary to ac count for parameterization er ror in the
survey geometry when applying the 2-D acoustic for mu la -
tion of the wave equation.

We have de vel oped a meth od ol ogy for ap proach ing 2-D
wave form to mog ra phy of vibroseis data ac quired along
crooked roads. This in cor po rates ap prox i ma tions that are
not nec es sary or de sir able in a three-di men sional (3-D)
full-wave form in ver sion workflow. Our goal was not to im -
prove upon ex ist ing 3-D workflows, but rather to over come 
ob sta cles that lim ited the ef fec tive ness of 2-D wave form
to mog ra phy in cases where the survey is not ideal.

Geological Background

The Nechako Ba sin is a sed i men tary ba sin in the
Intermontane Belt of the west ern Ca na dian Cor dil lera (Fig -
ure 1). This area has been char ac ter ized as pro spec tive for

hy dro car bon de vel op ment. Hayes et al. (2003) iden ti fied
the south east ern por tion of the ba sin as hav ing the high est
prospectivity. We car ried out wave form-to mog ra phy pro -
cess ing of vibroseis data col lected along line 10 of the
Geoscience BC Nechako Ba sin seis mic sur vey; please re fer 
to Calvert et al. (2009) for de tails on data col lec tion. This
line is lo cated along the north ern bound ary of the most pro -
spec tive re gion of the Nechako Ba sin, ap prox i mately
100 km west of Quesnel in south-central BC (Figure 2).

The re gion is un der lain by the Stikine terrane, which is
com posed of ma rine sed i ments and vol ca nic rocks de pos -
ited as re cently as the Mid dle Ju ras sic; the Hazelton Group
(Fig ure 2) is part of the Stikine terrane (Massey et al.,
2005). The pro spec tive units for oil and gas ex plo ra tion in
the Nechako Ba sin are Cre ta ceous clastic sed i men tary
rocks, mainly the Skeena Group, that over lie the Stikine
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Fig ure 1. Rel e vant geo log i cal ter ranes in south-cen tral Brit ish Co -
lum bia, show ing the lo ca tion of the study area. The Nechako Ba sin
is sub di vided into two main re gions; this study en com passes the
north ern edge of the south east ern re gion, roughly at the bound ary
be tween rocks of the Stikine terrane and those of the ba sin proper
(Massey et al., 2005).



terrane (Hannigan et al., 1994). In turn, these are over lain
by non-pro spec tive mid dle to Late Cre ta ceous sed i men tary
rocks as thick as 2500 m within the ba sin, but these rocks do 
not out crop in the re gion of our study. The near sur face is
dom i nated by Eocene vol ca nic rocks of the Ootsa Lake and
Endako groups, fol lowed by the Neo gene Chil cotin ba salt.
Based on rock phys ics re sults, the Chil cotin ba salt was
orig i nally ex pected to show a higher bulk P-wave ve loc ity
than the Ootsa Lake and Endako units. How ever, re cent
work by Calvert et al. (in press) in di cates that brecciation
may cause the Chil cotin ba salt to pos sess slower P-wave
ve loc i ties through out much of the re gion. Qua ter nary de -
pos its of dif fer ing types and varying thicknesses overlie the 
older rocks (Figure 2).

Geometric Correction and Initial Model

In or der to ac cu rately model wave prop a ga tion along an ir -
reg u lar land sur vey ge om e try, it is nec es sary to ac count for
3-D wave prop a ga tion, which re quires large com pu ta tional
re sources. How ever, with care ful pre-pro cess ing of the
data wave forms, it is pos si ble to ac count ap prox i mately for
small off-line ge om e try er rors. In or der to model (and in -
vert) the data dis cussed in this re port, we im ple mented a
geo met ric cor rec tion for the data from line 10. This work
was car ried out since the re lease of last year’s prog ress re -
port (Smithyman and Clowes, 2010); the dif fer ences from
the earlier methodology are summarized below.

The first-ar rival data were mod elled and in verted us ing
First Ar rival Seis mic To mog ra phy (FAST; Zelt and Barton,
1998) in three di men sions, in cor po rat ing the ac tual ge om e -

try of the sur vey. How ever, at each it er a tion, the ve loc ity
model was con strained to be two-di men sional (i.e., the ve -
loc ity field did not vary per pen dic u lar to the ideal 2-D ge -
om e try). We re fer to this as a 2.5-D ap proach. Our mo ti va -
tion was to de velop a best-fit 2.5-D ve loc ity model that
ac counted for the data to an ac cept able max i mum er ror and
bias (Fig ure 3a). Once the 2.5-D model was de vel oped, the
data were for ward mod elled us ing the 3-D and 2-D line ge -
om e tries. Due to the out-of-plane ho mo ge ne ity of the ve -
loc ity model, these re sults vary only in the sen si tiv ity ker -
nels (i.e., ray paths) of their re spec tive source-re ceiver
pairs. By find ing the dif fer ence be tween these two syn -
thetic datasets, we were able to cal cu late traveltime shifts
for each seis mic trace that are nec es sary to ap prox i mate the
response from the equivalent 2-D source and receiver
geometries (Figure 3b).

It is im por tant to note sev eral lim i ta tions to this method:
· The traveltime cor rec tions are de rived from the ray

equa tion and there fore are lim ited by its abil ity to re -
solve model pa ram e ters. This is valid for com mon-
mode de lays, but the sen si tiv ity ker nels do not ac count
for events that fol low a dif fer ent path from the first ar -
riv als (e.g., wide-an gle reflections).

· Small source-re ceiver off set er rors are ap prox i mated
well, but large traveltime er rors can re sult from large
off sets. This cor rec tion is rea son able for traveltime er -
rors smaller than the RMS mis fit of the target data.

· Re gard less of the ef fi cacy of this cor rec tion, the ve loc i -
ties re cov ered in full-wave form in ver sion will be some -
what dis torted in re gions where the line ge om e try is
irregular.
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Fig ure 2. Ge om e try of seis mic line 10 in re la tion to li thol ogy and sev eral other seis mic lines from the 2008 Geoscience BC Nechako Ba sin
vibroseis sur vey, south-cen tral Brit ish Columbia (mod i fied from Smithyman and Clowes, 2010). The sur face of the cen tral por tion of line 10
is dom i nated by the Ootsa Lake rhy o lite, whereas both flanks are over printed by the Chil cotin ba salt (Massey et al., 2005). To the north, the
Hazelton Group vol ca nic rocks of the Stikine terrane ap pear to plunge be neath line 10 to ward the south. The 2-D ap prox i mate ge om e try
used in wave form in ver sion is high lighted, with cor re spond ing ex tents of the ac tive source (blue line) and re ceiver (red line) ar rays.
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Fig ure 3. Traveltime and re sid ual plots for seis mic line 10 from com par i son of a) real and 3-D syn thetic data, and b) 2-D and 3-D syn thetic
data. The 3-D syn thetic data (gen er ated in a 2-D model) pre dict the true data within an RMS mis fit of ap prox i mately 27 ms, and the re sid u als
are well dis trib uted about zero mean. The 2-D syn thetic data dif fer from the 3-D syn thetic data due to the pro jec tion of the ge om e try onto a
plane (strik ing ap prox i mately 106°).
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Fig ure 4. Ve loc ity mod els for seis mic line 10 from traveltime in ver sion (a) and sub se quent full-wave form in ver sion (b). The dif fer ence (c) is shown to help iden tify fea tures. The wave form data-
fit from traveltime in ver sion was ex cel lent in the east ern por tion of the model, lead ing to very small per tur ba tions from full-wave form in ver sion (see Fig ure 6).



Results from Waveform Tomography

The ve loc ity model shown in Fig ure 4a was pro duced by
2.5-D traveltime in ver sion us ing FAST un der the con -
straints out lined in Smithyman and Clowes (2010) and the
pre vi ous sec tion. This acted as an in put (start ing) ve loc ity
model for full-wave form in ver sion. The goal of the full-
wave form in ver sion pro cess was to im prove on the ve loc ity 
model pro vided by traveltime in ver sion in two main ways:

· Spa tial res o lu tion can be ex pected be cause of the mi gra -
tion-like gen er a tion of the model updates.

· Abil ity to re solve low-ve loc ity zones is pos si ble due to
the in cor po ra tion of mul ti ple phases and am pli tude
information.

The afore men tioned static cor rec tions were ef fec tive at im -
prov ing the qual ity of the ini tial wave form fit. In or der to
test this, ini tial syn thetic wave forms (also used in in ver -
sion) were cal cu lated us ing a delta func tion. The ini tial cor -
re spon dence be tween the phase of the real data and syn -
thetic data was high in the east ern por tion of line 10 (see
Fig ure 2) but lower to wards the west. This is likely due to
the large off-line dis place ments of sources and re ceiv ers
(rel a tive to the ideal 2-D line) at the west ern end. Smaller
dis place ments were well ac counted for by the time-shifting
method.

We car ried out full-wave form in ver sion be tween 8 and
11 Hz, us ing an ap proach in which we iteratively in creased
the fre quency con tent of the in ver sion. The ini tial stages
used 8.0, 8.5 and 9.0 Hz fre quen cies; sub se quent stages in -
cor po rated data up to 11 Hz. At early stages, a delta func -
tion source was used to ap prox i mate the re sponse of the
ideal broad band vibroseis source. Once fre quen cies above
9 Hz were in cor po rated, the in ver sion pro ceeded with a
syn thetic source sig na ture de rived di rectly from the data.
The re sult is pre sented in Fig ure 4b, which contrasts with
the traveltime result.

Fig ure 5 shows a com par i son of real and syn thetic data
from two rep re sen ta tive shot gath ers in the dataset. This
acts as a qual ity con trol on the suc cess of the method, and in
par tic u lar pro vides valu able in for ma tion about which fea -
tures in the model are ro bust. The data were time win dowed
for use in the full-wave form in ver sion pro cess ing, and
there fore we are par tic u larly in ter ested in data fit within
cer tain spe cific re gions. Anal y sis of the fre quency con tent
of the early ar riv als sug gests that these data may sup port
ad di tional higher fre quen cies (up to ~16 Hz) in some parts
of the model (e.g., the well-char ac ter ized re gion near
shot 475). How ever, the early-ar riv ing data are very low
amplitude above 16 Hz.

Interpretation

The ve loc ity mod els built by traveltime to mog ra phy and
full-wave form in ver sion can be di rectly in ter preted to as -

sist in de vel op ing a geo log i cal model of the re gion. The
re gion of high est con fi dence in our work is the east ern por -
tion of the line, due to the rel a tively low line-cur va ture. Fig -
ure 2 pres ents the sur face geo log i cal fea tures and Fig ure 4
shows the ve loc ity model de rived for in ter pre tive pur poses
and any sub se quent re flec tion-data re pro cess ing (to be
done by oth ers). For interpretation, we refer to labels in
Figure 6.

The pres ence of Chil cotin ba salt in the east ern por tion of
the sur vey re gion is iden ti fied by a lo cal high-ve loc ity
anom aly (A). This cor re sponds with rock-phys ics in for ma -
tion sug gest ing that the Chil cotin ba salt is dis tin guish able
by a high seis mic ve loc ity rel a tive to the nearby Ootsa Lake
and Endako groups. How ever, re cent work (Hay ward and
Calvert, 2009; Calvert et al., in press) has found that the ve -
loc ity of the Chil cotin ba salt in situ is typ i cally some what
lower than that of the nearby Eocene volcanics. Note that
this is at the far east ern ex tent of our model, and may not be
per fectly re solved. Im me di ately west of this, there is an ap -
par ent in crease in the re cov ered het er o ge ne ity in the near-
sur face (B). This is most likely due to the vol ca nic rocks un -
der ly ing the Qua ter nary cover; how ever, the vari abil ity in
ve loc ity likely oc curs at a finer scale than we are able to dis -
tin guish. This fea ture ap pears to cor re late well with the dis -
tri bu tion of re cent sur face sed i ments, ex tend ing for about
10 km over the mid dle east ern por tion of the line. Seis mic
high-ve loc ity fea tures at C are in ter preted to be due to the
Hazelton Group vol ca nic and volcaniclastic rocks, which
out crop im me di ately north of line 10. We be lieve that this
unit most likely plunges south ward be neath the Eocene vol -
ca nic rocks that dom i nate the near sur face. This in ter pre ta -
tion cor re sponds to the knowl edge that the ba sin is deeper
to wards the south (Hannigan et al., 1994), but it does not
pre clude the pos si bil ity that Hazelton Group out crops to -
ward the north could be re spon si ble for the high-ve loc ity
re sponse. Because of the presence of this feature, we have
not attempted to interpret sub-basin structures in this part of 
the model.

A deep en ing of the low-ve loc ity re gion (~3000–3500 m/s)
to ap prox i mately 700 m (D) is in ter preted as a sub-ba sin.
This ap pears, from in ter pre ta tion of ve loc i ties, to be
infilled by Ootsa Lake rhy o lite, sug gest ing that the for ma -
tion of the ba sin struc ture is at least Eocene in age. A
sharply de fined high-ve loc ity fea ture at E could be a vol ca -
nic plug. An other sub-ba sin struc ture is seen far ther west at
F. How ever, the con fi dence of the full-wave form in ver sion
is lower in this re gion, due to the poorer per for mance of the
2-D ge om e try ap prox i ma tion (Fig ure 2). An 8–10 km wide
synformal struc ture at G was ini tially in ter preted to be an
ar ti fact of the ray-trac ing used in the ini tial model-build ing
with FAST. More likely, it could be a poorly resolved
indication of another sub-basin.
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Fig ure 5. Real (top) and syn thetic (bot tom) data are shown for two shot gath ers on seis mic line 10. Shot 225 (left) is rep re sen ta tive of the poorer data fit seen in the west ern por tion of the model, 
due pri mar ily to prob lems in ap prox i mat ing the ge om e try. Shot 475 (right) is rep re sen ta tive of the high-qual ity data fit found in the east ern por tions of the model. An no ta tions high light some of
the rel e vant data fea tures.
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Fig ure 6. Top: The ve loc ity model for seis mic line 10 from Fig ure 4b is shown an no tated with fea tures of in ter est la belled (de scribed in the text); see Fig ure 4 for ve loc ity scale bar. Bot tom: A
por tion of the mi gra tion im age is shown with colours over laid based on magnetotelluric re sults; la bels and an es ti mated depth scale have been in serted (mod i fied from Calvert et al., in press).
Note that the depth scale on the mi gra tion im age is ap prox i mate and likely vari able across the im age. The hor i zon tal and ver ti cal res o lu tions are also vari able be tween meth ods. These mod els 
share some com ple men tary fea tures, es pe cially with re gard to the iden ti fi ca tion of sub-bas ins.



Calvert et al. (in press) pres ent a pre lim i nary in ter pre ta tion
of the vibroseis seis mic-re flec tion sec tions col lected on be -
half of Geoscience BC (see Calvert et al., 2009), com bined
with magnetotelluric in for ma tion (Spratt and Cra ven,
2010). The re flec tion data pri mar ily rep re sent deeper struc -
tures than we might ex pect to see from the first-ar rival re -
frac tion data alone, but there is a re gion of over lap where
re sults of the two meth ods can be di rectly com pared. Ad di -
tion ally, the magnetotelluric re sults pro vide in for ma tion
about rock type that is not avail able from seis mic re cords,
al though in ter pre ta tion of re sults is in volved in both cases.
Calvert et al. (in press) in ter pret Eocene and youn ger ex ten -
sion in the seis mic-re flec tion sec tion through the mid dle
west ern por tion of line 10 (~3–27 km on the scale of Fig -
ure 6). They iden tify highly re sis tive Hazelton Group base -
ment rocks from magnetotelluric stud ies in a lo ca tion that
cor re sponds well with the high-ve loc ity fea tures iden ti fied
above (C). Fur ther more, a full-graben struc ture is in ter -
preted be tween 16 and 25 km (H), and a half-graben east of
3 km (J; dis tances rel a tive to Fig ure 6). They find ev i dence
for post-Eocene ex ten sion in the Chil cotin ba salt near
surface in the western portion of line 10 (Figure 2), leading
to folding and brecciation.

Con sid er ing re sults from Calvert et al. (in press), sev eral
ad di tional fea tures of in ter est may be iden ti fied. We see a
rea son able cor re spon dence be tween the graben struc ture
they in ter preted at H and a deep en ing of the bed rock in ter -
face in our re sults (D, F; Fig ure 6). The geo log i cal unit at
depth here is not well known, but we pre sume the pres ence
of Cre ta ceous sed i ments be tween the youn ger vol ca nic
rocks and Stikinia. The im pli ca tion is that the graben struc -
ture was infilled by Eocene vol ca nic rocks af ter or con tem -
po ra ne ous with Eocene ex ten sion. How ever, we iden tify a
high-ve loc ity fea ture be tween D and F that we as sume to
bound the two sub-bas ins. Ad di tion ally, the sub-ba sin we
iden tify from ve loc ity in for ma tion at D is sig nif i cantly
shal lower than the graben struc ture iden ti fied by Calvert et
al. (in press). The fea ture we in ter pret at E is in a re gion pos -
sess ing vari able re sis tiv ity (Figure 6), but it is not identified 
in the seismic-reflection interpretation.

Our re sults show high-ve loc ity near-sur face fea tures and
heterogeneities (com pare the near sur face in sub-bas ins F
and D) that are spa tially cor re lated with the brecciated Chil -
cotin ba salt in ter preted by Calvert et al. (in press). How -
ever, the full-wave form in ver sion re spon si ble for pro duc -
ing this het er o ge ne ity in the model was neg a tively af fected
by ge om e try er rors in this re gion, and the ex act place ment
and ex tent of the het er o ge ne ity are not well con strained.
Like wise, we see a high-ve loc ity re gion at F that can not be
well con strained, al though the het er o ge ne ity pres ent cor re -
sponds to an in ter preted fault from the re flec tion-seis mic
and magnetotelluric work. The high-ve loc ity fea ture at K
seems to have the same ori en ta tion and lo ca tion as a highly

re flec tive folded pack age (L) in the re sults of Calvert et al.
(in press). Res o lu tion and re li abil ity of our model west of
the 10 km point (near K, Fig ure 6) is very de graded, due to
the omis sion of back-shots be yond this point; how ever, we
have included it for comparison with Calvert et al. (in press) 
and future works.

Conclusions and Future Work

From wave form to mog ra phy of the first ar riv als and wave -
form data, we pro duced a de tailed near-sur face ve loc ity
model along line 10 of the Geoscience BC Nechako Ba sin
seis mic sur vey. This com pares fa vour ably with other meth -
ods in terms of the abil ity to re solve near-sur face fea tures.
In par tic u lar, the use of a wide range of source-re ceiver off -
sets and dense spa tial sam pling al lows more ad vanced pro -
cess ing than con ven tional re frac tion stat ics. We in ter preted 
these re sults and com pared them with in ter pre ta tions by
other re search ers based on near-off set seis mic-re flec tion
and magnetotelluric meth ods. The com bined in ter pre ta tion
of these data and other multidisciplinary re search pres ents
the best chance to model the ge ol ogy of the com plex
Nechako Ba sin. Based on work to date, there is ev i dence
for the presence of shallow sub-basins in the region of
interest.

We ex pect to con tinue ap ply ing wave form to mog ra phy to
other datasets in the Nechako Ba sin and con trib ute re sults
to the on go ing in ter pre ta tion of the ge ol ogy. This will likely 
in clude pro duc tion of a de tailed fence-di a gram model that
ties to gether in for ma tion from mul ti ple seis mic lines. To
fur ther con strain the re sults of this method, we in tend to
com pare our re sults with de tailed struc tural geology
information where available.
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Introduction

The Nechako Ba sin is lo cated in the in te rior pla teau of Brit -
ish Co lum bia, and is bounded to the east by the Rocky
Moun tains and to the west by the Coast Moun tains (Fig -
ure 1; Hayes and Fattahi, 2002; Calvert and Hay ward,
2009). Al though the ba sin has been an oc ca sional ex plo ra -
tion tar get since the first well was drilled in 1931, the com -
plex tec tonic his tory and chal lenges as so ci ated with im ag -
ing in side and be low vol ca nic se quences pre vented a good
un der stand ing of its ar chi tec ture and hy dro car bon po ten tial 
(Calvert and Hay ward, 2009). Past drill ing at tempts by Ho -
no lulu Oil Cor po ra tion Lim ited, Hud son’s Bay Oil and Gas
Com pany Lim ited and Ca na dian Hunter Ex plo ra tion Lim -
ited, which doc u mented the pres ence of oil, as phalt and gas
anom a lies in wellbores (Hannigan et al., 1994; Hayes and
Fattahi, 2002; Ferri and Rid dell, 2006), and re cent re sults
of a hy dro car bon-po ten tial eval u a tion of the ba sin (Rid dell, 
2009) sug gest that the south-cen tral part of the ba sin is the
most pro spec tive, with struc tural trapping elements and
potential Cretaceous and Jurassic sources and reservoirs.

The 2008 Geoscience BC seis mic sur vey con sists of seven
two-di men sional (2-D) crooked lines ac quired in the east-
cen tral part of the ba sin (Fig ure 2), with one of the goals be -
ing to map the ex tent of the out crop ping Early Cre ta ceous
rocks in or der to de ter mine if they were de pos ited within a
sin gle large ba sin or within sev eral sub-bas ins (Calvert and
Hay ward, 2009). The Cre ta ceous rocks in this area are of
par tic u lar in ter est for ex plo ra tion be cause they con tain all
the hy dro car bon shows iden ti fied in the Ca na dian Hunter
wells (Calvert and Hay ward, 2009). In ad di tion, these rocks 
could pro vide struc tural traps re sult ing from the de vel op -
ment of compressional folds and drag folds (Hannigan et
al., 1994).

In this pa per we pres ent ve loc ity mod els ob tained from
three-di men sional (3-D) tomographic in ver sion of re -
fracted waves re corded on two of the Geoscience BC seis -
mic lines:

· east-trending line 2008-15, shot across Ter tiary de pos its 
com pris ing vol ca nic rocks of the Eocene Endako Group 
and Ootsa Lake Group

· roughly east-trending line 2008-11, shot mainly across
up per Ter tiary vol ca nic rocks of the Chil cotin Group but 
with Qua ter nary cover to the east and out crop ping Cre -
ta ceous vol ca nic rocks to the west (see Figure 2)

Overcoming Challenges in Imaging
Subvolcanic Structures

Be cause of the lay ered na ture of the vol ca nic se quences,
which in some lo ca tions are more than 1000 m thick
(Hannigan et al., 1994), one of the ma jor prob lems in the
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Keywords: Nechako Ba sin, hy dro car bon ex plo ra tion, three-di -
men sional seis mic to mog ra phy, im ag ing, vol ca nic cover, ve loc ity
mod els

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
website: http://www.geosciencebc.com/s/DataReleases.asp.

Fig ure 1. Lo ca tion of the Nechako Ba sin in south-cen tral Brit ish
Co lum bia and ap prox i mate po si tion of the study area in the east-
cen tral part of the ba sin.

http://www.geosciencebc.com/s/DataReleases.asp


Nechako Ba sin is im ag ing subvolcanic struc tures. Pre vi ous 
stud ies in vol ca nic en vi ron ments iden tify these main chal -
lenges in seismic imaging:

· Large im ped ance con trasts oc cur at the top and base of
in di vid ual vol ca nic se quences. At near-ver ti cal in ci -
dence, al most no en ergy can pen e trate the vol ca nic lay -
ers, whereas, at wide an gles, it is dif fi cult to re cover ve -
loc ity in for ma tion if the un der ly ing sed i men tary
se quences have a lower ve loc ity than that of the ba salt,
be cause no turn ing waves are cre ated in the low-ve loc -
ity units (Fliedner et al., 1998).

· Com plex in ter fer ence ef fects re sult from the al ter na tion
of vol ca nic and sed i men tary se quences, which dis tort or 
ob scure re flec tions from be low the vol ca nic units
(Lafond et al., 1999).

· Scat ter ing caused by the rug ged in ter faces of the ba salt
lay ers and lat eral het er o ge ne ity within the ba salt se -
quence can all cause the at ten u a tion of seis mic waves,
re sult ing in the poor con ti nu ity and low am pli tude of
pri mary re flec tions (Lafond et al., 1999).

The main ob jec tive of the Geoscience BC seis mic sur vey
was to im prove the cur rent geo log i cal knowl edge of the
area by im ag ing the data in the op ti mal way, based on the
na ture of the en vi ron ment (Calvert et al., 2009). The qual ity 
of pre vi ously re corded seis mic data in the area in di cates
that the pres ence of vol ca nic rocks in the near sur face may
con trib ute to the ab sence of re fracted ar riv als by caus ing
poor source-to-ground cou pling of vibroseis sources, and
also of con tin u ous re flec tions on the fi nal seis mic sec tions.
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Fig ure 2. Lo ca tion of Geoscience BC seis mic sur vey and sur face ge ol ogy, south-cen tral Brit ish Columbia; this pa per fo cuses on lines
2008-15 and 2008-11 (high lighted in blue).



There fore, the Geoscience BC seis mic sur vey was de -
signed to im prove the sig nal-to-noise ra tio through use of
the following criteria (Calvert and Hayward, 2009):

· lon ger off sets (max i mum 14390 m) to re cord deep
subvolcanic re flec tions and re frac tion ar riv als to re -
solve the thick ness of the sur face vol ca nic layer

· low-fre quency sweep ing (8–64 Hz) to im prove trans -
mis sion through the shal low vol ca nic layer, since en -
ergy pass ing through the ba salt is strongly at ten u ated at
fre quen cies above 30 Hz

· use of a large ar ray of vi bra tors (four) with long sweeps
(28 sec onds) to max i mize the source strength

Velocity Structure from Three-Dimensional
Refraction Tomography

The goal of seis mic to mog ra phy is to make geo log i cal de -
duc tions from in di rect and of ten noisy seis mic ob ser va -
tions. In the Nechako Ba sin, the vol ca nic rocks in the near
sur face im pede im ag ing of un der ly ing struc tures and con -
se quently in ter fere with es ti ma tion of hy dro car bon po ten -
tial, which is closely re lated to the shape of the struc tures.
Pre vi ous stud ies in ba saltic en vi ron ments sug gest that us -
ing traveltime to mog ra phy and long-off set seis mic data has 
the po ten tial to im prove the structural definition of sub-
basalt structures.

In the Nechako Ba sin, 2-D first-ar rival tomographic ve loc -
ity mod el ling has been used by Hay ward and Calvert
(2009) on the Ca na dian Hunter data to ex am ine shal low
struc tures sit u ated south of the Geoscience BC seis mic sur -
vey. How ever, use of 2-D re frac tion to mog ra phy is in ad e -
quate with the newly ac quired data be cause of crooked-line
ge om e try and strong ve loc ity vari a tions in the subsurface,
both of which have the po ten tial to pro duce sig nif i cant out-
of-plane ray bend ing and hence velocity artifacts in the
inversion.

The 3-D ve loc ity struc ture for the two crooked seis mic
lines an a lyzed (to tal of 39.5 km) was ob tained us ing the
First Ar rival Seis mic To mog ra phy pro gram (FAST), which
is based on the reg u lar ized tomographic method (Zelt and
Barton, 1998). The al go rithm in verts first-ar rival
traveltimes to find a geo log i cally rea son able ve loc ity
model with a min i mum amount of struc ture. The fi nal
model is con sid ered min i mum-ve loc ity struc ture if it is
very close to the start ing model (Zelt and Barton, 1998).
The for ward cal cu la tion of traveltimes, ray paths and
model up date uses a 3-D ve loc ity-model parameterization
with a uni form node spac ing, and the cal cu la tion is based
on the 3-D fi nite-dif fer ence so lu tion of Vidale (1990) to the
eikonal equa tion. The method was adapted by Hole and
Zelt (1995) to handle large velocity gradients or contrasts.

In ver sion of the traveltimes is a non lin ear prob lem be cause
the ray paths are ve loc ity de pend ent and un known (Zelt et

al., 2006). The nonlinearity is typ i cally re solved by re -
peated ap pli ca tion of linearized in ver sion and con straints
to the data through a pro cess called reg u lar iza tion (Zelt and
Barton, 1998). The in verse prob lem is solved so that the
data are fit ac cord ing to their as signed un cer tain ties while
solv ing for the model pa ram e ters that sat isfy two struc ture
con straints: lambda, which con trols the long-wave length
struc ture in the ini tial it er a tions and al lows short-wave -
length struc ture in later it er a tions (Zelt et al., 2006); and sz,
which is the ratio of vertical and horizontal smooth ing/flat -
ness.

Starting Velocity Models

In gen eral, the stra tig ra phy, ve loc ity and depth struc ture of
the Nechako Ba sin are not well known, prin ci pally due to
in suf fi cient and poor-qual ity seis mic data. Be cause there
was no prior in for ma tion con cern ing the ve loc ity struc ture
in the study area, we used sev eral one-di men sional start ing
mod els to eval u ate the dif fer ences be tween the ob served
times of first ar riv als (man u ally picked on both seis mic
lines) and first ar riv als estimated for each initial test model.

The to pog ra phy was in cor po rated into the start ing mod els
for both lines 2008-15 and 2008-11, with a fixed over ly ing
start ing ve loc ity of 1.5 km/s to re duce ar ti facts due to the
large ve loc ity con trast across the sur face in ter face. The pre -
ferred start ing mod els had sur face ve loc i ties of 3.3 km/s at
1400 m el e va tion for line 15, and 3.1 km/s at 1100 m el e va -
tion for line 11. The ve loc ity gra di ent for both seis mic lines
was 0.9 s-1. Ta ble 1 sum ma rizes the ini tial velocity models
for the two seismic lines.

The ver ti cal/hor i zon tal smooth ness con straint pa ram e ter sz
was cho sen to be 0.2, while the start ing value for lambda
was 100. Seven lambda val ues were tested for each non lin -
ear it er a tion, each value de creas ing by a fac tor of about
1.41.

Recovered Velocity Models

For line 2008-15, the model was de fined on a 0.05 km grid
ex tend ing from –1.5 to 14.9 km in the x di rec tion, –3.4 to
1.5 km in the y di rec tion, and –2.0 to 3.5 km in the z di rec tion.
The el e va tion along the line var ies from –1355 to –1117 m
above mean sea level, and the lo ca tion of the or i gin cor re -
sponds to the wes tern most shot of the line. Af ter seven it er -
a tions of the linearized in ver sion, the root-mean-square
(RMS) traveltime mis fit was 20 ms. Ve loc i ties mod elled
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Seismic 

line

Surface velocity 

(km/s)

Elevation of surface 

velocity (m)

Velocity 

gradient (s-1)

2008-15 3.3 1400 0.9

2008-11 3.1 1100 0.9

Table 1. Summary of the starting velocity models for the
tomographic inversion of lines 2008-15 and 2008-11 from the
Geoscience BC seismic survey, south-central British Columbia.



from the tomographic in ver sion are shown in Fig ure 3; near 
the sur face, the ve loc ity model is char ac ter ized by low ve -
loc i ties (ap prox i mately 2.6 km/s) in the west and east. Hor i -
zon tal ve loc ity slices (Fig ure 4) show that higher ve loc i ties
(ap prox i mately 3.5 km/s) are pres ent in the cen tral part of
the model within 900 m of the sur face. The de crease in ve -
loc ity at the ex trem i ties of the line does not co in cide with
the known sur face ge ol ogy, which in di cates only lower
Ter tiary vol ca nic rocks from the Endako and Ootsa Lake
groups, which are ex pected to have seis mic ve loc i ties in the 
3.5–4.0 km/s range. The ray cov er age along the seis mic line 
(Fig ure 5) shows rays pen e trat ing ap prox i mately 2 km be -
low the sur face, but over all the data are not well con strained 
be low 800 m from the sur face due to the drop in ray den sity.
The depth of ray pen e tra tion de pends on the max i mum
source and re ceiver off set and on the subsurface ge ol ogy,
with the seis mic waves prop a gat ing pref er en tially through
lay ers with a low ve loc ity gra di ent. Two ‘shadow’ ar eas
with no ray hits are iden ti fied along the line. One is be tween 
7 and 9.5 km, from –0.5 to 0.5 km depth, and cor re sponds to 
a change in the line di rec tion from east to south and back to
east. The other oc curs be tween 4 and 8.5 km for ap prox i -
mately 500 m from the sur face. A com par i son with the
mod elled ve loc i ties in di cates that ar eas with a high den sity
of rays tend to cor re spond to lo cal high-ve loc ity anomalies.

The 3-D ve loc ity model for line 2008-11 ex tends from –1.5 to
23.9 km in the x di rec tion, –8.5 to 1.5 km in the y di rec tion,
and –1.6 to 3.5 km in the z di rec tion. The lo ca tion of the or i -

gin cor re sponds to the wes tern most shot, and the el e va tion

along the line var ies from –1024 to –827 m. The ve loc ity

struc ture ob tained af ter seven it er a tions is shown in Fig -

ure 6, with an RMS traveltime re sid ual of 38 ms. East ern

and west ern por tions of the line have low ve loc ity val ues of

ap prox i mately 2.5 km/s, whereas the cen tral part has high

ve loc ity val ues of 3.5 km/s. This trend is ob served in the

hor i zon tal ve loc ity slices at 100 m in ter vals (Fig ure 7) only

at shal low depths, namely in the first 200 m in ter val. The

sur face ge ol ogy map in di cates that the mid dle part of the

line was shot across up per Ter tiary vol ca nic rocks from the

Chil cotin Group; the east ern part across Qua ter nary de pos -

its, usu ally com pris ing gla cial de pos its; and the west ern

part across Cre ta ceous clastic rocks, mainly sand stone. At

depths greater than 200 m, the trend re verses: the high est

ve loc i ties oc cur to the east and west, and the low est ve loc ity 

is in the cen tral part of the line. This trend is most ev i dent on 

the –0.4 km ve loc ity slice, which in di cates ve loc i ties in the

4.5–5.0 km/s range for the east ern and west parts, and in the

3.5–4.0 km/s range for the cen tral part. The ray-den sity

map (Fig ure 8) along the line shows rays pen e trat ing 3.5 km 

be low sur face but with a gen er ally non uni form and re duced 

cov er age. An ex tended area of zero ray den sity in the near

sur face be tween 11 and 18 km cor re sponds to a change in

the line ori en ta tion from east to south east. The ray cov er age 

along the line is an in di ca tion that the res o lu tion of the ve -

loc ity model along the line is vari able.
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Fig ure 3. Tomographic ve loc ity model for line 2008-15, char ac ter ized in gen eral by smooth struc tures.
Depths are mea sured rel a tive to mean sea level. The x-axis or i gin (0) cor re sponds to the wes tern most shot
of the line.



G
e

o
s
c
ie

n
c
e

 B
C

 R
e

 p
o

rt 2
0

11
-1

2
6

9

Fig ure 4. Hor i zon tal slices of the ve loc ity model for line 2008-15 at depth in ter vals of 100 m, show ing mostly large-scale ve loc ity anom a lies. The top left slice is from the shal low est depth
and the bot tom right slice is from the deep est depth.
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Fig ure 5. Ray den sity along line 2008-15, show ing rays pen e trat ing 2.0 km be low the sur face. Highly fo -
cused ar eas of rays have been mapped into lo cal high-ve loc ity anom a lies in the re cov ered ve loc ity model.
Depths are mea sured rel a tive to mean sea level.

Fig ure 6. Tomographic ve loc ity model for line 2008-11, show ing a het er o ge neous shal low sec tion. Depths are mea sured rel a -
tive to mean sea level. The x-axis or i gin (0) cor re sponds to the wes tern most shot of the line.
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Fig ure 7. Hor i zon tal slices of the ve loc ity model for line 2008-11 at depth in ter vals of 100 m, show ing lo cal ized low-ve loc ity anom a lies at the east ern end of the line. The top left slice is
from the shal low est depth and the bot tom right slice is from the deep est depth.



Conclusions and Future Work

Pre lim i nary 3-D in ver sions of first ar riv als from two 2-D
crooked re flec tion seis mic lines re cov ered the long-wave -
length ve loc ity vari a tion. In ten sive test ing showed that the
start ing ve loc ity mod els for the in ver sion of the two lines
should dif fer be cause of lat eral vari a tions in the thick ness
and seis mic ve loc i ties of near-sur face vol ca nic rocks and
the un der ly ing rocks. The start ing ve loc ity mod els for both
lines cor re late well with re sults from tomographic mod el -
ling of the Ca na dian Hunter data (Hay ward and Calvert,
2009). In par tic u lar, line 2008-15, shot across Eocene
Endako and Ootsa Lake rocks, has a start ing ve loc ity value
of 3.3 km/s, con sis tent with the pre vi ously de ter mined ve -
loc ity range of 3.0–4.2 km/s; and line 2008-11, shot across
mostly Neo gene rocks from the Chil cotin Group, has a
start ing ve loc ity value of 3.1 km/s, sim i lar to the
determined typical range of 2.4–3.0 km/s for this interval.

Some cor re la tion of the near-sur face mod elled ve loc ity
with the known sur face ge ol ogy has been ob served for line
2008-11. Shal low hor i zon tal slices of the ve loc ity model
for this line show a cor re spon dence be tween the vol ca nic
cover and lo cal ized high-ve loc ity anom a lies of 3.5 km/s,
and be tween sed i men tary de pos its and low-ve loc ity anom -

a lies of 2.5 km/s. In con trast, no strong re la tion ship has
been ob served for line 2008-15, sug gest ing ei ther a change
in the layer thick ness of the Eocene Endako and Ootsa
groups, or that the rocks from the two groups may be
distinguished based on velocity.

Ap prais als of the ve loc ity mod els were ob tained us ing ray-
den sity maps. We found that, al though the 3-D method can -
not achieve the ray den sity and uni for mity of a 2-D ex per i -
ment, 2-D in ver sion of crooked-line data has the po ten tial
to pro duce ve loc ity and depth er rors due to out-of-plane ef -
fects that are not ad dressed by a 2-D tomographic in ver -
sion. For line 2008-15, the re cov ered ve loc ity model is
most re li able at depths of less than 0.8 km. In con trast, the
re cov ered ve loc i ties be neath line 2008-11 are less well con -
strained due to more complicated out-of-plane prop a ga -
tion.

Fu ture work in this area will fo cus on re fin ing the cur rent
ve loc ity mod els and de vel op ing de tailed ve loc ity mod els
that will con strain near-sur face rock types, par tic u larly be -
neath the vol ca nic cover, and per mit a more de tailed in ter -
pre ta tion of the seis mic-re flec tion data than is currently
possible.
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Fig ure 8. Ray den sity along line 2008-11, show ing rays pen e trat ing 3.5 km be low the sur face. The ray dis tri bu tion is gen er ally
very ir reg u lar, with al ter nat ing high- and low-den sity zones, and oc ca sion ally ab sent ray cov er age. Depths are mea sured rel a -
tive to mean sea level.
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Introduction

In 2007, magnetotelluric (MT) data were col lected
in the Nazko re gion of the Nechako Ba sin, with two
ad di tional lines ac quired in the south of the ba sin
(Fig ure 1; Cra ven, 2009; Spratt and Cra ven, 2009b). 
The goal was to aid in the ex plo ra tion for hy dro car -
bon re serves within the Nechako Ba sin. The MT
method was con sid ered par tic u larly prom is ing be -
cause the shal low geo log i cal struc ture of large parts
of the Nechako Ba sin—ba saltic flows of the Neo -
gene Chil cotin Group and vol ca nic rocks of the
Eocene Endako and Ootsa Lake Groups—com pli -
cate in ter pre ta tion of seis mic data that are more
com monly used for hy dro car bon ex plo ra tion
(Spratt and Cra ven, 2009b). There are large seis mic
im ped ance con trasts within and be tween these
units, and be tween these units and the sed i men tary
rocks of the ba sin. These re sult in con sid er able scat -
ter ing of the seis mic en ergy. In con trast, these units
are mostly elec tri cally re sis tive and there fore trans -
par ent to the MT method. The 2007 MT data have
been in ter preted for two-di men sional (2-D) Earth
mod els (Spratt and Cra ven, 2008, 2009a, b), and
three-di men sional (3-D) mod el ling and in ter pre ta -
tion is cur rently be ing car ried out (Drew et al.,
2010). The MT data suc cess fully pen e trated the
near-sur face volcanic rocks to image the Nechako
Basin sedimentary rocks and the basement beneath.

The ZTEM sys tem (Geotech Ltd., 2009) is an air borne
elec tro mag netic (EM) sys tem that mea sures the mag netic
part of the MT re sponse. This means that it is a rel a tively
deep-pen e trat ing air borne EM sys tem. Also, be cause it is
an air borne sys tem, data can be ac quired quickly and ef fi -
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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
website: http://www.geosciencebc.com/s/DataReleases.asp.

Fig ure 1. Lo ca tion of the magnetotelluric (MT) sur vey lines (black) and the
Geoscience BC seis mic lines (red) within the Nechako Ba sin of south-cen -
tral Brit ish Co lum bia. Red num bers in di cate seis mic line num bers. Base
map from Nat u ral Re sources Can ada (2004, 2007); dig i tal el e va tion model
pre pared by K. Shimamura; out line of Nechako Ba sin af ter Massey et al.
(2005).

http://www.geosciencebc.com/s/DataReleases.asp


ciently over large ar eas. A ZTEM sur vey is there fore an at -
trac tive prop o si tion for the Nechako Ba sin, po ten tially ex -
tend ing the subsurface im ages de rived from the 2007 MT
sur vey data to the rest of the ba sin. How ever, the ZTEM
sys tem is new and its ca pa bil i ties are not truly un der stood.
There fore, one goal of the pro ject sum ma rized in this pa per
is to per form nu mer i cal mod el ling and in ver sion stud ies to
as sess what can be ex pected from any ZTEM surveys
performed in the Nechako Basin.

The sec ond goal of this pro ject is to use the Earth mod els
de rived from the MT data to aid the re pro cess ing and mi -
gra tion of the Geoscience BC vibroseis data that were ac -
quired in 2008 (Calvert et al., 2009). The MT-de rived mod -
els gen er ally in di cate the lo ca tion of the in ter face be tween
the sur face vol ca nic rocks and the sed i men tary rocks of the
ba sin, in clud ing vari abil ity in the depth to this in ter face.
Re pro cess ing of the vibroseis data will be per formed to see
if the in ter faces in the MT-de rived mod els can be ob served
and en hanced in the seis mic sec tions. Also, the con duc tiv i -
ties in the MT-de rived mod els will be con verted to seis mic
ve loc i ties, and these ve loc i ties tried in the re pro cess ing. As
a fi nal goal, ex ist ing geo phys i cal and geo log i cal data will
be in te grated with the MT-de rived Earth models to develop
and refine the tectonic history of the Nechako Basin.

Project Components

Modelling and Assessment of ZTEM Data

The ZTEM sys tem is an air borne EM sys tem that mea sures
the ver ti cal com po nent of the mag netic field that arises
from elec tric cur rents in duced in the subsurface by nat u -
rally oc cur ring time vari a tions of the Earth’s mag netic field
(Geotech Ltd., 2009). The mea sured ver ti cal com po nent is
ref er enced to the hor i zon tal com po nents of the mag netic
field that are mea sured si mul ta neously at a base sta tion.
The ra tios of the ver ti cal to hor i zon tal com po nents of the
mag netic field, which are known as mag netic trans fer func -
tions, de pend on the con duc tiv i ties of the subsurface. The
ZTEM data can there fore be used, in prin ci ple, to pro vide
quan ti ta tive information on the structure of the subsurface.

The ZTEM sys tem is unique among air borne EM meth ods
in that it uses the Earth’s nat u ral mag netic field as its
source. This means that the ZTEM sys tem is sen si tive to
deeper struc tures than con ven tional air borne EM sys tems.
De pend ing on the con duc tiv i ties in volved, ZTEM data can
be sen si tive to struc tures as deep as 2 km. It there fore has
the abil ity to pro vide in for ma tion on the struc ture of the
Nechako Ba sin down to, and in clud ing, the Cre ta ceous sed -
i men tary rocks. Also, be cause it is an air borne method, any
ZTEM sur vey could cover the en tire Nechako re gion if de -
sired—it is not lim ited to fol low ing roads, as is the case
with the vibroseis method.

In 2007, broad-band and high-fre quency (MT) data were
col lected at 734 sites through out the Nechako re gion
(Spratt and Cra ven, 2008, 2009a, b; Cra ven, 2009). The
data were col lected along seven main pro files, and along a
se ries of closely spaced shorter lines ar ranged spe cif i cally
to en able 3-D in ter pre ta tion. The data col lected along the
pro files have been in verted to give 2-D mod els of the
subsurface con duc tiv ity struc ture ex tend ing to depths of
more than 10 km (Spratt and Cra ven, 2008, 2009a, b). The
mod els show the gen eral pseudolayered se quence that is
typ i cal of the Nechako Ba sin: near-sur face Chil cotin vol ca -
nic rocks (which are elec tri cally re sis tive), Cre ta ceous sed -
i men tary rocks (which are rel a tively con duc tive) and crys -
tal line base ment (which is re sis tive). The mod els also show
sig nif i cant vari abil ity along the pro files, re flect ing the true
complexity of the geology in the Nechako region.

In this pro ject, the 2007 MT data and the con duc tiv ity mod -
els de rived from them will be used to model and as sess the
data that would likely be ac quired if a ZTEM sur vey were to 
be car ried out over the Nechako Ba sin. Firstly, the sub set of
the 2007 MT data that cor re sponds to typ i cal ZTEM data
(i.e., ver ti cal trans fer func tions for the nar rower ZTEM fre -
quency band) will be in verted to con struct 2-D con duc tiv -
ity mod els. These mod els will be com pared with the mod els 
ob tained from the in ver sion of the MT data. This ex er cise
will in di cate the best pos si ble out come of per form ing a
ZTEM sur vey in the Nechako Ba sin, as if the MT data were
mea sured on the ground rather than on a mov ing plat form
and the hor i zon tal and ver ti cal com po nents of the mag netic
fields were mea sured at co in ci dent lo ca tions. Sec ondly,
syn thetic ZTEM data will be com puted for the 2-D con duc -
tiv ity mod els de rived from the MT data. The syn thetic
ZTEM data will then be in verted to con struct 2-D con duc -
tiv ity mod els, and these mod els will be com pared with
those con structed from the MT data. This com par i son will
iden tify those fea tures of the 2-D MT-de rived con duc tiv ity
mod els that the ZTEM data would be sensitive to, and those
features that would be invisible to the ZTEM survey.

MT-Guided Reprocessing of Vibroseis Data

The MT data can ‘see’ the gen eral struc ture of the Nechako
Ba sin—Eocene vol ca nic rocks over ly ing Cre ta ceous sed i -
men tary rocks over ly ing crys tal line base ment—with rel a -
tive ease. In con trast, the vibroseis data col lected by
Geoscience BC in 2008 (see Calvert et al., 2009) pro vide a
highly vari able view of the sed i men tary ba sin de pend ing on 
the com plex ity of the near-sur face ge ol ogy and, more spe -
cif i cally, the thick ness and struc ture of the over ly ing
Eocene vol ca nic rocks. Con se quently, the qual ity and inter -
pretability of the re sult ing seis mic im ages of the subsurface 
are di min ished. In this com po nent of the pro ject, the mod -
els de rived from the MT data will be used to guide re pro -
cess ing of the vibroseis data. Spe cif i cally, the vibroseis
data co in ci dent with the MT pro files will be re pro cessed to
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see if the con tacts be tween the var i ous units that ap pear on
the 2-D MT-de rived con duc tiv ity mod els can be made to
ap pear in the seis mic sec tions. Also, the con duc tiv i ties in
the MT-de rived mod els will be trans formed to seis mic ve -
loc i ties and these ve loc i ties used in the re pro cess ing and
mi gra tion of the vibroseis data. This trans for ma tion will be
based on mea sured seis mic ve loc i ties and con duc tiv i ties of
sam ples of the ma jor rock units in the Nechako re gion. The
MT-de rived mod els will be used to de fine the spa tial lo ca -
tion and ex tent of each unit. Two-di men sional ver ti cal sec -
tions of seis mic velocity will then be created using the
typical conductivities and seismic velocities for each unit
(Jegen et al., 2009).

Integration of MT-Derived Models in a
Tectonic History of the Nechako Basin

In ad di tion to the MT and vibroseis data men tioned above,
sig nif i cant amounts of other his tor i cal and re cently ac -
quired geo phys i cal and geo log i cal data ex ist for the
Nechako re gion. In par tic u lar, air borne grav ity data were
col lected in 2008 (Dumont, 2008a, b). Strati graphic and
well-log in for ma tion is avail able from a num ber of bore -
holes in the Nechako re gion (Ferri and Rid dell, 2006).
Also, both large-scale and lo cal-scale pas sive seis mic data,
from which we hope to ob tain 3-D im ages of the Nechako
re gion, have be ing col lected (Idowu et al., 2009; Kim et al.,
2009). The in for ma tion on the Earth’s subsurface avail able
from these com ple men tary datasets will be in te grated with
that from the MT data to pro duce a con sis tent his tory of the
tectonic evolution of the Nechako Basin.

Conclusions

When this pa per was writ ten, pre lim i nary re pro cess ing of
the vibroseis data from lines 5, 10, 12 and 13 was un der way, 
with ge om e try setup, data-qual ity con trol, re frac tion stat -
ics, com mon depth-point sort ing, re sid ual stat ics and con -
ven tional ve loc ity anal y sis and mi gra tion hav ing been
com pleted for line 5 and par tially com pleted for the oth ers.
So far, there has been no im prove ment in the seis mic sec -
tions pro duced. How ever, it is ex pected that im prove ments
will be ob tained once guid ing of the re pro cess ing by the
MT-derived Earth models begins.
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