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Foreword

It has been another busy and exciting year at Geoscience BC. We launched a membership program early in 2022 and intro-
duced ‘Project Concepts’, which are outlines of future research programs, in July. And throughout, we continued to support
leading-edge geoscience research in British Columbia, highlights of which are presented in our annual Summary of Activi-
ties publication. Papers are published in two separate volumes: Energy and Water, and this volume, Minerals. Both volumes
are available in print and online via www.geosciencebc.com.

Summary of Activities 2022: Minerals

This Summary of Activities 2022: Minerals volume contains eight papers from ongoing Geoscience BC projects and 2022
Geoscience BC Scholarship recipients that are within Geoscience BC’s strategic focus area of minerals. The papers are di-
vided into two sections, based on Geoscience BC’s strategic objectives of

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

The ‘Identifying New Natural Resource Opportunities’ section starts off with Mitchinson introducing a new project that
will integrate electromagnetic and gravity data to resolve the deep geology of the Quesnel terrane in central British Colum-
bia (BC). This is followed by two Geoscience BC 2022 scholarship recipients examining mineral deposits in BC’s Golden
Triangle. Hutchison et al. consider the Blueberry zone of the Scottie Gold Mine project, and Ng et al. report on work at the
Brucejack deposit of Newcrest Mining Ltd.

All five papers in the ‘Advancing Science and Innovative Geoscience Technologies’ section are led by Geoscience BC
Scholarship 2022 recipients. Eaton et al. investigate the use of unsupervised machine learning to improve and expedite the
identification of Cu-porphyry—related mineralization. Lu et al. consider the reactivity of ultramafic minerals and tailings for
carbon capture and storage. Iulianella Phillips et al. contribute an update on using microbes as biosensors to see through
overburden materials, and Hendi et al. consider the use of fibre-optic sensors in geoscience projects. Finally, Shapka-Fels
summarizes the development and highlights results of selected Finite-Discrete Element Method models of Red Chris mine
operations.

Geoscience BC Minerals Publications 2022

Geoscience BC published the following nine Minerals geoscience reports in 2022:

e Nine technical papers in the Geoscience BC Summary of Activities 2021: Minerals volume (Geoscience BC Report
2022-01)

e Mineralogical and Geochemical Vectors within Advanced Argillic-Altered Rocks of British Columbia, by
F. Bouzari, R.G. Lee, C.J.R. Hart and B.I. van Straaten (Geoscience BC Report 2022-03/MDRU Publication 456)

o A Geo-Exploration Atlas of the Mt. Milligan Porphyry Copper-Gold District, by F.A.M. Devine, P. Kowalczyk and
D.R. Heberlein (Geoscience BC Report 2022-04)

o Identification of New Porphyry Potential Under Cover in British Columbia, by D.E. Mitchinson, D. Fournier,
C.J.R. Hart, T. Astic, D.C. Cowan and R.G. Lee (Geoscience BC Report 2022-07/MDRU Publication 457)

¢ Surficial Geology, Drift Thickness and Till Sampling Suitability Maps (NTS 093A/13; 093G/01, 07, 09, 10, 16),
British Columbia, by Palmer (Geoscience BC Report 2022-08)

o Geology and Mineral Potential of the Western Skeena Arch: Evolution of an Arc-Transverse Structural Corri-

dor, West-Central British Columbia, by J.J. Angen, C.J.R. Hart, J.L. Nelson and M. Rahimi (Geoscience BC Report
2022-09/BCGS Open File 2019-09/MDRU Publication 458)

e Developments in the Real-Time Detection of Buried Mineralization and Geological Structures Using Soil Gas
Concentrations, by R.E. Lett, D.A. Sacco, E. Elder and C. Knox (Geoscience BC Report 2022-12)

e Georeferencing and Data Capture of 2019-2021 National Instrument 43-101 Reports in British Columbia to Up-
date the Existing Dataset, by N.D. Barlow, J.R. Barlow and K.E. Flower (Geoscience BC Report 2022-13)

¢ Summary Report on U-Pb and Ar-Ar Age Dating, Penticton Map Sheet (082E), by T. Hdy, J. Gabites and R. Fried-
man (Geoscience BC Report 2022-16)

Geoscience BC Report 2023-01 iii
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All releases of Geoscience BC reports, maps and data are published on our website and announced through our website and
e-mail updates. Most final reports and data can be viewed or accessed through our Earth Science Viewer at
https://gis.geosciencebe.com/esv/?viewer=esv.

Looking Forward: 2023 and Beyond

Project Concepts

As Geoscience BC looks ahead to 2023 and beyond, we are working with partners and members to develop project con-
cepts: proposed research relating to critical minerals and metals, geological carbon capture and storage, generating cleaner
energy (including geothermal, hydrogen and low carbon intensity natural gas), and monitoring and mitigating greenhouse
gas emissions. These are designed for a collaborative funding model with input and contributions from federal and provin-
cial governments, industry, trusts and others. Geoscience BC is currently applying for research funding and reaching out to
prospective project sponsors for all project concepts.

New project concepts include ‘Critical Minerals and Metals in BC Mine Tailings and Waste Rock Facilities’, which would
study tailings and waste rock from some of BC’s current and past mining operations to see if they may host economic con-
centrations of critical minerals or metals, and new ‘Regional-Scale Geophysical and Geochemical Surveys’, which would
help focus critical mineral and metal greenfields exploration in the province. Finally, the project concept ‘CO, Storage in
Ultramafic Rocks: Development of a Pilot-Scale Demonstration Project’ would continue the development of an innovative
method for storing carbon outside of sedimentary basins.

Membership

Geoscience BC membership opportunities make it easy for a wide range of partners to learn about new project concepts, as
well as support, provide input, network and stay up to date on Geoscience BC minerals, energy and water research. Corpo-
rate, Individual, Student and Associate memberships provide a variety of opportunities to suit industry, academia, commu-
nities, Indigenous groups and governments as we work toward shared goals. Geoscience BC launched the membership pro-
gram early in 2022 and, as of mid-December 2022, has 140 members.
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Integrated Interpretation of Electromagnetic and Gravity Data to
Resolve Deep Geology and Aid Mineral Exploration in the Quesnel Terrane,
Central British Columbia (Parts of NTS 093A, B, G H, J, K, N, O, 094C, D)

D.E. Mitchinson, Mineral Deposit Research Unit, Department of Earth and Ocean Sciences, The University of
British Columbia, Vancouver, British Columbia, dmitch@eoas.ubc.ca

Mitchinson, D.E. (2023): Integrated interpretation of electromagnetic and gravity data to resolve deep geology and aid mineral exploration
in the Quesnel terrane, central British Columbia (parts of NTS 093A, B, G, H, J, K, N, O, 094C, D); in Geoscience BC Summary of Activi-

ties 2022: Minerals, Geoscience BC, Report 2023-01, p. 1-12.

Introduction

A nearly 300 km swath of the central Quesnel terrane of
British Columbia (BC) is covered by glacial till deposits
(Figure 1). With limited direct access to bedrock for map-
ping, geology is largely inferred here. This makes it diffi-
cult to confidently link geological formations along the
terrane, to unravel geological history and environments,
and to fully understand the mineral potential of the region.
One of the best means of mapping geology beneath this till
cover is through collection and analysis of geophysical
data. Previous geophysical-data interpretations for this re-
gion have relied mostly on magnetic data, which provides
significant insight into bedrock lithology and structure.
Magnetic surveys, however, respond only to rocks that con-
tain magnetic minerals. Other geophysical methods may
distinguish between lithological units where magnetic data
cannot. Electromagnetic (VTEM) and gravity data col-
lected for Geoscience BC’s QUEST Project in 2007 have
been underused to interpret geology of the Quesnel terrane
beneath cover, yet show promise for distinguishing be-
tween volcanic units and identifying intrusive rocks (mag-
netic or nonmagnetic) and structure. This project aims to
explore and define the ability of VTEM and gravity data to
distinguish lithological units beneath cover in the Quesnel
terrane, and to corroborate features interpreted previously
from magnetic data. The project addresses two Geoscience
BC Strategic Plan objectives:

e Advancing Science and Innovative Geoscience Tech-
nologies: The project will explore whether new geologi-
cal information can be derived from underused electro-
magnetic and gravity data.

o Identifying New Natural Resource Opportunities: The
project will provide further insight into geology beneath
cover and, by association, mineral-deposit environ-
ments in the Quesnel terrane.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat®™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.

Geoscience BC Report 2023-01

Background
Quesnel Terrane Geology and Mineral Deposits

The Quesnel terrane is a volcanic-arc terrane of the Cana-
dian Cordillera that formed between the Late Paleozoic and
the Mesozoic, amalgamating onto the western edge of the
ancestral North American craton (Nelson and Colpron,
2007). The geology of the terrane is dominated by mafic
volcanic, volcaniclastic and sedimentary rocks and sub-
duction-related intrusive bodies that are found exposed all
along the north-striking terrane. Volcanic flows of Eocene
to Pleistocene age blanket the Mesozoic geology in parts of
the belt (e.g., Chilcotin Group rocks; Mathews, 1989).

British Columbia is a significant producer of Canada’s cop-
per (Natural Resources Canada, 2021), with most of the
output coming from the province’s porphyry-copper de-
posits. Porphyry-copper and -gold mineralization in the
Quesnel terrane are known to be linked to magmatic events
that correlate with the late development of the terrane. Spe-
cifically, four belts of intrusive rocks associated with por-
phyry mineralization have been identified in the southern
Quesnel terrane, ranging in age from Late Triassic to Early
Jurassic (Logan and Schiarizza, 2011; Logan and Mihaly-
nuk, 2014). Alkalic porphyry deposits, known to be associ-
ated with two of the identified magmatic belts in the
Quesnel terrane, are of particular economic interest due to
their elevated abundances of gold and platinum-group met-
als (Jensen and Barton, 2000; Thompson et al., 2001;
Hanley et al., 2020). Alkalic porphyry deposits currently
being mined in the Quesnel terrane include the Mount
Milligan, Mount Polley, New Afton and Copper Mountain
deposits. Other notable developed porphyry properties
include the Lorraine and Mouse Mountain properties.

In the central Quesnel terrane, there is excellent potential
for porphyry mineralization similar to known occurrences
in the northern and southern parts of the terrane; however,
there is limited bedrock exposure due to overlying till de-
posits. Much of the geological understanding of the
Quesnel terrane is derived from its northern and southern
extents, where there is more topographic relief, less cover
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Figure 1. The study area for this project corresponds to Geoscience BC’'s QUEST Project study area. The light-brown region shows the dis-
tribution of Quaternary overburden mapped by the BC Geological Survey (Cuietal., 2017). Significant porphyry coppertgoldtmolybdenum
and porphyry copper-gold occurrences are known in the northern and southern extents of the project area. Bedrock geology is largely ob-
scured in the region around Prince George, limiting understanding of the full mineral potential of the central Quesnel terrane. Project area
outlined in black. Quesnel terrane outlined in dark green. Locations of porphyry and other mineral occurrences from MINFILE BC (BC Geo-
logical Survey, 2020). Map co-ordinates in UTM Zone 10, NAD 83.
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and better outcrop exposure. Recently, Quesnel terrane stra-
tigraphy in the Bridge Lake—Quesnel River area of south-
central BC was detailed by Schiarizza (2019). These de-
tailed stratigraphic studies are used, in part, to guide under-
standing of geophysical patterns explored in this project.

Previous Geophysical Investigations in the
Quesnel Terrane

There has been significant interest in improving knowledge
of’bedrock geology through the central Quesnel terrane due
to its high mineral prospectivity. The best means of imaging
the subsurface where there is surficial cover limiting direct
geological observation is through remote sensing. Gravity
and VTEM surveys over the most heavily till-covered
regions of the Quesnel terrane were commissioned by Geo-
science BC in 2007 (Geotech Limited, 2008; Sander Geo-
physics Limited, 2008), enhancing opportunities to discover
new information about the subsurface of this terrane. Mira
Geoscience Ltd. completed 1-D to 3-D geophysical inver-
sions of the QUEST electromagnetic, gravity and magnetic
data, and ran cluster analyses on the resulting models to
identify geophysical domains.

A geological and structural interpretation for the central
Quesnel terrane, using primarily magnetic data, was com-
pleted by Sanchez et al. (2015). Mitchinson et al. (2022)
also evaluated Quesnel magnetic data, along with gravity
and electromagnetic data, specifically to target intrusive rocks
that could act as hosts to porphyry deposits in the Quesnel
terrane.

Data and Methodology
Public Data Available

This study focuses on gravity and VTEM data collected as
part of Geoscience BC’s QUEST Project (Barnett and
Kowalczyk, 2008). These data have not been widely used
in interpretations of bedrock geology of the Quesnel terrane,
yet geological information is represented in the data.

Gravity data were collected by Sander Geophysics (Sander
Geophysics Ltd., 2008) at a survey-line spacing of 2 km.
The data were inverted by Mira Geoscience (Mira Geo-
science Ltd., 2009), and more recently by the University of
British Columbia Geophysical Inversion Facility (UBC-
GIF) as part of Geoscience BC’s ‘Identification of New
Porphyry Potential Under Cover in British Columbia’ Pro-
ject (Mitchinson et al., 2022). Gravity-data maps and 3-D
models of density can be used for geological interpretations
(Figure 2a). Gravity 2-D—gridded data have cell sizes of
250 m” and inversion-model cell sizes of 500 m* near sur-
face, so these data are best suited to interpreting regional
trends in geology.

Electromagnetic data were collected by Geotech (Geotech
Ltd., 2008). Survey lines were spaced 4 km apart, with data

Geoscience BC Report 2023-01

collected along the line every 0.1 second, which equates to
a reading approximately every 2-3 m. These data were in-
verted by Mira Geoscience (Mira Geoscience Ltd., 2009).
The inversion process involved completing 1-D inversions
at each data point and then stitching the 1-D inversions to-
gether along the line to yield a pseudo—2-D inversion. With
frequent along-line data, there is detailed information along
a data transect and in the recovered inversion models. The
4 km distance between VTEM lines makes high resolution,
between-line interpolation unreliable. However, even with
the more detailed information lost, generation of isosur-
faces from inversion models can still reveal broad trends in
resistive and conductive domains that are useful for
regional interpretation (Figure 2b).

In addition to gravity and VTEM data and models, Natural
Resources Canada magnetic data (Natural Resources Can-
ada, 2020) will be evaluated. Rock lithological, lithogeo-
chemical and physical property data were sourced from the
BC Geological Survey (BCGS; Han et al., 2016; Cui et al.,
2017; BC Ministry of Energy, Mines and Low Carbon In-
novation, 2020) and the Geological Survey of Canada
(Enkin, 2018). Rock-type information derived from the
geochemical and petrophysical databases are especially
useful for linking geophysical responses to observed bed-
rock geology. To utilize the rock descriptions from public
physical-property and geochemical datasets, which are of-
ten very detailed and/or not standardized, a simplified
lithological code consistent across databases was estab-
lished for broad-scale integration against the geophysical
data.

Interpretation products from Barnet and Williams (2009),
Fraser and Hodgkinson (2009), Mira Geoscience (2009)
and Sanchez et al. (2015) will also be used in this work, to
compare previous interpretations to new interpretations
from VTEM and gravity data.

Methodology

Geophysical data and models were compiled in 3-D GIS
platforms SKUA-GOCAD™ and Geoscience Analyst Pro.
BC Geological Survey geology maps and other relevant
data, including drilling, sampling and geochemical data-
bases, that provide direct observations about bedrock geol-
ogy, were imported into 3-D software for exploratory data
analysis and preliminary identification of correlations
between geophysical and geological data.

Initial observations indicated that VTEM inversions pro-
vide information about geological structure and texture.
Guided by these observations, geological interpretations
were made along each VTEM inversion line. Specifically,
resistive bodies reflecting cohesive intrusions and massive
volcanic deposits were digitized. Apparent faults and con-
tacts were also identified as vertical or dipping conductors.
VTEM model trends correlate extremely well with gravity-
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Figure 2. Gravity and electromagnetic (VTEM) data and models focused on for this project: a) QUEST Bouguer gravity data and density
isosurface at a cut-off of 2.69 g/cm? from inversions completed as part of Geoscience BC's ‘Identification of New Porphyry Potential Under
Coverin British Columbia’ Project (Mitchinson et al., 2022). b) Electromagnetic (VTEM) data and conductivity isosurface (emphasizing low-
conductivity regions) at a cut-off of 0.06 S/m (Siemens/metre) from VTEM inversions completed by Mira Geoscience (Mira Geoscience
Ltd., 2009). Abbreviations: A, Ampere(s); m, metre(s); mGal, milligal(s); ms, millisecond(s); pV, picovoli(s).
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model trends, and geophysical domains based on these
models will be used to update geological interpretations
and/or add geophysically derived geological detail through
the areas of thickest glacial cover in the central Quesnel
terrane.

Preliminary Observations and
Interpretations

Trends in VTEM Data and Models

Electromagnetic inversion models prove to be an excellent
source of geological information. This is clear when VTEM
inversion models are compared to geological maps from
the BCGS (Figure 3). Some of the key geological features
identified in VTEM inversion models are demonstrated in a
series of sections in Figure 4.

Figure 4a shows stitched 1-D VTEM inversion models
from the northern end of the QUEST Project area. At the
western end of these sections, resistive regions characterize
intrusive rocks of the Early Jurassic to Cretaceous Hogem
Plutonic Suite, as well as a Cretaceous granodiorite (Jean
Marie stock). Takla Group volcanic sedimentary rocks are
variable in their conductivity, likely indicating a mix of po-
rous and more massive volcanic stratigraphy. High resistiv-
ities characterize mapped augite-bearing basalts. Volcanic
agglomerates of the Chuchi Lake succession are mostly con-
ductive, and adjacent Nechako Plateau sedimentary rocks
are strongly conductive. The eastern ends of these sections
pass through geology near the Mount Milligan deposit. The
large pluton north of the Mount Milligan mine is resistive.

Figure 4b shows several sections crosscutting geology at
the approximate latitude of the Mount Polley mine. In the
west, Chilcotin Group volcanic rocks are strongly conduc-
tive. These are known to commonly be highly vesicular
(Bevier, 1983), and resulting high porosities would likely
enhance conductivity. The Granite Mountain Batholith and
adjacent tonalitic intrusive rocks are highly resistive. Cache
Creek Complex sedimentary and volcanic rocks are vari-
ably conductive, with apparent alternating resistive and
conductive stratigraphy. As in the northern sections, Trias-
sic pyroxene basalt is resistive. At the eastern end of the
sections, syenitic to monzodioritic rocks hosting the Mount
Polley deposit are resistive.

Gravity and Magnetic Data Trends

The VTEM data and models appear to show close spatial
correlation with gravity data (Figure 5). This correlation is
seen in physical-property data trends and could be, in part,
related to rock porosity (Mitchinson etal., 2021). Increased
porosity reduces rock mass overall, lowering density rela-
tive to an equivalent nonporous rock. Resistivity also de-
creases with increased porosity. Some of the major trends in
gravity and VTEM models are identified in Figure 5. An in-
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teresting trend is the spatially correlated resistivity highs
and density highs that trend north to northwest through the
centre of the project area (‘A’ labels in Figure 5). Similar
correlations are found where pyroxene-bearing basaltic
rocks have been mapped in the Mount Milligan and Mount
Polley areas.

Massive intrusive bodies that are more felsic in nature, such
as felsic intrusions, or metamorphosed felsic or sedimen-
tary domains often exhibit high resistivities correlated with
gravity lows (‘B’labels in Figure 5). In these cases, the high
resistivities suggest low porosities, with apparent low den-
sities attributed to the bulk composition of the rocks, which
is dominated by low-density felsic minerals such as quartz,
feldspar and albite.

The third major trend between density and resistivity is cor-
related resistivity lows and gravity lows that are character-
istic of more porous sedimentary and volcaniclastic rocks
(‘C’ labels in Figure 5).

Magnetic response, in general, is subdued through the cen-
tral Quesnel terrane. Three primary sources of magnetic
anomalies are indicated in Figure 6. Magnetic volcanic
stratigraphy (‘a’ labels in Figure 6) is found in the southern
part of the project area, with more voluminous magnetite-
bearing units surrounding Mount Polley. This magnetic
volcanic stratigraphy extends southward into the southern
Quesnel terrane, where it seems to continue along the west-
ern edge of the terrane, possibly beneath recent volcanic
deposits (Thomas et al., 2011).

Magnetic highs extending through the central part of the
project area are mostly related to discrete, magnetite-bear-
ing, intermediate to ultramafic intrusive bodies (‘b’ labels
in Figure 6; Mitchinson et al., 2022) and recent Chilcotin
Group basalt deposits (‘c’ labels in Figure 6).

The Hogem Plutonic Suite in the northern part of the pro-
ject area is largely magnetic, and the Early Jurassic phases
of'this suite define an anomalous trend extending south and
then southeast toward the large magnetic intrusion north of
the Mount Milligan deposit.

Conclusions

Summary of Geophysical Trends in the Central
Quesnel Terrane

From preliminary investigations, QUEST VTEM data and
models spatially correlate strongly with gravity data and
models from the central Quesnel terrane, distinguishing
massive volcanic and intrusive domains from more perme-
able and porous sedimentary-rock—dominated domains.
Magnetic response is weak throughout much of the central
Quesnel terrane, with the exception of magnetite-bearing
intrusive bodies and occurrences of recent Chilcotin Group
basalt deposits. The paucity of magnetic volcanic stratigra-
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Figure 3. White traces indicate the locations of VTEM inversion models shown in Figure 4. Details are examined from two areas, one in the
northern part of the project area near the Mount Milligan deposit and the other in the southern part of the area near the Mount Polley deposit.
Project area outlined in black. Geology from BCGS (Cui et al., 2017). Map co-ordinates in UTM Zone 10, NAD 83.
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Figure 4. VTEM inversion models from Mira Geoscience (Mira Geoscience Ltd., 2009) superimposed on the BCGS bedrock geology map
of BC (Cui et al., 2017): a) northern project area sections from Figure 3; b) southern project area sections from Figure 3. Inversion models
show conductivity data, with red representing high-conductivity (low-resistivity) regions and blue representing low-conductivity (high-resis-
tivity) regions. Pink text boxes highlight electromagnetic characteristics of intrusive rock units, green boxes highlight characteristics of vol-
canic rock units, and orange boxes highlight characteristics of sedimentary rock units.
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phy through the central Quesnel terrane suggests the pres- be investigated more quantitatively through application of
ence of volcanic assemblages, or volcanic deposits, that  data querying and cluster analysis of inversion models.
differ from the more strongly magnetic stratigraphy found

surrounding, and south of, the Mount Polley mine. The key project outputs will be 2-D maps with overlain

geophysical interpretations summarizing new insights

Future Work and Deliverables gained through this integrated data analysis.
Auvailable geological maps and geophysical data and mod-  The project will be concluded in mid-2023, and project de-
els will continue to be explored to further advance hypothe-  liverables will include
ses and data-relationship trends developed to this point. In e shapefiles and DXF files of interpreted geological fea-
addition to visual assessment and interpretations of geo- tures,

physical trends, relationships between data and models will e geology map(s) with newly interpreted features,
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ity highs are co-located and are likely to represent massive, dense, volcanic deposits (low porosities and permeabilities) or ultramafic intru-
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e map package for ArcGIS and/or Geoscience Analyst,
and

e report.

Interpretations from these largely underused geophysical
datasets will provide new insights into the beneath-cover
geology of the central Quesnel terrane that will be used to
help understand how geology there relates to the northern
and southern Quesnel terranes, and to identify potential
mineral deposit environments and new exploration targets.

Acknowledgments

The author wishes to thank Geoscience BC and the Geo-
science BC Minerals Technical Advisory Committee for
funding this project. Many individuals, including C. Hart,
D. Fournier, T. Astic and D. Cowan, have provided valu-
able feedback and guidance throughout earlier and current
investigations of these data. The author gratefully acknowl-
edges P. Kowalczyk and J. Logan for early reviews of this
report.

References

Barnett, C.T. and Kowalczyk, P.L. (2008): Airborne electromag-
netics and airborne gravity in the QUEST Project area, Wil-
liams Lake to Mackenzie, British Columbia (parts of NTS
093A,B,G H,J,K,N, O;094C, D); in Geoscience BC Sum-
mary of Activities 2007, Geoscience BC, Report 2008-1,
p- 1-6, URL <http://www.geosciencebc.com/i/pdf/
SummaryofActivities2007/SoA2007-Barnett.pdf> [Octo-
ber 2020].

Barnett, C.T. and Williams, P.M. (2009): Using geochemistry and
neural networks to map geology under glacial cover;
Geoscience BC, Report 2009-03, 27 p. URL <https://
cdn.geosciencebc.com/project data/QUESTdata/
GBCReport2009-3/GBC_Report_2009-3.pdf> [October
2022].

Bevier, M.L. (1983): Implications of chemical and isotopic com-
position for petrogenesis of Chilcotin Group basalts, British
Columbia; Journal of Petrology, v. 24, no. 2, p. 207-226,
URL <https://doi.org/10.1093/petrology/24.2.207>.

BC Geological Survey (2020): MINFILE BC mineral deposits da-
tabase; BC Ministry of Energy, Mines and Low Carbon In-
novation, BC Geological Survey, URL <http://minfile.ca>
[July 2019].

BC Ministry of Energy, Mines and Low Carbon Innovation
(2020): Assessment Report Indexing System (ARIS); BC
Ministry of Energy, Mines and Low Carbon Innovation, BC
Geological Survey, URL <https://www2.gov.bc.ca/gov/
content/industry/mineral-exploration-mining/british-co-
lumbia-geological-survey/assessmentreports> [May 2020].

Colpron, M. and Nelson, J.L. (2011): Yukon terranes —a digital at-
las of terranes for the northern Cordillera; Yukon Geological
Survey, URL <http://data.geology.gov.yk.ca/Compilation/
2> [November 2020].

Cui, Y., Miller, D., Schiarizza, P. and Diakow, L.J. (2017): British Co-
lumbia digital geology; BC Ministry of Energy, Mines and Low
Carbon Innovation, BC Geological Survey, Open File 2017-8,
9 p., URL <http://cmscontent.nrs.gov.bc.ca/geoscience/

10

PublicationCatalogue/OpenFile/BCGS_OF2017-08.pdf> [June
2019].

Enkin, R.J. (2018): Canadian rock physical property database:
first public release; Geological Survey of Canada, Open File
8460, 1 ZIP file, URL <https://doi.org/10.4095/313389>.

Fraser, S.J. and Hodgkinson, J.H. (2009): An investigation using
SiroSOM for the analysis of QUEST stream-sediment and
lake-sediment geochemical data; Geoscience BC Report 2009-
14, CSIRO Report EM MDU P2009/983, 64 p., URL <https://
cdn.geosciencebc.com/project_data/GBC_Report2009-14/
GBC _Report _2009-14.pdf> [October 2022].

Geotech Limited (2008): Report on a helicopter-borne versatile
time domain electromagnetic (VTEM) geophysical survey:
QUEST project, central British Columbia (NTS 93A, B, G,
H, J, K, N, O and 94C, D); Geoscience BC, Report 2008-4,
35 p., URL <http://www.geosciencebc.com/i/project data/
QUESTdata/report/7042-GeoscienceBC _final.pdf> [June
2019].

Han, T., Rukhlov, A.S., Naziri, M. and Moy, A. (2016): New British
Columbia lithogeochemical database: development and pre-
liminary data release; BC Ministry of Energy and Mines, BC
Geological Survey GeoFile 2016-4, 6 p. URL <https://
cmscontent.nrs.gov.bc.ca/geoscience/PublicationCatalogue/
GeoFile/BCGS_GF2016-04.pdf> [August 2022].

Hanley, J., Kerr, M., LeFort, D., Warren, M., MacKenzie, M. and
Sedge, C. (2020): Enrichment of platinum-group elements
(PGE) in alkali porphyry Cu-Au deposits in the Canadian
Cordillera: new insights from mineralogical and fluid inclu-
sion studies; in Porphyry Deposits of the Northwestern Cor-
dillera of North America: a 25 Year Update, E.R. Sharman,
J.R. Lang, and J.B. Chapman (ed.), Canadian Institute of
Mining, Metallurgy, and Petroleum, Special Volume 57,
p. 88-109.

Jensen, E.P. and Barton, M.D. (2000): Gold deposits related to al-
kaline magmatism; in Gold in 2000, S.G. Hagemann and P.E.
Brown (ed.), Society of Economic Geologists Reviews,
v. 13, p. 279-314.

Logan, J.M. and Mihalynuk, M.G. (2014): Tectonic controls on
Early Mesozoic paired alkaline porphyry deposit belts (Cu-
Aut+Ag-Pt-Pd-Mo) within the Canadian Cordillera; Eco-
nomic Geology, v. 109, p. 827-858, <https://doi.org/
10.2113/econgeo.109.4.827>.

Logan, J.M. and Schiarizza, P. (2011): Geology of the Quesnel and Stikine
terranes and associated porphyry deposits; in Exploration Under-
cover; A Practical Example Using the QUEST Study Area,
Geoscience BC Workshop, URL <http:/www.geosciencebe.com/i/
pdf/Presentations/UnderCoverWS2011/Talk 4 _Schiarrizza.pdf>
[January 2020].

Mathews, W.H. (1989): Neogene Chilcotin basalts in south central
BC: geology, ages and geomorphic history; Canadian Jour-
nal of Earth Sciences, v. 26, no. 5, p. 969-982, URL <https://
doi.org/10.1139/e89-078>.

Mira Geoscience Limited (2009): QUEST Project: 3D inversion
modelling, integration, and visualization of airborne grav-
ity, magnetic, and electromagnetic data, BC, Canada;
Geoscience BC, Report 2009-15, 87 p., URL <http://
www.geosciencebc.com/reports/gber-2009-15/> [Novem-
ber 2022].

Mitchinson, D.E., Fournier, D., Hart, C.J.R., Astic, T., Cowan, D.C.
and Lee, R.G. (2022): Identification of new porphyry poten-
tial under cover in British Columbia; Geoscience BC, Re-
port 2022-07 (and MDRU Publication 457), 97 p., URL
<https://cdn.geosciencebc.com/project data/

Geoscience BC Summary of Activities 2022: Minerals



Geoscience BC

GBCReport2022-07/GBC2022-
07%20MDRU457%201Identification%200f%20New%20P
orphyry%?20Potential%20Under%20Cover%20in%20Briti
sh%20Columbia.pdf> [October 2022].

Mitchinson, D.E., Hart, C.J.R. and Fournier, D. (2021): Uncover-
ing porphyry-deposit potential in the Quesnel terrane of cen-
tral British Columbia using geology and 3-D geophysics
(parts of NTS 093A, B, G, H, J, K, O); in Geoscience BC
Summary of Activities 2020: Minerals, Geoscience BC, Re-
port 2021-01, p. 11-24.

Nelson, J. and Colpron, M. (2007): Tectonics and metallogeny of
the British Columbia, Yukon and Alaskan Cordillera, 1.8 Ga
to the present; in Mineral Deposits of Canada: A Synthesis
of Major Deposit-Types, District Metallogeny, the Evolu-
tion of Geological Provinces, and Exploration Methods,
W.D. Goodfellow, (ed), Geological Association of Canada,
Mineral Deposits Division, Special Publication 5, p. 755—
791, <https://cmscontent.nrs.gov.bc.ca/geoscience/
PublicationCatalogue/External/ EXT060.pdf> [November
2022].

Natural Resources Canada (2020): Canadian Airborne Geophysi-
cal Data Base; Natural Resources Canada, URL <http://
gdr.agg.nrcan.gc.ca/gdrdap/dap/search-eng.php> [October
2019].

Natural Resources Canada (2021): Copper facts; Natural Re-
sources Canada, URL <https://www.nrcan.gc.ca/our-natu-
ral-resources/minerals-mining/minerals-metals-facts/
copper-facts/20506> [October 2021].

Geoscience BC Report 2023-01

Sanchez, M.G,, Bissig, T. and Kowalczyk, P. (2015): Interpretation
map of magnetic and gravity datasets, QUEST area, central
British Columbia; Geoscience BC, Report 2015-15, scale
1:500 000, URL <http://www.geosciencebc.com/reports/
gbcr-2015-15/> [May 2020].

Sander Geophysics Limited (2008): Airborne gravity survey,
Quesnellia region, British Columbia; Geoscience BC, Re-
port 2008-8, 121 p., URL <http://www.geosciencebc.com/i/
project_data/QUESTdata/GBCReport2008-8/Grav-
ity Technical Report.pdf> [November 2022].

Schiarizza, P. (2019): Geology of the Nicola Group in the Bridge
Lake—Quesnel River area, south-central British Columbia; in
Geological Fieldwork 2018, BC Ministry of Energy, Mines
and Petroleum Resources, BC Geological Survey, Paper 2019-
01, p. 15-30, URL <https://cmscontent.nrs.gov.bc.ca/
geoscience/PublicationCatalogue/Paper/BCGS_P2019-01-
02_Schiarizza.pdf> [September 2022].

Thomas, M.D., Pilkington, M., Anderson, R.G. and Mareschal, J-
C. (2011): Geological significance of high-resolution mag-
netic data in the Quesnel terrane, central British Columbia;
Canadian Journal of Earth Sciences, v. 48, p. 1065-1089,
URL <https://doi.org/10.1139/e10-109>.

Thompson, J.F.H., Lang, J.R. and Stanley, C.R. (2001): Platinum
group elements in alkaline porphyry deposits, British Co-
lumbia; in Exploration and Mining in British Columbia
2001, BC Ministry of Energy, Mines and Low Carbon Inno-
vation, Mines Branch, p. 57-64.

1



12

PN

Geoscience BC

Geoscience BC Summary of Activities 2022: Minerals



Geoscience BC

Timing and Origin of Gold Mineralization in the Blueberry Zone of the Scottie Gold
Mine Project, Stikine Terrane, Northwestern British Columbia (NTS 104D/01)

A. Hutchison', Department of Geology, Saint Mary’s University, Halifax, Nova Scotia and Mount Royal

University, Calgary, Alberta, alex.hutchison@smu.ca

M. Stewart, Department of Geology, Mount Royal University, Calgary, Alberta

J. Hanley, Department of Geology, Saint Mary’s University, Halifax, Nova Scotia

R.C. Stewart, Serac Exploration Ltd., Vancouver, British Columbia

Hutchison, A., Stewart, M., Hanley, J. and Stewart, R.C. (2023): Timing and origin of gold mineralization in the Blueberry zone of the
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Introduction

The ‘Golden Triangle’ is a mineral district in northwestern
British Columbia (BC) that encompasses gold and
porphyry-copper deposits, epithermal polymetallic depos-
its and volcanogenic massive-sulphide (VMS) base- and
precious-metal deposits. The Golden Triangle contains the
Scottie Gold Mine project, which consists of over thirty
mineralized zones located within the Iskut—Stewart—
Kitsault belt of the Stikine terrane. The Scottie Gold Mine
project comprises three main zones across approximately
4 km: the Blueberry zone, the Scottie Gold Mine zone and
the Domino zone. The mineralization trend of the Blue-
berry zone has a north-south orientation and is juxtaposed
against the easterly trend of the Scottie Gold Mine and
Domino zones. The focus of this study is to determine the
timing and origin of gold mineralization in the Blueberry
zone of the Scottiec Gold Mine project, with the larger ob-
jective of determining the relationship between the Blue-
berry mineralization trend and the Scottie Gold mine min-
eralization trend. This will be done by combining detailed
field mapping and drillcore sampling with petrography,
whole-rock and mineral chemical analyses, as well as
microanalytical methods (e.g., fluid-inclusion systemat-
ics), to achieve several specific outcomes:
e describe the hostrock units, alteration assemblages and
ore-zone mineralogy for the Blueberry zone
e determine which minerals are typically associated with
gold
e cstablish a paragenesis for the Blueberry zone that will
be integrated with the deformation history
e compare the timing and style of gold mineralization in
the Blueberry zone with those in the Scottie Gold Mine
and Domino zones

!The lead author is a 2022 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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This research aims to improve ore-deposit models and re-
vise exploration criteria for epithermal-porphyry gold de-
posits in northwestern BC.

Background
Regional Geology

The Cordilleran orogeny resulted in terrane accretion along
the western margin of the North American craton begin-
ning in the Early to Middle Jurassic (Colpron et al., 2015).
The tectonic domains of the Cordilleran Orogen are, from
inboard to outboard, the Intermontane terranes, the Insular
terranes, the Arctic terranes as well as the Mesozoic and
younger arc and accretionary terranes (Nelson and
Colpron, 2007). The terranes of the Intermontane belt were
the earliest to be accreted and consist predominantly of
island-arc terranes that developed in the peri-Laurentian
realm (Nelson and Colpron, 2007). The Stikine terrane is
one of these Intermontane island-arc terranes and preserves
evidence of island-arc magmatism, sedimentation and de-
formation from its initial development, in the Late Devo-
nian to Late Triassic, through to terminal collision with the
North American craton (Evenchick et al., 2010; Colpron et
al., 2015; Milidragovic et al., 2016). The Stikine terrane is
subdivided into four stratigraphic units that are all sepa-
rated by unconformities: the Devonian—Permian Stikine as-
semblage, the Upper Triassic Stuhini Group, the Lower to
Middle Jurassic Hazelton Group and the Upper Jurassic to
Lower Cretaceous Bowser Lake Group (Figure 1; Nelson et
al., 2013). The Stikine terrane contains the major precious-
and base-metal deposits that together define the area known
as the ‘Golden Triangle.” The development of the mineral
deposits in the Golden Triangle was most prominent be-
tween the Late Triassic to Middle Jurassic and deposit types
include Cut+Au+Mo porphyry deposits, Au-Ag epithermal
deposits and VMS deposits (e.g., Barresi et al., 2015; Cutts
et al., 2015). The intrusions associated with these mineral
deposits can be subdivided into three groups based on their
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Figure 1. Regional geology of the Iskut—Stewart—Kitsault mineral belt (modified after Cui et
al., 2017); the yellow star indicates the location of the Scottie Gold Mine project. All co-ordi-

nates are in UTM Zone 9, NAD 83.

ages: late Triassic (ca. 222-210 Ma), terminal Triassic
(205-201 Ma) and early Jurassic (197-190 Ma; Barresi et
al., 2015). The Stuhini and Hazelton groups are associated
both spatially and temporally with these mineralizing
intrusions (Barresi et al., 2015).

The Hazelton Group is one of the major mineralization-
hosting sequences within the Golden Triangle and com-
prises the study area (Figure 1). It unconformably overlies
the Upper Triassic Stuhini Group, which consists of subma-
rine mafic to intermediate volcanic rocks and epiclastic
rocks, including shale, siltstone and limestone units; it is it-
self unconformably overlain by the sedimentary rocks of
the Upper Jurassic to Lower Cretaceous Bowser Lake
Group (Nelson and Kyba, 2014; Nelson et al., 2018). The
Hazelton Group hosts substantial amounts of metallic ore

14

(Au, Ag, Cu) and is comagmatic and coeval with several
plutonic suites, including the latest Triassic Tatogga suite
and the Early Jurassic Texas Creek and Brucejack Lake
suites (Evenchick et al., 2010; Voordouw and Branson,
2021; Nelson et al., 2022). The Hazelton Group is subdi-
vided into upper and lower sequences, and the units within
each of these sequences vary from north to south (Nelson et
al., 2018). In the Unuk River—lower Iskut River—Stewart
area, the lower Hazelton Group consists of the basal
siliciclastic Jack Formation and the Snippaker unit, as well
as the Betty Creek Formation (Nelson et al., 2018). The
Betty Creek Formation is predominantly andesite with
lesser occurrences of felsic pyroclastic rocks and their epi-
clastic products; it also contains the Unuk River andesite
unit, the Johnny Mountain dacite unit and the Brucejack

Geoscience BC Summary of Activities 2022: Minerals
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Lake felsic unit (Nelson etal., 2018). The Unuk River ande-
site unit has been dated at ca. 197 Ma using U-Pb zircon
geochronology (Nelson et al., 2018). In the study area, the
upper Hazelton Group contains the Spatsizi, Quock and
Mount Dilworth formations (Nelson et al., 2018).

Deposit Geology

The Scottie Gold Mine project is located approximately
30-35 km north of Stewart, BC, and comprises the Blue-
berry, Scottie Gold Mine and Domino zones (Figure 2). The
Scottie Gold Mine project area is underlain by rocks of the
Stuhini and Hazelton groups and intruded by Early Jurassic
Texas Creek plutons (Figure 1; Stanley et al., 2022). The
hostrocks to the Domino zone are alkalic volcanic flows,
breccia and tuff of the Stuhini Group (Stanley et al., 2022);
the hostrocks to the Scottie Gold Mine zone are volcani-
clastic rocks and flows of the lower Unuk River andesite,
which belongs to the Betty Creek Formation (Figure 2;
Stanley et al., 2022). The Blueberry zone is interpreted to
be located at the contact between the lower Unuk River an-
desite and the siltstone unit, which also belongs to the Betty
Creek Formation (Figure 2; Stanley et al., 2022). This
siltstone unit will herein be referred to as the ‘Betty Creek
siltstone unit’. The contact between the lower Unuk River
andesite and the Betty Creek siltstone unit defines a steeply
dipping, northerly mineralization trend, whereas mineral-
ization at the Domino and Scottie Gold Mine zones defines
an easterly trend (Voordouw and Branson, 2021). The con-
tact at the Blueberry zone exhibits strong and pervasive
chlorite-pyrite-carbonate alteration and this alteration zone
is approximately 15 to 30 m thick (Voordouw and Branson,
2021). Drilling and surficial mapping support the presence
of east-northeast-striking mineralized-vein structures that
intersect the Blueberry zone contact and may be indicative
of high-grade gold mineralization. The highest concentra-
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tions of gold mineralization have been documented along
north-plunging ore shoots that occur at the intersection be-
tween the contact and these crosscutting veins (e.g., Blue-
berry vein; Voordouw and Branson, 2021). The Blueberry
zone is also separated from the Scottie Gold Mine and
Domino zones by the Morris-Summit fault zone (Figure 2;
Stanley etal.,2022); however, the relationship between this
fault zone and mineralization is currently unknown.

Methodology

During the 2021 field season, three 2020 drillholes were re-
logged and mapping of the surficial materials was com-
pleted at the Blueberry zone, with the goal of documenting
changes in lithology, alteration and mineralization (includ-
ing hydrothermal vein types). Samples were initially se-
lected to ensure representative coverage of all vein and al-
teration styles. Using available assay data, additional
samples were selected using the following criteria: zones
with high sulphide content and high gold concentrations,
zones with high sulphide content and low gold concentra-
tions, and zones with low sulphide content and high gold
concentrations. These additional samples were collected to
examine the relationship between gold and sulphide miner-
alization, and to determine why gold concentrations do not
always correlate with sulphide zones. Two of three drill-
holes were selected from the northern half of the property
(SR20-48 and SR20-55; Mumford, 2021) and the third
drillhole was selected from the southern half of the property
(SR20-45; Mumford, 2021). Drillcore samples, outcrop
samples and pulps were sent to ALS-Geochemistry (Ter-
race, BC) for processing and analysis to evaluate Au, Ag,
Co, Cu, Pb and Zn tenors, but also to generate a geochemi-
cal database for study purposes. Pulp samples are previ-
ously sampled, pulverized and assayed core samples for
which a new aliquot was re-assayed. Drillcore and outcrop
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samples underwent the following sample-preparation and

analytical procedures:

e determination of Au by fire assay of 30 g samples (for
low-range determination between 0.005 to 10 ppm)

e determination of Au by fire assay, with gravimetric fin-
ish of 30 g samples (for high-range determination be-
tween 0.05 to 10 000 ppm)

e four-acid digestion, with inductively coupled plasma—
mass spectrometry (ICP-MS) finish of 0.25 g samples

e four-acid digestion, with overlimit methods using 0.4 g
samples (ALS, 2022).

Pulps underwent the following procedures:

e determination of Au by fire assay of 30 g sample, with a
range between 0.005 and 10 ppm

o four-acid digestion, with ICP-MS finish of 0.25 g sam-
ple (ALS, 2022).

Thirty-six thin sections were produced at Vancouver
Petrographics Ltd. (Vancouver, BC) from core (23 sec-
tions) and outcrop (13 sections) samples for petrographic
work and to facilitate ongoing microanalysis at Saint
Mary’s University in Halifax, Nova Scotia. Transmitted-
and reflected-light microscopy, scanning electron micros-
copy (SEM) and micro-X-ray—fluorescence (uXRF) spec-
trometry enabled detailed petrography and semiquantita-
tive chemical analysis of minerals. Transmitted- and
reflected-light microscopy was performed using an Olym-
pus BX51 microscope at Saint Mary’s University; photo-
micrographs were taken using a microscope-mounted,
high-resolution digital camera.

Scanning Electron Microscope (SEM)

Backscattered-electron (BSE) imaging and semiquantita-
tive energy-dispersive—X-ray spectroscopy (EDS) analysis
of sulphides, silicates and other associated accessory
phases (including gold carriers) were performed at Saint
Mary’s University using a TESCAN MIRA3 LMU field
emission—scanning electron microscope (FE-SEM)
equipped with a X-Max 80 mm? large area silicon drift de-
tector (SDD) energy-dispersive—X-ray spectrometer man-
ufactured by Oxford Instrument. The electron-beam spot
size was ~10 nm in diameter and the accelerating voltage
used was 20 kV, together with a beam current of ~0.3 nA.
The INCA software published by ETAS was used for data
reduction and EDS-spectrum acquisition. This technique
was used on thin sections created from both field and core
samples to better understand general mineralogy as well as
the timing of gold mineralization within the overall
mineral-assemblage paragenesis.

Micro-X-Ray Fluorescence

False-colour element-abundance maps were produced us-
ing a Bruker M4 Tornado Plus pXRF spectrometer at Saint
Mary’s University to map major-, minor- and trace-element
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distribution on the surface of thin-section offcuts. Analyses
were conducted under vacuum using a Rh X-ray source op-
erated at an accelerating voltage of 50 kV and beam current
of 600 nA, focused to a 20 um diameter excitation spot size.
Data was processed using software developed for the
Bruker M4 Tornado scanner. The detector throughput was
275 000 cps and calibration was carried out on Zr. Pixels in
element-abundance maps are spaced at 40 to 80 um and the
count time per pixel was 30 ms.

Results
Surficial Mapping

Surficial mapping at the Blueberry zone during the 2021
field season improved spatial definition of the contact be-
tween the lower Unuk River andesite unit to the west and
the Betty Creek siltstone unit to the east; the results of this
mapping exercise are summarized in Figure 3. Within the
map area, the lower Unuk River andesite unit is character-
ized by medium green-grey andesitic tuff with ash- to
lapilli-sized grains. The Betty Creek siltstone unit is domi-
nantly dark green, fine grained and bedded, but along-
strike lithofacies variations are observed. In the northern-
most section of the map area, this unit is dominated by
argillite, which is very fine grained, dark grey to black and
overprinted by intense silicification. In the southern por-
tion of the map area, the siltstone is interbedded with
cream-coloured felsic pyroclastic beds. The contact be-
tween the andesite and the siltstone appears to be gra-
dational; however, it is completely overprinted by alter-
ation. The zone of intense alteration along the contact has
been broken out as a separate unit on the map because it ob-
scures the exact location and nature of the contact (Fig-
ures 3, 4a—c). Figure 4a shows an outcrop from the northern
extent of the map area; where the contact zone is crosscut
by a medium green-grey, altered and weakly mineralized
porphyritic lamprophyre dike with euhedral hornblende
laths. An example of a southern outcrop and hand sample
within the contact zone is shown in Figure 4b and c, respec-
tively. The contact zone is also crosscut at a high angle by
several interpreted faults. These faults are not exposed at
surface, but the units are clearly offset and the faults have
been intersected in drillcore.

Alteration

Alteration at the Blueberry zone is localized at the contact
between the lower Unuk River andesite unit and the Betty
Creek siltstone unit. The alteration is most intense at the
contact and decreases in intensity moving outward from the
contact zone. The alteration styles observed within the con-
tact zone are the following:

e weak to moderate carbonate and silica alteration with a
patchy to pervasive distribution (Figure 5a)

Geoscience BC Summary of Activities 2022: Minerals



Geoscience BC

433380 E

Legend

433616 E

Intrusive rocks

. I:l - Lamprophyre dike / interpreted
Supracrustal rocks - Betty Creek Formation

.|:| - Siltstone unit (argillite) / interpreted
.. - Siltstone unit / interpreted

-\:| - Contact alteration zone / interpreted
.D - Unuk River andesite unit / interpreted

6232768

- Inferred contact

- Inferred fault

\ - Bedding measurement

% - Interpreted sinistral strike-slip fault

6233053 N

Figure 3. Geology of the Blueberry zone of the Scottie Gold Mine project. All co-ordinates are in UTM

Zone 9, NAD 83.

e weak to moderate chlorite alteration that is dominantly
patchy (Figure 5b), but also locally occurs as pervasive
or fracture-controlled alteration, as vein selvages or
along bedding planes

e moderate to strong sericite alteration that is typically
patchy and less frequently pervasive (Figure Sa—c)

e weak epidote alteration that is patchy (Figure 5c¢) or
within vein selvages

Sericite alteration is typically most closely associated with
sulphide mineralization; however, this is a preliminary ob-
servation and the relative timing of the various alteration
styles and their relationship to sulphide and gold mineral-
ization are currently under investigation.

Sulphide Mineralization

Sulphide mineralization in the Blueberry zone occurs both
within the zone of intense alteration along the andesite—
siltstone contact (the ‘contact zone’; Figure 3) and along a
series of faults that crosscut the contact at a high angle.
These mineralization styles are described below.

Contact Zone

Mineralization in the contact zone is disseminated, within
veins and along vein selvages. Based on fieldwork, drill-
core observations and transmitted- and reflected-light mi-
croscopy, the dominant base-metal sulphide minerals pres-
ent within the contact zone are, in descending order of
abundance, pyrrhotite, pyrite, sphalerite, chalcopyrite, ar-
senopyrite, galena and molybdenite. The average modal
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sulphide abundance across the entire contact zone is ap-
proximately 2—4 vol %; however, mineralized veins
contain 10-50 vol % sulphides. Pyrrhotite and pyrite (with
lesser chalcopyrite) occur disseminated within the ground-
mass, within massive sulphide veins (~1-3 cm wide), along
the margins of quartz-carbonate veins, along bedding
planes and within pyrite-dominated stringers. Pyrrhotite is
the most abundant sulphide mineral and is present as
anhedral masses that tend to be mottled, often surrounding
other sulphide minerals (pyrite, chalcopyrite, arsenopyrite;
Figure 6a—c). Pyrite is present as subhedral to euhedral
crystals (<0.5—6 mm) in two forms: mottled (Figure 6a—c)
and inclusion-free. Chalcopyrite is spatially associated
with pyrite but is less abundant. It occurs as anhedral
patches and is often disseminated around pyrite crystals or
within fractures cutting pyrite crystals (Figure 6b). Where
arsenopyrite is present, it tends to be concentrated in
patches of euhedral to subhedral crystals up to ~3 mm wide
(Figure 6a, c) and, like pyrite, it occurs as mottled and
inclusion-free varieties. Inclusion-free arsenopyrite de-
fines a linear fabric within the groundmass, separate from
other sulphide minerals (Figure 6a), whereas mottled ar-
senopyrite is typically surrounded by pyrrhotite. The two
arsenopyrite varieties also vary chemically, with inclusion-
free arsenopyrite being enriched in both Sb and Co,
whereas mottled arsenopyrite is enriched only in Co (1.37—
3.53 wt % Sband 2.99-3.69 wt % Co, and 4.89-29.15 wt %
Co, respectively, in mottled arsenopyrite). Sphalerite is
most commonly present within extensional quartz-
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Figure 4. Field photographs showing outcrops within the gossanous central alteration zone of the Blueberry
zone: a) northern outcrop; b) southern outcrop; ¢) hand sample from southern outcrop (12 cm scale card used for

reference).

carbonate veins and larger extensional quartz-carbonate
veins (<1-3 cm wide) also contain trace amounts of galena
and molybdenite. Sphalerite occurs as inclusions within
pyrrhotite and filling fractures within Co-rich arsenopyrite.
Molybdenite typically occurs as isolated subhedral crystals
ranging from 10 to 40 um in width and its relationship to
other sulphide minerals is unclear. The exception is galena

18

that often occurs as inclusions within molybdenite. It ap-
pears that sulphides are less abundant extending into the
sedimentary side of the contact relative to the andesite side,
but mineralization is uniformly distributed within the main
alteration zone. Arsenopyrite is an exception and tends to
be concentrated dominantly in the southern half of the
Blueberry zone.

Geoscience BC Summary of Activities 2022: Minerals
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Figure 5. Photomicrographs taken in cross-polarized light of the
dominant alteration minerals at the contact zone between the
lower Unuk River andesite unit and the Betty Creek siltstone unit:
a) patchy calcite (Cal) and kink-banded quartz (Qz) spatially asso-
ciated with sulphide minerals and presence of very fine-grained
sericite (Ser) in the groundmass; b) patchy carbonate and quartz
crystals within a groundmass of fine- to very fine-grained chlorite
(Chl) and sericite; ¢) rounded, subhedral quartz crystals crosscut
by very fine-grained sericite and patchy, medium-grained epidote
(Ep) crystals spatially associated with pyrrhotite (Po). Abbrevia-
tion: Py, pyrite.

Both mineralized and barren veins are observed within the
contact zone and these veins can be classified into four
main types:

e quartz-dominated veins consisting of fine- to medium-
grained intergrown quartz crystals

e type-1 calcite-dominated veins consisting of fine- to
very fine-grained calcite and defined by the absence of
sulphide minerals

e type-2 calcite-dominated veins consisting of very fine-
grained calcite and defined by the presence of sulphide
minerals along the centre axes of the veins, with alter-
ation minerals like epidote and accessory minerals like
apatite

e cxtensional quartz-calcite veins containing some
sulphides

The dominant sulphides in type-2 calcite veins are pyr-
rhotite and pyrite, and the average modal abundance of sul-
phides in these veins is ~30-50%. The dominant sulphides
in the extensional veins are sphalerite, molybdenite and
galena, and the modal abundance of sulphides in these
veins is ~10-15%.
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Figure 6. Sulphide-mineral relationships of the Blueberry zone
shown in reflected light: a) mottled pyrite (Py) surrounded by pyr-
rhotite (Po), with euhedral to subhedral arsenopyrite (Apy) crystals
defining a linear fabric; b) mottled pyrite surrounded by chalcopy-
rite (Ccp) and pyrrhotite; ¢) mottled pyrite surrounded by pyrrhotite,
with an early arsenopyrite crystal near the centre.

Mineralized Crosscutting Structures

Several faults are interpreted as crosscutting the contact
zone at a high angle (Figure 3) and drill results to date indi-
cate that at least three of these structures host mineraliza-
tion, which ranges from disseminated to semi-massive,
with pyrrhotite, pyrite and sphalerite as the dominant sul-
phide minerals. These structures are interpreted to be sig-
nificant for the distribution and localization of mineraliza-
tion along the contact zone. However, additional work is
required to correlate the surface trace of the faults with the
mineralized structures intersected in drillcore and to deter-
mine the relationship between mineralization in the contact
zone and the crosscutting faults. Additional drillcore sam-
ples were collected from these structures in 2022 and
analyses of these samples are currently underway.

Gold Occurrences

The highest gold concentrations returned during the 2020
drilling program were intersected within the altered contact
zone of the northernmost drillholes of the Blueberry Zone
(SR20-48 and SR20-55). The highest gold-bearing inter-
vals in SR20—48 are at downhole depths of 18.07-19.08 m
(82.1 g/t) and 68.62—70.35 m (69.8 g/t; Mumford, 2021).
The highest gold-bearing interval in SR20-55 is at a down-
hole depth of 78.97-79.75 m (47.9 g/t; Mumford, 2020). In
both intervals, gold is spatially associated with sulphide
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minerals, including pyrite, arsenopyrite, pyrrhotite and
molybdenite. Where it is associated with pyrite, gold oc-
curs as 5—10 um diameter inclusions (Figure 7a, b) within
euhedral to subhedral mottled pyrite crystals. Gold associ-
ated with arsenopyrite also occurs as inclusions; arsenopy-
rite crystals containing gold are typically subhedral, mot-
tled and Co-rich (Figure 7c). Where gold occurs with
molybdenite, they exhibit a close spatial relationship, with
observed intergrowth textures between gold and molybde-
nite (Figure 7d).

Discussion

A preliminary paragenesis for alteration, veining and asso-
ciated mineralization on a time scale spanning magmatic to
late magmatic-hydrothermal events is being developed.

Mineralization

Key textures constrain overall sulphide-mineral paragene-
sis. Pyrite, pyrrhotite (Figure 7a—c) and chalcopyrite (Fig-
ure 6b) tend to be spatially associated with one another,
therefore broadly coeval. As stated earlier, pyrite is present
as subhedral to euhedral crystals in two forms: mottled and
inclusion free. Dissolution and reprecipitation of pyrite

likely resulted in the mottled appearance, but later condi-
tions allowed pyrite to grow and maintain a subhedral
shape. This indicates potentially two generations of pyrite,
whereby the mottled form (Figure 7b) is an earlier genera-
tion in comparison to the inclusion-free form (Figure 7a).
Pyrite grains range from <0.5 to 2 mm in width. Textural re-
lationships between the mottled-type pyrite, pyrrhotite,
chalcopyrite and mottled arsenopyrite are shown in Fig-
ures 6b (chalcopyrite) and 7a—c. This pyrite likely precipi-
tated first in the sulphide-mineral sequence, whereas chal-
copyrite and, later, pyrrhotite infilled the space around the
earlier subhedral pyrite owing to the general subhedral to
euhedral nature of pyrite. Chalcopyrite is less abundant rel-
ative to pyrite; it forms as anhedral patches and is often dis-
seminated in available space near pyrite crystals. Like py-
rite, arsenopyrite is also present in two forms: mottled and
inclusion free. Unmottled or inclusion-free arsenopyrite is
euhedral and occurs as lineations away from other sulphide
minerals within groundmass. The timing relationship be-
tween the linear wash of unmottled arsenopyrite (Fig-
ure 6a) in relation to pyrrhotite and pyrite in these images is
not evident, though the single mottled crystal slightly to the
left of centre in Figure 6¢ appears to be early in relation to
pyrite and pyrrhotite. The unmottled arsenopyrite tends to

Figure 7. Backscattered-electron images of gold mineralization and associated sulphide minerals in the Blueberry
zone: a) gold (Au) grain within an inclusion-free pyrite (Py) crystal; b) euhedral to subhedral pyrite crystals with
some mottling and gold occupying an open space in a pyrite crystal; ¢) heavily mottled Co-rich arsenopyrite (Apy)
crystal surrounded by mottled pyrrhotite (Po) and gold occupying open spaces in the arsenopyrite crystal; d) small
gold grains (<1-3 um) spatially associated with larger (up to 20 um) crystals of molybdenite (Mol), as well as flecks
of galena (Gn) visible within the molybdenite crystals. Abbreviation: Qz, quartz.
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be a combination of both the Sb- and Co-enriched varieties.
Mottled arsenopyrite is enriched only in Co and surrounded
by pyrrhotite, although the open spaces of Co-enriched ar-
senopyrite contain gold inclusions (Figure 7¢). Pyrrhotite
is most abundant relative to the other sulphide minerals and
is present as anhedral crystals. It is commonly found
surrounding other sulphide minerals (pyrite, chalcopyrite
and arsenopyrite), indicating late precipitation relative to
the other sulphides.

Sphalerite inclusions occur in pyrrhotite, indicating that it
postdates the precipitation of pyrrhotite; also, sphalerite
commonly infills cracks in Co-rich arsenopyrite associated
with pyrrhotite (not shown here). Galena is included within
molybdenite, therefore likely coprecipitating with it (Fig-
ure 7d). Lastly, whereas intergrowths of gold and molybde-
nite are indicative of coprecipitation, no other obvious
crosscutting relationships with other sulphides are ob-
served for molybdenite.

Alteration

With respect to alteration, petrographic work suggests epi-
dote alteration, carbonatization, silicification and chloriti-
zation all occurred during the magmatic stage. In addition
to quartz associated with veining at the contact alteration
zone, there is evidence of silica flooding throughout the
groundmass, which is crosscut by later chlorite alteration.
There is also evidence of chlorite crosscut by silica, indicat-
ing that silica may have been precipitated broadly coevally
with chlorite in the groundmass. Sericite is introduced co-
evally with chlorite and toward the latter end of silica pre-
cipitation. Figure Sc shows coarse epidote crystals (relative
to sericite grain size in the groundmass) precipitated near
sulphide minerals (e.g., pyrrhotite). The subhedral shape of
the pyrrhotite crystals sharing crystal boundaries with epi-
dote suggests that epidote and pyrrhotite precipitated at a
similar time. Sericite may have also been broadly coeval to
late in terms of pyrrhotite precipitation, as crystal bound-
aries appear to be torn off the crystal in places but also
growing together in others. Sericite and epidote appear to
most commonly coprecipitate with sulphide mineraliza-
tion. Sericitization occurs late in the system (magmatic to
late magmatic/hydrothermal stage) and, in terms of alter-
ation minerals, occurs nearest in time to the late precipita-
tion of sulphide minerals. Sericite appears to overprint all
other alteration minerals but indicates coeval precipitation
with pyrrhotite. The exact relationship is unclear.

Vein and Structural Styles

It is important to constrain the relationship between the
crosscutting structures and the contact zone. In particular, if
the abundance of sulphides, sulphide mineralogy and asso-
ciated gold content vary along the contact zone, under-
standing the role that crosscutting veins played in the devel-
opment of these variations in the Blueberry zone would be
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beneficial to the deposit model. It would be useful to under-
stand which structures transported the mineralizing fluid(s)
and the timing of these events relative to one another; this
information could then be paired with the microscopic evi-
dence of these veining events (in addition to macroscopic
evidence). In further developing the time scale described
above, the following veining events are recognized:

e carly quartz-dominated veining associated with the
magmatic stage, consisting of fine- to medium-grained
intergrown quartz crystals

e type-1 calcite-dominated veins, defined by a lack of sul-
phide minerals and the presence of fine- to very fine-
grained calcite, that crosscut and, therefore, postdate the
early quartz veins but are also still considered to be
within the magmatic stage

e type-2 calcite-dominated veins containing sulphide
minerals and considered to be associated with the transi-
tion from the magmatic to later magmatic-hydrothermal
stage as there is a sulphide component, as well as alter-
ation minerals like epidote and apatite (type-2 calcite
veins)

Gold Occurrences

Along the mineralized contact zone, gold is associated with
pyrite, pyrrhotite, arsenopyrite and molybdenite. Pyrite,
pyrrhotite and arsenopyrite typically exhibit a close spatial
relationship (occasionally with sphalerite) in the presence
of gold, whereas sphalerite, galena and molybdenite com-
monly occur together within extensional, gold-bearing
quartz-carbonate veins. This indicates that gold occurs in
two distinct textural settings (and, therefore, distinct tim-
ings): disseminated with pyrite, pyrrhotite and arsenopyrite
in veins and groundmass; and with disseminated and
patchy sphalerite and molybdenite in quartz-carbonate
veins. These two textural relationships involving gold may
indicate changing conditions within a single hydrothermal
mineralizing event (e.g., fluid temperature, pH, gold com-
plexing) or that more than one gold-mineralizing event oc-
curred. Gold was deposited during a magmatic-hydrother-
mal mineralizing event and later remobilized. The timing of
gold mineralization in relation to other sulphide minerals is
complex. Gold occurs within the open space of euhedral to
subhedral pyrite crystals, indicating possible late precipita-
tion of gold relative to pyrite. Additionally, gold is
intergrown with subhedral to anhedral pyrite crystals, sug-
gesting that it is coeval with this type of pyrite. This could
mean the timing of pyrite and gold formation could be close
and/or overlap. Pyrrhotite is present following the precipi-
tation of arsenopyrite, but the timing between pyrrhotite
and gold precipitation is unknown. The mottled texture of
the pyrrhotite could be a result of alteration (Figures 6b, c,
7¢).
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Molybdenite and Arsenopyrite

Molybdenum mineralization along the western margin of
the Stikine terrane precipitated during two distinct time pe-
riods: in the Lower Jurassic (Febbo et al., 2015), hosted
within Au-Cu-Ag-Mo porphyry deposits associated with
the Texas Creek plutonic suite; and in the early Eocene to
Oligocene (Nelson and Colpron, 2007), hosted within Cu-
Au-Mo- and Mo—porphyry deposits associated with intru-
sions of the mid-Cretaceous to mid-Eocene Coast Plutonic
Complex or with small, Oligocene granitic intrusions.
Given these disparate ages and a lack of textural clarity as to
which generation of gold comes first in the overall deposit
paragenesis, it is unclear whether gold associated with mo-
lybdenite represents early- or late-stage mineralization.
This will be resolved through Re-Os radiometric dating of
molybdenite. Additionally, gold is observed in open-space
fillings associated with arsenopyrite crystals (Figure 7¢),
suggesting that gold precipitation postdates Co-rich ar-
senopyrite. A Re-Os age for arsenopyrite would thus pro-
vide a maximum age for gold precipitation. Given that gold
may postdate arsenopyrite and be coeval with molybdenite,
combined Re-Os radiometric dating of molybdenite and ar-
senopyrite together could tightly constrain the age of gold
mineralization.

Co-Rich Arsenopyrite Versus Sb-Rich Arsenopyrite

Understanding the genetic relationship between gold and
the different forms of arsenopyrite (i.e., Co- and Sb-rich) is
potentially important to understanding the nature of gold
mineralization at the Blueberry zone. Although Co- and
Sb-enriched arsenopyrite occur together, they also occur
isolated from one another. Notably, where Sb is present in
arsenopyrite, gold is not. However, Co-enriched arsenopy-
rite also occurs with Sb-enriched arsenopyrite, both in the
unmottled, euhedral form and with crystals showing align-
ment within the groundmass. In contrast, the mottled, sub-
hedral Co-rich form of arsenopyrite contains gold in open-
space fillings. Observations support that gold precipitation
may have been more favourable under Sb-absent condi-
tions, or when conditions were not suitable for Sb precipita-
tion in pyrite.

Summary and Conclusions

The Blueberry zone is one of three main zones within the
Scottie Gold Mine project. Locally, the host lithological
units are the lower Unuk River andesite unit in the west and
the Betty Creek siltstone unit in the east; the host units are
separated by a north-trending contact. Based on field and
drillcore observations, the contact between the two units
appears to be gradational. Whether this is the case, or that
the contact has been obscured by alteration and/or faulting
remains unresolved. It is likely that this central alteration
zone acted as a conduit for mineralizing fluids. In addition
to mineralization at the contact, mineralization in the Blue-
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berry zone also occurs along faults that cut the contact at a
high angle. The relationship between mineralization in the
contact zone and in the crosscutting faults is unclear and
should be resolved. Samples were collected from outcrop
and drillcore (from both the contact zone and the crosscut-
ting structures) to petrographically characterize hostrock
lithology, the main alteration and vein styles, and the nature
of gold mineralization, as well as to provide additional sam-
ples for assay. All work completed to date has been related
to the contact zone and future work will incorporate data
from the mineralized crosscutting structures, enabling a
detailed description of mineralization at the Blueberry zone
to be constructed.

In conclusion, the dominant alteration styles identified in
the contact zone are predominantly weak to moderate car-
bonate alteration and silicification, weak to moderate
chlorite alteration distributed in a variety of ways (patchy,
disseminated, fracture-controlled, within vein selvages and
along bedding planes), moderate to strong sericitization
and weak epidote alteration. The sulphide minerals at the
contact zone are, in order of decreasing abundance, pyr-
rhotite, pyrite, sphalerite, chalcopyrite, arsenopyrite, ga-
lena and molybdenite. Both Co-rich and Sb-rich arsenopy-
rite have been observed in samples from the contact zone
and gold exhibits a stronger relationship with Co-rich ar-
senopyrite than Sb-rich arsenopyrite. Gold likely precipi-
tated in the late stages of the system given the nature of gold
as inclusions in the open spaces of arsenopyrite and pyrite.
A key aspect of the mineralization to consider is whether
gold has been remobilized or not, which will require further
study.

Future Work

Additional samples were collected in 2022 along the miner-
alized structures that crosscut the contact zone. These sam-
ples will be used to investigate the influence of these struc-
tures on gold mineralization in the Blueberry zone. Gold
concentrations vary significantly along the contact zone
and it is important to understand if and how the crosscutting
structures influence these variations in gold mineralization.
Additionally, by gaining an understanding of the nature of
each vein, it may be possible to identify the timing of the
mineralizing fluid as well as the conduit(s) the fluids may
have used. Given that magmatic to late magmatic-hydro-
thermal sulphide-rich calcite veining has been observed on
a microscopic scale, a comparative study to see if these mi-
croscopic veining events coincide with the larger scale fea-
tures responsible for gold mineralization would be useful.
During a visit to the field in 2022, additional drillcore sam-
ples were also collected for fluid-inclusion work. Work
planned for the remainder of this study includes

e detailed petrography of samples from the mineralized
crosscutting structures to characterize the alteration and
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mineralization for comparison with those in the contact
zone;

e Re-Osradiometric dating of molybdenite and arsenopy-
rite associated with gold to determine the timing of gold
mineralization;

e fluid-inclusion analysis of quartz from mineralized
veins to characterize the mineralizing fluid(s); and

e laser-ablation inductively coupled plasma—mass spec-
trometry on individual pyrite grains to be used as a
proxy for the chemical evolution of mineralization in
the Blueberry zone.

The results of this detailed study on the Blueberry zone will
be compared with the results of a parallel study on the Scot-
tie Gold Mine zone to determine if these two zones belong
to the same ore system and, if so, how the zones are related.
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Introduction

Precious- and base-metal mineralization in low- and inter-
mediate-sulphidation epithermal systems is commonly dis-
tal to igneous intrusions. For example, auriferous fluids in
low-sulphidation systems may be transported along basin-
bounding structures that are kilometres long (Sillitoe and
Hedenquist, 2005). Nonetheless, magmas are believed to
be the thermal drivers of large-scale hydrothermal systems,
as well as the principal contributors of precious metals to
the epithermal realm (Gammons and Williams-Jones,
1997; Heinrich et al., 2004). At the Brucejack epithermal
Au-Ag depositin the Golden Triangle of northwestern Brit-
ish Columbia (BC), the absence of a recognized source in-
trusion for the auriferous vein system poses a challenge to
constraining the timing and origin of the mineralization.
However, dikes that cut the volcanic and volcaniclastic
rocks that host the ore are common and believed to be syn-
to postmineralization. In this paper, a summary of the geo-
chemical characteristics of these dikes is presented to gain
insight into the magmatic evolution of the potential source
of the bonanza-grade gold mineralization.

The Brucejack deposit, which is situated in the Sulphurets
mineral district (Figure la, b), is characterized by high-
grade gold mineralization in carbonate-quartz veins and
has a mineral resource, including measured, indicated and
inferred categories, 0f 303.3 t (10.7 million 0z.) of gold and
1771.8 t (62.5 million oz.) of silver (Tetra Tech, 2020); lo-
cally, gold grades reach 41 000 g/t in 0.5 m drillcore inter-
vals (Board et al., 2020). This hyperenrichment of the gold

!The lead author is a 2022 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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has been attributed to colloidal transportation and
deposition (McLeish et al., 2021). Several important ge-
netic questions, however, remain unanswered, including
the source of the gold.

In many epithermal systems, the highest gold and silver
concentrations occur in veins and breccias that are inter-
preted to form as a result of the mixing of hot, low-salinity
magmatic fluids, including condensed or contracted va-
pours, with cooler, meteoric water (Williams-Jones and
Heinrich, 2005; Tosdal et al., 2009). In some cases, spatial
and temporal associations with intrusive centres and asso-
ciated porphyry deposits have been recognized (Hayba et
al., 1985; Arribas et al., 1995; Hedenquist, 1995), which
suggests late-stage magmatic fluids played a role in the for-
mation of epithermal mineralization (Heinrich et al., 2004).
Despite the lack of a recognized source intrusion at the
Brucejack deposit, syn- to postmineralization dikes are evi-
dence of at least a spatial association between the mineral-
ization and magmatism. The dikes intrude most major hy-
drothermal domains in the deposit, including both
mineralized and barren stockworks (Board et al, 2020). Lo-
cally, they cut early bonanza-grade quartz-carbonate veins
but are generally cut by mineralized carbonate veins
(McLeish, 2022); typically, however, the dikes are unmin-
eralized. They are metre-wide, intermediate to mafic in
composition and have trace— and rare-earth—element com-
positions similar to those of the host volcanic rocks (e.g.,
volcaniclastic andesite; Tombe, 2015) and therefore, likely
share a similar magmatic origin. As the closest expression
of magmatism that may be genetically linked to gold, these
dikes provide an opportunity to target and fingerprint the
potential source of fluids and mineralization at Brucejack.

A detailed petrographic and geochemical study of a suite of
intermediate to mafic dikes that have a close spatial and
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Figure 1. a) Regional geological setting of the Sulphurets mineral district in western Stikinia (modified from McLeish, 2013,
with lithotectonic boundaries from Johnston, 2008). b) Select epithermal, volcanogenic massive-sulphide and porphyry-re-
lated deposits in the Brucejack mine area (modified from McLeish et al., 2018).

temporal association with the deposit was undertaken; the
dikes are exposed in the mine and have been intersected in
drillholes at depths >1 km beneath the main ore zones
(Figure 2a, b).

Methods of Investigation

To better understand the spatial links between gold miner-
alization and syn-, late- and postmineralization dikes, a de-
tailed review of the nature and distribution of dikes in the
mapped and modelled vein corridors, including those
within the Valley of the Kings mine area as well as in near-
mine exploration areas (e.g., the West and Gossan Hill
zones; Figure 2a, b), was conducted. Drillcore intervals of
representative dike intersections from the deep-drilling
program were sampled for whole-rock lithogeochemical
analysis and compositional comparison with dikes in the
current mine workings.

Core samples from the deep drillholes were collected at 0.5
to 1.5 m intervals and analyzed at ALS-Geochemistry
(Vancouver, BC) for gold, as well as for major- and selected
minor- and trace-element contents, using analytical pack-
ages ME-ICP61 and Au-AA26 (ALS, 2022). Pulp dupli-
cates of 356 samples from the deep drillholes, including all
major dikes and other intrusive units (Figure 2a, b), were
analyzed for a wider spectrum of trace elements (including
the rare-earth elements [REEs], Nb and Th) using analyti-
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cal package ME-MS81d™ (ALS, 2022). In addition to the
deep-drillhole samples, 24 dike samples sourced from
within, or from drillholes immediately adjacent to, the Val-
ley of the Kings and historic West zone mine workings were
also sampled and analyzed at ALS-Geochemistry for ma-
jor- and selected minor- and trace-element contents using
analytical packages ME-XRF26, ME-MS81™, ME-
MS61™ and F-ele§2™ (ALS, 2022). All samples were
subjected to lithium-borate fusion followed by digestion
with a multi-acid solution, including hydrofluoric acid, to
ensure near-complete extraction of the elements. All the
data were processed and interpreted using the ioGAS™
software distributed by REFLEX.

Geological Setting, Mine Geology and
Mineralization

Gold mineralization at the Brucejack deposit is hosted in
the Early Jurassic Hazelton Group, comprising complexly
deformed island-arc volcanic and volcano-sedimentary
rocks of the Stikine terrane (Stikinia); the gold occurs in
east- to east-northeast-trending ca.183 Ma epithermal
veins (Board et al., 2020). The deposit is located along the
Eskay Creek—Stewart trend of the Golden Triangle, to-
gether with Late Triassic and Early Jurassic subalkalic to
alkalic porphyry and VMS deposits (Nelson et al., 2018),
including Red Chris, Galore Creek, Kerr-Sulphurets-

Geoscience BC Summary of Activities 2022: Minerals



6259000 N

6258000 N

b)

Figure 2. Valley of the Kings (VOK) zone and adjacent areas a) in plan view and b) in cross-section X-
X, showing the extent of current mine development, the location and rock types of deep drillholes
(e.g., VU-2277), the distribution of syn- to postmineralization dikes and intersections of bonanza-style

PN

Geoscience BC

Valley of the Kings

S
fp—

South dike

I——

=

awer] ]

West zone

Underground—_

+1000 m development

XI

Gossan Hill zone

+0 (sea level)

e North dike

}' VU-2277 and
1 N

subsidiary holes

Deep hole legend
. Argillite/greywacke

Conglomerate
~ Volcanosedimentary
\ siltstone to sandstone
Porphyritic fragmental

VU-17

a VU-1785

500 m

87

625800 N

~ VU-2191

Svu-2019

7625900 N

unit

Syn- to late-mineralization
dike

. Intermediate porphyry dike

. Bridge zone porphyry

. Visible gold mineralization
‘ Drill collar and drill direction

I

gold in the deep holes.

Geoscience BC Report 2023-01

27



<<
AN

Geoscience BC

Mitchell-Iron Cap and Eskay Creek. Stikinia is an alloch-
thonous terrane, which evolved from an outboard intra-
oceanic island-arc terrane within the peri-Laurentian realm
during the mid-Paleozoic through to the initiation of end-
on collision between the northern Stikinia microplate and
the Yukon-Tanana terrane in the Late Triassic (212—
200 Ma; Nelson et al, 2022). Closure of Stikinia against
Quesnellia was initiated by counterclockwise rotation of
the Stikinia arc and asymmetric advance of the Hazelton arc
at ca. 189-185 Ma (Nixon et al., 2020). Ongoing accretion
of Stikinia to the Laurentian margin and development of a
back-arc tectonic regime occurred at ca. 185-178 Ma,
which is coeval with the youngest lower Hazelton Group
magmatism (Nelson et al., 2022).

The Valley of the Kings zone at Brucejack, which has been
the focus of most of the current mine development, is lo-
cated ~1 km southwest of Brucejack Lake (Figure 2a). The
stratigraphy is characterized by a basal sequence of marine
volcano-sedimentary rocks (ca. 195-194 Ma; Board et al.,
2020; Nelson et al., 2022), including epiclastic volcanic
sandstone, siltstone and mudstone, which are disconform-
ably overlain by polymictic conglomerate comprising re-
worked, porphyritic intrusive and sedimentary pebbles to
cobbles. The basal units were overlain by a transitional fa-
cies of fragmental andesite in a sandy matrix, which was
succeeded by an upper andesitic volcanic sequence of ag-
glomeratic latite flows and then by an uppermost andesitic
to latitic potassium-feldspar—phyric crystal-tuff unit
(Board et al. 2020; McLeish, 2022).

The Valley of the Kings zone experienced six stages of vein
development (Tombe et al., 2018). Stage I and II veins are
barren and consist of discontinuous pyrite-quartz-calcite
stringers and translucent to white, microcrystalline quartz
veinlets, respectively. Gold occurs predominantly in
stage 111 to V quartz-carbonate-sericite veins, breccias and
stockworks as electrum aggregates. Stage VI veins post-
date mineralization and comprise quartz-calcite-chlorite
tectonic-shear veins and/or tension gashes (Tombe et al.,
2018). The auriferous veins crosscut most rock types (ex-
cept postmineralization dikes), including all hydrother-
mally altered rock types and two generations of early folia-
tion (Board et al., 2020).

The structures that focused the bonanza-grade quartz-
carbonate stockworks were also exploited or locally cut by
a generation of east-trending mafic dikes, here termed
‘phase I’ dikes, which have been interpreted as syn- to late
mineralization, based on crosscutting relationships be-
tween the dikes and auriferous veins; phase I dikes cut, and
are themselves cut, by auriferous veins (Tombe et al.,
2018). Distinct from these dikes are a group of north-
trending, postmineralization dikes, including the Bruce-
jack faultdike (Figures 2a, 3e), which are referred to here as
‘phase II” dikes; these dikes cut the auriferous veins and the
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phase I mafic dikes at high angles (Board et al., 2020).
Drilling has demonstrated that intense phyllic alteration,
bonanza-type gold mineralization, and the phase I and II
dikes continue to at least 1300 m below the top of the pres-
ent erosional surface in the Valley of the Kings zone (Fig-
ure 2b; McLeish, 2022), which exceeds the vertical extent
(i.e.,50-700 m below the paleowater table) of most epither-
mal deposits (Hedenquist et al., 2000). In addition to the
phase I and Il dikes, five texturally and mineralogically dis-
tinct dikes have been encountered in deep exploration holes
beneath the mine workings.

Spatial Distribution of Phase I and II Dikes
in the Valley of the Kings Zone and
Adjacent Areas

The syn- to late-mineralization phase I mafic dikes (i.e.,
North dike and South dike) respectively exploit two major
east-trending, steeply dipping extensional and mineralized
structures, the domain 13 and domain 20 faults (Fig-
ure 3a, b). These light green to milky green, aphanitic to
fine-grained dikes, commonly metres to locally decimetres
in width, exhibit moderate carbonate and chlorite alteration
(Figure 3c, d). Calcitexchlorite—filled amygdules occur
throughout the dikes, which have finely banded chilled
margins. Phase I mafic dikes are porphyritic and are charac-
terized by an aphanitic, magnetic groundmass that has been
pervasively replaced by sericite and disseminated pyrite.
Phenocrysts of hornblende and plagioclase have been re-
placed by sericite (Figures 3¢, d, 4a). A182.7+1.0 Ma U-Pb
zircon age was obtained for North dike and is interpreted to
provide a minimum age for the epithermal mineralization in
the Valley of the Kings zone (Board et al., 2020).

In contrast, the postmineralization phase II dikes in the Val-
ley of the Kings zone are dark grey to black, fine to medium
grained, undeformed and relatively unaltered. They are
characterized by poikilitic hornblende laths and fine-
grained magnetite that is partly or fully enclosed by plagio-
clase oikocrysts (Figure 4b); these dikes exhibit weak pro-
pylitic alteration. The dikes are also steeply dipping, north-
trending and occur proximal to, and along, the north-
trending Brucejack fault, which crosscuts all hostrock
types, gold mineralization and foliation (Board et al.,
2020). Surface expressions of these dikes have been identi-
fied across the Valley of the Kings mine area and surround-
ing exploration areas, including metre-wide outcrops near
the Gossan Hill zone (Figure 2a).

Numerous other dikes with variable orientation and com-
position (described below) were sampled from drillcore
and outcrops adjacent to the mine areas, including veined
syn- to late-mineralization dikes at Gossan Hill and rela-
tively shallow-dipping dikes parallel to ore domains in the
West zone (Figure 2b). Like the phase I mafic dikes in the
Valley of the Kings zone, some of these dikes exploited

Geoscience BC Summary of Activities 2022: Minerals
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Figure 3. Representative photographs of mafic dikes showing the spatial relationships between mineralized quartz-carbonate stockworks
and phase | mafic dikes underground in a) South dike and b) North dike, as well as in syn- to postmineralization dike hand samples from
c) North dike phase |, d) South dike phase | and e) Brucejack fault dike phase Il in the Valley of the Kings zone.

structural corridors similar to fault stockworks of mineral-
ized domains 13 and 20, which host bonanza-grade gold
and base-metal-sulphide mineralization.

The Vertical Extent of the Valley of the
Kings Zone and Alteration

A deep-drilling program was conducted by Pretium Re-
sources Inc. (acquired by Newcrest Mining Limited in
2022) between 2018 and 2020 to determine the vertical ex-
tent of gold mineralization beneath the Valley of the Kings
zone and search for a potential magmatic source for the de-
posit. The dominant rock type in most of these holes is a
variably altered (shallow phyllic alteration and deeper pro-
pylitic alteration) plagioclase- and hornblende-phyric por-
phyry, which is referred to by company geologists as the
‘Bridge zone porphyry’ because of its similarity to the main
intrusive phase in the Bridge zone, a target of exploration
near the Valley of the Kings zone. In drillholes VU-2277
and VU-2019 (Pretium Resources Inc., unpublished data,
2022), the main unit is a thick volcano-sedimentary pack-
age of sandy to silty sediments with local metre-thick inter-

Geoscience BC Report 2023-01

beds of pebbly clast-supported oligomictic to polymictic
conglomerates. The lowermost part of drillhole VU-2277
(Pretium Resources Inc., unpublished data, 2022) inter-
sects a mafic, porphyritic fragmental volcanic unit that has
an interval over 200 m long and is spatially associated with
intermittent, metre-wide intermediate porphyry dikes
(Figure 2b).

Mafic to intermediate dikes were encountered in all the
deep holes and comprise both syn- to late-mineralization
mafic—intermediate dikes and postmineralization mafic
dikes, as well as other varieties of dikes (minor), which are
described and classified below based on composition.

Results and Interpretation

Pervasive hydrothermal alteration and postmineralization
metamorphism, up to subgreenschist facies (Board et al.,
2020), have modified the primary compositions of the
rocks in the Valley of the Kings zone and surrounding ar-
eas. As aresult, mobile elements, such as potassium and so-
dium, cannot be used to assess the original compositions of
most units. Therefore, relatively immobile elements (i.e.,
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Figure 4. Photomicrographs of dikes from deep holes in the Brucejack deposit area and drillcore photographs of three texturally distinctin-
termediate to mafic dikes from Valley of the Kings mine workings: a) photomicrograph in cross-polarized light (XPL) of a syn- to late-
mineralization phase | mafic dike containing sericite-replaced hornblende (Ser-rp-Hbl) and sericite-replaced plagioclase (Ser-rp-Pl)
phenocrysts in a moderately sericitized groundmass; b) photomicrograph in cross-polarized light of a postmineralization phase Il mafic
dike containing large hornblende (Hbl) and plagioclase (PI) phenocrysts that partly enclose smaller magnetite (Mag) euhedral crystals,
which are also surrounded by groundmass; c) syn- to late-mineralization phase | mafic dike with calcite (Cal)-filled amygdule; d) relatively
unaltered mafic dike with densely packed, calcite-(epidote)-filled vesicles; e) mafic to intermediate dike with a granodiorite (Grd) xenolith.

REEs and other high-field-strength elements [(HFSEs])
and their ratios were used to evaluate the primary geo-
chemical characteristics of the dikes (Figure 5a, b). An
immobile-element dataset of mine-hosted syn- to late-
mineralization phase I dikes, including North and South
dikes (Figure 2a, b), which are concordant with major min-
eralized domains, was evaluated and compared with a sepa-
rate dataset for dikes intersected in the deep holes. Six types
of texturally and geochemically distinct dikes were identi-
fied and are described below.

Syn- to Late-Mineralization Phase |
Mafic Dikes

Metre-scale mafic dikes are common below the Brucejack
deposit. They are aphanitic, green in colour, pervasively
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sericitized with local carbonate and chlorite alteration
patches, and contain relics of hornblende and plagioclase,
together with calcite-filled vesicles (Figure 4c). These
dikes are similar to, and are considered to be, the deeper ex-
pression of the syn- to late-mineralization phase I mafic
dikes in the mine, as they exhibit comparable mineralogy,
textures, composition, alteration and relationships to veins
(Figures 3—d, 4a, 5a). Both sets of dikes classify as subal-
kaline basalt (Figure 5a) and have higher V, Fe and Ti con-
centrations and lower Ba and Th than other dikes, except
postmineralization mafic dikes.

Postmineralization Dikes

Most of the postmineralization dikes intersected in the deep
holes are black to light grey, medium grained, relatively

Geoscience BC Summary of Activities 2022: Minerals
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unaltered and undeformed. They can be divided into two

geochemically distinct subclasses (corresponding to mafic

and intermediate compositions) based on incompatible
elements:

e Postmineralization mafic dikes that are typically dark
grey to black, fine to medium grained, locally amygda-
loidal and have a weakly sericite(-carbonate-chlorite)—
altered groundmass, locally containing sericitized pla-
gioclase phenocrysts; geochemically, they are charac-
terized by elevated Cr, Sc, V and Ti contents and classify
as subalkalic, tholeiitic basalt (Figure 5a).

e Postmineralization intermediate dikes that are typically
grey to dark grey and fine to medium grained, plagioclase-
phyric and either unaltered or locally weakly serici-
tized; they have relatively elevated concentrations of
REEs and HFSEs, including Nb, Zr and P, and classify
as andesitic basalt (Figure 5a).

Basaltic-Andesite Dikes

Basaltic-andesite dikes are restricted to depths greater than,
orequal to, ~2 km below the erosional surface. They are rel-
atively unaltered, dark grey, porphyritic, amygdaloidal and
contain occasional granodiorite xenoliths (Figure 4e¢).
These rocks are characterized by high concentrations of Ba,
Sr, P, light REEs and most HFSEs, including Zr, Th and Nb
(Figure 5b). Based on their immobile-element ratios,
samples of this unit have a borderline alkaline affinity
(Figure 5a).

Subalkaline Basalt Dikes

Subalkaline basalt dikes intersected in the deep holes are
restricted to depths between 1 and 1.6 km below the current
erosional level (Figure 2b) and are geochemically distinct.
They are relatively unaltered, very dark grey, aphanitic and
show minor or no evidence of deformation. Calcite amyg-
dules are common (Figure 4d) as is decimetre-wide layer-
ing, suggesting multiple injections of magma. These dikes
are more mafic than the basaltic-andesite dikes, as shown
by their high concentrations of Cr, Ti and Co. However,
they have E-MORB-normalized REE profiles similar to
the basaltic-andesite dikes, albeit with lower absolute-
element concentrations (Figure 5b). The immobile-element
ratios indicate that the dikes are subalkaline to borderline
alkaline and basaltic (Figure 5a).

Intermediate Porphyry Dikes and Bridge
Zone Porphyry

The intermediate porphyry dikes and the mineralized
Bridge zone porphyry have indistinguishable trace-
element compositions; both classify as subalkaline inter-
mediate intrusions (Figure 5a). Both the Bridge zone por-
phyry and the intermediate porphyry dikes are character-
ized by relatively high concentrations of Th (3.12—
5.04 ppm), whereas those of Ti, P and REEs (XTREE: 55—
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86 ppm) are low. They have Zr, Nb and REE concentrations
and La/YDb ratios ([La/Yb]N: 3.88—7.65) similar to those of
the syn- to late-mineralization mafic dikes.

Porphyritic Fragmental Volcanic Unit

The porphyritic fragmental volcanic unit classifies as an al-
kali basalt and is characterized by low concentrations of
REEs (ZTREE: 4045 ppm), with slightly enriched light
REEs and almost flat middle and heavy REE profiles
(Figure 5b).

Discussion

The REE concentrations of all intermediate- to mafic-dike
generations (except deep postmineralization mafic dikes)
are characterized by light and middle REE enrichment rela-
tive to E-MORB and other igneous units (i.e., the Bridge
zone porphyry, the intermediate porphyry dikes and the
porphyritic fragmental volcanic unit; Figures 2b, 5b). The
postmineralization mafic dikes have profiles very similar to
E-MORB, with slightly elevated middle REE concentra-
tions (Figure 5b). All units are readily distinguished one
from the other by their REE profiles as well as their La/YDb,
Ti/Yb, Th/Yb and Nb/Yb ratios (Figures 5b, 6a, b).

Syn- to late-mineralization phase I mafic dikes exposed in
the mine and intersected in drillholes below are closest in
affinity to E-MORB in terms of their TiO,/Yb, Th/Yb and
Nb/YDb ratios (Figure 6a, b), which may indicate the incor-
poration of enriched lithosphere (Pearce, 2008). In addi-
tion, the high Nb/Yb (2.38-3.52) and low Ti/Yb (0.50-
0.71) ratios suggest a low degree of partial melting (<5%)
from a relatively shallow, low-temperature mantle source
(2.0-2.5 GPa) that is atypical of subduction-related arc
magmas (Pearce, 2008). These ratios, however, could re-
flect a higher degree of partial melting (10—13%) of a more
deeply sourced alkalic magma (Pearce, 2008). As the
Brucejack deposit is spatially and temporally linked to
other alkaline systems in the Golden Triangle, consider-
ation should be given to the possibility that the phase I-type
dikes represent mafic alkalic intrusions related to postsub-
duction extension. More specifically, the phase I syn- to
late-mineralization mafic dikes may provide further evi-
dence of mafic alkalic magmatism related to Pliensbachian
postcollisional back-arc extension in Stikinia and the
ultimate demise of the Hazelton volcanic arc (Nelson et al.,
2022).

Significantly, the phase I dikes have Zr/Ti and Nb/Y ratios
that are indistinguishable from those of the broadly coeval
(182.6 +1.1 Ma; McLeish, 2022) mineralized andesitic to
latitic potassium-feldspar—phyric crystal-tuff unit (Fig-
ure 5a). Indeed, based on their similar ages, these phase I-
dike corridors are considered to be the feeder structures for
the latite flows (Board et al, 2020), which are interpreted to
have been mineralized soon after eruption, given that the
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dikes cut the early stage mineralized veins. Although the
source of the syn- to late-mineralization mafic magmas re-
mains uncertain, it seems likely that hydrothermal circula-
tion associated with the gold mineralization may have been
driven by an intrusion of this type at depth below the Valley
of the Kings zone.

The postmineralization phase Il mafic dikes display a prim-
itive island-arc tholeiitic affiliation, as suggested by their
E-MORB-like REE profiles (XTREE: 42-65 ppm; [La/
YDb]N: 1.64-3.69) and their high Fe, Cr and Co contents.
The Nb/Yb (0.92 5.13) and Th/Yb (0.10-1.09) ratios are
highly variable and trend from N-MORB-like to continen-
tal-arc—like basaltic compositions (Figure 6b). This may
signify a continental component in the ascending magmas.
In contrast, the postmineralization intermediate dikes are
relatively rich in REEs (ZTREE: 142-214 ppm), especially
the heavy REEs, whereas REE fractionation is subtle (Fig-
ure 5b). Given the relative enrichment in REEs and HSFEs
in these dikes, they likely evolved from enriched mantle
contaminated by crust (Pearce, 2008). As the age of the
postmineralization intrusive event is still undetermined, the
relationship between the mafic and intermediate subunits
remains unclear.

The basaltic-andesite (BA) and subalkaline basalt dikes
(SAB) have similar REE profiles, are relatively enriched in
light and middle REEs, and are strongly fractionated. Ba-
saltic rocks with very high (La/Yb)N ratios (BA: 42.8—
58.3; SAB: 17.5-20.8) and no apparent depletion in Nb, Ta
and Ti are commonly classified as alkaline (Weaver, 1991),
although in Figure 5a they classify as subalkaline (the BA is
borderline alkaline). Significant contributions by crustal
components may have caused the high Th/YD ratios (BA:
12.5-17.3; SAB: 2.82-3.52) of both dike types (Figure 6b).
It is tentatively proposed that these magmas were sourced
from a deep mantle after a low degree of partial melting and
subsequently assimilated crustal material. From their simi-
lar geochemical signatures and close spatial association, it
is further proposed that the BA and SAB dikes are geneti-
cally related and that the BA magma is probably an evolved
product of the SAB magma.

Conclusions and Future Work

Six types of dikes were classified at the Brucejack deposit,
based on their immobile-element (i.e., rare-earth elements,
high-field-strength elements) concentrations and ratios and
on their enriched mid-ocean—ridge basalt-—normalized rare-
earth element distributions. Discrimination diagrams sug-
gest a geochemical affinity ranging from subalkaline basalt
for the syn- to late-mineralization dikes to basaltic-
andesite. Systematic differences in rare-earth element pro-
files (i.e., XREE, [La/Yb]N) and the concentrations of other
high-field-strength elements suggest an enriched magma
source that could possibly have been generated during rift-

34

ing. The discrimination diagrams also suggest a genetic
link between the syn- to late-mineralization mafic dikes in-
tersected in deep drillholes and those occurring within
high-grade mineralized corridors in the mine (Figure 5a).

Syn- to late-mineralization mafic dikes are characterized
by moderate Ti/Yb and Nb/Yb ratios and may have been
emplaced during back-arc rifting. Postmineralization
structural events (e.g., the development of the Brucejack
fault) are believed to have controlled emplacement of the
postmineralization dikes, which experienced variable de-
grees of fractionation, leading to two subclasses (i.e., mafic
and intermediate). Evidence of enrichment in immobile el-
ements and strong rare-earth element fractionation in the
basaltic-andesite and subalkaline basalt dikes suggest a
deep mantle source and a high degree of crustal interaction.

Uranium-lead age determinations and a trace-element
study of zircon and baddeleyite in the dikes will be used to
further evaluate the magmatic evolution of the Brucejack
area and gain additional insights into possible magmatic re-
lationships with the gold mineralization. To assess the ages
of the intrusive phases, zircon (and, if possible, bad-
deleyite) will be separated from all classes of intermediate
to mafic dikes in the Brucejack area and will be evaluated
by a cathodoluminescence imaging system coupled to a
scanning electron microscope to distinguish primary mag-
matic zircon from possibly inherited zircon (Miller et al.,
2007). Depending on the complexity of crystal growth and
the morphology of the target grains, U-Pb age determina-
tions will be conducted by either laser-ablation inductively
coupled plasma—mass spectrometry or isotope dilution—
thermal ionization mass spectrometry. The trace-element
chemistry of the different growth phases of the target crys-
tals will be evaluated from the results of laser-ablation in-
ductively coupled plasma—mass spectrometry analyses. In
addition, statistical analyses, including principal-
component analysis, will be performed to assess the corre-
lations between gold content and element concentrations
attributable to alteration and magmatic processes.
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Introduction

Copper-porphyry deposits are large-tonnage, low-grade,
intrusive mineral deposits that range from less than 10 Mt to
10 Gt grading 0.5 to 1.5% Cu (Sillitoe, 2010). Copper-
porphyry systems host over three-quarters of the global
copper resources and are thus a vital source for meeting the
world’s current and future copper demand (Sillitoe, 2010).
As the world transitions to a decarbonized economy, cop-
per is increasingly required to support global electrification
upgrades to industrial systems as well as transportation and
low-carbon energy infrastructure. The increasing global
population and infrastructure-electrification upgrades will
cause the global demand for copper to rise by a predicted
275% to 350% by 2050 (Elshkaki et al., 2016; Ciacci et al.,
2020). New mineral-deposit discoveries are critical to
meeting this demand; however, the remaining undiscov-
ered deposits are in regions that are mostly or entirely hid-
denunder hundreds of metres of postmineral cover material
(Gonzalez-Alvarez et al., 2020). Exploring through post-
mineral cover adds significant complications and chal-
lenges to the discovery of new mineral deposits (Eppinger
et al., 2013). Effective, timely and economically feasible
exploration technologies must be developed to meet the
rise in copper demand and address the challenges associ-
ated with exploring under increasing depths of postmineral
cover (Gonzalez-Alvarez et al., 2020).

This research will contribute to the development of cost-
effective, efficient and quantitative exploration techniques

!The lead author is a 2022 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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for porphyry-copper exploration under sedimentary cover
material in British Columbia (BC) and will be applicable to
any exploration program utilizing detrital indicator-
mineral (DIM) methods. The research objectives of the
projectare to improve, quantify and expedite the identifica-
tion of copper ore and gangue minerals, focusing primarily
on Cu-porphyry DIMs, using methods that will be devel-
oped on samples from Cu-porphyry exploration programs
and producing Cu-porphyry mines in BC. The research ob-
jectives will be achieved by developing a quantitative ap-
proach to indicator-mineral identification that overcomes
the limitations of conventional DIM methods that include
the handpicking of mineral grains and prohibitive costs as-
sociated with scanning electron microscope (SEM) analy-
sis. The aim of the research is to develop Cu-porphyry
DIM-identification methods using benchtop micro-X-ray—
fluorescence (LXRF) core scanners. The pXRF DIM-
identification methods will be evaluated against SEM
analysis of samples from producing BC Cu-porphyry
mines and Cu-porphyry exploration programs.

Background Information
Indicator Minerals

Indicator minerals are minerals that contain textural or
chemical information indicating the presence of specific
mineralization in the bedrock from which the minerals
originally came (McClenaghan et al., 2000). In Cu-
porphyry exploration, indicator minerals have been widely
used as geochemical and detrital vectoring tools (Eppinger
etal., 2013; Cooke et al., 2020). Detrital indicator minerals
are derived from sediments such as glacial till, stream and
lake sediments, or soil samples. Detrital indicator minerals
have been used to explore for various mineral resources in-
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cluding diamonds, gold, precious gems, base-metal sul-
phides and Cu—Ni—platinum-group element sulphides
(McClenaghan, 2005; Gent et al., 2011). The use of DIMs
has led to the discovery of numerous Canadian deposits and
DIM methods can also be used to explore for Cu-
porphyries in BC (Plouffe et al., 2016).

Detrital Indicator-Mineral Methods

Methods that rely on DIMs generally involve sampling,
phase segregation and handpicking under an optical
microscope by a human expert and/or SEM analysis
(McClenaghan and Layton-Matthews, 2017). Optical grain
counting and handpicking DIMs is labour intensive, inher-
ently human biased and subjective, and results in both
costly and slow analysis compared to automated mineral-
ogical methods (Gent et al., 2011; Sylvester, 2012). Auto-
mated mineralogy using SEM analysis has been widely ap-
plied to DIMs; the method offers improvements in
repeatability, quantification and automation (Lougheed et
al., 2020). The challenges to applying widespread auto-
mated SEM analysis to a DIM exploration program are the
high costs associated with the method and the relatively
long amount of time required for sample preparation,
analysis and data interpretation.

Benchtop uXRF Core Scanners

Analysis of DIMs by high-resolution uXRF core scanners
offers a promising alternative to SEM-based methods, or
may be complementary to these methods, when applied to
DIMs. High-resolution (in the order of tens of microns)
uXRF core scanners have been widely used by the paleo-
climate scientific community to investigate paleosediment
cores for the past two decades (Jansen et al., 1998). The
uXREF analytical approaches used in paleoclimate research
are increasingly being applied to the geosciences and min-
eral and petroleum industries (Croudace et al., 2019). Geo-
logical applications include sedimentary-core trace-metal
analysis (Hennekam et al., 2019), characterization of vol-
canic debris (Peti et al., 2019) and mineral mapping in
Carlin-type gold systems (Barker et al., 2021). The petro-
leum and mining industries have used benchtop pXRF
analysis for tailings characterization (Fawcett and Jamie-
son, 2011; Galloway etal., 2018), tying of geochemical sig-
natures to mechanical properties of rocks (Hussain et al.,
2018) and geochemical characterization of stratigraphy in
unconventional reservoirs (Hussain et al., 2022). Use of
uXRF core scanners presents an opportunity to rapidly
characterize DIMs to aid in the search for Cu-porphyry
deposits.

Automated Mineral Identification

Artificial intelligence and machine-learning (ML) applica-
tions have undergone widespread innovation in mining and
the geological sciences in the past ten years (Jooshaki etal.,
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2021). Machine learning is an area of study with a set of
methods that extracts meaningful patterns and associations
from known information that can be generalized and ap-
plied to new data to make predictions under uncertainty
(Jordan and Mitchell, 2015). The ML methods investigated
in this study can broadly be grouped into two categories:
supervised and unsupervised methods. Supervised ML
methods are a broad family of algorithms that are first
trained on labelled data and then applied to predict labels on
test or new data, whereas unsupervised ML methods are ap-
plied to unlabelled data. Structural and relational properties
within the data are extracted by unsupervised methods and
these relationships are used to cluster or reduce the dimen-
sionality of the dataset (Jordan and Mitchell, 2015).

Automated mineral identification has been widely imple-
mented in mining and the geosciences since the early 2000s
using automated scanning electron microscopy (Gottlieb et
al., 2000). Automated mineral-identification methods can
also be grouped into two theoretical approaches: super-
vised classification methods using mineral standard-spec-
tral libraries and unsupervised clustering methods (Schulz
etal., 2020; Jooshaki et al., 2021). Automated SEM analy-
sis predominantly identifies minerals by comparing the en-
ergy dispersive spectroscopy (EDS) spectra of a phase to
known EDS spectra in a mineral standard-spectral library
to determine the best match. Alternatively, phases can be
identified without a mineral standard-spectral library by re-
sorting instead to unsupervised clustering of similar EDS
spectra into distinct separate groupings representing
phases present in the sample. Unsupervised clustering al-
lows for phases to be identified without building an exten-
sive database; however, the method still requires user input
to relate clusters of similar spectra to the mineral(s) that
generated them. Furthermore, there is widespread potential
to apply modern supervised and unsupervised methods to
EDS spectra and other electron-microbeam analyses used
to identify minerals, including uXRF (Jooshaki et al.,
2021). For example, supervised neural networks have been
applied to generate mineral maps by classifying integrated
pXRF and micro-X-ray—diffraction (uXRD) data of fine-
grained shale units to model mineral reactivity (Kim et al.,
2022).

Methodology
Geochemical pXRF Analysis

An M4 Tornado Plus benchtop pXRF core scanner, manu-
factured by Bruker and equipped with a rhodium tube and
two 260 mm” silicon drift EDS detectors with ultra-thin
windows, was used for the analysis. Standard analytical pa-
rameters of 19 pm X-ray beam width, 100 um pixel resolu-
tion, 10 ms/pixel dwell time, double detector channels,
50kV acceleration voltage and chamber pressure of 1 mbar
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were used. The M4 Tornado Plus has a mapping area of 190
by 160 mm.

Benchtop pXRF core scanners nondestructively analyze
whole-rock samples producing two-dimensional arrays of
XREF spectra (Flude et al., 2017). A two-dimensional array
of XRF spectra per pixel was produced representing the
geochemical variation across the sample. Chemical maps,
also commonly referred to as ‘elemental maps’, were pro-
duced by matching elemental peaks to the XRF spectral
peaks identified in the scanned XRF spectra from the bulk
composition of the sample. Areas of interest were selected
for later quantification using the M4 Tornado Plus software
package.

Elemental quantification was completed in the Bruker
ESPRIT 2.4 software. The ESPRIT software is more effi-
cient in quantifying elemental concentrations to acquire
large chemical maps than the M4 software due to its multi-
core processing capabilities. Normalized, quantitative ele-
mental abundances were derived for each pixel from the
XREF spectra using the ‘oxides’ quantification method from
the Bruker Quantitative Mapping (QMap) tool, which re-
lies on fundamental-parameters standardless quantifica-
tion to determine elemental concentrations from the XRF
spectra (Kanngiefer, 2003). Fundamental-parameters
standardless-XRF quantification has been determined to be
the best quantification method for heterogeneous rock sam-
ples due to the high geochemical variation found within
geological material (Flude et al., 2017; Barker etal., 2021).
Future work will validate the use of this method applied to
Cu-porphyry DIMs. Both quantified and normalized
elemental-concentration data were collected.

Exploratory Data Analysis

Exploratory data analysis of the quantified chemical maps
was completed in Python, a high-level programming lan-
guage. A dimension-reduction algorithm was used to trans-

form the quantified compositional data from multidimen-
sional elemental space to two-dimensional space. An unsu-
pervised ML clustering method was applied to the trans-
formed two-dimensional data to identify distinct clusters.
The mineral names or mineral groups represented by simi-
lar compositional clusters were determined by the bulk
chemistry of the cluster. Quantified elemental and mineral
maps were produced using a data-visualization package.

Samples

A5 by 16 cm piece of granitic Cu-porphyry core was scan-
ned with a Bruker M4 Tornado Plus core scanner at the
Electron Microbeam and X-Ray Diffraction Facility (Van-
couver, BC), associated with the Mineral Deposit Research
Unit of The University of British Colombia (Figure 1). The
sample was mineralized with chalcopyrite and pyrite rec-
ognized in hand sample. Gangue minerals present in the
sample were quartz, feldspar, amphibole and mica. A
mosaicked RGB image of the sample was captured at 100x
magnification (Figure 1); the area of the sample shown in
the inset on Figure 1 was selected for chemical quantifica-
tion and normalization.

Preliminary Results
Chemical Maps

Using a visualization package in Python, chemical maps
were produced from exported quantified and normalized
elemental concentrations determined using the Bruker
ESPRIT QMap tool. Preliminary quantified chemical maps
of Si, Al, K, Ca, Mg and P are shown in Figure 2, while S,
Cu and Fe are presented in Figure 3. The uXRF chemical
maps of geological material represent the relative geo-
chemical variations within a sample, which are controlled
by the distribution and composition of minerals in the sam-
ple (Barker et al., 2021). For example, the Si and Al
chemical maps clearly show quartz veins surrounded by an

Figure 1. Mosaic of the Cu-porphyry core captured by the camera in the chamber of the Bruker M4 Tornado Plus core scanner (inset shows
area that was selected for quantification).
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Figure 2. Micro-X-ray—fluorescence images showing quantified concentrations of Si (a), Al (b), K (c), Ca (d), Mg (e) and P (f) ina
mineralized Cu-porphyry core sample (g) shown in an image captured at 100x magnification by the camera of a Bruker M4
Tornado Plus core scanner. The uXRF chemical maps represent the geochemical variations within a sample, which are controlled
by the distribution and composition of minerals in the sample. The Si and Al chemical maps clearly show quartz veins surrounded
by an aluminosilicate matrix (Figure 2a, b). The Ca chemical map illustrates several groupings of Ca-bearing minerals in the alu-
minosilicate matrix (Figure 2d). The highest Ca values overlap with the highest P values (Figure 2f) indicating the presence of
apatite {Cas(PO4)s(F,Cl,OH)}; moderate Ca, Mg and Fe values and elongate crystal shapes indicate hornblende
{Cay(Mg,Fe,Al)s(Al,Si)sO,2(OH),} is present; moderate to low Ca values with Al indicate the presence of plagioclase feldspar
{(Na,Ca)Al,Si,Og}; and very low to no Ca indicates that quartz is present. Additionally, the K elemental map shows the effects of
potassic-hydrothermal alteration, associated with the ore zone, where high K values indicate potassic alteration in the aluminosili-
cate gangue (Figure 2c). Chemical maps were produced using a visualization package in the programming language Python from
exported quantified and normalized elemental concentrations determined using the Bruker ESPRIT QMap tool.
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Figure 3. Micro-X-ray—fluorescence images showing quantified concentrations of S (a), Cu (b) and Fe (c) in a mineralized Cu-porphyry
core sample. Copper-ore minerals and sulphide gangue can be readily identified by S, Fe and Cu values on the chemical maps. The high Cu
values indicate the presence of chalcopyrite and high Fe and S values, that of pyrite.

aluminosilicate matrix (Figure 2a, b). Similarly, copper-ore
minerals and sulphide gangue can be readily identified by
S, Cu and Fe values on the chemical maps (Figure 3). The
high Cu values indicate the presence of chalcopyrite, and
high Fe and S values indicate that of pyrite. In addition to
identifying mineralization and vein composition, the
chemical maps can be used to visualize the elemental
variance across a sample to determine mineralogy and
hydrothermal alteration in the quartz-aluminosilicate
matrix. For example, the quantified Ca chemical map
illustrates several groupings of Ca-bearing minerals (Fig-
ure 2d). The highest Ca values overlap with the highest
P values (Figure 2f) indicating the presence of apatite
{Cas(PO,);(F,C1,OH)}; moderate Ca, Mg and Fe values
and elongate crystal shapes indicate that hornblende
{Cay(Mg,Fe,Al)s(ALSi)sO2(OH),} is present; moderate to
low Ca values with Al indicate the presence of plagioclase
feldspar {(Na,Ca)Al,Si,03}; and very low to no Ca indi-
cates that quartz is present. In addition to mineralogy, the
chemical effects of hydrothermal alteration can be seen on
the chemical maps (Figure 2¢). High K values in the alumi-
nosilicate matrix illustrate widespread potassic alteration,
where K has replaced Ca and Na in the gangue minerals
(Figure 2c¢).
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Mineral Maps

The unsupervised clustering algorithm identified six clus-
ters that generally correspond to chalcopyrite, pyrite, horn-
blende, apatite, quartz and aluminosilicate-quartz matrix
(Figure 4). Apatite, chalcopyrite and pyrite were composi-
tionally distinct and easily separated using the clustering al-
gorithm. The clustering algorithm was not as effective
when used to separate compositionally similar aluminosili-
cate mineral groups, such as feldspar and clay.

Discussion

uXRF Chemical Mapping

The benchtop uXRF core scanner and ESPRIT QMap tool
used to quantify elemental maps displayed in Python were
highly effective in producing informative chemical maps
for ore, gangue and indicator minerals. The maps clearly il-
lustrated vein mineralogy and highlighted copper-mineral-
ization distribution across the sample. Quartz veins can be
identified by high Si values, whereas copper-ore minerals
and pyrite gangue can be readily identified by S, Fe and Cu,
and the aluminosilicate matrix can be differentiated by Ca
concentration (Figures 2, 3). High P values highlighted ap-
atite grains, a key porphyry-indicator mineral (Bouzari et
al., 2016). Hydrothermal alteration is another example of
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Figure 4. Mineral map of a mineralized Cu-porphyry core sample derived from quantified
micro-X-ray—fluorescence chemical maps using unsupervised dimensionality-reduction
and clustering methods. The unsupervised clustering algorithm identified six distinct
clusters that generally correspond to chalcopyrite, pyrite, apatite, hornblende, quartz and
aluminosilicate-quartz matrix. Apatite, chalcopyrite and pyrite were compositionally dis-
tinct and easily separated using the clustering algorithm; however, fine pyrite grains may
have been underestimated. The clustering algorithm was less effective in separating
compositionally similar aluminosilicate mineral groups, such as feldspar and clay. The
copper mineralization illustrated on the mineral map is predominantly associated with, or
proximal to, quartz veining and the sulphides present are chalcopyrite and pyrite. Apatite,
a key Cu-porphyry—indicator mineral, can be readily identified on the mineral map.

pXRF chemical mapping revealing subtle geochemical
textures. The pXRF chemical maps of the porphyry core
show widespread elevated values of K (Figure 2c) that are
interpreted to indicate pervasive potassic alteration with K
replacement in aluminosilicates.

uXRF Mineral Identification

In this study, copper mineralization, sulphides, amphibole
and apatite were successfully clustered into distinct group-
ings by the unsupervised clustering method and a user-
assigned mineral name from the bulk chemistry of the clus-
ter was given to the cluster. As this work is preliminary, the
mineral phases identified require future external validation
by scanning electron microscopy and/or X-ray diffraction
(XRD). The clustering method applied functions most ef-
fectively when determining compositionally distinct min-
erals such as chalcopyrite, pyrite, apatite and quartz. These
groupings were easily separated using the clustering algo-
rithm, although this method failed when used to separate
the minerals in the aluminosilicate matrix, such as feldspar,
clay and amphibole. Additional work refining and develop-
ing the clustering method is required to distinguish be-
tween compositionally similar aluminosilicate groups,
such as has been achieved using the linear-programming
approach adopted by Barker et al (2021). The difficulty in
identifying compositionally similar minerals is not unique
to uXRF chemical mapping. Compositionally similar min-
erals, such as aluminosilicates and oxides, pose a challenge
to electron-microbeam—derived spectral methods of min-
eral identification as these minerals are difficult to
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distinguish one from the other due to the fact their similar
spectra reflect similar elemental compositions.

uXRF Technical Challenges

Several technical challenges were identified in this study.
Mixed XRF spectra were a potential drawback of the
method and posed an additional challenge when it came to
identifying minerals using pXRF chemical mapping. The
large excitation volume of the electron beam can produce
deep multiphase fluorescence and result in horizontal and
vertical spectral mixing in nonmonolayered samples
(Flude et al., 2017). For example, neighbouring minerals
adjacent to, and lying below, the uppermost mineral in a
sample may interact with the electron beam and result in
mixed spectra. Spectral mixing can result in an apparent
range of compositions for a mineral due to the effect of
neighbouring minerals diluting the signal from the mineral
of interest. Two-phase mixing may be readily quantified,
however, three- to four-phase mixing greatly complicates
deconvolution of the uXRF spectra when determining
quantified mineralogy (Barker et al., 2021). Mixed pixels
consisting of spectra from two or more minerals compli-
cated the clustering algorithm’s effectiveness in separating
mineral groups by composition. This was due to mineral
chemical compositions appearing to range from the end-
member chemistry of a mineral, derived from unmixed
spectra, to a blend of the chemical compositions of two or
more minerals, derived from mixed spectra. The apparent
range of mineral compositions that blended into one
another reduced the effectiveness of the clustering algo-
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rithm to distinguish between separate, distinct mineral
groups.

uXRF Geoscience and Exploration
Applications

Micro-X-ray—fluorescence techniques provide a nonde-
structive method that can be used for the analysis of major
and trace elements; furthermore, these techniques present a
wide range of opportunities for applications in the geo-
sciences and mineral exploration (Croudace et al., 2019).
Benchtop nXRF core scanners allow for relatively rapid
quantitative chemical analysis over a large mapping area, in
comparison with other automated mineralogy methods,
and can provide key geochemical information at the scale
of tens of microns (Flude et al., 2017). For example, pXRF
chemical maps can be used to identify mineralogical and
compositional variation in veins, provide information on
trace precious metals in ores and deleterious elemental dis-
tributions in tailings (Fawcett and Jamieson, 2011; Ryan et
al.,2018; Barker et al., 2021). Additionally, mineral identi-
fication can be derived from pXRF spectra and has wide-
spread potential to aid in DIM exploration programs. Min-
eral mapping using pXRF results in faster and cheaper
analysis requiring less sample-preparation time when com-
pared to automated SEM analyses. However, a conse-
quence of this approach is that the data interpretation be-
comes more complicated due to the effects of mixed spectra
and the difficulty distinguishing between compositionally
similar minerals. Machine-learning methods offer opportu-
nities to address the challenges associated with pXRF-data
interpretation (Barker et al., 2021; Kim et al., 2022). The
preliminary results show that the unsupervised ML meth-
ods applied in this study identified key copper ore, gangue
and indicator minerals, but were less effective when it came
to separating compositionally similar minerals or mixed
spectra, thus requiring user input to link clusters to mineral
groups. Supervised ML methods can potentially lead to the
successful classification of complicated uXRF data as the
algorithms can be trained to identify mixed signals and in-
tegrate additional datasets, such as those obtained from
XRD, optical images or microscopy (Barker et al., 2021;
Kim et al., 2022).

Conclusion

The aims of this research are to develop uXRF mineral-
identification methods designed to improve, quantify and
expedite the identification of Cu-porphyry—related ore,
gangue and indicator minerals. The project will contribute
to the development of industry-applicable, cost-effective
quantitative mineral-identification methods. The prelimi-
nary study investigated mineral-identification methods on
a piece of mineralized Cu-porphyry core using uXRF
chemical mapping and unsupervised ML methods. The un-
supervised mineral-identification methods identified cop-
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per mineralization, sulphides and porphyry-indicator min-
erals, including chalcopyrite and apatite. Compositionally
similar minerals, such as aluminosilicates, were not readily
identified using the clustering method. These preliminary
results show the unsupervised ML methods were success-
ful in identifying copper ore and DIMs. Further work is re-
quired to validate the uXRF fundamental-parameters stan-
dardless quantification of Cu-porphyry minerals and to
externally validate the minerals identified by SEM and/or
XRD analysis using the clustering algorithm. Future work
will apply uXRF chemical mapping and unsupervised ML
classification methods to DIMs.
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Introduction

Climate change and rising atmospheric carbon dioxide
(CO,) levels have recently become much-debated environ-
mental issues. One of the strategies necessary to mitigate
climate change is capturing, utilizing and storing green-
house gases such as CO, (Bickle, 2009). Carbon sequestra-
tion via mineral carbonation (also known as carbon miner-
alization) has emerged as a promising strategy to reduce net
greenhouse gas emissions (Seiftritz, 1990; Lackner et al.,
1995; Lackner, 2003; Sipild et al., 2008). Industrial waste
materials like mine tailings are high in reactive surface area
because of the crushing and grinding during mineral pro-
cessing and, thus, are ideal for carbon mineralization
(Uddin et al., 2012). Different tailings materials will have
various sequestration capacities. Specifically, waste from
mines hosted in ultramafic rocks that contain commodities
such as asbestos, diamond, chromite and nickel have the
highest predicted carbon sequestration capacity due to the
presence of fast-reacting trace minerals such as brucite
(Wilson et al., 2009, 2010, 2011; Power et al., 2011;
Pronostetal., 2011; Beactal., 2012; Harrison et al., 2013;
Rozalen et al., 2014; Hamilton et al., 2020). Currently,
many ultramafic mine sites around the world, such as the
Mount Keith nickel mine in Western Australia and the
Diavik Diamond Mine in the Northwest Territories, Canada,
have documented their tailings naturally reacting with at-
mospheric CO, (Wilsonetal.,2011,2014). The province of
British Columbia (BC) also represents massive carbon-
capturing potential, as the area contains extensive volumes
of ultramafic rock that host some of Canada’s largest nickel
deposits. The extraction and crushing of such rocks during
mining will unlock their reactivity for ex-situ carbon min-
eralization.

The geochemical process of mineral carbonation in mine
tailings involves incorporating CO, gas into inert carbonate

!The lead author is a 2022 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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minerals (MgCO;-xH,0) through the aqueous reaction of
1) the dissolution of CO, into the water, producing acidity;
2) leaching of cations from the surrounding minerals; and
3) the precipitation of Mg-carbonate minerals, consuming
alkalinity, as described in Equations 1 to 3, where (g) refers
to gaseous phases, (1) refers to liquid phases, and (aq) refers
to aqueous phases.

2C05(g) + 2H>0(1) <> 2H>CO3(aq) — 2HCO5 (aq) + 2H  (ag) (1)
Mg(OH),+ 2H — Mg’ + 2H,0 2)
Mg”" + 2HCO; + 2H,0 — MgCO3-3H,0 + CO5(g) 3)

The current feasibility studies that are used to synthesize
the capacity of mine tailings for carbon sequestration at an
industrial scale include lab-scale, pilot, and field-scale test-
ing (McGrail etal., 2003, 2006; Matter and Kelemen, 2009;
Haugetal.,2011; Beerling etal., 2018; Power et al., 2021).
In particular, lab-scale testing is used to study the carbon
sequestration potential or the reactivity of minerals and tail-
ings. Reaction rate and time are two dominating factors
controlling mineral carbonation reactivity (Knauss and
Wolery, 1988; Berg and Banwart, 2000; Pokrovsky and
Schott, 2004; Harrison et al., 2013; Power et al., 2013a, b;
Thometal.,2013; Lietal., 2018; Bullock et al., 2021). Pre-
vious studies on mineral dissolution kinetics have shown
that not all cations are accessible under atmospheric condi-
tions (Snabjornsdottir etal., 2018; Tutolo and Tosca, 2018;
Wolff-Boenisch and Galeczka, 2018; Paulo et al., 2021).
Hence, this paper uses labile Mg** (defined as Mg”" that is
accessible and can be rapidly leached at ambient pressure
and temperature) to quantify carbon sequestration reactiv-
ity in ultramafic rocks.

Mineral dissolution in a flow-through reactor (flow-
through time-resolved analysis [FT-TRA] module) was
used to characterize the loosely bound, fast-reacting labile
Mg*" and slow-reacting non-labile Mg** (De Baere et al.,
2015; Lu et al., 2022). Results show that the amount of la-
bile Mg*" is primarily controlled by the reaction rate of the
mineral and time in the flow-through reactor. In other
words, the amount of accessible labile Mg** will depend on
the characteristics of a carbon sequestration site, particu-
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larly the length of time that the cation feedstock is exposed
and can dissolve and react with CO; to form carbonate min-
erals. The lab-scale test also demonstrates that all Mg*" in
Mg-hydroxide minerals are labile due to their high reactiv-
ity, whereas Mg-silicate minerals contribute less due to
their slow dissolution kinetics. Nonetheless, Mg-silicate
minerals have the highest abundance in ultramafic rocks
and, thus, represent the most significant potential source of
labile Mg*" for mineral carbonation.

Although the flow-through dissolution experiment has suc-
cessfully characterized labile Mg**, the FT-TRA module
can be challenging to set up and operate (De Baere et al.,
2015). Alternative experiment protocols that are easier to
operate, faster and low-cost are sought for more efficient
evaluation. In this study, an air carbonation test is adopted
to characterize reactivity by quantifying labile Mg*" car-
bonation. The air carbonation method treats samples under
humidified CO, gas in a closed chamber and monitors the
increase in total inorganic carbon content. Samples of typi-
cal ultramafic minerals and tailings were acquired to test
the method. The air carbonation experiment is conducted
with an orthogonal design to rank various factors influenc-
ing labile Mg®" carbonation (Zurovac and Brown, 2012;
Wu, 2013; Zhang and Ma, 2013). The details of the or-
thogonal experimental design and data analysis are dis-
cussed below. Overall, the air carbonation test will be eval-
uated as a low-cost and labour-efficient option for
assessing the mineral carbonation reactivity of minerals
and tailings. The results from this study will impart a better
understanding of the fundamental mechanisms and chemi-
cal processes that control heterogeneity and reactivity, with
implications for mineral carbonation in other processed in-
dustrial wastes, such as asbestos mine tailings, red mud and
steel slag. More importantly, this research serves as a foun-
dation to develop characterization protocols to assist CO,
capture and storage using mine tailings in BC, and may take
BC to the forefront globally in the development of carbon
capture, utilization and storage.

Materials and Methods
Sample Material

Three mineral samples (brucite, serpentine and forsterite)
were used to prepare samples for the air carbonation test:
high-purity pulverized brucite ore was sourced from the
Brucite mine (Gabbs District, Nevada, United States); ser-
pentine samples were obtained from the Swift Creek land-
slide in the northwestern part of the State of Washington,
United States; and forsterite grains from the Twin Sisters
dunite, also in Washington, were supplied by Ward’s
Science (item# 470025-722).

The samples were dry-milled and dry-screened to the fol-
lowing particle size ranges: <53 um, 53—106 pm, and
>106 pm. All samples were characterized for their mineral-
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ogical composition (using quantitative X-ray diffraction),
thermal stability and fraction of volatile components (using
thermogravimetric analysis [TGA]), specific surface area
(using the multi-point Brunauer-Emmett-Teller [BET]
method with N, gas absorption), and particle size distribu-
tion (using a Malvern Panalytical Mastersizer 2000 laser dif-
fraction particle-size analyzer). Brucite abundance in the
mineral samples is taken from values measured using TGA,
since quantitative X-ray diffraction (QXRD) analyses often
result in a high relative error for minerals at low abundance
(Raudsepp et al., 1999; Washbourne et al., 2012; Tosca and
Masterson, 2014; Arce etal., 2017; Turvey et al., 2018a, b,
2022). The relevant sample characterization results are
summarized in Table 1.

Orthogonal Experimental Design

Orthogonal experimental design (OED) is a method of sci-
entific testing that studies multiple factors simultaneously,
and their impact level, to determine the optimal combina-
tion of factors (Zurovac and Brown, 2012; Wu, 2013).
Orthogonality refers to the property of a design that ensures
all the specific parameters may be estimated independently
of one another. Orthogonal experimental design is often
used for this purpose, because the design can effectively re-
duce the number of experiments needed. Variance analysis
and regression analysis are commonly used to analyze the
results from OED tests, and can lead to many valuable con-
clusions (Zhang and Ma, 2013). Thus, OED is used in this
study to allow testing of multiple variables that can affect
mineral carbonation reactivity of minerals and tailings.

The orthogonal table is the foundation of the orthogonal ex-
perimental design, which is formed according to the fol-
lowing definition:

Ly(m)",

where L is the table, 7 is the number of rows (which corre-
sponds to the number of test cases), m is the number of col-

Table 1. Summary of relevant quantitative X-ray diffraction
(gXRD) mineral abundances, thermogravimetric analyses
(TGA), brucite abundance, and Brunauer-Emmett-Teller
(BET) surface area values for the three mineral samples

tested.

Sample name Brucite S(_erpen_tlne Forsterite
(lizardite)

Serpentine' 91.9

Brucite? 90.0

Diopside’

Pyroaurite? 0.2

Forsterite' 94.9

Magnesite' 0.5

Phlogopite’ 3.6

BET surface area® 4.2 18.5 0.2

'wt. % abundance determined by gXRD
2wt. % abundance determined by TGA
BET (m?%/g)

Geoscience BC Summary of Activities 2022: Minerals
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umns (which corresponds to the number of factors), and k is
the factor level number, meaning each factor has & levels.
Earlier studies investigated the controls of mineral carbon-
ation in column experiments, and identified that water con-
tent and grain size have effects on the progress of the min-
eral carbonation reaction (Harrison et al., 2015, 2016).
Since both brucite and Mg-silicate minerals (e.g., serpen-
tine, olivine) were identified as important sources of reac-
tivity, their mineralogical content may also have an impact
on the carbonation process (Lu et al., 2022). Four factors
that could impact labile Mg*" carbonation reaction were
identified for this study: 1) water content, 2) grain size,
3) brucite content, and 4) silicate mineralogy (serpentine
and olivine [forsterite] content). Each of these four factors
were tested at three levels (Wu, 2013). Hence, for a test of
four factors and three levels, the number of independent
test cases was nine, and the orthogonal table formed is de-
fined by the expression Lo(4%), as shown in Table 2.

The three levels of water content selected for testing were
7.5 wt. % (of the sample mass), 12 wt. % and 15 wt. %. The
three levels of grain size tested were >106 um, 53—106 pm,
and <53 pm. The three levels of brucite content tested were
4 wt. % (of the sample mass), 7 wt. % and 10 wt. %. The
presence of forsterite and serpentine in the samples was
tested by samples with forsterite only, samples with half
forsterite and half serpentine, and samples with serpentine
only. In this way, the combination of each line in Table 2
constitutes a test case.

Air Carbonation Tests

The set-up of the air carbonation test included a 60 L
polycarbonate reaction chamber with inlet and outlet ports
for gas flow, and two 4 L interconnected conical flasks
(Figure 1). Compressed 10% CO, gas was continuously in-
jected into the reaction chamber, using Saint-Gobain
Tygon™ R-3603 tubing, at approximately 200 millilitres
per minute (ml/min). Carbon dioxide gas was humidified
by flowing through the two interconnected 4 L conical

flasks containing distilled water. Pulp samples of the min-
erals were moulded into the shape of disks with dimensions
of 17.9 mm radius and 1.8 mm thickness, using a premade
Perspex® glass mount and rod piston. Nine test cases repre-
senting separate combinations of the four factors were then
carried out. In addition, ten subsamples of the nine test
cases were made for sampling purposes, and these were
taken out of the air carbonation set-up after 4, 20 and 44 days
of the experiment. The temperature and humidity in the re-
action chamber were stable throughout the experiment, at
around 22 +1°C and 95 +£0.2% relative humidity. Before
and after the air carbonation experiments, samples were ho-
mogenized using a corundum mortar pestle and analyzed
for total inorganic carbon (TIC). The content of TIC (re-
ported as %C [grams of carbon/grams of the sample]) in the
disk samples was determined using a UIC Inc. CM5130
acidification module, and the instrument was calibrated be-
fore each analysis. The carbon content in the raw sample
was subtracted from the carbon content measured post—car-
bonation reaction, to obtain the net carbon content gained
from carbonation.

Results and Discussion

Hydromagnesite [Mgs(CO;)4(OH),-4H,0] with the
stoichiometry of C/Mg=0.8 is assumed to form from labile
Mg*" carbonation (Wilson et al., 2009; McCutcheon et al.,
2019). Data representing TIC (g of carbon/g of the sample)
is converted to grams of Mg>" carbonated/grams of the
sample for data analysis. The results from 4, 20 and 44 days
in the experimental set-up are summarized in Table 3 and
shown in Figure 2. In Figure 2, the four factors tested (A,
water content; B, grain size; C, brucite content; D, silicate
mineralogy) and their three levels (e.g., Al, A2, A3) are
plotted on the x-axis, and the amount of Mg*" carbonated is
plotted on the y-axis. Data plotted in red, green and black
indicate the amount of Mg>" carbonated after 4 days,
20 days and 44 days, respectively, of reaction. Due to the
orthogonal nature of the experimental design, the various

Table 2. The orthogonal table defined by the expression Lg(4%). The table has nine rows, representing nine
test cases (i.e., nine different combinations), and the following four factors: A, water content; B, grain size; C,
brucite content; D, silicate mineralogy (serpentine and olivine [forsterite] content). Each factor has three lev-
els of variability. For factor A these levels are 7.5, 12 and 15 wt. % water; for B they are >106, 53—-106 and
<563 pm grain size; for C they are 4, 7 and 10 wt. % brucite; and for D the three levels are samples of forsterite
only, samples of half forsterite and half serpentine, and samples of serpentine only.

Test case A B C D
no. Water content (wt. %) Grain size (um) Brucite content (wt. %) Silicate mineralogy
1 7.5 >106 4 Forsterite
2 7.5 53-106 7 Serpentine
3 7.5 <53 10 Forsterite + serpentine
4 12.0 >106 7 Forsterite + serpentine
5 12.0 53-106 10 Forsterite
6 12.0 <53 4 Serpentine
7 15.0 >106 10 Serpentine
8 15.0 53-106 4 Forsterite + serpentine
9 15.0 <53 7 Forsterite

Geoscience BC Report 2023-01
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Figure 1. Schematic diagram of the air carbonation experimental set-up. As shown, 10% carbon dioxide (CO,) gas is continuously injected
into two 4 L interconnected conical flasks and then into the reaction chamber for the purpose of humidifying the gas. The colour of the disks
represents samples with different mineralogy: green represents serpentine-dominated samples; grey represents forsterite-dominated
samples; and white represents samples containing an equal amount of forsterite and serpentine.

levels of each factor are collocation balanced, meaning that
all factors are equally tested. Since there are three levels
tested, each factor is repeated three times, and the average
of the results was determined for variance calculation and
to reduce the test error (Table 3, Figure 3).

Variance analysis was used to analyze the impact of various
factors on the net carbon gain, and to determine the optimal
level of each factor. To find the variance of each factor, the
average of each level within each factor is calculated, as
shown in Figure 3. Next, the average is subtracted from
each level and the differences are squared. The variance of
each factor is determined by calculating the average of the

squared differences from each level. Equation 4 shows the
calculation of variance, where x is the mean of the levels,
and » is the number of levels. The calculated variances for
each factor are presented in Table 3.

T(x—x)’

n

Variance =

“

In the following sections, the effect of water content,
brucite content, silicate mineralogy (serpentine and olivine
[forsterite] content), and grain size on labile Mg*" carbon-
ation are discussed.

Table 3. Variance analysis of the orthogonal experiment. Grams of Mg2+ carbonated per gram of sample
measured from day 4, day 20 and day 44 of the experiment are organized by the four factors tested: A, water
content; B, grain size; C, brucite content; D, silicate mineralogy (serpentine and olivine [forsterite] content).
Three levels were tested for each factor. For factor Athese were 7.5, 12 and 15 wt. %; for B, >106, 53—-106
and <53 ym; for C, 4, 7 and 10 wt. %; and for D, samples of forsterite only, samples of half forsterite and half

serpentine, and samples of serpentine only.

A B C D
T ou S owgs S oug  siew o)
(wt. %) 9 sample wum) 9 sample (wt. %) 9 sample  mineralogy g sample
44 days
1 7.5 1.08 >106 1.17 4 0.67 Forsterite 0.91
2 12 102 53106 1.5 7 1.07 FHFENE
+serpentine
3 15 1.17 <53 1.06 10 1.54 Serpentine 1.24
Variance 0.01 0.01 0.19 0.03
20 days
1 7.5 0.56 >106 0.76 4 0.39 Forsterite 0.59
2 12 0.67 53-106  0.67 0.65 Forsterite 0.67
+serpentine
3 15 0.82 <53 0.62 10 1.01 Serpentine 0.79
Variance 0.02 0.01 0.10 0.01
4 days
1 7.5 0.18 >106 0.39 4 0.17 Forsterite 0.28
2 12 03 53-106  0.33 0.26 FOBIENE oy
+serpentine
3 18 0.45 <53 0.21 10 0.51 Serpentine 0.42
\ariance 0.02 0.01 0.03 0.01
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Figure 2. Plot of grams of Mg?* carbonated per gram of sample versus the factors and
levels tested. The x-axis shows the four factors tested (A, water content; B, grain size;
C, brucite content; D, silicate mineralogy). For factor A, the three levels used were 7.5
(A1),12 (A2) and 15 wt. % (A3); for B, >106 (B1), 53—-106 (B2) and <53 ym (B3); for C, 4
(C1), 7 (C2) and 10 wt. % (C3); and for D, samples of forsterite only (D1), samples of
half forsterite and half serpentine (D2), and samples of serpentine only (D3). The val-
ues of the plotted data points are also presented in Table 3. Data plotted in red, green
and black represent the progression of Mg2+ carbonated after 4, 20 and 44 days, re-
spectively, in the air carbonation set-up.

Effect of Water Content and Brucite Content

Three levels of moisture (water) content (7.5, 12 and
15 wt. %) and brucite content (4, 7 and 10 wt. %) were
tested. As shown in Figure 2 and Table 3, the amount of
Mg*" carbonated is consistently higher in samples with
15 wt. % water and 10 wt. % brucite, followed by samples
with 12 wt. % water, 7 wt. % brucite, and then 7.5 wt. % wa-
ter, 4 wt. % brucite. The data also show a significant in-
crease in the amount of Mg”" carbonated from day 4 to
day 44, which demonstrates the progress in reaction with
time. Samples with the highest moisture and brucite content
had the highest carbonated Mg”", demonstrating that the
mineral carbonation reactivity is greater for high brucite
content and moist tailings. The variances calculated in Ta-
ble 3 also show that water content has lower effects on car-
bonation reaction during the later stages, because the reac-
tion may become limited by the surface passivation effect
and the supply of CO, and leachable Mg*". These findings
agree with previous studies using metre-scale column ex-
periments and reactive transport modelling (Harrison etal.,

Geoscience BC Report 2023-01

2015, 2017). However, the air carbonation test is much
easier to set up and manage.

Effect of Silicate Mineralogy and Grain Size

Samples with different serpentine and forsterite content be-
haved differently in the air carbonation experiment and
yielded interesting results. As shown in Figure 2, the sam-
ple with only forsterite consistently reacted less than sam-
ples with serpentine. Overall, samples with only serpentine
carbonated the highest amount of labile Mg”". This finding
and observation agree with what was observed in the previ-
ous flow-through study (Lu et al., 2022), which is that ser-
pentine has more labile Mg** than olivine because of the
larger surface area and the longer, faster transient dissolu-
tion stage. Thus, after 44 days, samples with the highest
content of serpentine carbonated the most Mg®*. Moreover,
the grain-size test results demonstrated that samples with
the largest grain size, i.c., the largest pore space, have the high-
est reactivity. This agrees with the reactivity expectation of
tailings based on their grain size reduction during pro-
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Figure 3. Bar charts showing results of the orthogonal experimental design tests (after 44 days): a) grams of Mg®* carbonated per gram of
sample versus water content (at 7.5, 12 and 15 wt. %); b) grams of Mg®* carbonated per gram of sample versus grain size (>106, 53-106
and <53 um); ¢) grams of Mg®* carbonated per gram of sample versus brucite content (at 4, 7 and 10 wt. %); d) grams of Mg?* carbonated
per gram of sample versus mineralogy of samples (only forsterite, half forsterite and half serpentine, and only serpentine). In each subplot,
the bars are grouped by level; the average carbonated Mg?" of each level and the variance of each factor are also noted.

cessing. It has been well-established that mine tailings con-
stitute gangue from crushed and ground ore, with clay- and
silt- to sand-sized particles and a grain size ranging from 10
to 1000 um (Lapakko et al., 2006; Salmon and Malmstrom,
2006; Power etal., 2021). Such grain size variation is highly
advantageous for the rate of mineral carbonation because
the smaller grain size generates large amounts of freshly
exposed surfaces while the larger grain size provides suf-
ficient space for gas, fluid and rock interaction (Pronost et
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al., 2011; Vogeli et al., 2011; Bodénan et al., 2014; Li and
Hitch, 2017; Lietal., 2018). In the present study, the samples
were compacted to simulate mine tailings in a tailings pond.
The mixture has high density, which could have deleterious
effects on CO, diffusion and cation transportation. Larger
grain size benefits the larger pore size and higher porosity,
resulting in faster carbonation rates and higher CO,-captur-
ing ability. Therefore, samples with >106 um grain size
showed the greatest extent of carbonation throughout the

Geoscience BC Summary of Activities 2022: Minerals
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experimental duration in the present study. Grain size dis-
tribution significantly affects the CO,-capturing ability of
tailings, which makes it important.

Results from the Orthogonal Experimental
Design

According to the variance analysis of OED, ranking the
variance from high to low will rank factors that are the most
influential to the least influential (Larson, 2008; Zhang and
Ma, 2013). As shown by the results on day 44 in Table 3,
brucite content is the most influential factor for labile Mg
carbonation during the air carbonation test, followed by the
content of silicate minerals (i.e., serpentine and forsterite),
water content and grain size. It should be noted that this or-
der does change depending on the duration of the test. The
variance of brucite content showed a consistent increase
with the progression of the experiment from day 4 to day 44
(0.03 at4 days; 0.10 at 20 days; and 0.19 at 44 days). In con-
trast, the effect of grain size showed a continuous decrease,
leading to minimal variance values. Overall, the results
from the air carbonation experiment with OED design pro-
vide valuable information, suggesting that mineralogy is
the primary factor that controls the labile Mg®" carbonation
capacity of tailings. Water content is the second most im-
portant component, as it controls the dissolution of miner-
als and CO, gas. Grain size is also significant, as it affects
the reactive mineral surface area, porosity and CO,
mobility.

Conclusion

An improved understanding of mineral reactivity in the
short and long term is critical for accurately assessing car-
bon sequestration capacity. Technical difficulties and fi-
nancial concerns were encountered using traditional exper-
imental methods (e.g., flow-through time-resolved analysis)
and motivated the design of new experimental protocols to
assess reactivity. This study proposes the use of air carbon-
ation tests with an orthogonal experimental design to char-
acterize the carbon sequestration reactivity of ultramafic
minerals and tailings. The orthogonal design allows testing
of multiple contributing factors without having to carry out
numerous experiments. In addition, the air carbonation
tests modelled coupled mineral dissolution—carbonation
reaction in porous media and assessed labile Mg** by de-
tecting inorganic carbon content gain in the sample. Never-
theless, the orthogonal experimental design data analysis
demonstrated here is preliminary. Future work will involve
in-depth data analysis and statistical calculations. Impor-
tant conclusions that are drawn from this study are that
1) mineralogy, especially brucite content, is the most im-
portant controlling factor during labile Mg** carbonation;
2) water content and grain size are relatively less important,
but samples with higher moisture content and larger grain
size will have more reactivity; 3) controls from silicate min-
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erals may prevail in the later reaction stages because
stoichiometric dissolution will slow the reaction kinetics.
Overall, the experimental results provide insights into con-
trols at the pore scale. The adoption of orthogonal experi-
mental design has implications for future experimental de-
sign when studying multiple factors and their impact level.
These findings will contribute to discovering more ad-
vanced strategies to quantify reactivity and characterize the
capacity of ultramafic minerals and tailings for carbon cap-
ture and storage.
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Introduction

Mineral exploration in Canada—and other areas across the
globe—is becoming increasingly difficult with the likeli-
hood of future mineral-resource discoveries being buried
beneath appreciable glacial overburden and/or bedrock.
The development of innovative exploration approaches to
detect mineralization through overburden is vital for con-
tinued success in the discovery of new resources (Winterburn
et al., 2017). One such technique, microbial-community fin-
gerprinting, shows great potential when exploring for min-
eral targets that are hidden by thick (>2 m), complex and
transported surficial materials. With continued develop-
ment, it may transform how exploration is carried out for
buried natural resources (Iulianella Phillips, 2020; Simister
et al., 2020).

Micro-organisms kinetically enhance geochemical reac-
tions, including the dissolution and formation of diverse
minerals, and harness energy from these reactions to sup-
port their metabolism and growth in nearly every low-tem-
perature geological setting (Newman and Banfield, 2002;
Falkowski etal., 2008). They are acutely sensitive, often re-
sponding rapidly to the dynamics of chemical and physical
properties in their surrounding environments. Subtle
changes in mineral bioavailability, for example, can be re-
flected in dramatic shifts in the composition and activity of
microbial communities (Reith and Rogers, 2008; Wakelin
et al., 2012; Leslie et al., 2014; Fierer, 2017). Analyses of
microbial-community composition and structure thus have
a strong potential to resolve chemical and physical differ-
ences between environments that are not readily discernible
through conventional geochemical and geophysical surveys.

!The lead author is a 2022 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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The advent of high-throughput sequencing platforms over
the last decade has transformed the capacity to interrogate
complex microbial communities across a wide range of en-
vironmental matrices (Binladen et al., 2007; Zhou et al.,
2015). The application of these technologies enables high-
throughput profiling of the taxonomic compositions and
metabolic potential of soil-microbial communities across
defined survey areas. Given that every individual soil sam-
ple contains 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.

Previous Research

Two British Columbia (BC) porphyry-copper deposits, the
Highland Valley Highmont South Cu-Mo deposit (HVC) of
Teck Resources Ltd. and the Consolidated Woodjam Cop-
per Corp. Deerhorn Cu-Au deposit, were used to evaluate
microbiological techniques for sulphide exploration in BC
(Figure 1). B-horizon soil samples were analyzed for inor-
ganic geochemistry (aqua-regia digestion with inductively
coupled plasma—mass spectrometry [ICP-MS] finish) and
microbial-DNA sequencing (16S rRNA marker gene;
Tulianella Phillips, 2020; Simister et al., 2020). In both
cases, mineralization is covered by transported glacial
overburden (2-10 m at HVC and 25-60 m at Deerhorn),
with compositional variation in surface materials (e.g., till
blanket, organic deposits, glaciolacustrine sediments; Iulia-
nella Phillips, 2020).

The authors have shown that microbial-community finger-
printing can detect anomalies in bacterial populations in the
surface environment that correlate with the surface projec-
tion of sulphide mineralization (Iulianella Phillips, 2020;
Simister et al., 2020). Deposit-scale investigations of HVC
and Deerhorn revealed suites of micro-organisms that have

55



PN

Geoscience BC

Deerhorn
Cu-Au porphyry

ST A

Field location

\ * - Insular Belt
|
\ = Major fault Coast Belt

1
| =2
= Transform fault ]Qtelmontane Belt

| == Thrust fault Cache Creek terrane

\ Stikine terrane
- Quesnel terrane

D Omineca Belt
E Foreland Belt

Highland Valley
Cu-Mo porphyry

Bn-f,-gﬁzaambfa

0 100 200
North American Datum 1983
UTM Zone 10

400 km

Figure 1. Locations of porphyry-Cu research sites (Highland Valley Highmont South Cu-Mo deposit and Deerhorn Cu-Au deposit) and the
Mount Washington high-sulphidation Au-Ag-Cu epithermal prospect. Thick black lines indicate major faults. Terranes and geological belts
are characterized based on bedrock mapping carried out by the British Columbia Geological Survey (BCGS; Cui et al., 2017).

statistically significant (p <0.05) shifts in relative abun-
dance occurring directly above the surface projection of
mineralization (0.1% Cu equivalent and 0.2% Au equiva-
lent at HVC and Deerhorn, respectively; Figures 2 and 3).
Specifically, microbial anomalies at Deerhorn discriminate
mineralization at the surface where no detectable geochem-
ical signal has been generated (Figure 3). These results sig-
nify the efficacy of using modern DNA sequencing to eluci-
date buried mineralization and provide the support for
further investigations into the use of microbial communi-
ties to sense chemical and physical changes in their envi-
ronment, with respect to ore mineralization.

New Research

Several new avenues of research are currently being ex-
plored to reduce knowledge and technology barriers in the
application of DNA sequencing for the exploration of con-
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cealed mineral deposits. Field-based approaches include
new orientation studies across glacial till-covered Pb-Zn
sulphide mineralization and saturation-gradient soil sam-
pling in a bog-wetland setting. Experimental approaches
focus on assessing bacterial responses to changes in miner-
alogy and temperature. These objectives support the pro-
gressive development of microbial-community finger-
printing into a tool that may be employed by the mineral-
exploration and mining industry.

Pine Point Mississippi Valley—Type Deposit

In September 2022, a geochemical and geobiological soil
survey was completed across mineralized collapse struc-
tures at the Pine Point Mississippi Valley—type (MVT) Pb-
Zn deposit in the Northwest Territories (NWT). The Pine
Pointdistrict is located on the southern shore of Great Slave
Lake (Figure 4), on the eastern edge of the Western Cana-
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Figure 2. Example of an indicator micro-organism (a) and the Cu-anomaly map of the same area (b) from the Highland Valley Highmont
South Cu-Mo deposit. Geochemical data derived from aqua-regia digestion of B-horizon soils with ICP-MS finish. Microbiological data de-
rived from 16S rRNA gene DNA sequencing. Co-ordinates in UTM Zone 10, NAD 83.

dian Sedimentary Basin (WCSB). Sulphide mineralization
(galenatsphaleritetmarcasitetpyrite) is hosted predomi-
nantly in Middle Devonian carbonate units within or proxi-
mal to the dolomitized Presqu’ile barrier-reef complex
(Hannigan, 2007). Mineralization is largely structurally
controlled along the McDonald—Great Slave Lake fault
system (Hannigan, 2007), exhibiting either prismatic or
tabular geometries (Krebs and Macqueen, 1984; Cumming

etal., 1990). Generally, the area is covered with Quaternary
sediments that are dominated by organic deposits, lacustrine
and glaciolacustrine sediments, glacial-till blanket, and lesser
alluvial and eolian deposits (Oviatt et al., 2013). The sam-
pled field area is characterized by prismatic mineralization
and covered by glaciolacustrine beach sediments, with
overburden at its thickest where it infills the collapse struc-
tures (~40 m).
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Figure 4. Location of the Pine Point Pb-Zn district, Northwest Territories. Geological provinces are compiled from publicly available data
provided by the Northwest Territories Geological Survey (Wheeler et al., 1997).

Thirty-eight soil samples were collected on two survey
lines that crossed the surface projection of the mineralized
collapse structures, with sampling gradationally spaced
outward from mineralization into background cover soils.
Soils for microbial-community analysis were sampled with
sterilized equipment and without field screening to pre-
serve the microbial community as much as possible. De-
scriptions were documented for in situ physicochemical
variables at each sample site for every observed soil hori-
zon in the profile. The B-horizon soils were targeted for
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geochemical and microbial soil samples, although multiple
horizons were taken where possible. Soils for microbiolog-
ical analyses were preserved each day in the field for cell-
count analysis, RNA profiling, and intracellular and
extracellular DNA profiling. Although this work is not fo-
cused in BC, the application of soil microbial-community
fingerprinting in the Pine Point district has direct implica-
tions when exploring for metalliferous sulphide deposits in
covered terrain across BC, northern latitudes in North
America, and globally.
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Microbial Community Response to Soil
Moisture

Soil Preservation

Water content is a fundamental control on the composition
and activity of microbial communities in soils, globally
(Fierer, 2017). Soils in climates with higher moisture also
typically contain higher levels of microbial biomass
(Serna-Chavez et al., 2013). Soil-moisture contents, fur-
thermore, likely have an important effect on the preserva-
tion of soil-microbial communities during prolonged trans-
port and storage. Whereas it is common practice that
microbial communities in soils are immediately frozen to
preserve the integrity of DNA and the fidelity of commu-
nity profiles by arresting further growth or decay (Dela-
vaux et al., 2020), soil surveys in mineral-exploration pro-
grams are often in remote areas with limited resources for
freezing and typically have lengthy transport times to the
laboratory. Successful surveys therefore require knowl-
edge of how temporary and extended sample-storage re-
gimes, like cooling and drying, influence soil-microbial
communities, specifically with respect to the potential for
community change during storage. Here, it is important to
know how community-turnover rates respond to storage
temperature and moisture contents.

The University of British Columbia (UBC) Totem Plant
Science Field Station provides an excellent on-campus soil
environment to conduct, and collect materials, for soil-re-
lated experiments. The lead author has sampled bulk soil
from the UBC Totem Plant Science Field Station and sub-

Treatment types

&= =

Room Room
temperature temperature
(open) (closed)

4°C

jected it to a range of temperature and moisture conditions
to examine subsequent effects on the microbial community
composition, diversity and structure, as well as microbial
population turnover rates. These perturbations include
freezing samples at —20°C, leaving samples at room tem-
perature, and allowing the samples to dry out (Figure 5).
Currently, 9 months of timepoints have been sampled, while
preparation for DNA sequencing of the soil-microbial com-
munities is ongoing (initial microbial-community compo-
sition of this soil is described in Iulianella Phillips et al.
[2022]). These experiments will inform the development of
a minimal and robust sample-storage protocol and serve as
a test of the relationships between warming and drying of
soils and microbial-community turnover.

Bog Wetlands

Bog wetlands represent an important carbon sink globally,
with northern peatlands estimated as storing 415 £150 Pg
(petagrams) of carbon (Beaulne et al., 2021)—approxi-
mately 30% of total carbon stores on Earth (Parish et al.,
2008). The impact of soil moisture on microbial-commu-
nity composition and activity is particularly relevant as mi-
cro-organisms likely play an important role in controlling
carbon release versus storage in response to changing cli-
mate (Kitson and Bell, 2020; Carrell et al., 2022). Water-
saturated surface materials, such as bogs, also present a
substantial challenge to the mineral-exploration industry as
there are few methodologies that are effective when explor-
ing in these settings. In microbial fingerprinting, substan-
tial community anomalies are expected to develop in re-
sponse to water saturation and discriminating between these

Sample type

Extracellular DNA
(eDNA)

Intracellular DNA
(iDNA)

Figure 5. Schematic representation of the soil-preservation experiment, including the treatment types and the different sample products.
For each timepoint and treatment type, soil is sampled for DNA, bacterial-cell counts, chemistry, intracellular DNA (DNA found within intact
cells) and extracellular DNA (DNA derived from outside the cell in environmental samples).
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and bona fide anomalies related to mineral resources will
be key to successful surveys. Therefore, bog wetlands pro-
vide a unique opportunity to study the effects of soil mois-
ture on microbial communities, both in the context of mi-
crobial carbon cycling and in the development of ore-
mineral anomalies.

The lead author has sampled organic soils within bog wet-
lands in northern Canada across a soil-moisture gradient to
determine differences in soil-microbial-community com-
position, structure and activity related to water content.
Sampling focused around both the active and permafrost
layers of a palsa, as well as the adjacent organic-rich mate-
rials from a bog and a fen (Figure 6). Differences in compo-
sition and structure will be determined through DNA se-
quencing, whereas activity will be determined through
isotope-labelling experiments.

Mineral Sensing

Micro-organisms are acutely sensitive to chemical and
physical differences in their environments. For example,
subtle variability in trace Fe concentrations in seawater is
reflected in striking differences in phytoplankton distribu-
tion and activity in the oceans (O’Reilly et al., 1998;
Fuhrman, 2009). They also typically have strong affinities
for surfaces (Grinberg et al., 2019), often creating biofilms
(Donlan et al., 2002; Dang et al., 2016), and are able to se-
lectively colonize specific solid substrates to meet a broad

Palsa

diversity of physiological needs (Tuson et al., 2013; Finley
et al., 2022). However, despite a large body of evidence
showing that micro-organisms preferentially associate with
surfaces, the molecular mechanisms through which they
sense these surfaces, and select those that confer a specific
advantage, remain almost entirely unknown. To test for mi-
crobial capacity to sense mineral surfaces, the gene expres-
sion of E. coli, a well-studied model micro-organism, will
be evaluated when exposed to rock- and ore-forming min-
erals. Specifically, microbial responses to olivine, K-feld-
spar, plagioclase-group minerals, quartz and pyrite will be
assessed. These analyses will enable the identification of
genes that are differentially activated in response to mineral
exposure. The identities of upregulated genes will provide
insight into the metabolic machinery behind microbial min-
eral sensing. Such novel insight into biological sensing of
surfaces will inform conceptual models of microbe-mineral
interactions in soils, as well as open up new opportunities
for the development of mineral biosensors for abroad range
of applications.

Conclusions

Outcomes from these deposit-scale orientation studies
have highlighted the potential for geomicrobiological tools
and techniques for successful application to through-cover
mineral exploration in British Columbia and beyond. Cur-
rent research directions focus specifically on reducing fun-
damental unknowns about the behaviour and variation of

Bog Fen

-
>

Saturation gradient

Figure 6. Schematic diagram of a saturation gradient from a dry palsa with an active and a permafrost layer to saturated soil conditions in
bogs and fens. Depth of soil saturation is denoted by the dashed blue line and depth of the permafrost layer is indicated by the dashed pink

line.
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microbial communities in response to chemical and physi-
cal changes in the environment. This focus includes assess-
ing DNA sequencing and microbial-community fingerprint-
ing in a carbonate-hosted Pb-Zn—sulphide mineralization
district covered by glacial sediments; assessing the impact
of transport and storage on the persistence of microbial-
community anomalies in soils; exploring the relationships
between micro-organism function and variation in land
type and water content; and evaluating gene expression of
E. coli in response to different mineral exposures. Each of
these activities serves on a different level to support the use
of microbiology-based mineral exploration in different
mineral systems, in various terrains and climates, and to de-
velop practical and informed transport and storage proto-
cols for use by industry.
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Introduction

The importance of technology in monitoring on the scale of
millimetres to tens of kilometres the spatial variability of
deformation due to heterogeneity and complex geometry of
excavations in the short term and long term is demonstrated
by the constant monitoring of the geometry of underground
openings in mines, as well as the monitoring and measure-
ment of strain and temperature in boreholes in geothermal
and hydrocarbon projects. In recent years, fibre optics has
become a more significant and noticeably promising tech-
nology for geoscience applications, including in under-
ground rock engineering, geothermal energy, geophysics,
and oil and gas. Compared to most conventional monitor-
ing equipment, fibre-optic sensors are robust and geometri-
cally flexible, possess long-term stability, are cost-
effective, extend coverage with improved resolution, offer
data ata higher sample rate and, above all, can be monitored
remotely, which reduces the number of workers required to
work underground and enhances the safety of any under-
ground operation.

Discrete and distributed sensors are the two main catego-
ries of fibre-optic sensors. The comparison of these two
types of fibre-optic sensors is shown in Table 1. By chang-
ing the spacing of a diffraction grating in the fibre or in a
cavity between two ends of micrometre-scale fibre, dis-
crete sensors respond to strain and temperature.

Distributed fibre-optic sensing is a type of technology that
allows for continuous, real-time measurements to be made
along the entire length of a fibre-optic cable by detecting
changes in temperature, strain and other parameters, using
the physical properties of light travelling along the fibre. In
distributed sensing, the fibre-optic cable itself is the strain
and temperature sensor. Distributed-sensing mechanisms

!The lead author is a 2022 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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can interrogate Rayleigh, Raman or Brillouin scattering
phenomena. Distributed acoustic-sensing (DAS) and dis-
tributed temperature-sensing (DTS) systems, among oth-
ers, enable short-term and long-term monitoring of an
object to describe its dynamic behaviour.

In the sections that follow, the theory behind fibre-optic
sensors and their applications in the geosciences is demon-
strated.

Before this work, no attempt had been made to summarize
the application of fibre optics in geoscience projects. This
study aims to investigate the potential application of fibre
optics to geoscience by reviewing previous applications.

Fibre Bragg Grating-Based Discrete Sensor
Theory

Fibre Bragg gratings (FBGs; FBGS Technologies, GmbH,
2022) are discrete sensors created by exposing a single-
mode optical-fibre core laterally to a spatially variable pat-
tern of intense laser light. A periodic spatial variation in
light intensity induces a permanent increase in the refrac-
tive index of the fibre’s core, resulting in a fixed index mod-
ulation based on the exposure pattern. This type of fixed in-
dex modulation is known as a ‘grating’. A small amount of
light is reflected at each periodic refraction change. When
the grating period is nearly half the wavelength of the input
light, all the reflected light signals combine coherently into
one major reflection at a specific wavelength. This is
known as the ‘Bragg condition’ and the wavelength at
which this reflection takes place is known as the ‘Bragg
wavelength’. The wavelengths of light signals that are not
phase-matched to the Bragg wavelength are generally
transparent (Figure 1).

Applications

Sensors of the FBG type have been widely employed as a
robust and very effective technology for monitoring struc-
tural health. The FBG sensor has several advantages over
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Table 1. Comparison between discrete and distributed fibre-optic sensors.

Discrete sensor

Distributed sensor

Sansor lypa Fibre Bragg grating

Distributed temperature sensing

Distributed acoustic sensing

Wavelength-modulated
(periodic modulation of the
refractive index over a short length)

Operating principle

Scattering-based (Raman)

Scattering-based (Rayleigh)

Strain
Measurement parameter Temperat.u re Temperature Strain
Acceleration
Pressure
Measurement type Single-point or multipoint sensing Continuous Continuous
Intensity of backscatter light High Low Low

Controlled by the physical spacing
of the sensor

(increase in the spatial resolution
= more expensive sensor)

Spatial resolution

Depends on the sensitivity of the
interrogator unit

Depends on the sensitivity of the
interrogator unit

Price High Low

Low

Can measure multiple parameters

Advantages simultaneously over short distances

Can provide the profile of temperature Can provide the profile of temperature
change along the whole length of the change along the whole length of the
fibre-optic system

fibre-optic system

Strain influences temperature
results and vice versa

Price of the FBG fibre depends on
the number of sensors inside
(increase in number of sensors =
increase in price of sensors)

Disadvantages

Compared to FBG, the measurement Compared to FBG, the measurement
requires a longer time and averaging requires a longer time and averaging

conventional sensors like extensometers, strain gauges and
dial gauges, such as its small physical dimensions, light
weight, immunity to electromagnetic interference, ease of
installation, long-term stability and ability to use multiple
wavelengths (Morey et al., 1990; Ferdinand et al., 1997,
Cappa et al., 2006; Yin et al., 2008). The geotechnical and
mining industries have shown a growing interest in FBG-
based sensing systems in recent years and numerous papers
have been published on the subject in various fields of
study. The monitoring of various geotechnical and struc-
tural parameters of crucial importance to mining projects,
such as internal temperature variations, pressure changes,
deformation changes, vertical settlements and lateral de-

a) Core

flections, is typically the focus of researchers (Wang and
Gage, 2017; Minardo et al., 2018; Vlachopoulos et al.,
2018; Yugay et al., 2020).

In addition to being useful to the mining and geotechnical
industries, FBG sensors have been employed in the oil and
gas industry, mainly to monitor well integrity during pro-
duction (Zhong et al., 2007; Johny et al., 2016; Qiao et al.,
2017; Zhang et al., 2018; Rong and Qiao, 2019).

These FBG sensors deliver reliable and precise monitoring
results that give engineers a reasonable performance as-
sessment, based upon which they may take prompt and effi-
cient action to address possible problems. Several FBG ap-
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Figure 1. Operating principle of the fibre Bragg grating (FBG) sensor: a) the FBG sensor; b) incident
spectrum; c) strained FBG causes wavelength shift and reflected spectrum; d) transmitted spectrum

(modified from Pend&o and Silva, 2022).
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plications require additional attention and improvements as

they are still in the initial stages of development, such as:

o theuse of FBG sensors to directly evaluate the deforma-
bility of a rock mass in the field as opposed to the use of
indirect classification techniques or extrapolation of
laboratory data (Gage et al., 2014);

e the use of FBG sensors in determining the mechanical
behaviour ofrocks (Tangetal.,2018; Guoetal.,2019);

o the rapid expansion of FBG use and other fibre-optic
sensors, particularly in the mining industry, to allow for
fully remote real-time monitoring (Zhao et al., 2016;
Wang et al., 2021; Hu et al., 2022) and the replacement
of mechanical or electrical reference stations, thus mak-
ing mining operations safer and reducing human casual-
ties (at this time, the use of FBG is limited to preliminary
studies); and

e the common use of FGB-based discrete sensors in labo-
ratories to measure strain and characterize rock-mass
properties (Gage et al., 2010, 2011, 2013).

Distributed Temperature-Sensing (DTS)
System

Theory

The underlying principle of DTS for long-haul measure-
ments is mostly based on Raman scattering (an inelastic
scattering phenomenon) combined with optical time-do-
main reflectometry (OTDR). A short pulse is transmitted
into the fibre and the forward-propagating light generates
Raman backscattered light at two distinct wavelengths
from all points along the fibre, due to the interaction be-

tween the light and molecular vibrations in the fibre. The
wavelengths of the Raman backscattered light are different
from that of the forward-propagating light and are referred
to as ‘Stokes’ and ‘anti-Stokes’ wavelengths. The ampli-
tude of the Stokes and anti-Stokes light is monitored and the
spatial localization of the backscattered light can be deter-
mined as long as the propagation speed (velocity) inside the
fibre and the time over which the motion occurred are
known (Figure 2). The amplitude of the Stokes light is very
weakly dependent on temperature, whereas the amplitude
of the anti-Stokes light is strongly dependent on tempera-
ture. The temperature profile within the optical fibre is de-
termined by calculating the ratio of the amplitudes of the
Stokes and the anti-Stokes detected light.

Another type of scattering that is sensitive to changes in
temperature and strain is Brillouin scattering. The interac-
tion between the light and acoustic phonons moving
through the fibre causes Brillouin scattering. Brillouin
scattering is less commonly used as a DTS system in the in-
dustry since it is substantially the weakest of the scattering
effects and requires more stacking to enhance the signal.

Applications

Distributed temperature sensing has proven to be a notice-
ably promising method for providing spatiotemporal tem-
perature data in the geosciences. This approach has been
widely employed in geothermal energy projects as a cost-
effective and environmentally sustainable method to moni-
tor real-time temperature variations over short and long pe-
riods. Monitoring fracture development during stimulation
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Figure 2. Spectra of scattered light in optical fibre. Rayleigh scattering occurs when the kinetic
energy of the incident photons is conserved and, thus, the frequency of the scattered photons
equals that of the incident light. Unlike Rayleigh scattering, in Raman and Brillouin scattering the
incident-signal spectrum shifts relative to the initial signal, and backscatter spectra occur at both
the higher (anti-Stokes) and lower (Stokes) frequency shifts. The intensity of the Raman
upshifted-frequency component (anti-Stokes light) is strongly temperature dependent, whereas
the intensity of the Raman downshifted-frequency component (Stokes light) is only slightly tem-
perature dependent. Brillouin scattering occurs at a predictable amplitude but with variable fre-

quency (modified from Pend&o and Silva, 2022).
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and fracturing, monitoring chemical injection during or af-
ter a fracturing job, providing permanent monitoring of in-
jector and producer wells to allow identification of the pre-
cise zones and fractures that produce fluids as well as
monitoring well integrity are justa few of the areas in which
it has been applied (Sakaguchi and Matsushima, 2000;
Coleman et al., 2015; Read et al., 2015; Sellwood et al.,
2015; Freifeld et al., 2016; Patterson et al., 2017).

This technology has also shown success in a range of other
applications, including as an early-warning system for
coal-mine fire detection, as well as for petroleum pipeline-
leak detection and concrete dam-crack monitoring. This
system has also recently gained popularity for tasks such as
monitoring reservoirs, earth dams, water channels, em-
bankments, tunnels and levee seepage (Ravet et al., 2017,
2019; Nicholas and De Joode, 2022).

Furthermore, its applications extend beyond field measure-
ments. The system outperforms conventional strain gauges
in measuring axial and circumferential strains in rock sam-
ples. In addition to providing results tolerably consistent
with those gathered by strain gauges, results obtained with
DTS also indicate the exact location on a rock sample
where a fracture first appeared. As a result, a single DTS-
system measurement is comparable with that obtained from
combined uniaxial and acoustic-emission tests (Xu et al.,
2020).

Distributed Acoustic-Sensing System
Theory

In distributed acoustic sensing (DAS), the phase of the
backscattered laser (recorded by the interrogator unit) is
used to generate continuous seismic array-type recordings
at aperture settings that vary from millimetres up to tens of
kilometres. As this pulse of light travels down the optical
path, interactions within the fibre, which result in light re-
flections known as ‘Rayleigh backscatter’, are determined
by tiny strain events within the fibre, which in turn are
caused by localized acoustic energy. The backscattered
light is recombined with a reference phase split from the
outgoing pulse to measure the change in phase relative to

cience BC

the previous pulse (Figure 2). This photonic technique is
also referred to as ‘phase-sensitive optical time-domain/
frequency-domain reflectometry’ (p-OTDR/OFDR). The
DAS system records the strain of ground motion at virtual
locations based on the time of flight of laser pulses termed
‘channel’. The strain recorded at a channel is the change in
length over a reference length, referred to as the ‘gauge
length’. As a result, DAS recordings are inherently array
measurements. The linear distance between any two virtual
Rayleigh scattering points in the fibre core used to make
one DAS measurement is in the order of 100 um based on
current telecommunication-grade optical fibre standards
(Hartog, 2017).

Compared to Raman and Brillouin scattering, Rayleigh
backscattering is considered a direct sensing mechanism
and is used to measure environment-dependent propagat-
ing effects, due to being intrinsically independent of any
external physical fields that may affect the surrounding
environment.

Applications

The early 2010s saw the emergence of DAS applications in
seismology and geophysics. The primary application of
DAS in the energy industry has been to downhole vertical
seismic profiling (VSP) and flow detection. It has now be-
come a prominent substitute for VSP sensors (Daley et al.,
2013; Li et al., 2015; Hartog, 2017; Martin et al., 2017).
Performance of DAS sensors in VSP has been compared to
that of conventional sensors through comprehensive inves-
tigations and DAS has demonstrated significant advan-
tages over them (Mateeva et al., 2012; Daley et al., 2013;
Correa et al., 2017; Lindsey et al., 2017; Wang and Gage,
2017;Joussetetal.,2018; Ajo-Franklin etal.,2019; Becker
and Coleman, 2019; Lindsey et al., 2019). Table 2 provides
a summary of this comparison.

Additionally, companies are showing increasing interest in
the system for petroleum engineering projects such as
microseismicity monitoring during hydraulic fracturing,
fluid-flow monitoring through production and pipeline
monitoring (Daley etal., 2013; Webster etal., 2013; Bakku,
2015; Karrenbach et al., 2017; Ni et al., 2018). Beyond

Table 2. Comparison between different types of geophysical sensors.

Geophysical sensors Geophone Hydrophone Sonic tool Distributed acoustic
Measurement type Single point Single point Single point Continuous
Measurement duration Short-term Short-term Short-term Short-/long-term
Surface measurements No No No Yes
Signal-to-noise ratio Yes Yes Yes Yes
Static loading No No No Yes
Dynamic loading Yes Yes Yes Yes
Cost High High High Low

Can't be used Being a single-point _ Being a single-point
Restrictions in harsh measurement, has Only works in measurement, has

environments

caused restrictions on  fluid-filled well
the channel spacing

caused restrictions on
the channel spacing
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these applications, DAS is also being relied upon for
critical-infrastructure monitoring, border surveillance and
transportation monitoring (Quinn, 2021; White et al.,
2021).

Since 2015, academic and government researchers have
shown increased interest in DAS to assess the feasibility of
applying it to the study of earth systems. As a result, the
number of publications on DAS has increased; however, in
several areas, the research being conducted is restricted to
the laboratory scale (Xue et al., 2014; Xu et al., 2015;
Damiano et al., 2017; Lei and Hashimoto, 2019; Zhang et
al., 2020). At present, DAS has not been employed in the
mining industry, but DAS arrays could theoretically piggy-
back, with appropriate ground-motion coupling, on other
fibre-optic monitoring systems to characterize rock-
property variations or to detect and locate rock bursts
induced by mining activity.

Summary

Discrete and distributed fibre-optic sensors have attracted
remarkable attention in geoscience projects, due to their ad-
vantages over pre-existing measurement techniques and
sensors. Their lower cost, immunity to electromagnetic in-
terference and long-term stability compared to conven-
tional sensors may enable the permanent installation of
these types of sensors as part of a project to perform lifetime
measurements in an early-warning system.

Not only could distributed fibre-optic sensors provide the
profile of parameter variation over a greater distance than
discrete fibre-optic sensors, but they also present the ad-
vantage of providing continuous measurements. In addi-
tion, distributed sensors are more cost-effective and have a
higher spatial resolution. Because of these advantages, ex-
tensive research is ongoing as to how they might lend them-
selves to applications in several geoscience fields.

The use of fibre optics in geoscience projects in British Co-
lumbia and elsewhere will lead to significant improve-
ments in measurements and cost savings and, most impor-
tantly, to a decrease in human casualties. In particular,
deep-mining projects, which are extremely arduous to
carry out because of their difficulty of access, may benefit
greatly from further research into the use of fibre optics in
geoscience projects. Lack of proper measurements in deep-
depth projects results in less than optimal design perfor-
mance and costly mistakes that, on some projects, result in
lost value in the range of tens of millions of dollars.

Future Research Directions

The findings of this study will be used to demonstrate the
potential applications of fibre optics in geoscience projects
to develop novel methods of stress measurement. In addi-
tion, the study will be used as a guide for choosing a reliable
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sensing system for a deep-depth project, including block
caving, designed to collect strain and stress measurements
(S. Hendi, work in progress).
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Introduction

The transition of open pit to cave mining results in dynamic
multidisciplinary challenges during design, operation and
closure. The objective of the research summarized in this
paper is to investigate the role of numerical analysis applied
to the transition problem, and to develop models to under-
stand the geomechanical interaction between open pit and
cave mining based on different geological and mine-design
variables. Models with special consideration of the planned
caving operation at the Red Chris operations (Red Chris) in
northern British Columbia (BC) were created using pub-
licly available data.

This paper summarizes the development and highlights re-
sults of selected Finite-Discrete Element Method (FDEM)
models of the Red Chris operations, as part of research pub-
lished by Shapka-Fels (2022). The numerical models were
developed using the hybrid continuum-discontinuum
method, with the software package Elfen (v. 5.2.6) created
by Rockfield (2020). FDEM allows for simulation of in-
tact-rock strength parameters; existing fracture networks
and geological structures; fracture development due to chan-
ges in stress; and kinematic failure mechanisms.

These models represent further study into the numerical mod-
elling challenges in large-scale rock engineering problems,
as discussed by Shapka-Fels and Elmo (2022). This study
of'the Red Chris operations was not sponsored by Newcrest
Mining Limited or Imperial Metals Corporation. The study
presented herein only utilizes what is publicly available to
provide insight into FDEM modelling conceptualization
and parameters, and is not intended to replicate conditions
atthe Red Chris operations or to make technical or financial
decisions.

!The lead author is a 2022 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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Red Chris Operations

The Red Chris operations, located in northwestern BC (Fig-
ure 1), comprise a currently operating open-pit mine and a
planned block-cave underground operation. This copper-
gold asset is managed by a joint venture between subsidiar-
ies owned by Newcrest Mining Limited and Imperial Met-
als Corporation. Combined open-pit and block-cave mine
operations were considered at Red Chris prior to commenc-
ing mine construction in 2012 (Gillstrom et al., 2012). Up-
dated technical studies forecast the open pit to be com-
pleted in 2026, with early cave production planned for the
same year (Stewart et al., 2021).

Model Assumptions and Scenarios

Published information fromthe 2021 Red Chris Block Cave
Pre-Feasibility Study (PFS), as outlined in the latest NI 43-
101 technical report (Stewart et al., 2021), was used for the
conceptualization of numerical models in this study and is
herein referred to as the 2021 PFS’. Certain assumptions
for modelling inputs were used to supplement published in-
formation. These include base assumptions and variations
for model scenarios in terms of material parameters, major
structures and preconditioning. The base-case model sce-
nario and three comparative scenarios were selected for
discussion in this paper (Table 1).

Material Parameters

The material parameters used for the Red Chris FDEM
models were based on the material parameters for a mine
within a similar deposit type.

The material properties for the South Boundary fault zone
were approximated, assuming the fault zone is a weak het-
erogeneous mixture of gouge, breccia and gravel-size
clasts. The clayey and granular material is simulated as a
weak but brittle material, which will not fail in the FDEM
model as it may in reality. This is an important limitation
with this method of numerical analysis.

Upscaled material parameters were tested as an attempt to
increase the computing speed of the FDEM models. The
base FDEM model geometry was re-meshed to a size of 4 m
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Figure 1. Location of the Red Chris operations in northwestern British Columbia.

within the cave propagation zone, and material properties
were upscaled. Different upscaling assumptions were ap-
plied based on approaches of modifying the intact-rock pa-
rameters (i.e., unconfined compressive strength [UCS]) or
the Geological Strength Index (GSI), proposed by Elmo et
al. (2010), Elmo and Stead (2017) and Guajardo (2020).
This paper presents the results of one scenario tested to
highlight the importance of understanding upscaling
limitations.

Structure

Subvertical features are important with regard to caving
propagation, thus the evaluation of different structural sce-
narios was included in the FDEM model investigation.
Structural variations were investigated: the first structural
scenario contained all the discrete faults within the 2021
PFS, while alternative structural patterns derived from
Rees et al. (2015) consider a more complex structural
framework that includes primary and secondary struc-
tures (splays and relays). The alternative scenarios con-
sidered the replacement of moderately dipping faults with
two steeply dipping structures that were modified from
the interpretation of the Dead Zone (DZ) fault zone
presented in Rees et al. (2015).

Preconditioning
Preconditioning was simulated within the FDEM models
as pre-existing horizontal fractures, starting several

metres above the undercut level (UCL) and continuing up
toward the pit floor. Variations in the height of precondi-
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tioning and horizontal extent of the fractures were tested,
with one case presented in this paper. The fractures were
not continuous through faults and fault zones due to in-
duced damage within the models at intersections and a con-
ceptual idea that the fractures would not propagate through
the heterogeneous cataclastic rock material within large
fault zones.

Development of the FDEM Model

The schematic cross-section used in subsidence modelling
forthe 2021 PFS (location shown in Figure 2) was the basis
of the primary FDEM model geometry (Figure 3). The sec-
tion comprises a UCL thatis 715 m below an approximately
300 m deep open pit with a northwest overall slope angle of
40° and a southeast overall slope angle of 37°. The caving
UCL is 360 m in width, with an initial excavation height of
1 m. The entirety of the model measures 2640 mby 1100 m,

Table 1. Selected 2-D conceptual Finite-Discrete Element Method
(FDEM) modelling scenarios for the Red Chris operations.

Model Description

2.1 Base case scenario.

2.6 Upscaling materials using 88% unconfined compressive
strength. Scaled caving area mesh size from 2 mto 4 m.

2.7 Modified structural pattern with steeply dipping faults and
shallow northwest-dipping faults.

2.11 Modified structural pattern with steeply dipping faults and
shallow northwest-dipping faults. Hydrofractures span the
footprint laterally with partial extension of 40 m to the
northwest. The hydrofractures continue at 4 m spacing
vertically to midway between the undercut level and pit floor.

Geoscience BC Summary of Activities 2022: Minerals



PN

Geoscience BC

Approx. final
pit footprint

0 200
(— |

400 m

Figure 2. Location of cross-section used in FDEM modelling, relative to the Red Chris final

pit footprint and macroblocks.

subdivided into elastic and elastoplastic regions with frac-
turing. The nonfracturing elastic region is required to mini-
mize boundary effects and is modelled with a lower mesh
resolution. The open pit is modelled elastically and exca-
vated in four 70—80 m stages. The structures considered in
all models include the South Boundary fault zone and the
East Zone (EZ) fault. Alternate structural scenarios replace

NwW

the Hanging Wall (HW1 and HW?2) faults in the primary
FDEM model with reinterpreted faults in the DZ fault zone
and include shallow dipping faults.

Mesh resolution varies at 1 m within the UCL and 2 m
above the undercut up to the pit bottom, and increases to
40 m near the model boundaries. The upscaled scenarios
have a mesh size of 4 m within the cave propagation zone

HW
faults

EZ
fault

Undercut
level
(360 m)

N

Elastoplastic
medium with
fracturing

1100 m

South
Boundary /
fault

¥ ¥

2640 m

Figure 3. Schematic diagram of base FDEM geometry and boundary conditions for Red Chris Models 2.1 and 2.6. Dotted regions indicate
elastic material, while solid regions are modelled as elastoplastic regions with fracturing. Abbreviations: EZ, East Zone (Fault); HW, Hang-

ing Wall (Fault); NW, northwest; SE, southeast.
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Figure 4. Schematic diagrams illustrating variations from the base FDEM geometries for a) Red Chris Model 2.7, with an alternate struc-
tural setting, and b) Red Chris Model 2.11, with an alternate structural setting and preconditioning. Abbreviations: DZ, Dead Zone (Fault),

NW, Northwest.

(changed from 2 m). Model geometry variations described
in Table 1 are illustrated in Figure 4.

Results from the FDEM Model

Conceptual Red Chris—based FDEM models were created
to investigate the effects of structural variability, material
upscaling and preconditioning. Due to the variation in
model timing, comparable models were selected at a spe-
cific 2-D production value. Model results are presented af-
ter a 2-D production of 21 300 m”+ 5% (Figures 5-8). Height
of draw (HOD) is reported as the maximum Y displace-
ment, and model time is reported as time past the first dele-

tion. Crater depth corresponds to the Y displacement at the
pit floor.

In the majority of the models, slope failure and mobiliza-
tion occurred due to caving-induced unloading; however,
the magnitude of movement varied greatly between models.

The following subsections contain observations for each
model based on the differences relative to Model 2.1 (Fig-
ure 5) at the same level of 2-D production, unless otherwise
specified. Differences in total displacement (XY), HOD
and model run times are reported in the corresponding sum-
mary figures. The resulting figures showcase the area of in-
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Figure 5. FDEM results for Red Chris Model 2.1, with XY displacement (m) contours. Abbreviations: HOD, height of

draw (maximum vertical displacement at undercut level).
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terest (i.e., fracturing area) within the overall model bound-
aries.

Model 2.1 (Figure 5) exhibits early fracturing (prior to cave
initiation) near the pit floor resulting from the intersecting
faults and rebound post excavation. Displacement of the
lower southeast inter-ramp slope can be attributed to the
weak material of the South Boundary fault zone. Maximum
vertical displacement was located on the northwest side of
the UCL, as expected with the draw sequence and timing.

The cave propagated at a greater rate southeast of the EZ
faults, likely due to the stress conditions resulting in a
greater stress ratio between the subvertical faults and the
South Boundary fault zone. The HW faults provided some
level of resistance to cave propagation; however, continued
production and displacement of the northwest pit slope ren-
dered these structures obsolete. The southeast boundary of
the South Boundary fault zone limited the extent of the
caved material, until production was such that major frac-
turing extended to the southeastern lithological contact of
the Porphyry and the Stuhini volcanics. Due to the orienta-
tion of the South Boundary fault zone, continued produc-
tion resulted in enough vertical displacement that an over-
hang was created. Without support of caved material
below, the overhanging material fell and much of the
southeast pit wall was included in the main cave body.

Upscaling Method

Model 2.6 (Figure 6) was selected to highlight the effects of
upscaling. Model 2.6 was the only model in this study re-
sulting in a stalled cave propagation and a large air gap.
This model is significant because it exemplifies how mate-
rial-input parameters are not independent from the mesh
size. Without reducing the material strength enough to ac-
count for the mesh size increase, the model results in a very
different outcome.

There was minimal interaction between the cave and the open
pit. The cave started stalling at a stage of propagation simi-
lar to Model No. 2.1 at 97 seconds (48 seconds past first de-
letion), and the air gap continued to grow as production
continued. Despite the stress concentration, the fracturing
did not continue because of the relative strength of the ma-
terial.

Structural Pattern

The Red Chris Model 2.7 (Figure 7) was selected to high-
light the effects of different structural scenarios on cave
propagation, particularly discrete subvertical faults. The
main fracturing area in Model 2.7 was controlled by the
modified DZ faults, resulting in narrowing as the cave
propagated toward the pit bottom. The fracturing is more
limited by the southeast DZ fault because fracturing did not
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Figure 6. FDEM results for Red Chris Model 2.6, with XY displacement (m) contours. Abbreviations: HOD, height of

draw (maximum vertical displacement at undercut level).
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Figure 7. FDEM results for Red Chris Model 2.7, with XY displacement (m) contours. Abbreviations: HOD, height of

draw (maximum vertical displacement at undercut level).

continue through the discrete feature, except where the
shallow dipping faults intersected the DZ faults above the
UCL. Cave propagation was overall more symmetrical
with this structural scenario, as the high stress ratio (and
horizontal stresses) were distributed between the South
Boundary fault zone and the DZ faults. The larger subsi-
dence zone included both pit walls up to the top of the pit,
also with more symmetrical displacement.

Higher initial vertical displacement (defined by 1 m of
movement) occurred on the southeast side of the UCL;
however, subsequent vertical displacement was higher on
the northwest side, as per the production sequencing. In-
creased fracturing occurred in a pattern of bands that dip at
shallow to moderate angles toward the northwest, with
lesser conjugate bands dipping to the southeast.

Preconditioning

Model 2.11 was selected to highlight the effects of precon-
ditioning (Figure 8), using pre-existing horizontal disconti-
nuities. This model contained the same structural pattern as
Model 2.7. In comparison to Model 2.7, the addition of
hydrofractures resulted in a more symmetrical and central-
ized cave propagation with less deformation of the pit
slopes above the lower ramps (Figure 7).

Fragmentation resulting from the introduction of hydro-
fractures increased relative to the spacing heights between
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hydrofractures. Above the hydrofractures, increased frac-
turing occurred along the southeast DZ fault, but
significant deformation occurred between the two DZ
faults as well. This could be attributed to the hydrofractures
causing fracturing damage and connection between the two
faults, in contrast to Model 2.7 (at earlier stages).

The contrast between the continuum material and the
hydrofractured areas provided a boundary for caving-in-
duced fracturing to follow, limiting the extent of fracturing
beyond the hydrofractured areas. However, extending the
hydrofractures outside the footprint area did not cause in-
creased fragmentation, fracturing or recovery of material in
that area. Increasing the height of hydrofractures in this ex-
tended area may have caused better connection between the
shallow dipping faults (as seen in Model 2.7, Figure 8), re-
sulting in a different magnitude of deformation on the
northwest side.

Learnings

An FDEM investigation was completed for a case study on
the Red Chris operations and planned block-cave mine, al-
beit with many assumptions applied due to the lack of pub-
licly available geotechnical information. The models pre-
sented in this paper are considered investigative forward-
analysis models, created to further understand cause-and-
effect of upscaling, structural geology and preconditioning

Geoscience BC Summary of Activities 2022: Minerals
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Figure 8. FDEM results for Red Chris Model 2.11, with XY displacement (m) contours. Abbreviations: HOD, height of draw

(maximum vertical displacement at undercut level).

to predict cave-propagation processes. Results were pre-
sented based on each individual model; however, the key
learnings from these models extend beyond the individual
scenarios. While these models are 2-D, the same limitations
discussed would apply to 3-D models, although 3-D mod-
els with the same fracturing capabilities would have signifi-
cantly greater run times, thus rendering them impractical
for investigative risk-based analysis. Key learnings from
the Red Chris FDEM models are grouped under the
following five subsections.

Common Modelling Artifacts

Large tension cracks occur in most models, resulting in sig-
nificant deformation of the pit slopes. In models without a
discrete fracture network (DFN), tension cracks may form
due to the buildup of strain within the rock-mass contin-
uum. Generally, cracks preferentially develop along mate-
rial boundaries, whether lithological or defined fracturing
limits. Also related to continuum-modelling artifacts is the
fracturing damage at fault intersections due to the concen-
tration of movement toward and along those discrete fault
planes when the rest of the rock mass is modelled as a
continuum (i.e., no DFN).

Geoscience BC Report 2023-01

After large excavations, such as the excavation of the pit,
the rebound of unexcavated material may cause fracturing,
particularly in the pit floor. Increasing relaxation times and
equilibrium stages may reduce fracturing, but this possibil-
ity was not tested as part of this study. Beams of unbroken
elements form near the pit floor after deformation of the pit
slopes cause squeezing. The cut-off strength between ele-
ments has not been reached, and these beams can be consid-
ered a relic of continuum rock masses. These beams also
commonly occur when modelling hydrofractures as straight
and horizontal features.

Induced-Stress Field

The stress ratio increases (i.e., horizontal stresses greater)
below the pit floor as the pit is excavated. Early stages of
caving result in horizontal stresses concentrating between
subvertical faults within the cave-propagation zone, as the
horizontal stresses cannot be transmitted across the discrete
features. In models that contain hydrofractures, high stress
ratios occur in an ellipsoidal shape centred above the caved
material, as well as between subvertical faults. This is
likely the cause of the increased speed of vertical move-
ment of the cave back, and is due to the limited translation
of vertical stresses across the horizontal fractures.
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Fault-Material Parameters

If a particular fault zone has a high composition of granular
material, it would be expected to unravel into the caved ma-
terial and increase fines reporting to the production level.
However, the mesh size is a limiting factor to model this
concept, as it would have to be significantly finer to capture
the same process.

Upscaling

Properties of rock-mass material are not unique to the
geotechnical domain, but rather to both the material and the
scale of discretization. Often, materials are modelled with a
change in discretization scale such that mesh sizes are
smaller in regions where fracturing is more expected. This
raises an important consideration: with material parameters
dependent on mesh size, when does a modeller start
upscaling?

Preconditioning

Preconditioning changes the stress regime significantly,
with early vertical propagation of the cave reaching the pit
floor at lower production levels. The hydrofractures also
add contrast boundaries, resulting in certain control over
the location of cave propagation. However, adding hydro-
fractures above the UCL but outside the footprint area may
not increase recovery.

Modelling hydrofractures comes with another suite of chal-
lenges, regardless of modelling method. Decisions include
whether hydrofractures remain continuous through faults
and the timeline of their creation (i.e., cannot be inserted at
different stages). There is also limited understanding of
how to implement realistic development of fractures during
the preconditioning process due to incremental changes in
principal stress orientation.

Conclusions

This paper highlights a portion of a completed thesis with
research that has contributed to the field of numerical anal-
ysis in rock engineering by highlighting important aspects
of numerical analysis applied to the study of large-scale
problems, particularly pit-to-cave transition.

In FDEM models, a large focus of the process and concep-
tualization should be on rock-mass discontinuities—
whether they be major structural features (i.e., faults and
fault zones), discrete fracture networks and rock-mass fab-
rics, or induced hydrofractures for preconditioning for cav-
ing. These features impact primary failure mechanisms ob-
served in the open pit-to—cave FDEM models, as well as
magnitude of deformation, due to their effects on stress
continuity.
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