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Foreword

Geoscience BC is pleased to once again present results from our ongoing projects in our annual Summary of Activities publi-
cation. Following on from last year, we are publishing the papers in two separate volumes: Energy and Water, and this vol-

ume, Minerals and Mining. Both volumes are available in print and online via www.geosciencebc.com.

Summary of Activities 2018: Minerals and Mining

This volume, Summary of Activities 2018: Minerals and Mining, contains 12 papers from Geoscience BC—funded projects
or 2018 scholarship recipients that are within Geoscience BC’s strategic focus area of minerals. The papers are divided into
three sections, based on Geoscience BC’s strategic objectives of

1) Identifying New Natural Resource Opportunities;
2) Advancing Science and Innovative Geoscience Technologies; and

3) Facilitating Responsible Natural Resource Development.

In the first section, Identifying New Natural Resource Opportunities, Rioseco et al. discuss ongoing work interpreting struc-
ture, metamorphism and exhumation to provide context for mineral deposits in the interface between the Purcell
Anticlinorium and the Kootenay Arc in southeastern British Columbia (BC). Simister et al. (including scholarship recipient
Tulianella Phillips) provide an update on using microbial-community fingerprinting in mineral-deposit exploration, and
scholarship recipient Luck (et al.) discusses the use of hydrocarbon-pathfinder techniques as a geochemical means to ex-
plore for Cu-porphyry and related deposits in BC. Kuppusamy and Holuszko examine rare-earth elements in BC coalfield
samples, and present preliminary characterization and extraction findings.

Inthe Advancing Science and Innovative Geoscience Technologies section, Bouzari and Hart identify key features of zircon
that are indicative of porphyry-fertile plutons in BC. Scholarship recipients Binner (et al.) and Graham (et al.) highlight
mineral-deposit studies of the IKE and Iron Cap deposits, respectively. Scholarship recipient Miller (et al.) presents prelimi-
nary lithological descriptions, stratigraphic sequences and structural work near the Big Bulk Au-Cu porphyry system and
Red Mountain Au deposit in northwestern BC. Finally, Mackay et al. give an update on using Roben Jig technology to clean
coal, this year’s refinement of the washing capabilities benefiting from a rare single-seam run at an operating industrial-
washing plant that enabled a direct comparison with the laboratory results.

Finally, in the Facilitating Responsible Natural Resource Development section, Fraser introduces two new Geoscience
BC—supported projects that will tackle microbial health and biodiversity as part of mine-site reclamation. Scholarship re-
cipient Vanderzee (et al.) presents carbon-sequestration research focused on the Baptiste minesite in central BC.

Geoscience BC Minerals and Mining Publications 2018

In addition to the two Summary of Activities volumes, Geoscience BC releases interim and final products from our projects
as Geoscience BC reports. The following thirteen Minerals and Mining reports were published in 2018:

e Eleven technical papers in the Geoscience BC Summary of Activities 2017: Minerals and Mining volume (Geoscience
BC Report 2018-01)

e Midas High Resolution Magnetic and Radiometric Survey: Search Project Phase II1, by CGG (Geoscience BC Re-
port 2018-03)

e Producing Clean Coal from Western Canadian Coal Fields Using the Water-Based Roben Jig, by M. Mackay, R.
Leeder, L. Giroux, M. Holuszko, H. Dexter and D. Thomas (Geoscience BC Report 2018-03)

e Enhancing Geochemical Precision by Analyzing the Clay Fraction in Till: Cost-Benefit Study from the TREK
Project Area, British Columbia, by P.W.G. van Geffen and E.B. Bluemel (Geoscience BC Report 2018-05)

e Advanced Processing of the TREK Project Geochemical Data: Identifying and Enhancing Geochemical
Anomalies in the TREK Project Area Using Sediment Transport Modelling Combined with Multimedia and
Multivariate Data Analysis, by D. Sacco, R. Lett, W. Jackaman and B. Elder (Geoscience BC Report 2018-07)

o Merging Geological, Seismic Reflection and Magnetotelluric Data in the Purcell Anticlinorium, by F.A. Cook
(Geoscience BC Report 2018-09)
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Adding Value to Regional Till Geochemical Data through Exploratory Data Analysis, TREK Project Area, Cen-
tral BC: Final Results, by E.B. Bluemel (Geoscience BC Report 2018-10)

Geology of the Greenwood Map Sheet (NTS 082E/02), by T. Hoy (Geoscience BC Map 2018-11)

Geology and Mineral Potential of the TREK Area, Northern Interior Plateau, Central British Columbia, Parts of
1:250,000 NTS Sheets 093B, C, F and G, by J.J. Angen, C.J.R. Hart, R.S. Kim and M. Rahimi (Geoscience BC Report
2018-12)

Integrated Assessment of Regional Stream-Sediment Geochemistry for Metallic Deposits in Northwestern Brit-
ish Columbia (Parts of NTS 093, 094, 103, 104), Canada, by CSA Global Canada Geosciences Ltd. (Geoscience BC
Report 2018-14)

A Compilation of Quality Control Data from Geoscience BC Regional Geochemical Survey (RGS) Initiatives, by
W. Jackaman (Geoscience BC Report 2018-15)

Mineralogical and Geochemical Characteristics of Porphyry-Fertile Plutons: Guichon Creek, Takomkane and
Granite Mountain Batholiths, South-Central British Columbia (NTS 0921, P, 093A, B), by F. Bouzari, C.J.R. Hart,
T. Bissig and G. Lesage (Geoscience BC Report 2018-17)

Detrital Gold as a Deposit-Specific Indicator Mineral by LA-ICP-MS Analysis, by D.A. Banks, R.J. Chapman and
C. Spence-Jones (Geoscience BC Report 2018-21)

All releases of Geoscience BC reports and data are published on our website and are announced through our website and e-
mail updates. Most final reports and data can also be viewed or accessed through our Earth Science Viewer at
http://www.geosciencebe.com/s/WebMaps.asp.
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Relationship between Deformation and Metamorphism in the Interface
between the Purcell Anticlinorium and the Kootenay Arc,
Southeastern British Columbia (NTS 082F, G)

N.A. Rioseco, Department of Geoscience, University of Calgary, Calgary, AB, nicole.rioseco@ucalgary.ca

D.R.M. Pattison, Department of Geoscience, University of Calgary, Calgary, AB

R.E. Ashton, Department of Geoscience, University of Calgary, Calgary, AB

Rioseco, N.A., Pattison, D.R.M. and Ashton, R.E. (2019): Relationship between deformation and metamorphism in the interface between
the Purcell Anticlinorium and the Kootenay Arc, southeastern British Columbia (NTS 082F, G); in Geoscience BC Summary of Activities

2018: Minerals and Mining, Geoscience BC, Report 2019-1, p. 1-14.

Introduction

The area between the towns of Kimberley, Creston and
Crawford Bay in southeastern British Columbia (BC) en-
compasses the interface between two major Cordilleran
tectonic domains, the Purcell Anticlinorium and the Koo-
tenay Arc. These domains comprise part of the mineralogi-
cally rich East Kootenay region. The aim of this project is to
elucidate changes in structure, metamorphism and exhu-
mation history across the interface to provide further geo-
logical context for the different types of mineral deposits
that occur within the region.

Regional Geology

The study area (Figure 1) straddles the interface between
marginal rocks of North American affinity (Monger et al.,
1982) to the east, and pericratonic and accreted island-arc
rocks (Monger et al., 1982; Unterschutz et al., 2002) to the
west. This region owes its complexity to a history of geo-
logical evolution that spanned roughly 1.4 billion years,
from the Mesoproterozoic to the Eocene. The eastern por-
tion of the field area is dominated by the Purcell Anticli-
norium, a regional-scale, northwest-plunging anticlinal
structure that is cored by rocks of the Belt-Purcell Super-
group (BPSG). This regional structure transitions west-
ward into the Kootenay Arc, an arcuate salient composed of
Neoproterozoic through Paleozoic pericratonic and ac-
creted island-arc rocks.

The study area is primarily situated within rocks of the
BPSG that occupy the core of the Purcell Anticlinorium
(Figure 2). The BPSG comprises rift-related clastic rocks
and synsedimentary mafic sills interpreted to have been de-
posited in an intracratonic rift basin (Price, 1964; Harrison,
1972). The lowermost unit of the BPSG, the Aldridge For-
mation, comprises predominantly turbiditic deposits. The

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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age of clastic rocks of the BPSG is constrained by the age of
the Moyie Sills that are hosted in rocks of the Aldridge For-
mation (Hoy, 1989). On the flanks of the Purcell Anti-
clinorium, Belt-Purcell strata are unconformably overlain
by a Neoproterozoic sequence of sandstone and conglom-
erate interbedded with pelitic and carbonate rocks known
as the Windermere Supergroup (WSG). On the western
flank of the Purcell Anticlinorium, where it transitions into
the Kootenay Arc, the WSG is unconformably overlain by
pericratonic, coarse clastic and carbonate Paleozoic rocks
that are part of the Kootenay Arc (Bond et al., 1985;
Warren, 1997; Colpron et al., 2002).

In addition to a younging of stratigraphy, the westward
transition from the Purcell Anticlinorium into the Kootenay
Arc is marked by a change in structural style, metamorphic
grade, and cooling history. The Purcell Anticlinorium con-
tains some of the oldest rock exposures in the Cordillera
and preserves evidence of structures and metamorphism
that are stratigraphically restricted to rocks of Mesopro-
terozoic age. The Purcell Anticlinorium was affected by
three cryptic, Proterozoic orogenic events, the ca. 1350—
1300 Ma East Kootenay orogeny, a ca. 1050 Ma Grenville-
age event and the ca. 900-800 Ma Goat River orogeny
(Leech, 1962; McMechan and Price, 1982; McFarlane and
Pattison, 2000; McFarlane, 2015). Despite this orogenic
history, and the later effects of Cordilleran deformation that
created the Purcell Anticlinorium, Belt-Purcell rocks in the
core of the Purcell Anticlinorium preserve primary sedi-
mentary structures and appear to be generally undeformed.

One of the primary features of the transition from the Pur-
cell Anticlinorium to the Kootenay Arc is a change in struc-
tural style. The Kootenay Arc preserves evidence of at least
three phases of intense structural modification regionally,
and up to five locally, which took place during the Meso-
zoic (Moynihan and Pattison, 2013; Webster and Pattison,
2018). These rocks are characterized by more ductile defor-
mation and higher grades of metamorphism attributed to
Cordilleran orogenic processes spanning the Early Jurassic
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Figure 1. Regional geology of the southeastern Canadian Cordillera in southeastern British Columbia. Study area indicated by black out-
line. Map modified from Webster and Pattison (2018), originally after Wheeler and McFeely (1991).

through Eocene. The extent to which Mesozoic deforma-
tion and metamorphism associated with the Kootenay Arc
impinged upon the Purcell Anticlinorium is poorly
understood and is the focus of this study.

The metamorphic grade of BPSG rocks within the Purcell
Anticlinorium is relatively low, within the chlorite and bio-
tite subzones of the greenschist and lower amphibolite fa-
cies (Leech, 1962; Read et al., 1991; Pattison and Seitz,
2012). High grade rocks (andalusite-sillimanite zone)
within the Purcell Anticlinorium are restricted to the Mat-
thew Creek metamorphic zone (MCMZ), a fault bounded
domain west of Kimberley, BC. These rocks are interpreted
to have resulted from a local thermal perturbation, likely as-

sociated with mafic intrusions during the East Kootenay
orogeny (McMechan and Price, 1982; McFarlane and Pat-
tison, 2000; McFarlane, 2015). Westward into the Koote-
nay Arc, there is a contrasting metamorphic history, in
which the rocks were ductilely deformed, metamorphosed
and intruded over several pulses between 180 and 50 Ma
(Archibald etal., 1983, 1984; Klepacki, 1985; Leclair et al.,
1993; Moynihan and Pattison, 2013; Webster and Pattison,
2018). Regional metamorphic grade within the Kootenay
Arc ranges from greenschist to middle amphibolite facies.
Evidence of amphibolite-grade metamorphism is repre-
sented by Barrovian (kyanite-sillimanite—type) metamor-

Geoscience BC Summary of Activities 2018: Minerals and Mining
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Figure 3. (Left) Potassium-argon cooling ages in biotite from the

Kootenay Arc (from Archibald et al., 1984); contour interval 10 million

years. (Right) Potassium-argon cooling ages from the Purcell Anticlinorium (from McMechan and Price, 1982). Location of figures shown

on Figure 1, indicated by black outline.

phic zones that locally reach sillimanite+potassium-feld-
spar grade (Leclair, 1982; Moynihan and Pattison, 2013;
Webster and Pattison, 2018).

A prominent westward decrease in K-Ar and Ar/Ar cooling
ages in hornblende and micas (Figure 3) indicates that peak
metamorphism within the Purcell Anticlinorium is much
older than that of the Kootenay Arc. Hunt (1962) and
McMechan and Price (1982) reported K-Ar ages in horn-
blende and micas in the range 1318-600 Ma. Metamorphic

mineral growth in the core of the Purcell Anticlinorium
must have happened prior to exhumation of these rocks,
and therefore is restricted to the Proterozoic. In contrast,
metamorphosed Neoproterozoic through Paleozoic strata
in the Kootenay Arc, where they interface with the Purcell
Anticlinorium, yield K-Ar and Ar/Ar ages in the range of
90—45 Ma, indicating much younger, Mesozoic and Ceno-
zoic, metamorphism and exhumation (Figure 3; Archibald
et al., 1983, 1984; Webster and Pattison, 2018).

Geoscience BC Summary of Activities 2018: Minerals and Mining
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Structure

There is a change is structural style that occurs across the
interface between the Purcell Anticlinorium and the Koote-
nay Arc. A distinction is made between Purcell Anti-
clinorium—type structures, which are characteristic of
rocks of the BPSG in the core of the Purcell Anticlinorium,
and Kootenay Arc—type structures, which are associated
with Cordilleran orogenesis. The following sections utilize
the subscripts ‘ps’ and ‘x4’ to differentiate between Purcell
Anticlinorium—type and Kootenay Arc—type structures.

Purcell Anticlinorium—Type Structures

Rocks of the lower, middle and upper Aldridge Formation
occur as thick, planar-bedded, turbiditic deposits. These
strata consist predominantly of massive sandy units, which
range from 0.5—1 m in thickness, and are irregularly inter-
bedded with thinner (5—-10 cm) silty layers (Figure 4a). The
Moyie Sills occur mainly in lower and middle Aldridge
rocks; they are typically massive and commonly preserve

ophitic, igneous textures (Figure 4b). These units are typi-
cally on the order of 610 m thick.

Bedding (Sy), as well as primary sedimentary structures,
are well preserved within Belt—Purcell rocks in the core of
the Purcell Anticlinorium (Figure 4c). An S; penetrative,
slaty cleavage (Figure 4d) is present throughout the pelitic
portions of the Aldridge Formation. This cleavage is re-
ferred to as Sipa, and generally dips within a range of 15—
30° from that of Sy. The Sips cleavage is stratigraphically
restricted to rocks of the Belt-Purcell Supergroup, indicat-
ing that cleavage development occurred prior to deposition
of the Windermere Supergroup. Leech (1962) noted that
there is a lack of recognizable fold structures that can be re-
lated to S;pa. Although referred to here as Sp,, this cleav-
age is a structure that is intrinsic to rocks of the Belt-Purcell
Supergroup in parts of the Purcell Anticlinorium that have
not been overprinted by Kootenay Arc—type structures.

Figure 4. Photos and photomicrographs of representative units and structures in the study area: a) exposure of the Aldridge Formation from
within the core of the Purcell Anticlinorium near Kitchener, BC; b) photomicrograph of a typical Moyie Sills sample collected near St. Mary
Lake, BC; c) soft-sediment deformation observed near Lumberton, BC; d) S+pa cleavage developed within the pelitic interbeds of the
Aldridge Formation near Yahk, BC.

Geoscience BC Report 2019-1
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Kootenay Arc—Type Structures

Evidence of three deformation events in the Kootenay Arc
was observed in rocks of the Windermere Supergroup, as
well as in younger, coarse Paleozoic clastic rocks that com-
prise the easternmost portion of the Kootenay Arc. The pri-
mary fabric of these rocks is a steeply dipping, penetrative
cleavage (Sika) that is manifested as a phyllitic fabric,
which is subparallel to bedding. The Sk cleavage is over-
printed by a spaced cleavage (S,k) that dips moderately to
the east (Figure 5a) and is axial planar to folds of Sk (Fig-
ure 5b). Sub-horizontal lineations (L,k 4 ) present on the sur-
face of Sk are generally north trending and are coincident
with the constructed F, fold axis in both S, measured in
WSG and younger strata, as well as in Sig4 (Figure 5c). A
third deformation phase (D3) resulted in the crenulation of
the Syka surface (Figure 5d), and is manifested as a near-
vertical, south-southwest-trending lineation (L;ks) on the
surface of Sk, (Figure 5c).

Impingement of Kootenay Arc—Type
Structures on the Western Flank of
the Purcell Anticlinorium

Kootenay Arc—type structures are restricted to the northern
portion of the field area (Figure 6a—c). The Gray Creek
Road, which connects the towns of Kimberley and Craw-
ford Bay, BC, allows for an examination of the change in
structural style across the interface between the Purcell
Anticlinorium, in which Sy and S;p (Mesoproterozoic) are
the dominant structures, and the Kootenay Arc, which is
characterized by a series of three overprinting Mesozoic
structures.

Kootenay Arc—type structures are measured in Belt—
Purcell rocks on the western flank of the Purcell Anti-
clinorium. The most easterly indication of Mesozoic struc-
tural modification within the Purcell Anticlinorium occurs
near St. Mary Lake within the lower Aldridge Formation

Figure 5. Photos and photomicrographs of representative units and structures in the study area: a) relationship between phylitic fabric
(S1ka) and spaced cleavage (Saka) in rocks of the Windermere Supergroup along the western side of the Gray Creek transect near Crawford
Bay; b) fold in rocks of the Windermere Supergroup along the western side of the Gray Creek transect, with an axial-planar Syka cleavage
(S2ka), and inset of photomicrograph of small-scale fold and Syka cleavage from the same locality; ¢) exposure of Loka and Laka in phylite
along the western side of the Gray Creek transect; d) crenulation (Lska) of the Syka surface along the western side of the Gray Creek
transect.

Geoscience BC Summary of Activities 2018: Minerals and Mining
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where folding and crenulations of S;ps occur, as well as
within the MCMZ west of Kimberley (McFarlane and
Pattison, 2000). Within the westernmost exposures of the
Aldridge Formation, as well as in younger Belt—Purcell
rocks, Syka crenulations are intensified into a pervasive
S,k a schistosity. Locally, Lk a is also developed in rocks of
both the Belt—Purcell and Windermere Supergroups.
Stereonet analysis indicates that large-scale folding of the
Purcell Anticlinorium is related to the Dok s, Mesozoic de-
formation that is responsible for the development of Syxa
and Lyka. Constructed fold axes defined by S, in Belt—
Purcell rocks and Sipa are roughly coincident with the clus-
ter of axes of Lok crenulations of S;ps. The same is true for
constructed fold axes defined by Sy in WSG and younger
rocks, as well as Sixa measured in both BPSG and WSG
and younger rocks, although the former plunge shallowly
south rather than shallowly north (Figure 7).

The occurrence of overprinting Mesozoic structures char-
acteristic of the Kootenay Arc within Belt-Purcell Super-
group rocks in the western margin of the Purcell Anti-
clinorium suggests that Kootenay Arc—type deformation
propagated across the Windermere—Belt-Purcell uncon-
formity into these older rocks. Although Kootenay Arc—
type crenulations (Syka) are found near the St. Mary Lake
area, the structural interface between the Purcell
Anticlinorium and the Kootenay Arc is interpreted as the
easternmost development of S;xa, which occurs farther
west, within 10-15 km east of the Windermere—Belt-
Purcell unconformity. Here, Sixa, the penetrative phyllitic
schistosity that is characteristic of Kootenay Arc—type de-
formation, is the dominant fabric in rocks of the uppermost
units of the Belt-Purcell Supergroup. By contrast, Syka, is
developed throughout the region and overprints both S;xa
and SIPA-

Metamorphism

Evidence of metamorphic grade across the interface is pri-
marily restricted to argillaceous rocks of the Belt—Purcell
and Windermere supergroups, whose bulk compositions
are favourable for porphyroblast growth. Metamorphic
grade in the Purcell Anticlinorium falls within the chlorite
and biotite subzones of the greenschist and lower amphibo-
lite facies (Figure 8), rocks are characterized by the assem-
blage plagioclaset+quartz+muscovite+chloritetbiotite.
There is no significant variation in the distribution of min-
eral assemblages across the Purcell Anticlinorium, indicat-
ing that the five samples that lack biotite are the result of re-
stricted bulk compositions rather than a lower metamorphic
grade. Similarly, the Moyie Sills, which are restricted to the
lower and middle Aldridge Formation, do not show any sig-
nificant variation in metamorphic grade across the Purcell
Anticlinorium, and are characterized by the mineral assem-
blage plagioclase+quartztchloritexbiotite+horn-
blende+actinolite+epidote. Variable occurrences of garnet

in the Purcell Anticlinorium will be discussed in more
detail below.

The Kootenay Arc is characterized by three distinct epi-
sodes of metamorphism spanning the Middle Jurassic to the
Late Cretaceous (Moynihan and Pattison, 2013; Webster
and Pattison, 2018). The easternmost edge of the Kootenay
Arc, where it interfaces with the Purcell Anticlinorium, is
characterized by an elongate belt of regional, Barrovian
metamorphism (Figure 8). East of Kootenay Lake, meta-
morphic grade decreases eastward from sillimanite+potas-
sium-feldspar to biotite zone within Windermere and youn-
ger rocks. Peak metamorphic grade is about the same
(biotite zone) as that of older metamorphic rocks of the
BPSG beneath the Windermere unconformity (Moynihan
and Pattison, 2013). For this reason, an investigation of
mineral growth with respect to microstructures is necessary
to determine the timing of metamorphism across the region.

Metamorphism with Respect to Deformation

Within the northern portion of the field area, consisting of
argillaceous rocks of the Aldridge Formation, porphyro-
blasts of chlorite show evidence of internal deformation, as
well as alignment within the plane of the Spa foliation (Fig-
ure 9a, b). These fabrics indicate that porphyroblast growth
occurred prior to the development of S;pa; metamorphic
conditions responsible for the growth of these minerals
must have occurred during the Proterozoic. The last occur-
rence of porphyroblasts in Belt—Purcell rocks that predate
the development of Sips roughly coincides with the first
signs of Kootenay Arc—type structures. Within rocks of
both the Belt—Purcell (Figure 9¢), and Windermere super-
groups (Figure 9d, e) that exhibit Kootenay Arc—type de-
formation, porphyroblast growth appears to be intertec-
tonic, between Dig and Dyga, meaning biotite of this type
cannot be Mesoproterozoic. The Sk, cleavage is folded
into microlithons between the cleavage planes of Syka.
Straight inclusion trails in biotite porphyroblasts indicate
that mineral development preceded folding associated with
S->ka. Additionally, the spaced S,k a cleavage wraps biotite
porphyroblasts (Figure 9c—¢). In the westernmost portion
of the field area, along the eastern shoreline of Kootenay
Lake, pre-S;ka biotite occurs both as large porphyroblasts
thatare wrapped by S,k (Figure 9¢), and as finer grains that
were folded with S k4 (Figure 9f). In both cases, biotite
growth preceded the development of Syi 4. Microstructural
analysis implies that some of the biotite in Belt—Purcell
rocks, specifically those close to the interface with the Koo-
tenay Arc, developed during the Mesozoic, not the Meso-
proterozoic. Therefore, biotite of Mesoproterozoic age
does not extend westward all the way to the Windermere
unconformity and Mesozoic metamorphism affected Belt—
Purcell rocks in the Purcell Anticlinorium.
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Figure 7. Stereonet analysis of all measured structures (equal angle projections, lower hemisphere): a) poles to Sy in Belt-Purcell rocks
with associated Dyka structures; b) poles to S1pa with associated Doka structures; ¢) poles to Sy in Windermere and younger strata with asso-
ciated Dyka structures; d) poles to Sika with associated Doka structures; e) Doka structures: overall mean Syka, mean Syka measured in the
Belt—Purcell Supergroup (BPSG), mean Syka measured in the Windermere Supergroup (WSG) and younger rocks, and Lyka lineations;
f) D; lineations.
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Figure 9. Photomicrographs indicating the relationship between porphyroblasts and rock fabrics, along with a map indicating sam-
ple locations (letters match those identifying the photomicrographs) in the study area: a) pretectonic chlorite from the Aldridge For-
mation; b) pretectonic chlorite from the Aldridge Formation; ¢) intertectonic biotite from the uppermost units of the Belt—Purcell
Supergroup; d) intertectonic biotite from the Windermere Supergroup; e) intertectonic biotite from the Windermere Supergroup;
f) pre Soka biotite from the Windermere Supergroup. Abbreviations: Bt, biotite; Chl, chlorite; MCMZ, Matthew Creek metamorphic
zone.
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Figure 10. Garnet-bearing rocks in the Purcell Anticlinorium in the study area: a) field setting of garnet-bearing rocks on Mount Mahon;
b) photomicrograph of garnet-biotite rock from Mount Mahon; c) field setting of garnet-amphibole rocks near Mount Olson; d) photomicro-
graph of garnet-amphibole rock near Mount Olson. Abbreviations: Amp, amphibole; An, anorthite; Bt, biotite; Cal, calcite; Grt, garnet; Qz,

quartz.

Garnet in the Purcell Anticlinorium

Five occurrences of garnet-bearing rocks have been identi-
fied within the Purcell Anticlinorium. They include: 1) the
MCMZ west of Kimberley (McFarlane and Pattison,
2000), 2) the Sullivan mine northwest of Kimberley
(DePaoli and Pattison, 2000), 3) the St. Eugene mine in
Moyie (Pattison and Seitz, 2012), 4) Mount Mahon west of
Yahk (Read et al., 1991; Brown and Stinson, 1995), and
5)near Mount Olson east of Yahk (Leech, 1967; Read etal.,
1991). Previous studies indicate that garnet-bearing min-
eral assemblages within the Purcell Anticlinorium are due
to either unusual bulk compositions favourable to garnet
growth (DePaoli and Pattison, 2000; Pattison and Seitz,
2012) or domains of higher metamorphic grade (e.g.,
MCMZ; cf. McFarlane and Pattison, 2000). The presence
of garnet within the Purcell Anticlinorium is of interest be-
cause anomalous garnet-bearing assemblages in metased-
imentary rocks of low metamorphic grade have been asso-
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ciated with prolific mineral deposits within the area (e.g.,
Sullivan and St. Eugene deposits).

Garnet-bearing rocks in the middle Aldridge Formation at
Mount Mahon were identified in a single (though there may
be more) layer ~10 cm thick (Figure 10a) and contain the
mineral assemblage garnett+biotitet+quartz+plagioclase+
clay as an alteration product (Figure 10b). Near Mount
Olson, within the lower Aldridge Formation, garnet-bear-
ing layers ranging in thickness from 5 to 30 cm and with a
maximum stratigraphic separation of ~15 m were identified
in the field (Figure 10c). These rocks contain garnet+am-
phibole+plagioclase+quartz+ilmenite, with either calcite
or chlorite (Figure 10d). A reaction that accounts for garnet
growth at Mount Mahon and Mount Olson is:

muscovite+quartz+calcite+chlorite+H,O = anorthite+
garnet+amphibole+CO,

In both localities, garnet-bearing layers are interlayered
with typical biotite-bearing argillaceous rocks of the
Aldridge Formation. Therefore, localized garnet growth is

Geoscience BC Summary of Activities 2018: Minerals and Mining



Geoscience BC

not the result of higher metamorphic grade and is instead at-
tributed to unusual calcareous bulk compositions. There is
no evidence of mineralization associated with these layers.

Summary

Difficulty in defining the interface between the western
edge of the Purcell Anticlinorium, and the eastern edge of
the Kootenay Arc within the study area is attributed to the
fact that the boundary between the two domains can be de-
scribed in terms of stratigraphy, structure, metamorphism
and exhumation history. Overall, there is a younging of
stratigraphy as the Kootenay Arc is entered, from Mesopro-
terozoic BPSG rocks in the core of the Purcell Anticlinor-
ium to Neoproterozoic and Paleozoic strata in the Kootenay
Arc. However, structurally the interface occurs east of the
unconformity between the WSG and the BPSG, as indi-
cated by the development of Kootenay Arc—type structures,
which are developed within BPSG rocks beneath the un-
conformity. In terms of metamorphism, there is no
discernable change in metamorphic grade across the un-
conformity between the WSG and BPSG, both regions fall-
ing in the biotite zone. Constraining the timing of peak
metamorphism in the interface zone is underpinned by the
interplay between porphyroblast growth and deformation.
Based on these relationships, the metamorphic interface
roughly coincides with the structural interface. However,
the absence of porphyroblasts makes it difficult to tightly
constrain the metamorphic interface within this region.
Work in progress on Ar/Ar cooling ages in biotite and mus-
covite from across the study area will further constrain the
location and nature of this multifaceted interface.

Future Work

Kootenay Arc—type structures observed during fieldwork
associated with this project require correlation with struc-
tures identified in previous studies of deformation within
the Kootenay Arc by Moynihan and Pattison (2013), and
Webster and Pattison (2018). Synthesizing observations
presented in this paper with those of Moynihan and Pattison
(2013), and Webster and Pattison (2018) will more tightly
constrain the timing of metamorphism. The aim is to under-
stand the way in which Mesozoic metamorphism affected
rocks along the margin of North America at the time of Cor-
dilleran orogenesis. Recently acquired Ar/Ar ages in biotite
and muscovite across the field area will allow for an assess-
ment of the marked contrast in exhumation history across
the Kootenay Arc—Purcell Anticlinorium interface, and
how it relates to the stratigraphic, structural and metamor-
phic changes across the transition. This improved under-
standing will provide better constraints on the deforma-
tional, metamorphic and cooling histories of these two
adjacent, regional-scale structural domains. In turn, eluci-
dating their geological evolution will provide better con-
straints on the formation of the many mineral deposits in the

Geoscience BC Report 2019-1

region and improve the understanding of the different types
of mineralization that occur across the interface.

Acknowledgments

The authors would like to thank Geoscience BC for their
continued support of this study. This work was funded by a
Geoscience BC grant to D. Pattison and N. Rioseco, and a
Natural Sciences and Engineering Research Council of
Canada (NSERC) Discovery Grant to D. Pattison. They
would also like to thank J. Forshaw and C. Padget for re-
viewing this manuscript, as well as G. Costigan and M. Laz-
zarotto for additional help and insightful conversation.

References

Archibald, D.A., Glover, J.K., Price, R.A., Farrar, E. and
Carmichael, D.M. (1983): Geochronology and tectonic im-
plications of magmatism and metamorphism, southern
Kootenay Arc and neighbouring regions, southeastern Brit-
ish Columbia, part I: Jurassic to mid-Cretaceous; Canadian
Journal of Earth Sciences, v. 20, p. 1891-1913.

Archibald, D.A., Krough, T.E., Armstrong, R.L. and Farrar, E.
(1984): Geochronology and tectonic implications of mag-
matism and metamorphism, southern Kootenay Arc and
neighbouring regions, southeastern British Columbia, part
1I: Mid-Cretaceous to Eocene; Canadian Journal of Earth
Sciences, v. 21, p. 567-583.

Bond, G.C., Christie-Blick, N., Kominz, M.A. and Devlin, W.J.
(1985): An early Cambrian rift to post-rift transition in the
Cordillera of western North America; Nature, v. 315,
p. 742-746.

Brown, D.A. and Stinson, P. (1995): Geological Mapping of the
Yahk Map Area, southeastern British Columbia: an update
(82F/1); BC Ministry of Energy, Mines and Petroleum Re-
sources, BC Geological Survey, Geological Fieldwork
1994, Paper 1995-1, p. 111-125.

Colpron, M., Logan, J.L. and Mortensen, J.K. (2002): U-Pb zircon
age constraint for late Neoproterozoic rifting and initiation
of the lower Paleozoic passive margin of western Laurentia;
Canadian Journal of Earth Sciences, v. 39, p. 133-143.

De Paoli, GR. and Pattison, D.R.M. (2000): Thermobarometric
calculation of peak metamorphic conditions of the Sullivan
deposit; in The Geological Environment of the Sullivan De-
posit, British Columbia, J.W. Lydon, J.F. Stack, T. Hoy and
M.E. Knapp (ed.), Geological Association of Canada, Min-
eral Deposits Division Special Volume No. 1, p. 272-280.

Harrison, J.E. (1972): Precambrian Belt basin of northwestern
United States: its geometry, sedimentation and copper oc-
currences; Geological Society of America Bulletin, v. 83,
p. 1215-1240.

Hoy, T. (1989): The age, chemistry and tectonic setting of the Mid-
dle Proterozoic Moyie sills, Purcell Supergroup, southeast-
ern British Columbia; Canadian Journal of Earth Sciences,
v. 26, p. 2305-2317.

Hoy, T., Price, R.A., Legun, A., Grant, B. and Brown, D. (1995):
Purcell Supergroup, southwestern British Columbia
(NTS 82G, F, E; 82J/SW, 82K/SE); BC Ministry of Energy,
Mines and Petroleum Resources, BC Geological Survey,
Geoscience Map 1995-1, scale 1:250 000.

13



PN

Geoscience BC

Hunt, G. (1962): Time of Purcell eruption in southeastern British
Columbia and southwestern Alberta; Bulletin of Canadian
Petroleum Geology, v. 10, p. 438—442.

Klepacki, D.W. (1985): Stratigraphy and structural geology of the
Goat Range area, southeastern British Columbia; Ph.D. the-
sis, Massachusetts Institute of Technology, Cambridge,
Massachusetts, 268 p.

Leclair, A.D. (1982): Preliminary results on the stratigraphy,
structure, and metamorphism of central Kootenay Arc
rocks, southeastern British Columbia; in Current Research,
Part A, Geological Survey of Canada, Paper 82-1A, p. 45—
49.

Leclair, A.D., Parrish, R.R. and Archibald, D.A. (1993): Evidence
for Cretaceous deformation in the Kootenay Arc based on
U-Pb and “°Ar/*°Ar dating, southeastern British Columbia;
in Current Research, Part A, Geological Survey of Canada,
Paper 93-1A, p. 207-220.

Leech, G.B. (1962): Metamorphism and granitic intrusions of Pre-
cambrian age in southeastern British Columbia; Geological
Survey of Canada, Paper 62-13, 11 p.

Leech, GB. (1967): K-Ar Isotopic Ages, Report 7, British Colum-
bia; in Age Determinations and Geological Studies,
R.K. Wanless, R.D. Stevens, G.R. Lachance, C.M. Edmonds
(ed.), Geological Survey of Canada, Paper 66-17, p. 9-10.

McFarlane, C.R.M. (2015): A geochronological framework for
sedimentation and Mesoproterozoic tectonomagmatic ac-
tivity in lower Belt-Purcell rocks exposed west of Kimber-
ley, British Columbia; Canadian Journal of Earth Sciences,
v. 52, p. 444-465, URL <https://doi.org/10.1139/cjes-2014-
0215> [November 2018].

McFarlane, C.R.M. and Pattison, D.R.M. (2000): Geology of the
Matthew Creek metamorphic zone, southeast British Co-
lumbia: a window into Middle Proterozoic metamorphism
in the Purcell Basin; Canadian Journal of Earth Sciences,
v. 37, p. 1073-1092, URL <https://doi.org/10.1139/e00-
018> [November 2018].

McMechan, M.E. and Price, R.A. (1982): Superimposed low-
grade metamorphism in the Mount Fisher area, southeastern
British Columbia—implications for the East Kootenay orog-
eny; Canadian Journal of Earth Sciences, v. 19, p. 476—489.

Monger, J.W.H., Price, R.A. and Templeman-Kluit, D.J. (1982):
Tectonic accretion and the origin of the two major metamor-

14

phic and plutonic welts in the Canadian Cordillera; Geology,
v. 10, p. 70-75.

Moynihan, D.P. and Pattison, D.R.M. (2013): Barrovian metamor-
phism in the central Kootenay Arc, British Columbia: pe-
trology and isograd geometry; Canadian Journal of Earth
Sciences, v. 50, p. 769-794, URL <https://doi.org/10.1139/
cjes-2012-0083> [November 2018].

Pattison, D.R.M. and Seitz, J.D. (2012): Stabilization of garnet in
metamorphosed altered turbidites near the St. Eugene lead-
zinc deposit, southeastern British Columbia: equilibrium
and kinetic controls; Lithos, v. 134-135, p. 221-235, URL
<https://doi.org/10.1016/j.1ithos.2011.12.007> [November
2018].

Price, R.A. (1964): The Precambrian Purcell system in the Rocky
Mountains of southern Alberta and British Columbia; Bulle-
tin of Canadian Petroleum Geology, v. 12, p. 399-426.

Read, P.B., Woodsworth, G.J., Greenwood, H.J., Ghent, E.D. and
Evenchick, C.A. (1991): Metamorphic map of the Canadian
Cordillera; Geological Survey of Canada, Map 1714A, scale
1:2 000 000.

Unterschutz, J.L.E., Creaser, R.A., Erdmer, P., Thompson, R.I. and
Daughtry, K.L. (2002): North American margin origin of
Quesnel terrane strata in the southern Canadian Cordillera:
inferences from geochemical and Nd isotopic characteris-
tics of Triassic metasedimentary rocks; Geological Society
of America Bulletin, v. 114, no. 4, p. 462-475.

Warren, M.J. (1997): Crustal extension and subsequent crustal
thickening along the Cordilleran rifted margin of ancestral
North America, western Purcell Mountains, southeastern
British Columbia; Ph.D. thesis, Queen’s University, 477 p.

Webster, E.R. and Pattison, D. (2018): Spatially overlapping epi-
sodes of deformation, metamorphism, and magmatism in
the southern Omineca belt, southeastern British Columbia;
Canadian Journal of Earth Sciences, v. 55, no. 1, p. 84-110,
URL <https://doi.org/10.1139/cjes-2017-0036> [November
2018].

Wheeler, J.O. and McFeely, P. (1991): Tectonic assemblage map
of the Canadian Cordillera and adjacent parts of the United
States of America; Geological Survey of Canada, Map
1712A, scale 1:2 000 000, URL <https://doi.org/10.4095/
133549> [November 2018].

Geoscience BC Summary of Activities 2018: Minerals and Mining



Geoscience BC

Microbial-Community Fingerprints as Indicators for Buried Mineralization,
Southern British Columbia

R.L Simister, Department of Microbiology and Immunology, The University of British Columbia, Vancouver,

BC, risimister@gmail.com

B.P. lulianella Phillips, Mineral Deposits Research Unit (MDRU), Department of Earth, Ocean and
Atmospheric Sciences, The University of British Columbia, Vancouver, BC

P.A. Winterburn, Mineral Deposits Research Unit (MDRU), Department of Earth, Ocean and Atmospheric
Sciences, The University of British Columbia, Vancouver, BC

S.A. Crowe, Departments of Microbiology and Immunology, and Earth, Ocean and Atmospheric Sciences, The

University of British Columbia, Vancouver, BC

Simister, R.L., [ulianella Phillips, B.P., Winterburn, P.A. and Crowe, S.A. (2019): Microbial-community fingerprints as indicators for bur-
ied mineralization, southern British Columbia; in Geoscience BC Summary of Activities 2018: Minerals and Mining, Geoscience BC, Re-

port 2019-1, p. 15-26.

Introduction

As global population grows and modernizes, demand for
mineral resources is expanding (Kesler, 2007). At the same
time, existing orebodies are being exhausted, while the fre-
quency of new discoveries of exposed or partially exposed
deposits diminishes. Demand for mineral resources must
therefore be met through the discovery and development of
buried or concealed mineral deposits. Although mineral re-
source extraction supported the core of the Canadian econ-
omy for more than a century—currently contributing
$56 billion to Canada’s GDP and providing 19% of its
goods exports (The Mining Association of Canada,
2018)—its ability to do so relies on continued discovery of
mineral deposits that may be concealed by overburden.
Finding these mineral deposits beneath exotic overburden
consisting of glacial and preglacial sediments remains a
fundamental and widespread challenge to mineral explora-
tionin Canada (Andersonetal.,2012; Ferbey etal., 2014).

New and innovative techniques that complement, enhance
or even surpass traditional techniques to define the surface
expression of buried mineralization could minimize the
cost of exploration and help in targeting drilling activities
(Kelley et al., 2006). Several recent studies in British Co-
lumbia (BC) have demonstrated the potential for new sur-
face geochemical techniques to lead to the discovery of
concealed orebodies. These include indicator minerals
(Plouffe et al., 2013), soil partial-leach and selective-ex-
traction geochemistry on multiple soil horizons (e.g.,
Bissig and Riquelme, 2010), halogen-element detection
(e.g.,Heberlein and Dunn, 2017), till geochemistry (Reid et

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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al., 2009; Reid and Hill, 2010) and biogeochemistry (Reid
et al., 2009; Reid and Hill, 2010). Each geochemical tech-
nique and media type has both strengths and weaknesses in
identifying buried mineralization.

In particular, geochemical signatures generated from orien-
tation surveys over known deposits are typically noisy with
poor anomaly to background resolution (Stanley, 2003),
show poor reproducibility and have element patterns that
are sometimes difficult to reconcile with mineral-deposit
chemistry and known trace-element mobility patterns
(Heberlein and Samson, 2010). The limited mechanistic
understanding of these techniques has led to compromised
utility by the mineral exploration industry, resulting in less
return on investment than possible. Shortfalls in many of
these commercial techniques to repeat performance shown
in orientation surveys over known mineralization has, in
large part, resulted in questioned use and reliability by ma-
jor exploration companies. Despite these issues, there is
sufficient empirical evidence to indicate causative links be-
tween mineralization beneath transported cover and the
presence of geochemical gradients in the surface environ-
ment (Hamilton, 1998; Kelley et al., 2006; Nordstrom,
2011).

Although much less explored, biological anomalies may be
robust indicators of buried mineralization, and such anom-
alies may be detectable through low-cost, high-throughput
geobiological surveys (Kelley et al., 2006). Micro-organ-
isms kinetically enhance and exploit thermodynamically
favourable geochemical reactions, including the dissolu-
tion and formation of diverse minerals, to support their me-
tabolism and growth in nearly every low-temperature geo-
logical setting (Falkowski et al., 2008). They are acutely
sensitive, often rapidly responding to the dynamics of
chemical and physical gradients in the environment. Subtle
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changes in mineral bioavailability, for example, can be re-
flected in dramatic shifts in composition and activity of mi-
crobial communities (Fierer, 2017). This can be seen at the
global scale as marine-phytoplankton communities re-
spond to traces of iron in seawater, a process that can be
viewed as chlorophyll plumes via remote sensing (Fuhrman,
2009). Application of modern sequencing technologies al-
lows high-throughput profiling of the taxonomic diversity
and metabolic potential of soil microbial communities
across subtle, and often poorly resolved, geochemical gra-
dients. Microbial-community profiles thus have a strong
potential to resolve chemical and physical differences in
sample suites that are not readily discernible through con-
ventional geochemical and geophysical surveys. In resid-
ual terrains, for example, where chemical gradients are
high, changes in bacterial population have been clearly
demonstrated (e.g., Southam and Saunders, 2005; Reith
and Rogers, 2008).

Even outdated techniques with low throughput and resolu-
tion, such as Denaturing Gradient Gel Electrophoresis
(DGGE), that can produce a crude microbial-community
‘fingerprint’ (Wakelin et al., 2012) reveal changes in bacte-
rial communities in soils over buried volcanogenic mas-
sive-sulphide (VMS) deposits. The advent of high-
throughput next-generation sequencing (NGS) platforms
over the last decade has transformed the capacity to interro-
gate the molecular fingerprints of microbial communities
(Binladen et al., 2007; Zhou et al., 2015). Application of
NGS technologies thus allows profiling of the taxonomic
diversity and metabolic potential of soil microbial commu-
nities across defined survey areas. Given that each soil sam-
ple comprises thousands of microbial taxa, each containing
hundreds to thousands of genes sensing and interacting
with the surrounding soil environment (Fierer, 2017), the
statistical power of this approach to identify anomalies is
unprecedented.

The authors therefore propose that high-throughput se-
quencing technologies may enable use of soil microbial-
community profiling as a robust, efficient and cost-effec-
tive tool to identify and locate buried mineral deposits in
BC. In a pilot study, the use of soil microbial-community
fingerprinting with modern DNA sequencing technologies
was employed to find buried mineral deposits (Simister et
al., 2017). This pilot study has shown that exposure of soil
microbial communities to constituents commonly associ-
ated with mineral deposits elicits a response detectable on
laboratory time scales of several weeks. The strong micro-
bial responses observed are encouraging signs for the use
of microbial-community fingerprinting in mineral-deposit
exploration.

British Columbia is host to numerous mineral deposits of
economic value, including a wealth of Cu-porphyry miner-
alization. Successful exploration for these deposits is de-
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pendent on technologies that can detect mineralization
through thick sequences of Quaternary glacial sediments.
The province is an ideal region to evaluate microbial-com-
munity sequencing as an exploration methodology for ‘see-
ing’ through overburden, as multiple field sites can be
tested. Data have been collected from three different Cu-
porphyry systems (Figure 1): 1) the Deerhorn Cu-Au por-
phyry of Consolidated Woodjam Copper Corp. in central
BC, 2) the Highland Valley Copper Highmont South Cu-
Mo porphyry of Teck Resources Ltd. in south-central BC,
and 3) the Mount Washington Cu-Au porphyry on Vancou-
ver Island.

Methodology

Field Locations

Sampling for geochemical and microbiological analysis
was completed in July 2017 for both the Deerhorn Cu-Au
porphyry and the Highland Valley Copper (HVC)
Highmont South Cu-Mo porphyry. An additional Cu-Au
porphyry at Mount Washington on Vancouver Island has
recently been sampled, with fieldwork concluding in mid-
October 2018.

The Deerhorn survey consisted of three transects across
subsurface mineralization (Figure 2), with overlying gla-
cial sediments ranging from 10 to 60 m in thickness and an
extremely variable surficial environment with respect to
regolith and vegetation (Rich, 2016). Mineralization is
hosted primarily in monzonite intrusions as disseminated
and vein-hosted Cu and Au, with the main zone of mineral-
ization located beneath the thick glacial overburden (Rich,
2016).

The Highland Valley sampling program, consisting of three
transects perpendicular to the main mineralized cores in the

* Porphyry deposits

Bedrock

Quaternary sediments

Deerhorn Cu-Au porphyry ‘

ok

l Highland Valley Cu-Mo porphyry
Mount Washington Cu-

Au porphyry *
»

Figure 1: Locations of deposits from which data have been col-
lected for this study.
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Highmont South region (Figure 3), was carried out over
two separate field surveys. The mineralization is expressed
in a gradational change from Cu-sulphide-rich minerals in
the centre (bornite, chalcopyrite) to a primarily Fe-sulphide
(pyrite only)-rich outer zone (Chouinard, 2018), with an

average till thickness above mineralization of 5 m. Sample
sites were selective, as the till in the region was variable,
with changes in vegetation, anthropogenic influences and
areas that have been appreciably waterlogged (Chouinard,
2018).
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Figure 2: Bedrock geology of the Deerhorn Cu-Au—porphyry deposit of Consolidated Woodjam Copper Corp. (Rich and
Winterburn, 2016). Microbial analysis was performed on every sample point.
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Figure 3: Surficial deposits in the Highmont South region of the Highland Valley Copper Cu-Mo—porphyry deposit of Teck Resources Ltd.
(modified from Chouinard, 2018). Microbial analysis was performed on every site.

Soil Sampling

Soils for microbial-community analysis were sampled with
sterilized equipment without field screening, to preserve
the microbial community as much as possible. Descriptions
were documented for in situ physicochemical variables at
each sample site for every observed soil horizon in the pro-
file. Soils at the field sites are derived from the breakdown
of till by surface-weathering processes in situ, so the soils
are considered residual weathering products of the till blan-
ket. The B-horizon soils (Figure 4) were targeted for micro-
bial soil samples, although multiple horizons (including O,
Ah, Ae, and C) were taken where possible. Soil samples
were also collected for geochemical analysis. Field mea-
surements consisted of slurry tests for pH and oxidation-re-
duction potential (ORP) after field sieving through a 6 mm
screen. Geochemical samples for each site were sent to ei-
ther Bureau Veritas Minerals (Vancouver, BC) or ALS
Chemex (Vancouver, BC) for acid-digestion and subse-
quent analysis via [CP-MS, and the microbial samples were
frozen at —4°C upon return to the laboratory at The Univer-
sity of British Columbia (UBC) prior to DNA extraction. A
subset of the Mount Washington microbial samples has
been preserved to perform a cell-count analysis. A small
amount of each soil sample was transferred with aseptic in-
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struments into smaller vials containing an RNA preserva-
tive.

DNA Extraction

Microbial-community DNA was extracted from samples
using a MO BIO Laboratories Inc. PowerMax" Soil DNA
Isolation Kit; as per manufacturer’s instructions, approxi-
mately 0.25 g of soil was used. Resulting DNA was stored
at —20°C. The quality and quantity of genomic DNA were
measured on a ThermoFisher Scientific NanoDrop® ND-
1000 spectrophotometer and by using Invitrogen™
PicoGreen™ (Quant-iT™ dsDNA Assay Kit) dye.

Small Subunit Ribosomal RNA (SSU rRNA)
Gene Amplification and iTag Sequencing

Bacterial and archaeal 16S rRNA gene fragments from the
extracted genomic DNA were amplified using primers 515f
and 806r (Apprill et al., 2015). Sample preparation for
amplicon sequencing was performed as described by Koz-
ich et al. (2013). In brief, the aforementioned 16S rRNA
gene-targeting primers, complete with I[llumina adapter, an
8-nucleotide index sequence, a 10-nucleotide pad se-
quence, a 2-nucleotide linker and the gene-specific primer,
were used in equimolar concentrations together with

Geoscience BC Summary of Activities 2018: Minerals and Mining
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Figure 4. Typical soil profiles for porphyry deposits: a) horizons at
the Deerhorn Cu-Au porphyry deposit of Consolidated Woodjam
Copper Corp., and b) Highmont South property at the Highland Val-
ley Copper Cu-Mo—porphyry deposit of Teck Resources Ltd.
(Chouinard, 2018; Rich, 2016).

Geoscience BC Report 2019-1

Deoxynucleotide triphosphate (ANTPs), Polymerase chain
reaction (PCR) buffer, MgSo,, 2U/ul ThermoFisher high-
fidelity platinum Taq DNA polymerase and PCR-certified
water to a final volume of 50 uL. PCR amplification was
performed with an initial denaturing step of 95°C for 2 min,
followed by 30 cycles of denaturation (95°C for 20 s), an-
nealing (55°C for 15 s) and elongation (72°C for 5 min),
with a final elongation step at 72°C for 10 min. Equimolar
concentrations of amplicons were pooled into a single li-
brary. The amplicon library was analyzed on an Agilent
Bioanalyzer using the High-Sensitivity DS DNA Assay to
determine approximate library fragment size, and to verify
library integrity. Library pools were diluted to 4 nM and de-
natured into single strands using fresh 0.2 N NaOH, as rec-
ommended by Illumina. The final library was loaded at a
concentration of 8 pM, with an additional PhiX spike-in of
5-20%. Sequencing was conducted on the MiSeq platform
at the Sequencing + Bioinformatics Consortium, The
University of British Columbia, Vancouver, BC (The
University of British Columbia, 2018).

Informatics

Sequences were processed using the mothur (Schloss et al.,
2009) MiSeq protocol (Kozich et al., 2013). Briefly, se-
quences were removed from the analysis if they contained
ambiguous characters, had homopolymers longer than
8 base pairs and did not align to areference alignment of the
correct sequencing region. Unique sequences, and their fre-
quency in each sample, were identified and then a pre-clus-
tering algorithm was used to further de-noise sequences
within each sample (Schloss et al., 2011). Unique se-
quences were identified and aligned against a SILVA align-
ment (mothur Project, 2018a). Sequences were chimera
checked using VSEARCH (Rognes et al., 2016) and reads
were then clustered into 97% operational taxonomic units
(OTUs) using the Matthews correlation coefficient (MCC;
Westcott and Schloss, 2017). Operational taxonomic units
were classified using the SILVA reference taxonomy
database (release 132; mothur Project, 2018b).

Results and Discussion

Soil is one of the most complex and diverse microbial habi-
tats, with merely 1 g containing up to 10" cells and 10* bac-
terial species (Torsvik and @vreas, 2002; Roesch et al.,
2007). The current study’s approach relies on the ability to
capture this diversity through next-generation sequencing
technologies. In microbiology, the assessment of diversity
often involves calculation of species richness (number of
species present in a sample; Magurran, 2013). The most
common approach is to assign 16S rRNA sequences into
OTUs and represent these as rarefaction curves, which plot
the cumulative number of OTUs captured as a function of
sampling effort, and therefore indicate the OTU richness in
a given set of samples. Other common methods include
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nonparametric analysis, such as Chaol, which estimates
the overall sample diversity (also known as alpha diversity;
Hughes et al., 2001).

The current study extracted microbial-community DNA
from soil transects at Deerhorn and Highland Valley Cop-
per (Figures 2, 3) and sequenced the 16S rRNA gene. Sam-
ples taken from Mount Washington (Figure 1) are currently
undergoing DNA extraction. Analysis of these sequences
reveals that the number of observed OTUs (hereafter re-
ferred to as species) is 2417 £344 (range 1041-3044), with
an alpha diversity (Chaol index) of 4015 +814 (range

a) Observed number of species
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1784-5666; Figure 5a, b), at Deerhorn and 2671 +445
(range 1068-3768), with an alpha diversity (Chaol index)
of 4066 £710 (range 1663-5763) (Figure 4a, b), at High-
land Valley Copper, indicating that the sequencing cover-
age was sufficient to capture 65% of the microbial-commu-
nity diversity. These levels of diversity are well in line with
diversity commonly observed in soils (Thompson et al.,
2017). These measurements dispel the dogma that ex-
tremely high diversity in soil microbial communities ren-
ders them intractable to molecular-based microbial-com-
munity analysis. There was no pronounced difference in
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Figure 5. Boxplots for Deerhorn and Highland Valley Copper sites of a) observed number of species, and b) Chao1 richness estimates.

Outliers indicated by pink ‘X’ symbols.
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species richness (i.e., the number of species in a given sam-
ple) across the mineralized zone at both Deerhorn and
Highland Valley Copper (Figure 6). The study’s measure-
ments demonstrate that soil diversity can be captured
through next-generation sequencing technologies, which
bodes well for the approach and imparts enormous and un-
precedented statistical power to community profiles as
anomaly indicators.

The number of reads per microbial phylum was normalized
to total read number for a given sample and expressed as a
percentage of the total reads from that sample (Figure 7).
Most microbial-community members belong to the
Proteobacteria, Acidobacteria and Verrucomicrobia phyla
atboth sites (Figure 7). The relative proportions are consis-
tent with previous studies on soil ecosystems (Choi et al.,
2017, Fierer, 2017). This high-level taxonomic analysis re-
veals strong similarities across all samples, thus giving
confidence that the analyses are not overwhelmed by
intersample variability arising because of the very high lev-
els of microbial diversity and chemical and physical hetero-
geneity commonly found in soils. As found with the incu-
bation experiments (Simister et al., 2017); however, the
similarity across the samples suggests that discrimination
between background and anomalous soils may be more
sensitive with analyses at the genus or species level rather
than at the phylum level.

Ongoing Work and Conclusions

The same soil microbial-community members that re-
sponded to the presence of mineralization in the field sam-
ples will be identified using the profiled microbiome com-
positions from the incubation experiments. For example,
the species that increased in response to chalcopyrite ore
and copper amendment relative to controls included
Rhodanobacteria sp., SC-1-84 sp. and Acidimicrobiales sp.
Therefore, particular attention will be paid to any anoma-
lous abundances of these species over the mineralized zone
at the field sites. Furthermore, work is progressing on stan-
dard hierarchical-clustering analysis of the samples to dis-
criminate between background and anomalous values. Spe-
cifically, anomalous versus background communities will
be identified using the multivariate statistical analyses
(UniFrac, ANOSIM) commonly employed in microbial
ecology (Lozupone and Knight, 2005; Ramette, 2007). In-
dicator analyses will be used to identify microbial taxa re-
sponsible for these community anomalies, an example of
which is shown in Figure 8.

Application of modern sequencing technologies enabled
profiling of the taxonomic diversity of soil microbiomes
across subtle, and often poorly resolved, geochemical gra-
dients that can develop in soils in response to mineraliza-
tion beneath cover. Given that each soil sample comprises
thousands of microbial taxa, each containing hundreds to

Geoscience BC Report 2019-1

thousands of genes, the statistical power of this approach to
identifying anomalies is unprecedented.
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Introduction

Hydrocarbon pathfinders are a promising and under-re-
searched tool for nonpetroleum-based mineral exploration
through cover. Historically, most economic mineral depos-
its were discovered as showings of visibly altered or miner-
alized outcrop. Currently in British Columbia (BC), eco-
nomic geologists explore for deposits in terrain that may be
covered by tens to hundreds of metres of till and glaciolac-
ustrine deposits. Traditionally, commodity and pathfinder
elements analyzed by a variety of partial-extraction tech-
niques were integrated with other information, such as geo-
physical or geological evidence, to potentially improve
drilling outcomes. When sampling soils that developed
over poorly understood glacially derived surface sedi-
ments, geochemical signals may be complex and far trav-
elled. This challenge has driven innovation and develop-
ment of other exploration techniques to explore through
transported overburden. Hydrocarbon concentrations in
soil may increase in response to economic mineralization
and have the potential to identify targets beneath cover.

The purpose of this research is the advancement of hydro-
carbon-pathfinder techniques as an open geochemical ex-
ploration tool to explore for Cu-porphyry and related de-
posits in BC. The goals of this project are to

¢ identify the physical, chemical and biological links be-
tween buried economic mineralization and hydrocarbon
concentrations and compositions at surface;

e develop robust, commercially viable and cost-effective
analytical techniques for hydrocarbon analysis; and

e optimize hydrocarbon-sampling methodologies and
strategies.

This research draws on datasets and sample suites gener-
ated by previous research in the Exploration Geochemistry
Initiative research group at the Mineral Deposit Research

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://'www.geosciencebc.com/s/SummaryofActivities.asp.
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Unit (MDRU), primarily from soils overlying the High-
mont South Cu-Mo calcalkalic porphyry deposit in south-

Pacific Ocean

Mt. Washington Au-Ag-Cu epi

United States

Figure 1. Locations of orientation studies for organic compounds
in base- and precious-metals exploration, southern British Colum-
bia.

central BC (Chouinard, 2018) and the Deerhorn Cu-Au al-
kaline porphyry deposit (Rich, 2016) in central BC (Fig-
ure 1). An integrated study of available traditional geochem-
istry, bedrock and Quaternary geology, and physiography
data for these study areas will define hydrocarbon behav-
iour in proximity to mineralized systems. Data analysis
aims to discriminate areas with elevated hydrocarbon abun-
dances generated by barren geology from those of eco-
nomic interest. Additionally, new fieldwork to be under-
taken in the fourth quarter 2018 at the Mount Washington
epithermal Au-Cu-Ag deposit on Vancouver Island will
test the applicability of organic-compound pathfinders
across the continuum of Cu-porphyry systems.

Methods

Pioneering research in organic-compound pathfinders
demonstrated changes in the abundance of organic com-
pounds in soil related to underlying hydrocarbon resources,
geothermal anomalies and mineral deposits (Klusman,
1993).
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There are two strategies utilizing organic-compound
pathfinders that are currently practised in mineral explora-
tion: passive and soil sampling. The passive-sampling tech-
nique utilizes collectors made of various sorbents, such as
activated charcoal, encased in a water-resistant casing.
With this approach, sampling is conducted by auguring a
60—100 cm deep hole in the soil, in which the sampler is
buried for 120 days or more. Upon retrieval, the passive
sampler is analyzed by thermal-desorption gas chromatog-
raphy—mass spectrometry (GC-MS). Amplified Geochem-
ical Imaging LLC (AGI) distributes collectors that were
once termed ‘Gore Sorbers’ (Figure 2), and it also performs
the C2—C20 analysis. At the Miitel Ni-sulphide deposit in
western Australia, 2-methylbutane, 1-pentene and pentane
were reported as being anomalous above known mineral-
ization using this method (Noble et al., 2017).

In the soil-sampling technique, the B horizon is typically
used as sampling medium (Hamilton, 2007), although lake
bottom sediments, peat and humus have also been evalu-
ated (Sutherland, 2007). Samples undergo a hexane-ace-
tone leach to extract surface-bound hydrocarbons, and con-
centrations are determined by GC-MS (Cayer, 2017). This
method type is sometimes referred to as a time-integrated
technique, as it is considered that the organic compounds
accumulate in soil over time. Soil techniques have the ad-
vantage over passive techniques of requiring only a single
visit to the field and a faster turnaround time. The Activa-
tion Laboratories Ltd. proprietary Spatiotemporal Geo-
chemical Hydrocarbons (SGH) technique, as evaluated at
the Mount Milligan Cu-Au porphyry (Heberlein, 2010), is
one such technique. Historically, SGH results were re-
ported as generic compound classes, rather than com-
pound-specific results. Currently, the SGH technique re-
sults are reported as a contoured interpretation map; no
compound concentrations are shared with the end user.

Biogeochemical Links Between Organic
Compounds and Ore Deposits

A growing body of evidence suggests that organic com-
pounds form and accumulate in mineralized environments
through microbial biosynthesis. A number of bacterial spe-
cies have been identified in acid mine-drainage leachates
(Southam and Saunders, 2005; Harneit et al., 2006), where
they commonly grow as biofilms on the surfaces of sul-
phide minerals. Examples include the sulphide oxidizer
Acidithiobacillus thiooxidans, iron and sulphide oxidizer
A. ferrooxidans and iron oxidizer Leptospirillum ferro-
oxidans (Edwards etal., 1999). These bacteria enhance sul-
phide dissolution, playing a crucial role in supergene
environments (Enders et al., 2006).

Sulphur- and iron-oxidizing bacteria use extracellular
polymeric substances (EPS) to attach themselves to min-
eral surfaces (Harneit et al., 2006; Konhauser, 2007). For
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Figure 2. An AGI Gore Module activated-charcoal organic-com-
pound collector being retrieved after two months (Image:
M. Bodner).

A. ferrooxidans, the EPS and outer cell membrane contain
lipopolysaccharide (LPS; Figure 3), which has a slight pos-
itive charge under acidic conditions that results in an attrac-
tion to the negative surface charge of sulphide grains. As
the LPS degrades, the lipid functional groups may contrib-
ute to the concentration of alkanes in the subsurface and
soils.

In a sediment-column copper-sulphide bioleaching experi-
ment (Luca et al., 2008), hydrocarbons formed as byprod-
ucts of bacterial metabolism. Columns were spiked with
Cu-bearing ore from the Andina hydrothermal breccia and
El Teniente Cu-porphyry deposits in Chile. A bacterial con-
sortium taken from the El Teniente ore leachate and a pure
strain of A. ferrooxidans were used to inoculate the sedi-
ment columns. Gas exiting the column was passed through

HO 1,
HO o HO i,

o HO

HO

Figure 3. Lewis diagram of lipopolysaccharide (LPS), with lipid
functional groups shown in red. This compound is part of the outer
cell membrane of microbes, such as Acidithiobacillus
ferrooxidans, that enable them to adhere to sulphide grains. After
decomposition, the lipid functional groups may contribute to alkane
concentrations in soil. Alkanes, such as decane, dodecane and
tridecane, are pathfinders for sulphide-bearing ore deposits.
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an adsorbent for 90 days. Bacterial species were identified
with terminal-restriction fragment-length polymorphism
analysis. The autotrophs A. ferrooxidans and other bacte-
rial species were identified. Organic compounds in the ad-
sorbent material were analyzed by Activation Laboratories
Ltd. using GC-MS (Luca et al., 2008). Measurable concen-
trations of methyl-benzenes (20-350 ppt) and branched
alkanes (10—120 ppt) were observed (Luca et al., 2008).

Previous MDRU Studies

Highmont South Cu-Mo Porphyry Deposit,
Highland Valley Copper District, South-Central
BC

High—molecular-weight alkanes, such as decane (C;oH,,),
dodecane (Cj,Hy6) and tridecane (Ci3Hyg), are elevated in
the surface B-horizon soil over mineralization in the south-
ern section of the study area (Chouinard, 2018). Anoma-
lous high concentrations also occur in areas overlying bed-
rock-fault projections to surface and topographic lows
where soils are saturated with water (Figure 4). Fault zones
are known to transport fluids containing trace amounts of
organic compounds (Klusman, 1993).

Deerhorn Cu-Au Porphyry Deposit, Woodjam
Cu-Au-Mo Porphyry District, Central BC

At the Deerhorn-Cu-Au porphyry deposit, one of three north-
northwest-trending passive-gas transects showed anoma-
lous hydrocarbon concentrations at the margins of the min-
eralization (Figure 5; Rich, 2016). Dodecane concentra-
tions were highest in two samples directly northeast of the
deposit footprint. Concentrations of the branched alkanes
2-methylbutane and 1-ethyl-2/3-methylbenzene were
anomalous in samples adjacent to mineralization in the
northwest and southeast. The cyclic compounds cyclopen-
tene and o-xylene, which have a moderate correlation
across the dataset (R* = 0.7), share a similar ‘rabbit-ears’-
style anomaly pattern with respect to the deposit.

The inconsistent results between the three transects sug-
gests that the passive samplers did not reach equilibrium
with soil gasses. The samplers were deployed for a period
of 63 days. Since then, the manufacturer has suggested a
sampling interval of at least 120 days. Additional evalua-
tion is required to make this methodology logistically feasi-
ble in an exploration setting.

Kilometers
0 0.125 0.25
[ e —

Ice-flow
direction

Legend

Dodecane (ppt) Land features Surface materials
e 0-25 Contour (20 m) - Swamp
°© 25-50 Fault [ ] Till blanket
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‘ 10—50 [ Lake

Figure 4. Passive sampler transects of the Highmont South Cu-Mo porphyry deposit. An anoma-
lous response in dodecane detected the mineralized outline on the southern transect. Data from

Chouinard (2018).
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Figure 5. Results (in ppt) for AGI passive-sampler survey at the Deerhorn Cu-Au porphyry de-
posit. In total, 152 samplers were deployed for 63 days. Data from Rich (2016).

Current Research Directions

The Mount Washington high-sulphidation, epithermal Au-
Ag-Cu deposit has historically produced 381 733 tonnes
grading 0.34 g/t Au, 19 g/t Ag and 0.93% Cu (Houle, 2013,
2014). The main geological units in the study area include
Triassic Karmutsen Group basalts, Cretaceous Nanaimo
Group sedimentary rocks and the Eocene Mount Washing-
ton Plutonic Suite (Muller, 1998; Massey et al., 2005; Fig-
ure 6). These units are cut by a series of north-northwest-
striking extension faults. The Lakeview-Domineer re-
source area contains a mineralized breccia zone and the
Domineer vein (Houle, 2013). A previous geochemical ori-
entation study at Mount Washington tested the response of
halogens and volatile compounds in soil, snow, mountain
hemlock and yellow cedar to mineralization (Heberlein et
al., 2017).

As part of this project, a soil geochemical survey was car-
ried out to test the hydrocarbon response over the Mount
Washington mineralization. The grid design runs perpen-
dicular to the strike of country rock and extends beyond the
extension faults to the east and west of mineralization. A
grid spacing of 50 m was centred over a mineralized breccia
zone. Sample sites were selected to favour undisturbed
soils, as the area is cut by a network of resource roads. At
each sampling station, site duplicates were collected for
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four-acid and aqua-regia ICP-MS, organic compounds and
genomics analysis. Five sites were selected for vertical-
profile sampling. At these sites, representative samples
were taken from each soil horizon. In the Bm horizon,
where practical, samples were taken at 10 cm intervals to a
depth of 1 m (Figure 7). Additionally, sulphide-mineralized
surface-rock samples were collected for hydrocarbon anal-
ysis. For this study, samples will be extracted in a hexane-
based solvent followed by GC-MS analysis of the extract
for C2—C20 hydrocarbons.

Conclusion

While results thus far have been promising, the use of or-
ganic-compound pathfinders in exploration for mineral de-
posits beneath cover requires more research to evaluate the
hydrocarbon link between the buried mineral deposit and
surface, and also to establish that anomalies are reproduc-
ible through analysis-of-variance experiments. Orientation
studies by the MDRU Exploration Geochemistry Initiative
have shown the effectiveness of passive collectors for iden-
tifying Cu-porphyry mineralization through cover. Key or-
ganic compounds, including long-chain alkanes, branched
alkanes and aromatic compounds, show anomalous re-
sponses in soils above and adjacent to ore-deposit foot-
prints. These compounds are linked to mineralization by
microorganisms such as Acidithiobacillus ferrooxidans,
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Figure 6. Geology of the Mount Washington Au-Ag-Cu epithermal deposit after Muller
(1998) and Massey et al. (2005). Mineralized footprint after McDougal (1987) and
Heberlein et al. (2017). A grid spacing of 50 m perpendicular to strike was chosen to
target the deposit footprint and test the response of faults cutting mineralized and bar-

ren geology.

which attach to sulphides and gain energy by facilitating re-
dox-based sulphide dissolution. Further research aims to
develop and improve solvent-extraction methodologies so
that organic-compound analyses may be integrated with
traditional soil-sampling workflows. Upcoming results
from the Mount Washington Au-Ag-Cu epithermal deposit
will test the applicability of organic compounds across the
Cu-porphyry continuum.
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Introduction

Rare-earth elements (REE) make up a group of 17 elements
in the periodic table, including 15 lanthanides and 2 chemi-
cally similar transition metals, Sc and Y. Using the atomic
number, REE are classified as heavy REE and light REE,
with elements from Tb to Lu and Y belonging to the former
group and La to Gd and Sc belonging to the latter group
(Moldoveanu and Papangelakis, 2013; Zhang et al., 2015).
With the emergence of new clean energy and defense-re-
lated technologies, consumption of rare-carth elements
(REE) has increased rapidly (Tse, 2011). For example, it is
projected that the demand for Dy, one of the REE, is ex-
pected to increase as much as 2600% by 2025 (Standing
Committee on Natural Resources, 2014). In addition, tradi-
tional rare-carth ore deposits are quickly being depleted
and are expected to meet the demand for only the next
15-20 years (Seredin and Dai, 2012). Based on supply and
demand, REE are classified as critical elements by the
United States and the European Union due to their impor-
tance in clean energy and defense applications (United
States Department of Energy, 2010; European Commis-
sion, 2017). The National Energy Technology Laboratory
in the United States has conducted a prospective analysis of
coal deposits as a source of REE using the United States
Geological Survey coal database, which contains the con-
centrations of rare-earth elements across United States
coalfields (Bryan et al., 2015). Further, the United States
Department of Energy has committed US$10 million to
several projects researching the techno-economic feasibil-
ity of domestic separation technologies of REE from coal
and/or its byproducts containing a minimum of 300 ppm to-
tal REE and concentrating the REE to a level greater than or
equal to 2% (by weight) in processed streams (United
States Department of Energy, 2016).

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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There is an indication of the presence of REE in some Cana-
dian coal deposits, especially in British Columbia (BC)
coalfields (Goodarzi, 1988; Birk and White, 1991;
Goodarzietal., 2009); however, there is no proper quantifi-
cation, characterization and extraction analysis currently
available for coal deposits in BC or in other coal deposits
across Canada. The purpose of this ongoing research is to
characterize and quantify the REE and their mode of occur-
rence in BC coal deposits and in different processing prod-
ucts of coal for possible extraction study. Some of the initial
results of the study were reported previously (Kumar et al.,
2018). This paper shows the preliminary characterization
and extraction results conducted on a sample received from
a southeastern BC coal mine.

Materials and Methods
Sample

Samples and the method used in this study is part of the con-
tinuing research published in Summary of Activities Report
2017: Minerals and Mining (Kumar et al., 2018). As de-
scribed by Kumar et al. (2018), a run-of-mine (ROM) coal
sample of approximately 300 kg was collected from a mine
in the East Kootenay coalfield, southeastern BC, and
shipped in barrels to the Coal and Mineral Processing Lab-
oratory at The University of British Columbia. Representa-
tive samples were obtained for further testing using the
standard procedure for coal sample preparation, ASTM
D2013/D2013M-12 (2012). Proximate analysis was con-
ducted on the representative samples in duplicates using the
standard methods ASTM D3174-12 (2012), ASTM
D3172-13(2013), ASTM D3173/D3173M-17a(2017) and
ASTM D3175-17 (2017).

Tree Release Analysis

A tree release analysis procedure (Figure 1) can be used to
generate an optimum separation performance curve for the
flotation process, which is used for cleaning fine coal
(Mohanty et al., 1998). A representative feed sample of
300 g was crushed to =500 pum. Flotation tests were con-

33



PN

Geoscience BC

ducted on the 2 L Denver laboratory cell with an initial
slurry content of 14.3%. The coal sample was wetted for
5 minutes with an impeller speed of 1300 rpm. A flotation
reagent emulsion of 25 g/t of methyl isobutyl carbinol
(MIBC) and 50 g/t of kerosene in 200 mL of water was
made using a high-speed laboratory blender and added to
the flotation cell. The coal slurry with reagents was further
conditioned for 10 minutes, followed by another 25 g/t of
MIBC addition and conditioning for 1 minute. Using an
aeration rate of 4—5 L/min, the concentrate was collected
until the froth was barren. The initial products were each
successively refloated twice to obtain eight products, as
shown in Figure 1. The final products from the tree release
analysis were dried at 65°C, weighed to obtain the yield
data and analyzed for ash content. For the feed sample, the
tree release analysis was conducted in duplicate. Based on
the ash content of the products, three products were se-
lected with low (<10%), middlings (10-60%) and tailings
(>60%) to find REE concentration in the flotation products.

Sequential Extraction

Sequential extraction was first developed to analyze partic-
ulate trace metals (Tessier et al., 1979). This procedure was
later modified for coal (Finkelman et al., 1990; Finkelman,
1994) and successfully applied to REE in coal by Dai et al.
(2002). A similar extraction method has also been applied
to other trace elements in coal such as arsenic, mercury and
selenium (Dai et al., 2004; Zhang et al., 2007; Zheng et al.,
2008; Bai et al., 2011; Zhou et al., 2016). Based on these

studies, a simplified three-step procedure was adopted and
used in this study, as shown in Table 1.

Alkali-Acid Leach Test
Background

To improve the utilization properties and to mitigate the en-
vironmental impacts, the ROM coal is processed to remove
undesirable impurities such as mineral matter and sulphur
to meet the market quality requirements depending on the
final use. Coarse coal particles (>0.5 mm) are processed us-
ing gravity-based separation techniques. Fine coal particles
(<0.5 mm) of metallurgical coal are generally treated using
flotation (Laskowski, 2001). Due to the limited effective-
ness of physical beneficiation methods to remove fine dis-
persed mineral matter in coal, alternative techniques such
as chemical leaching processes are used to produce clean
coal. Among several alternative processes, alkali-acid
leaching has been studied in detail (Meshram et al., 2012).
Waugh and Bowling (1984) showed that for Australian
coals, alkali-acid leaching can be used to reject more than
90% of ash-forming minerals with a 10% sodium hydrox-
ide (NaOH) solution at 200-300°C under vapour pressure
followed by a dilute acid treatment. Wang et al. (1986)
achieved 90% reduction in mineral matter for Australian
coals using milder temperature conditions at 125-185°C
with a 4-80% NaOH solution. Sriamoju et al. (2017) ex-
plained the mechanism of the coal chemical leaching
process and proposed an acid regeneration method using
the pilot scale test.

¢ Feed

F1

Level 1

Level 2

Level3 P1 P2 P3

.

P4 P5 P6 P7 P8

Figure 1. Schematic diagram of tree release analysis procedure. In this test, the coal sample (feed) was first separated using flotation into
float F1 and tailings T1 (level 1). In the level 2, both float F 1 and tailings T1 were refloated separately to obtain a total of four products: float F2
and tailings T2, and float F3 and tailings T3, respectively. Inlevel 3, the four products from the second stage were again floated to obtain final
products, P1 to P8. The yellow bubble and grey portion in the figure represent froth and tailings obtained during flotation, respectively.
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There is some similarity between the alkali-acid leach pro-
cess of coal and processing rare-earth concentrates. Tradi-
tional rare-earth concentrates such as monazite and xeno-
time (rare-earth phosphate minerals) are generally
processed using sulphuric acid or sodium hydroxide. In the
caustic process, finely ground monazite (<45 pm) is
leached at 140—150°C using 60-70% NaOH for 3—4 hours
to form insoluble hydroxides of rare-earth elements. These
hydroxides are dissolved in acid for subsequent processes
(Habashi, 2013; Krishnamurthy and Gupta, 2016). The
reaction mechanism is given below:

REPO, + 3NaOH— RE(OH); + NazPO, 1)

There is no previous study on using an alkali-acid leach for
the simultaneous extraction of REE and clean coal from the
coal waste stream. In the present work, alkali-acid leaching
was conducted on coal tailings obtained from the ROM
coal treated by flotation.

Coal Tailings Sample Preparation

The coal tailings samples for the alkali-acid leach tests
were obtained using flotation of the representative ROM
sample. For the flotation test, a representative feed sample
of approximately 4.5 kg was crushed to obtain a size of
=500 um. Approximately 1 kg of feed coal was used in
batches to conduct flotation tests in a 10 L Denver labora-
tory cell. The coal sample was initially conditioned for
5 minutes at an impeller speed of 1300 rpm. A flotation re-
agent emulsion of 25 g/t of methyl isobutyl carbinol
(MIBC) and 240 g/t of kerosene in 200 mL of water was
prepared using a high-speed laboratory blender and added
to the flotation cell. Further, the coal slurry with reagents
was conditioned for 15 minutes followed by another 25 g/t
of frother (MIBC) addition and conditioning for 1 minute.
Using an aeration rate of 4.5 L/min, the concentrate was
collected until the froth was barren. Tailings were pressure
filtered and both the filtered tailings as well as the concen-
trate were dried at 65°C. After drying, the tailings and con-
centrate collected from different flotation batches were ho-
mogenized and representative samples were split to
conduct ash analysis. Tailings from these flotation tests
were used as the feed sample for alkali-acid leach tests.

Alkali-Acid Leach Test Procedure

A 15 g representative sample of the coal tailings was mixed
with 60 g of solution of different concentrations of NaOH,
at 20% solid content. Alkali leaching was performed using
a Parr™ 4590 micro stirred reactor with 100 mL reactor vol-
ume and carried out at appropriate temperatures with
vapour pressure for different leaching times. Al-
kali-leached coal slurry was filtered to obtain the NaOH
leach solution and the solid residue was both washed and
filtered twice to remove any excess NaOH solution and wa-
ter-soluble components. The filtered alkali leach residue
was repulped and 7.5 wt. % of concentrated hydrochloric
acid (HCl) was added to the slurry in a beaker. The beaker
was placed in a water bath maintained at 50°C for 30 min-
utes and the entire set-up was mounted on a magnetic stirrer
to agitate the slurry during the acid leaching process. Fi-
nally, the acid-leached coal slurry was filtered to obtain the
HCI solution and the clean coal residue that was later
washed and filtered until the wash water reached a neutral
pH. The clean coal (representing residue obtained after al-
kali-acid leaching) was dried at 65°C and analyzed for ash
content. To obtain statistically reliable data at the prelimi-
nary stage of the study, experimental runs for leaching tests
were obtained by adopting an experimental design using
JMP" software with four levels for NaOH concentration
(5-30 wt. %), three levels for temperature (130-190°C)
and three levels for time (30—120 minutes).

Analytical Methods

For total REE quantification, feed and test product samples
(0.2 g) were added to lithium metaborate and lithium
tetraborate flux and mixed thoroughly. The samples were
then fused in a furnace at 1025°C. Finally, the resulting
melts were cooled and digested in an acid mixture contain-
ing nitric, hydrochloric and hydrofluoric acids. The di-
gested solutions were then analyzed by inductively coupled
plasma—mass spectrometry (ICP-MS). The analytical re-
sults were corrected for inter-elemental spectral interfer-
ence. This analysis was conducted by the MS Analytical
laboratory (Langley, BC). In this study, REE in coal are ex-
pressed as follows: whole coal basis (REE concentration in
the coal sample) and ash basis (REE concentration in the
ash of the coal sample).

Table 1. Sequential extraction procedure used in this study. Abbreviation: ICP-MS, inductively coupled plasma—mass spectrometry.

Step Mode of occurrence

Procedure

A 15 g sample was transferred into a 150 mL beaker and 90 mL of 1 N ammonium acetate was added to the
1 lon-exchangeable phase beaker. The slurry was magnetically stirred for 24 hours at room temperature and filtered using Whatman grade
42 filter paper. The liquid was labelled and stored for ICP-MS analysis and the solid residue was dried at 65°C.

The dried residue from step 1 was mixed with chloroform (1.47 g/cm?®) and was magnetically stirred for 24 hours

2 Organic bound

at room temperature. Then, the mixture was centrifuged at 3500 rpm for 20 minutes to get float and sink fraction.

The float fraction (<1.47 g/cm®) was air dried in the fume hood and stored for ICP-MS analysis.

3 Inorganic bound

The sink fraction (>1.47 g/cm?®) from step 2 was air dried in the fume hood and stored for ICP-MS analysis.

Geoscience BC Report 2019-1
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Quantitative X-ray diffraction data were collected on se-
lected samples to identify the mineral phases. The X-ray
powder-diffraction data were collected over a range 3—80°
of 20 with CoKa radiation on a Bruker D8 Advance
Bragg-Brentano diffractometer equipped with an Fe mono-
chromator foil, 0.6 mm (0.3°) divergence slit, incident- and
diffracted-beam Soller slits, and a LYNXEYE XE detector.
The long fine-focus Co X-ray tube was operated at 35 kV
and 40 mA using a take-off angle of 6°. The X-ray
diffractogram was analyzed using the International Centre
for Diffraction Data® PDF-4+ 2019 database using the
search/match module by Bruker. X-ray powder-diffraction
data of the sample were refined with Rietveld program
TOPAS 4.2 by Bruker.

Scanning electron microscope—energy X-ray dispersive
spectrometry (SEM-EDX) of selected samples was carried
out to examine finely disseminated rare-earth minerals and
to determine their mineral associations and size using a FEI
Quanta™ 650 scanning electron microscope (SEM) oper-
ated at 20 kV at a working distance of 10 mm.

Results and Discussion
Proximate Analysis

The result of the proximate analysis of ROM coal and tail-
ings coal generated for leaching tests is listed in Table 2.

ditions for flotation of the feed sample. The shape of the
performance curve indicates the ability to clean the coal us-
ing flotation such as ideal separation, easy cleanability, dif-
ficult cleanability and impossible separation (Laskowski,
2001). As shown in Figure 2, at 10% ash, 83% yield of the
clean coal can be achieved for feed coal. Figure 2 also
shows that the sample exhibits easy cleanability using flo-
tation and its combustible recovery exceeded 99%.

The feed sample and selected three tree release analysis
products containing low-ash (<10%), middlings (10-60%)
and high-ash (>60%) products were analyzed for rare-earth
element concentrations, the results of which are presented
in Table 3. The highest concentration of REE on an ash ba-
sis was reported in the low-ash flotation product (550 ppm;
Table 3). On whole coal basis, however, the concentration
of REE in the low-ash flotation product (25 ppm; Table 3)
was six times lower than tailings (173 ppm). It shows that
the concentration of REE in the tailings enriched during the
flotation process, which indicates the association of REE
with mineral matter in the feed coal. Further, REE distribu-
tion calculated using the mass balance on the low-ash prod-
ucts (<10% ash), middlings (10-60% ash) and tailings
(>60% ash) as obtained from the tree release analysis re-

Table 2. Proximate analysis of feed (run-of-mine
[ROM] coal) and tailings coal samples.

According to the ASTM D388-17 (2017) standard, feed ROM coal Tailings
. . . . . . Sample ) i
coal is classified as medium-volatile bituminous coal. (as-received) (dried)
. . Moisture (%) 1.33 1.46
Flotation Behaviour of the Feed Sample and Volatile matter (%) 18.22 15.71
REE Concentration Ash (%) 24.82 46.21
The tree release analysis provided a separation perfor- Fixed carbon (%) 55.63 36.61
mance curve achievable under a predetermined set of con-
100 1 v
‘.1/'/./.2‘:;‘/
= 80 . ¢
s
% o Test 1
= 60
> o Test2
§ gt Yield: 83% at 10% product ash
E 40 - /. C.R.:99.4%
= i
©
*
20
0 | | | | ]
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Cumulative weight ash (%)

Figure 2. Flotation performance curve obtained from tree release analysis of the feed sample. Test was
performed in duplicates as represented by test 1 and test 2 data.
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vealed that most of the REE by weight percent was reported
to the middlings plus tailings streams, as shown in Figure 3.

Sequential Extraction Results

The results of the sequential extraction of the feed sample is
shown in Figure 4. Total recovery of approximately 88% of
the REE was reported, whereas the loss is reported as an er-
ror in Figure 4, which might be due to cumulative sampling
error, analytical error and weight loss during the experi-
ment. The ion exchangeable REE in the sample is negligi-
ble and most of the REE were below the detectable limit.
The REE associated with the organic and inorganic por-
tions of the coal was found to be approximately 20% and
approximately 68%, respectively. As shown in Figure 3,
most of the REE is reported in middlings plus tailings,
which further validates the result of the sequential
extraction.

Dai et al. (2002), using a similar sequential extraction pro-
cedure as in this study, showed that coal samples from the
Shitanjing, Shizuishan and Fenfeng coalfields contain ap-
proximately 90% of REE associated with aluminum sili-
cate minerals. The organically associated REE were re-

ported previously, especially in low-ash and low-rank coals
(refers to subbituminous and lignite; Eskenazy, 1987,
1999; Dai and Finkelman, 2018). Because coal in this study
belongs to high-ranking coal (bituminous), it can be in-
ferred that not all rare-earth elements in the studied samples
of clean coal have an organic association. Further, the den-
sity-based sequential extraction process does not account
for the fine-grained minerals dispersed within the coal ma-
trix and thus erroneously assigns the organic-associated
REE percentage. Direct measurement using SEM and other
advanced characterization techniques should, therefore, be
incorporated to understand the exact nature of organic-as-
sociated REE in the sample.

Figure 5 shows SEM-EDX images of clean coal and tail-
ings. Spot analyses have shown that REE is associated with
aluminosilicate minerals (likely clays) in both clean coal
and tailings, thus it can be inferred that the actual amount of
organic-associated REE in the coal is less than the reported
value in the results of the sequential extraction. It can be
further concluded that inorganic associations are the domi-
nant mode of REE occurrence in the studied coal samples.
REE associated with clays were previously reported in the
Jungar coalfield, China; the Huaibei coalfield, China; the

Table 3. Rare-earth element (REE) concentration in feed sample and tree release analysis products (in ppm). Low ash denotes product with
<10% ash, middlings denote product with 10-60% ash and tailings denote product with >60% ash.

Sample Total REE ) otal REE

Sample P Ash (%) Sc Ce Dy Er Eu Gd Ho La Lu Nd Pr Sm Tb Tm Y Yb R (whole coal
name (ash basis) basis)
S1 Feedcoal 2482 121 895 75 46 22 85 1.7 480 06 415 106 81 1.3 0.8 480 4.9 289.8 71.9
S2 I;;E)(;Acljjsr 4.5 N/A 1777 147 96 42 158 36 97.7 1.3 822 211 153 24 1.3 93.3 9.3 549.4 24.7
S3  Middlings 35692 111 768 6.7 43 1.7 71 15 412 06 340 90 7.0 12 07 429 43 250.0 89.8
S4  Tailings 8555 7.01 649 49 31 14 56 1.1 350 05 302 79 59 09 05 309 29 202.3 1731
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Figure 3. Distribution of rare-earth elements (REE) by weight per-
centin the tree release analysis flotation products calculated using
data shown in Table 3. Low ash denotes product with <10% ash,
middlings denote product with 10-60% ash and tailings denote
product with >60% ash.
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Figure 4. Sequential extraction results of feed sample showing the
distribution of rare-earth elements (REE) in various modes of oc-
currences. lon-exchangeable REE was below the detectable limit.
Error denotes the cumulative sampling error, analytical error and
weight loss during the experiment.
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Antaibao mining district, China; Far East deposits, Russia;
and Fire clay coal, United States (Seredin, 1996; Dai et al.,
2012; Zheng et al., 2007; Wang et al., 2008; Hower et al.,
2018 ).

Leaching Test Results

Because it was found that most of the REE by weight per-
cent reported in middlings and tailings, the coal tailings
were used for the extraction study. Flotation of the feed
coal, as described in section about coal tailings sample
preparation, resulted in 10.12% and 46.21% ash with corre-
sponding yields of approximately 58% and approximately
42% in the concentrate and tailings, respectively. Because
coal tailings were used for subsequent alkali-acid leaching
tests, particle size distribution was performed using the
sieve analysis and the Pgy of the sample was found to be
250 pm. To capture the interaction effect between the fac-
tors in the initial stage of the experiment, partial factorial
design was adopted for this study. Figure 6 depicts the
product ash obtained after the acid leaching stage for 12 ex-
periments. Maximum ash reduction of approximately 70%
was observed for test 10 (30% NaOH at 190°C for 30 min-
utes) with a corresponding product ash content of 14%.
Further, fitting the data using the standard least squares
model showed that significant factors affecting the product
ash were NaOH concentration and temperature, with
p-values of 0.00176 and 0.00786, respectively.

Effect of NaOH Concentration and
Temperature

Sodium hydroxide concentration has a significant effect on
the product ash, as shown in Figure 7. Irrespective of the
temperature, increases in sodium hydroxide concentration
proportionately decrease product ash content. The general

Al6
MAG: 1000x HV:15.0kV WD: 10.0 mm Px: 80 nm

mechanism for alkali-acid leaching of the ash content can
be explained in two stages: the alkali stage and the acid
stage. During the alkali-acid leaching stage, the mineral
matter—such as quartz and clays—reacts with sodium hy-
droxide to form soluble sodium silicate and sodium
aluminate (Waugh and Bowling, 1984; Mukherjee and
Borthakur, 2001; Dash et al., 2013; Behera et al., 2017;
Sriramoju et al., 2017).

SiO4(s) + 2NaOH(aq) — NaySiOs(aq) + Ho0(aq) (2)

Al1,032Si0; - 2H,0(s) + 6NaOH(aq)—>
Na,SiO3(aq) + 2NaAlOy(aq) + 5H,0(aq) (3)

With the increase in alkali concentration, temperature and
leaching time, concentrations of silicate and aluminate ions
increase in the leach solution. Beyond the solubility limit,
sodium aluminosilicate precipitates out as gel, as shown in
the reaction below (Buhl et al., 1997; Mukherjee and
Borthakur, 2001; Rahman et al., 2017):

Na;SiO3z(aq) + NaAlOy(aq) + H,O(aq) + NaOH(aq) —
[Nay(AlO2),(SiO2), - NaOH-H,0] (4)

3A1,Si,05(0H)s(s) + 8NaOH(aq) —
2Na4Si3Al3012(0H) L + 9H,0 (5)

During the acid leaching stage, sodalite formed in the al-
kali-acid leach stage is dissolved into sodium and alumi-
num chlorides and silicic acid, as shown below:

[Nag(Al02)5(SiO2)s - (OH)g] + 26HCI —
8NaCl + 2AICI; + 3SiCly + 16H,0 (6)

From the X-ray diffraction (XRD) analysis, as shown in
Figure 8, clays and quartz account for more than 90% of the
crystalline mineral matter in the feed coal. The reduction in

A9
MAG: 2000x HV:15.0kV WD: 9.7 mm Px: 40 nm

Figure 5. Scanning electron microscope—energy dispersive X-ray spectrometry (SEM-EDX) images of a) clean coal; elements observed
in highlighted grains: Al, Er and O and b) tailings; elements observed in highlighted grains: Al, Ba, Br, Ca, Ce, O, P and Si.
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Figure 6. Effect of test conditions on product ash (light blue bar) compared with feed tailings ash (black
line). Light orange bar represents percentage reduction of product ash compared with feed tailings ash

after the alkali-acid leach test.

ash content of coal tailings treated by alkali-acid
leaching, therefore, follows a similar mecha-

A B C

nism, as explained in equations 4—8.

R20.76 R2:0.91 R2:0.73

Ash reduction was more pronounced when the 40 -
temperature was increased from 130 to 160°C,
as shown in Figure 7. But when the temperature o N
was further increased to 190°C, the ash reduc- 35
tion was comparatively less effective. _

X °

Recovery of Rare-Earth Elements = 30 [ °

2 °
Because alkali-acid leaching of coal leaches g o5 |-
clay minerals, and because of the association of _g <
REE with clay minerals, it was expected that 2 °
there might be a relationship between the ash /& 20
content in clean coal residue and REE recovery. N
To understand the relationship between ash re- 15
duction in the alkali-acid leach test and 130°C 160°C 190°C
rare-earth recovery, clean coal residue samples
with varying ash percent were selected for REE 10 ' ' ' ' ' ' ' ' :

0 10 20 300 10 20 30 O 10 20 30

element analysis. REE recovery was calculated
for individual elements using equation 7 and the
results are shown in Figure 9. Promethium is ex-
tremely rare and generally considered not to ex-
ist in nature (Resende and Morais, 2010), and
scandium was not assayed, so neither of these elements
were included in the calculation.

REE in Residue

REE recovery (%): 1—
REE in Feed

100 7)
The highest recovery of REE was observed in test 1 and the
corresponding ash content of the clean coal was 24.6%.
Even though test 13 resulted in the lowest ash content for
clean coal, the REE recovery was comparatively lower than
intest 1. This observation implies that the recovery of REE
was not increasing with the decreasing percent of ash in the
clean coal; consequently, no correlation exists between the
clean coal ash (as produced from alkali-acid leaching) and
the REE recoveries. The REE extraction during the al-
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NaOH concentration (wt. %)

Figure 7. Effect of sodium hydroxide concentration on product ash (%) for various
temperatures: A (130°C), B (160°C), C (190°C).

kali-acid leaching of coal can be explained using traditional
REE phosphate mineral-leaching mechanism. During the
alkali leaching of coal, the REE phosphate is converted to
an insoluble rare-earth hydroxide, as explained in equa-
tion 1. During the acid leaching stage, rare-earth hydroxide
is leached into rare-earth chloride, as shown below:

RE(OH)s(s) + 3HCI(aq) — RECls(aq) + 3H20(1) (8)

A previous study on monazite concentrate showed that
phosphate dissolution increases with NaOH concentration,
temperature and time (Panda et al., 2014). Figure 9 shows
that the highest recovery of REE corresponds to 20 wt. %
NaOH concentration, a temperature of 190°C and 60 min-
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Figure 8. Quantitative X-ray diffraction (XRD) analysis of feed coal sample used for the alkali-acid leach test.
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Figure 9. Individual rare-earth element (REE) recovery in selected clean coal residue with varying ash content (low to high)
obtained after the alkali-acid leaching test. Results are displayed in increasing order of REE recovery. Sc and Pm were not

included in the results shown.

utes of leaching. The lowest recovery of REE corresponds
to test 9 and test 8, which have lower concentrations of
NaOH (5%) and temperature (130°C), respectively. Using
ICP-MS analysis of the leach solution, the amount of REE
in the HCI leach solution was found to be significantly
higher than that in the NaOH leach solution for test 1. These
data indicate that REE dissolution might follow the mecha-
nism for traditional rare-earth phosphate leaching, as ex-
plained previously in equation 1. Further, it is observed that

40

recoveries of light REE are higher than those of heavy REE
for all tests.

Conclusions

Coal and its byproducts are viewed as a potential alterna-
tive for traditional rare-earth deposits. In this regard, sev-
eral studies are being conducted for the characterization
and extraction of rare-earth elements from coal sources. To
understand the nature of REE association in coal as well as
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to estimate the enrichment of rare-earth elements during
coal beneficiation in East Kootenay coalfield samples, the
feed sample was subjected to tree release analysis. Sequen-
tial extraction and mineralogical study using SEM-EDX
identified REE associated with clays in both clean coal con-
centrate and tailings. The identification of REE associated
with clays in the low-ash product reiterate the dominance of
inorganic-associated REE in the samples.

Coal tailings generated using ROM samples from the East
Kootenay coalfield in British Columbia were studied using
an alkali-acid leaching process for the simultaneous extrac-
tion of clean coal and rare-earth elements. An approximate
70% reduction in the ash content of coal tailings was
achieved to obtain clean coal. During the coal cleaning pro-
cess, almost 97% of LREE and 76% of HREE were ex-
tracted simultaneously. The possible mechanisms of
rare-earth elements extraction were also hypothesized.

There was no valid relationship found between ash reduc-
tion in coal (residue after leaching) and rare-earth-element
extraction due to different target minerals available for
leaching, such as silica and clay, for coal cleaning and
rare-earth phosphates for REE extraction. Both processes
depend on NaOH concentration, temperature and time.
Subsequent study is required to optimize process parame-
ters to maximize coal cleaning and rare-carth—element ex-
traction simultaneously. The coal samples under consider-
ation are of metallurgical quality and the production of
clean coal and rare-earth concentrate from the coal tailings
will enhance the economic viability of the process.

With the development of cost-effective extraction tech-
niques for REE in coal, these elements will be extracted as
byproducts of coal mining, thus strengthening brownfield
operations by increasing profitability as well as potential
green credits because these REE are used in clean energy
technologies. In case of the greenfield operations, the pos-
sibility of extracting REE from coal will increase the com-
petitiveness of deposits and more deposits may be feasible
for mining and extraction.
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Introduction

Distinguishing metal-fertile from barren plutons provides a
significant advantage to exploration geologists seeking to
discover porphyry copper deposits, particularly in British
Columbia (BC), where many porphyry systems occur
within or around the edges of large batholiths. Zircon
(Zr[Hf]Si04) is a common accessory mineral in granitoid
rocks that host porphyry copper deposits. Trace-element
composition of zircon is used to determine the age of the
rock, temperature and oxidation state of the parental melt.
Zircon commonly shows detailed internal texture and zon-
ing, which provide clues to the environment in which it
formed and ore-forming processes. The development of
stable, rapid, high-resolution geochemical methods of in
situ mineral analysis, such as laser-ablation inductively
coupled plasma—mass spectrometry (LA-ICP-MS) applied
to zircon, has led to an enormous increase in the amount of
high-quality isotopic and trace-element data that geochem-
ists and petrologists can access to assist them in resolving
problems associated with the geology of igneous and meta-
morphic rocks (Jackson et al., 2003). Investigations by
Ballard et al. (2002) and Shen et al. (2015) correlated the
relative uptake of Ce*"/Ce®" in zircon with the oxidation
state of barren and fertile porphyry copper-mineralized in-
trusive rocks in northern Chile and central Asia. Dilles et al.
(2015), Lee et al. (2017b) and Banik et al. (2017) showed
similar relationships for porphyry copper deposits in Chile
and Nevada using the Eu concentration in zircon. Further-
more, Shen et al. (2015) demonstrated a correlation be-
tween zircon Ce*'/Ce’ ratios and the size of the porphyry
copper deposits in central Asia. These investigations con-
cluded that zircon provides a most useful tool for evaluat-
ing the porphyry copper fertility of plutons.

This study investigates district- to batholith-scale fertility
indicators of porphyry copper deposits in the Guichon
Creek, Takomkane and Granite Mountain batholiths as
well as those in the Toodoggone area (Figure 1) by charac-
terizing the textural and geochemical features of zircon to

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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develop tools and strategies for the exploration of porphyry
copper deposits in the BC magmatic belts. Results show
that the geochemical as well as the textural characteristics
of zircon can assist in distinguishing porphyry-fertile plu-
tons from nonmineralized or poorly mineralized plutons.

Zircon for Fertility Studies

Zircon is a preferred heavy mineral to evaluate the potential
of plutonic rocks to host porphyry copper deposits because
it is a common accessory mineral in a broad range of mag-
mas. Zircon is resistant to subsolidus (hydrothermal) alter-
ation, and demonstrably retains critically important pre-al-
teration and pre-mineralization geochemical information.
Zircon persists in surficial sediments for tens or hundreds
of kilometres beyond the hydrothermal or geochemical
footprint of magmatic-porphyry centres (Averill, 2011),
thus enabling detection of fertile-porphyry clusters at sub-
stantial distances from their source and on the regional
scale of Cordilleran magmatic provinces (Lee et al.,
2017a). Zircon recovery from soil, rock and drillcore sam-
ples is both feasible and affordable. Furthermore, in situ U-
Pb and Pb-Pb geochronology of zircon using laser ablation
has matured to the extent that it constitutes a preferred
method to accurately date mineralized and barren magmas
(e.g., Stern et al., 2011; Chiaradia et al., 2013).

Geological Setting

The Quesnel terrane in south-central BC is characterized by
an Upper Triassic to Lower Jurassic island-arc volcano-
sedimentary package with numerous contemporaneous
plutons and batholiths, some with associated clusters of
porphyry copper deposits (Logan and Mihalynuk, 2014).
The plutons and batholiths occur as three arc-parallel belts
that progressively young from west to east (Schiarizza,
2015). The western Upper Triassic belt is characterized by
the calcalkaline Guichon Creek and Granite Mountain
granodioritic batholiths, which host the Highland Valley
and Gibraltar porphyry copper districts, respectively (Fig-
ure 1). Similar plutonic rock types and potential porphyry
copper deposits are expected to occur beneath the Neogene
and Quaternary cover rocks. The central plutonic belt con-
sists of the most recent Triassic alkaline plutons that are
dominated by monzonitic rocks, including the Copper
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Figure 1. Location map, showing Cordilleran terranes, studied batholiths and major porphyry
copper deposits in British Columbia (modified from Bissig and Cooke, 2014).

Mountain, Iron Mask and Mount Polley composite intru-
sions and related porphyry copper deposits. The eastern-
most belt consists of several Lower Jurassic calcalkaline
granodioritic batholiths such as the Pennask and Takom-
kane batholiths, which host the Brenda and Woodjam
property’s Southeast Zone porphyry copper deposits, re-
spectively.

Fertility characteristics of plutons of the Guichon Creek,
Granite Mountain and Takomkane batholiths are consid-
ered, as well as those of plutons that occur in the Toodog-
gone area. The geological setting of these areas is provided
in Bouzari et al. (2016) and reference therein, a brief sum-
mary of each district is given here.

Guichon Creek Batholith

The Upper Triassic Guichon Creek batholith is a north-
trending, approximately 65 by 30 km body that intruded
and thermally metamorphosed the Upper Triassic Nicola
Group basaltic to andesitic volcanic and volcaniclastic
rocks (McMillan et al., 2009) of the Quesnel terrane. The
batholith is composite and zoned, with earlier diorite and
quartz diorite border phases that surround younger grano-
diorite phases in the centre (Casselman et al., 1995; Byrne
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per Triassic—Lower Jurassic Boss
Creek unit and the Lower Jurassic
megacrystic Schoolhouse Lake
unit. A smaller volume unit of
quartz-feldspar porphyry occurs within the Schoolhouse
Lake unit. The Woodjam Creek unit is texturally distinct
but compositionally similar to the Schoolhouse Lake unit
and forms the northwestern part of the batholith (Schiarizza
et al., 2009). The Woodjam Creek unit (194.99 +0.16 Ma,
del Real et al., 2017) has a similar age to the Schoolhouse
Lake unit but has less quartz and does not contain the large
K-feldspar megacrysts that characterize the latter. The
Woodjam Creek unit is host to the major porphyry copper
deposits, including the Southeast Zone (del Real et al.,
2017).

Granite Mountain Batholith

The Upper Triassic Granite Mountain batholith (18 by
10 km), which hosts the Gibraltar porphyry copper mine,
occurs near McLeese Lake in south-central BC. The batho-
lith is subdivided into three main units, from the southwest
to the northeast: Border phase diorite to quartz diorite,
Mine phase tonalite and Granite Mountain phase
leucocratic tonalite. The Burgess Creek stock (Panteleyev,
1978), to the northeast, comprises a heterogeneous assem-
blage of tonalite, quartz diorite and diorite that intrudes the
Nicola Group. Mineralization at the Gibraltar mine is

Geoscience BC Summary of Activities 2018: Minerals and Mining
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hosted in the Mine phase tonalite of the Granite Mountain
batholith. The age of the mineralization (215 £1.0 to 210
+0.5 Ma), determined based on three dates acquired using
the rhenium-osmium method (Harding, 2012), indicates
that the mineralization was penecontemporaneous with the
emplacement of the Mine phase. But more recent fieldwork
(C. Gallagher, pers. comm., 2017) suggests that porphyry
dikes that cut the Mine phase were probably more closely
associated with the mineralization event than the Mine
phase. Samples of these dikes were not available in the
course of this study.

Toodoggone Area Plutons

The Toodoggone area in north-central BC is a northwest-
trending district located in the eastern part of the Stikine
terrane. Geology of the Toodoggone area is described in de-
tail by Diakow etal. (1993, 2005). Asitka, Takla and Hazel-
ton group volcano-sedimentary rocks in the Toodoggone
area are intruded by Upper Triassic to Lower Jurassic felsic
to intermediate plutons and cogenetic dikes of the Black
Lake suite (Diakow et al., 2005). The plutons are exposed
at several locations, commonly forming elongated north-
west-trending bodies. The Giegerich and Jock Creek
plutons occur on the eastern margin of the area and the
Duncan Hill pluton occurs in the western and central parts
of the area. Small, and probably deeply eroded, porphyry
copper mineralization at the Sofia prospect occurs within
the Jock Creek pluton. Several smaller and presumably less
eroded plutons, such as the Sovereign pluton near the
Kemess deposit or those near the Brenda prospect, occur in
the central part of the area. Kemess is the major porphyry
copper-gold deposit in the district and is associated with the
small Maple Leaf granodiorite pluton (Duuring et al.,
2009).

Samples and Methods

Actotal of 127 rock samples were collected from various in-
trusive phases. Hand-sawn samples were described and
further characterized using a petrographic microscope. A
subset of 44 samples, representing main intrusive bodies,
were selected for zircon separation and analysis, including
12 from the Guichon Creek, 12 from the Takomkane and 7
from the Granite Mountain batholiths, and 13 from the Too-
doggone area.

Samples were disaggregated using a Spark 2 electric-pulse
disaggregator at Overburden Drilling Management Lim-
ited (Nepean, Ontario) to break the rock along mineral-
grain boundaries, providing a larger number of unbroken
mineral grains. Subsequently, mineral separation was per-
formed at the Mineral Deposit Research Unit, The Univer-
sity of British Columbia using Frantz" magnetic separation
and conventional heavy-liquid methods.
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Mineral grains were handpicked, mounted and polished in
preparation for electron-probe microanalysis (EPMA) and
trace-element laser-ablation inductively coupled plasma—
mass spectrometry (LA-ICP-MS) at The University of Brit-
ish Columbia. A total of 1022 zircon grains were mounted
and analyzed. These grains were studied and characterized
by binocular, petrographic and cathodoluminescence (CL)
microscopy. Properties such as colour, shape, inclusion
populations and zoning were documented for each grain.
Mineral grains and spots were then analyzed by EPMA for
major elements and some trace elements before being ana-
lyzed by LA-ICP-MS for a full trace-element characteriza-
tion. A total of 1620 spots were analyzed. In the case of
smaller grains (<100 um), one spot was analyzed per sam-
ple, whereas for larger grains (>100 um), two spots were
analyzed per grain, one at the grain centre and one at the
rim.

Details on the samples and the analytical techniques used in
this study will be published in a subsequent publication.

Zircon Texture

Zircon typically forms 100-500 um long grains with com-
plex internal zoning. Cathodoluminescence imaging was
used to characterize the texture of the zircon grains. Oscil-
latory zoning is the most common type of zoning (Fig-
ure 2a), creating zones of green, dark green and grey lumi-
nescence. Fine zoning of <I to >10 pm for each zone is
common and occurs around a larger core. Zircon grains lo-
cally have a black luminescent core, with an irregular shape
resembling an antecryst. Elongated zircon grains display
tabular zoning (Figure 2b), which occurs as parallel bands
of green, light green, grey or black coloured luminescence;
however, fine parallel zoning is not common. A combina-
tion of tabular and oscillatory zoning, known as tabular-
oscillatory zoning, is also common (Figure 2¢) and is char-
acterized by the core of the zircon grains always showing
tabular zoning rimmed by oscillatory zoning. However, zir-
con grains with oscillatory zoning rimmed by tabular zon-
ing were not observed. This relationship suggests that zir-
cons with tabular zoning always formed prior to the zircons
with oscillatory zoning. Oscillatory zoning with sector
zonation is another common type of zoning (Figure 2d).
Zircon grains that show irregular zoning, which commonly
occurs in zircon with oscillatory zoning, are distinctly dif-
ferent; in such grains, new growth zones crosscut older
zones (Figure 2e, ), thus suggesting that new zircon zones
formed by modifying or destroying older zones.

Zircon Trace-Element Chemistry

Zircon trace-element chemistry is a robust tool with which
to study magmatic and ore-forming processes. Zircon
structure can incorporate many trace elements and because
of the slow rates of oxygen diffusion for these elements
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Figure 2. Cathodoluminescence images of zircon grains, showing various types
of zoning: a) oscillatory zoning in a zircon grain, with some irregular zoning where
younger zones crosscut older zones near the rim (indicated by the arrow); b) tabu-
lar zoning, with oscillatory zoning evident where it started to crystallize near the
rim (indicated by the arrows); ¢) tabular zoning rimmed by oscillatory zoning (indi-
cated by the arrows); d) oscillatory and sector zoning; e) and f) irregular zoning
with the rim crosscutting the core zoning (indicated by the arrows).

(Cherniak et al., 1997), it retains initial compositions and
thus provides a record of magmatic processes occurring
during zircon growth such as oxidation state and tempera-
ture, which are important factors in the formation of por-
phyry copper deposits. Zircon in plutonic rocks of the por-
phyry belts typically display low abundances of light rare-
earth elements (LREE) and high relative abundances of
heavy rare-earth elements (HREE), with positive Ce and
negative Eu anomalies (Ballard et al., 2002; Dilles et al.,
2015). Typically, in mineralized intrusions, the Ce anomaly
is larger and the Eu anomaly smaller in magnitude com-
pared to nonmineralized intrusions (Ballard et al., 2002).

HREE Enrichment

The Th/U versus Yb/Gd plot shows zircon evolution fol-
lowing a curved path for all batholiths, with the Yb/Gd ratio
increasing as the Th/U ratio decreases (Figure 3). The
Guichon Creek batholith displays a wide range of Th/U and
Yb/Gd ratios for zircons from both nonmineralized and
mineralized phases (Figure 3a). However, zircon from the
earlier phases, such as the Border and Guichon phases,
have high Th/U and low Yb/Gd ratios (>0.45 and <15, re-
spectively), whereas mineralized phases, such as Bethsaida
and Skeena, have zircons with lower Th/U and higher Yb/Gd
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ratios (<0.45 and >15, respectively). Similarly,
at the Takomkane batholith, results from zir-
cons recovered from the earlier phases of
Spout Lake, Buster Lake and Boss Creek show
a curved path, with a wide range of composi-
tions but with higher Yb/Gd and lower Th/U
ratios for the Boss Creek relative to the Spout
Lake phase (Figure 3b). Zircon composition of
the mineralized Woodjam Creek phase, clus-
tered in the middle of the curve, presents a
range of Yb/Gd and Th/U ratios strikingly sim-
ilar to those of the Bethsaida phase of the
Guichon Creek batholith. Zircons from the
Schoolhouse Lake and quartz-feldspar por-
phyry phases of the Takomkane batholith ap-
pear scattered and fall largely off the main
curve (Figure 3b). The zircons from the Gran-
ite Mountain batholith follow a similar curve
on the Yb/Gd versus Th/U plot (Figure 3c),
with the mineralized Mine phase, which oc-
curs in the middle of the curve, displaying sim-
ilar Th/U ratios to those of zircons from the
Guichon Creek and Takomkane batholiths (be-
tween 0.2 and 0.45) but slightly lower Yb/Gd
(>10). Samples from the Toodoggone arca
show a similar curved path, with overlap of the
Th/U and Yb/Gd ratios of the various phases
(Figure 3d). Zircons from the mineralized
phases at Kemess and Sofia have low Th/U
(<0.5) and high Yb/Gd (>20).

Crystal Fractionation

The increase in Th/U ratios in zircons is attributed to crystal
fractionation producing residual melts with relatively high
U and Th contents but low Th/U ratios (Miller and Wooden,
2004). The Yb/Gd increase is attributed to apatite, horn-
blende and titanite crystallization: as the magma cools and
crystallizes, apatite, hornblende and titanite fractionation
depletes the melt in middle rare-earth elements (MREE),
causing an increase in zircon of HREE relative to MREE,
and thus high Yb/Gd. The similarity of the Th/U and Yb/Gd
ratios of zircons from all mineralized phases suggests that
all fertile magmas require a certain amount of fractional
crystallization. The variation in zircon compositions along
the observed evolutionary paths reflects different propor-
tions of apatite, hornblende and titanite in the sequence of
crystallization (Lee at al., 2017b). This is more notable for
zircons from the Mine phase of the Granite Mountain bath-
olith that have lower Yb/Gd (10-25), which suggests less
fractionated rock. The distribution pattern of the Th/U and
Yb/Gd ratios of zircons from the poorly mineralized
Schoolhouse Lake and quartz-feldspar porphyry units of
the Takomkane batholith is quite scattered and does not fol-
low the curved path of crystal fractionation (Figure 3b),
which was probably due to the melts assimilating U-, Th-
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and REE-enriched crustal materials. Lee et al. (2017b)
came to the same conclusion and suggested that poorly
mineralized rocks at El Salvador, in Chile, display evi-
dence of crustal mixing and contamination, whereas
the mineralized phases show evidence of simple crys-
tal fractionation.

Eu Anomaly and Oxidation State

Europium in magma exists mainly as Eu®*, which pre-
fers partitioning into feldspar and thus generates a neg-
ative Eu anomaly in crystalizing zircon. Higher oxida-
tion states promote an increase in the abundance of
Eu’’, which favours partitioning into zircon and thus
decreases the negative Eu anomaly. The europium
anomaly (Eun/Eun®) is typically calculated as the ratio
of chondrite-normalized Eu abundance relative to Sm
and Gd. Hafnium is an incompatible element and its
content in zircon is used as a proxy for percentage of
crystallization and decrease in modal temperature
(Dilles et al., 2015). The Eu anomaly versus Hf plot
shows distinct variations in BC porphyry-related
plutons (Figure 4a—d).

At Guichon Creek, zircons from the nonmineralized
Border, Guichon and Chataway phases show an in-
crease in Hf concentration as the Eu anomaly de-
creases; however, most nonmineralized samples have
Eu anomalies <0.3 (Figure 4a). The increase in Hf con-
centration in zircon occurs as the temperature de-
creases and magma progressively crystalizes (Dilles et
al., 2015). Zircons from the mineralized Bethsaida,
Skeena and Bethlehem phases have variable Hf con-
centrations, with the samples from the Bethsaida and
Skeena phases commonly showing higher Hf concen-
trations than those from the Bethlehem phase, which
suggests that the Bethsaida and Skeena phases formed
atlower temperatures than the Bethlehem phase. Lee et
al. (2017a) reported a similar trend. More importantly,
zircons from all three mineralized phases have Eu
anomalies >0.35, suggesting that magmatic cooling
and crystallization in these mineralized phases oc-
curred under higher oxidation states that prevented the
decrease in Eu anomaly values, in sharp contrast to
values of the nonmineralized phases.

Zircons from the Takomkane batholith show similar
Eu and Hf relationships to those of the Guichon Creek
zircons. Samples from the Spout Lake, Buster Lake
and Boss Creek plutons show zircons with a wide
range of Eu anomalies and Hf concentrations that plot
roughly along a curved line (Figure 4b). Zircons from
the mineralized Woodjam Creek unit display a distinct
Eu anomaly >0.35. Zircons from the younger but non-
mineralized phases of the Schoolhouse Lake and
quartz-feldspar porphyry units also display similar Eu
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Figure 3. Binary diagram of Th/U versus Yb/Gd, showing a curved evolu-
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high crystal fractionation, along with the scatter plot of plutons with
crustal contamination and therefore lacking mineralization: a) Guichon
Creek batholith; b) Takomkane batholith; ¢) Granite Mountain batholith;
d) Toodoggone area. Abbreviation: Qz, quartz.
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Figure 4. An Eu anomaly (Eun/Eun®) versus Hf concentration plot, showing
that zircons from mineralized phases have a Eu anomaly >0.35 regardless
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riable Eu values: a) Guichon Creek batholith; b) Takomkane batholith;
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50

anomaly values >0.35. However, zircons from these
two units show a higher Hf concentration relative to
that of the Woodjam Creek unit samples, suggesting
that magmas were more fractionated in these
younger units.

Zircons from the Granite Mountain batholith show a
wide range of Hf concentrations, similar to those
from the Guichon Creek and Takomkane batholiths,
but the nonmineralized phases and apparently min-
eralized Mine phase both have zircons with a largely
low Eu anomaly (<0.35), which suggests that much
of this batholith crystallized under a low oxidation
state (Figure 4c). Given the recent field observations
on the occurrence of younger mineralized porphyry
dikes that cut the Mine phase (see above), it may be
that the Mine phase represents a slightly older phase
of the mineralization.

Zircon samples from various plutons in the Toodog-
gone area also show a wide range of Hf concentra-
tions, whereas they commonly show a Eu anomaly
>(.35, especially those from the mineralized phase
of the Black Lake suite at Kemess and from the Jock
Creek pluton at Sofia (Figure 4d). The zircon grains
from other phases, such as those from the Duncan
and Sovereign plutons, have variable Eu anomaly
values ranging from low (<0.35) to high (>0.35).

Effect of Titanite and Apatite
Crystallization versus Oxidation State
and Magmatic Water

The Eu anomaly is commonly used to characterize
the oxidation state of the magma such that ata higher
oxidation state most Eu is present in the trivalent
state and is not partitioned into fractionating
plagioclase (Frey et al., 1978; Dilles et al., 2015).
Alternatively, lack of a significant Eu anomaly can
also be caused by high magmatic water contents,
which suppresses plagioclase fractionation (Rich-
ards, 2011). Loader etal. (2017) argued that the frac-
tionation of titanite and apatite has the potential to
impart a positive Eu anomaly on residual melts,
which may be inherited by zircon when it subse-
quently crystallizes.

Plots of Eu anomaly in zircon versus Yb/Gd (Fig-
ure 5) are used to further characterize the Eu anom-
aly and the effect of crystal fractionation, oxidation
state and magmatic water. As discussed above, the
Yb/Gd ratio is a proxy for fractionation of apatite,
hornblende and titanite, which depletes the melt in
MREE, causing an increase in zircon of HREE rela-
tive to MREE (high Yb/Gd). Zircons from the non-
mineralized plutons have a wide range of Eu anom-
aly values (<0.2 to >0.6) and Yb/Gd (~10 to >40).
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Zircons from the mineralized plutons, except the
Mine phase of the Granite Mountain batholith, dis-
play a similar range of Yb/Gd but a distinctly higher
Eu anomaly (=0.35).

The above relationship suggests that apatite and ti-
tanite fractionation had different effects on mineral-
ized and nonmineralized plutons. Zircons from the
nonmineralized phases of all batholiths show a posi-
tive correlation between Yb/Gd and Eun/Eun® (Fig-
ure 5a—d). Thus, as the melt became more fraction-
ated with apatite and titanite (i.e., higher Yb/Gd), the
Eu anomaly increased, becoming less negative.
Therefore, the increase in the Eu anomaly could have
been related to the apatite and titanite fractionation,
as described by Loader et al. (2017), although the ef-
fect of an increase in oxidation state cannot be ruled
out. However, the Eu anomaly values of zircons from
the mineralized phases do not show any correlation
with Yb/Gd (Figure 5). Thus, the mineralized phases
have an Eu anomaly >0.35 whether Yb/Gd ratios are
high or low, suggesting that apatite and titanite crys-
tallization did not influence the Eu anomaly in zir-
cons of the mineralized plutons.

The variation in Yb/Gd and petrographic evidence
suggest that apatite and titanite fractionation oc-
curred in the mineralized plutons, but the question re-
mains as to why the fractionation processes did not
affect the Eu anomaly in zircon? It could be that the
effect of apatite and titanite crystallization on the Eu
anomaly of zircon was largely minimized or nullified
by the high oxidation state and water content of the
mineralizing magma.

Correlation Between Trace Element and
Zircon Texture

Zircon grains commonly display complex and fine
textural zoning (see above). The correlation between
these textures and zircon chemistry is usually diffi-
cult to establish because of the fine nature of the tex-
tural variations in zircon (<10 pm) and the laser-
beam size selected for LA-ICP-MS analysis (34 um
in this case). However, this study shows that there is a
correlation between the type of zircon grains and
their trace-element chemistry. Figure 6a shows the
Eu anomaly plotted against Hf content for all studied
zircon grains, classified according to their type of
zoning. Zircon grains with an elongated shape and
tabular zoning distinctly have a lower Eu anomaly,
whereas granular zircon grains with oscillatory zon-
ing display a wide range of Eu anomaly values, from
low to high, although zircons with a high Eu anomaly
(=0.35) are more common. Zircon grains that display
tabular-oscillatory zoning are commonly similar in
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composition to those with tabular zoning; however, some
zircon grains have a composition like that of zircons with
oscillatory zoning. The reason for this is that, in the case of
most of the grains, the core with tabular zoning was ana-
lyzed, whereas in the case of grains rimmed with oscillatory
zoning, the rim was analyzed only if was thick enough
(>40 um).

Age calculations based on U-Pb for a subset of grains (Fig-
ure 6b) show that zircon grains with tabular zoning and a
low Eu anomaly are older than 195 Ma. The zircon grains
with oscillatory zoning and a high Eu anomaly have a wide
range of ages but are mostly younger than 200 Ma (ca. 180—
200 Ma.). This relationship re-emphasizes, as was pro-
posed in McMillan et al. (1995), that the plutons emplaced
between 200—185 Ma are more likely to prove fertile. This
is particularly true in terms of oxidation state and magmatic
water content. More importantly, the shape and texture of
zircon grains can be used to screen plutons for fertility since
fertile plutons have abundant zircon with oscillatory zon-
ing, which commonly shows irregularities where younger
zones crosscut older zones (see above). These preliminary
observations suggest that the study of zircon texture can be
further developed to help in more efficiently identifying
porphyry fertile plutons.
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Conclusions

Zircons from the porphyry-fertile plutons in BC show
several distinct characteristics that relate them to the an-
cient magmas that have an increased potential to gener-
ate porphyry copper deposits. Zircons from the mineral-
ized plutons have small negative Eu anomalies (Eun/
Eun* 20.35). This reflects 1) high magmatic water con-
tent and consequent suppression of early plagioclase
crystallization (e.g., Ballard et al., 2002) and 2) late
magmatic oxidation resulting in the loss of SO,-rich
magmatic-hydrothermal ore fluids during late-stage
crystallization of granite (Dilles et al., 2015; Lee et al.,
2017b). In each batholith complex, the mineralized plu-
tons are associated with precursor plutons that are poor-
ly mineralized or nonmineralized. These nonmin-
eralized plutons show a variable Eu anomaly, which is
interpreted to be largely controlled by crystal fraction-
ation, particularly that of apatite and titanite (Loader et
al., 2017). Therefore, the crystal fractionation of the
magmas of these plutons did not produce ore deposits
because of a low oxidation state or low magmatic water
content, or both. Crystal fractionation also occurred
during cooling of the mineralized plutons, but unlike
the nonmineralized plutons, the effects of apatite and ti-
tanite crystallization were nullified by the high oxida-
tion state and water content of the magma. Therefore, an
Eu anomaly distribution in plutons that is not signifi-
cantly affected by Hf concentration or Yb/Gd values
suggests that both magmatic water and oxidation state
were high during the entire cooling history of the
magma and are potentially a better source of mineralization
leading to the formation of porphyry copper deposits.

In summary, the key features of zircon that indicate por-

phyry-fertile plutons in BC are:

e zircons of Early Jurassic age (ca. 200—185 Ma);

e zircons with oscillatory zoning, particularly the ones
that show some irregular zoning patterns crosscutting
oscillatory zoning;

e zircons that show simple crystal fractionation, with val-
ues on the Yb/Gd versus Th/U plot forming a curved
line, which suggests a lack of crustal contamination;

e zircons with an Eu anomaly >0.35, which suggests a
high magmatic water content and oxidation state; and

e zircons with an Eu anomaly not dependent on Hf con-
centration or Yb/Gd values, suggesting that magmatic
water content and oxidation state were high and re-
mained high during much of the magma crystallization.
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Introduction

The IKE deposit is a Cu-Mo-Ag porphyry deposit located
in the southern portion of the Canadian Cordillera in south-
western British Columbia (BC). It follows a calcalkalic
porphyry model, as it is hosted in plutonic rock and has a
large alteration footprint. Amarc Resources Ltd. drilled 21
discovery holes from 2014 to 2016 that cover an area of
1.2 km by 1.0 km to a depth of 875 m; all of these holes in-
tersected long intervals of Cu and Mo mineralization. Sig-
nificant amounts of early halo-type (EHT) veins are found
throughout the deposit; such veins are typically associated
with deep-seated porphyry deposits, such as Butte,
Montana and Ann Mason, Nevada.

This project is an investigation of the geochemical proper-
ties of these early halo-type veins and how they relate to
mineralization. Detailed petrographic studies were carried
out on early halo-type veins in multiple parts of the system
in order to identify the mineral assemblages that occur in
the alteration haloes and how IKE compares to other depos-
its. Shortwave infrared (SWIR) spectroscopy was used on
the hostrock at IKE to identify subtle geochemical changes
in the alteration minerals. The main mineral picks, white
mica absorption features and illite crystallinity values were
examined to determine fluid composition and pathways in
the deposit, and how they relate to grade and the formation
of early halo-type veins.

The development of early halo-type veins is a key compo-
nent of early high-temperature mineralization in the system
and has the potential to aid in the exploration for high-grade
zones at IKE and other deep-seated porphyry deposits.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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Regional Geology

The IKE porphyry district is located on the eastern margin
of the Coast Plutonic Complex (CPC) in southwestern BC,
33 km northwest of Gold Bridge (Figure 1). The CPC is Cre-
taceous to Eocene in age, and is thought to be linked to the
subduction of the Pacific Plate beneath the western edge of
the North American Plate, and partly a result of tectonic
overlap and compressional thickening of crustal rocks dur-
ing a collision between the North American Plate and two
allochthonous terranes accreted to the western margin in
the Mesozoic (Monger et al., 1982). Compared to the other
morphogeological belts of the Canadian Cordillera, the
Coast Belt is apparently lacking in mineral occurrences,
and the exact mechanisms for this are not well understood
(McMillan et al., 1996).

The IKE deposit is hosted in a late Cretaceous granodiorite
intrusion that correlates with the Dickson-McClure batho-
lith, which hosts several other calcalkaline porphyry occur-
rences. Rhenium-osmium dates from molybdenite at IKE
yield ages 0f46.4 +£0.19 Ma and 47.55 £0.24 Ma, making it
one of the few Eocene deposits in the region (Galicki and
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Figure 1. Location of study area (mOdIerd from Galicki and Rebag-
liati, 2017).
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Rebagliati, 2017). The majority of porphyry deposits in the
Canadian Cordillera are early Mesozoic in age, and the por-
phyry deposits that are late Mesozoic to Cenozoic were
formed in intracontinental settings after the accretion of the
Quesnel and Stikine terranes onto continental North Amer-
ica. The distribution of postaccretionary deposits is linked
to crustal structure and subduction geometries (McMillan
et al., 1996).

Mineralization at IKE may be related to dilation zones from
the Tchaikazan fault, as there is no evidence on surface or in
the drillcore of a major structure at the deposit (Galicki and
Rebagliati, 2017). The Tchaikazan fault is a mid-Creta-
ceous strike-slip fault with a postulated dextral displace-
ment of up to 30 km, and is truncated to the south by the
Dickson-McClure batholith (Schiarizza et al., 1997). There
is evidence that the Tchaikazan fault was reactivated in the
late Cretaceous and the Eocene (Umhoeffer and Klein-
spehn, 1995). Mineral occurrences in the IKE district line
up geographically with the southeasterly trend of the Tchai-
kazan fault, as seen in Figure 2. These mineral occurrences
range in age from late Cretaceous to Eocene, and may to
correlate with movement on the Tchaikazan fault.

Legend
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[ Basalt and minor andesite flows
Eocene
[ Quartz monzonite and granodiorite
Paleocene—Eocene
[] Volcanic rocks
Late Cretaceous—Paleogene
|| Feldsparthornblendetbiotite porphyry
Late Cretaceous
| | Granodiorite, lesser quartz diorite
Upper Cretaceous
___Powel Creek Formation volc. and sed. rocks
Cretaceous
[T Taylor Creek Group volc. and sed. rocks
Middle-Upper Jurassic
. Relay Mountain Group sed. rocks
Other

Gossan = Fault

IKE Property Geology

The IKE deposit is hosted in felsic to intermediate intrusive
rocks. The host granodiorite, the most intersected intru-
sion, is a medium-grained, biotite-bearing hornblende
granodiorite and is associated with most of the mineraliza-
tion in the system. It predates mineralization but was en-
riched in grade during the mineralizing event. Uranium-
lead dating of the mineralized granodiorite yielded 85.7
+1.1 Ma, which is correlative with the Cretaceous Dickson-
McClure batholith (Galicki and Rebagliati, 2017). There
are several different syn-mineralization intrusions at IKE
that range from quartz monzonite to diorite and can be dis-
tinguished from the pre-mineralization granodiorite by
their porphyritic texture. There are minor amounts of late-
mineralization and post-mineralization dikes, but they are
not linked to significant Cu and Mo grades (Galicki and
Rebagliati, 2017). An example of dike orientation and how
it relates to the drillcore is shown in Figure 3.

There is a general trend of high- to low-temperature alter-
ation with time, with the most significant episodes of min-
eralization associated with high-temperature alteration

Mineral Occurences
2| @ Porphyry Cu-Mo

@ Porphyry Cu-Au-Mo
@ Porphyry Cu-Au
@ Epithermal Au

O Mesothermal Au
@ Bog Fe
Epithermal-related

...........

 Mewtwo,

Figure 2. Regional geology of IKE and surrounding mineral occurrences. The Tchaikazan faultis outlined in red (modified from Galicki and
Rebagliati, 2017). Abbreviations: sed., sedimentary; volc., volcanic.
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Figure 3. Geological cross-section of the IKE deposit, with location of some of the drillholes (modified from Galicki and Rebagliati, 2017).

(Galicki and Rebagliati, 2017). Potassium-silicate (bio-
tite)+magnetite alteration is the earliest stage of hydrother-
mal alteration and involves the replacement of igneous bio-
tite and hornblende with ‘shreddy’ hydrothermal biotite.
Potassium-feldspar—quartz alteration consists of minor
amounts of K-feldspar, generally found in alteration
selvages of veins, most frequently in zones of high vein
density. Propylitic alteration is relatively minor and is rep-
resented by a low-temperature assemblage of chloritetcar-
bonatetepidote. Rare quartz-chlorite-epidote-sulphide
veins are associated with this alteration, suggesting
sulphides were also introduced and/or remobilized at this
stage of alteration. Phyllic alteration is the latest stage and
consists of pyritic quartz veins with large sericite-pyrite-
chlorite alteration haloes. It is minor in this deposit and is
often seen in reopened, early halo-type veins and overprint-
ing early-stage K-silicate alteration (Galicki and Rebag-
liati, 2017).

Mineralization in the system is both vein hosted and dis-
seminated. The majority of Cu mineralization is attributed
to early-stage potassic alteration and is mainly in the form
of chalcopyrite; however, there is minor malachite in the
shallow intervals of some drillholes, which could be a re-

Geoscience BC Report 2019-1

sult of surface alteration. Chalcopyrite occurs in the veins
and their alteration haloes as well as disseminated through-
out the hostrock, where it replaces biotite and hornblende.
Molybdenum is mainly vein hosted in the form of molybde-
nite and is often associated with later stage K-feldspar
alteration.

Early Halo-Type Veins

Early halo-type (EHT) veins often occur in areas of high Cu
grade in many deep-seated porphyry deposits. They are de-
fined as veins with significant alteration haloes that are tex-
ture destructive, contain sericite island and sericite bowtie
textures, and are one of the first veining events of the sys-
tem (Proffett, 2009). Examples of deposits with significant
amounts of EHT veins include Butte, Montana and Ann
Mason, Nevada. Another interpretation of veins with sig-
nificant alteration haloes in deep portions of porphyry de-
posits is that they are formed from degassing of overpres-
surized hydrothermal fluids during late crystallization and
have compositions and textures similar to veins found in
greisen-type Sn-W-Mo districts (Runyon et al., 2017). Al-
though the vein haloes in IKE also have sericite and quartz
as some of the main alteration minerals, they differ from
veins in the Runyon study because they do not have open-
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space—filling textures and are associated with the first stage
of mineralization in the system.

The IKE deposit has an abundance of EHT veins, which are
linked to early Cu mineralization in the system. They are
found most frequently in the pre-mineralization grano-
diorite but occur in all of the syn-mineralization intrusions.
It is important to note that they are absent from post-miner-
alization intrusions. Their crosscutting relationships with
other vein types and occurrence in intrusion types suggest
that they occur in the first stage of mineralization at IKE.
The centrelines are thin (1 mm) and generally consist of
quartz, chalcopyrite, pyrite and sometimes magnetite.
Composition is variable, but the most common minerals in
the alteration halo are sericite and biotite, along with
chlorite, quartz and K-feldspar. The average sericite-rich
alteration halo has a true width of about 1 cm, and haloes
containing significant amounts of biotite are slightly thin-
ner. The EHT veins can host a significant amount of miner-
alization, most commonly in the form of pyrite and chalco-
pyrite. Figure 4 shows some of the most commonly seen
EHT veins in the IKE deposit.

Cu: 0.488% Mo: 90.0 ppm Ag: 6.1 gt |

N Cu: 0.347% Mo: 230.0 ppm Ag: 2 7g/t

Preliminary studies indicate that EHT veins at the IKE de-
posit seem to be linked to early mineralizing events in the
IKE system, as they are concentrated in areas of higher Cu
grade. Percentages of EHT veins were estimated visually in
each sample interval (~3 m) of drillholes IK15013 and
IK15018, where the EHT veins are prevalent. Both the vein
and the alteration halo are included in the estimation. They
occur through the entirety of both holes but are of higher in-
tensity in areas of medium to strong K-silicate—bio-
titetmagnetite alteration. Figure 5 shows a positive corre-
lation between EHT veins and Cu grades, whereas Ag and
Mo grades do not show strong correlations.

Petrography

Sixty-six polished thin sections and ten fluid-inclusion sec-
tions were prepared from the IKE deposit, many of them
containing EHT veins. The most common minerals in the
alteration haloes are sericite, biotite and quartz, and minor
minerals include chlorite, feldspar, clinopyroxene and apa-
tite. Sulphides are hosted in the alteration haloes: mainly
chalcopyrite and pyrite, and some sphalerite. The composi-

2 T TN LA

Figure 4. Examples of vein alteration haloes at IKE: a) zoned sericite-biotite alteration halo at 258 m in drillhole IK14001; b) sericite alter-
ation halo at 630 m in drillhole IK15013; c) sericite-biotite alteration halo at 96 m in drillhole IK15013; and d) zoned sericite-biotite-chlorite
alteration halo at 727 m in drillhole 1IK15018.
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09 tion of alteration haloes does not appear to be affected by
08 4 " R2=0.1576 the hostrock because EHT veins that cross rock bound-
aries have the same alteration minerals in similar quanti-
ties, but the size of the alteration mineral grains reflects
the grain size of the hostrock (Figure 6). The bowtie and
sericite-island textures seen in the alteration haloes are
diagnostic of EHT veins (Proffett, 2009).

Cu grade (%)

Detailed petrographic studies were carried out on se-
lected EHT veins at the IKE deposit in order to better un-
derstand the composition of the hydrothermal fluids and
0 2 L N 24 % 30 hostrock alteration. The veins highlighted in Figures 7-9

EHT vein percentage were chosen based on their variability of composition,

sulphide content and position within the system. The

Figure 5. Copper grade versus percentage of early halo-type veinsin  veins studied were from drillholes 1IK14001, IK15013
drillholes IK15013 and IK15018, IKE deposit. and IK15018; their positions are shown in Figure 3. Sam-

Figure 6. Thin-section photomicrographs from the IKE deposit: a) sericite alteration halo at the contact between equigranular granodiorite
and porphyritic diorite at 434 min drillhole IK15018; b) bowtie texture in sericite in the alteration halo at 249 min drillhole IK14001. Abbrevia-
tion: XPL, cross-polarized light.
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Figure 7. Mineral percentages in a zoned sericite-biotite alteration halo at 258 m in drillhole IK14001, with corresponding thin-section pho-
tomicrographs; cross-section indicated by red arrow, with tip of arrow denoting outer edge of alteration halo. Abbreviations: PPL, plane-po-
larized light; XPL, cross-polarized light.
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Figure 8. Mineral percentages in a sericite-biotite alteration halo at 96 m in drillhole IK15013, with corresponding thin-section photomicro-
graphs; cross-section indicated by red arrow, with tip of arrow denoting outer edge of alteration halo. Abbreviations: PPL, plane-polarized
light; XPL, cross-polarized light.

ple photos and interval grades of the EHT veins are shown  The centreline is composed of quartz, chalcopyrite, pyrite
in Figure 4. Mineral percentages were taken in portions of ~ and molybdenite. This type of vein typically does not have

the alteration haloes that represented the general composi- an alteration halo in this system and, if a halo occurs, it is
tion of the halo and did not include relict phenocrysts or  thin and composed of K-feldspar. The path of the centreline
crosscutting veinlets. also does not perfectly follow the path of the alteration

halo, which suggests that the original vein was reopened in
The sericite-biotite halo shown in Figure 7 demonstratesa  a later mineralizing event. The alteration mineralization is

common composition of zoned EHT veins found through-  relatively uniform throughout the halo. Biotite and quartz
out the IKE deposit. The centreline consists of pyrite, chal-  are the main alteration minerals, with less abundant sericite
copyrite and quartz. The main alteration minerals are seri-  and chlorite. There are minor amounts of clinopyroxene in
cite and quartz, with biotite occurring at the outer edge of  the alteration halo, but it was omitted from the graph for
the alteration halo. Pyrite and chalcopyrite are dissemi-  clarity. Chalcopyrite is the predominant sulphide in the al-

nated throughout the halo, with chalcopyrite concentrated teration halo, with rare pyrite and trace molybdenite. Chal-
more ClOSCly to the centreline. Drillhole IK14001 is in the Copyrite often occurs with chlorite within the halo.
uppermost portion of the deposit, so the composition of the  Drillhole IK15013 is one of the deeper holes in the system
EHT vein may reflect cooling of the hydrothermal fluidasit ~ and has the longest intervals of higher Cu grade (>0.3%),

moved to higher elevations in the system. along with some of the highest percentages of EHT veins.
The vein highlighted in Figure 8 is an example of an un- The EHT vein outlined in Figure 9 has a composition typi-
zoned EHT vein with biotite as the dominant vein mineral. cal of higher grade Cu zones in deep porphyry deposits.
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Figure 9. Mineral percentages in a zoned sericite-biotite-chlorite alteration halo at 727 m in drillhole IK15018, with corresponding thin-sec-
tion photomicrographs; cross-section indicated by red arrow, with tip of arrow denoting outer edge of alteration halo. Abbreviations: PPL,
plane-polarized light; XPL, cross-polarized light.
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The centreline is composed of quartz, with small amounts
of chlorite and calcite. The alteration halo is zoned, with
green sericite, biotite and minor chlorite as the dominant al-
teration minerals closer to the centreline, and quartz and
minor sericite on the outer edge of the halo. Minor amounts
of K-feldspar, clinopyroxene and apatite are found through-
out the alteration halo as well. Most of the chlorite occurs at
the transition between the two portions of the alteration
halo, along with larger grains of chalcopyrite. Smaller
grains of sphalerite (<1 mm) are found in both zones of the
alteration halo. This vein was in the last sample intervals of
drillhole IK15018, which is the deepest hole of the system.

Preliminary fluid-inclusion studies have shown a variety of
different fluid inclusions within the quartz veins at the IKE
deposit. There are fluid inclusions that are liquid dominant
or vapour dominant, and some that contain daughter miner-
als that appear to be halite and anhydrite. Two-phase fluid
inclusions in the system are mostly liquid dominant; how-
ever, vapour-dominant two-phase inclusions are quite
common as well. The porphyry boiling assemblage can be
seen in a quartz-chalcopyrite-molybdenite vein, which in-
volves a two-phase liquid-dominant fluid inclusion, a two-
phase vapour-dominant fluid inclusion and a three-phase
fluid inclusion, all occurring in the same quartz crystal
(Figure 10). This is significant, as boiling of hydrothermal
fluids in a porphyry system is thought to lead to mineraliza-
tion (Nash, 1976). Detailed fluid-inclusion studies may not
be suitable for this deposit, as fluid inclusions are very
small and often appear to be secondary.

Shortwave Infrared Spectroscopy

Shortwave infrared (SWIR) spectroscopy has been used to
identify alteration minerals and estimate crystallinity and
mineral abundance. There is no sample preparation, it is
nondestructive and measurements can be made directly on
dry rock or pulp samples. Spectra are generated by measur-
ing the electromagnetic radiation absorbed by submolecu-
lar vibrations related to covalent bonds, most notably Al-

0 L]

J ; &

Figure 10. Fluid inclusions hosted within quartz of a quartz-chalco-
pyrite-molybdenite vein in sample 06-253.47, showing a typical
porphyry ‘boiling’ assemblage of fluid inclusions ranging in compo-
sition from a three-phase (halite + liquid + vapour) fluid inclusion
(red arrow) to a two-phase liquid-dominant (liquid + vapour) fluid in-
clusion (green arrow) to a two-phase vapour-dominant (vapour +
liquid) fluid inclusion (black arrow).
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OH, Fe-OH, Mg-OH and H,0. (Simpson, 2015).
Phyllosilicates, sorosilicates, carbonates and certain
sulphates and ammonium-bearing minerals can be identi-
fied using this method. Some minerals, such as quartz, can-
not be identified using this method as they do not yield a
spectral response. Alteration minerals common in por-
phyry systems that can be measured using SWIR spectros-
copy include muscovite, biotite, chlorite, epidote, calcite,
kaolinite, illite and montmorillonite (Hauff, 2008). Miner-
als are identified based on patterns in the spectra. As an ex-
ample, kaolinite is recognized by a doublet in the absorp-
tion features around 1400 and 2200 nm, and a relatively
shallow water-absorption feature around 1900 nm (Fig-
ure 11). Multiple minerals can contribute the same absorp-
tion features in one spectrum, known as mixed spectra,
which should be considered when performing calculations
involving specific mineral groups (Halley, 2016).

There are many applications of SWIR spectroscopy, but
this study focuses on mineral picks, illite crystallinity and
wavelength positions around 2200 nm, and how they com-
pare to grade and abundance of EHT veins. Pucks of core
taken at every sample interval were analyzed for drillholes
1K 14001, 1K15013 and IK15018, as they are from different
parts of the system and contain significant amounts of EHT
veins. The pucks often did not contain veins or alteration
haloes, so the hostrock was the focus of this alteration
study. The analysis was done at The University of British
Columbia using a TerraSpec 3 and the data were processed
using The Spectral Geologist (TSG) 8 software. The spec-
tral range for the instrument is 350-2500 nm, and the dura-
tion of the scans was 10 seconds. White references were
taken hourly along with a Mylar™ standard to ensure con-
sistent measurements. As a form of quality control, samples
were rescanned if the absorption features were not pro-
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Figure 11. Example of spectra of common alteration minerals in
the IKE deposit, with some absorption features labelled.
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A vital function of SWIR spectroscopy is to quickly iden-
tify alteration minerals. The Spectral Geologist software
generates mineral picks based on the spectral signatures,
and can have up to three mineral picks for one spectrum.
This study will focus on the main mineral pick, which is the
most abundant mineral in a particular spectrum. The most
common mineral picks in the IKE deposit are chlorite, mus-
covite, biotite, kaolinite, illite, montmorillonite, paragon-
ite, phlogopite, siderite and tourmaline. Chlorite and mus-
covite are associated with the highest Ag, Cu and Mo
grades (Figure 12). Some spectra yielded only one main
mineral pick (e.g., epidote, hornblende and phengite), and
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Figure 12. Grades of Ag, Cu and Mo related to the main mineral
picks from SWIR spectroscopy data.
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they were left out of the figure for simplicity. Muscovite,
chlorite, biotite, tourmaline and siderite occur consistently
in all of the drillholes. Biotite only occurred as the main
mineral in drillholes IK15013 and IK15018, which are the
deepest holes, elevation wise, in the deposit. Itis interesting
to note that all occurrences of kaolinite as the main mineral
pick and the only occurrence of epidote as the main mineral
pick occur in drillhole IK14001, which is the shallowest of
the three drillholes studied.

Similar patterns are seen when comparing EHT vein per-
centage to the main mineral picks. As seen in Figure 13, the
sample intervals with the highest amounts of EHT veins
have mineral picks of chlorite, muscovite and illite. The
EHT veins are more frequent in areas of Mg-rich chlorite
than those of Fe-chlorite.

[llite crystallinity can be used as an estimation of the condi-
tions of formation of alteration minerals. A broad measure-
ment of illite crystallinity can be made using the ratio be-
tween the water and white mica absorption features at
1900 nm and 2200 nm, respectively (Halley, 2016). Once
the spectra were obtained, the minimum values of the
1875-1925 nm and 2175-2225 nm ranges were plugged
into equation 1. Higher values are associated with more crys-
talline phases, which tend to form at higher temperatures.
Only data points with white micas and montmorillonite
were used, to avoid the overestimation of water absorption
from minerals like chlorite and biotite (Halley, 2016).

minimum at 2200 nm )

lllite crystallinity = (m

M

Comparing illite crystallinity to ore grade in this system did
not yield any clear relationships. As seen in Figure 14, Ag
and Cu do not show a significant correlation with illite
crystallinity, whereas Mo has a slightly positive correlation
with higher crystallinity. Illite crystallinity plotted against
EHT percentage shows no correlation as well, although re-
moving points with minerals such as chlorite resulted in a
small dataset. Further studies may be needed to establish
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Figure 13. Percentage of early halo-type veins related to the main
mineral picks from SWIR spectroscopy data.
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Figure 14. Grades of Ag, Cuand Mo compared toillite crystallinity.

this relationship. X-ray diffraction can also be used in con-
junction with SWIR spectroscopy as an indicator of rela-
tive temperature of formation of illite and sericite, which
would be useful in understanding conditions of the forma-
tion of certain phyllosilicates in the IKE deposit.

The composition of white mica can also be determined by
the wavelength positions of Al-OH absorption features in
the spectra. The wavelength at the minimum reflectance
was recorded for the range 2185-2225 nm as a proxy for
white mica composition (Harraden et al., 2013). When
these values were plotted against grade and EHT vein per-
centage, the highest values of grade and EHT vein percent-
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age tended to be in intervals where the minimum reflect-
ance value was close to 2200 nm; however, there was no
overall correlation.

Conclusions

Itis clear that the presence of EHT veins is related to higher
Cu grades in the system. Areas with higher percentages of
EHT veins (>10%) have Cu grades of at least 0.1%. It is im-
portant to understand the processes that resulted in the for-
mation of early halo-type veins, as they could be a tool for
finding higher grade areas within the system.

Mineral assemblages seen in the alteration haloes of EHT
veins at the IKE deposit reflect those of a deep-seated por-
phyry system. The EHT veins in drillhole IK14001, which
is in the upper portion of the deposit, tend to have sericite as
the dominant mineral, with some veins having significant
amounts of biotite as well. Alteration haloes with sericite as
the main component are thought to be a result of fluid cool-
ing in shallower portions of the system. Studies on these
types of veins provide an estimated formation temperature
0f370-450°C (Rusk and Reed, 2008). In drillholes IK15013
and IK15018, which are the deeper holes in the system,
there are still many sericite-dominant EHT veins; however,
there are more occurrences of biotite-rich EHT veins, as
well as green sericite and chlorite, in the alteration haloes.
In deposits containing EHT veins, the presence of biotite,
chlorite and green sericite indicate the most Cu-rich zone,
as seen at Ann Mason, Nevada, where most of the Cu grade
within the potassic B alteration zone is hosted in veins with
alteration haloes containing chlorite (Dilles et al., 1992).
Veins with alteration haloes consisting of chlorite, biotite
and green sericite form at temperatures of around 475°C
(Rusk and Reed, 2008). The presence of sphalerite in alter-
ation haloes at the IKE deposit is interesting because, in
Butte, Montana, it indicates the peripheral main-stage
veins, which were formed at temperatures of 230-340°C
(Rusk and Reed, 2008). A study done on the Butte deposit
suggests that one hydrothermal-fluid composition may be
responsible for alteration in the entire system. Differing
compositions of alteration haloes can be due to changing
temperature, varying extent of the reaction between the hy-
drothermal fluid and the hostrock, and changing pressure
(Reed et al., 2013). Compositions of EHT veins at the IKE
deposit are quite similar to those seen in the main-stage
mineralizing event at Butte, which would suggest similar
fluid composition and temperature.

The SWIR spectroscopy alteration studies carried out on
the IKE deposit suggest a large potassic-alteration foot-
print, as drillholes in opposite portions of the system seem
to have predominantly high-temperature alteration miner-
als. The main mineral picks in this study were used to define
the alteration zones in the system. Individual readings, by
themselves, should not be overanalyzed too much, as re-
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peating the reading could yield different mineral picks;
however, identifying patterns in the data is useful in under-
standing fluid pathways (Halley, 2016). Drillhole IK14001
is the only hole that contains epidote and kaolinite, which
would put it closer to the propylitic alteration zone; how-
ever, potassic minerals still seem to dominate. Illite crystal-
linity can be a useful estimate of the temperature of the min-
eralizing fluids. The Mo grade was the only factor that
seemed to correlate with illite crystallinity, and the correla-
tion would suggest that it is linked to hydrothermal fluids of
higher temperature. The Cu grade may not show a correla-
tion with illite crystallinity, as it is linked to the earlier
stages of alteration and overprinting by later pulses of hy-
drothermal fluid could affect the results obtained in this al-
teration study. The conversion of illite to muscovite is a
low-temperature reaction, occurring at 210-230°C (Garcia,
2013), so this method may not be suited for deeper portions
of porphyry deposits.

Properties of the IKE deposit do not fit perfectly into a pre-
viously proposed Cu porphyry deposit model. The deposit
is dominated by K-silicate alteration, lacks a defined
propylitic alteration zone, and phyllic alteration is only
seen in vein-alteration haloes, so it does not fit into the
‘classic’ porphyry model (Lowell and Guilbert, 1970). The
alteration at IKE has more similarities to batholithic ore de-
posits, where the alteration zones are ‘inside-out’ with re-
spect to the classic porphyry model, but differs in that it is
not cut by a major fault and has more porphyritic rocks and
quartz veins than expected in a batholithic deposit (Cheney
and Trammell, 1966).

Future Work

Cathodoluminescence (CL) studies on quartz veins may be
of use in this project. Temperature of the formation of
quartz can be found comparatively using CL, where high
intensity of luminescence would indicate a high tempera-
ture of formation (Rusk et al., 2006). Different quartz gen-
erations can be further defined using this method, assuming
the physical and chemical characteristics were consistent
throughout each vein-formation event. It would also be
useful in determining primary and secondary fluid inclu-
sions within quartz grains. Titanium diffusion within the
quartz can also be measured using this technique, and may
be a way to further constrain the timing of mineralization
(Mercer et al., 2015).

Apatite luminescence, texture and geochemistry can be
used to estimate the chemical compositions of the magmas
that formed the hydrothermal fluids in a porphyry deposit
(Bouzari et al., 2016). As apatite is found in a vein-alter-
ation halo at IKE, CL studies on these particular apatites
could aid in the understanding of how EHT veins contribute
to mineralization in the system.
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Further research using SWIR spectroscopy, in conjunction
with X-Ray diffraction and microprobe work, could be use-
ful in further constraining alteration patterns in the deposit.
These studies would be done on more drillholes in the sys-
tem, as well as the alteration haloes, to see how the spectra
change with depth and mineralization.

Using data gathered from the above methods, as well as
data already collected by Amarc Resources Ltd., a concep-
tual model for the IKE deposit will be developed. A model
of this type of porphyry deposit could be useful because it
will characterize not only this deposit but other porphyry
deposits emplaced at greater depth, and could provide a
new model for exploration.
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Introduction

Porphyry- and epithermal-style mineral deposits together
account for approximately 28% of global gold endowment
(based on past production, reserves and resources), making
them collectively of comparable importance to orogenic
and paleoplacer deposits as a source of gold on the world
stage (Lipson, 2014). Similarly in British Columbia (BC),
31.5% of gold produced has originated from porphyry and
epithermal deposits (BC Geological Survey, 2015). Por-
phyries, in particular, tend to be more sought after for their
significant copper contents (making up three-quarters of
global copper production; Sillitoe, 2010), yet the enrich-
ment of gold in addition to copper makes them highly at-
tractive exploration targets. With both epithermal and por-
phyry deposits forming from magmatic intrusions and their
associated hydrothermal systems at active tectonic mar-
gins, there are often recognized spatial, temporal and ge-
netic associations (Sillitoe, 2010). However, the transition
from porphyry to epithermal conditions remains a key topic
of discussion (e.g., Gammons and Williams-Jones, 1997,
Hedenquist et al., 1998; Heinrich, 2005; Pudack et al.,
2009; Maydagan et al., 2015). Further understanding of
evolutionary processes is hence required to elucidate not
only the above, but also the factors controlling the enrich-
ment and distribution of gold in evolving magmatic-hydro-
thermal systems.

The variability in fluid characteristics, from the deep por-
phyry to shallow epithermal environments, is one particu-
lar aspect of porphyry-epithermal system evolution that
lacks sufficient understanding. Change in parameters such
as temperature, pH and phase (i.e., liquid vs. vapour) can
significantly affect the solubility and transport of metals, as

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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has been discussed by numerous workers in the case of gold
(e.g., Gammons and Williams-Jones, 1997; Archibald et
al., 2001; Stefansson and Seward 2003, 2004; Simon et al.,
2005; Williams-Jones and Heinrich, 2005). Genetic models
tend to outline broad characteristics, such as alteration
zones, as indicators of fluid conditions (e.g., Seedorffetal.,
2005; Sillitoe, 2010). However, the range of conditions im-
plicit in the accepted nomenclature for porphyry-epither-
mal alteration does not necessarily correlate with the be-
haviour of economic metals. Few researchers have
succeeded in accurately defining the fluid parameters asso-
ciated with discrete periods of ore genesis in an evolving
magmatic-hydrothermal system. Because fluids are a key
control on the distribution and speciation of resources,
knowledge of the precise physicochemical conditions that
facilitate metal transport and induce deposition in certain
parts of a porphyry-epithermal system has significant
implications for the advancement of exploration and pro-
cessing methodologies.

Fluid-inclusion studies have been instrumental in interpret-
ing the conditions of ore formation, since their inception al-
most half a century ago (e.g., Roedder, 1971; Heinrich et
al., 1992; Wilkinson, 2001). However, there remain signifi-
cant shortcomings with the technique: primarily the ambi-
guity of associations between the characterized inclusions
and adjacent ore minerals. Moreover, primary inclusions
that have strong indicated relationships to ore minerals can
be relatively scarce. The study of trace elements may pro-
vide an alternative, supplementary and potentially more ac-
curate method to interpret fluid conditions at specific
points within mineralizing environments. Variations in
trace elements have been recognized on the deposit scale,
macro scale (e.g., between vein generations) and micro
scale (e.g., within individual ore minerals) in numerous de-
posits worldwide (e.g., Cioaca et al., 2014; Pasava et al.,
2016; Sykora et al., 2018; Zarasvandi et al., 2018). How-
ever, there remains a paucity of research explaining these
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variations in detail, with the physicochemical characteris-
tics of the fluids likely being a key variable.

This project focuses on a comprehensive sample suite from
deep-porphyry to shallow-vein environments at the Iron
Cap deposit in the Kerr-Sulphurets-Mitchell (KSM) dis-
trict, northwestern British Columbia (Figure 1). The re-
search will study the use of trace elements (including gold)
to interpret the evolution of the magmatic-hydrothermal
system. Specifically, variation in the speciation of certain
trace elements (i.e., Au, As, Sb, Pd, Se, Te, Hg) and their
subsequent partitioning to ore minerals will be investigated
to provide a window to the physicochemical conditions
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Figure 1. Location of the Kerr-Sulphurets-Mitchell (KSM)
districtin northwestern British Columbia (modified from Lo-
gan and Mihalynuk, 2014). Other porphyry deposits of the
Canadian Cordillera are also shown, with porphyry type
represented by symbol shape, and the age of deposits de-
picted by colouration.
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prevalent at different stages of porphyry-epithermal devel-
opment, both in time and space. In addition, a population of
detrital gold grains collected from drainages within the
KSM district will be scrutinized to identify geochemical
variations and infer the source and formation process of
gold, both in the district as a whole and at Iron Cap. Lastly,
the thermodynamic properties of the above trace elements
will be assessed to determine the suitability of trace element
studies for interpreting the conditions of ore formation in a
given porphyry-epithermal system. In the present paper,
the geology of the case study area at KSM is described, the
sampling procedures and rationale are outlined, and the
various methodologies and plans for future work are
presented.

Study Area

The Kerr-Sulphurets-Mitchell (KSM) district is host to
four Cu-Au, predominantly porphyry-style deposits: Kerr,
Sulphurets, Mitchell and Iron Cap. Together they host
proven and probable reserves of 38.8 million ounces of Au,
10.2 billion pounds of Cu, 207 million pounds of Mo and
183 million ounces of Ag, at grades of 0.55 g/t Au, 0.21%
Cu, 42.6 g/t Mo and 2.6 g/t Ag, making KSM one of the
largest undeveloped Cu-Au prospects in the world and par-
ticularly one of the most gold rich in terms of total con-
tained metal (Seabridge Gold, 2018b). The Iron Cap de-
posit at KSM will be studied in detail as part of this
research. It has not yet been investigated in terms of the
magmatic-hydrothermal system and therefore presents a
unique opportunity to characterize the nature of fluids
throughout evolution from deep porphyry to shallower, near-
epithermal environments.

Regional Geology

The Stikine arc terrane of the Canadian Cordillera is signif-
icantly endowed with magmatic-related mineral deposits,
including those of the KSM district (Figure 1). Most miner-
alizing activity occurred during a short ~15 m.y. period at
the Triassic—Jurassic boundary, producing the abundance
of deposits in western BC that form a 60 km long trend
stretching north-northwest from the town of Stewart to the
mining district around KSM (Logan and Mihalynuk, 2014;
Febbo et al., 2015). The dominant hosts for mineralization
within the Stikine terrane are the volcanosedimentary se-
quences of the Late Triassic Stuhini Group and Early Juras-
sic Hazelton Group (Nelson and Kyba, 2014). The Stuhini
sequences are unconformably overlain by those of the
Hazelton, the latter group representing the waning of is-
land-arc magmatism prior to accretion in the Middle Juras-
sic (Nelson and Colpron, 2007; Nelson and Kyba, 2014).
Several deformation events have affected the Stikine suc-
cessions, the most significant being a mid-Cretaceous
sinistral transpression associated with the Skeena fold-and-
thrust belt that produced north-northwest-trending struc-
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tures (Nelson and Kyba, 2014). The present geology of
northwestern BC is shown in Figure 2.

Local Geology

The four deposits of the KSM district (Kerr, Sulphurets,
Mitchell and Iron Cap) are centred on a series of Early Ju-
rassic diorite to syenite intrusions, with adjacent wallrocks
comprising the volcaniclastic and sedimentary units of the
Late Triassic Stuhini Group and Early Jurassic Hazelton
Group (Figure 3). Radiometric dating suggests that the
KSM intrusions, and hence the associated mineralization,
were emplaced between 197 and 189.6 Ma (Febbo et al.,
2015 and references therein). The porphyry style is domi-
nantly calcalkaline, although discrete areas exhibit features
consistent with alkaline-style mineralization (Campbell
and Dilles, 2017). The four deposits are hosted mainly
within the footwall of the east-verging Sulphurets thrust
fault (STF), which is linked to the Skeena fold-and-thrust
belt (Kirkham and Margolis, 1995; Febbo et al., 2015). A

splay of the STF, the Mitchell thrust fault, also separates the
Iron Cap and Mitchell deposits at the northern end of the
district (Febbo et al., 2015).

At Iron Cap, mineralization is hosted primarily within por-
phyritic monzonite, unclassified intrusions containing a
high volume (>80%) of quartz veins and, to a lesser extent,
the surrounding wallrock of mudstone, sandstone, con-
glomerate and volcanic breccia (Campbell and Dilles,
2017). The orebody plunges to the northwest, with the cen-
tral section exhibiting potassic alteration, zoning outward
to chloritetsericite, and peripheral phyllic and silicic alter-
ation in the wallrocks (Campbell and Dilles, 2017). While
porphyry-style mineralization dominates, features more
characteristic of the upper parts of a magmatic-hydrother-
mal system, such as sericite-quartz-clay alteration, hydro-
thermal breccias and increases in sulphosalt minerals, are
identified in the near surface (Seabridge Gold, 2018a). This
suggests that the Iron Cap deposit may represent a transi-
tion from porphyry to epithermal environments.
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Figure 2. Geology of northwestern BC, showing the general north-northwest-trending
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lific Triassic—Jurassic intrusive rocks are also shown, with associated mineral deposits of
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Sampling
Drillcore

More than 60 samples have been collected from drillcore of
the Iron Cap deposit. The selection of certain samples from
the available core was informed by various criteria. Firstly,
acquiring a transect through a majority of the deposit is nec-
essary to attain a comprehensive understanding of system
evolution, so samples were collected from a range of differ-
ent holes at varied depths, ensuring representation of verti-
cal or lateral variations. Secondly, a number of the targeted
trace elements (Au, As, Sb, Pd, Se, Te, Hg) must be present
to carry out the proposed analysis, so samples that recorded
the presence of these elements (recognized from assays) in
varied amounts were selected. Lastly, distinct fluid phases
must be distinguished to identify evolutionary processes.
The drillcore was therefore scrutinized to ensure that fea-
tures allowing identification of fluid phases were present,
with core containing several vein generations being prefer-
entially sampled. At present, the collected samples are being
prepared for analysis.

Detrital Gold

Aperiod of detrital gold sampling was originally planned to
be completed during September 2018 but has now been
postponed to 2019 due to unforeseen circumstances. Nev-
ertheless, the sampling procedure will not change, focusing
on collection of natural gold grains from a range of water
courses draining the KSM deposits. The samples will not
represent exclusively Iron Cap but a wider population en-
compassing all four deposits of the district, and likely other
nearby deposits (i.e., Snowfield and Brucejack). It may,
however, be possible to identify grains that show compara-
ble features (e.g., Au:Ag ratios) to the gold recognized in
Iron Cap core samples, and interpretation of the data from
detrital gold analysis may establish discrete populations.
One possibility is to crush a number of the core samples col-
lected to retrieve an appreciable amount of hypogene gold
from Iron Cap for comparison with the detrital. However,
there is an issue that gold recovered in this way would
mostly not be constrained to an individual vein generation
or fluid phase, and thus have limited use in interpreting fluid
evolution. Yet, it would allow characterization of Iron Cap
gold in a wider sense and provide a benchmark for recog-
nizing gold from Iron Cap in the detrital environment.

Methodology and Future Work
Petrography

A full petrographic study of the drillcore samples will be
carried out first, using transmitted and reflected light mi-
croscopy, augmented by scanning electron microscopy
(SEM). From these data, an initial paragenesis for Iron Cap
can be constructed, which will detail the sequence of events
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that took place during its formation. Importantly, different
vein generations will be identified. Each generation will re-
late to a fluid (or fluids in some cases) that had a different
composition and experienced different conditions to the
fluids that formed earlier and later vein generations. Under-
standing the temporal relationship between the veins will
ensure that fluid evolution can be studied and interpreted.
Linking the veins (and their forming fluids) to certain
petrographic features, such as the presence of gold-bearing
minerals, will also provide an initial understanding of the
physicochemical parameters of the fluids (e.g., gold bear-
ing). The petrographic study thus forms an important basis
for subsequent analysis, allowing additional data collected
to be placed into a geological context.

Analytical Process

Following core-sample characterization and the initial
identification of fluid phases, trace-element analyses will
proceed by electron microprobe analysis (EMPA) and la-
ser-ablation inductively coupled plasma—mass spectrome-
try (LA-ICP-MS). The aim of this analysis is to define the
concentration, distribution and speciation of each target el-
ement (Au, As, Sb, Pd, Se, Te, Hg) relating to a discrete
fluid phase, in order to understand the physicochemical
characteristics of that fluid. To begin, EMPA will be used to
analyze minerals containing the trace elements, such as
sulphides, selenides and tellurides (identified on the SEM).
This will define their chemical compositions and highlight
targets for further analysis by LA-ICP-MS. As a nonde-
structive method with a high spatial resolution, EMPA is
initially preferred over LA-ICP-MS, which will follow
once a target mineral has been characterized by EMPA. The
low detection limits of LA-ICP-MS will be used to analyze
a suite of minerals, predominantly sulphides such as pyrite
and molybdenite, and gold, to identify heterogeneities in
their compositions between vein generations and within in-
dividual minerals. Such information will highlight differ-
ences between fluid phases and describe the changes in a
single fluid phase over time.

To complement the trace-element study, fluid inclusions
will first be analyzed by cathodoluminescence to identify
how inclusions identified in the petrographic study could
relate to certain fluid and mineral phases. Microthermom-
etry will then provide an indication of fluid conditions, by
measurement of inclusion-trapping conditions and elemen-
tal compositions. Lastly, LA-ICP-MS will be applied to
specific inclusions, to determine the concentration of ele-
ments in the fluid and to identify elements in the fluid that
have not precipitated. An element’s absence from the
petrographic and trace-element analysis but presence in
fluid inclusions will raise questions on the solubility,
transport and deposition of that element.
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The detrital gold grains will be characterized using two ap-
proaches. If the grains are sufficiently large to permit sec-
tioning, inclusions of other minerals will be identified by
SEM. Determination of gold-alloy compositions will then
be established by EMPA. If the gold particles collected are
exceedingly small (<50 um), then information will be
gained through ablation of the entire grain. These datasets
illuminate the mineralogical context of the hypogene
source and, at KSM, they may indicate which of the local
potential sources has liberated the most particulate gold. In
addition, gold mineralogy at the trace-element level can be
used as another window to the trace-element suite present
in the mineralizing fluid.

Interpretation

The physicochemical characteristics of the hydrothermal
fluid(s) that formed Iron Cap will be interpreted using the
acquired data. Fluid phases will be characterized based on
petrography, the concentration of trace elements they con-
tained, fluid-inclusion data (where possible) and subse-
quent consideration of the thermodynamic properties of
various trace elements within the system. This information
will be evaluated with the aim of defining the fluid condi-
tions in terms of temperature, pressure, salinity, pH, type
(liquid or vapour), sulphur fugacity and oxygen fugacity,
and interpreting the transport mechanism for gold and the
target trace elements.

The next step will be to propose a detailed fluid-evolution
model for Iron Cap, describing the processes that took
place to induce changes in the fluid, and the deposition of
gold and the suite of trace elements in certain sites and
states. Fluid-rock interaction, fluid mixing, phase separa-
tion, and partitioning are all important processes that can
influence fluid changes and element deposition, and they
will thus be considered in this context. The outcomes of the
Iron Cap study will be subsequently assessed to establish
whether a transferrable methodology can be developed.

Conclusions

This project investigates trace-element behaviour in the
magmatic-hydrothermal system of the Iron Cap deposit at
KSM, to shed light on the evolution from porphyry to epi-
thermal conditions and to improve understanding of the
processes leading to gold enrichment and linked deposit
formation. A comprehensive sample suite, from deep por-
phyry to shallow vein environments at [ron Cap, will be an-
alyzed by microscopy, EMPA, LA-ICP-MS and fluid-in-
clusion microthermometry to determine the concentration,
distribution and speciation of trace elements (Au, As, Sb,
Pd, Se, Te, Hg) within the deposit, and identify discrete
fluid phases. Characterization of detrital gold grains and, if
possible, gold from ore will provide additional information
on the partitioning of trace elements in the magmatic-hy-
drothermal system whilst augmenting the existing database
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of detrital gold in BC to increase its potential as an indicator
mineral during exploration. The collected data will be in-
terpreted in light of the thermodynamic properties of the
studied elements, to describe the changing fluid conditions
during magmatic-hydrothermal evolution and construct a
genetic model for the Iron Cap deposit. Subsequent exami-
nation of trace-element behaviour may allow characteriza-
tion of the physicochemical parameters of fluids in a given
magmatic-hydrothermal system, enabling prediction of
metal transport and deposition, and helping lead to
discovery of mineralization. Such a technique would have
wide application in exploration and resource targeting on
regional and local scales.
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Introduction

The Late Triassic and Early Jurassic intrusive suites of the
Stikine terrane of British Columbia (BC) are associated
with significant Cu-Au-Mo porphyry and intrusion-related
mineralization (Nelson et al., 2013; Logan and Mihalynuk,
2014; Campbell and Dilles, 2017). The Stewart mining
camp includes the Early Jurassic KSM area Cu-Au por-
phyry deposits (MINFILE 104B 103, 173, 182 and 191;
BC Geological Survey, 2018), the Big Bulk Au-Cu por-
phyry system (MINFILE 103P 016), the Red Mountain Au
deposit (MINFILE 103P 086) and the Brucejack epither-
mal Au deposit (MINFILE 104B 022).

Porphyry Cu-Au-Mo systems, especially those formed
along continental active margins, are generally considered
to have formed in a contractional environment (e.g.,
Sillitoe, 2010). The tectonic environment of porphyry sys-
tems formed in island arcs, such as those located within the
Stikine terrane of northwestern BC, are not as well under-
stood. Within the Sulphurets area, at the Kerr-Sulphurets-
Mitchell (KSM) project, recent geological studies suggest
that normal faulting, active sedimentation and olistolith
formation accompanied Early Jurassic porphyry emplace-
ment (Nelsonand Kyba, 2014; Febbo etal.,2015; Kyba and
Nelson, 2015; Febbo, 2016). Febbo (2016) proposed a
model where small pull-apart basins along reactivated
basement structures localized porphyry Cu-Au-Mo forma-
tion at the KSM project, hence, porphyry emplacement did
not occur in a purely contractional environment.

To test this model and its applicability to the broader region,
inthe 2018 field season, 1:20 000 scale structural and strati-
graphic mapping of two sites was completed: Kinskuch
Lake, surrounding the Big Bulk Au-Cu porphyry system
and the Red Mountain Au deposit. Both study areas are lo-

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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cated south of the better-studied Sulphurets area. They
were selected because they are underlain by similar rocks,
also deposited in the Early Jurassic, with mineralization
thought to be of comparable age to the rocks studied at
KSM.

The aim of this paper is to present preliminary lithological
descriptions, stratigraphic sequences and structural ele-
ments resulting from the 2018 fieldwork at the Kinskuch
Lake site and is part of a M.Sc. research project undertaken
by E. Miller. The goals of the fieldwork were to delineate
the Late Triassic to Early Jurassic stratigraphy and to record
the geometry and kinematics of the structural elements in
the area, with the aim of reconstructing the geological set-
ting into which the Big Bulk porphyry system was
emplaced. To determine whether porphyry and related min-
eralization was intruded into extensional pull-apart basins,
the following questions will ultimately be addressed by the
research:
e Whatare the ages of porphyry intrusion and mineraliza-
tion?
e What is the sedimentological/volcanic environment in
which the deposit was formed?
e Isthere geological evidence for porphyry emplacement
contemporaneous with high-energy sedimentation?
e What was the structural architecture during porphyry
emplacement?

Regional Geology and Tectonic Setting

The study area is dominated by Late Triassic and Early Ju-
rassic volcano-sedimentary rocks that form part of the
Stikine terrane, the largest accreted terrane in BC (2000 by
300 km, Figure 1). The Stikine terrane comprises three un-
conformity-bounded, island-arc volcano-sedimentary suc-
cessions that include the upper Paleozoic Stikine assem-
blage, the Middle to Upper Triassic Stuhini and Takla
groups and the uppermost Triassic to Middle Jurassic
Hazelton Group (Greig, 1992; Logan et al., 2000; Colpron
and Nelson, 2011; Nelson et al., 2013). Mesozoic
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arc-related intrusions include the Late Triassic Stikine and
Galore Creek plutonic suites (coeval and comagmatic with
the Stuhini Group), as well as the latest Triassic Tatogga
and Early Jurassic Texas Creek plutonic suites, which are
coeval and comagmatic with the Hazelton Group (Nelson
et al., 2018).

The Stuhini Group represents the oldest rocks in the study
area and locally comprises Triassic arc-related mafic volca-
nic rocks typified by the presence of augite and sedimen-
tary rocks.

Generally, the base of the Hazelton Group is a regional un-
conformity above Triassic and older rocks (Nelson and
Kyba, 2014), although locally this contact is paracon-
formable to conformable (van Straaten and Nelson, 2016).
The lower Hazelton Group is a latest Triassic to Toarcian
andesitic volcanic sequence with local felsic centres. In the
Sulphurets area, the base of the Hazelton Group is repre-
sented by granitoid-cobble conglomerate and quartz-rich

arkose of the Jack Formation. The overlying rocks are as-
signed to the Betty Creek Formation (Nelson et al., 2018),
consisting mainly of the Unuk River Formation andesite
unit, the lowest part of which (andesitic pyroclastic and
epiclastic deposits) may correlate with the Hazelton Group
volcanic succession at Kinskuch Lake. The upper Hazelton
Group in the Sulphurets area (Pliensbachian to Bajocian)
includes sedimentary strata of the Spatsizi Formation and
bimodal, rift-related volcano-sedimentary rocks of the
Iskut River Formation (Gagnon et al., 2012; Nelson et al.,
2018).

The Middle Jurassic to mid-Cretaceous sedimentary rocks
of the Bowser Lake Group (Evenchick et al., 2007) occupy
a large area of the central Stikine terrane east of the
Sulphurets area.

During the mid-Cretaceous, strata of the Stuhini, Hazelton
and Bowser Lake groups were deformed as part of the
sinistral-transpressive Skeena fold-and-thrust belt
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Figure 1: Location of the Kinskuch Lake study area, showing the terranes of British Columbia (Colpron and Nelson, 2011), the KSM project

and selected porphyry and epithermal prospects and deposits.

76

Geoscience BC Summary of Activities 2018: Minerals and Mining



PN

Geoscience BC

(Evenchick et al., 2007). This resulted in the formation of
northwest- and northeast-trending folds and sinistral shear
zones.

Fieldwork and Preliminary Observations

The Kinskuch Lake area is underlain by Stuhini Group and
Hazelton Group rocks but also includes an intervening
transitional unit and a dioritic to monzonitic stock that hosts
the Big Bulk Cu-Au porphyry system (Figure 2). The field
area is cut by numerous faults and well-bedded rocks
(mainly from the Stuhini Group) that are deformed by two
generations of folds. Regional metamorphic grade is
sub-greenschist.

Three weeks were spent at Kinskuch Lake in July 2018,
mapping stratigraphy and structural geology at 1:20 000
scale. Fieldwork goals were to create several stratigraphic
sections across the field area, paying attention to changes in
the type of sedimentation (i.e., low-energy deposits versus
high-energy deposits), bedding orientations, and fold and
fault orientations and kinematics. Based on this fieldwork,
the Stuhini and Hazelton groups are subdivided into
lithostratigraphic units, which are in turn subdivided into
facies. The preliminary map presented in Figure 2 shows

the divisions down to the unit level, whereas the descrip-
tions and stratigraphic section (Figure 3) depict the
generalized distribution of facies within these units. Strati-
graphic subdivisions and lithological descriptions pre-
sented here are preliminary and may be revised with further
study.

Stuhini Group (uTrS)

The oldest rocks within the study area are part of the Stuhini
Group and are subdivided into a volcanic and volcanic-de-
rived sedimentary rock unit (uTrSv) and a sedimentary
rock unit (uTrSs).

Volcanic and Volcanic-Derived Sedimentary
Rock Unit (uTrSv)

The Stuhini Group volcanic and volcanic-derived sedimen-
tary rock unit is the lowest stratigraphic unit in the
Kinskuch Lake area. The lower part of this unit is typified
by well-stratified, mafic volcanic clast-bearing conglomer-
ate to volcanic-derived, sandstone interstratified with
lesser mafic volcanic breccia (uTrSvs). These are overlain
by mafic volcanic breccia (uTrSvbx) with rare inter-
stratified volcanic-derived sandstone and minor
augite-phyric coherent mafic rocks (uTrSvb).
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Figure 2. Preliminary geological interpretation for the Kinskuch Lake area, northwestern British Columbia, based on mapping completed in
2018, location of Big Bulk porphyry mineralization, referenced geographic features (including Kinskuch Lake and Tabletop Mountain) and

cross-section traces for the schematic sections presented in Figure 8.
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Volcanic Breccia and Volcanic-Derived
Sedimentary Facies (uTrSvs)

This facies is characterized by grey to green weathering,
rhythmically bedded, mafic volcanic-derived sedimentary
rocks (Figure 4a). It typically forms 10-20 m thick, fin-
ing-upward sequences progressing from basal clast- to ma-
trix-supported pebble conglomerate (with 30-70% round
augite-phyric volcanic clasts in an augite crystal-bearing
sandy matrix) to sandstone to siltstone. Generally, each fin-

West of central Kinskuch Lake

Tabletop (North)

ing-upward sequence is underlain by the volcanic breccia
as described in facies uTrSvbx (Figure 4b).

Volcanic Breccia Facies (uTrSvbx)

This is a monomictic volcanic breccia with 30—70% clast-
to matrix-supported, subangular to angular volcanic clasts
(1-40 cm). The volcanic clasts contain 10-40% blocky
augite phenocrysts (2—5 mm, locally up to 8 mm in diame-
ter), up to 15% feldspar phenocrysts (1-4 mm in diameter)

Tabletop (Northwest)
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Figure 3. Preliminary Kinskuch Lake area schematic stratigraphic columns, showing the stratigraphic variation from just west of central
Kinskuch Lake across Tabletop Mountain to the north and to the far west of the study area, west of Tabletop Mountain.
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and up to 5% calcite-filled amygdules (1-3 mm in diame- Augite-Phyric Coherent Mafic Facies (uTrSvb)

ter) set in a dark green to black aphanitic groundmass. The  Thege green to black mafic coherent rocks contain 20-30%
matrix is fine-grained and mafic, with 10-40% euhedral augite phenocrysts (2—4 mm, locally 5-8 mm) and up to 5%
augite crystals (2—5 mm in diameter) and is dark green to calcite-filled amygdules (1-3 mm). This facies was only

grey weathering, dark green to black on fresh surfaces (Fig- observed in the southwestern portion of the map as mas-
ure 4b). The breccia also contains rare interstratified sand- sive, 1-5 m thick, bedding-parallel layers within dominant-
stone beds. ly mafic volcanic breccia, and it may represent flows or sills.

Figure 4. Stuhini Group volcanic and volcanic-derived sedimentary rocks in the study area: a) well-stratified volcanic breccia and volca-
nic-derived sedimentary rocks (uTrSvs; UTM NAD83 Zone 9, 472194E, 6172116N; looking west); b) volcanic breccia with angular
augite-phyric clasts (uTrSvbx; 473840E, 6168792N).

a)
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28 L e < S T | &\ s KSISER b 1{ > S £ i
Figure 5. Stuhini Group sedimentary rocks in the study area: a) strongly deformed, well-stratified fine-grained sedimentary rocks (uTrSsf)
underlying coarser cliff-forming sedimentary rocks in background (uTrSsc; UTM NAD83 Zone 9, 475930E, 6173794N; photo taken facing
east); b) well stratified, coarse-grained sedimentary rocks (uTrSsc), white weathering feldspathic sandstone interbedded with black reces-
sively weathering argillite (475014E, 6169985N; photo taken facing north); and c) a fault-related fold hinge in grey weathering calcareous
siltstone to sandstone (uTrSsl) showing carbonate vein fill in fault (476883E, 6170665N; photo taken looking east).
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Sedimentary Rock Unit (uTrSs)

Stuhini Group sedimentary rock unit includes inter-
stratified argillite, chert, feldspathic sandstone, conglomer-
ate, limestone and calcareous sandstone and siltstone.
Quartz is absent in all rock types. The exact stratigraphic
superposition varies across the area, but generally follows
the following pattern: basal augite-phyric volcanic
clast-bearing conglomerate facies (uTrSsac), overlain by
well-bedded, predominantly fine-grained sedimentary fa-
cies (uTrSsf), grading upward into a package of similar, but
predominantly coarser grained sedimentary facies

(uTrSsc), which is capped by limestone and calcareous sed-
imentary facies (uTrSsl). A stratified chert facies (uTrSsch)
occurs locally, generally near the top of the well-bedded
sedimentary rocks (uTrSsf).

Heterolithic Conglomerate Facies (uTrSsac)

A thin massive conglomerate, just a few metres thick, is lo-
cally observed at the base of the Stuhini Group sedimentary
unit, directly overlying the volcanic unit. It is a heterolithic
pebble to cobble conglomerate, predominantly clast sup-
ported, with rounded to angular, augite-phyric volcanic

Figure 6. Conglomerates from the unassigned transitional unit (uTrlJu): a) mafic volcanic clast-bearing conglomerate (uTrlJa; UTM NAD83
Zone 9, 476579E, 6172416N); b) heterolithic conglomerate (uTrlJh; 475243E, 6172200N); ¢) sandstone and limestone clast-bearing con-
glomerate (uTrlJs; 476017E, 6172826N); d) fragment from a 50 m diameter fossiliferous limestone sampled at 476579E, 6172416N
(uTrlJds); e) angular chert-clast-bearing sedimentary breccia (uTrlJch; 475695E, 6179268N).
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clasts, sandstone clasts and bedded sedimentary clasts, in a
fine-grained feldspathic sandstone matrix.

Fine-Grained Sedimentary Facies (uTrSsf)

Fine-grained sedimentary rocks of the Stuhini Group ex-
hibit black to dark grey to orange weathering (dark grey on
fresh surfaces). This sedimentary facies is composed of
>50% well-bedded argillite to mudstone (locally graphitic)
interbedded with lesser siltstone and very fine to
fine-grained sandstone and minor medium-grained sand-
stone. Rare (<5%) coarse-grained sandstone and pebbly
sandstone was seen in the coarse-grained sedimentary fa-
cies (uTrSsc). Bed thicknesses are variable, but predomi-
nantly very thin to medium (<1-20 cm). The fine-grained
sedimentary rocks often display metre- to decimetre-scale
tight folds and it is likely that this package has, at least lo-
cally, been structurally thickened (Figure 5a).

Stratified Chert Facies (uTrSsch)

The stratified chert is distinctive but only observed at two
localities in the study area: in the sedimentary unit near the
central-west shore of Kinskuch Lake, and directly underly-
ing coarse-grained sedimentary facies under Tabletop
Mountain to the northwest of Kinskuch Lake. The chert is
grey and distinctly glassy in appearance, is stratified on a
millimetre to centimetre scale and is occasionally inter-
stratified with mudstone and siltstone. It is generally frac-
tured, faulted and boudinaged, suggesting that the chert
was a relatively strong package during deformation.

Coarse-Grained Sedimentary Facies (uTrSsc)

The coarse-grained sedimentary facies is predominantly
dark grey and weathers to variable shades of buff, orange
and grey. It comprises >50% well-bedded siltstone, lithic
sandstone, feldspathic sandstone and pebbly sandstone,
with <50% argillite and mudstone (Figure 5b). These se-
quences show normal grading with load structures and
crossbedding observed locally. Bed thickness varies from
very thin to thin bedded (2—-10 cm) to locally medium bed-
ded (up to 30 cm). Pebbly sandstone is generally matrix
supported with 3—10% angular and often ‘flame-like’
argillite clasts (3 to 5 mm), likely derived from unconsoli-
dated Stuhini Group argillite. In general, this sedimentary
facies represents increasing proportions of higher energy
sediment influx compared to the underlying fine-grained
sedimentary facies (uTrSsf) but is otherwise very similar in
character and composition.

Limestone and Calcareous Sedimentary
Facies (uTrSsl)

The limestone and calcareous sedimentary rocks weather
pale to medium grey with a distinctive recessive to pitted
chalky weathering surface (Figure 5c¢). The limestone is
generally massive and is commonly fossiliferous. Itis inter-
bedded with, and overlain by, medium- to fine-grained,
very thin to thin-bedded calcareous sandstone and
siltstone. The limestone and calcareous sedimentary facies
is only observed locally within the area and has limited
along-strike continuity; it is unclear how much of'this is due

aj-'::‘l.': K
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Figure 7. Hazelton Group volcanic and sedimentary rocks: a) interbedded sandstone, siltstone and feldspar-crystal tuff (IJHsvt; UTM
NAD83 Zone 9,477193E, 6171770N; photo taken looking northwest); b) volcanic breccia containing significant Stuhini Group sedimentary

clasts (IJHvh; 474381E, 6169968N); ¢) monomictic volcanic breccia (IJHvbx) with angular ‘jigsaw’ poorly sorted juvenile pebble to cobble
clasts (475626E, 6173255N).
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Figure 8. Preliminary schematic cross sections for traces A-A’ and B-B’ in Figure 2. Cross section A-A’ is orthogonal to F4 folds and
north-trending faulting. It shows the apparent thinning of the Stuhini Group limestone unit and coarse-sediment unit. Cross section B-B’ is
somewhat oblique to the trends, displaying the broad F; folds in the southwestern portion of the section and a tighter F4 syncline in the north-

eastern portion of the section.

to lateral facies changes, postdepositional erosion and/or
subsequent deformation.

Stuhini Group or Hazelton Group (uTrlJ)
Transitional Unit (uTrlJu)

Rocks of the transitional unit are not currently assigned to
either the Stuhini Group or the Hazelton Group. The transi-
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tional unit consists of pebbly sandstone, conglomerate and
olistostromal deposits with cobbles, boulders and
olistoliths up to at least 50 m in diameter.

The transitional unit is composed of four conglomerate fa-
cies differentiated primarily based on dominant clast com-
position; contacts appear to be gradational. They show sig-
nificant lateral and vertical variability in matrix

Geoscience BC Summary of Activities 2018: Minerals and Mining
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composition, clast size and clast angularity. Particularly
where this unit is thick (e.g., below Tabletop Mountain),
there are local sandstone-filled, crossbedded channels
ranging from 20 cm up to 2 m in width cutting the mostly
massive, poorly sorted conglomerate facies.

Mafic Volcanic Clast-Bearing Conglomerate
Facies (uTrlJa)

This facies is a pebble to cobble to rare boulder conglomer-
ate with subrounded, predominantly augite-phyric clasts
and lesser limestone and other sedimentary clasts in a
feldspathic to lithic sandstone matrix (Figure 6a). Within
this conglomerate there are relatively large areas, up to at
least 20 m in width and of unknown lateral continuity in
size, of mafic volcanic breccia that are difficult to distin-
guish from the bulk of the conglomerate due to similar
weathering characteristics. These may be extremely large
clasts or mass flow deposits intercalated with the conglom-
erate.

Heterolithic Conglomerate Facies (uTrlJh)

A very poorly to poorly sorted heterolithic pebble, cobble
to rare boulder conglomerate, this facies includes clasts up
to 40 cm in diameter. Matrix- to locally clast-supported,
this conglomerate contains 40—70% subrounded to angular
sandstone, limestone, augite-phyric volcanic, feld-
spar-phyric volcanic, mudstone, bedded sedimentary and
maroon rare aphanitic clasts in a feldspathic to lithic sand-
stone matrix (Figure 6b). Relative proportions of rock types
of the clasts are highly variable, but sandstone, limestone
and augite-phyric volcanic clasts typically predominate.

Sandstone Clast-Bearing Conglomerate
Facies (uTrlJs)

A very poorly sorted pebble, cobble to rare boulder con-
glomerate includes clasts averaging 5—-10 cm, but with
limestone olistoliths up to 50 m in diameter in some locali-
ties. Clast- to matrix-supported, this conglomerate has
40-75% subrounded to subangular sandstone clasts and
subordinate limestone, argillite and mudstone clasts, in a
variably feldspathic to lithic sandstone matrix (Figure 6c).
Locally, this facies is olistostromal with limestone boulders
and olistoliths up to 50 m in diameter; this limestone is of-
ten fossiliferous (Figure 6d). Most sandstone clasts are
composed of feldspathic to lithic sandstone of similar com-
position to the matrix, but some contain significant augite.
At asingle outcrop, below Tabletop Mountain, a large por-
tion (~30%) of the sandstone clasts contain detrital biotite.

Chert-Clast—Bearing Conglomerate to Sedimentary
Breccia Facies (uTrlJch)

The chert-clast-bearing conglomerate to sedimentary brec-
ciaisa generally poorly sorted, clast-supported heterolithic
pebble (0.5-5 cm) conglomerate containing 5-20% angu-
lar grey chert fragments (Figure 6¢). The chert is accompa-
nied by clasts derived from the Stuhini Group sedimentary
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unit, including thinly bedded argillite (uTrSsf), sandstone,
siltstone and granule to pebble conglomerate (uTrSsc).
Rounding is variable, from subrounded to angular, with
argillite generally showing more rounding than the more
resistant fragments. The matrix of the conglomerate is a
fine-grained feldspathic sandstone to siltstone.

Hazelton Group (IJH)

The Hazelton Group at Kinskuch Lake comprises a volca-
nic and sedimentary unit (IJHsv), which is overlain by a
volcanic unit (IJHv) comprised primarily of volcanic
breccia.

Volcanic and Sedimentary Rock Unit (1JHsv)

This unit is composed of roughly equal proportions of sedi-
mentary and volcanic rocks. It is the most variable of the
two Hazelton Group units recognized in the area and is not
always present at the base of the group. The authors distin-
guished three facies that are commonly interbedded; any
one of these lithological packages can form the base of the
Hazelton Group at a given locality. The exact stratigraphic
superposition varies across the area, but generally follows
the following pattern: basal conglomerate to sedimentary
breccia facies (1IJHsvcon) or interbedded sandstone and tuff
facies (1JHsvt), overlain by well-bedded to locally massive,
coarse-grained sandstone and siltstone facies (1JHSsvs),
capped by conglomerate and sedimentary breccia facies
(1JHsvcon).

Heterolithic Conglomerate and Sedimentary
Breccia Facies (1JHsvcon)

This unit is primarily a mixture of massive to crudely strati-
fied heterolithic conglomerate containing rounded to
subrounded pebbles and rare cobbles of crowded feld-
spar-hornblende—phyric volcanic rock, sandstone and
argillite. It is clast to matrix supported with a feldspathic
sandstone matrix. This conglomerate is locally inter-
stratified with more typical massive Hazelton Group
monomictic volcanic breccia described below as facies
1JHvbx.

Interbedded Sandstone and Tuff Facies (1JHsvt)

This facies includes well-bedded, distinctively pale-weath-
ering siltstone to coarse-grained sandstone (Figure 7a) that
may contain up to 5% quartz granules, with significant (up
to 40% of the rock volume) very thin to thin interbeds of
crystal tuff containing broken angular to euhedral feldspar
crystals.

Coarse-Grained Sandstone and Siltstone
Facies (1JHsvs)

This is amedium- to coarse-grained sandstone and siltstone
that is thin bedded to lesser medium to thick bedded and lo-
cally massive with rare mudstone interbeds. It appears sim-
ilar to Stuhini Group coarse-grained sedimentary rocks
(uTrSsc) but is conformably above right-way-up Hazelton
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Group conglomerate beds (IJHsvcon) and may contain
hornblende crystals or hornblende-phyric clasts (pending
petrographic confirmation).

Volcanic Rock Unit (1JHv)

The Hazelton Group volcanic rock unit comprises three fa-
cies that occur in a generally predictable sequence as pre-
sented below, although interfingering is common and not
all facies are present in all stratigraphic sections observed
across the study area. The heterolithic volcanic breccia fa-
cies, for example, is only observed where the unit of volca-
nic and sedimentary rocks is thin to absent, and the volcanic
unit occurs near the base of the Hazelton Group.

Heterolithic Volcanic Breccia Facies (IJHvh)

The heterolithic volcanic breccia contains clast- to ma-
trix-supported accessory clasts and hornblende-feld-
spar—phyric juvenile clasts set in a hornblende and feldspar
crystal-rich matrix. The accessory clasts include bedded
mudstone, sandstone and limestone, likely derived from
underlying Stuhini Group rocks (Figure 7b). This lith-
ological package is similar to the monomictic volcanic
breccia (1JHvbx) but is differentiated by the presence of ac-
cessory clasts.

Feldspar+Hornblende Crystal Tuff and
Lapilli Tuff Facies (IJHvt)

Crystal tuff with variable feldspar+hornblende crystal con-
tent is observed only locally within the monomictic volca-
nic breccia facies and is not present across the entire study
area. Locally, the tuff closely resembles the matrix of the
volcanic breccia and can contain up to 5% lapilli- to
block-sized accessory sedimentary fragments, or juvenile
clasts similar to those of the monomictic volcanic breccia.
This package can be very similar in appearance and weath-
ering character to intrusive rocks in the Big Bulk porphyry
system, making differentiation difficult.

Monomictic Volcanic Breccia Facies (1JHvbx)

The predominant rock type of the highest stratigraphic lev-
els of the Hazelton Group throughout the study area is the
monomictic volcanic breccia. It is a massive, poorly to very
poorly sorted volcanic breccia that has a typically densely
packed euhedral to angular hornblende and feldspar crys-
tal-rich matrix with 40-70% hornblende-feldspar—phyric
volcanic clasts (Figure 7c). This facies shows significant
lateral and vertical variation in both clast size and propor-
tion of clasts to matrix. Clasts range from lapilli to block
sized, rarely as large as 10 m.

Intrusive Units

The predominant intrusive unit in the study area is a
multiphase stock that hosts the Big Bulk Cu-Au porphyry
system in the southern part of the study area. This unit is
provisionally correlated with the Early Jurassic Texas
Creek Plutonic Suite, and likely represents the intrusive
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equivalents of lower Hazelton Group volcanic rocks. Three
separate dike sets are also recognized; one is probably re-
lated to the Big Bulk stock and the other two may be consid-
erably younger. The complete characterization of the intru-
sive units awaits petrological, geochemical and
geochronological study.

Multiphase Big Bulk Diorite to
Monzonite Unit (EJmd)

The multiphase Big Bulk diorite to monzonite can be char-
acterized as hornblende diorite, hornblende monzonite and
hornblende-biotite monzonite. It ranges from equigranular
to sparsely porphyritic to crowded porphyritic and locally
includes intrusive breccia. Porphyritic varieties contain
10-30% lath-shaped plagioclase phenocrysts (1-2 mm),
5—-15% acicular hornblende phenocrysts (1-2 mm), locally
up to 30% K-feldspar phenocrysts and rarely up to 10% dis-
tinctive porphyritic platy biotite books in a predominantly
fine-grained (<1 mm) feldspar-hornblende—dominated
groundmass ranging from plagioclase dominant to a nearly
1:1 ratio of plagioclase:K-feldspar. Alteration is variable
and includes weak sericitization, chlorite alteration, patchy
epidote alteration and intense quartz-sericite-pyrite alter-
ation that strongly obscures original textures and composi-
tion and displays the local development of significant
cleavage associated with folding and imbricate thrust
faulting.

Early Jurassic Dioritic Dikes (EJdyk)

Observed extending radially from the Big Bulk stock, these
dikes are typically dioritic with 10-30% strongly elongated
lath-shaped plagioclase phenocrysts that often show radial
‘flower’ textures and 10—15% acicular hornblende pheno-
crysts in a fine to very fine grained groundmass of mainly
hornblende and plagioclase. They contain up to 3% dissem-
inated pyrite and locally patchy chlorite-epidote replace-
ment of mafic minerals.

Late Dioritic Dikes (E?d)

Texturally and compositionally similar to the Jurassic dikes
but lacking alteration and sulphides, these dikes are gener-
ally traceable for up to several kilometres of strike length.
The age of these dikes is unknown; they could be part of the
Eocene Hyder plutonic suite.

Late Mafic Dikes (E?m)

Dark green, recessive weathering aphanitic dikes com-
monly show chilled margins and/or flow banding along
their margins. These dikes are only rarely observed, may be
traced for up to 100 m, and occur within east-west-trending,
steeply dipping faults. They cut the Big Bulk stock, as well
as Stuhini Group and lower Hazelton Group rock units. Lo-
cally these dikes contain up to 5% calcite-filled amygdules
and appear to be significantly less deformed and altered
than surrounding rocks, suggesting that this is one of the
youngest rock units represented in the area.
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Preliminary Structural Observations

Two generations of folds were observed at Kinskuch Lake,
with F; trending mainly northerly and F, represented by
open folds with easterly trending axial traces. Map-scale
faults show a similar orthogonal pattern, with north to
northeast and west to northwest trends.

Rock type exerts a significant control on structural style,
with deformation expressed primarily as faulting in the
strong units (i.e., volcanic breccia [IJHvbx] and granitoid
intrusions [EJmd]) that predominate the east side of
Kinskuch Lake, whereas the well-stratified rocks on the
west side of the lake display a combination of folds and
faults. Furthermore, on the west side of the lake, the
fine-grained sedimentary facies locally display abundant
metre- to decimetre-scale tight folds, whereas the more
competent sandstone facies only display larger-scale folds
(>50 m wavelength). Axial planar cleavage occurs only lo-
cally, within some of the argillite and in areas of strong
phyllic alteration. Overall cleavage is very poorly devel-
oped except locally within some of the argillite packages
and in areas of strong phyllic alteration.

The preliminary cross-sectional interpretation of the fold
and faulting pattern in the west portion of the Kinskuch
Lake study area is shown in Figure 8. It illustrates the thin-
ning of several units across the area and shows the contrast
between the clearly unconformable contact between
Hazelton Group volcanics and Stuhini Group sedimentary
rocks in the far west of the study area and displays a poten-
tially paraconformable or conformable contact between
Stuhini Group and the conglomerate to olistostromal transi-
tional unit nearer to Kinskuch Lake.

Discussion and Future Work

There is significant variation in stratigraphic architecture
within the Stuhini Group and lower Hazelton Group across
the field area. These variations could be explained by lat-
eral facies changes, differential erosion levels at the bound-
ary between the Hazelton and Stuhini groups, distance
from volcanic vents and sediment sources and/or the effects
of synsedimentary faults or other topographic disruption
causing localized deposition of higher energy deposits.

The transitional unit represents a dramatic change in sedi-
mentation style from the well-stratified sedimentary rocks
that characterize the underlying Stuhini Group. The transi-
tional unit olistostromal deposits and conglomerate may
have resulted from basin instability and/or tectonic uplift in
the latest Triassic to Early Jurassic and may correlate with
similar units observed in the KSM area by Kyba and Nelson
(2015) and Febbo (2016).
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The next steps in this research include

e compiling a similar preliminary summary of the Red
Mountain Au deposit area;

¢ conducting lithogeochemistry and petrography to accu-
rately characterize the volcanic and intrusive units;

e completing component analysis for accurate character-
ization and correlation of sedimentary, volcanic-de-
rived sedimentary and volcanic units;

e determining biostratigraphy and isotope geochronology
to assess the age, stratigraphic position and provenance
of units; and

e analyzing in detail the structural data including
petrographic studies.

In addition, in 2019, the Big Bulk area will be mapped ata
scale of 1:5000 (or more detailed) to assess the role of im-
bricate faulting and folding on the distribution of por-
phyry-related Cu-Au mineralization and better define the
emplacement environment and relationship to pre-existing
and/or syn-intrusion faults. Also, a palinspastic restoration
of conditions prior to Cretaceous deformation will be at-
tempted to more accurately represent the structural envi-
ronment into which the Cu-Au porphyry system was
emplaced.
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Introduction

There are a number of coalfields in British Columbia (BC):
several thermal coalfields and two major metallurgical
coalfields, the Kootenay and Peace River (Figure 1). Metal-
lurgical coals are destined mainly for use in commercial
coke ovens to produce coke for use in blast furnaces in
steelworks.

One of the main challenges after finding and identifying
coal seams is evaluating the quality of the coal resource
during the exploration stage. Understanding coal quality
can be a complex process and is key to a sound economic
evaluation of the resource. During the exploration phase of
coal-mine development, evaluation of metallurgical-coal
quality is often done using samples collected from
drillcore. Although many coal seams outcrop, the bulk of
the coal deposit is generally deep underground. Coal near
the surface can be sampled using test pits or adits, but drill-
ing is the method most often used to obtain representative
coal-seam samples. During the feasibility stage of an explo-
ration property, a bulk sample of more than a tonne is re-
quired for testing the coal in a pilot-scale coke oven to fully
understand the coking potential of the coal. Sufficient sam-
ple can be obtained using several 6-inch drill-program
cores, although this is costly, particularly for thinner seams.

Coal samples collected during exploration are prepared by
screening and then lab-scale or pilot-scale washing that
simulates the coal behaviour in commercial coking coal-
wash plants. The coarser sized coal is processed using mix-
tures of organic liquids and the finer fraction is cleaned by a

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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Figure 1. Location of coalfields in southeastern British Columbia
from which the coal samples used in this study originated.

process called froth flotation. The quality of the coal pro-
duced by these smaller scale washing methods is critical to
understand the market potential of the coal. These pro-
cesses must produce the same quality coal as a commercial
plant.

On the lab scale, the float-and-sink procedure (Figure 2) is
used to separate coal from dirt, rock and mineral matter us-
ing a density separation, the same process used in commer-
cial plants. The lower density solutions tend to float mainly
the coal. During the float-and-sink process, the coal sample
is separated at relative densities (specific gravities, sg) be-
tween roughly 1.40 and 1.80 using tanks of organic mix-
tures made from white spirit (1.40 sg), perchloroethylene
(PCE; 1.60 sg) and methylene bromide (1.80 sg; ASTM
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Figure 2. Coal particles floating in perchloroethylene.

D4371-06, 2012). This produces clean-coal samples at the
target ash, sulphur and calorific content typical of what
would be produced in a commercial coal-washing plant.

Commercial plants separate the coal into size fractions that
are processed in equipment that separates the coal from
waste (rock, dirt and minerals) using differences in den-
sity—coal being less dense than the waste. The equipment
uses water-magnetite mixtures of controlled density in cy-
clones and baths, centrifugal force for coal-water mixtures

Figure 3. Operator working with organic liquids in a specially de-
signed fume hood.
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in cyclones, and relative settling rates of the coal particles
of differing densities in water to isolate/separate the ‘clean’
coal injigs and settling tanks. The finest sizes are treated by
water-based froth flotation, which can ‘float’ the coal from
the waste. Exploration samples are treated/cleaned in a
similar fashion.

Project economics are based on the results of the float-and-
sink testing, which produces information on the yield of
clean coal as well as the quality of the cleaned coal and re-
sulting coke quality. The coking characteristics, in particu-
lar, for a metallurgical coal deposit are critical in evaluating
project economics (i.c., expected price for the clean coal). It
is important to ensure that coal/coking properties are cor-
rectly assessed from drillcore samples to properly evaluate
project economics.

Background

For years, a major concern in the handling and use of or-
ganic liquids such as perchloroethylene (PCE) was the
safety risks associated with human exposure. Perchloro-
ethylene is a known carcinogen and poses a safety hazard
for laboratory operators, so it must be handled carefully.
Figure 3 shows a laboratory technician working in a spe-
cially designed fume hood wearing personal protective
equipment, including a respirator mask.

In addition to the health issues, there are increasing con-
cerns about whether the solvents impact the quality of cok-
ing coal. Many Canadian geologists have found that
cleaned drillcore coal samples often had lower caking/cok-
ing properties than bulk or production coal samples, an ob-
servation that goes back many decades. A number of inves-
tigations looked at how PCE and other organic solvents
may impact the coking quality of coal samples, including
Australian and American work (DuBroff et al., 1985;
Campbell, 2010; Iveson and Galvin, 2010, 2012). These
studies found that there were different impacts depending
on the quality characteristics of the coal being assessed.
Coals similar to the western Canadian coking coals (higher
inert, lower thermal rheological coals) appeared to have
been negatively impacted.

Based on these observations, the Canadian Carbonization
Research Association (CCRA) undertook a preliminary
program to investigate the impact of the organic solvents
used in float-and-sink procedures on the coal and coke
properties of a higher inert, low-fluidity western Canadian
coal sample (Holuszko et al., 2017). This study looked at
the effects of perchloroethylene on coal rheology and coke
quality. It was found that an 80% decrease (relative to the
control sample) in Gieseler maximum fluidity occurred in
the perchloroethylene-treated coal immediately following
treatment. The coke resulting from the treated sample
showed a 16-point decrease in coke strength after reaction
(CSR) when compared to the control sample. These two
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coal- and coke-quality parameters are key when evaluating
coal resources and reserves. The ramifications of using the
wrong numbers for these parameters when determining the
characteristics of product for sale are severe and could
result in unwarranted project abandonment or false over-
valuing of the property.

After the initial study outlined above, the CCRA also com-
pleted an exploratory study that examined an alternative to
organic liquids by washing coal samples in a jig. A lab-
scale Roben Jig (Figures 4, 5) was used to clean several
coals using only water, and the resulting quality character-
istics of the clean coal and its coke were compared to those
of coal that was processed using the traditional process of
washing with organic chemicals.

It was found that it was possible to produce a clean-coal
product with quality properties very similar to those ob-
tained using the organic liquids. The Roben Jig—cleaned
coals had the same/similar results for coal-quality parame-
ters and better results for coal-rheology parameters. These
findings are important because they demonstrate that the
Roben Jig can be used to produce clean-coal composites
similar to those obtained from traditional float-and-sink
methods.

Objectives

The objective of this project was to revise the existing oper-
ating methodology for the Roben Jig in order to minimize
misplaced material (Mackay etal., 2018). Another goal was
to answer the following questions:

e At what apparent relative density is misplacement of
coal particles occurring?

e What are the characteristics of the misplaced coal parti-
cles?

e What is the preferred method of operating the Roben
Jig?

e How does the Roben Jig compare to an industrial pro-
cessing plant?

e How many coal types need to be tested so that results are
statistically significant?

e How is the perchloroethylene interacting and affecting
the coal chemistry to cause a reduction in rheology and
an increase in Hardgrove Grindability Index?

If successful, this project would benefit the coal industry by
eliminating of use of PCEs and other organic liquids in the
production of small-mass exploration samples for the de-
termination of coal- and coke-quality parameters, and re-
duce the exposure of lab technicians/operators to carcino-
genic organic liquids.

Figure 4. Roben Jig equipment used in this study.
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Figure 5. Inverted Roben Jig with coal slice to be removed.
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Experimental Washing Methodology

The research group devised two Roben Jig methodologies
that could yield products with lower ash content while min-
imizing misplaced coal and rock particles. These method-
ologies were compared to the original coal-washing meth-
odologies from the Phase 1 research (Mackay et al., 2018).
The clean coals from all processes were then compared to
the product from an industrial coal-washing plant.

The coarse coal particles in each sample (greater than
0.50 mm) were washed during this study in several differ-
ent ways:

e Raw coal was washed in an industrial coal-washing
plant.

e Raw coal was segregated into one coarse fraction (12.5
% 0.5 mm) and washed in organic liquids using the float-
and-sink method and following the ASTM D4371 stan-
dard (Phase 1 Method: Float-and-Sink, One Coarse
Fraction)

e Raw coal was segregated into one coarse fraction (12.5
x 0.5 mm) and washed in the Roben Jig (Phase 1
Method: Roben Jig, One Coarse Fraction)

e Clean coal resulting from the jigging of one coarse frac-
tion was then rejigged (New Method A: Re-Jigging).

e Raw coal was segregated into two coarse fractions (12.5
x 2 mm and 2 X 0.5 mm) and washed in organic liquids
using the float-and-sink method and following the
ASTM D4371 standard (New Method B: Float-and-
Sink, Two Coarse Fractions).

e Raw coal was segregated into two coarse fractions (12.5
x2mmand 2 X 0.5 mm) and washed using the Roben Jig
(New Method C: Roben Jig, Two Coarse Fractions).

Common to all methodologies, the fine coal (particle sizes
of less than 0.5 mm) was washed using the froth flotation
method (ASTM D5114-90(2010)). The clean coal resulting
from this method was recombined with the coarser coal
(greater than 0.5 mm) when creating clean-coal composite
samples.

Industrial Coal-Washing Plant Method

This research project had a unique opportunity to piggy-
back on a single-seam run at an operating industrial-pro-
cessing plant at amine in southeastern BC. Mine operations
seldom schedule ‘single-seam’ runs unless it is part of the
natural release of coal from the mine plan; it is more usual to
see many seams being processed through the plant together.
The ability to be able to compare laboratory-washed coal to
that cleaned in an industrial-sized wash plant is considered
the gold standard in validating a laboratory method for
washing coal. As much as possible, companies want to be
able to predict the actual clean-coal product that will be de-
livered from a mine’s washing plant. As the single seam
was being run through the plant, raw coal was collected
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from the ‘feed’ side of the plant. This coal was used in the
laboratory processing by organic liquids and the Roben Jig.
Clean coal was also collected from the plant and analyzed
for clean-coal quality and coke quality. Industrial-sized
processing plants do not achieve perfect separation, and
material is misplaced. A simple float-and-sink using or-
ganic liquids was also done to determine where the mis-
placed particles originated.

Phase 1 Method: Float-and-Sink, One Coarse
Fraction

The specific gravity of a coal particle is dependent on min-
eral-matter content and maceral composition. Coal parti-
cles containing the lowest amount of mineral matter will
float when separated in a 1.30 sg liquid, whereas those with
the highest mineral-matter content are separated at 1.80 sg.

The float-and-sink method (ASTM D4371-06, 2012) was
used in this project. This technique fractionates coal and
mineral-matter particles based on particle density by allow-
ing particles to settle in organic-liquid mixtures with
known specific gravities. Mixtures of white spirits, per-
chloroethylene and methylene bromide are used to produce
media densities ranging from 1.30 sg to 1.80 sg.

Phase 1 Method: Roben Jig, One Coarse
Fraction

The Roben Jig is a device that enables the sorting of coal
particles based on density to occur as the coal is jigged up
and down in a column of water. Although no published
standard (ASTM, ISO or Australian) exists for the use of
the Roben Jig, the following procedure was developed by
the inventor. Approximately 15 kg of 12.5 mm X 0.25 mm
coal and tracers (glass marbles) of a known specific gravity
(2.70) were added to the jig tube with a 0.25 mm screen at
the bottom. This mesh base allowed water to enter during
the jig downstroke and particles to be sorted during the jig
upstroke. This tube, with coal added, was gently lowered
into the jig vessel. Water level was adjusted so that it was
approximately 100 mm above the level of the coal. The jig
tube was attached to the pneumatic jigging mechanism.
Once turned on, this mechanism moved the jig tube up and
down. The down stroke was rapid to suspend particles indi-
vidually, the upstroke was slower to allow the particles to
sort according to density. The jigging time was 15 minutes.
When the jig cycle was complete, the coal sample was pre-
sumed to have been sorted into a density continuum col-
umn, heaviest material (discard) at the bottom grading to
lightest (best) coal at the top.

After jigging was completed, the jigging tube was lifted
from the jig vessel, allowing the water to drain from the
coal. A sample pusher was inserted in the jig tube and
pressed to allow more water to drain. The entire tube was
then inverted to allow the coal to be pushed upward. Once
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the jig tube was inverted, and the screen removed, the mar-
bles were visible, as they had the highest specific gravity;
this was evidence that the jigging was successful. A tray
was attached to the top of the tube and the sample pusher
was rotated, causing the coal to be pushed above the jig tube
and allowing the operator to scrape off the layer. The layer
was then carefully scraped into the apparent relative den-
sity (ARD) basket. Note that, because the jig tube was in-
verted after jigging, the first fraction collected was the
highest density (heaviest or highest ash content). The thick-
ness of the layers was dictated by the particle-size distribu-
tion of the coal and by how many fractions one expected to
remove from the sorted column. Since the wet ARDs were
calculated immediately, the depth of the layers could be in-
creased or decreased to obtain a range of ARDs and subse-
quent range of ash contents.

Each wet coal layer was weighed and air dried, and a dry
ARD calculated. Samples were then prepped for laboratory
testing. Similar ARDs were added together before prepping
or tested first to confirm ash results. The calculated ARD is
an average for that layer.

New Method A: Re-Jigging

In this method, the clean coal from the coarse size fraction
was re-jigged to see if it was possible to further segregate
the particles based on density. First, a slice was taken that
had an average ARD of 1.29 and an ash value of 10.20%.
The slice was added back into the Roben Jig and processed.
Through this ‘re-jigging’ action, it was possible to further
clean the coal by removing 158 g of a higher ash (22.77%),
higher ARD (1.39) coal; this allowed for a selection of a
lower ash product <7%) compared to the starting value of
10.20%. This method showed promise for being effective
at cleaning coal to lower ash cut points. In this study, the
clean coal resulting from jigging the coarse fraction
(12.5 x 0.5 mm) was added back into the empty jig and re-

jigged.

New Method B: Float-and-Sink, Two Size
Fractions

The coarse coal was first divided into two size fractions
(12.5x 5 mmand 2 x 0.5 mm) instead of one (12.5 X 0.5 mm)
before being washed using the float-sink method (ASTM
D4371-06,2012). It is common in the coal industry to wash
different coarse fractions separately in organic liquids.

New Method C: Roben Jig, Two Size Fractions

Pielot (2010) studied the results of various widths of grain-
size classes being fed to jigs and found that the narrower the
grain-size classes of the coal feed, the more precise was the
jigging. To test Pielot’s theory, this method separated the
coarse coal into size classes, each of which was jigged on its
own.
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Analysis
Clean-Coal Analysis

Each clean-coal composite was analyzed for various qual-
ity characteristics and was coked in the sole-heated oven
(12 kg capacity) at CanmetENERGY in Ottawa, with coke
characteristics subsequently being quantified. The clean
coal resulting from the industrial-scale coal-washing plant
was carbonized in the Carbolite pilot coke oven. The clean-
coal composites were analyzed at GWIL Industries—Birtley
Coal & Minerals Testing Laboratory for yield (percent),
proximate analysis, free swelling index (FSI), specific
gravity (sg), total sulphur, Hardgrove Grindability Index
(HGI), calorific value (kcal/kg), mercury, ultimate analy-
sis, mineral analyses of the ash, phosphorus in coal (calcu-
lated, percent), Gieseler maximum fluidity, Ruhr dilatation,
ash fusion (oxidizing and reducing), chlorine, fluorine, al-
kali extraction—light transmittance test, Sapozhnikov X
and Y indices, and caking index (G). Petrographic analysis
of the coal and coke was carried out at both Canmet-
ENERGY (Ottawa, ON) and David E. Pearson & Associ-
ates (Victoria, BC).

Carbonization

Coal samples (~20 kg each) from the float-and-sink wash-
ing with organic liquids and the Roben Jig washing with
water were received at CanmetENERGY in Ottawa on Au-
gust 7 and 10, 2018. In the case of 100% Plant Clean
#183147, a significantly larger quantity of approximately
450 kg (three 45-gallon drums full) was received for car-
bonization tests in both the small-scale sole-heated oven
(12 kg) and the pilot-scale coke oven (340 kg).

Upon reception, coals were air dried in open air in the labo-
ratory for 12 hours (24 hours in the case of the larger sample
of 100% Plant Clean) and homogenized prior to preparing
charges for coking in CanmetENERGY’s 12 kg capacity
sole-heated oven and its 340 kg capacity Carbolite pilot
coke oven.

This section provides a description of the features and oper-
ating conditions for carbonization of coal in the sole-heated
oven, including the preparation of coke samples from coals
in this project for measurement of coke strength after reac-
tion (CSR) and coke reactivity index (CRI) following a pro-
cedure developed at CanmetENERGY (MacPhee et al.,
2013). It also provides a description of the Carbolite pilot
oven used to carbonize a larger amount of the sample of
100% Plant Clean and assess its resulting coke quality.

Sole-Heated Oven (ASTM D2014-97(2010))

A 12 kg sample of coal (70-80% —3.35 mm or —6 mesh) was
divided equally and each half charged into one chamber
(approximately 280 mm in width, length and depth) of a
double-chambered oven. A weighted piston applied a con-
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stant force corresponding to a pressure of 15.2 kPa (2.2 psi)
to the top of the coal bed (thickness in the 76-90 mm
range), which was heated from below according to a pre-
scribed temperature program. The sole temperature was
raised from 554°C to 950°C at a heating rate of 0.9-1°C/
min during the test. The movement of the load was continu-
ously monitored during the test, which was complete when
the temperature at the top of the coal bed reached 500°C
(normally reached after a period of 6—7 hours). The mea-
sured expansion or contraction of the sample was con-
verted to a reference base of 833 kg/m’ (52 Ibs./cu. ft.) and
2% moisture.

After carbonization, the semi-coke was removed from the
sole-heated oven and reheated in a stainless-steel holding
box (229 mm wide, 292 mm long and 305 mm deep) that is
hermetically sealed on top with a 3 mm thick section of
stainless steel and lined with a 3 mm thick layer of ceramic-
fibre insulation. The steel has an exit hole 1 cm in diameter
in the centre for venting the hot coke gases. Also, the hold-
ing box is fitted on the bottom with a stainless-steel inlet
tube (150 mm long and 6 mm inside diameter) connected to
a cylinder of nitrogen gas, which allows for continuous
flushing of the coke with the gas (5—-10 L/min flow rate) to
prevent its combustion. This treatment heated the semi-
coke to 1100°C to complete the annealing of the coke.

A schematic of a sole-heated oven is presented in Figure 6
and a photo of the sole-heated oven used in this project is
shown in Figure 7.

Cokes from the sole-heated oven were assessed for appar-
ent specific gravity (ASG) and hot-strength properties, in-
cluding CSR and CRI (following the ASTM D5341M-14
standard), and were analyzed for proximate (moisture, ash,
volatile matter and fixed carbon), sulphur and carbon
forms/textures using an optical microscope.
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Figure 6. Schematic diagram of the CanmetENERGY sole-heated
oven.
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The ASG of coke is defined as the ratio of the mass of a vol-
ume of dry coke to the mass of an equal volume of water.
Coke ASG varies with the rank and ash content of the coal
carbonized, the bulk density of the coal charge in the oven,
the carbonization temperature and the coking time (Price
and Gransden, 1987). In this project, the ASG of cokes was
determined following a method developed at Canmet-
ENERGY and related to the ASTM D167-93 (2004) and
ISO 1014:1985 standards.

According to ASTM D5341-14, the CRI is the percentage
weight loss of the coke sample after reaction in CO, at
1100°C for 2 hours. The cooled, reacted coke is then tum-
bled in an I-drum for 600 revolutions at 20 rpm. The cumu-
lative percentage of +9.5 mm coke after tumbling is de-
noted as the CSR.

Microscopic analysis of the textures was also performed on
the sole-heated cokes to measure the carbon forms. This
technique is extremely useful for understanding the behav-
iour of coal during coking and for interpreting pressure
generation and coke-quality results.

Carbon-form analysis in cokes in this project was carried
out using a combination of the US Steel method (Gray and
DeVanney, 1986) and the CanmetENERGY method, which
is based on work carried out by Marsh in 1978-1981 and
published in the book /ntroduction to Carbon Science (Ed-
wards et al., 1989). A single point count is made for each
measured field of view. For each field, the stage is rotated in
order to determine the possible highest rank carbon form.
Normally, 500-point counts are performed on a sample.
Each carbon form is derived from an assumed parent-coal
vitrinite type. From the coke-texture analysis, one can de-
termine the effective coal reflectance (%Ro).

Carbolite Pilot Oven

Specifications of the Carbolite pilot-scale movable-wall
coke oven (Carbolite Gero Ltd., Sheffield, United King-
dom) are listed in Table 1 and the oven is shown in Figure 8.

Figure 7. CanmetENERGY sole-heated oven (12 kg capacity)
used in this study.
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Table 1. Specifications of the CanmetENERGY Carbolite pilot movable-wall coke oven.

Coke-oven specification Carbolite pilot-scale movable-wall coke oven

Chamber width (mm) 460
Chamber volume (m?) 0.401
Charge weight (kg) 340-350
Percentage of coal passing 3.35 mm 80-85
Charge density in oven (dry; kg/m°) 809-825
ASTM bulk density (wet; kg/m®) 773-783
Charge moisture (%) 2.5-3.2

Heating control (flue temperature; °C)
Pushing time (h)

Quench
Coke treatment (conditioning)

875°C start; increase 15°C/h to 1130°C

3 h after centre temperature reaches 950°C (usually
around 18 h)

Water (wet) normally; N, gas (dry) is also possible
Client specified (usually 1 or 3 drops from 3 m height)

To simulate industrial coking, the temperature of the oven
is kept low (875°C) at the beginning of the carbonization
cycle, to limit the heat input to the coal, and then gradually
raised (15°C/h) until the flue temperature reaches 1130°C.
The oven is normally charged with coal 85 +5% of which is
less than 3 mm, and the coal moisture is adjusted so as to
achieve a dry-coal bulk density in the oven in the range
810-825 kg/m’. The oven is discharged 3 hours after the
centre temperature of the coke reaches 950°C. The coke is
water quenched and dropped 3 m onto a concrete floor in
order to condition or stabilize it. This process is carried out
in preparation for the drum testing, followed by measure-
ment of the resultant coke properties.

The coke discharged from the Carbolite oven is assessed
for size distribution, proximate analysis, sulphur, coke sta-
bility and hardness using the ASTM tumbler method, the
cold strength drum index (DI) test of the Japanese Indus-
trial Standard (JIS), CSR/CRI, ASG and texture.

Fundamentals of Coal Science

A small budget was set aside to further investigate the sci-
ence behind the chemical reaction between perchloroethyl-

Figure 8. CanmetENERGY Carbolite pilot-scale coke oven
(340 kg capacity) used in this study.
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ene and coal macerals. The intent was to carry out the inves-
tigation using the micro-FTIR machine, but the work could
not be completed during 2018. Therefore, the applicability
of a family of liquids called Novec 7000 series in washing
coal was tested, in collaboration with a research scientist at
3M.

Novec 7000, also known as 1-methoxyheptafluoropro-
pane, is an engineered liquid developed by 3M. It has a low
toxicity, is not known or suspected to cause cancer, and is
nonflammable and noncorrosive. It has a specific gravity of
1.40. Novec 7700, also known as Furan (2,3,3,4,4-penta-
fluorotetrahydro-5-methoxy-2,5-bis[1,2,2,2-tetrafluoro-
1-(trifluoromethyl)ethyl), was also engineered by 3M. This
liquid has the same benign characteristics as Novec 7000;
in fact, it is suggested that it can be ingested without any
medical concerns. The specific gravity of Novec 7700 is
1.797. The two liquids are miscible and can be used to cre-
ate a range of liquids from 1.40 to 1.80 sg.

To complete detailed washability studies with coal, cus-
tomers often require float densities over that range. This
Novec fluid is a potential candidate for the replacement of
harmful organic liquids in the float/sink procedure. Since
3M was prepared to donate the liquids for use in this re-
search, it was thought that this was the opportune time to
carry out the research. Novec 7000 and 7700 liquids were
mixed in varying proportions to create heavy liquid baths
with the following specific gravities: 1.40, 1.50, 1.60, 1.70
and 1.80. Raw coal underwent float-and-sink analysis ac-
cording to ASTM D4371 in both traditional organic liquids
(perchloroethylene, white spirits and methylene bromide)
and the Novec solutions. The float-and-sink data were then
compared for yield and quality characteristics. Clean coals
resulting from both studies were also compared for a range
of quality parameters. Results are not finalized as yet.
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Results

This research project had the opportunity to obtain raw and
clean coal from a single-seam plant run. Because of this,
clean-coal samples derived from a number of methodolo-
gies were compared. As mentioned, the ability to compare
laboratory-washed coal to that cleaned in an industrial-
sized wash plant is considered the gold standard in validat-
ing a laboratory method for washing coal. Table 2 shows
how these clean-coal samples compared.

On an ash basis, the clean coal derived from the float-and-
sink process was a cleaner product. with ash less than 7%.
The float/sink process in organic liquids provides ‘perfect
separation’ between coal and rock. Care was taken not to
create a clean-coal product that would be impossible to cre-
ate in an industrial plant. Therefore, the specific gravity cut
point remained less than 1.70, which is the cut-off achiev-

able for a processing plant. The two factors, limiting the
specific gravity cut point and the organic liquids achieving
perfect separation (with no misplaced particles), resulted in
the ash of the clean coal being lower than those from the
Roben Jig or the industrial plant.

Other coal-quality parameters remained similar between
the samples washed with organic liquids and those washed
inthe jig, even when changing the coarse size fractions. Re-
jigging the clean coal that resulted from the traditional jig-
ging method resulted in a lowering of the ash content from
7.80 to 6.68%. The petrography for these samples is still
outstanding.

The free-swelling index of the six clean-coal composites
ranged from 8.0 to 8.5, with only two of the composites ob-
taining the 8.5 value. The chlorine content was higher in the
clean-coal composites washed in the perchloroethylene

Table 2. Clean-coal quality parameters (air-dried basis). Abbreviations: CCC, clean-coal composite; db, dry basis; ddpm, dial divi-
sions per minute; FS, float-and-sink; REJIG, re-jigging; RJ, Roben Jig; SD 2.5, dilatation based on a 60 mm pencil per gram of air-

dried coal in the test sample, multiplied by a constant of 2.5.

2018

Clean coal quality (air-dried basis) Fsccc  JIG ccC FSCCC  JIGCCC12.5 REJIGCCC Plant

sizes sizes 12.5 x 0.5 mm x 0.5 mm 12.5 x 0.5 mm product
Moisture (%) 1.29 1.21 1.20 1.38 1.22 1.00
Ash (%) 6.81 7.51 6.74 7.80 6.68 8.01
Volatile matter (%) 29.32 30.15 29.59 29.15 29.36 28.42
Fixed carbon (%) 62.58 61.13 62.47 61.67 62.74 62.57
Sulphur (%) 0.54 0.54 0.54 0.54 0.55 0.53
Free swelling index 8.5 8.0 8.0 8.0 8.0 8.5
Chlorine (ppm) 2280 365 2570 432 321 -
Flourine (ppm) 171 172 158 162 163 143
Hardgrove grindability index 79 78 78 79 80 -
Specific gravity 1.37 1.37 1.31 1.35 1.36 -
% phosphorus in coal (db) 0.040 0.042 0.043 0.045 0.044 0.045
Gieseler maximum fluidity (ddpm) 290 274 281 298 322 212
Ruhr dilatation
% contraction 25 25 28 25 26 28
% dilatation 107 121 112 118 125 149
% total dilatation 132 146 140 143 151 177
% SD 2.5 108 120 118 127 133 150
Mineral analysis of ash
Si0, (%) 58.50 59.76 57.56 59.57 58.27 58.86
Al O3 (%) 31.44 29.60 32.79 29.61 31.16 29.78
TiO, (%) 1.57 1.47 1.56 1.41 1.52 1.53
CaO (%) 1.43 1.46 1.97 1.26 1.83 1.48
BaO (%) 0.28 0.31 0.31 0.32 0.29 0.28
SrO (%) 0.15 0.14 0.14 0.14 0.17 0.12
Fe,03 (%) 1.46 1.59 1.50 1.62 1.60 3.17
MgO (%) 0.48 0.58 0.53 0.56 0.51 0.48
Na,O (%) 0.08 0.08 0.05 0.07 0.07 0.09
K50 (%) 1.16 1.51 1.22 1.66 1.41 1.22
P,0s5 (%) 1.32 1.26 1.46 1.30 1.49 1.28
SO; (%) 0.27 0.27 0.30 0.23 0.23 0.21
Undetermined (%) 1.86 1.97 0.61 2.25 1.45 1.50
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float-and-sink process. This was expected due to the chlo-
rine content of the liquids. The Hardgrove Grindability In-
dex, fluorine, % phosphorus in coal, and mineral analysis
of ash were similar for all six composites.

The Gieseler maximum fluidity was measured on all com-
posites within a two-day period, the values ranging from
212 to 322 dial divisions per minute (ddpm). Although
small differences were observed, the fluidity of this coal did
not appear to be significantly decreased due to the treat-
ment with perchloroethylene.

The timeline for the dilatation testing was not kept as tight
for all six samples. Therefore, the difference between the
plant dilatation value of 149% and those of the other sam-
ples (107 to 125%) could have be partially due to aging.

Phase 1 Method: Float-and-Sink and Roben
Jig, One Coarse Fraction

As was found with the work completed in 2017, the Roben
Jig was able to create a clean-coal composite similar to that
created using organic liquids except that, in the work re-
ported here, the ash in the clean coal from the jig was
higher. This was because the specific gravity cut-point was
limited to what the processing plant could achieve at the
mine. It is known that organic liquids provide a perfect sep-
aration and there is usually a ‘plant factor’added to yield in-
formation coming from studies such as these to account for
the imperfection of a processing plant. If the limitation was
not imposed on the cut point, it would have been possible to
make the ashes the same.

Also of note is that the Gieseler maximum fluidity values
were comparable between the water-based method and the
organic liquids. This could be due to there being less
fusinite and semifusinite macerals in the coal. The petrog-
raphy results will confirm this.

Misplaced Material

One of the objectives of this project was to identify and
quantify the misplaced material that occurs in the column
during the jigging process. A few clean slices were taken
from the jigged clean coal and washed in organic liquids.
Figure 9 illustrates the specific gravities of the particles that
made up slice #13, one of the cleaner slices, which had an
average relative density of 1.18. Washing the slice by float-
and-sink showed that most of the particles fell at or below
the 1.30 sg, but there were also particles from the 1.40, 1.60
and +1.90 specific gravities.

Figure 10 shows slice #1 from the Roben Jig. This was the
slice with the highest ash content and had an average appar-
ent relative density of 2.28. The float-and-sink process sep-
arated the coal particles into the correct specific gravity
baths. Most of the particles fell into the +1.90 sg class,
which is what one would expect to see as the highest ash

Geoscience BC Report 2019-1

’sink’. This would be where one would find the rock. Parti-
cles contained in slice #1 also fell into the—1.30, 1.30, 1.40,
1.50, 1.60, 1.70 1.80 classes.

A further step was to take the clean-coal composite, as com-
piled from the Roben Jig method, and wash it in organic lig-
uids to determine the density of the particles. The cut-point
of the clean-coal composite had an ARD of 1.54. Table 3
shows the mass percentage falling into each specific-grav-
ity class. Approximately 94% of the particles fell below the
1.54 sg. Five percent of the particles forming the clean-coal
composite was misplaced from higher specific gravities,
including 1.3% from the rock particle (+1.80 sg) sink. Al-
though these misplaced particles exist, they do not seem to
negatively impact the clean-coal quality parameters.

New Method A: Re-Jigging

The clean coal resulting from the Roben Jig traditional
method was re-jigged to determine if a second cleaning ac-
tion could remove misplaced particles. After re-jigging, the
clean coal created during the second jigging process under-
went float-and-sink analysis in organic liquids. Table 4
shows the percentage of particles falling into each specific
gravity range. After re-jigging, only 2.9% of'the particles in
the clean-coal composite were misplaced from other higher
specific gravity ranges. Re-jigging was confirmed to be a
useful method of reducing the amount of misplaced mate-
rial.

New Methods B and C: Float-and-Sink and
Roben Jig, Two Size Fractions

Changing the size range of the coarse particles that undergo
float-and-sink washing is a standard practice in the labora-
tory washing of coal. It was because of this, and some infor-
mation from Pielot (2010), that it was proposed to investi-
gate washing different coarse fractions separately in the
Roben Jig. Pielot thought that narrowing the size fraction
resulted in more precise jigging. In this study, no difficul-
ties were encountered while jigging the 12.5 X 2 mm frac-

Table 3. Float-and-sink
mass percentages falling
within specific-gravity
ranges of a rewashed clean
coal produced by the Roben
Jig. Abbreviations: FLT, float;

SNK, sink.
Specific Mass
gravity percentage
1.30 FLT 67.4
1.30-1.40 22.6
1.40 - 1.50 4.1
1.50 - 1.60 14
1.60-1.70 0.9
1.70-1.80 0.7
1.80 SNK 3.0
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Slice 13- 4.12% ash
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Figure 9. Particle-density distribution, expressed as proportions by mass, of low-density jig slice.

tion. However, jigging the finer 2 X 0.5 mm fraction proved
difficult: it was found that there were inconsistencies be-
tween slices. Usually, the relative density of slices behaves
predictably: the highest relative density occurs at the bot-
tom of the column, with lower relative densities occurring
in a stepwise fashion moving to the top of the column. The
inconsistencies between slices of the finer fraction sug-
gested that there was misplaced material. When the clean

Table 4. Float-and-sink mass
percentages falling within
specific-gravity ranges of a
rewashed clean coal pro-
duced by re-jigging. Abbrevi-
ations: FLT, float; SNK, sink.

Specific Mass
gravity percentage
1.30 FLT 69.9
1.30-1.40 23.8
1.40-1.50 3.5
1.50-1.60 1.0
1.60-1.70 0.6
1.70-1.80 04
1.80 SNK 0.9
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coal from this fraction was washed by float-and-sink, it was
found that there were 9% misplaced particles. Table 5 shows
the specific-gravity distribution of the coal particles at the
1.40 sg cut point.

From an operational standpoint, jigging the finer size frac-
tion was also more time consuming, as the operator had to
continually check the work that was done. This method of
misplaced-material mitigation did not prove to be the best
method.

Clean-Coal Carbonization

Table 6 presents analytical data (available thus far) for
cokes made in the sole-heated oven from coals studied in
this project.

Contraction levels range from —15% for 100% plant clean
product crushed to 12.5 mm to —9% for 100% JIG CCC
12.5%0.5and 100% REJIG 12.5x0.5. The type of washing
medium, namely organic liquids for float-and-sink and wa-
ter for Roben Jig, had a minor effect on the level of sole-
heated oven contraction observed, —11% and —10%, re-
spectively. The low amount of volatile matter remaining in
the cokes (<1%) provides clear evidence that the coals were

Geoscience BC Summary of Activities 2018: Minerals and Mining
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Table 5. Float-and-sink
mass percentages falling
within specific-gravity
ranges of a rewashed clean
coal produced by jigging the
2 x 0.5 mm size fraction. Ab-
breviations: FLT, float; SNK,

sink.
Specific Mass
gravity percentage
1.30 FLT 722
1.30-1.40 18.8
1.40-1.50 3.7
1.50-1.60 1.8
1.60-1.70 0.8
1.70-1.80 0.5
1.80 SNK 22

essentially fully carbonized by a combination of coking in
the sole-heated oven and heat treatment of the resulting
semi-coke to 1100°C under nitrogen to complete the
annealing of the coke.

The apparent specific gravity (ASG) of coke ranged be-
tween 0.96 (100% REJIG 12.5x0.5) and 1.01 (100% plant

clean product crushed to 12.5 mm). As stated earlier, the
rank and ash content of the carbonized coal dictates the
coke ASG. The low ash content of 6.8% (db) in 100%
REJIG 12.5 % 0.5 results in the lowest ASG coke, whereas
the high ash content of 8.2% (db) in 100% plant clean prod-
uct crushed to 12.5 mm results in the highest ASG coke.

The coke strength after reaction (CSR) of the clean coal re-
sulting from all washing methods was compared. Compari-
son of New Methods B (FS CCC sizes) and C (JIG CCC
sizes) revealed that Method C (Roben Jig) washing im-
proved the CSR by 5 points relative to Method B (float-
and-sink). Method C (JIG CCC sizes) also resulted in a 6-
point increase in CSR when compared to the Phase 1
Method (JIG CCC 12.5 % 0.5). Washing the coal using New
Method B (FS CCC sizes) resulted in a 3 point decrease in
the CSR compared to the Phase 1 Method (FS CCC
12.5x0.5).

A comparison of the CSRs resulting from coal washed us-
ing the Phase 1 methods of jigging and float-and-sink (one
coarse fraction of 12.5 x 0.5 mm) shows that Roben Jig
washing led to a CSR 4 points lower than float-and-sink

Slice 1 - 76.4% ash
2.28 apparent relative density

30000

25000

20000

15000

Mass (g)
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1.60 1.70 1.80 1.80

Apparent relative density

Figure 10. Particle-density distribution, expressed as proportions by mass, of high-density jig slice.

Geoscience BC Report 2019-1

97



PN

Geoscience BC

Table 6. Quality of coke samples obtained from sole-heated oven tests. Abbreviations: CCC, clean-coal composite; FS, float-

and-sink; JIG, Roben Jig; REJIG, re-jigging.

2018
Coke property FSCCC JIGCCC FSCCC  JIGCCC REJGCCC  Plant C"‘;::’d
sizes  sizes 125x05 125x05 125x0.5 product _°

product
Expansion/contraction -11.8 =11 -1 -9.2 -9.4 -11.6 -14.5
Coke strength after reaction (CSR) 65.5 70.5 68.3 64.3 65.0 61.5 64.2
Coke reactivity indiex (CRI) 21.3 17.2 18.5 19.2 206 252 23.0
Apparent specific gravity (ASG) 0.970 0.995 0.988 0.989 0.963 1.004 1.012

washing. Re-jigging of this coal led to a negligible change/
improvement in CSR.

The CSR of'the plant-washed coal (plant product) was 61.5.
After crushing the plant-washed coal to pass 12.5 mm, the
CSR increased to 64.2. Crushing of the product to 12.5 mm
led to a 3 point improvement in CSR relative to the com-
plete size range. It should be noted that the repeatability of
this test is 3.3. This would indicate that the CSRs are actu-
ally quite similar.

Table 7 presents analytical data for coke made in the
Carbolite oven from 100% plant clean product (sample
#183147).

Assessment of the quality of cokes made in the sole-heated
oven and the Carbolite pilot oven from 100% plant clean
product found ASTM stability and hardness of 56 and 66,
respectively; JIS DI30/15 and DI150/15 of 94 and 85, re-
spectively; and CSR and CRI of 58 and 27, respectively.
The CSR and CRI from the larger pilot-scale coke oven
(340 kg) are found to be inferior to those from the smaller
sole-heated oven (12 kg), which are 62 and 25, respectively
(Figure 11).

62
61
60

59

CSR

58

57

56

m 100% PLANT CLEAN #183147

Sole-Heated Oven

The superior CSR and CRI of coke produced in the smaller
sole-heated oven is expected, since the carbonization pro-
cess took place under a significantly higher load/pressure
(15.2 kPa) than that in the larger pilot oven (48 kPa). This
led to the formation of a coke with higher apparent density
(ASG of 1.00), and thus lower porosity, from the sole-
heated oven compared to that from the larger pilot oven
(ASG 0f 0.92).

Conclusions

The Canadian coal industry needs a reliable method of
washing small metallurgical-coal samples whereby the ex-
posure of both the coal sample and the laboratory techni-
cians to perchloroethylene and other toxic organic liquids
can be eliminated. This study evaluated the use of the
Roben Jig and varying methodologies, as well as two engi-
neered liquids (Novec 7000 and 7700), in satisfying these
requirements.

When comparing the quality characteristics of clean coal
samples, it is apparent that the Roben Jig was able to pro-
duce a clean-coal sample similar to that from the industrial
coal-washing plant that uses the float-and-sink method

m 100% PLANT CLEAN #183147
Pilot Oven

Figure 11. CSR comparison of cokes made in the sole-heated oven and Carbolite pilot-scale
oven from 100% plant clean product (sample #183147).
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Table 7. Quality of coke samples obtained from Carbolite pilot oven tests on 100% plant clean #183147.

Date received AUG/7/18
Weight received 3-DRUMS
Project CCRA 90 - Roben Jig
Phase 2
Coal index 26799
100% PLANT CLEAN
Description #183147
C-2733
Sole-heated oven test Expansion/contraction % -11.6
Coke moisture Moisture % X
Coke proximate (db) Ash % X
Volatile matter % X
Fixed carbon % X
Sulphur % X
Carbonization results Oven test number C-2733
Test date SEP/7/18
Moisture in charge % 3.0
Net dry charge weight kg 336.8
ASTM BD kg/m?® 773.7
Oven dry BD kg/m® 815.6
Coking time h:min 18:14
Final centre temperature °C 1074
Time to 900°C h:min 14:48
Time to 950°C h:min 15:14
Time to 1000°C h:min 15:51
Time to max. wall pressure h:min 2:45
Max. wall pressure kPa 41
Max. gas pressure kPa 6.7
Coke yield % 72.4
Sieve analysis of coke (cumulative) 100 mm sieve % 0.4
75 mm sieve % 7.6
50 mm sieve % 51.3
37.5 mm sieve % 83.6
25.0 mm sieve % 94.3
19.0 mm sieve % 95.3
12.5 mm sieve % 96.1
Passing 12.5 mm sieve % 3.9
Mean coke size mm 53.0
ASTM coke tumbler test Stability 56.3
Hardness 66.3
JIS coke tumbler test 50 mm sieve, 30 rev. 21.2
25 mm sieve, 30 rev. 90.6
15 mm sieve, 30 rev. 93.6
50 mm sieve, 150 rev. 8.0
25 mm sieve, 150 rev. 79.4
15 mm sieve, 150 rev. 85.1
CSR 58.3
CRI 27.2
ASG 0.920
Coke texture Isotropic % 2.7
Very fine mosaic % 7.4
Fine mosaic % 34.9
Medium mosaic % 32.3
Coarse mosaic % 3.8
Total mosaic % 78.4
Elongated fine flow % 4.2
Elongated medium flow % 0.9
Elongated coarse flow % 0.0
Total flow % 51
Domain flat flow % 0.0
Domain undulating % 0.0
Domain ribbon % 0.0
Total domain % 0.0
Fusinite % 3.5
Semifusinite % 9.5
Unidentifed inerts % 0.8
Altered vitrinite % 0.0
Total inert % 13.8
Coal Ro calculated 1.04
Coke mosaic index 2.02
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with organic liquids. The ash value of the clean coal from
the jig was higher than that from the float-and-sink method,
but only because of limitations on cut-points imposed by
the methodology. Misplaced material was found in clean-
coal composites created in the jig, but in small enough pro-
portions that it did not have a negative effect the clean-coal
quality. A re-jigging action was found to be the most useful
in reducing the percentage of misplaced particles. Narrow-
ing the size range of particles during jigging proved to be
operationally difficult for the finer size fraction (2 X
0.5 mm).

With respect to carbonization, evaluation of the cokes pro-
duced from the plant clean-coal product after washing of
the complete size range of coal particles in the two types of
media showed that the Roben Jig (New Method C) had a
CSR of 70 compared to values of 65.5 and 68.3 for the float-
sink methods (Phase 1 Method and New Method B). The
New Method C of washing two coarse size fractions sepa-
rately in the Roben Jig led to a 6-point improvement in CSR
relative to washing only the 12.5 X 0.5 mm size fraction.
Re-jigging the coal (New Method A) led to a negligible
change/improvement in CSR.

Future Work

Study in this research project is ongoing. Future work will
involve summarizing the results from the following tasks:

e Coal petrography

e Coke-texture petrography

e Novec 7000 series washability
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Introduction

Environmental laws and regulations govern mining and
oil-and-gas extraction in Canada, including reclamation.
Prior to development, resource-extraction companies are
required to post a bond as a promissory that their activity
and closure will meet approved government environmental
standards. Despite the rising demand for restoration man-
agement, there is limited research on environmental resto-
ration and there are few dedicated university postgraduate
training programs in Canada to address the complexities of
ecosystem reclamation. There is a critical need to work
with the mining and oil-and-gas industries, in partnership
with governmental agencies, to develop better manage-
ment practices for successful ecosystem restoration, and to
train Highly Qualified Personnel (HQP) for reclamation
work.

Current restoration plans and mine-closure proposals for
land reclamation are generally not based on sound scien-
tific evidence. They are more likely to be based on past
practice and administrative and logistical constraints. In or-
der to rectify this lack of information, optimize reclamation
methods and allow for a more harmonious coexistence be-
tween industry and environment, research focused on under-
standing and mastering ecosystem reclamation is needed.

This project is located at the New Afton mine in south-cen-
tral British Columbia (Figure 1) and will study topsoil
stored in a stockpile at the mine (Figure 2) to explore the use
of soil amendments as they relate to enhancing viability of
stored topsoil.

Project Location

During mine operation, topsoil stockpiles are established
for use in reclamation upon closure of the mine. The height
of these piles can reach up to 30 m. In addition, stockpiles
can sit for the entire duration of mine operation, which may
be decades. A major question is “Does topsoil stored in
piles remain viable after so many years?” In order to ad-

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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200 km
124 mi

Figure 1. Location of the New Afton mine, south-central in British
Columbia.

dress this question, the viability of the topsoil stockpile
must be characterized over time and by depth. Furthermore,
strategies must be developed to increase the viability of
stored stockpiles.

A large stockpile on the site of the new New Afton mine
(Figure 3) was selected for study. One way to assess viabil-
ity is to measure the soil microbiota through DNA sequenc-
ing. A sampling protocol has been established to measure
differences in the microbial community by depth in the
stockpile. Experimental plots will also be established to test
methods of rejuvenating the viability of a stockpile, which
will include the use of soil amendments, such as ‘fresh’ top-
soil from an undisturbed site, biochar, compost and wood
chips.

Objective

The easiest way to restore topsoil and microbial communi-
ties after mine closing to their full pre-closing health status
(i.e., equivalent soil characteristics and microbial commu-
nity composition and function), and therefore the most
likely route to achieve fully functional reclamation, would
be to simply replace the excavated overburden with the
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Figure 2. Site of stockpile and drill locations at the New Afton mine.

stockpiles of these materials kept on site. Unfortunately, it
is known that microbial composition and functions degrade
significantly over time, likely depending on factors such as
depth of the stockpile, exposure to sun and weather,
temperature, and chemical and microbial interaction.

Figure 3. Topsoil stockpile at New Afton mine, with drill rig on top.

102

Methodology

The project will investigate factors that affect changes to
microbial health in topsoil stockpiles by evaluating such a
stockpile at the New Afton mine. The soil and microbial
characteristics, and microbial functions in these stockpiles
will be characterized.

Soil samples will be collected at soil depths of 0—30 cm,
30-60 cm, 60-90 cm, 90 cm—1.2 m, 1.2—1.5m, 1.5-3.0 m,
3.0-4.5m,4.5-6.0m, 6.0-7.5m, 7.5-10.5m, 10.5-13.5 m,
and at 3 m intervals until the bottom of the stockpile has
been reached (Figure 4).

Soil characterization will include mineralogy and organic-
matter content. High molecular weight, bulk DNA extracts
will be collected. High throughput DNA sequencing will be
done on the Thermo Fisher Scientific Ion S5 XL System.

Bulk soils collected at each depth interval will be stored in a
—20°C freezer until the greenhouse trials are established.
The basic premise is to take soils at each depth, treat with
different combinations of soil amendment, and grow a
phytometer (model plant species) as a test species to deter-

Geoscience BC Summary of Activities 2018: Minerals and Mining
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Figure 4. Drill operation and sample collection at the New Afton
mine topsoil stockpile, September 26, 2018.

Geoscience BC Report 2019-1

mine relative growth potential under different treatment
conditions.
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Introduction

Environmental laws and regulations govern mining and
oil-and-gas extraction in Canada, including reclamation.
Prior to development, resource-extraction companies are
required to post a bond as a promissory that their activity
and closure will meet approved government environmental
standards. Despite the rising demand for restoration man-
agement, there is limited research on environmental resto-
ration and there are few dedicated university postgraduate
training programs in Canada to address the complexities of
ecosystem reclamation. There is a critical need to work
with the mining and oil-and-gas industries, in partnership
with governmental agencies, to develop better manage-
ment practices for successful ecosystem restoration, and to
train Highly Qualified Personnel (HQP) for reclamation
work.

Current restoration plans and mine-closure proposals for
land reclamation are generally not based on sound scien-
tific evidence. They are more likely to be based on past
practice and administrative and logistical constraints. In or-
der to rectify this lack of information, optimize reclamation
methods and allow for a more harmonious coexistence be-
tween industry and environment, research focused on under-
standing and mastering ecosystem reclamation is needed.

This project will study biodiversity of the invertebrate com-
munity along a chronosequence of reclamation sites at the
New Afton mine and Highland Valley Copper mine in
south-central British Columbia (Figure 1).

Biodiversity

Biodiversity describes the variety and variability of living
species in an environment and can be used as a measure for
ecosystem health, especially if baseline data are available
and are followed over time at locations of interest. Patterns
in plant diversity, and the measures to identify plant diver-
sity, use standardized sampling and field guides; however,
during biodiversity assessments, the identification of spe-

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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Figure 1. Locations of the New Afton mine and the Highland Valley
Copper mine, south-central British Columbia.

cies, particularly invertebrates, is often best achieved using
genetic analyses. Much effort has gone into finding signa-
ture genes, called ‘DNA bar codes’ for different groups of
invertebrates. Each species can now be rapidly and cost-ef-
fectively identified and, with the proper sampling proto-
cols, quantified in terms of relative abundance and diver-
sity by site. New Gold’s New Afton mine, the industry
partner for this project, is the first in Canada to employ
DNA bar-coding as part of their commitment to measuring
and ensuring environmental sustainability. Tracking bio-
diversity against pre-mining benchmarks informs restora-
tion efforts in real time and allows changes and adjustments
when needed. Restoration of animal communities to date
has been based primarily on vegetation recovery, with the
assumption that the animals will naturally follow. This ig-
nores the growing scientific evidence that feedback from
animals can cause top-down control that determines the
abundance and diversity of plants, as well as the rate at
which nutrients cycle through ecosystems. Whole ecosys-
tem—based approaches will be employed in this study, in-
cluding biodiversity planning and monitoring of all ecosys-
tem functions and services, to guide restoration efforts
throughout the entire life cycle of the mine. DNA bar-cod-
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Figure 2. New Afton mine with locations of sample sites: reference sites (N1 Site 1 and N2 site 2) and old tailings storage facility (TSF 1 and

TSF 2).

ing, a tool for rapid species inventory and food-web struc-
ture, will be utilized for testing species diversity and
composition by focusing on invertebrates, a technique
successfully adapted by New Gold Inc. for biodiversity
assessment.

Methodology

Malaise traps and pitfall traps will be used at the New Afton
mine and the Highland Valley Copper mine in undisturbed
control sites and mine-reclamation sites. At the New Afton
mine, two reference sites (Figure 2, N1 Site 1 and N2 Site 2)
and two reclamation sites on the old tailings storage facility
(Figure 2, TSF 1 and TSF 2) were sampled. At the Highland
Valley Copper mine, thirteen sites have been selected (Fig-
ure 3). Malaise traps are tent-like structures that are used to
capture flying insects. The trap intercepts insects that then
fly upward toward the light and are captured in a container
of an ethanol solution. Pitfall traps are small ground-insect
collection traps that consist of a hole in the ground approxi-
mately 10 cm deep filled with a collection cup that contains
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an ethanol solution to preserve the specimens for DNA anal-
ysis. Pitfall traps will be placed approximately every 10 m
on a 90 m transect at each site for a total of 10 traps per site.
One malaise trap will be placed randomly at every site. Spec-
imens from both the pitfall and malaise traps will be col-
lected and identified to order-level taxonomic assignment,
then stored individually in ethanol solution to be sent for
molecular phase analysis. Tissue samples will be collected
to recover the bar code region of the cytochrome ¢ oxidase 1
gene. After implementing methods used in DNA bar-cod-
ing within a genomics lab, the DNA bar codes will be com-
pared with existing records on the Barcode of Life Data-
base (BOLD; Ratnasingham and Hebert, 2007) to obtain
species identifications for all study sites.

Conventional soil, plant and larger animal sampling will
help develop a better understanding of food-web structure
and complement the molecular analyses. Standard operat-
ing procedures will be drafted for users so tools incorporat-
ing markers from bar-coding and metadata can be tested,
revised and validated by mine operators.

Geoscience BC Summary of Activities 2018: Minerals and Mining
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Figure 3. Highland Valley Copper mine with locations of 13 sample sites in a range of reclamation areas.
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Introduction

The products of mining are essential for modern society, the
renewable energy infrastructure and transportation systems
of the future; however, their recovery produces an enor-
mous volume of solid waste and is a significant contributor
to anthropogenic greenhouse-gas emissions. The amount
of mine waste produced worldwide is on the same order of
magnitude as that of natural Earth-shaping erosional pro-
cesses: some tens of billions of tonnes of waste per year
(Fyfe, 1981; Forstner, 1999; Blight, 2011), most of which
consists of tailings (Kossoff et al., 2014). Mine tailings
(pulverized rock that remains after the extraction of eco-
nomic metals and minerals) are often disposed of within
dammed impoundments called tailings storage facilities.
The physical stability of mine tailings is important because
the failure of the impoundment walls can result in the re-
lease of large volumes of waste, which can cause signifi-
cant environmental and economic damage, and in some
cases, loss of human life (do Carmo et al., 2017). The focus
of'this paper is achieving optimal management of mine tail-
ings and reducing greenhouse-gas (GHG) emissions,
which is important to the sustainability of extractive indus-
tries and society as a whole (Intergovernmental Panel on
Climate Change, 2014; Kossoff et al., 2014).

One method for stabilizing mine tailings suggested by Choi
et al. (2009) is the addition of binders such as Portland ce-
ment. Choi et al. (2009) found that a Portland cement con-
tent of 5 wt. % was sufficient to stabilize the tailings and
satisfy unconfined compressive strength guidelines of
0.35 MPa (50 psi.), which is generally accepted to represent
stabilized waste that can withstand overburden pressures in
a landfill (LaGrega et al., 1994). This approach would,

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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however, increase a mine’s carbon footprint because ap-
proximately 800 kg of CO, is produced by manufacturing
1 t of Portland cement (Worrell et al., 2001). It would also
add significant costs because Portland cement is approxi-
mately US$100/t (Statista, 2018); therefore, 5 wt. % con-
sumption per tonne of tailings would add $5/t to the mining
costs.

For mines that produce ultramafic tailings, an attractive and
potentially cost-effective option is to promote the seques-
tration of CO, in the tailings, which has the potential to pro-
mote stabilization by the formation of cementitious second-
ary magnesium carbonate minerals within the tailings after
they are deposited. This can be accomplished through the
exposure of the tailings to atmospheric CO, and/or concen-
trated CO, steam such as flue gas. This results in the alter-
ation of magnesium hydroxide minerals (e.g., brucite
{Mg(OH),} and hydrotalcite-group minerals such as
iowaite {MgcFe,(OH),cCl,-H,0}) that are typically pres-
ent in trace abundance in ultramafic tailings (Wilson et al.,
2014) along with the more abundant magnesium silicate
minerals (e.g., serpentine {Mg3Si,Os(OH)4}). During the
process, termed carbon mineralization, magnesium ions
(Mg”") are released into the pore water of the tailings where
they can then react with dissolved CO, species such as
HCOj; to precipitate magnesium carbonate minerals such
as nesquehonite {MgCO;-3H,0}, dypingite
{Mgs(CO3)4(OH),-5H,0} and hydromagnesite
({Mgs(CO3)4(OH),-4H,0}; Wilson et al., 2014). These re-
actions effectively turn the CO, gas into an environmen-
tally benign mineral. The most economically viable method
to accelerate these reactions is likely to target tailings that
contain enriched levels of highly reactive labile magnesium
so that energy- and chemical-intensive acceleration tech-
nologies are not required to overcome the relatively slow
bulk dissolution rates of magnesium silicate minerals
(Daval et al., 2013).
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The authors define labile magnesium as being sourced from
highly reactive hydroxide minerals—brucite and
hydrotalcites—and from the surface of serpentine, where
the very outer layers of the sheet silicate will readily release
their magnesium ions but the bulk of the mineral grain will
not(Thometal.,2013). Based on Thometal. (2013), Harri-
son et al. (2015) and our preliminary flow-through dissolu-
tion experiments, this paper considers 100% of the magne-
sium in brucite and hydrotalcites to be labile and 2.5% of
the magnesium in serpentine to be labile. The labile magne-
sium ions are much more rapidly released into the pore wa-
ter of tailings at atmospheric temperature and pressure;
therefore, secondary magnesium carbonate cement can be
readily produced at low cost and within a relatively short
time frame. In the case of the Mount Keith nickel mine in
Western Australia, 11% of annual CO, emissions were un-
intentionally offset due to the uptake of CO, from the atmo-
sphere by labile magnesium—bearing tailings without any
additional costs, and reactive transport models infer that
small changes in tailings management practices could al-
low the labile magnesium to fully react and offset up to 60%
of the mine’s emissions (Wilson et al., 2014).

A problem with using this process at a mine site to stabilize
tailings and significantly offset greenhouse-gas emissions
is that the labile magnesium content within a single mineral
deposit, and therefore within mine tailings, is highly vari-
able due to the inherent geological variability. The abun-
dance and spatial distribution of labile magnesium
throughout a mineral deposit can be inferred by measuring
mineral abundance in exploration drillcore through
Rietveld X-ray diffraction; however, this technique is time
and cost intensive and is not practical for mine planning re-
connaissance studies that can require a mineral abundance
analysis of several tens of thousands of samples. Alterna-
tively, the problem can be solved by using estimations of
mineral abundance that can be rapidly and inexpensively
computed from whole-rock analytical data that are rou-
tinely collected on drillcore during exploration. In this pa-
per, the authors apply the projection method of computing
mineral abundance (Thompson, 1982; Gordon and Dipple,
1999) to the whole-rock analytical data from exploration
drillcore from the Baptiste nickel deposit (MINFILE
093K 116; BC Geological Survey, 2018), which is part of
the Decar nickel district in central British Columbia (BC).
This deposit is unique in that the nickel is hosted within a
highly magnetic and dense nickel-iron alloy called
awaruite (Britten, 2017; Milidragovic et al., 2018). The
mineral abundance computations are used to estimate the
labile magnesium content of the Baptiste nickel deposit,
and therefore, the carbon sequestration potential. This al-
lows the spatial distribution of the labile magnesium to be
mapped and the enriched zones to be targeted for the cre-
ation of cemented and stabilized tailings impoundment
walls. If successful at a mine operating scale, this could
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reduce the cost of tailings storage as well as the magnitude
of environmental risk.

Methods
Whole-Rock Chemical Compositions

The whole-rock chemical composition of 9990 exploration
drillcore pulps from the Baptiste nickel deposit were deter-
mined by four-acid digestion followed by inductively cou-
pled plasma—optical emission spectrometry (ICP-OES)
analysis and were supplied by FPX Nickel Corp. These data
were reduced to 7604 samples by removing samples la-
beled as wasterock (2323 samples) and dikes (63 samples).
Included in these data are measurements of loss on ignition
(LOTI), which can be derived from the volatilization of H,O
from hydroxyl within brucite and serpentine, CO, from car-
bonate minerals and SO, following the oxidation of sul-
phide minerals during ignition. It is assumed that the LOI is
derived solely from H,O loss because carbonate-bearing
rock types such as listwanite (which is composed of
magnesite and quartz and is not a source of labile magne-
sium) were removed from the dataset by the wasterock
query filter, and the sulphur content of the Baptiste samples
was negligible (mean of 0.02 wt. %). The major-element
composition for the test set of 30 samples with high MgO
that was used for model calibration and validation is shown
in Table 1.

Rietveld X-ray Diffraction

In this paper, Rietveld X-ray diffraction (R-XRD) data on
10 samples were used to determine the model minerals,
which are minerals that are characteristic of the deposit—or
at least characteristic of specific zones of interest within the
deposit—and to calibrate the mineral abundance computa-
tion model. An additional 20 samples were used to validate
the computations of the model. The samples analyzed by
R-XRD were course rejects from exploration pulps and
were prepared for XRD analysis by first reducing the mate-
rial’s particle size in a steel ring mill for 5 minutes. The ma-
terial was then further pulverized as an ethanol slurry in a
vibratory McCrone micronizing mill for 7 minutes (Wilson
et al., 2006). The R-XRD results are shown in Table 2.

Computing Mineral Abundance from
Whole-Rock Elemental Compositions

A mass balance relationship is used to determine what pro-
portion of the model minerals best explains the whole-rock
chemical assay data. There must be a mass balance for each
of the m constituents (commonly the oxides that represent
most of the rock) of the analyses with the computed model
mineral abundances n. These mass balances can be
expressed as follows:

Yax =b, [=h2..m (1)

=1 j=12,...m

Geoscience BC Summary of Activities 2018: Minerals and Mining



< ::ﬁ%&

Géosciencé BC

where a;; represents the amount of constituent i in mineral /,
b; represents the amounts of constituent 7 in the whole-rock
chemical composition and x; represents the unknown abun-
dance of model minerals. In this approach, exchange com-
ponents are allowed for (Thompson, 1982), which in this
paper allows Fe*" to substitute for Mg*" (FeMg.,) and
Fe’ A’ to substitute for Fe*'Si*" (A1Si.;) within minerals
to an extent that best fits the projected mineral abundance to
the whole-rock chemical assay data, and allows each sam-
ple to have a unique computed mineral composition.

The computations were performed in MATLAB by de-
scribing the mass balance equation (equation 1) as the sys-
tem of equations shown below. Based on the R-XRD data in
Table 2, brucite {Mg(OH),}, magnetite {Fe;O,}, forsterite
{Mg,Si0,}, serpentine {Mg;Si,05(OH)4} and diopside
{CaMgSi,04} were used as model minerals to explain the
whole-rock chemical assay data; however, the addition of
the FeMg_, exchange component introduces an unknown
into the computation formula without adding an equation
because no new major chemical constituents are intro-
duced. As aresult, if all the model minerals identified in Ta-

ble 2 were retained in addition to the exchange compo-
nents, the system would become underdetermined and a
unique solution for mineral abundance would not be ob-
tainable. This necessitates the removal of one of the model
minerals so that the number of unknowns will equal the
number of equations. Magnetite was selected for removal
because the R-XRD and whole-rock composition assay
data showed that the magnetite abundance was not propor-
tional to the total amount of Fe in the sample, and the mea-
sured abundance in the 10 calibration samples showed a
relatively low degree of variability (~1-5 wt. % magnetite).
A constant magnetite abundance of 3.8 wt. % was assumed
in all samples, which was estimated based on petrographic
and geochemical data. Now that the model minerals, their
constituents (Table 1) and exchange components have been
identified, the system of equations can be described in
matrix form, as seen in Figure 1.

The projection model was then empirically refined based
on the quantitative R-XRD data by adjusting a series of pa-
rameters (serpentine composition and the percentage of
LOI associated with the dihydroxylation of serpentine and

Table 1. Major-element chemical composition of the test set of 30 samples with high MgO
used for model calibration validation. Abbreviation: LOI, loss on ignition.

Sample code Fe,0; (wt. %) MgO (wt. %) CaO (wt. %) SiO, (wt. %) Al,O; LOI Total
Model calibration samples
1423082 7.81 43.07 0.04 33.74 0.06 1421 98.93
1423072 7.9 42.85 0.02 34.65 0.15 14.73 100.3
1423092 7.97 42.89 0.09 35.41 0.06 13.97 100.39
1423128 7.02 42.39 0.05 37.35 021 1271 99.73
1423127 7.88 42.52 0.1 36.05 0.4 1274 99.69
1423090 8.07 39.65 0.47 37.1 112 1266 99.07
1423106 7.37 40.68 0.2 38.95 0.82 1228 100.3
1423149 8.39 40.83 0.54 37.99 0.84 11.68 100.27
1423108 7.36 37.39 1.5 38.99 1.86 11.56 98.66
1423111 8.32 37.69 0.86 39.45 1.75 1151 99.58
Model validation samples

1423073 7.62 41.93 0.01 35.72 0.08 14.19 99.55
1423078 7.84 43.12 0.03 36.45 029 1218 99.91
1423079 8.18 42.41 0.03 35.03 0.19 14.25 100.09
1423083 7.77 42.57 0.03 34.9 0.06 14.48 99.81
1423084 7.22 42.27 0.01 33.67 0.06 14.08 97.31
1423086 7.87 42.15 0.01 34.41 0.12 14.05 9861
1423088 7.63 42.47 0.02 35.39 024 12.83 98.58
1423091 7.48 41.41 0.03 34.28 0.12 14.01 97.33
1423094 7.63 42.51 0.01 33.81 0.06 1428 98.3
1423096 6.64 43.09 0.02 35.69 0.18 13.45 99.07
1423116 7.96 37.13 0.85 39.19 1.48 11.96 98.57
1423117 8.49 38.34 0.75 38.81 1.36 12.33 100.08
1423118 8.26 36.99 1.13 38.55 1.7 12.02 98.65
1423134 7.69 40.86 0.26 36.47 0.72 12,99 98.99
1423132 8.47 40.66 0.14 37.22 0.89 13.09 100.47
1423162 7.64 38.3 0.82 38.5 1.46 12.28 99
1423167 7.84 38.22 1.43 37.74 1.07 1249 98.79
1423178 8.19 38.14 1.71 39 1.21 12.32 100.57
1423188 7.98 38.7 1.48 39.19 129 11.98 100.62
1423189 7.87 39 1.58 38.87 1.25 11.99 100.56

Geoscience BC Report 2019-1
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Table 2. Results of Rietveld X-ray diffraction refinement on course rejects of
exploration pulps.

Brucite Magnetite Forsterite Serpentine Diopside
(wt. %)  (wt. %) (wt. %) (wt. %) (wt. %)
Model calibration samples

Sample code

1423082 12.61 3.55 4.79 78.4 0.66

1423072 10.12 4.08 3.44 81.84 0.52

1423092 9.79 2.48 2.95 83.52 1.26

1423128 6.77 3.57 8.33 81.33 0

1423127 4.58 2.2 11.56 81.65 0

1423090 1.84 1.82 10.95 84.56 0.83

1423106 1.44 1.65 11.04 85.61 0.25

1423149 1.15 1.32 17.6 78.97 0.96

1423108 0.53 3.09 5.88 87.51 2.99

1423111 0.24 4.6 3.92 88.88 2.37

Model validation samples

1423073 10.68 5.94 3 79.85 0.53

1423078 5.8 1.98 20.5 71.42 0.3

1423079 9.62 3.42 6.42 80.11 0.43

1423083 12.19 4.79 3.52 78.95 0.56

1423084 12.57 6.46 419 76.28 0.5

1423086 10.78 45 5.48 78.87 0.37

1423088 7.46 3 13.32 76.19 0.01

1423091 10.81 6.71 4.52 77.69 0.28

1423094 10.74 2.8 3.46 82.25 0.73

1423096 9.58 4.29 7.42 78.3 0.41

1423116 0.56 417 2.74 90.44 2.08

1423117 0.68 3.43 4.21 90.07 1.59

1423118 0.29 3.12 5.32 89.59 1.68

1423134 497 3.1 7.27 83.92 0.73

1423132 1.82 2.69 4.43 90 1.06

1423162 0.74 2.66 7.78 87.14 1.7

1423167 1.09 1.54 10.47 84.45 2.45

1423178 0.78 2.78 4.93 88.1 3.43

1423188 0.77 2.73 8.92 84.6 2.99

1423189 0.89 2.39 9.51 83.9 3.17

X A B
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Figure 1. System of equations used to compute mineral abundances within the Baptiste nickel deposit, where the X’ matrix is the unknown
and defines the number of moles of each model mineral or exchange component per 100 g of material, with column dimensions defined by
the number of model minerals plus the number of exchange components, and row dimensions by the number of samples (n). The ‘A’ matrix
represents the molar stoichiometry of each model mineral and exchange component. As shown by the labels adjacent to the A matrix, the
column dimensions are defined by the major chemical constituents (e.g., Fe, Mg, H,O) and the row dimensions are defined by the model
minerals and exchange components. Lastly, the ‘B’ matrix defines the number of moles of each chemical component per 100 g of material,
with column dimensions defined by the number of major chemical components and row dimensions defined by the number of samples (n).
The values in the B matrix are obtained by converting whole-rock geochemical assay data (Table 1) from weight percent oxide to molar con-
centrations. Abbreviations: Atg, antigorite; Brc, brucite; Di, diopside; Fo, forsterite.
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brucite) through a least squares approach. The serpentine
composition was refined so that the magnesium to silicon
ratio was 1.57 to 1.0, and the LOI was adjusted by a factor
of 0.96 to reflect structurally bound water. The mineral
abundance computation model was refined based on
R-XRD results for 10 samples and 20 additional samples
were used to verify the computations of the model.

Results

Brucite and serpentine are the predominant sources of la-
bile magnesium in the Baptiste nickel deposit. Accurate es-
timation of their abundance is therefore important for esti-
mating labile magnesium abundance. A comparison
between the measured and computed abundance of brucite
is shown in Figure 2. The first 10 samples were used to cali-
brate the projection model and an additional 20 samples
were analyzed after the projection model was built to test its
accuracy. Figure 2 shows that the projection model could
provide useful mineralogical computations with an average
difference between the measured and computed brucite
abundance of —0.1 wt. % and a standard deviation of
1.1 wt. %. Where the projection model produced negative
computed brucite abundances (1477 samples out of 7604),
the values were set to zero and might be explained by the
presence of trace or amorphous minerals that were not
included as model minerals.

Figure 3 shows the comparisons between the measured and
computed abundances of all the model minerals that were
included in the projection model and shows that the projec-
tion model also has strong predictive capability for serpen-
tine content, which is important because the mineral sur-
faces of serpentine are also a significant source of labile
magnesium. The forsterite and diopside computations are
significantly less reliable; however, this is not important

because forsterite and diopside do not contribute a signifi-
cant amount of labile magnesium (or calcium) to mine
tailings because of low reactive surface area density and
slow dissolution kinetics, respectively.

The projection model was then applied to all 7604
whole-rock assays from the Baptiste deposit to assess the
mineralogical heterogeneity, the labile magnesium content
as a measure of the carbon sequestration capacity and the
fraction and location of future tailings material that has suf-
ficient labile magnesium to potentially stabilize the tailings
through carbon mineralization. Histograms of computed
brucite and serpentine content within the Baptiste deposit
are shown in Figure 4. Although more than 25% of the de-
posit is computed to have no brucite, 75% contains brucite
ranging from trace amounts to in excess of 10%. Serpentine
dominates the mineralogy of all samples.

Implications

Labile magnesium content estimated from computed min-
eral content is plotted as weight percent MgO in Figure 5.
This provides a preliminary assessment of the carbon se-
questration capacity of mine tailings. To estimate green-
house-gas emissions from mine operations production data
from the Mount Keith nickel mine in Western Australia, a
serpentinite-hosted nickel deposit was used. At Mount
Keith, natural gas is used to generate electricity for the ore
processing facility (which accounted for ~66% of their CO,
emissions) and diesel-powered mining haul trucks account
for the remaining ~34% (WMC Resources Ltd., 2002). In
total, the mine produced 33.6 t CO,/kt rock mined (Wilson
et al., 2014); therefore, mines that use hydroelectric power
still need to sequester 11.4 t CO,/kt rock mined to be GHG
neutral due to emissions from the haul truck fleet. From
these data, it can be estimated that an average of 1.3 wt. %
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Figure 2. Abundance of brucite computed by the projection model versus the brucite
abundance measured by Rietveld X-ray diffraction.
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Figure 3. Mineral abundance for brucite and three other minerals computed by the projection model ver-
sus the mineral abundance measured by Rietveld X-ray diffraction.
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Figure 4. Abundance of brucite and serpentine computed by the projection model across the Baptiste nickel deposit. Samples described as
wasterock or dikes in the geochemistry dataset were omitted. The mean brucite and serpentine contentis 1.8 wt. % and 88.8 wt. % respec-

tively.

labile MgO is sufficient to make an open-pit nickel mine
carbon neutral assuming hydroelectricity is used, and
3.9 wt. % labile MgO if natural gas is used for electricity
generation. The Baptiste nickel mine is located near hydro-
electric infrastructure; therefore, an estimated average of
1.3 wt. % labile MgO would provide sufficient capacity for
carbon-neutral mining. Figure 5 shows that the projection
model computations give an average labile magnesium
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content of 2.3 wt. %. This suggests that the Baptiste mine
has more than enough carbon sequestration capacity from
labile magnesium to become a carbon neutral mine. Fig-
ure 6 shows that if carbon mineralization efforts are fo-
cused on the most labile magnesium-rich tailings, only
30% of the tailings need to react with CO, to make the
Baptiste mine carbon neutral over its lifetime. In addition,
this same labile magnesium-rich 30% fraction of the tail-
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Figure 6. Anticipated CO, emissions from nickel mining as a function of the percentage of the deposit that
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Figure 7. Computed labile magnesium (in wt. % MgO) in mineralized drillcore sections of the Baptiste nickel deposit, central British Colum-
bia. Wasterock sections are shown in grey and were excluded from labile magnesium computations.

ings has the potential to become stabilized by the formation
of magnesium carbonate cement, as indicated by lab-scale
tests that showed that tailings with approximately 3 wt. %
brucite or more can achieve unconfined compressive
strengths of approximately 4137 kPa (600 psi.) to more
than 5516 kPa (800 psi.) after sequestering 10% CO, for
two weeks (Vanderzee et al., 2018).

These results may be typical of serpentinite-hosted nickel
deposits. For example, carbon mineralization in tailings of
the Mount Keith nickel mine has been documented (Wilson
etal., 2014) and the potential at the Dumont nickel mine in
Quebec is being explored (Kandji et al., 2017). To help tar-
get the labile magnesium-rich areas of mineral deposits for
carbon mineralization purposes, the authors propose using
exploration geochemical data to make mineral abundance
computations so that 3-D maps of labile magnesium
(Figure 7) can be incorporated into the mine plan.

Conclusions and Future Work

This study, in combination with Vanderzee etal. (2018), has
demonstrated at the lab scale that the Baptiste mine likely
contains enough labile magnesium to potentially sequester
all the CO, produced by its mining trucks (11.4 t CO/kt
rock mined). This would make Baptiste GHG neutral if it
used hydroelectric power, which is likely to be the case in
BC, and may stabilize the tailings at the same time. To im-
prove, or at least complement, the accuracy of the labile
magnesium estimations, other methods of computing min-
eral abundance can be applied to Baptiste. These methods
include linear programming (Gordon and Dipple, 1999),
phase equilibria (Connolly, 2005) and MINSQ (Herrmann
and Berry, 2002). Furthermore, the authors’ laboratory
work on tailings stabilization has been very encouraging
and the next steps include investigating methods to further
accelerate the reaction rates by promoting the transport of
CO; into the tailings and conducting larger field-scale ex-
periments. These experiments will include measurements
of CO, sequestration rates, stabilization tests and reactive
transport modelling. If the laboratory work can be verified
at the field scale, Baptiste could be revolutionary for tail-
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ings management and climate change mitigation efforts, as
well as for being the first awaruite deposit in the world to be
mined.
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