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Foreword

Geoscience BC is pleased to once again present results from our ongoing projects and scholarship recipients in our annual
Summary of Activities publication. Papers are published in two separate volumes: Energy and Water, and this volume, Min-
erals. Both volumes are available in print and online via www.geosciencebc.com.

Summary of Activities 2021: Minerals

This volume, Summary of Activities 202 1: Minerals, contains nine papers from Geoscience BC—funded projects and schol-
arship recipients that are within Geoscience BC’s strategic focus area of minerals. The papers are divided 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 Sacco et al. providing an update on a surficial
exploration program, part of the Central Interior Copper-Gold Research series, with a focus on the innovative use of the
Talon Drill™ that has been modified with custom purpose-built tooling to sample subglacial till. The remaining three papers
are contributions from Geoscience BC Scholarship recipients. Damant and Enkelmann consider the burial and exhumation
history of the Intermontane Belt and related implications for preservation of porphyry deposits, and Voegeli and
Lecumberri-Sanchez examine the spatial distribution of the hydrothermal system at the Lawyers property, as well as the
broader structural/lithological controls within the Toodoggone region. Finally, Kuppusamy and Holuszko present an up-
date on ongoing research into extracting rare-earth elements from southeastern British Columbia coals.

The ‘Advancing Science and Innovative Geoscience Technologies’ section features five papers from Geoscience BC Schol-
arship recipients. [ulianella Phillips et al. describe continuing research into using microbial-community fingerprinting to
explore for mineral deposits, and Williams et al. consider both traditional Indigenous knowledge and contemporary ecolog-
ical theory, as they relate to using fire, as a tool in post-mining reclamation activities. Yang et al. examine rock-engineering
standards and the feasibility of integrating them with machine learning, and Hendi et al. present results from an investiga-
tion on the response of fibre optic cables used in monitoring geological stresses underground. Finally, Adria et al. explore
the application of the parametric-breach method for modelling two tailings-dam breaches and the resultant flows.

Geoscience BC Minerals Publications 2021
Geoscience BC published the following six interim and final reports and maps in 2021:

o Fifteen technical papers in the Geoscience BC Summary of Activities 2020: Minerals volume (Geoscience BC Report
2021-01)

o Surficial Geology, Drift Thickness and Till Sampling Suitability Maps (NTS 093J/03, 047; 093K/09, 16; 0930/03,
04), British Columbia, by Palmer (Geoscience BC Report 2021-03)

¢ Logging SEDAR: A Review of the Contribution of NI 43-101 Reports to Public Geoscience Data, by N.D. Barlow,
J.R. Barlow, K.E. Flower, E.D. Hardie and J.G. McArthur (Geoscience BC Report 2021-04)

¢ Geochemical and Indicator Mineral Data from a Regional Bulk Stream-Sediment Survey, Boundary District,
South-Central British Columbia, by W. Jackaman (Geoscience BC Report 2021-05)

e Smithers Exploration Group’s Rock Room Project: Geoscience BC Final Report, by A. Ledwon, C. Ogryzlo and
L. Farrell (Geoscience BC Report 2021-06)

¢ Geochemical Reanalysis of Archived Till Samples, CICGR Surficial Exploration Project, Interior Plateau, North
Central BC (parts of NTS 093A, B, G, J, K, O), W. Jackaman, D.A. Sacco and R.E. Lett (Geoscience BC Report
2021-09)

e Golden Triangle Geophysics Data Compilation Project Summary Report, by B.K. Clift, T.A. Ballantyne and
C.L. Pellett (Geoscience BC Report 2021-15)

Geoscience BC Report 2022-01 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.
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Mineral Exploration in the Central Interior Copper-Gold Research Projects Area,
Central British Columbia (Parts of NTS 093A, B, G, J, K, O): New Tools for a
Proven Approach to Exploration Under Cover

D.A. Sacco, Palmer, Vancouver, British Columbia, dave.sacco@pecg.ca

B. Janzen, Palmer, Vancouver, British Columbia

W. Jackaman, Noble Exploration Services Ltd., Jordan River, British Columbia

Sacco, D.A., Janzen, B. and Jackaman, W. (2022): Mineral exploration in the Central Interior Copper-Gold Research projects area, central
British Columbia (parts of NTS 093A, B, G, J, K, O): new tools for a proven approach to exploration under cover; in Geoscience BC Sum-
mary of Activities 2021: Minerals, Geoscience BC, Report 2022-01, p. 1-10.

Introduction

Geoscience BC’s Central Interior Copper-Gold Research
(CICGR) projects area occupies a large region in central
British Columbia (BC) between the communities of Mac-
kenzie and Williams Lake (Figure 1a). The region has sig-
nificant mineral potential, however, exploration is hin-
dered by extensive Quaternary sediments that obscure
bedrock. The objective of the CICGR projects is to investi-
gate the potential for undiscovered mineral deposits buried
beneath thick glacial sediments.

Drift prospecting is an effective method to identify explora-
tion targets in areas covered by thick glacial sediments and
can be optimized when applied within a comprehensive un-
derstanding of the glacial history and surficial geology
(e.g., Levson et al., 1994; Levson, 2001; Plouffe et al.,
2001; Saccoetal.,2018). As such, Geoscience BC has initi-
ated this multiyear surficial exploration program targeting
specific areas (surficial study areas; Figure 1a, b) within the
larger CICGR projects area. The program is modelled after
Geoscience BC’s highly successful Targeting Resources
through Exploration and Knowledge (TREK; e.g.,
Jackaman and Sacco, 2014; Jackaman et al., 2014, 2015;
Sacco and Jackaman, 2015; Sacco et al., 2018) and Ques-
nellia Exploration Strategy (QUEST; e.g., Sacco etal., 2010;
Ward et al., 2011, 2012, 2013) surficial exploration pro-
grams (Figure 1). The CICGR program is generating high-
quality baseline data integral to promoting and supporting
successful mineral exploration in this challenging setting.
Combined with data from the TREK (Jackaman et al.,
2015) and QUEST (Ward et al., 2013) projects, the results
of this study extend the coverage of directly comparable
geochemical and mineralogical data and 1:50 000 scale
surficial mapping to a large, nearly continuous portion of
central BC (Figure 1c).

This publication is also available, fiee 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 program is designed to generate a geochemical and
mineralogical database and an understanding of the surfi-
cial geology necessary to collect and interpret these data,
such that they can be integrated into and guide private-sec-
tor exploration. The scope of the program defines three
objectives:

1) produce 1:50 000 scale surficial geology maps and de-
rive till sampling suitability (TSS) and drift thickness
maps to support mineral exploration;

2) compile relevant historical data and reanalyze archived
till survey samples; and

3) build upon the historical dataset through new and infill
till geochemical and mineralogical surveys.

A summary of the three objectives along with the results
from the first two years of the program are presented herein.
A more detailed account of these objectives and prior years’
activities is available in previous Geoscience BC Summary
of Activities publications (Sacco et al., 2020, 2021). The
project is currently in its third and final year, during which
the focus has largely been on completing the till sampling,
field verification and finalization of the surficial geology
interpretations, and preparing the survey results for release.

A new program objective was added in 2021 that aims to
determine how a hand-portable, shallow-drilling system
can be integrated into till sampling programs for regional-
to property-scale surveys. The use of a portable, shallow-
drilling system to collect till samples is not a new concept.
Several groups, including the Geological Survey of Canada
(GSCQ), have tested off-the-shelf products for this purpose
(e.g., Plouffe 1995; McMartin and McClenaghan, 2001).
Limited success has been realized due to the complex na-
ture of subglacial till; it requires a system that can penetrate
overconsolidated sediments containing cobbles and boul-
ders. As a result, industry’s only option has been to use
larger, more expensive systems, which are not always a fea-
sible option (e.g., reverse circulation or rotosonic systems)
to collect till samples in unfavourable conditions. The
Talon Drill™ (manufactured by Quantum Machine Works
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Ltd.), modified with custom purpose-built tooling, has
proven effective in drilling through subglacial till and has
the potential to streamline till sampling programs and im-
prove sampling distribution and coverage, ultimately
providing more robust datasets to support explorers in BC.

Project Area and Previous Work

Within the CICGR projects area, the surficial exploration
study areas include parts of NTS 093A, B, G, J, K and O and
cover approximately 9700 km® (Figure 1c). There are 52
MINFILE mineral occurrences related to gold or copper
mineralization within the surficial study areas (BC Geolog-
ical Survey, 2020), although significantly more occur
within the larger CICGR projects area. The surficial study
areas were determined based on

1) prospective geology,

2) avoidance of private land, and

3) applicability of till sampling.

Some of the study area boundaries are not the same as the
NTS map area boundaries to account for these factors. For
continuity of the till database, the compilation of historical
till data and reanalysis of archived samples extends beyond
the CICGR projects area to include the full extent of previ-
ous surveys (Figure 1).

The surficial study areas are within the Interior Plateau
physiographic region and consist of parts of the Fraser Ba-
sin, Fraser Plateau, Nechako Plain, Nechako Plateau,
Rocky Mountain Trench and Quesnel Highland (Holland,
1976; Mathews, 1986). Bedrock exposures are commonly
obscured by thick surficial deposits, composed dominantly
of'till, glaciolacustrine and glaciofluvial sediments. Small-
scale surficial geology mapping has previously been com-
pleted in some parts of the project area, providing an impor-
tant regional context for the higher resolution interpreta-
tions being completed as part of this project. A complete list
of regional surficial geology maps that overlap the study
areas is available in Sacco et al. (2020).

The regional surficial setting is largely a result of the co-
alescence and subsequent divergence of glaciers in and
around the northern part of the CICGR area during the last
(Fraser) glaciation. This dynamic glacial environment re-
sulted in a complex landscape with thick surficial deposits,
which have hindered exploration efforts. The coalescence
of advancing ice masses caused significant variations in
ice flow that affected the depositional patterns of till and al-
tered drainage systems resulting in the development of ex-
tensive glacial lakes (Clague, 1988; Plouffe, 1997; Sacco et
al., 2017). During deglaciation, ice retreated toward the
source areas leaving behind ablating ice masses that again
altered drainage resulting in the deposition of large
outwash deposits and the development of glacial Lake Fra-
ser: an extensive body of water that changed shape and size
throughout deglaciation and in which significant amounts

Geoscience BC Report 2022-01

of sediment accumulated. These thick sediment units ob-
scure the underlying bedrock and till, which typically
provide a basis for exploration, hindering the collection of
high-quality surface data. As a result, the CICGR area is
underexplored and its potential mineral resources are
largely unknown. Previous till sampling programs have
been conducted in the northwestern part of the CICGR area
(Figure 1), for which descriptions are provided in Sacco et
al. (2020).

In the first two years of this program, the surficial geology,
TSS and drift thickness mapping products were drafted.
The maps provided the foundation to plan and execute a till
sampling program focused mostly in the northern study ar-
eas (NTS 093J/03,07,093K/09, 16,0930/03, 04). The his-
torical data were compiled and the archive samples from
the GSC and Geoscience BC programs were collected and
sent to the lab for reanalysis.

Methods

Objective 1: Surficial Geology Mapping
and Derivative Mapping

Surficial geology mapping provides a basis for the collec-
tion and interpretation of surface sediment data. The surfi-
cial geology was interpreted from pseudo-stereco imagery at
a scale of 1:50 000 using the GSC mapping protocols
(Deblonde et al., 2018), which maintains consistency with
existing regional mapping by the GSC and similar scale
mapping by the BC Geological Survey. Specific details of
the mapping protocols are provided in Sacco et al. (2020).

Till sampling suitability and drift thickness maps were de-
rived from the surficial geology mapping using multiclass
indices to reattribute the polygons. The TSS index was
based on the occurrence of subglacial till and geomorpho-
logical processes that may have altered, reworked or remo-
bilized the material. This ultimately categorized the poly-
gons based on the proportion of subglacial till at the surface
that is suitable for sampling. The drift thickness index used
the mapped unit thicknesses and assumed sediment stratig-
raphy (e.g., glaciolacustrine material is deposited pas-
sively, so it is assumed to overlie till) to estimate relative
thicknesses for the polygon attributes.

Objective 2: Compilation of Historical Data
and Reanalysis of Archive Samples

Reanalyzing till samples archived from previous regional
geochemical surveys is a cost-effective method to upgrade
the utility of the associated geochemical datasets. Many of
these historical projects were completed in the 1990s when
sampling protocols were less strict, and a considerable
amount of the original results were generated using analyti-
cal methods that have been replaced by new procedures that
provide more accurate determinations and have lower de-
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tection limits. The reanalysis by modern laboratory tech-
niques creates a high-quality dataset that is comprehensive
and directly comparable to the standard of current provin-
cial datasets, which support mineral exploration and envi-
ronmental assessments.

Archive sample material from the silt+clay (<0.063 mm)
size fraction was sent to Bureau Veritas Commodities Can-
ada (Bureau Veritas; Vancouver, British Columbia) for
analysis to elevate these datasets to current standards. De-
tails of the analytical packages are described in the methods
for objective 3 below. Prior to reanalysis, analytical dupli-
cate and control reference samples were inserted into the
sample sequence to monitor and assess the accuracy and
precision of the new analytical results.

Objective 3: Till Geochemical and
Mineralogical Survey

Subglacial till is the target sample media for this survey be-
cause it is a first derivative of bedrock (Schilts, 1993), is
predictably transported in the direction of ice flow and pro-
vides a larger anomaly than the original bedrock source
(Levson, 2001). For this program, C-horizon material was
collected to reduce the influence of soil development and
postdepositional processes on the geochemical concentra-
tions of the material. As such, anomalies can be more confi-
dently attributed to geology (i.e., mineralization) as op-
posed to other processes that cause spurious results in A- or
B-horizon soil data. The surficial geology and TSS map-
ping provided the foundation to plan and collect suitable
subglacial till samples at ~2 km spacing. The survey was
conducted to established standards, producing high-quality
field and analytical results that are consistent with, and

comparable to, the existing provincial till geochemical da-
tabase.

The till geochemical and mineralogical survey was com-
pleted during years two and three of the program. Most of
the sampling relied on existing exposures of sediments
(e.g., roadcuts), termed ‘opportunistic exposures’, which
were targeted to reach the in situ, C-horizon subglacial till.
To sample these exposures, it was necessary that the till be
ator close to the surface and the site be accessible via an ac-
tive road. In many areas, there are sufficient opportunistic
exposures to achieve the desired sample distribution for a
regional program, but in some areas this can be challenging
due to a lack of optimal sampling sites. This year, a new
method of sampling using a shallow-drilling system was in-
troduced to access C-horizon till without being constrained
by the occurrence of opportunistic exposures, while also
providing a means to collect samples beneath veneers of
other materials.

At opportunistic sites, the standard protocol was used. This
involved collecting two, ~1 kg, C-horizon subglacial till
samples for geochemical analysis and 50 clasts (ranging in
size from large pebble to small cobble) for lithological anal-
ysis. At approximately every other site (i.e., half density),
an additional 10-12 kg sample was collected for mineral-
ogical analysis. Sacco et al. (2020) provides additional de-
tails for the field sampling and data collection protocols
used at opportunistic sampling sites.

The drill-supported sampling was completed with the
Talon Drill tooled with custom bits and samplers specifi-
cally designed and engineered for till sampling (Figure 2).

Figure 2. The Talon Drill™ system tooled with custom bits and samplers specifically designed to work within

4

the difficult drilling conditions encountered when sampling subglacial till. This system enables the collection
of high-quality till samples anywhere the till occurs at or near the surface. This method of till sampling over-
comes the limitations of standard opportunistic sampling programs, which can result in suboptimal sample
distributions because of the reliance on sampling existing exposures.

Geoscience BC Summary of Activities 2021: Minerals
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It is a rotary-percussion system designed to displace fine-
grained material (i.e., till matrix) while the specialized bits
and hammer-action are capable of pulverizing clasts and
drilling through boulders that may be encountered. This
system provides a nearly zero-impact method to quickly
and easily access C-horizon till at surface or buried beneath
ashallow deposit of other materials, which would have oth-
erwise been inaccessible. At a typical drill-sample site, a
series of pilot bits were used to penetrate to a suitable sam-
ple depth of ~1.5 m. A specialized sampler was then at-
tached to collect an in situ sample from the bottom of the
hole. Approximately 500 g of till matrix was collected at
each sample site for geochemical analysis. Due to the
smaller sample sizes and limited exposure of in situ mate-
rial compared to the opportunistic sites, the single 500 g
sample was used for all analyses and no pebble or mineral-
ogy samples were collected.

Geochemical analysis for all samples is being performed by
Bureau Veritas. The samples are dried and processed to
produce clay (<0.002 mm) and silt+clay (<0.063 mm) size
fraction splits. Both size fractions will be analyzed for mi-
nor and trace elements by an ultratrace, aqua-regia diges-
tion (0.5 g sample), inductively coupled plasma—mass
spectrometry (ICP-MS) package for 53 elements and by in-
strumental neutron activation analysis (INAA) for total
gold plus 34 elements. Major and minor elements will be
determined by inductively coupled plasma—emission spec-
trometry (ICP-ES) following a lithium metaborate-
tetraborate fusion and dilute acid digestion. This analytical
package will include loss-on-ignition by weight difference
after ignition at 1000°C, plus total carbon and sulphur by
LECO analysis. The LECO analysis converts carbon and
sulphur forms in a sample into CO, and SO, by combustion
in an induction furnace. The concentrations of CO, and SO,
are measured by infrared absorption and thermal conduc-
tivity to determine total concentrations of carbon and sul-
phur. Quality control for analytical determinations will in-
clude the use of field duplicates, analytical duplicates,
reference standards and blanks, based on established
protocols (Spirito et al., 2011).

Clast lithologies were grouped into broad categories that
reflect the main lithologies of local bedrock to provide in-
sight on the direction and distance of glacial transport. The
bulk till samples were sent to Overburden Drilling Manage-
ment Limited (Ottawa, Ontario) and processed for gold
grain concentrates (<2.0 mm) and heavy and medium min-
eral concentrates (0.25-2.0 mm) using a combination of
gravity tables and heavy liquids. Concentrates will be
visually picked for gold and porphyry-copper—indicator
minerals.

Geoscience BC Report 2022-01

Progress and Future Work

The surficial geology interpretations provided the founda-
tion to develop the CICGR surficial exploration field pro-
gram strategy. Draft surficial geology, TSS and drift thick-
ness mapping was completed in year one and revealed that
TSS is most heavily influenced by the distribution of gla-
cial lake sediments and ablation till. These deposits are also
generally associated with thicker drift as they tend to accu-
mulate in large depressions (i.e., lowlands around Prince
George) and within valley fill sequences. The surficial ge-
ology interpretations and derivative products have been re-
fined and finalized based on field observations for 093J/03,
07, 093K/09, 16, 0930/03 and 04. These map products
were released as Geoscience BC Report 2021-03 (Palmer,
2021), which is a compilation of 18 georeferenced PDF
maps. The field observations collected for the study areas
associated with 093A/13, 093G/01, 07, 09 and 10 are cur-
rently being compiled and used to finalize the respective
mapping products. The release of the remaining surficial
map sets is planned for early 2022. The release will include
georeferenced PDF map sets of surficial geology, TSS and
drift thickness, and spatial data for the complete map series,
including the already released map sets.

A total of 1039 archive samples or pulps (i.e., representa-
tive 2 g splits of the silt+clay [<0.063 mm] size fraction)
were recovered for reanalysis. Six hundred and seventy-
two of these were archive samples originally collected in
the late 2000s as part of Geoscience BC’s QUEST project
(Ward et al., 2013). Three hundred and sixty-seven were
pulps retained from regional till surveys completed by the
GSC in the 1990s (Plouffe and Ballantyne, 1993; Plouffe,
1995; Plouffe and Williams, 1998). Approximately 330
pulps and 153 archive till samples could not be located. The
reanalysis has been completed and the results have been re-
leased in Geoscience BC Report 2021-09 (Jackaman et al.,
2021).

The 2020 and 2021 till sampling programs were compli-
cated by the COVID-19 pandemic. Field crews adhered to
WorkSafeBC guidelines with a focus on the maintenance of
working-group bubbles to reduce the risk of crew exposure
and community spread of COVID-19. Lodging and travel
options were restricted, resulting in longer daily commutes
to the study areas and driving rather than flying to field
sites. Although these complications had an impact on daily
productivity, the goals of completing the till sampling pro-
gram throughout all map areas and verifying the mapping
with field-based information were achieved.

Six hundred and thirty-four new till samples were collected
in the survey area. The expected sample density has been
achieved throughout most of the individual study areas;
however, some regions are lacking adequate coverage (Fig-
ure 1c). The main factors inhibiting till sample collection
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were a lack of road access, limited opportunistic sampling
sites and/or materials of another genesis overlying the till
and impeding sampling. Few till samples were collected
from the eastern portion of 0930/03 due to the extensive
outwash deposits and a lack of road access. Sample cover-
age in much of 093K/09 is poor due to extensive mantles of
thin glaciolacustrine material that cover the till, and low re-
lief that results in few roadcuts. Similarly, sample coverage
in 093G/07 and 10 is limited due to the extensive glaciola-
custrine mantles overlying the till, particularly in the Fraser
River Valley where till has largely been eroded or buried
through glaciofluvial activity. The desired sample density
was also not achieved on the east side of 093J/07 and
throughout 093G/09. Deglacial sediments impeded access
to till in both map areas, but a lack of road access was the
biggest issue in 093G/09.

Testing of the Talon Drill system was focused mainly on the
northern part of 093J/03. This area was chosen because
road access is relatively good, opportunistic exposures are
rare and till generally occurs either at surface or buried un-
der a thin veneer of glaciolacustrine material throughout
much of the area. This area provided optimal testing condi-
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tions for the drill system because of the combination of fac-
tors that hindered standard opportunistic sampling here.

In 2020, 29 opportunistic samples were collected in 093J/03
and the map area was considered finished because no other
existing exposures could be located for sampling. In 2021,
31 additional samples were collected using the shallow-
drilling system, doubling the sample density for the map
area and greatly improving the coverage and distribution of
sampling (Figure 3). Average sampling times were about
90 minutes, including the set up and tear down of the drill.
This average time would likely be lower during a produc-
tion-focused program because additional time was spent at
some sites testing different tooling and some suboptimal
sites were chosen in order to determine how the drill would
perform. Nevertheless, drill-supported sampling rates av-
eraged only 0.3 samples per day lower than the standard op-
portunistic approach with hand tools, and the resulting
sample distribution and coverage were significantly better,
demonstrating the efficacy and value of the system.

Many of the drill-supported samples were collected in areas
where till was predicted to occur but existing exposures
were lacking to verify the surficial material type. Due to
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Figure 3. Sample distribution attained using the standard ‘opportunistic’ method of till sampling (yellow symbols)
with hand tools from existing sediment exposures, such as roadcuts, and using the Talon Drill™ shallow-drilling
system (red symbols) in the northern part of NTS map area 093J/03. Till sampling suitability classifications are de-

fined in Sacco et al. (2020).
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this lack of exposures, knowledge that till is present at the
sample sites was integral to success, which was largely ac-
complished through the examination of shallow test pits
and the experience of the sampling crew. The 1:50 000
scale mapping completed for this program provides an un-
derstanding of the general setting but lacks the detail to de-
termine the conditions at a specific site. In the absence of
higher resolution mapping, the ability of sampling crews to
interpret the landscape will be critical in future programs
that employ drill-supported sampling.

The drilling system was tested to determine how much of
the till profile can be effectively sampled and the maximum
thickness of overlying materials below which samples can
be collected. In general, the first metre of till requires less
than 10 minutes to drill through, whereas the second metre
requires an additional 15 minutes. The third and the fourth
metres require about 25 and 40 minutes, respectively. The
maximum depth reached in till was 3.9 m. Further depths
could be reached, but it was decided that enough informa-
tion had been gained and the time was better spent sampling
other sites. Reaching a depth of 4 m in about 90 minutes is
impressive, but the decreased drilling rate with depth
makes drilling deeper counterproductive for a regional pro-
gram. For target-scale work, the value of the data would ne-
cessitate the extra time, but in general an ~2 m depth is
considered optimal for a regional survey.

The clast content of the till was the largest factor contribut-
ing to drilling rates. The drill advanced through most clasts
that were encountered in the till. Pebble- to medium cobble-
sized (2—15 cm) clasts were quickly surpassed, although
rounded quartzite pebbles and cobbles posed a challenge as
the hardness and rounding caused the bit to move laterally,
binding the rod string against the hole. Clasts can usually be
penetrated to about 10 cm within five minutes, at which
time they will typically fracture and displace. If the clast
has not been surpassed within five minutes, it could be too
large to advance through in a reasonable amount of time. In
these cases, it was determined to be more efficient to move
the drill a metre or two and start a new hole. There is no way
of predicting how large the clast is and it is likely faster to
drill through a new section of till than risk spending too
much time slowly advancing through a boulder.

The drill advanced through softer sediments considerably
faster than through till. At numerous locations, 1 to 2.5 mof
glaciolacustrine sand and silt were smoothly advanced
through in 5 to 30 minutes. When suitable till was encoun-
tered, which is demarcated by an obvious change in drilling
rates, samples could be collected immediately below the
fine-grained material. In general, fine-grained glaciolacus-
trine materials were not a hindrance to sampling; however,
accurately predicting their depth when thicker than a few
metres can be difficult. As such, it is recommended to only
attempt sampling beneath areas interpreted as having thin
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mantles (e.g., <2 m) of glaciolacustrine sediment, to avoid
the potential of beginning a hole that would require more
time than anticipated and lowering production rates. None-
theless, the results of this testing indicate that the Talon
Drill system provides a means to extend till sampling into
areas that are mapped as glaciolacustrine veneer overlying
till, which were previously identified as poorly suited for
sampling.

In 2021, 38 samples were collected using the Talon Drill
and 140 samples were collected from roadcut exposures.
These samples have been sent to Bureau Veritas and Over-
burden Drilling Management Ltd. for geochemical and
mineralogical analyses, respectively. The geochemical,
mineralogical and pebble data from the new samples will be
evaluated and compiled before they are released as digital
databases, which will include all analytical results and
quality control data. The data are expected to be ready for
release in mid 2022.

Conclusions

The Central Interior Copper-Gold Research (CICGR) sur-
ficial exploration program has produced over 9700 km? of
new surficial geology, till sampling suitability and drift
thickness mapping to support mineral exploration. Using
these products, 634 new subglacial till samples were col-
lected that infill gaps within the existing historical datasets
and extend coverage into new areas. From the archives,
1039 samples were reanalyzed. The project results, com-
bined with data from the earlier Targeting Resources
through Exploration and Knowledge (TREK) and Quesnel-
lia Exploration Strategy (QUEST) projects, extend the cov-
erage of comprehensive geochemical and mineralogical
data to a nearly continuous portion of central British Co-
lumbia, and will promote increased awareness in a highly
prospective region, assist in the identification of new ex-
ploration targets and support follow-up activities.

The data-driven approach to this program contributes
heavily to its success. A foundational understanding of the
surficial geology not only informs the design and execution
of the program, but also identifies the characteristics of the
areas that are not suitable for the standard sampling meth-
odologies. Low relief, resulting in a lack of opportunistic
exposures, and mantles of deglacial materials overlying the
till are recurring challenges to achieving optimal sample
distributions. A new method of sampling using a hand-por-
table, ultra-lightweight drill was tested this year to over-
come these challenges. The testing revealed that the Talon
Drill™, tooled with customized bits and samplers, effec-
tively extended sample coverage into areas where standard
opportunistic sampling methods were not successful.
These results suggest that the use of this method can be ex-
tended to the east part of NTS 0930/03, the majority of
093K/09, southeast corner of 093J/07 and much of 093G/07
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and 10 to improve data coverage in those regions, and the
overall success of the CICGR surficial exploration pro-
gram.
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Introduction

Porphyry deposits are large (10—100 km®), low to medium
grade ore deposits which supply approximately 70% of the
world’s copper and most of the molybdenum (Dilles and
John, 2021). As the demand for raw materials increases,
identification and development of new porphyry deposits
will prove essential to the support of a growing global pop-
ulation. Porphyry deposits typically form at shallow depths
(1-4 km), where metalliferous fluids circulate through the
tops of the intrusions and deposit metals (Seedorff et al.,
2005; Singer etal., 2008). Most porphyries preserved today
are Cenozoic in age, likely due to the effective erosion of
the upper crust in older settings (Sillitoe, 2010). Therefore,
porphyry deposits can be used as a proxy for identifying re-
gions of limited erosion and exhumation, particularly in
Mesozoic and older terranes.

The Intermontane Belt of the Canadian Cordillera is an eco-
nomically significant region in British Columbia (BC) due
to an abundance of Cu-Au-Mo porphyry deposits (Fig-
ure 1; McMillan et al., 1996). A problem facing mineral ex-
ploration efforts in southern BC is the widespread Cenozoic
basalt and Pleistocene glacial till that cover the porphyry tar-
gets (Mihalynuk, 2007; Thomas et al., 2011; Sacco et al.,
2021). This cover sequence not only impairs geophysical im-
aging techniques, but precludes relying on surface observa-
tions and geological mapping as exploration options. Work-
ing toward a better understanding of the evolution of the
porphyry-bearing bedrock underlying the cover rocks will
help mitigate this problem and may lead to more targeted
exploration efforts. The aim of this project is to investigate
the upper-crustal cooling history of the southern Inter-
montane Belt.

In the Intermontane Belt, porphyry deposits hosted within
accreted terranes primarily formed ca. 205-195 Ma
(Mortensen et al., 1995), which suggests that limited ero-
sion or rock exhumation (<4 km) has taken place in the

!The lead author is a 2021 Geoscience BC Scholarship recipient.
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Intermontane Belt since the Jurassic. This idea is supported
by the low metamorphic grade and low-relief landscape of
the Interior Plateau, which dominates the southern Inter-
montane Belt (Church and Ryder, 2010). Alternatively, the
Intermontane Belt may have been buried and shielded from
erosion by sediments derived from the adjacent mountain
belts, which were subsequently removed prior to formation
of an Eocene unconformity surface (Tribe, 2005). Regard-
less, their presence suggests the southern Intermontane
Belt has experienced a markedly different history than the
adjacent Omineca and Coast belts.

The aim of this project is to measure the timing and magni-
tude of exhumation in the southern Intermontane Belt. To
quantify exhumation, apatite and zircon (U-Th)/He and fis-
sion-track thermochronology will be used to measure the
timing and rate at which rocks cooled from 190 to 40°C.
This regional multimethod approach will make it possible
to examine spatial patterns in rock exhumation from depths
of 7 to 2 km across the Intermontane Belt and identify po-
tential reheating events, such as those due to burial or vol-
canism. More specifically, the goal is to answer the follow-
ing questions:

e When and how did the Interior Plateau form?

e How does the regional exhumation pattern relate to the
preservation of porphyry deposits?

e Why didn’t the Intermontane Belt experience exhuma-
tion equivalent to the surrounding belts?

Determining the regional exhumation patterns of bedrock
underlying the Cenozoic cover will assist Cu-porphyry ex-
ploration efforts by helping in identifying regions of possi-
ble porphyry exposure. Quantifying the thermal history of
the Intermontane Belt will also inform models of the evolu-
tion and interaction of the different morphogeological belts
over geological time. Understanding the burial and ero-
sional history of the Intermontane Belt is therefore crucial
to mineral exploration and contributes as well to a better
understanding of the evolution of the Cordillera.

Regional Geology

The Intermontane Belt is the central belt of the Canadian
Cordillera and comprises an amalgam of magmatic arcs and

1
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Figure 1. Morphogeological belts of the Canadian Cordillera, showing major structures. The study area of
this project is outlined in red. Location of currently producing porphyry mines in British Columbia is shown
by orange dots (location of Figure 2 is also shown). Abbreviations: AB, Alberta; BC, British Columbia; NWT,
Northwest Territories; JDF, Juan de Fuca Plate; CSZ, Cascadia subduction zone; QCF, Queen Charlotte
fault; RMT, Rocky Mountain trench; TF, Tintina fault. Base map modified after Cui et al., (2017) and Yukon

Geological Survey (2020b).
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oceanic terranes accreted to North America during the Ju-
rassic. Accretion of these exotic terranes to the North
American margin has been considered the driving force be-
hind the eastward translation of continental margin depos-
its and terranes, and the thickening of the Canadian Cordil-
lera (Sigloch and Mihalynuk, 2017). Alternatively, Monger
and Gibson (2019) suggested that mountain building was
the result of the westward motion of the North American
continent, driven by seafloor spreading along the mid-At-
lantic ridge, and that accretion was not a driving force but
rather a product of this motion.

The Stikine and Quesnel arc terranes constitute the major-
ity of the southern Intermontane Belt and formed outboard
of the North American margin in the late Paleozoic to early
Mesozoic (Figure 2; Unterschutz et al., 2002). Intervening
oceans between these arcs and North America are pre-
served by the accreted Cache Creek and Slide Mountain
terranes. These terranes amalgamated together prior to ac-
cretion onto the edge of the craton, thus forming the
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Intermontane Superterrane. Rocks of these Intermontane
terranes are much lower in metamorphic grade and show
sparser magmatism relative to the adjacent Omineca and
Coast belts. Faulting in the southern Intermontane Belt is
also dominated by dextral strike-slip faults concentrated
along terrane boundaries and the eastern Coast Belt (Fig-
ure 2). Major shear zones, such as the Fraser—Straight
Creek fault, Yalakom fault and Pinchi fault, were active in
the Late Cretaceous to Eocene, with displacement esti-
mates reaching up to 125 km (Umhoefer and Kleinspehn,
1995).

The Coast and Omineca belts constitute two crystalline
belts within the Cordillera dominated by high-grade meta-
morphic and intrusive rocks, separated by the volcanic and
sedimentary rocks of the Intermontane Belt. Previous ther-
mochronology studies in the southern Canadian Cordillera
focused on the deeply exhumed Omineca and Coast belts,
but very little data exists for the Intermontane Belt. In the
Omineca Belt, Eocene postorogenic extension exhumed

Figure 2. Terrane map of the study area in the Intermontane Belt of southern British Columbia, showing sample locations (blue dots) and
identification numbers (e.g., 110-2) as well as major faults: CRF, Columbia River fault; FF, Fraser—Straight Creek fault; MD, Monashee
décollement; OV-ERF, Okanagan Valley—Eagle River fault; PF, Pinchi fault; PSF, Pasayten fault; RMT, Rocky Mountain trench; SLF, Slocan
Lake fault; YF, Yalakom fault. Base map from Yukon Geological Survey (2020a).
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amphibolite- to granulite-facies metamorphic core com-
plexes from depths of up to 25 km with cooling rates ex-
ceeding 100°C/m.y. (Parrish, 1995; Vanderhaeghe and
Teyssier, 1997; Vanderhaeghe et al., 2003; Spear, 2004).
Thermochronological results from the Coast Belt suggest
increased cooling rates since <4 Ma, associated with deep
glacial incision and exhumation of the Coast Mountains
(Farley etal.,2001). Exhumation in the Omineca and Coast
belts is estimated at upward of 25 km during the Cenozoic,
whereas the Intermontane Belt shows no evidence for such
adegree of denudation (Parrish, 1995; Farley etal.,2001).

The geomorphology of the southern Intermontane Belt is
characterized by a low-relief region of plateaus and high-
lands known as the Interior Plateau (Holland, 1976; Church
and Ryder, 2010), which has an average surface elevation
>1000 m and hosts a variety of landscapes across its area
(Figure 3). The western margin maintains a low-relief-pla-
teau surface until reaching the eastern Coast Mountains
(Figure 3, cross-section A—A") In contrast, the southeastern
margin of the Interior Plateau is dominated by a higher re-
lief transition zone of highlands along the Columbia Moun-
tains (Figure 3, cross-section B-B'). As the Interior Plateau
and Intermontane Belt narrow in the south, the low-relief
landscape gives way to more incised highlands between the
deeply exhumed Coast and Omineca belts (Figure 3, cross-
section C—C").

The Interior Plateau was covered by widespread volcanism
from the Eocene to early Pleistocene (Bevier, 1983;
Mathews, 1989). The most prominent volcanic sequence is
the Chilcotin Group, a series of Miocene—Pliocene basalt
flows approximately 20 m thick covering 17 500 km®
(Dohaney et al., 2010; Andrews et al., 2011). The volca-
nism was the product of mantle-derived melts that as-
cended quickly through the crust without much crustal as-
similation (Bevier, 1983). The Chilcotin Group can be
considered a smaller scale counterpart to the Columbia
River basalts in the northwestern United States (Mathews,
1989). The base of the Chilcotin Group is of low relief and
subhorizontal, overlying an Eocene unconformity (Tribe,
2005; Andrews etal.,2011). The modern low-relief surface
mimics this unconformity, with a similar distribution of
highlands, plateaus and deeply incised channels, which in-
dicate that the formation of the Interior Plateau likely pre-
dates the Eocene. Mathews (1991) proposed a model for
the evolution of the Interior Plateau involving Late Creta-
ceous to Pliocene peneplanation, but other studies have yet
to confirm this model. Glaciation across the Interior Pla-
teau, which resulted in significantly less erosion than that
observed in the Coast and Omineca belts, deposited a
veneer of glacial till across the surface of the plateau
(Andrews et al., 2011).

14

Porphyry Deposits

Within the Intermontane Belt, early Mesozoic Cu-por-
phyry deposits are concentrated within the Stikine and
Quesnel terranes (McMillan et al., 1996). It has been sug-
gested that many deposits formed within the active island
arcs outboard of the North American margin prior to accre-
tion and are therefore not associated with postaccretionary
intrusions. Most Cu-porphyry deposits form within 4 km of
the Earth’s surface, where metalliferous fluids exsolved
from crystallizing magmas can circulate through the upper
portions of the intrusion (Singer et al., 2008; Sillitoe,
2010). A pre-accretionary origin for these porphyry depos-
its indicates the terranes of the Intermontane Belt have ex-
perienced very little erosion since the Jurassic, when accre-
tion began. Alternatively, porphyry deposits within the
accreted terranes may have been buried following their for-
mation, protecting them from subaerial erosion and pre-
serving them until today.

Fieldwork

Thirty-one samples of 5-10 kg of rock were collected dur-
ing the 2019 and 2020 field seasons along two east—west
transects across the Intermontane Belt (Table 1; Fig-
ures 2, 3). Target rocks were surface exposures of coarse-
grained igneous, metamorphic or clastic sedimentary
rocks, ideally from Mesozoic and older terranes and
postaccretionary intrusions underlying the widespread ba-
salt and glacial sediment cover. Zones of pervasive defor-
mation or alteration were avoided where possible to in-
crease the yield of high-quality apatite and zircon and
minimize complication of the cooling signal due to fluid
circulation. As exposure was limited in many parts of the
study area due to the Cenozoic cover rocks and vegetation,
some samples did not meet the ideal characteristics previ-
ously outlined. Of the 31 samples, 13 were collected from
terranes and intrusions in the Intermontane Belt, and 13
samples were collected from North American basinal rocks
and intrusions in the Omineca Belt. Five samples were col-
lected from volcanic and sedimentary overlap assemblages
in the Intermontane and Omineca belts (Figure 2). Most of
the Intermontane Belt samples (8) were collected from the
Quesnel terrane and postaccretionary intrusions, whereas
four were collected from the Stikine terrane and one sample
was collected from the Cache Creek terrane. The majority
of samples collected (21) are from felsic to intermediate
plutons, some of which have shown evidence of metallic
mineralization, such as the Takomkane and Thuya batho-
liths (Table 1; Plouffe et al., 2011).

The spatial relationship of the sample transects across the
Intermontane Belt was designed to facilitate examination
of the longitudinal variations in exhumation from the
Omineca Belt to the Coast Belt as well as the latitudinal
variations of this pattern. The first transect, completed in
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Figure 3. Physiography of southern British Columbia, showing sample locations (blue dots) and identification num-
bers (e.g., 110-2). Profiles show how the maximum, minimum and mean surface elevation changes from cross-sec-
tion A—A’, through B—B’to C-C’. Digital elevation model downloaded from gebco.net (General bathymetric chart of the
oceans).
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2019, focused on southernmost BC, sampling along major
highways and stretches 230 km across the southern
Intermontane Belt (Figure 3). The second transect, com-
pleted in 2020, focused northward from the 2019 transect
and stretches 400 km across the Intermontane Belt (Fig-
ure 3).

Methods

In this study, multiple low-temperature thermochron-
ometers were used to quantify the timing and rate of bed-
rock cooling from 180 to 40°C. Apatite and zircon (U-Th)/
He (AHe and ZHe, respectively) dating is based on the ther-
mally activated diffusion of radiogenic “He from the alpha
decay of ***U, °U and ***Th (Harrison and Zeitler, 2005).
Helium retention in apatite and zircon is temperature de-
pendent and defines a zone of partial He retention known as
the ‘partial retention zone’(PRZ). For the ZHe system, the
PRZ is 190-170°C and for the AHe system, it is 80—40°C
(Reiners et al., 2004; Flowers et al., 2009). Apatite fission-
track dating (AFT) is based on the accumulation of damage
zones from the fission decay of ***U in the apatite crystal,
known as ‘fission tracks’. Fission tracks readily anneal
above 120°C and are preserved when cooled below 60°C
(Donelick etal., 1999; Ketcham et al., 1999). This tempera-
ture range defines the ‘partial annealing zone’, where fis-
sion tracks anneal at a known temperature-dependent rate.
Thermal modelling of these data is used to explore possible
thermal histories within these sensitivity windows.

All analyses will be conducted at the University of Calgary
Geo- and Thermochronology Laboratory. As a first step,
apatite and zircon were separated from whole-rock samples
following standard mineral-separation techniques involv-
ing a jaw crusher, disk mill, Wilfley table, magnetic separa-
tor and heavy liquid separation using lithium heteropoly-
tungstate and methylene iodide (Figure 4). Based on
mineral-separate yields, 29 samples are currently being
dated using the AHe technique, 27 samples are being dated
using AFT analysis and up to 22 samples will be dated us-
ing the ZHe technique, depending on budget and time con-
straints. The (U-Th)/He dating procedure is outlined in de-
tail in McKay et al. (2021), where apatite and zircon grains
are picked under a stereomicroscope, aiming for euhedral,
inclusion and crack-free grains >70 um in size. Select
grains are packed into Nb tubes and are first degassed in an
ASI Alphachron He extraction line before inlet into a mass
spectrometer to measure the number of radiogenic *He at-
oms in each grain. An isotopic spike solution of 15 ng/g U
and 5 ng/g Th is added to each degassed grain and the num-
ber of **U, *°U and **Th parent atoms is measured using
an Agilent 7700x inductively coupled plasma—mass spec-
trometer (Evans et al., 2005; McKay et al., 2021). For AHe
dating, five single-grain aliquots will be dated for each
sample and a mean age will be calculated from the single-
grain dates. In the case of ZHe dating, three single-grain

Geoscience BC Report 2022-01

aliquots will be dated for each sample and compiled to de-
termine a mean age. Apatite fission-track analysis will
follow the external detector and zeta-calibration method,
where apatite grains are mounted in epoxy, polished and fit-
ted with an external detector plate, and then irradiated in a
nuclear reactor (Hurford and Green, 1983).

Age data derived from ZHe, AFT and AHe analyses will be
numerically modelled using QTQt inverse thermal history
modelling software (Gallagher, 2012). This software ex-
plores time-temperature space to identify thermal histories
that agree with the input data. The multimethod approach
will provide greater time-temperature constraints for mod-
elling and allow investigation of possible thermal histories
over a wider temperature and time range.

Summary

The southern Intermontane Belt is dominated by the low-
relief Interior Plateau and hosts an abundance of early Me-
sozoic porphyry deposits. Samples were collected along
two east—west transects across the Intermontane Belt in
southern BC to explore the timing and pattern of exhuma-
tion as well as how the latter relates to the preservation of
porphyry deposits. Currently, preparation of samples for
radiometric dating is underway to produce the thermo-
chronological dataset necessary for completing the objec-
tives of this study. This multimethod approach will provide
thermal history information over a greater temperature
window and make it possible to quantify cooling rates and
possible reheating events otherwise not observed using a
single thermochronometer. Quantifying the thermal history
of samples across the Intermontane Belt from 190 to 40°C
will make it possible to investigate erosion and burial pro-
cesses that affected the accreted terranes of southern BC.
These processes preserved early Mesozoic porphyry de-
posits throughout Jurassic—Paleocene mountain building
and Eocene postorogenic collapse. The results of this study
will inform tectonic and geomorphic models of the
Intermontane Belt, and aid future mineral-exploration
efforts through their potential to identify regions of
undiscovered porphyry mineralization.
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Introduction

The Toodoggone district of north-central British Columbia
(BC) hosts several historical precious and base-metal pro-
ducers, including the Baker (MINFILE 094E 026,
MapPlace, 2021), Cheni (MINFILE 094E 066), Shasta
(MINFILE 094E 050) and Kemess (MINFILE 094E 094)
mines, and has emerged as a high priority exploration area
with major discovery potential. The Lawyers property is
the site of the historical Cheni mine and lies in the central
region of the Toodoggone district (Figure 1). The Lawyers
property is the site of a well-preserved epithermal system
that hosts an indicated resource of 2.05 million oz. Au-Ag
and is currently being explored (Benchmark Metals Inc.,
2021).

The majority of known Au-Ag mineralization present at the
Lawyers property is hosted in narrow multiphase quartz-
carbonate, quartz-adularia, quartz-sulphide vein, stock-
work and hydrothermal breccia zones, typical of low sul-
phidation epithermal systems (Duuring at al., 2009). Min-
eralization is often closely associated with narrow (~5—
30 m) potassic (potassium feldspar+sericitetkaolinite) al-
teration zones and broad regional-scale propylitic alter-
ation (chloritet+hematite+epidote). Proximal to the exten-
sively developed, low sulphidation—style prospects of Cliff
Creek, Amethyst Gold Breccia (AGB) and Dukes Ridge
(MINFILE 094E 066), but separated from them by a re-
gional-scale fault, there is a less explored group of pros-
pects known as Silver Pond (MINFILE 094E 163; Fig-
ure 2). In contrast to the Lawyers property’s dominant
mineralization style, the Silver Pond prospects exhibit sev-
eral characteristics of high sulphidation—style epithermal
systems. In this system, the condensation of magmatic gas
into groundwater results in the disproportionation of SO,,

!The lead author is a 2021 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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forming H,SO, and H,S, resulting in the formation of a
highly acidic solution (pH <I; Sillitoe, 1973; Arribas,
1995). The acidic solution reacts with hostrocks in a series
of hydrolysis reactions that progressively neutralize acidity
and form a characteristic zonation of alteration assem-
blages (Steven and Ratte, 1960), including a core zone of
residual or vuggy quartz rimmed by an advanced argillic-
alteration assemblage, which typically has a mineralogical
composition dominated by alunite, pyrophyllite, dickite,
quartz, anhydrite, diaspore and topaz. The narrow ad-
vanced argillic-alteration rim typically has an outer broad
argillic alteration zone composed of illite, chlorite and
montmorillonite (Arribas, 1995; John et al., 2018).

The Silver Pond prospects broadly resemble a ‘lithocap’,
which is a broad subsurface alteration domain that is later-
ally and vertically extensive (Cooke et al., 2017) and com-
monly occurs as the near-surface expression of porphyry
systems (Bouzari et al., 2019). Mineralogical and geo-
chemical evidence suggest that the Silver Pond prospects
are genetically distinct from the surrounding low sulphi-
dation—style epithermal deposits present on the Lawyers

property.

The main objective of this study is to determine the spatial
distribution of the broad hydrothermal system (low sulphi-
dation, high sulphidation and potential porphyry zones)
with respect to the Silver Pond prospects as well as the po-
tential structural/lithological controls that have led to the
distribution of different deposit types within the Toodog-
gone region. This main objective is being pursued through
determination of the spatial and paragenetic distribution of
minerals in the Silver Pond prospects.

Geological Setting

The Toodoggone district is located in the Stikine terrane of
north-central BC and is predominantly hosted in an ~2 km
thick package of Lower Jurassic intermediate volcanic
rocks belonging to the Toodoggone Formation, which is
part of the regionally extensive Hazelton Group. The domi-
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Figure 2. Geology of main prospect areas of the north-central part of the Lawyers property: Amethyst Gold Breccia (AGB), Cliff Creek,
Phoenix and Dukes Ridge (MINFILE 094E 066, MapPlace, 2021). The study area is focused on the Silver Pond group of prospects (Silver
Pond North, Silver Pond Clay, Silver Pond West; MINFILE 094E 163). The Silver Pond leach cap is the surface expression of the argillic al-
teration assemblages that define the high sulphidation—style prospect area. Geological unit boundaries and faults are from the BC Geologi-
cal Survey’s MapPlace dataset (MapPlace, 2021). All co-ordinates are in UTM Zone 9, NAD 83.

nant rocks of the Toodoggone Formation are latite to dacite
volcanic strata deposited in a north-northwest-elongated
volcano-tectonic depression of the Lower Triassic Takla
Group volcanic rocks and Permian carbonate rocks
(Diakow et al., 1991). Following the depositional hiatus of
the Middle to Upper Jurassic, a thick package of Creta-
ceous sedimentary rocks known as the Sustut Group was
deposited and represents the top of bedrock in the Lawyers
property and surrounding region (Diakow etal., 1991). The
late sedimentary units are credited with being responsible
for the preservation of the epithermal deposits, hosted in
the Toodoggone volcanic rocks, during subsequent uplift
(Bouzari et al., 2019). A series of porphyritic plutons
known as the Black Lake intrusive suite, which consists of
granodiorite to quartz monzonite crosscut by a series of fel-
sic—intermediate cogenetic dikes, occurs in the southeast-
ern portion of the Lawyers property and crosscuts the stra-
tigraphy of the Toodoggone district. Unaltered late basalt
dikes, trending north-northwest, crosscut the volcanic and
plutonic units, and appear to have exploited deep-rooted
extensional faults based on their similar orientation and

Geoscience BC Report 2022-01

common appearance along fault planes throughout the
Lawyers property.

The Lawyers property has a relatively simple structural his-
tory that is dominated by a brittle deformation regime. The
dominant property-scale structures consist of steeply dip-
ping, north-northwest-trending (~310-340°) synvolcanic
faults, which formed during extension in the Early Jurassic.
This synvolcanic faulting formed a series of horst-graben
blocks (Diakow et al., 1991), which define the structural
geometry and displacement of the local and regional stra-
tigraphy. Most fault blocks exhibit normal displacement
with rare kinematic indicators (conjugate riedel structures
and lineations) of minimal displacement and/or strike-slip
movement. Major fault gouge zones are associated with
potassic and propylitic alteration assemblages and are com-
monly pervasively silicified. The main Lawyers trend,
which hosts the known hydrothermal breccia zones and
their associated Au-Ag mineralization and alteration as-
semblages, is strongly structurally controlled, with the
north-northwest-trending fault structures functioning as
key fluid conduits. Isolated dilation jogs and intersections
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of north-northwest- and west-trending faults appear to con-
centrate ore shoots within the Lawyers trend. The argillic
alteration assemblages of the Silver Pond prospects appear
to have a strong association with deep-rooted north-north-
west-trending fault structures. These faults have similar
orientations to the main regional fault structures that serve
as major controls for mineralization in the adjacent low sul-
phidation—style prospects.

Material and Methods

Shortwave Infrared Analysis

In this study, two principal datasets were acquired for short-
wave infrared (SWIR) analysis to determine mineralogical
composition and the alteration assemblages present. The
first dataset was collected in the 2018 field season with
Malvern Panalytical Ltd’s portable ASD TerraSpec® Halo
spectrometer, and the second dataset was collected in the
2020 and 2021 field seasons using Malvern Panalytical
Ltd’s stationary ASD TerraSpec 4 Hi-Res Mineral spec-
trometer. All datasets were collected by APEX Geoscience
Ltd staff. Surface datasets were collected with the ASD
TerraSpec Halo ina 50 by 50 m grid using a GPS for naviga-
tion. Sample locations varied by up to 20 m from the grid
spacing when necessary to access adequate clay exposure.
Surface clay samples contained at least 1 cm of soil/clay
and were scanned only when dry. In addition to surface
clay, flat unweathered/unoxidized representative hostrock
samples were scanned where available. The SWIR analysis
of the drillcore was performed with the stationary ASD
TerraSpec 4 Hi-Res unit. All drillcore SWIR analysis were
performed at regular 3 m intervals on a broken flat surface
of representative core, which had been dried before scan-
ning. In order to ensure measurements were accurate and to
limit noise during acquisition, the lens was regularly
cleaned and calibrated with a white standard puck. The
SWIR data acquired consists of 1866 spectra from 496 sur-
face samples and 1370 core samples.

After the initial acquisition effort, all measured spectra
were processed using Commonwealth Scientific and In-
dustrial Research Organisation’s The Spectral Geologist
(TSG™), Spectral International Inc.’s SpecMin™ and
IMDEX™ Limited’s aiSIRIS™ software. The Spectral Ge-
ologist extracted spectral signatures identified at wave-
lengths between 350 and 2500 nanometres (nm), represent-
ing the visible, near-infrared and shortwave infrared
spectral ranges. Spectra with abnormal absorption features
or excessive noise likely resulted from poor calibration, a
dirty lens or the scanned samples were still wet upon analy-
sis; these spectra were therefore discarded. In order to ver-
ify mineralogy picks assigned to individual spectra by the
TSG algorithm, each spectral signature was compared
against and verified with reference spectrum using Spec-
Min software. In order to account for possible variances
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due to factors such as compositional differences between
the analyzed spectra and the reference spectra, and/or the
presence of more than one mineral type being included in
the sample interval during scanning (resulting in a mixed
spectra than contains signatures of more than one mineral),
each spectra was compared to multiple reference samples
taken from numerous different deposits. The SpecMin soft-
ware’s ‘stacking’ feature was used to overlay multiple ref-
erence spectra of one or more mineral signatures and was
then compared to the spectra gathered with ASD TerraSpec
to confirm the results provided by TSG. Key absorption
features used to identify diagnostic mineral signatures in-
clude 1400, 1900, 2160, 2180, 2200, 2250, 2330 and
2350 nm wavelengths. The bulk of the identified signatures
belonged to illite, smectite, kaolinite, pyrophyllite-talc,
sulphate and chlorite group minerals.

In addition to identifying minerals, crystallinity indices for
white mica and kaolinite group minerals were determined
using arithmetic expressions within TSG software as well
as machine learning algorithms used by aiSIRIS software.
Manual processing through TSG identified the relevant
samples using a filter for white mica (muscovite series, pa-
ragonite) and a filter for kaolinite group minerals (kaoli-
nite, dickite, nacrite, halloysite), resulting in an output table
of'the TSG results. For white mica, the 2200 nm absorption
feature was divided by the 1900 nm absorption feature to
provide the white mica crystallinity index (Guggenheim et
al., 2002). For kaolinite, the mean 2181 nm absorption fea-
ture was divided by the 2161 nm absorption feature to pro-
vide the kaolinite crystallinity index (Hauff et al., 1990). A
subset of 1000 spectra was processed through aiSIRIS. The
aiSIRIS trial output provided mineral picks for the pres-
ence of other minerals present in the initial scan and pro-
vided proportions of all other mineral types identified in the
spectra. To ensure consistency between processing meth-
ods, 25 spectra from the aiSIRIS subset were also proces-
sed through TSG and similar results were obtained.

In order to validate the outputs provided by TSG and
aiSIRIS, as well as help define the paragenetic relation-
ships, compositional variances and relative abundances of
the different minerals identified, samples of clay species
and alteration types were analyzed with a hyperspectral
core scanner. Sampling procedures included identifying
sections of core with key diagnostic minerals, as identified
through TSG or aiSIRIS, or interesting overprinting rela-
tionships and alteration textures. These core were then cut
into 2—10 cm sections of half-core for hyperspectral analy-
sis. All samples were then secured on plywood sheets and
run through SPECIM, Spectral Imaging Ltd.’s SisuROCK
hyperspectral scanning system at the Imaging Spectros-
copy Laboratory, University of Alberta (Edmonton, Al-
berta). The core were analyzed for aluminum minerals, wa-
ter and hydroxyl absorption, rock chemistry index, Fe-Mg
minerals as well as sulphates and carbonates. The hyper-
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spectral data are presented in the form of GeoTIFF files
with 250 pm/pixel resolution, which provide colour-coded
schemes for the spatial distribution of the wavelength of
key absorption features within each sample as well as grey-
scale maps indicating the relative abundances of each iden-
tified mineral type. The hyperspectral scans produced min-
eral (abundance) maps of the samples, which were then
used to confirm representativity of field sample analysis,
evaluate the abundance of each respective mineral and
define paragenetic relationships of mineral assemblages,
including key high temperature minerals (pyrophyllite,
dickite).

Minerals identified with SWIR analysis were categorized
into alteration assemblages, which grouped minerals pres-
ent in similar temperature and pH conditions, and will then
be used to help determine the geological setting of each al-
teration zone. The classification scheme summarized all
processed spectra into a total of three separate alteration as-
semblages including propylitic (chlorite, epidote, hematite,
carbonate), argillic (illite, smectite+kaolinite) and ad-
vanced argillic (alunite, dickite, kaolinite, pyrophyllite).
Due to kaolinite occurring in multiple environmental set-
tings with different genetic implications, mineral associa-
tions were used to preliminarily categorize which environ-
ment kaolinite had the most likely association with (e.g., if
kaolinite occurred with dickite, alunite and pyrophyllite,
the sample would be categorized as advanced argillic alter-
ation). All processed spectral data was input into
Micromine Pty Ltd’s Micromine™ 2019 modelling soft-
ware in order to visualize the spatial relationship for de-
fined alteration assemblages and to overlie other datasets
such as geophysics, geochemistry and core logging obser-
vations.

Geochemical Characteristics and Vectoring

Geochemical samples collected at the Silver Pond pros-
pects include soil, rock and drillcore samples. Soil samples
were collected in a 50 by 50 m grid and only samples con-
sidered to be in situ were targeted, sections with Quaternary
overburden were avoided. The Silver Pond prospects gen-
erally have poor outcrop exposure, with most rock samples
categorized as subcrop. Therefore, rock samples were
taken at mapping stations and not at regular sampling inter-
vals. Drillcore sampling varied depending on factors such
as degree of veining, alteration and mineralization and the
presence of key structural contacts. Sections of core that
appeared to be relatively fresh hostrock with little to no
mineralization were sampled at a 2 m interval, and samples
with significant veining, increased alteration intensity and/
or mineralization were sampled at a 1 m interval. In sec-
tions of core with major structural breaks, isolated mineral-
ization and/or veining, sampling intervals were adjusted to
isolate the zone of interest with a minimum sample interval
of 30 cm.

Geoscience BC Report 2022-01

All samples were analyzed by ALS-Geochemistry (Van-
couver, British Columbia) for gold, silver and an additional
46 elements. Gold was analyzed by fire assay of a 30 g sam-
ple followed by inductively coupled plasma—atomic emis-
sion spectroscopy (ICP-AES), with a lower detection limit
0f0.001 ppm. All samples that exceeded 10 ppm gold were
reassayed by fire assay of a 30 g sample with a gravimetric
finish; the upper detection limit was 10 000 ppm. The silver
and additional 46 elements were analyzed by four-acid di-
gestion followed by inductively coupled plasma—mass
spectrometry (ICP-MS), with samples that returned silver
assays in excess of 1500 ppm being reanalyzed by fire assay
of a 30 g sample with a gravimetric finish. Quality assur-
ance and quality control samples were inserted at a mini-
mum of every 10 samples, with duplicates being taken in
mineralized zones.

Assay data were used to evaluate depletion and addition of
rock-forming elements (such as Ca, K, Na and Mg) and
common pathfinder elements (such as Mo, As and Te). In
particular, the epithermal elemental suite, including As, Sb,
Hg, Se, Te, T1, Mo and W, was considered. This analysis
was applied to surface and drillcore data to evaluate the re-
lationship of alteration and alteration intensity with Au-Ag
pathfinders, and determine the usefulness of SWIR analy-
ses as a field-ready pathfinder tool in the Silver Pond and
geochemically similar prospects.

Isocon plots were used to observe quantitative changes in
elemental concentrations of the rock-forming and epither-
mal suite elements as compared to immobile elements in or-
der to determine the relationship between alteration types
and addition/subtraction of elements (Grant, 2005). An un-
altered reference was calculated from 10-15 m sections of
unaltered core from 14 separate holes across the property
with the same lithology as the Silver Pond prospects. In to-
tal, 179.9 m of core was used to calculate the unaltered ref-
erence. The mean, median and standard deviations of each
of the elements analyzed were determined to help ensure
that samples selected were representative of unaltered sec-
tions, and to remove any potential outliers within the se-
lected sections. The mean value was then used as the unal-
tered reference against all sections of interest. Elements
that experienced no net loss or gain lay on the line with a
slope of 1, with enriched elements having a value greater
than one and depleted elements having a value of less than
one, and immobile elements (i.e., Al) generally staying on
the line regardless of the influence of alteration events.
Mineralized sections, alteration assemblages and individ-
ual alteration minerals identified by SWIR were plotted
against the unaltered reference mean to help understand the
composition of hydrothermal fluids responsible for miner-
alization and alteration.
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Results
Spatial Distribution of Minerals

Three main alteration types are present at the Silver Pond
prospects and their distinct mineralogy, spatial distribution
and textural characteristics are different from the alteration
types present at the low sulphidation targets on the Lawyers
property. The analysis of the surficial and drillhole data re-
vealed that the highest intensity hydrothermal alteration
zoning at the Silver Pond prospects is an elongated cast-
west advanced argillic-alteration core, with south and north
shoulder zones predominantly composed of argillic and
propylitic alteration assemblages. The core of the hydro-
thermal alteration zone is defined by the presence of high
temperature, low pH, advanced argillic-alteration as-
semblages identified in surface clays and at depth (Fig-
ure 3a—c; drillholes 20SPCDD004, 20SPCDDO008,
20SPCDDO009). The advanced argillic-alteration core zone
is predominantly altered to alunite, kaolinite, dickite and
high crystallinity white mica with isolated occurrences of
pyrophyllite and gypsum. The south and north shoulder
zones exhibit a transition from advanced argillic-alteration
to argillic alteration. The argillic alteration represents low—
moderate temperature and moderate pH conditions and is
observed in the surface clays and at depth in drillholes
20SPCDD005, 20SPCDD006 and 20SPCDDO007. These
shoulder zones are surrounded by a broader regional-scale
alteration zone that is defined by an argillic to propylitic
transition and is altered predominantly to white mica,
montmorillonite and chlorite assemblages. The majority of
chlorite identified within the Silver Pond prospects has a
low wavelength absorption feature (~2246-2252 nm) indi-
cating a magnesium-rich end member, which commonly
occurs in the more proximal portions of a hydrothermal
system. The observed hydrothermal alteration zones and
their respective assemblage classifications are comple-
mented by key geochemical features, including a depletion
in rock-forming elements and enrichment in epithermal
suite elements (Figure 4a—d), which is a strong indication
and proxy for the influence of hydrothermal magmatic flu-
ids.

At the Silver Pond prospects, drillholes that intersect a
range of mineral assemblages also show a transition from
muscovite to phengite with increasing depth (Figure 5a, b)
and a proximity to higher temperature assemblages. This
transition is reflected in changes in the 2200 nm absorption
feature, in which white mica of phengitic composition
show a characteristic increase in the 2200 nm absorption
feature to the ~2210 nm range. The 2200 nm absorption
feature can also migrate to a shorter average wavelength
(~2190 nm) and typically reflects a sericite-muscovite re-
action (Cohen, 2011). In drillholes surrounding the central
advanced argillic-alteration zone, both kaolinite and white
mica crystallinity values show a trend toward increasing
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crystallinity with depth (Figure 5c, d) and/or proximity to
advanced argillic-alteration zones.

The presence and abundance of pyrophyllite and dickite, as
examples of high temperature phases with vectoring poten-
tial, was confirmed through hyperspectral core scans. Sev-
eral samples contain over 90% volume of dickite or py-
rophyllite (Figure 6¢, d). Preliminary paragenetic relation-
ships extracted from these scans also show that kaolinite
postdates dickite (Figure 6b), with kaolinite veins crosscut-
ting samples pervasively altered to dickite, and gypsum
veins crosscutting both the kaolinite and dickite. Isolated
sections of the advanced argillic-alteration core zone ex-
hibit a pervasive alunite overprint of the groundmass and
the phenocrysts of the relic hostrock (Figure 6a).

Geochemical Characteristics and Vectoring

The surface area of the Silver Pond leach cap is character-
ized by a systematic depletion in common rock-forming el-
ements, such as Mg, Ca and Na, as well as enrichment in
epithermal suite elements, such as TI, Te, Se, As and Sb
(Figure 4a, b, 7b—d). Similar chemical relationships were
also displayed in the subsurface with the highest degree of
relative enrichment closely correlating with the intensity
and type of clay alteration present. Highly altered, ad-
vanced argillic-alteration assemblages generally exhibit
the highest degree of enrichment in epithermal suite ele-
ments and corresponding depletion in rock-forming ele-
ments (Figure 7b), with argillic and propylitic alteration
assemblages sequentially having a lower degree of enrich-
ment/depletion of indicative element suites (Figure 7a).

Select samples within isolated mineralized intervals (0.3—
1 m) from two different drillholes (20SPCDDO00S,
20SPCDDO009) show a correlation between the occurrence
of Au-Ag and W, Pb, Bi, Cu, Te, Mo and Se (Figure 7c, d).
In addition, positive anomalies of Mo, Se, Te, Pb, Biand Sn
systematically increase from argillic to advanced argillic-
alteration zones.

A series of modelled and logged north-northwest-trending
faults appear to have an influence on the spatial distribution
of geochemical trends, with areas proximal to the fault sys-
tem experiencing a higher degree of enrichment in select
epithermal suite elements (Figure 4c, d). Similar degrees of
enrichment and elemental associations can be found within
isolated Au-Ag intersections. Historical drilling on the Sil-
ver Pond prospects also indicates select zones of mineral-
ization occur along a northern extension of the fault system,
possibly indicating extensive mineralization along the
strike of these major fault structures. The close spatial cor-
relation of the enrichment of pathfinder elements with high
temperature, low pH and clay assemblages provides
evidence that the system at the Silver Pond site has a strong
structural control.
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SPCDD009

SPCDDO008: 296.92m 244.05-244.09m

2.0 cm

Green = dickite
Red = kaolinite

Red =alunite

SPCDD004
199.58-119.62m

20SPCDD008
296.2-296.99m

2.0.cm 2.0 cm

Green = dickite
Red = kaolinite

Blue = pyrophyllite

Figure 6. Hyperspectral core scans confirm the pervasive alteration of key indicator minerals used for constraining temperature and pH
conditions within the categorized alteration zones, including a) alunite, b, ¢) dickite and kaolinite and d) pyrophyllite. Locations of drillholes

(20SPCDDO00X) shown on Figure 3.

Discussion

The SWIR techniques and results were used to help deter-
mine the mineralogy of the Silver Pond prospects with the
aim of understanding 1) the type of alteration system and
2) what portion of a magmatic-hydrothermal system is
present at the Silver Pond site, with the purpose of explor-
ing the potential for economic mineralization. Previous re-
search and exploration programs at the Silver Pond pros-
pects generally describe the area as a lithocap, defined by a
high degree of clay alteration caused by a downfaulted acid
sulphate outflow, possibly representing the upper portion
of the Lawyers property hydrothermal system (Diakow et
al., 1991). The combined SWIR analysis of surface clay
and drillcore samples confirmed the extent and depth of the
lithocap, with the presence of key clay assemblages and
mineralogical transitions suggesting that sections of the
Silver Pond clay alteration zone formed in high tempera-
ture and low pH conditions typical of intermediate to high
sulphidation—type settings (Arribas, 1995). The advanced
argillic-alteration assemblages discussed have been known
to commonly cap porphyry copper systems (Sillitoe, 1973),
which is a plausible setting in the context of the regional
stratigraphy of the Toodoggone district. This district hosts a
series of low and high sulphidation systems some of which
have demonstrable base-metal associations, indicative of a
deeper hydrothermal system(s) that affected shallower
mineralization and alteration domains.

Geoscience BC Report 2022-01

The temperature and pH conditions and their associated al-
teration assemblages exhibited at the Silver Pond prospects
indicate that this may be the site of the portion of the mag-
matic-hydrothermal system(s) that typically hosts Au-Ag
mineralization in analogous deposit types. The system did
not undergo complete erosion at the Silver Pond prospects,
as the associated alteration zonation is expressed at surface
and at depth. The type and distribution of clay assemblages
that occur at the Silver Pond prospects are typically associ-
ated with hypogene hydrothermal-magmatic environ-
ments. Large alunite-kaolinite-dickite haloes with isolated
sections of pyrophyllite correspond to intervals that display
the highest degree of texturally destructive alteration and
intense leaching of the hostrock and likely represent feeder
zones. The narrow advanced argillic-alteration zones
bounded by a broad argillic alteration zone (dominantly
illite-smectite) are characteristic of intermediate to high
sulphidation deposits as classified by John et al. (2018). To
date, exploration efforts have intersected the main alter-
ation envelopes (i.e., sericite-pyrophyllite, quartz-dickite/
kaolinite, quartz-alunite, illite-smectite) but not a zone of
residual quartz, which typically hosts Au-Ag mineraliza-
tion in high sulphidation systems. The confirmed intersec-
tions of quartz-alunite, quartz-dickite/kaolinite and seri-
cite-pyrophyllite zones are possible indicators of proximity
to a residual or vuggy silica zone.
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The propylitic mineralogy in the north and south shoulders
of'the Silver Pond prospects are characteristic of low—mod-
erate temperature (0-250°C) and neutral pH conditions.
The mineralogy of the argillic-advanced argillic alteration
assemblages in the core of the system indicates a tempera-
ture range of ~200—-350°C in moderate to highly acidic con-
ditions (pH <2—4). The mineralogy identified by SWIR
analysis in the central zone of the prospects reveals a sys-
tematic shift to higher temperate and lower pH conditions,
indicating that this zone is more proximal to focused fluid
flow or a hydrothermal-magmatic source, which likely ex-
ploited deep-rooted north-northwest-trending faults as
fluid conduits.

The results from the SWIR analysis were overlain with
geochemistry, core logging and geophysical data and
strong correlations were evident between enrichment in
epithermal suite elements, magnetic signatures and key
structural controls. The distribution of alteration assem-
blages appears to have a strong correlation with a series of
north-northwest-trending faults, with increased alteration
intensity, as well as the presence of advanced argillic alter-
ation, occurring proximal to the fault system. The main
north-northwest-trending faults have a similar orientation
to the fault system that served as a key control for mineral-
ization in the adjacent low sulphidation—style deposits in
the property.

Analysis of relative crystallinity values for white mica and
kaolinite group minerals were used as an additional proxy
for the influence of hydrothermal fluids, which helped with
understanding temperature regimes within the Silver Pond
prospects. Higher crystallinity values indicate more or-
dered crystal structures, which occur in higher temperature
environments. Shifts in the crystallinity index of kaolinite
group minerals and white mica can therefore be used to in-
dicate temperature regimes and aid in the vectoring of
higher temperature alteration zones and assemblages. A
general increase in crystallinity of both kaolinite and white
mica correlates strongly with an increase in depth and/or
proximity to high temperature assemblages (Figure Sc, d),
indicating a broad-scale trend of increasing temperature re-
gimes with proximity to fault surfaces at depth within the
Silver Pond clay alteration zone.

The observed transition of muscovite to phengite with
depth (Figure 5a, b) provides additional information on the
pH conditions present in select areas of the Silver Pond
prospects. This transition is demonstrated in drillhole
20SPCDDO008 (Figure 3b, c), where a shallow, fault-
bounded, advanced argillic-alteration zone correlates with
an overlap of predominantly muscovitic white mica, which
has a higher stability in lower pH conditions and when oc-
curring in conjunction with pyrophyllite, likely formed in a
moderate to high temperature regime of 280-400°C
(Monier and Robert, 1986; Cohen, 2011).
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Epithermal deposits are commonly enriched in elements
such as As, Sb, Hg, Se, Te, Tl, Mo and/or W (White and
Hedenquist, 1995; Saunders et al., 2014). The three types
of epithermal deposits (low, intermediate and high sulphi-
dation) also exhibit large variations in absolute and relative
concentrations of elements (John et al., 2018) and com-
monly exhibit distinct zonation patterns. The geochemical
fingerprint of the Silver Pond prospects, as illustrated in the
isocon plots (Figure 7b—d), shows high levels of enrich-
ment in key elements such as Mo, Se, Te, Pb, Bi, Th and Sn,
which coincides with the signature of other known interme-
diate to high sulphidation epithermal systems (i.e., La
Coipa, Chile; Summitville, United States; Pueblo Viejo,
Dominican Republic), which are commonly enriched in
Cu, Pb, Zn, Mo, Bi, Sn, Te, Thand Se (John etal., 2018).

Conclusions

The clay assemblages identified by shortwave infrared
analysis as well as the geochemical signature of zones that
experienced intense fluid flow indicate that the alteration
zones and characteristics present at the Silver Pond pros-
pects were likely formed as part of a hydrothermal-mag-
matic system within a high sulphidation—type epithermal
setting. The shortwave infrared analysis as well as field ob-
servations have documented the presence of a low pH zone
dominated by alunite, dickite, anhydrite+pyrophyllite as-
semblages with a broad illite-smectite, montmorillonite
zone. To date, only very narrow (~5-30 cm) occurrences of
the vuggy quartz zone, which typically hosts Au-Ag ore,
have been encountered. The Silver Pond prospects remain
largely underexplored and have strong discovery potential
due to the presence of promising alteration assemblage and
zonation relationships, geochemical indicators and the
proven broad-scale resource potential of the hydrothermal-
magmatic system in the greater Lawyers property.
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Introduction

According of the International Union of Pure and Applied
Chemistry (IUPAC), rare-earth elements (REEs) include
15 lanthanides plus Sc and Y (Connelly et al., 2005). They
are grouped into two categories: light REEs (LREEs) and
heavy REEs (HREEs). The elements La to Gd and Sc be-
long to the LREEs group and the HREEs group consists of
Tb to Lu and Y (Moldoveanu and Papangelakis, 2013;
Zhang et al., 2015). The REEs are used in the manufactur-
ing of a wide variety of products and devices, such as light-
emitting diodes, permanent magnets, catalytic converters,
hybrid cars, wind turbines, fibre optics, super conductors
and defence equipment (Balaram, 2019). China is one of
the dominant suppliers of REEs globally and accounts for
on average 86% of total rare-earth oxide production in the
last 20 years (U.S. Geological Survey, 2021). The demand
for REEs has increased significantly as the global transition
to a low carbon economy has gained greater momentum in
the recent years (Goodenough et al., 2018). The REEs are
classified as critical elements in different studies due to in-
creased supply risk to meet the future demand, considering
various geopolitical, geological, environmental and market
risks (U.S. Department of Energy, 2010; Deloitte Sustain-
ability et al., 2017; Natural Resources Canada, 2020). To
mitigate the supply risk, coal-related feedstocks are being
evaluated as alternative sources of REEs for future exploi-
tation (Seredin and Dai, 2012; Dai and Finkelman, 2018).
The detailed review of REE occurrences and enrichment in
coal deposits and geochemical analyses results are reported
in the literature (Zhang et al., 2015; Dai etal., 2016). Using
the U.S. Geological Survey’s (USGS) coal database, the
National Energy Technology Laboratory (NETL) in the
United States has assessed coal deposits as source material
for REE production (Bryan etal., 2015). As aresult, NETL

This publication is alsg 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 funded a research and development program to
demonstrate the techno-economic feasibility of developing
domestic technologies to separate REEs from coal and/or
its byproducts that contain a minimum of 300 ppm total
REEs (U.S. Department of Energy, 2016).

Data indicating the presence of REEs in Canadian coal de-
posits scarcely exists, but some coal deposits have been
studied for trace elements (Goodarzi, 1988; Birk and
White, 1991; Goodarzi et al., 2009). There have been no ef-
forts made to specifically quantify and characterize the
REEs in British Columbia (BC) coal deposits or other coal
deposits in Canada for subsequent extraction. The main ob-
jective of this study is to create a REE database for the East
Kootenay coalfield (Figure 1) using field-collected sam-
ples to identify the best potential source material in the
study area. A few samples in the database were also evalu-
ated for extraction of REEs, using processes such as mag-
netic-, density- and gravity-based methods, flotation, ion-
exchange and leaching. Preliminary results on the REE
database were reported previously (Kuppusamy and
Holuszko, 2021), and this database is now updated with
additional field-collected samples and presented in this

paper.
Materials and Methods

In 2020 and 2021, samples were collected by coal geolo-
gists from their respective mines to develop the database.
Sample preparation in the lab was conducted in accordance
with ASTM standards for coal sample preparation. A lith-
ium-borate fusion was used in the REE analysis and four-
acid digestion in the analysis for other minor elements. For
a few reactive samples, aqua-regia digestion was adopted
for minor element analyses. The digested solutions were
analyzed by inductively coupled plasma—mass spectrome-
try (ICP-MS). All the chemical analyses reported in this
study were conducted by ALS-Geochemistry (Vancouver,
British Columbia). In this study, REEs in samples are ex-
pressed as follows: on a whole coal basis (REE concentra-
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Figure 1. Location of East Kootenay coalfield and operating coal mines in southeastern British Columbia (adapted from BC Geological Sur-

vey, 2019).

tion in the coal sample) and on an ash basis (REE con- 300

centration in the ash of the coal sample). The
procedure followed for sampling, preparation and
chemical analyses is detailed in Kuppusamy and
Holuszko (2021).

Results and Discussion

The preliminary results of 49 samples were reported
previously (Kuppusamy and Holuszko, 2021). In this
paper, the data is updated with an additional 55 sam-
ples collected from the study area. Results of the
proximate analysis of 37 coal samples are shown in
Table 1. According to ASTM D388-17(2017), all the
coal samples can be classified as low-to-medium vol-
atile bituminous coal, which is of a metallurgical
quality. For the database, more than 60 parameters
were collected for each sample, including type, rank
and major-, minor- and trace-elements concentra-
tions. Once the study is completed, the comprehen-
sive dataset will be released in future reports. Seam identifi-
cation and the specific locations of the individual samples
are not disclosed to uphold a confidentiality agreement.

REE (ppm, whole coal basis)

The REE concentration in the samples varied from 91 to
686 ppm on ash basis and more than 77% of total REEs was
accounted for by five elements (Ce, La, Nd, Y, Sc). The
maximum, minimum and average REE concentrations on
ash basis for different geological material collected, includ-
ing roof, floor, coal and partings, are listed in Table 2. It can
be observed that coal showed an enhanced concentration of
REEs when compared to the other material types. As shown
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Figure 2. Rare-earth element (REE) concentration (on whole coal basis;
ppm) versus ash content (%) for the roof, floor, coal and partings samples
from the East Kootenay coalfield, southeastern British Columbia. Grey col-
our markers indicate data points reported last year.

in Figure 2, the concentration of REEs increases with ash
content of the material on a whole coal basis indicating the
preferred REEs association with mineral matter, which is
comparable with previously published results (Kuppusamy
and Holuszko, 2021). On Figure 2, grey colour markers in-
dicate data points reported last year. During the coal benefi-
ciation process, the REEs associated with mineral matter
are generally concentrated into waste tailings streams. The
flotation of East Kootenay coal samples showed that most
of the REEs by weight were reported to the middlings and
tailings streams (Kuppusamy and Holuszko, 2019), which
confirms the trend shown in Figure 2.
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Table 1. Proximate analysis results for coal samples (as-
determined basis) from the East Kootenay coalfield, south-
eastern British Columbia. Abbreviation: ID, identification.

Sample Moisture  Ash Volatile  Fixed
D Type content content matter carbon
(%) (%) (%) (%)
10 Coal 241 7.24 22.85 67.5
11 Coal 2.81 10.12 21.92 65.14
12 Coal 2.39 7.66 23 66.95
13 Coal 241 7.52 22.92 67.14
14 Coal 243 7.93 23.02 66.62
15 Coal 25 10.46 22.3 64.74
16 Coal 2.62 5.1 24.08 68.2
17 Coal 21 5.29 23.69 68.93
18 Coal 2.09 20.24 27.29 50.38
19 Coal 2.75 7.37 25.68 64.2
20 Coal 1.36 12.39 24.67 61.59
22 Coal 0.85 19.05 19.39 60.71
26 Coal 1.25 7.84 22.73 68.19
27 Coal 1.24 13.19 19.32 66.26
4 Coal 1.31 20.74 23.11 54.84
48 Coal 0.66 20.34 20.15 58.85
49 Coal 0.87 15.06 22.16 61.91
53 Coal 1.03 10.57 24.32 64.08
54 Coal 1.36 6.87 28.70 63.07
60 Coal 1.39 10.32 30.69 57.61
61 Coal 1.00 30.27 22.78 45.94
69 Coal 0.77 32.47 20.68 46.08
73 Coal 0.62 12.58 22.80 64.00
74 Coal 0.60 20.89 24 .46 54.05
76 Coal 0.62 25.98 21.75 51.65
78 Coal 0.46 7.36 22.29 69.89
81 Coal 1.97 29.88 19.68 48.46
83 Coal 1.51 45.55 18.00 34.94
87 Coal 1.21 4.86 5.57 88.35
89 Coal 1.07 13.37 14.18 71.38
96 Coal 1.03 40.52 15.51 42.94
98 Coal 0.74 13.40 18.39 67.47
99 Coal 0.86 23.48 18.40 57.26
100 Coal 0.75 22.64 2212 54.50
102 Coal 0.55 19.53 22.57 57.35
103 Coal 0.97 25.60 24.66 48.77
104 Coal 0.94 17.10 26.21 55.75

The preliminary economic evaluation of samples was con-
ducted using the evaluation plot proposed by Dai et al.
(2017). In the plot, REE concentration was plotted against
outlook coefficient (C,u), which signifies the quality of
REEs present in the sample. Using the plot, samples were
grouped into three categories. An explanation of the REE
cut-off grades and calculation of outlook coefficient can be
found in Kuppusamy and Holuszko (2021). The evaluation
plot was adopted to accommodate the resource cut-off
suggested in U.S. Department of Energy (2016), which clas-
sifies the samples into five categories: unpromising source
(REE <300 ppm on ash basis or Cy,y <0.7); promising re-
source (300<REE<720 ppm on ash basis and 0.7<C,4<2.4);

Geoscience BC Report 2022-01

Table 2. Maximum, minimum and average rare-
earth element (REE) concentrations (on ash basis;
ppm) in the roof, floor, coal and partings samples
from the East Kootenay coalfield, southeastern Brit-

ish Columbia.
Type Maximum Minimum Average
Roof 351.3 163.1 238.4
Floor 293.3 90.8 216.2
Coal 685.9 105.1 284.3
Partings 260.4 149.5 204.3

Table 3. Maximum, minimum and average heavy rare-earth ele-
ments (HREES) to light rare-earth elements (LREES) ratio and out-
look coefficient in the different coal sample types from East
Kootenay coalfield, southeastern British Columbia.

HREEs-LREEs Outlook coefficient

Type Maximum Minimum Average Maximum Minimum Average
Roof 0.37 0.17 0.28 1.41 0.77 1.1
Floor 0.38 0.18 0.27 1.42 0.85 1.06
Coal 0.58 0.22 0.34 1.72 0.73 1.19
Partings 1.03 0.21 0.35 2.93 0.82 1.27

highly promising resource (300<REE<720 ppm on ash ba-
sis and Co,y>2.4); promising source (REE >720 ppm on ash
basis and 0.7<C,,y<2.4); and highly promising source
(REE >720 ppm on ash basis and C,, >2.4). All the sam-
ples in the REE database were plotted in the modified plot
and are shown in Figure 3. The updated data points are
shown in different colours, whereas last year’s data points
are shown in grey.

The Coyy values for most of the samples are >1, implying
that the critical REE concentration is significant and
accounts for, on average, 36% of the total REEs. Further, it
can be noticed from Table 3 that HREE concentrations are
generally more significantly concentrated in coal com-
pared to roof, partings and floor samples, in some cases
they consist of more than 50% of total LREEs, which con-
tributes to the better C,yy values. The average C,yy for the
coal samples is found to be 1.2, which is consistent with re-
sults from Kuppusamy and Holuszko (2021). Additionally,
certain partings samples also showed enriched HREE con-
centrations, which resulted in the highest outlook coeffi-
cient observed among the tested samples. Because of
HREE enrichment in some samples, the general statistics of
partings were improved and comparable to that of coal val-
ues in terms of HREE-LREE ratio and outlook coefficient.
Since the reported C,,y for world coal is 0.64 (Zhang et al.,
2015; Dai et al., 2017), these results show that BC coals
may become a viable source of REEs if extraction pro-
cesses are further refined.

Correlation analysis also shows a strong correlation be-
tween coal ash and REE content (except Sc) when calcu-
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Figure 3. Outlook coefficient (Couu) versus rare-earth element (REE) concentration for various
types of coal samples from the East Kootenay coalfield, southeastern British Columbia. The
REE resource categories for coal sources: green, highly promising source; yellow, promising
source; blue, highly promising resource; light salmon, promising resource. Grey colour markers

indicate data points reported last year.

lated on a whole coal basis (r = +0.86 to 0.93). This indi-
cates the presence of various mineral phases containing
REEs in the coal samples. One of the REE carriers in these
types of metalliferous coal is zircon, which can originate
from volcanic ash or authigenic minerals and it can be iden-
tified by enrichment of Hf, Th, U and HREEs (Finkelman,
1981; Seredin, 2004). A compelling correlation between
Hf, Th, U, Y and other REEs implies that zircon could be
one of the source minerals of REEs and indicates an input of
volcanic ash containing REEs into these coals. Elemental
analysis by ICP-MS indicated the presence of zirconium in
these samples. Also, volcanic ash is believed to be the
source of tonsteins associated with the coal beds in the Mist
Mountain Formation in the East Kootenay coalfield
(Grieve, 1993), which further validates the inference made
in this study.

No correlation was observed between ash and REE content
when calculated on an ash basis (r=-0.07 to 0.44). This im-
plies that only a small amount of REEs is associated with
organic matter in the studied samples. To confirm this, the
next step would be to look for a strong correlation between
REEs and W, which is believed to be organically fixed in
coal. However, a very weak correlation was shown be-
tween REE and W in the studied samples (r=+0.14t00.37)
indicating inorganically associated REEs.

In the samples, on the whole coal basis, REEs strongly cor-
related with U (r >+0.84) and Th (r >+0.80). This suggests
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that one of the REE mineral phases could be monazite, buta
more detailed mineralogical study is required to confirm its
presence in the sample.

The modified evaluation plot was used to select a few sam-
ples with a high potential for use as REE feedstock. These
select few samples are currently being investigated to un-
derstand the mode of occurrence and REE mineralogy. Fur-
ther, REE extraction potential from these samples is also
being assessed using bench-scale test works. The final re-
port containing the entire database, characterization and
extraction study results will be published in the near future.

Conclusions

In this study, more than 100 samples were collected from
the East Kootenay coalfield to develop a rare-earth element
(REE) database for the study area. The results from the first
49 samples were reported previously and the database is
now being updated with an additional 55 samples. It was
found that total REE concentrations on ash basis varied
from 91 to 686 ppm. Considering different geological ma-
terial types, the tested coal samples showed enriched REE
concentrations. Further, the concentrations of heavy rare-
earth elements (HREEs) were generally higher in coal and
partings samples. In certain partings samples, the HREE—
light rare-earth element (LREE) ratio was >1 meaning the
concentration of HREEs was greater than the LREEs,
which was reflected in the significantly higher outlook co-
efficient value, showing increased economic potential.
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Further, correlation analysis revealed a significant domina-
tion of inorganic association of REEs in the samples.

The extraction of REEs from alternative source material is
currently being developed for successful exploitation of
these resources. Even though REE concentration in coal
sources are considerably lower than conventional REE de-
posits, the extraction of REEs from coal-based feedstocks
has numerous advantages compared to traditional REE
mining, including reduced cost, environmental footprint
and waste management. Further, coal-based source mate-
rial was also shown to contain other valuable elements such
as Ge, Ga, Li, V, Nb Au, Ag, Al and platinum group ele-
ments, which can also be co-extracted with REEs paving
the way for more sustainable resource usage.
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Introduction

Mineral exploration in Canada is becoming increasingly
difficult because the majority of deposits exposed at the
surface have already been discovered, leaving undiscov-
ered commodities buried beneath appreciable glacial over-
burden and/or bedrock. The effectiveness of many existing
exploration tools is diminished and therefore the develop-
ment of innovative exploration approaches is vital for con-
tinued success in the discovery of new resources (Winter-
burn, 2017). One such technique, microbial-community
fingerprinting, shows great potential when exploring for
mineral targets that are hidden by thick (>2 m), complex
and transported surficial materials. With continued devel-
opment, 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

!The lead author is a 2021 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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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 discern-
ible through conventional geochemical and geophysical
surveys.

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.

Rationale for Microbial-Community
Fingerprinting

Two British Columbia (BC) porphyry-copper deposits, the
Highland Valley Highmont South Cu-Mo deposit (HVC) of
Teck Resources Ltd. (NTS 0921/06) and the Consolidated
Woodjam Copper Corp. Deerhorn Cu-Au deposit (NTS
093A/06), were used to evaluate microbiological tech-
niques for sulphide exploration in BC (Figure 1). B-hori-
zon soil samples were analyzed for inorganic geochemistry
(aqua-regia digestion with inductively coupled plasma—
mass spectrometry [[CP-MS] finish) and microbial DNA
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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).

sequencing (16S rRNA marker gene; Iulianella Phillips, 2020;
Simister et al., 2020). In both cases, mineralization is cov-
ered 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, glacio-
lacustrine sediments; Iulianella 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
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, 3). Spe-
cifically, microbial anomalies at Deerhorn discriminate
mineralization at the surface where no detectable geochem-
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ical signal has been generated (Figure 3). These results
signify the efficacy of using modern DNA sequencing to
elucidate 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 mineralization.

Mount Washington Au-Ag-Cu Epithermal
System

In October 2018, the Mount Washington high-sulphidation,
epithermal Au-Ag-Cu prospect (NTS 092F/14) was sam-
pled for microbial-community fingerprinting and inorganic
and organic soil geochemistry. The Mount Washington
prospect is located on Vancouver Island (Figure 1). The
area is underlain by the Mesozoic Karmutsen Group basalts
and hosted in the Nanaimo Group sedimentary rocks and
intrusive rocks of the Paleogene Mount Washington
Plutonic Suite. Several north- and northwest-trending
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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.

extensional faults crosscut the area and appear to localize
mineralization (Muller, 1989; Massey et al., 2005; Fig-
ure 4b). Mineralization is characterized by polymetallic
sulphide minerals in a breccia zone and the Domineer vein,
which together make up the Lakeview-Domineer resource
(Houle, 2013). Surficial materials are dominated by collu-
vium, glacial till and organic deposits (Figure 4a), with the
direction of ice flow at 058° (Fyles, 1960).

The survey was carried out in conjunction with a hydrocar-
bon survey (Luck, 2021) and comprised five survey lines
with a total of 64 samples taken at 50 m spacing perpendic-
ular to the strike of the mineralized breccia (Figure 4b).
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
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Figure 3. Example of an indicator micro-organism (a) and the Cu-anomaly map (normalized to organic carbon) of the same area (b) from
the Deerhorn Cu-Au deposit. Geochemical data derived from aqua-regia digestion of B-horizon soils with ICP-MS finish. Microbiological
data derived from 16S rRNA gene DNA sequencing. Co-ordinates in UTM Zone 10, NAD 83.
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variables at each sample site for every observed soil hori-
zon in the profile. The B-horizon soils were targeted for mi-
crobial-soil samples, although multiple horizons (includ-
ing O, Ah, Ae and C) were taken where possible. Soil
samples were also collected for geochemical analysis.
Field measurements consisted of slurry tests for pH and ox-
idation-reduction potential (ORP) after field sieving
through a 6 mm screen. Geochemical samples for each site
were sent to ALS Chemex (Vancouver, BC) for fire assay
and four-acid digestion, and subsequent analysis by ICP-
MS (results can be found in Luck, 2021). The microbial
samples were frozen at—4°C upon return to the laboratory at
The University of British Columbia (UBC) prior to DNA
extraction. A subset of the Mount Washington microbial
samples has been preserved to perform a cell-count analy-
sis. A small amount of each soil sample was transferred
with aseptic instruments into smaller vials containing an
RNA preservative.

DNA extractions have been carried out for the Mount
Washington soil samples and results are pending. Once
data are received, they will be investigated for microbio-
logical anomalies associated with the epithermal mineral-
ization. Results from Mount Washington will be the first
step in incorporating high-sulphidation, epithermal-style
mineral systems into the project databases of indicator mi-
cro-organisms for use in future mineral exploration.

Bog Wetlands

A substantial challenge in the mineral-exploration industry
is the lack of geochemical methodologies when exploring
in saturated surficial environments (i.c., bog wetlands).
The surface can be inconsistent in these environments, and
traditional acid-digestion methods coupled with ICP-MS
are not always possible because the dominant surface mate-
rials are composed of waterlogged organic matter. High de-
grees of saturation change the oxidation-reduction poten-
tial (ORP) of the local environment, thus exerting a control
on the mobility of Eh-sensitive elements (e.g., Fe, Mn, S)
that may obscure geochemical signals derived from
subsurface mineralization. Furthermore, a high abundance
of organic matter in soils may attenuate indicator and/or
pathfinder elements (e.g., Mo) and generate false anoma-
lies. One of the very few techniques marketed for applica-
tion in these environments is the Spatiotemporal Geochem-
ical Hydrocarbons (SGH) analysis of Activation Laborato-
ries Ltd. However, a drawback to this technique is that the
compound class or compound concentrations themselves
are not released to the client, so the interpreted anomaly
heat map is the only data product provided. Clearly, new
tools are required to meet industry demand when exploring
in complex low-relief and saturated terrains.

Bog wetlands also provide a unique opportunity to study
the feedback relationships between land/soil type and

Geoscience BC Report 2022-01

microbial communities. Not only does this generate know-
ledge about microbial-community composition and func-
tion in saturated surface environments to support micro-
bial-community fingerprinting as an exploration tool, but it
informs the role micro-organisms play in biogeochemical
cycling and the fate of carbon in the environment.
Peatlands are extremely important carbon sinks globally
(Dise, 2009). With changing temperatures, the investiga-
tion into microbial-community controls on carbon cycling
of greenhouse gases such as CO, and CH, in these environ-
ments is vital (Belyea etal., 2008; Limpens et al., 2008; Dise,
2009).

Burns bog, located in Delta, BC, is a field location for study-
ing microbial communities: their composition, structure and
function across different land types (Figure 5). It is a raised-
bog ecosystem with acidic, nutrient-poor waters and main-
tains a reducing environment due to its low oxygenation
(Hebdaetal., 2000). Plans are being made to sample across
different land types in the bog along saturation gradients;
characterize the composition of soil-microbial communi-
ties and its functional potential; and measure rates of micro-
bial population turnover. The accessibility of Burns Bog
also provides seasonal opportunities for sampling should it
become relevant. Outcomes from these efforts may inform
the applicability of microbial-community fingerprinting in
saturated surface materials and shed light on the functional
relationship between micro-organisms and peatland carbon
storage.

Soil Preservation

Little is known about the stability of soil-microbial com-
munities during transport and prolonged storage. It is
widely accepted that soils should be frozen as soon as pos-
sible post sampling to preserve DNA (Delavaux et al.,
2020). However, it is unknown how fluctuations in temper-
ature and moisture over reasonable transport and storage
time scales impact the preservation of soil-microbial com-
munities, specifically in the microbial anomalies generated
above mineral deposits and the relative abundance of indi-
cator micro-organisms. To test this, a soil-preservation ex-
periment has been designed that utilizes readily accessible
soil material.

The UBC Totem Plant Science Field Station provides an
excellent on-campus soil environment to conduct, and col-
lect materials, for soil-related experiments. A bulk soil
from the field station was sampled and the initial microbial-
community composition characterized with 16S sequencing
(Figure 6). The current phase of the experiment involves
exposing the soil (within Poly Ore sample bags) to a range
of temperature and moisture perturbations. These perturba-
tions include freezing samples at —20°C, leaving samples at
room temperature, and allowing the samples to dry out. The
soil-microbial communities will be assessed at weeks- to
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months-long time intervals for at least one year and sam-
pled in triplicate to examine the effects of temperature and
moisture fluctuations on the microbial-community compo-
sition, diversity, structure and metabolic activity. This ex-
periment will inform the development of robust sampling
protocols for the mineral-exploration industry and serve as
a laboratory test of the relationships between warming and
drying soil conditions and microbial populations.

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. Current research directions focus spe-
cifically on reducing fundamental unknowns about the be-
haviour and variation of microbial communities in re-
sponse to chemical and physical changes in the environ-
ment. This focus includes assessing DNA sequencing and
microbial-community fingerprinting in a colluvium-domi-
nated, Au-Ag-Cu, high-sulphidation, epithermal mineral
system; exploring the relationships between micro-organ-
ism function and variation in land type; and assessing the
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impact of transport and storage on the persistence of micro-
bial-community anomalies in soils. Each of these activities
serves on a different level to support the use of microbiol-
ogy-based mineral exploration in different mineral sys-
tems, in various terrains and climates, and to develop prac-
tical and informed transport and storage protocols for use
by industry.
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Introduction

With a growing global population and increasing consump-
tion, urbanization and industrial expansion, maintaining
healthy ecosystems that support access to tangible and in-
tangible assets is a major challenge. As the use of land to
yield materials for processing and creating goods and ser-
vices represents some of the most substantial changes to
Earth’s ecosystems, we must properly manage both our im-
pacted and natural landscapes to ensure a positive net bal-
ance is maintained with respect to ecosystem function
(Vitousek et al., 1997). Additionally, a growing public de-
mand for both socially responsible and ecologically viable
industrial practices has forced industries to respond with
advancing sustainable practices in their operations (Fon-
secaetal., 2014). Historically, Canadian mining operations
often resulted in some combination of environmental deg-
radation, Indigenous community disruption, and displace-
ment of Indigenous peoples from traditional lands (Melosi,
2017). This was due to a lack of industry policy, regulation,
and checks and balances with respect to restorative or recla-
mation practices, combined with little forethought given to
the impact occurring to ecosystem services, human liveli-
hoods and health (Virgone et al., 2018).

Because of this legacy, there currently exists a vast heritage
of degraded lands and displaced communities from histori-
cal mining efforts that require restoration, reclamation and
reconciliation (Bradshaw, 1997). Restoration and reclama-
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tion research has emerged within the last two decades as a
relatively new scientific discipline to address and counteract
the issues of worldwide loss of biodiversity and ecosystem
services (Holzel et al., 2012). Additionally, as mining in-
dustries faced significant amounts of scrutiny with respect
to land use management, sustainability issues and other ad-
verse socio-environmental issues, this stimulated a re-
sponse from industry to place components like sustain-
ability reporting, and social and environmental assess-
ments at the forefront of operations, to prove due diligence
is being met in order to secure a social licence to operate
(Azapagic, 2004; Melosi, 2017; Virgone et al., 2018). To-
day, beyond addressing environmental impacts, reclama-
tion and restoration efforts within the industry have begun
to encapsulate building and maintaining strong, resilient
and beneficial relationships with Indigenous peoples and
local communities to reconcile past inequities. The gold
standard moving forward for industries should be to move
beyond a ‘social licence to operate’ and into dynamic,
trusted and mutual management of the landscape with com-
munities and rightful landowners.

The research presented in this paper is based on examina-
tion of a unique project partnership between management
at Teck Resources Limited’s (Teck) Highland Valley Cop-
per (HVC) mine in the Thompson Okanagan Region of the
southern interior of British Columbia (BC) and the
Nlaka’pamux peoples, where part of the building of this re-
lationship rests on the intent to collaborate on the goal of re-
claiming and restoring ecosystem function and traditional
land uses to a pre-mined landscape to the extent possible
given the impacts the HVC mine has created. This work be-
comes especially important in reclaiming mined lands to
more desirable native grasslands in a province where grass-
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lands represent less than 1% of the total land base (Lee et
al.,2014). This collaboration integrates and examines con-
temporary ecological theory with the traditional Indige-
nous knowledge of prescribed burning as a reclamation
tool to enhance biodiversity and ecosystem reclamation,
with the goal of reclaiming native grasslands on a tailings
storage facility dominated by 25-year-old reclaimed, low
diversity, agronomic species (Figure 1).

Background and Theory

Traditional Ecological Knowledge, History of
Indigenous Use of Fire and Changing
Landscapes

The Thompson Okanagan Region comprises the traditional
territory of numerous Indigenous peoples. The nations of
particular interest with respect to the location of the HVC
mine are the Nlaka’pamux (Thompson region) and
Secwepemc (Shuswap region). The traditional territory of
the Nlaka’pamux is centred around the Nicola valley, while
farther north, encompassing the city of Kamloops and ex-
tending even farther north, is traditional Secwepemc terri-
tory (British Columbia Assembly of First Nations, 2021).
For several thousand years the southern interior Indigenous
peoples developed sustainable management practices that
utilized what we understand today as fundamental ecologi-
cal principles. For the Secwepemc and other Indigenous
peoples, these practices are based on an intimate knowl-
edge of their lived lands that facilitated a belief system that
imposed social and spiritual sanctions on people who did
not treat all living things sustainably and with respect. All
interaction with the environment is grounded in respect for
changing ecologies, and fine-tuning ways to sustainably
harvest fish, plants and animals to ensure sustainable yield
for the future (Turner et al., 2000; Ignace and Ignace, 2017).
This type of natural resource management style and philos-
ophy are becoming a focus of attention of many industries,
professionals and researchers who seek ways to advocate
for biodiversity and provide models for sustainable prac-
tices. Traditional ecological knowledge and wisdom has
also received major recognition recently for being regarded
as equivalent and complementary to western scientific know-
ledge, which has spurred western researchers into applying
traditional ecological knowledge in various ways (Turner
et al., 2000). Combining traditional ecological knowledge
and western scientific knowledge to manage our land-
scapes can be used as a tool to help reconcile relationships
and restore ecosystems.

The history of wildfire within BC presents a complicated
and ever-changing path forward as we continue to modify
our ecosystems and the way we manage our land. As the
semi-arid grasslands of the interior receive typically less
than 400 mm of rainfall on average, the low precipitation
patterns paired with warm summer temperatures and mod-
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Figure 1. Landscape of the former site of Teck Resources Lim-
ited’s Highmont tailings, Highland Valley Copper mine, in the
Thompson Okanagan Region of the southern interior of British Co-
lumbia, is dominated by 25-year-old reclaimed vegetative cover
crop represented by a monoculture of agronomic grass species.

erate to high winds create a landscape that is naturally con-
ducive to wildfire (Climatedata.ca, 2021). The most recent
fire-regime study within the province places the southern
interior of BC at a mixed-severity regime, with low-sever-
ity fires being most extensive and common (Heyerdahl et
al., 2012). However, it is important to note that the semi-arid
grasslands of BC present a prehistoric history of anthropo-
genic burning (called ‘prescribed burning’ from here on) by
Indigenous peoples that ranges from roughly 7000 years
before present (Blackstock and McAllister, 2004; Lewis et
al., 2018) to shortly after European settlement in BC in the
early 1900s, when prescribed burning by Indigenous com-
munities was halted as European interest in the forest com-
plex no longer permitted burning of any kind (Lewis et al.,
2018).

The grasslands of BC, which now represent less than 1% of
the provincial land base, provide habitat to over 30% of
BC’s threatened and endangered species, and is home to
42% of all vascular plant species that occur within the prov-
ince (Wikeem and Wikeem, 2004). As the landscape of BC
changes due to environmental and social factors, like the
implementation of fire exclusion in the early 1900s, signifi-
cant changes in the ecological and cultural conditions
across the province have occurred and are readily visible
upon inspection of our vulnerable grasslands ecosystems.
Indigenous Elders from the Nlaka’pamux, Silx (Okana-
gan), Secwepeme, Stl’atl’imx (Lillooet) and Ts’ilquot’in
(Chilcotin) nations from the interior of southern BC, have
recalled and reminisced when “grasses were belly-high to a
horse” and the grasslands were thriving (Blackstock and
McAllister, 2004). Many bunchgrass biogeoclimatic zones
that once naturally presented a high plant diversity to sup-
port ungulate species and foodstuffs for Indigenous com-
munities have now been replaced with woody encroach-
ment of sagebrush (Artemisia tridentata) and ponderosa
pine (Pinus ponderosa) and these zones are at risk of
shrinking in size and diversity (Fuhlendorf et al., 2008;
Lewis et al., 2018). Cumulative effects of overgrazing by
cattle and fire exclusion have strongly interacted to cause
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shifts in the plant community composition to be less pro-
ductive and comprised of more ephemeral species. These
changes also affect the habitat of grassland specialists and
keystone species as these areas are slowly converted into
shrublands and forests (Fuhlendorf et al., 2008; Symstad
and Leis, 2017). Fire exclusion has also led to a shift in Indig-
enous community dynamics and the loss of important cul-
tural use. Traditional prescribed burning, which was used to
manage grasslands with ecological-based goals of select-
ing for desirable herbs and vegetation and maintaining im-
portant grazing habitat through managing woody en-
croachment, has now transitioned to understanding
prescribed fire as a tool for fire safety only, within strict
guidelines and only to be used when given government
consent (Lewis et al., 2018). As the grasslands of BC have
evolved naturally and anthropogenically in a fire-driven eco-
system, we must continue to push the boundaries of explor-
ing how to move forward using traditional ecological
knowledge to reclaim these shrinking landscapes.

Challenges in Reclaiming Mine Ecosystems
and Disturbance Ecological Theory

In the pursuit to reclaim ecosystems within a mine setting
there are many external factors that place limits on the re-
construction of a plant community. Restoration and recla-
mation following the mining process is both complex and
challenging due to various biotic and abiotic factors
(Turner et al., 2006; Gasch et al., 2014). One of the first
steps in restoration or reclamation of these lands is typically
revegetation. In addition to the semi-arid environment and
climate conditions that exert the primary control on plant
productivity and composition, many characteristics of
mine wastes produce conditions unfavourable to successful
vegetation establishment, notably the levels of residual
heavy metals, low nutrient status, poor physical structure of
soils, and extreme pH values (Tordoff et al., 2000; Sample
and Barlow, 2013). The combination and interactive effects
of unfavourable substrate paired with low annual precipita-
tion can compound the challenges to restoration in semi-arid
mine lands and poses a unique challenge. In the case of the
HVC mine, as demonstrated by Figure 1, historical
revegetation practices have used hearty, fast-growing,
non-native species to achieve their goal of revegetating for-
mer mine and tailings sites. The problem ahead is the recov-
ery of native grass communities into fields dominated by
these fast-growing, exotic species, which is often impeded
by the competitive advantages of the established plant com-
munity (Yahdjian et al., 2017). A mechanism to transition
these exotic species to native species on mine lands may be
prescribed burning and was brought to the attention of the
HVC mine employees through consultation with the
Nlaka’pamux community.

The contemporary ecological theory being used within this
study to aid in biodiversity and successional advancement
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pertains to disturbance theory, and connects with the tradi-
tional Indigenous use of prescribed burning. It is important
for both land managers and ecologists to understand vari-
ous ecological theories that explore how ecosystems re-
spond to limiting factors and disturbances that structure
ecosystems and plant community assemblages. Grime’s
C-S-R triangle theory (Grime, 1977) has been discussed in
plant ecology with respect to examining the role of compe-
tition, disturbance and stress tolerance, also known as envi-
ronmental stressors to plant community dynamics. Gener-
ally, this theory states that species density or richness will
increase as environmental stress increases along a bell
curve, whereby disturbance acts to reduce competitive ex-
clusion for species that can tolerate environmental stressors
found on each side of the curve that limit the plant commu-
nity (Grime, 1973; Fraser et al., 2015). Similarly, the inter-
mediate disturbance hypothesis (IDH), which was initially
proposed by Connell (1978), states that the greatest species
diversity occurs in the middle range of disturbance severity.
Both ecological theories have evidence to support predict-
ing plant species diversity in response to disturbance and
provide the ecological background for the basis of this
study.

In natural ecosystems, disturbances, notably fire, have ma-
jor positive and negative impacts as they can influence the
abundance and diversity of species, nutrient cycling, bio-
mass accumulation, primary production and other pro-
cesses (Pulsford et al., 2016). In semi-arid grasslands, the
relationship between prescribed burning and post-fire plant
community response is not uniform. This is likely due to the
highly variable nature of fire, as well as the lack of quantifi-
cation of fire severity on the plant community and inherent
environmental variance within each community.

Generally, fire can modify relationships among species on
the landscape and change dominance in a community due to
species-specific responses to changes in soil moisture, ni-
trogen cycling, and direct effects on meristem mortality
(Ghermandi et al., 2004; Augustine et al., 2014). Fire in
semi-arid and arid ecosystems has been shown to increase
the availability of inorganic nitrogen in the first year
post-burn, as well as for extended periods beyond the burn.
This increase in plant-available nitrogen can influence
regrowth, native species seedling establishment, invasion
of annual plants and, ultimately, site recovery (Rau et al.,
2007; Augustine et al., 2014), therefore making fire benefi-
cial in reclamation of former mine sites where nitrogen is
limited. Grasslands also benefit from fire in arid and
semi-arid environments where microbes cannot readily
break down accumulated plant litter (Brockway et al.,
2002). Post-fire conditions often favour establishment of
new species due to decreased soil moisture, removal of ac-
cumulated litter and subsequent release of nutrients immo-
bilized within the dead plant tissue, increased solar radia-
tion to the ground, and allowing a period of reduced
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competition (Brockway et al., 2002; Scheintaub et al.,
2009). Additionally, in highly productive sites, litter accu-
mulation that is left in a state without disturbance or some
form of reduction may ultimately restrict above-ground net
primary productivity (ANPP) and species richness, and fa-
vour tall species, reducing functional diversity in life form
(Peco et al., 2012).

As described within the literature, plant community re-
sponses to prescribed burning with respect to community
composition, amount and type of cover, and diversity of
species, have been presented as net neutral, positive, or
negative, depending on the study. Scheintaub et al. (2009)
found that spring burning within a semi-arid shortgrass
steppe community resulted in an overall decrease in ANPP
by 20% in burned versus unburned control areas. However,
as ANPP decreased, perennial grass and annual grass pro-
ductivity decreased whereas perennial forb production and
total vegetative cover increased with response to fire. Forb
response to fire is most consistent with regard to increasing
in total cover after fire, which is backed up by results pre-
sented within other literature, as compiled by Ruthven et al.
(2000). This increase in cover is likely due to an interaction
between death of the apical meristem during spring burning
in select species, which removes growth inhibition and
spurs formation of new shoots (Brown and Smith, 2000). In
contrast to this, Augustine et al. (2014) found that annual
burning significantly reduced cool-season (C;) plant pro-
duction and forb cover but did not affect warm-season (Cy)
plant production. Positive plant community responses in-
cluding increases in plant species richness and plant cover
have been historically noted in semi-arid grasslands by
Kirsch and Kruse (1973) with a steep increase in plant rich-
ness post-fire, from 38 to 69 species. More notably, Mc-
Donald and McPherson (2011) found that prescribed burn-
ing reduced the abundance of dominant non-native grasses
and increased the abundance and diversity of native grasses
and herbaceous dicotyledons.

Objectives

The aim of this study is to address three research questions
that blend traditional Indigenous knowledge of prescribed
burning with contemporary ecological theory pertaining to
plant community dynamics and response to fire disturbance
as a tool for enhancing ecosystem reclamation. Each re-
search question is paired with an experimental procedure
and associated methodology aimed at answering the spe-
cific question.

1) Can prescribed burning successfully act as a distur-
bance to transition low-diversity agronomic-driven
vegetative communities to native grasslands?

2) Whatrole does fire intensity play in the vegetative com-
munity when trying to establish native species under
controlled conditions?
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3) What level of involvement have the Nlaka’pamux peo-
ples had in the prescribed burning project and what
practices have industry professionals employed to con-
nect with these communities?

Methodology
Field Study

In May of 2019, a total of 12 prescribed burns were con-
ducted for this study at the Highland Valley Copper mine
(UTM Zone 10, 638846E, 5594478N, NAD 83; Figure 2),
located approximately 35 km from Logan Lake, BC. The
prescribed burns were conducted at the Highmont tailings
facility (UTM Zone 10, 647608E, 5588930N, NAD 83), a
historic tailings storage facility that has been reclaimed to
agronomic grasslands for approximately 24 years. The study
site is located at an approximate elevation of 1500 m, with-
in the Montane Spruce Msxk2 biogeoclimatic zone (Mei-
dinger and Pojar, 1991). The Montane Spruce zone is char-
acterized by cold winters and moderately short, warm
summers. The mean annual temperature is 3—4.5°C, and
mean annual precipitation ranges from 380 to 900 mm
(Mahoney and Lee, 2021).

Actotal of 12 plots (each 20 by 20 m) were arranged in a com-

pletely randomized block design spaced a metre apart on

each side and subjected to one of the following four treat-

ments:

e burn (no amendments)

e burn (no woody debris added, seeded post-burn and
trees planted)

e burn (woody debris added, seeded post-burn and trees
planted)

e control (no amendments or burning)

This design involves three blocks of twelve plots each, re-
sulting in each treatment being replicated three times.
Treatments that indicate ‘woody debris added’ had lodge-
pole pine slash placed on the experimental site prior to
burning, to assist in fire spread and provide a source of co-
nifer seed. After burning, treatments that indicate ‘seeded’
were hand-broadcast with a native seed mix (Table 1) at a
density of 20 kg/ha, or 0.8 kg per plot. Tree planting was com-
pleted with two species: aspen (Populus tremuloides) and
lodgepole pine (Pinus contorta) at a density of 5000 stems
per hectare, or 200 stems per plot.

Omegalaq™ temperature-sensitive paints ranging from
107 to 510°C were applied at gradations of approximately
30°C to each plot to quantify fire intensity and estimate the
measure of fire severity (Figure 3).

Vegetation measurements were collected in each experi-
mental plot prior to burning. Measurements included esti-
mating absolute cover amounts in 1 by 1 m quadrants and
the collection of biomass from subquadrants 0.5 by 0.5 min
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Figure 2. Map of British Columbia showing the location of the Highland Valley Copper mine, where experimental burns were conducted,
and historical mines (grey crosses) that are classified as abandoned, closed, or in need of reclamation or restoration. This figure was cre-
ated using QGIS version 3.18.0 using open-source data collected from the BC Data Catalogue (BC Geological Survey, 2021; BC Ministry of

Energy, Mines and Low Carbon Innovation, 2021).

size (Figure 4), with a total of six biomass samples per plot,
to quantify ANPP and fuel load. Biomass samples were
clipped at ground level and sorted by species into live, litter
and fine-fuel material, then dried in a regular oven at 65°C

for 48 hours, or until a consistent dry weight was obtained.

Sampling of vegetation to examine the post-burn plant
community response will be conducted when standing
crops are at their peak height, every year up until 2021.

1) pre-burn

2) post-burn

3) 3 months post-burn
4) 12 months post-burn
5) 15 months post-burn

Table 1. Native plant species included in the seed mix hand-broadcast on the experimental plots, indi-
cating plant successional status and plant functional group.

Group Common name Scientific name Type Succession
1 Western yarrow Achillea millefolium Native forb Early
2 Arctic lupine Lupinus arcticus Native legume Early
3 Rocky Mountain fescue Festuca saximontana Native grass Early
4 Idaho fescue Festuca idahoensis Native grass Late
5 Junegrass Koeleria macrantha Native grass Early—Mid
6 Sandberg bluegrass Poa secunda Native grass Early
7 Bluebunch Wheatgrass Pseudoroegneria spicata Native grass Late
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Soil samples were collected at the following time intervals
over the course of the research:
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Figure 3. Omegalag™ temperature-sensitive paints (painted
sheet is approximately 30 by 45 cm), applied at gradations of ap-
proximately 30°C, used to quantify fire intensity for the prescribed
burns conducted at the Highmont tailings facility of the Highland
Valley Copper mine in 2019.

The soil samples were extracted using a stainless-steel
soil-sampling probe with a core diameter of 2 cm. A total of
three 15 m transects were laid per experimental plot and
three 15 cm cores were taken along each transect, resulting
in a total of nine samples per experimental plot. Soil sam-
ples were then sieved down to 1 mm and will be analyzed
for total carbon, nitrogen and hydrogen using a Thermo
Scientific FlashSmarf™ Elemental Analyzer, as well as
other routine soils analyses, including soil pH.

Mesocosm Study

In August 0f 2019, a total of 30 grass turves were extracted
from the ground around the Highmont tailings facility of
Highland Valley Copper (UTM Zone 10, 647608E,
5588930N, NAD 83; Figure 5).

Each grass turf was extracted as a single unit and placed
into a 102 L HDX Tough Storage Bin" (0.56 m long by
0.46 m wide by 0.38 m high) that was modified by drilling
holes for drainage through the bottom. These bins and turf
sizes were selected to obtain an approximate area of
0.25 m” for vegetation analysis, and to ensure each grass
turf contained intact root systems and soil profiles. The
grass turves were then transported back to Thompson
Rivers University. The mesocosm study was conducted un-
der controlled conditions (natural and artificial light: 18
hours of daylight/6 hours of night; temperature: day and
night, 21°C; humidity was between 50 and 60%) within a
research greenhouse.

The 30 grass turves (each ~0.25 m?) were arranged in a

completely randomized block design, to examine four dif-

ferent disturbance treatments:

e high-severity burn (200 g litter applied, 20 s burn,
seeded post-burn)
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Figure 4. Example of a vegetation sampling quadrant (1 by 1 m)
and biomass sampling subquadrant (0.5 by 0.5 m) used to exam-
ine the plant community pre- and post-burn, and measure
above-ground net primary productivity.

Figure 5. Example of grass turf extracted from the vicinity of High-
land Valley Copper’s Highmont tailings facility for this study. For
reference, the scale in the back is 4 feet (~1.2 m) in height, with gra-
dations every 1.5 inches (~3.8 cm).
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e moderate-severity burn (150 g litter applied, 15 s burn,
seeded post-burn)

e low-severity burn (50 g litter applied, 10 s burn, seeded
post-burn)

o clip (litter and fines removed, clipped at ground height,
not burned)

e control (seeded only)

This design involves three blocks, resulting in each treat-
ment being replicated six times. Fire severity was deter-
mined by amending the weight of dried litter applied to
each experimental unit, along with the length of time each
grass turf was torched. After burning, all experimental units
were seeded at arate of 200 seeds/species/turf (~2400 seeds
perm?), with a total of six unique species applied (Table 2).

The composition of the native seed mix was guided by plant
characteristic data that selected for species best fit to soil
conditions at the site, pH tolerance and moisture regime for
the ecosystem.

As for the field study, vegetation measurements that were
collected in each experimental unit prior to burning in-
cluded estimating the absolute cover on the entire grass turf
as approximated by a 0.5 by 0.5 m quadrant. Biomass was
collected from each unit, except the control units, to quan-

tify ANPP. Biomass samples were clipped at ground level
and sorted by species into live, litter and fine-fuel material,
then dried in a regular oven at 65°C for 48 hours, or until a
consistent dry weight was obtained.

Soil samples were extracted using a stainless-steel soil-sam-
pling probe with a core diameter of 2 cm. A soil core was
extracted from the complete depth of the grass turfand sep-
arated into the top 10 cm of soil and bottom 10 cm of soil
(Figure 6), to be analyzed for total nitrogen, total carbon
and total hydrogen, using a Thermo Scientific Flash-
Smart™ Elemental Analyzer.

Sampling of vegetation and soil in the mesocosm study units
will be conducted at the following time intervals over the
course of the research:

1) pre-burn

2) post-burn

3) three months post-burn
4) six months post-burn

5) seven months post-burn

Semi-Structured Interviews

In August of 2020, a total of four, hour-long, semi-struc-
tured interviews were completed with non-Indigenous but

Table 2. Plant species selected for the mesocosm experiment, indicating plant successional status and

plant functional group.

Group Common name Scientific name Type Succession
1 Common paintbrush Castilleja miniata Native forb Late
2 Brown-eyed Susan Gaillardia aristata Native forb Early-Mid
3 Rough fescue Festuca campestris Native grass Mid-Late
4 Rocky Mountain fescue Festuca saximontana Native grass Early
5 Field locoweed Oxytropis campestris Native legume Early-Mid
6 Arctic lupine Lupinus arcticus Native legume Early

= Bottom 10 cm =

e TOP 10 CIM e

Figure 6. Intact soil core extracted from an experimental grass turf. The top 10 cm and bottom 10 cm of soil were separated and used for

analysis.
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key allied professionals who were instrumental in getting
the project partnership between staff at Teck’s Highland
Valley Copper mine and the Nlaka’pamux peoples off the
ground. Each interview was standardized in the sense that a
predetermined list of 15 questions was prepared for each in-
terviewee. However, questions were formulated to include
open-ended and theoretically driven questions that aim to
elicit data that is grounded in individuals’ experience and
guided by the constructs of the research scope. The state-
ment of purpose for these interviews was to gain an under-
standing of how the project relationships came to fruition
and understand the level of involvement the Nlaka’pamux
have played in the project.

Each interview was recorded and transcribed verbatim and
will be analyzed with coding software for keyword and
phrase analysis.

Statistical Analysis

The data from the 2020 Highland Valley Copper mesocosm
study was first analyzed descriptively by examining spe-
cies richness relative to disturbance treatment over the du-
ration of the study. All statistical analyses have not yet been
completed, but linear mixed-effect models were used to spot
differences between experimental treatments and analyze
the variation within the data. Linear mixed modelling was
used in this study to model the variation associated with the
Shannon-Diversity index against treatments applied to the
experimental units. Shannon-Diversity index considers spe-
cies richness (the number of species present in an area) and
evenness (the proportion that each species comprises of the
whole) to determine a measure of biodiversity: the higher
the number, the higher is the species diversity (Shannon
1948; Nolan and Callan 2006). An analysis of variance was
used to examine the models, and Tukey-Kramer (Tukey,
1949) post-hoc analyses were used to determine where
treatment effects were significant. In running the linear
mixed-effect models, Shannon-Diversity was the depend-
ent variable and disturbance treatment was used as the inde-
pendent variable, with subject ID used as a random vari-
able. The following models were analyzed:

1) Shannon-Diversity = disturbance treatment (fixed ef-
fect) + error (turf ID — within-subject error — random ef-
fect)

2) Shannon-Diversity = time span (fixed effect) + error
(turf ID — within-subject error — random effect)

All statistical analyses were conducted in RStudio (R Core
Team, 2021), a free, open-source integrated development
environment for R software, a programming language for
statistical computing.

Further statistical analyses will include examination of
vegetation data with multivariate methods using the
VEGAN package in R, to determine plant community re-
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sponse to fire disturbance, as well as examination of
above-ground primary productivity.

Results

Examining species richness as a function of disturbance
treatment across a time series reveals a significant and ob-
servable difference by simple descriptive statistics only
(Figure 7).

The most significant trend shows an increase in overall di-
versity across all disturbance treatments in comparison to
the control group. Additionally, species richness is found to
be highest within the first month post-burn in all distur-
bance treatments except the clip and the moderate-severity
treatment. Another significant trend observed is that during
the last two months of the experiment (months six and seven)
there is a drop in diversity.

The Shannon-Diversity index between disturbance treat-
ments provides more information than species richness
data alone (Figure 8). In running the linear mixed-effect
model examining the interaction and all pairwise compari-
sons of the means between Shannon-Diversity and distur-
bance treatment the results show a significant difference
between the control treatment and all other disturbance
treatments (df =4, F =7.0378, p =<0.001; where df is de-
grees of freedom, F is a comparison of the variance between
two statistical populations, and p is the probability that a re-
sult could have occurred by chance).

The comparison examining Shannon-Diversity index be-
tween time spans (Figure 9) highlights the distinct group-
ing examined in Figure 7. In running the linear mixed-ef-
fect model examining the interaction and comparison
between Shannon-Diversity index and time span the results
show three distinct groupings, a significant difference be-
tween the control treatment and all other time points, and a
significant difference between the first and third time
points and sixth and seventh time points (df = 4, F =
34.4417, p =<0.001).

Discussion

Fire Severity and the Plant Community in a
Mesocosm

The effects of fire severity on post-mining reclamation with-
in a mesocosm were examined for a semi-arid, historically
reclaimed area of grassland in BC. The species richness
data as presented in Figure 7 show a promising but slightly
skewed vision of how the plant community responds to
fire-severity treatments and fire in general, and only repre-
sents a small portion of what is occurring within the plant
community. However, examining Figures 7 through 9 to-
gether, a more accurate depiction of the plant response to
fire severity can be pieced together. In Figure 8, it can be
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Figure 7. Time series distribution of species richness (number of unique species present in each sample) between disturbance treatments
within the controlled mesocosm experiment (number of samples = 6, confidence interval = £95%).

seen that all the disturbance treatments are causing a signif-
icant increase in Shannon-Diversity in comparison to the
control unit, which is on par with the initial hypothesis that
disturbance will increase diversity. In Figure 9 it can also be
seen that timing is playing a significant role in species di-
versity, whereby the first and third months post-burn result
in the highest Shannon-Diversity measurements, and the
sixth and seventh months post-burn begin to reach a mid-
point between the control unit and the maximum diversity
obtained. This, in part, could be explained by competitive
exclusion and competition dynamics that are occurring in
the grass turves over the course of the seven months. Spe-
cies richness, as noted in Figure 7, reaches its maximum
value in disturbance treatments within the first month
post-burn and begins to decrease as the seven-month mark
approaches. Within the first month of post-burn conditions

Geoscience BC Report 2022-01

it would be expected that these conditions are most favour-
able for germination of the native seedlings. As the
experiment proceeds, the agronomic, rhizomatous-domi-
nant grasses begin to expand above and below ground
while also depositing a dense layer of litter on the ground
surface. This competition observably prevented many of
the native species from germinating while select native spe-
cies, notably the early successional forbs and grasses, in
some cases, won the fight for space and persisted within the
environment.

Conclusions and Ongoing Work

The above results and the conclusions reached to date are
based upon data that was collected during 2020. Additional
and more detailed analyses are underway as the remaining
dataset and samples continue to be examined.
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Figure 8. Examining the effect of fire-severity treatment on Shannon-Diversity index plotted as the least-squares mean (number of sam-
ples =6, p=<0.001, confidence interval = +95%, where p is the probability that a result could have occurred by chance). Bars with different
letters indicate significant differences. Pairwise comparisons between the treatment levels were adjusted with false-detection-rate correc-

tions.

This study will aid significantly in enhancing western sci-
entific knowledge surrounding the novel idea of using pre-
scribed burning as a tool for ecosystem reclamation and
restoration. This work also bridges western scientific
knowledge and traditional Indigenous knowledge to re-
claim disturbed landscapes while reconciling past histori-
cal inequities between industry and Indigenous communi-
ties. This study also pioneers a mesocosm methodology to
address the effects that fire severity has on plant community
dynamics in a reclamation lens, and will aid others in deter-
mining and validating the role fire severity plays on the
plant and soil communities. Future studies should continue
to examine the role of fire severity in similar experiments
but within non-disturbed study areas. Further development
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should also be taken to incorporate additional Indigenous
methodologies and traditional ecological knowledge into
restoration and reclamation practices.
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Introduction

The past decade has seen an increased interest in the appli-
cation of machine learning (ML) to mining and geotechni-
cal engineering, especially in the mineral resources devel-
opment sector. There are numerous benefits to ML,
including increased efficiency through the ability to
quickly sort and characterize large amounts of field data,
and increased accuracy by being able to detect relationships
and patterns in complex data, all with minimal human inter-
vention (Morgenroth et al., 2019). Even though ML is a
powerful tool, the success of ML algorithms depends on the
quantity and quality of the data (Schmidt et al., 2019). For
rock engineering, in particular, one of the main challenges
is that it is difficult to obtain high quality, unbiased and ob-
jective data, and it is even more difficult to obtain high
quality data in the large quantities needed for ML. These
difficulties associated with rock engineering data can be at-
tributed to the highly variable nature of geological materi-
als as well as the qualitative nature of the data collection
process and the empirical approach to design. A significant
portion of the empirical design process in rock engineering
involves the use of empirical industry standards developed
from experiences several decades ago when the nature of
rock engineering projects was significantly different to that
of today. Key examples include rock mass classification
systems used to quantify rock mass quality to aid engineer-
ing decision making, and rock mass characterization used
to scale laboratory rock properties to field-scale properties
required for numerical analyses. Even though these stan-
dards have become routine in rock engineering practice,
they are not without their limitations. They include a rela-
tively high degree of subjectivity due to various forms of
bias, geological constraints and engineering constraints.

!The lead author is a 2021 Geoscience BC Scholarship recipient.
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However, rock engineers in both industry and academia
often ignore these limitations and treat these empirical stan-
dards as standards. As rock engineering is increasingly in-
tegrating the design process with ML and other advanced
computational techniques, a critical review of these empiri-
cal industry standards is needed to examine the feasibility
of integrating them with ML. This study provides a critical
review of commonly used rock mass classification systems
with the goal of helping rock engineers integrate them with
ML.

Background

The following section provides an overview of i) common
empirical rock mass classification systems used in rock en-
gineering and ii) ML.

Rock Mass Classification Systems

Rock mass classifications systems have become an indus-
try standard and their use can be found in most rock engi-
neering projects. They can be traced back to Terzaghi
(1946), who created a system that linked rock mass charac-
teristics to rock mass behaviour and failure mechanisms.
Presently, the most common rock mass classification sys-
tems used in practice are the Rock Mass Rating (RMR;
Bieniawski, 1973, 1976, 1989), the Q-system (Barton etal.,
1974) and the Geological Strength Index (GSI; Hoek,
1994; Hoek and Marinos, 2000). Separate from these is the
Rock Quality Designation (RQD), which was developed by
D.U. Deere in 1964 (Deere et al., 1969) to define rock mass
quality from borehole cores; this was subsequently adopted
as an input parameter by the RMR and Q-system. It is de-
fined as the summation of all sound core pieces greater than
10 cm (4 in.) in length divided by the total length of the core
run and is expressed as a percentage (Deere et al., 1969).

The RMR was first introduced by Bieniawski (1973) based
on experiences in South African tunnelling, with subse-
quent updates in 1976 and 1989. It is defined as the summa-
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tion of the ratings assigned to five parameters deemed the
most important for rock mass quality:

e strength of the intact rock material

e rock quality designation

e spacing of discontinuities

e condition of discontinuities

e groundwater flow

Once RMR is calculated, it can be used to determine the
support needed for a tunnelling, mining or slope stability
project based on experiences from projects with similar
RMR values. The RMR has been modified over the years in
order to be more relevant to specific applications (e.g., cav-
ing methods and slopes). Some commonly used modified
RMRs include the Mining Rock Mass Rating developed by
Laubscher (1977) for mining applications and the Slope
Mass Rating introduced by Romana (1985) for slopes.

The Q-system was first introduced by Barton et al. (1974)
based on experiences in Scandinavian tunnelling and con-
sists of six parameters organized as quotients (the ‘Q’ sys-
tem) as shown in the following equation:

Q=(ROD/J)J,/J,)J, | SRF)

where ROD is the rock quality designation as previously
defined, J, is the number of joint sets, J, is the joint rough-
ness coefficient, J, is the joint alteration coefficient, J,, is
the water reduction factor and SRF' is the stress reduction
factor. The SRF distinguishes the Q-system from the RMR
and speaks to the respective experience base from which
the two systems were developed. Scandinavian tunnelling
projects have to contend with high horizontal stresses re-
lated to the geological history of the Scandinavian shield
and therefore this was seen to be an important influencing
parameter on rock mass behaviour. This is not the case in
South African tunnelling and thus there was no stress factor
included with its rating system.

Once a Q value has been calculated, the support for a tunnel
can be determined from a support chart, which is similarly
based on experiences from projects with different Q values.

The GSI was introduced by Hoek (1994) to provide a visu-
ally based estimation of the rock mass quality. It has under-
gone numerous updates since its introduction, going from a
simple equivalency with RMR to a chart that combines the
blockiness of the rock mass and the condition of disconti-
nuities (Yang et al., 2021b). Although it was based on the
RMR system, it differs from the RMR and Q-system in that
it is not intended to rate the rock mass for support design
classes; rather, it is used as a scaling parameter in combina-
tion with the Hoek-Brown failure criterion (Hoek and
Brown, 1980) to determine the strength of the rock mass.

It is important to keep in mind that even though RMR, Q-
system and GSI result in a numeric value, they are still
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quantifications of qualitative descriptions and are subject
to the limitations of nominal and ordinal scale measure-
ments. Additionally, these rock mass classification systems
are subjective, with engineering judgement playing an im-
portant role, and they suffer from a lack of standardization
between individual or company practices despite being
treated as industry standards. Notwithstanding, they are
often (wrongly) perceived as unbiased and objective.

Machine Learning

Machine learning is a subset of artificial intelligence in
which mathematical models are used to help a computer
find relationships among data. It enables a computer system
to learn without direct instruction and to continue learning
and improving on its own (Azure, 2021). In other words,
ML enables a computer system to build a predictive model
from data and that model can then be used to make predic-
tions from new data (Google Developers, 2021a). Machine
learning is divided into classification (where a label is pre-
dicted) and regression (where a numeric value is pre-
dicted). As previously mentioned, the success of ML algo-
rithms depends on both the quality and quantity of data. A
common saying in ML is ‘garbage in equals garbage out’; if
the data used to train the model are of poor quality, the re-
sults of the model will also be of poor quality and unreliable
(Google Developers, 2021b). Poor quality data come in
many forms, including, but not limited to, wrong data (i.e.,
data input error), biased data and irrelevant data. Poor qual-
ity data, especially those that are biased, can have a signifi-
cant impact on the results of a ML model. The importance
of good quality data has long been recognized in the ML
field (Sessions and Valtorta, 2006) and there has been sig-
nificant research on how to mitigate biases (e.g., Dixon et
al., 2018; Das et al., 2019); however, rock engineering has
arguably yet to consider this sufficiently and biased data,
such as rock mass classification values, are increasingly be-
ing incorporated in ML training. The other important aspect
needed for a successful ML model is having enough rele-
vant, good quality data so that the model is trained on a vari-
ety of scenarios and can find the relevant relationships be-
tween parameters (Google Developers, 2021b). Rock
engineering often lacks the amount of relevant and good
quality data needed to allow for a robust ML model.

Revisiting Rock Mass Classification Systems

The lead author’s research into the use of ML in rock engi-
neering began in 2020, and the following section highlights
the published progress to date. As discussed in Yang et al.
(2021b), the use of ML in rock engineering is made difficult
by the lack of standardization and need to statistically ana-
lyze databases that have been created through a quantifica-
tion of qualitative assessments, such as in the use of rock
mass classification systems. In order for data compilation
to progress in rock engineering, rock engineers need to ad-
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dress how to digitize rock engineering information effec-
tively and uniquely and how to better consider failure
mechanisms. To accomplish this, rock engineers need to
consider the original definitions and development of com-
monly used rock mass classification systems, something
that is often overlooked in practice. Palmstrom and Broch
(2006) highlighted the importance of this by stating that the
use of rock mass classification systems required a good
knowledge of their basis, their structure and their limita-
tions. Yang et al. (2020, 2021b) provided an in-depth dis-
cussion on the development and limitations of the most
commonly used rock mass classification systems (RQD,
RMR, Q-system and GSI), which is summarized below.

Asdiscussed in Yang et al. (2020), the RQD was developed
based on observations that poorer quality core resulted in a
significantly higher number of smaller core pieces (Deere
etal., 1969). The RQD has two main applications: i) itis a
quantitative measure to compare geological conditions at
different sites, and ii) it is a red flag indicator to bring atten-
tion to what factors cause low core recovery (Deere and
Deere, 1989). Of note is the arbitrariness associated with
the 10 cm threshold when calculating RQD and the ac-
knowledgment by Deere and Deere (1989) that the
weighted RQD (calculated by counting all the core pieces
and squaring the lengths of the pieces shorter than 30 cm)
would have been better but the 10 cm threshold remained in
use because of its early adoption and familiarity gained
over time. Additionally, the use of RQD has four main re-
quirements that have been largely overlooked: i) the core
run length should be no longer than 1.5 m, ii) the core diam-
eter should ideally be 54.7 mm (but larger core diameters
can be used), iii) the core pieces should be hard and sound,
iv) the core logging should occur at the same time as drill-
ing (especially in shale and claystone). The limitations of
RQD have been widely discussed since its development;
however, they have also been largely overlooked by rock
engineers. These limitations include i) the subjectivity sur-
rounding the 10 cm threshold, ii) the difficulty in differenti-
ating between mechanical and natural fractures, iii) the
subjectivity in determining if the core is hard and sound,
iv) its sensitivity to the relative orientation of the fractures
with respect to the orientation of the borehole or scanline
(i.e., orientation bias), and v) the ignoring of the effects that
incipient fractures and veins have on rock mass strength
(Yang et al., 2020).

The development of RMR by Bieniawski (1973) involved
49 initial case histories in 1973, followed by an additional
62 cases in 1984 and another 78 cases in 1987. By 1989,
RMR had been used in 351 case histories, which contrib-
uted to its development. Approximately 63% of the case
histories used in its development are in sedimentary rocks,
whereas only 19% are in igneous rocks and 16% in meta-
morphic rocks. The majority of the case histories are in
shale (98 cases or 28% of the case histories), followed by
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mudstone (31 cases) and sandstone (27 cases; Bieniawski,
1989). In contrast, 212 case studies were used in the devel-
opment of the Q-system by Barton et al. (1974); 48% of the
case histories are in metamorphic rocks, whereas only 38%
are in igneous rocks and 13% in sedimentary rocks. The
majority of the case histories are in granite (46 cases or 22%
of the case histories), followed by schist (17 cases) and
gneiss (14 cases). These differences again highlight the em-
pirical nature of the development of the RMR and Q-
system, and specifically, the geology encountered in tun-
nelling projects in South Africa (primarily sedimentary)
that shaped the RMR versus that encountered in the Scandi-
navian shield (primarily crystalline) that shaped the Q-
system. Based on the case histories used in the development
of RMR and Q-system, RMR might be considered more ap-
plicable for projects in sedimentary rocks, whereas the Q-
system more applicable for projects in igneous and meta-
morphic rocks. However, as shown in Yang et al. (2021b),
these geological constraints have been ignored and RMR
and Q-system have been used to describe rock mass condi-
tions for projects in various rock types. Even though rock
mass classification systems can be expanded to scenarios
outside those in their original databases, Barton (1988)
noted that it should be done with caution and careful con-
sideration of the geological setting. Despite this, current
practices in rock engineering have seemingly created a geo-
logical equivalency between RMR and Q-system.

It is also important to note that the case histories used in the
development of RMR and Q-system are from several de-
cades ago when the scale of projects was much more lim-
ited compared to today’s projects. For RMR, the majority
of'its case histories involved tunnelling and shallow mining
projects; most of these case histories have a span of up to
10 m and are limited to depths of up to 250 m. Similarly, the
case histories for Q-system show that most of the projects
used in its development had spans of up to 15 m and were at
depths of up to 250 m. These case histories show that RMR
and Q-system were not developed for deeper projects. This
raises the question: should rock engineers use RMR and Q-
system for current projects that are not only bigger but
deeper? An important consideration is the potential failure
mechanism, which depends in part on the size and depth of
the project, as well as the geology.

As previously mentioned, the development of GSI differs
from that of RMR and Q-system in that it was introduced to
better characterize poorer quality rock masses and thus as-
sistin determining input values for the Hoek-Brown failure
criterion. Specifically, Hoek wanted a new system that
“would not include RQD, would place greater emphasis on
basic geological observations of rock mass characteristics,
and reflect the material, its structure and its geological his-
tory” (Marinos et al., 2005). Initially, GSI was taken as be-
ing equivalent to RMR 76 with the rating for water set to 10
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(dry). As a result, it can be assumed that GSI was born out
of the same geology database as RMR.

The current method of using rock mass classification sys-
tems ignores the geological and engineering constraints as-
sociated with their development and homogenizes the dif-
ferent nature of the geological and structural processes at
play, which may be unique for a given regional or tectonic
setting. The current classification process treats rock like
other engineering materials (e.g., concrete) and generalizes
its response to engineering activities; however, it is impor-
tant that rock engineers recognize the role geology, and in
particular structural geology, has not only on rock mass
strength but also ground performance. One method of rec-
ognizing the inherent geological variability in rock masses
is by reporting a range of classification values rather than
one value that is often misconstrued as being ‘accurate’ and
‘precise’.

Another limitation of rock mass classification systems that
is often overlooked is that the rating values are nonunique
and on their own do not provide any information on the
rock mass conditions. As shown in Yang et al. (2021a),
there are many combinations of parameter ratings in RMR,
Q-system and GSI that can lead to the same classification
value. For example, according to the GSI chart from Hoek
and Marinos (2000), a GSI of 50 is associated with a rock
mass that has a blocky structure and fair joint surface condi-
tions (e.g., due to weathering) as would a rock mass that is
very blocky but has good joint surface conditions (e.g., if it
was unweathered). Even though both rock masses have the
same GSI, they have different rock mass conditions. Yang
etal. (2021a) showed that the majority of combinations are
in the ‘Fair’ rock mass class for RMR (RMR = 40-60) and
the ‘Very good’ rock mass class for the Q-system (Q = 40—
100). This means that there is more uncertainty surround-
ing the classification values in these ranges because of the
variability in rock mass conditions. As a result, it is impera-
tive that rock engineers report the parameter ratings they
used to determine their classification values.

The Future of Rock Engineering Standards
for Machine Learning

There has been increasing pressure to integrate rock mass
classification systems with ML in recent years under the
guise of providing more accurate and precise RQD, RMR,
Q-system or GSI values. However, as shown in the previ-
ous section, the notion that classification values are accu-
rate and precise does not reflect the inherent geological
variability found in rock masses or the subjectivity in quan-
tifying them. Even though it is possible to incorporate ML
in rock mass classification systems, it is important to al-
ways keep in mind the aforementioned limitations of these
systems (both geological and engineering constraints) and
the original purpose behind their development. If rock en-
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gineering is to continue moving forward with the incorpo-
ration of ML into its design processes, then more objective
and unbiased parameters need to be developed. Some ex-
amples of objective parameters currently under develop-
ment are the Representative Elementary Length (REL) in-
troduced by Elmo and Stead (2018) and the Network
Connectivity Index (NCI) introduced by Elmo et al. (2021).
The REL is a new rock mass quality indicator that is more
objective, whereas NCI is a new rock mass classification
system that is more objective and considers failure mecha-
nisms. Both of these new parameters are not subject to the
same limitations and subjectivity as their predecessors and,
as aresult, they can be more easily integrated with ML tech-
niques. These parameters will benefit the mineral resources
sector in British Columbia by improving the efficiency of
the exploration and design process, as well as improving
the accuracy of the design. Ultimately, this will result in
improved sustainability during mineral exploration and
mine design.

Future Work

The next steps include developing a set of guidelines for the
use of ML in rock engineering as well as building on Elmo
and Stead (2018) and Elmo et al. (2021) to refine the con-
cepts of REL and NCI and incorporate them within ML al-
gorithms. Both the development of the guidelines and re-
finement of REL are currently underway and are expected
to be completed in the upcoming year. Additionally, the
guidelines are expected to be published in a conference and
journal paper in the upcoming year. It is anticipated that this
research will be completed by 2024.

Conclusion

The rock engineering design process is highly empirical
and dependent on empirical industry standards, such as the
Rock Quality Designation, Rock Mass Rating, Q-system
and Geological Strength Index. As rock engineering transi-
tions into the era of digitalization and machine learning, itis
essential that these empirical industry standards are revis-
ited in order to better understand their development and
limitations. The geological and engineering constraints of
rock mass classification systems are not widely acknowl-
edged by rock engineers, and subjectivity and bias make it
difficult for them to be easily integrated with machine
learning. If rock engineers want to continue using current
rock mass classification systems, then they should ensure
that their geological and engineering constraints are recog-
nized. However, the development of more objective and
unbiased rock mass classification systems can help rock en-
gineering transition to successfully implementing machine
learning by ensuring that the data is of good quality. In or-
der for rock engineering industry standards to be the best
available solution, they should undergo continuous revi-
sions and improvements.
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Introduction

In situ stress is one of the most important boundary condi-
tions in rock-engineering design. It dictates many import-
ant design decisions, such as the optimal orientation of hor-
izontal boreholes for energy-development projects
(geothermal, oil, gas), as well as the orientation, dimen-
sioning and support design of underground excavations for
mining and hydroelectric power infrastructure to ensure
stable and safe excavations. However, it is extremely diffi-
cult to measure ground stress reliably, resulting in signifi-
cant uncertainty for, and risk to, these projects. This fre-
quently leads to less than optimum design performance and
costly mistakes that, on some projects, represent lost value
in the range of tens of millions of dollars.

Despite its importance, it is also the most challenging char-
acteristic to accurately assess in rock-engineering design.
As a result, a variety of strategies have been developed,
each with its own set of limits and difficulties concerning
their reliability (Amadei and Stephansson, 1997; Haimson
and Cornet, 2003; Sjoberg and Klasson, 2003):

e most involve point measurements, giving rise to uncer-
tainty owing to geological heterogeneity

e many are destructive, limiting testing to a single mea-
surement, or cause unwanted permanent change to the
rock

e most involve a higher per measurement cost.

The emergence of fibre-optic sensing capabilities offers
several advantages that can potentially overcome existing
challenges. The use of fibre optics in stress-measurement
techniques is leading to the development of a nondestruc-
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tive approach capable of monitoring both in situ stress
states as well as any subsequent stress changes in response
to engineering activities (e.g., mining). In addition, this
technique can also be used to measure the stress state away
from a borehole, as well as along the length of the borehole,
while being lower cost compared to conventional methods.
To use fibre optics in the development of a stress-measure-
ment technique, it is crucial to consider contributory ele-
ments that play a critical part in the response of optical fibre
sensors. Prior to this work, no attempt to use a fibre-optic
cable to measure geological in situ stresses had been under-
taken successfully. The aim of this study is to investigate
the influence of three different borehole-filling materials
and of changes in borehole diameter on a fibre-optic system
measuring geological stress.

Distributed Acoustic Sensing

Fibre-optic cable exhibits three scattering mechanisms:
Raman, Brillouin and Rayleigh scattering. Since Rayleigh
scattering is intrinsically independent of any external fields
that may affect the surrounding environment, it is consid-
ered a direct-sensing mechanism, as opposed to Raman and
Brillouin scattering. Rayleigh scattering is being used in
this study to estimate in situ stresses caused by seismic
waves propagating in the rock.

Rayleigh-scattering—based, distributed acoustic sensing
(DAS) systems could transform a fibre-optic cable into a
sensor array, allowing users to detect and monitor many phys-
ical factors, such as temperature, vibration and strain, over
along distance, with precise spatial and temporal precision.
The DAS system has been developed for a variety of appli-
cations, each with different spatial resolutions, spectral
ranges and sensing ranges (Bakku, 2015; Miah and Potter,
2017).

A typical DAS system consists of a surface-mounted inter-
rogator unit (IU) coupled to a fibre-optic connection. To
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measure strain in different parts of the fibre, the U trans-
mits short laser pulses into the fibre and analyses the back-
scattered energy using optical time-domain reflectometry
(OTDR) or optical frequency-domain reflectometry
(OFDR). Under the same environmental conditions, the
OFDR mode exhibits more sensitivity than the well-known
OTDR. The optical power required from the necessary
light source for OFDR is lower for the same dynamic range
and OFDR successfully exceeds the spatial resolution and
signal-to-noise ratio dynamic range of OTDR. In the
OFDR system, the source is swept over a certain frequency,
but the amplitude is kept virtually constant. Because of the
limitations imposed by the sample size as well as the advan-
tages of OFDR over OTDR (e.g., higher spatial resolution),
an U system based on OFDR was used in this research
(Hartog, 2017).

Each fibre-optic section serves as a single-component seis-
mic sensor, measuring the axial strain generated by a seis-
mic wave in the optical fibre. One disadvantage of fibre op-
tics is its low broadside sensitivity. As mentioned in Mateeva
et al. (2014), applying the DAS technique using a straight
fibre-optic cable revealed a directional sensitivity limita-
tion; this limitation is manifested by a reduced sensitivity to
broadside waves, or waves that travel perpendicular to the
fibre. According to Den Boer et al. (2016), to improve sen-
sitivity on the broadside, a fibre should be wrapped around
a mandrel core at a predetermined wrapping angle (o).

Over the past few decades, fibre-optic DAS has been used
in numerous settings such as the oil and gas industry as well
as mining, civil and environmental engineering due to its
capacity to work in confined spaces, measure various pa-
rameters over long distances, operate at low-power require-
ments, withstand harsh environments (high temperature
and pressure) and protect itself from potential electromag-
netic interference (Nath et al., 2006; Naruse et al., 2007,
Molenaar et al., 2012; Kamal, 2014; Mateeva et al., 2014;

Borehole Cable

Cross-
section

cience BC

Milleretal.,2016; Zhao etal.,2016; Zhou etal.,2019). One
of the planned outcomes of this extensive research is to de-
velop a stress-measurement technique based on the fibre-
optic cable. The emergence of fibre-optic sensing capabili-
ties offers several advantages that can not only help over-
come the challenges posed by the currently available tech-
niques but also:

e provide both stress magnitude and orientation in one
measurement (other techniques require multiple mea-
surements)

e provide a nondestructive measurement technique (i.e.,
measurements can be repeated for added precision and
confidence)

e Dbe used to measure the stress state of large volumes of
rock (i.e., less likely to provide misleading measurements
due to heterogeneity)

e be used to measure stress profiles along the borehole
and, through repeat surveys, stress changes.

Method

The goal of this study is to investigate the response of heli-
cally wound cable (HWC) fibre to three different types of
borehole-filling material (cement, polymer-based mud and
invert-emulsion mud) and to changes in the borehole diam-
eter. The combination of two distinct analytical methods
was used to stimulate the response of fibre-optic cable. By
assuming a plane wave travelling through a multilayered
media in 2.5 dimensions (Figure 1), it is possible to calcu-
late dynamic strains in the vertical and radial directions as a
function of the angle of incidence using this integrated
technique (Kuvshinov, 2016; Hendi et al., 2020b).

The first method, presented in Hendi et al. (2020b), is used
to calculate the cable’s axial strain. The second approach,
outlined in Kuvshinov (2016), is applied to calculate the ra-
dial strain using the axial strain established in the previous

Borehole Cable

N

Figure 1. Depiction of the top view and cross-section of the geometry used in different borehole-filling—material scenarios.
a) A helically wound cable is positioned inside a borehole filled with any of three filling materials. b) The diameter of a ce-
ment-filled borehole can be modified to examine how the change influences cable-fibre reaction.
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Figure 2. Demonstration of the wrapping angle (a) of helically wound cable (HWC). If the cylindrical surface of a cable (grey) was sliced
along AB and unwrapped to a horizontal plane, the fibre trajectory would be represented by the diagonal red line visible in the panel on the
right. The wrapping angle (a) is the angle produced by the circumference of the cable and the fibre (BB); the direction of the strain (e) is ex-
pressed as being radial (i), axial (), or occurring in the y-axis (y,) or x-axis (x) plane. When a wave strikes the HWC, the cable (dashed
black line) deforms and the fibre (red dashed line) deforms as well (after Hornman, 2017).

step. Equation 1 relates the axial and radial strains to the
strain of the HWC (Figure 2):

2

e cos’ o+e sin” o

" (cable)

(M

i =€z
(fibre) (cable)

where e represents strain along the fibre (si5.), axial strain in
the cable (.-jcqrie) and radial strain in the cable (,/capie), T€-
spectively, and a represents the wrapping angle of the fibre
around the cable.

Two assumptions have been made in this analytical simula-
tion. Firstly, a point source is assumed to be a specific dis-
tance away; as a result, the spherical wave can be simplified

to a perfect plane wave, with the strains all occurring in the
same plane. Secondly, the dominant frequency and ampli-
tude of the point source are 8§ kHz and 1 Pa, respectively.

Based on the foregoing, four borehole-filling—material sce-

narios were developed:

e Scenario 1: aHWC cable is placed in the middle of a ce-
ment-filled borehole (Figure 3). To determine how the
cement’s properties should be defined to obtain an opti-
mum response from the HWC cable, the lower Young’s
modulus (associated with softer material) of the cement
is changed to the higher modulus associated with the
surrounding rock (considered as hard cement).

8.5

2.5

Normalized fibre strain (-)

1.5

0 10 20 30 40 50 60 70 80 90
Angle of incidence (degree)
e———[F=15 GPa e==——=E=30 GPa e====E=45GPa e=—E=60 GPa

Figure 3. Effect of the properties of cement-filled boreholes (Young’s modulus [E]) on the re-
sponse of helically wound cable as a function of the angle of incidence (scenario 1).
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Scenario 2: a HWC cable is placed in the middle of a
mud-filled borehole (Figure 4). To determine how the
mud’s properties should be defined to obtain an opti-
mum response from the HWC cable, two common types
of muds frequently used in industry are used to fill the
borehole: polymer-based mud and invert-emulsion mud
(mud properties from Hendi et al., 2020a).

Scenario 3: a HWC cable is placed in the middle of a ce-
ment-filled borehole (Figure 5). The diameter of the

borehole is altered to examine the sensitivity of HWC-
fibre response as a function of borehole diameter.

Scenario 4: The findings from scenarios 1 and 2 are
combined to determine which combination of borehole-
filling material and HWC cable is the most efficient.
The response of a HWC cable inserted in a borehole,
which in one case is filled with hard cement (Young’s
modulus equivalent to that of the surrounding rock) and,
in another, with dense polymer-based mud, is compared
(Figure 6).
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0 10 20 30 40

50 60 70 80 90
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Polymer-based mud
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Figure 4. Effect of the properties of mud-filled boreholes on the response of helically wound cable as a

function of the angle of incidence (scenario 2).
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Figure 5. Effect of changes to borehole diameter on the response of helically wound cable as a function

of the angle of incidence (scenario 3).
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Figure 6. Comparison between the effect of polymer-based mud and cement used as bore-
hole-filling material on the response of helically wound cable fibre.

Tables 1 and 2 show the geometry and characteristics of the
materials for the various borehole-filling—material scenar-
ios, respectively (values taken from Hendi etal., 2020a, b).

Results and Discussion

Figures 3 to 5 illustrate the strain distributions computed
using the combined analytical technique for scenarios 1 to
3. A comparison of polymer-based mud- and cement-filled
boreholes is shown in Figure 6. In all scenarios, the sensi-

Table 1. Geometric parameters used in analytical stimulation
of the response of fibre-optic cable. The cable and borehole
diameters are determined using common values found in the
field. In this study, the rock formation is assumed to stretch to
infinity in both width and height.

Geometric parameters

Scenario 1 2 3
Borehole diameter (mm) 116 116 25 (cable size)-116
Borehole height (m) 2 2 2
Cable diameter (mm) 25 25 25
Cable length (m) 0.5 05 0.5
Formation diameter (mm) 2 2 2
Formation length (m) 2 2 2

tivity of the HWC increases as the angle of incidence
increases.

Scenario 1

The results of scenario 1 help in determining how cement
properties should be designed to obtain the optimum re-
sponse from HWC. The Young’s modulus of the cement has
been changed in this scenario from one associated with soft
material to one with properties nearer those of the sur-
rounding rock. The results of this study show that, as the
layer properties of the cement (Table 1) surrounding the ca-
ble near those of the rock formation, the performance of the
HWOC fibre decreases (Figure 3).

Scenario 2

The results of scenario 2 reveal more about how mud quali-
ties affect HW C optimum response at different angles of in-
cidence. Two common types of mud used frequently in in-
dustry (polymer-based mud and invert-emulsion mud)
were considered in this scenario and their respective effects
are depicted in Figure 4. The results showed that the HWC
fibre performed better in the denser polymer-based mud.

Table 2. Layer (domain) properties used for modelling of the response of helically wound cable to different borehole-filling ma-
terials and changes in borehole diameter (values from Hendi et al, 2020a, b).

5 Density (p) Compressional velocity (Vp)  Young's modulus (E) Poisson's ratio (v) (-

Material 3

(kg/m®) (m/s) (GPa) )
Rock formation 2734 5736 60 0.28
Cable 1200 1183 1.6 0.15
Cement 2240 2728 15-60 0.2
Invert-emulsion mud 1570 1540 - -
Polymer-based mud 1830 2350 - -
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Scenario 3

In scenario 3, the impact of borehole diameter on the HWC
response in the case of a hard cement-filled borehole
(Young’s modulus equivalent to that of the surrounding
rock) was investigated. In this scenario, boreholes of vari-
ous diameters were used, varying between 116 mm and
25 mm (i.e., equal to the diameter of the cable; Figure 5).
The results indicate that a larger borehole diameter results
in better performance of the HWC optical fibre. Responses
increase significantly when the borehole diameter is nearly
double that of the optic-fibre cable; after that point, bore-
hole diameter has a less significant impact on fibre-optic
cable response.

Scenario 4

The performance of HWC fibre was also investigated as a
function of surrounding material (cement vs polymer-
based mud; Figure 6). Theoretical results indicate that the
HWC fibre performs better in polymer-based mud than
cement.

Conclusion

Using an integrated analytical technique, strain values in
helically wound fibre-optic cable were calculated for three
scenarios representing realistic situations, based on the ef-
fects of the borehole-filling material and change in bore-
hole diameter on the axial and radial strains of the HWC.
The results of this analysis reveal that HWC fibre performs
better when the Young’s modulus of the cement filling the
borehole is low (indicating material softer than the sur-
rounding rock formation). In the case of boreholes filled
with polymer-based mud, the performance of the HWC fi-
bre is far higher compared to that achieved using invert-
emulsion mud. When HWC is embedded in the denser
polymer-based mud, it has a higher sensitivity than when it
is embedded in cement. The diameter of the borehole and
the sensitivity of the HWC share a direct relationship: when
the borehole diameter is approximately two times that of
the cable, HWC sensitivity reaches its maximum.

The findings of this study can be considered one of the pri-
mary steps in the development of a stress-measurement
technique based on fibre-optic cable, which allows for im-
proved precision and accuracy in recording results. By em-
ploying stress-measuring techniques, British Columbia
mining firms may see a boost in production, while reducing
the number of instability events and therefore improving
mine safety.

Future Research Directions

The results of this study will be used to build a bench-top
experiment to stimulate fibre-optic cable response under
simulated field conditions to estimate in situ stresses. The
findings will be used as a guideline for installing distrib-
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uted fibre-optic cable and improving its overall
performance. This work will be undertaken in January
2022 and final results published as part of the lead author’s
doctoral thesis in 2024.
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Introduction

Tailings-dam breach assessments (TDBAs) estimate the in-
undation area, depths and velocities of a tailings flow that
result from a possible tailings-dam breach. These studies
inform the potential consequences of a breach of a tailings-
storage facility (TSF) and are used in risk assessments and
emergency-response planning. Tailings-dam breach as-
sessments involve many uncertainties, as described in the
Guidelines for Tailings Dam Breach Analysis, prepared and
published by the Canadian Dam Association (2021). In re-
cent years, several databases, case-history reviews and sta-
tistical analyses (e.g., Ghahramani et al., 2020; Rana et al.,
2021) have been developed to address knowledge gaps and
to better understand the initiation and field behaviour of
tailings flows.

Outflow volumes, runout distances and inundation areas
are useful descriptors for statistical analysis of tailings-dam
breaches. Most forward analysis (prediction) used in indus-
try relies on numerical models rather than statistical mea-
sures to determine consequences. The general procedure
includes the development of a breach hydrograph to esti-
mate the volume and flow rate through the tailings-dam
breach. A numerical runout model then uses the equations
of conservation of mass and momentum to estimate the tail-
ings-flow depth and velocity through the downstream area,
for which the breach hydrograph, downstream terrain and
flow characteristics (theology) of the tailings are used as in-
puts. The modelled depths and velocities give more nuance
and detail to consequence estimates than could be achieved
by statistical analysis alone. There are numerous numerical
methods used for TDBAs, and some model set-ups allow
for the breach hydrograph and runout model to be deter-
mined concurrently.

!The lead author is a 2021 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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Tailings-dam breach assessments are relatively new, so the
majority of methods or numerical models are borrowed ei-
ther from landslide modelling (e.g., DAN3D) or from dam-
breach studies for hydro dams (e.g., DAMBRK, HEC-
RAS), which have a longer history of use (Canadian Dam
Association, 2021). The Canadian Dam Association 2007,
Washington State 1992 and FEMA 2013 guidelines for hy-
dro-dam breach studies are referred to for TDBAs in partic-
ular (Canadian Dam Association, 2021).

The parametric method is well utilized in water-dam breach
studies to develop the breach hydrograph (Wahl, 1998,
2004; Froehlich, 2008; Goodell et al., 2018). The paramet-
ric method dynamically computes the breach discharge us-
ing the common weir equation (Francis, 1868). The breach
parameters (ultimate breach size, shape and development
time) are defined by the user. The breach width increases
and the breach invert decreases to their ultimate values over
the duration of the breach development, while the water-
surface elevation is recalculated at every time step based on
the previous discharge and the defined stage-storage curve.
There is limited guidance available from the Canadian Dam
Association or International Commission on Large Dams
(ICOLD) concerning whether the differences in design, con-
struction and operation of tailings facilities compared to
water-retaining dams, and the non-Newtonian flow charac-
teristics of tailings, render the parametric method invalid
for TDBAs.

This technical paper explores the application of the para-
metric-breach method for two tailings-dam breaches and
the resultant tailings flows: the Mount Polley event in Brit-
ish Columbia in 2014 and the Feijao eventin Brazil in2019.
By comparing the modelled results based on standard prac-
tice borrowed from water dams to the field behaviour of
historical tailings-breach events, any deficiencies with the
method may be identified. Modelling of more than 20 his-
torical events from the Ghahramani et al. (2020) and Rana
etal. (2021) databases is in progress, together with physical
experiments of tailings-dam breaches, to determine
whether trends or observations from the two examples pre-
sented are consistent and applicable to observed processes
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across different cases or various scenarios; however, these
more extensive studies are not covered in this paper.

Modelling Methodology
Breach Parameters

A downside commonly noted with the parametric approach
(Wahl, 2004; Froehlich, 2008) is the uncertainty in estimat-
ing the breach parameters for a dam-breach study. Martin et
al. (2015) further noted that common regression equations
to predict the parameters are typically based only on water-
dam breach events, introducing more uncertainty when ap-
plied to TDBAs. Fortunately for back analysis, the breach
size and shape can be measured after the event, partially
sidestepping this issue. The breach development is defined
as the time from initiation of breach until the ultimate size is
reached, and is equivalent to breach-formation time (Wahl,
1998; Froehlich, 2008). The development time can also be
estimated based on the event narrative, but it has more un-
certainty than the other breach parameters for back analy-
sis.

Instant Dam Breaches

The weir equation and parametric approach have been
shown to be appropriate for near-instant failures of water-
retaining dams, as may be seen in the structural collapse ofa
concrete-arch dam (e.g., the Malpasset dam failure; Brun-
neretal.,2018). The breach-development time is set to 0 sec-
onds (s) or some other nominally short time, so the ultimate
breach forms almost instantly. In 1892, Ritter derived an
analytical set of equations for a perfectly instantaneous
breach, ignoring frictional and turbulence losses. The
Ritter set can be reduced to the same form as the weir equa-
tion, with a weir coefficient of 0.928.

The weir coefficient is used to represent the efficiency of the
flow through the weir and varies depending on the size and
shape of the weir, upstream conditions and downstream con-
ditions. Typical metric values for constructed weirs in
steady-flow conditions range from 1.4 to 2.3 (Brater and
King, 1976; Brunner, 2021). Brunner (2014) suggested that
breach flow is not efficient and lower coefficient values are
thus warranted for erosional breaches, considering that
dam breaches have greater turbulence and violence than a
constructed weir. Weir coefficients for erosional breaches
should therefore be around 1.44 and could range from 1.1 to
1.7 (Goodell and Brunner, 2012). An instantaneous dam
breach would be correspondingly more turbulent and, con-
ceptually, the weir coefficient should be lower still. Despite
valid criticism that ignoring the losses overpredicts the
leading edge of the outflow, the Ritter set of equations
matches experimental results closely at the location of the
instantaneous breach (Schoklitsch, 1917; Arbuthnot and
Strange, 1960).

82

Khahledi et al. (2015) assessed weir coefficients for non-
Newtonian fluids, specifically including kaolin and ben-
tonite mining slurries. They found the non-Newtonian flu-
ids to have coefficients similar to that of water. The experi-
ments were performed under steady-state flow conditions,
using flume set-ups similar to constructed weirs and rela-
tively weak rheologies, unlike those of typical tailings de-
posits within TSFs. Consequently, it is not clear if the con-
clusions are applicable to liquefied tailings-dam breaches.

Outflow Volumes
Stage-Storage Curves

In the parametric method, the outflow volume can either be
represented with a single stage-storage curve, or routed dy-
namically with a numerical model if reservoir bathymetry
data exist. A stage-storage curve can be derived from an
idealized shape approximating the reservoir, or a custom-
ized curve can be calculated from an irregular shape if
bathymetry exists.

The dynamic routing approach is held to be more accurate,
but the stage-storage curve approach is attractive for sev-
eral reasons (Goodell and Wahlin, 2009). The abstraction
ofthe three-dimensional shape of the reservoir into the two-
dimensional curve removes the need for conservation
equations of momentum and mass, greatly decreasing the
computational requirement. With a stage-storage curve, the
parametric method could even be implemented in spread-
sheet software. Additionally, if bathymetry data are not
available for the reservoir, a stage-storage curve can be ap-
proximated with an idealized shape, as in Walder and
O’Connor (1997).

The downside to the stage-storage curve is the implication
that the reservoir has a level water surface during the en-
tirety of the breach (i.e., level-pool routing). If the breach
progresses faster than the reservoir is able to selflevel, then
the peak flow of the discharge is overestimated with the
level-pool approach. Goodell and Wahlin (2009) provided
charts that consider several factors (reservoir length, reser-
voir depth, development time) to estimate the error associ-
ated with level-pool routing for water reservoirs.

Tailings Outflow Volumes and Depressions

The total outflow volumes of historical tailings-dam breach
events, which are commonly reported in the investigative
work afterwards, have been compiled by Ghahramani et al.
(2020) and Rana et al. (2021). Unfortunately, a single value
for the volume is insufficient to develop a stage-storage
curve. The pond volumes and post-failure depression of the
tailings can have varying shapes, and the reported volume
is not always distributed between the pond and tailings vol-
umes, which may have different shapes. The shape of the
depression and distribution of pond and tailings can be in-
formed by profiles of the depression and photos (if avail-
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able); however, converting these observations into a stage-
storage curve is a qualitative, subjective and difficult task.

A linear relation between the total outflow volume at the
dam-crest elevation and zero volume at the breach-invert
elevation corresponds to a vertical-prism shape. Intuitively,
this shape is not realistic, but it is the quickest and simplest
approximation. A valley with constant wall and floor slope
(an idealization for many water reservoirs) could be ap-
proximated with a tetrahedron, following Walder and
O’Connor (1997). A common assumption in TDBAs is that
the post-failure depression of the tailings in the facility is a
semi-cone with a constant slope (Canadian Dam Associa-
tion, 2021). These three shapes are shown in Figure la,
along with a half bowl, funnel and horn for comparison. All
of the shapes have the same height of 5 m and are limited to
be within an arbitrary boundary of 20 m by 10 m. The gen-
eral form of the elevation-volume curve for each idealized
shape is shown in Figure 1b, where the curves are expres-
sed in relative terms. The semi-cone, tetrahedron and fun-
nel have the same mathematical form and are represented
with single curve shape in Figure 1b. It is apparent that,
within the same boundary, each shape has a different total
volume. Figure 1c shows the actual elevation-volume
curve for each shape, demonstrating the difference in shape
and volume for all the shapes. The red faces in Figure 1a
would be against the breached section and the coloured
faces serve to identify the shapes with the corresponding
coloured curves in Figure 1c.

Using an idealized shape results in a partial match to many
cases in the databases referred to above. A stage-storage
curve developed from an ideal shape could be scaled to
match the outflow volume from a historical case; however,
such an approach is difficult to justify for back analysis if
the idealized shape results in a substantially different vol-
ume. For example, the failure at Merriespruit in 1994 had a
post-failure depression that is a combination of bowl, fun-
nel and horn shapes. Using the average residual slope of
10% (Blight and Fourie, 2003), a hypothetical semi-cone
gives an outflow volume of 4.6 million m’, which is almost
10 times more than the observed value of 0.6 million m®
(Wagener, 1997).

Schoeman (2018) presented an alternative stage-storage
method specifically for tailings-dam breaches, termed the
‘inclined slice method’. With any continuous and idealized
shape, the volume is sliced at equal intervals at an angle
equal to the residual slope of the tailings; the difference in
volume between any two elevation intervals represents the
volume for that elevation slice. With this method, the ma-
jority of the outflow volume is ‘placed’ at lower elevations,
so the peak discharge occurs later and is lower in magnitude
compared to a level-pool breach (with constant outflow
volumes and breach parameters). The linear curve lies be-
tween the level-pool and inclined curves; therefore, its peak
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discharge magnitude and timing are between the results of
the other curves as well.

According to Schoeman, the inclined nature intuitively rep-
resents a more realistic representation of the flow of tailings
mobilized due to erosion or slumping during a tailings-dam
breach. A hybrid stage-storage curve was first proposed by
the Canadian Dam Association’s Tailings Dam Breach
Working Group (Al-Mamun etal., 2019). Conceptually, the
volume at higher elevations is sliced horizontally, like a
typical stage-storage curve for the pond volume, while the
volume at the lower elevations is sliced at an incline for the
tailings volume. However, no validation of the main princi-
ple or hybrid refinement through comparison to historical
tailings-dam breaches or physical experiments has been
completed to date.

Example Applications
Mount Polley, British Columbia, Canada

The Mount Polley TSF failed early in the morning on Au-
gust 4, 2014. The crest of the dam slumped due to founda-
tion failure, resulting in a sudden loss of containment of the
large pond within the facility at the time. The flow over-
topped and eroded through the slumped centreline dam.
Wide-scale tailings liquefaction was not observed, but a
large volume was transported out of the facility by the pond
discharge (Morgenstern et al., 2015). The location and im-
agery of the Mount Polley failure are shown in Figure 2.

The dam height was roughly 40 m at the time and location
of the failure. The breach width at the invert was 45 m, and
270 m at the dam crest (Morgenstern et al., 2015). The total
released volume (water and tailings material) was 25 mil-
lion m’, with the majority (almost 70%) being water
(Cuervo et al., 2017). There is limited information regard-
ing the development time for the breach; however, the
timeline presented in the Chief Inspector of Mines Investi-
gation Report (BC Ministry of Energy, Mines and Low Car-
bon Innovation, 2015) provides some bounds. Substantial
volumes began discharging at 1:08 a.m. when the power lines
near the breach location were destroyed. Approximately
3.5 hours later, the V-cut through the dam was observed to
be roughly 30 m deep, suggesting a development time of
around 4 hours. Video from a helicopter flight at around
7:45 a.m. showed the erosion had fully progressed through
the dam and the breach flow was relatively low (Morgen-
stern et al., 2015). The flow was noted to have fully ceased
by around 4:00 p.m. the same day.

The helicopter video and aerial imagery show that dendritic
drainage channels almost 2 km long had eroded throughout
the tailings deposit, as annotated in Figure 2b. The eroded
shape was idealized with a stage-storage curve to a tetrahe-
dron, while the pond was approximated as a vertical prism
using the pond volume and surface area from the Mount
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Figure 1. a) Six idealized shapes for the post-failure depression of tailings facilities. b) Stage-storage curves for the
idealized shapes in relative values. c¢) Stage-storage curves for the idealized shapes in real values.
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Polley TSF (similar to Petkovsek et al., 2020). Using
Schoeman’s inclined slice method, an alternative stage-
storage curve was generated based on the first curve. A hy-
brid curve was developed in which the tailings volume was
sliced on an incline and the pond volume was level-pool.
Lastly, a linear relation was considered as a final compari-
son. Figure 3 shows the four stage-storage curves. The da-
tum was set as the breach invert. Since the breach was ero-
sional, the weir coefficient was set to the value of 1.44 in the
parametric model, representing an ‘average’ erosional-
breach weir scenario (Goodell and Brunner, 2012).

400

[
5
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o
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Feijao, Minas Gerais, Brazil

On January 25, 2019, Dam I at the Feijao mine suddenly
and instantly collapsed. There was no pond present in the
facility at the time of failure but the tailings underwent lig-
uefaction, resulting in a catastrophic failure (Robertson et
al., 2019). The location and imagery of the Feijao failure
are shown in Figure 4.

Dam I was 80 m high at the time of the failure, and the
breach was 580 m and 100 m wide at the dam crest and

Notes:
1) Basemap imagery from ArcGIS
Online and used under licence.
Copyright 2020 Esri.

2) BC border from BC government
and used under Open Government
Licence.

i Legend

® Mount Polley mine
BC provincial border

1) Imagery from ArcGIS
Online and used under licence.
Copyright 2020 Esri.

Main dendritic
drainage channel |

Figure 2. a) Location of the Mount Polley tailings-storage facility. b) Post-failure aerial imagery of the Mount Polley

tailings-storage facility.
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Figure 3. Estimated stage-storage curves for released tailings material and water in the Mount Polley breach event.

breach invert, respectively. LIDAR obtained before and af-
ter the failure showed 9.7 million m’ of tailings discharged
(Robertson et al., 2019). The failure was captured on a
monitoring camera (CAM1), which showed that the breach
had fully progressed to the invert within 6 s and the volume
had discharged within 5 min (Robertson et al., 2019). As a
simplification, the breach weir was set to be fully formed at
the start of the hydrograph, with a weir coefficient of 0.928
based on Ritter (1892).

The photos of the post-failure depression and post-failure
LiDAR from Robertson et al. (2019) show that the semi-
cone is areasonable approximation for the remnant tailings
deposit behind the crest of the dam. The ideal semi-cone
gave an estimate of 6.2 million m’. Since the volume of the
tailings in front of the dam crest was a large portion of the
release volume, a separate shape was used. Based on the ob-
served breach shape, dam height and dam slope, an irregu-
lar triangular prism shape gave 2.7 million m®. These two
idealized shapes gave a total estimate of 8.9 million m’,
which is quite close to the observed value of 9.7 million m®;
this curve was scaled to the correct value of 9.7 million m’
Alevel-pool curve and inclined-slice curve were generated
from those idealized shapes, as well as a linear plot for com-
parison. Figure 5 shows the three stage-storage curves. The
datum was set as the breach invert. No hybrid curve was de-
veloped as there was no pond in the facility at the time of
failure to consider as level-pool while the tailings remained
inclined.

Results and Discussion

Mount Polley

Figure 6 shows the four breach hydrographs for the four de-
veloped stage-storage curves, with all other inputs remain-
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ing constant. The shape of the stage-storage curve has a
clear impact on the peak discharge, the shape and the dura-
tion of the hydrograph.

The level-pool curve fully discharged the 25 million m’
volume by 4:00 a.m., almost 12 hours before the actual ar-
rest of the flow around 4:00 p.m. In fact, the development
time needs to be increased to more than 16 hrs for the dis-
charge to last until 4:00 p.m. with a level-pool curve (not
shown here), contrary to the helicopter video that indicated
the breach had essentially progressed to its ultimate size by
8:00 a.m. Inputting the facility dimensions into the charts
from Goodell and Wahlin (2009) gives an estimated error
(in using a stage-storage curve rather than a dynamic reser-
voir) only on the order of 3—5% of the peak flow, suggesting
the peak flow is not overestimated, due largely to the size of
the facility.

It appears that Schoeman’s alternate slicing method has
some validity for simulating the erosion and slumping of
tailings if the tailings are not liquefied. The hydrographs for
Mount Polley using the inclined, linear or hybrid curves
had flows between 250 m*/s and 650 m’/s at 8:00 a.m., and
approximately 20 m*/s at 4:00 p.m., which match the video
and timeline much better. The hybrid curve results in a dou-
ble peak, where the first peak corresponds to the outflow
when dominated by the initial pond release and the second
peak corresponds to the additional erosion and slumping of
tailings. Cuervo et al. (2017) noted that field observations
downstream of the breach suggested the erosion occurred
in pulses, partially corroborating the hybrid curve. It cannot
be confirmed, however, that the pulses originated solely
from the breach and not during the runout process.
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Feijao
Figure 7 shows the three breach hydrographs for the three

developed stage-storage curves, with all other inputs re-
maining constant.

Since the breach weir was instantly fully formed, there is a
discontinuity in the discharge as it jumps to the peak flow.
Atthe first time-step, the discharge is dependant only on the
breach geometry; therefore, all stage-storage curves have the
same initial peak-flow magnitude of 179 000 m’/s.

The discharge trails off similarly with all three curves in
Figure 7a. Figure 7b gives insight into their fit to the ob-
served event and timing. At 5 min after the initiation of the

250 500 750 1000 km

Notes:

1) Imagery from ArcGIS
Online and used under licence.
Copyright 2020 Esri.

Aﬂ’

Breach flow

direction

breach, the level-pool hydrograph has discharged 9.5 mil-
lion m’ (98% of the total observed outflow volume),
whereas the linear and inclined hydrographs have dis-
charged only 8.3 million m® and 6.6 million m®, respec-
tively. Even when the weir coefficient is increased to 1.7 (a
value appropriate for steady-state Newtonian flow over a
constructed weir), the predicted hydrograph using the in-
clined stage-storage curve (not shown here) still discharges
only 7.4 million m® at 5 min. When the tailings are lique-
fied, it appears the flow behaviour may be better repre-
sented with a stage-storage curve appropriate for water, as
shown with the level-pool outflow volumes at 5 min.
Schoeman’s inclined-slice approach takes more than an

Legend
® Feijdo Dam I
D International border

Notes:

1) Basemap imagery from
ArcGIS Online and used under
licence. Copyright 2020 Esri.
2) International border from
ArcGIS Hub and used under
licence. Copyright 2020 Esri.

Legend

== =TFeijjdo Dam I crest (pre-failure)

Figure 4. a) Location of Feijao Dam I. b) Post-failure aerial imagery of Feijao Dam I.
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Figure 5. Estimated stage-storage curves for the released tailings in the Feijao breach event.

hour to discharge the observed outflow volume, even when
using unrealistically high weir coefficients for an instanta-
neous breach scenario.

When the level-pool curve is combined with a larger weir
coefficient, the peak discharge increases and the hydro-
graph duration shortens by roughly the same ratio between
the larger weir coefficient and the Ritter weir coefficient.
For example, using a weir coefficient of 1.44 for the hydro-
graph (not shown here) rather than 0.928 increases the peak
flow to 277 000 m*/s and 9.5 M m® of the outflow volume
discharges in 3.2 min. The results presented here suggest
that the Ritter weir coefficient matches the observed timing
of 5 min for the Feijao event as well, but further compari-
sons are warranted to confirm this finding.

Concluding Remarks and Future Work

The Mount Polley and Feijao events are among the better
documented tailings-dam breach events. Determining the
correct sequence of events and the shape and volume of lig-

uefied tailings, non-liquefied tailings and ponds to develop
a sophisticated stage-storage curve (e.g., the hybrid curve
used in the Mount Polley analysis) is challenging; deter-
mining a curve that perfectly recreates the discharge is
practically impossible. The process for developing a stage-
storage curve is even more uncertain and subjective when
there is less information available, which is the case for
older events (e.g., the El Cobre event in Chile, 1965; Torres
and Brio, 1966) or events with limited impact and reporting
(e.g., Tapo Canyon in the United States, 1994; Harder and
Stewart, 1996). The linear stage-storage curve hydrographs
did not perform the best for either case but were also not the
worst. Given the simplicity of the linear stage-storage
curve and the uncertainty in the historical events, it appears
thatitis areasonable first approximation for any given back
analysis with limited information. When observations of
historical cases permit, or when conducting forward analy-
sis (prediction) TDBAs of existing or proposed facilities,
the more sophisticated stage-storage curve approach or
even dynamic numerical models should be used. The au-

6 000 | I | l
Linear
4300 , Inclined
} ——Level pool
—Hybrid

3000 /
1500 s

0

Breach discharge (m?/s)

0:00 1:00 2:00 3:00 4:00

5:00 6:00 7:00 8:00 9:00

10:00 11:00 12:00

Time (hh:mm)
Figure 6. Modelled breach hydrograph for the Mount Polley event.
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Figure 7. a) Modelled breach hydrographs. b) Cumulative outflow volumes for the Feijao event.

thors note that both Mount Polley and Feijao have post-fail-
ure LiDAR data, but neither are available to the public, thus
preventing the comparison of idealized stage-storage
curves to the actual irregular shape or dynamic modelling
of the tailings depression during the breach.

The breach modelling outlined here is the first step in vali-
dating or refining the parametric dam-breach method for
TDBAs; however, the back analysis includes the runout
modelling as well. The overall goal of the current model-
ling is to provide a free and accessible repository of verified
inputs for the breach and runout characteristics, numerical
model set-ups and calibrated results of historical tailings-
dam breaches and resultant tailings flows. Back analysis is
informed by focused hindsight; the breach process, extent
of'tailings liquefaction, breach parameters and outflow vol-
umes are known for the modelled events. For forward anal-
ysis, determining these elements is a large part of the chal-
lenge associated with TDBAs (Canadian Dam Association,
2021). The uncertainty and sensitivity have not been quan-
tified for TDBAsS, but both are needed to reduce the un-
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known risk in consequence estimates (Adria et al., 2021).
The databases from Ghahramani et al. (2020) and Rana et
al. (2021) can provide estimates of the uncertainty in the
modelled inputs, while the numerical-model database in
progress can be used to estimate the sensitivity of conse-
quences to the inputs.
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