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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. Thevolumeisdivided into two sections, ' Energy’ and ‘ Minerals’, and containsato-
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 projectsin 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 dueto hydraulic fracturing. Hayeset al. provide an update on anew project examining resourceoil plays, and pe-
troleum systemsanal yses are presented for the Doig Formation by Silvaand Bustin, and Upper Devonian shalesof theHorn
River and Liard basins by Wilson and Bustin. Vaisblat et al. present a diagenetic model for the Montney Formation.

Water isonceagain akey focusof Geoscience BC Energy projects. Two papers, by Morgan et al. and Abadzadesahraei et al.,
highlight research aimed at increasing theregional understanding of groundwater in northeastern BC. Owen and Bustindis-
cussthegeochemistry of flowback watersfrom hydraulic fracturing, Guptaet al. examinethe uptake of water by Horn River
basin shales during hydraulic fracturing and the resulting hydration-induced stressand 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 resultsinto apublicly 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 mineral s 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 amain 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'songoing updatesto the provincial RGS databases. Three papers, oneby Yehiaet al. and two by Heberlein
and Dunn, highlight the ongoing devel opment of new geochemical techniquesin BC (using afield-portable photometer and
voltammeter, and through the analysis of halogen and other volatile compounds, respectively). Hart and Jenkins present a
summary of arecently 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 depositsor mining districtsin BC: Highland Valley (Chouinard et al.
and Byrneet al.), Brucegjack (McLeish et al.) and Kerr-Sulphurets-Mitchell (Campbell and Dilles). South-central BCisthe
focus of Mortensen et al. and Bouzari et al., who characterize the basement of the Quesnel terrane and porphyry-fertile
plutonsin theregion, respectively. Chapman et al. provide an update on using detrital gold asanindicator 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 CanadaMining 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 BCreports. Highlightsfrom 2016 includethe Search Phasel airborne survey datainwest-central BC, anew air-
borne EM survey in northeastern BC, atree-top biogeochemical survey in central BC and areport highlighting direct-use
geothermal resourcesin 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/DataRel eases.asp. Most final reports and data can be viewed through our Earth Science Viewer

at http://www.geosciencebc.com/s/\WebM aps.asp.

All releases of Geoscience BC reportsand dataareannounced through our websiteand e-mail list. If you areinterestedinre-
ceiving e-mail regarding these reports and other Geoscience BC news, please contact info@geosciencebc.com.
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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 anomal ousinduced seismicity dueto hydraulic fracturingin
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 anomalousinduced seismicity (AlS) dueto hydrau-
licfracturing. Occurrencesof Al Swith magnitudesof upto
M_ 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 fiveto hydraulic fracturing. Environmental and
safety concerns associated with wellbore damage resulting
from AlS are important, as are public concerns, especially
asshale-gasextraction isexpected to ramp up over the next
several years.

Thegoal of this Geoscience BC research project isto better
understand AlS due to hydraulic fracturing in NEBC. The
project is designed to investigate the variables and pro-
cesses controlling AlS and its associated ground motions,
aswell asto investigate and devel op methods or protocols
for the reduction and mitigation of the seismicity. The pro-
gram hastwo obj ectivesin order to accomplish thesegoals:

e 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 Al Sthrough the development of a
traffic-light/early-warning protocol based on ground
motions, and to devel op attenuation models(i.e., there-
lationship between magnitude and ground motions)

e develop probabilistic hydrogeomechanical models for
the occurrence and magnitude of AlS due to hydraulic
fracturinginthe Montney Formation by integrating data
fromfield studies and laboratory analysisinto numeric-
al simulations

Keywords: British Columbia, hydraulic fracturing, induced seis-
micity, Montney Formation, attenuation model, traffic-light proto-
col, hydrogeomechanical modelling

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. 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.

Thedatanecessary to devel op an effective Al Straffic-light
protocol (TLP) based on ground motions will be provided
by expanding the currently operational five-sensor array.
These sensorsarelow cost, mobile and easy to deploy (sen-
sorsneed only be buried beneath any loose material using a
shovel), consisting of both an accel erograph and 3C seismom-
eter to cover the full frequency bandwidth necessary for
monitoring both microseismicity and AlS, aswell as accu-
rately measure ground motions. The design for the sensors
wasmodified fromthat devel oped 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 sensorswill
beinstrumental in providing industry with an efficient, ac-
curate and inexpensive monitoring option for the BC Qil
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and Gas Commission’ scollaborative monitoring model. The
array will be used to densely monitor the hydraulic fractur-
ing of 3-5 multilateral well padsinthe Montney play andto
obtain a dataset of reliably located events and associated
ground motions. The spatiotemporal and magnitude-fre-
guency distributions of microseismicity, AlS and associ-
ated ground motions will be analyzed to develop TLP. The
increased positional accuracy of sourcelocationsand mag-
nitudeswill be calibrated with, and integrated into, the Ca-
nadian National Seismograph Network (CNSN), aswell as
any commercial arrays put in place by industry partners.
Monitoring of thearray will provide abetter understanding
of the relationship between ground motions and magni-
tudesfor induced eventsand assist in the devel opment of an
attenuation relationship for the Montney Formation.

Earth models for the monitored regions will be developed
to better understand the processes resulting in AlS, 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, aswell astest mitigation techniques. The mod-
elling parameters will be obtained from the seismic moni-
toring aswell asthe 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 simulationsincorporating advanced 3-
D hydrogeomechanical bonded-block distinct-element
modelling (3BDEC™), which uses algorithms to estimate
event magnitudes from simulated induced seismicity.

Background

British Columbia(BC) hastremendousresourcesof natural
gas (estimated at ~8.5 x 10" m®) in mainly |ow-permeabil-
ity rocks, which require hydraulic fracturing to achieve
economic production rates (BC Ministry of Energy and
Mines, 2011). It isestimated that natural gaswill contribute
some 100 billion dollars over the next 30 years to the BC
economy and at the sametimereduce greenhouse-gasemis-
sions (BC Ministry of Energy and Mines, 2012). To supply
fiveliquefied natural gas (LNG) export facilitieswould re-
quire an estimated 40 000 additional wellsin NEBC by the
year 2040 (Paulson, 2015). Reducing and mitigating AlS
associated with hydraulic fracturing as well as other geo-
hazards, minimizing water use, and devel oping more effec-
tive and efficient fracturing techniques are important chal-
lenges that must be met for this development to be
economically and environmentally viable.

Anomalousinduced seismicity isaknownrisk in any earth-
engineering project that changes the effective stress in a

rock mass. Such achangein 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. Thelargest was amagnitude 4.8 event
in 1967, which caused half amillion dollarsin 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),
whichisin accordance with the M ohr-Coulomb failure cri-
terion (t = up, — p])- In this mechanism, shear failure oc-
curs on pre-existing failure surfaces as aresult of fluid in-
jection, which increases the pore pressure and, hence,
reduces the effective normal stress. The reduction in effec-
tivenormal stresslowersthecritical shear stressonthefail-
uresurface, bringing thestressregimeinto astateof failure.
Thisisthe mechanism generally used to describe all fluid-
injection—induced seismicity. In general, thefluid 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). Therearefour known exceptional regionswhere
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. 20153, b).

Shale-gas operationsin NEBC, within the Western Canada
Sedimentary Basin, have induced the largest occurrence
and magnitude of AlS dueto hydraulic fracturing (BC Oil
and Gas Commission, 2014). Occurrences of AlS have
been recorded in seven clusters within the Montney play,
with magnitudesof uptoM_4.6. Two of theseclustershave
been linked to waste-water disposal and another fiveto re-
gionswhere hydraulic fracturing of the Montney shale-gas
play occurs(BC Oil and GasCommission, 2014). Although
some events have been felt, the remote | ocation 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, smply alert-
ing the public to theissue can cause problemsfor theindus-

Geoscience BC Summary of Activities 2016
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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 Al'S, areimportant i ssues, 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 €t al.,
2015; Hajati et al., 2015; Rutqvist et al., 2015; Tutuncu and
Bui, 2016). Such assessments require a large quantity of
data, which hasyet to beintegrated 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, itiscurrently impossible to
measure or model the heterogeneity and scale necessary to
prevent all induced events. Therefore, itisal so necessary to
develop and implement protocols for mitigating events.
The eventsinduced 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 a., 2010;
Shapiroetal. 2011). Theoccurrence of eventswithincreas-
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
betaken 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

— p at shut-in
.......... p after shut-in

pressure (MPa)
- - N N w w
(=) [&)] (=} )] (=] [4)]

()]

0

-2000-1500-1000-500 0 500 1000 1500 2000
distance (m)

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).
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simply requires al injected activitiesto stop after amagni-
tude 4 event. However, it is not the magnitude of an event,
but the intensity of the ground shaking that controls
whether an event isfelt and causes damage. Therefore, the
development of atraffic-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 actionsthat may help mitigate theincreasein magnit-
ude and occurrence of events.

Objectives

In order to investigate the hydrogeomechanical parameters
and processes controlling AlS and its associated ground
motionsin NEBC, aswell asto develop methods or proto-
colsfor reducing and mitigating Al S, thisresearch program
has two objectives, which are described in detail below.

Develop Protocols to Manage and Mitigate AIS

Themain objectiveof thisstudy isto develop effective TLP
for mitigating AlS based on ground motions for the
Montney Formation in NEBC. An array of five accelero-
graph and 3C-seismometer sensorswith telemetry for real-
time monitoring of fluid injection activities has been de-
signed and built for thispurpose. Thedesign 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 stimulationsin the Mont-
ney play to obtain a dataset of reliably located events and
associated ground motions dueto AlS. The spatiotemporal
and magnitude-frequency distributions of microseismicity,
Al S and the associated ground motionswill be analyzed to
develop TLP based on ground motions. The goal to devel-
oping TLP, and combining them with current research on

shut-in

g 10 12
time {days)

14 16 18 20

magnitude

-1

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-Foréts in France (modified from
Baisch et al., 2010).
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Induced earthquake Induced earthquake Felt earthquake
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continue seismic monitoring
until seismicity rate r=0 events/day
for at least 10 days

reservoir geomechanics, is to develop real-time adjust-
ments to completion programs for mitigating AlS and, at
the same time, optimize the stimulation. The datafrom the
monitoring arrays will also be used to develop an attenua-
tion relationship for predicting ground motions from the
magnitude of AlS in the Montney Formation.

Reducing Al S 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 datawill be integrated into numerical simulations us-
ing 3BDEC™, a discontinuum-modelling code based on
distinct-element method (DEM) software developed by
Itasca™ Consulting Group, Inc.

v

v

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).

Methods and Approaches

There are two components to the research: afield 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 afive-
station array of sensors, which include an accelerograph
(Tetra2) and a3C seismometer. The design for the sensors
was modified from the EERF's early earthquake detectors
installed in BC schoolsfor BC's earthquake early-warning
system (http://globalnews.ca/news/2429129/early-
warning-system-successfully-detects-b-c-earthquake/).
The Tetra 2 accel erometers, 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)

Geoscience BC Summary of Activities 2016
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gel battery inside the pelican box for backup. The pelican
box also enclosesa GPS aswell asanext unit of computing
(NUC) to store the dataand 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
haveindividual 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 away as to allow 3-5
completions to be densely monitored (ideally 10 stations
over al0by 10 km area) in real-time over ashort period of
timeto obtain adataset of reliably located eventsand the as-
sociated ground motions. The goal isto monitor hydraulic-
fracturing stimulations of pads in the Montney play oper-
ated by industry collaborators, as well as by operators of
nearby pads, through acollaborativemodel. Thearrayswill

L10 solar

be integrated with downhole or surface (depending on the
operators' preference) microseismic monitoring arrays. A
major hydraulic-fracturing service company operating in
NEBC has aso 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.

Thespatiotemporal and magnitude-frequency distributions
of microseismicity, AlS and the associated ground motions
will be analyzed to develop TLP. Similar waveforms from
the samefault systemwill 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 regionsof NEBC, thedatawill be used to develop an at-
tenuation relationship for NEBC, to better understand the
relationship between ground motionsand recorded magnit-
udes.

The increased positional accuracy of source locations and
magnitudes will be integrated and calibrated with the

Battery

troll
controller 2m cable AGM deep-cycle
(on back of solar storage.
solar panel) 12V/103Ah
3mecable
Waterproof
plug

v

12V/2.2Ah
UPS gel
battery

12v
regulator

Pelican box

+ Triaxial seismometer

+ Cell-phone modem for telemetry and
connection to PC

6.5V
regulator
+ switch
Waterproof Waterproof
plug (spare) plug
3-4m cable

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.

Geoscience BC Report 2017-1



Gedscience BC

CNSN, aswell as any commercial arrays deployed by in-
dustry partners. The calibration of thedatafrom the study’s
monitoring arrayswith that provided by other sensor types
will aid in understanding hypocentre accuracy and magni-
tude distributionsand thresholds, aswell as serve asacom-
parison to illustrate the advantages provided by these sen-
sors. Additionally, the monitoring projects will help
optimizethedesign criteriafor monitoringarraysin NEBC.

Hydrogeomechanical Modelling

Hydrogeomechanical modelling provides the opportunity
to evaluate the potential response of naturally stressed rock
to fluid injection under various conditions. Thefirst step of
the modelling is to create a database of the parameters
needed to create a hydrogeomechanical model. The neces-
sary parametersinclude: 3-D stress profiles; pore pressure;
rock mechanical properties (including those for fault char-
acterization); spacing, geometry, and orientation of natural
and induced fracturesand faults; and bedding thicknessand
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 microsei smic 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 metricsfor 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 stressfield
to better predict thefracturefabric that will beinduced with
variousdrilling 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 fromtriaxial testson 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 logsand well tests, will contributeto
upgrading the regional stress map of NEBC at a scale that
can beintegrated into ageohazard map. Using EX base® and
UBC dataallows accessto abroad sampling of rock mech-
anical datathat provide a starting point for the study.

Once the hydrogeomechanical parameters are collected,
they will provide inputs for simulating seismicity induced

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

by the monitored hydraulic completions using a 3-D mod-
elling program. Each recorded event with a magnitude >1
will first be associated with astage 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
stagesto 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 aswell asinto the mechanismstaking place.
A complete parametric analysis will then be conducted on
the best-fit model sby comparing the occurrence and maxi-
mum magnitude of induced seismicity for variationsin the
hydrogeomechanical parameters, including the stressfield,
rock mechanical propertiesand structural setting. Paramet-
ric analysis will be used to determine which variables are
controlling the induced seismicity, to identify regionswith
ahigher probability of hosting critically stressed faultsand
to provide insights into the maximum possible magnitude
of events. For comparison, stageswhich only induced mic-
roseismicity will also be history matched and the sensitivity
of the parameters will be analyzed.

Different mitigation techniques will aso be tested using
hydrogeomechanical modelling, such as the impact of re-
ducing or stopping injection at different thresholds and
flow-back volumes, and controlling |eak-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 3BDEC™, a discontinuum-
modelling code based on DEM software The utility of this
program was evaluated by first using UDEC™ (Universal
Distinct Element Code), thetwo dimensional version of the
numerical software developed by Itasca™ Consulting
Group, Inc., to model both pore-pressure buildup and its
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Figure 6. Example of the results from modelling using UDEC™ (Universal Distinct Element Code), the two di-
mensional version of the distinct-element method (DEM) numerical software chosen for the hydraulic fractur-
ing monitoring project in the Montney Formation. The plot shows the shear displacement along a 1500 m fault
and fractures surrounding the hydraulic fracture caused by injection 100 m from the fault.

diffusion along rock discontinuities into a critically
stressed fault in response to fluid injection and the subse-
guent 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-
jecttopossiblefailure. Failureoccursby 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 strengthisused to
quantify the displacements. The blocks are subdivided into
amesh of finite difference elements and their deformation
is modelled based on the basic Mohr-Coulomb dlip 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 thereduction and mitigation of Al1Sinthe Montney For-
mation in NEBC, the legacy of this research will be the
commissioning of up to 15 mobile sensorsthat can be opti-
mally positioned throughout field devel opment as needed.
Inaddition, aworld-classresearch nexusisbeing created at
UBC-Geoscience BC dealing with AlSand hydraulic frac-

Geoscience BC Report 2017-1

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 networksis essential in
understanding the potential seismic hazard in a region.
Ground motion prediction equations (GMPE) areroutinely
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. Thislack of resolutionises-
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 theseinduced
earthquakes has been observed after the larger magnitude
events, such asthe moment magnitude (M,y) 5.7 earthquake
in November 2011 in Prague, Oklahoma (Keranen et a.,
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.

OnAugust 17, 2015, an M,, 4.6 event occurred inthe 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 a., in press). The regional seismo-
graphic stations operated by Natural Resources Canada

Keywords: British Columbia, induced seismicity, ground motion

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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(NRCan) in the area are too sparse to provide ground mo-
tion data at close distances. However, alocal seismograph
network owned by Progress Energy Canada Ltd. (Progress
Energy) provided auniquedataset ranging in distancefrom
510 100 km (Figure 1a). Waveforms from this event, how-
ever, were clipped at epicentral distances asfar as~40 km,
therefore, direct observation of maximum ground motion
amplitudesisnot possible. Inthispaper, ground motion am-
plitudesfromtheM,, 4.6 event at the clipped stationsare es-
timated using the unclipped waveformsfrom an aftershock
(M, 3.0), which happened approximately three hours after
the main shock.

Database

In this study, the availability of datafrom 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
spaceand timewith 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, M, 4.6 event,
waveform amplitudes were clipped at distances as far as
~40 kmfrom the epicentre whereaswaveform clipping was
observed only at the closest station for the September 2,
M,, 3.2 event (epicentral distance 7.5 km). None of the
waveforms from the M,, 3.0 event on August 17 were
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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 (M,,) 4.6 event on August
17, 2015. Background image from Linquist et al. (2004).

clipped. Acceleration time series were obtained from the
unclipped wavef ormsby removing theinstrument 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
theeventsshownin Figure 2. InFigure 3, only valuesfrom
the unclipped waveforms are shown.

10

Ground Motion Amplitude from the
M,, 4.6 Event

Ground motion at close distances providesinsightsinto the
hazard potential of moderate-sized induced earthquakes
(magnitudesof 4 and higher) to nearby structures. Analysis
of ground motion from possibly induced earthquakesinthe
magnitude range of 3.8-4.4 in the Western Canada Sedi-
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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: M,,, moment magnitude.

mentary Basin hasrevealed that thislevel of motion can be
potentially damaging to nearby infrastructure due to the
shallow depths of these events, although the lower stress
drop asaresult of shallow focal depthsmight 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, especialy at close distances (Yang and Ben-Zion,
2010), it canlead to acritical knowledgegap in characteriz-
ing the distribution of near-field ground motion when co-
located strong-motion data are not available. In this case,
innovativeeffortsshould bemadeto derive asmuch ground
motion information as possible from the available imper-
fect dataset. Here, unclipped waveforms from a smaller
aftershock (August 17, 2015, M,, 3.0) that occurred ap-
proximately three hoursafter theM,, 4.6 event were used as
a reference dataset to estimate the ground motion ampli-
tudesfor theclipped waveformsfromthelarger event. Both
events occurred in proximity of each other with similar
source and depth characteristics and were recorded by the
same stations.

Thetotal energy of aunit massat arecording station can be
related to the seismic moment, My, as

AG A?

2 M =2pn" €]
(Lay and Wallace, 1995), where Ac isthe stressdrop, [ is
the shear modulus, p isdensity and A isthe amplitude of a
wavewith period T. By rearranging equation (1), arelation-
ship can be found between the seismic moment and ampli-
tude:

A2

M, =4upr® AoT? @)
Here, itisassumed that Y, p and Ac are similar for the two
events, although, stressdrop can vary from oneevent to an-
other depending on depth and magnitude. With these as-
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sumptions, the ratio of seismic momentsfor the two events
becomes

M — A42~6 3

M0,3.O A32.o ( )
In equation (3), subscripts 4.6 and 3.0 refer to the My, 4.6
and 3.0 earthquakes, respectively. TheM,, 3.0 event gener-
ated aPGA value of ~10 cm/s” (Asy) at the closest distance
of ~5 km on the north-south component (Figure 3b). Con-
sidering the seismic moment ratio of ~300 between thetwo
events (i.e., Mg46/Mo30 = 300), the peak amplitude of
ground acceleration generated by the M, 4.6 event at this
distance (~5 km) can be estimated to be ~173 cm/s?
(~17% gravity [g]). Ground motion from the M,, 3.0 event
at a distance of ~40 km is ~0.5 cm/s? on the north-south
component, therefore, the equivalent ground motion at this
distance for the M, 4.6 event could be ~9 cm/<?.

Figure 4 shows the estimated, three-component PGA val-
uesasafunction of epicentral distancefor theM,, 4.6 event.
For distances >40 km, the estimated values can be verified
by the observed onesfromunclipped waveforms (triangles,
Figure 4). The good match between the estimated and ob-
served data points confirms the validity of equation (3).
Thefelt threshold (0.3% g), damagethreshold (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
valuesin Figure4, the M,, 4.6 event could have been felt at
distancesasfar as60 kmfromthe epicentre. Thisisconsis-
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 M,, 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.

Theuncertainty of the estimated PGA valuesfor theM,, 4.6
event isan important factor that deservesfurther investiga-
tion. For the purpose of verification, the possible level of
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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 (M,,) 4.6 event determined from the unclipped ground motion data of the smaller M,, 3.0 event using equation (3).
Values as high as ~173 cm/s? (~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).

errorswhen equation (3) isused for ground motion predic-
tion is quantitatively assessed. Specifically, the M, 3.0
event isfirst used to estimate the PGA values of theM,, 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 valuesfor distances>7.5 kmwere 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 M,, 3.0 event (which is used to obtain the estimated
PGA) differs from that of the M,, 3.2 event by <5 km, thus
the propagation and attenuation effects are negligible.
Overall, the majority of the difference between observed
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g 6 L oN
o A = ©)
o 20 on PG
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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 (My,) 3.2 event. Waveforms from the smaller August
17, 2015, M,, 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.
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and estimated PGA valuesis a factor of ~3. It seems that
equation (3) tendsto overestimatethe PGA by afactor 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 thislimited dataset, it could
be speculated that perhaps variations in local geological
setting and site condition could be important factors.

Finally, Figure 6 showsthe estimated and observed PGA of
the geometric mean of the horizontal components from the
M,, 4.6 event versus hypocentral distance (the source depth
isset at 2 km). The solid line corresponds to the prediction

100

PGA (cml/s?)
)

. OMANG)
®  Estimated N
1 —— At5 SQY
| ———. Al5+0 O
——=- A5G ]
Observed
| L |
4 10 20 3040

Hypocentral distance (km)

Figure 6. Estimated and observed peak ground acceler-
ation (PGA) values of the geometric mean of the hori-
zontal components from the M,, 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 (o) of the ground
motion prediction model.
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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,
whichissuitablefor applicationsto seismic hazard fromin-
duced earthquakes. Both the estimated and observed values
appear to bein good agreement with the prediction model
within its standard deviation (dashed lines, Figure 6).

Conclusion

Waveforms from the August 17, 2015, moment magnitude
(M,y) 4.6 event wereclipped at distancesup to ~40 kmfrom
the epicentre; an indicator of large ground motion at close
distances. Using the unclipped ground motion from a
smaller M, 3.0 aftershock, the authors estimate that the
peak ground acceleration (PGA) from the M,, 4.6 event
could have been ashigh as~173 cm/s® (~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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oil playsin northeastern British Columbia; in Geoscience BC Summary of Activities 2016, Geoscience BC, Report 2017-1, p. 15-20.

Introduction

Horizontal drilling and multiple-stage hydraulic fracturing
(multi-frac) stimulation technologies have greatly aug-
mented gasand liquidsresourcesand reservesin theuncon-
ventional reservoirsof British Columbia(BC) over the past
several years. However, little new unconventional oil po-
tential hasbeen identified, even though substantial conven-
tional oil pools have been producing for decades. To ad-
dress this issue, Geoscience BC commissioned a study to
determinethe potential for new tight oil exploration and ex-
ploitation fairways, accessiblethrough modern drilling and
completions technologies.

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

e 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 Formationin Al-
berta and BC are good examples.

e Halo ail 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 il
playsmay extend vertically fromaconventional pool, as
well as laterally. The Cardium Formation in west-cen-
tral Albertais the best Canadian example.

e Shaleoil plays—oil accumul ationshosted by trueshales
and/or mudrocks. Thesearerelatively rare, andthereisa

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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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 suggeststhat associated tight sandstone beds with
extensive natural fracturing are responsible for much of
the production. Appraisal of other potential shaleoil 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, asitstight 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 datawere
compiled to support play analysis, grouping the informa-
tion into the following categories:
e source rock analysis, including thermal maturity, or-
ganic richness and hydrocarbon composition parame-
ters;

e adsorption/desorption tests;

o X-ray diffraction (XRD) and X -ray fluorescence (XRF);
e scanning electron microscopy (SEM);

e standard petrographic (thin section) analysis; and

e geomechanical testing.
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Chinkeh Formation horizontal oil wells
Wells have three to five years of transient flow
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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 Y2 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.
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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.
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Data were gathered from the technical literature, govern-
ment survey reportsand analytical filessubmittedtothe 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
accessto datafiles. 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 dataagainst 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
thosewells. Table 2 illustrates results of sourcerock analy-
sis on samples from the Chinkeh and Toad/Grayling
formationsinthecorefromthe GSENR (ECA) Maxhamish
D-48-B/94-0-11 well (universal well identifier
200D048B09401100, 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 dataand consultation on
results of Trican’s work to date, the team will select addi-
tional core for sampling and analytical testing. Drill cut-
tingsmay also besampledtofill 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 fairwayswhereexisting oil pro-
duction data suggest the presence of substantial oil re-
sources occurring inlow-permeability halo accumulations.
Analysis of oil production from horizontal and vertical
wellsin 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(Figures1, 2). Future productive behaviour of tight oil

20

prospects, like the Chinkeh Formation, will be modelled
once all data are compiled.

Deliverables

For each resource oil play, fina project reporting will in-
clude
e reservoir mapping and facies characterization, related
to existing conventional pools, where applicable;
e reservoir quality assessment, incorporating mineral ogi-
cal data and porosity/permeability characteristics;
e 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;
e assessment of geomechanical properties and resulting
productive potential; and
e 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-
tionsregarding exploration for and appraisal of the highest
potential resource oil plays.
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New Brunswick: Progress Report
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ties 2016, Geoscience BC, Report 2017-1, p. 21-24.

Introduction

The Earth’s crust is full of faults, and several studiesindi-
catethat the brittle crust isin acritically stressed state with
failures on the verge of happening (Zoback and Zoback,
2002; Hill, 2008). Local faults can be activated by thetran-
sient stress from the seismic waves of distant mainshocks
with hypocentre distances ranging from hundreds to thou-
sands of kilometres, thisis called dynamic triggering (Hill
etal., 1993; Gomberg et al ., 2001; Prejean et al., 2004; Hill
and Prejean, 2007). The organized study of dynamic trig-
gering could help tointerpret the mechanism of earthquake
nucleation and fault activation. Meanwhile, testing the
minimum transient stress necessary to trigger an earth-
guake could help to investigate the stress state of local
faults (Brodsky and Prejean, 2005; vander Elstet 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 susceptibleto triggering. At the sametime, the
current stress state of local faultswill also be investigated.
If triggering happens, the specific triggering response
propertiesfor each of the different basinswill be examined,
aswell asthefactorsthat could be causing dynamictrigger-
ing. For the three shale basins (Figure 1), one basin is situ-
ated in northeastern British Columbiaand western Alberta
(BCAB), one basin is situated in the Northwest Territories
(NWT) and one basin is situated in New Brunswick (NB).
Thesethreeareashaveall seen anincreasein the number of
seismic stationsinstalled; studiesshow that they have expe-
rienced relatively high seismicity ratesrecently, which may

Keywords: British Columbia, dynamic triggering, shale basins,
induced seismicity

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

Geoscience BC Report 2017-1

berelated to thefluidinjection fromunconventional oil/gas
production (Rivard et al., 2014; Schultz et al., 2014, 2015;
Eaton and Mahani, 2015; Farahbod et al., 2015;
Lamontagneet 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 showsthe 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 astemplates, with continuouswaveform
data at multiple stations to detect the small and uncata-
logued earthquakes. Templates will be built using earth-
guake data from the NRCan catalogue (Natural Resources
Canada, 2016).

Statistical Measure of the Level of
Triggering

After detecting and counting earthquakesfrom the continu-
ous waveforms, the  statistical value will be used as the
guantitative measure of the level of dynamic triggering.
The [ statistical value represents differences between the
number of events in a specific time window and the ex-
pected number of eventsin that time window (Matthews
and Reasenberg, 1988). The following equation will be
used to calculate the B statistical value (Aron and Harde-
beck, 2009):
N, T, T = e M)
JN(T, I TY(A-T, IT)

where T, isthelength of time window after the mainshock
and T isthetotal length of time window, variable Naisthe
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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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.
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to be even, meaning T, = 1/2 x T. The maximum
timewindows used in the MM F detection for each
of thethreebasinsare 10, 5and 5days. The 3 statis-
tical valuevariesslightly asafunction of timewin-
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
inthewindows surrounding each mainshock, the 3
statistic value will be calculated to quantify if sta-
tistically significant triggering hasoccurred 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 factorsaredirectly cor-
related with dynamictriggering. Casesof observed
triggering may imply that the seismic response to

British Columbia and Alberta Northwest Territories New Brunswick
F—t—t | S — e}
0 50 10 150km 0 20 40 60km 0 4 8 12km
A Seismic station X Breakout
Coastline

/./ Focal mechanism (TF)

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.
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injection activity could beintense. 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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28.

Introduction

The Triassic section of the Western Canada Sedimentary
Basin (WCSB) istherichest interval in terms of volume of
oil per volume of rock in the basin (Marshall et al., 1987).
An important part of the succession isthe Lower and Mid-
dle Triassic Doig Formation, which historically has been
known for limited production from its conventional reser-
voirsin British Columbia (BC) and Alberta. Morerecently,
the Doig has been recognized as an important unconven-
tional reservoir for gasand natural-gasliquids (NGL ), with
estimates of total gas-in-place ranging from 1.1 to 5.6 tril-
lionm? (Walshetal., 2006). Littleiscurrently known, how-
ever, about the unconventional portion of the Doig succes-
sion: the spatial and stratigraphic distribution of litho- and
reservoir faciesis 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, thereisan uncertainty in thedistribu-
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 systemanalysis(PSA). Theprincipal goa of thestudy
is to delineate the distribution of producible liquids from
tight reservoirs in northeastern BC.

The PSA approach used inthisstudy consistsof threeinter-
related elements (Figure 1):

e 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

Keywords: British Columbia, shale gas, shale oil, unconventional
reservoir, petroleum system analysis

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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e 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

e Reservoir properties: characterizing the reservoir po-
tential of the Doig Formation in terms of storage capac-
ity, producibility and responseto 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 haslong 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 siltstoneinter-
val. A more detailed subdivision has been proposed by
Chalmersand 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 distinguishablein well logs by agamma-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 corefrom fifteen wellsin BC and 190 m
from seven wellsin Alberta(Table 1) have been logged for
lithology, sedimentary structures, bioturbation, diagenetic
featuresand structural features. Thesewellscomprisethree
strikeand six dip cross-sections (Figure 2), covering theen-
tirelateral extent of the Doig Formationin BC and Alberta.
The primary selection criterion was availability and length
of coreintheDoig, inan attempt to adequately represent its
stratigraphic and spatial variability. Another factor taken
into consideration when selecting wellswasthe avail ability
of a complete well-log suite over the Doig interval. The
minimum requirement for this study is a quad-combo

25



—

Gedscience B

S

Reservoir \

Facies analysis |

Well-log analysis

neralogy

Figure 1. Elements of the petroleum system analysis approach to reservoir
evaluation and their respective inputs as implemented in this study.

(gammaray, density/neutron, resistivity and compressional
slowness), and preference was given to wells with shear
slowness, nuclear magnetic resonance, elemental capture
spectroscopy and spectral gammaray. Theselogs, although
not availablefor all wellsinthe study, will aid in the devel-
opment of neural-network models and in the extrapolation
of petrophysical and organic geochemical properties
measured on coreand on cuttingsto non-cored sectionsand
wells.

Analytical work in progressincludes X-ray diffraction for
guantitative 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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Table 1. Wells from which core of the Doig Formation was logged. See Figure 2 for location.

uwi Well Name Length (m) Interval
100/01-10-082-23W6/00 ADU MONIAS 01-10-082-23 37 Upper Doig, DPZ
100/01-32-083-25W6/00 PROGRESS ET AL HZ ALTARES A01-32-083-25 81 DPZ
100/08-36-081-14W6/00 HUSKY MICA 08-36-081-14 10 Upper Doig
100/04-09-084-22W6/00 ARCRES ATTACHIE 04-09-084-22 29 DPZ
100/05-04-088-14W6/00 CHINOOK N BOUNDARY 05-04-088-14 22 Upper Doig
100/09-33-079-21W6/00 TALISMAN GROUNDBIRCH 09-33-079-21 83 Upper Doig
100/12-04-086-20W6/00 CNRL ET AL W STODDART 12-04-086-20 18 Upper Doig
100/15-34-080-18W6/00 SHELL SUNSET 15-34-080-18 26 DPz
200/a-063-A 093-P-09/00 MURPHY HERITAGE A 063-A/093-P-09 25 Upper Doig
200/a-070-A 093-P-10/00 ARCRES SUNDOWN A-B 070-A/093-P-10 37 Upper Doig
200/b-008-L 094-H-07/00 CNRL ET AL ZAREMBA B 008-L/094-H-07 18 Upper Doig
200/b-046-E 094-A-15/00 TALISMAN ET AL BEAVERTAIL B 046-E/094-A-15 18 Upper Doig
200/c-073-J 094-A-12/00 ARCRES INGA C 073-J/094-A-12 19 Upper Doig
200/c-075-A 094-G-16/00 CNRL TOMMY C 075-A/094-G-16 17 Upper Doig
200/c-082-F 094-H-01/00 CNRL DRAKE C 082-F/094-H-01 30 Upper Doig
100/03-22-078-10W6/00 CNRL PROGRESS 3-22-78-10 33 Upper Doig
100/04-10-079-05W6/00 CNRL ET AL HOWARD 4-10-79-5 18 Upper Doig
100/06-22-074-10W6/00 NORTHROCK KNOPCIK 6-22-74-10 48 Upper Doig
100/15-01-074-04W6/00 CNRL TEEPEE 15-1-74-4 19 Upper Doig
100/06-03-070-04W6/00 GULF GOLD CREEK 6-3-70-4 18 Upper Doig
100/08-28-071-07W6/00 RANCHWEST DIMSD 8-28-71-7 23 Upper Doig
102/15-05-071-12W6/00 HUSKY 102 ELM 15-5-71-12 36 Upper Doig

Geoscience BC Summary of Activities 2016
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Figure 2. Location of the wells used in this study overlain on the isopach map of the Doig Formation—Halfway For-

mation interval.

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 corelogging revealsawidevariety of lithofac-
iesand complex stacking patternsthat confer ahigh 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-

Geoscience BC Report 2017-1

ity spanning four orders of magnitude, despite a narrow
rangein grain size (Chamers and Bustin, 2012; Chalmers
et al., 2012). It isfurther 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 a., 2015).

There are currently no publicly available regional studies
with asystematic petrophysical characterization of thelith-
ofaciesfound inthe Doig Formation. Thisstudy aimstofill
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 gasre-
servesare significant, with volumesinthe 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 Minesand National En-
ergy Board, 2011; Ferri and Griffiths, 2014; BC Ministry of
Natural Gas Development, 2015; National Energy Board,
2016). Themajority of these gasreservesare hosted within
Devonian strata. The Devonian stratigraphy of these basins
comprisesthick accumulations of organic-rich, highly pro-
spective fine-grained formations including the Muskwa,
BesaRiver and Horn River (Evie and Otter Park members)
formations that occur over alarge areal extent.

The objective of thisstudy isto contributeto the prediction
of hydrocarbon distribution, reservoir quality and produc-
ibility of Devonian shalesintheHorn River and Liard Bas-
ins, Cordova Embayment, and adjacent western Alberta.
Specifically, the goal isto 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 basing
evolution (Figure 1).

Detailed core-based analysis of samples from across the
study areawill help refine the reservoir characterization of

Keywords: British Columbia, shale gas, unconventional reser-
voirs, petrophysics, porosity, basin modelling, thermal maturity

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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important intervals and elucidate regional trends. The em-
phasisof suchlaboratory work will be put on characterizing
the porosity, pore structure and pore-sizedistribution of the
core samples, and generating additional thermal-maturity
datato add to the public database. In addition, basin model-
ling with afocus on thermal history will be used to resolve
thetiming 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 variabletectonic 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 goal s of
this study, and presentsinitial results of petrophysical and
organi c-content measurements of the MuskwaFormation.

Study Area

The Liard and Horn River basins are located in northern-
most BC, and southern Yukon and Northwest Territories
(Figure2). Although thefocus of the study iswithinthe BC
portion of the basins, the study areaextendsnorth of the 60°
parallel into theterritoriesand includeswelIswest of the 6™
meridian in Albertato encompass the geographic extent of
the formations. The majority of wellsin the study areaare
located within the Horn River Basin, Cordova Embayment
and west into Alberta, whereinitial 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 stratathat are deeply buried asa
result of displacement in the Bovie fault zone.

Geological Framework

During the Devonian and Missi ssippian 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).

Figure 1. Flowchart illustrating the protocol for this study.

LEGEND
[ ] Major City

Sedimentary basin

Coalbeds

Shale gas
Horn River Basin

Non-basin areas

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).
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The Besa River Formation dominates the stratigraphy of
theLiard Basin, representing an extended period of deposi-
tion in asediment-starved anaerobic environment (Rossand
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
Muskwaand Exshaw formations (Switzer et al., 1994; Ferri
etal., 2011). Themost common lithofacieswithin the Mus-
kwaand Horn River formationsis massive mudstone with
abundant pyrite laminations (Dong et al., 2015). Thesefor-
mations thin and become shallow overall toward the east,
where the Horn River Formation pinches out against the

edge of the Presgu’ile barrier reef. The Muskwa Formation
extendsinto Alberta(BC Ministry of Natural Gas Develop-
ment, 2015). Maturity of the source rocks, which isafunc-
tion of the interplay between burial depth, thermal history
and kerogen type, iswithin 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.
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sampleswere collected by sampling at 30 to 50 mintervals
along the entire length of each well. Initial data have been
collected for a suite of samples from the Muskwa Forma-
tionintheHorn River Basin and Cordova Embayment, and
include resultsfrom total organic carbon (TOC)/pyrolysis,
helium pycnometry and mercury intrusion porosimetry
(MIP). Inaddition, TOC/pyrolysisdatahavebeen collected
for the entire suite of ~300 cuttings samples.

TOC/Pyrolysis

The average TOC of the Muskwa Formation was mapped
acrossthe study areausing adataset that includes both pub-
licly available data and new analyses from cuttings and
core samples collected for thisstudy. The TOC isgenerally
<2%, withthe highest organic potential beinglocatedinthe
northwestern corner of the Horn River Basin (Figure 4).
Due to sampling bias, the densest region shown by the
dataset islocated intheHorn River Basin and CordovaEm-
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 rel ationship. For instance, it hasbeen demonstratedin
this areathat there is a correlation between quartz content
and TOC (Chalmerset 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 thehydrocarbons. Dueto their importance,
pore structures will be characterized in this study using a

combination of mercury intrusion porosimetry (MIP), he-
lium pycnometry, CO, and N, 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 moleculesand therefore ableto
access smaller pores. Initial pore-size—distribution results
from MIP indicate that most samples contain pores in the
mesopore range (Figure 8). Additionally, CO, and N, gas
adsorption will provide insight as to the quantity and size
distribution of microporesin the samples.

Basin History

One-dimensional basin modelling is underway, beginning
with wells that contain extensive therma maturity data.
Numerous one-dimensional models will provide control
pointsfor athree-dimensional model that will assess basin
history throughout theareaof interest. A preliminary model
for awell 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 beused to map lateral trendsinreservoir propertiesand
thermal maturity. Construction of basin models using these
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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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data combined with lithostratigraphy and interpretation of
tectonic history will provide aframework for determining
the thermal history and the timing of hydrocarbon genera-
tionand migration. Together, these research aspectswill 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 gasliquidsreservesand 1125 mmbbl
oil reserves (National Energy Board, 2013). Although
commonly described asashale, theMontney Formationisa
siltstonein 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 controlsonreservoir 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
arepresentedin Figure 1. In thisarea, the Montney Forma-
tion iswithin the gas window and highly mature (tempera-
tureat maximum release of hydrocarbons[ T ] 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 isto describe the major authigenic phases
that are present in the Montney Formation siltstoneand in-

Keywords: British Columbia, Montney Formation, diagenesis,
paragenesis, quartz cement, dolomite cement, dissolution, reser-
voir quality, clay minerals

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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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 consistsof threethird-order sequences
prograding from east to west. In the western part of the ba-
sin, the Montney Formation istopped by amajor intra-Tri-
assicerosivesurfaceand overlain by thetransgressive Doig
Formation (Crombez, 2016). Theformation reachesamax-
imum thickness of 350 m adjacent to the Rocky Mountains
deformation front, and thins eastward to an erosional zero
edgeintheeast (Figure 1). The centre of the Montney For-
mation depositional basin was positioned at a paleolatitude
of approximately 30°N (Golonkaet a., 1994; Davieset al.,
1997; Deep Times Maps Inc.™, 2013), experiencing a
semi-arid to desert climate (Gibson and Barclay, 1989; Da-
visetal., 1997), and dominated by west winds (Edwards et
a., 1994; Golonkaet 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 a., 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 (highinfeldspar and detrital dolomite) supportsthein-
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 a., 1997; Barber, 2003; Moslow and
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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.

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 a., 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), Chalmersand 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. Pyriteisre-
ported to be widely present throughout the Montney For-
mation. Authigenic claysidentified arefibrousillite, chlor-
ite and glauconite, and diagenetic illitization of smectite.

38

Secondary porosity resulted from grain dissolution (ar-
agonite, calcite, feldspar and quartz) or dedolomitiz-
ation (Playter, 2013). Carbonate cementation is usually
described asthe earliest pore-occluding event, followed
by quartz cement. Pyrite precipitation isthought to have
occurred moreor less continuously (Davieset al., 1997;
Playter, 2013). Authigenic clay precipitation occurred
in an intermediate stage, followed by quartz and feld-
spar dissol ution and asecond phase of carbonate (calcite
and/or dolomite) precipitation. Ducroset al. (2014) esti-
mated 2200 m of erosion above the Montney Formation
intheresearch areaduring the Laramide orogeny, bring-
ing the Montney Formation to amaximum 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

Themajority of the samplesfor thisstudy 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-
pleswere made availablefor 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, isvery 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

Sampleswere cut perpendicular to bedding, mounted in ep-
oxy and polished to expose a surface of approximately
1.5 cm? 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 Quanta650 with multipleenergy
dispersive spectrometry (EDS) detectors. Mineral identifi-
cation was made by matching the spectral response with a
proprietary speciesidentification protocol (SIP), acompre-
hensivemineral library, whichincludesreference composi-
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tions and solid solution series. The composition of three
randomly selected sampleswas al so determined by quanti-
tative X-ray diffraction (XRD) analysis on ahomogenized
sample, representing approximately 10 cm of core. Clay
minerals expendability potential was determined using ori-
ented, glycolated mounts of the <2 um fraction. Analysis
was done at the James Hutton Institute (Aberdeen, Scot-
land). Whole rock X-ray powder diffraction patterns were
recorded from 3-70° 20, and clay mounts were recorded
from 3-45° 20, using copper Ko, radiation. Organic rock
composition, al so performed on ~10 cm homogenized sam-
ple, was obtained by LECO TOC (total organic carbon)
analysisat 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
intherock. Some of the sampleswere coated with gold and
examined on aJEOL Ltd. 6301F field emission SEM (FE-
SEM) with an accelerating voltage of 20 kilovolts (kV) at
the University of Alberta(Edmonton, Alberta). Other sam-
pleswere coated with carbon and examined onaZeisseVO
L S15 extended pressure SEM (EP-SEM) with an accel erat-
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 sampleswere polished with an E.A. Fischione In-
struments, Inc. 1060 SEM mill at 5 kV, 3° and continuous
rotation for three hours. Sampleswere examined on an FEI
Company Quanta 250 FEG with aGatan, 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 mineral ogical and diagenetic phases
for each mineral.

Results and Morphological Observations

Sincethetwo well locations examined inthis 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 valuesin the samples
rangebetween 0.5 and 4 wt. % with an average of 1.5wt. %.
Organic matter in the formation displays a wide spectrum
of morphologiesfrom nonporousto 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 variesin origin
and composition. Detrital dolomite, evidenced by weath-
ered rounded cores, is surrounded by rhombs of authigenic
dolomitecement. Small rhombohedral dolomitecrystalsdo
not always contain a detrital core. At least seven genera-

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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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.

tions of dolomite cement wereidentified. Rimsdiffer in Ca
and Mg content (evidenced by HCI 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 someintervals, 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).

Cdcite

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-
urebb). Calcitewasfound to replace K -fel dspar (Figure5c¢)
and dolomite (Figure 5d).

Ca-Phosphate (Apatite)

Ca-phosphateis present in the samples as grain-coating ce-
ment or nodules, and islocally incorporated into dolomite
cement.

Pyrite
Pyriteis present in all samples, forming framboids or large
crystals, and is commonly associated with organic matter.
Framboidsand crystalsrangefrom <1to 10 pmin diameter
(Figure 6).

K-Feldspar

Potassium-feldspar cement surrounds detrital K-feldspar
grainsasaone-phase cement (Figure 7a), or appearsasdis-
crete crystalswith several generations of cement separated
by dissolved ragged edges (Figure 7b). In addition, non-
luminescent K-feldspar isdetected in the centre of Na-feld-
spar and quartz grains (Figure 8). Most of theauthigenic K -
feldspar, though much darker than detrital K-feldspar in
SEM-CL images, is moderately luminescent.

- W G
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- ' m

Figure 4. Backscattered electron—scanning electron microscope (BSE-SEM) images showing dolomite dissolutionin
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.
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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).

Geoscience BC Report 2017-1

Na-Feldspar

Inthedeep 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 al so replacesdetrital and authigenic
dolomite and detrital K-feldspar (Figure 9b, c). Sodium-
feldspar alterationisusually incompleteand easily identifi-
ablethrough 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 ¢) amorphous
opainesilica (Figure 10).
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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.
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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 HCI 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.

Clay

Fibrousillite is present in the rock in varying abundance.
Fibrousillite nucleates on the edges of detrital clay and lo-
cally on weathered mica grains (Figure 10b).

Porosity Enhancing Processes
Dolomite

Dolomite dissolution isevident by partially missing grains
(Figure 2b) and ragged edges (Figure 4a). Secondary po-
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rosity is developed in detrital dolomite, particularly along
cleavage planes (Figure 4b).

Quartz

Small angular pitsare present on the surface of somequartz
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 Bjagrkum, 1986; Bennett
and Siegel, 1987; Knaussand Wolery, 1988; Wahab, 1998)
and suggest local quartz dissolutioninthe 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 a., 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-
sinwasinterpreted from adetailed study of crosscutting re-
lationships between different phases. The paragenetic se-
guence 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 phasein
the deep Montney Formation. Davieset al. (1997) analyzed
fluid inclusions in the dolomite and concluded that dolo-
mitewasformed below 60°C. Dolomite precipitatedinase-
ries of rims, differing in composition (Ca/Mg), width and
degree of corrosion on edges (Figure 3c). The outermost
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Phase

Pre-burial

Early burial Late burial

Mechanical compaction
Ca-phosphate

Dolomite cementation

Dolomite dissolution

Chemical compaction

Pyrite precipitation

Feldspar dissolution and precipitation
Smectite illitization

Quartz cement

Fibrous illite

Calcite cement

|

Temp.

60°C

o)
Og______

Figure 12. The paragenetic sequence for the Montney Formation in the deep basin, northeastern British Columbia.

Fe-rich rim of the dolomiteis similar to that recognized by
Davieset al. (1997) and Nassichuk (2000). Like Davies et
al. (1997), the authors believe that Ca-phosphate precipita-
tionisasyndepositional 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 al cement
phases in the Montney Formation (other than quartz,
below), pyriteformation wasinterpreted to be acontinuous
diagenetic process.

Theevolution of thefeldsparsin the deep Montney Forma-
tioniscomplicated 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 smectitetoillite. In ad-
dition to smectiteillitization, fibrousillite nucleated on de-
trital clay clumps or micas. Davies et a. (1997), Barber
(2003) and Nassichuk (2000) described similar illitization
processes as a result of K-feldspar dissolution.

The SEM imaging of freshly broken surfacesindicaterela-
tively small authigenic quartz crystals (commonly <3 pm,
occasionally up to 10 pm). 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 dedol omitization occurred in the deep

46

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

TheLower Triassic Montney Formationinthedeep basinis
composed of silt-sizedetrital and authigenicgrains. Mixed-
layer illite-smectite clay composes up to 30 wt. % of the
rock. Diagenetic processesin the deep Montney Formation
started with early burial and rock composition atered sig-
nificantly over time. Dolomitization and feldspar alteration
arethemost 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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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 compl etions of the Montney Formationin
the Western Canada Sedimentary Basin as well as amost
all shale completions elsewhere, previously consisted
mainly of freshwater asthe base fluid. Thereiscurrently 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 economicsand real, or perceived, environmen-
tal issues related to depletion of freshwater resources.

The flowback water volume from hydraulic fracturing is
generaly significantly lessthan theinjected volumesdueto
imbibition of the completion fluid into the reservoir matrix
(i.e., Engelder et a., 2014). The actual amount of flowback
fluid varies greatly between wellswith most flowback vol-
umes measuring significantly less than 25% (i.e., Halusz-
czak et al., 2013) of theinjected 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 isacomplex product
of the volumes and chemistry of the injected completion
fluid, reservoir connate water, plus reactionsthat 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-

Keywords: British Columbia, inorganic geochemistry, stable iso-
topes, hydraulic fracturing, flowback water, Montney Formation
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ally, knowledge of the chemistry and volumes of flowback
water are critical to designing optimal blendsfor 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), astudy of theflowback 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 wellsinclude

e 18 wells completed in the upper Montney Formation,
e 11 wells completed in the middle Montney Formation,

and
o 2 wells completed in the lower Montney Formation.

58°N

56°N

Edmonton ¢

54%°N

100 km

24°W 6w
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).
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Inthispaper, some preliminary resultswill be provided and
the nature of the ongoing work will be described.

Experimental Methods

Flowback water sampleswere 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 alows 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
thesitesfollowing theflowback period (sitesA and B). The
samples were stored at 4°C prior to analysis. As samples
were not preserved on site, the sampleswere heated in ahot
water bath back toreservoir temperature (~75-80°C) for 24
hoursprior to subsampling. After heating, the sampleswere
subsampled for 1) pH, conductivity and alkalinity analysis;
2) anion analysis; and 3) dissolved metalsanalysis. 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-
ionanalysisiscurrently in progressat acommercial 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
aninitial step of adding trace metal gradenitricacid and hy-
drochloricacidina2:1 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. Thedried sasmplewasthen redilutedinal% HNO;
solution. Thedissolved metalswere 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 aliquid-water isotope analyzer
and analyzed for §'°0 and §°H. The|ICP-MS, ICP-OES and
isotope analyses were conducted at laboratory facilitiesin
the Department of Earth, Ocean and Atmospheric Sciences
at UBC (Vancouver, BC).

In support of thisstudy, an analysisof the hydraulic fractur-
ing fluidswas also completed. Thisgenerally 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
analysisisalso being undertaken. Core samplesfrom adja-
cent wells (as the studied wells were not cored) are being
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analyzed using X-ray diffraction. Theseresultswill be used
to support the geochemical modelling.

Preliminary Results

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

ThepH of sampled flowback watersaretypically near neu-
tral (pH 6-8) andin general decrease over the flowback pe-
riod. Thereis 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 dlightly acidic (pH 4.6-5.7).

The akalinity of the flowback fluids generally decreases
over the flowback period. Overall, the flowback waters
fromtheupper Montney Formation wellshavelow alkalin-
ity with values remaining between 100 and 200 mg/L as
CaCO;. The early flowback water from the middle and
lower Montney Formation can have alkalinity values up to
400 mg/L as CaCOs.

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—<).
The flowback water from the lower portion of the middle
Montney Formation haslower conductivity with valuesbe-
low 100 mS/cm (Figure 2c¢). The conductivity in the flow-
back water fromthelower Montney Formation rangesfrom
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 isapproximately 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 arange of 4500-65 000 mg/L . Theflowback fromone
of the lower Montney Formation wells falls within this
rangewith TDSvaluesfrom 7000 to 55 000 mg/L , whereas
the other lower Montney Formation well ishigher (12 000—
83000 mg/L). These TDSvaluesare approximate and once
all of theanion results are available the TDS will be recal-
culated using all ion concentrations.

Major Cations

Themajor cationsincreasein abundance over theflowback
periodresultinginanincreasein TDS. Thedominant 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 valuesin the different wells
range from approximately 5000 to 50 000 mg/L (Figure 3a—d).

Geoscience BC Summary of Activities 2016



Gedscience BC

a b
250 ) 200 )
E 200 €
& 5150
[72] 7p)
E 150 Site - well number| £
%‘ —a—A-1 -A-2 -E' 100
E=1 E=1 Site - well number
é 100 —A—A-3 ——A4 -::3) C-1 —=—C-2
g A-5 ——A-6 S 50 =—C-3 —a—C-4
o 50 —4—A7 —4—A-8 o = (-5 —e—D-1
0 . . ) I_‘_B'1 I_’_B-z " —e—D-2 —a—H-1
0 2000 4000 6000 8000 10000 12000 14000 0 500 1000 1500 2000 2500 3000
C) Cumulative flowback (m3) d) Cumulative flowback (m?3)
200 150
— —~125
E 150 -\/i/'_'__.—". E
g H__//__S_ite-.—_w.ell numbe cg 100
= —s—C-6 —8—C-7 =
> 2
= 100 D3 D-4 s 75
S ——E-1 ——E-2 S 50
2 50 ——E-3 ——E4 2
Q ‘M Q Site - well number|
o f —4—F-1 ——F-2 O 25 ——11 ——|-2
o—
—>—G-1
0 L 1 L 0 1 1 1 L "
0 500 1000 1500 2000 2500 0 1000 2000 3000 4000 5000 6000
Cumulative flowback (m3) Cumulative flowback (m3)

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 |. Note the vari-
ability in the scales. Abbreviation: mS, millisiemens.
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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 |. Note
the different scale for the y-axis in 3a.
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Following Na, the order of elementsfrom highest to lowest
concentrationisCa, K, Mg and Sr. Concentrationsof 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 mgjority of valuesbelow 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 Mgjor 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 areawith 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
wellsinitially havelow TDSand 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 concentrationsin
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the lower Montney Formation flowback show agreater 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
sitesA, B and D-H, which include wells from both the up-
per and middle Montney Formation (Figure 4a, c). At site
C, whichislocated in the same areaas sites B and DG, the
Baconcentrationsarehigher (Figure4b). ThemaximumBa
concentrationsfor both middle and upper Montney Forma-
tion flowback waters at this site are in the range of 200—
300 mg/L. Similar Bavalues are measured in the flowback
water from the two wells completed in the lower Montney
Formation at site| (Figure 4d). The concentrations at these
two wells increase from <5 mg/L in early flowback up to
maximum val uesof approximately 200 and 450 mg/L at the
end of theflowback period. Initial resultsindicatethat there
isanegative correlation between Baand sulphate. Thesitel

wellsinitially have higher sulphate concentrations and the
Ba concentrations only begin to increase once the sul phate
valuesbegin to decrease. Other wellsthat 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; ¢) upper and middle Montney Formation wells with low Ba concentrations
from sites D—H; and d) lower Montney Formation wells from site |. Note the variability in the scales of the axes.
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Currently, the sulphate results are only available for alim-
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.

| sotopes of §'®0 and §°H

The isotope analysis included an analysis of both the
flowback water and the hydraulicfracturing fluids. Theiso-
tope values will supplement the inorganic geochemical
databy providing additional information that can beused to
estimate the connate water contribution to flowback water.
Overall, the hydraulic fracturing fluids have §*%0 and §°H
isotope values that plot on or close to the global meteoric
water line (GMWL, defined as §°H = 8-8'%0 + 10%o; 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 §'°0 and §H isotope valuesrelative to
meteoric water and results that plot to the right of the
GMWL (i.e., Sharmaet al., 2014; Rowan et al ., 2015). The
flowback waters analyzed as part of this study generally
havevaluesthat plot away fromthe GMWL indicating 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
timeisinterpreted to be due to mixing with connate water
rather than water-rock interactions as the time for water-
rock interactions (between theinjected hydraulicfracturing
fluid and the rock) is not sufficient to significantly change
the isotopic signature of the water (Rowan et al., 2015).

Further Work

Thework 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 theflowback watersand the hydraulic fracturing
fluidswill be completed. Thefull dataset will allow for fur-
ther interpretation of the results, which will provideinsight
into the variability across the formation as well as assist
with determining the sources of theionsin flowback water.
The combined geochemical results of the flowback water
and the hydraulic fracturing fluid from this study, along
withthemineralogy fromthe X-ray diffraction analysisand
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
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Figure 5. The §*%0 and §°H isotope values for hydraulic
fracturing fluids and flowback waters from the eight
wells at site A. Results for this site are provided as an
example of the isotope results obtained as part of this
study. The hydraulic fracturing (HF) fluid samples plot
close to or slightly away from the global meteoric water
line (GMWL). In general, the later flowback samples
have higher values and plot farther to the right. The
GMWL is plotted for reference.

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 outcomesrelated 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 theworld, most of the developed ones
are found in mgjor North American basins (Energy Infor-
mation Administration, 2013; Charlez, 2015). The practice
of multistage hydraulicfracturinginvolvespumping water-
or oil-based fluids at high pressure to create fracture net-
worksin low-permeability rocks. Asaresult, asignificant
amount of water isused in such an operation (King, 2012,
2014). The range in volumes of water used for fracturing
treatments varies significantly anong formations. However,
it is widely reported that up to 80% of the water pumped
during afracturing treatment istypically 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
forcedimbibition of water intotherock matrix and clay sys-
tem, particularly in clay-rich rocks (Makhanov et al., 2012;
Roychaudhuri et al., 2013; Lan et a., 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 0s-
motic potential (Zhang et al., 2004; Al-Bazali, 2005;
Ghanbari and Dehghanpour, 2014). In addition to osmosis,
diffusionresultsinion transport in and out of the shalerock

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.
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(Al-Bazali, 2005; Zhang, 2005; Ghanbari, 2015). This
causes a change in electrical conductivity of the fluid.

Earlier studies examined the physicochemical changesthat
occur as aresult of clay hydration in shales, but mostly in
the context of drilling engineering. Chenevert (1970) con-
ducted a comprehensive study on hydration of shalesfrom
various formations in the United States. He found that
hydration of shalesresulted 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 a., 1994). In subsequent
studies on shale hydration, researchers devel oped swelling
or hydration indices to compare the swelling potential of
various shales (Bol, 1986; Hayatdavoudi, 1999).

Recent studies have al so connected the concept of clay hy-
dration to wettability. Significantly higher uptake of water
than of oil by oil-wet gasshales of theHorn River (HR) Ba-
sin hasbeen attributed to water adsorption by clay minerals
(Dehghanpour et al., 2012; Dehghanpour et al., 2013). Ani-
sotropy inwater 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 asinduced
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 modulusand Poisson’ sratio) from|ab-
oratory compression tests are widely used as key inputsin
creating hydraulic-fracture design models (Lacy, 1997,
Dunphy and Campagna, 2011; Dong, 2016). However,
most compression testsfor unconventional rock samplesin
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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 shalesand quantify itshydration-
induced stress and expansion characteristics, 2) investigate
theeffectsof 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
shalesis due to a combination of high capillarity of nano-
poresand adsorption by clay minerals (Dehghanpour et al.,
2012). Hence, all measurementswill belinked 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 thewater-imbibition experimentsisto obtainarela-
tionship between the amount of ions that leach out of the
sample and the mass of fluid that imbibes into the sample.
By recording theimbibed massand changein electrical con-
ductivity, an imbibed mass—electrical conductivity cross-
plot (IM-EC crossplot) can be created to be used in phase 3.
Imbibition and el ectrical conductivity arenormalized tothe
mass of rock sample used. Comparisons are made between
the imbibition of water and oil.

In the second phase, the expansion of the shale samplesis
measured during imbibition. During water imbibition, ex-
pansion ismeasured parallel and perpendicular to the plane
of lamination, whereas expansion ismeasured only perpen-
dicular to the plane of lamination for oil imbibition. This
test doesnot restrain the sample, meaning the sampleisfree
to expand during imbibitionin 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. Theimbibition data
from phase 1 are used to correlate the strain with the
imbibed mass of fluid.

During thethird 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-
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striction of axial expansion and concurrent measurement of
theexpansiveforcegenerated by rock samplesduringimbi-
bition of water. This test gives the hydration-induced ten-
sile force with respect to the soaking time. Axial stressis
computed from theforce (as measured by theload cell) and
the cross-sectional areaof the rock sample. Thisphasewill
be extended by measuring the hydration-induced tensile
stress (and changein water-uptake profile) of rock samples
subjected to aconstant axial compressiveload during imbi-
bition.

Sincethesampleisunder an axial restraint, further fluidim-
bibition may be hindered as tensile force accumulates
(Chenevert, 1970; Ghanbari and Dehghanpour, 2014). Asa
result, the imbibition profile in this test may not resemble
that of a sample under zero accumul ated-stress conditions
(phase 1). Therefore, it isaso of interest to determine the
imbibed fluid massthat resultsintherecorded tensileforce.
However, therock samplescannot beremoved fromthecell
during thetestsin 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
therock samplein theimbibition 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 inthe 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 showsthe 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 isa
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,
dlightly calcareous mudstone with a lower TOC than the
EV (McPhail et al., 2008). The EV isadark grey to black
shale with a higher average TOC than the MU and OP
(Mossop and Shetsen, 1994; McPhail et al., 2008; Hulsey,
2011; BCOil and GasCommission, 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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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.

Twenty-one samplesareto beusedinthisstudy (seven each
fromtheMU, OPand EV). Table 1 givesthedepth, 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). Thisensuresthat 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 thefirst phase, imbibition cells (Figure 3) are used
to fully immersethe rock samplein 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 alinear
variable differential transformer (LVDT) mounted on the
sidewall of theimbibition chamber. Stabilizer mounts pre-
vent lateral movement of therock sample. Any axial expan-

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

this study.

Sample Approximate Formation/
member

ID depth (m)

Average
porosity (%)

Average
permeability (nD)

MU-1
MU-2
MU-3
MU-4 2610
MU-5
MU-6
MU-7

OP-1
OP-2
OP-3
OP-4 2617
OP-5
OP-6
OP-7

EV-1
EV-2
EV-3
EV-4 2681
EV-5
EV-6
EV-7

Evie

Muskwa

Horn River/
Otter Park

Horn River /

2.92 180

3.25 271

4.17 384
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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.

Mineral (wt. %)

Quartz K-feldspar Plagioclase Carbonate Pyrite lllite/smectite lllite/mica Kaolinite Total clay

Sample
MU 65 3 3 10
EV 52 5 6 16
oP 76 0 3 6

3 5 1" 0 16
3 7 12 0 19
3 4 9 0 13

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 thethird phase, aspecialized 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 housedinsideaload frame. Therock sample
isplacedintheimbibition cell filled with water. The sample
isoverlain by acircular spacer disk and acircular through-
holeload cell. The spacer disk preventsrusting and damage
to the load cell by eliminating direct physical contact be-
tween thefluid and theload cell. The shaft of theload 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 areinrigid vertical alignment. Thissys-
tem preventsany axial expansion of therock sampleduring
the tests. Axial restraint at the top and bottom ends of the
rock sample allowsthe swelling force generated within the
rock sampleto be directed toward theload 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. Oncethe 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
portabl e el ectrical-conductivity meter from phase 1 isused
to periodically measure the electrical conductivity of the
fluid.

Experiments

This section describes the experiments for each phase. Ta-
ble 3 summarizesthe experimentsto be performed on each
rock sample.

Phase 1

Spontaneous imbibition experiments are conducted with
water and kerosene on nine shalessamples(threeeach from
MU, OPand EV) for 7 days, to obtain three sets of imbibi-
tion data. Thefirst and second sets of data (with water and
kerosene, respectively) are used in conjunction with the
free-expansion results (phase 2). Thethird set of imbibition
data (with water), which includeselectrical conductivity of
the fluid, is used in phase 3.

Phase 2

Three sets of free-expansion experiments are conducted on
MU, OPand EV rock samples. Thefirst and second sets of
experiments are carried out with water and kerosene, re-

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.

Geoscience BC Report 2017-1
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spectively. Rock samples are placed in the customized im-
bibition cell 1 such that planesof lamination are horizontal .
Hence, the LVDT measures axial expansion along the di-
rection perpendicular to the plane of laminations. Thethird
set of experiments, carried out with water, arerotated 90° to
aligntheaxisof LVDT parallel to the plane of laminations.
This arrangement measures axial expansion parallel to the
plane of laminations.

Stablizer
mounts

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

Fromtherock samplestested thusfar, itisapparent that im-
bibition-induced microfractures observed in previous stud-

LVDT
S
Computer
Water L )
L
‘ Sample ‘

Anti-vibration table ‘

(a)

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.

(b)

_Frame

e

O ... Shaft

~ Load cell

Imbibition chamber

DAQ + Computer|

N~— | [Time

I

Spacer disk

T Rock sample

(a)

-~ De-1onized water

(b)

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.
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Table 3: Experiments to be performed on each rock sample.

Sample ID Experiment Test direction Fluid
MU-1 Imbibition - Water
MU-2 Imbibition - Oil
MU-3 Imbibition + conductivity - Water
MU-4 Hydration stress Perpendicular to lamination ~ Water
MU-5 Free expansion Perpendicular to lamination ~ Water
MU-6 Free expansion Perpendicular to lamination Oil
MU-7 Free expansion Parallel to lamination Water
OP-1 Imbibition - Water
OP-2 Imbibition - Oil
OP-3 Imbibition + conductivity - Water
OP-4 Hydration stress Perpendicular to lamination ~ Water
OP-5 Free expansion Perpendicular to lamination ~ Water
OP-6 Free expansion Perpendicular to lamination Oil
OP-7 Free expansion Parallel to lamination Water
EV-1 Imbibition - Water
EV-2 Imbibition - Oil
EV-3 Imbibition + conductivity - Water
EV-4 Hydration stress Perpendicular to lamination ~ Water
EV-5 Free expansion Perpendicular to lamination ~ Water
EV-6 Free expansion Perpendicular to lamination Qil
EV-7 Free expansion Parallel to lamination Water

iescan, infact, result in measurabl e expansion of rock sam-
ples. Strain of up to 0.75% isobserved 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 isrestricted, tensile stress
of up to 18 psi accumulatesin the samples, dueto 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 sampleswill beincorporated 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
unitsthat havethe potential to storeand 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-
tivetargetsfor groundwater exploitation (Shaver and Pusc,
1992; Andriashek, 2000; Cummings et al., 2012; Olden-
borger et al., 2013). Studying buried valleysand 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). Investigationsinto buried valley aquifers using nu-
merical modeling haveincorporated their geological struc-
ture and have explored the continuity of the permeable
unitswithin 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
scal e, there has been limited investigation of aquifer extent
and continuity along buried valleys, the groundwater re-

Keywords: British Columbia, buried valley aquifers, regional
groundwater flow, hydrogeology, Petrel, MODFLOW, SkyTEM,
northeastern BC, Peace River region

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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source potential of buried valley aquifer systems, and the
hydraulicroleof buried valleysonregional flow” (Russell,
2004). To examine the resource potential of buried valley
aquifers, theimpact that buried valleyshave on theregional
groundwater flow regime must be investigated.

The purpose of this research isto contribute to the knowl-
edge of buried valley aquifer hydrogeol ogy and explorethe
influence that buried valley aquifers have on groundwater
flow at aregional scale. The study areais 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, aproject aimed at contrib-
uting new information about the available water resources
in northeastern BC.

The specific objectives of the research are to

e determine the nature of the continuity of the permeable
units within the buried valley network in the Peace
River region,

e characterize the regional groundwater flow system for
the buried valley aquifer network, and

e analyzetheregional water budget under theinfluence of
the buried valley aquifers and assess the validity of the
buried valley aquifers as a water resource.

Study Area

Northeastern BC has seen alarge increase in shale gas de-
velopment during thelast 15 years. To accessthe gasinthe
tight shale units, industry hydraulically fractures the rock
(fracking) to increase its permeability. This fracking re-
quireslarge volumes of water, with asingle well requiring
potentially morethan 20 000 m?of 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
thisregion arein 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, havelittleto no surface expression becausefollowing
the deposition of the valley-fill material, processes such as
aggradation subsequently buried these valleys (Hickin,
2011; Hickinet al., 2016). Thismakesthe process of identi-
fying and mapping these buried valley aquifers challeng-

ing.

Inthe Peace River region, the approximate extent of alarge
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, islargely unknown. Moreover, the broader rolethat
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 dataisnecessary tointerpret 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; Hayer et a., 2011; Olden-
borger et al., 2013). Aspart of Geoscience BC's Peace Pro-
ject, approximately 21 000 line-kilometreswereflownwith
the SkyTEM system (Sgrensen and Auken, 2004) to collect
airborne TEM datafor the Peace River region. SKkyTEM is
anairborne TEM system specifically designed for environ-
mental investigations (Serensen 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 crosssections. Generally, low resistivity isinter-
preted to represent fine-grained material such as clay or
material containing salinewater, whereashighresistivity is
interpreted to represent coarse-grained material such as
sand and gravel or bedrock.
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Gamma-Ray Logs

Gamma-ray logsare used to measurethe natural radioactiv-
ity emitted by sediments. High gamma-ray valuesgenerally
relate to clays and result from higher concentrations of ra-
dioactiveelementsfoundinclay minerals, such asuranium,
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 surfacecasing inthewell mutesthe 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 wellsin the
Peace River region have been corrected for the attenuation
of thegamma-ray response caused by the surface casing us-
ing the statistical correction technique developed by
Quartero et al. (2014). Thistechnique allowsthe cased and
noncased log intervals to be merged into one continuous
gamma-ray curve for stratigraphic correlation (Figure 3).

Objective 1. Geological Model

Thesurficial geology map of the Peace Project areain Fig-
ure 1 shows the outline of a large buried valley network.
Thislarge network will bethefocusfor thisresearch, thus,
the developed geological model will likely bein this area.
Theexact areaof themodel will bedefined at alater stagein
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 optionswill beexplored for the
model domain:

e Thevertical extent of the geological model will befrom
ground surface to the top of bedrock. Bedrock topogra-
phy (from Petrel Robertson Consulting Ltd., 2015) and
adigital elevation model (DEM) will be used asthe top
and bottom surfaces of the geological model, respec-
tively. This geological model and the following
hydrogeol ogical model will only consider theunconsol -
idated sediments. The bedrock will be considered
impermeable.

o Afull geological model will be generated that includes
the bedrock, down to approximately 200 m, below
which thereis 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 thevalley fill (and possibly
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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).

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
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the TEM datato help confirm the depth to bedrock and ver-
ify the geological interpretation fromthe TEM data. There
is also a possibility that a few targeted boreholes will be
drilled in the study areato 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 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 (SClI).
Depth to bedrock in metres is shown next to the petroleum and water wells in the figure. Modified from Aarhus Geophysics ApS (2016).

Thehydraulic propertiesof thegeological unitswill beesti-
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
testsand 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
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models are valuable tools for characterizing groundwater
flow systems. The most commonly used groundwater flow
model is MODFLOW, and since itsreleasein 1988, it has
become the industry standard for numerical groundwater
modeling (ZhouandLi, 2011). MODFLOW isablock-cen-
tred, finite-difference codethat 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 areato
characterize the regional groundwater flow system of the
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buried valley network. The model boundary conditionsare
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 arange 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), rechargerateswithin therange of 0 and 300 mm/year
will betested and applied to the top surface of the numerical
model. Other boundary conditions thought to control the
flow withintheburied valley aquifer systemwill beinvesti-
gated prior to model construction. These may include ma-
jor rivers, such asthe 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: Regiona Water Budget

In MODFLOW, the Zone Budget analysistool will be used
to quantify the amount of recharge to and discharge from
the buried valleys, respectively, and to estimate how much
water ismoving 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 ismoving
outside the buried valleysin the bedrock. Thisamount will
be compared with the amount of flow within theburied val-
ley network to address the question of theimpact 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 asalong-term, sustainable groundwater resource.
This will be achieved through adding to the steady-state
model pumping wellsthat 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 Liscurrently underway for thisproject. 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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ject area corrected using the Quartero et al. (2014) method.
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results of thisstudy can provideinsight to futureinvestiga-
tions of regional groundwater systems containing buried
valleys. This research will be completed and documented
asan 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 isimportant 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 thisstudy isto characterize and quantify all components
of the water balance in the Coles Lake watershed, north-
eastern BC, through acombination of fieldwork and obser-
vational data analysis. Baseline information generated
from this study will support the assessment of the
sustainability of current and future plansfor freshwater ex-
tractionin theregion by the oil and gasindustry. Theinitial
results of fieldwork and a partial observational analysis
were aready published by Abadzadesahraei et al. (2016).
This paper provides a complete observational analysis for
thehydrological year 2013-2014, providing abetter 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-

Keywords: northeastern British Columbia, water resources, Coles
Lake watershed, oil and gas extraction

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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dominated landscapes, prompting several studiesto assess
the sustainabl e 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 GasCom-
mission and BC Ministry of Forests, Landsand 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 datawherever the data
are available for both surface water and groundwater. Fur-
thermore, it links climate information and historical hydro-
graphsof 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
characteristicsof 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 canopiesin the water balance) that
need to be addressed.
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Figure 1. Location of Coles Lake and its topography, northeastern British Columbia. Data from HydroSHEDS (World

Wildlife Fund, 2009).

Study Area Characteristics

The Coles Lake watershed is in northeastern BC, between
Fort Nelson and the Northwest Territories border. The wa-
tershed isabout 140 km northeast of Fort Nelson and hasa
drainage area of approximately 227 km? (Figure 1). Itsele-
vation ranges from 311 to 550 m above sealevel (asl) with
an average elevation of 524 m asl and contains an elevated
central highland, which acts as adrainage 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). Thiszone contains 10% of BC’stotal land area,
which makes it the province's largest biogeoclimatic zone
(DeLong et a., 1991). This zoneis 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
alesser component of streamlined tills (Golder Associates,
2010; Johnson, 2010; Huntley et al., 2011; Kabzemset al.,

70

2012). Based on avegetation resourceinventory (VRI) and
the BC Land Cover Classification Scheme, approximately
43.3% of thiswatershed isopen, 51.4% hasamixed vegeta-
tion canopy and 5.3% has aclosed vegetation canopy. Only
crown closure is used to identify open, mixed and closed
vegetation canopies (<25% open, >25-61% mixed, >61%
closed).

ColesLakeisasmall and shallow water body, with amaxi-
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 issituated at 59°46'57"N latitude
and 122°36'27"W longitude with an areaof 1.72 km? (Fig-
ure 1). The southern and western side of the study area
drainsto thewest and north through Emile Creek and flows
into the Petitot River, whereasthe 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
datafrom an automated weather stationinstalled near Coles
Lake (latitude59°47'22.2"N, longitude 122°36'42.8" W, €l -

Geoscience BC Summary of Activities 2016
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evation 480 m adl), the mean annual air temperature was
1.7°C with atotal 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:

AS=P+1+G-E-Q-W 1)

where ASisthe changein stored water; Pis precipitation (P
=R+ S, where R denotes rainfall and S represents snow-
fall); | isthemean annual streaminflow to ColesLake; Gis
the groundwater exchange; E isevaporation; Qisdischarge
(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 asthetemporal framework withinwhich
to estimatethe balance, asthisperiod beginsand endswhen
both discharge and storage are at their minimum levels
(Winkler et a., 2010).

Data Collection

Fieldwork was conducted from May 2012 to September
2014 to examine the hydrological components of this wa-
tershed in detail. Challengestothefield effortsincluded the
remoteness of the basin and difficult access to the area, as
well asfrequent adverse weather conditions. Theresults of
thiswork 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 a. (2016).

Water Balance Components

Wetlands are an essential part of the hydrological cycle
within thisregion, with water balance componentsinclud-
ing precipitation, evaporation, surface water and ground-
water flows (Ingram, 1983). Each of these componentsand
results from the 2013-2014 hydrological year are dis-
cussed below.

Rainfall (R)

Local rainfall datawere collected every 15 min at the auto-
mated weather station and then summed for adaily total to
calculate the total contribution of rainfall on Coles Lake.
Rainfall from November 1, 2013 to May 15, 2014 istaken
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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 ColesLake area. Thefirst step wasto 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 theice cover at ColesL ake.
Based on the Landsat images, Coles Lake began freezing
around November 1, 2013, and the melting period began
near to May 15, 2014. Once theice-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 theearth’ssurface, air temperature, wind speed,
relativehumidity and air pressurewerecollected 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).
Thisdemonstratesacorrel ation with temperature, with ato-
tal lossof 368.5 mmduringtheice-freemonths. Inaddition,
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. Asaresult of thisnatu-
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 datawas 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-
denceisdemonstrated 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 fluxeswere only estimated from February 5, 2014 to
September 30, 2014, and only during theice-freeperiod. In
fact, there are no dataavailable prior to this study. In addi-
tion, it is assumed that the water fluxes are zero during the
freezing period. Although thislogical inferenceisbased 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=qxA @)

where Q is water flow (m*s?), q is the net flux (has a di-
mension of velocity in m-s*) and A (m?) is the cross-sec-
tional areaof the shoreline segment, representing avertical
plane at the shoreline through which water passesto either
enter or leavethe surface-water body. Thismethod 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.

Accordingtotheanalysis, atotal of 4.1 mm of groundwater
contributed to the water balance of the lake each month
from the three transects (flow = Q x number of secondsfor
the specific months/ theareathat each transect coversin m?).
Flowsto and from the surface-water body were summed to
calculate the net groundwater contribution to the entire

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.

t-value p-value Correlation

Between inflow station

and Emile Creek station 9.39 0.011 0.99
Between outflow station
and Emile Creek station 9.78 0.010 0.99
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lake. Based on these assumptions, 22.6 mm (4.1 mm x
5.5 months) of groundwater had flowed into thelakeduring
the ice-free period.

Water Withdrawal (W)

TheBC Oil and Gas Commission (BCOGC) gave Quicksil-
ver Resources Canadalnc. (Quicksilver) amaximum water
withdrawal allocation of 38.5 mm for the 2013-2104 hy-
drological year from Coles Lake. However, actua 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
ColesL akeusing comparisonswith other avail able sources
of water information in northeastern BC. The sources em-
ployed werethe NEWT and WP, aswell as hydrometeoro-
logical datafrom the Fort Nelson climate normals (FNCN)
station (Environment and Climate Change Canada, 2016a)
and Fisheries and Environment Canada (FEC) lake evapo-
ration data (Fisheriesand Environment Canada, 1978). The
precipitation datareported by the NEWT arefrom Climate-
WNA (Centrefor Forest Conservation Genetics, 2015) and
hydrometric data originate from Water Survey of Canada
(Environment and Climate Change Canada, 2016b) gaug-
ing stationswith variousperiodsof record. The WPisbased
on observational data for the 2013-2014 water year. The
FNCN arethe average climatic datafrom 1981 to 2010 re-
corded at Fort Nelson, whereasthe FEC datarepresentsthe
mean val ue of theannual evaporation of openwater bodies,
based on the 10-year period 1957-1966.

Table 2. Summary of water balance components,
the hydrological year 2013-2014, Coles Lake,
northeastern British Columbia.

Component Total (mm)
Rainfall (R) 262.1
Snowfall (S) 167.4
Inflow (1) 106.6
Outflow (Q) 198.5
Evaporation (E) 368.5
Groundwater (G) 22.6
Water withdrawal (W) 0*
Change in stored water (AS) -8.3

*Although, the potential maximum water allocation is
38.5 mm, the total amount of water withdrawal is zero
since there was no water extracted during this study
period.
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For the 2013-2014 water year, observed precipitation to-
tals 429.5 mm over Coles Lake. The estimated observed
precipitation for Coles Lake iswithin 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 theice-free period at Coles L ake (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 databy FNCN
(169.8 mm).

A total amount of 106.6 mmasinflow and 198.5 mm asout-
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 mainreasons. Firstly, NEWT doesnot 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 WPvaluesare 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 datafrom 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 |ake evaporation at Coles Lake
variesfrom 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, previousstudiesby Quicksilverindicated a
low hydraulic conductivity and consequently low perme-
ability at the Coles L akewatershed. Thisfact may explaina
low computed value of groundwater contribution to Coles
Lake.

Summary and Future Approach

Inthispaper, thewater balance of ColesL ake, including its
inputs, outputs and storage terms, isquantified, and the ob-
tained results were compared with other available sources
of water information in northeastern BC. In the next phase
of thiswork, historical water balance of ColesLake and its
associated hydrological processeswill be quantified using
a hydrological model—MIKE SHE (DHI Water & Envi-
ronment, 2007). The MIKE SHE hydrological model is se-
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lected to identify the interactions among the atmosphere,
surface and subsurfacein thisregion. In addition, thewater
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 L akewatershed with othersin theregion. Therefore,
themain goal of thisresearchisto advance andimprovethe
knowledge of hydrological processes and water resources
innortheastern BC. Outcomesof thisstudy may assist regu-
latorsin balancing multiple prioritiesin away 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 gasisassociated with many sedimentary basinsand
marine depositional areas in British Columbia (BC). The
BC Natural Gas Atlas (BC NGA) project (http://bc-
NGA.ca/BC-NGA_Home.html) hasjust launched and pro-
poses to map the major known gas occurrences throughout
BC duringthenext few years, in aseriesof mapping phases.
Theinitial 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
regul atory changes, industry need and increased public rec-
ognition for geochemical dataand basic interpretation. The
industry uses gas geochemistry to understand hydrocarbon
occurrencesto aid in theidentification and prioritization of
areas of interest. Public interest stems from increased
awareness of potential contamination issues, fugitive
emissions, and supply and demand issues, such asthe need
for gas pipelines and LNG terminals.

The BC NGA project is using the concept of a‘gasfinger-
print’” based on molecular composition and analysis of sta-
bleisotopes 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 gasisacombination of naturally occurring hydro-
carbons—primarily methane (CH,), plus other non-
hydrocarbon gases (in small amounts)—that can existin a
free or adsorbed phase in various types of reservoirs, fre-
guently associated with possible hydrocarbon fluids. Eco-
nomic production of natural gasasafuel hasalong history
in BC, with most of the development in and production
from NEBC. Environmental sensitivity of the public with
regard to natural gasisincreasing, with not only health ef-
fectsfrom natural seepsand fugitiveemissionsbeing asig-
nificant concern (e.g., sour-gas effects on rural popula-
tions), but also the net effects of the same events on larger

Keywords: British Columbia, natural gas, methane, isotopes, geo-
chemistry, mapping, update

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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systemssuch astheeconomy (e.g., increased national gross
domestic product from exporting to international markets),
climate change(e.g., methane asagreenhousegasmoreim-
portant than CO,) and public safety (e.g., pipeline explo-
sion and/or fire occurrences).

In 2006, the BC Ministry of Energy and Mines(MEM) pub-
lished thefirst edition of the Conventional Natural GasPlay
Atlas of Northeast British Columbia in three parts (BC
Ministry of Energy and Mines, 2006a—). This document
was aseries of synopses of each of the stratigraphic targets
for natural gas development and commercia production.
Thefocus of the Natural Gas Play Atlaswasthe overall de-
scription of each conventional gas play by its geological
(depositional, sedimentological, diagenetic, structural) and
reservoir characteristics. The BC NGA project isadding 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 wasinitiated by the BC Oil and GasCommis-
sion (BCOGC) in October 2015 with further clarification
early in 2016 (BC Oil and Gas Commission, 2015, 2016).
Therequirementsfor operatorsto 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 requirementsfor the isoto-
pic portion, Geoscience BC initiated this project, but with
theintent to also include mapping of the natural gas molec-
ular composition.

Area of Study
Location and Access

Asnoted abovethere are many regionswithin 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
morefocused in thefour areasmarked withinthe 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 el sewhere 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 km? 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 theareaisboreal forest of the Interior Plainsphys-
iographic region.

Geology

Many of the natural gasoccurrencesin BC areinintermon-
tane basins or in basins associated with accreted terranes.
The NEBC region is unique in that it is a portion of the
WCSB, which isa 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 sampleshave 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 gasfromall
categories of drilling are expected in the future.

Further sampling isanticipated from industry sources once
issues of safe collection, transport and analysis of samples
containing sour gas (H,S) 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
analysiswas 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, CO,. Molecular composition was not
completedfor all possible chemical components(for exam-
ple, noble gases are not analyzed). Stable isotope ratios
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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).

were measured by continuous flow—isotope ratio mass
spectrometry (CF-IRMS), which isalso referred to as GC-
combustion-IRMS.

The carbon isotope ratio (§*3C) of the C1-C4 hydrocarbon
gasesare measured by online GC separation of thegasmix-
ture (with He as carrier gas) followed by sequential oxida-
tion of the individual species (CH,4, C,Hg, C3Hg, C4H10) to
combustion CO, over a Cu-Pt wire microcombustion oven
at approximately 1050°C. This combustion CO, is ported
to an isotope ratio mass spectrometer (Finnigan™ MAT
252 or Deltat+) to measure the isotopically different CO,
molecules with atomic masses of 44, 45 and 46. These
masses and their ratios are used to calculate the **C/**C of
the C1-C4 hydrocarbon gases, which is converted to con-
ventional deltanotation (§"°C) in %o (per mil) relativeto the
ViennaPee DeeBelemnite (VPDB) standard. Theaccuracy
and linearity of the measurementsisdetermined by external
calibration standards (Isometric Instruments standard
gases). The external §*3C accuracy and precision is+0.2%o
for samples with >100 nmol hydrocarbon available.

Hydrogen isotope ratio (§°H) or (8D) 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 isin-
stead followed by sequential reduction of the individual
species (CHy4, C;Hg, C3Hs, C4H10) to reduction H, over aNi
microreduction oven at approximately 1400°C. Thisreduc-
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tion H, is ported to an isotope ratio mass spectrometer
(Finnigan MAT 252 or Delta+) to measure the isotopically
different H, moleculeswith the atomic massesof 2, 3and 4.
These masses and their ratios are used to calculate the H/
H (also known as D/H) of the C1-C4 hydrocarbon gases,
which is converted to conventional delta notation (5°H) or
(0D) in per mil relative to the Vienna standard mean ocean
water (VSMOW) standard. The same statement appliesfor
the accuracy and linearity but the precision is +0.3-0.4%o,
depending on compound and amount.

Data

Molecular composition data were downloaded from the
server at the BCOGC and subjected to rigorous dataquality
assurance—quality control (QA-QC). A substantial portion
of themorerecent dataisfromhorizontal wellswith numer-
ous multilateral (HZML) legstested in each well. This de-
tailed analysisisespecially valuablefor 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 aregional scale and create geostatistical trendsthat ‘pla-
teau’ thevalues. A consequenceisthat part of the data han-
dling procedureisto manually decluster the data. The pro-
ject method, which isundergoing constant refinement, will
also elucidate any multimodal occurrences.

Theaddition of the new carbon and hydrogen stableisotope
datainto the integrated mapping resultsis expected to start
inlate 2016. Thedatawill be eventually published astables
and associ ated maps on the Geoscience BC website (http://
www.geosciencebc.com/s/BCNatural GasAtlas.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,
20163, b). Those mapsare not duplicated here becausethey
are preliminary and subject to further QA-QC corrections
asdescribed above. Theprimary type of mapping algorithm
iskriging 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-
ablesfromthe BC NGA project will includeafull 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
projectisstill inthestart-up phase. Asthe project proceeds,
web-based, analytical, database and visual productswill be
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generated. It isanticipated that theresults may initiateare-
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 isexpected to includeincreasing 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

Thisprojectiscreating new regional geochemistry mapsto

e assemble a catalogue of unique natural gas compos-
itional IDs for active gas operationsin NEBC,

e characterize and map the geochemical conditions of
BC’smajor ongoing and futureregionsof petroleumex-
ploration and production,

e contribute to understanding the geological framework
of natural gas deposits at scales of fields to basins,

e assist petroleum system models to de-risk plays by un-
derstanding and predicting generation occurrences, his-
tories and potential productivity of natural gasin BC,

e provide a robust baseline of gas signatures to identify
and track fugitive emissions of natural gas (groundwa-
ter and atmosphere),

o offer a‘geochemical DNA’ catalogue for different gas
sources for provenance work in production, well com-
pletions, processing and transport and

e establish a database for fugitive emissions in surface
waters and the atmosphere.

Most of the geochemistry isyet to be described and conclu-
sionswill bedetermined oncethedatareview iscompleted.
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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
basinsin thelower Liard River valley of thisregion shows
that discharge is also increasing over a similar period de-
spite no apparent changes to total annual precipitation (St.
Jacquesand Sauchyn, 2009; Connon et al., 2014). Theland
cover of thisregion mainly consists of upland and lowland
forestsand 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 channel sthat transport water | at-
erally through thelandscape. Degradation of permafrost ul-
timately leadsto the conversion of forested plateausto 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 a., 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
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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. Thesein-
fluences add extra complexity to understanding and pre-
dicting future hydrological consequencesof climatewarm-
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. Thereis evidence that the re-
moval of vegetationfor linear disturbancessignificantly al-
tersthe thermal properties of the ground so much that, over
time, thisleads to permafrost-free corridors (Williams and
Quinton, 2013; Braverman and Quinton, 2016). It hasbeen
suggested that the permafrost degradation along these cor-
ridorsimposessurfacewater flow pathsover thelandscape,
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
hydraulicfracturing presentin NEBC, high volumes of wa-
ter and other materials are injected into the ground to gain
accessto trapped geological deposits of shale gas. Johnson
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(2010) and Hayes (2010) report that an estimated 1200 to
>4000 m® of water are needed per fracture, which among
other environmental concerns, represents a major demand
on surfacewater and groundwater availability. Thissignifi-
cant industrial demand must be managed effectively rela-
tive to the regional water balance, local community needs
and considerationsfor futureavailability (Johnson, 2010).

Accurate estimation of future water resources in the
NEBC-NWT border regionisof interest for industry, com-
munity groups and governmentsacrosstheregion, asit will
enablethem to promote sustai nable 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 climatewarming and industrial impact scenariosis
relatively limited. Itiscommonly recognized among indus-
try, community and government stakeholdersthat thisissue
iscomplicated by alack of baseline and continuous hydro-
logical monitoring data. Additionally, relatively few scien-
tific studies have been completed to understand climate-
driven and industrial impactsto land cover change and wa-
ter availability acrossthe region. Consequently, present ef-
fortsto apply hydrological modelsto 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 alack 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
isto 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 hasfivescienceobjectives, which arelisted
inTablel. Thepurposeof thispaper isto summarizeand re-
port on CPET progressto date from 2015. For an extended
project description and aliterature synthesis on the science
background of CPET, thereader isreferredto 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-
iesareconcentrated at two research basins, whichform 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 asaresearch sitein 2015-2016 to act as
apaired basin to Scotty Creek. The ongoing development
of instrumentation capacity and datasets for Suhm Creek
research basinisanticipated asakey legacy of CPET. From
ahydrological modelling perspective, thedevelopment of a
paired research basin to the south of Scotty Creek isamajor
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 isrepresentative of current industrial
activity in NEBC (e.g., shale gas exploration in the Horn
River geological basin). This alows for insights into as-

Table 1. Five science objectives of the Consortium for Permafrost Ecosystems in Transition (CPET).

Objective 1

Map the changing spatial distribution of permafrost, wetland and forest coverage over the study area using

aerial photography, satellite images and light detection and ranging (LIDAR) images.

Objective 2

For different ground thaw and moisture conditions, conduct field studies to improve the understanding of

the volume and timing of runoff from a) peat plateau-bog complexes and b) the adjacent channel fens,
whch convey the runoff that they receive from plateau-bog complexes to streams and rivers. For each
setting, the water flux and storage processes that control runoff will be examined.

Objective 3

Simulate the major water flux and storage processes controlling runoff from the plateau-bog complexes

using the cold regions hydrological model (CRHM) and the Raven hydrological modelling framework, and,
where needed, make improvements to both models based on the improved process understanding arising

from objective 2.
Objective 4

Improve the ability to characterize permafrost impacts at larger scales through field investigation and

subsequent adaptation of the northern ecosystem soil temperature (NEST) regional-scale permafrost
model to handle the unique thaw response of bogs, fens and plateaus.

Objective 5

Use information generated from the improved hydrological models (in objective 3) and the permafrost

model (in objective 4) to estimate future quantities of runoff and surface water storage within boreal and
subarctic landscapes with discontinuous permafrost under possible scenarios of climate warming and

human disturbance.
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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).

sessing impactsof industrial activitieson basinsinthezone
of discontinuous permafrost. For example, thisis 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
140km? and drainsinto the Liard River. Dischargefromthe
basin has been measured continuously since 1996 by the
Water Survey of Canada(Connonetal., 2014). Thebasinis
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 a., 2014). Approximately
half the basin consists of peat plateaus, bogs and fens. Re-
search involving datafrom field studies, automated instru-
ments and remote sensing has been conducted at Scotty
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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.0., 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-
ablesacross different land cover types (e.g., bogs, fensand
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 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? 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.

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 equival ent, soil moisture and vegetation
properties (e.g., leaf areaindex [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 km? and thereis~200 m
of topographic relief over the basin. Johnson (2010) con-
ducted areview 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 wetlandsto identify proportions
of fensand 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 typesisimportant for model ling basin runoff be-
causedifferent land cover typeshave been shownto control
unique runoff responses (Quinton et al., 2003). Specifi-
cally, it hasbeen demonstrated that an increased proportion
of bogsisinversely related to runoff, whereasagreater pro-
portion of fensispositively 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
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characterize the differences in distributions of these land
coversisin progress.

Much of the data requirements for hydrol ogical 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. Assuch, 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. Variousinstrumentation hasbeenin-
stalled in the basin in 2015-2016 to provide continuous
monitoring data of hydrological variables. Specifically,
two climate monitoring stationswereinstalled in late 2015
with anal ogous measurement capabilitiesto those at Scotty
Creek basin. One climate station is located in a forested
peat-plateau and the other isin 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 basinto 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 isalso 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 visitsto Suhm Creek basin to de-
termine permafrost presencerelative to forested land cover
and characterize depth to permafrost relative to distances
from forested edges. The CPET researchers have obtained
remote sensing datasetsover Suhm Creek basinandwork is
being completed to map both forest and wetland land cov-
ersat 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 (AOl) have been established al ong anorth-south con-
figuration in the NEBC-NWT border region (Figure 1).
These AOI connect the two research basins and enable
sampling of land cover distributionsalong alatitudinal dis-
tribution over the southern margin of discontinuous perma-
frost (Figure 1). Each of the 12 AOI has a footprint of
36 km? (432 km? total area). Imagery stacking over these
sites includes recent Landsat 8 (30 m resolution) and
WorldView-1 and -2 (50 cmresol ution) datasets and histor-
ical aerial photographsacquiredin 1970-1971 (1.2 mreso-
[ution). Detailed statistical characterization of theland cov-
erswithinthese AOI isbeing devel oped at high resolutions,
providing information on proportions of major land cover
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types, and changesto these land cover typesover a40-year
period. For example, one aspect of thiswork 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 AQI, 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 a40-year
period. Fromthese, 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 thiswork, field verification was conducted in 2016
to validate permafrost presence according to vegetation
distribution and ensure correct identification of land cover
typesduring visual and automated interpretation of remote
sensing images.

Field Studies on Water Flux and
Storage Processes

The CPET isusing modelling as atool for hypothesis
testing at local scalesto evaluate the efficacy of con-
ceptual models developed from field observations,
which describe specific hydrological processes.
Theselocal 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, inthe past year sampling wasdone

nectivity within computational models. Very high resolu-
tion imagery (3 cm) was gathered from fixed-wing and ro-
tary unmanned aerial vehicle (UAV) platformsfor specific
areasof interest within Scotty Creek research basin, includ-
ing multispectral, thermal and infrared sensors. These data
are used to devel op very high resolution elevation products
and identify surface temperatures of land cover features.
This information contributes toward development of hy-
draulic roughnessal gorithmsfor 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 basinsin 2015-2016 to characterize
hydrological routing. Finally, dataare being analyzed from
sap flow sensorsinstalled ontreesat Scotty Creek and asite
near Suhm Creek (NWT and BC ecology siteson Figure 1)
in 2015-2016 to characterize evapotranspirative fluxes
over forested areasunderlain by permafrost for inclusionin
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-
cessesover 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). TheHRU correspondsto aspatial footprint of
similar biophysical features and processes, in which mass
and energy balances can be generalized (Pomeroy et al.,
2007). Therefore, in agiven HRU, amodel 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

AOI2 AOI3 AOI4 AOI5 AOI6 AOI7

Remote sensing AOI

AOI8 AOI9 AOI10

at pointsthroughout Scotty Creek basinto survey talik
formation (unfrozen layer within permafrost ground)
and frost table measurements. These data are applica-
ble to parameterizing subsurface water flow and con-

Geoscience BC Report 2017-1

Figure 3. Linear disturbance densities for selected remote sensing areas
of interest (AQI; 36 km? 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.
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layer thaw and subsurface flux have been conducted for
Scotty Creek at bogs, fens and plateaus (Quinton et al.,
2016). Thecurrent focusfor Scotty Creek basinison model
development of these computations within the Raven
platform.

Conclusion

Industry, government and community groups in the
NEBC-NWT border region acknowledgethat thethereisa
lack of monitoring datarelated to water resources. Asare-
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 isfilling
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. Thisinformationisintegral to planfor, and adapt to,
impacts of permafrost thaw under varied scenarios. For ex-
ampl e, theknowledge generated by CPET can beapplied 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 in2016—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
studiesand modelling work will be doneat 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 thisis
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 km?), however, information
generated from ongoing work (e.g., land cover distribu-
tions generated from remote sensing) will be leveraged to
scale thismodel for application at finer spatial scales(e.g.,
1 kmP). 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. Onceit has been established that rea-
sonable modelling accuracy has been achieved, these
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modelswill be coupled with NEST to simulate future water
resources scenarios according to hypothetical land cover
changes.
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Introduction

Todate, nocommercial geothermal el ectric 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
hasreceived less attention, in part dueto itslower tempera-
tureresource. However, thisregion 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 aproject inthe Clarke Lake
gasfield (Walsh, 2013). In this study, thisdatais applied to
abroader regionto assessthe potential and the cost for geo-
thermal power plantsin 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 AssociatesLtd., 2016).
Here, 19 sites were pre-evaluated for their feasibility, tak-
ing into account factors like distance to transmission and
road access, aswell asanumber of other parameters. The11
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) wasapplied to assessthelevelized cost of
electricity (L COE) for each project. Two of the projectsas-
sessed in this study are located in the WCSB, namely
Clarke Lake and Jedney (Figure 1). Their projected LCOE

Keywords: British Columbia, geothermal energy, favourability
map, spatial decision making, GETEM, economic 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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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, anumber 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, aboom year for the oil and
gas industry. Since then, the significant decline of oil and
gas prices has caused drilling coststo 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 wellsislower and
the successrate of confirmation wellsis higher than previ-
ously anticipated. This research project will therefore use
datafrom oil and gas exploration (files provided by the BC
Oil and Gas Commission) to refine costsfor projectsin the
sedimentary basin.

Methodology

In order to assess the economic feasibility of geothermal
power plants in northeastern BC, the first step isto locate
those areas where economic feasibility is most likely. A
favourability map that takes geol ogical and economic fac-
torsinto account is created. Thismap is used to select par-
ticular locationsthat 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

| dentifying themost favourablesitefor ageothermal power
plant isaspatial decision-making problem. Inthisstudy, an
adaptation of the weighted linear combination (Malc-
zewski, 2000; Nyerges and Jankowski, 2009) isemployed,

87



Gedscience BC

135“?’0”W 130°0'0"W 125‘?‘0“W 120’('1'0"w 115’?‘0"W 110“?’0“W
1
60°00"N=~"" 7 = ;
A 2
R = a Fa
o % e BIE Clarke Lake
o o Py (]
ome 7 I
- ,f 7 o
iy " R
! o
3 3
A - e P gy area
e ol o G
o P
G e
% P
% & 3 RTA
£ & § i (oé; ALBE L s5:00'N
Vo 8 v %, & i
55°0'0"N=] o RN F % )
" »’;‘ O f BRITISH COLUMBIA »
g B i gamonte?
¥ NECHAKD pLATER £ 7
) rince
= L b
waii % z "”, 7
e Islargs) “; & &)
Z, & 6 4 g
B te
FRASER PLA it 2
E 4 Rl
rf?::er;zﬂe A 3 T e oo
Sound % % & O e oL
® ez A9
0 75 150 300 Kilometres % = i g, =50°0'0"N
i A A L L Y 5 2
50°0'0"N=] . Ay ol PRI g
Project area : e Sk
e : e
®  Potential site L Varconet o R A
] | 1
130°0'0"W 125°0'0"W 120°0'0"W 115°0'0"W
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dueto itsrelative simplicity for dealing with asmall num-
ber of input criteria. The process (Figure 2) will beimple-
mented in ageographic information system (GIS), such as
ArcGIS or QGIS.

The favourability map depicts the favourability score for
each grid point within the project area. The scoreisamea-

Geological criteria | | Economic criteria

Input layer 1

Input layer 2

Input layer 3 Input layer 4 Input layer 5

Input Input Input
weight 3 weight 4 weight 5

Y

Geological layer Economic layer

Economic
weight

Geological
weight

Favourability map

Figure 2. Flow diagram illustrating the favourability mapping pro-
cess for potential geothermal development site selection.
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sure of the potential economic feasibility of developing a
geothermal power plant. A higher favourability scoreindi-
cates a higher likelihood of a geothermal plant being eco-
nomically feasible at a particular location. Therefore, sev-
eral criteriathat contribute to geothermal favourability are
taken into account.

Geological criteria include temperature and permeable
aquifer data. Thisdatawill be extracted from drill-stem test
logs and records pertaining to natural gas producing fields.
It isthen filtered for data from strata of the Middle Devo-
nian Elk Point Group, asthose strata a) potentially contain
aquifersand b) arelocated at depthsthat potentially possess
atemperature sufficient for binary geothermal power plants
(above 80°C). Economic criteriainclude 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 thisresearch. Further potentially suitablesites
will be identified, with candidates including Fort Nelson,
Dawson, the Horn River Basin and Fort St. John.

Geoscience BC Summary of Activities 2016
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Economic Assessment

Theobjective of the economic assessment isto quantify the
amount of energy available, and the cost of that energy, at
each of therepresentativelocations sel ected 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
sizeof thegeothermal reservoirsand their associated power
outputs will be assessed using the volume method (Wil-
liams et a., 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 valuesfor the cost of drilling,
depreciation of assets, currency conversion and capital
costs will be input into the model. Appropriate values will
beretrieved from literature as well as recent cost estimates
provided by industry. These include
e aclassC cost estimatefor an organic Rankinecyclegeo-
thermal power plant (5 megawatt [MW] output, 110°C
fluid inlet temperature), and
e 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 AssociatesLtd., 2016). This study will
deviseamethodol ogy for assessing sedimentary basin geo-
thermal energy by using datafrom oil and gas exploration.
Infuturework, thismethodology can be applied to Alberta,
where an additional body of datais available.

Geoscience BC Report 2017-1

Current Status and Project Timeline

The first part of this study, namely site selection via
favourability mapping, hasbeen completed to date. Results
fromthissection arestill 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 apeer reviewed journal by May 2017. After publi-
cation, afull 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 dataand complementary geoscienceinfor-
mation for prospective mineral areas of British Columbia
(BC). The exploration sector will use this new information
to focus or renew its effortsin 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 refersto the program’sinitial 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
millionto fund Phasel and |1 activitiesand is planned to be
completedinfour phases(Figure1). A primary objective of
the project isto complete airborne magnetic surveyswith 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. Theregional scale
of the surveys also supports the development of arefined
tectonic framework, especially in areaswith poor access or
limited rock outcrop such as those identified in the
adjoining TREK project area.

Keywords: British Columbia, Search Project, airborne survey,
geophysics, magnetic data, radiometric data, Skeena Arch, Stikine
terrane, Quesnel terrane

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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Phases| and 11 boundariesroughly coincidewith the QUEST-
West project. Thisproject completed airbornetime-domain
electromagnetic (TEM) and gravity surveys at aline spac-
ing of 4 and 2 km, respectively, in thisregion (Kowalczyk,
2009).

Geophysical Program

Phase | field activities were completed in November 2015
and included the helicopter-borne magnetic survey of an
areathat encompassed the communitiesof Kitimat, Terrace
and Smithers (Madu, 2016). Owing to fall weather in steep
mountainousterrain, it wasachallengeto completethe pro-
ject. Results of the 6756 km? survey were released at the
Mineral Exploration Roundup 2016 conferencein map and
digital format through Geoscience BC's website. They
were also made available asan interactive map layer on the
organization’s Earth Science Viewer, aweb mapping appli-
cation that allowsabroad client baseto 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.

Phase1 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; thistask 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-
vationsand were empowered to deviatefrom planned flight
patterns to mitigate negative impacts on animals.

Thetotal flight-linedistanceflown, including tielines, was
estimated at 116 900 km. Thisrepresentsan 11% expansion
of the originally planned survey coverage owing to the
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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-
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and Il 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).

availability of three aircraft and timely progress
during the program; total area covered was
21122 km? (Figure 3). The 2016 survey connects
the area covered in the 2015 Phase | survey to
that covered in the 2014 TREK project survey
for acombined coverage of 58 737 km?.

The TREK project area surrounds the proposed
Blackwater gold-silver mine and the results of
the Phase || magnetic survey (to be published in
January 2017) will provide new regional geo-
physical data of an arealying just north of this
significant deposit. The survey also overflew, or
covered areas adjacent to, six active, proposed
or closed mines: Morrison, Bell, Granisle, Eg-
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).

Figure 2. The total flight-line distance flown to complete the Phase Il 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
commenceinlatefall 2016, withthegoal of con- B¢’ phase Il was completed using up to three Cessna Grand Caravan aircraft

tinued geophysical surveying in 2017. operated by Sander Geophysics Ltd.

Planning for Phase |11 activities is expected to
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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 | and Il 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 datasetsisto inte-
grate theminto added-val ue productsthat 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
theBC Geological Survey inthe Terrace-Kitimat area(Nel-
son, 2009) may benefit from new, high-resol ution geophys-
ical information and conversely provide better constraints
and interpretation of the survey dataitself. East of the Ter-
race area, the Nechako Project of the Geological Survey of
Canada’s National Geoscience Mapping Program

Geoscience BC Report 2017-1

(NATMAP) produced acomprehensivedatalibrary of digi-
tal geoscienceinformation (Struik et al., 2007). Geoscience
BC strives to ensure explorers benefit from datait collects
by releasing it in both raw and interpreted forms, by inte-
grating al relevant datainto its Earth Science Viewer web
mapping application and by funding projectsthat 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 initiativein map areasNTS 093L, 103H and
1031 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
hostsnumerous porphyry prospects, abelt of whichwasthe
focusof recent exploration activity inmap areaNTS093L/13.

Geoscience BC will pursue data integration proposals as
the Search Project continuesintoitsthird and fourth phases.
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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 km? and targeted geol ogical mapping. Datafromthe
survey will be made available through both Geoscience
BC'swebsite and its web mapping application—the Earth
Science Viewer.
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Introduction

Reconnaissance-scal e 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 methodol ogies 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
asinstrumental 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 datareports (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 aGeoscience BC—funded reanalysispro-
ject will be released for six regionsin BC. Previously un-
available trace-metal data determined by ICP-MS will be
availablefor 5579 stream sediment samples. Thework rep-
resents the ongoing effort of Geoscience BC and govern-
ment agencies to maintain and upgrade thisimportant geo-
chemical dataresource.

BC RGS Projects and Database

More than 100 reconnai ssance-scal e regional geochemical
surveysfunded by Geoscience BC and both provincia and

Keywords: British Columbia, geochemistry, regional geochemical
survey, RGS, sample archive, multimedia, multi-element, analyti-
cal data, mineral exploration

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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federal governments have been conducted in BC since
1976. These projectsincluded the collection of avariety of
samples, including

¢ stream and lake sediments,
e stream and lake water,

e till samplesand

e 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 morethan 76 000 samplesthat
havebeen collected to date. Thesurveyscover closeto 75%
of the province at sample-site densities that average from
one site per 5 km? to one site per 14 km?.

Sinceinception, modificationsand upgrades have beenim-
plemented to improve the utility of the geochemical data-
base. These have included the completion of surveysin 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 sampleshasproved to beavaluablere-
source in generating enhanced analytical information for
sampl es 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 sampleshave been reanalyzed by | CP-M S as part of
Geoscience BC—funded initiativesand 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, catal ogued and stored in securegovernment 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 samplesthat
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-
tionand year (Figure 2). For each sampletype, vialscontain
arepresentative 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
(<0.277 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 twigswere
macerated and needles were reduced to ash at 475°C. In
general, sample weights for archived stream, lake and till
pulpsaverage 10—20 g. Based on previous samplerecovery
projects, approximately 95% of the sampleswill 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

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.

Number of Number of

Survey type surveys samples
Stream 66 56 256
Lake 15 9180
Till 18 9898
Tree 5 1412
Total 104 76 746

gravel, fine sediment and organic constituents. For morere-
cent surveys (i.e., after 1986), arepresentative sample split
of material sieved to—18 mesh (<2 mm) fraction was saved.
There are more than 50 000 of these samplesthat are stored
in containersthat hold lessthan 100400 g of material (Fig-
ure 3). For sometill 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

M N O P British Columbia
114 L Y 50 RGS Program
| 0 100 200
F 3 094 kilometres
G Sample type and locations
m Stream sediment and water
C B w Lake sediment and water
Till sediment
O = Tree bark, twigs or needles
g 2016 Geoscience BC
K Reanalysis Project
103
FE G E 083
C %B | A
O p
102
[ Park
[ ice 5
C B
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Figure 1. Distribution of all British Columbia regional geochemical survey (RGS) samples and lo-
cation of survey areas targeted by the 2016 reanalysis project.

Geoscience BC Summary of Activities 2016



Gedscience BC

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.

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.

Geoscience BC Report 2017-1

Current RGS Database Upgrades

In 2016, as part of Geoscience BC's ongoing commitment
to maintaining the BC RGS database, atotal of 5579 RGS
stream sediment pul pswererecovered from archivestorage
in Ottawa. Permission to access these samples was pro-
vided by Natural Resources Canada (NRCan). The sample
splitsplusinserted quality-control reference material swere
delivered to the Bureau Veritas Minerals |aboratory (Van-
couver, BC), wherethey will be analyzed for 56 minor and
trace elements by | CP-M Sfollowing aqua-regiadigestion.
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, 1030,
103Pand 104N (Figurel). Atthat time, initial analytical re-
sults using an agua-regia digestion and atomic absorption
spectrometry (AAS) reported less than 20 elements in
stream sediments. Also included in this reanalysis project
are stream sediment pulpsfrom NTS map areas 082G, 082J
and 092N. Completed in the early 1990s, analytical results
from these surveys also included arelatively limited num-
ber of elements determined by AAS. Table 2 provides the
location and count of samplesincluded inthe2016 ICP-MS
reanalysiswork, along with alist 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 aleader in the development
and maintenance of the BC RGS database. Building on the
significant contributions by the Geological Survey of Can-
ada(GSC) andthe BC Geological Survey (BCGS), Geosci-
ence BC has furthered the utility of this geochemical re-

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.
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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, there-
analysisby INAA of 1152 RGS samples and thereanalysis
by ICP-MS of more than 44 500 RGS samples. Thisinfor-
mation further augmentsthe 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 metal sthat outlines geochemical anomaliesand regional
geochemical trends(e.g., theMo distribution shownin Fig-
ure 5) helps focus exploration. Reanalysis initiatives have
produced amulti-element geochemical databasethat offers
contiguous provincial coverage. Thiscoveragefurther pro-

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).

NTS map Survey ICP-MS release
area Survey name year Sample count year
082G, J  Southern Rockies 1990 1526 2017
092N Waddington 1991 714 2017
093E Whitesail Lake 1986 63 2017
093H McBride 1984-1985 646 2017
104N Atlin 1977 862 2017
1030, P Nass River 1978 1768 2017
Total 5579
104M, 114P Skagway 1992 973 Future
092K, L Bute Inlet 1988 1312 Future
092F, G Vancouver 1989 951 Future
Total 3236

British Columbia
RGS Program

0 100 200
e

kilometres

Mo by ICP-MS

percentile

2016 Geoscience BC
Reanalysis Project

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.

98

Geoscience BC Summary of Activities 2016



Gedscience BC

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 asgeophysical surveys, geological mapping and
environmental evaluations.
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Introduction

Geoscience BC's Targeting Resources through Explor-
ation and Knowledge (TREK) project has produced acom-
prehensive collection of geoscience information for a
highly prospective areain 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 areanalysisand genetic interpretation
of similar archived data, resulting in one of thelargest, 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 promoteits potential asamineral 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-
gionsfor 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
|ake sediment samplesare good candidatesfor themultime-
diacomparison asthey have been shownto correlate (Cook
etal., 1995). Thiscorrelationislikely aresult of erosionand
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.

Keywords: British Columbia, TREK, regional geochemical sur-
vey, target generation, multivariate analysis, anomaly

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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Potential source areas, or areas of influence (AQI), 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 AQI aredesignedto spatially link till samplesto
a dominant bedrock source unit. Contrasting rock types
forming the bedrock geology withinthe TREK project area
will bereflectedinthetill geochemistry. Thetill datawill be
levelled using the dominant bedrock source unit to mitigate
theinfluence of these contrasting rock typesontheregional
dataset, which should improve anomaly identification.

Project Area

A summation and references for the known bedrock and
surficial geology for the project areaare provided in Sacco
et al. (2014k). The project areais in the Interior Plateau
(Mathews, 1986), south of Vanderhoof and approximately
60 km west of Quesnel. It occupies partsof NTS map areas
093B, C, F and G and covers more than 28 1:50 000 scale
NTS map areas, and approximately 25 000 km? (Figure 1).
Access is through a network of forest service roadsin the
Vanderhoof, Quesnel, Chilcotin and Central Cariboo forest
districts.

Theproject areaincludes partsof 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).
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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 sourceslisted in
Table 1. Dueto the complex nature of this collection of in-
formation, inherent data discrepancies exist that may affect
theresults. Significant effort has goneinto the assessment,
compilation and processing of these datato ensure the best

possible results. The specific procedures used are outlined
in the appropriate method subsections below.

Bedrock Compilation and Simplification

Thebedrock geology isanintegral part of thisstudy, soitis
essential to have the most accurate and consistent mapping
possible. The most continuous bedrock geology in the pro-
ject areaiscompiled by Cui et al. (2015); however, morere-
cent, higher resolution bedrock mapping conducted for
parts of the project areaby Mihalynuk et al. (2008), Angen
et al. (2015) and Bordet (2016) isnot in Cui et al. (2015). A
new, uniform and continuous geology layer is being pro-

| Digital hydrology datal | Digital elevation data |

(2) Delineate lake

TREK lake sediment
geochemical
database

(1) Standardize lake
sediment datafor
elements of interest

TREK ill geochemical
database

Rock geochemistry

(5) Calculate WS index
for lake sediment
samples for 5 deposit
models

(4) Determine
geocherical RIS for
mineral deposits
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Ice flow data | Digital elevation data | | Surficial geology | | Bedrock geology | | Rock geochemistry |

Figure 2. Flowchartillustrating 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:
AOlI, areas of interest; RIS, relative importance signature; TREK, Targeting Resources through Exploration and Knowledge; WS, weighted

sums.

Table 1. Datasets and their references used in this study.

Data sets Reference

TREK till geochemistry

Reanalyzed archive till geochemistry
TREK lake sediment geochemistry
Archive lake sediment geochemistry
Reanalyzed archive lake geochemistry

Jackaman and Sacco (2014); Jackaman et al. (2015a)
Jackaman et al. (2015b)

Jackaman and Sacco (2014)

Jackaman (2006, 2008a, 2009a)

Jackaman (2009a, 2009b)

Mihalynuk et al. (2008a, b); Angen et al. (2016); additional data to be collected from

Rock geochemistry
2016)

Geology
Surficial geology

Elevation data (SRTM, CDED)

Ice flow data

Hydrology GeoBC (2016)

MINFILE (BC Geological Survey, 2016) and ARIS (BC Ministry of Energy and Mines,

Cui et al. (2015); Bordet (2016); Mihalynuk (unpublished data)
Kerr and Giles (1993); Plouffe et al. (2004); Sacco et al. (2014a—j)

Canadian Digital Elevation Data (CDED), GeoBase® (2007),
Shuttle Radar Topography Mission (SRTM), NASA LP DAAC (2015)

Ferbey and Arnold (2013); Plouffe and Sacco (unpublished data)
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duced for this study that will combine these data sources.
Thedatasourcesarefirst overlaid to assessthe spatial com-
parability, unit designation and descriptions. From this as-
sessment, themost suitable sourceswill bedetermined. The
selected layerswill then be converted to a comparable leg-
end based on the most extensive datasource(i.e., Cui et al.,
2015), and spliced into the compilation. No attempts at
edge matching will be made between theunitsasitisacom-
plicated process that requires resources beyond the scope
of thisproject. 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-
tionswill 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-
mentswith similar genesisshould becomparedto 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.

Thegeochemical dataused for thisstudy isacompilation of
new till and lake sediment samples, and reanalyzed archive
samples. Details for the datasets can be found in the refer-
encesin Table 1 and samplelocationsin Figure 1. Toensure
genetic continuity within the datasets, al till and lake sedi-
ment datawere 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 iswell suited to assessing mineral poten-
tial of an area because it is a first derivative of bedrock
(Shilts, 1993); therefore, it hasasimilar geochemical signa-
ture. It was eroded, transported and deposited under ice,
thusitstransport history isrelatively 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
l0g310 transformation to produce more normal data distribu-
tions. Most data are positively skewed and require the
transformation. Censored data distributions occur when
enough data pointsfall below detection limits. A sufficient
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proportion of censored data artificially skewsthe datadis-
tribution. For elements with <1% of data points below the
detection limit, thedatabel ow thedetection limit are substi-
tuted with half of the lower detection limit. For elements
with >1% of the data points below the detection limit, the
databelow 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 onthesurvey. 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, thusit isunlikely the differenceisrelated to geol-
ogy. Instead, the variation is attributed to differences be-
tween the labs. To mitigate this variation, the data are lev-
elled using arobust z-score method. The z-score levelling
method was chosen because it does not change the shape of
the datadistribution 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 theinterquartilerange (IQR) mul-
tiplied by 0.7413 asarobust estimate of standard deviation.
It is defined by the equation

_ input value—median
IORx 07413

Sample Areas of Influence

An AOI isdesigned to identify the potential source region
for asediment sample. Becausetill and lake sedimentshave
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 sasmple AQI is dependent on
variablesrelated to ice-flow dynamics, and the AOI delin-
eates aregion 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 samplesis defined by the catchment basin of
the sampled lake.

Till Sample AOI

Till sample AQI represent the potential source region for a
specific sample point, defined by asector of acirclethat is
centred on the samplelocation. The angle of the sector isa
function of therange of ice-flow directionsthat affected the
location, and the length of the radii (arms) isafunction of
estimated sediment-transport distance (Figure 3). Delinea-
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tion of atill sample AQOI is an iterative process that begins
with a standard till sample AQI that has a standard length
and an arc length that is specific to the ice-flow history at
each sample location. The standard AQI is used to extract
scaling factors that reflect increased or decreased sediment
transport distances. These scaling factors arethen applied to
the standard AOI to createthefinal till sample AQOI that will
be used to determine dominant bedrock influence (Figure 3).

Delineation of a Standard Till Sample AQI

Thelength of astandard AOI is determined based on aver-
age anomaly dispersion distancesin till from known min-
eral deposits within the region. The dispersal distance is
measured from the deposit to thelocation where associated
element concentrationsare below the 75" percentile. Based
on the references listed in Table 2, the average dispersal
length is approximately 2.5 km.

a) b)
Ice-flow indicator

2 km buffer layer

Till sample location

Directional L
slope layer

Maximum and
minimum ice flow ——
vectors \

Standard AOI

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). | ce-flow historieswere determined whererela-
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. Therange for each samplelo-
cation wasassessed for theinfluence of spuriousvaluesand
adjusted accordingly. During this assessment, modifica-
tions were made based on known ice-flow histories and
topographic influences.

/

Bedrok geology layer

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.

Table 2. Geochemical dispersal distances in till to the 75" percentile from known

mineral occurrences in central British Columbia.

Dispersal distance (km)

NTS 1:250 000 map area Reference

2 093M, L Ferbey et al. (2009)
5 093M, L Ferbey et al. (2009)
1-3 93L Stumpf (2012)
2.5-5 093F Levson et al. (1994)
1-2 093F Levson et al. (1994)
2 093F Levson et al. (1994)
3-7 093F O'Brien et al. (1997)
2-4 093F O'Brien et al. (1997)
2 093F O'Brien et al. (1997)
>1 0930 Plouffe (1997)
>1 082E Lett et al. (2001)
2-4 093F Sibbick et al. (1996)
16 093E Ferbey et al. (2012)
1-2 092P Paulen et al. (2000a)
3 082M Paulen et al. (2000b)
2-5 various Weary et al. (1997)
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Length-Scaling Variables and Factors

L ength-scaling factorsare used to modify thelength of atill
sample AOI based on the specific surface conditionsto im-
prove the accuracy of the estimated transport distance of
each sample. It has been shown that transport distancesin-
creasewithvelocity of iceflow (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 propertiesof the source (e.g., areal
extent, erodibility, topographic position) and re-entrain-
ment potential (Parent et al., 1996). Thephysical properties
of theexploration targetsareyet to beidentified, and deter-
mining re-entrainment potential is not feasible across the
study area so these factors will not be addressed here.

Glaciersgenerally accel erate downsl ope and decel erate up-
slope. Directional slopeismeasured using SRTM elevation
data and the generalized ice-flow directions from the ice-
flow indicator compilation. Thiessen polygons are created
for thegeneralized ice-flow indicators. Spuriousresultsare
assessed and adjusted where necessary ensuring coordina-
tionwith surrounding values. The polygonfileisconverted
toanice-flow direction raster with an equivalent cell sizeto
the SRTM data. The ice-flow direction raster is smoothed
using aroaming average of 10 cellsto reduce sudden direc-
tional changesalong polygon borders. The SRTM datasetis
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 channel sand postglacial landforms). Slope
and aspect raster layersare calculated fromthe SRTM data,
andthedirectional slopewascalculated using theformula

S, = (S cos((D - A)lgo)}

where Sy, = directional slope, S= sloperaster, D = direction
of ice-flow raster and 4 = aspect raster.

Increased surface rugosity increases basal drag and de-
creases ice velocity. Surface rugosity is calculated using a
modified version of the terrain ruggednessindex (TRI) by
Riley et a. (1999). Several other methods of measuring

rugosity weretested and were deemed unsuitable duetois-
sueswith scale and the resol ution of the elevation data. For
example, thetruerugosity of asurfaceisprobably best indi-
cated by the 2-D areato 3-D arearatio. This method, how-
ever, could not produce accurate results at a scale that
would affect aglacier 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. Thiscalculation is performed on the SRTM
dataset that is smoothed using a 10-cell roaming averageto
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(maxz— min®)),

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., Levsonand 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 a.,
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 onice-flow
velocity, and ultimately on sediment transport distance, is
beyond the scope of thispreliminary study. Thescaling fac-
torsfor thispreliminary study are, therefore, relative rather
than absolute. Each scaling variableisdividedintofivefac-
tor categories, with each representing ascaling factor of 0.1
(Table3). Therelativescaling factorsare based onthe aver-
age condition. For example, the average conditionisscaled
by afactor of 1; one below the average condition is scaled
by afactor of 0.9; one abovethe average conditionisscaled

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.

Scaling factor Category breaks

Slope value (°)

TRI index value Surficial geology map unit description

0.8 > —1.5 standard deviation from mean >5
0.9 —-1.5 to —0.5 standard deviation from mean 5t02.1
1 -0.5 to 0.5 standard deviation from mean —2t02
1.1 0.5 to 1.5 standard deviation from mean -2.1to-5
1.2 >1.5 standard deviation from mean <5

No surficial material (e.g., dominantly rock with

<71 lesser amounts of thin material; R.Tv)

72-263 Thin surficial material (e.g., veneers; Tv)
264-454 Thick surficial material (e.g., blankets; Tb)
Thick material with some streamlining (e.g., till
455-646 blanket with some streamlining; Tb.Ts)
>646 All material is streamlined (Ts)

Note: Thin and thick material categories are based on material thickness and not genesis, thus can include all material types.
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by afactor of 1.1. Directional slope and rugosity variables
arenumerical indices. Theaverage condition for theseindi-
ceswill be determined by the mean, and the scaling-factor
divisionsmeasured in unitsof 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.

Thepercent coverage of the scaling factorsfor 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'sweighted scaling factor and thefinal till sample AOI
are delineated using those lengths.

Levelling Geochemical Data Based on Bedrock

Thefina till sasmple AOI spatially link eachtill sampletoa
probable source region. The dominant bedrock source unit
can be determined by extracting the dominant bedrock unit
withinthe 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 a ., 2015a). The proportion of clastscol-
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 datathat 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 concentrationsrelated to bedrock source. The
levelling procedure will use the same methods outlined in
the data standardi zation section because it does not change
the shape of the data distribution and it preserves genuine
outliers.

Lake Sediment Sample AOI

Lake sediment sample AQI 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
areafrom 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;
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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 dataare resampled
to aresolution of 10 m and smoothed using the minimum
value of the surrounding eight cells. Theminimumvalueis
used to ensure lower elevation areas representing drainage
networks are not artificially raised, resulting in discon-
nected upstream areas.

Preliminary catchmentsaredelineated for all sampled lakes
by using the Arc Hydrotool set, and generally following the
method for modelling deranged drainage systems (Djokie,
2008). The elevation valuesunder the sampled lakesarere-
duced to below the minimum val ue of the elevation dataset
to ensure the modelling does not allow for water flow
through thelake. 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
areafor each sampled lake.

Errorscan occur in the catchment delineation for lakeswith
upstream, adjacent wetlands. If the upstream wetland isflat
in the elevation model, no flow direction can be computed
andtheupstream areaiscut off fromthelakecatchment. 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 asample; therefore, they represent the sourcefor
geochemical anomalies within that sample. The geochem-
istry of thelake sediment samplesisattributedtothe AQOI to
indicatetheground coverage of the sampling, and an areato
focus exploration efforts.

In severa 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
thesamelakeare 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 AQI. If significant variationis
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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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).

Evaluation of the lake sediment geochemistry will include
consideration for AQOI size. Itisexpected that sampleswith
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
AOQI areascatterplotsto identify samplesfrom large catch-
ments that are above the mean concentrations. If AQI 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 fromthe BC minera 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
throughareview of availablerock geochemistry
from those mineral deposit types and informa-
tion in MINFILE (BC Geological Survey,
20164). A specificrelativeimportancesignature
(RI'S) will be determined for each deposit type
through factor analysisand correlation matrices
of surface sediment and rock geochemistry.
Positive valuesin 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 asingle index that
considersmultiple elementsand 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 adescription of thecal cula-
tion). The specific RISwill be used to calculate the WSin-
dex for each deposit type. The relative importance values
are converted to weights by dividing each importance by

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.

Deposit profile Au Ag As Ba Cu Bi Co F Fe Hg Mn Mo Ni Pb S Sb Te V W Zn

L04: Porphyry CutMozAu, e.g., Capoose (MINFILE 093F 022) X X X X X X X X X X X X X
LO5: Porphyry Mo, e.g., Nithi (MINFILE 093F 014) X X X X X X
HO4: Epithermal Au-Ag-Cu: high sulphidation, e.g., CH (MINFILE

093F 085) X X X X X X X X X X X
HO05: Epithermal Au-Ag: low sulphidation, e.g., Blackwater Davidson

(MINFILE 093F 037) XXX L X X X X A X = =
HO02: Hot spring: Hg (no known examples in TREK area) X X X X

D03: Redbed volcanic copper, e.g., Pickle (Angen et al., 2016) X X X X
E03: Carbonate-hosted disseminated Au-Ag, e.g., Bob (MINFILE

093B 054) X X X X X X X

KO04: Au skarn, e.g., Fawn 5 (MINFILE 093F 053) X X X X X X X X

101: Au-quartz veins, e.g., Laidman (MINFILE 093F 067)
105: Polymetallic veins Ag—Pb-ZntAu, e.g., 3Ts (MINFILE 093F
068) X X X X X X X X X

Note: Fluorine (F) only determined for lake sediment samples.

x
x
x
x
x
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the square root of the sum of the squares of al 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 datasetsfor thetill and lake sedi-
ment, and again on the till dataset that has been levelled
using dominant bedrock source.

Anomaly Evaluation

Specificanomaly thresholdswill bedetermined for each el-
ement of interest and WSindicesby assessing datadistribu-
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
thelocationsof anomaliesand spatially correlateanomalies
between the different media. Clustered anomal ous 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 improvementsare madein thisstudy through datastan-
dardization to create a genetically comparable, normally
distributed and statistically equivalent dataset.

Aresas of influence are delineated for till and |ake sediment
samplesto assist in the evaluation of the TREK geochemi-
cal dataset. Thismethod isbased on catchment analysi sthat
istypically applied to stream sediment samples (e.g., Arne
and Bluemel, 2011; Heberlein, 2013). Provided here are
preliminary methods to delineate the AQI for till and lake
sediment sampl es, which can bebuilt uponandimprovedin
future studies. Till sample AOI are meant to spatially link
each sampleto adominant bedrock source so that theinflu-
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
AQl) isrelative and based on factors that influence glacier
velocity. Future efforts to delineate till sample AQOI could
also use the length of streamlined bedforms as a proxy for
ice-flow velocity. Attemptsto apply more absolute scaling
values based on sediment transport studies (e.g., Clark,
1987; Parent et al., 1996) may also improvethe 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-
fortsaremadetoincorporatethe highest resolution, compa-
rable bedrock mappinginto onelayer and to create accurate
simplifications. Future work should concentrate on im-
proving the assimilation of bedrock data from different
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sources and the acquisition of extensive geochemical data,
which will improve the simplification process.

L ake sediment sample AOI aredelineated fromtheoutl et of
the sampled laketo 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 lakesthat were not sampled arein-
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 |ake sediment sample AOI pre-
sumes that any sediment within the catchment is available
for erosion and transport to thelake. 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

Thispaper presentsthe methodsthat will be used toidentify
mineral exploration targetsin the TREK project areausing
multivariate and multimedia geochemical data analysis,
and apreliminary method of sediment transport modelling.
These methods are suitable for the evaluation of surficial
exploration datain most regions, particularly in other areas
of BC wherethereisalarge collection of geochemical data.
The completed study will produce (numbersin parentheses
arereferenced in Figure 2)

e adatabase of standardized till and lake sediment geo-
chemical data for elements of interest (1);

e polygon shapefilesof AOI for al till and lake sediment
samples (2);

o levelled till geochemistry using dominant bedrock
source (3);

e RIS of geochemistry for six common mineral deposits
in central BC (4);

e WS indices for deposit models calculated with stan-
dardized till and lake sediment geochemistry, and lev-
elled till geochemistry (5);

e potential exploration targets (6); and

e georeferenced maps(e.g., eight 1:100 000 scalemapsin
PDF) to display WSindicesusing proportional dot sym-
bols, and gridded data if the sample spacing allows.
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van Geffen, PW.G. and Bluemel, E.B. (2017): Clay-fraction till geochemistry of the TREK project area, central British Columbia(parts of
NTS 093B, C, F, G): progress report; in Geoscience BC Summary of Activities 2016, Geoscience BC, Report 2017-1, p. 113-114.

Introduction

Large parts of centra British Co-
lumbia(BC) areunderexplored 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 isgenerated over covered areas
enables the integration of various
datatypes, which in turnincreases
confidencein the understanding of
the bedrock lithology.
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G (Figure 1). Thesizefraction that
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<63 um (silt + clay). Although this
is standard practice in till analysis

N

%o C i, .' ‘&

0 15 30 ° -
[ e C ..n. a‘ ‘ ... ’ @ *
Kilometers ° 0% & wh. [5)

NAD 83 UTM Zn10N ° o 0

because dry sieving to afiner frac-
tionwould beimpractical, the geo-

Keywords: British Columbia, till geochemistry, hydromorphic dis-
persion, exploration

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. TREK project till sample locations, central British Columbia.

chemical response may still be overwhelmed by matrix
componentssuch ascarbonate mineral sand organic matter.
To remedy the effect of matrix materials on the analysis of
till and reduce its heterogeneity, the clay fraction (<2 pm)
can be extracted and analyzed, which has been known to
provide superior results for trace elements transported by

113



Gedscience BC

hydromorphic dispersion throughthetill cover (Slavek and
Pickering, 1981; DiL abio, 1995; van Geffen et al., 2012).

Geoscience BC Report 2009-10 (Ferbey et a., 2009) re-
ported the analysis of the clay fraction of archived till sam-
plesfrom the Babine porphyry belt, which were sampledin
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 datafromthe
silt + clay fraction.

Status and Future Work

Till samplesthat werecollectedinthe TREK project areain
2013 and 2014 werearchived by the BC Geological Survey
(BCGS) inVictoria, 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 aclay-fraction separation followed by aqua-
regiadigestion andinductively coupled plasma—mass spec-
trometry (ICP-MS) finishfor 53 elementson 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 volumesremaining at the BCGSarchive are
considered insufficient for clay extraction. The Geological
Survey of Canada published till geochemical datafromthe
area in 2001 (Plouffe et al., 2001), including inductively
coupled plasma—atomic emission spectroscopy (ICP-AES)
dataof both the<63 and <2 umfractions. Thesedatawill be
used for reference and, where appropriate, included in the
final data analysis of this study.

Itisanticipated that thisstudy will be completed by January
2017 andtheresultspresented at the Association of Mineral
Exploration Roundup . Thefinal report will bepublished as
a separate Geoscience BC report in early 2017.
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Adding Value to Regional Till Geochemical Data through Exploratory Data
Analysis, TREK Project Area, Central British Columbia
(parts of NTS 093B, C, F, G)
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P.W.G. van Geffen, REFLEX Geosciences, Vancouver, BC

Bluemel, E.B. and van Geffen, PW.G. (2017): Adding value to regional till geochemical data through exploratory data analysis, TREK
project area, central British Columbia (partsof NTS093B, C, F, G); in Geoscience BC Summary of Activities 2016, Geoscience BC, Re-

port 2017-1, p. 115-124.

Introduction

The most efficient use of resourcesin mineral exploration
isto add valueto existing dataproducts. Theutility of exist-
ing geochemical datacan begreatly 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 analysisof 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 aso have some
geothermal potential. However, the area is underexplored
for these resources due to overburden of variabl e 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
areawere evaluated and assessed for comparability and
utility on an element by element basis. Data artefacts

Keywords: British Columbia, geochemistry, exploratory data
analysis, till, anomaly, mineral exploration, provenance

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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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 inthefirst step wasaccomplished using explor-
atory dataanalysis (EDA) techniques, including cluster
analysis to determine till signature. Further geochemi-
cal techniques, such as regression analyses to account
for secondary surficial processes, wereal so 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 A ssessment

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
i0GAS software and common data format issues were ad-
dressed, such as replacement of below-detection values,
'no-data values (in this dataset no-datawas listed as"-9999")
and zeroeswith null valuesto allow further statistical anal-
ysis. Thefull dataset (number of samples[n] = 2970) com-
prises 1259 new till survey samples and 1711 reanalyzed
till samplesfrom previous campaignsinthearea(Jackaman
et al., 2015), datafrom which will beincluded as an appen-
dix in thefinal report. The newly collected and reanalyzed
sampleswereall subjected to the same analytical method at
the same lab (aqua-regia digestion with inductively cou-
pled plasma—mass spectrometry [| CP-M S] finish at Bureau
VeritasMinerals[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 el ementswith limited quality
and precision. The TREK till geochemistry dataset was
generally of very good quality, with the exception of afew
elements(W, S, Se, Te, Ge, Ta, In, Re, Pd, Pt, B, Na), and a
group of 255 samplesthat contained null valuesfor all ele-
ments. Also, ahandful of samples(n=6) wereomitted from

115



5800000N 5840000N 5880000N 5920000N 5960000N

5760000N

/A}%&"‘t‘

Gedscience BC

280000E 310000E 340000E 370000E 400000E 430000E 460000E 490000E
1 1 1 1 1 1 1 1
ey Ny
‘ Fraser-L-ake’ | |
o \ A
ancois Lake Park 6’{\
[ ) L O\ ¢
0o ® °0 ool .:.0"0‘0 (Pollyanna’
o i ‘.0:‘ oko ®
[ 0e®0e L ‘.0’
C
T Q ... :
Tweedsmuir @
Park ™
(North)
Qe
R : R
Lo Entiako / ~ Capoose .o

Park ¢

2

Park

Tweedsmuir

(South)

0 20

= ®
B Kilometres %@@&DO @

NAD 83 UTM Zone 10N

Ocean

Columbia

Pacific

Till sample site

Levson et al. (1994)

Weary et al. (1997)

Levson et al. (2002)

Lett et al. (2006)

Ferbey (2009)

Jackaman and Sacco (2014)
Jackaman et al. (2015)
Plouffe and Williams (1998)
Plouffe et al. (2001)

British R Developed prospect

— Road

E Lake

Provincial park

|:| TREK area

@ © 6 ¢ © 6 ¢ 0 O

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.

116

Geoscience BC Summary of Activities 2016



Gedscience BC

theinterpretation because of extreme valuesin elements of
secondary interest (Fe, Mn, Na).

Intotal, theinterpreted dataset (n = 2709) spansninesurvey
areas, including five zoneswhere spatial sample collection
overlap. To investigate whether changes in elemental con-
centrations were influenced by the survey area (‘original
report’), thesefive zoneswereisolated and then all element
ranges were evaluated. If the ranges of element concentra-
tions vary significantly when only looking at data from
withinonezone, 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
threetimesgreater median valuesinimmobile elementsbe-
tween areas), between Jackaman et al. (2015) and Lettetal.
(2006), and thisvariation will be addressed in further inter-
pretations.

Themain concernwith thevariation of databetween 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 a. assigned
aBTPscoretoall samples, and 2581 till sampleswereclas-
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 dataanalysisiswell 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 agreater understanding of the processes
that create, channel and ultimately control geo-
chemical anomalies that are expressed at surface, 01
the likelihood of correctly interpreting these
anomaliesisdrastically increased and thereforethe
likelihood of discovering buried mineralization.
Exploratory data analysis (EDA) was performed
onthe2709till samplesselected fromthefull data-
set of 2970 samples based on data quality.

Part I: Cluster Analysis to Define Till
Provenance

Ti (Wt. %)

0.01

Till geochemical samples, evenif they arebasal till
and afirst derivative of theunderlying bedrock, are

collection location is inappropriate because the till may
have been derived from bedrock as much as tens of kilo-
metresaway (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
havethe smallest sum of squaresbetween observationsand
the cluster’s central node. The purpose of thisanalysisisto
minimize the within-cluster variation and maximize the
between-cluster variation based on the sel ected elements of
interest.

Theelementsused in thefirst pass clustering analysiswere
(Na+K)/Al, Ca, Ti, Zr, Y, Thand Nb. The (Na+K)/Al term
can be used as a proxy for till evolution; more evolved, or
distal, till samples will have alower (Na+K)/Al value be-
causethey aremoreweathered and thereforemore of theNa
or K has been mobilized and removed from thetill sample
(Figure 2). The dark green group has been identified as
evolved due to its lower relative (Na+K)/Al values, and
alsoitshigher Zr and Ti values (Zr can be correlative to the
sand fraction of thetill sample, also indicating ahigher de-
gree of transport). Thetill sampleswere 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
dataquality. The blue group islikely derived from carbon-
ate materias, inferred from their high Ca content.

®Til1
®Till 2
Till 3
® Carbonate-derived till
@ Evolved till

1

%)
w
IS
2

10 20 30
Zr (ppm)

still the product of asurficial processand thustheir
data must be treated accordingly. Assigning apro-
tolithunit to atill samplebased onitsactual sample
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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.
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The carbonate-derived and evolved tills were then tempo-
rarily removed from the dataset and the remaining threetill
groupswerefurther separated into five groupsbased on the
distributions of major elements and aselection of traceele-
ments (Ti, Al, Fe, Mg, Mn, Ca, Na, K, Cr, U, Ni; Figure 3)
resultingin atotal of seven chemically distinct till composi-
tionsor typesinthe TREK area (Figure 4). Thesetill types
werespatially coherent but do not correspond with theorig-
inal report areas, which indicates the influence of survey
area has been overcome. Till signature was assigned based
on differencesin till geochemistry and the lithological af-
finity of major and trace elements.

Part 11: Regression Analysis (by Provenance)
to Identify Outliers

Regression analysis predicts the behaviour of a response
variablerelativeto an explanatory variable, and also allows
the calculation of aresidua value, which isthe difference
between the predicted value and the observed value of the
dependent variable. Thelinear equation resulting fromare-
gression analysis models the rel ationship 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 thedata, and allowsoutliersto beidentified moreclearly.
The agorithm used is the least median of squares (LMS)
method described in Rousseeuw and Leroy (1987).

In this regression analysis, the predictor variables used
wereFeand Al. Iron oxidesinthesurficial environment are
very efficient at binding mobile chal cophile elements(e.g.,
Cu, Zn, Pb, Ag, As) and Al can be used as aproxy for clay

{ @ Ultramafic signature
® Mafic signature (high Fe)
Mafic signature (low Fe)
Sedimentary signature (high Mn)
@ Sedimentary signature (low Mn)

Ti (wh. %)
'.:o

o 8%° o
ognp o
°
lfg

: 2 3
Fe (Wi. %)

content in till samples because mobile elements can be
adsorbed onto clay particles. In this interpretation, the re-
gression analysiswas 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 sometill typesnaturally contain more chalcophileel -
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 sametimearobust residual iscalculated.
Of note is the elevated Fe content coinciding with the ele-
vated Cu content in the mafic-signature (high Fe) till type;
this aludes to either Fe control on hydromorphic disper-
sion of Cu, or that Fe and Cu have acommon sourcein this
till type.

Residualsarethe 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 theresidual s) werethen cal cul ated for the pathfinder ele-
ments (Cu, Mo, Zn, Pb, As, Ag) asafunction of both Feand
Al (independently), as well as per till type and plotted on
the map along with known devel oped prospectsto validate
theresults (Figure 7, Cuasafunction of Fe). Calculated ro-
bust standardized residuals for al pathfinder elements are
presented with the data compilation as an appendix to the
final report.

Theresultsof theinterpretation show excellent spatial rela-
tion of residual valueswith known devel-
oped prospects (Blackwater [MINFILE
093H 037, BC Geological Survey, 2016],
3Ts [MINFILE 093F 055], Pollyanna
[MINFILE 093F 15W], Chu [MINFILE
093F 07E]) inthe TREK area. Oneexcep-
tion is the Capoose prospect (MINFILE
093F 06E), which isjust outside the till
sampling coverage area. Even though
these observations are helpful in validat-
ing the method, themoreimportant 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

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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Intheinitial stagesof EDA, two main ob-
servations about the structure of the data
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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.
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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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were obvious. Firstly, several elementsof interest,
including the porphyry pathfinder and immobile
elements, wereincomparabl e between the original
reports, and thiseffect had to beinvestigated more
closely. Secondly, the main changes in the BTP
score (Jackaman et al ., 2015) were coincident with
survey boundaries. Thisis not surprising because
earlier surveyswere not asrigorous about thetype
of till collected, which became important in later
surveys, so in many cases ablation or supraglacial
flow tills were collected rather than basal tills.
Sincethe collected material differedin origin, dif-
ferencesin trace and immobile element chemistry
were also incomparable by their BTP. Thisis a
boon for theinterpretation becauseit ispossibleto
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 thisin-
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 analysisusing (Na+K)/Al, Ca, Ti, Zr, Y, Th
and Nb was performed on the 2709 till samples,
and wasdoneintwo partsresulting 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 elementsand arobust 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 inthefirst 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 Theseboundariesarealso coincident withthe
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 elementsin that sample. Of
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note is the Cu+Mo+Ag target 77 km east-southeast of
Blackwater, the Cu+tMo+As, Cu+Mo and Mo+As target
7 km southeast of Blackwater and al sothe Cu+Moand Mo+
Ag+Astarget 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 datain the TREK pro-
ject area. Dataeffects, such aschangesin survey area, were
overcome and thetill sampleswereclassified into till types
based on immobile and trace element chemistry (signa-
ture). Anomal ous samples were then identified in each till
typebased on asel ection of chal cophile elements, and these
anomalieswere quantified using arobust regression analy-
sisand combined using an anomaly assessment test. There-
sidual results show spatial coincidence with known devel-
oped prospects, and several targetswere 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 devel oped 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.

Acknowledgments

Thisinterpretation was funded by Geoscience BC and sup-
ported by REFLEX Instrument North AmericalLtd. There-
port greatly benefited from the thoughtful edits of
S. Sugden of REFLEX Asia-Pacific in Perth, Australia.

References

BC Geological Survey (2016): MINFILE BC mineral depositsda-
tabase; BC Ministry of Energy and Mines, URL <http://
minfile.ca/> [October 2016].

Ferbey, T. (2009): Till geochemical exploration targets, Redstone
and Loomis L ake map areas, central British Columbia(NTS
093B/04, 05); BC Ministry of Energy and Mines, BC Geo-
logical Survey, Open File 2009-09, 52 p.

Ferbey, T., Plouffe, A. and Anderson, R.G. (2014): An integrated
approach to search for buried porphyry-style mineralization
in central British Columbia using geochemistry and miner-
alogy: a TGI-4 project; Geological Survey of Canada, Cur-
rent Research 2014-2, 12 p., URL <http://publica
tions.gc.calcollectiong/collection_2015/rncan-nrcan/M44-
2014-2-eng.pdf> [November 2016].

Grunsky, E.C. (2007): The interpretation of regional geochemical
survey data; in Proceedings of Exploration 07: Fifth Decen-

124

nial International Conference on Mineral Exploration,
B. Milkereit (ed.), Decennial Mineral Exploration Confer-
ences, Toronto, Canada, September 9-12, 2007, p. 139182,
URL <http://www.esd.mun.ca/~spiercey/Piercey_Re
search_Site/ES4502_6510_files/Grunsky_2007.pdf>
[November 2016].

Jackaman, W. and Sacco, D. (2014): Geochemical and mineral ogi-
cal data, TREK Project, Interior Plateau, British Columbig;
Geoscience BC, Report 2014-10, 13 p., URL <http://
www.geosciencebc.com/s/Report2014-10.asp> [ 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.

Jackaman, W., Sacco, D.A. and Lett, R.E. (2015): Regional geo-
chemical and mineralogical data, TREK project - year 2, In-
terior Plateau, British Columbia; Geoscience BC, Report
2015-12, 13 p. plus 3 appendices, URL <http://www.geo
sciencebce.com/s/Report2015-12.asp> [November 2016].

Lett, R., Cook, S. and Levson, V. (2006): Till geochemistry of the
Chilanko Forks, Chezacut, Clusko River and Toil Mountain
area, British Columbia (NTS 93C/1, C/8, C/9, C/16); BC
Ministry of Energy and Mines, BC Geological Survey,
GeoFile 2006-1, 12 p. plus appendices.

Levson, V.M., Giles, T.R., Cook, S.J. and Jackaman, W. (1994):
Tilll geochemistry of the Fawnie Creek area (NTS 93F/03);
BC Ministry of Energy and Mines, BC Geological Survey,
Open File 1994-18, 34 p. plus appendices.

Levson, V.M., Mate, D. with contributions from Dubois, J.E.,
O'Brian, EK., Stewart, A. and Stumpf, A.J. (2002): Till
geochemistry of the Tetachuck Lake and Marillamap areas
(NTS 93F/5 and F/12); BC Ministry of Energy and Mines,
BC Geologica Survey, Open File 2002-11, 32 p.

Mahalanobis, P.C. (1936): On the generalized distance in statis-
tics; Proceedings of the Indian National Science Academy,
V. 2, no. 1, p. 49-55.

Massey, N.W.D., MacIntyre, D.G, Degjardins, PJ. and Cooney,
R.T. (2005): Digital geology map of British Columbia:
wholeprovince; BC Ministry of Energy and Mines, GeoFile
2005-1, scale 1:250 000.

Plouffe, A. and Williams, S.P, compilers (1998): Regional till
geochemistry, gold and pathfinder elements, northern
Nechako River, British Columbia; Geological Survey of
Canada, Open File 3687, 1 diskette.

Plouffe, A., Levson, V.M. and Mate, D.J. (2001): Till geochemis-
try of the Nechako River map area (NTS 93F), central Brit-
ish Columbia; Geological Survey of Canada, Open File
4166, 66 p. (includes CD-ROM).

Rousseeuw, PJ. and Leroy, A.M. (1987): Robust Regression and
Outlier Detection; Wiley Seriesin Applied Probability and
Statistics, John Wiley and Sons, Hoboken, New Jersey,
329 p.

Tukey, JW. (1977): Exploratory Data Analysis; Addison-Wesley,
Reading, Pennsylvania, 688 p.

Weary, GF.,, Levson, V.M. and Broster, B.E. (1997): Till geochem-
istry of the Chedakuz Creek map area (NTS 93F/7); BC
Ministry of Energy and Mines, BC Geological Survey, Open
File 1997-11, 97 p.

Geoscience BC Summary of Activities 2016



Gedscience BC

Surficial Geochemical Footprint of Buried Porphyry Cu-Mo Mineralization
at the Highland Valley Copper Operations, South-Central British Columbia:
Project Update

R.L. Chouinard, Mineral Deposit Research Unit, The University of British Columbia, Vancouver, BC,

rchouina@eoas.ubc.ca

P.A. Winterburn, Mineral Deposit Research Unit, The University of British Columbia, Vancouver, BC

M. Ross, University of Waterloo, Waterloo, ON

R.G. Lee, Mineral Deposit Research Unit, The University of British Columbia, Vancouver, BC

Chouinard, R.L., Winterburn, PA., Ross, M. and Lee, R.G. (2017): Surficial geochemical footprint of buried porphyry Cu-Mo mineraliza-
tion at the Highland Valley Copper operations, south-central British Columbia: project update; in Geoscience BC Summary of Activities

2016, Geoscience BC, Report 2017-1, p. 125-132.

Introduction

South-central British Columbia (BC) iswell known for its
endowment in porphyry copper deposits (McMillan and
Panteleyev, 1995). Thesedepositsincludecal calkalinepor-
phyry Cu-Mo (xAu) 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. Asthe number of
outcropping and suboutcropping discoveries declines, ex-
ploration geol ogists must devel op waysto explore through
to those covered with glacial material of remote origin,
such as glaciofluvial cover that conceals mineralized bed-
rock.

Thisresearch is part of the Porphyry Cu Subproject of the
National Sciences and Engineering Research Council
(NSERC) and CanadaMining Innovation Council (CMIC)’s
mineral exploration Footprints Project. This subproject
aimsto quantify and identify the footprint of porphyry Cu-
(Mo) mineralization at the Highland Valley Copper (HV C)
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 elementsfrom buried
mineralized bedrock to surface environment.

Keywords: British Columbia, exploration, geochemistry, surficial
geology, footprints, porphyry, surficial mapping, buried deposit

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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Theidentified depositsat HV C comprisefive 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 undevel oped 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 devel opment 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, whichisexpected to be completed by August 2017.

Background

Teck Resources Limited (‘ Teck’) has a 100% interest in
Highland Valley Copper (HVC), whichislocated in south-
central BC, 15 km west of the Municipality of Logan L ake,
and consistsof five known porphyry-style Cu-Mo mineral-
ized bodies (Figure 1). These clustersinclude: 1) the active
producing Valley, Lornex and Highmont pits; 2) the past
producing Bethlehem deposit; and 3) the buried J.A. de-
posit, al 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 HV C makesit an interesting siteto test sur-
ficial geochemical exploration techniques.

Bedrock Geology

The GCB ispart of the Quesnel terrane, whichrepresentsan
island-arc setting (Northcote, 1969; Logan and Schroeter,
2016). Thebatholithwasemplaced inthe Late Triassicinto
the sedimentary and volcanic strata of the Permian Cache
Creek and Late Triassic Nicolagroups. The GCB hasasur-
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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).

face area of approximately 1100 km? and is calcalkalic in
composition. The batholith was unroofed by the Jurassic
period, with Early Jurassic to Eocene sedimentary and vol-
canic strataunconformably overlying the batholith (North-
cote, 1969).

Zonesof buried, undevel oped mineralized bedrock at HV C
include: J.A. and Highmont South, whichisinterpreted asa
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 isinterpreted 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 islo-
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cated in adown-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 areais 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 slopesdominated by speciesof pineand spruce.

Geoscience BC Summary of Activities 2016
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Thestudy area(Figure 1) iscovered by varying thicknesses
of glacial sediments, withiceflow trending predominantly
south-southeast (Plouffe and Ferbey, 2015). The Highmont
South target (Figure 2) subcropsbeneath 2-10 mof 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 minthickness. Between theglacial 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:

o define the surficial response, in different materials, to
the presence of buried mineralization;

e identify processescontributing to thegeneration of false
anomalies and noise in data; and

e evaluate various exploration methods to develop a fu-
tureframework 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. Thefield areawastra-
versed and mapping was completed at 1:2500 scale, record-
ing al anthropogenic featuresthat 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 duringthe2016field
season aided in the devel opment 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.
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dian Mining Innovation Council.

and field observationsto bring the details from a 1:50 000
scale to an approximately 1:10 000 scal e representation.

Soil Sampling and Field Measurements

Two soil transects were sampled crossing buried targets
perpendicular to mineralization at Highmont South, with
25 msitespacing closeto and over thetop of thetargets, 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, al with 50 m spac-
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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 physicochemi cal measurementswere 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

Geoscience BC Summary of Activities 2016
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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).

B horizon wastargeted for the soil sampleitself and subse-
quent soil-slurry tests. The in situ measurements included
electrical conductivity (EC), soil moistureand 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 inal:1volu-
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

Geoscience BC Report 2017-1

water-impermeabl e 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 compoundsin aparts 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 aswell as demonstrate the most ideal soil hori-
zon to sample from for the purpose of exploratory soil sur-
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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 pm, with separate de-ionized water ex-
traction and aqua-regia digestion, both followed by multi-
element inductively coupled plasma—mass spectrometry.
Total organic carbonwasal so measured by combustion fur-
nace and infrared spectrometry. The multi-element anal yti-
cal datafromthesetestswill be subjected to variousstatisti-
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 X RF unit asaquicker 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 pulpsfrom sel ected 2015 soil sampleswill additionally
be analyzed using X-ray diffraction to identify clay miner-
als. Thiswill giveinsight into therel ative 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
fractionswill bevisually investigated under abinocular 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, ninefrom each target, were selected
and submitted for Cu-isotopestudiesin-houseat UBC'sPa-
cific Centrefor I sotopic and Geochemical Research to help
determinethe 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 theregolith mapsto identify the controlsonthe pres-
ence and abundance of elemental signatures. This work
will generate more applicable exploration models, which
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will expand beyond traditional frameworks and make use
of new technologies.
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R. Yehia, MYAR Consulting, Vancouver, BC, myar@telus.net

D.R. Heberlein, Heberlein Geoconsulting, North VVancouver, BC

R.E. Lett, Consultant, Victoria, BC

Yehia, R., Heberlein, D.R., and Lett, R.E. (2017): Rapid, field-based hydrogeochemical-survey analysis and assessment of seasonal varia-
tion using a field-portable photometer and voltammeter, Marmot Lake NTS area, south-central British Columbia (NTS 093B/13); in
Geoscience BC Summary of Activities 2016, Geoscience BC, Report 2017-1, p. 133-140.

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
etal., 2013), petroleum and environmental (Sahaand Sahu,
2015). Building on the successful outcome of the 2014 pro-
ject (Yehiaand Heberlein, 2015) and on the wealth of data
available in the TREK project area (Angen et a., 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. Aswell, this project assesses the ap-
plication of another technology for the rapid, field-based
analysis of water-sample chemistry, the Modern Water
PDV6000u/tra 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 arediscussedindetail in Yehiaand Heberlein (2015).
Thisproject aimsto expand upon theresultsof that study by
achieving the following objectives:

e Provide aregional-scale hydrogeochemistry dataset to
supplement the QUEST and TREK SE stream-sedi-
ment, lake-sediment and till geochemical surveysinthe
Marmot Lake NTS area (NTS 093B/13), using field-
based portable photometer and voltammeter instrumen-
tation

Keywords: British Columbia, hydrogeochemistry, photometer,
voltammeter, rapid, field analysis, regional geochemistry, sea-
sonal variation

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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e Investigate seasonal variability of water chemistry by
repeating the sampling campaign in spring, summer and
fall

e Investigate known mineral occurrences to determine
their associated hydrogeochemical responses

e Produce accurate, precise and cost-effective analytical
results for selected cations and anions that are relevant
to the mineral-exploration community

e Investigate the capabilities of the PDV for rapid
hydrogeochemical surveys

Orientation Survey

Oneof therecommendationsin Yehiaand Heberlein (2015)
wasto carry out asmall orientation survey prior to thefield
surveys. This orientation survey was designed to optimize
sampling, sample preservation (Hall, 1998; Khanna et al.,
2009) and analytical methodsfor 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) acreek flowing southwest of Fraser-
view Golf Coursein Vancouver. The sites were chosen for
1) ease of access during the spring runoff, 2) detecting po-
tential mineralizationinthewater 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 samplesat each of theselocali-
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 sampleswere sent to the AL S Environmental
laboratory (Burnaby, BC) for comparative analysis.

Results from photometer tests were inconclusive in defin-
ing asingle preferred sampling type for routine collection.
Thiswas due mainly to asmall sample set and lower-than-
expected mineral concentrations for most sites. Unfortu-
nately, the PDV was unavailablefor the orientation survey.
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The survey was successful, however, in identifying pho-
tometer reagents (Table 1) that seemed to havereacted 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 valueswere
much lower than the laboratory analyses dueto lack of wa-
ter-sample preservation.

Project Area
Location and Access

The project areais located south of Nazko (Figure 1), ap-
proximately 75 km west of Quesnel in the Marmot Lake
NTSarea (NTS 093B/13). Aswell, 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. Theaim of samplinginthearea
was to determine if rapid hydrogeochemistry surveys will
work inan environment that ishydrologically complex and
challenging. In addition, the Nazko Economic Develop-
ment Corporation was interested in ng potential for
resource-based economic development.

437800

5872000

® Community

A Volcanic cone

O BC MINFILE entry
—— Road
—— Project area

5856000

@ Sample site (GPS #)
@ Seasonal site (GPS #)

e

437800

Table 1. Tests performed by the portable devices chosen for this
project. Abbreviation: PDV, Modern Water PDV6000ultra
voltammeter.

Photometer Typical PDV

Type detection limit  detection limit in
(mg/l) clean water (mg/l)’

Aluminum (Al)? 0.005
Arsenic (As) 0.0005
Cadmium (Cd) 0.0005
Calcium hardness 0.5
Chloride (CI') 0.05
Copper (Cu, ionic and total) 0.005 0.0005
Fluoride (F’) 0.005
Hardness 0.5
Iron (Fe)? 0.005
Lead (Pb) 0.0005
Magnesium (Mg)* 0.5
Manganese (Mn) 0.0005
Molybdate (MoQ,) 0.005
Nickel (Ni) 0.005
Potassium (K) 0.05
Silica (High Range, SiO,) 0.05
Sulphate (SOy,) 0.5
Zinc (Zn) 0.005

1published by Modern Water Inc. (http://www.modernwater-monitoring.com/
product_limits-of-detection.html)

2photometer reagent capable of nitric-acid preservation

457700

457700

Figure 1. Locations of samples in the Marmot Lake NTS area (NTS 093B/13). Base map from GeoBase® (2016).
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Accesstothestudy areaisviathe paved Nazko Road (HW 59)
and an extensive system of forestry roads throughout the
project area. Elevationsin the study arearange 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. Theareahas
an abundance of water and the varioustypes (creeks, lakes,
wetlands) of water bodies, including bogs at higher eleva-
tions. Drainage patternsare predominantly dendritic. Some
creeksflow inand out of wetland. A few of thewetlandsare
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 asin-kind support from the Nazko Economic Devel-
opment Corporation, and residence and laboratory space
for the project crew were provided at the Blackwater 10g-
ging camp.

Geology and Surface Environment

Theyoungest rocksexposed in the survey areaare vol canic
rocks of the Miocene to Holocene Anahim volcanic belt,
the easternmost limit of which isrepresented 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 thearea, around theBob Au-Ag prospect (MINFILE
093B 054; BC Geological Survey, 2016). Vol canic rocksof
the Lower to Middle Jurassic Hazelton Group occur in the
northeast corner of thestudy area(Massey et a., 2005). Re-
cent mapping and an interpretation of airborne geophysi-
cal-survey databy 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, liesjust south of Nazko and east of theNazko 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).
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Paleogene Skeena Group conglomerate, sandstone and
argillite that are unconformably overlain by Paleocene to
Eoceneandesite, basalt, basalt brecciaand rhyolite breccia.
Tertiary quartz-feldspar porphyry dikesintrude the Skeena
Group sedimentary rocks. Anomalous Au, As, Ag, Sb and
Hg levelshave been reported from Skeena Group sedimen-
tary rocksthat have undergonesilicification and argillic al-
teration, and contain carbonate minerals and pyrite (MIN-
FILE 093B 054).

Field Conditions

Although precipitation in themonth of Junefor thelast 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.

Vehicleaccessto some partsof theareawas complicated by
widespread mud on the secondary logging roads, and foot
access was complicated by high water levelsin creeks and
wetlands. Thismade sampling at somesitesand subsequent
follow-up challenging. Conditions were drier in August
compared to July, but water levelswere 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 awater-sampling pole. Sam-
pleswere stored in two sizes of #2 high-density polyethyl-
ene (HDPE) bottles: non-acidified samplesin 1 L bottles
and acidified samples (with 3 mL ultrapure nitric acid) in
250 mL bottles. Both sampleswere unfiltered. Sample bot-
tleswerereused and rinsed thoroughly three timeswith the
water to be sampled, with the cap on before sample collec-
tion. Collected water was transported in a cooler after col-
lectionand stored in arefrigerator 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-
pleswereretested asaquality-control procedurewith asec-
ond PCStestr for the same parameters prior to analysis to
prevent samplemix-up and record any changesafter collec-
tion. Both meters were calibrated weekly. No unusual dif-
ferenceswere observed between the two sets of results, ex-
cept for the expected slight pH variations and normal
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analytical variations caused by using a different instru-
ment.

Identical procedureswereused for samplessenttothe ALS
Environmental laboratory, except for filtering on site for
dissolved-metals analysis. Dissolved tests involved filter-
ing the sample through a0.45 um 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
1L samplewasrequired by thelaboratory 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 thefield 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 belower thaninitially estimated. Thiswasdue
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 roadsin spring, dueto the
high water levels.

Quality Control

Quality-control measures used for the project included

e use of the manufacturer’s standard solutions and gov-
ernment-certified reference solutions for calibration
and drift monitoring;

o triplicatereadingsfor each photometer test, which helps
to monitor analytical precision as well as identify any
reagent problem; and

o for every batch of 20 samples, the following:

- 15field samples

1 field duplicate

1 analytical duplicate (second test from same sample

bottle)

1 government-certified standard

1 blank using ultrapure deionized water (18 MQ)

1 laboratory duplicate for every tenth sample.

Analysis

Table 2 showsthe samplesthat had been collected and ana-
lyzed by thetimethis paper waswritten. In the June survey,
the photometer analyzed many sampleswith high turbidity
(tested by the photometer), whereas previous surveys

Geoscience BC Summary of Activities 2016
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Table 2. Sampling completed to August 31, 2016.

Laboratory

Sampled and tested
samples

Type

Orientation survey 4 sample sites (16 tests) 4
1 deionized
1 SLRS-6 Standard

June field survey 49 sample sites 8
3 deionized

3 SLRS-6 Standard

3 analytical duplicates

3 field duplicates

August field survey 50 sample sites 5
3 deionized
3 SLRS-6 Standard
3 analytical duplicates
3 field duplicates

Total 141 17

(Yehia et al., 2013; Yehia and Heberlein, 2015) included
only avery few turbid samples. Reagents that did not in-
volve ahigh-wavelength colour test (Figure 3), such as Cu
and MoQ,, appeared to be affected by the higher turbidity
levels. Asthe photometer useslight to analyze the samples,
higher turbidity levels appear to produce a high biasin the
measured concentrations.

Figure 4 shows examples of the influence of turbidity on
the June Cu and MoO, results. Both analytesdisplay 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 al reagent tests are compared. In the past, the pho-

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.

Geoscience BC Report 2017-1

tometer tests used deionized water for the blank, asit wasa
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), theturbidity test isnot as precise as can be achieved
with a dedicated turbidity meter (Palintest, pers. comm.,
2016). Attheselow turbidity levels, reagent tests, including
the clear-water ones, should not be affected by theturbidity.
Palintest further states that, when turbidity is between
10and 80 FTU, test accuracy isadequate 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.

ThePDV wasincluded inthe Juneand August surveys. The
team had to overcome some initial challenges with thein-
strument in June. Some of the issues were related to out-
dated Modern Water documentation (initially supplied
withthedevice) and ahighlearning curvefor thedeviceop-
erators during the actual survey, since the PDV was not
availablebeforethe survey to allow adequatetraining time.
Consequently, testing waslimitedtojust As, Cd, Cuand Pb.
Lengthy preparation timerequired for analysis of each ele-
ment suite also prevented the team from performing
additional tests, such asZn or Mn.

Conclusions and Recommendations

Preliminary observations from the program so far are as
follows:

e Therapid nature and low cost of thisfield 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
methodol ogy).

o Differenceswererecorded between June and Augustin
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.

e Foralargesurvey, the PDV requiresacontrolled, logis-
tically convenient operating environment because
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- each analyte suite requires a certain amount of prepa-
ration time. For large sample sets, any technical diffi-
cultiesencountered 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.

e The PDV has the ability to detect concentrations at
much lower levelsthan the photometer, and offers addi-
tional cation teststhat 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 timethis paper waswritten. Onceall
of the data has been analyzed, the following reporting is
planned:

o final report documenting methodol ogies used

e discussion of data quality and description of results

e et of digital maps showing concentrations of the mea-
sured analytes

o 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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Preliminary Results of a Geochemical Investigation of Halogen and Other Volatile
Compounds Related to Mineralization, Part 1: Lara Volcanogenic Massive-Sulphide
Deposit, Vancouver Island (NTS 092B/13)
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Introduction

The halogens (F, Cl, Br and |) are common constituents of
igneous, metamorphic and sedimentary rocks (Billingsand
Williams, 1967). They areparticularly enriched indifferen-
tiated magmas, the hydrothermal fluids and volatile com-
poundsderived fromthem play animportant roleinthe mo-
bilization and transport of metals in ore-forming systems.
In the primary environment, they reside in avariety of hy-
drous minerals, including micas, amphiboles, scapolite, to-
paz and apatite. High hal ogen concentrationsare al so 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, claysand topaz, and the gangue mineral fluorite. On
exposureto surface conditions, these mineralsweather and
release their halogens as volatile gases (Br and |) 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-
poundsover zonesof concealed mineralization (Al Ajely et
al., 1985; Ridgway, 1989, 1991; Ridgway et al., 1990;
Trofimov and Rychkov, 2004). However, these methods
have seenlittle or no application to the exploration for min-
erals in the extensively overburden-covered terrains of
British Columbia (BC).

In 2005, Geoscience BC sponsored aproject entitled ‘ Hal o-
gens in surface exploration geochemistry: evaluation and
development of methods for detecting buried mineral de-

Keywords: British Columbia, deep-penetrating geochemistry,
Lara, base metals, biogeochemistry, halogens, western hemlock,
salal, Oregon grape, sword fern, Ah horizon, oxyanions, ammo-
nium, nitrate, nitrite, sulphate, phosphate, Bioleach

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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posits' (Dunn et al., 2007). This initial study investigated
the optimal analytical procedures available at the time for
determining hal ogen concentrationsin soil and vegetation,
and provided new halogen datafrom the Mount Polley, QR
and 3Ts deposits. A recommendation from this study was
that, since a clear response of labile halogensin soils and
vegetation over known mineralization had been estab-
lished, targets concealed by overburden (both Quaternary
and volcanic) needed to be tested and anal ytical methodol -
ogy needed to be refined. Bissig et a. (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 Leach®™ produced
robust Br and | anomalies over blind mineralization at the
Three Firs prospect.

The current project expands on the 2005 study. It aimsto
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 thisinvestigation:; Larais avolcanogenic massive-sul-
phide (VMS) target that is buried by 5-10 m of glacia till;
Mount Washington is an epithermal system with athin ve-
neer of overburden. This paper summarizes the field pro-
gram and objectives of the first of these—Lara. A second
paper inthisvolume outlinesthe approach at Mt. Washing-
ton (Heberlein and Dunn, 2017). Objectives of this study
areto broaden therange of sample mediatested and to ook
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.

Thisproject aimsto test the geochemical responses of halo-
gens and other mineralization-related compounds (e.g.,
NH4, PO, and SO,) in avariety 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 Minera
Deposit Research Unit (MDRU) at The University of Brit-
ish Columbiaisinvestigating the processes and control s of
|abile-element mobility. That project aimsto develop apro-
cess-based model of trace-element dispersioninthesurface
environment above concealed massive-sulphide mineral-
ization, and provides auseful 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
zonesof VM Sand epithermal Aumineralization, 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 programsin areaswhere
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

Thetest siteat theLaraV M Sdeposit (Coronation zone), lo-
cated near Chemainus, isreadily accessible by agood road
network, thus minimizing the logistical costs required for
the field component of the study (Figure 1).
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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.
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Location and Access

The Laradeposit (‘Lara’) liesin the VictoriaMining 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 wasthe logistical base for
the field portion of the study. Access to the project areais
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, anetwork of secondary
logging roads, drilling roads and a BC Hydro right-of-way
provide access to parts of the sampling area.

Surficial Environment

Laraislocated at the boundary between the Vancouver |s-
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
isthe main drainage separating thetwo peaks. It crossesthe
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 (4/nus rubra).
Understorey speciesvary considerably from placeto place.
Western sword fern (Polystichum munitum) iScommon in
moist coniferousforestsat |low elevations. It growsbestina
well-drained acidic soil of rich humus. Sala (Gaultheria
shallon), aleathery-leaved shrub in the heather family, is
tolerant of both sunny and shady conditions at [ow 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). Thedistribution of surficial materials shownin Fig-
ure2 hasbeeninterpreted primarily fromfield observations
and aerial photographs. Regolith mapping, undertaken by
M. Bodnar for his M.Sc. thesis at MDRU, isincorporated
into this interpretation.

Figure 2 shows that the northern two-thirds of the project
areaareunderlain by aveneer or blanket of glacial till (dark
green; Figure 2). Thisisinterpreted to be abasal or lodg-
ment till; it is exposed in roadcuts, stream banks, trenches
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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, thereisagradual thinning of thetill
deposits upslope.

Recent mapping by M. Bodnar (pers. comm., 2016) has
augmented the interpretation of the surficial geology inthe
central part of the study area. Alluvia 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. Theapparently rapid incision of thedrain-
age system has caused it to dissectitsown 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 ridgeor terrace (Figure 2,
orangeunit) ispreserved asaninterfluve on thewest side of
Solly Creek.

Alluviumrelated totheactivedrainagesisshown by yellow
stippled patternsin Figure 2. Solly Creek isthemain 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, aswell asin the streambed itself. Similar
colluvial depositsand outcrops are present on thewest side
of the canyon, but these are capped by unmodified till and
the older aluvial gravel ridge mentioned above.

A shallow colluvial veneer over bedrock isalso present in
the northwestern corner of the study area (medium brown;
Figure?2). Two separate areasare mapped, but they could be
part of alarger 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 profilesdeveloped on thetillsaretypical dystric Brun-
isols. They include a surface LFH layer and an underlying
thin Ah horizon lying on top of agenerally undifferentiated
brown Bm horizon. Iron enrichment at the top of the Bm
horizon (Bf horizon) is present at some localities, particu-
larly over aluvial and colluvial deposits. The presence of a
discontinuous eluviated horizon (Agj) at some of these lo-
calities indicates incipient podzolization over better
drained aress.

Geology

The Lara study areais 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 VM S mineralization, the princi-
pal economic deposits being the H-W, Lynx, Myra and
Price depositsfrom the Buttle L ake camp (Juras, 1987), |o-
cated in the Buttle Lake uplift west of Courtenay. Laralies
inaseparate uplift, the Cowichan—Horne Lakeuplift, inthe
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,
argilliteand tuffite (Krocker, 2014). Vol canicrocksarevol -
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 liein theimmediate
hangingwall to the Coronationtrend (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 isintruded 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 afew drillholes in the footwall
of the Coronation zone.

South of the Coronation zone, the Sicker Group isabruptly
truncated by the Fulford fault, a bedding-subparallel re-
verse fault that thrusts Sicker Group over younger Nanai-
mo Group sedimentary units.

Laramineralization occursin 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
MetalsInc., holder of themineral claimsto thesezones, had
reported an indicated-resource estimate (for a1% Zn block

Geoscience BC Report 2017-1

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, consistsof strong
pervasive sericitization, defined chemically by Na deple-
tionand K enrichment. Itisassociated with elevated Znval-
ues and local silicification and disseminated pyrite.

Sampling and Analysis

The aim of the 2016 sampling program wasto collect ase-
lection of organic mediato test for halogensand other min-
eralization-related compounds (including NH,, SO, and
PO,). Considerably more samples were collected than
could be analyzed under the scope of the project. However,
sampling isquick 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-
tionsarranged in a100 m spaced offset grid (Figure4). Ah
horizon soilsand samplesfor soil pH and el ectrical 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 asamultimediasite, where ad-
ditional understorey species, including Western sword
fern, Oregon-grape and salal, were collected to provide
background information on different species. Numbersand
types of samples collected are summarized in Table 1 and
Figure4. Limitationson the availability of sasmplemediaat
some sampl e stations meant that not all mediacould be col-
lected at all of the desired sites. Thiswas especially truein
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 57 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 asingle
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 ahardened-
steel paint scraper, and pouring the scales into a standard
‘Kraft’ paper soil bag (about 50 g, afairly full bag).
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Table 1. Numbers and types of samples collected
in the Lara study area, east-central Vancouver

Island.
Sample medium No. of
samples

Western hemlock foliage (WHF) 89
Douglas-fir bark (DFB) 79
Western redcedar foliage (RCF) 89
Western hemlock bark (WHB) 68
Salal foliage (SALF) 17
Western Sword fern foliage (SF) 8
Oregon-grape foliage (OGF) 8
Ah horizon soil 88
Soil pH & electrical conductivity 81

Foliagefrom the understorey speciescollected at the multi-
media sites was sampled by gripping a stem near the base
and pulling upward to strip off theleaves. L eaveswere col-
lected from two or three plantsand placed ina 13 by 9inch
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
weresieved to—80 mesh (177 um) 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 laboratoriesfor dif-
ferent treatments (Table 2). Thistableisawork in progress
that will be refined once experimental work has been
completed

Initially, asplit 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, PO, and

SO,. The same solutions were analyzed on an AutoAnaly-
zer (an automated analyzer using continuous-flow analysis
[CFAY]), for nitrate (NO3z) and ammonium (NH,), and for
fluoride (F") using anion-selective electrode (1SE) andion
chromatography. Separate splitsof themilled western hem-
lock needles and sieved Ah soils were sent to Activation
LaboratoriesLtd. (‘ Actlabs'; Ancaster, ON) for analysisby
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 samplesfor each sample
type, aswell asinsertion 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 aimost all ele-
ments, including Br and |

2) Ah soils by aquaregia

3) preliminary numbers for NO; and NH, from the
AutoAnalyzer and F by I SE, with an updated anal ytical
report expected in the near future; moderate variability
intheand isreported, and there are unusually high con-
centrations of F~ in all eight of the sword fern samples
collected

Table 2. Summary of analytical methods used for samples from the Lara study area, east-central Vancouver Island.

Sample media’ Laboratory Digestion Analytical methods

Ah horizon — all sites ALS Minerals, North Vancouver, BC ~ Aqua regia ME-ICP41L

Ah horizon — all sites ALS Minerals, North Vancouver, BC ~ Warm water leach ME-MS14L including all halogens

Ah horizon — all sites Actlabs, Ancaster, ON Bioleach ICP-MS

WHF - all sites Actlabs, Ancaster, ON Bioleach ICP-MS

WHF - all sites BC MOE Laboratory, Victoria, BC Warm H,0 HPLC-IC for CI, Br, I, PO4 and SO,; F by ISE
WHB, RCF, SAL, SF, OGF BC MOE Laboratory, Victoria, BC Warm H,0 ICP-MS

WHF, WHB, RCF, SAL, SF, OGF BC MOE Laboratory, Victoria, BC Microwave HNO;  ICP-MS

WHB, RCF, SAL, SF, OGF ALS Minerals, North Vancouver, BC ~ Warm H,O ME-MS14L including all halogens

'See Table 1 for abbreviation definitions

Abbreviations: BC MOE, BC Ministry of Environment (Environmental Sustainability and Strategic Policy Division, Knowledge Management Branch); HPLC-IC, high-
performance liquid chromatography—ion chromatography; ISE, ion-selective electrode
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Table 3. Summary of quality-control samples used in the Lara study, east-central

Vancouver Island.

Sample medium No. of Standards Field
samples V14 LIM-2011 duplicates
Western redcedar foliage (RCF) 90 2 8
Western hemlock foliage (WHF) 89 9 8
Douglas-fir bark (DFB) 79 2 7
Western hemlock bark (WHB) 68 9 2
Salal foliage (SALF) 17 2 0
Western sword fern foliage (SF) 8 1 0
Oregon-grape foliage (OGF) 8 1 0
Ah horizon 88 8 9 8

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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Prospect, Vancouver Island (NTS 092F/14)
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C.E. Dunn, Colin Dunn Consulting Inc., North Saanich, BC

Heberlein, D.R. and Dunn, C.E. (2017): Preliminary results of ageochemical investigation of halogen and other volatile compoundsre-
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 |) are common constituents of
igneous, metamorphic and sedimentary rocks (Billingsand
Williams, 1967). Heberlein and Dunn (2017) provide adis-
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 mediaand 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—exchangeresin packageswere buried inthe soil profile
for threemonthsto capturevol atileanionsand cationsema-
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 islocated
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.

Keywords: British Columbia, deep-penetrating geochemistry,
Mount Washington, biogeochemistry, halogens, ion traps, moun-
tain hemlock, transpired fluids, Ah horizon, snow, ammonium,
halogens, multi-element analysis

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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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, theaimisto establish
if thereis, indeed, avertical flux of volatile compoundsem-
anating from the bedrock. Activated carbon and akaline
ion—exchange resin are used as collectors for these mobile
cationsand anions. Resultsfromtheartificial mediawill 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 arealiesimmediately 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, al on well-maintained paved roads. From the
alpine lodge, the sampling area is accessible on foot via
mountain biking trailsand ski runsto the Boomerang chair-
lift and then by anetwork of old drilling and mining roadsto
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-
ure1).

Surficial Environment

The sampling area is at midslope (approximately 1360 m
elevation) on the western flank of Mount Washington, just
abovethetransition between steeper colluvial slopesabove
and moregentle, poorly drained slopesbel ow. 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 subal pine woodland con-
taining a variety of tree species, including yellow-cedar
(Chamaecyparis nootkatensis), mountain hemlock (7suga
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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.

mertensiana), Pacific silver fir (or Amabilis fir; Abies
amabilis) and subalpine fir (4bies lasiocarpa). The domi-
nant understorey species is white-flowered rhododendron
(Rhododendron albiflorum,).

Surficial geology isrelatively simple. Aboveabout 1320 m,
the hillsides are covered with aveneer of colluvium. Expo-
suresin roadcuts show that thismaterial rarely exceeds2m
in thickness and, over much of the sampled ares, it isless
than 0.5 m thick. A thin soil profile is developed on this
sandy matrix material . Observationsfrom sampleholesand
roadcuts show that the most common profile consists of poor-
ly developed dystric Brunisol, typified by a surface LFH
layer and athin Ah horizon (<2 cm) overlying a uniform,
brown, undifferentiated Bm horizon. Incipient podzol-
ization, marked by the presence of an intermittent eluvial
Agj 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, thereisan abrupt transition from
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well-drained colluvium to water-saturated ground. Thisel-
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 anumber of ponds
and lakes. Thesewater bodiesdefinethe 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 resourcearea(Houle, 2013), whichis
defined by anumber 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).

Geoscience BC Summary of Activities 2016
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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).

From the most up-to-date geol ogical mapping of the M ount
Washington aresa, it is apparent that most of the areato the
west of Mount Washington isunderlain 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-
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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 aong the intrusive contacts and
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on north- and northwest-trending structures. They vary
widely in texture and composition, and appear to be the
principal controlsfor polymetallic sulphidemineralization.
Mineralization also occursin veinsand stringers. The style
of mineralizationisconsidered to be high-sul phidation 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 isdivided 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.
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Collectors were installed at nomi-

Table 1. Numbers and types of samples collected for the Mount Washington study.

nal 100 mintervals. A singlecollec-

torwasasoinstalledinapresumed ~ Sample medium

No. of No. of

i Comment
samples duplicates

unmineralized arealocated 1500 m

Mountain hemlock foliage (MHF) 22 2

Collected June 2016

to the west, to act asa background/ lon collectors (IC) 18 2 Put in place June 2016

; sam Transpired fluids (TFMH) 18 2 Collected August 2016
control site. A sumr_nary of pI_es Ah soils To be collected October 2016
collected to date is presented in
Table 1. Additional MHF To be collected October 2016
Theion collectors contain two dif-  Snow 18 2 To be collected January 2017
ferent CO||€CtI0r1 media: aCtI\./?Ied Archived MHF ~50 Collected August 1990
charcoal for cationsand alkali ion- Achived yellow-cedar bark ash (YCB) 17 Collected August 1990

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 bagswere heat sealed. Inthefield, they were
placed on a2 cmthick bed of pure silica sand housed in an
18 cmdiameter by 15 cm deep cardboard tube that was bur-
ied to 20 cmintheground. Thesilicasand servestoisolate
the collectors from the soil, so as to avoid capture of
endogenicions: afilter paper wasused to isolatethe collec-
torsfromthesilicasand. A ceramictilewas placed between
the collectorsin order to avoid the possibility of cross-con-
tamination between the charcoal and resin sachets. The ap-
paratuswas capped with an overlapping plastic plateto pre-
vent entry of rain water and surface debris, and shallowly
buried. Each site was sprayed with animal repellent to dis-
couragedisturbance by curiousbears. One of the collectors
isillustrated in Figure 4.

Duplicate collectors were planted at two of the sites: one
over mineralization and the other in abackground location.

In addition to installing the passive collectors, mountain
hemlock (7suga mertensiana) foliage (MHF; 16) and tran-
spired-fluid samples (16) were collected at each location.
Transpired fluids (from mountain heml ock) were obtained

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.

Geoscience BC Report 2017-1

by enclosing several 25 cm lengths of twig with needlesin
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 2100 ml syringe. A 0.45 um
filter wasthen attached to the end of the syringeand thelig-
uid filtered into 25 ml glass vials. The glass vials were
placed in acooler with ice packs for transportation to Van-
couver.

Theion collectorswereleft in the ground for three months.
Part 2 of the program, carried out in early October, in-
volved recovery of theion collectors and collection of Ah
horizon soil samples. 1on collectorswere carefully exposed
and each medium placed in individual Ziploc® bags. Both
bags were then placed in athird 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 sitesto permit an evaluation of temporal
changes in foliage chemistry, and collection of samples
from parallel samplelines 100 mto the east and west of the
ion-collector line.

Figure 5. Collection of transpired fluid (left) and filtration of fluid
into glass vial (right).
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Thefinal part of the Mount Washington sampling program
(Part 3) is planned for January, 2017, when base-of-snow
sampleswill be collected from sel ected collector sites. This
part of the programiscontingent on snow conditionsat that
time.

Sample Preparation and Analysis

Mountain hemlock sampleswill be oven dried at 80°C and
thefoliagewill separated fromthetwigsand milledtoafine
powder. Aliquots of the powdered samples (0.5 g) will be
leached in warm water and analyzed, initially, for anmmo-
nium (NH,); additional anionswill be determined if a suit-
able methodology can be successfully developed. In addi-
tion, all sampleswill be microwave-digested in HNOs and
analyzed at the ALS Geochemistry Laboratories (North
Vancouver, BC) by ICP-ES/M Sfor all of the same elements
and compounds listed in the accompanying paper (Heber-
lein and Dunn, 2017), aswell as F~ by ion chromatography
(IC) using anewly devel oped method. Testscomparing el e-
ment concentrations in dry and ashed vegetation will be
madeto determineif ashing providesasimilar halogen sig-
natureto analysisof thedry tissue, even though aportion of
the halogenswill volatilize during ashing. If signaturesare
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 um). 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-
genswill 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 sampleswill 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,
whichwill beundertakenin 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 elementsfluxing from mineralizationinto 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.
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Quality Control

Quality-control measures employed at Mount Washington
include the collection of field duplicates (2) and the use of
reference materialsfor biogeochemistry (control V14) and
Ah horizon soils (LIM-2011).
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Surficial Geochemical Map Packages for British Columbia Porphyry Systems

C.J.R. Hart, Mineral Deposit Research Unit (MDRU), The University of British Columbia, Vancouver, BC,
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Hart, C.J.R. and Jenkins, S. (2017) Surficial geochemical map packagesfor British Columbiaporphyry systems; in Geoscience BC Sum-

mary of Activities 2016, Geoscience BC, Report 2017-1, p. 159-164.

Introduction

The application of geochemical methods to surficial mate-
rialsfor the exploration and discovery of British Columbia
(BC) porphyry depositshasresulted in many successes, but
is fraught with challenges that contribute toward decreas-
ing successin areas of cover. Porphyry systemsthemselves
areinvariably 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 explorersarewell awareof these challenges, andtools
have been developed to assist in their recognition. Geo-
chemical-exploration models, for example, were first de-
veloped and presented by Bradshaw (1975) for depositsin
the Canadian Cordillera and Canadian Shield. General,
conceptual geochemical-exploration models (GEMs) were
created for ore depositsin 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
themodified geochemical distributions. Subsequent efforts
emphasized GEMs in vol canogenic massive-sulphide and
shale-hosted Pb-Zn-Ag depositsin 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 depositswasrequired, little
progress was made and advancesin the scientific literature
were few.

Keywords: British Columbia, geochemical exploration model,
surficial geochemistry, ARIS, geochemical survey, porphyry de-
posit, soil

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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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 datathat 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 thisproject and theseresultsisto providethe
mineral-exploration community with easy access to sur-
ficial geochemistry dataand rel ated information that facili-
tates exploration and discovery of BC porphyry deposits.
For aselected 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 datasetsrel ated to the physiographic set-
ting, glacial history, surficial materialsand other geological
factorsthat may influence geochemical distributions. Exam-
ples of how such data can be utilized to understand the im-
portance of surficial process, terrain and climatein modify-
ing thegeochemical signalsareprovidedin Blaineand Hart
(2012).

Location Selection

Initially, 44 BC porphyry deposits were evaluated for this
project according to arange of featuresrelated 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|ocalities deserving of
greater attention due to availability of Assessment Report
Indexing System (ARIS) data(Table 1). Thesedepositsare
Brenda, Getty, Iron Mask region (contains Afton, Ajax and
Galaxy deposits), Mount Polley, Primer, Mouse Mountain,
Davidson, LouiseL ake, Pitman, HearneHill 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.

Climate

Calc-Alkalic Alkalic Molybdenum
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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).
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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
(BCGY); theresultsof 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
thisstudy isthe ARIS archives, maintained by the BC Min-
istry of Energy and Mines. The ARIS documentsare gener-
ally stored as scanned-to-PDF documents and vary widely
in scan quality. Dataof 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 wastoo 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 systemsfor ease of use and to provide
internal spatial confidence. The breakdown of these databy
sample typeisgivenin 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

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.

Compil- Sample type
ion Porphyry Data source Soil Silt Stream Moss Lake Tillor Rock Grab Vege- BLEG Unclear
sediment mat sediment outwash tation
A Schaft Creek  ARIS 183 17
RGS (Lett, 2011) 278
B Red Chris ARIS 2463
RGS (Lett, 2011) 425
C Pitman ARIS 872
RGS (Lett, 2011) 790
D Louise Lake ARIS 1101 534
RGS (Lett, 2011) 438 22
E Davidson ARIS 446
RGS (Lett, 2011) 331 50
F Hearne Hill & ARIS 807 1228
Morrison RGS (Lett, 2011) 714 803
G ARIS 19701 1978 165 1275 1751 8
Takla-Rainbow RGS (Lett, 2011) 841
H Mt. Milligan ARIS 2519 32 59 33
RGS (Lett, 2011) 394 606
Other sources 121 133
| Mouse Mtn ARIS 3403 & 15 2 2
RGS (Lett, 2011) 692 31
J Mt Polley ARIS 5625 85
RGS (Lett, 2011) 829
Other sources 105 100
K Alwin & ARIS 712
Highmont RGS (Lett, 2011) 266
L  Getty ARIS 4298
RGS (Lett, 2011) 212
Other sources 318
M Primer ARIS 1151
RGS (Lett, 2011) 377
N Afton, Ajax & ARIS 2403 27 3 341
Galaxy RGS (Lett, 2011) 186
0] Brenda ARIS 3788
RGS (Lett, 2011) 533
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(.mpk) to allow usersto undertaketheir own interpretations
of geochemical signatures based on interrelated influences
of physiography, geology, mineralization, surficial materi-
alsand glacial history at each porphyry deposit (Figure 2).
For these packages, all GIS layers have been clipped to an
areaof 50 by 50 km around the deposit or group of deposits,
but themapsarebest displayed at the scal ethat incorporates
the range of compiled soil-geochemical data. Users ultim-
ately have the flexibility to view at whatever scale they
wish.

Additional layersfor each map package vary depending on

availability of data at the highest level of detail, and may

include

e digital elevation data and rendered hillshade images
built from 30 m images resampled to 12 m resolution
(Alaska Satellite Facility, 2015);

e National Topographic System (NTS) 1:50 000 scale
gridlinesand UTM zones,

e bedrock geology and faults (Colpron and Nelson, 2011,
Cui et al., 2015);

o surficial geology (Fulton, 1995; Hashmi et al., 2015;
Plouffe and Ferbey, 2015);

e glacial indicators (Ferbey et al., 2013);

e soils (BC Ministry of Environment, 2015);

e hydrological features (BC Ministry of Forests, Lands
and Natural Resource Operations, 2016);

e geophysical imagery from various sources;

e scanned geological mapsfrom assessment reports; and

e cultural and transportation information sourced from
OpenStreetMap contributors (2016).

The packages open asafully symbolized ArcGIS map pro-
ject at afixed scale (between 1:24 000 and 1:75 000), and
display in aformat suitable for printing on ledger/tabloid
(11 by 17 inch) paper. Metadata for each layer are popu-
lated according tothe | SO 19139 M etadata |l mplementation
Specification.

Packages are accompanied by tabul ated files (.xIsx) of geo-
chemical datawith map co-ordinates for manipulation out-
side ArcGIS; Geological Survey of Canada (GSC) fonts
and layer filesfor third-party reproduction of symbologies
in map packages; and areport summarizing the work con-
ducted on the project, with afull 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
filesareavailablefor 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

Geoscience BC Report 2017-1

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’sability tointerpret the dataand ef-
fectively drill targets. Understanding how geochemical
signatures respond and are modified according to various
physiographic, glacial, pedogenic, climatic and related fea-
turesisessential to effective exploration decision-making.
Datasets provided as part of this project offer the ultimate,
made-in-BC opportunity for geologiststo discover and un-
derstand thevarious controlling featuresrel ated to surficial
geochemical responses and patterns.
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Introduction

The Quesnel terrane underlies alarge region in south-cen-
tral and east-central British Columbia (BC), and extends
both northward asanarrow 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 terranein south-central BCis
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 | east 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 anumber 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
Stikineassemblagein Stikinia(Nelson and Colpron, 2007).
There has been considerable debate about whether the
Quesnel terrane represents an alochthonous terrane that
became attached to the edge of North Americaduring Early
Jurassic accretion, or comprises continental-margin—arc
rocksand underlying Pal eozoi c basement that formed close
totheir present position with respect to the North American
craton (e.g., Monger et al., 1991; Thompson et a., 2006).

A Geoscience BC-funded project wasbegunin 2010 aimed
at better understanding the nature and origin of the Paleo-

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 g\vailable, 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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zoic volcanic and sedimentary rocksthat 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 Cordillerawereinvolved 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 assembl ages have been in-
truded by extensive Late Triassic to Early Jurassic and
younger plutonic suites, and are widely overlain by mainly
Paleogene vol canic and sedimentary sequences. Asaresullt,
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 rocksin thisregion have been the
subject of little modern study, especially inthewestern part
(Hedley—K eremeos—Osoyoos ared), prior to thiswork and,
although the general distribution of rock unitsisreasonably
well defined by existing mapping, only limited fossil or U-
Pb i sotopic 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 (Tempel man-
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 a1:50 000 or 1:25 000 scale (e.g., Little, 1983;
Church, 1985; Fyles, 1990; Massey, 2006, 2007; Massey
and Duffy, 2008). Several small areashavealso beenthefo-
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-scalelithogeochemical studieshave been carried out
on the basement rock unitsin the Greenwood-Rock Creek
area(Dostal et a., 2001; Massey and Dostal, 2013a) and in
adjoining portions of northern Washington state (Gaspar,
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2005). However, there hasbeen no comprehensive study of nic (mainly variably altered basalt or ‘ greenstone’ and asso-
the basement rocksand major questionsstill remain regard- ciated intrusions) and sedimentary rocks (mainly chert,
ing the nature of rock unitsinthevariousareasof exposure,  fine-grained clastic rocksand minor carbonaterocks). Note
their agesand thetectonic setting(s) inwhich they formed. that the past and current usage of stratigraphic and litho-

demictermssuch as*assemblage’, ‘formation’, ‘ complex’,

OVﬁrVSIeW Cr)]f Paleozog: Basﬁmr?nt ROCkSIm in this region do not follow strict nomenclature guidelines
the Sout emmgl_Strr arrt of the Quesne as defined by the Lexicon of Canadian Geologic Units;
eérrane however, thetermsas currently in use have been retained to

Basement rocks in the Hedley—K eremeos-Osoyoos area  minimize confusion. In the Keremeos, Oliver and Oka-
(Figure 2) have been subdivided into several ‘assem-  nagan Falls areas Bostock (1939, 1940, 1941) identified

blages’, based mainly on the relative proportionsof volca-  several lithological assemblages that he called formations,
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Washington state.
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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

Geebsci;hce BC

greenstone plus minor mafic intrusive rocks and chert) and
Shoemaker assemblage (mainly chert with minor green-
stone) underlie much of the Keremeosarea. Thedistinction
between Independence-Bradshaw, Old Tom and Shoe-
maker isnot clear in the areasouthwest 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-
prisesfine- 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;
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interlayered greenstone. Milford (1984), in hisstudy 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), aterm that was also subsequently used by
Ray and Dawson (1994). Farther to the east, the Kobau
Group (Figure2) 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 tuffsand 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 afaciesof the Shoemaker assemblage). However,
thereis 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 isin fault contact with
the Old Tom, Barslow and Kobau assemblages near
Cawston (Figure 2) hasyielded numerousrobust Carbonif-
erous fossil ages and overlaps in age with at least some of
theother basement rock unitsinthearea, althoughtheorigi-
nal stratigraphic relationshi ps 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
aseriesof north-dipping thrust panels, with theintervening
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,
20134). 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-
ciaand 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 thelast
two decades. Church (1985) and Fyles (1990) included all
of the sediment-dominated basement rocks in the Green-
wood areain 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).
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archist Schist asthe‘ Anarchist Group’, and included most
of the metasedimentary rock units previously mapped as
Attwood in this more regionally extensive package (Fig-
ure 3). Theterm * 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-
ticrocksthat may becorrelativewith the Anarchist Group.

A large areain northern Washington state near Loomisand
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.0., Massey and Dostal, 2013a) or possibly the Old Tom
assemblage.

Biochronology

A limited number of macro- and microfossil ages were
availablefor the Paleozoic basement rocksin 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 casesthesefossilsaretoo 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
producereliableradiolarian or conodont ages, and resamp-
ling of some localities that had previously given prelimi-
nary age determinationsyielded 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 previousfossil 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-
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nian (Pragian—Frasnian) ages (Dawson, 1994; Ray and
Dawson, 1994). A crinoidal limestone located 3.5 km east
of Crater Mountain, north of the AshnolaRiver (Figure 2),
that is interlayered with argillite, sandstone, and minor
chert pebble conglomerate and greenstone, is herein tenta-
tively correlated with the | ndependence—Bradshaw assem-
blage and gave a Middle Devonian (late Eifelian to early
Givetian) conodont age (identified by M.J. Orchard in
Nebocat, 1996).

TheOld Tomand Shoemaker assemblageshave 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(Figure2; W.R. Dan-
ner, unpublished data, 1987). A thinly laminated red
radiolarian chert that occurs as alarge 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 K eremeos (thisstudy;
Table 1).

Threelocalitieswithin the Old Tom and Shoemaker assem-
blages yielded somewhat puzzling fossil age results. On
Shoemaker Creek north of the Similkameen River, 13.5km
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 | ndependence-Bradshaw and Shoemaker
assemblages (Bostock 1939), yielded Middleto 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-
iferousforaminifera, 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 alternativeinterpreta-
tion isthat 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), Tempel man-Kluit (1989) re-
portsaMiddleTriassic (L adinian) conodont agefroman 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 localitiesis needed to resolve
these problems.

On Cedar Creek approximately 3 km north of Olalla (Fig-
ure 2), alarge block of limestone within an areamapped as
Shoemaker assemblageyielded Middleto 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 assemblageinthisareaismostly of Late Devo-
nian to Mississippian age, and the Ordovician limestone
body isinterpreted to be either alarge 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 theseinterpretationsiscomplicated 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.

TheBIlind Creek limestoneunit (Figure 2) hasgiven 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-
semblagein the Cawston area (Figure 2) contains a hetero-
geneous clastic package, including pebbles and cobbles of
crinoidal limestone, brachiopod-bearing argilliteand 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 K obau Group precludesany
possibility of preservation of fossils. Middleto Late Devo-
nian conodont ages have been obtained from thelower 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-
alsand bryozoans), and chert in the upper part of the Group
has given a L ate 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, anumber 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 packagesin adjacent partsof northern Washington
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stateincludefusilinids of possible Early Permian ageinthe
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 ageintheMarcusand Kettle Falls
guadrangles, 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 theigneousrocks 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) isinterpreted to
beafelsic metavolcanicrock, likely ametatuff. 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 grainswere 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 adetrital zircon that wasincorporated into the sam-
ple. The remaining grains form one loose cluster between
~390 and 375 Ma, and a second, tight cluster at ~365 Ma.
Thisyounger cluster of seven analysesgivesaweighted av-
erage ®Pb/*®U age of 365.2 +1.0 Ma (MSWD = 0.02;
probability of fit = 1.0), which isinterpreted to be the crys-
tallization age of the volcanic protolith for the sample. The
older cluster represents somewhat older detrital (late Mid-
dieto early Late Devonian) zircons. One zircon grain gave
ayounger “°Pb/?8U age (359 Ma), which isinterpreted to
be the result of post-crystallization Pb loss. The latest De-
vonian U-Pb zircon age reported here is the first deposit-
ional agethat hasever been produced for rocksof the Anar-
chist Group.

Detrital Zircon Ages

A major goal of the present study wasto 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 ageswere used to eval uatelinkagesbetween the assem-
blages, and between them and the North American craton.
Thisapproach isparticularly useful when thereisno possi-
bility of using fossil information to test such linkages. De-
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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 26 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.

trital zircons had previously been dated from a sample (n=
44) of Barslow assemblage (J.E. Wright, unpublished data,
2007). Althoughit wasnot expected therewould beany dif-
ficulty finding suitable clastic rock unitsfrom which to re-
cover detrital zircons from the more sediment-dominated
lithol ogical assemblagesin the southern part of the Quesnel
terrane (e.g., |ndependence-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, alarge 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 atotal 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 samplesof highly meta-
morphosed quartzite from the Kobau Group were pro-
cessed but did not yield zircons; these unitsare 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 areato 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 aseparate paper. In thiscontri-
bution, summary probability plots for zircon ages from
each sample are shown; these are stacked for each assem-
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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 atotal of
15 grainsgave agesin the 315-300 Marange (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
fromthe Oregon Claimsformation (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 grainsgave agesof 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 isvery similar between the two samples.
Thiscould either indicatethat the Oregon Claimsformation
is equivalent to the Independence-Bradshaw assemblage
(aspreviously 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),
whichistentatively correlated on lithol ogical groundswith
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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).

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 (Figures5¢c—d). Theyoungest grains
from the two samples were late Proterozoic (743-662 Ma;
Figure 5¢, 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 samplelocality 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. Inview of thefine-grained nature of
most of the sedimentary rocks of this package, and the lack
of any obvious marker horizons within it, such along pe-
riod of sedimentation is entirely possible.

Detrital zircon age spectra from the two Crater Mountain
area samples show prominent peaks in the 28002450 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
wereshed off thewestern part of the North American craton
and deposited inthe continental margin (e.g., Gehrelsetal.,
1995; Gehrelsand Ross, 1998; Leslie, 2009; Lemieux etal.,
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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
aprovenance 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., Gehrelsand 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 assembl ages, from localitiesthroughout much of the
outcrop area of these units. The datafrom each of the sam-
ples are shown in Figure 6 a-i. Many (but not al) 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 asubstantial number of grainsin 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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2011; Kraft, 2013).
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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 populationsof zirconsthat yielded late M eso-
and early Neoproterozoic (~1500-1000 Ma) ages, and a
few samplesal so contain asmall number of early Paleozoic
zircons. Again, this is consistent with detrital-zircon age
spectrathat have been reported for sedimentary unitsinthe
miogeocline of the northwestern North American craton
(e.g., Gehrelsetd., 1995; Ledlie, 2009; Lemieux et a ., 2011,
Hadlari et a., 2012).

In addition, asmall number of samplesalso 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
|ate Paleozoic ages. Thirty grainsweredated (Figure 6a); of
these, ten gave ages of 360-350 Ma, and the remainder
ranged from 404 to 360 Ma. Three sampleswere processed
from localities along the Apex Mountain resort road (Fig-
ure 2). A modest proportion of the zircons recovered from
onesample (10-KL-81; Figure6f) wereeuhedral inoutline.
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 16002150 Maand 2450-2800 Mabrackets; Figure5).

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,
suggeststhat theserocksweredepositedinarelatively 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 from404 to asyoung as350 Ma(Early Devonianto
Early Mississippian). The fact that one sample (Ashnola
River; Figure 2, 6a) contains only Late Devonian—Early
Mississippian zircons and that, of three samplesfromrela-
tively closely spaced samplesin the Apex Mountain road
area, only one containsany young zircons, suggeststhat the
source(s) of theseyounger 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 generaly
consistent with thefossil-age constraintsfor theunits(Mid-
die Devonian to Pennsylvanian or possibly Permian; see
discussion above). Unfortunately thefossil and detrital zir-
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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 datafrom
rocks associated with the blocks of Ordovician limestone
on Cedar Creek would shed somelight onthenatureand or-
igin of theseunits. Theyoungest detrital zirconsdated from
two samples of sandstone, one of which formsthe immedi-
ate host for the Ordovician limestone block, and one of
which occursalong stratigraphic strikefromit (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 samplesyielded 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
graingaveaNeoarchean ageof 2684 Ma. Insample 10-KL -
63, forty-three grainsgave ages of 360-342 Ma(Early Mis-
sissippian), fifteen grains gave ages ranging from 392 to
360 Ma (Middleto 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 remai ning grainsgave M esoproterozoic to
M esoarchean 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 anearby 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 agethat wasinferred fromfos-
sil-age information (see discussion above).

Attwood and Anarchist Groups and Mount Roberts
Formation

One sample of pebble conglomerate from the Attwood
Groupinthe Greenwood area(Figure 3), together with four

Geoscience BC Summary of Activities 2016
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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—). 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
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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).
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grains that are only dlightly older. A calcarenite sample
from the Anarchist group (10-KL-94) yields asimilar 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 Maand older grains (Figure 8€); however, it also
contains alarge 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 alatest Devonian U-Pb zircon depositional age of
365.2 +1.0 Ma(seediscussion 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 includesfelsic metatuff that
islatest Devonian in age.

Detrital zirconsfromasampleof 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
correlativewith the Anarchist Group. Only 23singlezircon
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 grainswith ages of
378-375 Ma (early Late Devonian), which is generaly
consistent with the ages obtained from some of the
Anarchist samplesin this study.

Most of the samples contained minor M esoproterozoic 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-
siverocks) 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
rockswere 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—K eremeos—Osoyoos Area

Geochemical datafrom greenstone contained withinthelIn-
dependence-Bradshaw, Old Tom, Shoemaker, Barslow
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and Kobau assemblages are plotted on a variety of geo-
chemical and tectonic discrimination diagramsin Figure 9.
Analyses for two samples from athick 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). Thereisalarge
degree of scatter on the total alkalis versus silica diagram
(Figure9a) of LeBaset al. (1986), and at |east some of this
islikely dueto mobility of alkalisand other elementsduring
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 dataa so showsasignificant

amount of scatter, suggesting that a substantial range of
protolith compositions is represented within this suite of
samples. Most of the samplesyielded basalt to alkaline-ba-
salt compositions. One sampleof greenstonefromthelnde-
pendence-Bradshaw assemblage yielded an anomalously
high Zr/TiO; ratio (Figure 9b). Thismay 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)
samplesfall in both arc and non-arc fields; however, some
consistent trends are observed. All of the Barslow samples
plot asarc 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-
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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.,

Lemieux et al., 2011; Kraft, 2013).
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turesin Figure9c. Two samplesfromathick 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/TiO, plot
(Winchester and Floyd, 1977; Figure 9b) andinthealkaline
field on the Shervais plot (Figure 9c); these samples also
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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
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normal mid-ocean ridge basalt; OIB, ocean-island basalt.
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gon Claimsformation (datafrom Ray et al., 1996), also plot
as arc rocks on the Wood (1980) discrimination diagram
(Figure 9d). On aplot 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.

Thepaucity of depositional agesfor igneousrock unitsana-
lyzed in this study from each of the assemblages makes it
difficult to establish whether rock units of similar age
throughout the whol e areashow 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 a. (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 aseries of geochemical and tectonic
discrimination diagrams in Figure 10a—e. A substantial
number of lithogeochemical analyses were aso reported
for samplesfrom the‘ Palmer Mountain greenstone’ unitin
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 amainly island-arc tholeiite (IAT) affinity, with mi-
nor MORB and E-MORB units present aswell. They sug-
gest that greenstone from the Anarchist Group mainly
shows within-plate E-MORB compositions, along with
someunitsthat givel AT and MORB signatures. Most Knob
Hill greenstone and all Knob Hill gabbro, as well as the
Palmer Mountain greenstone analyses, show avery 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—K eremeos-Osoyoosarea, the datafrom the Green-
wood-Rock Creek—Loomis areas show a considerable
range of compositions and inferred pal eotectonic settings.
The limited age constraints from this area indicate that
depositional agesof thevariousrock unitsrangefrom Mid-
dle Devonianto Middle or Late Pennsylvanian, but thereis
insufficient age information to identify any significant
geochemical trends over time.
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Pb-lIsotopic 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 Pal eozoic assemblagesin the Quesnel
terranein 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 anomaliesin
soil samples (Nova occurrence; MINFILE 092HSE249,
BC Geological Survey, 2016; Nebocat, 1993, 1996; Fig-
ure 2), suggest that there could be potentia 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 asmall scalein 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 assemblagesin the past by variousworkers. 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 therocks, suggeststhat 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
sulphidesfromdrillcore 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). Theanalytical resultsare shown on a®®’Pb/
20%ph versus 2*°Pb/**Pb diagramin Figure 11. Fields of Pb-
isotopic compositions for Paleozoic VM S 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). Thedataare entirely consistent withaVMSorigin
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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’)
i sotopic signaturesof any Paleozoic VM Smineralizationin

the northern Cordillera. This would be consistent with the

hostrocks (Palmer M ountain greenstone) representing aju-
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thistimeto 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 themainly Middle Devonian
Knob Hill Complex. Greenstoneand chert of MiddleDevo-
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Table 3. Lead-isotopic compositions of volcanogenic massive sulphide mineralization on the Palmer Mountain property near Loomis,
Washington state.

Sample no. Mineralogy °°pp/?°*Pb 10 error 27pp/2%pp 10 error 2%pp/2%pp 10 error 27pp2%pL 10 error 2%®pp/2%pp 10 error
PM-7-150.5-a' py + sl 18.124 0.11 15.503 0.05 37.798 0.15 0.8554 0.09 2.0855 0.1
PM-7-150.5-b" py + sl 18.198 0.03 15.502 0.02 37.633 0.03 0.8518 0.02 2.068 0.01
PM-5-186-a' py+cp+sl 18.16 0.03 15.517 0.03 37.725 0.03 0.8545 0 2.0774 0.01
PM-5-186-b' py+cp+sl 18.15 0.01 15.507 0.01 37.692 0.01 0.8544 0 2.0767 0.01
PM-5-186-b' py+cp+sl 18.139 0.03 15.47 0.02 37.572 0.03 0.8529 0.02 2.0713 0.02
PM-5-186-b' py+cp+sl 18.194 0.02 15.523 0.02 37.746 0.03 0.8532 0.01 2.0746 0.01
PM-5-145-a" py 18.141 0.02 15.469 0.02 37.57 0.02 0.8527 0.01 2.071 0.01
PM-5-145-b" py 18.111 1 15.404 1 37.51 1.02 0.8505 0.12 2.0711 0.18
86WACWE 32 py+Cp+p0 18.16 15.54 37.793

'Source of data: this study
“Source of data: Church (2010)

All analyses done at the Pacific Centre for Isotopic and Geochemical Research, University of British Columbia, Vancouver

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 occurrencesin 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 Novairon formation in the Crater Moun-
tain area (Nebocat, 1996; Figure 2), contain significant
amounts of sulphides, with the exception of trace amounts
of pyrite, pyrrhotiteand chal copyritein the Clearcut rhodo-
nite occurrence (MINFILE 082ESE241), 13 km northeast
of Greenwood (Caron, 1996; Simandl and Church, 1996;
Figure3). Itistherefore not possibleto comparethe Pb-iso-
topic signature of these occurrenceswith that of the Copper
World Extension mineralization. Caron (1996) briefly de-
scribes small zones of massive pyrite, pyrrhotite and chal-
copyritein thevicinity 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
areahasexperienced strong contact metamorphismanditis
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 082ESW?256 and 082ESW 168, respectively),
approximately 8 km southwest of Rock Creek (Figure 3).
These occurrences are not obviously associated with geo-
chemical anomalies that would suggest arelationship with
base-metal—rich sedimentary exhalative- or volcanogenic
massive sul phide-type deposits. However, the presence of
stratiform barite within the Anarchist Group, does suggest
that there may be potential for other syngenetic depositsin
thisassemblage, especialy inlight of the 365 Mafelsic tuff
unit that was dated approximately 9 km east of the barite
mineralization (this study; see earlier discussion).
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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 terraneget asold aslateMiddleand Late De-
vonian, but most are Mississippian to Pennsylvanian, and
someareasyoung asEarly Permianin age(thisstudy). Sev-
eral gabbro bodiesthat arepart of theKnob Hill Complexin
the Greenwood area have yielded consistent Middle Devo-
nian U-Pb zircon ages (Massey et a., 2013). A thin felsic
metavol canic (probably metatuff) unit withinthe 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, especialy in the
Greenwood area but also in the Independence-Bradshaw
assemblage near Hedley, are as young as 315-300 Ma
(MiddlePennsylvanian to earliest Permian), indicating that
depositional agesfor some of the assemblagesget at |east 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-
tionsin therelative size of each age popul ation between as-
semblages, and between individual sampleswithin each as-
semblage). This is taken as strong evidence for a close
primary stratigraphic linkage between all of thevariousas-
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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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 pal eotec-
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 suiteswith markedly dif-
ferent petrotectonic affinitiesiswell recognized in many of
the pericratonic terranes that make up the easternmost part
of the North American Cordillera (e.g., Piercey et al.,
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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 morejuvenile arc settings. The Harper Ranch
assemblage, which is mainly exposed farther to the north
withinthe Quesnel terrane, wasnot investigated inthe pres-
ent study; however, limited lithogeochemical work on that
package suggests amore 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 studiesof detrital zirconsextracted
from thin clastic units (greywacke to fine-grained quartz
sandstone) that areinterlayered with themafic vol canicand
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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ern part of the North American craton, and subhedral to
euhedral grainsthat are much lesstravelled 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.0., Nelson et al., 1995). The complete overlap between
the detrital zircon age signatures of the various Paleozoic
assemblagesthat make up the Quesnel terranein 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.

Thedifferent assemblagesthat make up the Pal eozoi ¢ 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 vol canic rocksand 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-
lentsis 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 itsequivalents.

Lithogeochemical studies indicate a diversity of paleotec-
tonic settings for Paleozoic magmatism in the Quesnel ter-
rane in south-central BC. Thereisinsufficient information
as yet to determine whether there was any consistent
change in paleotectonic setting with time; however, in at
least some of theassemblages(e.g., Knob Hill) both arc and
non-arc magmatism was occurring simultaneously.

L ead-isotopic studies of stratabound Zn-Cu massive sul-
phide mineralization in the Palmer Mountain areaimmedi-
ately south of the BC-Washington state border, which is
hosted in mafic vol canic rocksthat are coextensivewith the
Paleozoic mafic rocks of the southern part of the Quesnel
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terrane, confirm that this mineralization isindeed volcano-
genic in nature. This emphasizes the potential for similar
VMS mineralization within the vol canic-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 VM S mineralization in that assemblage as well.
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Introduction

Distinguishing metal-fertilefrom barren plutonsprovidesa
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) depositswith bodies of intrusiverocksiswell 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 oredeposits. I nformation
that contributessuch a priori knowledge providesguidance
early inthe exploration process to make decisions more ef-
fectively and efficiently, in order to focus exploration re-
sources on the most prospective targets. Thisresearch pro-
ject, therefore, providestoolsand strategiesthat emphasize
porphyry fertility in the BC context.

Theformation of porphyry Cu depositsisfundamentally con-
trolled by magmatic processes that generate hydrothermal
fluidsenrichedinmetals, Cl and S(e.g., Dillesand Einaudi,
1992). These buoyant fluids are focused in cupolas above
the batholiths at shallow depths of 2—4 km, which leadsto
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 aspresenceof Cl and S, favourableox-
idation state and suitable depths of emplacement. Therela-
tionship between magmatic processes and ore deposits has
long been the focus of ore-deposit research (e.g., Dilles et

Keywords: British Columbia, fertility, plutons, porphyry copper

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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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, |o-
cated insouth-central BC (Figure1). Intotal, 113 rock sam-
pleswere collected: 52 from Guichon Creek, 35 from Tak-
omkane and 26 from Granite Mountain. Samples were
collected from variousintrusive phasesthat constitute each
batholith. Samples were disaggregated using an electric-
pulse disaggregator (EPD) at Overburden Drilling Man-
agement Limited (Nepean, Ontario) to break therock along
mineral-grain boundaries, providing alarger number of un-
broken mineral grains. Subsequently, mineral separation
was performed at the Mineral Deposit Research Unit
(MDRU), The University of British Columbiausing 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-1CP-MS) at TheUniversity 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, aswell asby scan-
ning electron microscope (SEM). Propertiessuch ascolour,
shape, inclusion populations, zoning and replacements
were documented for each grain. Mineral grains were then
analyzed by EPMA for major elements and sometrace ele-
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Figure 1. Simplified geology of south-central British Columbia, showing the location of major plutonic bodies. Dashed lines illustrate
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ments. Subsequently, the same grains were analyzed by
LA-ICP-MSfor afull trace-element characterization.

Whole-rock sampleswereanalyzed for major and trace el e-
ments at Bureau Veritas Minerals (Vancouver, BC; for-
merly Acme Analytical Laboratories Ltd.), to characterize
the geochemical signature of each intrusive unit and to
comparethemineral 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) isa
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;
Byrneet al., 2013). These phases, fromthe marginsinward,
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 thefor-
mation of the Valley, L ornex and Highmont depositsin con-
junctionwith theemplacement of the Skeenaand Bethsaida
phases (Byrne et a., 2013).

Takomkane Batholith

The Takomkane batholith (Figure 3) isalarge (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
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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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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 istexturally 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 (Schiarizzaet 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 (M egabuck, Takom, South-
east and Deerhorn deposits). These deposits are hosted
within the Woodjam Creek unit or in small porphyry dikes
and adjacent vol canic rocks. The Takomkane batholith re-
cordsamagmatic evolutionlasting 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

TheLate 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 intrudesthe
NicolaGroup. Panteleyev (1978) considered thestock tobe
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 a. (1999), the Bur-
gess Creek stock may represent the border phase part of the
batholith.

It was originally thought that the Granite Mountain batho-
lithintruded the Cache Creek terrane (Bysouth et al ., 1995).
However, mapping by Schiarizza (2015) recognized Nic-
olaGroup strataon the northeastern margin of the batholith
and suggested that itismorelikely apart of the Quesnel ter-
rane. Thisisal so supported by recent interpretation of aero-
magnetic data that has assigned the Granite Mountain area
to the Quesnel terrane (Sanchez et al., 2015). Thus, the
Granite Mountain batholith is correlativewith 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-stylemineral occurrencesare
also known in the Border phase and the Granite Mountain
phase (Schiarizza, 2015).
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[ lGlacial-alluvial
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Dragon Mountain succession:
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[ ] Granite Mountain tonalite
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Carboniferrous-lower Jurassic
[ 1Chert, hornfelse, limestone
® Sample location

Figure 4. Geology of the Granite Mountain batholith, showing the main intrusive units
and sample locations (redrafted after Schiarizza, 2015).
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Apatite Chemistry

Trace-element compositions of apatite (Cas(PO4)s
(F,Cl,OH)) have been used to recognize the characteristics
of mantle fluids, assimilation, degree of fractionation and
the oxidation state of magma (summarizedin Bouzari etal.,
2016). Zoned magmatic apatite commonly has S-rich cores
that abruptly change to S-poor rims, indicating that early
SO,-rich magmaevolved to SO,-poor magmaviacrystalli-
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 akey rolein transporting Cu (Holland, 1972). Mao
et al. (2016) used apatite compositionsto 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-
devel oped green luminescence. The green-luminescent ap-
atitetypically has darker cores, in most cases adark brown
domain that is zoned outward to green-brown— and green-
[uminescent apatite (Figure 5¢). Apatite grainsin 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-devel oped 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
grainsfromaltered-mineralized hostrockstypically display
both green and patchy grey luminescence (Figure 5f),
reflecting proximal hydrothermal-alteration effects (Bou-
zari et a., 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 adecrease in S and Cl concentrations and an in-
creasein Fe/Mnratiofromthecoretorim(seeFigure5c).
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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 grainshaveless Cl and Srelative
to the Chataway phase. The Cl concentration of apatite in
both phasesislessthan that of apatitein 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 concentrationsfrom 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 (Schiarizzaet a., 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 L ake apatite has locally brown luminescent
cores surrounded by green luminescent rims. Both of these
units host only afew 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
phasestoward phaseswithlessCl and S. Thiscanbeseenin
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 Sin the
crystalizing melt. This apatite differs clearly from that in
mineralized rock units.

Titanite Chemistry

Titanite (CaTiSiOs) isacommon 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-
taniteisarobust and stable phasein amagmatic 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., Cheet al., 2013; Celis, 2015). Electron-microprobe

datawere used to calculate mineral formulas based on five
oxygensin theideal titanite formula, ABOTO4, where the
A siteisfilled by Ca?*, Mn*", Na", K* and REE*', the B site
isfilled by Ti*", Fe** and Al®*, and the T siteisfilled by Si**
and Al*.

Green Brown CL
/ Gl N

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.
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The chemical composition of titanite from the Guichon
Creek batholith shows a correlation between rock type and
Fe, Al and Mn concentrations, specifically apositive corre-
lation between Fe/Al and Mn/Caratios. More importantly,
titanite in the Bethsaida and Skeena granodiorite (host to
the mineralization) hasthe highest Fe/Al and Mn/Caratios,
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 increasesfrom the older border phaseto 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/Caratios. Titanitein theolder
Boss Creek unit and the younger Schoolhouse Lake unit
haslower 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 L ake unit, has titanite with similar Fe/Al and
Mn/Caratios, but somegrainshaveratiosthat are distinctly
higher than those in the Woodjam Creek unit. The Late Tri-
assic Spout Lake monzodiorite has Fe/Al and Mn/Caratios
similar to those in the Schoolhouse L ake unit. The Quesnel
diorite, which cuts the Takomkane batholith units, has ti-
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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.
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tanite with low Mn/Caand moderate Fe/Al ratios. Overal,
Takomkane titanite, similar to Guichon Creek titanite,
shows a positive correlation between Fe/Al and Mn/Cara-
tios, with the mineralized unit showing high Fe/Al com-
positional ratios. However, unlike the Guichon Creek
batholith, that showsasingletrend of Fe/Al and Mn/Cara-
tiosfor titanite, the Takomkane batholith showsat |east two
distinct trends, possibly reflecting more complex intrusive
relationships.
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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.
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P14-03-07-s
MAG: 388x HV: 16kV WD: 10.6mm

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.
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Zircon Chemistry

Zircon (ZrSiQy) isageochemically robust mineral that re-
cordsorthomagmatic chemical compositionsthat influence
formation of porphyry Cu deposits. Zircon trace-element
behaviour, asrecorded during itsgrowth, can be used to ex-
amine crystal fractionation, crustal assimilation and
magmamixing. Zircon incorporatesasuite of lithophileel-
ements, including rare-earth elements(REE), U, Thand 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 asensitive 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 Ce**/Ce* in zircon with the oxidation
state of barren and Cu-mineralized intrusiverocksin north-
ern Chileand central Asia. Dilleset al. (2015) showed simi-
lar relationshipsfor porphyry depositsin Chileusing the Eu
concentration in zircon and suggested that small negative
Eu anomalies (Eun/Euy* =0.4) indicate oxidizing mag-
matic conditions that reflect oxidation due to SO, degas-
sing from magmas.

Zircon typically forms 100-500 um 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, becomesirregular 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 TiO, 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 TiO, in melt, Figure 10aillus-
tratesthat the Hf content in zirconincreaseswith adecrease
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 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.

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 Euy* = (Smy x Gdy)Y?) of zircon has been
used to characterizethefertility of igneousrocks(Ballard et
al., 2002; Dilleset ., 2015). Chemical compositionsof 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 L ake 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

Theresultsof thisstudy suggest that the chemical composi-
tionsof apatite, titanite and zircon can be used to character-
ize porphyry-fertile intrusive rocks. Porphyry-fertile plu-
tons contain apatite that becomes progressively depletedin
Cland S, but enriched in Ferelativeto Mn, during crystalli-
zation. Thedepletionin Sisattributed to theevolution of an
early magmathat isoxidizing and SO4richtoameltthat is
SO, poor as aresult of crystallization of anhydrite (Streck
and Dilles, 1998). The increase in the Fe/Mn ratio in apa-
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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 TiO, of ~0.7, calculated af-
ter Ferry and Watson (2007); b) zircon Eu anomaly (Eun/Euy®) ver-
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tite, whichislargely responsiblefor green luminescence, is
alsointerpreted to be controlled by magmatic evolution to-
ward a higher oxidation state. Further cooling of the melt
caused saturation in awater-rich fluid phase, and probably
the breakdown of crystalline anhydrite and the release of
SO, to avapour phase (Dilleset a ., 2015). Thedepletionin
both Cl and S of apatite from the mineralized pluton pro-
vides evidence for degassing of SO,-rich magmatic
volatiles from SO,-rich melts. These Cl- and S-rich
volatiles generated from such fertile plutons are capabl e of
carrying Cu and producing porphyry Cu ores.

Thechangeof oxidation stateisalso recognized fromtheti-
tanite chemistry. Titanite from the mineralized pluton has
high Fe/Al, attributed to an increasein oxygen fugacity that
controls the abundance of Fe* substituting for Ti in the
B site (Kowallis, 1997). The same conditions were proba-
bly responsible for an increase of Mn substituting for Cain
the A site. Evidence from ilmenite in the cores of titanite
and higher Fe/Al and Mn/Cain 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 conditionsfor metal and S be-
haviour asthey are partitionedinto 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 theinitiation of crystallization at
higher temperature compared to fertile phases.

Zircon REE compositionsindicate that fertile granitic bod-
ies have small negative Eu anomalies (EUN/EuN* =0.35).
Thisreflects 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 SO,-rich magmatic-hydrothermal orefluidsduring late-
stage crystallization of granite (Dilles et a., 2015). The
smaller Euanomaliesobservedin zirconsfrom 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.,
Dilleset 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, Sand Cl de-
pletionin apatiteindicates degassing of SO,-rich magmatic
volatiles, thus supporting the required oxidation state.

This study shows that apatite, titanite and zircon can pro-
videtoolsto characterizefertility factorsin plutonic rocks,

Geoscience BC Report 2017-1

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 hasidentified significant in situ mineralization that
has also been profitably exploited, but the relationship be-
tween placer gold anditssourcelodeislessclear at other |o-
calities, either as aconsequence 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 asimple
physical marker to anindicator of the source style of miner-
alization. For example, regional studies in the Yukon and
the Fortymile district of the Yukon and Alaskahaveidenti-
fied theimportance of gold derived from orogenic systems
inlocal placer inventories, even when an intrusion-related
source type has been proposed (Wrighton, 2013). This ap-
proach has al so 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 akalic copper-gold
porphyriesof BC are both potential sources of detrital gold
and located within wider auriferous areas. Consequently,
the region provides an excellent study areain which to ex-
plorethe potential of gold compositional studiesin the con-
text of exploration in a challenging environment.

Exploration for porphyry mineralizationisincreasingly fo-
cused on techniques that can identify mineralization con-
ceadled by Quaternary cover. Studies of the trace-element
mineralogy of minerals formed in porphyry systems (e.g.,

Keywords: British Columbia, detrital gold, indicator mineral, LA-
ICP-MS

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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Bouzari et al., 2010, 2016; Celiset a., 2014; Pisiak et a.,
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 grainsis not necessarily indicative of
derivation fromthe exploration target. For example, Kelley
et al. (2011) reported that the nature of gold-dispersion
trainsin glacia sedimentsin theenvironsof the Pebblepor-
phyry in Alaskamay have been influenced by theinflux 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 alarge, 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 befar 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 facilitatesrapid determination of themajor 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-
guent 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 devel oped
a refined approach to gold-grain characterization that in-
volved systematic screening of grain sectionstoidentify in-
clusionsof other minerals preserved withinthegold grains.
They successfully correlated inclusion suiteswith variation
in aloy 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 aview to devel-
oping aglobal template by which detrital gold can act asan
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
areaof the Klondike, where consideration of inclusion sig-
natures distinguished between populations of gold from
different sampling sitesthat 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 stylesof mineralization arecommonly identified us-
ing this approach, the methodol ogy 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)
hasonly rarely been applied to particulate gold, principally
because gold commonly contains mercury, which takes
considerable timeto be flushed through theinstrument and
isamajor 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 Leedsis not used for dating by Pb
determination, and thus may be routinely employed for
gold analysis. Thedataflowing fromLA-ICP-MS analysis
would allow characterization of gold based on afar larger
array of trace elementsand at lower detection limitsthanis
currently possible using el ectron microprobe (EM P) meth-
ods, but hasthe disadvantagethat themethod isdestructive.

Thisproject involvesanalysisof populationsof 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 alow:
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1) evaluation of the suitability of LA-ICP-MS for gold
analyses,

2) comparison of microchemical signatureswithtrace-ele-
ment signatures, and

3) identification of any trace-element signatures diaghos-
tic for gold formed in specific environments.

This paper contains the preliminary findings of this study,
which commenced in August 2016. Analysisof sometarget
sample suites is complete, while others remain to be ana-
lyzed. Consequently, itisnot yet possibleto 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 blocksand polished to reveal grain coreto
facilitate earlier microchemical studies. It hasnot been pos-
sibleto analyze every grainin all these collections because
of the large numbers involved. Nevertheless, complete
datasetswill be generated for some sample popul ationsthat
are considered important to the study. The samples anal-
yzed areindicated 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 quadrupol e mass spectrometer, combined
with aGeolasablation system to determinethe composition
of individual grains. The Geolas ablation system uses a
Compex 103 ArF excimer laser operating at awavelength
of 193 nm and delivering an energy density of upto 20 JJcm
on the sample surface at a pulse frequency of up to 20 Hz,
with spot sizesranging from 5to 160 pm. The ablated mate-
rial istransported from the ablation cell to the ICP-MS us-

»
»

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 locations near Kamloops (Afton mine, MINFILE
092INEO023; Tranquille River placer, MINFILE 092INE106; and
Cherry Creek) and in the Princeton area (Copper Mountain mine,
MINFILE 092HSEO001; 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.

UTM Zone 10N, NAD 83 No. of grains

Sample location - - 7 3
Easting Northing Identified” Analyzed

CGD: lode samples?

Cow Mountain vein 596050 5883280 2* 0
Wells adit 595950 5883250 30 0
Warspite 601518 5876958 30 0
BC vein 596343 5883218 30 0
Myrtle 597414 5881788 24 0
Hibernia 586345 6011100 76 16
Midas adit 606400 5856400 22 0
Frasergold® 665083 5797785 30 0
CGD: placer samples*

Williams Creek 599830 5881613 54 41
Beggs Gulch 606300 5875500 30 30
Keighley Creek 604183 5849514 30 16
Amador Creek 588853 5876180 30 0
Burns Creek 590031 5881840 30 26
Lowhee Creek 596500 5883750 30 56
Antler Creek 606750 5871205 60 15
Cunningham Creek 610520 5865900 30 22
Dragon Creek 583016 5885903 12 26
Spanish Mountain ° 604674 5827518 30 30
Chisholm Creek 586791 5878197 0 20
Frasergold Creek 666389 5797008 28 8
Moustique Creek 569250 5873350 40 26
Hixon Creek 529328 5922040 30 54
Alkalic porphyry: lode samples 3

Mount Milligan (P) 434363 6109388 18 5
Mount Milligan (Pr) 434698 6109464 5 0
Mount Polley (P) Wight Pit stockpile 16 6
Afton (P) ! 4 0
Copper Mountain (P) 679873 5466653 5 2
Alkalic porphyry: placer samples*

King Richard Creek 434721 6108928 30 36
Similkameen River 678215 5468502 60 117
Friday Creek® 677785 5463800 30 54
Whipsaw Creek® 677057 5471100 30 46
Cherry Creek 672106 5615716 30 42
Tranquille Creek 675305 5624270 40 62
Low sulphidation epithermal

Black Dome *° 535537 5685967 0 20

samples from Leeds University archive collection, labelled as ‘Afton Pit’

gold grains studied by Chapman and Mortensen (2016)

grains studied by Chapman and Mileham (2016)

sample obtained from The University of British Columbia collections

co-ordinates taken from MINFILE reports

approximate co-ordinates, as samples were donated from placer miners

"for study in proposal

%o date

Abbreviations: P, zone of potassic alteration; Pr, zone of propylitic alteration; CGD,
Cariboo gold district (see Figure 1)

1
2
3
4
5
6
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ing 99.9999% Heflowing at 2 ml/mininto acyclone 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% H, to remove inter-
ferences from “°Ar on “°Ca and from *°ArO on **Fe; how-
ever, thisalso reducesthe 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 theability to usethe major *®Feisotopefor
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.
Thisismuch lessthan the volume of material that has been
transported into the ICP-MS, but analysis of these rims
doesnot indicatethere hasbeen any elemental fractionation
between what has been transported and what has been con-
densed. Asgoldiseasily ablated at the 193 nmwavelength,
the laser energy was reduced to 6 Jcm and the pulse rate
tunedto 5 Hz. Thebest analytical dataare gained from con-
ditionswhere a stable ablation profile is achieved for peri-
odsof around 10 seconds (Figure 3), asthisallowsthemass
spectrometer to cycle through the elements a number of
timesto producethemost reproducibleratiosrelativeto 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 um. The lower en-

ergy did result in alower 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
|CP-M Selemental signal. For spot sizesof 5, 10and 15 um,
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 pm, with 50 pum being the most frequent size used, to
ensure ablation continued for the full 150 pulses.

Calibration and Quantification

The gold grains were analyzed for alarge number of ele-
ments to see which were detectable and to provide an ap-
praisal of whichwould be useful in distinguishing different
deposits and metallogenic types, and potentially beindica-
tive of processes operating during precipitation. The suite
of elements was “’Al, #Si, s, 4Ti, >V, %3Cr, *Mn, *'Fe,
59C0, GONi, 63Cu’ GGZn, nga 72Ge, 75AS, SZSe, 89Y’ 93Nb,
95M0, 103Rh’ lOSPd, 107Ag’ lllCd, 115|n’ llBSn, IZle, 125-|—e’
139La1 182W, 195Pt, 197AU, ZOZHg, ZOSPb, ZOQBi’ 232Th, 238U, a”
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 asratiosrelativeto aninternal standard of known
concentration. Therefore, all elements were measured us-
ing Au astheinternal standard. Integration of the standard
and sample signals was achieved with the SILL S software

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 pm. 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 pm pits shows how spatial compositional variations in a single gold grain could be determined.
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package (Allan, 2005; Guillong et al., 2008). The London
Bullion Market Association Reference Standard AuRM2
was used asthe primary standard for Ag, Al, As, Bi, Cr, Cu,
Fe, Mn, Ni, Pb, Pd, Pt, Rh, Sh, Se, Sn, Teand Zn, with the
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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 um: 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
notvary 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-
outinclusions; 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.
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remaining elements calibrated against NIST 610 glass,
again using Au asthe 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 9.967,
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 hasa Ag/Au
ratio of 0.106, which is closer to the sample values and did
produce more accurate results. The Ag/Auratio used inthe
final quantification was calibrated against NIST stan-
dard 481, which isaset of Au-Ag wiresranging in compo-
sitionfrom 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 sulphidestandard MASS-1, as
Hgisnot present inthe NI ST standards or the AURM 2 stan-
dard. Inthisinstance, thecalibration wasbased onusing Ag
astheinternal standard element, asthereisnoAuin 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 onthe 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 AURM 2 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 ratiosto weight ratioswas
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 elementsin 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 indicatesthat matrix effectsare negligible using this
analytical system.

Processing of the ICP-M S 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, whichisgivenavalueof 1. If thevalue of thein-
ternal elementisknown for each areaablated, then that can
beinput instead and the concentration of the other elements
will be output as concentrations; however, the concentra-
tionof Auinthegrainsisunknown. Theapproach 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 theindi-
vidual element/Au ratio gives the ppm value for that ele-
ment. I n effect, element concentrationswere determined by
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normalizing thetotal 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 alow-sulphidation epithermal deposit (Black Dome)
with those from the Similkameen River placer adjacent to
Copper Mountain. Resultsareincluded for Au, Ag, Hgand
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, thisislikely to
be adueto the microprobe analysishaving adetection limit

that ismuch 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
theanalysisof gold grainsand shown that the amount of ad-
ditional datathat 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" to 75" percentile, upper and lower lines are 5™ and
95" percentiles) compare well except for Cu in the epithermal deposit. However, the
microprobe analysis for Cu is at the detection limit for the technique.
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typesin BC hasmadeit possibleto define the elementsthat
are most commonly present at sufficient concentrations to
be used as potential discriminators of the origins of the
gold. Figures 57 show that it is possible to interrogate the
dataset at low concentrations of various elementsto obtain
useful information. However, a full interpretation of the
data is not possible at present owing to the incomplete
dataset (Table 1).

InFigure5, bivariate plotsof themajor elementsinthegold
are shown for all the grains analyzed so far, differentiated
on the basis of the deposit type from which the gold origi-
nated. The akali 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.
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10%, in these grains. There are reasonably good negative
correlationsof Hgwith Auand Ag, over alargerangein Hg
concentrations, whichisindicative 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
grainsare binary Au and Ag mixtures, with these elements
making up well over 99% of thecomposition, aresultthatis
well known from previousalloy studiesusing 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 Sh, and good negative correla-
tions of Ag with Cu and Hg. These trends have not been
previously observed in EM P datasets because of the higher
detection limits. Itisencouraging, at thislevel of datainter-
pretation, that different sources of gold grains do seem to
have observable differences when looking at the dataset as
awhole. The observed correlations from measurement of
trace elementsat low concentrations show that these are not
just random analyses, but may be related to processes dur-
ing gold deposition.

In Figure6, threeindividual deposits (Spanish Creek, Black
Dome and Similkameen) have been chosen as exampl es of
gold derived from orogenic, low-sulphidation epithermal
and alkalic porphyry systems, respectively. Although some
differences in aloy 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-
tainsfewer elementsand at lower levels, whereasthe 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 akalic 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 alows
measurement and interpretation of Hg in the alloy at far
lower levels. Copper concentrationsweregenerally 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
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higher Pd values. Palladium was absent in the gold from
Black Dome, where Cu concentrationswereal so 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 sasmpling locality
was immediately downstream of the main ore zone,
whereas those at Friday and Whipsaw creeks were more
distal. Thethree setsof analyseslook similar, whichiscon-
sistent with derivation from similar distal sources sur-
rounding the porphyry. Minor deviationsin 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 grainsfrom 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 supportsthe
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-
nentsor asinclusions. The ability of the SILLS softwareto
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 aloy 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 inthe LA-ICP-M S data, but the quantitative analy-
sisof Cu, Hgand Pd at tracelevel spermits additional inter-
rogation of these datasets. Most importantly, theuse of LA-
ICP-MS has identified the potential for other elements
(e.g., Sb) to be used asdiscriminatorsand 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-
guence of specific environments of mineralization. Ongo-
ing studies will seek to clarify this question while also
focusing on the detailed examination of the new datasetsin
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-
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Theinitial resultsof thestudy reported herehavebuilt upon
thefoundations of gold compositional work established us-
ing microchemical characterization. British Columbiapro-
videsan excellent testing ground to devel op this methodol -
ogy, by virtue of the diverse nature of gold mineralization
and the overall gold endowment. Ongoing studieswill 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 alow-cost,
early-stage exploration methodology that would form a
valuable addition to the suite of techniques available to
explorationistsin BC.
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Introduction

Porphyry Cu depositsarethe primary source of Cuglobally
and, although demand ebbs and flows and recycling isin-
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
duringthelast 12 years(Wilburnet al., 2015; Wood, 2016),
yet discovery rates are down and very few new deposits
have been found (Sillitoe, 2013). Asaresult, explorationis
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 methodol ogies and techniques
(Sillitoe, 2013; Schodde, 2014; Wood, 2016).

The volume of hydrothermally altered rocks outboard of
economically significant concentrations of Cu-Fe-sul-
phide mineralsistermed the porphyry footprint. An under-
standing of the fluid types that can be present during por-
phyry Cu formation, how they manifest in thefootprint and
their spatial distribution with respect to Cu-mineralized
portionsof the systemiscritical to devel oping better explo-
rationtools. Thiswork ispart 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 (tMo) deposits
intheHighland Valley Copper (HV C) district of south-cen-
tral British Columbia (BC; Figure 1). The Teck Highland

Keywords: British Columbia, Guichon batholith, Highland Valley
Copper; actinolite, albite, alteration, epidote, Na-Ca, nonmag-
matic, porphyry Cu, seawater, sodic-calcic

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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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.
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577 200 tonnesat 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 inthe HVC district (Figure 2a). Exposure and airborne
magnetic dataindicate 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. Duetoitssize and
low degree of exposure (~3%), theHVC districtisarealis-
ticnatural laboratory inwhichtoinvestigatethelarge-scale
footprint of porphyry Cu deposits, integrate disparate geo-
logical and geochemical datasets, and develop new meth-
odol ogies 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 mineral ogy 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 Cordillerais 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 a., 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 a., 2007).

District Geology

Severa texturaly and compositionally distinct intrusive
facies are recognized in the Guichon batholith (Northcote,
1969; McMillan, 1976; D’ Angelo, 2016.). Older marginal
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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 theinner intrusivefacies, and ~160 additional Cu
showingsoccur intheHV Cdistrict (Figure2a; 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 featuresindicate 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 (Byrneet 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 NicolaGroup rocks of between 3 and 6 km (Preto,
1979). At depthsgreater than approximately 4 km, asingle-
phase supercritical fluid (of moderate salinity, ~10%)
would likely have been stable, possibly leading to mineral-
ization stylesand an ateration footprint that are atypical of
porphyry environments (Rusk et al., 2008; Richards,
2011b; D’ Angelo, 2016). The exposure and prevalence of
Na-Caalterationindicatesadeeplevel of erosion (Figure3;
Seedorff et al., 2008; Halley et al., 2015).

Sodic-Calcic Footprint and Characteristics

Field mapping of domainsof highveindensity (>0.5cm/m)
highlights fluid pathways within the district (Figure 2b).
The Na-Cafaciesin the Guichon batholith consists primar-
ily of light green epidote veins with haloes of albite + fine-
grained white mica = epidote * chlorite + actinolite (Fig-
ures4, 5). A key characteristic of the Na-Cafaciesisthe se-
lectivereplacement 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 centresfor up to 7 kmin anonconcen-
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 elevationsin structurally controlled domainsin the
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0 km

west and south pit walls. Someisolated 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-

1km

Nicola Group

Early poprhyry
Cu event
(alteration not

2km hostrocks shown)
tured, and contrast with surrounding
wallrock (Figures 4a, b). Isolated veinlets ’
3km Cu zone 7

with narrow hal oes, however, are less con-
spicuous (Figure 4c). Epidote veins typi-
cally haveanirregular morphology and dif-
fusewalls, and can vary in thickness along
strike and down dip (Figures 4c, d). In all
examples, K-feldspar is altered to albite
withinthealteration halo (e.g., Figures 5a—
d), whereas plagioclase appears to be less
susceptible and only albitized within in-
tense alteration haloes (Figure 5€). 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
alteration, locally accompanied by

levels

Propylitic

b Sericitic

Current exposure

- Advanced argillic

Rock types

DS
B

Unobserved Bethsaida- I:' Liteirhigtil dikes

related rocks

Subsurface breccia
Bethlehem-Skenna-

actinolite and relict garnet (mostly retro- Potassic Bethsaida - g}lt(irsmineral porphyry
graded to pumpellyite and chlorite) formed i ) Border-Guichon- Bl temsh

Sodic-cal - porphyry
close (150-1000 m) to the porphyry-Cu ociereateie Chataway .

centresand stocks (Figures 2b, 4b). In hand
sample, abite 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
(~5-101 m) 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 whitemica(illite), prehniteand 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 grainsinthehalo) inrock 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 towhitemicaistypically palemint-greenincolour. In
thin section, small grains (20100 i m) of prehnite and
more abundant fine-grained clusters (520 i m) of white
micaoccur together in atered plagioclasecrystals. Prehnite
veins exhibit a wide range of orientations throughout the
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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, iimenite; kfs, K-
feldspar; ms, muscovite (coarse grained); prh, prehnite; prl, pyrophyllite; gz, quartz;
sme, smectite; wm, white mica—sericite (fine grained).

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 HV C dis-
trict (Figure 6). Sodic-calcic alteration overprinted biotite—
K-feldspar—bornite—chal cocite veins and alteration, and
magmatic-hydrothermal breccia, in the Bethlehem system
(Figure 4e; Byrneet al., 2013). Narrow (0.2—1 cm) K-feld-
spar fracture haloes, with and without trace chal copyrite
patina, are found up to 4 km away from the Valley-L ornex
and Highmont Cu centres (Lesage et al., 2016). These
early-mineral K-feldspar fracture haloes were overprinted
by Na-Caveinsat most locations. Locally within the High-
mont porphyry Cu centre, however, quartz—chal copyrite—
K-feldspar veinlets appear to crosscut epidote veins with
albite haloes (Figures 5a, b). Main-stage veins containing
guartz, coarse muscovite and Cu-Fe—sul phide crosscut epi-

Geoscience BC Summary of Activities 2016



Gedscience BC

Intense Na-Ca
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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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doteveinletswith albite haloesand pervasivealbite-altered
rocks (Figure 4f) at Valey-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 veinswith a bite~white micahal oes
(Figure 5h). Sodic-calcic—altered rocks are crosscut by
prehnite veinlets with plagioclase-destructive white mica
hal oes (Figures 5c, d) but still have distinctive major- and
minor-element enrichmentsand depl etions: elevated Na,O,
Ca0 and Cl; adecrease in K,0 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

e mapping has shown that large domains of strongly Na-
Ca—metasomatized rocks are along strike of the por-
phyry Cu centres (Figure 2b);

e it locally removed magnetite and hornblende, thus
changing the rock petrophysical properties; and

e whereit overprinted Cu mineralization, it isdestructive
of the Cu grade.

I sotope 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 a., 2005; Rusk et al.,
2008) fluids of varying salinities can all be present in vari-
ousproportionsat different locationsand timesin an evolv-
ing porphyry system. Additionally, sericite at Koloulaand
Waisoi in PapuaNew Guineaisinterpreted 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 HV C suggest mixing

P
<

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.

Geoscience BC Report 2017-1

of seawater with high-temperature (370-500°C), Cu-
bearing magmatic fluids (Osatenko and Jones, 1976).

Widespread Na-Caalteration 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 (Arancibiaand 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 dlteration in the Guichon batholith. Sodium-rich alter-
ation iswidely developed in Permian to Jurassic arc igne-
ousrocksof thewestern United States, whereitisattributed
to moderate- to high-salinity fluids of marine, formation
and/or meteoric origin, with or without amagmatic compo-
nent (Battlesand Barton, 1995). The hypothesisthat will be
tested in thisstudy isthat seawater drawn down and inward
alongregional structurestoward cupolaregionscaused Na-
Caalteration during the upwelling of the magmatic-hydro-
thermal fluidsthat 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 hypothesiswill be tested using acombination of field
and laboratory techniques. First, field maps, feldspar-
stained rock slabs, hyperspectral images and petrography
will be used to establish the Na-Cafaciesdistribution, min-
eralogy and its paragenesis at HVC. Thiswill be followed
by geochemical characterization by electron microprobe
analysis (EMPA) and laser-ablation inductively coupled
plasma—mass spectrometry (LA-1CP-MS) of theassociated
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 8Sr/®Sr values of unaltered samples will be
compared to the Sr-isotope composition of strongly Na-
Ca—altered samplesto test for shiftsfrominitial HV C mag-
matic compositionsof 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 4**0 and 4D
values closeto 6%o. and —-60%e., respectively (Taylor, 1979),
whereas minerals formed from afluid with seawater input
may move toward the composition of standard mean ocean
water (SMOW; ~0%. for both &'%0 and &D).
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Figure 6. Paragenetic sequence of intrusion facies (rectangles) and vein and alteration facies (col-
oured arrows) at Highland Valley Copper (HVC). The colour scheme of the vein and alteration arrows
is explained in Figure 3. The arrows are schematic representations of fluid evolution through time (x
axis) and temperature changes (y axis). Abbreviations: B, Bethlehem; V, L and H, Valley, Lornex and
Highmont, respectively. Mineral abbreviations: ab, albite; act, actinolite; anh, anhydrite; bn, bornite;
bt, biotite; ccp, chalcopyrite; chl, chlorite; di, diopside; ep, epidote; grt, garnet; hem/spec, hematite;
kln, kaolinite; kfs, K-feldspar; mol, molybdenite; ms, muscovite (coarse grained); prh, prehnite; py, py-
rite; qz, quartz; sme, smectite; tur, tourmaline; vrm, vermiculite; wm, white mica—sericite (fine

grained).

Impact of Proposed Work

Porphyry Cu deposits providetheworld 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; L oucks, 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).

Theresearch outlined in thispaper isdesigned totest 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-Caalteration isan impor-
tant modifier to typical ateration-zonation models. Results
from this research have the potential to refine exploration
modelsand | everage existing datasets, thus|eading to more
cost-efficient and successful exploration programs.
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Introduction

A major challenge in understanding the genesis of epither-
mal gold depositsisthat existing genetic modelsdo not sat-
isfactorily explain the mechanisms responsible for high-
gradegold deposition and transport at temperatures charac-
teristic of the epithermal realm (150-300°C). Although
transport by dissolution in an agueous 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 €t al.,
2009; Zhu et al., 2011), experiments have shown that the
solubility of goldistoo 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; Stefansson and Seward,
2004; Zezinet al., 2011; Hurtigand Williams-Jones, 2014).
It is therefore necessary to consider alternative explana-
tionsfor 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 afluid 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 thefluidto carry gold. Resolving theissue of
how exceptionally high grade epithermal gold deposits
form will be an important step in elucidating the broader

Keywords: British Columbia, Stikine terrane, Hazelton Group,
Brucejack, geochemistry, gold, solubility, hydrothermal fluids,
epithermal, veins, electrum
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guestion of how these deposits truly relate to the higher
temperature copper—molybdenumzgold porphyry systems
with which they are commonly associated.

The Brucejack deposit of Pretium Resources Inc. (MIN-
FILE104B 193 and 104B 199; BC Geologica Survey, 2016),
currently undergoing preproduction mine development in
the Stewart—Eskay Creek district of northwestern British
Columbia(Figure1), ishost to one of the highest grade (up
to 41 000 g/tonne Au) and best exposed intermediate-sul-
phidation or possibly low-sul phidation epithermal gold de-
positsintheworld. Thewell-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 arecently ini-
tiated study of the Brucejack deposit, the purpose of which
is to petrographically and chemically (including isotopi-
cally) characterizeits ores and associated hydrothermal al-
teration, and determine the composition of itsmineralizing
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-
uresl, 2), apaleo—-island arc system akin to that of the mod-
ern-day Philippine archipelago (Marsden and Thorkel son,
1992). The Stikine terraneformed asan intraoceanicisland
arc in the mid-Paleozoic and was accreted to the western
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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).

continental margin of LaurentiaintheMiddleto Late Juras-
sic (Monger et al., 1991; Anderson, 1993). Vol cano-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 magmatismin 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 Maon aterranescale (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).
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Brucejack Property Geology

Fivezonesof mineralization have been exploredin 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-
niticrocksof the Mitchell suiteintrudevol caniclastic rocks
of the Stuhini and Hazelton groups; these intrusions are
closely associated with porphyry-style copper-gold-mo-
lybdenum mineralization on the adjacent Kerr-Sul phurets-

Geoscience BC Summary of Activities 2016
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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.

Mitchell and Snowfield properties (Kirkham and Margalis,
1995). Uranium-lead zircon ages from various phases of
theseintrusionssuggest that the porphyry-stylemineraliza-
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 groupswere strongly de-

Geoscience BC Report 2017-1

formed during Cretaceous tectonism. This deformation is
manifested by the development of 1) schistose and
mylonitic fabricswithintheweakest, 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 a., 2015). Thethird 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 Kingszone (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 (Vnp);
2) electrum-bearing quartz—carbonatetsericite sheeted,
stockwork and brecciated veins (Vny, Vny, and Viny, re-
spectively); 3) zinc— ead+copper sulphideveinscontaining
common silver sulphosalts and electrum (Vny); 4) carbon-
atetquartz veins containing abundant orange-coloured,
manganese-bearing calcite, and electrum (Vng); 5) post-
mineral, Cretaceous, orogenic quartztcarbonate shear
veins with rare, remobilized pyrite, electrum and base-
metal sulphides in thrust-related shear bands (V Ny, VNyy)
and subhorizontal, barren, white bull-quartz tension-gash
veinswith adjacent chlorite alteration (V ny; classification
modified after Tombe et a., 2014). The Vng, VNgae, VN,
and Vng veinsarelargely undeformed to weakly deformed,
except within localized strain zones where they are moder-
ately to rarely strongly deformed. Evidence from crosscut-
ting rel ationships paired with hostrock uranium-lead zircon
and vein-hosted molybdenite rhenium-osmium age deter-
minations have constrained the age of Vny,¢, VN, and Vng
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
isstrongest 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 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.

Methods and Preliminary Findings

Fieldwork

Fieldwork completed to date hasinvol ved logging sel ected
north-south and east-west drillcore transects of the VOK,
and targeted mapping of mineralized showings on surface
and inthe 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.
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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 el ectron microscopy.
Results of thiswork will be used to devel op adetailed min-
eral paragenesis for each vein stage. Thisinformation will
provideimportant insightsinto the physicochemical evolu-
tion of the fluids responsible for each vein stage.

From the work compl eted 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 Vn, electrum-mineraliza-
tion stage, that are locally well-organized into discrete
millimetre-scal e 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 4: Photomicrographs of quartz and electrum (dendritic opaque mineral) in Brucejack (Valley of the Kings zone) Vn;. 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 H,0, H,0 + 3.2 wt. % NaCl, and H,O + 10 wt. % NaCl fluids (modified after Steele-MaclInnis etal., 2012). Images on the leftand 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.
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where they are in contact with electrum (Figure 4a, b);
3) well-developed arsenic zonation in abundant early py-
rite, whichiscut 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 doesthe 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.* The multiple, distinct domains of fine-, medium-
and coarse-grained quartz indicate that multiple pulses of
fluidwerelikely involved intheformation of each of thein-
dividual vein types. In samples from the Vn; 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 conditionsvaried between those of prograde and ret-
rograde solubility of quartz (Figure 4¢e; Steele-Maclnnis et
al., 2012; Seward et al., 2014) during the evolution of the
Vn; vein generation. The very fine grained quartz isinter-
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 istherefore tentatively proposed that
the observed dissolution textures reflect this retrograde ef-
fect of cooling. Thus, aregimeisenvisaged in which pres-
sureoscillated fromval uesthat 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—el ectrum+carbon-
ate veins from the Brucejack deposit indicate that the de-

'Dendritic electrum textures have also been cited as evidence
for gold transport by colloidal processes at Brucejack
(Harrichhausen et al., 2016).
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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 (V Nya, VNgp, VNie, VN, VNg) 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 stagesis not well constrained at present,
evidence from preliminary pyrite and electrum mineral
chemistry from vein samplesacrossthe Valley of theKings
zone suggests that vein composition varied temporally and
possibly spatially during formation of the Brucejack de-
posit. Finally, the observationthat el ectrum appearsto post-
date most of the pyritein veinsand along vein margins sup-
ports the suggestion by Board (2014) that widespread
premineral phyllicalteration 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),), following themodel of Heinrich et al. (2004).

Future petrographic, mineral-chemistry, fluid-inclusion
and thermodynamic-modelling studies will further test
these interpretations and explore for other insightsinto 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 stagesin 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
inclusionswill 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 el ectron microscopy imaging of electrum and
cryptocrystallinesilicawill becarried out to explorefor 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 conditionsin the Brucejack
hydrothermal system, particularly those accompanying
gold mineralization. This information will provide the ba-
sisfor thermodynami c-path modelling that will incorporate
mineral and aqueous species, and will be used to evaluate
potential mechanismsfor oredeposition, including boiling,
fluid mixing and fluid-rock interaction (e.g., Heinrich,
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Figure 5: Images of the Vn; 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.
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Figure 6: Preliminary results from electron-microprobe wavelength-dispersive spectrometry (WDS) analysis of Brucejack (Valley of
the Kings zone) electrum: gold:silver ratio of electrum appears to vary considerably with vein type; further investigation will determine
whether or not this variation is also reflective of a spatial zonation in gold:silver across the deposit; no significant variation in the gold:sil-
ver ratio of electrum is observed within individual samples; analyses were taken across electrum grains (rim-core-rim) for both quartz

matrix—hosted and pyrite inclusion—hosted electrum with no obvious gold:silver differences observed.

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 areimportant 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 Canadais
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, arecent study, based on statis-
tical modelling, estimated that only 60% of the total Cu
contained within porphyry depositsin 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 arelatively 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., islocated approxi-
mately 65 km northwest of thetown of Stewart inthe | skut—
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 atotal of 2.2 billiontonnes
averaging 0.55 g/t Au, 0.21% Cu, 2.6 g/t Ag and 42.6 ppm

Keywords: British Columbia, Stikine terrane, Early Jurassic, por-
phyry deposit, igneous petrology, calcalkaline, magmatism

This publlcatton 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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Mo (Seabridge Gold Inc., 2016). The KSM district repre-
sents one of the largest undevel oped Cu-Au depositsin 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.
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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 thedistribution of contained metals. Todate,
studies of theintrusive rocks at KSM have been marred by
problems common to Mesozoic magmatic-hydrothermal
depositsin active tectonostratigraphic terranes: hydrother-
mal ateration, 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-
sultinthepartial tototal destruction of the primary mineral-
ogy and texturesin large swaths of the deposits, and mask-
ing of lithogeochemical signatures. The
primary aim of this ongoing study isto es-
tablish themagmatic history of thedistrict,
by cataloguing, describing and determin-
ing the chronology and spatial extent of
theintrusive phasesat each of thefour 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

terranes
The KSM district, located in the western
Stikineterrane (Figure 1), issituated on an
approximately 60 km long, discontinuous,
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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 phenocrystsin afine-grained groundmass (All-
drick, 1993); aswill 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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northerly trend of mineralization centres
(Figure 2; Nelson and Kyba, 2014). Mgjor
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-
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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.
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Thewestern part of the Stikineterraneisastructurally 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 vol cani-
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 Skeenafold-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. Differentia strain
accommaodation within the district has aso 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. ownsthe
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 atotal 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
withinthe KSM district, aswell astheir approximate north-
erly alignment, is not unusual; global porphyry districts
commonly feature clusters or alignments of ore deposits,
each separated by hundredsto thousands of metres, distrib-
uted over atotal 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-
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west Pacific are the two regions where alkalic Cu-Au por-
phyry deposits are relatively common (Bissig and Cooke,
2014). Asof 2011, atotal of 431 akalic 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 depositsin 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 akalic (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 ateration, 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 areddening of feldsparsvia
hematite dusting, all of which are characteristicstypical of
alkalic porphyry deposits (e.g., Logan and Mihalynuk,
2014). The total metal contained within these apparently
alkalic zones, however, issubordinate 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 thedepositsare roughly contemporaneousin ageand
hosted by wallrocks of the Early Jurassic Hazelton Group
and/or Late Triassic Stuhini Group (Figure 3). Figure 5
shows, in plan view, thelateral distribution of Auand Cu at
each of thefour deposits. Thelateral extent and orientation
of mineralization isdifferent at each deposit, with Kerr and
Sulphurets rather elongate, and Mitchell displaying con-
centric zoning of metals(Figure5). Thus, whilethefour de-
positsdisplay certain distinct similarities, they also feature
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notable differences, resulting in aunique 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 atotal 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 milliontonnesaveraging 0.54% Cuand 0.33 g/t Au, for
atotal 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 (Figure5), reflecting the morphologies of theKerr 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, Mongolig;
Khashgerel et a., 2008).

Thewallrocksto the dikes comprise arange of sedimentary
and volcaniclastic strata, including finely bedded argillite,
mudstone, massive sandstone, conglomerate, turbidite se-
guences 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 gradetypically decreasing within-
creasing distance from the dikes. There are two principal
zonesof increased intrusion density, or dikeswarms, within
the Kerr deposit, that correlate to two zones of higher
grade: an ‘easternlimb’ and a‘ western limb’ of mineraliza-
tion, which are separated by acentral septum of wallrock.

Therange of different intrusive phasesfound at Kerr is, in
approximate chronol ogical order from ol dest to youngest:

e 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)

e plagioclase-hornblende—phyric, fine- to medium-
grained subporphyritic intrusions, with >10% quartz
veins (A-veinsand B-veins) that typically envel op pods
of the high-quartz-vein zones and are well mineralized
(Figure 6)

e plagioclase—K-feldspar—hornblende—phyric, medium-
grained subporphyritic intrusions, typically with
potassic alteration and well mineralized
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e plagioclase-hornblende—phyric, fine- to medium-
grained subporphyritic intrusions, with <10% quartz
veins and variable mineralization (Figure 6)

e augite-plagioclase—phyric dikes, sometimes mega-
crystic, that are typically unmineralized or very weakly
mineralized

o 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-minera

e |amprophyre dike that is post-mineral

Asdiscussed by Rosset and Hart (2014) and Bridge (1993),
the Kerr deposit features early potassic alteration, charac-
terized by an assemblage of chloritized hydrothermal bio-
titetK-feldspartmagnetite, centred upon the dike swarms
but al so affecting proximal wallrocks. Propylitic alteration
(chloritetepidote) isdistal to potassic alteration. Chlorite-
sericite-pyritealteration commonly overprintsthese earlier
assemblages, varying inintensity fromweak to intense and
affecting both intrusions and wallrock. The bornite and
some of the sulphosalts at Kerr, accompanied by dick-
itexpyrophillite, wereformed 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
chal cocite, occur in the near-surface environment (Bridge,
1993). Hypogene mineralization includeschal copyrite, 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 afurther overview of vein typesand miner-
alization at Kerr.

Finally, the Kerr deposit features considerabl e deformation
related to the development of the Cretaceous Skeena fold-
and-thrust belt. Zoneswith strong sericitic alterationin par-
ticular, within both intrusive and wallrock protoliths, have

»
»

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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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.

been extensively folded and foliated. Areas with strong
anhydrite veining sometimes appear brecciated.

Sulphurets Deposit

The Sulphurets deposit, located approximately 2 km north
of theKerr deposit (Figure 3), containsprobablereservesof
304 milliontonnesaveraging 0.59 g/t Au, 0.22% Cu, 0.8 g/t
Agand 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 panelsis, however, quite different.
In the hangingwall of the STF, mineralizationisclosely 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. Theseintrusionsare not ob-
servedinthefootwall of the STF, whereintrusionsarevolu-
metrically subordinateand mineralizationishosted primar-
ily within sedimentary wallrock. Thewallrock iscomposed
of arange of sedimentary rock types, including massive
mudstone, massive to bedded siltstone and sandstone, and
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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 chloritetepidote 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—
phyricdioriticintrusionswith 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 intrusionsin the hangingwall are
observed in the panelsimmediately below the STF. Dueto
uncertainty in the total displacement along the STF, the
original spatial relationship, or genetic link (if any), be-
tween themineralizationinthehangingwall and footwall of

»

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 Sulphuretsiscurrently unclear. However, theto-
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
zonesof extensive phyllicalterationfound 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 thelargely
wallrock-hosted mineralization bel ow the STFisstill pend-
ing. However, the principal dikes below the STF at
Sulphurets texturally and mineralogically resemble syn-
mineral porphyry intrusions found at the distinctly
calcalkalineKerr 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 resourcesof 1.794 billion tonnesaveraging 0.60 g/t
Au, 0.16% Cu, 3.1 g/t Ag and 58 ppm Mo, for atotal of
964 million grams (34 million ounces) of Auand 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 theMitchell thrust fault (~1600 mtotal offset) during the
Cretaceous (Febbo et al., 2015).

UnliketheKerr deposit,inwhich mineralizationispartialy
hosted within wallrock adjacent to the syn-mineral intru-
sions, mineralization at Mitchell is amost entirely intru-
sion hosted. The major intrusive phases at Mitchell are, in
approximate chronological order from ol dest to youngest:

e 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)

e plagioclase-hornblende—phyric, fine- to medium-
grained subporphyritic intrusions, with >30% quartz
veins (A-veinsand B-veins) that typically envel op pods
of the high-quartz-vein zones and are well mineralized
(Figure 6)

Geoscience BC Report 2017-1

e 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)

o aphanitic to very fine grained mafic dikes, with perva-
sive chlorite alteration, that are post-minera

The principal styles of hydrothermal alteration at Mitchell
are early K-feldspar+magnetite+biotite potassic alteration
and peripheral chloritetepidote alteration. Extensive zones
of chloritetsericite 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 containsacentral high-quartz zone, with >50% quartz
A-veinsand B-veins(Febboet al., 2015). Thiszone, aswell
asthe plagioclase-hornblende—phyric porphyry stocksand
dikes containing >10% quartz A-veins and B-veins, host
the bulk of the mineralization. Molybdenite-bearing quartz
veinsare concentrated in ahal o around the centre of the de-
posit. Finally, a pipe-like brecciated zone of high-sul phid-
ation bornite+pyritet+tennantite+tetrahedrite+dickite/
pyrophyllite, with abundant fragmented anhydrite veins,
occurs near the centre of the deposit. Veining and mineral-
izationintheMitchell deposit aredescribed infurther detail
by Febbo et a. (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+
tetrahedritexdickite/pyrophyllite; very similar plagiocl ase-
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 mineralizationisalso found immediately north of the
Mitchell deposit, above the M TF, associated with monzon-
iteto syenite porphyry intrusions, low quartz-vein densities
and reddish hematite dusting (Figure 4). As the displace-
ment along the M TF isconstrai ned 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

Thenorthernmost Cu-Au porphyry depositinthe KSM dis-
trict, Iron Cap, is aroughly 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. Asisthe 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:

e 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 theveins primarily A-veinsthat arewell mineralized
and syn-mineral (Figure 6)

o plagioclase—K-feldspar—hornblende—phyric, medium-
grained monzonite intrusions, with seriate texture, 10—
30% K-feldspar phenocrysts, 2-50% quartz veins and
variablemineralization, that aresyn-mineral (Figure6)

e aphanitic to very fine grained mafic dikes, with perva-
sive chlorite alteration, that are post-minera

Within the Kerr and Mitchell deposits, the dioritic
plagioclase-hornblende—phyric intrusions are commonly
well mineralized and often contain significant volumes of
guartz veins. The analogous intrusions at Iron Cap, how-
ever, areonly 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

Thisongoing study will utilize arange of techniquesto fur-
ther unravel the magmatic history of the KSM district, in-
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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-
tainsmany texturally destructive features, including exten-
sive deformation and hydrothermal alteration, the authors
will seek to gain insightsinto the intrusive history at KSM
through the study of primary refractory trace-mineral
phases, such as zircon and apatite. The geochemistry of
theseresistive mineral s contains val uabl e records of condi-
tionswithin the parental magma, and allows researchersto
gaininsightsinto theintrusive histories of areaswhere poor
textural preservation precludesthe 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 authorswill 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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Map Area, South-Central British Columbia (NTS 082E/10)
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Hoy, T. and DeFields, GM. (2017): Geology of the northern extension of the Rock Creek graben, Christian Valley map area, south-central
British Columbia (NTS 082E/10); in Geoscience BC Summary of Activities 2016, Geoscience BC, Report 2017-1, p. 245-256.

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 AlImond Mountain
map area (Figure 1; HOy, 2016; Hoy and Jackaman, 2016).
The project is part of aregiona 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
(NTS082E), mapped and compiled at ascale of 1:250 000 by
Tempelman-Kluit (1989). The area was first mapped by
Little (1957) aspart of aregional mapping project that cov-
ered the east half of the Penticton map area. Considerable
mapping at more detailed scal es has been donein 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 areain 2016 focused on the western
part of the area dominated by the north-trending Rock
Creek graben. Additional work will include compilationin
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-
trusiverockswithinthearea, an update of theBCMINFILE
database, and final publication of the 1:50 000 scale Chris-
tian Valley map area.

Keywords: British Columbia, geology, regional compilation,
Eocene stratigraphy and magmatism, Eocene extensional tecton-
ics, uranium, base- and precious-metal mineralization

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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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 duelargely to the successful exploita-
tion of theveinsin the Highland Bell mineto the southwest
and of base- and precious-metal depositsinthe 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.
Thiswork included geological mapping (e.g., McCandless
and Hughes, 1977) and a number of core and percussion
drilling programswith 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 astudy 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
depositsand continued intermittently throughto 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 areato 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 (H8y 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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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).

BC, with low-angle detachment faults exhuming Protero-
zoic and Paleozoic gneissic and platform rocksthat 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 grabensthat preserved Eocenevolca
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.
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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 areaisfilled 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-
volcanicrocksof the Paleozoic Wallacegroup (Massey and
Duffy, 2008) are exposed west of the graben and the
Okanagan batholith, and Eocene Coryell syeniteisexposed
to the east (Figure 3). The ‘Kallis formation’ (Massey and

Geoscience BC Summary of Activities 2016
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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 Pal eozoi c metasedimentary and metavol -
canic rocks in the Beaverdell areato the southwest. These
rockshave been studied in detail by Massey and Duffy (2008)
inthe 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 | ntrusive Rocks

‘MiddleJurassic’ granodiorite (mJg) was originally mapped
by Little (1957) in several small stocksin 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
arefoliated to massive biotite-hornblende granodiorite, typi-
cal of rocks of the Middle Jurassic Nelson plutonic suite.
The Westkettle batholith, which hosts many of theveinsin

Geoscience BC Report 2017-1

the Highland Bell mine (Reinecke, 1915), islithologically
similar tothegranodioriteintrusionsin 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 the’®Ar/**Ar and U-Pb methods of
age determination.

Granite (Unit Tg)

Granite and granodiorite of the * Cretaceous and/or Juras-
sic’ Okanagan batholith (Tempel man-Kluit, 1989) underlie
alargepart of the Christian Valley map areawest and east of
the Rock Creek graben. These comprise mainly medium-
grained, fresh white to pink-tinged quartz-plagioclase-
orthoclasegranite, with variablebut 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 areasto the east, granitic rocks in the Chris-
tian Valley map area are assumed to be Paleogene in age.
Thisissupported by aK-Ar date on biotite of 56.3 Mafrom
asample of the ‘Ladybird’ granite located along Trapping
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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 Kettle River in 1:20 000 TRIM map area 082E/057
(UTM 370500E, 5492000N, NAD83).

Creek in the central part of the Christian Valley (Hunt and
Roddick, 1992).

Eocene Coryell Intrusive Suite (Unit Ec)

Thealkalicto subakalic Coryell intrusionsoccur asanum-
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 areainto the southern part of the Christian Valley area,
east of thegraben. Coryell rocksrangefrom massiveto 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
intrusionslocally cut Marron Formation in the Rock Creek
graben. Severa of these are shown west of Cup Lake and
Collier Lakein Figure 3.

Penticton Group

The Eocene Penticton Group is described and defined by
Church (1973) ascomprising six formation members: basal

Geoscience BC Report 2017-1

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).

Springbrook and coeval Kettle River formations, volcanic
rocks of the Marron and Marama formations, and domi-
nantly sedimentary rocks of the White L ake and Skahafor-
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 K ettle River Formation and dominantly
volcanic rocks of the Marron Formation. The overlying
‘Kallisformation’, separated fromthe Marron by aregional
unconformity, is not included in the Penticton Group.

Kettle River Formation (Unit Epk)

TheKettle River Formationisonly exposed inthe southern
part of the map area, along aroadcut inthe K ettle River val-
ley. It comprises coarse conglomerate, with numerouslarge
subrounded clasts of dominantly feldspar porphyry in a
granular, green to tan silty or sandy matrix (Figure 7). Itis
in sharp contact with overlying green andesite and lapilli
tuff of the Marron Formation. Asthe base of this conglom-
erateisnot exposed, itispossiblethat it representsacoarse
clastic unit withinthe Marron Formation; however, assimi-
lar units farther south are located mainly at the base of the
Penticton Group (Hdy, 2016), this exposure is assumed to
be Kettle River Formation.

Marron Formation (Unit Epm)

The Marron Formation comprisesathick package of domi-
nantly alkalic volcanic rocks that are exposed in the Rock
Creek graben. Theformation overliesthe Kettle River For-
mation and older rocks of the Nelson and Valhalla plutonic
suites, or |ate Paleozoic metasedimentary or metavolcanic
rocksof theWallacegroup. Itisunconformably overlain by
basalt of thePliocene‘ Kallisformation’ . 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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In general, the Marron Formation (unit Epm) can be subdi-
vided into two units: abasal subunit dominated by greento
mauve-tinged tuff and andesitic flows, and an overlying
subunit of more massive basalt (subunit Epm1). These
unitsarerelatively well displayed along several of theroads
that climbwestward fromtheKettle River valley road inthe
southeastern part of the map area (Figure 3).

Figure 7. Conglomerate of the Kettle River Formation, exposed in
aroadcutin Christian Valley; note chloritic alteration of arkosic ma-
trix (1;20 000 TRIM map area 082E/056; UTM 367706E,
5485601N, NAD83).
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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
conglomeratebedsinthe central part of thesuccession. The
lower part of the Marron, exposed mainly at lower eleva-
tions in the Kettle River valley (Figure 3), is highly vari-

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).

Geoscience BC Summary of Activities 2016
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able, with pale green to light grey feldspar-phyric flows
(Figure9) 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
Formationinthe White L ake basin area, wherefivedistinc-
tive members are recognized (Figure 6). It is difficult to
correlate these members with specific units in the Rock
Creek graben, although many of therock unitsidentified 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 (Empl) may correlate with the lithologically
similar Park Rill member, the uppermost member of the
Marron FormationintheWhite L akebasin (Church, 1973).

The age of the Marron Formation is constrained by the age
of the unconformably underlying megacrystic K ettle River

granite, which has been mapped in the Almond Mountain
map area to the south (Massey and Duffey, 2008; Hady,
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 asshownin Figure 3. Inthe Almond
Mountain map area to the south, megacrystic K-feldspar
graniteis bleached and eroded, and overlying Kettle River
Formation containsconglomerateand grit that isclearly de-
rivedfromthegranite. AK-Ar dateof 49.4 +1.9 Mawasob-
tained from a lithologically similar megacrystic granite
south of Beaverdell (Church, 1996), and aU-Pb zircon date
of 56.0 1.0 Ma (Parrish, 1992) aswell asa**Ar/*Ar date
on hornblende of 52.8 +1.6 Ma (H0y, 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'Kallisformation’ ispreserved in isolated topographic
highs throughout the area (Figure 10). It unconformably
overlies the Marron Formation and older units, and repre-
sentstheremnants of widespread Pliocene plateau basalt. It
consiststypically of ablack, fine-grained, aphyric or oliv-
ine basalt.

Structure

Thestructureof theKettleRiver areainthe 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.
Thefault is not exposed asit is covered by alluviumin the
floor of the Kettle River valley (Figure 3). The western

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.

Geoscience BC Report 2017-1

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).
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margin of the graben in the southern part of the map area
(Figure 3) isdefined 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) totheeast. Thesefaulted contactsap-
pear to berelatively sharp, with little observed aterationin
rocksthat arewithin afew tensof metresof either hanging-
wall or footwall rocks. However, immediately north, in
1:20 000 scalemap area082E/066, the western margin fault
ismore complicated, showing several splaysthat exposeal -
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 amodel 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 rocksthroughout
the area. Although the Marron is broadly similar in all
down-dropped blocks throughout the Okanagan and
Boundary areas, correlation of the well-recogni zed succes-
sion of the White Lakebasin (Church, 1973) isnot possible
in other basins, specifically in the Rock Creek graben. As
noted above, thefault at thewestern margin of thegrabenis
locally characterized by several fault splays, shearing,
brecciation and alteration. In one of these exposures (Fig-
ure 11), highly broken Eocene(?) granite contains large
blocksof crushed Wallace group, but is cut by afresh, unal-
tered north-trending hornblende-porphyry dike that is
lithol ogically 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 thefault
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’ Kallisformation’ . Exploration peaked
inthe 1970sand continued until the BC Provincial Govern-
ment enacted a moratorium on uranium exploration in the
provincethat wasin effect from 1980to 1987, and again af -
ter 2008, when the moratorium was reinstated. Limited ex-
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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
thesemineral occurrencesaretaken 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 acap of Pliocene basalt of the ‘Kallisfor-
mation’. The deposits occur in fluvial sediments that un-
conformably overliethe Marron Formation, Wallace group
or Anarchist Schist, and Jurassic and Eocene intrusive
rocks(Christopher, 1977). The Fuki depositsoccur withina
northeast-trending paleochannel that overlies the Eocene

Legend

[ 1 Marron Formation
Paleogene granite

Jurassic granodiorite
Wallace Formation
] pit
~  adit
<~ normal fault
_~~ gravel road
W BC MINFILE occurrence

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).

Geoscience BC Summary of Activities 2016



Gedscience BC

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-
canicrocks, andis 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,
NADS83).

Figure 13. Detail of the hornblende-phyric dike shown in Figure 12,
which s 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.

Marron Formation. Hostrocks are poorly consolidated inter-
bedded arkosic sandstone, siltstone, carbonaceous mud-
stoneand conglomeratethat form thelowermost 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 asfilmson pebblesand in the matrix of the conglomer-
ate. Autunite is the only uranium mineral identified.

TheCopket (MINFILE 082ENE11, BC Geological Survey,
2016b) and Sand (MINFILE 082ENEO040) 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-

Geoscience BC Report 2017-1

ation (Figure 11). The Sand occurrenceisanarrow zone of
disseminated chal copyrite, galenaand pyritethat wasinter-
sected in the Marron Formation in a1970 diamond drilling
program that was focused on locating uranium mineraliza-
tion (Kikuchi, 1970). Thereisno reported surface mineral-
ization. The Copket showings compriseanumber of shafts,
adits, pitsand mineralized outcropsthat record exploration
that datesback to the early 1900s. Two stylesof 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-
cursinthe Jurassic granodioriteand 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, whichisfilled 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 atectonic high in the southwestern part of the
area (Figure 3), and in splays of normal faults that bound
thewestern 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 pulsesare recorded in the Paleogene. Massiveto
megacrystic K-feldspar granite intrudes both Wallace and
Jurassic granodiorite and locally formsthe basement to un-
conformably overlying Kettle River and Marron forma-
tions. In contrast, Coryell syenite intrudes the granite and
locally the Marron Formation within thegraben. Hence, the
Marron Formation was deposited between these two mag-
matic pulses, sometime between 57 and 51 Maago, which
are the respective ages of the two magmatic suites.

The Rock Creek graben may have formed after deposition
of thevolcanic rocks of the Marron Formation that are pre-
servedinitscore, or by growth faulting during their deposi-
tion. At least some movement along the bounding graben
faults clearly postdates the Marron, supporting amodel in
which these Eocene vol canic 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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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
uraniumthat occursin pal eochannel sbeneath Pliocenepla-
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. Thissuggeststhat several stagesof mineral-
ization occurred during Jurassic and Eocene time, as has
been demonstratedinthe Highland Bell and Carmi minesto
the south (e.g., Watson et al., 1982).
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Introduction

The purpose of this project isto combine geological, seis-
mic-reflection and magnetotelluric (M T) datain 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, wherepossible, and theresultswill becombined with
reprocessed seismic-reflection profilesand drillhole infor-
mation. The seismic dataand drillholesallow detailed map-
ping of structural and stratigraphic variations, while the
MT datawill 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 anumber 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 quantitiesof metals.
For example, the Creston Formation (Revett Formation in
the United States) isamajor producing interval for copper
mineralsinthe Troy, Montanore, Rock Creek and other de-
positsin Montana, and the upper Aldridgeis 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

Keywords: British Columbia, geophysics, seismic reflection,
magnetotelluric, Purcell Anticlinorium, Sullivan deposit
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throughout the Purcell Anticlinorium (Figure 1). Regional
datawere recorded by LI THOPROBE but are not of suffi-
ciently high resolution for this study. Dataacquired 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.

Morethan 200 M T stationswererecorded during the 1980s
in aseries of linesthat cross the eastern part of the Purcell
Anticlinorium in Montanaand 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
whichwereanalyzed by Guptaand Jones (1995). Initial (1-
D) inversionsof theMT databy Guptaand Jones (1995) in-
dicated that thereisa 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-
versionswerenot commonly applied. Thus, moreadvanced
techniques may provide enhanced detail so that the el ectri-
cal structure can be correlated to stratigraphic and struc-
tural featuresthat are observed in the seismic data. Thisap-
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. TheMT inversionswill becompleted by
acontractor such that the results can be combined with the
seismic geometry, surface geology and drillhole data to
map the subsurface variations in electrical conductivity.
Theinversions should be completed by the end of 2016, so
merging of the resultswith the seismic data should be com-
pleted in early 2017. The results should help to delineate
stratigraphically controlled zoneswith high electrical con-
ductivity in the subsurface that may contain concentrations
of sulphidesbut which, at the present time, arenot 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 (* KnowledgeHub’). 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 alows the project participants
to evaluate the technical feasibility of the project while
gauging stakeholder buy-in. AsCMIC isanational organi-
zation, the initiative may be used as amodel for the devel-
opment of additional Knowledge Hubsin 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 leadisCMIC, withitsroleasakey
mining industry association for devel oping innovation pro-
jects. It provides overall project management and isthein-
terface between the project participants and project stake-
holders (i.e., mining companies, regulatory agencies,
communities, etc.). Given Geoscience BC'sstrong 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 beganidentifying challengesasso-
ciated with accessibility to environmental datafor the min-
ing sector and the public. Water quality data was high-
lighted as a key priority, given the importance of sound

Keywords: British Columbia, environmental data, water quality
data, baseline data, data preservation, open data, transparency,
innovation, social acceptance
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water management to both the resource sector and to all
British Columbians.

Todo so, the organization engaged in outreach to determine
initiatives that would address some of the challenges sur-
rounding accessto water quality data, while also exploring
many of the opportunitiesthat exist in therealm of environ-
mental data.

At the same time, Geoscience BC sought strategic partner-
shipswith organizationswithin the mining ecosystem. This
would leveragethe skillsand expertise of the partnering or-
ganizations and create new avenues for collaboration.

CMIC Project Background

TheCanadaMining Innovation Council isanational, mem-
ber-based and industry-led organization. Its mandate is to
lead innovation in the Canadian mining sector. Members of
CMIC—through itstechnical 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. Itsroleisto 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 isan integral component of water management
activities for mine development and operations. The data
and interpretations are critical for:
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e establishing baseline water quality conditions;

e determining any deleterious effects of mining opera-
tions on water resources,

e devising water management strategies, including im-
pact mitigation strategies;

e implementing corrective actions;

e informing water treatment strategies and their efficacy;
and

e 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. Thisincludes
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 toolsfor 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 operationsand closure/post-closure):

e BC Environmental Assessment Office (BC EAO)

e BC Ministry of Energy and Mines (BC MEM)

e BC Ministry of the Environment (BC MOE)

e Canadian Environmental Assessment Agency (federal)

e Environment and Climate Change Canada (ECCC; fed-
eral)

Each of the above agencies have different requirementsfor
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) aspart 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. Thedataarethen storedin an el ectronic database.

Data Loss

Environmental data loss is problematic across the mining
sector. A predominant point at which this occurs is when
mineprojectsaretransferred between companies. Thismay
occur at the project development stage (e.g., exploration,
assessment) and/or during the operational stage.

Dataloss can occur wheremining companiessubmit datato
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
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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 improveitsenvironmental stewardship.
There may be distrust of mining companies as well as ap-
prehension of thereal and perceivedimpactstotheenviron-
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 areincreasing transparency aswell
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
caningest and storewater quality datarel ated to devel oping
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 aready, but not in aform that is broadly usable.

Thethree sources of datahave beenidentified for inclusion

in the pilot phase of the Knowledge Hub are

e baselinedatasubmitted aspart of environmental assess-
ments to the BC EAO,

e compliance data submitted to regulatory bodies (i.e.,
BC MoE and BC MEM), and

e 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 isbeing completed to iden-
tify a permanent platform for the data.

Extracting Value from Data

A goal of the Knowledge Hub isto 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

Geoscience BC Summary of Activities 2016



"91ISUOM 9210 IUSWISSISSY [BIUSWIUOIIAUT BIGWIN|OD YSig dy) 01 YoBg Mul| © Buimoj|o} Jo S|ierad [euonippy
MB3IA, Bupjolo Ag erep 1odal 8yl MaIA UBD Jasn \ "JUBWISSASSE [eluawuoliAua ul19afoid e 1o} Alfenb Jayem auljaseq sureiuod Jeyl paidalas (4ad ul) uodal e Buimoys ainided usalos T ainbi4

¥ H At
MELELYL MOy fuot/er 9zer :aiM Sieren “
No£Lloz8s  wel

si1afeq aseg ® +
|eLysaaL [
Ayjenp ay o

eyeq Aipsnpuj 0 +

eleg 4N [ +
< suones07 aB61eydsia ZL0Z YININ & @

eleq YINA [ —
[ 4 suopedoq sjdwes (7102-+961) SN3 (]

suojes07

Gedéscience BC

-

a|duwes (Guasald-vL02) SNI & (&)

Blea SN B —
¢ suoness Ajend Jarep 7]
¢ mﬁm.aoioﬁtmuum_mm)wm ﬂ

eleq oVl (A —

Ayjijenp J1a1ep ® -

R ECPULISY x = siake]
¥oEm Pt o
: O HE | Tf Ayjenbisiem=J1amalA; /Asa/wod3gaduspsoabsib//sdny @ | D ¢ D
X o - n '//x L 4o} 1amaI xe410099) \

261

Geoscience BC Report 2017-1



‘paueyd aq 01 AW I9A0

siajaweled Ayrenb Jayem ui sabueyd ayl smoje Aljeuonouny leuoippy ‘ulod reys 1e ase sisyewered Alenb Jayem ay) yeym a9s 03 Julod e 109]9S UBD JBSN VY "WBISAS Juswabeue\ [eluswuol
-IAUT JUBWIUOIAUT JO ANSIUI BIqWIN|OD Yysiiig ayl wody siutod Bunionuow Aljenb sarem yum uonelado auiw e jo abew ayijjares e buimoys wiope|d Arelodwal syl woly ainyded usalods 'z ainbi4

SA SNAUI/SIND 's21ydelboas Jejsyyiey . .
M -6E06TLEL HMOT g Buoy/reT ozer :amim A

N.l£665CS  3e] R

Gedscience BC

~ejeq puiq

siohe] Zmy  sU

siokeqaseg x4

|eL3saliaL

Ajenp 1y
eyeq Ausnpu +
e1eq [4dN +

suone>ot abieydsiq ZLoZ WINW -~ & (4
Bled YININ (4 —
suopesoT sjdwes (#10z-#961) SN3

suojedxoT

sjdwes (uasaid-rL02) SWI — § (A
EleQSN3 (A —

suoneys Ayjent Jajem .‘. ?

.

spafoid Ova pareps &
eleqovl @ —
Ayenp solem (& —

s1afeT

: O | E ¥ Ayjenbisiem=1amain; /Ase/woddqeduadsoabsib//isduy @ | O >

X |H 40} 19aM3IA X8H02095) \a

Geoscience BC Summary of Activities 2016

262



Gedscience BC

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
inan‘asis, whereis format. Although lessthan ideal, this
approach mitigates validation and verification risks that
may arise during data conversion. Where possible, the pro-
ject team isworking with mining companies and anal ytical
labsto access datasets directly. Thisapproach 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—israpidly 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.

Geoscience BC Report 2017-1

TheKnowledgeHubisafirst 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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VISION

Earth science for everyone

MISSION
We are a trusted partner providing earth science to

encourage investment that benefits all British Columbians

1101 - 750 West Pender Street
Vancouver BC, V6C 2T7

info@geosciencebc.com
www.geosciencebc.com
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