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Foreword

Geoscience BC is pleased to present results from several of our ongoing geoscience projects in our tenth edition of the

Geoscience BC Summary of Activities. The volume is divided into two sections, ‘Energy’and ‘Minerals’, and contains a to-

tal of 33 papers from Geoscience BC–funded projects and 2016 scholarship winners.

The ‘Energy’ section contains 14 papers from oil and gas and geothermal projects in northeastern British Columbia (BC).

Three papers, by Bustin and Bustin, Babaie Mahani et al. and Wang et al., examine the monitoring and impact of induced

seismicity due to hydraulic fracturing. Hayes et al. provide an update on a new project examining resource oil plays, and pe-

troleum systems analyses are presented for the Doig Formation by Silva and Bustin, and Upper Devonian shales of the Horn

River and Liard basins by Wilson and Bustin. Vaisblat et al. present a diagenetic model for the Montney Formation.

Water is once again a key focus of Geoscience BC Energy projects. Two papers, by Morgan et al. and Abadzadesahraei et al.,

highlight research aimed at increasing the regional understanding of groundwater in northeastern BC. Owen and Bustin dis-

cuss the geochemistry of flowback waters from hydraulic fracturing, Gupta et al. examine the uptake of water by Horn River

basin shales during hydraulic fracturing and the resulting hydration-induced stress and strain, and Quinton et al. provide an

update on permafrost and hydrological monitoring and modelling in northeastern BC.

Evans and Whiticar introduce a new project aimed at geochemically ‘fingerprinting’ natural gas in northeastern BC and

compiling the results into a publicly available database. Finally, Palmer-Wilson et al. introduce a new project aimed at the

development of a methodology for assessing geothermal potential of sedimentary basins by using data from oil and gas

exploration.

The ‘Minerals’ section contains 19 papers from minerals geoscience projects throughout BC. Madu provides an update of

the Search project, which has now completed a second phase of airborne magnetic data collection.

Geochemistry is once again a main focus of Geoscience BC projects. Sacco et al., Geffen and Bluemel, and Bluemel and

Geffen highlight advances in analyzing and interpreting TREK project till geochemical data, and Jackaman summarizes

Geoscience BC’s ongoing updates to the provincial RGS databases. Three papers, one by Yehia et al. and two by Heberlein

and Dunn, highlight the ongoing development of new geochemical techniques in BC (using a field-portable photometer and

voltammeter, and through the analysis of halogen and other volatile compounds, respectively). Hart and Jenkins present a

summary of a recently completed Mineral Deposit Research Unit project focused on compiling and interpreting surficial

geochemistry around BC porphyry deposits.

Four student papers are focused on important mineral deposits or mining districts in BC: Highland Valley (Chouinard et al.

and Byrne et al.), Brucejack (McLeish et al.) and Kerr-Sulphurets-Mitchell (Campbell and Dilles). South-central BC is the

focus of Mortensen et al. and Bouzari et al., who characterize the basement of the Quesnel terrane and porphyry-fertile

plutons in the region, respectively. Chapman et al. provide an update on using detrital gold as an indicator mineral in central

BC.

Two papers, by Hoy et al. and Cook, describe new mapping and geophysical interpretation being produced in southeastern

BC. Finally, Flynn and Madu highlight an innovative partnership between Geoscience BC and the Canada Mining Innova-

tion Council aimed at compiling and disseminating key water quality data related to the mining sector.

Geoscience BC Publications 2016

In addition to this Summary of Activities volume, Geoscience BC releases interim and final products from our projects as

Geoscience BC reports. Highlights from 2016 include the Search Phase I airborne survey data in west-central BC, a new air-

borne EM survey in northeastern BC, a tree-top biogeochemical survey in central BC and a report highlighting direct-use

geothermal resources in BC.

The most up-to-date listing of all Geoscience BC data and reports can be accessed through our website at

www.geosciencebc.com/s/DataReleases.asp. Most final reports and data can be viewed through our Earth Science Viewer

at http://www.geosciencebc.com/s/WebMaps.asp.

All releases of Geoscience BC reports and data are announced through our website and e-mail list. If you are interested in re-

ceiving e-mail regarding these reports and other Geoscience BC news, please contact info@geosciencebc.com.



Acknowledgments

Geoscience BC would like to thank all authors and reviewers of the Summary of Activities papers for their contributions to

this volume. RnD Technical is also thanked for their work in editing and assembling the volume.

Christa Pellett

Project Co-ordinator

Geoscience BC

www.geosciencebc.com

vi Geoscience BC Summary of Activities 2016



Contents

Energy Projects

A.M.M. Bustin and R.M. Bustin: Monitoring and risk
assessment of anomalous induced seismicity due to
hydraulic fracturing in the Montney Formation,
northeastern British Columbia . . . . . . . . . . . . . . . . . . . . 1

A. Babaie Mahani, H. Kao, J. Johnson and C.J. Salas:
Ground motion from the August 17, 2015, moment
magnitude 4.6 earthquake induced by hydraulic
fracturing in northeastern British Columbia . . . . . . . . . . 9

B.J.R. Hayes, B. Nassichuk, R. Bachman, J.S. Clarke,
R. Wust and K. Michaud: Identification and
evaluation of new resource oil plays in northeastern
British Columbia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

B. Wang, R. Harrington, Y. Liu and H. Kao: Remote
dynamic triggering of earthquakes in three Canadian
shale gas basins, northeastern British Columbia and
Alberta, Northwest Territories and New Brunswick:
progress report. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

P.L. Silva and R.M. Bustin: Status report on petroleum
system analysis study of the Triassic Doig Formation,
Western Canada Sedimentary Basin, northeastern
British Columbia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

T.K. Wilson and R.M. Bustin: Unconventional petroleum
systems analysis of Upper Devonian organic-rich
shale units in the Horn River and Liard basins,
northeastern British Columbia and adjacent western
Alberta: preliminary report . . . . . . . . . . . . . . . . . . . . . . 29

N. Vaisblat, N.B. Harris, C. DeBhur, T. Euzen, M.
Gasparrini, V. Crombez, S. Rohais, F. Krause
and K. Ayranci: Diagenetic model for the deep
Montney Formation, northeastern British Columbia . . . 37

J.N. Owen and R.M. Bustin: Implications of the inorganic
geochemistry of flowback water from the Montney
Formation, northeastern British Columbia and
northwestern Alberta: progress report . . . . . . . . . . . . . . 49

A. Gupta, M. Xu, H. Dehghanpour and D. Bearinger:
Preliminary report on hydration-induced swelling
of shale in the Horn River Basin, northeastern
British Columbia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

S.E. Morgan, D.M. Allen, D. Kirste and C.J. Salas:
Investigating the role of buried valley aquifer
systems in the regional hydrogeology of the Peace
River region, northeastern British Columbia. . . . . . . . . 63

S. Abadzadesahraei, S.J. Déry and J. Rex: Quantifying
the water balance of Coles Lake in northeastern
British Columbia using in situ measurements and
comparisons with other regional sources of water
information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

C. Evans and M.J. Whiticar: British Columbia Natural Gas
Atlas project: 2016 project update . . . . . . . . . . . . . . . . 75

W.L. Quinton, J.R. Adams, J.L. Baltzer, A.A. Berg, J.R.
Craig and E. Johnson: Consortium for Permafrost
Ecosystems in Transition: traversing the southern
margin of discontinuous permafrost with hydrological,
ecological and remote sensing research, northeastern
British Columbia and southwestern Northwest
Territories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

K. Palmer-Wilson, W. Walsh, J. Banks and P. Wild:
Techno-economic assessment of geothermal energy
resources in the Western Canada Sedimentary Basin,
northeastern British Columbia. . . . . . . . . . . . . . . . . . . . 87

Minerals Projects

B.E. Madu: Search project: Phase II activities in west-
central British-Columbia . . . . . . . . . . . . . . . . . . . . . . . . 91

W. Jackaman: Ongoing development of British
Columbia’s regional geochemical database using
material saved from previous field surveys. . . . . . . . . . 95

D.A. Sacco, W. Jackaman, R.E. Lett and B. Elder:
Identifying mineral exploration targets in the TREK
project area, central British Columbia, using a
multimedia and multivariate analysis of geochemical
data and a preliminary method of sediment transport
modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

P.W.G. van Geffen and E.B. Bluemel: Clay-fraction
till geochemistry of the TREK project area, central
British Columbia: progress report . . . . . . . . . . . . . . . . 113

E.B. Bluemel and P.W.G. van Geffen: Adding value to
regional till geochemical data through exploratory
data analysis, TREK project area, central British
Columbia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

R.L. Chouinard, P.A. Winterburn, M. Ross and
R.G. Lee: Surficial geochemical footprint of buried
porphyry Cu-Mo mineralization at the Highland
Valley Copper operations, south-central British
Columbia: project update . . . . . . . . . . . . . . . . . . . . . . 125

R. Yehia, D.R. Heberlein and R.E. Lett: Rapid, field-
based hydrogeochemical-survey analysis and
assessment of seasonal variation using a field-
portable photometer and voltammeter, Marmot
Lake NTS area, south-central British Columbia . . . . . 133

D.R. Heberlein and C.E. Dunn: Preliminary results of
a geochemical investigation of halogen and other
volatile compounds related to mineralization, part 1:
Lara volcanogenic massive-sulphide deposit,
Vancouver Island . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

D.R. Heberlein and C.E. Dunn: Preliminary results of
a geochemical investigation of halogen and other
volatile compounds related to mineralization, part 2:
Mount Washington epithermal gold prospect,
Vancouver Island . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

Geoscience BC Report 2017-1 vii



C.J.R. Hart and S. Jenkins: Surficial geochemical map
packages for British Columbia porphyry systems . . . . 159

J.K. Mortensen, K. Lucas, J.W.H. Monger and
F. Cordey: Synthesis of U-Pb and fossil age,
lithogeochemical and Pb-isotopic studies of the
Paleozoic basement of the Quesnel terrane in
south-central British Columbia and northern
Washington state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

F. Bouzari, C.J.R. Hart, T. Bissig and G. Lesage:
Mineralogical and geochemical characteristics of
porphyry-fertile plutons: Guichon Creek,
Takomkane and Granite Mountain batholiths,
south-central British Columbia . . . . . . . . . . . . . . . . . . 189

R.J. Chapman, D.A. Banks and C. Spence-Jones:
Detrital gold as a deposit-specific indicator mineral,
British Columbia: analysis by laser-ablation
inductively coupled plasma–mass spectrometry . . . . . 201

K. Byrne, G. Lesage, S.A. Gleeson and R.G. Lee: Large-
scale sodic-calcic alteration around porphyry copper
systems: examples from the Highland Valley Copper

district, Guichon batholith, south-central British
Columbia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

D.F. McLeish, A.E. Williams-Jones and W.S. Board:
Nature and origin of the Brucejack high-grade
epithermal gold deposit, northwestern British
Columbia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

M.E. Campbell and J.H. Dilles: Magmatic history of the
Kerr-Sulphurets-Mitchell copper-gold porphyry
district, northwestern British Columbia . . . . . . . . . . . 233

T. Höy and G.M. DeFields: Geology of the northern
extension of the Rock Creek graben, Christian
Valley map area, south-central British Columbia . . . . 245

F.A. Cook: Merging geological, seismic-reflection and
magnetotelluric data in the Purcell Anticlinorium,
southeastern British Columbia . . . . . . . . . . . . . . . . . . 257

M.J. Flynn and B.E. Madu: Unlocking the value of
open data in British Columbia: a Mining Industry
Knowledge Hub . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

viii Geoscience BC Summary of Activities 2016



Monitoring and Risk Assessment of Anomalous Induced Seismicity Due to
Hydraulic Fracturing in the Montney Formation, Northeastern British Columbia

A.M.M. Bustin, The University of British Columbia, Vancouver, BC, abustin@eos.ubc.ca

R.M. Bustin, The University of British Columbia, Vancouver, BC

Bustin,, A.M.M. and Bustin, R.M. (2017): Monitoring and risk assessment of anomalous induced seismicity due to hydraulic fracturing in
the Montney Formation, northeastern British Columbia; in Geoscience BC Summary of Activities 2016, Geoscience BC, Report 2017-1,
p. 1–8.

Introduction

Shale gas operations in northeastern British Columbia

(NEBC) have induced the largest occurrence and magni-

tude of anomalous induced seismicity (AIS) due to hydrau-

lic fracturing. Occurrences of AIS with magnitudes of up to

ML 4.6 have been recorded in seven clusters within the

Montney play due to hydraulic fracturing (Figure 1). Two

of these clusters have been linked to waste-water disposal

and another five to hydraulic fracturing. Environmental and

safety concerns associated with wellbore damage resulting

from AIS are important, as are public concerns, especially

as shale-gas extraction is expected to ramp up over the next

several years.

The goal of this Geoscience BC research project is to better

understand AIS due to hydraulic fracturing in NEBC. The

project is designed to investigate the variables and pro-

cesses controlling AIS and its associated ground motions,

as well as to investigate and develop methods or protocols

for the reduction and mitigation of the seismicity. The pro-

gram has two objectives in order to accomplish these goals:

• build and deploy additional accelerograph and three-

component (3C) seismometer sensors (up to 15 addi-

tional sensors during the tenure of the grant) to monitor

hydraulic fracturing in the Montney Formation for the

purpose of mitigating AIS through the development of a

traffic-light/early-warning protocol based on ground

motions, and to develop attenuation models (i.e., the re-

lationship between magnitude and ground motions)

• develop probabilistic hydrogeomechanical models for

the occurrence and magnitude of AIS due to hydraulic

fracturing in the Montney Formation by integrating data

from field studies and laboratory analysis into numeric-

al simulations

The data necessary to develop an effective AIS traffic-light

protocol (TLP) based on ground motions will be provided

by expanding the currently operational five-sensor array.

These sensors are low cost, mobile and easy to deploy (sen-

sors need only be buried beneath any loose material using a

shovel), consisting of both an accelerograph and 3C seismom-

eter to cover the full frequency bandwidth necessary for

monitoring both microseismicity and AIS, as well as accu-

rately measure ground motions. The design for the sensors

was modified from that developed at the University of Brit-

ish Columbia (UBC) and currently deployed for British Co-

lumbia’s earthquake early-warning system and, hence, is

extensively tested and proven technology. The sensors will

be instrumental in providing industry with an efficient, ac-

curate and inexpensive monitoring option for the BC Oil

Geoscience BC Report 2017-1 1
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Figure 1. Anomalous induced seismicity in northeastern British
Columbia from 1985 to 2000 (red circles) and from 2000 to 2015
(yellow circles). The Eagle cluster is related to conventional pro-
duction and secondary recovery; the Graham and Pintail clusters
are associated with waste-water injection; the Etsho and Tattoo
clusters are linked to hydraulic fracturing in the Horn River Basin;
whereas the remaining five clusters are linked to hydraulic fractur-
ing in the Montney play.



and Gas Commission’s collaborative monitoring model. The

array will be used to densely monitor the hydraulic fractur-

ing of 3–5 multilateral well pads in the Montney play and to

obtain a dataset of reliably located events and associated

ground motions. The spatiotemporal and magnitude-fre-

quency distributions of microseismicity, AIS and associ-

ated ground motions will be analyzed to develop TLP. The

increased positional accuracy of source locations and mag-

nitudes will be calibrated with, and integrated into, the Ca-

nadian National Seismograph Network (CNSN), as well as

any commercial arrays put in place by industry partners.

Monitoring of the array will provide a better understanding

of the relationship between ground motions and magni-

tudes for induced events and assist in the development of an

attenuation relationship for the Montney Formation.

Earth models for the monitored regions will be developed

to better understand the processes resulting in AIS, quan-

tify the sensitivity of the occurrence and magnitude of the

AIS to the hydrogeomechanical parameters, identify re-

gions with higher probability of encountering critically

stressed faults and provide estimates of maximum-event

magnitudes, as well as test mitigation techniques. The mod-

elling parameters will be obtained from the seismic moni-

toring as well as the analysis of well logs, injection fall-off

tests and ‘mini fracs’, and combined with the hydraulic-

fracture stimulation parameters provided by industry part-

ners. The results from geomechanical tests being under-

taken in sister studies at UBC will provide further metrics

for the modelling. The field and laboratory data will be

linked to numerical simulations incorporating advanced 3-

D hydrogeomechanical bonded-block distinct-element

modelling (3DEC™), which uses algorithms to estimate

event magnitudes from simulated induced seismicity.

Background

British Columbia (BC) has tremendous resources of natural

gas (estimated at ~8.5 x 1013 m3) in mainly low-permeabil-

ity rocks, which require hydraulic fracturing to achieve

economic production rates (BC Ministry of Energy and

Mines, 2011). It is estimated that natural gas will contribute

some 100 billion dollars over the next 30 years to the BC

economy and at the same time reduce greenhouse-gas emis-

sions (BC Ministry of Energy and Mines, 2012). To supply

five liquefied natural gas (LNG) export facilities would re-

quire an estimated 40 000 additional wells in NEBC by the

year 2040 (Paulson, 2015). Reducing and mitigating AIS

associated with hydraulic fracturing as well as other geo-

hazards, minimizing water use, and developing more effec-

tive and efficient fracturing techniques are important chal-

lenges that must be met for this development to be

economically and environmentally viable.

Anomalous induced seismicity is a known risk in any earth-

engineering project that changes the effective stress in a

rock mass. Such a change in effective stress can result from

injecting or extracting fluids from the Earth during activi-

ties associated with energy technologies. The most notable

example of fluid-disposal–induced seismicity occurred in

Denver, Colorado, in the 1960s, when liquid-waste dis-

posal at the Rocky Mountain Arsenal resulted in a series of

magnitude 4 events. The largest was a magnitude 4.8 event

in 1967, which caused half a million dollars in minor struc-

tural damages. Subsequent research (e.g., Healy et al.,

1968; Van Poollen and Hoover, 1970; Hsieh and Brede-

hoeft, 1981) indicated a strong relationship between injec-

tion volumes and earthquake frequency; it was generally

agreed that the seismicity could be described by the

Hubbert-Rubey mechanism (Hubbert and Rubey, 1959),

which is in accordance with the Mohr-Coulomb failure cri-

terion (τ = μ[ρn – p]). In this mechanism, shear failure oc-

curs on pre-existing failure surfaces as a result of fluid in-

jection, which increases the pore pressure and, hence,

reduces the effective normal stress. The reduction in effec-

tive normal stress lowers the critical shear stress on the fail-

ure surface, bringing the stress regime into a state of failure.

This is the mechanism generally used to describe all fluid-

injection–induced seismicity. In general, the fluid injection

increases the pore pressure in the vicinity of the injection

source, which then diffuses along natural and induced

planes of weakness (e.g., fractures, faults, joints and bed-

ding planes) into pre-existing faults that slip once the pore

pressure exceeds the critical threshold.

The hydraulic fracturing of reservoirs typically only in-

duces microseismicity (M<0). However, stronger events,

up to magnitude 1, are known to occur when increased pore

pressures penetrate pre-existing faults (e.g., Warpinski et

al., 2012). There are four known exceptional regions where

hydraulic fracturing has induced seismicity with greater

magnitudes: Oklahoma (Holland 2011, 2013) and Ohio,

United States (Skoumal et al., 2015); Blackpool, England

(de Pater and Baisch, 2011; Clarke et al., 2014); and the

Western Canada Sedimentary Basin (BC Oil and Gas Com-

mission 2012, 2014; Schultz et al. 2015a, b).

Shale-gas operations in NEBC, within the Western Canada

Sedimentary Basin, have induced the largest occurrence

and magnitude of AIS due to hydraulic fracturing (BC Oil

and Gas Commission, 2014). Occurrences of AIS have

been recorded in seven clusters within the Montney play,

with magnitudes of up to ML 4.6. Two of these clusters have

been linked to waste-water disposal and another five to re-

gions where hydraulic fracturing of the Montney shale-gas

play occurs (BC Oil and Gas Commission, 2014). Although

some events have been felt, the remote location and magni-

tude of the seismicity did not cause any damage or pose any

risk of harm to the public or the environment in NEBC.

However, given the current public and media perception of

hydraulic fracturing of shale-gas reservoirs, simply alert-

ing the public to the issue can cause problems for the indus-
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try’s development plans. The lower population in NEBC

has helped industry avoid significant media attention, but

safety and social concerns due to ground motions, in addi-

tion to environmental concerns associated with potential

aquifer and wellbore damage (BC Oil and Gas Commis-

sion, 2012) resulting from AIS, are important issues, which

are likely to worsen as more wells are drilled to meet

proposed LNG commitments.

Regions where the risk is higher of inducing large events

can be identified through hydrogeomechanical modelling

and probabilistic risk assessment (e.g., Gischig and Wie-

mer, 2013; Hakimhashemi et al., 2014; Bommer et al.,

2015; Hajati et al., 2015; Rutqvist et al., 2015; Tutuncu and

Bui, 2016). Such assessments require a large quantity of

data, which has yet to be integrated for the Montney Forma-

tion in NEBC. Even though research has provided a better

understanding of the processes and parameters controlling

the magnitude and occurrence of large induced events and

identifying higher risk regions, it is currently impossible to

measure or model the heterogeneity and scale necessary to

prevent all induced events. Therefore, it is also necessary to

develop and implement protocols for mitigating events.

The events induced by fluid injection typically increase in

magnitude and distance from the injector with time due to

the diffusion of pore pressures (Figures 2, 3; e.g., Baisch

and Harjes, 2003; Baisch et al., 2006; Baisch et al., 2010;

Shapiro et al. 2011). The occurrence of events with increas-

ing magnitude and distance from the injector can thus be

considered precursor events and TLP are typically used to

determine the nature and timing of the actions that should

be taken in an attempt to mitigate larger future events (Fig-

ure 4; e.g., Bommer et al. 2006; Bachmann et al., 2011;

Maxwell, 2013; Mignan et al., 2015). A TLP has yet to be

developed for the Montney, where the current regulation

simply requires all injected activities to stop after a magni-

tude 4 event. However, it is not the magnitude of an event,

but the intensity of the ground shaking that controls

whether an event is felt and causes damage. Therefore, the

development of a traffic-light protocol requires an under-

standing of the ground motions and attenuation of seismic

waves, in addition to understanding the spatiotemporal and

magnitude-frequency distribution of events, and the nature

of the actions that may help mitigate the increase in magnit-

ude and occurrence of events.

Objectives

In order to investigate the hydrogeomechanical parameters

and processes controlling AIS and its associated ground

motions in NEBC, as well as to develop methods or proto-

cols for reducing and mitigating AIS, this research program

has two objectives, which are described in detail below.

Develop Protocols to Manage and Mitigate AIS

The main objective of this study is to develop effective TLP

for mitigating AIS based on ground motions for the

Montney Formation in NEBC. An array of five accelero-

graph and 3C-seismometer sensors with telemetry for real-

time monitoring of fluid injection activities has been de-

signed and built for this purpose. The design for the sensors

was modified from those built for BC’s earthquake early-

warning system. The array will be expanded to densely

monitor 3–5 hydraulic-fracturing stimulations in the Mont-

ney play to obtain a dataset of reliably located events and

associated ground motions due to AIS. The spatiotemporal

and magnitude-frequency distributions of microseismicity,

AIS and the associated ground motions will be analyzed to

develop TLP based on ground motions. The goal to devel-

oping TLP, and combining them with current research on
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Figure 2. Graphical representation of pore pressure ver-
sus distance from an injector during injection (solid curve)
and following shut-in (dotted curve), illustrating the pro-
cess of pore-pressure diffusion. After shut-in, a larger area
of a fault experiences elevated pore pressures resulting in
larger magnitude events (modified from Baisch et al.,
2006).

Figure 3. Example of the increase in distance from the injector
(top) and the magnitude of earthquakes (bottom) during injection
and following shut-in. Example is drawn from the enhanced geo-
thermal project at Soutlz-sous-Forêts in France (modified from
Baisch et al., 2010).



reservoir geomechanics, is to develop real-time adjust-

ments to completion programs for mitigating AIS and, at

the same time, optimize the stimulation. The data from the

monitoring arrays will also be used to develop an attenua-

tion relationship for predicting ground motions from the

magnitude of AIS in the Montney Formation.

Reducing AIS through Hydrogeomechanical
Modelling

Hydrogeomechanical modelling will help prevent AIS due

to hydraulic fracturing in NEBC by providing a better un-

derstanding of the relative importance of hydrogeomech-

anical parameters, by identifying regions with a higher

probability of hosting critically stressed faults, and by pro-

viding insights into the maximum magnitude of events.

Mitigation techniques will also be investigated through

modelling. The modelling parameters will be obtained

from the results of the seismic monitoring and the analysis

of well logs, injection fall-off and mini-frac tests, combined

with the hydraulic-fracture stimulation parameters pro-

vided by industry partners and geomechanical tests being

undertaken in sister studies at UBC. The field and labora-

tory data will be integrated into numerical simulations us-

ing 3DEC™, a discontinuum-modelling code based on

distinct-element method (DEM) software developed by

Itasca™ Consulting Group, Inc.

Methods and Approaches

There are two components to the research: a field compo-

nent, whereby the array will allow hydraulic-fracture com-

pletions to be densely monitored, and a hydrogeomechan-

ical modelling component. These approaches will be

investigated in parallel, with results from the field studies

being combined with ancillary data provided by laboratory

analyses and industry collaborators providing the metrics

for the modelling portion of the study.

Densely Monitoring Hydraulic Completions

Working with the Earthquake Engineering Research Facil-

ity (EERF) at UBC, the authors designed and built a five-

station array of sensors, which include an accelerograph

(Tetra 2) and a 3C seismometer. The design for the sensors

was modified from the EERF’s early earthquake detectors

installed in BC schools for BC’s earthquake early-warning

system (http://globalnews.ca/news/2429129/early-

warning-system-successfully-detects-b-c-earthquake/).

The Tetra 2 accelerometers, which consist of 78 microelec-

tromechanical systems (MEMS), are custom built based on

the Tetra 1 sensors designed, built and installed for BC’s

earthquake early-warning system. The units are powered

by a solar panel with an absorbed glass mat (AGM) deep-

cycle battery and an uninterruptible power supply (UPS)
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Figure 4. Example of a traffic-light protocol developed for mitigating anomalous induced seismicity due to hy-
draulic fracturing in the Bowland Shale in England (modified from de Pater and Baisch, 2011).



gel battery inside the pelican box for backup. The pelican

box also encloses a GPS as well as a next unit of computing

(NUC) to store the data and run the system. The configura-

tion and a photo of the field setup of one of the units are

shown in Figure 5. The accelerograph and seismometer

have individual enclosures, which are approximately 10 by

5 by 20 cm and need only be buried under any loose mate-

rial using a shovel.

The first test-monitoring project for the array is complete

and the data is currently being processed. Following the

first test, the stations were upgraded to include the 3C seis-

mometers and telemetry by cell-phone modem to enable

real-time monitoring. Additional modifications to reduce

power consumption, due to the remoteness of the deploy-

ment areas, are currently underway. Following the next de-

ployment, the array of inexpensive and easily deployable

stations will be expanded in such a way as to allow 3–5

completions to be densely monitored (ideally 10 stations

over a 10 by 10 km area) in real-time over a short period of

time to obtain a dataset of reliably located events and the as-

sociated ground motions. The goal is to monitor hydraulic-

fracturing stimulations of pads in the Montney play oper-

ated by industry collaborators, as well as by operators of

nearby pads, through a collaborative model. The arrays will

be integrated with downhole or surface (depending on the

operators’ preference) microseismic monitoring arrays. A

major hydraulic-fracturing service company operating in

NEBC has also offered to work with them on operations

with certain clients. The design criteria of the arrays will

depend on the surface geology, microseismic monitoring

array, the location of nearby monitoring arrays, as well as

the number of sensors that are available.

The spatiotemporal and magnitude-frequency distributions

of microseismicity, AIS and the associated ground motions

will be analyzed to develop TLP. Similar waveforms from

the same fault system will first be grouped together through

cross-correlations (events rupturing the same fault system

will have similar waveforms), then the post-injection time-

lag and magnitude increase will be quantified to better un-

derstand pore-pressure diffusion and the resulting

spatiotemporal distribution. In addition to developing TLP

for regions of NEBC, the data will be used to develop an at-

tenuation relationship for NEBC, to better understand the

relationship between ground motions and recorded magnit-

udes.

The increased positional accuracy of source locations and

magnitudes will be integrated and calibrated with the
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Figure 5. Configuration (left) and photo of the field setup (right) of one of the accelerograph and 3C-seismometer sensors used to monitor
hydraulic fracturing in the Montney Formation. Abbreviations: AGM, absorbed glass mat; Ah, amp hour; FTDI, Future Technology Devices
International; GPS, global positioning system; NUC, next unit of computing; UPS, uninterruptible power supply; USB, universal serial bus;
V, volt.



CNSN, as well as any commercial arrays deployed by in-

dustry partners. The calibration of the data from the study’s

monitoring arrays with that provided by other sensor types

will aid in understanding hypocentre accuracy and magni-

tude distributions and thresholds, as well as serve as a com-

parison to illustrate the advantages provided by these sen-

sors. Additionally, the monitoring projects will help

optimize the design criteria for monitoring arrays in NEBC.

Hydrogeomechanical Modelling

Hydrogeomechanical modelling provides the opportunity

to evaluate the potential response of naturally stressed rock

to fluid injection under various conditions. The first step of

the modelling is to create a database of the parameters

needed to create a hydrogeomechanical model. The neces-

sary parameters include: 3-D stress profiles; pore pressure;

rock mechanical properties (including those for fault char-

acterization); spacing, geometry, and orientation of natural

and induced fractures and faults; and bedding thickness and

orientation. In order to determine the above parameters,

agreements are in place with many operators in NEBC to

provide data and/or interpretations from well-pressure

tests, well logs, and seismic and microseismic monitoring.

Information on completions, including wellbore pressures,

injected volumes and rates, type and amount of proppant,

and flow-back volumes and rates, in addition to well de-

signs, are also being obtained.

To establish metrics for the hydrogeomechanical and reser-

voir models, laboratory tests will be combined with inter-

pretation and analysis of well logs and well tests, in addi-

tion to the results of the seismic monitoring. Part of the

research will involve characterizing the relationship be-

tween the lithostratigraphy, rock moduli (mechanical stra-

tigraphy) and the established or estimated in situ stress field

to better predict the fracture fabric that will be induced with

various drilling and hydraulic-fracturing strategies. There-

fore, a necessary component of the research involves the

detailed analysis and integration of petrophysical proper-

ties, including stress-dependent permeability and porosity,

measurement of rock moduli from triaxial tests on core, and

stress-dependent acoustic P- and S-wave velocities at vari-

ous degrees of saturation and pore pressure. These data,

when combined with analysis of calibrated wireline dipole

sonic and dipole shear logs and well tests, will contribute to

upgrading the regional stress map of NEBC at a scale that

can be integrated into a geohazard map. Using EXbase1 and

UBC data allows access to a broad sampling of rock mech-

anical data that provide a starting point for the study.

Once the hydrogeomechanical parameters are collected,

they will provide inputs for simulating seismicity induced

by the monitored hydraulic completions using a 3-D mod-

elling program. Each recorded event with a magnitude >1

will first be associated with a stage of hydraulic fracturing,

by allowing for large time windows to account for post-in-

jection seismicity and by considering the event’s location

with respect to the perforations and previous events. The

hydrogeomechanical and completion parameters from

those stages, laterals, regions and fields that induced seis-

micity will be compared with the parameters from those

that did not. Relating each induced event with a period of

fluid injection will also allow the spatial and temporal dis-

tribution of the events to be examined. Understanding the

migration in time and space of the occurrence and magni-

tude of the seismicity will provide insight into the pore-

pressure diffusion taking place.

The first stage of the hydrogeomechanical modelling will

involve history matching specific hydraulic-fracturing

stages to match the spatial and temporal pattern of the seis-

micity and microseismicity as well as the wellbore-pres-

sure variations that were monitored. The history matching

will provide insight into the source parameters of the in-

duced seismicity as well as into the mechanisms taking place.

A complete parametric analysis will then be conducted on

the best-fit models by comparing the occurrence and maxi-

mum magnitude of induced seismicity for variations in the

hydrogeomechanical parameters, including the stress field,

rock mechanical properties and structural setting. Paramet-

ric analysis will be used to determine which variables are

controlling the induced seismicity, to identify regions with

a higher probability of hosting critically stressed faults and

to provide insights into the maximum possible magnitude

of events. For comparison, stages which only induced mic-

roseismicity will also be history matched and the sensitivity

of the parameters will be analyzed.

Different mitigation techniques will also be tested using

hydrogeomechanical modelling, such as the impact of re-

ducing or stopping injection at different thresholds and

flow-back volumes, and controlling leak-off rates by modi-

fying the completion-fluid chemistry. Another technique

involves varying the hydraulic-fracturing parameters (i.e.,

wellbore pressures, injected volumes and rates, type and

amount of proppant, and flow-back volumes and rates) and

well designs, which can help optimize disposal and com-

pletions. For example, the effect of zipper fracturing, si-

multaneous fracturing, number of stages, injection rates

and pressures, fluid viscosity, as well as orientation,

spacing and pattern of laterals can also be examined.

The current model of choice is 3DEC™, a discontinuum-

modelling code based on DEM software The utility of this

program was evaluated by first using UDEC™ (Universal

Distinct Element Code), the two dimensional version of the

numerical software developed by Itasca™ Consulting

Group, Inc., to model both pore-pressure buildup and its

6 Geoscience BC Summary of Activities 2016

1EXbase is a proprietary historical database of mainly geochem-
ical data.



diffusion along rock discontinuities into a critically

stressed fault in response to fluid injection and the subse-

quent changes to the effective stress field (Figure 6). The

problem domain is discretized into blocks, where the

boundaries represent fractures/joints/faults or planes sub-

ject to possible failure. Failure occurs by both shear slip and

dilation along the pre-specified surfaces; therefore, both

shear and normal displacements can be quantified. The

Mohr-Coulomb slip model with residual strength is used to

quantify the displacements. The blocks are subdivided into

a mesh of finite difference elements and their deformation

is modelled based on the basic Mohr-Coulomb slip crite-

rion. A coupled hydrogeomechanical analysis models the

fluid flow through the discontinuities, whereas the blocks

are impermeable.

Legacy

In addition to the development of methods and protocols

for the reduction and mitigation of AIS in the Montney For-

mation in NEBC, the legacy of this research will be the

commissioning of up to 15 mobile sensors that can be opti-

mally positioned throughout field development as needed.

In addition, a world-class research nexus is being created at

UBC–Geoscience BC dealing with AIS and hydraulic frac-

turing that will serve the province during the exploration

and exploitation of its vast shale-gas and shale-oil re-

sources during the next 40 years.
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Introduction

Analysis of earthquake ground motion from data recorded

by regional and local seismograph networks is essential in

understanding the potential seismic hazard in a region.

Ground motion prediction equations (GMPE) are routinely

developed and modified as more data become available,

then they are used to update the available seismic hazard

maps and building codes. However, the majority of the

available GMPE lack data resolution at distances close to

the source of the earthquakes. This lack of resolution is es-

pecially important with regard to the ground motion from

larger, shallow, fluid-injection–induced events, which has

the potential to damage the structures around the injection

point (Novakovic and Atkinson, 2015).

Earthquakes caused by fluid injection are now common in

central and eastern US (Keranen et al., 2014; Skoumal et

al., 2015) and western Canada in the provinces of Alberta

and British Columbia (Atkinson et al., 2016; Babaie

Mahani et al., 2016). Although damage from these induced

earthquakes has been observed after the larger magnitude

events, such as the moment magnitude (Mw) 5.7 earthquake

in November 2011 in Prague, Oklahoma (Keranen et al.,

2013), smaller events in western Canada with magnitudes

of 4 and higher (Atkinson et al., 2015; Eaton and Babaie

Mahani, 2015; Babaie Mahani et al., in press) also require

special attention due to the shallow depth of these events.

On August 17, 2015, an Mw 4.6 event occurred in the north-

ern Montney play of British Columbia (BC), in an area

where intensive hydraulic fracturing and long-term injec-

tion of gas and wastewater have taken place for decades

(Babaie Mahani et al., in press). The regional seismo-

graphic stations operated by Natural Resources Canada

(NRCan) in the area are too sparse to provide ground mo-

tion data at close distances. However, a local seismograph

network owned by Progress Energy Canada Ltd. (Progress

Energy) provided a unique dataset ranging in distance from

5 to 100 km (Figure 1a). Waveforms from this event, how-

ever, were clipped at epicentral distances as far as ~40 km,

therefore, direct observation of maximum ground motion

amplitudes is not possible. In this paper, ground motion am-

plitudes from the Mw 4.6 event at the clipped stations are es-

timated using the unclipped waveforms from an aftershock

(Mw 3.0), which happened approximately three hours after

the main shock.

Database

In this study, the availability of data from the Progress En-

ergy three-component broadband sensors (Figure 1a), situ-

ated close to the hydraulic fracturing operations, provided

an excellent opportunity to investigate the level of ground

motion at close distances caused by induced events. Fig-

ure 1b shows seismicity and injection activity during the

months of August and September 2015. Earthquakes are

well clustered around the hydraulic fracturing wells.

Babaie Mahani et al. (in press) studied seismic activity and

fluid injection in this region from October 2014 to the end

of 2015. It was found that events are better correlated in

space and time with hydraulic fracturing than other types of

fluid injection in the area. Events occurred at shallow

depths (<2.5 km) on northwest-trending thrust faults, based

on results from double difference relocation and moment

tensor inversion (Babaie Mahani et al., in press).

Figure 2 shows sample raw waveforms (horizontal east-

west component) from the three largest events in August

and September 2015. For the August 17, Mw 4.6 event,

waveform amplitudes were clipped at distances as far as

~40 km from the epicentre whereas waveform clipping was

observed only at the closest station for the September 2,

Mw 3.2 event (epicentral distance 7.5 km). None of the

waveforms from the Mw 3.0 event on August 17 were
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clipped. Acceleration time series were obtained from the

unclipped waveforms by removing the instrument response

and filtering the waveforms using a second-order Butter-

worth bandpass filter with corner frequencies of 0.5 and

12 hertz (Hz). Figure 3 shows the three-component peak

ground acceleration (PGA) versus epicentral distance for

the events shown in Figure 2. In Figure 3, only values from

the unclipped waveforms are shown.

Ground Motion Amplitude from the
Mw 4.6 Event

Ground motion at close distances provides insights into the

hazard potential of moderate-sized induced earthquakes

(magnitudes of 4 and higher) to nearby structures. Analysis

of ground motion from possibly induced earthquakes in the

magnitude range of 3.8–4.4 in the Western Canada Sedi-

10 Geoscience BC Summary of Activities 2016

Figure 1. a) Seismic activity from 1985 to 2016 in the northern Montney play of British Co-
lumbia from Natural Resources Canada (NRCan) earthquake catalogue (Natural Re-
sources Canada, 2016). The inset shows the region in North America. Boundary of the
Montney shale gas play is shown with a black outline. The black box is the area shown in
1b. b) Seismic activity during the months of August and September 2015 from the Progress
Energy Canada Ltd. (Progress) earthquake catalogue. The location of all wastewater dis-
posal and gas injection wells that have been active in this area in the past five years are
shown (circles). Hydraulic fracturing is shown for the months of August and September
only (triangles). The star is the location of the moment magnitude (Mw) 4.6 event on August
17, 2015. Background image from Linquist et al. (2004).
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mentary Basin has revealed that this level of motion can be

potentially damaging to nearby infrastructure due to the

shallow depths of these events, although the lower stress

drop as a result of shallow focal depths might limit the high

frequency content of the ground motion (Atkinson, 2015;

Atkinson et al., 2015). Although broadband waveform

clipping as a result of instrument limitation can be com-

mon, especially at close distances (Yang and Ben-Zion,

2010), it can lead to a critical knowledge gap in characteriz-

ing the distribution of near-field ground motion when co-

located strong-motion data are not available. In this case,

innovative efforts should be made to derive as much ground

motion information as possible from the available imper-

fect dataset. Here, unclipped waveforms from a smaller

aftershock (August 17, 2015, Mw 3.0) that occurred ap-

proximately three hours after the Mw 4.6 event were used as

a reference dataset to estimate the ground motion ampli-

tudes for the clipped waveforms from the larger event. Both

events occurred in proximity of each other with similar

source and depth characteristics and were recorded by the

same stations.

The total energy of a unit mass at a recording station can be

related to the seismic moment, M0, as

Δσ
μ

ρπ
2

20

2
2

2
M

A

T
= (1)

(Lay and Wallace, 1995), where Δσ is the stress drop, µ is

the shear modulus, ρ is density and A is the amplitude of a

wave with period T. By rearranging equation (1), a relation-

ship can be found between the seismic moment and ampli-

tude:

M
A

T
0

2
2

2
4= μρπ

σΔ
(2)

Here, it is assumed that µ, ρ and Δσ are similar for the two

events, although, stress drop can vary from one event to an-

other depending on depth and magnitude. With these as-

sumptions, the ratio of seismic moments for the two events

becomes

M

M

A

A

0 4 6

0 3 0

4 6

2

3 0

2

, .

, .

.

.

= (3)

In equation (3), subscripts 4.6 and 3.0 refer to the Mw 4.6

and 3.0 earthquakes, respectively. The Mw 3.0 event gener-

ated a PGA value of ~10 cm/s2 (A3.0) at the closest distance

of ~5 km on the north-south component (Figure 3b). Con-

sidering the seismic moment ratio of ~300 between the two

events (i.e., M0,4.6/M0,3.0 = 300), the peak amplitude of

ground acceleration generated by the Mw 4.6 event at this

distance (~5 km) can be estimated to be ~173 cm/s2

(~17% gravity [g]). Ground motion from the Mw 3.0 event

at a distance of ~40 km is ~0.5 cm/s2 on the north-south

component, therefore, the equivalent ground motion at this

distance for the Mw 4.6 event could be ~9 cm/s2.

Figure 4 shows the estimated, three-component PGA val-

ues as a function of epicentral distance for the Mw 4.6 event.

For distances >40 km, the estimated values can be verified

by the observed ones from unclipped waveforms (triangles,

Figure 4). The good match between the estimated and ob-

served data points confirms the validity of equation (3).

The felt threshold (0.3% g), damage threshold (6.2% g) and

moderate damage threshold (22% g) levels shown in Fig-

ure 4 are based on Worden et al. (2012). From the observed

values in Figure 4, the Mw 4.6 event could have been felt at

distances as far as 60 km from the epicentre. This is consis-

tent with the felt reports received by NRCan with some

coming from far away communities, such as Charlie Lake,

BC (located ~100 km to the southeast of the Mw 4.6 epi-

centre). Also, based on the results shown in Figure 4, the

zone of potential damage could be as far as ~10 km.

The uncertainty of the estimated PGA values for the Mw 4.6

event is an important factor that deserves further investiga-

tion. For the purpose of verification, the possible level of
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Figure 3. Three-component peak ground acceleration (PGA) versus epicentral distance for the three largest events in August and Septem-
ber 2015: a) east-west component, b) north-south component, and c) vertical component. Waveforms were recorded by the seismographic
stations operated by Progress Energy Canada Ltd. Waveforms were filtered between 0.5 and 12 hertz (Hz) using a second-order
Butterworth bandpass filter. Only values from unclipped waveforms are shown. Abbreviation: Mw, moment magnitude.



errors when equation (3) is used for ground motion predic-

tion is quantitatively assessed. Specifically, the Mw 3.0

event is first used to estimate the PGA values of the Mw 3.2

event on September 2, which had only one clipped wave-

form at the closest epicentral distance of 7.5 km (Figure 2).

The estimated values for distances >7.5 km were then com-

pared to the observed ones measured directly from the un-

clipped waveforms and the results are shown in Figure 5.

For each data point in Figure 5, the epicentral distance for

the Mw 3.0 event (which is used to obtain the estimated

PGA) differs from that of the Mw 3.2 event by <5 km, thus

the propagation and attenuation effects are negligible.

Overall, the majority of the difference between observed

and estimated PGA values is a factor of ~3. It seems that

equation (3) tends to overestimate the PGAby a factor of ~2

for most data points at distances ≥40 km. In contrast, both

underestimation and overestimation can happen at closer

distances. Although it is difficult to determine the exact

cause of this discrepancy with this limited dataset, it could

be speculated that perhaps variations in local geological

setting and site condition could be important factors.

Finally, Figure 6 shows the estimated and observed PGA of

the geometric mean of the horizontal components from the

Mw 4.6 event versus hypocentral distance (the source depth

is set at 2 km). The solid line corresponds to the prediction

Geoscience BC Report 2017-1 13

Figure 5. Plot of the ratio between the observed and es-
timated peak ground acceleration (PGA) of the three
components for the September 2, 2015, moment magni-
tude (Mw) 3.2 event. Waveforms from the smaller August
17, 2015, Mw 3.0 event were used in the calculation us-
ing equation (3). Abbreviations: E, east-west compo-
nent; est., estimated; N, north-south component; obs.,
observed; Z, vertical component.

Figure 4. Estimated peak ground acceleration (PGA) for the a) east-west, b) north-south and c) vertical components of the August 17,
2015, moment magnitude (Mw) 4.6 event determined from the unclipped ground motion data of the smaller Mw 3.0 event using equation (3).
Values as high as ~173 cm/s

2
(~17% gravity) are estimated for places close to the epicentre (~5 km or less). The three thresholds (felt, dam-

age, moderate damage) are taken from Worden et al. (2012). The estimated PGA values are remarkably consistent with the observed ones
from unclipped waveforms at distances of >40 km (shown as grey triangles).

Figure 6. Estimated and observed peak ground acceler-
ation (PGA) values of the geometric mean of the hori-
zontal components from the Mw 4.6 event, August 17,
2015. Solid line (A15) corresponds to the prediction by
the Atkinson (2015) model. Dashed lines mark the ±0.37
deviation (in logarithmic unit) from the solid line, corre-

sponding to one standard deviation (σ) of the ground
motion prediction model.



by the Atkinson (2015) model for small to moderate events

at short hypocentral distances. This model is based on the

Next Generation Attenuation (NGA)-West2 database

(Ancheta et al., 2014) at hypocentral distances <40 km,

which is suitable for applications to seismic hazard from in-

duced earthquakes. Both the estimated and observed values

appear to be in good agreement with the prediction model

within its standard deviation (dashed lines, Figure 6).

Conclusion

Waveforms from the August 17, 2015, moment magnitude

(Mw) 4.6 event were clipped at distances up to ~40 km from

the epicentre; an indicator of large ground motion at close

distances. Using the unclipped ground motion from a

smaller Mw 3.0 aftershock, the authors estimate that the

peak ground acceleration (PGA) from the Mw 4.6 event

could have been as high as ~173 cm/s2 (~17% gravity) at an

epicentral distance of ~5 km. Although there was no re-

ported damage from this shallow induced event, ground

motion from this event could have exceeded the damage

threshold of structures if it had happened in a populated

area.
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Introduction

Horizontal drilling and multiple-stage hydraulic fracturing
(multi-frac) stimulation technologies have greatly aug-
mented gas and liquids resources and reserves in the uncon-
ventional reservoirs of British Columbia (BC) over the past
several years. However, little new unconventional oil po-
tential has been identified, even though substantial conven-
tional oil pools have been producing for decades. To ad-
dress this issue, Geoscience BC commissioned a study to
determine the potential for new tight oil exploration and ex-
ploitation fairways, accessible through modern drilling and
completions technologies.

Clarkson and Pedersen (2011) analyzed the spectrum of
known unconventional oil plays, and assigned them to
three categories:

• Tight oil plays—clastic or carbonate rock reservoirs
with low permeability, requiring horizontal drilling and
multi-frac stimulation to produce oil at economic rates.
The middle Bakken Formation sandstone of the Willis-
ton Basin and portions of the Montney Formation in Al-
berta and BC are good examples.

• Halo oil plays—lower permeability fringes flanking
conventional clastic and carbonate rock reservoirs,
which can be developed with horizontal multi-frac
wellbores to enlarge the original play area. Halo oil
plays may extend vertically from a conventional pool, as
well as laterally. The Cardium Formation in west-cen-
tral Alberta is the best Canadian example.

• Shale oil plays—oil accumulations hosted by true shales
and/or mudrocks. These are relatively rare, and there is a

body of work suggesting that pore networks in true
shales can produce liquids-rich gas, but not actual oil
(Dembicki, 2014). The Second White Specks Forma-
tion of west-central and southern Alberta has been sug-
gested as an example of a shale oil play, but detailed
work suggests that associated tight sandstone beds with
extensive natural fracturing are responsible for much of
the production. Appraisal of other potential shale oil re-
servoirs, such as the Duvernay Formation and Gordon-
dale Member (“Nordegg” Member), has failed to pro-
duce oil at economic rates to date.

Petrel Robertson Consulting Ltd., Trican Geological Solu-
tions Ltd. and CGG Consulting Calgary have undertaken
an assessment of new resource oil potential in northeastern
BC, guided by the Clarkson and Pedersen (2011) classifica-
tion. The Montney Formation was excluded from the pro-
ject, as its tight oil potential has been the subject of consid-
erable work to date (e.g., Ferri et al., 2013).

Progress Summary

Twenty-one potential resource oil plays were identified in
northeastern BC and they were classified according to their
overall productive potential, based upon the team’s exten-
sive knowledge of BC conventional and unconventional
petroleum geology (Table 1). Existing analytical data were
compiled to support play analysis, grouping the informa-
tion into the following categories:

• source rock analysis, including thermal maturity, or-
ganic richness and hydrocarbon composition parame-
ters;

• adsorption/desorption tests;

• X-ray diffraction (XRD) and X-ray fluorescence (XRF);

• scanning electron microscopy (SEM);

• standard petrographic (thin section) analysis; and

• geomechanical testing.

Geoscience BC Report 2017-1 15

Keywords: British Columbia, resource oil, tight oil, halo oil, reser-
voir engineering, Maxhamish field, geochemistry, geomechanics,
hydrogeology, resource assessment

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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Figure 1. Oil production rate versus first order material balance time for four horizontal
wells completed in the Chinkeh Formation on the western flank of the gas pool in the Max-
hamish field, northeastern British Columbia. Three of the four wells have a slope less than
the reference ½ slope which indicates transient flow, meaning that the wells are not seeing
production interference from offset wells or from geological barriers, for at least 3–5 years.
In other words, the oil in place contacted by each well is continually increasing throughout
transient flow, indicating potentially large untapped oil resources.

Figure 2. Oil production rate versus cumulative oil production for the same four horizontal
wells in Figure 1, completed in the Chinkeh Formation on the western flank of the Maxha-
mish gas pool, northeastern British Columbia. On this graph, the so-called harmonic plot,
three of the four wells show no sharp decrease in oil rate with increasing cumulative pro-
duction. This provides additional corroboration that the wells are in long-term transient
flow.



Data were gathered from the technical literature, govern-

ment survey reports and analytical files submitted to the BC

Oil and Gas Commission (BCOGC) by operators, yielding

results from 752 wells. Between one and five stratigraphic

units were analyzed in each well. Creating a comprehen-

sive compilation was a much larger task than originally

contemplated, but was essential to play characterization

and to guide acquisition of new datasets. The BCOGC fa-

cilitated this work by providing partial compilations and

access to data files. Some analytical work completed in the

past, when BCOGC did not require submission of reports,

is not available and therefore not included in the compila-

tion.

Comparing existing analytical data against the spectrum of

resource oil plays, new laboratory sampling of cores and

analytical testing was identified to fill gaps in existing

datasets. Trican Geological Solutions Ltd. (Trican) under-

took the sampling work, and by the end of September 2016

had sampled, described and photographed cores from 12

wells, and had completed much of the analytical work for

those wells. Table 2 illustrates results of source rock analy-

sis on samples from the Chinkeh and Toad/Grayling

formations in the core from the GSENR (ECA) Maxhamish

D-48-B/94-O-11 well (universal well identif ier

200D048B094O1100, BC Oil and Gas Commission,

2016), and Table 3 displays mineralogical compositions

derived from XRD work on the same samples. After com-

pleting the compilation of existing data and consultation on

results of Trican’s work to date, the team will select addi-

tional core for sampling and analytical testing. Drill cut-

tings may also be sampled to fill critical dataset vacancies.

CGG Consulting Calgary is undertaking reservoir engi-

neering analysis of potential resource oil plays with two

primary goals: characterizing the fracability of potential

reservoirs, and identifying fairways where existing oil pro-

duction data suggest the presence of substantial oil re-

sources occurring in low-permeability halo accumulations.

Analysis of oil production from horizontal and vertical

wells in the Chinkeh Formation on the western (downdip)

flank of the gas pool in the Maxhamish field shows long-

term transient flow from many wells, indicating potential

for regionally extensive low-permeability oil accumula-

tions (Figures 1, 2). Future productive behaviour of tight oil

prospects, like the Chinkeh Formation, will be modelled

once all data are compiled.

Deliverables

For each resource oil play, final project reporting will in-

clude

• reservoir mapping and facies characterization, related

to existing conventional pools, where applicable;

• reservoir quality assessment, incorporating mineralogi-

cal data and porosity/permeability characteristics;

• assessment of geochemistry (source rock analysis),

hydrogeology and fluid distributions

- identification of abnormally pressured fairways,

where present and supported by pressure and pro-

duction data;

• assessment of geomechanical properties and resulting

productive potential; and

• summary of resource potential characterization, includ-

ing volumetric resource estimates and estimates of pro-

ducible potential, guided by existing production and

reservoir engineering analysis.

The study will wrap up with discussion and recommenda-

tions regarding exploration for and appraisal of the highest

potential resource oil plays.
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Introduction

The Earth’s crust is full of faults, and several studies indi-

cate that the brittle crust is in a critically stressed state with

failures on the verge of happening (Zoback and Zoback,

2002; Hill, 2008). Local faults can be activated by the tran-

sient stress from the seismic waves of distant mainshocks

with hypocentre distances ranging from hundreds to thou-

sands of kilometres, this is called dynamic triggering (Hill

et al., 1993; Gomberg et al., 2001; Prejean et al., 2004; Hill

and Prejean, 2007). The organized study of dynamic trig-

gering could help to interpret the mechanism of earthquake

nucleation and fault activation. Meanwhile, testing the

minimum transient stress necessary to trigger an earth-

quake could help to investigate the stress state of local

faults (Brodsky and Prejean, 2005; van der Elst et al., 2013;

Aiken and Peng, 2014; Wang et al., 2015).

In this project, a search for dynamic triggering in three

shale basins in Canada will be undertaken to see if these

three regions, which represent different types of tectonic

regimes, are susceptible to triggering. At the same time, the

current stress state of local faults will also be investigated.

If triggering happens, the specific triggering response

properties for each of the different basins will be examined,

as well as the factors that could be causing dynamic trigger-

ing. For the three shale basins (Figure 1), one basin is situ-

ated in northeastern British Columbia and western Alberta

(BCAB), one basin is situated in the Northwest Territories

(NWT) and one basin is situated in New Brunswick (NB).

These three areas have all seen an increase in the number of

seismic stations installed; studies show that they have expe-

rienced relatively high seismicity rates recently, which may

be related to the fluid injection from unconventional oil/gas

production (Rivard et al., 2014; Schultz et al., 2014, 2015;

Eaton and Mahani, 2015; Farahbod et al. , 2015;

Lamontagne et al., 2015; Atkinson et al., 2016). For exam-

ple, the number of earthquakes catalogued by Natural Re-

sources Canada (NRCan) in BCAB was 24 in 2002 com-

pared with a total of 168 in 2014 (Natural Resources

Canada, 2016). Figure 2 shows the newly installed seismic

stations and catalogued earthquakes (2013–2015) in the

three areas of this study.

Method

The multi-station matched method (MMF) detects similar

signals by cross-correlating the waveforms of known

events, referred to as templates, with continuous waveform

data at multiple stations to detect the small and uncata-

logued earthquakes. Templates will be built using earth-

quake data from the NRCan catalogue (Natural Resources

Canada, 2016).

Statistical Measure of the Level of
Triggering

After detecting and counting earthquakes from the continu-

ous waveforms, the β statistical value will be used as the

quantitative measure of the level of dynamic triggering.

The β statistical value represents differences between the

number of events in a specific time window and the ex-

pected number of events in that time window (Matthews

and Reasenberg, 1988). The following equation will be

used to calculate the β statistical value (Aron and Harde-

beck, 2009):

( ) ( )
( )( )

β N N T T
N N T T

N T T T T
a a

a a

a a

, , ,
/

/ /
=

−
−1

where Ta is the length of time window after the mainshock

and T is the total length of time window, variable Na is the

number of events after the mainshock and N is the total

number of events. Here the total time window has been set
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to be even, meaning Ta = 1/2 x T. The maximum

time windows used in the MMF detection for each

of the three basins are 10, 5 and 5 days. The β statis-

tical value varies slightly as a function of time win-

dow length.

Next Steps

Since project initiation at the beginning of 2016,

coding, waveform processing and the building of

candidate templates from waveform selections

have been completed, and the code is running for

the detections. After determining seismicity rates

in the windows surrounding each mainshock, the β
statistic value will be calculated to quantify if sta-

tistically significant triggering has occurred or not.

Where triggering occurs, calculations of triggered

earthquake focal mechanisms may help explain

how pre-existing receiver faults become critically

stressed, and what physical factors are directly cor-

related with dynamic triggering. Cases of observed

triggering may imply that the seismic response to

22 Geoscience BC Summary of Activities 2016

Figure 2. Locations of the newly installed Natural Resources Canada seismic stations in each of the study areas: a) British Co-
lumbia and Alberta, b) Northwest Territories and c) New Brunswick. Seismic stations used in the analysis shown as filled red tri-
angles, remaining stations shown as unfilled red triangles and catalogued earthquakes (2013–2015) shown as black dots (Nat-
ural Resources Canada, 2016). Abbreviation: TF, thrust fault.

Figure 1. Black boxes show the locations of the three shale basins in Canada.
Abbreviations: BCAB, British Columbia and Alberta; NB, New Brunswick;
NWT, Northwest Territories.



injection activity could be intense. Alternatively, if trigger-

ing occurs but the seismic response to injection activity is

limited, it could imply that hydraulic communication with

basement faults is key to inducing earthquakes. This pro-

ject will be finished at the beginning of 2017.
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Introduction

The Triassic section of the Western Canada Sedimentary

Basin (WCSB) is the richest interval in terms of volume of

oil per volume of rock in the basin (Marshall et al., 1987).

An important part of the succession is the Lower and Mid-

dle Triassic Doig Formation, which historically has been

known for limited production from its conventional reser-

voirs in British Columbia (BC) and Alberta. More recently,

the Doig has been recognized as an important unconven-

tional reservoir for gas and natural-gas liquids (NGL), with

estimates of total gas-in-place ranging from 1.1 to 5.6 tril-

lion m3 (Walsh et al., 2006). Little is currently known, how-

ever, about the unconventional portion of the Doig succes-

sion: the spatial and stratigraphic distribution of litho- and

reservoir facies is poorly constrained and measurements of

petrophysical properties are sparse and limited in scope.

The distribution of unconventional reservoir properties

within the Doig succession and the geological controls on

these properties and their distribution are therefore un-

known. Furthermore, there is an uncertainty in the distribu-

tion of hydrocarbon phase and composition, due to varia-

tions in thermal maturity, depth of burial and organic-

matter type. The purpose of the ongoing research project

reported herein is to determine the unconventional hydro-

carbon potential of the Doig Formation through a petro-

leum system analysis (PSA). The principal goal of the study

is to delineate the distribution of producible liquids from

tight reservoirs in northeastern BC.

The PSA approach used in this study consists of three inter-

related elements (Figure 1):

• Source rock evaluation: thorough quantification and

mapping of the source-rock properties across the basin,

such as thermal-maturity levels and organic-matter

abundance and type

• Basin modelling: modelling of the Doig petroleum sys-

tem on a basin scale, incorporating structural, litholog-

ical, geochemical and burial-history data, in order to de-

termine the timing of thermogenic hydrocarbon

generation and retention

• Reservoir properties: characterizing the reservoir po-

tential of the Doig Formation in terms of storage capac-

ity, producibility and response to hydraulic stimulation

Geological Background

The Doig Formation consists of mudstone, siltstone and

subordinate sandstone, bioclastic packstone and grain-

stone, deposited under marine conditions in environments

ranging from shoreface through offshore (Evoy and Mos-

low, 1995). It has long been recognized that the Doig can be

broadly subdivided into a lower, more organic-rich and

phosphatic zone, known as the Doig Phosphate Zone

(DPZ); and an upper, relatively organic-lean siltstone inter-

val. A more detailed subdivision has been proposed by

Chalmers and Bustin (2012), who recognized three units: a

basal Doig A, composed mainly of interbedded dark argil-

laceous and calcareous siltstones, corresponding to the

DPZ and distinguishable in well logs by a gamma-ray sig-

nature; an intermediate section, named Doig B, corre-

sponding to medium to dark grey argillaceous siltstone

containing localized sand beds; and an upper Doig C,

composed of siltstone and argillaceous fine sandstone.

Ongoing Work

To date, 470 m of core from fifteen wells in BC and 190 m

from seven wells in Alberta (Table 1) have been logged for

lithology, sedimentary structures, bioturbation, diagenetic

features and structural features. These wells comprise three

strike and six dip cross-sections (Figure 2), covering the en-

tire lateral extent of the Doig Formation in BC and Alberta.

The primary selection criterion was availability and length

of core in the Doig, in an attempt to adequately represent its

stratigraphic and spatial variability. Another factor taken

into consideration when selecting wells was the availability

of a complete well-log suite over the Doig interval. The

minimum requirement for this study is a quad-combo
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(gamma ray, density/neutron, resistivity and compressional

slowness), and preference was given to wells with shear

slowness, nuclear magnetic resonance, elemental capture

spectroscopy and spectral gamma ray. These logs, although

not available for all wells in the study, will aid in the devel-

opment of neural-network models and in the extrapolation

of petrophysical and organic geochemical properties

measured on core and on cuttings to non-cored sections and

wells.

Analytical work in progress includes X-ray diffraction for

quantitative mineralogy, Rock-Eval pyrolysis for organic

geochemical properties, helium pycnometry and mercury

intrusion for porosity and pore size distribution, pressure

pulse-decay permeameter measurements of permeability,

and triaxial cell tests for geomechanical properties. These

properties will be extrapolated to non-cored intervals and

wells using quad-combo well logs through multiresolution

graph-based clustering and neural-network techniques.
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Figure 1. Elements of the petroleum system analysis approach to reservoir
evaluation and their respective inputs as implemented in this study.

Table 1. Wells from which core of the Doig Formation was logged. See Figure 2 for location.



Thermal maturity from pyrolysis will be used in a basin-

modelling platform to constrain the maturity of the Doig

Formation across the basin. The maps of kerogen type and

total organic carbon, also derived from pyrolysis, will con-

strain the spatial distribution and timing of thermal

hydrocarbon generation.

Preliminary core logging reveals a wide variety of lithofac-

ies and complex stacking patterns that confer a high degree

of heterogeneity on the succession. Preliminary work has

identified ten lithofacies, defined based on colour, lithol-

ogy and fabric. Diagenetic and structural features add an-

other layer of heterogeneity within individual lithofacies.

These facies have distinctly different reservoir properties,

such as porosity, distribution of pore-throat size, perme-

ability, elastic moduli and organic content. It has been

shown that petrophysical properties vary significantly be-

tween the different Doig lithofacies, with median pore-

throat size spanning one order of magnitude and permeabil-

ity spanning four orders of magnitude, despite a narrow

range in grain size (Chalmers and Bustin, 2012; Chalmers

et al., 2012). It is further anticipated that the degree of bio-

turbation, which changes the fabric of the sediments, may

also control porosity and permeability (Pemberton and Gin-

gras, 2005; Baniak et al., 2015).

There are currently no publicly available regional studies

with a systematic petrophysical characterization of the lith-

ofacies found in the Doig Formation. This study aims to fill

this gap and will serve as the foundation for a full petro-

physical and organic-geochemical characterization of

these facies and their spatial and stratigraphic distribution

across the WCSB. Ultimately, the lithofacies will be

grouped into facies associations to enable work at the log

scale, and the facies associations with their petrophysical

properties keyed to cored wells will be extrapolated

through logs to adjacent wells.
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Introduction

The Horn River and Liard basins located in northeastern

British Columbia (BC), southern Yukon and Northwest

Territories, and adjacent western Alberta contain immense

volumes of hydrocarbons that are held within multiple

stratigraphic intervals. The estimates of marketable gas re-

serves are significant, with volumes in the Liard Basin sur-

passing 200 trillion cubic feet (tcf), and another 78 and 8.8

tcf in the Horn River Basin and Cordova Embayment, re-

spectively, as well as potential for significant liquid re-

serves (BC Ministry of Energy and Mines and National En-

ergy Board, 2011; Ferri and Griffiths, 2014; BC Ministry of

Natural Gas Development, 2015; National Energy Board,

2016). The majority of these gas reserves are hosted within

Devonian strata. The Devonian stratigraphy of these basins

comprises thick accumulations of organic-rich, highly pro-

spective fine-grained formations including the Muskwa,

Besa River and Horn River (Evie and Otter Park members)

formations that occur over a large areal extent.

The objective of this study is to contribute to the prediction

of hydrocarbon distribution, reservoir quality and produc-

ibility of Devonian shales in the Horn River and Liard Bas-

ins, Cordova Embayment, and adjacent western Alberta.

Specifically, the goal is to determine the geological factors

controlling the distribution of potentially producible wet

gas, condensate and oil. The multifaceted study uses petro-

leum systems analysis, ground-truthed with fluid analysis,

and petrophysical and geochemical analyses of cuttings

and core samples, to predict the types and volumes of gen-

erated and retained hydrocarbons throughout the basins’

evolution (Figure 1).

Detailed core-based analysis of samples from across the

study area will help refine the reservoir characterization of

important intervals and elucidate regional trends. The em-

phasis of such laboratory work will be put on characterizing

the porosity, pore structure and pore-size distribution of the

core samples, and generating additional thermal-maturity

data to add to the public database. In addition, basin model-

ling with a focus on thermal history will be used to resolve

the timing of hydrocarbon generation and migration and to

quantify hydrocarbon charge and retention within the for-

mations. Since the study region encompasses a large area

with spatially variable tectonic history but comprises strata

of the same general lithology and kerogen type, this study

further provides an opportunity to test the impact of

tectonic history and variable heat flow on the timing of

hydrocarbon generation.

This preliminary report outlines the main research goals of

this study, and presents initial results of petrophysical and

organic-content measurements of the Muskwa Formation.

Study Area

The Liard and Horn River basins are located in northern-

most BC, and southern Yukon and Northwest Territories

(Figure 2). Although the focus of the study is within the BC

portion of the basins, the study area extends north of the 60º

parallel into the territories and includes wells west of the 6th

meridian in Alberta to encompass the geographic extent of

the formations. The majority of wells in the study area are

located within the Horn River Basin, Cordova Embayment

and west into Alberta, where initial unconventional petro-

leum exploration has occurred. The Liard Basin has only

recently become an area of active exploration (Ferri et al.,

2015) due to the expense and difficulty associated with

drilling to reach Paleozoic strata that are deeply buried as a

result of displacement in the Bovie fault zone.

Geological Framework

During the Devonian and Mississippian periods northeast-

ern BC was situated along the edge of the North American

protocontinent. As in other parts of the Western Canada

Sedimentary Basin, the stratigraphy during that time was

dominated by shale and carbonate packages, which were
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related to major transgressive and regressive cycles. The

basinal setting of the study area resulted in deposition of

thick packages of fine-grained sedimentary rocks, whereas

stratigraphically equivalent carbonate units further to the

east were deposited in shallower water (Figure 3). Exten-

sional block faulting synchronous with the Antler orogeny

further influenced Paleozoic deposition by creating salient

features such as the Liard Basin and Fort St. John graben

(Wright et al., 1994).
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Figure 1. Flowchart illustrating the protocol for this study.

Figure 2. Location of the Liard and Horn River basins, and Cordova Embayment within northeastern Brit-
ish Columbia (modified from BC Ministry of Energy and Mines and National Energy Board et al., 2011).



The Besa River Formation dominates the stratigraphy of

the Liard Basin, representing an extended period of deposi-

tion in a sediment-starved anaerobic environment (Ross and

Bustin, 2009). The formation contains organic-rich mark-

ers representative of the Muskwa and Exshaw formations

(Ferri et al., 2011, 2015). In contrast to the more basinal

Liard Basin, the Horn River Basin contains a number of

carbonate packages interlayered with regionally extensive

organic-rich transgressive shale intervals, including the

Muskwa and Exshaw formations (Switzer et al., 1994; Ferri

et al., 2011). The most common lithofacies within the Mus-

kwa and Horn River formations is massive mudstone with

abundant pyrite laminations (Dong et al., 2015). These for-

mations thin and become shallow overall toward the east,

where the Horn River Formation pinches out against the

edge of the Presqu’ile barrier reef. The Muskwa Formation

extends into Alberta (BC Ministry of Natural Gas Develop-

ment, 2015). Maturity of the source rocks, which is a func-

tion of the interplay between burial depth, thermal history

and kerogen type, is within the dry-gas window for most of

the study area.

Preliminary Results and Work in Progress

To date, core samples have been collected from nine wells

in BC along a southwest-trending transect. The location of

the wells was selected to capture the variation in depth of

burial and thermal history across the basins, and therefore

the associated variability in reservoir quality. Additionally,

drill cuttings samples were collected from six wells along

an adjacent southwest-trending transect. A total of ~300
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Figure 3. Upper Paleozoic stratigraphy for northeastern British Columbia (modified from Ferri et al., 2011). Ab-
breviations: Ei, Eifelian; Em, Emsian; Fa, Famennian; Fm, formation; L, lower; M, middle; Mb, member; Penn.,
Pennsylvanian; U, upper.



samples were collected by sampling at 30 to 50 m intervals

along the entire length of each well. Initial data have been

collected for a suite of samples from the Muskwa Forma-

tion in the Horn River Basin and Cordova Embayment, and

include results from total organic carbon (TOC)/pyrolysis,

helium pycnometry and mercury intrusion porosimetry

(MIP). In addition, TOC/pyrolysis data have been collected

for the entire suite of ~300 cuttings samples.

TOC/Pyrolysis

The average TOC of the Muskwa Formation was mapped

across the study area using a dataset that includes both pub-

licly available data and new analyses from cuttings and

core samples collected for this study. The TOC is generally

<2%, with the highest organic potential being located in the

northwestern corner of the Horn River Basin (Figure 4).

Due to sampling bias, the densest region shown by the

dataset is located in the Horn River Basin and Cordova Em-

bayment areas, where the database for the Muskwa Forma-

tion is more extensive. There is a positive correlation be-

tween porosity and TOC (Figure 5), although the

correlation itself does not necessarily suggest a direct ge-

netic relationship. For instance, it has been demonstrated in

this area that there is a correlation between quartz content

and TOC (Chalmers et al., 2012; Dong et al., 2015). Future

mineralogical analysis as a part of this study will address

such relationships.

Mercury Intrusion Porosimetry and Helium
Pycnometry

The pore structure of shale-oil and shale-gas–reservoir

rocks in part determines their storage capacity and fluid-

transport properties, which in turn govern the economic

producibility of the hydrocarbons. Due to their importance,

pore structures will be characterized in this study using a

combination of mercury intrusion porosimetry (MIP), he-

lium pycnometry, CO2 and N2 gas adsorption, and field

emission scanning electron microscopy. Each technique

has limitations, but collectively they will provide a quanti-

tative and qualitative understanding of pore structure with-

in the study area.

Results of MIP and helium pycnometry/bulk density ob-

tained to date are summarized in Figure 6. The MIP data

were corrected using the workflow outlined by Munson

(2015; Figure 7). When comparing porosity values from

MIP and helium pycnometry, helium porosity is always

higher (Figure 6), as anticipated, due to helium molecules

being smaller than mercury molecules and therefore able to

access smaller pores. Initial pore-size–distribution results

from MIP indicate that most samples contain pores in the

mesopore range (Figure 8). Additionally, CO2 and N2 gas

adsorption will provide insight as to the quantity and size

distribution of micropores in the samples.

Basin History

One-dimensional basin modelling is underway, beginning

with wells that contain extensive thermal maturity data.

Numerous one-dimensional models will provide control

points for a three-dimensional model that will assess basin

history throughout the area of interest. Apreliminary model

for a well in the northwestern corner of the Horn River Ba-

sin has been constructed to show the general basin history

and present-day temperature for this portion of the study

area (Figure 9).

Future Work

The petrophysical and geochemical analyses in progress

will be used to map lateral trends in reservoir properties and

thermal maturity. Construction of basin models using these

32 Geoscience BC Summary of Activities 2016

Figure 4. Average total organic carbon (TOC; wt. %) map of the study area. The Liard and Horn River basins and Cordova Embayment are
outlined from west to east. The purple and blue cross-sections correspond to the well location of collected cuttings and core samples, re-
spectively. The remaining well locations (black) contain publicly available TOC data.
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Figure 5. Helium porosity (%) versus total organic carbon (TOC; wt. %) from
Muskwa Formation core samples. In general, there is a positive correlation be-
tween the two properties. The coloured symbols correspond to data points from
seven different well locations that have been analyzed thus far.

Figure 6. Helium porosity (%) versus porosity (%) evaluated using the mercury
intrusion porosimetry (MIP) technique for core samples from the Muskwa Forma-
tion. In all instances, helium porosity is higher than porosity evaluated using the
MIP technique. The coloured symbols correspond to data points from different
well locations that have been analyzed thus far.
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Figure 7. Incremental intrusion (mL) versus injection pressure (psi)—an example of applying closure
and compression corrections to uncorrected raw mercury intrusion porosimetry data using the workflow
developed by Munson (2015).

Figure 8. Cumulative intrusion (mL) versus pore-throat diameter (nm)—initial pore-size distributions for Muskwa
Formation samples all exhibit similar results with the majority of pores measuring from 3 to 20 nm, which is in the
mesopore range. The coloured symbols correspond to data points from different well locations that have been ana-
lyzed thus far.



Geoscience BC Report 2017-1 35

F
ig

u
re

9
.
A

n
e

x
a

m
p

le
o

f
a

o
n

e
-d

im
e

n
s
io

n
a

lb
a

s
in

m
o

d
e

ls
h

o
w

in
g

b
u

ri
a

ld
e

p
th

(m
)
v
e

rs
u

s
ti
m

e
(M

a
)
fo

r
a

w
e

ll
in

th
e

H
o

rn
R

iv
e

r
B

a
s
in

.
T

h
e

c
o

lo
u

r
o

v
e

rl
a

y
o

n
th

e
b

u
ri

a
lh

is
to

ry
is

a
p

re
s
e

n
t-

d
a

y
te

m
p

e
ra

tu
re

p
ro

fi
le

fo
r

th
is

lo
c
a

ti
o

n
.
T

h
e

s
tr

a
ti
g

ra
p

h
ic

c
o

lu
m

n
o

n
th

e
ri

g
h

t
is

b
a

s
e

d
o

n
fo

rm
a

ti
o

n
to

p
s

fr
o

m
w

e
ll

lo
g

s
.
A

b
b

re
v
ia

ti
o

n
s
:
G

u
a

,
G

u
a

d
a

lu
p

ia
n

;
L

J
u

r.
,
L

o
w

e
r

J
u

ra
s
s
ic

;
M

io
.,

M
io

c
e

n
e

;
O

li.
,

O
lig

o
c
e

n
e

;
P

lc
.,

P
a

le
o

c
e

n
e

;
U

C
rt

.,
U

p
p

e
r

C
re

ta
c
e

o
u

s
;

U
D

e
v.

,
U

p
p

e
r

D
e

v
o

n
ia

n
;

U
J
u

r.
,

U
p

p
e

r
J
u

ra
s
s
ic

.



data combined with lithostratigraphy and interpretation of

tectonic history will provide a framework for determining

the thermal history and the timing of hydrocarbon genera-

tion and migration. Together, these research aspects will as-

sess the impact of basin history on the type and quantity of

migrated and retained hydrocarbons, and ultimately their

producibility.
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Introduction

The Lower Triassic Montney Formation of the Western

Canada Sedimentary Basin (WCSB) is a world-class un-

conventional resource with 450 Tcf gas reserves,

14 520 mmbbl natural gas liquids reserves and 1125 mmbbl

oil reserves (National Energy Board, 2013). Although

commonly described as a shale, the Montney Formation is a

siltstone in most of its subcrop. Unlike sandstone and shale

reservoirs, little is known about the diagenetic evolution

and pore development of siltstone reservoirs, and a better

understanding of diagenetic controls on reservoir quality in

this type of reservoir is essential to improve resource and

reserve estimates and to maximize hydrocarbon recovery.

This work focuses on the deepest section of the Montney

Formation in British Columbia (BC). An isopach map of

the formation thickness and the location of the study area

are presented in Figure 1. In this area, the Montney Forma-

tion is within the gas window and highly mature (tempera-

ture at maximum release of hydrocarbons [Tmax] is >470°C,

vitrinite reflectance [Ro] is 1.3%).

Diagenetic studies are crucial for understanding pore sys-

tem evolution and predicting reservoir quality. The objec-

tive of this paper is to describe the major authigenic phases

that are present in the Montney Formation siltstone and in-

terpret the temporal sequence of events leading to the con-

solidation of the formation.

Geological Background

The Montney Formation is a west-dipping clastic wedge,

deposited on the western continental shelf of Pangea. The

Montney Formation consists of three third-order sequences

prograding from east to west. In the western part of the ba-

sin, the Montney Formation is topped by a major intra-Tri-

assic erosive surface and overlain by the transgressive Doig

Formation (Crombez, 2016). The formation reaches a max-

imum thickness of 350 m adjacent to the Rocky Mountains

deformation front, and thins eastward to an erosional zero

edge in the east (Figure 1). The centre of the Montney For-

mation depositional basin was positioned at a paleolatitude

of approximately 30°N (Golonka et al., 1994; Davies et al.,

1997; Deep Times Maps Inc.™, 2013), experiencing a

semi-arid to desert climate (Gibson and Barclay, 1989; Da-

vis et al., 1997), and dominated by west winds (Edwards et

al., 1994; Golonka et al., 1994).

Grain sizes in the Montney Formation range from silt to

very fine sand, with grains typically moderately to well

sorted, and subrounded to rounded (Davies et al., 1997;

Barber, 2003). Sorting and roundness indicate a predomi-

nantly aeolian transport mechanism with periodic fluvial

influence (Davies et al., 1997; Barber, 2003; Moslow and

Zonneveld, 2012). The mineralogy of the Montney Forma-

tion (high in feldspar and detrital dolomite) supports the in-

terpretations of an arid climate and suggests a depositional

model of wind-blown, recycled immature material origi-

nating from the quartz-rich shield in the east (Edwards et

al., 1994; Davies et al., 1997; Barber, 2003; Moslow and
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Zonneveld, 2012). Deposition of the Montney Formation

took place in an anoxic to dysoxic environment, with sev-

eral periods of higher oxygen levels evidenced by biotur-

bated intervals (Robbins, 1999; Nassichuk, 2000;

LaMothe, 2008; Zonneveld et al., 2010a, b, 2011; Moslow

and Zonneveld, 2012; Playter, 2013; Crombez, 2016;

Crombez et al., 2016).

Previous Work

Few diagenetic studies have been conducted on the Mont-

ney Formation. Davies et al. (1997) and Barber (2003)

studied diagenesis in the Montney Formation of west-cen-

tral Alberta (Sturgeon Lake South ‘F’pool), and Nassichuk

(2000), Chalmers and Bustin (2012) and Playter (2013) in-

vestigated the diagenetic sequences of the Montney Forma-

tion in northeastern BC. Investigation methods vary be-

tween studies, and paragenetic interpretations are

inconsistent. The major diagenetic phases described are

calcite, dolomite, feldspar and quartz cements. Pyrite is re-

ported to be widely present throughout the Montney For-

mation. Authigenic clays identified are fibrous illite, chlor-

ite and glauconite, and diagenetic illitization of smectite.

Secondary porosity resulted from grain dissolution (ar-

agonite, calcite, feldspar and quartz) or dedolomitiz-

ation (Playter, 2013). Carbonate cementation is usually

described as the earliest pore-occluding event, followed

by quartz cement. Pyrite precipitation is thought to have

occurred more or less continuously (Davies et al., 1997;

Playter, 2013). Authigenic clay precipitation occurred

in an intermediate stage, followed by quartz and feld-

spar dissolution and a second phase of carbonate (calcite

and/or dolomite) precipitation. Ducros et al. (2014) esti-

mated 2200 m of erosion above the Montney Formation

in the research area during the Laramide orogeny, bring-

ing the Montney Formation to a maximum burial depth

of approximately 4700 m. The modelled maximum

temperature for the Montney Formation at maximum

burial depth is 180°C (Vaisblat and Harris, 2016).

Dataset

The majority of the samples for this study were selected

from the Progress et al. Altares 16-17-083-25 wellcore

(universal well identifier 100161708325W600, BC Oil

and Gas Commission, 2016), which represents the en-

tire section of the Montney Formation at its thickest lo-

cation in the basin (sequences 1, 2 and 3 of Crombez et

al. [2016], equivalent to the lower and upper Montney

Formation). Sixty-eight samples were taken from this

core between 2258 and 2530 m. Fifteen additional sam-

ples were made available for this study from the Suncor

PC HZ Kobes D-048-B/094-B-09 wellcore (universal well

identifier 200D048A094B0900, 200B079A094B0902),

representing Spathian age strata (Golding et al., 2015).

Those samples were the focus of the work done by

Playter (2013). Both wells are situated in the study area

(Figure 1).

Methods

Since grain size in the Montney Formation, particularly in

the deep section, is very fine, standard thin section analysis

has proven ineffective for detailed diagenetic study. For

this reason, all analyses were carried out using a scanning

electron microscope (SEM).

Rock Composition

Samples were cut perpendicular to bedding, mounted in ep-

oxy and polished to expose a surface of approximately

1.5 cm2. Inorganic rock composition of these samples was

determined by QEMSCAN® (Quantitative Evaluation of

Minerals by SCANning electron microscopy) at SGS Can-

ada Inc. (Vancouver, BC). The QEMSCAN method is

based on an FEI Company Quanta 650 with multiple energy

dispersive spectrometry (EDS) detectors. Mineral identifi-

cation was made by matching the spectral response with a

proprietary species identification protocol (SIP), a compre-

hensive mineral library, which includes reference composi-
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Figure 1. Isopach map of the thickness of the Montney Formation (mod-
ified from Edwards et al., 1994) and its location within the Western Can-
ada Sedimentary Basin (WCSB). Study area is marked by the black
star.



tions and solid solution series. The composition of three

randomly selected samples was also determined by quanti-

tative X-ray diffraction (XRD) analysis on a homogenized

sample, representing approximately 10 cm of core. Clay

minerals expendability potential was determined using ori-

ented, glycolated mounts of the <2 µm fraction. Analysis

was done at the James Hutton Institute (Aberdeen, Scot-

land). Whole rock X-ray powder diffraction patterns were

recorded from 3–70° 2θ, and clay mounts were recorded

from 3–45° 2θ, using copper Kα radiation. Organic rock

composition, also performed on ~10 cm homogenized sam-

ple, was obtained by LECO TOC (total organic carbon)

analysis at GeoMark Research, Ltd. laboratories (Houston,

Texas).

Diagenetic Phases

Both freshly broken surfaces and polished surfaces were

examined in order to identify the diagenetic phases present

in the rock. Some of the samples were coated with gold and

examined on a JEOL Ltd. 6301F field emission SEM (FE-

SEM) with an accelerating voltage of 20 kilovolts (kV) at

the University of Alberta (Edmonton, Alberta). Other sam-

ples were coated with carbon and examined on a Zeiss EVO

LS15 extended pressure SEM (EP-SEM) with an accelerat-

ing voltage of 20 kV, also at the University of Alberta. Ele-

mental content was determined using an energy dispersive

X-ray analyzer attached to the SEM.

Selected samples were polished with an E.A. Fischione In-

struments, Inc. 1060 SEM mill at 5 kV, 3° and continuous

rotation for three hours. Samples were examined on an FEI

Company Quanta 250 FEG with a Gatan, Inc. MonoCL4™

detector (SEM-CL) at the University of Calgary (Calgary,

Alberta). For each sample, three or four areas were ran-

domly selected and analyzed for mineralogical composi-

tion and luminescence patterns. Image analysis was con-

ducted to differentiate mineralogical and diagenetic phases

for each mineral.

Results and Morphological Observations

Since the two well locations examined in this study are <40 km

apart, results will be presented for both cores together.

Minerals present in the rock include quartz, feldspar, plag-

ioclase, carbonate minerals, pyrite, apatite, muscovite,

chlorite, mixed-layered illite-smectite (MLIS) and kaoli-

nite, and minor amounts of other sulphides and heavy min-

erals (Table 1). Total organic carbon values in the samples

range between 0.5 and 4 wt. % with an average of 1.5 wt. %.

Organic matter in the formation displays a wide spectrum

of morphologies from nonporous to extremely porous. This

phenomenon was previously recognized in shales, and at-

tributed by Curtis et al. (2011) to differences in organic

matter composition.

Diagenetic Processes

Diagenetic processes were interpreted through a combina-

tion of compositional analysis, SEM-imaging observations

and cathodoluminescence image interpretation.

Porosity Occluding Processes

Compaction

Physical compaction followed by chemical compaction is

evidenced in all samples by pressure solutions of frame-

work grains, mainly quartz, feldspars and dolomite

(Figure 2).

Dolomite

Dolomite in the deep Montney Formation varies in origin

and composition. Detrital dolomite, evidenced by weath-

ered rounded cores, is surrounded by rhombs of authigenic

dolomite cement. Small rhombohedral dolomite crystals do

not always contain a detrital core. At least seven genera-
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Figure 2. Evidence for chemical compaction in Montney Formation, northeastern British
Columbia: a) backscattered electron (BSE) image of mica penetrating a quartz grain and
b) energy dispersive spectrometry (EDS) image of quartz grain (greenish-yellow) dissolv-
ing dolomite (light blue) with authigenic rims.
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tions of dolomite cement were identified. Rims differ in Ca

and Mg content (evidenced by HCl etching), with the outer-

most rim characterized by high Fe concentration (Figure 3).

Several of the internal rims show corroded edges (Fig-

ure 3c). In some intervals, Ca-phosphate was incorporated

into the dolomite structure. Dolomite dissolution is attrib-

uted to pressure solution (partially missing grain) or con-

tact with organic acids (ragged edges; Figure 4a). Second-

ary porosity is developed in detrital dolomite, particularly

along cleavage planes (Figure 4b).

Calcite

Calcite appears as isolated grains, sometimes enclosing

large pyrite crystals (Figure 5a). The SEM-CL images

show that calcite is composed of two generations (Fig-

ure 5b). Calcite was found to replace K-feldspar (Figure 5c)

and dolomite (Figure 5d).

Ca-Phosphate (Apatite)

Ca-phosphate is present in the samples as grain-coating ce-

ment or nodules, and is locally incorporated into dolomite

cement.

Pyrite

Pyrite is present in all samples, forming framboids or large

crystals, and is commonly associated with organic matter.

Framboids and crystals range from <1 to 10 µm in diameter

(Figure 6).

K-Feldspar

Potassium-feldspar cement surrounds detrital K-feldspar

grains as a one-phase cement (Figure 7a), or appears as dis-

crete crystals with several generations of cement separated

by dissolved ragged edges (Figure 7b). In addition, non-

luminescent K-feldspar is detected in the centre of Na-feld-

spar and quartz grains (Figure 8). Most of the authigenic K-

feldspar, though much darker than detrital K-feldspar in

SEM-CL images, is moderately luminescent.
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Figure 3. Dolomite cement in the Montney Formation, northeastern British Columbia. a) Energy dispersive spec-
trometry (EDS) image of dolomite (light blue). b) Scanning electron microscope (SEM) cathodoluminescence (CL)
images of the crystals revealing complex internal structure with detrital rounded core and multiple rims. Some of
the internal rims are corroded. Note the nonluminescent Fe-rich rim (yellow arrows). c) An EDS image showing Fe-
rich external rim.

Figure 4. Backscattered electron–scanning electron microscope (BSE-SEM) images showing dolomite dissolution in
the Montney Formation, northeastern British Columbia: a) dissolution of dolomite grain edges where dolomite is in di-
rect contact with organic matter detrital grain and b) dissolution of detrital dolomite grain. Note preferred dissolution
along cleavage planes.



Na-Feldspar

In the deep Montney Formation, Na-feldspar largely occurs

as detrital grains. Some samples contain nonluminescent

Na-feldspar overgrowths with sharp, straight edges—both

indicative of authigenic cement growth (Figure 9a). Nonlu-

minescent Na-feldspar also replaces detrital and authigenic

dolomite and detrital K-feldspar (Figure 9b, c). Sodium-

feldspar alteration is usually incomplete and easily identifi-

able through EDS maps and backscattered electron (BSE)–

SEM images.

Quartz

In the deep part of the Montney Formation, authigenic

quartz occurs in three different morphologies: a) over-

growths, b) microcrystalline cements and c) amorphous

opaline silica (Figure 10).
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Figure 5. Scanning electron microscope images of calcite cement in the Montney Formation,
northeastern British Columbia. a) Scanning electron microscope–energy dispersive spectrome-
try (SEM-EDS) image showing calcite (bright pink) enclosing pyrite crystals (white). b) Scanning
electron microscope–cathodoluminescence (SEM-CL) image showing two different generations
of calcite cement (different shades of blue) marked by arrows. c) An SEM-EDS image showing
calcite (bright pink) replacing K-feldspar (light pink). In this image calcite has replaced most of the
K-feldspar grain. Remaining K-feldspar is marked with arrows. d) An SEM-EDS image showing
calcite replacing dolomite grain.

Figure 6. Backscattered electron–scanning electron microscope
(BSE-SEM) image of a milled surface showing pyrite framboids
and crystals (white) of varying sizes (Montney Formation, north-
eastern British Columbia). Note association with organic matter
(OM, dark).
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Figure 7. Scanning electron microscope–cathodoluminescence (SEM-CL) images of K-feldspar in
the Montney Formation, northeastern British Columbia: a) detrital K-feldspar (yellow arrow) sur-
rounded by K-feldspar cement (white arrows) and b) detrital rhombic K-feldspar showing cement rims
(yellow arrow).

Figure 8. Sample from Montney Formation, northeastern British Columbia showing K-feldspar replac-
ing Na-feldspar. a) Scanning electron microscope–energy dispersive spectrometry (SEM-EDS) im-
age. Na-feldspar is represented by the blue colour and K-feldspar by the pink light colour and the white
arrow. Yellow arrow points to straight edges of Na-feldspar cement. b) Scanning electron microscope–
cathodoluminescence (SEM–CL) image. White arrow points to authigenic, nonluminescent K-feld-
spar. Note the straight edges of the Na-feldspar nonluminescent overgrowth (yellow arrow).

Figure 9. Examples of Na-feldspar replacement in the Montney Formation, northeastern British Columbia. a) Scanning electron micro-
scope–energy dispersive spectrometry (SEM-EDS) image showing Na-feldspar (blue) replacing dolomite (light blue). Note two shades in
the dolomite; the darker colour (white arrow) represents a detrital core and the lighter colour represents cement. b) An SEM-EDS image of
Na-feldspar (blue) replacing detrital K-feldspar grain (pink). c) Scanning electron microscope–cathodoluminescence (SEM-CL) image of
9b. Note the bright colour of the K-feldspar (blue), indicating detrital origin.



Clay

Fibrous illite is present in the rock in varying abundance.

Fibrous illite nucleates on the edges of detrital clay and lo-

cally on weathered mica grains (Figure 10b).

Porosity Enhancing Processes

Dolomite

Dolomite dissolution is evident by partially missing grains

(Figure 2b) and ragged edges (Figure 4a). Secondary po-

rosity is developed in detrital dolomite, particularly along

cleavage planes (Figure 4b).

Quartz

Small angular pits are present on the surface of some quartz

grains (Figure 11). These pits are similar to previously re-

ported quartz dissolution patterns (Freidman et al., 1976;

Georgiev and Stoffers, 1980; Brantley et al., 1986; Burley

and Kantorowicz, 1986; Hurst and Bjørkum, 1986; Bennett

and Siegel, 1987; Knauss and Wolery, 1988; Wahab, 1998)

and suggest local quartz dissolution in the Montney Forma-

tion caused by compaction.

Discussion

The Montney Formation in the study area is composed of

compacted, well-cemented siltstone, containing detrital

and authigenic phases, and organic matter. The QEM-

SCAN results show that clay content in the deep Montney

Formation ranges from 5 to 30 wt. %, with an average of

15 wt. %. These findings contrast with lower estimates of

clay content previously published for the Montney Forma-

tion (<8 wt. %; Davies et al., 1997; Derder, 2012; Playter,

2013). Based on qualitative SEM observations most of the

clay is of detrital origin.

The paragenesis of the Montney Formation in the deep ba-

sin was interpreted from a detailed study of crosscutting re-

lationships between different phases. The paragenetic se-

quence is presented in Figure 12. In accord with other

authors (Davies et al., 1997; Nassichuk, 2000; Barber,

2003; Chalmers and Bustin, 2012; Playter, 2013), the au-

thors interpret dolomite as the earliest authigenic phase in

the deep Montney Formation. Davies et al. (1997) analyzed

fluid inclusions in the dolomite and concluded that dolo-

mite was formed below 60oC. Dolomite precipitated in a se-

ries of rims, differing in composition (Ca/Mg), width and

degree of corrosion on edges (Figure 3c). The outermost
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Figure 10. Secondary electron–scanning electron microscopy (SE-SEM) images of authigenic quartz morphologies in the deep Montney
Formation, northeastern British Columbia: a) crystal overgrowth (arrows), note authigenic fibrous illite in the bottom section of the image;
b) microcrystalline quartz cements (yellow arrows) and authigenic fibrous illite growing off the edges of detrital clay (orange arrow); and
c) amorphous opaline silica.

Figure 11. Secondary electron–scanning electron microscope
(SE-SEM) image of a sample treated with HCl to remove carbon-
ate. Angular small pits are visible on exposed quartz surfaces that
were in contact with now dissolved carbonate cements. Pits are in-
terpreted to be local quartz dissolution patterns. Sample from the
Montney Formation, northeastern British Columbia.



Fe-rich rim of the dolomite is similar to that recognized by

Davies et al. (1997) and Nassichuk (2000). Like Davies et

al. (1997), the authors believe that Ca-phosphate precipita-

tion is a syndepositional phase. Calcium phosphate, incor-

porated into dolomite cement, was probably remobilized

during early burial (Tribovillard et al., 2006). Following

dolomite precipitation, increasing burial led to chemical

compaction and grain dissolution. The major phases that

were dissolved are quartz, dolomite and feldspars. Since

pyrite framboids and crystals are present in all cement

phases in the Montney Formation (other than quartz,

below), pyrite formation was interpreted to be a continuous

diagenetic process.

The evolution of the feldspars in the deep Montney Forma-

tion is complicated and the temporal relationships between

feldspar cementation and Na-feldspar to K-feldspar re-

placement remains unclear. The XRD analyses on gly-

colated samples resulted in 5% expandability of the MLIS,

indicating extensive conversion of smectite to illite. In ad-

dition to smectite illitization, fibrous illite nucleated on de-

trital clay clumps or micas. Davies et al. (1997), Barber

(2003) and Nassichuk (2000) described similar illitization

processes as a result of K-feldspar dissolution.

The SEM imaging of freshly broken surfaces indicate rela-

tively small authigenic quartz crystals (commonly <3 µm,

occasionally up to 10 µm). Localized quartz dissolution is

interpreted to occur during chemical compaction on con-

tact surfaces between quartz and dolomite. Nassichuk

(2000) reported that quartz partly or completely replaces

dolomite, but this was not confirmed in this study. Playter

(2013) proposed that dedolomitization occurred in the deep

Montney Formation, which was confirmed in this study

(Figure 12), though not as a widespread phenomenon.

Future Work

This paper is part of a project that investigates the diagen-

esis of the Montney Formation. Future work will provide

details on rock composition, diagenetic phases and the

paragenetic sequence for the Montney Formation along a

cross-section from the deep to shallow basin.

Conclusions

The Lower Triassic Montney Formation in the deep basin is

composed of silt-size detrital and authigenic grains. Mixed-

layer illite-smectite clay composes up to 30 wt. % of the

rock. Diagenetic processes in the deep Montney Formation

started with early burial and rock composition altered sig-

nificantly over time. Dolomitization and feldspar alteration

are the most volumetrically significant modifications. Both

pore occluding and pore enhancing processes were ob-

served, but porosity reduction processes are by far more

substantial and significantly affect reservoir quality.
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Figure 12. The paragenetic sequence for the Montney Formation in the deep basin, northeastern British Columbia.
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Introduction

The development of unconventional oil and gas resources

requires injections of large volumes of fluid at high pres-

sures and rates, in order to hydraulically fracture the reser-

voir and hence create a system permeability high enough

that hydrocarbons can be produced economically. Fractur-

ing fluid, used in completions of the Montney Formation in

the Western Canada Sedimentary Basin as well as almost

all shale completions elsewhere, previously consisted

mainly of freshwater as the base fluid. There is currently a

trend to blend freshwater with flowback water from previ-

ously fractured wells and/or produced water from other

wells to reduce freshwater usage. Much of the motivation

for reducing freshwater usage during hydraulic fracturing

is based on economics and real, or perceived, environmen-

tal issues related to depletion of freshwater resources.

The flowback water volume from hydraulic fracturing is

generally significantly less than the injected volumes due to

imbibition of the completion fluid into the reservoir matrix

(i.e., Engelder et al., 2014). The actual amount of flowback

fluid varies greatly between wells with most flowback vol-

umes measuring significantly less than 25% (i.e., Halusz-

czak et al., 2013) of the injected fluid volume, although the

actual values vary significantly and some wells flow back

more fluid than the volumes injected.

The chemistry of the flowback water is a complex product

of the volumes and chemistry of the injected completion

fluid, reservoir connate water, plus reactions that occur be-

tween the fluids and the reservoir rock and tubulars. The

flowback fluids thus provide important data and insights

relevant to optimizing reservoir completions, and recog-

nizing, preventing and/or remediating damage to the reser-

voir, fluid system, proppant pack and tubulars. Addition-

ally, knowledge of the chemistry and volumes of flowback

water are critical to designing optimal blends for recycling,

treatment and/or disposal of the fluids.

In support of the Geoscience BC–supported study on the

controls on producible hydrocarbons in northeastern Brit-

ish Columbia (NEBC), a study of the flowback water chem-

istry from wells completed in the Montney Formation in

NEBC and northwestern Alberta has been undertaken. To

date, this study includes the collection of flowback sam-

ples, produced water samples (from selected wells) and an-

cillary information from 31 wells in six geographic areas

(Figure 1). These studies have been made possible by close

co-operation with industry. The sampled wells include

• 18 wells completed in the upper Montney Formation,

• 11 wells completed in the middle Montney Formation,

and

• 2 wells completed in the lower Montney Formation.
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Figure 1. The location of the study sites in northeastern British Co-
lumbia and northwestern Alberta. The locations of the sites (A–I)
are shown as black squares. The extent of the Montney Formation
is shown in green (modified from Edwards et al., 1994).



In this paper, some preliminary results will be provided and

the nature of the ongoing work will be described.

Experimental Methods

Flowback water samples were collected on site throughout

the flowback period, with more frequent sampling (2–3

samples per day) earlier in the flowback period and de-

creasing to one sample per day after the first week of sam-

pling. The higher frequency of sampling earlier in the pro-

gram allows for the capture of the higher variability in the

initial flowback water. In addition to the flowback water

samples, produced water samples were collected at two of

the sites following the flowback period (sites Aand B). The

samples were stored at 4°C prior to analysis. As samples

were not preserved on site, the samples were heated in a hot

water bath back to reservoir temperature (~75–80°C) for 24

hours prior to subsampling. After heating, the samples were

subsampled for 1) pH, conductivity and alkalinity analysis;

2) anion analysis; and 3) dissolved metals analysis. Prior to

heating, a subsample was collected for stable water isotope

analysis. The pH, conductivity and alkalinity tests were

conducted at The University of British Columbia (UBC;

Vancouver, BC) on filtered, unpreserved samples. The an-

ion analysis is currently in progress at a commercial labora-

tory. The dissolved metal samples were filtered and pre-

served with nitric acid to pH <1. These samples were

processed further by acid digestion in order to remove any

organics in the fluid. The acid digestion process involved

an initial step of adding trace metal grade nitric acid and hy-

drochloric acid in a 2:1 ratio to the sample and heating it on

a hot plate until evaporated. This heating and evaporating

step was then repeated with only nitric acid added to the

sample. The dried sample was then rediluted in a 1% HNO3

solution. The dissolved metals were measured using induc-

tively coupled plasma–optical emission spectrometry

(ICP-OES) and inductively coupled plasma–mass spec-

trometry (ICP-MS). The isotope samples were mixed with

activated charcoal to remove organics and then filtered.

These samples were run on a liquid-water isotope analyzer

and analyzed for δ18O and δ2H. The ICP-MS, ICP-OES and

isotope analyses were conducted at laboratory facilities in

the Department of Earth, Ocean and Atmospheric Sciences

at UBC (Vancouver, BC).

In support of this study, an analysis of the hydraulic fractur-

ing fluids was also completed. This generally involved cre-

ating a composite sample by combining the fluids used in

different fracturing stages based on similar conductivity

readings. The composite samples were then submitted for

the same suite of analyses as the flowback and produced

waters.

In addition to the geochemical analyses, a mineralogical

analysis is also being undertaken. Core samples from adja-

cent wells (as the studied wells were not cored) are being

analyzed using X-ray diffraction. These results will be used

to support the geochemical modelling.

Preliminary Results

General Parameters – pH, Alkalinity,
Conductivity and Total Dissolved Solids

The pH of sampled flowback waters are typically near neu-

tral (pH 6–8) and in general decrease over the flowback pe-

riod. There is some variability in the flowback water from

the site D wells completed in the upper Montney Forma-

tion, with values ranging from acidic (pH <4.5) to slightly

basic (pH >9). In addition, produced waters from the two

site B wells are slightly acidic (pH 4.6–5.7).

The alkalinity of the flowback fluids generally decreases

over the flowback period. Overall, the flowback waters

from the upper Montney Formation wells have low alkalin-

ity with values remaining between 100 and 200 mg/L as

CaCO3. The early flowback water from the middle and

lower Montney Formation can have alkalinity values up to

400 mg/L as CaCO3.

Conductivity is high in the Montney Formation flowback

water (Figure 2a–d). In flowback samples from the upper

Montney Formation and the upper portion of the middle

Montney Formation, the conductivity generally ranges

from 50 to 200 millisiemens (mS) per cm (Figure 2a–c).

The flowback water from the lower portion of the middle

Montney Formation has lower conductivity with values be-

low 100 mS/cm (Figure 2c). The conductivity in the flow-

back water from the lower Montney Formation ranges from

approximately 15 mS/cm to approximately 130 mS/cm

(Figure 2d).

The total dissolved solids (TDS) range, estimated from

conductivity, for the upper Montney Formation flowback

and the upper portion of the middle Montney Formation

flowback is approximately 30 000–130 000 mg/L. Relative

to these flowback waters, the TDS for flowback from the

lower portion of the middle Montney Formation is lower

with a range of 4500–65 000 mg/L. The flowback from one

of the lower Montney Formation wells falls within this

range with TDS values from 7000 to 55 000 mg/L, whereas

the other lower Montney Formation well is higher (12 000–

83 000 mg/L). These TDS values are approximate and once

all of the anion results are available the TDS will be recal-

culated using all ion concentrations.

Major Cations

The major cations increase in abundance over the flowback

period resulting in an increase in TDS. The dominant cation

in all Montney Formation flowback water is Na. All Na

concentrations in the flowback water samples are above

1000 mg/L and the maximum values in the different wells

range from approximately 5000 to 50 000 mg/L (Figure 3a–d).
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Figure 2. Conductivity in flowback water throughout the flowback period, from wells in northeastern British Columbia and northwestern Al-
berta: a) upper Montney Formation wells from sites A and B, includes both flowback and produced waters; b) upper Montney Formation
wells from sites C, D, H; c) middle Montney Formation wells from sites C–G; and d) lower Montney Formation wells from site I. Note the vari-
ability in the scales. Abbreviation: mS, millisiemens.

Figure 3. Concentrations of Na in flowback water throughout the flowback period, from wells in northeastern British Columbia and north-
western Alberta: a) upper Montney Formation wells from sites Aand B, includes both flowback and produced waters; b) upper Montney For-
mation wells from sites C, D, H; c) middle Montney Formation wells from sites C–G; and d) lower Montney Formation wells from site I. Note
the different scale for the y-axis in 3a.



Following Na, the order of elements from highest to lowest

concentration is Ca, K, Mg and Sr. Concentrations of Sr are

higher than Mg concentrations in flowback water from

some wells. Concentrations of Ca range between 10 and

17 000 mg/L, with the majority of values below 10 000 mg/L.

Concentrations of K, Mg and Sr remain below 2500 mg/L in

all samples and are often much lower than this.

Variability in Major Cation Flowback
Water Chemistry

In general, the major cation concentrations are higher in

flowback water from wells in the upper Montney Forma-

tion and the upper portion of the middle Montney Forma-

tion. These wells have higher concentrations from the be-

ginning of the flowback period onward relative to other

wells completed in different stratigraphic intervals of the

formation. The one area with wells completed in the lower

portion of the middle Montney Formation has consistently

lower major cation concentrations whereas the two lower

Montney Formation wells, situated in the northwestern part

of the study area, have intermediate concentrations. The

flowback waters from the two lower Montney Formation

wells initially have low TDS and low cation concentrations

that are comparable to the early flowback water chemistry

for the wells completed in the lower portion of the middle

Montney Formation. However, the cation concentrations in

the lower Montney Formation flowback show a greater in-

crease over the flowback period, most notably for Na, K

and Sr (e.g., Na concentrations in Figure 3d).

Barium

Barium (Ba) concentrations display the greatest amount of

variability in Montney Formation flowback water (Fig-

ure 4a–d). The Ba concentrations are low (<25 mg/L) at

sites A, B and D–H, which include wells from both the up-

per and middle Montney Formation (Figure 4a, c). At site

C, which is located in the same area as sites B and D–G, the

Ba concentrations are higher (Figure 4b). The maximum Ba

concentrations for both middle and upper Montney Forma-

tion flowback waters at this site are in the range of 200–

300 mg/L. Similar Ba values are measured in the flowback

water from the two wells completed in the lower Montney

Formation at site I (Figure 4d). The concentrations at these

two wells increase from <5 mg/L in early flowback up to

maximum values of approximately 200 and 450 mg/L at the

end of the flowback period. Initial results indicate that there

is a negative correlation between Ba and sulphate. The site I

wells initially have higher sulphate concentrations and the

Ba concentrations only begin to increase once the sulphate

values begin to decrease. Other wells that have consistently

high sulphate concentrations (e.g., one well at site G and

the site H well) have low Ba concentrations (<1.5 mg/L).
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Figure 4. Concentrations of Ba in flowback water throughout the flowback period, from wells in northeastern British Columbia and north-
western Alberta: a) upper Montney Formation wells from sites A and B, includes both flowback and produced waters; b) upper and middle
Montney Formation wells with high Ba concentrations from site C; c) upper and middle Montney Formation wells with low Ba concentrations
from sites D–H; and d) lower Montney Formation wells from site I. Note the variability in the scales of the axes.



Currently, the sulphate results are only available for a lim-

ited number of wells as the anion analysis is still in prog-

ress. The relationship between Ba and sulphate will be

investigated in more detail once the remaining sulphate

data becomes available.

Isotopes of δ18O and δ2H

The isotope analysis included an analysis of both the

flowback water and the hydraulic fracturing fluids. The iso-

tope values will supplement the inorganic geochemical

data by providing additional information that can be used to

estimate the connate water contribution to flowback water.

Overall, the hydraulic fracturing fluids have δ18O and δ2H

isotope values that plot on or close to the global meteoric

water line (GMWL, defined as δ2H = 8·δ18O + 10‰; Fig-

ure 5). However, there are some samples that plot away

from this line, which indicate the hydraulic fracturing flu-

ids have a base of a blend of freshwater and recycled

flowback water. Water produced from deep formations, in-

cluding waters produced during hydraulic fracturing, typi-

cally have elevated δ18O and δ2H isotope values relative to

meteoric water and results that plot to the right of the

GMWL (i.e., Sharma et al., 2014; Rowan et al., 2015). The

flowback waters analyzed as part of this study generally

have values that plot away from the GMWLindicating mix-

ing of the hydraulic fracturing fluid with another more sa-

line end member (i.e., the connate water; Figure 5). The

change in the isotope values of the flowback waters over

time is interpreted to be due to mixing with connate water

rather than water-rock interactions as the time for water-

rock interactions (between the injected hydraulic fracturing

fluid and the rock) is not sufficient to significantly change

the isotopic signature of the water (Rowan et al., 2015).

Further Work

The work for this study is currently ongoing. Full anion re-

sults to complete the geochemical analysis are being run

and compiled, after which detailed analysis of the chemis-

try of both the flowback waters and the hydraulic fracturing

fluids will be completed. The full dataset will allow for fur-

ther interpretation of the results, which will provide insight

into the variability across the formation as well as assist

with determining the sources of the ions in flowback water.

The combined geochemical results of the flowback water

and the hydraulic fracturing fluid from this study, along

with the mineralogy from the X-ray diffraction analysis and

existing produced water geochemical results, will be used

for geochemical modelling to determine the dominant

geochemical processes that are impacting the flowback

water chemistry.

The results of this study will determine the variability in

flowback water chemistry within the Montney Formation

and contribute to the understanding of the geochemical

processes that cause flowback water to change over time

and to vary between different sites. Characterizing the

flowback water chemistry in different areas of the Montney

Formation will in turn assist in flowback water manage-

ment for future oil and gas development in the region. Po-

tential beneficial outcomes related to the geochemical anal-

ysis undertaken in this study include optimizing the

selection of hydraulic fracturing fluid chemical additives

when recycling flowback water and determining the ideal

mixing ratios to use in the make-up water for future

hydraulic fracturing jobs.
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Introduction

In the past decade, multistage hydraulic fracturing has be-

come an essential completion technique, resulting in pro-

lific development of low-permeability sandstone and shale

reservoirs. Although such reservoirs are found to be abun-

dant in many parts of the world, most of the developed ones

are found in major North American basins (Energy Infor-

mation Administration, 2013; Charlez, 2015). The practice

of multistage hydraulic fracturing involves pumping water-

or oil-based fluids at high pressure to create fracture net-

works in low-permeability rocks. As a result, a significant

amount of water is used in such an operation (King, 2012,

2014). The range in volumes of water used for fracturing

treatments varies significantly among formations. However,

it is widely reported that up to 80% of the water pumped

during a fracturing treatment is typically not recovered when

the well is put back on production (Fan et al., 2010; King,

2012; Tipton, 2014).

Poor water recovery is attributed partly to spontaneous or

forced imbibition of water into the rock matrix and clay sys-

tem, particularly in clay-rich rocks (Makhanov et al., 2012;

Roychaudhuri et al., 2013; Lan et al., 2014). Major mecha-

nisms responsible for the spontaneous water uptake by

shale rocks are high capillary suction (due to nanometre-

size pores) due to sub-irreducible water saturation, diffu-

sion, advection and surface-osmotic hydration (Al-Bazali,

2005; Zhang, 2005; Ghanbari, 2015; Roshan et al., 2016).

Clay-rich shale can act as a membrane when immersed in

water with lower ion concentration. This produces an os-

motic potential (Zhang et al., 2004; Al-Bazali, 2005;

Ghanbari and Dehghanpour, 2014). In addition to osmosis,

diffusion results in ion transport in and out of the shale rock

(Al-Bazali, 2005; Zhang, 2005; Ghanbari, 2015). This

causes a change in electrical conductivity of the fluid.

Earlier studies examined the physicochemical changes that

occur as a result of clay hydration in shales, but mostly in

the context of drilling engineering. Chenevert (1970) con-

ducted a comprehensive study on hydration of shales from

various formations in the United States. He found that

hydration of shales resulted in tensile stress and expansion

in all rock samples. Adsorption of water by clay minerals

also reduced the overall strength in his shale rock samples,

which can be detrimental for wellbore-stability applica-

tions (Chenevert, 1970; Bol et al., 1994). In subsequent

studies on shale hydration, researchers developed swelling

or hydration indices to compare the swelling potential of

various shales (Bol, 1986; Hayatdavoudi, 1999).

Recent studies have also connected the concept of clay hy-

dration to wettability. Significantly higher uptake of water

than of oil by oil-wet gas shales of the Horn River (HR) Ba-

sin has been attributed to water adsorption by clay minerals

(Dehghanpour et al., 2012; Dehghanpour et al., 2013). Ani-

sotropy in water imbibition, swelling stress and expansion,

have also been shown as characteristics of laminated

mudstones (Ghanbari and Dehghanpour, 2014; Makhanov

et al., 2014). Furthermore, fabric changes, such as induced

tensile microfractures and sample expansion have also

been observed during imbibition (Dehghanpour et al.,

2013; Ghanbari and Dehghanpour, 2014; Yang et al.,

2015). Ghanbari and Dehghanpour (2014) reported a re-

duced spontaneous imbibition of water into samples con-

fined with epoxy, raising questions on how much tensile

stress and resultant expansion can be generated from hy-

dration.

Furthermore, in the context of geomechanics, rock elastic

properties (Young’s modulus and Poisson’s ratio) from lab-

oratory compression tests are widely used as key inputs in

creating hydraulic-fracture design models (Lacy, 1997;

Dunphy and Campagna, 2011; Dong, 2016). However,

most compression tests for unconventional rock samples in

Geoscience BC Report 2017-1 55

Keywords: British Columbia, hydraulic fracturing optimization,
soaking of gas shale, hydration-induced tensile stress, expansion
of clay-rich shale, clay swelling, Horn River shales

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.



the laboratory still follow the workflow for conventional

rocks. This workflow does not account for hydration-in-

duced tensile stresses due to clay swelling. Incorporating

hydration-induced stress and strain into geomechanical

models can result in more realistic models for hydraulic

fracturing.

Research Objectives

The goals of this study are to 1) extend previous work on

water uptake of HR Basin shales and quantify its hydration-

induced stress and expansion characteristics, 2) investigate

the effects of fluid chemistry on water uptake and swelling,

and 3) investigate the effects of hydration-induced stress

and strain on enhancement of hydrocarbon production. In

this paper are presented the preliminary results of the most

direct measurements of hydration-induced tensile stress

and strain in HR Basin shales.

Methodology

A three-step approach is taken to investigate the effects of

hydration in the rock samples. Total water uptake by gas

shales is due to a combination of high capillarity of nano-

pores and adsorption by clay minerals (Dehghanpour et al.,

2012). Hence, all measurements will be linked to spontane-

ous imbibition and rock-mineralogy data.

In the first phase, spontaneous water- and oil-imbibition

experiments are conducted on the shale samples. The pur-

pose of the water-imbibition experiments is to obtain a rela-

tionship between the amount of ions that leach out of the

sample and the mass of fluid that imbibes into the sample.

By recording the imbibed mass and change in electrical con-

ductivity, an imbibed mass–electrical conductivity cross-

plot (IM-EC crossplot) can be created to be used in phase 3.

Imbibition and electrical conductivity are normalized to the

mass of rock sample used. Comparisons are made between

the imbibition of water and oil.

In the second phase, the expansion of the shale samples is

measured during imbibition. During water imbibition, ex-

pansion is measured parallel and perpendicular to the plane

of lamination, whereas expansion is measured only perpen-

dicular to the plane of lamination for oil imbibition. This

test does not restrain the sample, meaning the sample is free

to expand during imbibition in customized imbibition cell 1

(described in the ‘Materials and Equipment’ section).

Strain is computed from the displacement (as measured)

and original length of the rock sample. The imbibition data

from phase 1 are used to correlate the strain with the

imbibed mass of fluid.

During the third phase, the hydration-induced tensile stress

is measured in the samples when they are immersed in de-

ionized water. Customized imbibition cell 2 (described in

the ‘Materials and Equipment’ section) allows for the re-

striction of axial expansion and concurrent measurement of

the expansive force generated by rock samples during imbi-

bition of water. This test gives the hydration-induced ten-

sile force with respect to the soaking time. Axial stress is

computed from the force (as measured by the load cell) and

the cross-sectional area of the rock sample. This phase will

be extended by measuring the hydration-induced tensile

stress (and change in water-uptake profile) of rock samples

subjected to a constant axial compressive load during imbi-

bition.

Since the sample is under an axial restraint, further fluid im-

bibition may be hindered as tensile force accumulates

(Chenevert, 1970; Ghanbari and Dehghanpour, 2014). As a

result, the imbibition profile in this test may not resemble

that of a sample under zero accumulated-stress conditions

(phase 1). Therefore, it is also of interest to determine the

imbibed fluid mass that results in the recorded tensile force.

However, the rock samples cannot be removed from the cell

during the tests in this phase because that would create per-

turbation in the state of stress. To mitigate this problem, the

electrical conductivity of the aqueous phase surrounding

the rock sample in the imbibition cell is measured periodi-

cally. Subsequently, the electrical conductivity (normal-

ized to the mass of the rock sample) is correlated with the

imbibed mass of water using the IM-EC crossplot from

phase 1.

Materials and Equipment

Core Samples

The core samples used in this study come from a well

drilled in the Horn River Basin of northeastern British Co-

lumbia (BC). Figure 1a shows a geographic overview of

Western Canada, indicating the Horn River Basin. Fig-

ure 1b shows the major formations of the Middle Devonian

Elk Point Group in the Horn River Basin, with the three

zones of interest outlined in red.

Tests are planned on rock samples from two formations of

the Horn River Basin: the Muskwa (MU) and Horn River

(HR) formations (Figure 1b). The Muskwa Formation is a

siliceous pyritic shale with moderate to high total organic

carbon (TOC). The Horn River Formation is further di-

vided into the Otter Park (OP) and Evie (EV) members,

both of them mid-Devonian shale units (Mossop and

Shetsen, 1994; Hulsey, 2011; BC Oil and Gas Commission,

2014; Dong, 2016). The OP is a medium- to dark-grey,

slightly calcareous mudstone with a lower TOC than the

EV (McPhail et al., 2008). The EV is a dark grey to black

shale with a higher average TOC than the MU and OP

(Mossop and Shetsen, 1994; McPhail et al., 2008; Hulsey,

2011; BC Oil and Gas Commission, 2014; Dong, 2016). All

MU and HR shales are brittle and exhibit strong fissility,

mostly along the plane of lamination (Figure 2).
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Twenty-one samples are to be used in this study (seven each

from the MU, OP and EV). Table 1 gives the depth, porosity

and permeability for each sample. Representative mineral-

ogy of powdered rock measured by X-ray diffraction

(XRD) is shown in Table 2.

Rock samples used in all phases of this study were oven

dried at 250°F to evaporate both capillary and clay-bound

water (Luffel and Guidry, 1992). This ensures that all sam-

ples start at a similar water saturation (as capillary water

evaporates first, followed by the water molecules electro-

statically bound to the clay). Early water uptake by dried

samples results from a combination of capillarity and ad-

sorption by clay minerals. Hence, the oven-dried state of

the samples provides the opportunity to capture the trends

of imbibition and hydration swelling early in the soaking

process.

Equipment

During the first phase, imbibition cells (Figure 3) are used

to fully immerse the rock sample in water. A portable elec-

trical-conductivity meter and mass balance are used to re-

cord the electrical conductivity and mass, respectively, of

the rock sample during imbibition.

In the second phase, the rock sample is placed inside the

glass chamber of a customized imbibition cell 1 (CIC-1;

Figure 4), which is then filled with fluid until the rock is

completely submerged. This cell is equipped with a linear

variable differential transformer (LVDT) mounted on the

side wall of the imbibition chamber. Stabilizer mounts pre-

vent lateral movement of the rock sample. Any axial expan-
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Figure 2: Shale sample from the Evie (EV) Member of the Horn
River Formation, showing fissility along the plane of lamination,
and natural and induced fractures.

Table 1: Approximate depth, porosity and permeability of samples used in
this study.



sion exhibited by the rock causes a displacement of the

LVDT core. The LVDT and its data acquisition system are

set to acquire the displacement data every 10 seconds.

For the third phase, a specialized setup (customized imbibi-

tion cell 2) was designed to measure the hydration-induced

tensile stress during spontaneous imbibition of fluid (Fig-

ure 5). Customized imbibition cell 2 (CIC-2) consists of an

imbibition cell housed inside a load frame. The rock sample

is placed in the imbibition cell filled with water. The sample

is overlain by a circular spacer disk and a circular through-

hole load cell. The spacer disk prevents rusting and damage

to the load cell by eliminating direct physical contact be-

tween the fluid and the load cell. The shaft of the load frame

firmly attaches into the through-hole load cell. At this

point, from bottom to top, the rock sample, spacer disk,

load cell and shaft are in rigid vertical alignment. This sys-

tem prevents any axial expansion of the rock sample during

the tests. Axial restraint at the top and bottom ends of the

rock sample allows the swelling force generated within the

rock sample to be directed toward the load cell. In addition

to the axial restraint, the load frame allows for a constant

compressive load to be applied to the rock sample through

controlled downward motion of the shaft. Once the desired

compressive load is reached, the shaft remains locked in

position until manually unscrewed. The data acquisition

system and associated computer program are set up to ac-

quire the force on the load cell every 10 seconds. The

portable electrical-conductivity meter from phase 1 is used

to periodically measure the electrical conductivity of the

fluid.

Experiments

This section describes the experiments for each phase. Ta-

ble 3 summarizes the experiments to be performed on each

rock sample.

Phase 1

Spontaneous imbibition experiments are conducted with

water and kerosene on nine shales samples (three each from

MU, OP and EV) for 7 days, to obtain three sets of imbibi-

tion data. The first and second sets of data (with water and

kerosene, respectively) are used in conjunction with the

free-expansion results (phase 2). The third set of imbibition

data (with water), which includes electrical conductivity of

the fluid, is used in phase 3.

Phase 2

Three sets of free-expansion experiments are conducted on

MU, OP and EV rock samples. The first and second sets of

experiments are carried out with water and kerosene, re-
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Table 2: Representative mineralogy of powdered shale samples from the Muskwa Formation (MU) and the Evie (EV)
and Otter Park (OP) members of the Horn River Formation, as measured by X-ray diffraction.

Figure 3: Imbibition cells used in phase 1. Rock samples were immersed in aqueous or
oleic phases. Change in mass of the rock samples and electrical conductivity of the
fluid (for aqueous-phase experiments) were recorded periodically.



spectively. Rock samples are placed in the customized im-

bibition cell 1 such that planes of lamination are horizontal.

Hence, the LVDT measures axial expansion along the di-

rection perpendicular to the plane of laminations. The third

set of experiments, carried out with water, are rotated 90° to

align the axis of LVDT parallel to the plane of laminations.

This arrangement measures axial expansion parallel to the

plane of laminations.

Phase 3

One sample each from MU, OP and EV is tested for

hydration-induced tensile stress. Force is measured in the

direction perpendicular to the plane of laminations.

Preliminary Results and Future Work

From the rock samples tested thus far, it is apparent that im-

bibition-induced microfractures observed in previous stud-
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Figure 4: Photo (a) and schematic diagram (b) of customized imbibition cell 1, used in phase 2 of this
study. The linear variable differential transformer (LVDT) records the axial displacement of the rock
sample during imbibition.

Figure 5: Photo (a) and schematic diagram (b) of customized imbibition cell 2, used in phase 3 of this study. The load cell measures the ex-
pansive (tensile) force generated by the rock sample during imbibition.



ies can, in fact, result in measurable expansion of rock sam-

ples. Strain of up to 0.75% is observed in the free-expansion

imbibition cell (CIC-1). Expansion anisotropy is observed

in directions parallel to and perpendicular to the plane of

lamination. When the expansion is restricted, tensile stress

of up to 18 psi accumulates in the samples, due to hydration

(CIC-2). Rock samples will be tested under various added

axial-compressive loads to investigate any changes in wa-

ter-imbibition behaviour and accumulation of tensile

stress. More samples will be incorporated into this study to

assess the effect of fluid salinity on imbibition, expansion

and tensile stress. It is projected that the work will be con-

cluded by August 2017.
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Introduction

Buried valleys are channel-form depressions, or paleo-

valleys, that have been infilled by sediment and buried fol-

lowing their formation (Cummings et al., 2012). Within

these buried valleys, permeable material can form thick

units that have the potential to store and transmit significant

amounts of water, hence the term ‘buried valley aquifers’.

Buried valleys have been identified below glaciated ter-

rains in North America and northern Europe, and when

filled with permeable sediments, they can represent attrac-

tive targets for groundwater exploitation (Shaver and Pusc,

1992; Andriashek, 2000; Cummings et al., 2012; Olden-

borger et al., 2013). Studying buried valleys and gaining an

understanding of their architecture, lateral extent and the

continuity of the permeable units is crucial to managing

groundwater resources (Hickin et al., 2016).

Several studies have explored the hydraulic role of buried

valley aquifers through both field techniques (e.g., Troost

and Curry, 1991; Shaver and Pusc, 1992; van der Kamp and

Maathuis, 2012) and numerical modeling (e.g., Shaver and

Pusc, 1992; Seifert et al., 2008; Seyoum and Eckstein,

2014). Investigations into buried valley aquifers using nu-

merical modeling have incorporated their geological struc-

ture and have explored the continuity of the permeable

units within their fill, which are among the key factors that

control the effect that buried valleys have on groundwater

flow (Russell et al., 2004). These studies, however, tend to

be localized (e.g., one buried valley). “At the regional

scale, there has been limited investigation of aquifer extent

and continuity along buried valleys, the groundwater re-

source potential of buried valley aquifer systems, and the

hydraulic role of buried valleys on regional flow” (Russell,

2004). To examine the resource potential of buried valley

aquifers, the impact that buried valleys have on the regional

groundwater flow regime must be investigated.

The purpose of this research is to contribute to the knowl-

edge of buried valley aquifer hydrogeology and explore the

influence that buried valley aquifers have on groundwater

flow at a regional scale. The study area is the Peace River

region of northeastern British Columbia (BC). The aim of

this work is also to extend the research conducted for

Geoscience BC’s Peace Project, a project aimed at contrib-

uting new information about the available water resources

in northeastern BC.

The specific objectives of the research are to

• determine the nature of the continuity of the permeable

units within the buried valley network in the Peace

River region,

• characterize the regional groundwater flow system for

the buried valley aquifer network, and

• analyze the regional water budget under the influence of

the buried valley aquifers and assess the validity of the

buried valley aquifers as a water resource.

Study Area

Northeastern BC has seen a large increase in shale gas de-

velopment during the last 15 years. To access the gas in the

tight shale units, industry hydraulically fractures the rock

(fracking) to increase its permeability. This fracking re-

quires large volumes of water, with a single well requiring

potentially more than 20 000 m3of water. Currently, most of

the water used for hydraulic fracturing in northeastern BC

is surface water; however, increased development may in-

crease the demand for other water sources, specifically

groundwater found in northeastern BC’s aquifers.
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Unconsolidated aquifers that are particularly important to

this region are in Neogene (preglacial; existed prior to gla-

ciation) and Quaternary (glacial; cut during glaciation) bur-

ied valleys eroded into overlying sediments and/or bed-

rock. Both types of buried valleys occur in the Peace River

region, and the valley-fill material can sometimes contain

sand and gravel aquifers (Lowen, 2011), making them ap-

pealing targets for groundwater exploration. Most, how-

ever, have little to no surface expression because following

the deposition of the valley-fill material, processes such as

aggradation subsequently buried these valleys (Hickin,

2011; Hickin et al., 2016). This makes the process of identi-

fying and mapping these buried valley aquifers challeng-

ing.

In the Peace River region, the approximate extent of a large

network of buried valleys has been delineated (Figure 1;

Petrel Robertson Consulting Ltd., 2015); however, the

hydrogeological characteristics of these buried valleys, in

particular the potential continuity of high permeability ma-

terials, is largely unknown. Moreover, the broader role that

these buried valleys play in the regional groundwater flow

regime of the Peace River region has yet to be explored.

Methods

Buried valley geometry is quite complex (Oldenborger et

al., 2014); therefore, the incorporation of high-resolution

geophysical data is necessary to interpret their architecture.

This study will incorporate the geological data and inter-

pretations from two geophysical techniques: electromag-

netic surveys and gamma-ray logging.

Airborne Electromagnetic Survey Data

During the last several years, airborne time-domain elec-

tromagnetic (TEM) systems have been developed and

proven successful for hydrogeophysical studies of buried

valleys (e.g., Steuer et al., 2009; Høyer et al., 2011; Olden-

borger et al., 2013). As part of Geoscience BC’s Peace Pro-

ject, approximately 21 000 line-kilometres were flown with

the SkyTEM system (Sørensen and Auken, 2004) to collect

airborne TEM data for the Peace River region. SkyTEM is

an airborne TEM system specifically designed for environ-

mental investigations (Sørensen and Auken, 2004). The

TEM data were subject to one-dimensional and three-di-

mensional inversion and are presented as interpreted hori-

zontal subsurface resistivity slices (Figure 2) and vertical

resistivity cross sections. Generally, low resistivity is inter-

preted to represent fine-grained material such as clay or

material containing saline water, whereas high resistivity is

interpreted to represent coarse-grained material such as

sand and gravel or bedrock.

Gamma-Ray Logs

Gamma-ray logs are used to measure the natural radioactiv-

ity emitted by sediments. High gamma-ray values generally

relate to clays and result from higher concentrations of ra-

dioactive elements found in clay minerals, such as uranium,

potassium and thorium (Quartero et al., 2014). Low

gamma-ray values generally relate to sand and coarse-

grained material. Gamma-ray logs are commonly used to

determine subsurface lithology and stratigraphy; however,

the steel surface casing in the well mutes the gamma-ray re-

sponse from the formation, reducing the amplitude and

variance of the data (Quartero et al., 2014). While surface

casing enhances wellbore stability and protects shallow

groundwater from surface contamination, the attenuation

caused by the casing lowers the overall gamma-ray re-

sponse and is problematic for geological interpretation

(Quartero et al., 2014).

The gamma-ray logs from approximately 1400 wells in the

Peace River region have been corrected for the attenuation

of the gamma-ray response caused by the surface casing us-

ing the statistical correction technique developed by

Quartero et al. (2014). This technique allows the cased and

noncased log intervals to be merged into one continuous

gamma-ray curve for stratigraphic correlation (Figure 3).

Objective 1: Geological Model

The surficial geology map of the Peace Project area in Fig-

ure 1 shows the outline of a large buried valley network.

This large network will be the focus for this research, thus,

the developed geological model will likely be in this area.

The exact area of the model will be defined at a later stage in

the research, once all available data have been examined.

The geological and geophysical datasets will be imported

into the reservoir software, Petrel (Schlumberger Limited,

2011), and used to design a 3-D geological model of the

buried valley network. Two options will be explored for the

model domain:

• The vertical extent of the geological model will be from

ground surface to the top of bedrock. Bedrock topogra-

phy (from Petrel Robertson Consulting Ltd., 2015) and

a digital elevation model (DEM) will be used as the top

and bottom surfaces of the geological model, respec-

tively. This geological model and the following

hydrogeological model will only consider the unconsol-

idated sediments. The bedrock will be considered

impermeable.

• A full geological model will be generated that includes

the bedrock, down to approximately 200 m, below

which there is likely limited groundwater flow.

The interpreted geology from the TEM resistivity slices

and cross sections will be used to differentiate fine- and

coarse-grained material within the valley fill (and possibly
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lithological differences in bedrock) and, in combination

with bedrock topography, to visualize the structure of the

buried valleys themselves. The surficial geology map,

available gamma-ray logs for oil and gas wells, and lithol-

ogy logs reported by well drillers (from the WELLS data-

base; BC Ministry of Environment, 2016) will supplement

the TEM data to help confirm the depth to bedrock and ver-

ify the geological interpretation from the TEM data. There

is also a possibility that a few targeted boreholes will be

drilled in the study area to confirm the geological interpre-

tation of the geophysical data. The information collected

from these boreholes would be included in the study.
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Figure 1. Surficial geology of the Peace Project area in northeastern British Columbia. The outlines of the four main areas within the Peace
Project are shown in red (Sikanni Chief, Peace Project Main, Charlie Lake and Doig River). Thick dark lines represent outlines of buried
valleys (generally >10 m deep). Modified from Petrel Robertson Consulting Ltd. (2015).



The hydraulic properties of the geological units will be esti-

mated primarily from the literature based on the texture of

the Quaternary deposits in the Peace River region. These

will be supplemented by estimates obtained from pumping

tests and possibly grain size data. Based on distinct hydrau-

lic conductivity contrasts between the dominant material

types (e.g., till versus glaciofluvial), unique hydrostrati-

graphic units will be defined.

Objective 2: Numerical Groundwater Flow
Model

Characterizing a groundwater flow system requires a geo-

logical model, defined recharge areas and amounts of re-

charge, delineation of flow paths and the volume of flow,

and defined discharge areas. Numerical groundwater flow

models are valuable tools for characterizing groundwater

flow systems. The most commonly used groundwater flow

model is MODFLOW, and since its release in 1988, it has

become the industry standard for numerical groundwater

modeling (Zhou and Li, 2011). MODFLOW is a block-cen-

tred, finite-difference code that can handle complex bound-

aries and spatial and temporal variations of the system

(Pisinaras et al., 2007). MODFLOW can also import geo-

logical models generated in other programs, such as Petrel

(Schlumberger Limited, 2011).

Using the 3-D geological model developed in Objective 1,

an interpretive, steady-state, 3-D numerical groundwater

flow model will be created for the Peace River study area to

characterize the regional groundwater flow system of the
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Figure 2. Example of a horizontal subsurface resistivity slice showing interpreted resistivity distribution from 5 to 10 m below ground sur-
face in the Peace Project Main area of the Peace Project. Resistivity distribution was derived from spatially constrained inversion (SCI).
Depth to bedrock in metres is shown next to the petroleum and water wells in the figure. Modified from Aarhus Geophysics ApS (2016).



buried valley network. The model boundary conditions are

uncertain, but will be approximated based on existing in-

formation. Spatial recharge has been estimated for the

Peace River region by Holding and Allen (2015), who pro-

vide a range of average mean annual recharge between 88

and 1006 mm/year. Based on the model location and the

spatial distribution of recharge from Holding and Allen

(2015), recharge rates within the range of 0 and 300 mm/year

will be tested and applied to the top surface of the numerical

model. Other boundary conditions thought to control the

flow within the buried valley aquifer system will be investi-

gated prior to model construction. These may include ma-

jor rivers, such as the Peace River, and other water bodies.

Available hydrometric data will be used where rating

curves are available (to obtain the river stage from dis-

charge measurements).

The Particle Tracking tool in MODFLOW will be used to

identify and delineate likely recharge and discharge areas

of the buried valley aquifer network. The groundwater

travel paths will also be observed to explore the regional

groundwater flow system and investigate the hydraulic

gradient.

Objective 3: Regional Water Budget

In MODFLOW, the Zone Budget analysis tool will be used

to quantify the amount of recharge to and discharge from

the buried valleys, respectively, and to estimate how much

water is moving through the buried valley aquifer network.

If the model domain includes bedrock, the Zone Budget

tool will also be used to estimate how much water is moving

outside the buried valleys in the bedrock. This amount will

be compared with the amount of flow within the buried val-

ley network to address the question of the impact of buried

valley aquifers on regional groundwater flow.

Additionally within the numerical model, simulations will

be carried out to assess the potential of these buried valley

aquifers as a long-term, sustainable groundwater resource.

This will be achieved through adding to the steady-state

model pumping wells that are completed in the buried val-

ley aquifers. Abstraction will be simulated, and the Particle

Tracking tool will be used identify capture zones in the

steady-state flow field.

Future Work

Objective 1 is currently underway for this project. The geo-

logical and geophysical data will be brought into Petrel

(Schlumberger Limited, 2011), and these datasets will be

used to design the geological model of the buried valley

network in the Peace River study area. Based on the devel-

oped geological model, a numerical groundwater flow

model will be constructed for the study area. This flow

model will be used to assess the impact of buried valley

aquifers on regional groundwater flow. It is hoped that the
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Figure 3. Example of a gamma-ray log from the Peace Pro-
ject area corrected using the Quartero et al. (2014) method.
The gamma-ray curve from the cased-hole interval is shown
in black and the corrected gamma-ray curve is shown in red.
Stratigraphic picks are also shown on the gamma-ray log,
beginning with the youngest: Quaternary sediments, Upper
Cretaceous Sully Formation, Lower Cretaceous Sikanni
Formation and Lower Cretaceous Buckinghorse Formation.
Modified from Petrel Robertson Consulting Ltd. (2015).



results of this study can provide insight to future investiga-

tions of regional groundwater systems containing buried

valleys. This research will be completed and documented

as an M.Sc. thesis.
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Introduction

Northeastern British Columbia (BC) is undergoing rapid

development for oil and gas extraction, largely depending

on subsurface hydraulic fracturing (fracking), which relies

on freshwater. Even though this industrial activity has

made substantial contributions to regional and provincial

economies, it is important to ensure that sufficient and sus-

tainable water supplies are available for socioeconomic

sectors dependent on the resource, including ecological

systems. This, in turn, demands a comprehensive under-

standing of how water in all its forms interacts within the

watershed and an identification of the potential impacts of

changing climatic conditions on these processes. The aim

of this study is to characterize and quantify all components

of the water balance in the Coles Lake watershed, north-

eastern BC, through a combination of fieldwork and obser-

vational data analysis. Baseline information generated

from this study will support the assessment of the

sustainability of current and future plans for freshwater ex-

traction in the region by the oil and gas industry. The initial

results of fieldwork and a partial observational analysis

were already published by Abadzadesahraei et al. (2016).

This paper provides a complete observational analysis for

the hydrological year 2013–2014, providing a better under-

standing of boreal wetland dynamics by identifying the

water balance of Coles Lake. In addition, the outcomes of

this study are compared with other available regional

sources of water in northeastern BC.

Overview of Past Research

Shale gas exploration and development near Fort Nelson

has increased demand for surface water in these wetland-

dominated landscapes, prompting several studies to assess

the sustainable function of such natural ecosystems. For in-

stance, Johnson (2010) developed a conceptual water bal-

ance model for the Horn River Basin near Fort Nelson and

identified knowledge gaps including the identification of

wetlands, delineation of fens and bogs, location and distri-

bution of permafrost, identification of the spatial distribu-

tion of evapotranspiration, and increased monitoring of

discharge. Further contributions to water allocation plan-

ning efforts have also been made by Chapman et al. (2012)

with the development of the NorthEast Water Tool

(NEWT)—a web-based hydrological model and planning

tool for prediction of water availability based on modelled

annual, seasonal and monthly runoff (BC Oil and Gas Com-

mission and BC Ministry of Forests, Lands and Natural Re-

source Operations, 2016). Additionally, the BC Water Por-

tal (WP), which is an online map-based water information

tool, was designed in 2014 to provide a wide range of wa-

ter-related data and information for northeastern BC (BC

Ministry of Forests, Lands and Natural Resource Opera-

tions and BC Oil and Gas Commission, 2016). The WP

contains water quantity and quality data wherever the data

are available for both surface water and groundwater. Fur-

thermore, it links climate information and historical hydro-

graphs of mean monthly water depth of provincial observa-

tion wells (Holding et al., 2015).

Recent studies indicate that the combination of climate

change, shale gas development activities and the physical

characteristics of northeastern BC watersheds make hydro-

logical studies in this region particularly challenging

(Johnson, 2010). These challenges are exacerbated by the

combination of gentle topography, relatively fine-textured

surficial materials, extensive wetlands, discontinuous per-

mafrost and seasonally frozen ground (Golder Associates,

2010; Johnson, 2010). Although several studies have ex-

plored these concerns, there are still many knowledge gaps

(e.g., role of vegetation canopies in the water balance) that

need to be addressed.
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Study Area Characteristics

The Coles Lake watershed is in northeastern BC, between

Fort Nelson and the Northwest Territories border. The wa-

tershed is about 140 km northeast of Fort Nelson and has a

drainage area of approximately 227 km2 (Figure 1). Its ele-

vation ranges from 311 to 550 m above sea level (asl) with

an average elevation of 524 m asl and contains an elevated

central highland, which acts as a drainage divide. Accord-

ing to the BC biogeoclimatic ecosystem classification

(BEC) system, the Coles Lake watershed is located in the

moist cool boreal white and black spruce zone (Delong et

al., 2011). This zone contains 10% of BC’s total land area,

which makes it the province’s largest biogeoclimatic zone

(DeLong et al., 1991). This zone is characterized by black

and white spruce forests and wetland complexes of discon-

tinuous permafrost, fens, bogs, swamps and marshes on a

glaciolacustrine plain, with extensive organic deposits and

a lesser component of streamlined tills (Golder Associates,

2010; Johnson, 2010; Huntley et al., 2011; Kabzems et al.,

2012). Based on a vegetation resource inventory (VRI) and

the BC Land Cover Classification Scheme, approximately

43.3% of this watershed is open, 51.4% has a mixed vegeta-

tion canopy and 5.3% has a closed vegetation canopy. Only

crown closure is used to identify open, mixed and closed

vegetation canopies (≤25% open, >25–61% mixed, >61%

closed).

Coles Lake is a small and shallow water body, with a maxi-

mum depth of 2.2 m, situated in the northwestern corner of

the Coles Lake watershed. Coles Lake is part of the Peace

River Land District and it is situated at 59°46'57"N latitude

and 122°36'27"W longitude with an area of 1.72 km2 (Fig-

ure 1). The southern and western side of the study area

drains to the west and north through Emile Creek and flows

into the Petitot River, whereas the northern and eastern side

of the study area drains to the east and north through For-

tune Creek and also flows into the Petitot River. Based on

data from an automated weather station installed near Coles

Lake (latitude 59°47'22.2"N, longitude 122°36'42.8"W, el-
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Figure 1. Location of Coles Lake and its topography, northeastern British Columbia. Data from HydroSHEDS (World
Wildlife Fund, 2009).



evation 480 m asl), the mean annual air temperature was

1.7°C with a total annual precipitation of 429.5 mm for the

2013–2014 hydrological year. Permanent snow cover typi-

cally lasts from early November until early to mid-May.

Methodology

Estimating the Water Balance

Determination of Coles Lake’s water balance requires an

estimation of stored water and fluxes. Precipitation (rain

and snow), stream inflow and groundwater to the lake are

considered the main inputs; evaporation, stream outflow

and water extraction from the lake are considered outputs

as follows:

ΔS = P + I + G – E – Q – W (1)

where ΔS is the change in stored water; P is precipitation (P

= R + S, where R denotes rainfall and S represents snow-

fall); I is the mean annual stream inflow to Coles Lake; G is

the groundwater exchange; E is evaporation; Q is discharge

(outflow) and W is the licensed withdrawal of water. Al-

though the water balance has been computed for the entire

Coles Lake watershed, results presented here are only for

the lake itself. All terms are expressed in units of milli-

metres. A water-year from October 1, 2013 to September

30, 2014 was used as the temporal framework within which

to estimate the balance, as this period begins and ends when

both discharge and storage are at their minimum levels

(Winkler et al., 2010).

Data Collection

Fieldwork was conducted from May 2012 to September

2014 to examine the hydrological components of this wa-

tershed in detail. Challenges to the field efforts included the

remoteness of the basin and difficult access to the area, as

well as frequent adverse weather conditions. The results of

this work will support the quantification and understanding

of the Coles Lake water balance. A general description of

each field procedure used and its purpose is available in

Abadzadesahraei et al. (2016).

Water Balance Components

Wetlands are an essential part of the hydrological cycle

within this region, with water balance components includ-

ing precipitation, evaporation, surface water and ground-

water flows (Ingram, 1983). Each of these components and

results from the 2013–2014 hydrological year are dis-

cussed below.

Rainfall (R)

Local rainfall data were collected every 15 min at the auto-

mated weather station and then summed for a daily total to

calculate the total contribution of rainfall on Coles Lake.

Rainfall from November 1, 2013 to May 15, 2014 is taken

as zero because temperatures are continuously subfreezing

during this period and reported data during this period is

from snowfall rather than rainfall. In total, 262.1 mm of

rainfall is reported, with maximum rainfall occurring in

June (73.9 mm) and July (61.9 mm).

Snowfall (S)

Based on Environment and Climate Change Canada stan-

dard equivalences, 1 cm of snow is assumed to correspond

to 1 mm of water. Therefore, snowfall for the Coles Lake

weather station totals 167.4 mm (water equivalent) based

on the ultrasonic ranging sensor.

Evaporation (E)

Multiple steps were required to compute the total evapora-

tion over the Coles Lake area. The first step was to identify

the ice-free (open-water) period. Landsat images were

downloaded and reviewed to determine the start and end

time of freezing and melting of the ice cover at Coles Lake.

Based on the Landsat images, Coles Lake began freezing

around November 1, 2013, and the melting period began

near to May 15, 2014. Once the ice-free period was identi-

fied, the Food and Agriculture Organization (FAO) of the

United Nations’ Penman-Monteith method was selected to

estimate evaporation from the lake surface (Hendriks,

2010). To use the FAO Penman-Monteith method, the net

radiation at the earth’s surface, air temperature, wind speed,

relative humidity and air pressure were collected for the du-

ration of the open-water period. The results suggested that

maximum evaporation occurred in July (97.7 mm) and

minimum evaporation occurred in December (2.6 mm).

This demonstrates a correlation with temperature, with a to-

tal loss of 368.5 mm during the ice-free months. In addition,

the potential contribution of blowing snow sublimation to

the water balance of Coles Lake was assessed using the

Piektuk blowing snow model (Déry et al., 1998). This

model indicates that blowing snow sublimation does not

contribute significantly to the water balance of Coles Lake

and can be safely neglected in this study.

Inflow and Outflow (I, Q)

Discharge measurements were made at both the inflow and

the outflow stations. Unfortunately, it was not possible to

use the stage–discharge relationship to measure the

streamflow because beaver dams altered flow during the

field campaign. Since these structures blocked water, the

water level recorded by transducers in July, August and

September stayed mostly the same. As a result of this natu-

ral phenomenon, water levels were raised in the upstream

stage and therefore rendered the rating curve invalid. In

light of this challenge, an alternative method of obtaining

representative streamflow data was employed. To compute

the amount of discharge, the streamflow data from Emile

Creek and two Coles Lake stations were compared. The
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Emile Creek hydrometric station is located about 4 km

downstream from Coles Lake. Four days of onsite dis-

charge measurements of inflow and outflow using the mid-

point method were correlated with data for the same days

from the Emile Creek station. A high degree of correspon-

dence is demonstrated between the Emile Creek station and

each of the inflow and outflow stations. The high correla-

tion coefficients show that discharge measurements are

consistent (Table 1). The obtained regression allowed ex-

trapolation of the daily discharges at each site for each day

of the study period with total inflow of 106.6 mm and total

outflow of 198.5 mm for the hydrological year.

Groundwater (G)

To estimate the contribution of groundwater fluxes to the

lake, nine piezometers in three transects were installed on

February 5, 2014 (Abadzadesahraei et al., 2016). Ground-

water fluxes were only estimated from February 5, 2014 to

September 30, 2014, and only during the ice-free period. In

fact, there are no data available prior to this study. In addi-

tion, it is assumed that the water fluxes are zero during the

freezing period. Although this logical inference is based on

sound assumptions, there may be an underestimation of the

flux. To compute the net average annual flow of water at

Coles Lake, Darcy’s equation was employed (Lohman,

1972):

Q = q × A (2)

where Q is water flow (m3⋅s-1), q is the net flux (has a di-

mension of velocity in m⋅s-1) and A (m2) is the cross-sec-

tional area of the shoreline segment, representing a vertical

plane at the shoreline through which water passes to either

enter or leave the surface-water body. This method assumes

that the aquifer is homogeneous and isotropic within the

segment; however, its assumption of a constant aquifer

thickness is violated where the water table slopes in the

vicinity of a surface water body.

According to the analysis, a total of 4.1 mm of groundwater

contributed to the water balance of the lake each month

from the three transects (flow = Q × number of seconds for

the specific months / the area that each transect covers in m2).

Flows to and from the surface-water body were summed to

calculate the net groundwater contribution to the entire

lake. Based on these assumptions, 22.6 mm (4.1 mm ×

5.5 months) of groundwater had flowed into the lake during

the ice-free period.

Water Withdrawal (W)

The BC Oil and Gas Commission (BCOGC) gave Quicksil-

ver Resources Canada Inc. (Quicksilver) a maximum water

withdrawal allocation of 38.5 mm for the 2013–2104 hy-

drological year from Coles Lake. However, actual water

withdrawal was zero because the plant was closed in re-

sponse to low natural gas prices (Quicksilver Resources

Canada Inc., pers. comm., 2013).

Water Balance Results

After computing the hydrological components, it was pos-

sible to determine the final water balance components,

listed in Table 2.

Evaluation of the Coles Lake
Hydrological Components

This section evaluates the hydrological components of

Coles Lake using comparisons with other available sources

of water information in northeastern BC. The sources em-

ployed were the NEWT and WP, as well as hydrometeoro-

logical data from the Fort Nelson climate normals (FNCN)

station (Environment and Climate Change Canada, 2016a)

and Fisheries and Environment Canada (FEC) lake evapo-

ration data (Fisheries and Environment Canada, 1978). The

precipitation data reported by the NEWT are from Climate-

WNA (Centre for Forest Conservation Genetics, 2015) and

hydrometric data originate from Water Survey of Canada

(Environment and Climate Change Canada, 2016b) gaug-

ing stations with various periods of record. The WPis based

on observational data for the 2013–2014 water year. The

FNCN are the average climatic data from 1981 to 2010 re-

corded at Fort Nelson, whereas the FEC data represents the

mean value of the annual evaporation of open water bodies,

based on the 10-year period 1957–1966.

72 Geoscience BC Summary of Activities 2016

Table 2. Summary of water balance components,
the hydrological year 2013–2014, Coles Lake,
northeastern British Columbia.

Table 1. The t- and p-values between Coles Lake and
Emile Creek stations with the computed Pearson’s
product-moment correlation coefficients. The t-value
reflects the value of the ‘t’ test statistic for the test, and the
p-value reflects whether the significance of the correlation
(<0.05) is significant.



For the 2013–2014 water year, observed precipitation to-

tals 429.5 mm over Coles Lake. The estimated observed

precipitation for Coles Lake is within an appropriate range

compared to results from the NEWT (435.3 mm; BC Oil

and Gas Commission and BC Ministry of Forests, Lands

and Natural Resource Operations, 2013), WP (430.3 mm)

and FNCN (451.7 mm). In addition, the estimated rainfall

during the ice-free period at Coles Lake (262.1 mm) varied

only by 27.5 mm compared to FNCN (289.6 mm). Addi-

tionally, the total amount of computed snowfall at Coles

Lake (167.4 mm) matches well the reported data by FNCN

(169.8 mm).

Atotal amount of 106.6 mm as inflow and 198.5 mm as out-

flow was estimated for Coles Lake. To evaluate these esti-

mated results, an attempt was made to compare these find-

ings with the NEWT and WP. It was concluded that the

results of Coles Lake are not consistent with the results of

NEWT for two main reasons. Firstly, NEWT does not sepa-

rate the total amount of runoff into and out of Coles Lake.

Secondly, NEWT does not consider the effect of beaver

dams in the area. Thus, only WP values are used for the

evaluation, however, the WP values are only representative

of the flow in Emile Creek (located downstream of Coles

Lake) and not for Coles Lake itself. It was still possible to

employ values from WP because Coles Lake streamflow

was constructed based on recorded data from Emile Creek.

After comparison, the recorded data from Emile Creek

highly correlated with the WP data. Furthermore, the WP

reported that the streamflow in 2014 approached zero in

October, confirming this study’s assumption regarding the

ice-free period.

The total amount of evaporation estimated for Coles Lake

during the ice-free period was 368.5 mm. According to

FEC data, the mean annual lake evaporation at Coles Lake

varies from 300 to 500 mm. It can be concluded that the es-

timated results are located within this range reported by

FEC.

Although the groundwater data are currently unavailable

for comparison, previous studies by Quicksilver indicated a

low hydraulic conductivity and consequently low perme-

ability at the Coles Lake watershed. This fact may explain a

low computed value of groundwater contribution to Coles

Lake.

Summary and Future Approach

In this paper, the water balance of Coles Lake, including its

inputs, outputs and storage terms, is quantified, and the ob-

tained results were compared with other available sources

of water information in northeastern BC. In the next phase

of this work, historical water balance of Coles Lake and its

associated hydrological processes will be quantified using

a hydrological model—MIKE SHE (DHI Water & Envi-

ronment, 2007). The MIKE SHE hydrological model is se-

lected to identify the interactions among the atmosphere,

surface and subsurface in this region. In addition, the water

balance tool within MIKE SHE is used to estimate the his-

torical water balance of northeastern BC watersheds over

35 years. Simulated results will be compared to other wa-

tersheds to investigate the differences/similarities of the

Coles Lake watershed with others in the region. Therefore,

the main goal of this research is to advance and improve the

knowledge of hydrological processes and water resources

in northeastern BC. Outcomes of this study may assist regu-

lators in balancing multiple priorities in a way that will not

compromise the long-term sustainability of water re-

sources. More specifically, this study can help determine

how much freshwater can be extracted by oil and gas

operations by forecasting balance thresholds to avoid the

over-allocation of local water resources.
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Introduction

Natural gas is associated with many sedimentary basins and

marine depositional areas in British Columbia (BC). The

BC Natural Gas Atlas (BC NGA) project (http://bc-

NGA.ca/BC-NGA_Home.html) has just launched and pro-

poses to map the major known gas occurrences throughout

BC during the next few years, in a series of mapping phases.

The initial phase of mapping has been focused on the areas

of commercial natural gas production in northeastern BC

(NEBC). The BC NGA project was initiated in response to

regulatory changes, industry need and increased public rec-

ognition for geochemical data and basic interpretation. The

industry uses gas geochemistry to understand hydrocarbon

occurrences to aid in the identification and prioritization of

areas of interest. Public interest stems from increased

awareness of potential contamination issues, fugitive

emissions, and supply and demand issues, such as the need

for gas pipelines and LNG terminals.

The BC NGA project is using the concept of a ‘gas finger-

print’ based on molecular composition and analysis of sta-

ble isotopes of carbon and hydrogen to categorize and map

gas sources, flow paths and destinations, both in geologi-

cal/stratigraphic time and on a human timescale.

Background

Natural gas is a combination of naturally occurring hydro-

carbons—primarily methane (CH4), plus other non-

hydrocarbon gases (in small amounts)—that can exist in a

free or adsorbed phase in various types of reservoirs, fre-

quently associated with possible hydrocarbon fluids. Eco-

nomic production of natural gas as a fuel has a long history

in BC, with most of the development in and production

from NEBC. Environmental sensitivity of the public with

regard to natural gas is increasing, with not only health ef-

fects from natural seeps and fugitive emissions being a sig-

nificant concern (e.g., sour-gas effects on rural popula-

tions), but also the net effects of the same events on larger

systems such as the economy (e.g., increased national gross

domestic product from exporting to international markets),

climate change (e.g., methane as a greenhouse gas more im-

portant than CO2) and public safety (e.g., pipeline explo-

sion and/or fire occurrences).

In 2006, the BC Ministry of Energy and Mines (MEM) pub-

lished the first edition of the Conventional Natural Gas Play

Atlas of Northeast British Columbia in three parts (BC

Ministry of Energy and Mines, 2006a–c). This document

was a series of synopses of each of the stratigraphic targets

for natural gas development and commercial production.

The focus of the Natural Gas Play Atlas was the overall de-

scription of each conventional gas play by its geological

(depositional, sedimentological, diagenetic, structural) and

reservoir characteristics. The BC NGA project is adding a

geochemical section to many, but not all, of the intervals

presented and is also adding strata that was previously

considered unconventional.

The regulatory requirement for the isotopic portion of the

geochemistry was initiated by the BC Oil and Gas Commis-

sion (BCOGC) in October 2015 with further clarification

early in 2016 (BC Oil and Gas Commission, 2015, 2016).

The requirements for operators to test and submit results of

molecular composition of natural gas, including public re-

lease of data, have resulted in more data being available

over a longer timeframe (BC Oil and Gas Commission,

2010, 2015b). In support of the requirements for the isoto-

pic portion, Geoscience BC initiated this project, but with

the intent to also include mapping of the natural gas molec-

ular composition.

Area of Study

Location and Access

As noted above there are many regions within BC that have

natural gas occurrences, but the BC NGA project is cur-

rently focusing on the NEBC portion of the Western Cana-

dian Sedimentary Basin (WCSB) as phase 1 (Figure 1).

Current natural gas exploration and development within

the NEBC portion of the WCSB (highlighted in green) is

more focused in the four areas marked within the WCSB on

Figure 1: the Montney, Liard Basin, Horn River Basin and

Cordova Embayment. There are other portions of the
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WCSB in BC, but the strata elsewhere are in the mountain-

ous physiographic region with very little gas production

and even less data available. Further review of other areas

with gas occurrences are discussed as future phases of the

project. The project area covers almost 120 000 km2 of the

province, with the eastern edge being more than 630 km

long and the northern edge being more than 280 km long.

Much of the area is boreal forest of the Interior Plains phys-

iographic region.

Geology

Many of the natural gas occurrences in BC are in intermon-

tane basins or in basins associated with accreted terranes.

The NEBC region is unique in that it is a portion of the

WCSB, which is a preserved foreland basin. Future publi-

cations on this project will present the geology in more de-

tail once the strata for analysis have been determined.

Sampling

Field sampling of mud gas from chip samples and produc-

tion gas from shut-in commercial wells was proposed for

both industry and project staff, but field access has only

been permitted for industry staff. The large volumes of ar-

chival chip samples required to generate the equivalent of

mud gas analysis are generally not available in long term

storage after drilling is completed. This difficulty has re-

quired adjustments to the project, as described below.

The number of mud gas samples was expected to be more

than 500, but only 116 mud gas samples have been received

to date from industry. Due to the otherwise low activity by

industry in drilling the categories described in the legisla-

tion, the project allowed an additional 29 samples of pro-

duction gas (16 originals plus duplicates) and completed

the same analysis. More samples of production gas are be-

ing received by the project and samples of mud gas from all

categories of drilling are expected in the future.

Further sampling is anticipated from industry sources once

issues of safe collection, transport and analysis of samples

containing sour gas (H2S) are resolved.

Methods

The samples were received by the lab at the Biogeochem-

istry Facility at the University of Victoria School of Earth

and Ocean Sciences (Victoria, BC).

The samples were stored in a secure location and isotope

analysis was completed in summer 2016. First, the molecu-

lar composition of the gas was determined by gas chroma-

tography (GC) with flame ionization detection for C1–C4

hydrocarbon gases and thermal conductivity detection for

the nonionizable gas, CO2. Molecular composition was not

completed for all possible chemical components (for exam-

ple, noble gases are not analyzed). Stable isotope ratios

were measured by continuous flow–isotope ratio mass

spectrometry (CF-IRMS), which is also referred to as GC-

combustion-IRMS.

The carbon isotope ratio (δ13C) of the C1–C4 hydrocarbon

gases are measured by online GC separation of the gas mix-

ture (with He as carrier gas) followed by sequential oxida-

tion of the individual species (CH4, C2H6, C3H8, C4H10) to

combustion CO2 over a Cu-Pt wire microcombustion oven

at approximately 1050°C. This combustion CO2 is ported

to an isotope ratio mass spectrometer (Finnigan™ MAT

252 or Delta+) to measure the isotopically different CO2

molecules with atomic masses of 44, 45 and 46. These

masses and their ratios are used to calculate the 13C/12C of

the C1–C4 hydrocarbon gases, which is converted to con-

ventional delta notation (δ13C) in ‰ (per mil) relative to the

Vienna Pee Dee Belemnite (VPDB) standard. The accuracy

and linearity of the measurements is determined by external

calibration standards (Isometric Instruments standard

gases). The external δ13C accuracy and precision is ±0.2‰

for samples with >100 nmol hydrocarbon available.

Hydrogen isotope ratio (δ2H) or (δD) of the C1–C4 hydro-

carbon gases are similarly measured by online GC separa-

tion of the gas mixture (with He as carrier gas), but is in-

stead followed by sequential reduction of the individual

species (CH4, C2H6, C3H8, C4H10) to reduction H2 over a Ni

microreduction oven at approximately 1400°C. This reduc-
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Figure 1. Location of the northeastern British Columbia portion of
the Western Canadian Sedimentary Basin (in green), which is the
project area for phase 1. The four sub-basins shown are current
targets of natural gas exploration and development by industry
(used with permission of the BC Oil and Gas Commission).



tion H2 is ported to an isotope ratio mass spectrometer

(Finnigan MAT 252 or Delta+) to measure the isotopically

different H2 molecules with the atomic masses of 2, 3 and 4.

These masses and their ratios are used to calculate the 2H/
1H (also known as D/H) of the C1–C4 hydrocarbon gases,

which is converted to conventional delta notation (δ2H) or

(δD) in per mil relative to the Vienna standard mean ocean

water (VSMOW) standard. The same statement applies for

the accuracy and linearity but the precision is ±0.3–0.4‰,

depending on compound and amount.

Data

Molecular composition data were downloaded from the

server at the BCOGC and subjected to rigorous data quality

assurance–quality control (QA-QC). A substantial portion

of the more recent data is from horizontal wells with numer-

ous multilateral (HZML) legs tested in each well. This de-

tailed analysis is especially valuable for local mapping and

gas fingerprinting; however, the concentration of data

points from a single area that HZML emulates can lead to

data ‘clusters’. This can lead to distortions when mapping

at a regional scale and create geostatistical trends that ‘pla-

teau’ the values. A consequence is that part of the data han-

dling procedure is to manually decluster the data. The pro-

ject method, which is undergoing constant refinement, will

also elucidate any multimodal occurrences.

The addition of the new carbon and hydrogen stable isotope

data into the integrated mapping results is expected to start

in late 2016. The data will be eventually published as tables

and associated maps on the Geoscience BC website (http://

www.geosciencebc.com/s/BCNaturalGasAtlas.asp).

Analysis

Some of the early analyses were presented as a series of

maps at the Unconventional Gas Technical Forum (UGTF)

hosted by the BCOGC in April 2016 (Evans and Whiticar,

2016a, b). Those maps are not duplicated here because they

are preliminary and subject to further QA-QC corrections

as described above. The primary type of mapping algorithm

is kriging using an unconstrained spherical variogram with

octant search. Data will be presented on cross-sections

through the strata in 2017. It is expected that the deliver-

ables from the BC NGA project will include a full set of re-

gional maps including contour plots and isopleths of gas

compositions, and carbon plus hydrogen stable isotope ra-

tios of methane and other light hydrocarbons. Where suffi-

cient detailed depth data coverages allow, local cross-

sections will be produced.

Future Work

The current discussion is somewhat restricted because the

project is still in the start-up phase. As the project proceeds,

web-based, analytical, database and visual products will be

generated. It is anticipated that the results may initiate a re-

view of the points mentioned in the conclusion of this

paper.

The ongoing activities include the collection, submission

and analyses of industry gas samples from NEBC. Future

sampling is expected to include increasing numbers of sour

gas samples. As a consequence, sampling, transport, han-

dling and analytical SOPs must be adjusted. Map genera-

tion will continue to integrate both existing and additional

incoming data.

Conclusions

This project is creating new regional geochemistry maps to

• assemble a catalogue of unique natural gas compos-

itional IDs for active gas operations in NEBC,

• characterize and map the geochemical conditions of

BC’s major ongoing and future regions of petroleum ex-

ploration and production,

• contribute to understanding the geological framework

of natural gas deposits at scales of fields to basins,

• assist petroleum system models to de-risk plays by un-

derstanding and predicting generation occurrences, his-

tories and potential productivity of natural gas in BC,

• provide a robust baseline of gas signatures to identify

and track fugitive emissions of natural gas (groundwa-

ter and atmosphere),

• offer a ‘geochemical DNA’ catalogue for different gas

sources for provenance work in production, well com-

pletions, processing and transport and

• establish a database for fugitive emissions in surface

waters and the atmosphere.

Most of the geochemistry is yet to be described and conclu-

sions will be determined once the data review is completed.
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Introduction and Project Scope

The southern margin of discontinuous permafrost, over a

region comprising northeastern British Columbia (NEBC)

and southwestern Northwest Territories (NWT), has expe-

rienced rising air temperatures in recent decades (Quinton

et al., 2009). Analysis of streamflow records from gauged

basins in the lower Liard River valley of this region shows

that discharge is also increasing over a similar period de-

spite no apparent changes to total annual precipitation (St.

Jacques and Sauchyn, 2009; Connon et al., 2014). The land

cover of this region mainly consists of upland and lowland

forests and wetlands (e.g., bogs and fens), with a portion of

the forested land cover underlain by permafrost. Bogs and

fens have unique hydrological functions. Bogs are storage

features whereas fens are channels that transport water lat-

erally through the landscape. Degradation of permafrost ul-

timately leads to the conversion of forested plateaus to wet-

lands (Baltzer et al., 2014). Reported estimates of

permafrost degradation for this region indicate that the

change in aerial extent of permafrost coverage (i.e., de-

crease in forest/wetland expansion) is 28% from 1970 to

2012 (Coleman et al., 2015), 27% from 1947 to 2008

(Chasmer et al., 2010) and up to 50% from ~1950 to 2000

(Beilman and Robinson, 2003). Accordingly, various stud-

ies have attributed rising streamflow in gauged basins over

the region to both shrinking aerial extent and thickness of

permafrost (e.g., St. Jacques and Sauchyn, 2009; Quinton

and Baltzer, 2013a; Connon et al., 2014).

In addition to correlated trends among rising air tempera-

ture and streamflow records concomitant with estimates of

permafrost loss, industrial activities are occurring or have

historically occurred over parts of the region in the form of

exploration and extraction for oil and natural gas. These in-

fluences add extra complexity to understanding and pre-

dicting future hydrological consequences of climate warm-

ing over the region. Industrial activities have two major

implications for land cover change and water resources

availability: 1) permanent impacts of linear disturbances

(i.e., deforested corridors created for seismic exploration,

winter roads and pipelines; Lee and Boutin, 2006) and

2) industrial uses of large volumes of surface water for hy-

draulic fracturing of shale gas in NEBC (Hayes, 2010;

Johnson, 2010). Linear disturbances have been made

throughout the landscape of the NEBC–NWT border re-

gion since at least the 1970s. There is evidence that the re-

moval of vegetation for linear disturbances significantly al-

ters the thermal properties of the ground so much that, over

time, this leads to permafrost-free corridors (Williams and

Quinton, 2013; Braverman and Quinton, 2016). It has been

suggested that the permafrost degradation along these cor-

ridors imposes surface water flow paths over the landscape,

which connect forest and wetland land cover types (i.e.,

permafrost and permafrost-free areas), accelerate perma-

frost thaw, and potentially promote wetland drainage along

topographic gradients (Williams et al., 2013). In terms of

hydraulic fracturing present in NEBC, high volumes of wa-

ter and other materials are injected into the ground to gain

access to trapped geological deposits of shale gas. Johnson
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(2010) and Hayes (2010) report that an estimated 1200 to

>4000 m3 of water are needed per fracture, which among

other environmental concerns, represents a major demand

on surface water and groundwater availability. This signifi-

cant industrial demand must be managed effectively rela-

tive to the regional water balance, local community needs

and considerations for future availability (Johnson, 2010).

Accurate estimation of future water resources in the

NEBC–NWT border region is of interest for industry, com-

munity groups and governments across the region, as it will

enable them to promote sustainable water use among users,

assist in environmental change adaptation strategies and

mitigate environmental impacts from climate warming and

industrial development (e.g., Government of the Northwest

Territories, 2008; Johnson, 2010). However, scientific

knowledge of the changing hydrology of this region under

coupled climate warming and industrial impact scenarios is

relatively limited. It is commonly recognized among indus-

try, community and government stakeholders that this issue

is complicated by a lack of baseline and continuous hydro-

logical monitoring data. Additionally, relatively few scien-

tific studies have been completed to understand climate-

driven and industrial impacts to land cover change and wa-

ter availability across the region. Consequently, present ef-

forts to apply hydrological models to the estimation of fu-

ture water availability under varied scenarios of industrial

disturbance and climate warming are subject to consider-

able uncertainty. Modelling efforts are further complicated

by a lack of publicly available land cover datasets, such as

detailed wetland and topography maps, as many current

products are either outdated, inaccurate or developed at in-

sufficient spatial resolutions.

The Consortium for Permafrost Ecosystems in Transition

(CPET) was formed in 2015 among academic researchers,

industry partners, and community and government groups

to address the aforementioned issues being faced by the

NEBC–NWT border region. The long-term goal of CPET

is to produce robust scientific knowledge of, and datasets

on, climate-driven and industrial-imposed environmental

changes to reduce uncertainty of water resources model-

ling. The CPET has five science objectives, which are listed

in Table 1. The purpose of this paper is to summarize and re-

port on CPET progress to date from 2015. For an extended

project description and a literature synthesis on the science

background of CPET, the reader is referred to Quinton et al.

(2016).

Development of Study Sites

The CPET research activities are completed over an ap-

proximately 175 km transect oriented north-south, which

traverses the zone of discontinuous permafrost in south-

western NWT and northeastern BC (Figure 1). Field stud-

ies are concentrated at two research basins, which form lati-

tudinal end members of the study region. Scotty Creek

research basin (north) was established prior to the forma-

tion of CPET. Suhm Creek research basin (south) was es-

tablished by CPET as a research site in 2015–2016 to act as

a paired basin to Scotty Creek. The ongoing development

of instrumentation capacity and datasets for Suhm Creek

research basin is anticipated as a key legacy of CPET. From

a hydrological modelling perspective, the development of a

paired research basin to the south of Scotty Creek is a major

advantage for developing and evaluating models at sites

representing different latitudinal positions along the south-

ern margin of discontinuous permafrost. It is noted that a

significant difference between Scotty Creek and Suhm

Creek basins is that Scotty Creek has no industrial pres-

ence, other than linear disturbances from prior to 1985,

whereas Suhm Creek is representative of current industrial

activity in NEBC (e.g., shale gas exploration in the Horn

River geological basin). This allows for insights into as-
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sessing impacts of industrial activities on basins in the zone

of discontinuous permafrost. For example, this is demon-

strated by the contrast in linear disturbance densities over

Scotty Creek and Suhm Creek research basins shown in

Figure 2.

Scotty Creek

Scotty Creek basin is estimated to be approximately

140 km2 and drains into the Liard River. Discharge from the

basin has been measured continuously since 1996 by the

Water Survey of Canada (Connon et al., 2014). The basin is

located approximately 50 km south of Fort Simpson, NWT.

The topography is relatively flat (~250 m relief) and land

cover is dominated by upland forest, treed plateaus, flat

bogs and channel fens (for further description, refer to

Quinton et al., 2011; Chasmer et al., 2014). Approximately

half the basin consists of peat plateaus, bogs and fens. Re-

search involving data from field studies, automated instru-

ments and remote sensing has been conducted at Scotty

Creek continuously since 1999. A growing body of scien-

tific literature regarding hydrology of the discontinuous

permafrost zone has been produced from this site, giving

important insights for hydrological modelling. For exam-

ple, understanding the functions of major land cover types

(e.g., peat plateaus, channel fens and flat bogs) and their

roles in runoff generation (e.g., Quinton et al., 2003;

Wright et al., 2009), linkages between land cover change

and streamflow (e.g., Connon et al., 2014), hydraulic prop-

erties of peatlands (e.g., Quinton and Baltzer, 2013b) and

ecological responses to permafrost thaw (e.g., Patankar et

al., 2015). A significant amount of infrastructure is cur-

rently in place at Scotty Creek, including a simple field

camp for researchers (e.g., tents) and an array of automated

instrumentation measuring climate and hydrological vari-

ables across different land cover types (e.g., bogs, fens and

peat plateaus). These instruments measure variables such

as precipitation, air temperature, relative humidity, wind

speed, incoming and outgoing radiation, snow height, soil
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Figure 1. The Consortium for Permafrost Ecosystems in Transition (CPET) focuses on a north-south oriented study region traversing the
southern margin of discontinuous permafrost (refer to Heginbottom and Radburn, 1992), northeastern British Columbia (BC) and south-
western Northwest Territories (NWT). Field studies are concentrated at Scotty Creek and Suhm Creek research basins and additional ob-
servations are done at remote sensing areas of interest over the region. Note: streamflow gauge indicated for Suhm Creek is planned for in-
stallation during the CPET project but had not been installed at the time of publication. Base maps of watershed boundaries (red line) and
water features are from the national hydro network (GeoBase

®
, 2014).



moisture and soil temperature at sites across the basin. A

large volume of field sampling has been conducted at

Scotty Creek, including measurements of active layer

depth and talik formation (e.g., using ground penetrating

radar), snow water equivalent, soil moisture and vegetation

properties (e.g., leaf area index [LAI]).

Suhm Creek

Suhm Creek basin is approximately 150 km northeast of

Fort Nelson, BC, and drains into the Petitot River, which

flows into the Liard River at Fort Liard (Figure 1). Suhm

Creek basin is estimated to be 365 km2 and there is ~200 m

of topographic relief over the basin. Johnson (2010) con-

ducted a review of basic hydrological modelling needs in

the NEBC region (e.g., Suhm Creek) and identified key in-

formation gaps necessary for modelling. Johnson (2010)

included 1) delineation of wetlands to identify proportions

of fens and bogs; 2) knowledge of permafrost spatial distri-

bution; 3) climate monitoring for major land cover types;

4) stream gauging; 5) water table measurement; and 6) to-

pography data. For example, identifying the proportions of

land cover types is important for modelling basin runoff be-

cause different land cover types have been shown to control

unique runoff responses (Quinton et al., 2003). Specifi-

cally, it has been demonstrated that an increased proportion

of bogs is inversely related to runoff, whereas a greater pro-

portion of fens is positively correlated with runoff (Connon

et al., 2014). Although the types of land covers are rela-

tively similar between Suhm Creek and Scotty Creek bas-

ins (mixed forested peatlands and wetlands), work to

characterize the differences in distributions of these land

covers is in progress.

Much of the data requirements for hydrological modelling

identified by Johnson (2010) have been addressed for

Scotty Creek basin (Quinton et al., 2016), however, signifi-

cant work is necessary to address these needs at Suhm

Creek basin. As such, ongoing work is being conducted at

Suhm Creek to address these gaps by installing automated

instruments, completing field sampling and obtaining re-

mote sensing datasets. Various instrumentation has been in-

stalled in the basin in 2015–2016 to provide continuous

monitoring data of hydrological variables. Specifically,

two climate monitoring stations were installed in late 2015

with analogous measurement capabilities to those at Scotty

Creek basin. One climate station is located in a forested

peat-plateau and the other is in an open wetland site. Data

from these stations are used to characterize energy budgets

of each land cover type. Pressure transducers have also

been deployed at six nodes of Suhm Creek basin to measure

water level and to assist in understanding the flow routing

of streams over the basin and parameterize routing in dis-

tributed hydrological models. Installation of an automated

stream discharge gauge near the outlet of Suhm Creek at

Petitot River is also planned for the future to monitor total

basin discharge (Figure 1). In terms of field sampling, dis-

tributed measurements are being done along transects of

peat plateaus during site visits to Suhm Creek basin to de-

termine permafrost presence relative to forested land cover

and characterize depth to permafrost relative to distances

from forested edges. The CPET researchers have obtained

remote sensing datasets over Suhm Creek basin and work is

being completed to map both forest and wetland land cov-

ers at high resolutions, similar to that of Scotty Creek basin

(Chasmer et al., 2014). A light detection and ranging

(LiDAR)–derived digital elevation model has also been

obtained and can be used to estimate surface water path-

ways along topographic gradients.

Remote Sensing Areas of Interest

In addition to field studies and data development of Suhm

Creek and Scotty Creek basins, remote sensing areas of in-

terest (AOI) have been established along a north-south con-

figuration in the NEBC–NWT border region (Figure 1).

These AOI connect the two research basins and enable

sampling of land cover distributions along a latitudinal dis-

tribution over the southern margin of discontinuous perma-

frost (Figure 1). Each of the 12 AOI has a footprint of

36 km2 (432 km2 total area). Imagery stacking over these

sites includes recent Landsat 8 (30 m resolution) and

WorldView-1 and -2 (50 cm resolution) datasets and histor-

ical aerial photographs acquired in 1970–1971 (1.2 m reso-

lution). Detailed statistical characterization of the land cov-

ers within these AOI is being developed at high resolutions,

providing information on proportions of major land cover
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Figure 2. Linear disturbance densities for Scotty Creek and Suhm
Creek research basins (Northwest Territories and British Colum-
bia, respectively) compared to natural drainage densities. Data for
Scotty Creek is from Quinton et al. (2009). Linear disturbance den-
sities for Suhm Creek are estimated from digitizing disturbances
visible within a 143 km

2
sample of the basin using high resolution

airphotos (<1 m). The drainage density of Suhm Creek is calcu-
lated using stream network length (obtained from Natural Re-
sources Canada as a GIS vector layer) relative to the correspond-
ing estimated basin area.



types, and changes to these land cover types over a 40-year

period. For example, one aspect of this work is examining

changes to the total areas of forested plateaus and bogs.

This can be useful as an indicator of decreased permafrost

areal extent over time because the total area of bogs in-

creases as plateaus underlain by permafrost decrease

(Beilman and Robinson, 2003). Also within the remote

sensing AOI, linear disturbance densities (Figure 3) and

proportions of land cover intersected by these disturbances

are being mapped. For example, Figure 3 illustrates the

distribution of linear disturbance densities across selected

remote sensing AOI of the study region.

Progress Toward Science Objectives

Assessing the Rate and Pattern of Permafrost
Loss and Related Vegetation Change

Using Remote Sensing

Analysis of satellite remote sensing datasets acquired over

Scotty Creek and Suhm Creek research basins and remote

sensing AOI commenced in 2015–2016 to determine rates

and spatial extent of forest and bog changes over a 40-year

period. From these, information on permafrost degradation

is inferred from the changing vegetation composition. A

very large coverage of spatial information is being gener-

ated from analysis of these remote sensing datasets provid-

ing robust estimates of land cover change across the

NEBC–NWT region. Unlike previous small-scale esti-

mates of change using remote sensing change detection

(e.g., Chasmer et al., 2010), this work involves distributed

sampling across the discontinuous permafrost region. To

support this work, field verification was conducted in 2016

to validate permafrost presence according to vegetation

distribution and ensure correct identification of land cover

types during visual and automated interpretation of remote

sensing images.

Field Studies on Water Flux and
Storage Processes

The CPET is using modelling as a tool for hypothesis

testing at local scales to evaluate the efficacy of con-

ceptual models developed from field observations,

which describe specific hydrological processes.

These local predictions of hydrological processes can

then be upscaled to estimate hydrological fluxes over

an entire basin. A significant amount of field studies

was completed at Scotty Creek research basin in

2015–2016 and prior to the formation of CPET

(Quinton et al., 2016), from which conceptual models

of local-scale hydrological processes are being devel-

oped. For example, in the past year sampling was done

at points throughout Scotty Creek basin to survey talik

formation (unfrozen layer within permafrost ground)

and frost table measurements. These data are applica-

ble to parameterizing subsurface water flow and con-

nectivity within computational models. Very high resolu-

tion imagery (3 cm) was gathered from fixed-wing and ro-

tary unmanned aerial vehicle (UAV) platforms for specific

areas of interest within Scotty Creek research basin, includ-

ing multispectral, thermal and infrared sensors. These data

are used to develop very high resolution elevation products

and identify surface temperatures of land cover features.

This information contributes toward development of hy-

draulic roughness algorithms for modelling runoff between

land cover types (e.g., isolated bogs and interconnected

bogs). Data are now being analyzed from pressure trans-

ducers installed along stream nodes in Scotty Creek and

Suhm Creek research basins in 2015–2016 to characterize

hydrological routing. Finally, data are being analyzed from

sap flow sensors installed on trees at Scotty Creek and a site

near Suhm Creek (NWT and BC ecology sites on Figure 1)

in 2015–2016 to characterize evapotranspirative fluxes

over forested areas underlain by permafrost for inclusion in

hydrological modelling calculations.

Development and Testing of Hydrological
Models to Simulate Water Flow and Storage

The CPET uses both the cold regions hydrology model

(CRHM; Pomeroy et al., 2007) and Raven model (The Ra-

ven Development Team, 2014). Knowledge developed

from field studies at Scotty Creek is being incorporated to

parameterize these models to predict hydrological pro-

cesses over local and basin scales. Both CHRM and Raven

are object-oriented frameworks developed for simulating

the energy and water balance of hydrological response

units (HRU). The HRU corresponds to a spatial footprint of

similar biophysical features and processes, in which mass

and energy balances can be generalized (Pomeroy et al.,

2007). Therefore, in a given HRU, a model can be parame-

terized with a single set of parameters and state variables.

Important achievements were made in 2015–2016 to para-

meterize HRU in hydrological models, building off exist-

ing work. The CRHM computations of snowmelt, active
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Figure 3. Linear disturbance densities for selected remote sensing areas
of interest (AOI; 36 km

2
each) shown in Figure 1, numbered from north to

south (Northwest Territories to British Columbia). Data are determined
from digitizing visible seismic lines, winter roads and pipelines within
50 cm resolution WorldView-1 and -2 images.



layer thaw and subsurface flux have been conducted for

Scotty Creek at bogs, fens and plateaus (Quinton et al.,

2016). The current focus for Scotty Creek basin is on model

development of these computations within the Raven

platform.

Conclusion

Industry, government and community groups in the

NEBC–NWT border region acknowledge that the there is a

lack of monitoring data related to water resources. As a re-

sult, there are currently high levels of uncertainty in exist-

ing hydrological modelling tools for predicting water re-

sources availability in the future under climate warming

and industrial development scenarios. The CPET is filling

this gap by developing new science-based conceptual and

computational models to predict future permafrost thaw

and determine the implications for water resources avail-

ability. This information is integral to plan for, and adapt to,

impacts of permafrost thaw under varied scenarios. For ex-

ample, the knowledge generated by CPET can be applied to

limit damage to infrastructure caused by permafrost thaw

(Government of the Northwest Territories, 2008) or be ap-

plied so that industry can confidently plan future opera-

tions, such as hydraulic fracturing, based on available

water supplies (Johnson, 2010).

Next Steps

The CPET work in 2016–2017 will build on existing know-

ledge and continue development of study sites to focus on

1) permafrost modelling and 2) basin-scale hydrological

prediction under future scenarios. In addition, further field

studies and modelling work will be done at Suhm Creek ba-

sin to test the similarity and reproducibility of conceptual

models developed for Scotty Creek basin. Activities for

permafrost modelling will concentrate on field studies to

better understand the energy dynamics of receding perma-

frost at the edges of treed plateaus. One example of this is

sampling the subsurface permafrost composition using

electrical resistivity imaging. As well, work will be com-

pleted to predict permafrost thaw using the northern eco-

system soil temperature (NEST) model (Zhang et al.,

2006). Permafrost models are typically run at relatively

coarse resolutions (e.g., 1000 km2), however, information

generated from ongoing work (e.g., land cover distribu-

tions generated from remote sensing) will be leveraged to

scale this model for application at finer spatial scales (e.g.,

1 km2). Activities toward basin-scale hydrological predic-

tion will include preparing CHRM and Raven hydrological

models to simulate streamflow in Scotty Creek and Suhm

Creek research basins. The accuracy of these models will

be evaluated using instruments deployed throughout the

basins, and adjustments to model parameters can be incor-

porated as necessary. Once it has been established that rea-

sonable modelling accuracy has been achieved, these

models will be coupled with NEST to simulate future water

resources scenarios according to hypothetical land cover

changes.
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Introduction

To date, no commercial geothermal electric power plant has

been successfully developed in Canada. Much of the re-

search and development activities in British Columbia

(BC) have concentrated around the high-temperature vol-

canic geology of the Mount Meager complex, but these

have yet to yield a commercial power plant. The Western

Canada Sedimentary Basin (WCSB) in northeastern BC

has received less attention, in part due to its lower tempera-

ture resource. However, this region has been subject to sub-

stantial oil and gas development, and a significant amount

of data from drilling activities is available (Grasby et al.,

2012). This data has been successfully applied to estimate

the electric power potential for a project in the Clarke Lake

gas field (Walsh, 2013). In this study, this data is applied to

a broader region to assess the potential and the cost for geo-

thermal power plants in the WCSB within BC (Figure 1).

The latest, most comprehensive techno-economic study of

geothermal resources in BC was recently released by

Geoscience BC (Kerr Wood Leidal Associates Ltd., 2016).

Here, 19 sites were pre-evaluated for their feasibility, tak-

ing into account factors like distance to transmission and

road access, as well as a number of other parameters. The 11

favourable sites were evaluated in detail for technical and

economic potential. The volume method (Williams et al.,

2008) was applied to assess the potential electric power.

Further, the Geothermal Electricity Technology Evaluation

Model (GETEM) was applied to assess the levelized cost of

electricity (LCOE) for each project. Two of the projects as-

sessed in this study are located in the WCSB, namely

Clarke Lake and Jedney (Figure 1). Their projected LCOE

was $297 per megawatt-hour (MWh) and $398/MWh, res-

pectively, higher than any other project in the study.

Since the release of this study, a number of questions have

been raised regarding the assumptions that led to the as-

sessed LCOE values. For example, drilling costs were

based on the situation in 2012, a boom year for the oil and

gas industry. Since then, the significant decline of oil and

gas prices has caused drilling costs to drop considerably. A

decrease in this cost item is expected to have a significant

impact on LCOE.

Further, the required exploration plan for the sedimentary

basin projects may be less elaborate than assumed in the

Geoscience BC study. Considering the number of oil and

gas wells already existing in the area, it has been assumed

that the number of required exploration wells is lower and

the success rate of confirmation wells is higher than previ-

ously anticipated. This research project will therefore use

data from oil and gas exploration (files provided by the BC

Oil and Gas Commission) to refine costs for projects in the

sedimentary basin.

Methodology

In order to assess the economic feasibility of geothermal

power plants in northeastern BC, the first step is to locate

those areas where economic feasibility is most likely. A

favourability map that takes geological and economic fac-

tors into account is created. This map is used to select par-

ticular locations that are representative for their geological

and economic environment. In the second step, the eco-

nomic feasibility of a geothermal power plant at those

select locations is assessed.

Site Selection

Identifying the most favourable site for a geothermal power

plant is a spatial decision-making problem. In this study, an

adaptation of the weighted linear combination (Malc-

zewski, 2000; Nyerges and Jankowski, 2009) is employed,
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due to its relative simplicity for dealing with a small num-

ber of input criteria. The process (Figure 2) will be imple-

mented in a geographic information system (GIS), such as

ArcGIS or QGIS.

The favourability map depicts the favourability score for

each grid point within the project area. The score is a mea-

sure of the potential economic feasibility of developing a

geothermal power plant. A higher favourability score indi-

cates a higher likelihood of a geothermal plant being eco-

nomically feasible at a particular location. Therefore, sev-

eral criteria that contribute to geothermal favourability are

taken into account.

Geological criteria include temperature and permeable

aquifer data. This data will be extracted from drill-stem test

logs and records pertaining to natural gas producing fields.

It is then filtered for data from strata of the Middle Devo-

nian Elk Point Group, as those strata a) potentially contain

aquifers and b) are located at depths that potentially possess

a temperature sufficient for binary geothermal power plants

(above 80°C). Economic criteria include proximity to elec-

trical infrastructure as well as towns and small communi-

ties. Areas where future natural gas extraction is expected

to occur will be taken into account as potential sites of geo-

thermal electricity consumption.

Sites at Clarke Lake and Jedney have already been identi-

fied as suitable sites for geothermal development (Kerr

Wood Leidal Associates Ltd., 2016) and will be investi-

gated within this research. Further potentially suitable sites

will be identified, with candidates including Fort Nelson,

Dawson, the Horn River Basin and Fort St. John.
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Figure 1. Project area and two of the potential sites for geothermal development, northeastern Brit-
ish Columbia. Background map created using ArcGIS

®
software by Esri. ArcGIS

®
and ArcMap™

are the intellectual property of Esri and are used herein under license. Copyright
©

Esri. All rights re-
served. For more information about Esri

®
software, please visit www.esri.com.

Figure 2. Flow diagram illustrating the favourability mapping pro-
cess for potential geothermal development site selection.



Economic Assessment

The objective of the economic assessment is to quantify the

amount of energy available, and the cost of that energy, at

each of the representative locations selected in the previous

section. Focus lies on harnessing electrical energy. The

possibility to supply heat energy will be a secondary goal

wherever proximity to potential consumers justifies this

investigation.

The economic assessment consists of three parts. First, the

size of the geothermal reservoirs and their associated power

outputs will be assessed using the volume method (Wil-

liams et al., 2008). Secondly, literature regarding the eco-

nomic modelling of geothermal power projects will be re-

viewed, in order to identify the most suitable model.

Thirdly, the most suitable model will be applied to assess

the LCOE. Here, appropriate values for the cost of drilling,

depreciation of assets, currency conversion and capital

costs will be input into the model. Appropriate values will

be retrieved from literature as well as recent cost estimates

provided by industry. These include

• a class C cost estimate for an organic Rankine cycle geo-

thermal power plant (5 megawatt [MW] output, 110°C

fluid inlet temperature), and

• cost estimates for drilling and well completion.

Results from the selected economic model will be com-

pared to at least one other model. Further, the sensitivity of

results to varying technical parameters (temperature, flow

rate) and economic parameters (drilling costs, drilling suc-

cess rate, capital costs) will be assessed in a Monte Carlo

simulation.

Conclusions

It is expected that several locations, beyond Clarke Lake

and Jedney, will be found that are potentially suitable for

geothermal development. It is further expected that the

LCOE at Clarke Lake and Jedney will be lower in this as-

sessment than previously estimated for Geoscience BC

(Kerr Wood Leidal Associates Ltd., 2016). This study will

devise a methodology for assessing sedimentary basin geo-

thermal energy by using data from oil and gas exploration.

In future work, this methodology can be applied to Alberta,

where an additional body of data is available.

Current Status and Project Timeline

The first part of this study, namely site selection via

favourability mapping, has been completed to date. Results

from this section are still under review and therefore not yet

presented here. The second part of the study, the economic

assessment, is ongoing. Results of this study will be sub-

mitted to a peer reviewed journal by May 2017. After publi-

cation, a full report will be released by Geoscience BC.
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Introduction

The Search project was conceived by Geoscience BC’s

Minerals Technical Advisory Committee to generate re-

gional magnetic data and complementary geoscience infor-

mation for prospective mineral areas of British Columbia

(BC). The exploration sector will use this new information

to focus or renew its efforts in discovering and developing

opportunities within the province. Communities, First Na-

tions and governments will also benefit from new geo-

science data that will assist in making informed resource-

management decisions and highlighting economic

opportunities.

The project name ‘Search’ was selected as it contains the

word ‘arch’, which refers to the program’s initial focus on

the Skeena arch: a paleotopographic high that was eroded

into the Bowser and Nechako Basins (Tipper and Richards,

1976) and today bridges the span between the Stikine and

Quesnel geological terranes. Proximity to infrastructure,

modest topography and skilled labour are some of the ad-

vantages that make developing projects in this region

attractive.

The Search project started with an initial budget of $2.415

million to fund Phase I and II activities and is planned to be

completed in four phases (Figure 1). Aprimary objective of

the project is to complete airborne magnetic surveys with a

line spacing of 250 m—creating an opportunity to formu-

late new geological interpretations at a property-size scale

as an aid to explorers. Other Geoscience BC-funded pro-

jects making use of similar high-resolution magnetic sur-

veys are the TREK, Northern Vancouver Island, QUEST-

Northwest and Jennings River projects. The regional scale

of the surveys also supports the development of a refined

tectonic framework, especially in areas with poor access or

limited rock outcrop such as those identified in the

adjoining TREK project area.

Phases I and II boundaries roughly coincide with the QUEST-

West project. This project completed airborne time-domain

electromagnetic (TEM) and gravity surveys at a line spac-

ing of 4 and 2 km, respectively, in this region (Kowalczyk,

2009).

Geophysical Program

Phase I field activities were completed in November 2015

and included the helicopter-borne magnetic survey of an

area that encompassed the communities of Kitimat, Terrace

and Smithers (Madu, 2016). Owing to fall weather in steep

mountainous terrain, it was a challenge to complete the pro-

ject. Results of the 6756 km2 survey were released at the

Mineral Exploration Roundup 2016 conference in map and

digital format through Geoscience BC’s website. They

were also made available as an interactive map layer on the

organization’s Earth Science Viewer, a web mapping appli-

cation that allows a broad client base to immediately access

Geoscience BC’s data alongside other public information

such as current mineral tenures and the BC Geological

Survey’s geological, MINFILE and ARIS data.

Phase II field activities began in late June 2016, and a con-

tract was awarded to Ottawa-based Sander Geophysics

Ltd., who flew an estimated 105 000 line kilometres using

fixed-wing aircraft (Figure 2) at a predetermined height

and drape over the project area. The survey followed east-

west-trending flight lines at 250 m intervals, with north-

south tie lines specified at 2500 m intervals. Although not

identified as one of its major priorities, radiometric data

was also collected in the course of the survey; this task did

not interfere with the acquisition of the magnetic data as

flights were not altered to optimize conditions for radio-

metric data collection. Quality assurance and quality con-

trol services for the program were provided by in3D Geo-

science Inc. and S.E. Geoscience and Exploration. In

addition, Hemmera created an ungulate management plan

to minimize the program’s impact on wildlife in the area.

Survey pilots had operating procedures for wildlife obser-

vations and were empowered to deviate from planned flight

patterns to mitigate negative impacts on animals.

The total flight-line distance flown, including tie lines, was

estimated at 116 900 km. This represents an 11% expansion

of the originally planned survey coverage owing to the
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availability of three aircraft and timely progress

during the program; total area covered was

21 122 km2 (Figure 3). The 2016 survey connects

the area covered in the 2015 Phase I survey to

that covered in the 2014 TREK project survey

for a combined coverage of 58 737 km2.

The TREK project area surrounds the proposed

Blackwater gold-silver mine and the results of

the Phase II magnetic survey (to be published in

January 2017) will provide new regional geo-

physical data of an area lying just north of this

significant deposit. The survey also overflew, or

covered areas adjacent to, six active, proposed

or closed mines: Morrison, Bell, Granisle, Eq-

uity Silver, Endako and Huckleberry (MINFILE

093M 007, 093M 001, 093L 146, 093L 001,

093K 006 and 093E 037, respectively; BC

Geological Survey, 2015; Figure 3).

Planning for Phase III activities is expected to

commence in late fall 2016, with the goal of con-

tinued geophysical surveying in 2017.
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Figure 1. Conceptual location of the four proposed blocks of the Search Project in west-central British Columbia and their phased comple-
tion. Planning and consultation processes for upcoming phases are expected to alter ultimate activity areas. Blue outline, Search Phase I
and II actual survey area; dashed yellow outlines, coverage of proposed phases of the Search Project; transparent mask, coverage of pre-
vious airborne geophysical surveys conducted by Geoscience BC. Background data from Natural Resources Canada (2016).

Figure 2. The total flight-line distance flown to complete the Phase II airborne
geophysical survey in west-central British Columbia was approximately 116 900
km, making it the most extensive of all surveys ever undertaken by Geoscience
BC. Phase II was completed using up to three Cessna Grand Caravan aircraft
operated by Sander Geophysics Ltd.



Geochemical Program

The Search project area has excellent geochemical cover-

age owing to re-analyses and infill sampling under previ-

ous Geoscience BC projects, such as QUEST-West (Jacka-

man et al., 2009). Phases I and II of this program did not

include funding for new geochemical-sample collection;

however, future proposals may be sought that add value to

existing datasets, sponsor innovative techniques or present

other original concepts.

Integration Program

A desired outcome when generating new datasets is to inte-

grate them into added-value products that promote new un-

derstanding about the geological potential of an area. The

Search Project is expected to stimulate renewed interest in

an already data-rich region. Recent geological mapping by

the BC Geological Survey in the Terrace-Kitimat area (Nel-

son, 2009) may benefit from new, high-resolution geophys-

ical information and conversely provide better constraints

and interpretation of the survey data itself. East of the Ter-

race area, the Nechako Project of the Geological Survey of

Canada’s National Geoscience Mapping Program

(NATMAP) produced a comprehensive data library of digi-

tal geoscience information (Struik et al., 2007). Geoscience

BC strives to ensure explorers benefit from data it collects

by releasing it in both raw and interpreted forms, by inte-

grating all relevant data into its Earth Science Viewer web

mapping application and by funding projects that add value

to the data.

Collaboration between Geoscience BC, the BC Geological

Survey and the Mineral Deposit Research Unit of the Uni-

versity of British Columbia led to the development of a

field mapping initiative in map areas NTS 093L, 103H and

103I in 2016. The project will enhance the geological di-

mension of the Search Project by allowing geological com-

ponents extracted from both the new geophysical survey

data and satellite imagery to be validated through ground-

truthing methods and targeted field mapping. This region

hosts numerous porphyry prospects, a belt of which was the

focus of recent exploration activity in map area NTS 093L/13.

Geoscience BC will pursue data integration proposals as

the Search Project continues into its third and fourth phases.
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Figure 3. The Phase II airborne geophysical program ultimately surveyed a 21 122 km
2
area (outlined in blue) in west-central British Colum-

bia in 2016, producing new, high-resolution magnetic and radiometric data. The survey overflew or covered areas adjacent to several ac-
tive, proposed or closed mines. Background data from Natural Resources Canada (2016) and DataBC (2016).



Summary

The Search Project is a multiyear project for Geoscience

BC that is focused on generating high-resolution regional

magnetic-survey data and complementary geoscience data

for key prospective mineral areas of the province. In 2016,

the program included an airborne survey covering

21 122 km2 and targeted geological mapping. Data from the

survey will be made available through both Geoscience

BC’s website and its web mapping application—the Earth

Science Viewer.
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Introduction

Reconnaissance-scale regional geochemical surveys (RGS)

are designed to produce high-quality information that can

be used to guide mineral exploration activities. These gov-

ernment-funded programs have been conducted through-

out British Columbia (BC) since the early 1970s. At the

outset, stringent methodologies were developed and have

been maintained to ensure survey results remain useful and

comparable (Ballantyne, 1991; Friske, 1991; Cook, 1997;

Levson, 2001; Dunn, 2007). Opportunely, the original sur-

vey design included archiving representative splits of all

samples collected. Having access to these materials saved

from previous RGS field programs has contributed to the

long-term viability and utility of the database.

To date, thousands of archived samples have been success-

fully reanalyzed using modern analytical techniques such

as instrumental neutron activation analysis (INAA) and by

inductively coupled plasma–mass spectrometry (ICP-MS).

The methods are cost effective and provide significant up-

grades to original analytical data reports (McCurdy et al.,

2014). They provide lower detection levels for base and

precious metals as well as pathfinder and rare-earth ele-

ments. They also generate improved data continuity be-

tween surveys completed at different times and samples

analyzed by different commercial laboratories.

In 2017, results of a Geoscience BC–funded reanalysis pro-

ject will be released for six regions in BC. Previously un-

available trace-metal data determined by ICP-MS will be

available for 5579 stream sediment samples. The work rep-

resents the ongoing effort of Geoscience BC and govern-

ment agencies to maintain and upgrade this important geo-

chemical data resource.

BC RGS Projects and Database

More than 100 reconnaissance-scale regional geochemical

surveys funded by Geoscience BC and both provincial and

federal governments have been conducted in BC since

1976. These projects included the collection of a variety of

samples, including

• stream and lake sediments,

• stream and lake water,

• till samples and

• biogeochemical material.

Results of the RGS projects have been compiled into pub-

licly available digital databases that provide site descrip-

tions, details on sample constituents plus analytical deter-

minations for a range of trace metals. Figure 1 shows the

provincial distribution of the more than 76 000 samples that

have been collected to date. The surveys cover close to 75%

of the province at sample-site densities that average from

one site per 5 km2 to one site per 14 km2.

Since inception, modifications and upgrades have been im-

plemented to improve the utility of the geochemical data-

base. These have included the completion of surveys in ar-

eas not previously sampled; infill sampling to increase

existing survey density; targeted field surveys using inno-

vative methods; and reanalysis, using up-to-date analytical

techniques, of sample pulps saved from older surveys. The

availability of these samples has proved to be a valuable re-

source in generating enhanced analytical information for

samples collected during older surveys. In the 1990s, more

than 24 000 of these samples were reanalyzed by INAA

(Jackaman et al., 1991), and starting in 2005, more than

45 000 samples have been reanalyzed by ICP-MS as part of

Geoscience BC–funded initiatives and BC Geological Sur-

vey projects (Jackaman, 2011; Jackaman et al., 2015).

BC RGS Sample Storage

Material from more than 76 000 BC RGS samples have

been saved, catalogued and stored in secure government fa-

cilities located in Ottawa, Ontario and Victoria, BC. This

collection includes sediments acquired from stream, lake

and till field sites, plus bark, needles and twigs collected

from trees. Table 1 lists the type and number of field sur-

veys completed in BC and the total number of samples that

have been collected. Figure 1 shows the distribution of

these sample sites.
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Archived samples are stored in plastic containers that are

labelled with each sample’s unique identification number

and placed sequentially in boxes organized by survey loca-

tion and year (Figure 2). For each sample type, vials contain

a representative split of the processed pulp used during ini-

tial laboratory analysis. Depending on the type of sample

and year collected, the character of the archived pulp mate-

rial may vary in fraction size and available weight.

For more recent stream sediment surveys, samples were

air-dried and sieved through an –80 mesh screen

(<0.177 mm). In surveys completed prior to 1986, the

stream sediment samples were air-dried, ball milled and

sieved to a –80 mesh (<0.177 mm) fraction. Lake sediment

samples were air-dried and then crushed using a ceramic

puck mill and sieved through an –80 mesh screen

(<0.177 mm). Till-sample pulps were air-dried, crushed

and sieved to produce splits of the silt plus clay-sized

(<0.063 mm) fraction and in some cases a clay-sized frac-

tion (<0.002 mm) was generated. Tree bark and twigs were

macerated and needles were reduced to ash at 475°C. In

general, sample weights for archived stream, lake and till

pulps average 10–20 g. Based on previous sample recovery

projects, approximately 95% of the samples will have more

than 2 g of available material.

In addition to the pulps, the archive includes raw unpro-

cessed stream sediment material consisting of coarse

gravel, fine sediment and organic constituents. For more re-

cent surveys (i.e., after 1986), a representative sample split

of material sieved to –18 mesh (<2 mm) fraction was saved.

There are more than 50 000 of these samples that are stored

in containers that hold less than 100–400 g of material (Fig-

ure 3). For some till surveys, splits of the original till sam-

ples were also preserved in the archives (Figure 4).

The archived unprocessed samples have not been included

in any systematic reanalysis initiatives and remain an

underutilized resource. The availability of this material

provide opportunities to apply analytical instruments such

as a Mineral Liberation Analyzer (MLA) or automated

scanning electron microscopy systems (QEMSCAN®) for

mineral identification. These units can conduct automated

mineralogy investigations significantly more quickly and
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Table 1. Type and number of Geoscience
BC– and government-funded, recon-
naissance-scale regional geochemical
survey (RGS) programs conducted in
British Columbia since 1976.

Figure 1. Distribution of all British Columbia regional geochemical survey (RGS) samples and lo-
cation of survey areas targeted by the 2016 reanalysis project.



effectively than traditional non-automated methods (Page,

1991; Sylvester, 2012; Mackay et al., 2015). These applica-

tions are relatively new but have the potential to generate

mineralogical information that could complement the

existing trace-metal database.

Current RGS Database Upgrades

In 2016, as part of Geoscience BC’s ongoing commitment

to maintaining the BC RGS database, a total of 5579 RGS

stream sediment pulps were recovered from archive storage

in Ottawa. Permission to access these samples was pro-

vided by Natural Resources Canada (NRCan). The sample

splits plus inserted quality-control reference materials were

delivered to the Bureau Veritas Minerals laboratory (Van-

couver, BC), where they will be analyzed for 56 minor and

trace elements by ICP-MS following aqua-regia digestion.

Results from this project are scheduled to be released in

early 2017.

Recovered sample pulps originated from surveys con-

ducted prior to 1986 in NTS map areas 093E, 093H, 103O,

103P and 104N (Figure 1). At that time, initial analytical re-

sults using an aqua-regia digestion and atomic absorption

spectrometry (AAS) reported less than 20 elements in

stream sediments. Also included in this reanalysis project

are stream sediment pulps from NTS map areas 082G, 082J

and 092N. Completed in the early 1990s, analytical results

from these surveys also included a relatively limited num-

ber of elements determined by AAS. Table 2 provides the

location and count of samples included in the 2016 ICP-MS

reanalysis work, along with a list of remaining RGS stream

sediment samples located outside of designated park land

and other restricted areas that have not been analyzed by

ICP-MS.

Summary

During the last decade, Geoscience BC–funded projects

have established the agency as a leader in the development

and maintenance of the BC RGS database. Building on the

significant contributions by the Geological Survey of Can-

ada (GSC) and the BC Geological Survey (BCGS), Geosci-

ence BC has furthered the utility of this geochemical re-
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Figure 2. Geological Survey of Canada’s sample archive facility in
Ottawa, Ontario, showing an example of warehoused regional geo-
chemical survey (RGS) stream sediment pulps. The samples are
stored in plastic vials, which are contained in boxes that hold 79
samples. Each box is placed in a metal cabinet.

Figure 3. Geological Survey of Canada’s sample archive facility in
Ottawa, Ontario, showing an example of a raw unprocessed re-
gional geochemical survey (RGS) stream sediment sample col-
lected in 1977.

Figure 4. Geological Survey of Canada’s sample archive facility in
Ottawa, Ontario, showing an example of a raw unprocessed split of
a till sample originally collected in 1997.



source through new field surveys and sample reanalysis

initiatives. To date, Geoscience BC–funded projects have

included the collection of 14 253 new RGS samples, the re-

analysis by INAA of 1152 RGS samples and the reanalysis

by ICP-MS of more than 44 500 RGS samples. This infor-

mation further augments the highly regarded BC RGS geo-

chemical database that is routinely used as a standalone

mineral exploration tool and as a complementary resource

to other exploration activities. Providing an expanded suite

of metals that outlines geochemical anomalies and regional

geochemical trends (e.g., the Mo distribution shown in Fig-

ure 5) helps focus exploration. Reanalysis initiatives have

produced a multi-element geochemical database that offers

contiguous provincial coverage. This coverage further pro-
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Figure 5. Geochemical distribution of Mo determined by aqua-regia digestion followed by inductively
coupled plasma–mass spectrometry (ICP-MS) for stream, lake, till and tree samples from regional
geochemical surveys. Threshold values are based on percentiles that were determined separately for
each sample type.

Table 2. List of previous stream sediment regional geochemical survey (RGS)
programs targeted in the 2016 Geoscience BC Reanalysis Project, and list of
remaining RGS datasets that do not include stream sediment results determined by
inductively coupled plasma–mass spectrometry (ICP-MS).



motes the utility of the information to assist in the identifi-

cation new areas of mineral potential, reassess known min-

ing camps and support other complementary exploration

work such as geophysical surveys, geological mapping and

environmental evaluations.

Acknowledgments

The ongoing maintenance and development of RGS data-

bases and RGS sample storage facilities remains a chal-

lenge due to staff limitations and budget constraints. Agen-

cies such as Geoscience BC, the BCGS and the GSC are

commended for their ongoing efforts to protect the long-

term security of this valuable geochemical resource.

Thanks to M. McCurdy, S. Day, R. McNeil, A. Plouffe and

A. Grenier of the GSC; A. Rukhlov, T. Ferbey and A. Hic-

kin of the BCGS; and R. Lett (consultant, formerly BCGS)

for their efforts to promote and maintain the sample materi-

als collections. This paper was much improved by the edit-

ing of R. Lett. Geoscience BC provided the funding for the

2016 reanalysis project.

References

Ballantyne, S.B. (1991): Stream geochemistry in the Canadian
Cordillera: conventional and future applications for explo-
ration; in Exploration Geochemistry Workshop, Geological
Survey of Canada, Open File 2390, p. 6.1–6.7, URL <http://
geoscan.ess.nrcan.gc.ca/cgi-bin/starfinder/0?path=
geoscan.fl&id=fastlink&pass=&format=FLFULL&
search=R=132388> [November 2016].

Cook, S.J. (1997): Regional and property-scale application of lake
sediment geochemistry in the search for buried mineral de-
posits in the southern Nechako Plateau area, British Colum-
bia (093C, E, F, K, L); in Interior Plateau Geoscience
Project: Summary of Geological, Geochemical and Geo-
physical Studies, L.J. Diakow, P. Metcalfe and J.M. Newell
(ed.), BC Ministry of Energy and Mines, Paper 1997-2,
p. 175–203, URL <http://www.empr.gov.bc.ca/mining/
geoscience/pub licationscatalogue/papers/pages/1997-
2.aspx> [November 2016].

Dunn, C.E. (2007): Biogeochemistry in mineral exploration; Vol-
ume 9 in Handbook of Exploration and Environmental
Geochemistry, M. Hale (ser. ed.), Elsevier, Amsterdam,
462 p.

Friske, P.W.B. (1991): The application of lake sediment geochem-
istry in mineral exploration; in Exploration geochemistry
workshop, Geological Survey of Canada, Open File 2390,
p. 4.1–4.2, URL <http://geoscan.ess.nrcan.gc.ca/cgi-bin/
starfinder/0?path=geoscan.fl&id=fastlink&pass=&
format=FLFULL&search=R=132388> [November 2016].

Jackaman, W. (2011): British Columbia Regional Geochemical
Survey Program: new analytical data and sample archive
upgrades; in Geoscience BC Summary of Activities 2010,
Geoscience BC, Report 2011-1, p. 181–188, URL <http://
www.geosciencebc.com/i/pdf/SummaryofActivities2010/
SoA2010_Jackaman.pdf> [November 2016].

Jackaman, W., Matysek, P.F. and Cook, S.J. (1991): The Regional
Geochemical Survey Program: summary of activities; in
Geological Fieldwork 1991, BC Ministry of Energy and
Mines, Paper 1992-1, p. 307–318, URL <http://www.
empr.gov.bc.ca/Mining/Geoscience/Publicat ions
Catalogue/Fieldwork/Documents/1991/307-318-
jackaman.pdf> [November 2016].

Jackaman, W., Sacco, D. and Lett, R.E. (2015): Geochemical
reanalysis of archived till samples, TREK project, Interior
Plateau, central BC (parts of NTS 093C, 093B, 093F &
093K); Geoscience BC, Report 2015-09, 5 p., URL <http://
www.geosciencebc.com/s/Report2015-09.asp> [November
2016].

Levson, V.M. (2001): Regional till geochemical surveys in the Ca-
nadian Cordillera: sample media, methods, and anomaly
evaluation; in Drift Exploration in Glaciated Terrain, M.B.
McClenaghan, P.T. Bobrowsky, G.E.M. Hall and S.J. Cook
(ed.), Geological Society, London, Special Publication,
no. 185, p. 45–68.

Mackay, D.A.R., Simandl, G.J., Ma, W., Gravel, J. and Redfearn,
M. (2015): Indicator minerals in exploration for specialty
metal deposits: a QEMSCAN®

approach; in Symposium on
Strategic and Critical Materials Proceedings, G.J. Simandl
and M. Neetz (ed.), November 13–14, 2015, Victoria, Brit-
ish Columbia, BC Ministry of Energy and Mines, Paper
2015-3, p. 211–217, URL <http://www.empr.gov.bc.ca/
Mining/Geoscience/PublicationsCatalogue/Papers/Pages/
2015-3.aspx> [November 2016].

McCurdy, M.W., Spirito, W.A., Grunsky, E.C., Day, S.J.A.,
McNeil, R.J. and Coker, W.B. (2014): The evolution of the
Geological Survey of Canada’s regional reconnaissance
geochemical drainage sediment and water surveys; Explore,
no. 163, p. 1, 3–4, 6–10, URL<http://www.applied geochem
ists.org/images/Explore/Explore%20 Number%20
163%20June%202014.pdf> [November 2016].

Page, J.W. (1991): Stream-sediment petrography using the coarse
fraction of stream sediments; in Geological Fieldwork 1991,
BC Ministry of Energy and Mines, Paper 1992-1, p. 301–
306, URL <http://www.empr.gov.bc.ca/Mining/Geoscience
/PublicationsCatalogue/Fieldwork/Documents/1991/301-
306-page.pdf> [November 2016].

Sylvester, P. (2012): Use of the Mineral Liberation Analyzer
(MLA) for mineralogical studies of sediments and sedimen-
tary rocks; Chapter 1 in Quantitative mineralogy and
microanalysis of sediments and sedimentary rocks, Mineral-
ogical Association of Canada, Short Course Series 42, p. 1–
16.

Geoscience BC Report 2017-1 99



100 Geoscience BC Summary of Activities 2016



Identifying Mineral Exploration Targets in the TREK Project Area, Central
British Columbia (Parts of NTS 093B, C, F, G), Using a Multimedia and
Multivariate Analysis of Geochemical Data and a Preliminary Method

of Sediment Transport Modelling

D.A. Sacco, Palmer Environmental Consulting Group Inc., Vancouver, BC, david@pecg.ca

W. Jackaman, Noble Exploration Services Ltd., Jordan River, BC

R.E. Lett, Consultant, Victoria, BC

B. Elder, Consultant, Vancouver, BC

Sacco, D.A., Jackaman, W., Lett, R.E. and Elder, B. (2017): Identifying mineral exploration targets in the TREK project area, central Brit-
ish Columbia (parts of NTS 093B, C, F, G), using a multimedia and multivariate analysis of geochemical data and a preliminary method of
sediment transport modelling; in Geoscience BC Summary of Activities 2016, Geoscience BC, Report 2017-1, p. 101–112.

Introduction

Geoscience BC’s Targeting Resources through Explor-

ation and Knowledge (TREK) project has produced a com-

prehensive collection of geoscience information for a

highly prospective area in central British Columbia (BC).

Up to this point, the surficial geochemistry component of

the project has focused on new till and lake sediment sam-

pling combined with a reanalysis and genetic interpretation

of similar archived data, resulting in one of the largest, high-

quality, and directly comparable raw exploration datasets

in North America. This value-added project provides ad-

vanced processing of the TREK geochemical data that in-

corporates a bedrock and surficial context into the evalua-

tion to better understand the complex nature of this

information and promote its potential as a mineral explora-

tion tool.

This project has two primary objectives: identify low-risk

exploration targets within the TREK project area, and de-

velop and test a method to delineate potential source re-

gions for till and lake sediment samples. Exploration targets

will be identified through a multimedia and multivariate

analysis that highlights samples with geochemical signa-

tures similar to specific common deposit types. Till and

lake sediment samples are good candidates for the multime-

dia comparison as they have been shown to correlate (Cook

et al., 1995). This correlation is likely a result of erosion and

transport of the region’s ubiquitous till cover by water-

courses. Priority will be placed on targets that show spa-

tially correlative dispersal in both till and lake sediment

geochemistry.

Potential source areas, or areas of influence (AOI), for the

two media are delineated using their unique transport

mechanisms. Lake sediment samples are transported by

watercourses, so a catchment basin analysis will be used

that is similar to those used for stream sediment samples

(e.g., Bonham-Carter and Goodfellow, 1986; Arne and

Bluemel, 2011; Heberlein, 2013). Till samples are trans-

ported by glaciers, so their AOI will be delineated using

ice-flow data, and will build on concepts related to prove-

nance envelopes (Stea and Finck, 2001; Plouffe et al.,

2011). Till AOI are designed to spatially link till samples to

a dominant bedrock source unit. Contrasting rock types

forming the bedrock geology within the TREK project area

will be reflected in the till geochemistry. The till data will be

levelled using the dominant bedrock source unit to mitigate

the influence of these contrasting rock types on the regional

dataset, which should improve anomaly identification.

Project Area

A summation and references for the known bedrock and

surficial geology for the project area are provided in Sacco

et al. (2014k). The project area is in the Interior Plateau

(Mathews, 1986), south of Vanderhoof and approximately

60 km west of Quesnel. It occupies parts of NTS map areas

093B, C, F and G and covers more than 28 1:50 000 scale

NTS map areas, and approximately 25 000 km2 (Figure 1).

Access is through a network of forest service roads in the

Vanderhoof, Quesnel, Chilcotin and Central Cariboo forest

districts.

The project area includes parts of the Nechako Plateau, Fra-

ser Plateau and Fraser Basin physiographic regions (Hol-

land, 1976). Thick surficial deposits composed dominantly

of till and glacial lake sediments obscure most bedrock ex-

posures. Higher relief features include the Nechako and

Fawnie mountain ranges of the Nechako Plateau and the

Ilgachuz and Itcha mountain ranges of the Fraser Plateau.
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Figure 1. Location map showing the study area, till (yellow symbols) and lake sediment (blue symbols) sample locations, and MINFILE
mineral occurrences (BC Geological Survey, 2016a). Digital elevation model from Canadian digital elevation data (GeoBase

®
, 2007).



Methods

This section outlines the proposed workflow and methods

for the study (Figure 2). All procedures are carried out us-

ing a combination of ArcGIS™, Reflex® ioGAS and Mi-

crosoft® Excel® computer software.

Data

This project integrates data from multiple sources listed in

Table 1. Due to the complex nature of this collection of in-

formation, inherent data discrepancies exist that may affect

the results. Significant effort has gone into the assessment,

compilation and processing of these data to ensure the best

possible results. The specific procedures used are outlined

in the appropriate method subsections below.

Bedrock Compilation and Simplification

The bedrock geology is an integral part of this study, so it is

essential to have the most accurate and consistent mapping

possible. The most continuous bedrock geology in the pro-

ject area is compiled by Cui et al. (2015); however, more re-

cent, higher resolution bedrock mapping conducted for

parts of the project area by Mihalynuk et al. (2008), Angen

et al. (2015) and Bordet (2016) is not in Cui et al. (2015). A

new, uniform and continuous geology layer is being pro-
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Table 1. Datasets and their references used in this study.

Figure 2. Flowchart illustrating the workflow for this study. Black boxes identify data sources, green boxes identify processing steps and red
boxes identify final products. Bold bracketed numbers refer to the final product list in the conclusions section of this paper. Abbreviations:
AOI, areas of interest; RIS, relative importance signature; TREK, Targeting Resources through Exploration and Knowledge; WS, weighted
sums.



duced for this study that will combine these data sources.

The data sources are first overlaid to assess the spatial com-

parability, unit designation and descriptions. From this as-

sessment, the most suitable sources will be determined. The

selected layers will then be converted to a comparable leg-

end based on the most extensive data source (i.e., Cui et al.,

2015), and spliced into the compilation. No attempts at

edge matching will be made between the units as it is a com-

plicated process that requires resources beyond the scope

of this project. The new layer will then be simplified so that

the geology is represented by major bedrock units that are

most likely to influence the till geochemistry. Simplifica-

tions will be based largely on unit descriptions and supple-

mented with available rock geochemistry where possible.

TREK Geochemical Data Standardization

Data standardization refers to a series of processing steps

required to create a genetically comparable, normally dis-

tributed and statistically equivalent dataset. Only sedi-

ments with similar genesis should be compared to eliminate

variation associated with different transport and deposition

mechanisms. Non-normal and censored data distributions

can cause issues when applying mathematical or statistical

analytical procedures (cf. Grunsky, 2010). Similarly, varia-

tion in analytical results from external factors can limit

anomaly recognition within the dataset. A combination of

filtering, data transformations and substitutions, and level-

ling techniques are applied to the raw data to improve its

utility.

The geochemical data used for this study is a compilation of

new till and lake sediment samples, and reanalyzed archive

samples. Details for the datasets can be found in the refer-

ences in Table 1 and sample locations in Figure 1. To ensure

genetic continuity within the datasets, all till and lake sedi-

ment data were assessed separately. In addition, till samples

that are not basal till are removed from the analysis based

on genetic interpretations conducted earlier in the TREK

surface sediment geochemistry program (Jackaman et al.,

2015b). Basal till is well suited to assessing mineral poten-

tial of an area because it is a first derivative of bedrock

(Shilts, 1993); therefore, it has a similar geochemical signa-

ture. It was eroded, transported and deposited under ice,

thus its transport history is relatively simple and can be de-

termined by reconstructing ice-flow histories. Further-

more, it produces a geochemical signature that is areally

more extensive than the bedrock source and potentially

easier to locate (Levson, 2001).

The data distribution of each element is assessed numeri-

cally and graphically to determine which data require the

log10 transformation to produce more normal data distribu-

tions. Most data are positively skewed and require the

transformation. Censored data distributions occur when

enough data points fall below detection limits. A sufficient

proportion of censored data artificially skews the data dis-

tribution. For elements with <1% of data points below the

detection limit, the data below the detection limit are substi-

tuted with half of the lower detection limit. For elements

with >1% of the data points below the detection limit, the

data below the detection limit are substituted with predicted

values based on linear regression coefficients of the data.

This is accomplished by fitting a line by linear regression

on a normal probability plot, and then replacing the cen-

sored data with their expected values.

The inductively induced neutron activation analysis

(INAA) was conducted at Activation Laboratories Ltd.

(Ancaster, Ontario) or Becquerel Laboratories Inc. (Miss-

issauga, Ontario) laboratories, depending on the survey. An

assessment of analytical results indicates there is minor

variation in the analytical results from each lab. There is

significant spatial overlap of the sampling regions for the

two labs, thus it is unlikely the difference is related to geol-

ogy. Instead, the variation is attributed to differences be-

tween the labs. To mitigate this variation, the data are lev-

elled using a robust z-score method. The z-score levelling

method was chosen because it does not change the shape of

the data distribution and it preserves genuine outliers. This

method converts each data point into a group-based z-

score, expressing the data in units of standard deviation

from the central tendency. The median is used as a robust

estimate of the mean and the interquartile range (IQR) mul-

tiplied by 0.7413 as a robust estimate of standard deviation.

It is defined by the equation

z
input value median

IQR
= −

× 0 7413.
.

Sample Areas of Influence

An AOI is designed to identify the potential source region

for a sediment sample. Because till and lake sediments have

different geneses, the AOI of each media is determined

based on different transport mechanisms and represents a

different source material. Basal till is eroded and trans-

ported by glacial ice and is dominantly derived from bed-

rock. The shape of each till sample AOI is dependent on

variables related to ice-flow dynamics, and the AOI delin-

eates a region of bedrock that has influenced the composi-

tion of the till sample. Lake sediment samples are trans-

ported through drainage networks; therefore, the AOI for

lake sediment samples is defined by the catchment basin of

the sampled lake.

Till Sample AOI

Till sample AOI represent the potential source region for a

specific sample point, defined by a sector of a circle that is

centred on the sample location. The angle of the sector is a

function of the range of ice-flow directions that affected the

location, and the length of the radii (arms) is a function of

estimated sediment-transport distance (Figure 3). Delinea-
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tion of a till sample AOI is an iterative process that begins

with a standard till sample AOI that has a standard length

and an arc length that is specific to the ice-flow history at

each sample location. The standard AOI is used to extract

scaling factors that reflect increased or decreased sediment

transport distances. These scaling factors are then applied to

the standard AOI to create the final till sample AOI that will

be used to determine dominant bedrock influence (Figure 3).

Delineation of a Standard Till Sample AOI

The length of a standard AOI is determined based on aver-

age anomaly dispersion distances in till from known min-

eral deposits within the region. The dispersal distance is

measured from the deposit to the location where associated

element concentrations are below the 75th percentile. Based

on the references listed in Table 2, the average dispersal

length is approximately 2.5 km.

The angle of a standard AOI is based on the range of ice-

flow directions that affected a sample location (Figure 2).

Ice-flow directions were determined from the azimuth of

small- and large-scale ice-flow indicators (see Table 1 for

references). Ice-flow histories were determined where rela-

tive chronologies could be assigned to the indicators, and

from regional ice-flow patterns. A 2 km buffer was created

for each till sample location, and the maximum and mini-

mum azimuth values from all ice-flow indicators were at-

tributed to the sample point. The range for each sample lo-

cation was assessed for the influence of spurious values and

adjusted accordingly. During this assessment, modifica-

tions were made based on known ice-flow histories and

topographic influences.
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Table 2. Geochemical dispersal distances in till to the 75
th

percentile from known
mineral occurrences in central British Columbia.

Figure 3. Conceptual diagram of till sample area of influence (AOI) delineation and utilization to extract the dominant bedrock source: a)
standard till sample AOI are delineated based on sample locations and ice-flow vectors; b) length-scaling factors are extracted from layers
that affect sediment transport distances using standard till AOI; c) the length of standard till sample AOI are multiplied by the scaling factors,
and the dominant bedrock units affecting the samples are calculated.



Length-Scaling Variables and Factors

Length-scaling factors are used to modify the length of a till

sample AOI based on the specific surface conditions to im-

prove the accuracy of the estimated transport distance of

each sample. It has been shown that transport distances in-

crease with velocity of ice flow (Clark, 1987; Bouchard and

Solonen, 1990; Aario and Peuraniemi, 1992). The ice ve-

locity cannot be directly determined; thus, the scaling fac-

tors are based on three surface characteristics (i.e., scaling

variables) that can affect ice velocity: slope, surface rugos-

ity and surficial material. Transport distances can also be

affected by the physical properties of the source (e.g., areal

extent, erodibility, topographic position) and re-entrain-

ment potential (Parent et al., 1996). The physical properties

of the exploration targets are yet to be identified, and deter-

mining re-entrainment potential is not feasible across the

study area so these factors will not be addressed here.

Glaciers generally accelerate downslope and decelerate up-

slope. Directional slope is measured using SRTM elevation

data and the generalized ice-flow directions from the ice-

flow indicator compilation. Thiessen polygons are created

for the generalized ice-flow indicators. Spurious results are

assessed and adjusted where necessary ensuring coordina-

tion with surrounding values. The polygon file is converted

to an ice-flow direction raster with an equivalent cell size to

the SRTM data. The ice-flow direction raster is smoothed

using a roaming average of 10 cells to reduce sudden direc-

tional changes along polygon borders. The SRTM dataset is

smoothed using a 25-cell roaming average to remove the

influence of minor topographic features that are either too

small to affect ice flow, or did not exist during glaciation

(e.g., meltwater channels and postglacial landforms). Slope

and aspect raster layers are calculated from the SRTM data,

and the directional slope was calculated using the formula

( )S S D AD = −⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

cos
π

180
,

where SD = directional slope, S= slope raster, D = direction

of ice-flow raster and A = aspect raster.

Increased surface rugosity increases basal drag and de-

creases ice velocity. Surface rugosity is calculated using a

modified version of the terrain ruggedness index (TRI) by

Riley et al. (1999). Several other methods of measuring

rugosity were tested and were deemed unsuitable due to is-

sues with scale and the resolution of the elevation data. For

example, the true rugosity of a surface is probably best indi-

cated by the 2-D area to 3-D area ratio. This method, how-

ever, could not produce accurate results at a scale that

would affect a glacier and is better suited to higher resolu-

tion data.

The Riley et al. (1999) TRI is the difference between the

value of a cell and the mean of a neighbourhood of sur-

rounding cells. This calculation is performed on the SRTM

dataset that is smoothed using a 10-cell roaming average to

remove minor topographic irregularities from the calcula-

tion. Minimum and maximum 25 by 25–cell neighbour-

hood raster layers are derived from the smoothed DEM,

then the TRI is calculated using the formula

( )( )TRI abs= −max min2 2 ,

where max = maximum 25 by 25–cell neighbourhood ras-

ter and min = minimum 25 by 25–cell neighbourhood ras-

ter.

The surface expression and thickness of the surficial mate-

rials are used as qualitative proxies for ice-flow velocity

and transport distance, respectively. Thicker till units are

generally transported farther (e.g., Levson and Giles, 1995;

Paulen, 2001) and streamlined landforms (notably with a

length-to-width ratios of 10:1) suggest higher ice-flow ve-

locities (Stokes and Clark, 2002; Briner, 2007; King et al.,

2009). Sediment thickness and surface expressions were

extracted from surficial mapping compiled from several

sources (see Table 1). The mapping was combined using a

common legend, with higher resolution mapping favoured

where overlap occurred.

Quantifying the effects of the scaling variables on ice-flow

velocity, and ultimately on sediment transport distance, is

beyond the scope of this preliminary study. The scaling fac-

tors for this preliminary study are, therefore, relative rather

than absolute. Each scaling variable is divided into five fac-

tor categories, with each representing a scaling factor of 0.1

(Table 3). The relative scaling factors are based on the aver-

age condition. For example, the average condition is scaled

by a factor of 1; one below the average condition is scaled

by a factor of 0.9; one above the average condition is scaled
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Table 3. Length-scaling variables and factors used to adjust till sample areas of interest (AOI) based on surface characteristics that affect till
transport distances.



by a factor of 1.1. Directional slope and rugosity variables

are numerical indices. The average condition for these indi-

ces will be determined by the mean, and the scaling-factor

divisions measured in units of standard deviation (Table 3).

Surficial material characteristics are more qualitative and

require a different approach. Based on areal distribution,

thick material is the average condition and is assigned a

scaling factor of 1. The scaling factors increase as the

amount of streamlining increases, and decrease as the

material becomes thinner.

The percent coverage of the scaling factors for each scaling

variable are measured from within the standard AOI. A fi-

nal scaling factor for each variable is determined by

weighting each category based on the percent coverage.

The standard AOI length is then multiplied by each vari-

able’s weighted scaling factor and the final till sample AOI

are delineated using those lengths.

Levelling Geochemical Data Based on Bedrock

The final till sample AOI spatially link each till sample to a

probable source region. The dominant bedrock source unit

can be determined by extracting the dominant bedrock unit

within the AOI. The efficacy of the bedrock attribution will

be measured by examining the pebble lithologies of till

samples, and by comparing the geochemistry of till samples

with that of the bedrock source. Till samples collected in

2013 and 2014, in association with the TREK project, in-

cluded the collection of 50 clasts (Jackaman and Sacco,

2014; Jackaman et al., 2015a). The proportion of clasts col-

lected will be compared to the source area bedrock attribu-

tion and assessed for consistency. Similarly, the geochemi-

cal concentrations of till samples will be compared with

those of the bedrock source regions to determine if they

match. These quality-control measures are limited by the

fact that not all samples have pebble data and not all rock

units have available geochemical data that are comparable

to the till geochemical data.

If the bedrock attributions are found suitable, the till geo-

chemical data will be levelled to mitigate the variance in

geochemical concentrations related to bedrock source. The

levelling procedure will use the same methods outlined in

the data standardization section because it does not change

the shape of the data distribution and it preserves genuine

outliers.

Lake Sediment Sample AOI

Lake sediment sample AOI represent the potential area

from which lake sediment was derived, and are delineated

in the same manner as a catchment basin. For the purposes

of this study, a lake catchment is defined as the drainage

area from the outlet of the sampled lake to the outlet of the

next upstream sampled lake. Lake sediment sample AOI

are delineated by computing the catchments of sampled

lakes using Canadian digital elevation data (CDED;

GeoBase®, 2007). The CDED was chosen because it was

created using hydrographic elements, and more accurately

represents the hydrological system compared with the

SRTM elevation data.

The CDED is processed to remove linear artifacts that af-

fect the drainage system modelling. The data are resampled

to a resolution of 10 m and smoothed using the minimum

value of the surrounding eight cells. The minimum value is

used to ensure lower elevation areas representing drainage

networks are not artificially raised, resulting in discon-

nected upstream areas.

Preliminary catchments are delineated for all sampled lakes

by using the Arc Hydro tool set, and generally following the

method for modelling deranged drainage systems (Djokie,

2008). The elevation values under the sampled lakes are re-

duced to below the minimum value of the elevation dataset

to ensure the modelling does not allow for water flow

through the lake. A flow direction raster is created specify-

ing the sampled lakes as sinks. During this process, each

cell that would eventually drain into an identified sink was

defined, which delineated the possible sediment source

area for each sampled lake.

Errors can occur in the catchment delineation for lakes with

upstream, adjacent wetlands. If the upstream wetland is flat

in the elevation model, no flow direction can be computed

and the upstream area is cut off from the lake catchment. All

wetlands that are adjacent to lakes are identified and

screened for potential impact on catchment delineation.

Upstream wetlands that impact the preliminary catchment

delineation are merged into the lake, and the process is

rerun using the modified lakes.

Lake sediment sample AOI represent the potential source

region for a sample; therefore, they represent the source for

geochemical anomalies within that sample. The geochem-

istry of the lake sediment samples is attributed to the AOI to

indicate the ground coverage of the sampling, and an area to

focus exploration efforts.

In several large lakes, sediment samples were collected

from what was interpreted as different basins (Jackaman,

2006, 2008a; Jackaman and Sacco, 2014). The geochemi-

cal concentrations of lake sediment samples collected from

the same lake are compared for variation prior to attribution

to the AOI. If the variation between key mineralization

pathfinder elements (e.g., Cu, Zn) are within 25%, esti-

mated as percent relative standard deviation, the values are

averaged and applied to the AOI. If significant variation is

observed, the catchment is manually modified based on

topographic and hydrological considerations to best

represent input into the sampled basins within the lake

(Figure 4).
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Evaluation of the lake sediment geochemistry will include

consideration for AOI size. It is expected that samples with

larger AOI will have geochemical values that are closer to

background levels due to dilution. The effect of dilution

will be assessed empirically using concentration versus

AOI area scatterplots to identify samples from large catch-

ments that are above the mean concentrations. If AOI are

prohibitively large, the sample may be removed from the

dataset or evaluated separately.

Data Evaluation

Deposit Types and Relative Importance
Signatures

The deposit types used in this study will be

based on nomenclature from the BC mineral de-

posit profiles (BC Geological Survey, 2016b).

The weighted sums (WS) analysis uses ele-

ments that are diagnostic of mineral deposit

types common to the region (Table 4). Prelimi-

nary elements of interest were determined

through a review of available rock geochemistry

from those mineral deposit types and informa-

tion in MINFILE (BC Geological Survey,

2016a). Aspecific relative importance signature

(RIS) will be determined for each deposit type

through factor analysis and correlation matrices

of surface sediment and rock geochemistry.

Positive values in the RIS indicate that elevated

concentrations of pathfinder elements are sig-

nificant and negative values indicate that de-

pleted concentrations are significant. Prelimi-

nary experiments will be carried out to

determine which deposit types will be used in

the final analysis.

Weighted Sums Analysis

A weighted sums (WS) analysis creates a single index that

considers multiple elements and is specific to the geochem-

ical signature of the exploration targets. The WS analysis

uses a priori knowledge of mineralization to reduce its

multi-element signature to a single linear function (see

Garrett and Grunsky [2001] for a description of the calcula-

tion). The specific RIS will be used to calculate the WS in-

dex for each deposit type. The relative importance values

are converted to weights by dividing each importance by
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Figure 4. Example of catchment basin delineations for lake sediment samples
(burgundy lines). Catchments are manually modified based on topographic and
hydrological considerations where samples within the same lake have percent
relative standard deviations that are greater than 25% (red lines).

Table 4. British Columbia Geological Survey mineral deposit profiles (BC Geological Survey, 2016b) with examples from MINFILE (BC
Geological Survey, 2016a) in the Targeting Resources through Exploration and Knowledge (TREK) project area, and preliminary
mineralization pathfinder elements that will be used for the relative importance signatures. Preliminary experiments will be carried out to
determine deposit types used in final analysis.



the square root of the sum of the squares of all the impor-

tance values, resulting in the sum of squares of the weights

equating to 1. The WS analysis will be carried out on the

standardized geochemical datasets for the till and lake sedi-

ment, and again on the till dataset that has been levelled

using dominant bedrock source.

Anomaly Evaluation

Specific anomaly thresholds will be determined for each el-

ement of interest and WS indices by assessing data distribu-

tions on probability graphs (cf. Sinclair, 1981; Grunsky,

2010). Once the anomaly thresholds are determined, the

data will be symbolized in a GIS and assessed to identify

the locations of anomalies and spatially correlate anomalies

between the different media. Clustered anomalous samples

and spatially correlative anomalies between the two media

will be identified as high-priority exploration targets.

Discussion

The aim of this project is to identify exploration targets

through the multivariate analysis of both till and lake sedi-

ment samples. Efficacy of the study relies heavily on the

quality of the data, the accurate delineation of sample AOI

and the RIS. Geochemical data quality has been improved

through recent reanalysis and genetic interpretations. Fur-

ther improvements are made in this study through data stan-

dardization to create a genetically comparable, normally

distributed and statistically equivalent dataset.

Areas of influence are delineated for till and lake sediment

samples to assist in the evaluation of the TREK geochemi-

cal dataset. This method is based on catchment analysis that

is typically applied to stream sediment samples (e.g., Arne

and Bluemel, 2011; Heberlein, 2013). Provided here are

preliminary methods to delineate the AOI for till and lake

sediment samples, which can be built upon and improved in

future studies. Till sample AOI are meant to spatially link

each sample to a dominant bedrock source so that the influ-

ence of varying bedrock geology can be removed from the

regional geochemical dataset. In this study, the determina-

tion of till transport distances (i.e., length of till sample

AOI) is relative and based on factors that influence glacier

velocity. Future efforts to delineate till sample AOI could

also use the length of streamlined bedforms as a proxy for

ice-flow velocity. Attempts to apply more absolute scaling

values based on sediment transport studies (e.g., Clark,

1987; Parent et al., 1996) may also improve the accuracy of

the delineation. The accuracy of the bedrock mapping and

simplifications are also very important. Inaccurate map-

ping will result in the incorrect attribution of bedrock

source units and cause spurious data levelling results. Ef-

forts are made to incorporate the highest resolution, compa-

rable bedrock mapping into one layer and to create accurate

simplifications. Future work should concentrate on im-

proving the assimilation of bedrock data from different

sources and the acquisition of extensive geochemical data,

which will improve the simplification process.

Lake sediment sample AOI are delineated from the outlet of

the sampled lake to the outlet of the next upstream sampled

lake. This definition assumes that there is minimal sedi-

ment transfer through the sampled lakes; however, the

catchments of upstream lakes that were not sampled are in-

cluded in the delineation in order to not exclude potential

source areas. A comparative analysis of geochemical data

using nested and non-nested catchments may provide em-

pirical evidence to inform whether upstream catchments

should be included in the AOI delineation.

Using catchment basins as lake sediment sample AOI pre-

sumes that any sediment within the catchment is available

for erosion and transport to the lake. In reality, soil erosion

in most areas is limited by vegetation, and likely only oc-

curs in significant amounts near the stream networks. In-

corporating a buffer around active watercourses may pro-

vide a more precise delineation of the major contributing

sediment sources to the lakes. This delineation would re-

duce the size of the exploration target, and may provide a

better estimate of catchment area, which can be used to de-

termine dilution during data evaluation.

Conclusions

This paper presents the methods that will be used to identify

mineral exploration targets in the TREK project area using

multivariate and multimedia geochemical data analysis,

and a preliminary method of sediment transport modelling.

These methods are suitable for the evaluation of surficial

exploration data in most regions, particularly in other areas

of BC where there is a large collection of geochemical data.

The completed study will produce (numbers in parentheses

are referenced in Figure 2)

• a database of standardized till and lake sediment geo-

chemical data for elements of interest (1);

• polygon shapefiles of AOI for all till and lake sediment

samples (2);

• levelled till geochemistry using dominant bedrock

source (3);

• RIS of geochemistry for six common mineral deposits

in central BC (4);

• WS indices for deposit models calculated with stan-

dardized till and lake sediment geochemistry, and lev-

elled till geochemistry (5);

• potential exploration targets (6); and

• georeferenced maps (e.g., eight 1:100 000 scale maps in

PDF) to display WS indices using proportional dot sym-

bols, and gridded data if the sample spacing allows.
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Introduction

Large parts of central British Co-

lumbia (BC) are underexplored be-

cause of extensive Quaternary

cover that obscures much of the

underlying geology from direct

observation. Consequently, re-

source companies are faced with

increased exploration risk and

must rely on indirect detection of

mineralization by geophysical or

geochemical methods. As these

methods evolve and improve over

time, the cumulative geoscience

that is generated over covered areas

enables the integration of various

data types, which in turn increases

confidence in the understanding of

the bedrock lithology.

Geoscience BC has actively en-

gaged in the generation of high-

quality public geoscience in the

province for more than a decade,

including geoscience in large areas

of covered terrain such as the Tar-

geting Resources through Explo-

ration and Knowledge (TREK)

project area, which covers parts of

the NTS map areas 093B, C, F and

G (Figure 1). The size fraction that

was selected for the till geochemis-

try in the TREK project was

<63 µm (silt + clay). Although this

is standard practice in till analysis

because dry sieving to a finer frac-

tion would be impractical, the geo-

chemical response may still be overwhelmed by matrix

components such as carbonate minerals and organic matter.

To remedy the effect of matrix materials on the analysis of

till and reduce its heterogeneity, the clay fraction (<2 µm)

can be extracted and analyzed, which has been known to

provide superior results for trace elements transported by
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Figure 1. TREK project till sample locations, central British Columbia.



hydromorphic dispersion through the till cover (Slavek and

Pickering, 1981; DiLabio, 1995; van Geffen et al., 2012).

Geoscience BC Report 2009-10 (Ferbey et al., 2009) re-

ported the analysis of the clay fraction of archived till sam-

ples from the Babine porphyry belt, which were sampled in

the earlier NATMAP sampling program (Levson, 2002).

The paper described the relative abundances of a range of

elements with limited data processing and interpretation.

This study will include data validation and basic explor-

atory data analysis to add value to the generated data and

comment on the comparison with the original data from the

silt + clay fraction.

Status and Future Work

Till samples that were collected in the TREK project area in

2013 and 2014 were archived by the BC Geological Survey

(BCGS) in Victoria, BC (Jackaman and Sacco, 2014; Sacco

et al., 2014; Sacco and Jackaman, 2015). To date, 613

‘character splits’ of the archived samples have been re-

trieved for clay extraction and analysis, with help from

R. Lett, consultant, formerly BCGS. These samples have

been submitted to the Bureau Veritas Mineral laboratory in

Vancouver, BC, for preparation and analysis. The analyti-

cal method is a clay-fraction separation followed by aqua-

regia digestion and inductively coupled plasma–mass spec-

trometry (ICP-MS) finish for 53 elements on 0.5 g aliquots.

Previous campaigns in the TREK area produced till sam-

ples that were recovered and submitted for reanalysis as

part of the TREK project in 2015 (Jackaman et al., 2015),

but the sample volumes remaining at the BCGS archive are

considered insufficient for clay extraction. The Geological

Survey of Canada published till geochemical data from the

area in 2001 (Plouffe et al., 2001), including inductively

coupled plasma–atomic emission spectroscopy (ICP-AES)

data of both the <63 and <2 μm fractions. These data will be

used for reference and, where appropriate, included in the

final data analysis of this study.

It is anticipated that this study will be completed by January

2017 and the results presented at the Association of Mineral

Exploration Roundup . The final report will be published as

a separate Geoscience BC report in early 2017.
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Introduction

The most efficient use of resources in mineral exploration

is to add value to existing data products. The utility of exist-

ing geochemical data can be greatly improved by first order

interpretation, because derivative data products (which are

common in geophysics) account for surficial processes.

These derivative data products can spur interest in areas

that may have been otherwise overlooked.

Over the past 11 years, Geoscience BC has supported the

continued collection and chemical analysis of till geochem-

ical samples in efforts to promote mineral exploration

throughout British Columbia (BC). The TREK (Targeting

Resources through Exploration and Knowledge) project

was initiated in 2013 to generate new information on BC’s

northern Interior Plateau region, an area which is highly

prospective for mineral resources and may also have some

geothermal potential. However, the area is underexplored

for these resources due to overburden of variable thickness

covering complicated and poorly understood bedrock geol-

ogy. Across the TREK project area almost 3000 samples

were collected by the British Columbia Geological Survey

(BCGS), Geological Survey of Canada (GSC) and Geosci-

ence BC (Figure 1). Samples from the BCGS and GSC

campaigns were reanalyzed as part of the TREK project

(Jackaman et al., 2015) to ensure state-of-the-art data

quality.

The geochemical interpretation presented in this study has

three main steps, the deliverables of which will contribute

to Geoscience BC’s mandate to stimulate mineral explora-

tion:

1) All available till geochemical analyses in the TREK

area were evaluated and assessed for comparability and

utility on an element by element basis. Data artefacts

were visible between original survey areas, but their ef-

fects were suitably circumvented during the remainder

of the interpretation.

2) A thorough interpretation of the till geochemical data

selected in the first step was accomplished using explor-

atory data analysis (EDA) techniques, including cluster

analysis to determine till signature. Further geochemi-

cal techniques, such as regression analyses to account

for secondary surficial processes, were also employed.

3) Robust, second order, geochemical derivative products

(compared to known mineral occurrences where possi-

ble) that delineate areas of increased mineral potential

based on ranked multi-element anomalies were pro-

vided.

Data Validation and Assessment

Before data analysis can be properly undertaken, it is nec-

essary to assess the quality and distribution of the available

geochemical data. The data quality was assessed using

ioGAS software and common data format issues were ad-

dressed, such as replacement of below-detection values,

'no-data' values (in this dataset no-data was listed as "-9999")

and zeroes with null values to allow further statistical anal-

ysis. The full dataset (number of samples [n] = 2970) com-

prises 1259 new till survey samples and 1711 reanalyzed

till samples from previous campaigns in the area (Jackaman

et al., 2015), data from which will be included as an appen-

dix in the final report. The newly collected and reanalyzed

samples were all subjected to the same analytical method at

the same lab (aqua-regia digestion with inductively cou-

pled plasma–mass spectrometry [ICP-MS] finish at Bureau

Veritas Minerals [Vancouver, BC]) eliminating the need for

data processing to remove lab method effects. Normal

probability plots were used to evaluate the distributions of

each element and to flag those elements with limited quality

and precision. The TREK till geochemistry dataset was

generally of very good quality, with the exception of a few

elements (W, S, Se, Te, Ge, Ta, In, Re, Pd, Pt, B, Na), and a

group of 255 samples that contained null values for all ele-

ments. Also, a handful of samples (n = 6) were omitted from
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Figure 1. The Targeting Resources through Exploration and Knowledge (TREK) project location map with till samples coloured based
on the associated geoscience report (‘original report’). Note that the black-dashed circle represents the area of survey overlap used to
determine spatial versus survey influence in the exploratory data analysis.



the interpretation because of extreme values in elements of

secondary interest (Fe, Mn, Na).

In total, the interpreted dataset (n = 2709) spans nine survey

areas, including five zones where spatial sample collection

overlap. To investigate whether changes in elemental con-

centrations were influenced by the survey area (‘original

report’), these five zones were isolated and then all element

ranges were evaluated. If the ranges of element concentra-

tions vary significantly when only looking at data from

within one zone, it can be confidently surmised that the data

variation is due to some other factor than original report

(i.e., changes in slope or underlying geology rather than

survey effect). Four of the five zones showed acceptable

variation when comparing the immobile elements, but one

zone (Figure 1) showed considerable differences (up to

three times greater median values in immobile elements be-

tween areas), between Jackaman et al. (2015) and Lett et al.

(2006), and this variation will be addressed in further inter-

pretations.

The main concern with the variation of data between survey

areas is actually the quality of the till sample collected.

Jackaman et al. (2015) re-evaluated the basal till potential

(BTP) for the historic till samples and found large degrees

of variation between survey years. Jackaman et al. assigned

a BTP score to all samples, and 2581 till samples were clas-

sified “basal till or very likely basal till”, whereas 389 sam-

ples were classified “unlikely to be basal till”. The latter

samples require more careful interpretation because they

were likely transported farther from their protolith.

Exploratory Data Analysis - Methodology

Exploratory data analysis is well documented in geochemi-

cal literature, and has been used in mineral explo-

ration for the past 50 years. Grunsky (2007) de-

scribes it as the process of detecting trends or

structures within the data, which can “provide in-

sight into the geochemical/geological processes”.

By having a greater understanding of the processes

that create, channel and ultimately control geo-

chemical anomalies that are expressed at surface,

the likelihood of correctly interpreting these

anomalies is drastically increased and therefore the

likelihood of discovering buried mineralization.

Exploratory data analysis (EDA) was performed

on the 2709 till samples selected from the full data-

set of 2970 samples based on data quality.

Part I: Cluster Analysis to Define Till
Provenance

Till geochemical samples, even if they are basal till

and a first derivative of the underlying bedrock, are

still the product of a surficial process and thus their

data must be treated accordingly. Assigning a pro-

tolith unit to a till sample based on its actual sample

collection location is inappropriate because the till may

have been derived from bedrock as much as tens of kilo-

metres away (Ferbey et al., 2014). The provenance of these

till samples was determined by a multivariate analysis of

both immobile and trace elements, and initially five differ-

ent till types were identified using a hard-partitioning k-

means cluster analysis. This method aims to partition a

number of observations into k-clusters in which each ob-

servation is assigned to the most similar group based on a

subset of variables. The optimum number of clusters will

have the smallest sum of squares between observations and

the cluster’s central node. The purpose of this analysis is to

minimize the within-cluster variation and maximize the

between-cluster variation based on the selected elements of

interest.

The elements used in the first pass clustering analysis were

(Na+K)/Al, Ca, Ti, Zr, Y, Th and Nb. The (Na+K)/Al term

can be used as a proxy for till evolution; more evolved, or

distal, till samples will have a lower (Na+K)/Al value be-

cause they are more weathered and therefore more of the Na

or K has been mobilized and removed from the till sample

(Figure 2). The dark green group has been identified as

evolved due to its lower relative (Na+K)/Al values, and

also its higher Zr and Ti values (Zr can be correlative to the

sand fraction of the till sample, also indicating a higher de-

gree of transport). The till samples were analyzed using an

aqua-regia digestion, which is an incomplete digestion

method that does not dissolve certain silicates, oxides, and

some of the minerals that contain high-field strength ele-

ments (HFSE), meaning that the results for many elements

are only partial, and elements such as Zr will have poorer

data quality. The blue group is likely derived from carbon-

ate materials, inferred from their high Ca content.
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Figure 2. Biplot of Ti as a function of Zr, coloured by first pass clustering anal-
ysis using immobile and trace elements to separate till types, Targeting
Resources through Exploration and Knowledge [TREK] project area, central
British Columbia.



The carbonate-derived and evolved tills were then tempo-

rarily removed from the dataset and the remaining three till

groups were further separated into five groups based on the

distributions of major elements and a selection of trace ele-

ments (Ti, Al, Fe, Mg, Mn, Ca, Na, K, Cr, U, Ni; Figure 3)

resulting in a total of seven chemically distinct till composi-

tions or types in the TREK area (Figure 4). These till types

were spatially coherent but do not correspond with the orig-

inal report areas, which indicates the influence of survey

area has been overcome. Till signature was assigned based

on differences in till geochemistry and the lithological af-

finity of major and trace elements.

Part II: Regression Analysis (by Provenance)
to Identify Outliers

Regression analysis predicts the behaviour of a response

variable relative to an explanatory variable, and also allows

the calculation of a residual value, which is the difference

between the predicted value and the observed value of the

dependent variable. The linear equation resulting from a re-

gression analysis models the relationship between the pre-

dictor and response variables. A robust regression analysis

down-weights the influence of outliers, thus the robust re-

gression equation most closely approximates the majority

of the data, and allows outliers to be identified more clearly.

The algorithm used is the least median of squares (LMS)

method described in Rousseeuw and Leroy (1987).

In this regression analysis, the predictor variables used

were Fe and Al. Iron oxides in the surficial environment are

very efficient at binding mobile chalcophile elements (e.g.,

Cu, Zn, Pb, Ag, As) and Al can be used as a proxy for clay

content in till samples because mobile elements can be

adsorbed onto clay particles. In this interpretation, the re-

gression analysis was carried out by till type, meaning that

outliers were identified for each different till type as de-

fined and separated by signature. This is significant be-

cause some till types naturally contain more chalcophile el-

ements based on their protolith. The example in Figure 5

shows that the mafic-signature (high Fe) till type has the

highest proportion of Cu, so by calculating a regression

analysis by till type the effect of varying signatures can be

levelled out at the same time a robust residual is calculated.

Of note is the elevated Fe content coinciding with the ele-

vated Cu content in the mafic-signature (high Fe) till type;

this alludes to either Fe control on hydromorphic disper-

sion of Cu, or that Fe and Cu have a common source in this

till type.

Residuals are the measure of the difference between the ob-

served value and the expected value (of the response vari-

able, i.e., Cu) compared to the predictor or explanatory var-

iable, in this case Fe (Figure 6). Robust standardized

residual values (residual divided by the standard deviation

of the residuals) were then calculated for the pathfinder ele-

ments (Cu, Mo, Zn, Pb, As, Ag) as a function of both Fe and

Al (independently), as well as per till type and plotted on

the map along with known developed prospects to validate

the results (Figure 7, Cu as a function of Fe). Calculated ro-

bust standardized residuals for all pathfinder elements are

presented with the data compilation as an appendix to the

final report.

The results of the interpretation show excellent spatial rela-

tion of residual values with known devel-

oped prospects (Blackwater [MINFILE

093H 037, BC Geological Survey, 2016],

3Ts [MINFILE 093F 055], Pollyanna

[MINFILE 093F 15W], Chu [MINFILE

093F 07E]) in the TREK area. One excep-

tion is the Capoose prospect (MINFILE

093F 06E), which is just outside the till

sampling coverage area. Even though

these observations are helpful in validat-

ing the method, the more important results

of the interpretation are the several new

areas that have been highlighted by this

approach of second-order geochemical

data interpretation. These prospective ar-

eas, which have not yet been identified as

areas of mineralization, may warrant

follow-up by more detailed fieldwork in

the future (Figure 7).

Discussion

In the initial stages of EDA, two main ob-

servations about the structure of the data
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Figure 3. Biplot of Ti as a function of Fe, coloured by the second iteration of clustering
analysis to differentiate the five till types, Targeting Resources through Exploration and
Knowledge (TREK) project area, central British Columbia (note that carbonate-derived
and evolved tills are omitted from this diagram for clarity).
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Figure 4. Map of till geochemical samples, colour is based on till type (signature), Targeting Resources through Exploration and
Knowledge (TREK) project area, central British Columbia. Bedrock geology modified from Massey et al. (2005).



were obvious. Firstly, several elements of interest,

including the porphyry pathfinder and immobile

elements, were incomparable between the original

reports, and this effect had to be investigated more

closely. Secondly, the main changes in the BTP

score (Jackaman et al., 2015) were coincident with

survey boundaries. This is not surprising because

earlier surveys were not as rigorous about the type

of till collected, which became important in later

surveys, so in many cases ablation or supraglacial

flow tills were collected rather than basal tills.

Since the collected material differed in origin, dif-

ferences in trace and immobile element chemistry

were also incomparable by their BTP. This is a

boon for the interpretation because it is possible to

account for either of those factors and the influ-

ence of the other will also be accounted for.

To investigate the original report effect more

closely, five small areas containing samples from

two spatially overlapping reports were selected

and that data was subset and examined. In this in-

terpretation, several of the immobile elements

evaluated still showed large variation within each

spatial subset, so original report was accounted for

in the regression step of the interpretation.

Cluster analysis using (Na+K)/Al, Ca, Ti, Zr, Y, Th

and Nb was performed on the 2709 till samples,

and was done in two parts resulting in seven chem-

ically distinct till types, which were then named

based on their signature. Once the till samples

were separated into signature groups, a robust re-

gression analysis was performed on appropriate

porphyry pathfinder elements and a robust residual

was calculated for each pathfinder element within

each till type. This removes the effect of varying

chemistry based on till source, and also removes

the effect of survey area – recall in the first steps of

the EDA the comparability issue that was spotted

between survey areas and these boundaries rough-

ly matched the boundaries defined by changing

BTP. These boundaries are also coincident with the

chemically distinct till types (Figure 8).

Finally, the robust residual values for the path-

finder elements (Ag, As, Cu, Mo) were evaluated

using an anomaly assessment test, which is the

combination of univariate Tukey box-and-whisker

plot statistics (Tukey, 1977) and multivariate Ma-

halanobis distance calculation (Mahalanobis,

1936), which takes correlated sample behaviour

into account. The most interesting resultant anom-

alies are larger symbols on Figure 9 because the

size of the symbol is directly proportional to the

number of anamolous elements in that sample. Of
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Figure 5. Boxplot of Cu content of till samples grouped by till type (signature),
Targeting Resources through Exploration and Knowledge (TREK) project
area, central British Columbia.

Figure 6. Regression analysis of Cu as a function of Fe (till samples from
Targeting Resources through Exploration and Knowledge [TREK] project
area, central British Columbia). Samples with standardized residual values
>3 are presented as large filled triangles. Residuals are the value of the differ-
ence between the observed and the expected result. Standardized residuals
= residual / standard deviation of the residuals by till type.
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Figure 7. Map of Cu residuals (regression analysis of Cu as a function of Fe), Targeting Resources through Exploration and
Knowledge (TREK) project area, central British Columbia. New target areas are indicated by the large filled triangles that are not coin-
cident with known prospects. Bedrock geology modified from Massey et al. (2005).
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Figure 9. Map of multivariate anomaly assessment results from till samples, Targeting Resources through Exploration and Knowledge
(TREK) project area, central British Columbia. The colour and sizing scheme is based on the input variables (Cu, Mo, Ag, As). Larger
symbols are samples with anomalous values (>3 standard deviations [sd]) in one or more pathfinder elements. Bedrock geology modi-
fied after Massey et al. (2005).



note is the Cu+Mo+Ag target 77 km east-southeast of

Blackwater, the Cu+Mo+As, Cu+Mo and Mo+As target

7 km southeast of Blackwater and also the Cu+Mo and Mo+

Ag+As target 32 km northwest of Capoose.

Conclusions

Basic geochemical interpretation methods, such as cluster-

ing and regression analyses, allowed greater insight into the

architecture of the till geochemical data in the TREK pro-

ject area. Data effects, such as changes in survey area, were

overcome and the till samples were classified into till types

based on immobile and trace element chemistry (signa-

ture). Anomalous samples were then identified in each till

type based on a selection of chalcophile elements, and these

anomalies were quantified using a robust regression analy-

sis and combined using an anomaly assessment test. The re-

sidual results show spatial coincidence with known devel-

oped prospects, and several targets were generated in areas

without known mineralization.

Future Work

Multivariate anomaly assessment analysis highlights sev-

eral areas of interest, which have been ranked based on

multivariate element combinations as well as their coinci-

dence with developed prospects (anomalies not associated

with known mineralization have a higher ranking). These

ranked areas can be followed up with more detailed field-

work to validate potential targets and advance prospec-

tivity.
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Introduction

South-central British Columbia (BC) is well known for its

endowment in porphyry copper deposits (McMillan and

Panteleyev, 1995). These deposits include calcalkaline por-

phyry Cu-Mo (±Au) and alkaline porphyry Cu-Au systems

(Logan and Schroeter, 2013). The economy of BC has

benefited greatly from the development of many of these

deposits, mostly discovered from mineralized outcrop or

geochemical anomalies from suboutcropping mineraliza-

tion under till of reasonably local origin. As the number of

outcropping and suboutcropping discoveries declines, ex-

ploration geologists must develop ways to explore through

to those covered with glacial material of remote origin,

such as glaciofluvial cover that conceals mineralized bed-

rock.

This research is part of the Porphyry Cu Subproject of the

National Sciences and Engineering Research Council

(NSERC) and Canada Mining Innovation Council (CMIC)’s

mineral exploration Footprints Project. This subproject

aims to quantify and identify the footprint of porphyry Cu-

(Mo) mineralization at the Highland Valley Copper (HVC)

operations in south-central BC, through a multidisciplin-

ary, integrated approach. The research is also part of the

Mineral Deposit Research Unit (MDRU) Exploration Geo-

chemistry Initiative, a collaborative research program es-

tablished at the University of British Columbia (UBC) to

understand mobility and transport of elements from buried

mineralized bedrock to surface environment.

The identified deposits at HVC comprise five main clusters

of porphyry-style mineralization, whose current state of

production varies from developed to undeveloped. The

J.A. and Highmont South targets comprise two mineralized

areas that are both undeveloped and buried under variable

thicknesses of glacial and preglacial sedimentary cover.

Surficial geochemical studies at these two buried targets

aim to fully characterize mineralogical and chemical

changes that manifest themselves in the surficial environ-

ment after glacial dispersal and soil development over min-

eralized bedrock. The research will help develop surficial

geochemical exploration models that can be applied to the

search for other buried Cu-(Mo) porphyry mineralization.

This paper provides an update on the progress of the

project, which is expected to be completed by August 2017.

Background

Teck Resources Limited (‘Teck’) has a 100% interest in

Highland Valley Copper (HVC), which is located in south-

central BC, 15 km west of the Municipality of Logan Lake,

and consists of five known porphyry-style Cu-Mo mineral-

ized bodies (Figure 1). These clusters include: 1) the active

producing Valley, Lornex and Highmont pits; 2) the past

producing Bethlehem deposit; and 3) the buried J.A. de-

posit, all of which are centrally located within the Guichon

Creek batholith (GCB; Byrne et al., 2013). The sulphide-

bearing mineralized bedrock buried under glacially trans-

ported cover at HVC makes it an interesting site to test sur-

ficial geochemical exploration techniques.

Bedrock Geology

The GCB is part of the Quesnel terrane, which represents an

island-arc setting (Northcote, 1969; Logan and Schroeter,

2016). The batholith was emplaced in the Late Triassic into

the sedimentary and volcanic strata of the Permian Cache

Creek and Late Triassic Nicola groups. The GCB has a sur-
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face area of approximately 1100 km2 and is calcalkalic in

composition. The batholith was unroofed by the Jurassic

period, with Early Jurassic to Eocene sedimentary and vol-

canic strata unconformably overlying the batholith (North-

cote, 1969).

Zones of buried, undeveloped mineralized bedrock at HVC

include: J.A. and Highmont South, which is interpreted as a

small area of auxiliary mineralization to the main High-

mont deposits. The buried Highmont South targets occur

near the lithological boundary between the Skeena variety

of quartz diorite and the Bethsaida quartz monzonite (Reed

and Jambor, 1976). A large composite quartz-feldspar por-

phyry dike, the Gnawed Mountain porphyry dike, is em-

placed to the north of Highmont South and is interpreted to

have had a significant influence on the development of the

Highmont deposits as a whole, specifically by controlling

sulphide zoning (Byrne et al., 2013). The J.A. target is lo-

cated in a down-dropped fault block, straddling the contact

between the Bethlehem granodiorite and the quartz diorite

to granodiorite of the Guichon variety. The Guichon–Beth-

lehem contact is cut by a zone of quartz-plagioclase por-

phyry (possible Bethsaida-phase offshoot) in the southern

portion of the deposit (McMillan, 1976).

Surficial Geology

Present-day physiography of the study area is strongly in-

fluenced by the style of deglaciation experienced. Rolling

uplands and steep-walled, flat-floored valleys characteris-

tic to the field sites are a function of ice retreating north-

ward and the development of ice-contact and proglacial

land systems, including various glaciolacustrine and glac-

iofluvial deposits (Figure 1; Bobrowsky et al, 2002). The

resultant geography supports open grasslands with sage-

brush, and slopes dominated by species of pine and spruce.
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Figure 1. Surficial geology of the Highland Valley Copper mine operations area, south-central British Columbia (surficial geology and ice-
flow direction from Plouffe and Ferbey, 2015).



The study area (Figure 1) is covered by varying thicknesses

of glacial sediments, with ice flow trending predominantly

south-southeast (Plouffe and Ferbey, 2015). The Highmont

South target (Figure 2) subcrops beneath 2–10 m of till (av-

eraging 5–6 m). The J.A. target (Figure 3) sits beneath sig-

nificantly thicker overburden, averaging 170 m and up to

300 m in thickness. Between the glacial overburden and the

bedrock at the J.A. deposit sit sequences of preglacial sedi-

ments, which shielded the mineralized bedrock from gla-

cial erosion (Plouffe and Ferbey, 2015). This may pose a

problem for till-based exploration, such as the search for

porphyry indicator minerals, as the till will not include

fragments of the mineralized bedrock from the targeted

mineralization.

Objectives of the Research Project

Geochemical investigations were undertaken in the field

and laboratory to support the following research object-

ives:

• define the surficial response, in different materials, to

the presence of buried mineralization;

• identify processes contributing to the generation of false

anomalies and noise in data; and

• evaluate various exploration methods to develop a fu-

ture framework for surficial geochemical exploration of

buried porphyry-Cu deposits in glacially-covered ter-

rain.

The following fieldwork was conducted to address these

research questions through characterization of the surficial

materials and processes at both field areas.

Surficial Mapping

Detailed surficial mapping is required for an exploration

geochemical survey in order to select the most suitable

sample sites, and to integrate and fully understand geo-

chemical data in terms of different regolith units and sur-

face processes. Fieldwork in 2015 started with surficial

mapping to identify soil-sampling sites in the least dis-

turbed areas, which showed the least variability in material

type and amount of water saturation. The field area was tra-

versed and mapping was completed at 1:2500 scale, record-

ing all anthropogenic features that would influence sample-

site selection such as exploration trenches, drill pads, old

agricultural infrastructure, roads, zones of mechanical re-

forestation and forestry burn piles. Natural disturbances

such as intense animal activity and past forest fires were

noted. Additional information recorded included observa-

tions on geomorphology, water saturation and vegetation

type.

Additional reconnaissance carried out during the 2016 field

season aided in the development of regolith maps for both

the J.A. and Highmont South field areas (Figures 2, 3).

Both regolith maps make use of surficial geology presented

in BC Geological Survey Geoscience Map 2015-3 (Plouffe

and Ferbey, 2015), incorporating surficial interpretations
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Figure 2. Surficial geology of the Highmont South study area at the Highland Valley Copper mine operations; surficial geology is modified
from Plouffe and Ferbey (2015), using the Geological Survey of Canada’s data model for surficial geology, version 1.2 (Deblonde et al.,
2012); bedrock geology and structure adapted from McMillan et al. (2009) based on work done in August 2016 by Teck Resources Limited
and the Canadian Mining Innovation Council. Abbreviation: Mtn., mountain.



and field observations to bring the details from a 1:50 000

scale to an approximately 1:10 000 scale representation.

Soil Sampling and Field Measurements

Two soil transects were sampled crossing buried targets

perpendicular to mineralization at Highmont South, with

25 m site spacing close to and over the top of the targets, and

50 m site spacing out into background areas. A total of 93

soil samples were collected at the Highmont South targets

in 2015. Four soil transects cross the buried J.A. target,

again perpendicular to mineralization, all with 50 m spac-

ing between sample sites and with approximately 200–

300 m spacing between transects. A total of 85 soil samples

were collected at the J.A. target. A full quality assurance–

quality control program was implemented with the sam-

ples, including insertion of certified reference materials

and duplicate samples.

At each sample site, a detailed description was recorded

and in situ physicochemical measurements were conducted

for each soil horizon identified. Typical soil profiles en-

countered during sampling at both Highmont South and

J.A. can be seen in Figure 4a–f. The upper 10 cm of the
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Figure 3. Surficial geology of the J.A. study area at the Highland Valley Copper mine operations; surficial geology is modified from Plouffe
and Ferbey (2015), using the Geological Survey of Canada’s data model for surficial geology, version 1.20 (Deblonde et al., 2012); bedrock
geology and structure adapted from McMillan et al. (2009) based on work done in August 2016 by Teck Resources Limited and the Cana-
dian Mining Innovation Council.



B horizon was targeted for the soil sample itself and subse-

quent soil-slurry tests. The in situ measurements included

electrical conductivity (EC), soil moisture and pH. Soil was

sifted in the field through a <6.3 mm sieve and samples

were collected for multi-element analysis. Slurry tests us-

ing the sampled medium and de-ionized water in a 1:1 volu-

metric ratio were conducted to measure oxidation-reduc-

tion potential, EC, pH, acidified pH (to test the soil’s

buffering capacity) and free-chlorine content.

GORE-SORBER® hydrocarbon collectors were inserted

at the bottom of each sampled hole, including duplicate

holes, for approximately 40 days. The collectors are com-

posed of activated carbon within a GORE-TEX® sheath,

which allows the carbon to passively sequester volatile or-

ganic and inorganic compounds within the soil through a

water-impermeable yet gas-permeable membrane (Ander-

son, 2006). A total of 187 sample modules have been

analyzed by Amplified Geochemical Imaging (Newark,

Delaware) for volatile organic and inorganic compounds;

sensitive gas chromatography and mass spectrometry were

used to detect these compounds in a parts per trillion range

(Anderson, 2006). Results are to be interpreted alongside

the rest of the geochemical data and in the context of the

regolith maps to determine their efficacy in geochemical

surveys over deeply buried sulphide mineralization.

Fieldwork completed in the 2016 season included soil-pro-

file microsampling at 5 cm intervals down a soil profile to

assess the influence of anthropogenic inputs, if any, to the

soil surface as well as demonstrate the most ideal soil hori-

zon to sample from for the purpose of exploratory soil sur-
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Figure 4. Typical soil profiles encountered during sampling at Highmont South (a–c) and J.A. (d–f), showing a) a Brunisol developed over till
blanket material; b) a more well-developed Brunisol with an Ae horizon, developed over till blanket material; c) a clay-rich, water-saturated
soil (Gleysol); d) a Brunisol developed over sandy glaciofluvial sediments; e) a sand-rich soil profile with no real B horizon(Regosol); f) an
organic soil (peat) developed over glaciolacustrine sediments. Soil horizons are named based on the Canadian system of soil classification
(Soil Classification Working Group, 1998).



veys. Tree coring was conducted to temporally understand

the influence of anthropogenic inputs and decouple them

from mineralization-derived and background signals.

Laboratory Analysis Techniques

Soil samples were submitted to Bureau Veritas Commodi-

ties Canada Limited (Vancouver) for drying at <60 °C and

screening to <180 µm, with separate de-ionized water ex-

traction and aqua-regia digestion, both followed by multi-

element inductively coupled plasma–mass spectrometry.

Total organic carbon was also measured by combustion fur-

nace and infrared spectrometry. The multi-element analyti-

cal data from these tests will be subjected to various statisti-

cal techniques to identify the surficial response to the

presence of buried mineralization.

In addition, pulps from the 2015 soil samples were ana-

lyzed for total element concentrations using an Innov-X

field-portable X-ray fluorescence (XRF) analyzer manu-

factured by Olympus. This exercise assessed the use of a

hand-held XRF unit as a quicker and cost-effective method

to carry out total chemical analysis of soil samples on site

instead of sending them out to commercial facilities.

Discussion and Ongoing Work

The pulps from selected 2015 soil samples will additionally

be analyzed using X-ray diffraction to identify clay miner-

als. This will give insight into the relative cation-exchange

capacities of the different materials and their ability to ad-

sorb trace elements, both naturally sourced and from an-

thropogenic inputs.

Split portions of selected 2015 soil samples will be

screened to two fractions: <2 mm and 2–6.3 mm. These

fractions will be visually investigated under a binocular mi-

croscope to determine the presence and abundance of any

relict sulphide grains that occur in each sample. This step

will help identify glacially transported clastic sulphide

material in the samples.

Eighteen soil samples, nine from each target, were selected

and submitted for Cu-isotope studies in-house at UBC’s Pa-

cific Centre for Isotopic and Geochemical Research to help

determine the source of Cu-ion migration (e.g., clastic con-

tribution from till versus migration from buried sulphide

mineralization). Sequential leaching on these samples will

be completed to further constrain the source and residency

of Cu as well as to determine the most effective leaching

method to use in routine exploration geochemical soil

surveys.

All chemical and physicochemical data from the research

and fieldwork will be integrated and evaluated in the con-

text of the regolith maps to identify the controls on the pres-

ence and abundance of elemental signatures. This work

will generate more applicable exploration models, which

will expand beyond traditional frameworks and make use

of new technologies.
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Introduction

Water geochemistry can provide useful information in sup-

port of many resource sectors, such as mineral (Taufen

1997; Leybourne and Cameron, 2010), geothermal (Yehia

et al., 2013), petroleum and environmental (Saha and Sahu,

2015). Building on the successful outcome of the 2014 pro-

ject (Yehia and Heberlein, 2015) and on the wealth of data

available in the TREK project area (Angen et al., 2015;

Jackaman et al., 2015; Lett and Jackaman, 2015; Bordet

and Hart, 2016), this project aims to extend the real-time

hydrogeochemical-survey methodology to a regional set-

ting and, at the same time, investigate the effects of sea-

sonal variations and the potential for rapid, field-based de-

tection of anomalous hydrogeochemistry indicative of

mineral occurrences. As well, this project assesses the ap-

plication of another technology for the rapid, field-based

analysis of water-sample chemistry, the Modern Water

PDV6000ultra voltammeter (PDV; Braungardt et al.,

2010; Lewtas et al., 2010), an electrochemical method

based on anodic stripping voltammetry (ASV).

Photometer technology and field-data-collection method-

ology are discussed in detail in Yehia and Heberlein (2015).

This project aims to expand upon the results of that study by

achieving the following objectives:

• Provide a regional-scale hydrogeochemistry dataset to

supplement the QUEST and TREK SE stream-sedi-

ment, lake-sediment and till geochemical surveys in the

Marmot Lake NTS area (NTS 093B/13), using field-

based portable photometer and voltammeter instrumen-

tation

• Investigate seasonal variability of water chemistry by

repeating the sampling campaign in spring, summer and

fall

• Investigate known mineral occurrences to determine

their associated hydrogeochemical responses

• Produce accurate, precise and cost-effective analytical

results for selected cations and anions that are relevant

to the mineral-exploration community

• Investigate the capabilities of the PDV for rapid

hydrogeochemical surveys

Orientation Survey

One of the recommendations in Yehia and Heberlein (2015)

was to carry out a small orientation survey prior to the field

surveys. This orientation survey was designed to optimize

sampling, sample preservation (Hall, 1998; Khanna et al.,

2009) and analytical methods for the Palintest® Photometer

8000 and the PDV. It was carried out at three locations:

1) Furry Creek and Britannia Creek, which drain the Bri-

tannia mine area; 2) Lynn Creek in the Lynn Headwaters

Regional Park; and 3) a creek flowing southwest of Fraser-

view Golf Course in Vancouver. The sites were chosen for

1) ease of access during the spring runoff, 2) detecting po-

tential mineralization in the water with the chosen methods,

and 3) potential for mineralization comparison between

laboratory and field-based water analyses. The survey in-

cluded the collection of four samples at each of these locali-

ties: two filtered samples, one with acidification and a sec-

ond without acidification; and two unfiltered samples, also

acidified and non-acidified. Following the procedures out-

lined in Yehia and Heberlein (2015), duplicate unfiltered

and acidified samples were sent to the ALS Environmental

laboratory (Burnaby, BC) for comparative analysis.

Results from photometer tests were inconclusive in defin-

ing a single preferred sampling type for routine collection.

This was due mainly to a small sample set and lower-than-

expected mineral concentrations for most sites. Unfortu-

nately, the PDV was unavailable for the orientation survey.
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The survey was successful, however, in identifying pho-

tometer reagents (Table 1) that seemed to have reacted ade-

quately with the nitric-acid preservation. Further testing

could be continued for Al and Fe. Previous photometer and

laboratory analysis of samples by Yehia and Heberlein

(2015) revealed that the photometer Al and Fe values were

much lower than the laboratory analyses due to lack of wa-

ter-sample preservation.

Project Area

Location and Access

The project area is located south of Nazko (Figure 1), ap-

proximately 75 km west of Quesnel in the Marmot Lake

NTS area (NTS 093B/13). As well, two mineral prospects

occur in the study area, and recently collected water, soil

and gas investigation data are available (Lett and Jacka-

man, 2015) for comparison. The aim of sampling in the area

was to determine if rapid hydrogeochemistry surveys will

work in an environment that is hydrologically complex and

challenging. In addition, the Nazko Economic Develop-

ment Corporation was interested in assessing potential for

resource-based economic development.
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Table 1. Tests performed by the portable devices chosen for this
project. Abbreviation: PDV, Modern Water PDV6000ultra

voltammeter.

Figure 1. Locations of samples in the Marmot Lake NTS area (NTS 093B/13). Base map from GeoBase
®

(2016).



Access to the study area is via the paved Nazko Road (HW 59)

and an extensive system of forestry roads throughout the

project area. Elevations in the study area range from 850 to

1250 m above mean sea level. The north-flowing Nazko

River traverses the eastern part of the study area. Another

large river, the Baezaeko, flows from southwest to north-

east in the northwestern part of the study area. The area has

an abundance of water and the various types (creeks, lakes,

wetlands) of water bodies, including bogs at higher eleva-

tions. Drainage patterns are predominantly dendritic. Some

creeks flow in and out of wetland. Afew of the wetlands are

the result of beaver activity. The forest is dominated by

lodgepole pine, which has been severely affected by the

mountain pine beetle infestation; the resulting increase in

logging activity has opened up road access to much of the

area. Accommodation and logistical staging were provided

partly as in-kind support from the Nazko Economic Devel-

opment Corporation, and residence and laboratory space

for the project crew were provided at the Blackwater log-

ging camp.

Geology and Surface Environment

The youngest rocks exposed in the survey area are volcanic

rocks of the Miocene to Holocene Anahim volcanic belt,

the easternmost limit of which is represented by the Nazko

volcanic cone that erupted approximately 7200 years ago

(Cassidy et al., 2011). Older volcanic and sedimentary

rocks are the Miocene to Pliocene Chilcotin Group basalts

along the east side of the Nazko River. Underlying the Chil-

cotin sedimentary rocks are volcanic rocks of the Eocene

Ootsa Lake Group, which are the most extensive in the

study area, while sandstone and conglomerate of the Creta-

ceous Skeena Group are widespread in the northeastern

part of the area, around the Bob Au-Ag prospect (MINFILE

093B 054; BC Geological Survey, 2016). Volcanic rocks of

the Lower to Middle Jurassic Hazelton Group occur in the

northeast corner of the study area (Massey et al., 2005). Re-

cent mapping and an interpretation of airborne geophysi-

cal-survey data by Angen et al. (2015) revised the geology

of the project area and identified several new faults,

including an inferred dextral fault along the Nazko River

valley.

The area has an abundance of glacial deposits of various

thicknesses, till being the dominant surficial material that

overlies much of the bedrock. The most recent ice-flow di-

rection in the area is generally from south-southwest to

north-northeast (Jackaman et al., 2015).

In the northwestern part of the study area, Cu-As-Au min-

eralization at the Fishpot showing (MINFILE 093B 066) is

hosted in an Eocene pyritic quartz rhyolite porphyry plug

that intrudes Late Jurassic Hazelton Group pebble con-

glomerate, shale and tuffaceous sandstone. The Hazelton

volcanic sequence consists mainly of andesitic and basaltic

flows, and lesser amounts of pyroclastic rocks. Two major

alteration zones identified on the prospect consist of car-

bonate-limonite staining and local quartz veining (Ken-

nedy, 2012).

The Bob prospect, which has been more thoroughly ex-

plored, lies just south of Nazko and east of the Nazko volca-

nic cone. It is underlain by Lower Cretaceous to Lower
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Figure 2. Precipitation for Quesnel at the time of the sampling campaign (Environment Canada, 2016).



Paleogene Skeena Group conglomerate, sandstone and

argillite that are unconformably overlain by Paleocene to

Eocene andesite, basalt, basalt breccia and rhyolite breccia.

Tertiary quartz-feldspar porphyry dikes intrude the Skeena

Group sedimentary rocks. Anomalous Au, As, Ag, Sb and

Hg levels have been reported from Skeena Group sedimen-

tary rocks that have undergone silicification and argillic al-

teration, and contain carbonate minerals and pyrite (MIN-

FILE 093B 054).

Field Conditions

Although precipitation in the month of June for the last cou-

ple of years had been below the mean of 66 mm, the June

sampling campaign was carried out under wet conditions.

Precipitation recorded for Quesnel in April and May had

been 25 mm, but totals for June and July were 56 and

82 mm, respectively (Figure 2), with potentially more pre-

cipitation noted in the Nazko area (Nazko is 600 m higher

than Quesnel). June’s precipitation turned creek water tur-

bid with high or overflowing banks, a noticeable change

from the previous two months.

Vehicle access to some parts of the area was complicated by

widespread mud on the secondary logging roads, and foot

access was complicated by high water levels in creeks and

wetlands. This made sampling at some sites and subsequent

follow-up challenging. Conditions were drier in August

compared to July, but water levels were still above average

because of July precipitation. Regardless, road and foot ac-

cess was markedly improved from the June campaign.

Sample Collection and Analysis

Water samples were collected directly from mid-stream

sites; where streams were too wide or the banks unsafe,

samples were collected using a water-sampling pole. Sam-

ples were stored in two sizes of #2 high-density polyethyl-

ene (HDPE) bottles: non-acidified samples in 1 L bottles

and acidified samples (with 3 mL ultrapure nitric acid) in

250 mL bottles. Both samples were unfiltered. Sample bot-

tles were reused and rinsed thoroughly three times with the

water to be sampled, with the cap on before sample collec-

tion. Collected water was transported in a cooler after col-

lection and stored in a refrigerator at the camp until analysis

(except for some samples that were analyzed the same af-

ternoon). Analysis was carried out within 24 hours of col-

lection for both photometer and PDV (within 48 hours in

the orientation survey). Sample locations were tested for

temperature, pH, conductivity, total dissolved solids (TDS)

and salinity using an Oakton PCStestr 35 meter. The sam-

ples were retested as a quality-control procedure with a sec-

ond PCStestr for the same parameters prior to analysis to

prevent sample mix-up and record any changes after collec-

tion. Both meters were calibrated weekly. No unusual dif-

ferences were observed between the two sets of results, ex-

cept for the expected slight pH variations and normal

analytical variations caused by using a different instru-

ment.

Identical procedures were used for samples sent to the ALS

Environmental laboratory, except for filtering on site for

dissolved-metals analysis. Dissolved tests involved filter-

ing the sample through a 0.45 μm filter and preserving the

metals in the solution with 3 mL nitric acid. Water in the

250 mL bottles was used for cation analysis, whereas the

1 L sample was required by the laboratory for TDS determi-

nation, conductivity, turbidity, anion analysis, quality-con-

trol monitoring and reanalysis (if required). Water samples

for laboratory analysis were transported in coolers to the

ALS Environmental laboratory in Burnaby by the lead au-

thor the day after returning from the field trips. Laboratory

determinations were for dissolved constituents, since both

photometer and PDV measure the dissolved component of

the sample (except for the photometer Cu test, which

analyzes for ionic Cu as well as total dissolved Cu—after

reaction with a decomplexing agent).

The number of sites sampled around mineral occurrences

turned out to be lower than initially estimated. This was due

to the lack of suitable sample sites draining directly from

the Bob prospect and inactive (dry glacial outwash) chan-

nels around the Fishpot showing. A second stage of sam-

pling involved follow-up around both mineral occurrences,

as well as more regional sampling over the broader NTS

area. Sample sites for the latter were chosen for their safe

access from the primary logging roads in spring, due to the

high water levels.

Quality Control

Quality-control measures used for the project included

• use of the manufacturer’s standard solutions and gov-

ernment-certified reference solutions for calibration

and drift monitoring;

• triplicate readings for each photometer test, which helps

to monitor analytical precision as well as identify any

reagent problem; and

• for every batch of 20 samples, the following:

- 15 field samples

- 1 field duplicate

- 1 analytical duplicate (second test from same sample

bottle)

- 1 government-certified standard

- 1 blank using ultrapure deionized water (18 MΩ)

- 1 laboratory duplicate for every tenth sample.

Analysis

Table 2 shows the samples that had been collected and ana-

lyzed by the time this paper was written. In the June survey,

the photometer analyzed many samples with high turbidity

(tested by the photometer), whereas previous surveys
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(Yehia et al., 2013; Yehia and Heberlein, 2015) included

only a very few turbid samples. Reagents that did not in-

volve a high-wavelength colour test (Figure 3), such as Cu

and MoO4, appeared to be affected by the higher turbidity

levels. As the photometer uses light to analyze the samples,

higher turbidity levels appear to produce a high bias in the

measured concentrations.

Figure 4 shows examples of the influence of turbidity on

the June Cu and MoO4 results. Both analytes display strong

positive correlations with turbidity in the photometer re-

sults (left), but this effect is not reproduced in the corre-

sponding laboratory turbidity analyses (right). Variations

in turbidity are likely to cause a similar trend in the

laboratory results.

The photometer uses a separate tube as a ‘blank’, against

which all reagent tests are compared. In the past, the pho-

tometer tests used deionized water for the blank, as it was a

method of measuring maximum turbidity differences be-

tween the clear water and the sample. Palintest states that,

when turbidity is below 10 Formazin Turbidity Units

(FTU), the turbidity test is not as precise as can be achieved

with a dedicated turbidity meter (Palintest, pers. comm.,

2016). At these low turbidity levels, reagent tests, including

the clear-water ones, should not be affected by the turbidity.

Palintest further states that, when turbidity is between

10 and 80 FTU, test accuracy is adequate and should not af-

fect the results. Following consultation with Palintest and

further field tests in August, it was decided to follow

Palintest’s recommendations for using filtered sample wa-

ter for each suite and continuing with the deionized water

blank for turbidity monitoring. Using filtered sample water

as a blank counteracts the turbidity effect to try and keep

FTU below 10 for accurate reagent results. Initial testing

and photometer analysis for elements in August is

promising, and more comprehensive analysis of water

samples is ongoing.

The PDV was included in the June and August surveys. The

team had to overcome some initial challenges with the in-

strument in June. Some of the issues were related to out-

dated Modern Water documentation (initially supplied

with the device) and a high learning curve for the device op-

erators during the actual survey, since the PDV was not

available before the survey to allow adequate training time.

Consequently, testing was limited to just As, Cd, Cu and Pb.

Lengthy preparation time required for analysis of each ele-

ment suite also prevented the team from performing

additional tests, such as Zn or Mn.

Conclusions and Recommendations

Preliminary observations from the program so far are as

follows:

• The rapid nature and low cost of this field methodology

can allow for higher density surveys, thus

- enabling increased sampling of first- and second-or-

der streams, closer to the stream source or groundwa-

ter influx; and

- offsetting lower concentrations in samples during

times of higher precipitation (e.g., some follow-up

was already possible during the short field-survey

time for this project due to the rapid nature of the

methodology).

• Differences were recorded between June and August in

field observations with higher TDS, conductivity, etc.,

and higher concentrations in analytical results in Au-

gust. These observations will be incorporated into the

seasonal variation analysis.

• For a large survey, the PDV requires a controlled, logis-

tically convenient operating environment because
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Table 2. Sampling completed to August 31, 2016.

Figure 3. Collection of reagents ready for photometer testing. Note
the clear Cu test (third from the left) that could be susceptible to tur-
bidity interference, which occurs when the photometer records a
false concentration because the solution is darker due to turbidity.
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- each analyte suite requires a certain amount of prepa-

ration time. For large sample sets, any technical diffi-

culties encountered during that time cause significant

delays and analytical backlog.

- lack of a Canadian distributor and technical support

caused delays and supply difficulties, and is an issue

to consider for surveys under a strict timetable.

- unlike the photometer, a higher technical skill level

and additional training time are required.

• The PDV has the ability to detect concentrations at

much lower levels than the photometer, and offers addi-

tional cation tests that the Palintest photometer does not

include (Table 1).

Continuing Fieldwork

The lead author returned to the project site in October for

repeat sampling at the time this paper was written. Once all

of the data has been analyzed, the following reporting is

planned:

• final report documenting methodologies used

• discussion of data quality and description of results

• set of digital maps showing concentrations of the mea-

sured analytes

• digital database of the analytical and quality-control

results

The project is expected to be complete in early 2017, at

which time a final report will be submitted to Geo-

science BC.
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Introduction

The halogens (F, Cl, Br and I) are common constituents of

igneous, metamorphic and sedimentary rocks (Billings and

Williams, 1967). They are particularly enriched in differen-

tiated magmas; the hydrothermal fluids and volatile com-

pounds derived from them play an important role in the mo-

bilization and transport of metals in ore-forming systems.

In the primary environment, they reside in a variety of hy-

drous minerals, including micas, amphiboles, scapolite, to-

paz and apatite. High halogen concentrations are also docu-

mented in high-salinity liquid phases or in tiny secondary-

mineral phases in fluid inclusions in igneous and hydro-

thermal minerals (Kendrick et al., 2012; Kendrick and

Burnard, 2013). In the hydrothermal environment, halo-

gens can be concentrated in alteration minerals such as

micas, clays and topaz, and the gangue mineral fluorite. On

exposure to surface conditions, these minerals weather and

release their halogens as volatile gases (Br and I) and/or

their more stable compounds, or water soluble ions (F

and Cl) that disperse to form detectable anomalies in the

surficial environment (Trofimov and Rychkov, 2004).

In mineral exploration there are case histories that demon-

strate positive responses for all these elements and com-

pounds over zones of concealed mineralization (Al Ajely et

al., 1985; Ridgway, 1989, 1991; Ridgway et al., 1990;

Trofimov and Rychkov, 2004). However, these methods

have seen little or no application to the exploration for min-

erals in the extensively overburden-covered terrains of

British Columbia (BC).

In 2005, Geoscience BC sponsored a project entitled ‘Halo-

gens in surface exploration geochemistry: evaluation and

development of methods for detecting buried mineral de-

posits’ (Dunn et al., 2007). This initial study investigated

the optimal analytical procedures available at the time for

determining halogen concentrations in soil and vegetation,

and provided new halogen data from the Mount Polley, QR

and 3Ts deposits. A recommendation from this study was

that, since a clear response of labile halogens in soils and

vegetation over known mineralization had been estab-

lished, targets concealed by overburden (both Quaternary

and volcanic) needed to be tested and analytical methodol-

ogy needed to be refined. Bissig et al. (2013), as part of a

wider study looking at geochemical responses of blind Cu-

Au porphyry–style mineralization beneath Chilcotin basalt

cover at the Woodjam property (near the community of

Horsefly, central BC), demonstrated that the partial-extrac-

tion techniques Bioleach and Enzyme LeachSM produced

robust Br and I anomalies over blind mineralization at the

Three Firs prospect.

The current project expands on the 2005 study. It aims to

further investigate responses of halogen and other volatile

compounds (not included in the 2005 study) in organic me-

dia over blind and thinly covered mineralization. Two

study sites, both on Vancouver Island, have been selected

for this investigation: Lara is a volcanogenic massive-sul-

phide (VMS) target that is buried by 5–10 m of glacial till;

Mount Washington is an epithermal system with a thin ve-

neer of overburden. This paper summarizes the field pro-

gram and objectives of the first of these—Lara. A second

paper in this volume outlines the approach at Mt. Washing-

ton (Heberlein and Dunn, 2017). Objectives of this study

are to broaden the range of sample media tested and to look

at the effectiveness of commercially available analytical

methods and new instrumentation (some not available in

2005) for detecting mineralization-related halogen and

volatile-compound responses.

This project aims to test the geochemical responses of halo-

gens and other mineralization-related compounds (e.g.,

NH4, PO4 and SO4) in a variety of organic media, including

1) soil Ah horizon, 2) foliage from the most prevalent tree

species, and 3) foliage from selected understorey species.

Volatile-element distributions are to be compared with
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commodity- and pathfinder-element signatures for the

same media.

An ongoing geochemistry-research project of the Mineral

Deposit Research Unit (MDRU) at The University of Brit-

ish Columbia is investigating the processes and controls of

labile-element mobility. That project aims to develop a pro-

cess-based model of trace-element dispersion in the surface

environment above concealed massive-sulphide mineral-

ization, and provides a useful context and backdrop to this

study.

Relevance to the Exploration Community

This study is designed to provide the mineral-exploration

community with an understanding of the potential advan-

tages of determining volatile components, derived from

zones of VMS and epithermal Au mineralization, that accu-

mulate in surface soils and common coniferous trees and

shrubs in regions with glacial-sediment cover. It assesses

the relative capabilities of each medium for preserving the

secondary geochemical-dispersion patterns related to a

blind mineral deposit. The study assesses the value to the

exploration community of an alternative analytical ap-

proach for geochemical-sampling programs in areas where

conventional soil-sampling methods are found to be inef-

fective and/or where contamination from mining activities

might present a problem for the use of other geochemical-

exploration sampling media.

Study Area

The test site at the Lara VMS deposit (Coronation zone), lo-

cated near Chemainus, is readily accessible by a good road

network, thus minimizing the logistical costs required for

the field component of the study (Figure 1).

142 Geoscience BC Summary of Activities 2016

Figure 1. Location of the Lara study area (grey box), east-central Vancouver Island, showing sample stations. Contains information li-
censed under the Open Government Licence – Canada.



Location and Access

The Lara deposit (‘Lara’) lies in the Victoria Mining Divi-

sion of southern Vancouver Island, some 75 km north of

Victoria, 15 km northwest of Duncan and 25 km west-

southwest of Chemainus, which was the logistical base for

the field portion of the study. Access to the project area is

via the active Chemainus Main logging road to Kilo-

metre 19 and then the BR-02 Mount Brenton Forest Service

Road to Kilometre 7.5. From there, a network of secondary

logging roads, drilling roads and a BC Hydro right-of-way

provide access to parts of the sampling area.

Surficial Environment

Lara is located at the boundary between the Vancouver Is-

land Ranges to the north and west, and the Nanaimo Low-

lands to the south and east (Holland, 1976), in an area of

rolling topography. The study site lies on the lower south-

ern slopes of Coronation Mountain and Mount Hall, be-

tween elevations of 610 and 770 m (Figure 2). Solly Creek

is the main drainage separating the two peaks. It crosses the

study area from north to south before turning southeast-

ward to drain into the Chemainus River.

The entire project area was logged in the 1950s. Conse-

quently, the present-day vegetation consists of mixed sec-

ond-growth forest comprising mostly western redcedar

(Thuja plicata), western hemlock (Tsuga heterophylla) and

Douglas-fir (Pseudotsuga menziesii). Other species pres-

ent include western white pine (Pinus monticola), paper

birch (Betula papyrifera) and red alder (Alnus rubra).

Understorey species vary considerably from place to place.

Western sword fern (Polystichum munitum) is common in

moist coniferous forests at low elevations. It grows best in a

well-drained acidic soil of rich humus. Salal (Gaultheria

shallon), a leathery-leaved shrub in the heather family, is

tolerant of both sunny and shady conditions at low to mod-

erate elevations. It is a common coniferous-forest under-

storey species and may dominate large areas and form

dense, nearly impenetrable thickets. Oregon-grape (Ma-

honia sp.) has holly-like leaves and prefers the more

canopied areas.

There are no published surficial-geology maps for the im-

mediate Lara area, only the area to the east where the gen-

eral ice-flow direction is indicated (Blyth and Rutter,

1993). The distribution of surficial materials shown in Fig-

ure 2 has been interpreted primarily from field observations

and aerial photographs. Regolith mapping, undertaken by

M. Bodnar for his M.Sc. thesis at MDRU, is incorporated

into this interpretation.

Figure 2 shows that the northern two-thirds of the project

area are underlain by a veneer or blanket of glacial till (dark

green; Figure 2). This is interpreted to be a basal or lodg-

ment till; it is exposed in roadcuts, stream banks, trenches

and the large opencut adjacent to the Coronation zone un-

derground portal. Although its thickness is difficult to

estimate from present-day exposures, drilling and trench-

ing records show that it varies between <1 m and >50 m

(Kapusta, 1990; Archibald, 1999). The presence of out-

crops and bedrock-derived colluvium within the till-cov-

ered area (Figure 2, reddish brown and brown units) sug-

gest that there is a well-developed buried bedrock

topography. In general, there is a gradual thinning of the till

deposits upslope.

Recent mapping by M. Bodnar (pers. comm., 2016) has

augmented the interpretation of the surficial geology in the

central part of the study area. Alluvial deposits, consisting

of coarse sand, gravel and channel conglomerate (Figure 2,

pale green unit), define a paleochannel system that is now

occupied by Solly Creek. First-order tributaries show evi-

dence of erosional recession to the northwest, with back-

scarps incised into and causing reworking of the till blan-

ket. A recent landslide in the northernmost tributary on

Figure 2 has delivered large amounts of unsorted sediment

into Solly Creek. The apparently rapid incision of the drain-

age system has caused it to dissect its own alluvial deposits.

Remnants of older alluvial terraces occur along the hillside

to the west of Solly Creek between elevations of 660 and

675 m (Figure 2, pale yellow unit). These deposits define

the upper edge of a 200 m wide alluvial sand and gravel

plain bordering the present-day creek and extending down

to the base of slope, where it spreads out into what appears

to be an alluvial fan (Figure 2, pale green stipple unit). A

remnant of an even older alluvial ridge or terrace (Figure 2,

orange unit) is preserved as an interfluve on the west side of

Solly Creek.

Alluvium related to the active drainages is shown by yellow

stippled patterns in Figure 2. Solly Creek is the main drain-

age in the study area. Its upper reaches (above 650 m) are

constrained by a steep-sided canyon that has incised

through the till and into the underlying bedrock. Upper

slopes on the east side of the canyon are covered with

colluviated till deposits (Figure 2, pale brown unit). The

steeper lower slopes adjacent to the creek are made up of

bedrock-derived colluvial veneer overlying bedrock (Fig-

ure 2, dark brown unit). Bedrock exposures (too small to be

visible at the scale of Figure 2) can be found along the east-

ern canyon wall, as well as in the streambed itself. Similar

colluvial deposits and outcrops are present on the west side

of the canyon, but these are capped by unmodified till and

the older alluvial gravel ridge mentioned above.

A shallow colluvial veneer over bedrock is also present in

the northwestern corner of the study area (medium brown;

Figure 2). Two separate areas are mapped, but they could be

part of a larger area of bedrock-derived colluvium extend-

ing upslope to the northwest. Downslope, the colluvium

forms a thin veneer over glacial till.
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Soil profiles developed on the tills are typical dystric Brun-

isols. They include a surface LFH layer and an underlying

thin Ah horizon lying on top of a generally undifferentiated

brown Bm horizon. Iron enrichment at the top of the Bm

horizon (Bf horizon) is present at some localities, particu-

larly over alluvial and colluvial deposits. The presence of a

discontinuous eluviated horizon (Aej) at some of these lo-

calities indicates incipient podzolization over better

drained areas.

Geology

The Lara study area is underlain by volcanic and volcani-

clastic sedimentary units belonging to the McLaughlin

Ridge Formation of the Sicker Group (Massey, 1992;

Krocker, 2014). The Sicker Group is known as an impor-

tant host for Kuroko-type VMS mineralization, the princi-

pal economic deposits being the H-W, Lynx, Myra and

Price deposits from the Buttle Lake camp (Juras, 1987), lo-

cated in the Buttle Lake uplift west of Courtenay. Lara lies

in a separate uplift, the Cowichan–Horne Lake uplift, in the

southern part of the island. Volcanogenic massive-sul-

phide–style mineralization is hosted by a west-northwest-

striking, northeast-dipping package of volcaniclastic sedi-

mentary rocks consisting mostly of sandstone, siltstone,

argillite and tuffite (Krocker, 2014). Volcanic rocks are vol-

umetrically subordinate to the volcaniclastic sedimentary

rocks. They include aphyric and porphyritic (feldspar,

pyroxene and hornblende) rocks, lapilli tuff and breccia of

intermediate to mafic composition that lie in the immediate

hangingwall to the Coronation trend (Figure 3). Felsic units

are relatively common in the Lara area. A narrow quartz-

phyric rhyolite-crystal and ash tuff package, known as the

Southern Rhyolite sequence, hosts mineralization at the

Coronation zone. The unit is intruded by a number of sill-

like gabbro bodies. A footwall rhyolite, possibly a dome

complex consisting of quartz- and feldspar-phyric rhyolite,

has also been identified by a few drillholes in the footwall

of the Coronation zone.

South of the Coronation zone, the Sicker Group is abruptly

truncated by the Fulford fault, a bedding-subparallel re-

verse fault that thrusts Sicker Group over younger Nanai-

mo Group sedimentary units.

Lara mineralization occurs in seven discrete zones (Krock-

er, 2014). Three of these, the Coronation zone, the Corona-

tion extension and the Hanging wall zone, which together

make up the Coronation trend, occur in the area covered by

this study. The most important of these is the Coronation

zone, which hosts massive, banded/laminated and stringer-

style polymetallic sulphide mineralization. The position of

these zones, as compiled from historical drilling results, is

shown in Figure 3 (Bodnar, pers. comm., 2016). Treasury

Metals Inc., holder of the mineral claims to these zones, had

reported an indicated-resource estimate (for a 1% Zn block

cutoff) of approximately 1 146 700 tonnes averaging

3.01% Zn, 32.97 g/t Ag, 1.05% Cu, 0.58% Pb and 1.97 g/t

Au for the Coronation trend, with an additional 669 600

tonnes averaging 2.26% Zn, 32.99 g/t Ag, 0.90% Cu,

0.44% Pb and 1.90 g/t Au of inferred resource (Treasury

Metals Inc., 2013). The Coronation trend crosses the

southern third of the study area.

Hydrothermal alteration, present mostly in the structural

hangingwall east of the Coronation zone, consists of strong

pervasive sericitization, defined chemically by Na deple-

tion and K enrichment. It is associated with elevated Zn val-

ues and local silicification and disseminated pyrite.

Sampling and Analysis

The aim of the 2016 sampling program was to collect a se-

lection of organic media to test for halogens and other min-

eralization-related compounds (including NH4, SO4 and

PO4). Considerably more samples were collected than

could be analyzed under the scope of the project. However,

sampling is quick and easy, and it was unknown which me-

dium might provide the most informative response to the

concealed mineralization. Therefore, emphasis was placed

on collecting the most common species at all sample sta-

tions so that samples not initially analyzed would be avail-

able for focusing on detailed analysis once initial baseline

data were established.

Samples of the dominant tree species (Douglas-fir, western

hemlock and western redcedar) were collected from 89 sta-

tions arranged in a 100 m spaced offset grid (Figure 4). Ah

horizon soils and samples for soil pH and electrical conduc-

tivity readings were also collected at these locations. Soil

pH and conductivity measurements were done on samples

from the top 5 mm of the B horizon. Approximately every

fifth sample was designated as a multimedia site, where ad-

ditional understorey species, including Western sword

fern, Oregon-grape and salal, were collected to provide

background information on different species. Numbers and

types of samples collected are summarized in Table 1 and

Figure 4. Limitations on the availability of sample media at

some sample stations meant that not all media could be col-

lected at all of the desired sites. This was especially true in

areas of ground disturbance caused by road building,

mining and drilling activities, as well as in swamps and

major drainages.

Twigs and foliage comprising the most recent 5–7 years of

growth were collected from each of the dominant tree spe-

cies. Each sample comprised 5–7 lengths, each of about

25 cm, snipped from around the circumference of a single

tree. Samples of outer bark from Douglas-fir and western

hemlock were obtained by scraping the scales from around

the circumference of neighbouring trees, using a hardened-

steel paint scraper, and pouring the scales into a standard

‘Kraft’ paper soil bag (about 50 g, a fairly full bag).
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Foliage from the understorey species collected at the multi-

media sites was sampled by gripping a stem near the base

and pulling upward to strip off the leaves. Leaves were col-

lected from two or three plants and placed in a 13 by 9 inch

Hubco New Sentry® fabric sample bag.

Vegetation and soil samples were oven dried at 80° C for

24 hours to remove all moisture. Ah horizon soil samples

were sieved to –80 mesh (177 μm) in preparation for analy-

sis of the finer fraction. Foliage was separated from twigs.

All foliage and bark samples were then milled to a fine

powder. Each sample medium was split into either two or

three subsets for submission to several laboratories for dif-

ferent treatments (Table 2). This table is a work in progress

that will be refined once experimental work has been

completed

Initially, a split of each sample of western hemlock needles

was subjected to a warm-water leach in accord with the

method developed by G. Hall (Dunn et al., 2007):

“Soil and vegetation samples were leached by placing

a 1 g sample in 10 mL deionized water which was then

vortexed and allowed to sit for 1 hour at 30°C in an in-

cubator. Samples were then centrifuged and filtered

through a 0.45 micron filter.”

Leachates from approximately 200 vegetation samples

were analyzed by high-performance liquid chromatogra-

phy–ion chromatography (HPLC-IC) for Cl, Br, I, PO4 and

SO4. The same solutions were analyzed on an AutoAnaly-

zer (an automated analyzer using continuous-flow analysis

[CFA]), for nitrate (NO3) and ammonium (NH4), and for

fluoride (F–) using an ion-selective electrode (ISE) and ion

chromatography. Separate splits of the milled western hem-

lock needles and sieved Ah soils were sent to Activation

Laboratories Ltd. (‘Actlabs’; Ancaster, ON) for analysis by

their proprietary Bioleach method. Actlabs states that:

“It has been proven that microbiological processes [in

the subsurface] are exceptionally important. Electro-

chemical Redox cells mobilize metals from the mineral

deposit to the surface which become adsorbed on soil

particles and create unique surficial conditions that

bacteria then feed upon. Bioleach digests bacteria and

their proteins from the collected surficial samples to

analyze for the elements related to the blind mineraliza-

tion. A 0.75 g sample is leached in a proprietary matrix

at 30°C for 1 hour, and the solutions are analyzed on a

Perkin Elmer ELAN 6000, 6100 or 9000 ICP/MS.”

Quality Control

Quality-control measures employed in the Lara study in-

clude collection of field-duplicate samples for each sample

type, as well as insertion of ‘blind’ control samples (milled

vegetation of similar matrix and known composition) for

the vegetation and Ah horizon samples. Table 3 summa-

rizes the control samples employed.

Results

The only data received by the time of writing were:

1) Ah soils and Western hemlock foliage by Bioleach;

completed and excellent precision for almost all ele-

ments, including Br and I

2) Ah soils by aqua regia

3) preliminary numbers for NO3 and NH4 from the

AutoAnalyzer and F– by ISE, with an updated analytical

report expected in the near future; moderate variability

in the and is reported, and there are unusually high con-

centrations of F– in all eight of the sword fern samples

collected
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Table 1. Numbers and types of samples collected
in the Lara study area, east-central Vancouver
Island.

Table 2. Summary of analytical methods used for samples from the Lara study area, east-central Vancouver Island.



Analytical development work will be ongoing through the

fourth quarter of 2016. Interpretation of the analytical re-

sults and preparation of the final report will be completed

following the snow-sampling program in January 2017.
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Preliminary Results of a Geochemical Investigation of Halogen and Other Volatile
Compounds Related to Mineralization, Part 2: Mount Washington Epithermal Gold

Prospect, Vancouver Island (NTS 092F/14)

D.R. Heberlein, Heberlein Geoconsulting, North Vancouver, BC, dave@hebgeoconsulting.com

C.E. Dunn, Colin Dunn Consulting Inc., North Saanich, BC

Heberlein, D.R. and Dunn, C.E. (2017): Preliminary results of a geochemical investigation of halogen and other volatile compounds re-
lated to mineralization, part 2: Mount Washington epithermal gold prospect, Vancouver Island (NTS 092F/14); in Geoscience BC Sum-
mary of Activities 2016, Geoscience BC, Report 2017-1, p. 151–158.

Introduction

The halogens (F, Cl, Br and I) are common constituents of

igneous, metamorphic and sedimentary rocks (Billings and

Williams, 1967). Heberlein and Dunn (2017) provide a dis-

cussion of the rationale behind determining the concentra-

tions of the halogens and other volatile compounds in the

exploration for concealed mineral deposits. At the Mount

Washington (epithermal) Au prospect on Vancouver Is-

land, sample media and methods are used that are similar to

those employed in the Lara VMS study (Heberlein and

Dunn, 2017). However, to assist in understanding natural

processes, a key component of this study is the use of ion-

collection devices (traps). Activated charcoal and alkaline

ion–exchange resin packages were buried in the soil profile

for three months to capture volatile anions and cations ema-

nating from the ground. In addition, the flux of these com-

ponents through vegetation will be measured through the

analysis of transpired fluids exuded from mountain hem-

lock (Tsuga mertensiana) twigs, and in snow.

Study Area

The Mount Washington epithermal Au prospect is located

near the city of Courtenay on Vancouver Island. A biogeo-

chemical study of the area, conducted by the Geological

Survey of Canada in 1990, revealed strong geochemical

signals of the commodity and pathfinder elements related

to the underlying mineralization (Dunn, 1995, 2007). This

indicated that Mount Washington would be a suitable area

for testing the volatile components sought in this study.

Furthermore, archived samples from the 1990 survey were

available for additional analysis.

At Mount Washington, the sampling approach was some-

what different from that at Lara. In addition to collecting

plants and soils to assess their volatile-compound concen-

trations and spatial patterns around the mineralized zone,

artificial media were placed in the ground to collect ions

that may be migrating to the surface from the underlying

rocks. By using this novel approach, the aim is to establish

if there is, indeed, a vertical flux of volatile compounds em-

anating from the bedrock. Activated carbon and alkaline

ion–exchange resin are used as collectors for these mobile

cations and anions. Results from the artificial media will be

compared to patterns in natural media, including Ah hori-

zon soil, vegetation (mountain hemlock and yellow-cedar)

and transpired fluids collected from the dominant species

(mountain hemlock).

Location and Access

The study area lies immediately north of the Mount Wash-

ington Alpine Resort (Figure 1). Access from the nearest

logistical centre at Courtenay is via Highway 19 north to

the Strathcona Parkway and then west for 10 km to the al-

pine resort, all on well-maintained paved roads. From the

alpine lodge, the sampling area is accessible on foot via

mountain biking trails and ski runs to the Boomerang chair-

lift and then by a network of old drilling and mining roads to

the northwest. Alternative access can be gained by four-

wheel–drive vehicle from the Raven Lodge parking area

via a network of variably maintained logging roads (Fig-

ure 1).

Surficial Environment

The sampling area is at midslope (approximately 1360 m

elevation) on the western flank of Mount Washington, just

above the transition between steeper colluvial slopes above

and more gentle, poorly drained slopes below. Drainage de-

velopment at the elevation of the sampling area is poor.

Much of the area has been previously logged. Present-day

vegetation consists of fairly open subalpine woodland con-

taining a variety of tree species, including yellow-cedar

(Chamaecyparis nootkatensis), mountain hemlock (Tsuga
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mertensiana), Pacific silver fir (or Amabilis fir; Abies

amabilis) and subalpine fir (Abies lasiocarpa). The domi-

nant understorey species is white-flowered rhododendron

(Rhododendron albiflorum).

Surficial geology is relatively simple. Above about 1320 m,

the hillsides are covered with a veneer of colluvium. Expo-

sures in roadcuts show that this material rarely exceeds 2 m

in thickness and, over much of the sampled area, it is less

than 0.5 m thick. A thin soil profile is developed on this

sandy matrix material. Observations from sample holes and

roadcuts show that the most common profile consists of poor-

ly developed dystric Brunisol, typified by a surface LFH

layer and a thin Ah horizon (<2 cm) overlying a uniform,

brown, undifferentiated Bm horizon. Incipient podzol-

ization, marked by the presence of an intermittent eluvial

Aej horizon and Fe-enriched Bf horizon, is present at about

10% of the sample locations.

Below the 1320 m contour, particularly in the northwest

corner of the survey area, there is an abrupt transition from

well-drained colluvium to water-saturated ground. This el-

evation is marked by an almost continuous line of

meltwater-fed springs and seeps that form a series of small

raised bogs, which feed downslope into a number of ponds

and lakes. These water bodies define the headwaters of sev-

eral streams that drain the slope westward into the

northwest-flowing Goss Creek.

Geology

This study was carried out over the western part of the

Lakeview-Domineer resource area (Houle, 2013), which is

defined by a number of shallow-dipping, Au-Ag-Cu–bear-

ing quartz-sulphide veins (Figure 2).

The Lakeview-Domineer zones have been exploited in two

small open pits and explored by extensive diamond-drill-

ing, trenching, bulk sampling and underground drifts. Pro-

duction by Mount Washington Copper Co. Ltd. between

1964 and 1967 was 381 733 tonnes grading 0.34 g/t Au,

19 g/t Ag and 0.93% Cu (Houle, 2013).
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Figure 1. Location of the Mount Washington study area (black box), east-central Vancouver Island. Sample locations indicated by black
dots. Contains information licensed under the Open Government Licence – Canada.



From the most up-to-date geological mapping of the Mount

Washington area, it is apparent that most of the area to the

west of Mount Washington is underlain by pillow basalts of

the Triassic Karmutsen Formation. Close to Mount Wash-

ington itself, the basalts are unconformably overlain by a

gently east-dipping sequence of sandstone, siltstone and

conglomerate of the Upper Cretaceous Nanaimo Group.

This is the main unit underlying the sampled area. The

ridges and upper elevations of the mountain are defined by

intrusive rocks, consisting of quartz diorite and feldspar-

hornblende dacite porphyry that together make up the

Eocene–Oligocene (41–35.5 Ma; Madsen et al., 2006)

Mount Washington Plutonic Suite. The intrusions occur as

stocks, sills and dike-like bodies that intrude the Nanaimo

Group.

At least seven different breccia bodies, some pipe like and

others more flat lying, have been recognized in the Domi-

neer-Lakeview resource area (Houle, 2013). Zones of

brecciation are localized along the intrusive contacts and
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Figure 2. Geology of the Mount Washington study area (after Massey et al., 2005), east-central Vancouver Island, showing sample loca-
tions (black pentagons).



on north- and northwest-trending structures. They vary

widely in texture and composition, and appear to be the

principal controls for polymetallic sulphide mineralization.

Mineralization also occurs in veins and stringers. The style

of mineralization is considered to be high-sulphidation epi-

thermal Au-Ag-Cu (BC Mineral Deposit Profile L04;

Panteleyev, 1995) or ‘subvolcanic’ Cu-Au-Ag (Houle,

2013).

Sampling

The Mount Washington sampling campaign is divided into

three parts. Part 1, carried out between June 27 and 30, in-

volved the installation of 18 passive ion collectors along a

south-southeast-trending traverse over the Domineer Au

zone (Figure 3) and the collection of foliage and transpired

fluids from mountain hemlock at the same sample stations.
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Figure 3. Location of passive ion-collector sites, showing also the locations of the Lakeview-Domineer resource area (yellow outline), the
1990 biogeochemical anomaly (green outline) and the approximate positions of mineralized structures (red). White areas are devoid of
trees. Contains information licensed under the Open Government Licence – Canada.



Collectors were installed at nomi-

nal 100 m intervals. Asingle collec-

tor was also installed in a presumed

unmineralized area located 1500 m

to the west, to act as a background/

control site. A summary of samples

collected to date is presented in

Table 1.

The ion collectors contain two dif-

ferent collection media: activated

charcoal for cations and alkali ion-

exchange resin for anions (Sigma

Aldrich Amberlite IRA743®). The

media were accurately weighed

into 10 by 7 cm porous nylon sachets (15 and 20 g, respec-

tively) and the bags were heat sealed. In the field, they were

placed on a 2 cm thick bed of pure silica sand housed in an

18 cm diameter by 15 cm deep cardboard tube that was bur-

ied to 20 cm in the ground. The silica sand serves to isolate

the collectors from the soil, so as to avoid capture of

endogenic ions: a filter paper was used to isolate the collec-

tors from the silica sand. Aceramic tile was placed between

the collectors in order to avoid the possibility of cross-con-

tamination between the charcoal and resin sachets. The ap-

paratus was capped with an overlapping plastic plate to pre-

vent entry of rain water and surface debris, and shallowly

buried. Each site was sprayed with animal repellent to dis-

courage disturbance by curious bears. One of the collectors

is illustrated in Figure 4.

Duplicate collectors were planted at two of the sites: one

over mineralization and the other in a background location.

In addition to installing the passive collectors, mountain

hemlock (Tsuga mertensiana) foliage (MHF; 16) and tran-

spired-fluid samples (16) were collected at each location.

Transpired fluids (from mountain hemlock) were obtained

by enclosing several 25 cm lengths of twig with needles in

plastic bags and leaving them for a minimum of 24 hours

during a period of sunny weather (Figure 5). After that

time, the transpired fluid was recovered by removing the

bag and taking up the fluid in a 100 ml syringe. A 0.45 μm

filter was then attached to the end of the syringe and the liq-

uid filtered into 25 ml glass vials. The glass vials were

placed in a cooler with ice packs for transportation to Van-

couver.

The ion collectors were left in the ground for three months.

Part 2 of the program, carried out in early October, in-

volved recovery of the ion collectors and collection of Ah

horizon soil samples. Ion collectors were carefully exposed

and each medium placed in individual Ziploc® bags. Both

bags were then placed in a third bag to isolate the samples

from the atmosphere. All of the used materials were re-

moved from the sample sites and disposed of.

Collection of additional vegetation samples included re-

peats of the Part 1 sites to permit an evaluation of temporal

changes in foliage chemistry, and collection of samples

from parallel sample lines 100 m to the east and west of the

ion-collector line.
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Table 1. Numbers and types of samples collected for the Mount Washington study.

Figure 4. Partly installed ion collector showing sachets of activated
carbon (right) and ion-exchange resin (left) separated by a ceramic
partition. Cardboard tube is 18 cm in diameter.

Figure 5. Collection of transpired fluid (left) and filtration of fluid
into glass vial (right).



The final part of the Mount Washington sampling program

(Part 3) is planned for January, 2017, when base-of-snow

samples will be collected from selected collector sites. This

part of the program is contingent on snow conditions at that

time.

Sample Preparation and Analysis

Mountain hemlock samples will be oven dried at 80°C and

the foliage will separated from the twigs and milled to a fine

powder. Aliquots of the powdered samples (0.5 g) will be

leached in warm water and analyzed, initially, for ammo-

nium (NH4); additional anions will be determined if a suit-

able methodology can be successfully developed. In addi-

tion, all samples will be microwave-digested in HNO3 and

analyzed at the ALS Geochemistry Laboratories (North

Vancouver, BC) by ICP-ES/MS for all of the same elements

and compounds listed in the accompanying paper (Heber-

lein and Dunn, 2017), as well as F– by ion chromatography

(IC) using a newly developed method. Tests comparing ele-

ment concentrations in dry and ashed vegetation will be

made to determine if ashing provides a similar halogen sig-

nature to analysis of the dry tissue, even though a portion of

the halogens will volatilize during ashing. If signatures are

similar, ashing might be the preferred method because it

eliminates many of the analytical interferences encoun-

tered during analysis of organic-rich media by IC.

Transpired fluids are to be analyzed by ICP-MS and IC at

ALS Geochemistry Laboratories.

Ah horizon samples will be oven dried at 80°C and sieved

to –80 mesh (177 μm). A 0.5 g aliquot of the fine fraction

will be digested by a 1:1 nitric:hydrochloric acid mixture

and analyzed for multiple elements by ICP-ES/MS. Halo-

gens will be determined by IC (F and Cl) and ICP-MS (Cl,

Br and I) on a warm-water leach. Other tests to be con-

ducted will depend on results obtained from the ongoing

analytical research component of this study.

All vegetation and Ah horizon samples will be analyzed by

Bioleach at Activation Laboratories Ltd. (‘Actlabs’; An-

caster, ON). Analytical methods for the ion collectors had

yet to be determined at the time of writing. Snow samples

will be analyzed as water samples following the protocols

used for the transpired fluids.

All field components of the study will have been completed

by early October 2016, except for the snow collection,

which will be undertaken in mid- to late winter when snow-

pack conditions are suitable and it is considered that there

has been sufficient time for a signature to have developed

for elements fluxing from mineralization into the snow pro-

file. In the meantime, all other analytical components will

be completed and results will be prepared for preliminary

presentation at the Mineral Exploration Roundup in Janu-

ary 2017. A final report is expected to be completed by the

end of April 2017.

Quality Control

Quality-control measures employed at Mount Washington

include the collection of field duplicates (2) and the use of

reference materials for biogeochemistry (control V14) and

Ah horizon soils (LIM-2011).
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Introduction

The application of geochemical methods to surficial mate-

rials for the exploration and discovery of British Columbia

(BC) porphyry deposits has resulted in many successes, but

is fraught with challenges that contribute toward decreas-

ing success in areas of cover. Porphyry systems themselves

are invariably diverse, large and zoned; their geochemical

signatures can vary considerably over large areas, depend-

ing on sample and survey location within the system. Post-

mineralization dispersion of surficial materials by glacial,

alluvial and mass-wasting processes further diffuses the

signal. Additionally, the pedogenic processes involved in

soil formation, such as oxidation, bio- and cryoturbation,

leaching and hydromorphic dispersion, further contribute

to modifying the geochemical signal and patterns.

Savvy explorers are well aware of these challenges, and tools

have been developed to assist in their recognition. Geo-

chemical-exploration models, for example, were first de-

veloped and presented by Bradshaw (1975) for deposits in

the Canadian Cordillera and Canadian Shield. General,

conceptual geochemical-exploration models (GEMs) were

created for ore deposits in BC based on fundamental scien-

tific principles and a limited number of case histories.

These preliminary models summarized the potential con-

trols on geochemical dispersal, and the expected results of

the modified geochemical distributions. Subsequent efforts

emphasized GEMs in volcanogenic massive-sulphide and

shale-hosted Pb-Zn-Ag deposits in the Canadian Cordillera

(Lett and Jackman, 2000; Lett, 2001; Lett and Bradshaw,

2003). Although it was recognized by Lett and Bradshaw

(2003) that greater development and refinement of GEMs

related to Cordilleran porphyry deposits was required, little

progress was made and advances in the scientific literature

were few.

This Geoscience BC–sponsored MDRU research project

aims to create a framework to considerably expand on the

conceptual models presented by Bradshaw (1975), by pro-

viding an abundance of spatially enabled data that can con-

tribute toward the development of real and constrained,

empirically defined geochemical-exploration models for

BC porphyry deposits in various surficial environments.

The largest step toward improving GEMs comprises the

compilation and updating of information relevant to evalu-

ating such models, which can be sourced from the accumu-

lated historical exploration data from both industry and

government sources.

The purpose of this project and these results is to provide the

mineral-exploration community with easy access to sur-

ficial geochemistry data and related information that facili-

tates exploration and discovery of BC porphyry deposits.

For a selected group of porphyry deposits, geochemical in-

formation available in print form has been compiled, digi-

tized and updated to meet modern geospatial standards, and

paired with spatial datasets related to the physiographic set-

ting, glacial history, surficial materials and other geological

factors that may influence geochemical distributions. Exam-

ples of how such data can be utilized to understand the im-

portance of surficial process, terrain and climate in modify-

ing the geochemical signals are provided in Blaine and Hart

(2012).

Location Selection

Initially, 44 BC porphyry deposits were evaluated for this

project according to a range of features related to their geo-

graphic and physiographic settings. These included

pedogenic and geomorphic factors potentially affecting

geochemical dispersions, such as the glacial history, the

thickness and type of glacially derived cover, topography

and climate. From these, 15 porphyry deposits and/or

groups of deposits were selected as localities deserving of

greater attention due to availability of Assessment Report

Indexing System (ARIS) data (Table 1). These deposits are

Brenda, Getty, Iron Mask region (contains Afton, Ajax and

Galaxy deposits), Mount Polley, Primer, Mouse Mountain,

Davidson, Louise Lake, Pitman, Hearne Hill and Morrison,

Takla-Rainbow, Mount Milligan, Shaft Creek North,

Alwin and Red Chris (Figure 1).
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Table 1: Classification of three major types of British Columbia porphyry deposits based on factors affecting surficial geochemical
expression. Climatic factors include temperature (classed by the length of the frost-free period [ffp]), and precipitation (classed by
the annual amount of non-snow precipitation [nsp]). Topographic factors include a general expression of relief (steep, moderate or
slight). Deposits selected for delivery as geochemical-data compilations for this project are shown in bold text.

Figure 1: British Columbia porphyry deposits evaluated for this project (white squares with black or red borders) and
those selected for geochemical-data compilations (white squares with red border), shown in reference to the distribution
of Quaternary glacial deposits and older cover, as well as major terrane boundaries (Colpron and Nelson, 2011). Label
refers to the legend key and to the name of the geochemical-data compilation associated with this project (e.g., Schaft
Creek is package 2016-15-A).



Capturing Archival Data

Geochemical-sample data have been captured from many

industry and government sources, including regional geo-

chemical surveys carried out by the Geological Survey of

Canada (Lett, 2011) and the BC Geological Survey

(BCGS); the results of updated sampling and archival-sam-

ple analysis available from Geoscience BC; deposit- and

area-specific studies carried out by the BCGS and Geo-

science BC; and historical geochemical data generated

through exploration by industry.

The primary source for the geochemical data compiled in

this study is the ARIS archives, maintained by the BC Min-

istry of Energy and Mines. The ARIS documents are gener-

ally stored as scanned-to-PDF documents and vary widely

in scan quality. Data of good quality for the selected depos-

its were retrieved through optical character recognition

(OCR) of the scanned PDF documents and manually re-

viewed for errors, or entered into tables manually. Where

text quality of the scanned document was too poor to deter-

mine the values, they were entered as null values.

This process resulted in the creation of approximately

50 000 spatial data points pertaining to individual geo-

chemical samples for the 15 selected porphyry deposits

shown in Figure 1. Compiled geochemical data were then

re-projected into either geographic (latitude and longitude)

or UTM co-ordinate systems for ease of use and to provide

internal spatial confidence. The breakdown of these data by

sample type is given in Table 2.

Products

Following geochemical-data compilation, additional rele-

vant datasets were integrated with the geochemical data

and packaged as self-extracting ArcGIS® map packages
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Table 2: Distribution of sample type within the Assessment File Indexing System (ARIS) datasets digitized for each porphyry deposit in the
GIS map packages. Abbreviation: BLEG, bulk leach extractable gold.
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(.mpk) to allow users to undertake their own interpretations

of geochemical signatures based on interrelated influences

of physiography, geology, mineralization, surficial materi-

als and glacial history at each porphyry deposit (Figure 2).

For these packages, all GIS layers have been clipped to an

area of 50 by 50 km around the deposit or group of deposits,

but the maps are best displayed at the scale that incorporates

the range of compiled soil-geochemical data. Users ultim-

ately have the flexibility to view at whatever scale they

wish.

Additional layers for each map package vary depending on

availability of data at the highest level of detail, and may

include

• digital elevation data and rendered hillshade images

built from 30 m images resampled to 12 m resolution

(Alaska Satellite Facility, 2015);

• National Topographic System (NTS) 1:50 000 scale

gridlines and UTM zones;

• bedrock geology and faults (Colpron and Nelson, 2011;

Cui et al., 2015);

• surficial geology (Fulton, 1995; Hashmi et al., 2015;

Plouffe and Ferbey, 2015);

• glacial indicators (Ferbey et al., 2013);

• soils (BC Ministry of Environment, 2015);

• hydrological features (BC Ministry of Forests, Lands

and Natural Resource Operations, 2016);

• geophysical imagery from various sources;

• scanned geological maps from assessment reports; and

• cultural and transportation information sourced from

OpenStreetMap contributors (2016).

The packages open as a fully symbolized ArcGIS map pro-

ject at a fixed scale (between 1:24 000 and 1:75 000), and

display in a format suitable for printing on ledger/tabloid

(11 by 17 inch) paper. Metadata for each layer are popu-

lated according to the ISO 19139 Metadata Implementation

Specification.

Packages are accompanied by tabulated files (.xlsx) of geo-

chemical data with map co-ordinates for manipulation out-

side ArcGIS; Geological Survey of Canada (GSC) fonts

and layer files for third-party reproduction of symbologies

in map packages; and a report summarizing the work con-

ducted on the project, with a full list of ARIS reports and

references for each map package. The project will also de-

liver georeferenced TIFF and PDF exports of the maps to

ensure broad usability within the exploration sector. These

files are available for download from the Project 2009-048:

Geochemical Models for BC Porphyry Deposits:

Outcropping, Blind and Buried Examples page of the

Geoscience BC website.

Please note that, although reasonable efforts have been

made to ensure that the data presented are of the highest

quality, there may be errors due to the historical nature of

the data, transcription and OCR errors, and spatial re-pro-

jections necessary to provide the data in modern GIS

formats. Neither Geoscience BC, MDRU nor the authors

assume any liability for the correctness of the data or

decisions based upon its use.

Conclusion

The success or failure of a geochemical exploration pro-

gram designed to discover a porphyry Cu system can de-

pend on the practitioner’s ability to interpret the data and ef-

fectively drill targets. Understanding how geochemical

signatures respond and are modified according to various

physiographic, glacial, pedogenic, climatic and related fea-

tures is essential to effective exploration decision-making.

Datasets provided as part of this project offer the ultimate,

made-in-BC opportunity for geologists to discover and un-

derstand the various controlling features related to surficial

geochemical responses and patterns.
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Introduction

The Quesnel terrane underlies a large region in south-cen-

tral and east-central British Columbia (BC), and extends

both northward as a narrow fault-bounded sliver into south-

central Yukon and southward into northern Washington

state (Figure 1; Nelson and Colpron, 2007). The main de-

fining feature of the Quesnel terrane in south-central BC is

the Late Triassic Nicola arc assemblage and associated

plutons(Figure 1), which have been well studied (e.g., Mor-

timer, 1987; Mihalynuk et al., 2014), not least because they

host several large copper-porphyry deposits.

The basement rocks that unconformably underlie strata of

the Nicola arc in this area are much less well understood

(Monger, 1977). This basement includes a number of vari-

ably deformed and metamorphosed volcanic and sedimen-

tary rock assemblages that include the Harper Ranch,

Chapperon, Apex Mountain, Kobau, Knob Hill, Attwood

and Anarchist groups. Paleozoic basement rocks of the

Quesnel terrane are age equivalent with the Paleozoic

Stikine assemblage in Stikinia (Nelson and Colpron, 2007).

There has been considerable debate about whether the

Quesnel terrane represents an allochthonous terrane that

became attached to the edge of North America during Early

Jurassic accretion, or comprises continental-margin–arc

rocks and underlying Paleozoic basement that formed close

to their present position with respect to the North American

craton (e.g., Monger et al., 1991; Thompson et al., 2006).

A Geoscience BC-funded project was begun in 2010 aimed

at better understanding the nature and origin of the Paleo-

zoic volcanic and sedimentary rocks that make up the base-

ment of the Quesnel terrane in the southern Okanagan area

of south-central BC, and contributing new information re-

garding the mineral potential of the region (Mortensen et

al., 2011; Mortensen, 2014). The Paleozoic rocks in this

part of the Cordillera were involved in Mesozoic compres-

sional deformation, and early Cenozoic crustal extension

has divided them into a series of blocks bounded by large

normal faults (Parrish et al., 1988). In addition to the com-

plex deformation, the basement assemblages have been in-

truded by extensive Late Triassic to Early Jurassic and

younger plutonic suites, and are widely overlain by mainly

Paleogene volcanic and sedimentary sequences. As a result,

the basement rocks are now exposed in a number of scat-

tered outcrop areas (Figure 1), making regional correla-

tions difficult.

In addition, the basement rocks in this region have been the

subject of little modern study, especially in the western part

(Hedley–Keremeos–Osoyoos area), prior to this work and,

although the general distribution of rock units is reasonably

well defined by existing mapping, only limited fossil or U-

Pb isotopic age information was available and the petrotec-

tonic affiliations of the Paleozoic igneous rocks were not

well understood. The general geology of these areas has been

documented or compiled at either 1:250 000 (Tempelman-

Kluit, 1989) or 1:63 360 scales, although some mapping is

quite dated (e.g., Bostock, 1939, 1940, 1941), and parts of

the Greenwood and Rock Creek areas have been recently

remapped at a 1:50 000 or 1:25 000 scale (e.g., Little, 1983;

Church, 1985; Fyles, 1990; Massey, 2006, 2007; Massey

and Duffy, 2008). Several small areas have also been the fo-

cus of theses or other topical studies over the years (e.g.,

Okulich, 1969, 1973; Peatfield, 1978; Milford, 1984;

Lewis et al., 1989; Ray and Dawson, 1994). Reconnais-

sance-scale lithogeochemical studies have been carried out

on the basement rock units in the Greenwood–Rock Creek

area (Dostal et al., 2001; Massey and Dostal, 2013a) and in

adjoining portions of northern Washington state (Gaspar,

Geoscience BC Report 2017-1 165

Keywords: British Columbia, Quesnel terrane, Paleozoic, base-
ment, volcanic, sedimentary, fossils, U-Pb, geochronology,
lithogeochemistry, detrital zircons, VMS deposits, paleotectonic
setting

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.



2005). However, there has been no comprehensive study of

the basement rocks and major questions still remain regard-

ing the nature of rock units in the various areas of exposure,

their ages and the tectonic setting(s) in which they formed.

Overview of Paleozoic Basement Rocks in
the Southernmost Part of the Quesnel

Terrane

Basement rocks in the Hedley–Keremeos–Osoyoos area

(Figure 2) have been subdivided into several ‘assem-

blages’, based mainly on the relative proportions of volca-

nic (mainly variably altered basalt or ‘greenstone’and asso-

ciated intrusions) and sedimentary rocks (mainly chert,

fine-grained clastic rocks and minor carbonate rocks). Note

that the past and current usage of stratigraphic and litho-

demic terms such as ‘assemblage’, ‘formation’, ‘complex’,

in this region do not follow strict nomenclature guidelines

as defined by the Lexicon of Canadian Geologic Units;

however, the terms as currently in use have been retained to

minimize confusion. In the Keremeos, Oliver and Oka-

nagan Falls areas Bostock (1939, 1940, 1941) identified

several lithological assemblages that he called formations,
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Figure 1. Distribution of Middle and Late Triassic volcanic and sedimentary rocks, Late Triassic and Early Jurassic in-
trusive rocks, and Paleozoic basement rocks of the Quesnel terrane in south-central British Columbia and northern
Washington state.



including the Independence, Bradshaw, Old Tom, Shoe-

maker and Barslow, based mainly on the relative propor-

tions of mafic volcanic and intrusive rocks, chert and clas-

tic rocks. Rock assemblages that Bostock mapped as

Independence and Bradshaw formations (Figure 2) were

mainly derived from fine-grained clastic protoliths, locally

interlayered with mafic volcanic-flow rocks. In the field,

there was little basis on which to distinguish these assem-

blages one from the other, and they are therefore herein

considered together. The Old Tom assemblage (mainly

greenstone plus minor mafic intrusive rocks and chert) and

Shoemaker assemblage (mainly chert with minor green-

stone) underlie much of the Keremeos area. The distinction

between Independence–Bradshaw, Old Tom and Shoe-

maker is not clear in the area southwest of the Similkameen

River between Hedley and Keremeos (Figure 2; Bostock,

1939; Monger, 1989; Tempelman-Kluit, 1989). The

Barslow assemblage in the Cawston area (Figure 2) com-

prises fine- to locally coarse-grained clastic strata (includ-

ing pebble and minor cobble conglomerate) with locally
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Figure 2. Simplified geology of the Hedley–Keremeos–Osoyoos area in south-central British Columbia. Abbreviations: Cr, Creek; Lk, Lake;
Mt, Mount; Mtn, Mountain; R, River.



interlayered greenstone. Milford (1984), in his study of the

Apex Mountain area, lumped all but the Barslow assem-

blage into a single unit that he termed the Apex Mountain

Group (later renamed the Apex Mountain Complex by

Monger, 1989), a term that was also subsequently used by

Ray and Dawson (1994). Farther to the east, the Kobau

Group (Figure 2) of Bostock (1939), Okulich (1969, 1973),

Lewis et al. (1989) and Tempelman-Kluit (1989) consists

of more strongly metamorphosed and deformed mafic vol-

canic rocks (now amphibolite) and fine-grained quartzite

that probably was derived mainly from a chert protolith. A

sequence of mafic tuffs and flows, together with sandstone,

siltstone, argillite and minor polymictic conglomerate and

carbonate rock, that immediately underlies the Late Trias-

sic volcanic and sedimentary rocks of the Nicola Group in

the Hedley area (Figure 2) has been called the ‘Oregon

Claims formation’ (Figure 2) by Ray et al. (1994, 1996).

Although the age of this assemblage is unknown at this

time, Ray et al. (1996) considered it to be part of the Paleo-

zoic Apex Mountain Complex.

The nature of the contacts between the various lithological

assemblages is uncertain. In some cases it appears to be

gradational (e.g., the Old Tom assemblage could simply

represent a facies of the Shoemaker assemblage). However,

there is some evidence for fault imbrication within the Old

Tom and Shoemaker assemblages; for example, on Shoe-

maker Creek just west of Keremeos (Figure 2; see later

discussion).

A large composite body of massive to bedded limestone

termed the ‘Blind Creek limestone’ (Figure 2; Bostock,

1939; Barnes and Ross, 1975) that is in fault contact with

the Old Tom, Barslow and Kobau assemblages near

Cawston (Figure 2) has yielded numerous robust Carbonif-

erous fossil ages and overlaps in age with at least some of

the other basement rock units in the area, although the origi-

nal stratigraphic relationships between this limestone body

and adjacent rock packages are uncertain.

Farther to the east, Paleozoic basement rocks between the

Okanagan Valley and Grand Forks (Figure 3) occur within

a series of north-dipping thrust panels, with the intervening

thrust surfaces commonly marked by the presence of thin

tectonic slices of serpentinite, all cut and offset by numer-

ous Eocene normal faults (Figure 3; Fyles, 1990; Massey,

2007; Massey and Duffy, 2008; Massey and Dostal,

2013a). Three main lithological assemblages have been

distinguished in this area. The Knob Hill Complex in the

Greenwood area comprises mafic volcanic flows and lo-

cally abundant diabase and gabbro intrusions, together

with subordinate amounts of interlayered chert, chert brec-

cia and argillite. The two other assemblages, the sedimen-

tary Attwood Group near Greenwood and the more meta-

morphosed Anarchist Schist, exposed mainly between

Rock Creek and the Okanagan Valley, consist mostly of

metasedimentary rocks. The interpreted areal distribution

of these two groups has changed considerably over the last

two decades. Church (1985) and Fyles (1990) included all

of the sediment-dominated basement rocks in the Green-

wood area in the Attwood Group, whereas Anarchist Schist

was reserved for the more metamorphosed metasediment-

ary packages. Massey and Duffy (2008) redefined the An-
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Figure 3. Distribution of, and structural relationships between, Paleozoic assemblages in the southern part of the Quesnel terrane between
Keremeos and Grand Forks (modified from Massey and Dostal, 2013a).



archist Schist as the ‘Anarchist Group’, and included most

of the metasedimentary rock units previously mapped as

Attwood in this more regionally extensive package (Fig-

ure 3). The term ‘Attwood Formation’ is now restricted by

Massey and Dostal (2013a) to a package of argillite,

siltstone, greywacke and sandstone, with locally abundant

limestone, chert-pebble conglomerate and minor mafic

volcanic rocks, in a small area southeast of Greenwood

(Figure 3). The Anarchist Group, as now defined, com-

prises chert, argillaceous chert and argillite, with minor

interlayered mafic flows and tuffs, limestone, and rare fel-

sic tuff. The Mount Roberts Formation east of Grand Forks

(Figure 1; Roback and Walker, 1995) comprises metaclas-

tic rocks that may be correlative with the Anarchist Group.

A large area in northern Washington state near Loomis and

Oroville (Figure 3) is underlain by mafic volcanic and

metaclastic rocks that have been variably correlated with

the Knob Hill, Anarchist and Kobau groups (e.g., Cheney

et al., 1994; Massey and Dostal, 2013a). The ‘Palmer

Mountain greenstone’ north of Loomis (Figure 3) consists

of mafic volcanic and volcaniclastic rocks together with

gabbro and serpentinite (Rinehart and Fox, 1972) that

lithologically closely resemble the Knob Hill Complex

(e.g., Massey and Dostal, 2013a) or possibly the Old Tom

assemblage.

Biochronology

A limited number of macro- and microfossil ages were

available for the Paleozoic basement rocks in the southern-

most part of the Quesnel terrane prior to this study. During

this study, extensive sampling of chert for radiolarian and/

or conodonts was carried out to better constrain the age of

the various assemblages present. Although chert in many

localities in the study area contains visible radiolarians, in

most cases these fossils are too recrystallized to give confi-

dent age determinations. A total of eight limestone samples

were processed for possible conodonts; however, all

proved to be barren. A small number of new localities did

produce reliable radiolarian or conodont ages, and resamp-

ling of some localities that had previously given prelimi-

nary age determinations yielded more confident age assign-

ments. One locality also produced a reliable macrofossil

age assignment. All of the new fossil ages produced during

this study are listed in Table 1 and these results are

summarized below, along with previous fossil information

from the region.

The only fossil age constraints available thus far for rock

units that are unequivocally part of the Independence–

Bradshaw assemblage are from three collections of brachi-

opods and tentaculitids from a single locality northeast of

Highway 3 between Shoemaker and Bradshaw creeks,

10 km southeast of Hedley (Figure 2), that gave Cambrian

to Devonian, Devonian, and mid-Early to early Late Devo-

nian (Pragian–Frasnian) ages (Dawson, 1994; Ray and

Dawson, 1994). A crinoidal limestone located 3.5 km east

of Crater Mountain, north of the Ashnola River (Figure 2),

that is interlayered with argillite, sandstone, and minor

chert pebble conglomerate and greenstone, is herein tenta-

tively correlated with the Independence–Bradshaw assem-

blage and gave a Middle Devonian (late Eifelian to early

Givetian) conodont age (identified by M.J. Orchard in

Nebocat, 1996).

The Old Tom and Shoemaker assemblages have produced a

number of fossil ages. A Middle Devonian age (M.J. Or-

chard, unpublished data, 2006) was obtained for

ichthyoliths and conodonts from a limestone interlayered

with greenstone and chert of the Old Tom and Shoemaker

assemblages 4 km northeast of Olalla (Figure 2; W.R. Dan-

ner, unpublished data, 1987). A thinly laminated red

radiolarian chert that occurs as a large local talus block on

the northern side of Highway 3 about 2 km west of Kere-

meos (Figure 2) gave a Late Devonian (middle–late Fam-

ennian) conodont age (this study; Cordey, 1998; see Ta-

ble 1). Late Devonian to Mississippian and Pennsylvanian

to Permian radiolarian ages were also obtained from grey

chert at several localities above the Keremeos garbage

dump site, 1 km north of Keremeos, and on the mountain

top approximately 3 km northwest of Keremeos (this study;

Table 1).

Three localities within the Old Tom and Shoemaker assem-

blages yielded somewhat puzzling fossil age results. On

Shoemaker Creek north of the Similkameen River, 13.5 km

northwest of Keremeos (Figure 2), two lenses of limestone

that either overlie, or are stratigraphically or structurally

interlayered with mainly chert at, or near, the mapped con-

tact between the Independence–Bradshaw and Shoemaker

assemblages (Bostock 1939), yielded Middle to Late Trias-

sic (late Ladinian to early Carnian) conodont ages (Read

and Okulitch, 1977; Milford, 1984). However, this same

limestone also locally contains Silurian corals and Carbon-

iferous foraminifera, both of which are considered to repre-

sent reworked fossils incorporated from older, as yet un-

identified rock units in the immediate area. Read and

Okulitch (1977) interpreted the Triassic rocks on Shoe-

maker Creek to be small erosional remnants of Triassic

clastic rocks that were deposited unconformably on top of

the Old Tom or Shoemaker units. An alternative interpreta-

tion is that the Triassic rocks are fault-bounded bodies that

were imbricated with the Paleozoic rocks during Jurassic

folding and thrust faulting. At another locality on the west-

ern side of the Similkameen River, approximately 6 km

south of Cawston (Figure 2), Tempelman-Kluit (1989) re-

ports a Middle Triassic (Ladinian) conodont age from an ar-

gillaceous limestone at a locality that is mapped as being

within the Shoemaker assemblage. The presence of these

Triassic rock units apparently within the Old Tom and/or
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Shoemaker assemblages led Tempelman-Kluit (1989) to

assign a probable Triassic age to all of these units. More

detailed examination of both localities is needed to resolve

these problems.

On Cedar Creek approximately 3 km north of Olalla (Fig-

ure 2), a large block of limestone within an area mapped as

Shoemaker assemblage yielded Middle to Late Ordovician

conodont ages (Pohler et al., 1989). Red radiolarian chert

on Olalla Creek approximately 3 km southwest of the Ce-

dar Creek locality gave latest Devonian to Mississippian

conodonts and probably Mississippian radiolarians (this

study; Table 1). Tempelman-Kluit (1989) and Orchard

(1993) also reported a Mississippian conodont age from a

nearby locality on Olalla Creek. It thus appears that the

Shoemaker assemblage in this area is mostly of Late Devo-

nian to Mississippian age, and the Ordovician limestone

body is interpreted to be either a large olistolith contained

within argillite and sandstone of the Shoemaker assem-

blage, or alternatively it could be a thrust-fault–bounded

body that was structurally imbricated with the Shoemaker

rock units. Either of these interpretations is complicated by

the fact that there are no known limestone of Ordovician

age anywhere west of the Rocky Mountains in BC, from

which the limestone block could have been sourced.

The Blind Creek limestone unit (Figure 2) has given consis-

tent Middle Mississippian to Early Pennsylvanian cono-

dont ages from numerous samples (Barnes and Ross, 1975;

Tempelman-Kluit, 1989; Orchard, 1993). The Barslow as-

semblage in the Cawston area (Figure 2) contains a hetero-

geneous clastic package, including pebbles and cobbles of

crinoidal limestone, brachiopod-bearing argillite and chert,

as well as greywacke with well-preserved plant fossils. A

chert clast gave a probably Late Mississippian or Pennsyl-

vanian conodont age (this study; Table 1) and brachiopods

from an argillite layer that included abundant brachiopod

fragments and wood debris gave an Early Carboniferous,

probably Tournaisian, age (this study; Table 1).

The high degree of strain and strong metamorphic recrys-

tallization that has affected the Kobau Group precludes any

possibility of preservation of fossils. Middle to Late Devo-

nian conodont ages have been obtained from the lower part

of the Knob Hill Complex (Orchard, 1993; note that this

same limestone bed had previously been interpreted as

“Carboniferous or Permian” by Little, 1983, based on cor-

als and bryozoans), and chert in the upper part of the Group

has given a Late Pennsylvanian or earliest Permian radio-

larian age (identified by F. Cordey in Massey, 2007). The

Anarchist Group has not yet yielded any fossil ages; how-

ever, a number of collections of brachiopods, crinoids, cor-

als and bryozoans from the Attwood Group have given

“Carboniferous or Permian” ages (Little, 1983). Limited

fossil age constraints for the Paleozoic volcanic and sedi-

mentary packages in adjacent parts of northern Washington

state include fusilinids of possible Early Permian age in the

southeastern part of the Curlew quadrangle, approximately

30 km south of Grand Forks (Figure 3; Parker and Calkins,

1964), and fusilinids, corals, bryozoans, gastropods and

crinoid of Early Permian age in the Marcus and Kettle Falls

quadrangles, approximately 55 km south-southeast of

Grand Forks (Figure 1; Mills and Davis, 1962; Mills,

1985). The latter locality has been included in the Mount

Roberts Formation by Roback and Walker (1995).

U-Pb Geochronology

Rock Ages

Nearly all of the igneous rocks present within the Paleozoic

basement of the Quesnel terrane in south-central BC are

mafic in composition and only rarely contain igneous zir-

con; hence, there are very few rock units that can be dated

using the U-Pb method. Massey et al. (2013) reported U-Pb

zircon ages, ranging from 389 to 380 Ma (late Middle De-

vonian), for four separate samples of gabbro of the Knob

Hill Complex in the Greenwood area. A quartz-muscovite

schist unit sampled from the Anarchist Group south of

Rock Creek (sample 10-KL-108; Figure 3) is interpreted to

be a felsic metavolcanic rock, likely a metatuff. The sample

yielded abundant clear, colourless, euhedral zircons. The

analytical results are given in Table 2 and shown graphi-

cally in Figure 4. Nineteen zircon grains were analyzed us-

ing the laser ablation inductively coupled plasma–mass

spectrometry method, as described in Massey et al. (2013).

One grain gave a Paleoproterozoic age (2.33 Ga) and is

clearly a detrital zircon that was incorporated into the sam-

ple. The remaining grains form one loose cluster between

~390 and 375 Ma, and a second, tight cluster at ~365 Ma.

This younger cluster of seven analyses gives a weighted av-

erage 206Pb/238U age of 365.2 ±1.0 Ma (MSWD = 0.02;

probability of fit = 1.0), which is interpreted to be the crys-

tallization age of the volcanic protolith for the sample. The

older cluster represents somewhat older detrital (late Mid-

dle to early Late Devonian) zircons. One zircon grain gave

a younger 206Pb/238U age (359 Ma), which is interpreted to

be the result of post-crystallization Pb loss. The latest De-

vonian U-Pb zircon age reported here is the first deposit-

ional age that has ever been produced for rocks of the Anar-

chist Group.

Detrital Zircon Ages

A major goal of the present study was to use the ages of de-

trital zircons from clastic rock units within the various Pa-

leozoic assemblages to constrain their depositional age,

which cannot be older than the youngest significant detrital

zircon age population present. In addition, the detrital zir-

con ages were used to evaluate linkages between the assem-

blages, and between them and the North American craton.

This approach is particularly useful when there is no possi-

bility of using fossil information to test such linkages. De-
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trital zircons had previously been dated from a sample (n=

44) of Barslow assemblage (J.E. Wright, unpublished data,

2007). Although it was not expected there would be any dif-

ficulty finding suitable clastic rock units from which to re-

cover detrital zircons from the more sediment-dominated

lithological assemblages in the southern part of the Quesnel

terrane (e.g., Independence–Bradshaw, Barslow, Anarchist

and Attwood) , there was some concern at the beginning of

the study about whether any clastic rocks were actually

present within some of the greenstone/chert-dominated as-

semblages such as Old Tom and Shoemaker, which ap-

peared to represent deposition in deep oceanic settings.,

However, a large number of localities, where the presence

of greywacke, lithic sandstone and, in some cases, quartz

sandstone was noted as thin clastic units interlayered with

the greenstone and chert within most of the various

assemblages, were located and sampled during the course

of the study.

A total of 1410 individual zircon grains were dated in the

study, from a total of 21 samples from the Independence–

Bradshaw, Old Tom, Shoemaker, Barslow, Anarchist and

Attwood assemblages. No samples for detrital zircon dat-

ing were collected in this study from either the Blind Creek

or Knob Hill assemblages. Several samples of highly meta-

morphosed quartzite from the Kobau Group were pro-

cessed but did not yield zircons; these units are now thought

to have likely been derived from chert protoliths. Detrital

zircons were also separated and dated from the Oregon

Claims formation in the Hedley area to test possible corre-

lations with the other Paleozoic assemblages in the area

(see earlier discussion). The complete results of the work

will be presented in detail in a separate paper. In this contri-

bution, summary probability plots for zircon ages from

each sample are shown; these are stacked for each assem-

blage or group of assemblages so that the detrital zircon

signature can be compared between samples.

Independence–Bradshaw Assemblage and Oregon
Claims Formation

Zircons recovered from the Independence–Bradshaw as-

semblage metasandstone on Winters Creek (sample 10-

KL-79; Figure 2) are all euhedral to subhedral. The youn-

gest grain recovered gave an age of 301 Ma, and a total of

15 grains gave ages in the 315–300 Ma range (early Middle

to latest Pennsylvanian; Figure 5a). The remaining 50

grains gave ages ranging from 372 to 316 Ma (mid-Late

Devonian to Middle Pennsylvanian). Zircons recovered

from the Oregon Claims formation (sample 10-KL-77; Fig-

ure 2) are all euhedral to subhedral, and are mainly very

young (Figure 5b). A single grain gave an age of 296 Ma

(Early Permian), 33 grains gave ages of 315–300 Ma (Mid-

dle and Late Pennsylvanian), most of the rest of the grains

ranged from 332 to 315 Ma (Middle Mississippian to Mid-

dle Pennsylvanian); and a single grain gave an age of

363 Ma (latest Devonian). Taken together the detrital zir-

con age signature is very similar between the two samples.

This could either indicate that the Oregon Claims formation

is equivalent to the Independence–Bradshaw assemblage

(as previously suggested by Ray and Dawson, 1994), or al-

ternatively, that the Oregon Claims formation is younger

but all the zircons within it were reworked from the under-

lying Independence–Bradshaw units. In any case, neither

of the two samples can be older than Early Permian.

Two samples (10-KL-30, -34) were collected from quartz-

rich sandstone from within a sequence of grey argillite,

sandstone, grit and minor chert pebble conglomerate and

dark grey chert 5 km east of Crater Mountain (Figure 2),

which is tentatively correlated on lithological grounds with
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Figure 4. Conventional concordia diagrams and plots of a) U-Pb analyses by laser ablation inductively coupled plasma–mass spectrometry
of zircon from a felsic metatuff of the Anarchist Group (sample 10-KL-108; Figure 3). Analytical errors are shown at the 2ó uncertainty level;
b) analyses shown as blue error boxes were excluded from the calculated weighted-average age for the sample. Abbreviations: MSWD,
mean square of weighted deviates; POF, probability of fit.



the Independence–Bradshaw assemblage. Each yielded

abundant detrital zircon, most of which was subrounded.

Zircons from both samples gave predominantly Mesoprot-

erozoic and older ages (Figures 5c–d). The youngest grains

from the two samples were late Proterozoic (743–662 Ma;

Figure 5c, d).

The mid-Early to early Late Devonian brachiopod/ten-

taculitid age reported by Ray and Dawson (1994) from

metasandstone in the Independence–Bradshaw metasedi-

mentary units was from a locality approximately 4 km to

the southeast of the Winters Creek sample locality that gave

an Early Permian maximum depositional age. The com-

bined data suggest that as much as 80 million years of sedi-

mentation may be represented by the Independence–

Bradshaw assemblage. In view of the fine-grained nature of

most of the sedimentary rocks of this package, and the lack

of any obvious marker horizons within it, such a long pe-

riod of sedimentation is entirely possible.

Detrital zircon age spectra from the two Crater Mountain

area samples show prominent peaks in the 2800–2450 Ma

and 2150–1600 Ma ranges (pink and blue bands, respec-

tively, in Figure 5c, d). These age ranges are typical of zir-

con in early and middle Paleozoic sedimentary units that

were shed off the western part of the North American craton

and deposited in the continental margin (e.g., Gehrels et al.,

1995; Gehrels and Ross, 1998; Leslie, 2009; Lemieux et al.,

2011; Kraft, 2013). The data therefore suggest that the In-

dependence–Bradshaw assemblage was likely deposited

along the western edge of the North American craton. Zir-

cons in the range of 2450–2150 Ma (green band in Fig-

ures 5c, d), which are present in minor amounts in both

Crater Mountain samples, are generally thought to indicate

a provenance from a specific part of the northwestern por-

tion of the craton, namely from the Buffalo Head and

Hottah terranes of northern Alberta and southwestern

Northwest Territories (e.g., Gehrels and Ross, 1998; Kraft,

2013).

Old Tom and Shoemaker Assemblages

Detrital zircons were separated and dated from a total of

nine samples of clastic rock from the Old Tom and Shoe-

maker assemblages, from localities throughout much of the

outcrop area of these units. The data from each of the sam-

ples are shown in Figure 6 a–i. Many (but not all) of the

samples have prominent age peaks from zircon grains that

show rounded and frosted morphologies (and therefore are

probably multiply reworked) in the ranges of 2150–

1600 Ma and 2800–2450 Ma, and most samples also con-

tained a substantial number of grains in the 2450–2150 Ma

range, which is interpreted to indicate derivation from the

northwestern part of the North American craton. This sug-

gests that, although the abundance of chert, scarcity of

clastic sedimentary rocks and absence of carbonate rocks
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Figure 5. Probability density plots for detrital zircon ages from samples of a) the Independence–
Bradshaw assemblage; b) the Oregon Claims formation; c) and d) the Crater Mountain area. Colour
bands are: pink, 2450–2800 Ma; green, 2150–2450 Ma; blue, 1600–2150 Ma. These age ranges are
typical for detrital zircons shed from the northwestern part of the North American craton (Gehrels et al.,
1995; Gehrels and Ross, 1998; Leslie, 2009; Lemieux et al., 2011; Kraft, 2013).
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Figure 6. Probability density plots for detrital
zircon ages from samples of the Old Tom and
Shoemaker assemblages collected at a) the
Ashnola River; b) the Similkameen River; c), d)
the Keremeos garbage disposal site; e), f), g)
the Apex Mountain road; h), i) the Cedar Creek
road. Colour bands are: pink, 2450–2800 Ma;
green, 2150–2450 Ma; blue, 1600–2150 Ma.
These age ranges are typical for detrital zircons
shed from the northwestern part of the North
American craton (Gehrels et al., 1995; Gehrels
and Ross, 1998; Leslie, 2009; Lemieux et al.,
2011; Kraft, 2013).



indicate deposition in deep water at some distance from a

continental margin, the Old Tom and Shoemaker assem-

blages were likely deposited offshore of the northwestern

part of the North American craton. Several of the samples

contain small populations of zircons that yielded late Meso-

and early Neoproterozoic (~1500–1000 Ma) ages, and a

few samples also contain a small number of early Paleozoic

zircons. Again, this is consistent with detrital-zircon age

spectra that have been reported for sedimentary units in the

miogeocline of the northwestern North American craton

(e.g., Gehrels et al., 1995; Leslie, 2009; Lemieux et al., 2011;

Hadlari et al., 2012).

In addition, a small number of samples also contain promi-

nent Devonian to Early Mississippian age populations. A

greywacke unit (sample 09-KL-01; see Figure 2) interlay-

ered with greenstone on the Ashnola River contained only

euhedral zircon grains, which yielded consistently mid- to

late Paleozoic ages. Thirty grains were dated (Figure 6a); of

these, ten gave ages of 360–350 Ma, and the remainder

ranged from 404 to 360 Ma. Three samples were processed

from localities along the Apex Mountain resort road (Fig-

ure 2). A modest proportion of the zircons recovered from

one sample (10-KL-81; Figure 6f) were euhedral in outline.

One grain gave an age of 360 Ma, and fifteen additional

grains gave ages ranging from 393 to 367 Ma (Middle to

Late Devonian). All the rest of the zircons in this sample,

and all zircons from both of the other Apex Mountain road

samples (09-KL-02 and 10-KL-119; Figures 6g, i), are

subrounded to rounded, and yielded older ages (mostly in

the 1600–2150 Ma and 2450–2800 Ma brackets; Figure 5).

The range of rock units present, especially the local abun-

dance of radiolarian chert, together with detrital zircon in-

formation for the Old Tom and Shoemaker assemblages,

suggests that these rocks were deposited in a relatively deep

ocean setting somewhat distant from the continental mar-

gin of the northwestern North American craton, but also re-

ceived sporadic input of first-cycle igneous zircon grains

ranging from 404 to as young as 350 Ma (Early Devonian to

Early Mississippian). The fact that one sample (Ashnola

River; Figure 2, 6a) contains only Late Devonian–Early

Mississippian zircons and that, of three samples from rela-

tively closely spaced samples in the Apex Mountain road

area, only one contains any young zircons, suggests that the

source(s) of these younger grains could probably have been

volcanoes that were located within the depositional basin

(i.e., relatively proximal to the sample site), rather than on

the continental margin.

The constraints on possible depositional ages for the Old

Tom and Shoemaker assemblages provided by the youn-

gest detrital zircons present in each sample are generally

consistent with the fossil-age constraints for the units (Mid-

dle Devonian to Pennsylvanian or possibly Permian; see

discussion above). Unfortunately the fossil and detrital zir-

con age constraints are too sparse to provide the basis for

firm conclusions regarding the relative stratigraphic posi-

tion of the various exposure areas of Old Tom and Shoe-

maker units. It was hoped that detrital zircon age data from

rocks associated with the blocks of Ordovician limestone

on Cedar Creek would shed some light on the nature and or-

igin of these units. The youngest detrital zircons dated from

two samples of sandstone, one of which forms the immedi-

ate host for the Ordovician limestone block, and one of

which occurs along stratigraphic strike from it (samples 10-

KL-44 and 10-KL-112), are 1727 and 743 Ma (Figure 6

h, i), respectively; therefore, the detrital zircon ages unfor-

tunately do not provide any useful constraints on the actual

depositional age of the sedimentary rocks that host the

Ordovician limestone body.

Barslow Assemblage

Three samples of clastic rocks from the Barslow assem-

blage were collected in the Manuel Creek area, north of

Cawston (Figure 2); these were a coarse-grained sandstone

(10-KL-61), a fine-grained sandstone (10-KM-63) and a

pebble conglomerate (10-KL-64). The conglomerate con-

sisted mainly of chert pebbles; however, rare pebbles of

quartz-feldspar porphyry clasts, along with some aphanitic

felsic volcanic material, were also present. The two sand-

stone samples yielded abundant zircon, most of which com-

prised euhedral, first-cycle grains. One grain from sample

10-KL-61 gave an age of 312 Ma (Middle Pennsylvanian);

53 grains gave ages ranging from 360 to 333 Ma (Early to

Middle Mississippian), and nine additional grains gave

ages of 383–360 Ma (Late Devonian; Figure 7a). A single

grain gave a Neoarchean age of 2684 Ma. In sample 10-KL-

63, forty-three grains gave ages of 360–342 Ma (Early Mis-

sissippian), fifteen grains gave ages ranging from 392 to

360 Ma (Middle to Late Devonian), and the seven remain-

ing grains gave Neoproterozoic to Neoarchean ages (Fig-

ure 7b). Zircons recovered from the conglomerate sample

(10-KL-64) were mainly subrounded to rounded, and the

youngest ages that were obtained were 631 and 506 Ma

(Figure 7c). Six grains gave ‘Grenvillian’ ages (1160–

936 Ma) and the remaining grains gave Mesoproterozoic to

Mesoarchean zircons, whose ages suggest derivation from

the northwestern North American craton. The age ranges

for detrital zircons from this latter sample are very similar

to those obtained from a nearby sample (n=44; J.E. Wright,

unpublished data, 2007).

The detrital zircon age data for the Barslow assemblage

samples are consistent with the Early Mississippian to

Pennsylvanian depositional age that was inferred from fos-

sil-age information (see discussion above).

Attwood and Anarchist Groups and Mount Roberts
Formation

One sample of pebble conglomerate from the Attwood

Group in the Greenwood area (Figure 3), together with four
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samples of sandstone and conglomerate from the Green-

wood and Rock Creek areas, all yielded very similar detrital

zircon age signatures, with abundant Devonian to Pennsyl-

vanian ages (Figure 8a–e). The Attwood conglomerate

sample (09-KL-11) yielded one grain at 327 Ma and five

more in the range of 355–344 Ma (Early to Middle Missis-

sippian). Two samples of coarse- and fine-grained sand-

stone from a single locality in the Anarchist assemblage

(10-KL-91,-92) each contain one or more zircons at 300–

299 Ma (earliest Permian), significant populations of zir-

cons at 310–300 Ma (Late Pennsylvanian) and abundant

grains that are only slightly older. A calcarenite sample

from the Anarchist group (10-KL-94) yields a similar age

signature, with the three youngest grains giving ages of

310–308 Ma (Middle Pennsylvanian). The final Anarchist

sandstone sample (10-KL-107) yielded a significant num-

ber of 800 Ma and older grains (Figure 8e); however, it also

contains a large proportion of euhedral zircon grains with

one grain at 340 Ma and five in the range of 365–350 Ma

(Late Devonian to Early Mississippian). This sample was

collected less than 1 km from the felsic tuff sample that

yielded a latest Devonian U-Pb zircon depositional age of

365.2 ±1.0 Ma (see discussion above). Collectively the de-

trital zircon age information from the Greenwood–Rock

Creek area shows that much of the Attwood and Anarchist

groups are Middle or Late Pennsylvanian in age, and

part(?) may be younger than earliest Permian but that the

Anarchist, at least locally, also includes felsic metatuff that

is latest Devonian in age.

Detrital zircons from a sample of Mount Roberts Formation

in the Kettle Falls area in northern Washington state were

analyzed by Roback and Walker (1995) using the isotope

dilution–thermal ionization mass spectrometry method.

The Mount Roberts assemblage is generally thought to be

correlative with the Anarchist Group. Only 23 single zircon

grains were analyzed; however, the age signature (Fig-

ure 8f) shows a substantial population of grains with ages

ranging from 2719 to 1001 Ma, but four grains with ages of

378–375 Ma (early Late Devonian), which is generally

consistent with the ages obtained from some of the

Anarchist samples in this study.

Most of the samples contained minor Mesoproterozoic and

Archean populations, whose ages suggest derivation from

the northwestern part of the North American craton.

Lithogeochemical Studies

A total of 61 samples of greenstone (and some mafic intru-

sive rocks) was collected during this study, with the goal of

geochemically characterizing the igneous components of

each of the Paleozoic assemblages, and to use these results

in an attempt to establish the tectonic setting in which the

rocks were erupted. The new data has been compiled along

with extensive datasets from the Greenwood and Rock

Creek areas (Dostal et al., 2001; Massey and Dostal,

2013a), and from potentially correlative successions in

northern Washington state (Gaspar, 2005). The data gener-

ated by this study will be presented in detail in a separate

publication, but the main characteristics of the various as-

semblages are described briefly herein, along with the

overall tectonic significance of these results.

Hedley–Keremeos–Osoyoos Area

Geochemical data from greenstone contained within the In-

dependence–Bradshaw, Old Tom, Shoemaker, Barslow

Geoscience BC Report 2017-1 177

Figure 7. Probability density plots for detrital zir-
con ages from samples of the Barslow assem-
blage collected from a) a coarse-grained sand-
stone; b) a fine-grained sandstone; c) a pebble
conglomerate at Manuel Creek. Colour bands are:
pink, 2450–2800 Ma; green, 2150–2450 Ma; blue,
1600–2150 Ma. These age ranges are typical for
detrital zircons shed from the northwestern part of
the North American craton (Gehrels et al., 1995;
Gehrels and Ross, 1998; Leslie, 2009; Lemieux et
al., 2011; Kraft, 2013).



and Kobau assemblages are plotted on a variety of geo-

chemical and tectonic discrimination diagrams in Figure 9.

Analyses for two samples from a thick gabbro sill within

the Old Tom greenstone on the southwestern side of the

Silmilkameen River near Cawston are also included, along

with two analyses of mafic tuff in the Oregon Claims for-

mation near Hedley (from Ray et al., 1996). There is a large

degree of scatter on the total alkalis versus silica diagram

(Figure 9a) of Le Bas et al. (1986), and at least some of this

is likely due to mobility of alkalis and other elements during

alteration that these rock units experienced after they were

erupted on the seafloor, or during greenschist– to locally

lower-amphibolite–facies regional metamorphism and

later surface weathering. However, on a plot of immobile-

element ratios (Figure 9b), the data also shows a significant

amount of scatter, suggesting that a substantial range of

protolith compositions is represented within this suite of

samples. Most of the samples yielded basalt to alkaline-ba-

salt compositions. One sample of greenstone from the Inde-

pendence–Bradshaw assemblage yielded an anomalously

high Zr/TiO2 ratio (Figure 9b). This may reflect contamina-

tion by mixing of a trace amount of detrital zircon into a

mafic volcaniclastic rock unit. On a Shervais-type discrim-

ination diagram of V versus Ti (Shervais, 1982; Figure 9c)

samples fall in both arc and non-arc fields; however, some

consistent trends are observed. All of the Barslow samples

plot as arc rocks, whereas all but one of the Kobau samples

yield non-arc (mid-ocean ridge basalt [MORB] and within-

plate) compositions. Old Tom and Shoemaker greenstone

samples are equally split between arc and non-arc signa-
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Figure 8. Probability density plots for detrital zircon ages from samples of a) Attwood pebble con-
glomerate; b), c) Anarchist sandstone: d) Anarchist calcarenite; e) another Anarchist sandstone; f)
the Mount Roberts assemblage. Colour bands are: pink, 2450–2800 Ma; green, 2150–2450 Ma;
blue, 1600–2150 Ma. These age ranges are typical for detrital zircons shed from the northwestern
part of the North American craton (Gehrels et al., 1995; Gehrels and Ross, 1998; Leslie, 2009;
Lemieux et al., 2011; Kraft, 2013).



tures in Figure 9c. Two samples from a thick gabbro sill that

intrudes Old Tom greenstone on the southwestern side of

the Similkameen River across from Cawston (Figure 2)

plot as alkaline basalt on the Nb/Y versus Zr/TiO2 plot

(Winchester and Floyd, 1977; Figure 9b) and in the alkaline

field on the Shervais plot (Figure 9c); these samples also

fall in the enriched mid-ocean ridge basalt (E-MORB) and

ocean-island basalt fields on a Wood (1980) ternary plot

(Figure 9d). The Barslow greenstone, as well as a few

greenstone samples from the Old Tom and Shoemaker as-

semblages, one sample from the Independence–Bradshaw

assemblage and interestingly, both samples from the Ore-
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Figure 9. Lithogeochemical discrimination diagrams for samples from the Independence–Bradshaw, Old Tom, Shoemaker, Barslow and
Kobau assemblages. Data are from this study, except two analyses of samples from the Oregon Claims formation that are from Ray et al.
(1996). References for the various discrimination diagrams are a) Le Bas et al. (1986); b) Winchester and Floyd (1977) as revised by
Pearce (1996); c) Shervais (1982); d) Wood (1980); e) Sun and McDonough (1989). Abbreviations: BAB MORB, back-arc basin mid-ocean
ridge basalt; BON, boninite; E-MORB, enriched mid-ocean ridge basalt; IAT, island-arc tholeiite; MORB, mid-ocean ridge basalt; N-MORB,
normal mid-ocean ridge basalt; OIB, ocean-island basalt.



gon Claims formation (data from Ray et al., 1996), also plot

as arc rocks on the Wood (1980) discrimination diagram

(Figure 9d). On a plot of rare earth elements (REE), nor-

malized to chondritic values (Sun and McDonough, 1989;

Figure 9e), the Barslow samples show consistent minor

light-REE depletion, as do several samples from the Old

Tom and Shoemaker and one from the Independence–

Bradshaw assemblage. Most other samples show slight to

strong light-REE enrichment.

The paucity of depositional ages for igneous rock units ana-

lyzed in this study from each of the assemblages makes it

difficult to establish whether rock units of similar age

throughout the whole area show comparable compositions,

possibly reflecting a similar evolution of tectonic setting

over time (see later discussion).

Greenwood–Rock Creek and Loomis (Washington
State) Areas

Dostal et al. (2001) and Massey and Dostal (2013a, b) have

produced an extensive set of lithogeochemical data for

mafic volcanic rocks and gabbro from the Greenwood and

Rock Creek areas. A limited number of additional samples

from the area were analyzed for this study, and the entire

dataset is presented in a series of geochemical and tectonic

discrimination diagrams in Figure 10a–e. A substantial

number of lithogeochemical analyses were also reported

for samples from the ‘Palmer Mountain greenstone’ unit in

the Loomis area of northern Washington state by Gaspar

(2005; see earlier discussion). Massey and Dostal (2013a)

demonstrate that the Knob Hill greenstone and gabbro

show a mainly island-arc tholeiite (IAT) affinity, with mi-

nor MORB and E-MORB units present as well. They sug-

gest that greenstone from the Anarchist Group mainly

shows within-plate E-MORB compositions, along with

some units that give IAT and MORB signatures. Most Knob

Hill greenstone and all Knob Hill gabbro, as well as the

Palmer Mountain greenstone analyses, show a very limited

range of lithogeochemical compositions, with almost all

plotting as arc rocks on the Shervais (1982)- and Wood

(1980)-type plots (Figure 10c, d).

As with the sample suite discussed previously from the

Hedley–Keremeos–Osoyoos area, the data from the Green-

wood–Rock Creek–Loomis areas show a considerable

range of compositions and inferred paleotectonic settings.

The limited age constraints from this area indicate that

depositional ages of the various rock units range from Mid-

dle Devonian to Middle or Late Pennsylvanian, but there is

insufficient age information to identify any significant

geochemical trends over time.

Pb-Isotopic Studies of VMS and Related
Mineralization the Southern part of the

Quesnel Terrane

Numerous stratabound, apparently stratiform rhodonite oc-

currences, commonly associated with abundant hematitic

jasperoid, have been recognized within the volcanic rock-

and chert-dominated Paleozoic assemblages in the Quesnel

terrane in south-central BC (Figures 2, 3). The presence of

these occurrences, together with a single occurrence of

massive iron formation interpreted to be >100 m thick and

associated with widespread Cu and minor Zn anomalies in

soil samples (Nova occurrence; MINFILE 092HSE249,

BC Geological Survey, 2016; Nebocat, 1993, 1996; Fig-

ure 2), suggest that there could be potential for volcano-

genic massive sulphide (VMS) mineralization in the re-

gion. Although no stratiform sulphide occurrences have

been identified thus far in south-central BC, a significant

stratiform Cu-Zn massive sulphide deposit (the Copper

World Extension mine) is present in the Palmer Mountain

area near Loomis, approximately 20 km south of the BC–

Washington state border (Figure 3). This deposit was

mined on a small scale in the early 1900s, and produced ap-

proximately 3500 tonnes of ore grading 3.1% Cu (Caron,

2008). Recent diamond drilling is reported to have inter-

sected massive sulphide lenses up to 8 m thick, and up to

40 m of stratigraphically underlying footwall stringer-type

mineralization (Caron, 2008). The deposit is hosted in the

Palmer Mountain greenstone, which has been variably cor-

related with the Old Tom, Kobau, Knob Hill and/or Anar-

chist assemblages in the past by various workers. Although

no reliable depositional ages are available for the Palmer

Mountain greenstone, the lithogeochemical signature of

the greenstone indicates that it formed in a magmatic arc

environment, and this signature, together with the overall

lithological character of the rocks, suggests that the Palmer

Mountain greenstone most likely correlates with the Knob

Hill Complex in the Greenwood area (as suggested by

Massey and Dostal, 2013a; see discussion above).

A Pb-isotopic study of several samples of massive

sulphides from drillcore from the Palmer Mountain deposit

was undertaken to determine whether the massive sulphide

mineralization is indeed syngenetic. Analytical data is

given in Table 3, together with a Pb-isotopic analysis of

mineralization from the deposit that was reported by

Church (2010). The analytical results are shown on a 207Pb/
204Pb versus 206Pb/204Pb diagram in Figure 11. Fields of Pb-

isotopic compositions for Paleozoic VMS deposits and oc-

currences in other terranes in the northern Cordillera that

occupy a similar ‘pericratonic’ position as the Quesnel

terrane area are also shown for comparison.

The Pb-isotopic analyses from the Palmer Mountain de-

posit are well clustered and relatively nonradiogenic (Fig-

ure 11). The data are entirely consistent with a VMS origin
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for the deposit, and suggest an association with very juve-

nile igneous source rocks. As shown in Figure 11, the de-

posit has some of the least radiogenic (most ‘primitive’)

isotopic signatures of any Paleozoic VMS mineralization in

the northern Cordillera. This would be consistent with the

hostrocks (Palmer Mountain greenstone) representing a ju-

venile arc and/or ophiolitic complex. It is not possible at

this time to correlate the Palmer Mountain greenstone with

the assemblages north of the border. However, it was sug-

gested above that these rocks are lithologically and

geochemically very similar to the mainly Middle Devonian

Knob Hill Complex. Greenstone and chert of Middle Devo-
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Figure 10. Lithogeochemical discrimination diagrams for samples from Knob Hill greenstone and gabbro, and Attwood and Anarchist
greenstone (data from Dostal et al., 2001; Massey and Dostal, 2013a; this study), and the ‘Palmer Mountain greenstone’ in the Loomis area
of northern Washington state (from Gaspar, 2005). References for the various discrimination diagrams are a) Le Bas et al. (1986); b)
Winchester and Floyd (1977) as revised by Pearce (1996); c) Shervais (1982); d) Wood (1980); e) Sun and McDonough (1989). Abbrevia-
tions: BAB MORB, back-arc basin mid-ocean ridge basalt; BON, boninite ; E-MORB, enriched mid-ocean ridge basalt; IAT, island-arc
tholeiite; MORB, mid-ocean ridge basalt; N-MORB, normal mid-ocean ridge basalt; OIB, ocean-island basalt.



nian age are also recognized in the Old Tom, Shoemaker

and Independence–Bradshaw assemblages in the Hedley–

Keremeos–Osoyoos area, and it is interesting to note that

many of the known rhodonite occurrences in the Paleozoic

rocks in southern BC occur within the Old Tom and Shoe-

maker assemblages (Figure 2). None of these rhodonite oc-

currences, or the Nova iron formation in the Crater Moun-

tain area (Nebocat, 1996; Figure 2), contain significant

amounts of sulphides, with the exception of trace amounts

of pyrite, pyrrhotite and chalcopyrite in the Clearcut rhodo-

nite occurrence (MINFILE 082ESE241), 13 km northeast

of Greenwood (Caron, 1996; Simandl and Church, 1996;

Figure 3). It is therefore not possible to compare the Pb-iso-

topic signature of these occurrences with that of the Copper

World Extension mineralization. Caron (1996) briefly de-

scribes small zones of massive pyrite, pyrrhotite and chal-

copyrite in the vicinity of the Clearcut occurrence that con-

tain up to 0.4% Cu and anomalous levels of Pb and Zn.

However, the relationship, if any, between these sulphide

occurrences and the rhodonite exhalite is uncertain. The

area has experienced strong contact metamorphism and it is

possible that the massive sulphides result from later skarn

development (Caron, 1996).

Stratabound, apparently syngenetic, lenses of recrystal-

lized barite are interlayered with clastic rocks of the Anar-

chist Group at the Lapin and Dan occurrences (BC

MINFILE 082ESW256 and 082ESW168, respectively),

approximately 8 km southwest of Rock Creek (Figure 3).

These occurrences are not obviously associated with geo-

chemical anomalies that would suggest a relationship with

base-metal–rich sedimentary exhalative- or volcanogenic

massive sulphide-type deposits. However, the presence of

stratiform barite within the Anarchist Group, does suggest

that there may be potential for other syngenetic deposits in

this assemblage, especially in light of the 365 Ma felsic tuff

unit that was dated approximately 9 km east of the barite

mineralization (this study; see earlier discussion).

Tectonic Synthesis and VMS Potential of the
Paleozoic Basement of the South-Central

Part of the Quesnel Terrane

Limited fossil-age constraints indicate that the Paleozoic

volcanic and sedimentary assemblages of the southern part

of the Quesnel terrane get as old as late Middle and Late De-

vonian, but most are Mississippian to Pennsylvanian, and

some are as young as Early Permian in age (this study). Sev-

eral gabbro bodies that are part of the Knob Hill Complex in

the Greenwood area have yielded consistent Middle Devo-

nian U-Pb zircon ages (Massey et al., 2013). A thin felsic

metavolcanic (probably metatuff) unit within the Anarchist

Group yields a 365 Ma (latest Devonian) U-Pb zircon age

(this study). However, detrital zircon ages of euhedral

grains from several clastic rock units, especially in the

Greenwood area but also in the Independence–Bradshaw

assemblage near Hedley, are as young as 315–300 Ma

(Middle Pennsylvanian to earliest Permian), indicating that

depositional ages for some of the assemblages get at least as

young as Early Permian (this study). Collectively there-

fore, the ages of the Quesnel terrane basement rocks in

south-central BC are now known to span at least 90 million

years.

Detrital zircon age signatures for the various Paleozoic as-

semblages that were investigated during this study are all

very similar in terms of specific age populations that are

present in each assemblage (although there are wide varia-

tions in the relative size of each age population between as-

semblages, and between individual samples within each as-

semblage). This is taken as strong evidence for a close

primary stratigraphic linkage between all of the various as-

semblages that make up the Paleozoic basement of the

southern part of the Quesnel terrane. Furthermore, the spe-

cific Mesoproterozoic to Neoarchean detrital zircon age

populations indicate that all of the assemblages likely

formed in a near-offshore position adjacent to the

northwestern margin of the North American craton.
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Table 3. Lead-isotopic compositions of volcanogenic massive sulphide mineralization on the Palmer Mountain property near Loomis,
Washington state.



A considerable range of tectonic affinities is indicated by

the lithogeochemical studies of the metavolcanic rocks in

the southern part of the Quesnel terrane (Gaspar, 2005;

Massey and Dostal, 2013a; this study). Some packages (es-

pecially the Barslow, parts of Knob Hill and parts of Old

Tom assemblages) show definitive magmatic arc chemis-

try; however, most assemblages yield mainly non-arc

chemistry (normal mid-ocean ridge basalt, enriched mid-

ocean ridge basalt and ocean-island basalt). Existing age

constraints are not sufficient to establish whether consis-

tent correlations exist between age and indicated paleotec-

tonic affinity. Detailed lithogeochemical and U-Pb studies

of the Knob Hill Complex by Massey and Dostal (2013a)

and Massey et al. (2013), respectively, suggest that magmas

typical of both arc and possibly fore-arc settings were

erupting more or less simultaneously in that part of the

Quesnel terrane in Middle and Late Devonian time. The

presence of nearly coeval igneous suites with markedly dif-

ferent petrotectonic affinities is well recognized in many of

the pericratonic terranes that make up the easternmost part

of the North American Cordillera (e.g., Piercey et al.,

2006). Recent detailed lithogeochemical and isotopic stud-

ies of the middle Paleozoic Sicker Group on Vancouver

Island by Ruks (2015) has shown that such a ‘mixed’

petrotectonic signature also appears to be relatively com-

mon in some more juvenile arc settings. The Harper Ranch

assemblage, which is mainly exposed farther to the north

within the Quesnel terrane, was not investigated in the pres-

ent study; however, limited lithogeochemical work on that

package suggests a more clearly magmatic arc/back-arc af-

finity than is observed in most of the Paleozoic assem-

blages of south-central BC (e.g., Monger et al., 1991;

Beatty, 2003).

Extensive U-Pb–dating studies of detrital zircons extracted

from thin clastic units (greywacke to fine-grained quartz

sandstone) that are interlayered with the mafic volcanic and

chert-dominated assemblages (Old Tom and Shoemaker,

Independence, Bradshaw) indicate variable mixtures of

well-rounded, probably extensively recycled Neoarchean

to Mesoproterozoic zircons, whose age ranges are consis-

tent with having been derived mainly from the northwest-
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Figure 11. Plot of
207

Pb/
204

Pb versus
206

Pb/
204

Pb for sulphides from volcanogenic massive sulphide
(VMS) mineralization in the Palmer Mountain greenstone near Loomis, Washington state (solid and
open red circles, and dark pink field), together with data from VMS deposits and occurrences in a vari-
ety of other VMS deposits elsewhere in the northern Cordillera. The ‘shale curve’ of Godwin and
Sinclair (1982), which is an approximation of the evolution of upper crustal Pb isotopes in the
miogeocline of western North America and adjacent pericratonic terranes (Mortensen et al., 2006), and
the global average upper crustal Pb-isotopic growth curve of Stacey and Kramers (1975) are shown for
reference, as is a MINFILE occurrence in Eagle Bay (BC Geological Survey, 2016). Sources of data for
outlined fields are: (1) Mortensen et al. (2006); (2) Goutier (1987); (3)Aggarwal and Nesbitt (1984). Ab-
breviations: KT, Kootenay terrane; SEDEX, sedimentary exhalative sulphides; SMT, Slide Mountain
terrane; VMS, volcanogenic massive sulphides; YTT, Yukon–Tanana terrane.



ern part of the North American craton, and subhedral to

euhedral grains that are much less travelled and yield Late

Devonian and younger ages. Assemblages that are domi-

nantly clastic in nature (Attwood and parts of the Barslow

and Anarchist assemblages) show a similar mix of detrital

zircon ages; however, these samples typically contain a

much higher proportion of the middle and late Paleozoic

grains, and locally also contain felsic porphyry and rhyolite

clasts. Preliminary detrital zircon dating of euhedral grains

(n=25) from a single sample from the oldest known, Late

Devonian, part of the Harper Ranch assemblage near

Kamloops (J.E. Wright, unpublished data, 2007) shows a

nearly unimodal age range of Late Devonian to Early Mis-

sissippian. The detrital zircon dating results of this study

are therefore interpreted as indicating that the Attwood

Formation and probably much of the Anarchist Group are

likely correlative with the Harper Ranch Group to the

north, as has been suggested by some previous workers

(e.g., Nelson et al., 1995). The complete overlap between

the detrital zircon age signatures of the various Paleozoic

assemblages that make up the Quesnel terrane in south-cen-

tral BC strongly suggests that these assemblages probably

formed in close proximity to one another, in an original

position off the northwestern margin of the North Ameri-

can craton.

The different assemblages that make up the Paleozoic base-

ment of the southern part of the Quesnel terrane comprise

varying proportions of 1) rocks that were deposited in a

mainly oceanic setting (mafic volcanic rocks and chert) and

2) clastic rocks that include a large proportion of material

that was likely shed off of a magmatic arc (as first recog-

nized by Peatfield, 1978). The latter component is corre-

lated with the Harper Ranch Group as defined in the

Kamloops area (Beatty et al., 2006), on the basis of both

rock units and detrital zircon age signature. Although the

mafic volcanic rock and chert component reflects deposi-

tion in a submarine basin, a minor component of clastic

rocks with close similarities to the Harper Ranch equiva-

lents is present throughout the package, indicating that this

basin was not far removed from the site of eruption and

deposition of the Harper Ranch Group and its equivalents.

Lithogeochemical studies indicate a diversity of paleotec-

tonic settings for Paleozoic magmatism in the Quesnel ter-

rane in south-central BC. There is insufficient information

as yet to determine whether there was any consistent

change in paleotectonic setting with time; however, in at

least some of the assemblages (e.g., Knob Hill) both arc and

non-arc magmatism was occurring simultaneously.

Lead-isotopic studies of stratabound Zn-Cu massive sul-

phide mineralization in the Palmer Mountain area immedi-

ately south of the BC–Washington state border, which is

hosted in mafic volcanic rocks that are coextensive with the

Paleozoic mafic rocks of the southern part of the Quesnel

terrane, confirm that this mineralization is indeed volcano-

genic in nature. This emphasizes the potential for similar

VMS mineralization within the volcanic-rock–dominated

Paleozoic assemblages north of the border, especially be-

cause of the known occurrence of stratiform rhodonite in

several localities. In addition, two occurrences of appar-

ently stratiform barite are known within clastic rocks of the

Anarchist Group southwest of Rock Creek, which suggests

that there may be potential for SEDEX- or (distal) Kuroko-

type VMS mineralization in that assemblage as well.
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Introduction

Distinguishing metal-fertile from barren plutons provides a

significant advantage for exploration for porphyry Cu de-

posits, particularly in British Columbia (BC), where many

porphyry systems occur within or around the edges of large

batholiths. The fundamental relationship of porphyry Cu

(Au, Mo) deposits with bodies of intrusive rocks is well es-

tablished (e.g., Sillitoe, 1973, 2010), but distinguishing

metal-fertile from barren plutons remains a significant

challenge for exploration. This is largely because por-

phyry-related intrusive rocks are common in convergent-

margin settings, yet very few host ore deposits. Information

that contributes such a priori knowledge provides guidance

early in the exploration process to make decisions more ef-

fectively and efficiently, in order to focus exploration re-

sources on the most prospective targets. This research pro-

ject, therefore, provides tools and strategies that emphasize

porphyry fertility in the BC context.

The formation of porphyry Cu deposits is fundamentally con-

trolled by magmatic processes that generate hydrothermal

fluids enriched in metals, Cl and S (e.g., Dilles and Einaudi,

1992). These buoyant fluids are focused in cupolas above

the batholiths at shallow depths of 2–4 km, which leads to

the formation of porphyry Cu deposits. In many districts,

large deposits are hosted within or adjacent to the large

plutons that form part of the mineralizing system. These

plutons host mineralogical evidence that records fertility

characteristics, such as presence of Cl and S, favourable ox-

idation state and suitable depths of emplacement. The rela-

tionship between magmatic processes and ore deposits has

long been the focus of ore-deposit research (e.g., Dilles et

al., 2015), but past studies have generally concentrated on

the deposit scale. This project investigates district- to

batholith-scale porphyry fertility in the Guichon Creek,

Takomkane and Granite Mountain batholiths (Figure 1),

which will provide a level of assessment not previously

documented in BC.

Field and Laboratory Work

Field and laboratory work focused on the characterization

of accessory minerals in various intrusive bodies of three

well-documented and mapped batholiths, the Guichon

Creek, Takomkane and Granite Mountain batholiths, lo-

cated in south-central BC (Figure 1). In total, 113 rock sam-

ples were collected: 52 from Guichon Creek, 35 from Tak-

omkane and 26 from Granite Mountain. Samples were

collected from various intrusive phases that constitute each

batholith. Samples were disaggregated using an electric-

pulse disaggregator (EPD) at Overburden Drilling Man-

agement Limited (Nepean, Ontario) to break the rock along

mineral-grain boundaries, providing a larger number of un-

broken mineral grains. Subsequently, mineral separation

was performed at the Mineral Deposit Research Unit

(MDRU), The University of British Columbia using Frantz®

magnetic separation and heavy liquids.

Mineral grains were handpicked, mounted and polished in

preparation for electron-probe microanalysis (EPMA) and

trace-element laser-ablation inductively coupled plasma–

mass spectrometry (LA-ICP-MS) at The University of Brit-

ish Columbia. More than 3000 grains of apatite, titanite,

zircon and amphibole were separated. These grains were

studied and characterized by binocular, petrographic and

cathodoluminescence (CL) microscopy, as well as by scan-

ning electron microscope (SEM). Properties such as colour,

shape, inclusion populations, zoning and replacements

were documented for each grain. Mineral grains were then

analyzed by EPMA for major elements and some trace ele-
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Figure 1. Simplified geology of south-central British Columbia, showing the location of major plutonic bodies. Dashed lines illustrate
parallel belts of calcalkaline or alkaline plutons that show progressive younging from west to east (from Schiarizza, 2015).



ments. Subsequently, the same grains were analyzed by

LA-ICP-MS for a full trace-element characterization.

Whole-rock samples were analyzed for major and trace ele-

ments at Bureau Veritas Minerals (Vancouver, BC; for-

merly Acme Analytical Laboratories Ltd.), to characterize

the geochemical signature of each intrusive unit and to

compare the mineral chemistry with whole-rock chemistry.

Polished thin sections were prepared from representative

samples for petrography.

This paper summarizes initial mineral-grain chemistry re-

sults from selected samples based on EPMA and LA-ICP-

MS.

Guichon Creek Batholith

The Late Triassic Guichon Creek batholith (Figure 2) is a

north-trending, approximately 65 by 30 km body that in-

truded and thermally metamorphosed the Upper Triassic

Nicola Group basaltic to andesitic volcanic and volcani-

clastic rocks (Casselman et al., 1995) that form part of the

Quesnel terrane. The batholith is composite, with diorite

and quartz diorite border phases flanking a younger

granodiorite phase in the centre (Casselman et al., 1995;

Byrne et al., 2013). These phases, from the margins inward,

are: the Border phase, the Highland Valley phases (consist-

ing of Guichon and Chataway subphases), the Bethlehem

phases (consisting of Bethlehem and Skeena subphases)

and the Bethsaida phase. The Bethlehem and Skeena

subphases and the Bethsaida phase host most of the High-

land Valley porphyry Cu-Mo deposits (Valley, Lornex,

Highmont, Alwin, Bethlehem and JA). Two mineralization

events are recognized: an older event that formed the de-

posits in the Bethlehem area and was associated with the

emplacement of the Bethlehem phase, followed by the for-

mation of the Valley, Lornex and Highmont deposits in con-

junction with the emplacement of the Skeena and Bethsaida

phases (Byrne et al., 2013).

Takomkane Batholith

The Takomkane batholith (Figure 3) is a large (40 by 50 km)

Late Triassic–Early Jurassic composite intrusive body that

hosts several mineralized centres. It intrudes the Spout

Lake pluton and is cut by Early Jurassic ultramafic–mafic

Geoscience BC Report 2017-1 191

Figure 2. Simplified geology of the Guichon Creek batholith, showing the main intrusive units
and sample locations (summarized and redrafted after McMillan et al., 2009).
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Figure 3. Simplified geology of the Takomkane batholith, showing the main intrusive units and sample locations (summa-
rized and redrafted after Schiarizza et al., 2013).



plutons and the Early Cretaceous Boss Mountain Mine

stock. The Takomkane batholith consists of two major

units: the Late Triassic–Early Jurassic Boss Creek unit and

the Early Jurassic megacrystic Schoolhouse Lake unit. A

smaller-volume unit of quartz-feldspar porphyry occurs

within the Schoolhouse Lake unit. The Woodjam Creek

unit is texturally distinct but compositionally similar to the

Schoolhouse Lake unit and forms the northwestern part of

the batholith (Schiarizza et al., 2009).

Several small Cu showings occur within the Spout Lake

pluton and, to a lesser extent, within the Boss Creek and

Schoolhouse units (Schiarizza et al., 2009). However, eco-

nomically more significant Cu-Mo-Au porphyry mineral-

ization occurs along the northwestern boundary of the

batholith in the Woodjam area (Megabuck, Takom, South-

east and Deerhorn deposits). These deposits are hosted

within the Woodjam Creek unit or in small porphyry dikes

and adjacent volcanic rocks. The Takomkane batholith re-

cords a magmatic evolution lasting 11 m.y., with three sepa-

rate mineralizing events identified at Woodjam (del Real,

2015). The presence of Cu-Au and Cu-Mo deposits, to-

gether with the regional northwest tilting of geological

units, provides an insight into different levels of exposure

and potentially subtle geochemical variations within the

intrusive bodies.

Granite Mountain Batholith

The Late Triassic Granite Mountain batholith (18 by 10 km)

occurs near McLeese Lake in south-central BC and hosts

the Gibraltar porphyry Cu-Mo mine (Figure 4). The

batholith is subdivided into three main units, from south-

west to northeast: Border phase diorite to quartz diorite,

Mine phase tonalite and Granite Mountain phase leuco-

cratic tonalite. The Burgess Creek stock (Panteleyev,

1978), to the northeast, comprises a heterogeneous assem-

blage of tonalite, quartz diorite and diorite that intrudes the

Nicola Group. Panteleyev (1978) considered the stock to be

younger than the Granite Mountain batholith, but more re-

cent dating by Schiarizza (2015) has shown that it is 4–

5 m.y. older than the adjacent Granite Mountain phase of

the batholith. As suggested by Ash et al. (1999), the Bur-

gess Creek stock may represent the border phase part of the

batholith.

It was originally thought that the Granite Mountain batho-

lith intruded the Cache Creek terrane (Bysouth et al., 1995).

However, mapping by Schiarizza (2015) recognized Nic-

ola Group strata on the northeastern margin of the batholith

and suggested that it is more likely a part of the Quesnel ter-

rane. This is also supported by recent interpretation of aero-

magnetic data that has assigned the Granite Mountain area

to the Quesnel terrane (Sánchez et al., 2015). Thus, the

Granite Mountain batholith is correlative with the Late Tri-

assic, calcalkaline Guichon Creek batholith, host to the

Highland Valley porphyry Cu-Mo deposits, 250 km to the

south-southeast. Mineralization at the Gibraltar mine is

hosted in the Mine phase tonalite of the Granite Mountain

batholith, but small porphyry-style mineral occurrences are

also known in the Border phase and the Granite Mountain

phase (Schiarizza, 2015).
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Figure 4. Geology of the Granite Mountain batholith, showing the main intrusive units
and sample locations (redrafted after Schiarizza, 2015).



Apatite Chemistry

Trace-element compositions of apatite (Ca5(PO4)3

(F,Cl,OH)) have been used to recognize the characteristics

of mantle fluids, assimilation, degree of fractionation and

the oxidation state of magma (summarized in Bouzari et al.,

2016). Zoned magmatic apatite commonly has S-rich cores

that abruptly change to S-poor rims, indicating that early

SO4-rich magma evolved to SO4-poor magma via crystalli-

zation of anhydrite (e.g., Streck and Dilles, 1998). More-

over, apatite associated with porphyry Cu deposits is Cl

rich (e.g., Roegge et al., 1974). Thus, apatite records the

chloride content of the crystalizing melt, which may have

played a key role in transporting Cu (Holland, 1972). Mao

et al. (2016) used apatite compositions to discriminate their

various hostrock and deposit types. Bouzari et al. (2016)

showed that apatite luminescence and chemistry can record

differing types of hydrothermal alteration in BC porphyry

deposits.

Apatite luminescence in the studied samples varied from

brown to green and yellow. Apatite grains in largely

nonmineralized phases display mostly uniform to zoned

brown luminescence (Figure 5a). Some apatite grains have

narrow rims of green luminescence or the green lumines-

cence occurs along fractures across the apatite (Figure 5b),

suggesting weakly developed zoning or replacement pro-

cesses. Apatite grains from mineralized rocks have well-

developed green luminescence. The green-luminescent ap-

atite typically has darker cores, in most cases a dark brown

domain that is zoned outward to green-brown– and green-

luminescent apatite (Figure 5c). Apatite grains in mineral-

ized units, particularly the Bethsaida phase of the Guichon

Creek batholith, the Woodjam Creek unit of the Takomkane

batholith and the Mine phase of the Granite Mountain

batholith, display well-developed green luminescence. Lo-

cally, the entire apatite grain has green luminescence (Fig-

ure 5d). The main exception is the poorly mineralized

Schoolhouse Lake unit of the Takomkane batholith, which

shows apatite with brown luminescent cores but well-de-

veloped green luminescent zones (Figure 5e). Apatite

grains from altered-mineralized hostrocks typically display

both green and patchy grey luminescence (Figure 5f),

reflecting proximal hydrothermal-alteration effects (Bou-

zari et al., 2016).

Detailed electron-probe microanalyses of several zoned

apatite grains show a correlation between luminescence

and chemistry. The brown-luminescent cores are S and C

rich but with low Fe/Mn ratios. Green-luminescent apatite

rims have relatively low concentrations of S and Cl but

higher Fe/Mn ratios (Figure 6). In zoned apatite, there is

generally a decrease in S and Cl concentrations and an in-

crease in Fe/Mn ratio from the core to rim (see Figure 5c).

Chemical analyses of apatite grains show distinct varia-

tions between mineralized and barren phases of the

batholiths. In the Bethsaida phase of the Guichon Creek

batholith, which is the main host to the Highland Valley

porphyry deposits, apatite grains have less Cl and S relative

to the Chataway phase. The Cl concentration of apatite in

both phases is less than that of apatite in the Guichon phase

(Figure 7a). Similarly, apatite from the Mine phase of the

Granite Mountain batholith, which is the main host to the

Gibraltar deposit, has lower Cl and S concentrations than

apatite from the unmineralized Burgess Creek stock (Fig-

ure 7b). The Granite Mountain phase shows Cl and S con-

centrations similar to the Mine phase. The apatite composi-

tion of the Takomkane batholith shows some variability.

Apatite from the Late Triassic Spout Lake monzodiorite

and the Jurassic Woodjam Creek monzogranite has vari-

able Cl and S concentrations from high to low, roughly dis-

playing a trend from high S and Cl values to low values

(Figure 7c). Both of these units are the main host to the Cu

mineralization, although the known extent of mineraliza-

tion in the Woodjam Creek is larger than that in the Spout

Lake (Schiarizza et al., 2009). The Late Triassic–Early Ju-

rassic Boss Creek monzodiorite and Jurassic Schoolhouse

Lake megacrystic granodiorite have apatite with largely

moderate to low S and low Cl concentrations. The Boss

Creek apatite has uniform brown luminescence, whereas

Schoolhouse Lake apatite has locally brown luminescent

cores surrounded by green luminescent rims. Both of these

units host only a few subeconomic Cu occurrences (Rodeo

and Lucy Jack occurrences).

These observations suggest that, in each batholith, the min-

eralized intrusive bodies evolved from early Cl- and S-rich

phases toward phases with less Cl and S. This can be seen in

zoned apatite grains, which became progressively depleted

in Cl and S from core to rim. Therefore, the apatite from

mineralized intrusive bodies displays a depletion trend for

Cl and S and commonly has lower concentrations of these

elements relative to the barren or less mineralized bodies.

Apatite with scattered but low Cl and S concentrations and

commonly uniform CL texture, such as those from Boss

Creek, suggests a probable low budget of Cl and S in the

crystalizing melt. This apatite differs clearly from that in

mineralized rock units.

Titanite Chemistry

Titanite (CaTiSiO5) is a common accessory mineral occur-

ring in amounts of about 2–4% in various phases of the

studied batholiths. Titanite grains are 1–2 mm, range from

colourless to dark brown and locally contain inclusions of

an opaque phase, most commonly ilmenite. Less com-

monly, inclusions of apatite and quartz are also noted (Fig-

ure 8a). Titanite textures under SEM vary from uniform to

zoned, and more rarely display irregular mottled rims. Ti-

tanite is a robust and stable phase in a magmatic system and
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can incorporate geochemically important trace elements

into its structure, thus providing a powerful tool for petro-

genetic studies (e.g., Kowallis, 1997; Piccoli et al., 2000)

and studies of ore deposit–related alteration processes

(e.g., Che et al., 2013; Celis, 2015). Electron-microprobe

data were used to calculate mineral formulas based on five

oxygens in the ideal titanite formula, ABOTO4, where the

A site is filled by Ca2+, Mn2+, Na+, K+ and REE3+, the B site

is filled by Ti4+, Fe3+ and Al6+, and the T site is filled by Si4+

and Al4+.
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Figure 5. Cathodoluminescence images of apatite grains from the Guichon Creek, Takomkane and Granite Mountain batholiths:
a) zoned apatite with brown luminescence from the Spout Lake pluton, Takomkane batholith; b) apatite from the Granite Moun-
tain phase of the Granite Mountain batholith with brown luminescence and weak green luminescence developed along fractures;
c) zoned apatite from the Woodjam Creek unit of the Takomkane batholith, showing a core with brown luminescence and a rim
with green luminescence; numbers represent location of spots analyzed by EPMA (see Figure 6); d) apatite from the Bethsaida
phase of the Guichon Creek batholith, showing green luminescence; e) apatite from the Schoolhouse Lake unit of the
Takomkane batholith with a brown luminescent core surrounded by yellow-green luminescent apatite; f) apatite from the altered
and mineralized Mine phase of the Granite Mountain batholith with green luminescence, as well as remnants of brown lumines-
cence overprinted by grey luminescence. Abbreviations: CL, cathodoluminescence; EPMA, electron-probe microanalysis.



The chemical composition of titanite from the Guichon

Creek batholith shows a correlation between rock type and

Fe, Al and Mn concentrations, specifically a positive corre-

lation between Fe/Al and Mn/Ca ratios. More importantly,

titanite in the Bethsaida and Skeena granodiorite (host to

the mineralization) has the highest Fe/Al and Mn/Ca ratios,

whereas titanite in the other phases of batholith has lower

Fe/Al and Mn/Ca (Figure 9a). In fact, the Fe/Al and Mn/Ca

ratio increases from the older border phase to the (younger)

central mineralized phase (Bethsaida) of the batholith.

Titanite from the Takomkane batholith has similar varia-

tions. The mineralized Woodjam Creek granodiorite has

high Fe/Al and moderate Mn/Ca ratios. Titanite in the older

Boss Creek unit and the younger Schoolhouse Lake unit

has lower Fe/Al relative to that in the Woodjam Creek unit

but similar moderate Mn/Ca (Figure 9b). The quartz-feld-

spar porphyry, which occurs as a small body inside the

Schoolhouse Lake unit, has titanite with similar Fe/Al and

Mn/Ca ratios, but some grains have ratios that are distinctly

higher than those in the Woodjam Creek unit. The Late Tri-

assic Spout Lake monzodiorite has Fe/Al and Mn/Ca ratios

similar to those in the Schoolhouse Lake unit. The Quesnel

diorite, which cuts the Takomkane batholith units, has ti-

tanite with low Mn/Ca and moderate Fe/Al ratios. Overall,

Takomkane titanite, similar to Guichon Creek titanite,

shows a positive correlation between Fe/Al and Mn/Ca ra-

tios, with the mineralized unit showing high Fe/Al com-

positional ratios. However, unlike the Guichon Creek

batholith, that shows a single trend of Fe/Al and Mn/Ca ra-

tios for titanite, the Takomkane batholith shows at least two

distinct trends, possibly reflecting more complex intrusive

relationships.
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Figure 6. Binary diagram showing correlation of apatite lumines-
cence in a single zoned apatite grain from the Woodjam Creek unit
of the Takomkane batholith with Cl and S concentrations (see Fig-
ure 5c for location of analyzed spots). Abbreviations: CL,
cathodoluminescence; pfu, per formula unit.

Figure 7. Binary diagrams of apatite compositions in various min-
eralized and barren pluton phases of the Guichon Creek,
Takomkane and Granite Mountain batholiths; Cl and S values are
calculated per formula unit (pfu). Abbreviation: QFP, quartz-feld-
spar porphyry.



Zircon Chemistry

Zircon (ZrSiO4) is a geochemically robust mineral that re-

cords orthomagmatic chemical compositions that influence

formation of porphyry Cu deposits. Zircon trace-element

behaviour, as recorded during its growth, can be used to ex-

amine crystal fractionation, crustal assimilation and

magma mixing. Zircon incorporates a suite of lithophile el-

ements, including rare-earth elements (REE), U, Th and Hf,

in concentrations that are dependent upon the pressure,

temperature and composition of the magma (Hanchar and

Watson, 2003). In addition, the Ti-in-zircon geothermom-

eter can determine zircon-crystallization temperatures

(Ferry and Watson 2007). Zircon is also a sensitive indica-

tor of the magmatic oxidation state because of its

multivalent Ce and Eu contents. Investigation by Ballard et

al. (2002) and more recently by Shen et al. (2015) corre-

lated the relative Ce4+/Ce3+ in zircon with the oxidation

state of barren and Cu-mineralized intrusive rocks in north-

ern Chile and central Asia. Dilles et al. (2015) showed simi-

lar relationships for porphyry deposits in Chile using the Eu

concentration in zircon and suggested that small negative

Eu anomalies (EuN/EuN* =0.4) indicate oxidizing mag-

matic conditions that reflect oxidation due to SO2 degas-

sing from magmas.

Zircon typically forms 100–500 μm long grains with com-

plex internal oscillatory and sector zonation; in some cases,

the grains have inherited cores. Cathodoluminescence im-

aging was used to characterize zircon grains. Oscillatory

zoning typically forms fine concentric zones of dark- and

light-coloured domains (Figure 8b). The zoning, in some

cases, becomes irregular and new growth zones may cross-

cut older zones (Figure 8c), probably due to chemical dis-

equilibrium or a pronounced change in temperature. Re-

sults from LA-ICP-MS analysis of selected Takomkane

batholith rock samples demonstrate the application of

zircon chemistry to BC porphyry-fertility studies.

Results of the calculated Ti-in-zircon temperature, cor-

rected to an activity for TiO2 of ~0.7, are plotted against Hf

concentration in Figure 10a. Despite some scatter in the

data, probably due to analytical uncertainties and small

variations in the activity of TiO2 in melt, Figure 10a illus-

trates that the Hf content in zircon increases with a decrease

in Ti-in-zircon temperature, as has been previously docu-

mented in other felsic melts (e.g., Claiborne et al., 2010).

Zircons from the Boss Creek unit show variable tempera-

tures ranging from 950°C to below 650°C, whereas the

Schoolhouse Lake unit has temperatures above 850°C

(Figure 10a). Zircons from the mineralized Woodjam

Creek granodiorite and the late quartz-feldspar porphyry

unit have modelled Ti-in-zircon temperatures of 750–

650°C, consistent with zircon crystallization in near-

eutectic conditions close to the solidus of hydrous granite.

Zircons from the youngest smaller unit of quartz-feldspar
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Figure 8. a) Scanning electron microscope image of a zoned titan-
ite grain from the Bethlehem phase of the Takomkane batholith; the
rim shown by arrows has higher Fe/Al and Mn/Ca ratios relative to
the core. b) Cathodoluminescence image of a zircon grain from the
quartz-feldspar porphyry unit of the Takomkane batholith, showing
oscillatory zoning and, on the basis of Ti-in-zircon thermometry, a
lower crystallization temperature at the rim; yellow circles repre-
sent areas analyzed by LA-ICP-MS. c) Cathodoluminescence im-
age of zircon from the Schoolhouse Lake unit of the Takomkane
batholith, showing oscillatory zoning with some irregularity causing
termination of some zones, especially near a mineral inclusion.



porphyry have a temperature range similar to or less than

that of the Woodjam Creek unit.

The chondrite-normalized negative Eu anomaly (EuN/

EuN*, where EuN* = (SmN × GdN)1/2) of zircon has been

used to characterize the fertility of igneous rocks (Ballard et

al., 2002; Dilles et al., 2015). Chemical compositions of zir-

con grains from the Takomkane batholith indicate that the

unmineralized Boss Creek unit has a more pronounced Eu

anomaly (EuN/EuN* <0.35) compared to the other rock

suites. Zircons from the mineralized Woodjam Creek unit

have relatively small negative Eu anomalies (mostly EuN/

EuN* >0.35). The younger phases of batholith, School-

house Lake and the quartz-feldspar porphyry unit, are both

similar to the Woodjam Creek unit in displaying EuN/EuN*

<0.35, but these phases have a larger range of EuN/EuN*

values (Figure 10b).

Discussion

The results of this study suggest that the chemical composi-

tions of apatite, titanite and zircon can be used to character-

ize porphyry-fertile intrusive rocks. Porphyry-fertile plu-

tons contain apatite that becomes progressively depleted in

Cl and S, but enriched in Fe relative to Mn, during crystalli-

zation. The depletion in S is attributed to the evolution of an

early magma that is oxidizing and SO4 rich to a melt that is

SO4 poor as a result of crystallization of anhydrite (Streck

and Dilles, 1998). The increase in the Fe/Mn ratio in apa-
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Figure 9. Binary diagrams of titanite compositions in various mineralized and barren
pluton phases of a) the Guichon Creek batholith, showing that the Bethsaida and Skeena
phases have high Fe/Al and Mn/Ca; and b) the Takomkane batholith, showing that the
Woodjam Creek unit has high Fe/Al but moderate Mn/Ca.

Figure 10. Rare-earth element concentrations in zircon from the
Takomkane batholith: a) Ti-in-zircon temperature versus Hf con-
centration, assuming a melt activity for TiO2 of ~0.7, calculated af-
ter Ferry and Watson (2007); b) zircon Eu anomaly (EuN/EuN*) ver-
sus Hf concentration. Abbreviation: QFP, quartz-feldspar porphyry.



tite, which is largely responsible for green luminescence, is

also interpreted to be controlled by magmatic evolution to-

ward a higher oxidation state. Further cooling of the melt

caused saturation in a water-rich fluid phase, and probably

the breakdown of crystalline anhydrite and the release of

SO2 to a vapour phase (Dilles et al., 2015). The depletion in

both Cl and S of apatite from the mineralized pluton pro-

vides evidence for degassing of SO2-rich magmatic

volatiles from SO4-rich melts. These Cl- and S-rich

volatiles generated from such fertile plutons are capable of

carrying Cu and producing porphyry Cu ores.

The change of oxidation state is also recognized from the ti-

tanite chemistry. Titanite from the mineralized pluton has

high Fe/Al, attributed to an increase in oxygen fugacity that

controls the abundance of Fe3+ substituting for Ti in the

B site (Kowallis, 1997). The same conditions were proba-

bly responsible for an increase of Mn substituting for Ca in

the A site. Evidence from ilmenite in the cores of titanite

and higher Fe/Al and Mn/Ca in the rims, also suggest that

the mineralized plutons became progressively oxidized

over time.

Titanium-in-zircon temperatures calculated for the miner-

alized units indicate that these magmas were largely

crystalized at 750–650°C in near-eutectic conditions close

to the solidus of hydrous granite. These data provide addi-

tional information about the conditions for metal and S be-

haviour as they are partitioned into the hydrothermal phase,

rather than incorporated into earlier-formed minerals or

forming magmatic sulphide (Burnham and Ohmoto, 1980;

Candela, 1986). Barren or weakly mineralized plutonic

phases show evidence of the initiation of crystallization at

higher temperature compared to fertile phases.

Zircon REE compositions indicate that fertile granitic bod-

ies have small negative Eu anomalies (EuN/EuN* =0.35).

This reflects 1) high water content and consequent suppres-

sion of early plagioclase crystallization (e.g., Ballard et al.,

2002) and 2) late magmatic oxidation resulting in the loss

of SO2-rich magmatic-hydrothermal ore fluids during late-

stage crystallization of granite (Dilles et al., 2015). The

smaller Eu anomalies observed in zircons from mineralized

intrusions compared to nonmineralized intrusions may re-

sult from suppression of plagioclase crystallization at high

pressure and water content (Richards et al., 2012), or they

could be due to the higher oxidation state of melts (e.g.,

Dilles et al., 2015). However, evidence from the Fe/Al ra-

tios in titanite independently suggests higher oxidation

state, which is consistent with only moderate Eu anomalies

in the zircons of fertile intrusions. Moreover, S and Cl de-

pletion in apatite indicates degassing of SO2-rich magmatic

volatiles, thus supporting the required oxidation state.

This study shows that apatite, titanite and zircon can pro-

vide tools to characterize fertility factors in plutonic rocks,

in particular Cl and S contents, temperature and oxidation

state. The use of these three indicator minerals together

provides a means of assessing the Cu fertility of plutons.
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Introduction

The northern cordillera has been the focus of traditional pros-

pecting for nearly 200 years. Placer-gold occurrences are

widespread and have supported an industry that has under-

pinned many local economies. In some cases, further pros-

pecting has identified significant in situ mineralization that

has also been profitably exploited, but the relationship be-

tween placer gold and its source lode is less clear at other lo-

calities, either as a consequence of extensive surficial sedi-

ments or because complex solid geology provides several

potential geological settings for source mineralization.

Both these factors have constrained exploration in British

Columbia (BC). The use of gold compositional studies has

elevated the potential value of detrital gold from a simple

physical marker to an indicator of the source style of miner-

alization. For example, regional studies in the Yukon and

the Fortymile district of the Yukon and Alaska have identi-

fied the importance of gold derived from orogenic systems

in local placer inventories, even when an intrusion-related

source type has been proposed (Wrighton, 2013). This ap-

proach has also been used in BC to elucidate detailed varia-

tion in the mineralogy of detrital gold in the Cariboo gold

district and to infer the relative importance of lode sources

(Chapman and Mortensen, 2016). The alkalic copper-gold

porphyries of BC are both potential sources of detrital gold

and located within wider auriferous areas. Consequently,

the region provides an excellent study area in which to ex-

plore the potential of gold compositional studies in the con-

text of exploration in a challenging environment.

Exploration for porphyry mineralization is increasingly fo-

cused on techniques that can identify mineralization con-

cealed by Quaternary cover. Studies of the trace-element

mineralogy of minerals formed in porphyry systems (e.g.,

Bouzari et al., 2010, 2016; Celis et al., 2014; Pisiak et al.,

2015) have identified mineralogical markers indicative of

the environment of formation within an evolving mag-

matic-hydrothermal system. The overall aim of these stud-

ies has been to permit informed interrogation of heavy-

mineral concentrates (HMC) collected during exploration

campaigns.

Native gold grains derived from such mineralization may

also be present in panned concentrates. However, the sim-

ple presence of gold grains is not necessarily indicative of

derivation from the exploration target. For example, Kelley

et al. (2011) reported that the nature of gold-dispersion

trains in glacial sediments in the environs of the Pebble por-

phyry in Alaska may have been influenced by the influx of

gold from different sources. The dispersion of particulate

gold from the Mt. Polley porphyry deposit through glacial

transport was investigated by Plouffe et al. (2013), who

noted that the presence of a large, auriferous paleoplacer

deposit lying stratigraphically below till near the deposit

could have resulted in gold grains being recycled into the

more recent sediments. The information flowing from the

identification and character of particulate gold in HMC

would be far greater if it were possible to establish its gen-

etic origin.

Studies of gold-grain chemistry have been undertaken by

several workers since the advent of the electron micro-

probe, which facilitates rapid determination of the major al-

loying elements (Ag, Cu, Hg, Pd) within native gold parti-

cles. Antweiler and Campbell (1977) identified systematic

spatial variation in both Ag and Cu contents of native gold

in the environs of Circle City, Alaska and speculated that

gold composition was a consequence of the temperature at

which the source mineralization was emplaced. Subse-

quent studies in important placer districts, such as the

Cariboo (Mctaggart and Knight, 1993) and the Klondike

(Knight et al., 1999), also identified variation in the alloy

compositions of populations of gold grains collected from

different localities. Knight et al. (1999) applied these data
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to speculate that some in situ sources of Klondike placer

gold remained to be discovered.

In the late 1980s, the British Geological Survey developed

a refined approach to gold-grain characterization that in-

volved systematic screening of grain sections to identify in-

clusions of other minerals preserved within the gold grains.

They successfully correlated inclusion suites with variation

in alloy composition to refine the characteristics of popula-

tions of detrital gold grains. This approach of ‘micro-

chemical characterization’ has been applied to gold from

many localities worldwide, (e.g., Chapman et al., 2000,

2010; Chapman and Mileham, 2016), with a view to devel-

oping a global template by which detrital gold can act as an

indicator for the source style of mineralization. The use of

inclusions in the characterization process has permitted

clarification of placer-lode relationships in the Lone Star

area of the Klondike, where consideration of inclusion sig-

natures distinguished between populations of gold from

different sampling sites that were previously indistinguish-

able in terms of their alloy composition.

Although distinction between populations of grains de-

rived from different mineralizing events and different

source styles of mineralization are commonly identified us-

ing this approach, the methodology depends upon analyses

of much larger gold grain populations than are routinely

collected in HMC. Such gold-grain studies normally re-

quire a separate dedicated sampling exercise by personnel

experienced in collecting gold particles in areas of low

abundance. Any analytical method that could reduce the

number of gold grains required to establish provenance

would effectively remove this major barrier to using

detrital gold as an indicator mineral.

The determination of trace metals by laser-ablation induc-

tively coupled plasma–mass spectrometry (LA-ICP-MS)

has only rarely been applied to particulate gold, principally

because gold commonly contains mercury, which takes

considerable time to be flushed through the instrument and

is a major interference when the instrument is used for U-

Pb isotopic dating of other minerals. Unlike many other

LA-ICP-MS installations available in Canada and else-

where, the equipment at Leeds is not used for dating by Pb

determination, and thus may be routinely employed for

gold analysis. The data flowing from LA-ICP-MS analysis

would allow characterization of gold based on a far larger

array of trace elements and at lower detection limits than is

currently possible using electron microprobe (EMP) meth-

ods, but has the disadvantage that the method is destructive.

This project involves analysis of populations of gold grains

from throughout BC whose microchemical signature has

already been determined (Figure 1, Table 1). The aims of

the project are to provide the first large-scale dataset that

would allow:

1) evaluation of the suitability of LA-ICP-MS for gold

analyses,

2) comparison of microchemical signatures with trace-ele-

ment signatures, and

3) identification of any trace-element signatures diagnos-

tic for gold formed in specific environments.

This paper contains the preliminary findings of this study,

which commenced in August 2016. Analysis of some target

sample suites is complete, while others remain to be ana-

lyzed. Consequently, it is not yet possible to interrogate the

full database to answer points 1–3 (above).

Methodology

Sample Suites

Various sample suites studied in previous projects were

available to the present study. They include those that un-

derpinned studies of the Cariboo gold district (Chapman

and Mortensen, 2016) and studies of gold derived from

alkalic porphyry systems (Chapman and Mileham, 2016).

Populations of gold grains previously collected had been

mounted in resin blocks and polished to reveal grain core to

facilitate earlier microchemical studies. It has not been pos-

sible to analyze every grain in all these collections because

of the large numbers involved. Nevertheless, complete

datasets will be generated for some sample populations that

are considered important to the study. The samples anal-

yzed are indicated in Table 1.

Analytical Method

Images of the polished block surface were used to identify

each grain within each sample population, while enabled

correlation of previous microchemical data with that ob-

tained by laser-ablation inductively coupled plasma–mass

spectrometry (LA-ICP-MS). The LA-ICP-MS system uses

an Agilent 7500c quadrupole mass spectrometer, combined

with a Geolas ablation system to determine the composition

of individual grains. The Geolas ablation system uses a

Compex 103 ArF excimer laser operating at a wavelength

of 193 nm and delivering an energy density of up to 20 J/cm

on the sample surface at a pulse frequency of up to 20 Hz,

with spot sizes ranging from 5 to 160 µm. The ablated mate-

rial is transported from the ablation cell to the ICP-MS us-

202 Geoscience BC Summary of Activities 2016

Figure 1. Locations of gold-grain sampling in central British Co-
lumbia: a) location of the Cariboo gold district (box; see part b) and
sample locat ions near Kamloops (Afton mine, MINFILE
092INE023; Tranquille River placer, MINFILE 092INE106; and
Cherry Creek) and in the Princeton area (Copper Mountain mine,
MINFILE 092HSE001; Similkameen River placer, MINFILE
092HSE233; Whipsaw Creek placer, MINFILE 092HSE236; and
Friday Creek); b) detail of sample locations in the Cariboo gold dis-
trict (Spanish Mountain, MINFILE 093A 043; Mount Polley,
MINFILE 093A 008); geology adapted from Mortensen and Chap-
man (2010); grid references for other placer localities provided in
Table 1; place names with the generic in lower case are unofficial;
refer to BC Geological Survey (2016) for MINFILE records.
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Table 1. Sample localities, indicating progress of the experimental program
in the context of the original proposal.



ing 99.9999% He flowing at 2 ml/min into a cyclone mixer,

where it is combined with the Ar carrier gas flowing at

1.02 ml/min. The instrument can be operated in reaction-

cell mode using 2.5 ml/min 99.9999% H2 to remove inter-

ferences from 40Ar on 40Ca and from 56ArO on 56Fe; how-

ever, this also reduces the signal intensity of both the back-

ground and the analyte. In general, the target elements

analyzed had low background signals and the only benefit

would have been the ability to use the major 56Fe isotope for

analysis, but it was found that operating without the reac-

tion cell enhanced sensitivity for the isotopes analyzed.

Figure 2 shows the effects of ablating gold grains for 150

laser pulses. The predominant feature is the rim of metal

that has condensed on the surface around the ablation pit.

This is much less than the volume of material that has been

transported into the ICP-MS, but analysis of these rims

does not indicate there has been any elemental fractionation

between what has been transported and what has been con-

densed. As gold is easily ablated at the 193 nm wavelength,

the laser energy was reduced to 6 J/cm and the pulse rate

tuned to 5 Hz. The best analytical data are gained from con-

ditions where a stable ablation profile is achieved for peri-

ods of around 10 seconds (Figure 3), as this allows the mass

spectrometer to cycle through the elements a number of

times to produce the most reproducible ratios relative to the

internal standard element. At higher energies or higher

pulse rates. the gold was ablated all the way through too

quickly and analyses were less reproducible and accurate.

As an estimate, it was found that 150 pulses was ablating

the gold to a depth of around 100–120 µm. The lower en-

ergy did result in a lower ablation rate and, accordingly, a

lower ICP-MS response, but this was not overly signifi-

cant. The size of the laser pulse determined the depth to

which ablation was possible and hence the duration of the

ICP-MS elemental signal. For spot sizes of 5, 10 and 15 µm,

there was an initial signal whose duration increased with

the size of spot but rapidly diminished prior to the selected

target of 150 laser pulses. The laser energy could penetrate

to the bottom of the smaller diameter laser pits as effec-

tively and hence ablation of the gold ceased. Therefore, all

the gold grains were analyzed with spot diameters of 25–

100 µm, with 50 µm being the most frequent size used, to

ensure ablation continued for the full 150 pulses.

Calibration and Quantification

The gold grains were analyzed for a large number of ele-

ments to see which were detectable and to provide an ap-

praisal of which would be useful in distinguishing different

deposits and metallogenic types, and potentially be indica-

tive of processes operating during precipitation. The suite

of elements was 27Al, 29Si, 32S, 47Ti, 51V, 53Cr, 55Mn, 57Fe,
59Co, 60Ni, 63Cu, 66Zn, 69Ga, 72Ge, 75As, 82Se, 89Y, 93Nb,
95Mo, 103Rh, 105Pd, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te,
139La, 182W, 195Pt, 197Au, 202Hg, 208Pb, 209Bi, 232Th, 238U, all

at 10 ms dwell times and with a total cycle time of

0.442 seconds.

The LA-ICP-MS quantification requires that elements are

measured as ratios relative to an internal standard of known

concentration. Therefore, all elements were measured us-

ing Au as the internal standard. Integration of the standard

and sample signals was achieved with the SILLS software
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Figure 2. Scanning electron microscope images of laser-ablation pits in gold after ablation for 150 laser pulses. Penetration depth into the
gold is approximately 100 µm. Re-precipitated metal forms a rim around the ablation pit, but the majority of material is transported as an
aerosol to the ICP-MS. The image on the left shows where the laser has penetrated through the gold grain (hole at bottom left). On the right,
a series of closely spaced 50 µm pits shows how spatial compositional variations in a single gold grain could be determined.



package (Allan, 2005; Guillong et al., 2008). The London

Bullion Market Association Reference Standard AuRM2

was used as the primary standard for Ag, Al, As, Bi, Cr, Cu,

Fe, Mn, Ni, Pb, Pd, Pt, Rh, Sb, Se, Sn, Te and Zn, with the

remaining elements calibrated against NIST 610 glass,

again using Au as the internal standard element. However,

AuRM2 was not suitable for accurate determination of the

Ag/Au ratio, as the Ag/Au ratio of the standard is 9.96-5,

whereas most of the gold grains have Ag/Au ratios of 0.25

to 0.66 (corresponding to ratios of 80:20 to 60:40 percent

Au:Ag, respectively). Hence, this would require extrapo-

lating the calibration many orders of magnitude above the

value of the standard. The NIST 610 standard has a Ag/Au

ratio of 0.106, which is closer to the sample values and did

produce more accurate results. The Ag/Au ratio used in the

final quantification was calibrated against NIST stan-

dard 481, which is a set of Au-Ag wires ranging in compo-

sition from pure Au and Ag to intermediate compositions of

80:20, 60:40 and 40:60 percent Au:Ag respectively. The

80:20 standard was used for quantification and, despite the

difference in matrix and in the concentration of both ele-

ments, gave a calibration that was almost identical to that

obtained using NIST 610. Determining the calibration for

Hg used the USGS synthetic sulphide standard MASS-1, as

Hg is not present in the NIST standards or the AuRM2 stan-

dard. In this instance, the calibration was based on using Ag

as the internal standard element, as there is no Au in MASS-

1, and manually extracting the counts per second ratio for

Hg/Ag from the SILLS output to use with the Hg/Ag wt./

wt. ratio of the standard. A combination of calibrations

based on the S/Au from NIST 610 and S/Ag from MASS-1

(calibration procedure was the same as for Hg/Ag) was

used to determine the S wt./wt. ratio in the gold grains.

Standards SRM-610 and AuRM2 were used to monitor in-

strumental drift, which was found to be insignificant over

each day’s analyses. The slope of the calibration graphs

converting the counts per second ratios to weight ratios was

consistent during the 2–3 week analysis period, indicating

the stability of the instrumentation. Using SILLS, it was

possible to determine the wt./wt. ratios of elements in the

samples using either NIST 610 or AuRM2 as the calibra-

tion standard. Element concentrations of the samples, with

the exception of Pd and Pt, were within 10% of each other,

which indicates that matrix effects are negligible using this

analytical system.

Processing of the ICP-MS output using SILLS produces a

series of background-corrected wt./wt. ratios for each of

the elements analyzed relative to the internal standard ele-

ment, Au, which is given a value of 1. If the value of the in-

ternal element is known for each area ablated, then that can

be input instead and the concentration of the other elements

will be output as concentrations; however, the concentra-

tion of Au in the grains is unknown. The approach used here

was to sum the wt./wt. ratios of all the elements/Au that

were above the detection limit and divide 1 000 000 ppm

(100%) by that number, which when multiplied by the indi-

vidual element/Au ratio gives the ppm value for that ele-

ment. In effect, element concentrations were determined by
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Figure 3. Visualization of ablation of a gold grain with 150 laser
pulses over 30 seconds using the SILLS software package (Allan,
2005; Guillong et al., 2008). The elemental traces are a depth pro-
file through the gold going down to approximately 100 µm: a) abla-
tion-depth profile initially shows elements in gold but then ablates a
sulphide inclusion; with SILLS, it is possible to integrate the gold
separately from the inclusion, as the shaded area indicates; in the
gold area, the elements are (from bottom to top) Bi, Hg, Cu, S, Ag
and Au and, in the inclusion, they are (from bottom to top) Pb, As,
Bi, Fe, Hg, Cu, S, Ag and Au; the elements Hg, Cu, Ag and Au do
not vary as the inclusion is ablated, so the inclusion is composed of
Bi, As, Pb, Fe and S; b) ablation-depth profile of a gold grain with-
out inclusions; the elements shown (from bottom to top) are Pd, S,
Cu, Hg, Ag and Au; for each element, the signals are quite constant
and parallel; in this case, the period of ablation would be integrated
and processed with SILLS.



normalizing the total to 100%, thereby eliminating the need

for a true internal standard, because everything with a

significant concentration has been analyzed and the total

will be 100%.

Figure 4 compares the alloy compositions of gold grains

from a low-sulphidation epithermal deposit (Black Dome)

with those from the Similkameen River placer adjacent to

Copper Mountain. Results are included for Au, Ag, Hg and

Cu obtained using both electron microprobe and LA-ICP-

MS. In both examples, the median and distribution of ana-

lytical results are quite comparable except for Cu from the

epithermal deposit, where the LA-ICP-MS data are at sig-

nificantly lower concentrations. However, this is likely to

be a due to the microprobe analysis having a detection limit

that is much higher (~300 ppm), so it cannot accurately de-

termine lower concentrations. When the Cu concentration

is greater, as in the porphyry deposit, both methods give

very similar results. Thus, the good comparisons mean that

the analytical approach is valid and the LA-ICP-MS data

are comparable with EMP analyses.

Initial Results

This paper has detailed the application of LA-ICP-MS to

the analysis of gold grains and shown that the amount of ad-

ditional data that can be obtained is greater than was possi-

ble using only the electron microprobe as the analytical

method of choice. The analysis (to date) of 776 grains for

36 elements from different localities and different deposit
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Figure 4. Comparison of the Au, Ag, Hg and Cu concentrations in placer-gold populations
from two deposit types by electron microprobe and LA-ICP-MS. The statistical distribution
of concentrations (median, box is 25

th
to 75

th
percentile, upper and lower lines are 5

th
and

95
th

percentiles) compare well except for Cu in the epithermal deposit. However, the
microprobe analysis for Cu is at the detection limit for the technique.



types in BC has made it possible to define the elements that

are most commonly present at sufficient concentrations to

be used as potential discriminators of the origins of the

gold. Figures 5–7 show that it is possible to interrogate the

dataset at low concentrations of various elements to obtain

useful information. However, a full interpretation of the

data is not possible at present owing to the incomplete

dataset (Table 1).

In Figure 5, bivariate plots of the major elements in the gold

are shown for all the grains analyzed so far, differentiated

on the basis of the deposit type from which the gold origi-

nated. The alkali porphyry deposits have, in general, the

highest concentrations of elements other than the Au and

Ag that dominate the gold-grain composition as a binary

mixture. The alkali porphyry deposits plot below a binary

mixing line due to the high concentrations of Hg, up to
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Figure 5. Major elements in all gold grains analyzed, differentiated on the basis of the type of deposit
from which the placer grains originated.



10%, in these grains. There are reasonably good negative

correlations of Hg with Au and Ag, over a large range in Hg

concentrations, which is indicative of Hg replacing both Au

and Ag in the porphyry gold grains. The dataset available

that relates to epithermal deposits is relatively restricted

when compared to the other two types. Nevertheless, the

initial indication is that, for these types of deposit, there

may be distinction based on the higher Ag and the low Cu

and Hg concentrations. The number of gold grains from

orogenic deposits analyzed is relatively large and some

clearly defined trends have emerged. The majority of gold

grains are binary Au and Ag mixtures, with these elements

making up well over 99% of the composition, a result that is

well known from previous alloy studies using EMP. In gen-

eral, other elements are present at lesser concentrations

than the alkalic porphyry deposits but greater than the sin-

gle epithermal deposit studied here. There is a good posi-

tive correlation of Ag and Sb, and good negative correla-

tions of Ag with Cu and Hg. These trends have not been

previously observed in EMP datasets because of the higher

detection limits. It is encouraging, at this level of data inter-

pretation, that different sources of gold grains do seem to

have observable differences when looking at the dataset as

a whole. The observed correlations from measurement of

trace elements at low concentrations show that these are not

just random analyses, but may be related to processes dur-

ing gold deposition.

In Figure 6, three individual deposits (Spanish Creek, Black

Dome and Similkameen) have been chosen as examples of

gold derived from orogenic, low-sulphidation epithermal

and alkalic porphyry systems, respectively. Although some

differences in alloy compositions can be identified in the

EMP data (and corresponding inclusion assemblages), a

number of further differences can be observed in the suite

of minor elements whose concentrations have been mea-

sured using LA-ICP-MS. Gold from the Similkameen

placer (alkalic porphyry related) shows the most complex

elemental signatures and with trace elements at the highest

concentrations. Gold from the Black Dome deposit con-

tains fewer elements and at lower levels, whereas the signa-

ture of gold from Spanish Mountain (orogenic) falls mid-

way between the other two. Three elements are worthy of

particular attention: Hg, Cu and Pd. Concentrations of Hg

in gold alloy from the alkalic porphyry system are around

ten times higher than in the gold from Spanish Mountain,

which in turn exhibits Hg concentrations ten times those of

the gold from Black Dome. The detection limit for Hg by

EMP is around 0.3%, so the use of LA-ICP-MS allows

measurement and interpretation of Hg in the alloy at far

lower levels. Copper concentrations were generally highest

in gold from the alkalic porphyry system, although most

grains from this sample suite and the Spanish Mountain

suite returned similar values for Pd; however, some indi-

vidual grains from the Similkameen River exhibited far

higher Pd values. Palladium was absent in the gold from

Black Dome, where Cu concentrations were also very low.

Figure 7 compares LA-ICP-MS analyses of three placer

samples taken in the vicinity of the Copper Mountain

alkalic porphyry. The Similkameen River sampling locality

was immediately downstream of the main ore zone,

whereas those at Friday and Whipsaw creeks were more

distal. The three sets of analyses look similar, which is con-

sistent with derivation from similar distal sources sur-

rounding the porphyry. Minor deviations in signature (e.g.,

elevated Hg and Cd in the Similkameen River sample) are

likely to be a consequence of element zonation superim-

posed on the different catchments. The As content of some

gold grains from Whipsaw Creek was higher than those en-

countered elsewhere. The reasons for this difference re-

main unclear, although they are clearly related to a subpop-

ulation of grains specific to that drainage. However, the

overall similarity between the three signatures supports the

assertion that the technique yields reproducible results

from individual primary sources of mineralization.

Preliminary Observations and Concluding
Remarks

Successive ablation of natural gold yields datasets that re-

veal whether specific elements are present as alloy compo-

nents or as inclusions. The ability of the SILLS software to

visualize and filter out these modes of occurrence has en-

abled the authors to establish which elements have the po-

tential to act as discriminators when comparing alloy com-

positions. Consideration of the relatively small number of

data points described in this paper has highlighted advan-

tages of gold alloy analysis by LA-ICP-MS. The differ-

ences between alloy signatures in gold from different de-

posit types previously identified by EMP analysis are

evident in the LA-ICP-MS data, but the quantitative analy-

sis of Cu, Hg and Pd at trace levels permits additional inter-

rogation of these datasets. Most importantly, the use of LA-

ICP-MS has identified the potential for other elements

(e.g., Sb) to be used as discriminators and the ability to spot

trends in element ratios where analyses were close to the

detection limit by EMP. Regardless of the preliminary na-

ture of the data, it appears that there are reproducible

compositional similarities between populations of gold de-

rived from the same source, and that differences exist be-

tween signatures of gold from different source types. The

authors stress that, as yet, there are insufficient data to es-

tablish whether such differences are generic or a conse-

quence of specific environments of mineralization. Ongo-

ing studies will seek to clarify this question while also

focusing on the detailed examination of the new datasets in

the context of existing characterization of the microchem-

ical signatures.
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Figure 6. Analyses of the most common elements from three deposits that are representa-
tive of the different styles of mineralization. In this initial presentation, it is clear that there are
significant differences in the concentrations of elements, other than Au and Ag, from the
three deposit types.
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Figure 7. Analyses of placer grains from different streams in the vicinity of the Copper Moun-
tain porphyry. Elements shown are those that are most prevalent in the grains. In general,
the analyses show a good degree of similarity, but Hg, for example, is much higher at
Similkameen than the other two placers.



The initial results of the study reported here have built upon

the foundations of gold compositional work established us-

ing microchemical characterization. British Columbia pro-

vides an excellent testing ground to develop this methodol-

ogy, by virtue of the diverse nature of gold mineralization

and the overall gold endowment. Ongoing studies will con-

stitute a novel approach to illuminating regional gold

metallogeny through the studies of detrital gold, which is

relevant not only to a better understanding of Cordilleran

geology but to application in comparable areas of explora-

tion interest globally. Consequently, the authors will con-

tinue to evaluate the possibility of establishing a low-cost,

early-stage exploration methodology that would form a

valuable addition to the suite of techniques available to

explorationists in BC.
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Introduction

Porphyry Cu deposits are the primary source of Cu globally

and, although demand ebbs and flows and recycling is in-

creasing, a pipeline of quality projects and resources is

needed to replace decreasing inventories (Seedorff et al.,

2005; Sillitoe, 2010; Thompson, 2016). Exploration costs

and expenditures have increased approximately threefold

during the last 12 years (Wilburn et al., 2015; Wood, 2016),

yet discovery rates are down and very few new deposits

have been found (Sillitoe, 2013). As a result, exploration is

moving into underexplored, high-risk political jurisdic-

tions and beneath cover (systems with no surface expres-

sion) in known productive belts, necessitating more effec-

tive and efficient exploration methodologies and techniques

(Sillitoe, 2013; Schodde, 2014; Wood, 2016).

The volume of hydrothermally altered rocks outboard of

economically significant concentrations of Cu-Fe–sul-

phide minerals is termed the porphyry footprint. An under-

standing of the fluid types that can be present during por-

phyry Cu formation, how they manifest in the footprint and

their spatial distribution with respect to Cu-mineralized

portions of the system is critical to developing better explo-

ration tools. This work is part of the Porphyry Copper Foot-

prints Subproject of the Canada Mining Innovation Council

(CMIC) and Natural Sciences and Engineering Research

Council of Canada (NSERC). Its purpose is to investigate

the petrophysical, structural, mineralogical, geochemical

and isotopic footprints of the porphyry Cu (±Mo) deposits

in the Highland Valley Copper (HVC) district of south-cen-

tral British Columbia (BC; Figure 1). The Teck Highland

Valley Copper Partnership (‘Highland Valley Copper’) is

wholly owned and operated by Teck Resources Limited.

The district contains proven and probable reserves of
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Figure 1. Simplified geology of the Quesnel terrane in southern
British Columbia. Geological data from Massey et al. (2005). Blue
outline indicates the area shown in Figure 2a.



577 200 tonnes at 0.29% Cu and 0.007% Mo (Teck Resour-

ces Limited, 2016).

Four major porphyry Cu (±Mo) systems, hosted in various

intrusive facies of the Late Triassic Guichon batholith, oc-

cur in the HVC district (Figure 2a). Exposure and airborne

magnetic data indicate that the batholith has an oval shape,

elongate to the northwest, with a long axis of approxi-

mately 60 km and a short axis of 25 km. Due to its size and

low degree of exposure (~3%), the HVC district is a realis-

tic natural laboratory in which to investigate the large-scale

footprint of porphyry Cu deposits, integrate disparate geo-

logical and geochemical datasets, and develop new meth-

odologies and genetic understanding to aid modern explor-

ation geoscientists.

Two field seasons of mapping and sample collection have

been completed. Whole-rock lithogeochemistry, represen-

tative rock slabs and thin sections have been processed and

analyzed for mineralogy and paragenesis. McMillan (1976,

1985) described argillic and propylitic alteration at HVC;

however, the district-scale footprint of sodic-calcic (Na-

Ca) alteration had not been recognized in the Guichon

batholith before the current study (Figure 2b). This paper

presents a description of the Na-Ca alteration in the Gui-

chon batholith and outlines the research question concern-

ing its genesis.

Geological Setting

Regional Geology

The Quesnel terrane in the Canadian Cordillera is charac-

terized by Mesozoic island-arc assemblages comprising

volcanic and sedimentary rocks and associated intrusions.

The most important rocks for this study are the Late Trias-

sic Nicola Group and the Guichon batholith (Coney et al.,

1980; Logan and Mihalynuk, 2014). The Nicola Group

consists primarily of andesitic submarine volcanic and as-

sociated volcano-sedimentary rocks of island-arc affinity

(Preto, 1979; Mortimer, 1987; Ray et al., 1996) that were

deposited in a rifted marine basin above an east-dipping

subduction zone (Colpron et al., 2007). The I-type, low-K

tholeiitic to medium-K calcalkalic Guichon batholith (Fig-

ures 1, 2a; Northcote, 1969; McMillan, 1976; D’Angelo,

2016) intruded the ca. 238–202 Ma Nicola Group between

ca. 211 and 204 Ma, prior to docking with ancestral North

America (Logan and Mihalynuk, 2014; Mihalynuk et al.,

2016). The region subsequently underwent Cretaceous

shortening and localized Paleogene–Neogene extensional

deformation (Colpron et al., 2007).

District Geology

Several texturally and compositionally distinct intrusive

facies are recognized in the Guichon batholith (Northcote,

1969; McMillan, 1976; D’Angelo, 2016.). Older marginal

and equigranular mafic rocks transition to younger, cen-

trally located, inequigranular to porphyritic felsic facies

(Figure 2a). A cluster of at least four porphyry Cu deposits,

hosted by the inner intrusive facies, and ~160 additional Cu

showings occur in the HVC district (Figure 2a; McMillan et

al., 2009; Byrne et al., 2013). Two main stages of mineral-

ization are recognized at HVC (McMillan, 1985; Byrne et

al., 2013), and these are separated by ~1 m.y. and intrusion

and crystallization of the most evolved intrusive rocks

(D’Angelo, 2016). A postmineral, north-trending, dextral

strike-slip fault cuts the Valley and Lornex deposits (Fig-

ure 2a). Restoring approximately 3.5 km of dextral move-

ment suggests that the Valley and Lornex deposits were

once a single porphyry centre (Hollister et al., 1976; Mc-

Millan, 1976).

Several features indicate that some of the porphyry centres

at HVC were deeply emplaced. Plutonic hostrocks, horn-

blende bathymetry (D’Angelo, 2016), presence of unidi-

rectional solidification textures and coarse muscovite–

dominated (Byrne et al., 2013) early halo-type (or greisen-

like) veins imply that the Valley-Lornex cupola and por-

phyry Cu system was likely emplaced between 4 and 5 km

deep (Seedorff et al., 2008; Proffett, 2009; Riedell and

Proffett, 2014). A 4–5 km emplacement depth for the Val-

ley-Lornex porphyry system (Figure 3) is also consistent

with stratigraphic-thickness estimates for southern

Quesnel Nicola Group rocks of between 3 and 6 km (Preto,

1979). At depths greater than approximately 4 km, a single-

phase supercritical fluid (of moderate salinity, ~10%)

would likely have been stable, possibly leading to mineral-

ization styles and an alteration footprint that are atypical of

porphyry environments (Rusk et al., 2008; Richards,

2011b; D’Angelo, 2016). The exposure and prevalence of

Na-Ca alteration indicates a deep level of erosion (Figure 3;

Seedorff et al., 2008; Halley et al., 2015).

Sodic-Calcic Footprint and Characteristics

Field mapping of domains of high vein density (>0.5 cm/m)

highlights fluid pathways within the district (Figure 2b).

The Na-Ca facies in the Guichon batholith consists primar-

ily of light green epidote veins with haloes of albite ± fine-

grained white mica ± epidote ± chlorite ± actinolite (Fig-

ures 4, 5). A key characteristic of the Na-Ca facies is the se-

lective replacement of primary K-feldspar by secondary al-

bite ± fine-grained white mica. Within Na-Ca haloes,

primary mafic minerals are replaced by chlorite and local-

ized actinolite, with accessory titanite (Figure 5g). Sodic-

calcic veins and haloes occur in ~0.5–2 km wide, north-

northeast- and northwest-trending domains that extend

along trend from Cu centres for up to 7 km in a nonconcen-

tric pattern (Figure 2b). At the Bethlehem porphyry centre,

Na-Ca alteration is most common at depth beneath biotite-

altered and Cu-mineralized breccias but is exposed at

higher elevations in structurally controlled domains in the
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west and south pit walls. Some isolated do-

mains of Na-Ca facies occur in mafic Bor-

der facies rocks. Individual vein orienta-

tions are similar to the trend of the larger

alteration domains. Outcropping Na-Ca–

altered rocks are typically white and frac-

tured, and contrast with surrounding

wallrock (Figures 4a, b). Isolated veinlets

with narrow haloes, however, are less con-

spicuous (Figure 4c). Epidote veins typi-

cally have an irregular morphology and dif-

fuse walls, and can vary in thickness along

strike and down dip (Figures 4c, d). In all

examples, K-feldspar is altered to albite

within the alteration halo (e.g., Figures 5a–

d), whereas plagioclase appears to be less

susceptible and only albitized within in-

tense alteration haloes (Figure 5e). Alter-

ation haloes typically range in width be-

tween 0.5 and 2 cm but can be up to 1 m

wide on large veins. More pervasive albite

al terat ion, local ly accompanied by

actinolite and relict garnet (mostly retro-

graded to pumpellyite and chlorite) formed

close (150–1000 m) to the porphyry-Cu

centres and stocks (Figures 2b, 4b). In hand

sample, albite haloes are opaque and the

primary twinning and lamellae in igneous

feldspars are absent. In thin section, albite-

altered feldspar is turbid and associated

with coeval, disseminated, fine-grained

(~5–10 ìm) white mica and microporosity

(Figures 5f, g).

Prehnite veinlets (±epidote) with plagioclase-destructive

white mica–prehnite haloes (±chlorite-vermiculite in

hornblende and biotite) constitute the most abundant and

widespread alteration facies in the Guichon batholith. The

K-feldspar is generally stable within prehnite-vein alter-

ation haloes (Figures 5c, d). Initial shortwave-infrared

spectral analysis (TerraSpec 4) of this facies identified a

mixed spectrum of white mica (illite), prehnite and subordi-

nate chlorite. Hyperspectral analysis of rock slabs, com-

pleted by P. Lypaczewski (CMIC Ph.D. student, University

of Alberta), more clearly showed prehnite morphology

(vein-fill and disseminated grains in the halo) in rock slabs,

and its distribution in the HVC district. Prehnite in rock

slabs varies from opaque to light mint-green or dark green

and the mineral is susceptible to amaranth stain after etch-

ing with HF (Figure 5d). In hand sample, plagioclase al-

tered to white mica is typically pale mint-green in colour. In

thin section, small grains (20–100 ìm) of prehnite and

more abundant fine-grained clusters (5–20 ìm) of white

mica occur together in altered plagioclase crystals. Prehnite

veins exhibit a wide range of orientations throughout the

batholith. Prehnite veinlets and their associated white mica–

chlorite alteration commonly refracture and overprint ear-

lier-formed veins and haloes, resulting in complex alter-

ation patterns in hand sample.

Paragenetic Sequence

Most of the Na-Ca alteration appears to have occurred be-

tween the main stages of Cu introduction in the HVC dis-

trict (Figure 6). Sodic-calcic alteration overprinted biotite–

K-feldspar–bornite–chalcocite veins and alteration, and

magmatic-hydrothermal breccia, in the Bethlehem system

(Figure 4e; Byrne et al., 2013). Narrow (0.2–1 cm) K-feld-

spar fracture haloes, with and without trace chalcopyrite

patina, are found up to 4 km away from the Valley-Lornex

and Highmont Cu centres (Lesage et al., 2016). These

early-mineral K-feldspar fracture haloes were overprinted

by Na-Ca veins at most locations. Locally within the High-

mont porphyry Cu centre, however, quartz–chalcopyrite–

K-feldspar veinlets appear to crosscut epidote veins with

albite haloes (Figures 5a, b). Main-stage veins containing

quartz, coarse muscovite and Cu-Fe–sulphide crosscut epi-
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Figure 3. Schematic alteration zonation through the Valley-Lornex porphyry Cu cen-
tre hosted in the Guichon batholith (modified after Halley et al., 2015). Note 1) the
structural control on Na-Ca–alteration facies; 2) the interpreted emplacement depths
and exposure levels of the Valley-Lornex centre (labelled ‘x’) and the shallower Beth-
lehem breccia–hosted porphyry centre (labelled ‘y’); and 3) the exclusion of the alter-
ation at Bethlehem for clarity. Mineral abbreviations: ab, albite; act, actinolite; alu, alu-
nite; bt, biotite; cb, carbonate mineral; chl, chlorite; ep, epidote; ilt, ilmenite; kfs, K-
feldspar; ms, muscovite (coarse grained); prh, prehnite; prl, pyrophyllite; qz, quartz;
sme, smectite; wm, white mica–sericite (fine grained).
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Figure 4. a) Fresh roadcut exposure of Na-Ca alteration in the northeastern part of the batholith. b) Intense albite–white-mica alteration
above the Bethlehem pit; note the highly fractured Na-altered domain compared to the blocky fracture pattern of a late-mineral dike on the
left side of the image. c) and d) Examples of epidote veins with albite haloes hosted in Guichon granodiorite. e) Drillcore from the centre of
the Jersey (Bethlehem) porphyry system, showing biotite veins and alteration, and Cu mineralization overprinted by intense albite and
epidote-albite (hematite stained); the Na-Ca facies is Cu-grade destructive and leaches Fe. f) Premineral quartz and feldspar porphyry
stock at Highmont crosscut by albite-fracture haloes (white coloured), which are in turn cut by coarse muscovite-bornite veins. Mineral ab-
breviations: bn, bornite; bt, biotite; ep, epidote.
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dote veinlets with albite haloes and pervasive albite-altered

rocks (Figure 4f) at Valley-Lornex and Highmont. North

and east of Bethlehem, rare tourmaline veinlets, with and

without haloes of K-feldspar or intense white mica, are

overprinted by epidote veins with albite–white mica haloes

(Figure 5h). Sodic-calcic–altered rocks are crosscut by

prehnite veinlets with plagioclase-destructive white mica

haloes (Figures 5c, d) but still have distinctive major- and

minor-element enrichments and depletions: elevated Na2O,

CaO and Cl; a decrease in K2O and FeO; and high Na/Ba

and Sr/Ba (e.g., Figure 5e).

Discussion

The recognition and study of the Na-Ca alteration assem-

blage is important because

• mapping has shown that large domains of strongly Na-

Ca–metasomatized rocks are along strike of the por-

phyry Cu centres (Figure 2b);

• it locally removed magnetite and hornblende, thus

changing the rock petrophysical properties; and

• where it overprinted Cu mineralization, it is destructive

of the Cu grade.

Isotope and fluid-inclusion studies have shown that mete-

oric (Sheets et al., 1996; Taylor, 1979; Selby et al., 2000),

formational brine (Dilles et al., 1992) and magmatic-de-

rived (Dilles et al., 1992; Harris et al., 2005; Rusk et al.,

2008) fluids of varying salinities can all be present in vari-

ous proportions at different locations and times in an evolv-

ing porphyry system. Additionally, sericite at Koloula and

Waisoi in Papua New Guinea is interpreted to have formed

from seawater in young (1.5–5 Ma) and shallowly em-

placed porphyry systems (Chivas et al., 1984). Similarly,

calculated initial O and D isotopic compositions of coarse

muscovite from the Valley system at HVC suggest mixing

of seawater with high-temperature (370–500°C), Cu-

bearing magmatic fluids (Osatenko and Jones, 1976).

Widespread Na-Ca alteration may be caused by the flow of

external hypersaline formation waters, heated during in-

flow to the magmatic cupola regions along the margins of

potassic alteration (Dilles et al., 1992; Dilles et al., 2000).

Highly oxidized felsic magmas can produce fluids capable

of Na-, Fe-, Ca- or K-rich alteration (Arancibia and Clark,

1996). Similarly, fluids evolved from special alkalic melts

can cause Na metasomatism (Lang et al., 1995). The mag-

matic-derived Na-Ca–alteration examples, however, are

inconsistent with the scale and distribution features of Na-

Ca alteration in the Guichon batholith. Sodium-rich alter-

ation is widely developed in Permian to Jurassic arc igne-

ous rocks of the western United States, where it is attributed

to moderate- to high-salinity fluids of marine, formation

and/or meteoric origin, with or without a magmatic compo-

nent (Battles and Barton, 1995). The hypothesis that will be

tested in this study is that seawater drawn down and inward

along regional structures toward cupola regions caused Na-

Ca alteration during the upwelling of the magmatic-hydro-

thermal fluids that formed the porphyry Cu mineralization.

If this is the case, this process may be more prevalent in

island-arc porphyry systems than previously recognized.

This hypothesis will be tested using a combination of field

and laboratory techniques. First, field maps, feldspar-

stained rock slabs, hyperspectral images and petrography

will be used to establish the Na-Ca facies distribution, min-

eralogy and its paragenesis at HVC. This will be followed

by geochemical characterization by electron microprobe

analysis (EMPA) and laser-ablation inductively coupled

plasma–mass spectrometry (LA-ICP-MS) of the associated

minerals (epidote, albite, actinolite, titanite). Results will

be compared to Na, Ca and Na-Ca assemblages in other

systems: Yerington, Anne-Mason and Royston in Nevada

(Carten, 1986; Dilles and Einaudi, 1992); Sierrita-

Esperanza and Kelvin-Riverside in Arizona (Seedorff et

al., 2008); and Island Copper, Mt. Milligan, Gibraltar and

Woodjam in BC (Arancibia and Clark, 1996; Jago et al.,

2014; Chapman et al., 2015; Kobylinski et al., 2016).

Whole-rock 87Sr/86Sr values of unaltered samples will be

compared to the Sr-isotope composition of strongly Na-

Ca–altered samples to test for shifts from initial HVC mag-

matic compositions of 0.7034 (D’Angelo, 2016) to Triassic

seawater values of ~0.7076 (Tremba et al., 1975). Addi-

tionally, the Sr, O and D isotope compositions of epidote,

albite and actinolite will be measured and evaluated with

respect to magmatic and other fluid-reservoir (e.g., mete-

oric and seawater) compositions. Minerals formed from

magmatic fluids are expected to have initial ä18O and äD

values close to 6‰ and –60‰, respectively (Taylor, 1979),

whereas minerals formed from a fluid with seawater input

may move toward the composition of standard mean ocean

water (SMOW; ~0‰ for both ä18O and äD).
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Figure 5. a) Epidote vein with albite halo in Skeena granodiorite
crosscut by a quartz–K-feldspar–chalcopyrite veinlet. b) Feldspar-
stained image of photo (a); dark yellow indicates K-feldspar and
pink indicates calcic plagioclase; weak pink-stained to white
plagioclase is associated with fine-grained, pale green, white mica
and small grains of prehnite. c) and d) Epidote-quartz vein with K-
feldspar–destructive albite halo crosscut, offset and overprinted by
a prehnite veinlet with strong white mica–prehnite–chlorite halo;
hostrock is Chataway-facies granodiorite. e) Irregular epidote
veins with albite-chlorite haloes in Guichon granodiorite, also
showing lithogeochemical response of the corresponding sample.
f) Photomicrograph of albite- and white mica–altered feldspar and
actinolite-epidote–altered hornblende in Guichon granodiorite;
tourmaline vein fill is crosscut by epidote. g) Back-scattered elec-
tron image of partially actinolite-altered primary hornblende; note
accessory titanite; primary feldspar is altered to albite and contains
numerous disseminated inclusions of white mica and very fine
grained pore space (black). h) Fragments of tourmaline in
compositionally zoned (Fe-Al substitution) epidote. Mineral abbre-
viations: ab, albite; act, actinolite; ccp, chalcopyrite; chl, chlorite;
ep, epidote; fsp, feldspar; hbl, hornblende; kfs, K-feldspar; pl,
plagioclase; prh, prehnite; qz, quartz; ttn, titanite (sphene); tur,
tourmaline; wm, white mica.



Impact of Proposed Work

Porphyry Cu deposits provide the world with most of its Cu

and have likely been the focus of more academic research

than any other class of base-metal deposit. Significant ad-

vances in genetic understanding of porphyry systems, at

various scales, have been made. Exploration tools and

models (e.g., Holliday and Cooke, 2007) applicable to the

exploration geoscientist, however, have not advanced to

the same degree, with a few notable exceptions: fertility

(Richards, 2011a; Loucks, 2014); epidote-vector geochem-

istry (Jago, 2008; Cooke et al., 2014); lateral and vertical

metal zonation (Jones, 1992; Halley et al., 2015);

shortwave-infrared spectroscopy (Thompson et al., 1999;

Halley et al., 2015); and porphyry-indicator minerals

(Averill, 2011).

The research outlined in this paper is designed to test for ev-

idence of nonmagmatic fluid flow around porphyry Cu de-

posits, and how these fluids interacted with and affected

wallrock with increasing distance from the Cu centres. The

nonconcentric distribution of Na-Ca alteration is an impor-

tant modifier to typical alteration-zonation models. Results

from this research have the potential to refine exploration

models and leverage existing datasets, thus leading to more

cost-efficient and successful exploration programs.
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Introduction

A major challenge in understanding the genesis of epither-

mal gold deposits is that existing genetic models do not sat-

isfactorily explain the mechanisms responsible for high-

grade gold deposition and transport at temperatures charac-

teristic of the epithermal realm (150–300°C). Although

transport by dissolution in an aqueous hydrothermal liquid

is the widely proposed mechanism for mobilizing gold

within Earth’s upper crust (e.g., Helgeson and Garrels,

1968; Krupp and Seward, 1987; Sillitoe and Hedenquist,

2003; Simmons and Brown, 2006; Williams-Jones et al.,

2009; Zhu et al., 2011), experiments have shown that the

solubility of gold is too low in hydrothermal liquids at tem-

peratures less than approximately 400°C to account for the

extraordinarily high grades observed in some epithermal

deposits (e.g., Seward 1973; Gammons and Williams-

Jones, 1995; Heinrich et al., 2004; Stefánsson and Seward,

2004; Zezin et al., 2011; Hurtig and Williams-Jones, 2014).

It is therefore necessary to consider alternative explana-

tions for the high grades, including 1) that the temperatures

commonly assumed for gold transport greatly underesti-

mate the true temperature because they are based on esti-

mates of the conditions of deposition; 2) that high fluid

fluxes and steep physicochemical gradients can be main-

tained in single fractures for exceptional periods of time

(unlikely); and 3) that the capacity of a fluid to transport

gold is not controlled by simple solubility, either in a

vapour or a liquid, but is also determined by other pro-

cesses. For example, the development of boiling-mediated

nanoparticle suspensions (colloids) could greatly increase

the capacity of the fluid to carry gold. Resolving the issue of

how exceptionally high grade epithermal gold deposits

form will be an important step in elucidating the broader

question of how these deposits truly relate to the higher

temperature copper–molybdenum±gold porphyry systems

with which they are commonly associated.

The Brucejack deposit of Pretium Resources Inc. (MIN-

FILE 104B 193 and 104B 199; BC Geological Survey, 2016),

currently undergoing preproduction mine development in

the Stewart–Eskay Creek district of northwestern British

Columbia (Figure 1), is host to one of the highest grade (up

to 41 000 g/tonne Au) and best exposed intermediate-sul-

phidation or possibly low-sulphidation epithermal gold de-

posits in the world. The well-explored nature of epithermal

gold mineralization on the Brucejack property, combined

with its proximity to well-explored, world-class copper-

gold-molybdenum porphyry deposits (Snowfield and Kerr-

Sulphurets-Mitchell; Figure 2) of the Stikine Arc, offer an

unparalleled opportunity to study the genesis of epithermal

gold deposits, investigate their hydrothermal evolution

and, importantly, test their relationship to spatially associ-

ated porphyry systems.

This paper presents preliminary results from a recently ini-

tiated study of the Brucejack deposit, the purpose of which

is to petrographically and chemically (including isotopi-

cally) characterize its ores and associated hydrothermal al-

teration, and determine the composition of its mineralizing

fluids through fluid-inclusion analysis. These data will be

used to reconstruct, through thermodynamic analysis, the

physicochemical conditions that controlled gold mineral-

ization, and to quantitatively test plausible models of ore

formation. If successful, the study will improve on existing

models for the genesis of epithermal Au deposits and the

strategies that guide their exploration.

Regional Geology

The Brucejack deposit is situated in the Stewart–Eskay

Creek district of the northwestern Stikine terrane (Fig-

ures 1, 2), a paleo–island arc system akin to that of the mod-

ern-day Philippine archipelago (Marsden and Thorkelson,

1992). The Stikine terrane formed as an intraoceanic island

arc in the mid-Paleozoic and was accreted to the western
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continental margin of Laurentia in the Middle to Late Juras-

sic (Monger et al., 1991; Anderson, 1993). Volcano-sedi-

mentary rocks of the Late Triassic Stuhini Group and Early

Jurassic Hazelton Group dominate the stratigraphy of the

Stikine terrane. Two distinct episodes of magmatism in the

Late Triassic and in the Jurassic (229–221 Ma and 195–

175 Ma, respectively; Macdonald et al., 1996) affected the

Stuhini-Hazelton succession, which was deformed in the

Middle to Late Jurassic during accretion and during later

Cretaceous compressional tectonism (Greig and Brown,

1990; Alldrick, 1993). Porphyry magmatism is known to

span ca. 220–186 Ma on a terrane scale (Logan and Mihaly-

nuk, 2014); however, within the Stewart–Eskay Creek dis-

trict, uranium-lead ages for porphyry intrusions are gener-

ally limited to the ca. 197–193 Ma range (Kirkham and

Margolis, 1995).

Brucejack Property Geology

Five zones of mineralization have been explored in detail at

Brucejack (West, Valley of the Kings, Bridge, Gossan Hill

and Shore zones; Figure 3), all of which are hosted within

hornblende- and/or feldspar-phyric volcanic flows, lapilli

tuff, locally derived pyroclastic and volcanic conglomer-

ate, volcanic sandstone, siltstone and mudstone of the low-

ermost Hazelton Group, proximal to the regional-scale un-

conformity between the Stuhini and Hazelton groups

(Board and McNaughton, 2013). To the immediate west

and northwest of these zones, monzonitic, syenitic and gra-

nitic rocks of the Mitchell suite intrude volcaniclastic rocks

of the Stuhini and Hazelton groups; these intrusions are

closely associated with porphyry-style copper-gold-mo-

lybdenum mineralization on the adjacent Kerr-Sulphurets-
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Figure 1: Location of the study area in reference to the major lithotectonic subdivisions of the Canadian Cordillera (modified after McLeish,
2013 with lithotectonic boundaries from Johnston, 2008). Abbreviation: NRMT, Northern Rocky Mountain Trench (fault).



Mitchell and Snowfield properties (Kirkham and Margolis,

1995). Uranium-lead zircon ages from various phases of

these intrusions suggest that the porphyry-style mineraliza-

tion was emplaced at 195–192 Ma (Margolis, 1993; Mac-

donald et al., 1996). Large areas of hydrothermal alteration

affected and surround the intrusive complexes of the

Mitchell suite. These consist of 1) early potassic alteration

closely associated with porphyry copper and gold mineral-

ization; 2) locally overprinting propylitic and chlorite-seri-

cite alteration; and 3) widespread and well-developed, late

quartz-sericite-pyrite alteration that pervasively overprints

earlier alteration and extends distally into the surrounding

hostrocks of the Stuhini and Hazelton groups (Ghaffari et

al., 2012).

The intrusions of the Mitchell suite and the surrounding

rocks of the Stuhini and Hazelton groups were strongly de-

formed during Cretaceous tectonism. This deformation is

manifested by the development of 1) schistose and

mylonitic fabrics within the weakest, most intensely altered

intrusions and wallrocks; 2) prominent east-verging thrust

faulting, including the Mitchell and Sulphurets thrusts,

which penetrate and offset the Kerr-Sulphurets-Mitchell

deposit; and 3) steeply dipping to vertical, north-trending,

late-stage brittle faults, including the Brucejack fault

(Board, 2014; Febbo et al., 2015). The third group of struc-

tures has been interpreted to have reactivated a system of

pre-existing syndepositional basin-margin growth faults

that were initially active during deposition of the Hazelton

Group rocks (Nelson and Kyba, 2014).

Deposit Mineralization

Within the Valley of the Kings zone (VOK; Figure 3), gold

mineralization is hosted by extensive, predominantly

subvertical, quartz-carbonate-sulphide vein stockworks

and subordinate vein breccias. Five stages of veins have

been recognized in the VOK: 1) discontinuous pyrite-

stringer veins containing carbonate and quartz (Vn0);

2) electrum-bearing quartz–carbonate±sericite sheeted,

stockwork and brecciated veins (Vn1a, Vn1b and Vn1c, re-

spectively); 3) zinc–lead±copper sulphide veins containing

common silver sulphosalts and electrum (Vn2); 4) carbon-

ate±quartz veins containing abundant orange-coloured,

manganese-bearing calcite, and electrum (Vn3); 5) post-

mineral, Cretaceous, orogenic quartz±carbonate shear

veins with rare, remobilized pyrite, electrum and base-

metal sulphides in thrust-related shear bands (Vn4a, Vn4b)

and subhorizontal, barren, white bull-quartz tension-gash

veins with adjacent chlorite alteration (Vn4c; classification

modified after Tombe et al., 2014). The Vn0, Vn1a-c, Vn2

and Vn3 veins are largely undeformed to weakly deformed,

except within localized strain zones where they are moder-

ately to rarely strongly deformed. Evidence from crosscut-

ting relationships paired with hostrock uranium-lead zircon

and vein-hosted molybdenite rhenium-osmium age deter-

minations have constrained the age of Vn1a-c, Vn2 and Vn3

vein formation to ca. 188–183 Ma (Board, 2014; Tombe,

2015). Variably developed but generally intense quartz-

sericite-pyrite alteration occurs throughout the deposit but

is strongest proximal to the Brucejack fault and the uncon-

formity between the Stuhini and Hazelton groups, which

suggests that these structures may have acted as important

fluid conduits during hydrothermal alteration and mineral-

ization. Preliminary paleotemperature vectors derived

from alteration, mineralization and vein textures suggest a

down-temperature thermal gradient toward the east (up

stratigraphy) and away from the Snowfield and Kerr-

Sulphurets-Mitchell higher temperature porphyry centres,

located northwest of the deposit (Board and McNaughton,

2013).
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Figure 2: Major porphyry, epithermal and volcanogenic massive-
sulphide deposits of the Stewart–Eskay Creek district (modified af-
ter Ghaffari et al., 2012), with the locations of the Brucejack and
Snowfield properties highlighted.



Methods and Preliminary Findings

Fieldwork

Fieldwork completed to date has involved logging selected

north-south and east-west drillcore transects of the VOK,

and targeted mapping of mineralized showings on surface

and in the VOK underground-development workings. This

work has allowed for initial, field-level characterization of

the alteration, ore and temporal relationships of the five

vein stages, as well as familiarization with the broader

lithological nature, including pervasive alteration, of the

major mineralized zones on the property. Sampling of

drillcore, underground workings and a limited number of

outcrops has been carried out on the different vein and al-

teration types for the purpose of detailed petrographic and

geochemical investigations (discussed below). This has

been complemented by logging of core from selected

drillholes and mapping. Reconnaissance visits have also

been made to the adjacent Snowfield porphyry deposit to

collect samples for comparison.

Petrography and Mineral Chemistry

Textural relationships among the various ore, gangue and

alteration minerals are currently being established using a

combination of optical and scanning electron microscopy.

Results of this work will be used to develop a detailed min-

eral paragenesis for each vein stage. This information will

provide important insights into the physicochemical evolu-

tion of the fluids responsible for each vein stage.

From the work completed to date, there are several impor-

tant petrographic observations that point to a complex,

multistage evolution of the Brucejack hydrothermal system

during the ca. 188–183 Ma mineralizing event. In brief,

these are 1) at least three texturally distinct generations of

quartz, in veins representing the Vn1 electrum-mineraliza-

tion stage, that are locally well-organized into discrete

millimetre-scale domains, which may cut one another (Fig-

ure 4c, d); 2) evidence for silica dissolution as part of the

electrum-precipitation event(s), in the form of textures re-

flecting extensive corrosion of quartz-grain boundaries
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Figure 3: Geology of the Brucejack deposit area (modified after Tombe, 2015), showing
five main zones of mineralization that are hosted within a moderately to strongly sericite-
quartz-pyrite–altered sequence of hornblende- and/or feldspar-phyric volcanic flows, lapilli
tuffs, locally derived pyroclastic and volcanic conglomerate, volcanic sandstone, siltstone
and mudstone of the lowermost Hazelton Group. All zones are proximal to a regional-scale
unconformity between the Stuhini and Hazelton groups.
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Figure 4: Photomicrographs of quartz and electrum (dendritic opaque mineral) in Brucejack (Valley of the Kings zone) Vn1c veins and plot of
quartz solubility versus temperature at 50 MPa: a) and b) large quartz grain in centre of images has highly irregular, corroded grain bound-
aries where in contact with electrum; c) and d) at least three texturally distinct types of quartz are clearly evident, the finest grained type ap-
pearing to be cut by the medium-grained type at the bottom of the images. e) isobaric quartz solubility plotted as a function of temperature in
pure H2O, H2O + 3.2 wt. % NaCl, and H2O + 10 wt. % NaCl fluids (modified after Steele-MacInnis et al., 2012). Images on the left and right are
in cross-polarized and plane-polarized light, respectively, and all have a 1 mm wide field of view. See text for further explanation.



where they are in contact with electrum (Figure 4a, b);

3) well-developed arsenic zonation in abundant early py-

rite, which is cut by electrum and locally destroyed by pos-

sible chemical resorption (Figure 5); 4) an apparently regu-

lar, systematic variation in the gold:silver ratio of electrum

among different vein stages and substages (Figure 6); and

5) variations in the style of electrum mineralization, both

within and among vein stages, including volumetrically

dominant, dendritic electrum, lesser proportions of coarse

subhedral clots and aggregates, and rare subhedral to

euhedral sheet- to plate-like crystals.

Although preliminary, these observations point to the pos-

sibility that electrum mineralization was strongly influ-

enced by fluid overpressure, as does the corroded nature of

the quartz (see below). The randomly oriented nature of

dendritic to arborescent electrum radiating into, and dying

out in, masses of quartz is suggestive of potential hydraulic

fracturing associated with the influx of the mineralizing

fluids.1 The multiple, distinct domains of fine-, medium-

and coarse-grained quartz indicate that multiple pulses of

fluid were likely involved in the formation of each of the in-

dividual vein types. In samples from the Vn1 vein genera-

tion, the very fine grained to cryptocrystalline quartz ap-

pears to have been locally cut by coarser grained quartz.

Collectively, these textures are consistent with a model in

which conditions varied between those of prograde and ret-

rograde solubility of quartz (Figure 4e; Steele-MacInnis et

al., 2012; Seward et al., 2014) during the evolution of the

Vn1 vein generation. The very fine grained quartz is inter-

preted to indicate extremely rapid cooling under conditions

of prograde solubility (high levels of quartz-grain nucle-

ation and no significant quartz-grain growth), which was

probably caused by adiabatic expansion that led to fluid

pressure–induced fracturing of the rocks. In principle,

quartz dissolution should imply heating. However, at tem-

peratures above 350°C and relatively low pressure (such as

might be associated with fracturing of the rocks) and low

salinity, quartz undergoes retrograde solubility (~370–

500°C; Figure 4e). It is therefore tentatively proposed that

the observed dissolution textures reflect this retrograde ef-

fect of cooling. Thus, a regime is envisaged in which pres-

sure oscillated from values that exceeded the strength of the

rock to hydrostatic values and, in the process, controlled

temperature and ultimately the nature of quartz growth and

dissolution.

Summary and Future Work

Results from the preliminary petrographic and mineral-

chemistry studies of mineralized quartz–electrum±carbon-

ate veins from the Brucejack deposit indicate that the de-

posit formed from a hydrothermal system that had a com-

plex history comprising multiple and possibly long-lived

mineralizing events. The formation of the five synmineral

vein stages and substages defined from drillcore logging

and underground mapping (Vn1a, Vn1b, Vn1c, Vn2, Vn3) ap-

pear to have resulted from multiple pulses of fluid that cir-

culated through the deposit under dynamic physicochem-

ical conditions, including possible fluid-overpressure and

silica-dissolution events. Although the chemical evolution

of individual vein stages is not well constrained at present,

evidence from preliminary pyrite and electrum mineral

chemistry from vein samples across the Valley of the Kings

zone suggests that vein composition varied temporally and

possibly spatially during formation of the Brucejack de-

posit. Finally, the observation that electrum appears to post-

date most of the pyrite in veins and along vein margins sup-

ports the suggestion by Board (2014) that widespread

premineral phyllic alteration of the Brucejack country rock,

likely related to earlier emplacement of the neighbouring

Snowfield and Kerr-Sulphurets-Mitchell porphyry depos-

its, pre-sulphidized the Brucejack hostrocks and increased

the ability of mineralizing fluids at Brucejack to transport

elevated concentrations of gold as a bisulphide complex

(Au(HS)2
-), following the model of Heinrich et al. (2004).

Future petrographic, mineral-chemistry, fluid-inclusion

and thermodynamic-modelling studies will further test

these interpretations and explore for other insights into the

physicochemical evolution of the fluids responsible for

each vein stage. In particular, the composition of key ore

and alteration minerals, and their evolution through the dif-

ferent stages in the paragenesis, will be determined using a

combination of electron microprobe wavelength-disper-

sive spectrometry and laser-ablation inductively coupled

plasma–mass spectrometry (LA-ICP-MS) analysis. Petro-

graphic, chemical and microthermometric analysis of fluid

inclusions will be carried out in an attempt to determine the

composition and temperatures of the fluids forming differ-

ent veins. Sulphur and oxygen isotopic compositions will

be analyzed using ICP-MS and thermal-ionization mass

spectrometry in order to obtain temperature data from the

different vein stages using appropriate mineral pairs (e.g.,

sphalerite-galena and quartz-adularia). High-resolution

transmission electron microscopy imaging of electrum and

cryptocrystalline silica will be carried out to explore for ev-

idence of colloid formation (presence of nanocrystals). Ul-

timately, the aim is to complement all of this work with

thermodynamic analyses of mineral equilibria to evaluate

the evolving physicochemical conditions in the Brucejack

hydrothermal system, particularly those accompanying

gold mineralization. This information will provide the ba-

sis for thermodynamic-path modelling that will incorporate

mineral and aqueous species, and will be used to evaluate

potential mechanisms for ore deposition, including boiling,

fluid mixing and fluid-rock interaction (e.g., Heinrich,
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1Dendritic electrum textures have also been cited as evidence
for gold transport by colloidal processes at Brucejack
(Harrichhausen et al., 2016).



Geoscience BC Report 2017-1 229

Figure 5: Images of the Vn1 vein generation at Brucejack (Valley of the Kings zone): a), c) and e) electron microscope back-
scattered electron (BSE) images of pyrite showing complex internal zoning patterns; f) BSE image of electrum cutting arsenic
zonation and filling fractures in pyrite; b) and d) electron-microprobe maps showing relative levels of arsenic in grains (a) and
(c), respectively.



2005). In particular, the modelling will address the

fundamental question of whether the large, high-grade

Brucejack resource can be explained using simple

solubility considerations.
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Introduction

Porphyry deposits contain the world’s most important re-

serves of Cu and are important sources of Au, Mo, Ag and

Re (e.g., Sillitoe, 2010). Globally, these deposits are con-

centrated along convergent plate margins, including west-

ern Canada. The economic importance of porphyry Cu-Au

and related magmatic-hydrothermal deposits to Canada is

profound, and the total of past production, reserves and re-

sources of Cu-Au deposits in the Canadian Cordillera has

likely surpassed $200 billion in net contained metal value

(Lydon, 2007). Furthermore, a recent study, based on statis-

tical modelling, estimated that only 60% of the total Cu

contained within porphyry deposits in western Canada has

been discovered to date (Mihalasky et al., 2011).

Porphyry deposits in British Columbia (BC) are located

mainly within two volcanic-arc terranes, the Quesnel and

Stikine terranes, where most porphyry mineralization oc-

curred within a relatively short (~15 m.y.) time span during

the Late Triassic and Early Jurassic (Figure 1; Logan and

Mihalynuk, 2014). The Kerr-Sulphurets-Mitchell (KSM)

project, owned by Seabridge Gold Inc., is located approxi-

mately 65 km northwest of the town of Stewart in the Iskut–

Stikine River region of northwestern BC (Figure 2). The

KSM project is situated within the Stikine terrane and fea-

tures four distinct centres of early Jurassic Cu-Au-Ag-Mo

porphyry mineralization, located along a northerly trend

and contained within an area measuring roughly 2 km by

10 km. From south to north, these deposits are Kerr,

Sulphurets, Mitchell and Iron Cap. The KSM project has

proven and probable reserves totalling 1.08 million kilo-

grams (38 million ounces) of Au, 4.5 billion kilograms

(9.9 billion pounds) of Cu, 5.41 million kilograms

(191 million ounces) of Ag and 96.6 million kilograms

(213 million pounds) of Mo, for a total of 2.2 billion tonnes

averaging 0.55 g/t Au, 0.21% Cu, 2.6 g/t Ag and 42.6 ppm

Mo (Seabridge Gold Inc., 2016). The KSM district repre-

sents one of the largest undeveloped Cu-Au deposits in the

world, with significant potential economic importance for

the surrounding region of northwestern BC.
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Figure 1. Locations of the principal porphyry deposits
in the cordillera of western Canada, including the KSM
district in northwestern BC (modified from Logan and
Mihalynuk, 2014); shapes of porphyry-deposit symbols
reflect the classification of the deposit, with alkalic de-
posits represented by squares and calcalkalic deposits
by circles; symbols are also colour coded according to
age.



Fundamentally, porphyry Cu-Au deposits result from the

emplacement of porphyry intrusions and accompanying

metalliferous hydrothermal fluids (e.g., Titley and Beane,

1981). A single porphyry deposit may contain a range of

plutonic bodies, including precursor plutons, multiple syn-

mineral intrusive phases and post-mineral dikes or stocks.

Unravelling the magmatic phases of a porphyry deposit is

critical for an understanding of the evolution of the ore sys-

tem, including the distribution of contained metals. To date,

studies of the intrusive rocks at KSM have been marred by

problems common to Mesozoic magmatic-hydrothermal

deposits in active tectonostratigraphic terranes: hydrother-

mal alteration, deformation, faulting and low-grade meta-

morphism. Issues such as texturally destructive phyllic al-

teration, penetrative foliation and extensive remobilization

of major and trace elements by hydrothermal fluids can re-

sult in the partial to total destruction of the primary mineral-

ogy and textures in large swaths of the deposits, and mask-

ing of lithogeochemical signatures. The

primary aim of this ongoing study is to es-

tablish the magmatic history of the district,

by cataloguing, describing and determin-

ing the chronology and spatial extent of

the intrusive phases at each of the four por-

phyry centres in the KSM district. This

will be accomplished through 1) relogging

and sampling of drillcore at each of the

four deposits; 2) petrographic analysis of

the intrusive phases at each deposit, to de-

termine primary mineralogy; 3) whole-

rock geochemistry; 4) geochronology; and

5) refractory-mineral geochemistry. In ad-

dition, the authors aim to unravel the spa-

tial and temporal relationships between

the intrusive phases and hydrothermal

alteration and mineralization, with the

objective of gaining new insight into the

primary controls on mineralization within

the KSM district.

Regional Geology

The KSM district, located in the western

Stikine terrane (Figure 1), is situated on an

approximately 60 km long, discontinuous,

northerly trend of mineralization centres

(Figure 2; Nelson and Kyba, 2014). Major

mineralized deposits along this trend con-

sist of porphyry, epithermal and volcano-

genic massive-sulphide (VMS) deposits,

including Red Mountain, Silbak-Premier,

Granduc, Scottie Gold, Big Missouri,

Brucejack, KSM, Treaty and Eskay Creek

(Figure 2). These deposits are hosted

mainly within the volcaniclastic and sedi-

mentary strata of the Lower Jurassic Haz-

elton Group and are often related to early Jurassic intru-

sions, including the 197–187 Ma Texas Creek plutonic

suite (Alldrick, 1993; Logan and Mihalynuk, 2014). The

Texas Creek plutonic suite includes the Premier porphyry

intrusions, named for the syn-mineral intrusions at the Pre-

mier mine (Figure 2; Alldrick, 1993). Premier porphyry in-

trusions are characterized by K-feldspar megacrysts and

plagioclase phenocrysts in a fine-grained groundmass (All-

drick, 1993); as will be discussed in the ‘Kerr Deposit’ and

‘Mitchell Deposit’ sections, roughly contemporaneous in-

trusions of similar mineralogy and texture have been noted

within the KSM district. The Hazelton Group, which re-

cords several successive pulses of arc volcanism, uncon-

formably overlies the Triassic Stuhini Group, which is

composed of arc and marine sedimentary strata (Nelson

and Kyba, 2014). Several younger plutons unrelated to

mineralization, Eocene to Middle Jurassic in age, are also

found within the region.
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Figure 2. Tectonostratigraphy of the northern Stikine terrane, northwestern BC, show-
ing the locations of major faults and Triassic–Jurassic magmatic-hydrothermal depos-
its (modified from Nelson et al., 2013); note that the KSM district is situated along a
rough alignment of several of these deposits, extending from Red Mountain to Eskay
Creek. Abbreviations: CC, Cache Creek terrane; m, Metamorphic, Coast Plutonic
Complex; NAp, North America – platformal; QN, Quesnel terrane; ST, Stikine terrane;
VMS, volcanogenic massive-sulphide; YT, Yukon-Tanana terrane.



The western part of the Stikine terrane is a structurally com-

plex region, with important northerly- to northeasterly-

trending structures resulting from mid-Cretaceous sinistral

transpression associated with the Skeena fold-and-thrust

belt (Figure 2; Nelson and Kyba, 2014). Structural controls

on mineralization have also been proposed at several mag-

matic-hydrothermal deposits within the region, including

Silbak-Premier, Big Missouri and Scottie Gold (Alldrick,

1993).

District Geology

The KSM district is composed mainly of Late Triassic

Stuhini Group and Early Jurassic Hazelton Group volcani-

clastic and sedimentary basement strata, with numerous

Early Jurassic intrusions ranging in composition from

diorite to syenite. The structural geology of the region is

complex, largely due to Cretaceous deformation caused by

the development of the Skeena fold-and-thrust belt. Imbri-

cate thrust faults, including the Sulphurets thrust fault

(STF) and the Mitchell thrust fault (MTF), have dismem-

bered the district into multiple panels. Differential strain

accommodation within the district has also resulted in lo-

calized zones of intense deformation and foliation, most

notably within zones of strong phyllic alteration (and, thus,

relatively low competency) within the Kerr and Mitchell

deposits (Febbo et al., 2015).

As previously mentioned, the KSM district includes four

Cu-Au-Ag-Mo porphyry deposits with defined resources

on property owned by Seabridge Gold Inc. (Figure 3). Ad-

joining the KSM project, Pretium Resources Inc. owns the

Brucejack epithermal Au system and Snowfield Cu-Au

porphyry deposit (Figure 3). The Snowfield deposit, which

contains measured and indicated resources of 1.37 billion

tonnes averaging 0.59 g/t Au and 0.10% Cu, for a total of

25.9 million ounces Au and 2.98 billion pounds Cu

(Pretium Resources, 2016), is actually the displaced cap of

the Mitchell deposit, which was transported approximately

2 km ESE by the Mitchell thrust fault (Febbo et al., 2015).

The occurrence of multiple Cu-Au porphyry deposits

within the KSM district, as well as their approximate north-

erly alignment, is not unusual; global porphyry districts

commonly feature clusters or alignments of ore deposits,

each separated by hundreds to thousands of metres, distrib-

uted over a total distance of up to 30 km (Sillitoe, 2010).

Alignments may occur either parallel or orthogonal to the

magmatic arc, and porphyry deposits throughout a single

district may display significant ranges of formational age

(e.g., up to ~18 m.y. in the Cadia district; Wilson et al.,

2007; Sillitoe, 2010).

Global Cu-Au porphyry deposits can be broadly classified

into two principal groups: 1) calcalkalic porphyry deposits,

and 2) comparatively rare alkalic porphyry deposits (e.g.,

Titley and Beane, 1981). British Columbia and the south-

west Pacific are the two regions where alkalic Cu-Au por-

phyry deposits are relatively common (Bissig and Cooke,

2014). As of 2011, a total of 431 alkalic prospects and 904

calcalkalic prospects had been documented in BC (BC

Geological Survey, 2011). The characteristic styles of hy-

drothermal alteration and mineralization of archetypal

calcalkalic porphyry deposits differ markedly from alkalic

equivalents, so the implementation of strategic and suc-

cessful mineral-exploration campaigns for porphyry Cu-

Au deposits in BC hinges upon the correct identification of

the porphyry class within the district.

Although the porphyry deposits of the KSM district have,

in the past, been referred to as alkalic (e.g., Bissig and

Cooke, 2014), the four deposits with defined reserves at

KSM display distinctly calcalkaline features. Notably, as

will be discussed in the deposit descriptions, the four de-

posits contain abundant disseminated pyrite (pyrite > chal-

copyrite) and considerable molybdenite. Kerr, Sulphurets

and Mitchell feature extensive peripheral propylitic alter-

ation zones. Furthermore, the Kerr, Mitchell and Iron Cap

deposits also feature zones of strong phyllic alteration, as

well as quartz-stockwork zones with >50% quartz veins

(‘A-veins’ and ‘B-veins’, based upon standard porphyry

vein nomenclature; e.g. Gustafson and Hunt, 1975; Sillitoe,

2010). The KSM district, therefore, is dominated by calc-

alkaline porphyry Cu-Au mineralization. However, certain

zones of relatively weak mineralization within the KSM

district, peripheral to the calcalkaline porphyry deposits,

display features that are more consistent with typical

alkalic deposits. These zones are associated with monzon-

ite to syenite porphyry intrusions (Figure 4), little quartz

veining, potassic alteration and a reddening of feldspars via

hematite dusting, all of which are characteristics typical of

alkalic porphyry deposits (e.g., Logan and Mihalynuk,

2014). The total metal contained within these apparently

alkalic zones, however, is subordinate to the mineralization

found within the footwall of the STF, which hosts the bulk

of the ore at KSM.

KSM Cu-Au Porphyry Deposits

This section contains brief overviews of the Kerr, Sulphur-

ets, Mitchell and Iron Cap Cu-Au porphyry deposits, cov-

ering the morphology, the principal hydrothermal alter-

ation assemblages, the degree of deformation, and the

range of important intrusions encountered at each deposit.

All of the deposits are roughly contemporaneous in age and

hosted by wallrocks of the Early Jurassic Hazelton Group

and/or Late Triassic Stuhini Group (Figure 3). Figure 5

shows, in plan view, the lateral distribution of Au and Cu at

each of the four deposits. The lateral extent and orientation

of mineralization is different at each deposit, with Kerr and

Sulphurets rather elongate, and Mitchell displaying con-

centric zoning of metals (Figure 5). Thus, while the four de-

posits display certain distinct similarities, they also feature
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notable differences, resulting in a unique character for each

deposit.

Kerr Deposit

Located in the southern part of the KSM district, the Kerr

deposit contains probable reserves of 242 million tonnes

averaging 0.45% Cu and 0.24 g/t Au, for a total of 1.09 bil-

lion kilograms (2.4 billion pounds) of Cu and 54.9 million

grams (1.9 million ounces) of Au (Seabridge Gold Inc.,

2016). The Deep Kerr zone, which is the deeper extension

of the Kerr deposit, contains an inferred resource of

782 million tonnes averaging 0.54% Cu and 0.33 g/t Au, for

a total of 4.2 billion kilograms (9.3 billion pounds) of Cu

and 232 million grams (8.2 million ounces) of Au

(Seabridge Gold Inc., 2016). The Kerr deposit has a

roughly planar, north-striking and steeply west-dipping

form (Figure 5), reflecting the morphologies of the Kerr in-

trusions themselves: a suite of steeply west-dipping dikes.

The morphologies of certain porphyry Cu-Au orebodies

replicate the forms of their porphyry intrusions (Sillitoe,

2010), especially those emplaced at shallow crustal levels

(Proffett, 2009). Porphyry deposits with narrow elongate

shapes similar to that of Kerr have also been noted else-

where in the world (e.g., Hugo Dummett, Mongolia;

Khashgerel et al., 2008).

The wallrocks to the dikes comprise a range of sedimentary

and volcaniclastic strata, including finely bedded argillite,

mudstone, massive sandstone, conglomerate, turbidite se-

quences and various volcaniclastic units, which likely en-

compass both the Stuhini and Hazelton groups (Bridge,

1993; Rosset and Hart, 2015). The zones of strongest min-

eralization in the Kerr deposit occur within the porphyry

dikes. However, the wallrocks can also carry significant

mineralization, with the grade typically decreasing with in-

creasing distance from the dikes. There are two principal

zones of increased intrusion density, or dike swarms, within

the Kerr deposit, that correlate to two zones of higher

grade: an ‘eastern limb’and a ‘western limb’of mineraliza-

tion, which are separated by a central septum of wallrock.

The range of different intrusive phases found at Kerr is, in

approximate chronological order from oldest to youngest:

• high-quartz-vein zones, with >80% quartz veins, where

the nature of the intrusive protolith is largely obscured

by the veins, primarily A-veins (Figure 6)

• plagioclase-hornblende–phyric, fine- to medium-

grained subporphyritic intrusions, with >10% quartz

veins (A-veins and B-veins) that typically envelop pods

of the high-quartz-vein zones and are well mineralized

(Figure 6)

• plagioclase–K-feldspar–hornblende–phyric, medium-

grained subporphyritic intrusions, typically with

potassic alteration and well mineralized

• plagioclase-hornblende–phyric, fine- to medium-

grained subporphyritic intrusions, with <10% quartz

veins and variable mineralization (Figure 6)

• augite-plagioclase–phyric dikes, sometimes mega-

crystic, that are typically unmineralized or very weakly

mineralized

• K-feldspar–megacrystic (up to ~2 cm), plagioclase-

hornblende–phyric dikes, that resemble the Premier

porphyry intrusions described by Alldrick (1993), that

are typically unmineralized (Figure 6)

• aphanitic to very fine grained mafic dikes, with perva-

sive chlorite alteration, that are post-mineral

• lamprophyre dike that is post-mineral

As discussed by Rosset and Hart (2014) and Bridge (1993),

the Kerr deposit features early potassic alteration, charac-

terized by an assemblage of chloritized hydrothermal bio-

tite±K-feldspar±magnetite, centred upon the dike swarms

but also affecting proximal wallrocks. Propylitic alteration

(chlorite±epidote) is distal to potassic alteration. Chlorite-

sericite-pyrite alteration commonly overprints these earlier

assemblages, varying in intensity from weak to intense and

affecting both intrusions and wallrock. The bornite and

some of the sulphosalts at Kerr, accompanied by dick-

ite±pyrophillite, were formed within intermediate- to high-

sulphidation alteration zones, which typically overlap with

the high-quartz-vein zones. Regions with networks of

anhydrite veins and veinlets are common at Kerr. In near-

surface parts of the deposit, the hydration of anhydrite to

gypsum, and eventual dissolution of the latter, have led to

the formation of apparent rubble zones.

Mineralization at Kerr is primarily hypogene, although

small amounts of supergene mineralization, including

chalcocite, occur in the near-surface environment (Bridge,

1993). Hypogene mineralization includes chalcopyrite, py-

rite, bornite, molybdenite, enargite, tennantite, tetrahedrite

and base-metal sulphides, all closely associated with quartz

veins, as well as pervasive disseminated pyrite. Quartz-

stockwork zones are commonly, but not exclusively, asso-

ciated with the highest grade zones at Kerr. See Rosset and

Hart (2015) for a further overview of vein types and miner-

alization at Kerr.

Finally, the Kerr deposit features considerable deformation

related to the development of the Cretaceous Skeena fold-

and-thrust belt. Zones with strong sericitic alteration in par-

ticular, within both intrusive and wallrock protoliths, have
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Figure 3. Geology of the Kerr-Sulphurets-Mitchell district, showing
the locations of Seabridge Gold’s Kerr, Sulphurets, Mitchell and
Iron Cap deposits, as well as Pretium Resources’ Snowfield de-
posit (courtesy of Seabridge Gold Inc.). The black rectangles indi-
cate the locations of the deposit maps in Figure 5. Abbreviations:
MTF, Mitchell thrust fault; STF, Sulphurets thrust fault. Place
names with the generic in lower case are unofficial.
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been extensively folded and foliated. Areas with strong

anhydrite veining sometimes appear brecciated.

Sulphurets Deposit

The Sulphurets deposit, located approximately 2 km north

of the Kerr deposit (Figure 3), contains probable reserves of

304 million tonnes averaging 0.59 g/t Au, 0.22% Cu, 0.8 g/t

Ag and 51.6 ppm Mo (Seabridge Gold Inc., 2016). In plan

view, Sulphurets is elongated in a northeasterly direction

and is truncated to the south by the Sulphurets cliff (Fig-

ures 3, 5). The Sulphurets orebody is cut by the Sulphurets

thrust fault (STF) and related splays, and features mineral-

ization in both the hangingwall and footwall of the STF.

The geology of the two panels is, however, quite different.

In the hangingwall of the STF, mineralization is closely as-

sociated with monzonite to syenite porphyry intrusions

(Figure 6) that commonly display potassic alteration and

reddish hematite dusting—features typically associated

with alkalic Cu-Au porphyries. These intrusions are not ob-

served in the footwall of the STF, where intrusions are volu-

metrically subordinate and mineralization is hosted primar-

ily within sedimentary wallrock. The wallrock is composed

of a range of sedimentary rock types, including massive

mudstone, massive to bedded siltstone and sandstone, and

polymictic pebbly conglomerate beds. Mineralized

wallrocks commonly show strong hornfels development,

with patches of fine, dark brown hydrothermal biotite, or

dark chlorite alteration. Peripheral to the well-mineralized

zone, propylitic chlorite±epidote alteration dominates, and

the degree of hornfels development diminishes.

The intrusions observed below the STF at Sulphurets are

typically shallowly-dipping dikes, primarily fine- to me-

dium-grained, subporphyritic, plagioclase-hornblende–

phyric dioritic intrusions with chlorite-dominant alteration,

and plagioclase–K-feldspar–hornblende–phyric monzo-

diorite porphyry intrusions with <5% K-feldspar pheno-

crysts (Figure 6). No monzonite or syenite intrusions re-

sembling the mineralized intrusions in the hangingwall are

observed in the panels immediately below the STF. Due to

uncertainty in the total displacement along the STF, the

original spatial relationship, or genetic link (if any), be-

tween the mineralization in the hangingwall and footwall of
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Figure 4. Hand-specimen photographs of weakly mineralized syenite and monzonite porphyry intrusions in the Kerr-Sulphurets-Mitchell
district: a) intrusion northeast of the Kerr deposit (diamond-drill hole MQ-14-07, 621.1 m depth); b) intrusion peripheral to the Iron Cap de-
posit (IC-10-034, 353.4 m); c) and d) intrusions in the hangingwall of the Mitchell thrust fault, above the Mitchell deposit (c – M-15-130,
474.5 m; d – M-11-128, 535.2 m). Scale bars are 2 cm in length.

Figure 5. Plan views of, from top to bottom, the Iron Cap, Mitchell,
Sulphurets and Kerr deposits, showing the distribution and inten-
sity of the Au grade (left) and Cu grade (right) for each deposit
(courtesy of Seabridge Gold Inc.) See Figure 3 for location of each
deposit within the district.
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the STF at Sulphurets is currently unclear. However, the to-

tal displacement on the STF is likely significant, and

probably exceeds 1 km.

The Sulphurets deposit is dissimilar to the other three de-

posits with defined reserves at KSM in several important

ways. Firstly, the Sulphurets orebody straddles the STF,

whereas the other KSM deposits are uniquely in the

footwall of this thrust fault. Furthermore, there are no

quartz-stockwork zones at Sulphurets, and typically only

minor quartz veining (<2%). Finally, Sulphurets lacks the

zones of extensive phyllic alteration found at Kerr, Mitchell

and Iron Cap, although it still features abundant dissemi-

nated pyrite. Altogether, the characteristics of Sulphurets

above the STF are more consistent with an alkalic classifi-

cation, whereas an appropriate classification for the largely

wallrock-hosted mineralization below the STF is still pend-

ing. However, the principal dikes below the STF at

Sulphurets texturally and mineralogically resemble syn-

mineral porphyry intrusions found at the distinctly

calcalkaline Kerr and Mitchell deposits. An ongoing aim of

this study is to test the potential affinity between the

porphyry intrusions at these neighbouring deposits via

petrography and geochemistry.

Mitchell Deposit

The Mitchell deposit, located between the Sulphurets and

Iron Cap deposits, currently holds the largest Au reserves

of the four KSM porphyry deposits, with measured and in-

dicated resources of 1.794 billion tonnes averaging 0.60 g/t

Au, 0.16% Cu, 3.1 g/t Ag and 58 ppm Mo, for a total of

964 million grams (34 million ounces) of Au and 3.0 billion

kilograms (6.6 billion pounds) of Cu (Seabridge Gold,

2016). The Mitchell deposit forms a roughly cylindrical

orebody plunging steeply to the northwest (Figure 5). As

previously mentioned, the neighbouring Snowfield deposit

is the displaced cap of the Mitchell deposit, dismembered

by the Mitchell thrust fault (~1600 m total offset) during the

Cretaceous (Febbo et al., 2015).

Unlike the Kerr deposit, in which mineralization is partially

hosted within wallrock adjacent to the syn-mineral intru-

sions, mineralization at Mitchell is almost entirely intru-

sion hosted. The major intrusive phases at Mitchell are, in

approximate chronological order from oldest to youngest:

• high-quartz zones, with >80% quartz veins, where the

nature of the intrusive protolith is largely obscured by

the veins (primarily A-veins Figure 6)

• plagioclase-hornblende–phyric, fine- to medium-

grained subporphyritic intrusions, with >30% quartz

veins (A-veins and B-veins) that typically envelop pods

of the high-quartz-vein zones and are well mineralized

(Figure 6)

• plagioclase-hornblende–phyric, fine- to medium-

grained subporphyritic intrusions with <10% quartz

veins and variable mineralization (Figure 6)

• plagioclase–K-feldspar–hornblende–quartz–phyric,

medium-grained intrusions, with occasional K-feldspar

phenocrysts up to approximately 1 cm in size, that are

similar to the Premier porphyry intrusions described by

Alldrick (1993) and typically weakly mineralized (Fig-

ure 6)

• aphanitic to very fine grained mafic dikes, with perva-

sive chlorite alteration, that are post-mineral

The principal styles of hydrothermal alteration at Mitchell

are early K-feldspar+magnetite+biotite potassic alteration

and peripheral chlorite±epidote alteration. Extensive zones

of chlorite+sericite alteration overprint sections of the

Mitchell deposit, including areas of strong sericite+pyrite

phyllic alteration, especially in the southern and eastern

parts of the deposit (Febbo et al., 2015). The Mitchell de-

posit contains a central high-quartz zone, with >50% quartz

A-veins and B-veins (Febbo et al., 2015). This zone, as well

as the plagioclase-hornblende–phyric porphyry stocks and

dikes containing >10% quartz A-veins and B-veins, host

the bulk of the mineralization. Molybdenite-bearing quartz

veins are concentrated in a halo around the centre of the de-

posit. Finally, a pipe-like brecciated zone of high-sulphid-

ation bornite+pyrite+tennantite+tetrahedrite+dickite/

pyrophyllite, with abundant fragmented anhydrite veins,

occurs near the centre of the deposit. Veining and mineral-

ization in the Mitchell deposit are described in further detail

by Febbo et al. (2015).

Although the Kerr and Mitchell deposits are on completely

opposite sides of the morphological spectrum, they share

many important similarities: early high-quartz-vein zones

(>50% quartz veins), partially overprinted by late high-

sulphidation assemblages of bornite+pyrite+tennantite+

tetrahedrite±dickite/pyrophyllite; very similar plagioclase-

hornblende–phyric syn-mineral intrusions; late syn-min-

eral to post-mineral K-feldspar–phyric dikes; and zones of

strong anhydrite veining. These similarities indicate that

the Kerr and Mitchell deposits formed by similar genetic

processes.

Weak mineralization is also found immediately north of the

Mitchell deposit, above the MTF, associated with monzon-

ite to syenite porphyry intrusions, low quartz-vein densities

and reddish hematite dusting (Figure 4). As the displace-

ment along the MTF is constrained by the modern positions

of the Snowfield and Mitchell orebodies, which the MTF

dismembered, it is possible to estimate that these weakly

mineralized alkalic intrusions north of the deposit were

originally situated ~1600 m west-northwest of the deposit.

Thus, the mineralization within these alkalic intrusions
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probably was not generated by the Mitchell hydrothermal

system.

Iron Cap Deposit

The northernmost Cu-Au porphyry deposit in the KSM dis-

trict, Iron Cap, is a roughly cylindrical orebody plunging

steeply to the northwest. Iron Cap is composed of numer-

ous stocks and dikes hosted within sedimentary and

volcaniclastic wallrock. The wallrock comprises mainly

massive mudstone, sandstone, polymict pebbly conglom-

erate and volcanic breccia. As is the case with the Kerr de-

posit, the zones of strongest mineralization at Iron Cap are

contained within syn-mineral porphyry intrusions, al-

though significant mineralization is also hosted by the sur-

rounding wallrock. Iron Cap features central potassic alter-

ation, with hydrothermal K-feldspar and magnetite in the

monzonite intrusions, whereas the plagioclase-horn-

blende–phyric intrusions commonly display chlorite±seri-

cite–dominant alteration. The wallrocks are commonly al-

tered to hornfels and often display strong silicification in

addition to sericite+pyrite alteration.

The Iron Cap intrusions include the following:

• plagioclase-hornblende–phyric, fine- to medium-

grained subporphyritic intrusions, with little to no

quartz veining, that are pre-mineral or early syn-mineral

(Figure 6)

• high-quartz-vein zones, with >80% quartz veins, where

the nature of the intrusive protolith is largely obscured

by the veins primarily A-veins that are well mineralized

and syn-mineral (Figure 6)

• plagioclase–K-feldspar–hornblende–phyric, medium-

grained monzonite intrusions, with seriate texture, 10–

30% K-feldspar phenocrysts, 2–50% quartz veins and

variable mineralization, that are syn-mineral (Figure 6)

• aphanitic to very fine grained mafic dikes, with perva-

sive chlorite alteration, that are post-mineral

Within the Kerr and Mitchell deposits, the dioritic

plagioclase-hornblende–phyric intrusions are commonly

well mineralized and often contain significant volumes of

quartz veins. The analogous intrusions at Iron Cap, how-

ever, are only weakly mineralized to unmineralized and are

apparently precursors to the monzonite stocks and dikes,

which are commonly very well mineralized. The Iron Cap

deposit also presents interesting similarities to the Red

Chris deposit, another Late Triassic–Early Jurassic por-

phyry deposit within the Stikine terrane (Figure 2), which

features pre-mineral plagioclase-hornblende–phyric dio-

rite and syn-mineral monzonite intrusions (Rees et al.,

2015).

Future Work

This ongoing study will utilize a range of techniques to fur-

ther unravel the magmatic history of the KSM district, in-

cluding whole-rock geochemistry, petrography, refractory-

mineral geochemistry, and geochronology, to accurately

classify, order and compare the intrusions found at each of

the KSM deposits. Furthermore, as the KSM district con-

tains many texturally destructive features, including exten-

sive deformation and hydrothermal alteration, the authors

will seek to gain insights into the intrusive history at KSM

through the study of primary refractory trace-mineral

phases, such as zircon and apatite. The geochemistry of

these resistive minerals contains valuable records of condi-

tions within the parental magma, and allows researchers to

gain insights into the intrusive histories of areas where poor

textural preservation precludes the possibility of traditional

petrographic and lithogeochemical studies.

Finally, although the KSM district is dominated by calc-

alkaline porphyry mineralization, zones containing fea-

tures typical of alkalic porphyry mineralization are also

represented. The authors will aim to understand the genetic

and temporal relationships between these two styles of

mineralization within the KSM deposits and peripheral ar-

eas, and investigate whether these relationships may be

linked to the fertility, or unusually Au-rich nature, of the

district. Finally, they will investigate how the Early Jurassic

magmatism within the district resulted in the formation of

such a large, and unusually Au-rich, suite of porphyry

deposits.
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Introduction

The Christian Valley project, funded by Geoscience BC, is

a continuation to the north of geological mapping of the

Rock Creek graben located in south-central British Colum-

bia (BC) that was begun in 2015 in the Almond Mountain

map area (Figure 1; Höy, 2016; Höy and Jackaman, 2016).

The project is part of a regional mapping, compilation and

mineral-potential evaluation of the east half of the 1:250 000

scale Penticton map area (NTS 082E) that has focused

mainly on the structural, stratigraphic and magmatic con-

trols of base- and precious-metal mineralization in an area

dominated by Eocene extensional tectonics.

Geological and Exploration History

The Christian Valley area appears on the Penticton map area

(NTS 082E), mapped and compiled at a scale of 1:250 000 by

Tempelman-Kluit (1989). The area was first mapped by

Little (1957) as part of a regional mapping project that cov-

ered the east half of the Penticton map area. Considerable

mapping at more detailed scales has been done in the west-

ern and southwestern portions of the area by Christopher

(1978) and Massey and Duffy (2008), and by junior explo-

ration companies that were mainly concentrating on the

uranium potential of the area. Geological mapping in the

Christian Valley map area in 2016 focused on the western

part of the area dominated by the north-trending Rock

Creek graben. Additional work will include compilation in

digital format of all regional geological, geophysical and

geochemical data collected under the National Geochemi-

cal Reconnaissance and BC Regional Geochemical Survey

programs, Ar-Ar and U-Pb dating of both volcanic and in-

trusive rocks within the area, an update of the BC MINFILE

database, and final publication of the 1:50 000 scale Chris-

tian Valley map area.

Exploration in the western part of the Christian Valley map

area has been directed mainly toward the discovery of ura-

nium deposits and, to a lesser extent, base- and precious-

metal mineralization due largely to the successful exploita-

tion of the veins in the Highland Bell mine to the southwest

and of base- and precious-metal deposits in the Greenwood

camp farther south (Figure 2).

A number of exploration programs for uranium in the area

north of Beaverdell Creek and in the Trapping Creek area

were conducted during the 1970s, prior to the moratorium

on uranium exploration that was enacted in BC in 1980.

This work included geological mapping (e.g., McCandless

and Hughes, 1977) and a number of core and percussion

drilling programs with ancillary radiometric and geochem-

ical sampling surveys (e.g., Okuno, 1972; Inazumi, 1973;

Turner et al., 1980). The work focused mainly on uranium

deposits hosted in basal sedimentary rocks that underlie

Pliocene plateau basalt. In 1978, the BC Geological Survey

initiated a study of the potential for uranium mineralization

in the district with resultant publication of several reports

(Christopher, 1977, 1978). In 1999, exploration work,

mainly sampling programs, was renewed on these uranium

deposits and continued intermittently through to 2008 (e.g.,

Brickner, 2003; McLelland, 2008).

Regional Geology

The Christian Valley map area occupies the central part of

the Penticton map area in south-central BC. The area is

mainly underlain by a variety of igneous intrusive rocks

that range in age from Jurassic to Eocene (Tempelman-

Kluit, 1989). Basement rocks comprise late Paleozoic

metasedimentary and metavolcanic rocks of the Quesnel

terrane, which includes the oceanic rocks of the Knob Hill

Group and Anarchist Schist, and the arc-related Harper

Ranch subterrane (Wheeler and McFeely, 1991). Overly-

ing arc-volcanic rocks include the Triassic Nicola Group,

exposed in the Greenwood area to the south and throughout

the Thompson Plateau area to the west (Preto, 1979), and

the Early Jurassic Rossland Group along the southeastern

margin of Quesnellia (Höy and Dunne, 2001).

Regional extension during the Eocene had a profound ef-

fect on the physiography and metallogeny of south-central
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BC, with low-angle detachment faults exhuming Protero-

zoic and Paleozoic gneissic and platform rocks that formed

the metamorphic-core complexes of the southern Mona-

shee Mountains, including the Grand Forks complex in the

southeastern part of the Penticton map area (Preto, 1970).

Extension in the hangingwall terrane, between the Granby

fault at the western margin of the Grand Forks complex and

the Okanagan detachment fault to the west (Figure 2) pro-

duced north-trending grabens that preserved Eocene volca-

nic rocks, resulted in the intrusion of Eocene granitic and

alkalic intrusive rocks and localized both base -and pre-

cious-metal mineralization throughout the eastern portion

of the Penticton map area.

Geology of the Christian Valley Area

The Rock Creek graben extends northward through the

central part of the Christian Valley map area (Figure 3). The

graben in this area is filled with Eocene alkaline volcanic

rocks, referred to as the Kamloops Group (Christopher,

1978) and, to the south and west, the Penticton Group (Fig-

ure 4; Church, 1973; Fyles, 1990). Older granitic rocks of

the Okanagan batholith, and metasedimentary and meta-

volcanic rocks of the Paleozoic Wallace group (Massey and

Duffy, 2008) are exposed west of the graben and the

Okanagan batholith, and Eocene Coryell syenite is exposed

to the east (Figure 3). The ‘Kallis formation’ (Massey and
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Figure 1. Location of the 1:50 000 scale Christian Valley map sheet (NTS 082E/10) in south-central British Columbia; modified from BC
MapPlace (BC Geological Survey, 2016a).



Duffy, 2008), remnants of widespread Pliocene plateau ba-

salt, is preserved in isolated topographic highs throughout

the area.

Wallace Group

The Wallace group was initially defined by Reinecke

(1915) to include Paleozoic metasedimentary and metavol-

canic rocks in the Beaverdell area to the southwest. These

rocks have been studied in detail by Massey and Duffy (2008)

in the Almond Mountain map area; they are poorly exposed

in the southwestern part of the Christian Valley map area,

where they comprise mainly rusty-weathering argillite and

siltstone, and minor greenstone that may represent mafic

tuff.

Triassic–Jurassic Intrusive Rocks

‘Middle Jurassic’granodiorite (mJg) was originally mapped

by Little (1957) in several small stocks in the western part

of the Christian Valley map area. These are shown on sub-

sequent geological maps by Christopher (1978), Tempel-

man-Kluit (1989) and Massey and Duffy (2008). Exposures

are foliated to massive biotite-hornblende granodiorite, typi-

cal of rocks of the Middle Jurassic Nelson plutonic suite.

The Westkettle batholith, which hosts many of the veins in

the Highland Bell mine (Reinecke, 1915), is lithologically

similar to the granodiorite intrusions in the Christian Valley

map area, but has been dated at 213.5 Ma by U-Pb zircon

geochronology (Massey et al., 2010). Additional samples

of these intrusive rocks have been submitted to the geo-

chronology laboratory of the University of British Colum-

bia for testing by both the40Ar/39Ar and U-Pb methods of

age determination.

Granite (Unit Tg)

Granite and granodiorite of the ‘Cretaceous and/or Juras-

sic’Okanagan batholith (Tempelman-Kluit, 1989) underlie

a large part of the Christian Valley map area west and east of

the Rock Creek graben. These comprise mainly medium-

grained, fresh white to pink-tinged quartz-plagioclase-

orthoclase granite, with variable but generally minor biotite

and hornblende. Porphyritic phases, with large white to

pink feldspar crystals, are common in exposures east of the

Rock Creek graben (Figure 3). Based on lithological simi-

larities to Eocene ‘Ladybird’ granite in the Deer Park and

Burrell Creek areas to the east, granitic rocks in the Chris-

tian Valley map area are assumed to be Paleogene in age.

This is supported by a K-Ar date on biotite of 56.3 Ma from

a sample of the ‘Ladybird’ granite located along Trapping
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Figure 2. Geology of part of the Penticton map area, showing the location of the Christian Valley (NTS 082E/10)
and Almond Mountain (NTS 082E/07) map areas (modified from Tempelman-Kluit, 1989).
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Figure 3. Geology of 1:20 000 TRIM map area 082E/056. Inset shows the data sources in coloured outline and the 2016 traverse locations
are indicated by the black line.



Creek in the central part of the Christian Valley (Hunt and

Roddick, 1992).

Eocene Coryell Intrusive Suite (Unit Ec)

The alkalic to subalkalic Coryell intrusions occur as a num-

ber of small stocks that intrude Okanagan batholith rocks

west of the Rock Creek graben and as part of a larger

batholith that extends north from the Almond Mountain

map area into the southern part of the Christian Valley area,

east of the graben. Coryell rocks range from massive to por-

phyritic, typically varying in composition from syenite to

monzonite. A suite of north-trending Coryell dikes are

common in the area between Lassie Lake and Trapping

Creek.

The Coryell intrudes granitic rocks of unit Tg throughout

the Christian Valley map area, and dikes and small syenite

intrusions locally cut Marron Formation in the Rock Creek

graben. Several of these are shown west of Cup Lake and

Collier Lake in Figure 3.

Penticton Group

The Eocene Penticton Group is described and defined by

Church (1973) as comprising six formation members: basal

Springbrook and coeval Kettle River formations, volcanic

rocks of the Marron and Marama formations, and domi-

nantly sedimentary rocks of the White Lake and Skaha for-

mations (Figure 6). In the Christian Valley area, the lower

two formations of the Penticton Group are exposed in the

Rock Creek graben: a basal succession of conglomerate

and siltstone of the Kettle River Formation and dominantly

volcanic rocks of the Marron Formation. The overlying

‘Kallis formation’, separated from the Marron by a regional

unconformity, is not included in the Penticton Group.

Kettle River Formation (Unit Epk)

The Kettle River Formation is only exposed in the southern

part of the map area, along a roadcut in the Kettle River val-

ley. It comprises coarse conglomerate, with numerous large

subrounded clasts of dominantly feldspar porphyry in a

granular, green to tan silty or sandy matrix (Figure 7). It is

in sharp contact with overlying green andesite and lapilli

tuff of the Marron Formation. As the base of this conglom-

erate is not exposed, it is possible that it represents a coarse

clastic unit within the Marron Formation; however, as simi-

lar units farther south are located mainly at the base of the

Penticton Group (Höy, 2016), this exposure is assumed to

be Kettle River Formation.

Marron Formation (Unit Epm)

The Marron Formation comprises a thick package of domi-

nantly alkalic volcanic rocks that are exposed in the Rock

Creek graben. The formation overlies the Kettle River For-

mation and older rocks of the Nelson and Valhalla plutonic

suites, or late Paleozoic metasedimentary or metavolcanic

rocks of the Wallace group. It is unconformably overlain by

basalt of the Pliocene ‘Kallis formation’. Subdivision of the

Marron Formation within the map area (Figure 3) is diffi-

cult due largely to the lack of distinctive marker units and

structural complexity caused by the numerous high-angle

block faults that occur throughout the graben.
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Figure 4. Large exposure of the Marron Formation of the Penticton
Group in the core of the Rock Creek graben on the eastern shore of
the Kett le River in 1:20 000 TRIM map area 082E/057
(UTM 370500E, 5492000N, NAD83).

Figure 5. Unit Tg K-feldspar megacrystic granite from the eastern
side of the Rock Creek graben in 1:20 000 TRIM map area 082E/
057 (UTM 375153E, 5494488N, NAD83).



In general, the Marron Formation (unit Epm) can be subdi-

vided into two units: a basal subunit dominated by green to

mauve-tinged tuff and andesitic flows, and an overlying

subunit of more massive basalt (subunit Epm1). These

units are relatively well displayed along several of the roads

that climb westward from the Kettle River valley road in the

southeastern part of the map area (Figure 3).

The Marron Formation comprises dominantly pale to me-

dium green, massive to amygdaloidal lava flows; pale to

medium green to grey crystal and lithic tuff, occasional

well-bedded sandstone and siltstone (Figure 8); and rare

conglomerate beds in the central part of the succession. The

lower part of the Marron, exposed mainly at lower eleva-

tions in the Kettle River valley (Figure 3), is highly vari-
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Figure 6. Correlation chart of units in the Christian Valley map area with other successions; note relative ages
of intrusive rocks (Coryell, unit Tg, Valhalla, Nelson and unit mJg) and regional unconformities (grey lines).
Data sources are shown in ‘References’ section: (1) this study, Massey (2010); (2) Christopher (1978); (3)
Church (1986), Fyles (1990); (4) Church (1973); (5) Cheney and Orr (1987). Abbreviation: Pal, Paleocene.

Figure 7. Conglomerate of the Kettle River Formation, exposed in
a roadcut in Christian Valley; note chloritic alteration of arkosic ma-
trix (1;20 000 TRIM map area 082E/056; UTM 367706E,
5485601N, NAD83).

Figure 8. Well-layered sandstone beds within the central part of
the Marron Formation on 1:20 000 TRIM map area 082E/056
(UTM 366387E, 5487419N, NAD83).



able, with pale green to light grey feldspar-phyric flows

(Figure 9) and pale green to mauve-tinged lithic and crystal

tuff. It is overlain by a thick section of dominantly pale

green crystal and lithic tuff and, less commonly, grey to

mauve-tinged tuff and massive plagioclase-pyroxene–

phyric flows. Sections of pale salmon pink trachyte flows,

commonly with pink K-feldspar and biotite phenocrysts,

occur throughout the middle part of the Marron, and thin

successions of well-layered green tuffaceous beds, ag-

glomerate, shale and siltstone occasionally occur in the

upper part of the formation.

Subunit Epm1, the uppermost unit in the Marron Forma-

tion, comprises hard, compact, massive basalt with occa-

sional biotite and pyroxene phenocrysts. Locally, it is un-

conformably overlain by massive basalt of the ‘Kallis

formation’.

Discussion

Church (1973) described the type section of the Marron

Formation in the White Lake basin area, where five distinc-

tive members are recognized (Figure 6). It is difficult to

correlate these members with specific units in the Rock

Creek graben, although many of the rock units identified by

Church (op. cit.) are recognized here as well. As noted

above, this may be due to the difficulty in subdividing the

Marron Formation in the Rock Creek graben into distinct,

mappable units or, alternatively, the detailed breakdown of

the Marron Formation into these constituent members does

not apply here. However, it would appear that the upper-

most subunit (Emp1) may correlate with the lithologically

similar Park Rill member, the uppermost member of the

Marron Formation in the White Lake basin (Church, 1973).

The age of the Marron Formation is constrained by the age

of the unconformably underlying megacrystic Kettle River

granite, which has been mapped in the Almond Mountain

map area to the south (Massey and Duffey, 2008; Höy,

2016), and the age of the Coryell suite, which intrudes the

Marron in several locations, notably in the western part of

the Rock Creek graben as shown in Figure 3. In the Almond

Mountain map area to the south, megacrystic K-feldspar

granite is bleached and eroded, and overlying Kettle River

Formation contains conglomerate and grit that is clearly de-

rived from the granite. AK-Ar date of 49.4 ±1.9 Ma was ob-

tained from a lithologically similar megacrystic granite

south of Beaverdell (Church, 1996), and a U-Pb zircon date

of 56.0 ±1.0 Ma (Parrish, 1992) as well as a 39Ar/40Ar date

on hornblende of 52.8 ±1.6 Ma (Höy, 2013) for a similar

granite in the Burrell Creek area. Coryell intrusive rocks

throughout the Penticton map area have been dated at ap-

proximately 51–52 Ma (Parrish et al., 1988). Hence, the

Marron Formation is assumed to have been extruded in

middle Eocene time, between ~57 and 51 Ma.

‘Kallis Formation’ (Unit Pk)

The ‘Kallis formation’ is preserved in isolated topographic

highs throughout the area (Figure 10). It unconformably

overlies the Marron Formation and older units, and repre-

sents the remnants of widespread Pliocene plateau basalt. It

consists typically of a black, fine-grained, aphyric or oliv-

ine basalt.

Structure

The structure of the Kettle River area in the Christian Valley

map area is dominated by the north-trending Rock Creek

graben. A west-dipping normal fault along the eastern mar-

gin of the graben, juxtaposes Eocene(?) granitic rocks of

unit Tg with Marron Formation in the core of the graben.

The fault is not exposed as it is covered by alluvium in the

floor of the Kettle River valley (Figure 3). The western
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Figure 9. Unusual feldspar-phyric flow in the central part of the
Marron Formation on 1:20 000 TRIM map area 082E/067
(UTM 370986E, 5499578N, NAD83); plagioclase crystals are up to
1 cm long.

Figure 10. Columnar basalt of the Pliocene ‘Kallis formation’;
paleochannels at the base of this formation have been explored
extensively for uranium (1:20 000 TRIM map area 082E/056;
UTM 364970E, 5497380N, NAD83).



margin of the graben in the southern part of the map area

(Figure 3) is defined by an east-dipping normal fault that is

closely constrained by exposures of Marron Formation

within the graben and the Coryell syenite to the west. Far-

ther north, a north-northeast-trending normal fault marks

the western margin of the graben, constrained by mainly

Paleogene granite (unit Tgp) to the west and the Marron

Formation (unit Epm) to the east. These faulted contacts ap-

pear to be relatively sharp, with little observed alteration in

rocks that are within a few tens of metres of either hanging-

wall or footwall rocks. However, immediately north, in

1:20 000 scale map area 082E/066, the western margin fault

is more complicated, showing several splays that expose al-

tered and sheared Middle Jurassic granodiorite and

Wallace group rocks (Figure 11). These altered rocks have

been explored for base- and precious-metal skarn and vein

mineralization (Whiting, 1985). The internal structure of

the graben is more complex than shown in Figure 3. Sev-

eral, generally north-northwest-trending high-angle faults

are recognized within the graben, mainly by offsets and

truncation of units.

Movement along the bounding graben faults clearly post-

dates Marron Formation deposition, supporting a model in

which late fault movement down-dropped and hence pre-

served remnants of more widespread Marron Formation

within the north-trending grabens. However, it is possible

that movement on the faults began earlier and controlled in

part the distribution of Marron Formation rocks throughout

the area. Although the Marron is broadly similar in all

down-dropped blocks throughout the Okanagan and

Boundary areas, correlation of the well-recognized succes-

sion of the White Lake basin (Church, 1973) is not possible

in other basins, specifically in the Rock Creek graben. As

noted above, the fault at the western margin of the graben is

locally characterized by several fault splays, shearing,

brecciation and alteration. In one of these exposures (Fig-

ure 11), highly broken Eocene(?) granite contains large

blocks of crushed Wallace group, but is cut by a fresh, unal-

tered north-trending hornblende-porphyry dike that is

lithologically similar to some phases of the Marron Forma-

tion and unlike the syenite dikes of the younger Coryell

suite (Figures 12, 13). An isotopic date on this dike would

constrain the timing of movement on this splay of the fault

and conceivably provide evidence for movement during

deposition of the Marron Formation.

Mineralization

Most exploration in the Christian Valley map area has been

focused on uranium mineralization that occurs near the

base of the Pliocene ‘Kallis formation’. Exploration peaked

in the 1970s and continued until the BC Provincial Govern-

ment enacted a moratorium on uranium exploration in the

province that was in effect from 1980 to 1987, and again af-

ter 2008, when the moratorium was reinstated. Limited ex-

ploration for base and precious metals, based in part on the

successful exploration in the area of the Carmi, Beaverdell

and Greenwood mining camps has continued intermittently

throughout the Christian Valley map area. Descriptions of

these mineral occurrences are taken mainly from Provincial

Government assessment reports and BC MINFILE.

Uranium mineral occurrences and deposits in the Kettle

River valley area (Figure 3) are generally found in poorly

consolidated sandstone and conglomerate that have been

preserved below a cap of Pliocene basalt of the ‘Kallis for-

mation’. The deposits occur in fluvial sediments that un-

conformably overlie the Marron Formation, Wallace group

or Anarchist Schist, and Jurassic and Eocene intrusive

rocks (Christopher, 1977). The Fuki deposits occur within a

northeast-trending paleochannel that overlies the Eocene
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Figure 11. Geology of the western margin of the Rock Creek
graben in the Christian Valley, showing several fault splays and ex-
posures of Middle Jurassic granodiorite and Wallace group rocks
(1:20 000 TRIM map area 082E/066; UTM 368478E, 5498097N,
NAD83), and location of mineralization on the Copket property
(modified from Whiting, 1991).



Marron Formation. Hostrocks are poorly consolidated inter-

bedded arkosic sandstone, siltstone, carbonaceous mud-

stone and conglomerate that form the lowermost member of

the ‘Kallis formation’ (e.g., Nicoll, 1980; Turner et al.,

1980; Brickner, 2003). Secondary uranium mineralization

is largely concentrated in the basal conglomerate, occur-

ring as films on pebbles and in the matrix of the conglomer-

ate. Autunite is the only uranium mineral identified.

The Copket (MINFILE 082ENE11, BC Geological Survey,

2016b) and Sand (MINFILE 082ENE040) mineral occur-

rences are located in the Copperkettle Creek valley, along

the western edge of the Rock Creek graben, in an area of

extensional north-south faulting and locally intense alter-

ation (Figure 11). The Sand occurrence is a narrow zone of

disseminated chalcopyrite, galena and pyrite that was inter-

sected in the Marron Formation in a 1970 diamond drilling

program that was focused on locating uranium mineraliza-

tion (Kikuchi, 1970). There is no reported surface mineral-

ization. The Copket showings comprise a number of shafts,

adits, pits and mineralized outcrops that record exploration

that dates back to the early 1900s. Two styles of mineraliza-

tion are documented: copper-gold-silver skarn in Wallace

or Anarchist metasediments and limestone along the con-

tact with Jurassic granodiorite, and later copper-zinc min-

eralization developed along a north-trending Eocene nor-

mal fault (Whiting, 1991). These mineralized areas are

shown in Figure 11 as the Bornite and Cu zones, respec-

tively. Whiting (1991) notes that considerable alteration,

brecciation and disseminated sulphide mineralization oc-

curs in the Jurassic granodiorite and that an “old gold mine”

occurs farther along strike, to the north of the Copket min-

eralization. Altered granodiorite and Wallace metasedi-

mentary rocks, both containing disseminated pyrite, are

conspicuous within the fault zone several kilometres

farther north of these showings.

Summary and Conclusions

The geology of the Christian Valley area is dominated by

the north-trending Rock Creek graben, which is filled with

Eocene volcanic rocks of the Marron Formation and

bounded by mainly granitic rocks, also of predominantly

Eocene age. Remnants of a Paleozoic basement, metavol-

canic and metasedimentary rocks of the Wallace group are

exposed in a tectonic high in the southwestern part of the

area (Figure 3), and in splays of normal faults that bound

the western margin of the graben (Figure 11). Several mag-

matic pulses are recorded throughout the area. Middle Ju-

rassic granodiorite intrudes the Wallace group and two

magmatic pulses are recorded in the Paleogene. Massive to

megacrystic K-feldspar granite intrudes both Wallace and

Jurassic granodiorite and locally forms the basement to un-

conformably overlying Kettle River and Marron forma-

tions. In contrast, Coryell syenite intrudes the granite and

locally the Marron Formation within the graben. Hence, the

Marron Formation was deposited between these two mag-

matic pulses, sometime between 57 and 51 Ma ago, which

are the respective ages of the two magmatic suites.

The Rock Creek graben may have formed after deposition

of the volcanic rocks of the Marron Formation that are pre-

served in its core, or by growth faulting during their deposi-

tion. At least some movement along the bounding graben

faults clearly postdates the Marron, supporting a model in

which these Eocene volcanic rocks are represented as rem-

nants of widespread volcanism, preserved from erosion in

down-dropped blocks (e.g., Cheney, 1994). However, it is

equally possible that initiation of graben development oc-

curred earlier and controlled, at least in part, the distribu-
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Figure 12. Crushed and sheared Eocene(?) granite in the fault
along the western margin of the Rock Creek graben contains
blocks of altered and sheared Paleozoic Wallace group metavol-
canic rocks, and is cut by a fresh, unaltered hornblende-phyric dike
(Figure 13). The age of the dike constrains timing of movement on
this splay of the fault; the location of the fault is shown in Figure 11
on 1:20 000 TRIM map area 082E/066 (UTM 368478E, 5498097N,
NAD83).

Figure 13. Detail of the hornblende-phyric dike shown in Figure 12,
which is lithologically similar to some phases of the Eocene Marron
Formation; the dike is located on the western margin of the Rock
Creek graben in the Christian Valley.



tion of Eocene volcanism. Fault zones along the western

margin of the graben are locally cut by fresh, undeformed

dikes that include both younger Coryell and hornblende-

phyric dikes that are lithologically similar to some phases

of the Marron Formation. Dating of these dikes, and more

robust dating of the Marron Formation and granitic rocks

that form the margins of the Rock Creek graben, will help

constrain the timing of movement of the bounding faults

and the age span of the Marron.

Mineral exploration in the Christian Valley map area has

been mainly directed toward finding unconformity-related

uranium that occurs in paleochannels beneath Pliocene pla-

teau basalt. Minor exploration for base- and precious-metal

mineralization has taken place along the faulted western

margin of the Rock Creek graben, with discovery of miner-

alized skarn in Wallace group rocks adjacent to Middle Ju-

rassic granodiorite, and both vein and disseminated miner-

alization in both Eocene Marron Formation and older

granitic rocks. This suggests that several stages of mineral-

ization occurred during Jurassic and Eocene time, as has

been demonstrated in the Highland Bell and Carmi mines to

the south (e.g., Watson et al., 1982).
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Introduction

The purpose of this project is to combine geological, seis-

mic-reflection and magnetotelluric (MT) data in southeast-

ern British Columbia (BC) to target concentrations of sul-

phide mineralization in the subsurface. Existing MT data

will be reprocessed with two-dimensional (2-D) inver-

sions, where possible, and the results will be combined with

reprocessed seismic-reflection profiles and drillhole infor-

mation. The seismic data and drillholes allow detailed map-

ping of structural and stratigraphic variations, while the

MT data will help to characterize the electrical properties,

and thus perhaps the presence or not of metals, at different

stratigraphic levels.

The Belt-Purcell Basin of southeastern BC and northern

Montana (Figure 1) contains a number of stratigraphically

controlled massive-sulphide deposits, most notably the

now-closed Sullivan mine near Kimberley, BC. Ever since

Cominco began to phase out their mining operations at the

Sullivan, there have been a number of efforts to find ‘an-

other Sullivan’. Most of the efforts have focused on the

stratigraphic interval between the top of the Mesoprotero-

zoic Lower Aldridge Formation and the middle part of the

Middle Aldridge Formation (colloquially known as the

‘Sullivan zone’ or ‘Sullivan horizon’). However, there are

also stratigraphic intervals, either above or below the Sul-

livan zone, that may contain economic quantities of metals.

For example, the Creston Formation (Revett Formation in

the United States) is a major producing interval for copper

minerals in the Troy, Montanore, Rock Creek and other de-

posits in Montana, and the upper Aldridge is host to the St.

Eugene vein system near Moyie, BC. Thus, the approach

described here may also be helpful for finding metals in

various stratigraphic levels (Cook and Jones, 1995).

Previous Work

Seismic reflection profiling was undertaken in the mid-

1980s for petroleum exploration and for regional studies

throughout the Purcell Anticlinorium (Figure 1). Regional

data were recorded by LITHOPROBE but are not of suffi-

ciently high resolution for this study. Data acquired for hy-

drocarbon exploration were recorded by Duncan Energy

Inc. and then provided to the University of Calgary for anal-

ysis (Cook and van der Velden, 1995). The data were ini-

tially reprocessed for large-scale regional studies (Cook

and van der Velden, 1995). Even though the data were re-

corded nearly 30 years ago, they provide a unique view of

the Belt-Purcell Basin that is not available with any other

geological or geophysical dataset. A deep (3.477 km) ex-

ploration drillhole (‘DEI’ location shown in Figure 1) was

drilled by Duncan Energy in 1985 and provides definitive

correlations of seismic reflections to stratigraphic (in this

case, sill) horizons along a number of seismic profiles.

More than 200 MT stations were recorded during the 1980s

in a series of lines that cross the eastern part of the Purcell

Anticlinorium in Montana and BC (Cook and Jones, 1995;

Gupta and Jones, 1995). Seventy-eight MT stations were

acquired in BC along eight lines or partial lines, three of

which were analyzed by Gupta and Jones (1995). Initial (1-

D) inversions of the MT data by Gupta and Jones (1995) in-

dicated that there is a strong, regional, electrically conduc-

tive zone at a depth of a few kilometres beneath the

anticlinorium. However, when the work was done, 2-D in-

versions were not commonly applied. Thus, more advanced

techniques may provide enhanced detail so that the electri-

cal structure can be correlated to stratigraphic and struc-

tural features that are observed in the seismic data. This ap-

proach was undertaken by Cook and Jones (1995) for data

in the vicinity of the DEI drillhole.

Project Plan

Available data have been obtained from the Geological

Survey of Canada. The MT inversions will be completed by

a contractor such that the results can be combined with the

seismic geometry, surface geology and drillhole data to

map the subsurface variations in electrical conductivity.

The inversions should be completed by the end of 2016, so

merging of the results with the seismic data should be com-

pleted in early 2017. The results should help to delineate

stratigraphically controlled zones with high electrical con-

ductivity in the subsurface that may contain concentrations

of sulphides but which, at the present time, are not visible.
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Figure 1. Geology of southeastern British Columbia (modified from Cook and van der Velden, 1995). Red lines are locations of seismic-re-
flection profiles and green lines with dots are MT station locations. Both datasets were acquired in the mid-1980s. Abbreviations: DEI,
Duncan Energy Inc. drillhole; LF, Longfarrell MT profile in two segments; Cav, Caven Creek profile; Lum, Lumberton profile; Moy, Moyie
fault profile; Sd, Sundown Creek; Sr, Sunrise Creek; SU, Sullivan mine; Wa, Ward Creek.
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Introduction

In January 2016, the Canada Mining Innovation Council

(CMIC) and Geoscience BC signed a one-year working

agreement for the development of an initiative entitled

Mining Industry Knowledge Hub (‘Knowledge Hub’). The

central aims of the initiative are to compile, centralize and

disseminate key water quality data that are related to the

mining sector.

The working agreement covers the pilot/proof-of-concept

phase of the initiative. This allows the project participants

to evaluate the technical feasibility of the project while

gauging stakeholder buy-in. As CMIC is a national organi-

zation, the initiative may be used as a model for the devel-

opment of additional Knowledge Hubs in other major min-

ing jurisdictions across Canada.

The strategic partnership between CMIC and Geoscience

BC capitalizes on the unique skills and expertise of the or-

ganizations. The project lead is CMIC, with its role as a key

mining industry association for developing innovation pro-

jects. It provides overall project management and is the in-

terface between the project participants and project stake-

holders (i.e., mining companies, regulatory agencies,

communities, etc.). Given Geoscience BC’s strong track re-

cord of collecting, curating and distributing earth-science

data, it serves as the technical lead for the initiative.

Project Background

Geoscience BC Project Background

In 2014, Geoscience BC began identifying challenges asso-

ciated with accessibility to environmental data for the min-

ing sector and the public. Water quality data was high-

lighted as a key priority, given the importance of sound

water management to both the resource sector and to all

British Columbians.

To do so, the organization engaged in outreach to determine

initiatives that would address some of the challenges sur-

rounding access to water quality data, while also exploring

many of the opportunities that exist in the realm of environ-

mental data.

At the same time, Geoscience BC sought strategic partner-

ships with organizations within the mining ecosystem. This

would leverage the skills and expertise of the partnering or-

ganizations and create new avenues for collaboration.

CMIC Project Background

The Canada Mining Innovation Council is a national, mem-

ber-based and industry-led organization. Its mandate is to

lead innovation in the Canadian mining sector. Members of

CMIC—through its technical working groups—define the

challenges facing the sector and then develop innovative

solutions in the form of collaborative projects and pro-

grams.

The Environmental Stewardship Initiative is one of four

technical working groups within CMIC. Its role is to col-

laborate on innovation projects and programs that address

sustainability issues facing the mining sector. In 2014,

CMIC completed an environmental management scoping

study (Hatch Ltd., 2014), which identified water manage-

ment as a key area of the mining sector requiring innova-

tion.

In turn, the Environmental Stewardship Initiative estab-

lished the water working group to develop water manage-

ment initiatives. The water working group defined many

challenges surrounding water management; water quality

monitoring and the associated data management were

identified as key challenges.

Problem Definition

Importance of Water Quality Data

Monitoring is an integral component of water management

activities for mine development and operations. The data

and interpretations are critical for:
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• establishing baseline water quality conditions;

• determining any deleterious effects of mining opera-

tions on water resources;

• devising water management strategies, including im-

pact mitigation strategies;

• implementing corrective actions;

• informing water treatment strategies and their efficacy;

and

• characterizing the potential cumulative impact of min-

ing activities on the surrounding environment.

Mine operators expend significant resources collecting,

storing and analyzing water quality data that are used by

regulators to meet their legislated mandates. This includes

predicting impacts to water resources at the outset of pro-

ject development, devising operating permits and ensuring

compliance with the permits.

Disparate Nature of Regulatory Water Quality Data

Individual mine developers and operators collect and store

their own water quality data. The methods and tools for do-

ing so vary by company. Additionally, companies submit

their data to the following regulatory bodies throughout

various stages of the mine life cycle (i.e., assessment and

permitting through to operations and closure/post-closure):

• BC Environmental Assessment Office (BC EAO)

• BC Ministry of Energy and Mines (BC MEM)

• BC Ministry of the Environment (BC MoE)

• Canadian Environmental Assessment Agency (federal)

• Environment and Climate Change Canada (ECCC; fed-

eral)

Each of the above agencies have different requirements for

data submission, ranging from data submission in simple

PDF to electronic submission into storage platforms. For

example, the BC EAO requires that baseline water quality

data be appended in PDF to environmental impact state-

ments (EIS) as part of an overall environmental assessment.

Conversely, the ECCC requires Metal Mining Effluent Reg-

ulations compliance data to be submitted via an electronic

platform, namely the Regulatory Information Submission

System. The data are then stored in an electronic database.

Data Loss

Environmental data loss is problematic across the mining

sector. A predominant point at which this occurs is when

mine projects are transferred between companies. This may

occur at the project development stage (e.g., exploration,

assessment) and/or during the operational stage.

Data loss can occur where mining companies submit data to

regulatory agencies for assessment and/or permitting pur-

poses and subsequently withdraw their application. In

other cases, following the submission of the data, a project

may be cancelled and/or the company dissolves. For both

instances, there is risk that the data-management systems

and retention policies may result in data loss.

Sector Transparency

Despite high levels of regulatory compliance with respect

to water quality, there is often a broad perception that the

mining sector must improve its environmental stewardship.

There may be distrust of mining companies as well as ap-

prehension of the real and perceived impacts to the environ-

ment. In turn, this affects social acceptance of the sector’s

activities. Movement in the sector with respect to sharing

information, reporting on sustainability and deeper en-

gagement are some examples of transparency that might

lead to greater social acceptance.

Government regulators are increasing transparency as well

through the release of water quality data and summary re-

ports that traditionally were used internally to determine

compliance.

Developing a Solution: a Mining Industry
Knowledge Hub

The Knowledge Hub initiative is exploring platforms that

can ingest and store water quality data related to developing

and operating mines across Canada.

Data Preservation

A key deliverable of the Knowledge Hub initiative is to

compile and centralize disparate water quality data so it

will be accessible for future use. Some of it is publicly

available already, but not in a form that is broadly usable.

The three sources of data have been identified for inclusion

in the pilot phase of the Knowledge Hub are

• baseline data submitted as part of environmental assess-

ments to the BC EAO,

• compliance data submitted to regulatory bodies (i.e.,

BC MoE and BC MEM), and

• select datasets that are held by mining companies.

The above data are being stored in a temporary platform

(Figures 1, 2) that uses the existing hardware and software

of Geoscience BC (i.e., the Geoscience BC Earth Science

Viewer). Parallel scoping work is being completed to iden-

tify a permanent platform for the data.

Extracting Value from Data

A goal of the Knowledge Hub is to enhance data-driven de-

cision making. This requires that data is curated and pre-

sented in a way that facilitates use by a broad group of

stakeholders.

Significant efforts are being made to ensure that the data

platform is sufficiently user-friendly. These efforts are

guided by the principle that the user experience of the
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Knowledge Hub should be similar to that of consumer-

based platforms.

Quality assurance (QA) and quality control (QC) protocols

are critical for data usability and defensibility. To address

this, the project team has developed a QA-QC strategy to

guide data collection and ingestion. A key component of

the strategy is presenting existing, publicly available data

in an ‘as is, where is’ format. Although less than ideal, this

approach mitigates validation and verification risks that

may arise during data conversion. Where possible, the pro-

ject team is working with mining companies and analytical

labs to access datasets directly. This approach further helps

to mitigate QA-QC risks.

Transparency Through ‘Open Data’

The concept of ‘open data’—defined generally as data that

can be accessed and used by anyone—is rapidly capturing

the attention of stakeholders, from governments and regu-

latory agencies to local communities and the public. The

value and possibilities of ‘open data’ are myriad, including

within the mining sector.

The Knowledge Hub is a first step toward capturing and un-

locking these opportunities. The initiative will increase

transparency within the mining sector by making water

quality data publicly available. By doing so, the sector

demonstrates the efficacy of their water management strat-

egies and highlights the sustainability trends of the

industry.
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