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Introduction

Lithium is a vital mineral for the energy transition and the
development of a low carbon economy. The Canadian
government has identified lithium as a critical mineral,
essential for energy storage and Electric Vehicle (EV)
batteries along with uses in defence and security, consumer
electronics, critical infrastructure and medical applications.
The International Energy Agency (IEA) projects a seven-fold
increase in lithium demand from 2021 to 2030 to achieve
its net zero scenario (IEA, 2023). Presently, over 75% of the
world’s lithium production comes from Australia and Chile,
with Chile holding the largest reserves in the world with
9.3 million tonnes of lithium (USGS, 2023). Natural Resources
Canada reports that as of 2022, Canada produced 500 tonnes
of lithium (0.4% of world supply) and has 3.6% of the world’s
reserves (Natural Resources Canada, 2023).

Traditional lithium extraction techniques include hard rock
mining, including both surface (open-pit) or subsurface
(underground) methods, and evaporative brine processing
whereby the lithium is concentrated and extracted from
brines using vast ponds in hot, arid climates. These methods
encounter a number of challenges such as long project lead
times, poor recovery rates, environmental sensitivity and
geographic concentration. This has led to the evaluation of
additional sources such as volcanic sediments, geothermal
brines and deep saline brines. Along with the evaluation of
these relatively novel sources, new extraction techniques are
being developed to ensure efficient and economic recovery.
The rapid development of direct lithium extraction (DLE)
technologies has opened a vast, scalable and sustainable
resource by extracting lithium from deep saline brines.

For context, preliminary economic assessments of the
Clearwater and Sturgeon Lake lithium brine projects in
Alberta (Devonian Leduc Formation) that will employ DLE
have defined substantial lithium brine resources. As the
developers advance these projects, these resources (or a
portion thereof) could be classified as a reserve. It is important
to note that a reserve is the economically mineable part of a
resource taking into consideration all of the project elements
(location, quantity, grade, geological characterization, etc.)
as defined by the Canadian Institute of Mining, Metallurgy
and Petroleum (CIM). World reserves of lithium are estimated

to be approximately 26 million tonnes of lithium, while world

EXECUTIVE
SUMMARY

resources, not necessarily economically viable for extraction,
total 98 million tonnes of lithium. The potential scale of lithium
resources within underground brines in Western Canada can
be put into context when looking at E3 Lithium's Clearwater
project, which currently estimates a resource of roughly
16 million tonnes of lithium carbonate equivalent (LCE) (E3
Lithium, 2023).

Given the potential for lithium resources in Western Canada,
Geoscience BC and the Northern Development Initiatives
Trust (NDIT) engaged Canadian Discovery Ltd. (CDL) in 2021
to identify the in situ lithium concentrations and resource
potential of deep saline brines in northeast British Columbia
(NEBC). The study findings would serve as a means to inform
a variety of organizations and stakeholders ranging from
governments looking to develop policy and regulations
in the natural resource sector to Indigenous groups, local
communities and private companies considering the viability of
lithium extraction from deep saline brines in NEBC (figure 1.1).
Extracting lithium from deep saline brines provides British
Columbia (BC) with an opportunity to use its extensive oil and
gas industry knowledge, data and highly skilled workforce to
produce this critical mineral.

The NEBC Lithium Project

A first of its kind in BC, this study extends the understanding
of lithium resources of the Western Canada Sedimentary Basin
from Alberta and Saskatchewan, where substantial public data
and research are already available. The study was conducted
in three phases:

Phase 1: initial sample collection where operators in NEBC
were asked to provide water (brine) samples from currently
producing oil and gas operations.

Phase 2: laboratory analysis of the brine samples for a full suite
of physical and chemical parameters to produce a preliminary
brine characterization dataset including metals.

Phase 3: integration and reporting of the analyzed data with
water chemistry from existing datasets, the reservoir and
physical geology of NEBC and published literature on the
controls and distribution of lithium in saline brines.
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Project Outcomes

A total of 133 samples were obtained in NEBC through the
sampling program, of which 95 were unique, the remainder
being test blanks and duplicates for quality and assurance.
These 95 samples were supplemented by 229 samples made
available from the Geological Survey of Canada. The report
also relied on data from over 2,000 samples available in Alberta
through the Alberta Geological Survey, Geological Survey of
Canada and other sources. These combined datasets were
analyzed to aid in the understanding of lithium concentrations
and controls by stratigraphic zones, lithology, geography and
basin evolution. The observed lithium concentration in NEBC
ranges from negligible up to 100 milligrams per Litre (mg/L).
Of the 362 available samples, 272 were from the Triassic
Montney Formation (Montney). The poor data control in other
horizons of potential interest did not provide the confidence

to calculate an in situ lithium resource.

The sample data from the Montney, along with detailed
geologicmappingprovidedby CDL, allowedthe determination
of an in situ lithium resource based on an estimate of the total
water saturated pore volume, interpolation of the sampled
lithium concentrations and other indicative data (figure 1.2).

Lithium concentrations exceeding 50 mg/L are currently
deemed as economically interesting by industry given the
current advancements in DLE technology. Within the Montney,
CDL estimates an in situ LCE resource of 9.8 million tonnes
with an average concentration of 56 mg/L over an area of
32,000 km?. The Montney within this area is a low porosity, low
permeability, gas-bearing reservoir that has water saturations
ranging from less than 10 to 45%.

This estimate of an in situ lithium resource within the Montney
mustbe viewedinthe appropriate context. Itiswidely accepted
that the Montney will be the major source of natural gas in
NEBC and will supply both domestic and export consumption,
including LNG, for decades of future development. Due to the
unconventional characteristics of the Montney reservoir, it is
not economically and physically feasible to exploit for lithium
brines on astandalone basis. In practical terms, lithiumin brines
is co-produced as a by-product of natural gas production
that requires the injection of hydraulic fracturing (frac) fluids
that interact with formation waters and minerals to create
lithium-enriched fluids, which include the original frac fluids
and producible formation fluids (brines). As such, economic
lithium extraction from the Montney requires identification of
areas with sufficient and sustainable fluid production (after the
initial frac fluids have been produced) along with existing fluid
gathering systems to economically deploy DLE technologies
and infrastructure. Areas with sufficient and sustainable fluid

production will reduce the risks associated with the long-term
production needed to ensure a project is viable while existing
fluid gathering systems will help to reduce project capital
costs.

This study highlights data from areas in the Montney currently
being developed and provides the fluid production data of
the aggregate produced water. As an example, a gathering
system producing 30,000 m3/month of water is estimated to
yield up to 86 tonnes of LCE per year based on an average
lithium concentration of 56 mg/L.

Unknown Factors

The study findings are preliminary as many unknown factors
remain and further investigation is recommended, including:
1. Lithium distribution in under-sampled geologic units. To

further investigate this unknown factor, CDL conducted
extensive multi-variate analysis of fluid composition, whole
rock geochemistry and basin history. A simple and useful
observation was that the majority of lithium concentrations
in excess of 30 mg/L occurred when formation waters had
total dissolved solids (TDS) greater than 150,000 mg/L.
Based on TDS mapping used as a proxy for estimating
potential lithium concentration, the project identified
a number of areas and geologic horizons, such as the
Devonian KegRiverand Slave Point formations, the Permian
Belloy Formation and Triassic Halfway and Charlie Lake
formations, as zones of interest where further sampling
should be conducted (figure 1.2).

2. Montney investigation. Additional investigation is needed

in the Montney to reduce the risks associated with lithium
production and ensure a project’s viability. Future work
should focus on determining in what state the lithium
occurs within the Montney and also the physical processes
that lead to produced water enrichment (diffusion, water-
rock interaction, free formation water flow) as well as an
understanding of the primary lithium sources.

3. Existing and future infrastructure. As brine and, in turn,

lithium are by-products of oil and gas production in NEBC,
the long-term infrastructure and gathering system footprint
will influence the potential for lithium production in the
area. A forecast of development activities in the Montney
as a gas resource will assist in determining the longevity of
lithium as a co-produced by-product.

Further understanding of points 2 and 3 above is critical
for moving from an in situ resource definition (similar to an
original gas-in-place or OGIP calculation for gas resources) to
a more defined resource estimate that will help to inform all
stakeholders of lithium production in BC.
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1.1| Study Area Sample Distribution and Transportation Infrastructure Map
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1.2 | NEBC Lithium Study Summary Map
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Lithium Overview Introduction

On December 12, 2015, 196 Parties at the UN Climate Change
Conference in Paris, France signed the Paris Agreement. This
legally bindingagreementaimsto limitthe global temperature
increase by 1.5°C above pre-industrial levels. To achieve this
goal, anthropogenic greenhouse gas (GHG) emissions, the
cause of a significant part of this temperature increase, must
be reduced by 43% within 15 years (United Nations, 2023).This
is a significant decrease over a short time span and requires
both economic and social reforms to succeed. Canada set
a Net-Zero Emissions Accountability Act law on June 29,
2021, which legislates Canada’s commitment to achieving
net-zero emissions by 2050 (Government of Canada, 2023).
The 2030 Emissions Reduction Plan (2022) provides a guide
on how Canada will meet the Paris and Net-Zero targets.
These targets and agreements have sparked a new age of
low-carbon intensity technologies and products. This trend
is most evident within the power and transportation sector
where the use of rechargeable lithium-ion batteries can play
a significant role in reducing greenhouse gas emissions.

Table 2.1: International Lithium Production

LITHIUM
OVERVIEW

Lithium production worldwide rose approximately 25% yearly
from 2015 to 2022 to meet increasing demand, primarily from
the growing electric vehicle (EV) automotive industry (table 2.1
and figures 2.1 and 2.2) (USGS, 2023). EVs use lithium-ion
batteries, which charge faster, last longer, and have a higher
power density than traditional lead-acid batteries. As lithium
demand continues to increase, the search continues for stable
and reliable sources of this commodity. Western Canada
has an important role to play in meeting that demand as
lithium is available in the Western Canada Sedimentary Basin
(WCSB). Here, a growing number of subsurface operators
are diversifying and pursuing commodities such as lithium,
which has been identified as one of Canada’s 31 critical
minerals (figure 2.3) and is available in the Western Canada
Sedimentary Basin (WCSB). The recovery of lithium from
oilfield brines in the WCSB has the potential to help meet the
increasing demand for this unique metal (Donaldson, 2022).

Production
(tonnes)

Country 2015 2016 2017 2018 2019 2020 2021 2022
Argentina 3,600 5,800 5,700 6,400 6,300 5,900 5,970 6,200
Australia 14,100 14,000 40,000 58,800 45,000 39,700 55,300 61,000
Brazil 200 200 200 300 2,400 1,420 1,700 2,200
Canada - - - 2,400 200 - - 500
Chile 10,500 14,300 14,200 17,000 19,300 21,500 28,300 39,000
China 2,000 2,300 6,800 7,100 10,800 13,300 14,000 19,000
Portugal 200 400 800 800 900 348 900 600
Zimbabwe 900 1,000 800 1,600 1,200 417 710 800
Other countries - - 500 600 - - 120 700
World total 31,500 38,000 69,000 95,000 86,000 82,500 107,000 130,000

US lithium production withheld to avoid disclosing company proprietary data. 2022 figures are estimated. World totals are rounded.

Source: USGC, 2023. https://pubs.usgs.gov/periodicals/mcs2023/mcs2023.pdf.

© Canadian Discovery Ltd. Table 2.1
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2.1 | World Lithium Production
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© Canadian Discovery Ltd. Figure 2.1

2.2 | 2022 Global Lithium End Use Markets

o, 1%

2%2 o Lithium Global End Use Markets (%) 2018 2022 Difference

3% . .
Batteries 46 74 28
Ceramics and Glass 27 14
Lubricating Greases 7 3 -4
Polymer Production 5 2 -3
Continuous Casting Mold Flux Powders 4 2 -2
Air Treatment 2 1 -1
Other 9 4 -5

B Batteries [ Continuous Casting Mold Flux Powders
[ Air Treatment
[ other

B Ceramics and Glass
¥ Lubricating Greases
B Polymer Production

Source: https://pubs.usgs.gov/periodicals/mcs2023/mcs2023.pdf

© Canadian Discovery Ltd. Figure 2.2
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Canada’s Critical Minerals
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Critical Minerals Defined

On March 11, 2021, Canada unveiled its Critical Minerals
List comprising 31 minerals and metals, including lithium
(figure 2.3). Canada already produces 21 of these 31 critical
minerals, with the potential for further resource development.
These minerals are essential to the green and digital economies
with the following general uses:

= Renewable energy production and storage

= EV batteries and motors

m Defence and security technologies

= Consumer electronics

m Critical infrastructure

= Medical applications

By building stable and reliable critical mineral supply chains,
Canada can help supply its needs and that of the world with
responsibly sourced products and help mitigate the risk of
global supply chain disruption.

Lithium: An Interesting Element

Lithium, which is the third element on the periodic table, is
classified as an alkali metal. A good conductor of heat and
electricity, lithium has the highest heat capacity of any solid.
It is also lightweight, with the lowest density of all the solid
elements (roughly half the density of water at atmospheric
conditions).

These unique properties make lithium, along with its
compounds lithium hydroxide and lithium carbonate, integral
to multiple industrial applications, including use in both
lithium (disposable) and lithium-ion (rechargeable) batteries;
in the manufacture of heat-resistant glass and ceramics;
as grease lubricants; in polymer production; and as flux

additives used in iron, steel, and aluminum production.

Figure 2.3

Table 2.2: Estimated Lithium Reserves and Resources

Reserves Identified Resources

(tonnes) (tonnes)
Bolivia - 21,000,000
Argentina 2,700,000 20,000,000
Australia 6,200,000 7,900,000
Brazil 250,000 730,000
Canada 930,000 2,900,000
Chile 9,300,000 11,000,000
China 2,000,000 6,800,000
Portugal 60,000 270,000
Zimbabwe 310,000 690,000
us 1,000,000 12,000,000
Other countries 3,300,000 14,710,000
World total 26,050,000 98,000,000
Source: USGC, 2023. https://pubs.usgs.gov/periodicals/mcs2023/mcs2023.pdf

© Canadian Discovery Ltd. Table 2.2

These uses consume more than 93% of current global lithium
production (USGS, 2023) (figure 2.2). Since there are a wide
variety of lithium compounds, it is commonplace to refer to
lithium content in terms of lithium carbonate equivalent (LCE)
(European Lithium, 2023).

Asshownin figure 2.4andsummarizedin table 2.2, the countries
with the largest lithium resources are Bolivia, Argentina,
U.S., Australia, and Chile (USGS, 2023) when considering all
identified resources including brines, clays, and hard rock ores.
The top five lithium producing countries are Australia, Chile,
China, Argentina, and Brazil. It is important to note that U.S.
production is not reported by the USGS to avoid disclosing
company proprietary data.

NEBC Lithium Formation Water Database



m International Lithium Production and Reserves

a. Production per Country b. Reserves Including Brines and Clays per Country
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© Canadian Discovery Ltd. Figure 2.4

2.5 | Lithium Projects in Canada
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m Lithium Mobilization Model
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© Canadian Discovery Ltd.

Canada has roughly 3% of the world’s lithium reserves and a
number of lithium projects at various levels of development,
operation, or suspended operations (figure 2.5) (Natural
Resources Canada, 2023). Various projects in Quebec reached
operation but have since been put on hold due to the sharp
decrease in lithium pricing. The price of lithium plunged
dramatically in late 2022 because of a rise in lithium production
that has not only met but has surpassed expected demand for
2023 (Reuters, 2023). Even with the price decrease in late 2022,
it is still significantly higher than pricing in 2020. Depending
on the end use of the lithium, prices can vary significantly.
Furthermore, unlike oil and gas, the price of lithium is not listed
on an index; it is set by closed contracts with the buyers. The
general consensus is that lithium demand is rising worldwide
and will continue to rise as Canada and other countries around
the globe strive for a reduction in GHG emissions (Forbes,
2023).

Global Lithium Sources

Lithium is the 34™" most abundant element in the Earth’s crust
with an average concentration of 20 ppm by weight (Rumble,
2023). In magmatic systems, it occurs in high-temperature
aluminosilicate minerals associated with granites, granitic
pegmatites, and volcanic ash. In continental systems, lithium
brines occur in closed-basin sedimentary settings (salars and
evaporite lakes), altered felsic volcanics and dissolved in
sedimentary basin brines. Due to its reactivity, lithium does not
occur in its elemental form in nature. Currently, the resources
of lithium that offer economically viable production are hard
rock ores and closed system brines, with the latter accounting
for more than 60% of global production (Tadesse, 2019).
Figure 2.6 schematically shows the lithium cycle and displays

the main sources of lithium and lithium-enrichment.

Figure 2.6

Historically, lithium was primarily sourced from hard rock
mining and processing of lithium-bearing minerals. While
there are more than 100 known minerals that may contain
lithium, only a few are economically viable for industrial-
scale lithium extraction. They include minerals found in
pegmatite formations such as spodumene (3.7% Li), lepidolite
(1.4-3.6% Li), and petalite (1.6-2.3% Li) (BGS, 2016). Pegmatite
lithium deposits are formed during late phase felsic magma
fractionation as rhyolitic magma cools and is crystallized.

Spodumene has the highest lithium content and is the primary
ore for lithium production from hard rock mining. Australia
is the world’s largest producer of lithium sourced from
spodumene. While lithium is currently extracted only from
pegmatite deposits, future rock sources such as hectorite
(0.53% Li) and jadarite (7.3% Li) are considered potential viable
resources (Brown et al., 2016).

Given the challenges of terrestrial mining coupled with the

growing demand for lithium production, the extraction of

lithium from brines has expanded significantly. Brines can
loosely be categorized as:

» Continental: deposits occur in contained basins where
inflowing surface and sub-surface waters are moderately
enriched in lithium

® Geothermal: elevated levels of lithium have been reported
in geothermal areas including deep ocean thermal vents
and continental hot springs

» Qilfield: waters or brines extracted during oil and gas

that

appreciable elevated concentrations of lithium along with

production from underground formations have

other critical minerals

NEBC Lithium Formation Water Database
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Direct Lithium Extraction Schematic from Reservoir to Market
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© Canadian Discovery Ltd.

Presently, the extraction of lithium occurs primarily from
continental brines; however, the extraction from geothermal
and oilfield brines has been demonstrated and has the
potential for significant growth.

Most lithium production from continental brines comes from
South America’s surface brines found in salars (playa lakes)
within the aptly named lithium ABC triangle comprising the
desert regions of Argentina, Bolivia, and Chile. Salars are
seasonally flooded dry lakes that form in arid locations where
annual evaporation exceeds rainfall. Key to forming the brines
is a lithium source, typically high-silica volcanic rocks commonly
associated with hot springs, along with sufficient subsidence to
accumulate a thick sedimentary succession (Donaldson, 2022).
Meteoric waters leach the lithium from the high-silica volcanic
rock in which the lake is contained. For lithium production,
instead of relying on surface recharge, the brines are pumped
from the ground water into large holding ponds where they
are left to evaporate at surface. One of the most well-known
examples of lithium production from continental brines occurs
from the 3,000 km? Salar de Atacama in Chile with an average
lithium concentration of roughly 1400 mg/L or 0.14% (Investing
News Network, 2023).

Figure 2.7

Petro-Lithium

Qilfield brines (saline formation waters), including geothermal
brines, which represent an emerging source of lithium, are
referred to as petro-lithium in North America. Lithium is
extracted using proprietary technologies that are developing
rapidly to allow for efficient lithium production (figure 2.7).
Following the separation of oil and gas, lithium chloride can
be separated from the oilfield wastewater in a matter of hours,
rather than months or years needed in conventional extraction
methods of solar evaporation or days for hard rock mining.
After lithium removal, the water can be reinjected into the
reservoir to provide pressure support.

Understanding the source and distribution of lithium within
oilfield and geothermal brines requires careful geochemical
analysis of, and an understanding of, the lithium-enrichment
process. Lithium sources and the enrichment process are
discussed in detail in subsequent chapters of this study.

NEBC Lithium Formation Water Database
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Western Canada Lithium Concentration Map
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Petro-Lithium in Western Canada

Starting in the 1990s and continuing to present day, provincial
geological surveys have sampled formation waters in Alberta
and Saskatchewan, as well as a limited number of shallow
water wells and surface springs in Manitoba.

The Alberta Geological Survey (AGS) identified elevated
levels of lithium and other elements in saline brines associated
with oil and gas reservoirs deep in the subsurface (Hitchon
et al, 1993; Eccles and Jean, 2010). The highest lithium
concentrations in Alberta have been historically documented
by both government and industry to occur in Devonian-age
units — specifically the Beaverhill Lake (Swan Hills), Winterburn
(Nisku), Woodbend (Leduc), and Wabamun groups/formations
(Eccles and Berhane, 2011). Similarly, the Saskatchewan
Geological Survey (SGS) identified elevated lithium values in
the Devonian Duperow Formation, which is age-equivalent to
the Leduc in Alberta (Jensen and Kohlruss, 2023).

Figure 2.8

The Canadian Discovery Ltd. (CDL) lithium concentration map
(figure 2.8) across the WCSB is a compilation of all current
public data. The map shows a distinct lack of samples within
BC. This study focused on expanding the work done in Alberta
and Saskatchewan into BC to help advance the understanding
of lithium concentration, distribution and potential enrichment

mechanisms in this province.

NEBC Lithium Formation Water Database
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Schematic Model for Lithium Mobilization into West-Central Alberta Devonian Aquifers
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Sedimentary Basin Brine Evolution

and Lithium-Enrichment

Understanding the processes leading to the enrichment of
lithium in sedimentary basin brines is key to developing an
informed exploration and development strategy. To date,
the industry has relied on historical data collected through
a variety of activities that were not necessarily an optimized
lithium exploration strategy, possibly resulting in sampling
biases and overlooked opportunities.

Work conducted by Hitchon et al., 1993; Eccles and Jean,
2010; Eccles and Berhane, 2011; Huff, 2016; Lopez et al., 2018;
Lyster et al., (2022); and Rostron et al., 2022 has suggested
two primary processes for the observed lithium-enrichment in
Western Canada brines:

1. Enrichment  through  crystalline  basement-derived

hydrothermal processes (figure 2.9)

2. Evapoconcentration (subaerially evaporated seawater)
primarily associated with Devonian evaporite and halite

deposits (figure 2.10)

Recent presentations by Bishop and Robins (2023) have
suggested that host rock interactions with lithium-rich
clay-bearing sediments, possibly enhanced by widespread
volcanism during deposition are the primary sources. Lazowski
et al., (2023) suggested windblown clay particles deposited
within the middle Devonian Fort Vermilion Formation represent

a potentially important widespread aeolian source.

See Dugamin et al. (2023), and the thorough reference list
provided by them in Appendix E, for a comprehensive review
of lithium-enrichment processes in sedimentary formation
waters. The analysis herein incorporates some of the concepts
and findings published by Dugamin et al.

Figure 2.9
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Seawater Evaporation Process

a. Seawater Evaporation Line
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Brine Evolution and Migration

A number of ionic relationships have been used by researchers
to identify the evolution of subsurface brines as it relates
to primary and secondary brines. For the purpose of this
discussion, “primary brines” are defined as those developed
during the seawater concentration process through subaerial
evaporation in sabkha environments at the sediment/
water interface. The complete evapoconcentration process
causes the precipitation of calcite, gypsum, halite, epsomite,
sylvite, carnalite, and bischofite, and is well depicted by the

relationship of chloride to bromide (figure 2.11a).

Data used in this study from Alberta and BC are shown on the
Clvs Brgraphin figure 2.11b along with their likely evolutionary
trajectories. Chloride concentrations are observed to reach
almost 300,000 mg/L. Bromide, a conservative ion, or an
ion that preferentially stays in solution for a very long time,
appears to reach a maximum concentration of 2,000 mg/L.

Figure 2.11

The data suggest that Devonian formation waters reached
epsomite and sylvite precipitation saturation and that the
basin has undergone extensive brine migration, halite
dissolution and mixing with both seawater and fresh water
over its geologic history (figure 2.11b). Vertical brine migration
is particularly evidenced by elevated bromide levels within
certain Cretaceous samples at chloride concentrations above
and below seawater. The location and areal extent of the
various migration and mixing paths are likely controlled by
vertical and lateral hydraulic continuity and the basin’s tectonic
and hydrogeological history. The main mixing and dilution
processes occurring within the basin are:

= \ertical and lateral brine migration

= Halite dissolution by brines and fresh waters

» Halite dissolution by seawater

= Mixing with seawater and or fresh water
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Lithium-Enrichment in WCSB Brines

In figure 2.12, the concentrations of Br as a function of Cl
and Li are plotted, normalized to their initial concentration in
seawater. Chloride and bromide are enriched up to 15X and
30X respectively, whereas lithium is enriched well over 500X (to
a maximum of 950X) relative to seawater. These data suggest
that
evaporation is an insufficient process as postulated by various

lithium concentration in seawater due to subaerial
other authors. The relationship of lithium as a function of the
Cl/Br (mass plots) for Alberta and BC carbonates and clastics
is provided in figures 2.13a and b. The clustering of these
data provides a “brine signature” and suggests the relative
contribution of primary versus secondary brines. Cretaceous
reservoirs exhibit a broad dispersion (mixing) pattern versus
the Jurassic and Triassic reservoirs, which exhibit the least
amount of dispersion.

The Li vs CI/Br mass ratio plots for the lllinois, Appalachia,
Delaware, Louisiana Salt, Michigan, and other basins, as
presentedbyDugaminetal. (2023) are comparedtothe Alberta
and BC Devonian and Triassic/Jurassic data in figure 2.14. In
all cases, except the North German Carboniferous-Permian
Mesozoic and portions of the Delaware, lithium is enriched
relative to seawater evaporation trends. However, the
lithium content and brine signatures between basins vary
substantially, suggesting enrichment is controlled by the

basin’s depositional, thermal, and hydrogeological history.
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Li vs CI/Br Mass Ratio
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Rocks and Minerals Histogram: Lithium Concentrations
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Sources of Lithium

Later chapters of this report will discuss the potential
enrichment of lithium in subsurface brines due to seawater
evaporation and crystalline basement-derived radiogenic
sources derived through circulating brines and hydrothermal
fluid expulsion events. Figure 2.15 depicts the average (of 25*
and 75% percentile concentration values) of a variety of igneous
intrusive, volcanic, metamorphic, and sedimentary rocks along
with common clay minerals, silicates, and ore-bearing rocks. A
detailed list of the data is provided in Appendix D. The lithium
content of marine halite (<0.25 ppm), limestone (0.4 to 8 ppm)
and aragonite in evaporites (20 ppm) are amongst the lowest of
any rock type. These data suggest that despite the contribution
of seawater evaporation (10 to 30X), the Devonian carbonate
reservoir host rocks are unlikely candidates to enrich lithium
through leaching by 500X or more relative to seawater. This
leaves water-rock interactions with adjacent clay mineral-rich
shales as the primary contributor where direct hydrothermal

events have not occurred.

Lithium and Volcanically Sourced Clay Minerals

Searching for sources of lithium beyond evaporative brines
naturally leads to volcanic ash as a potential, if not the most
likely, source of lithium. Volcanic ash comprises fragments
of rock and minerals set in a glassy matrix that forms
upon quenching of magmatic eruptions. Volcanic glass is
thermodynamically unstable and once deposited, it rapidly
reacts with water to form clays, specifically smectite, which
is also known as montmorillonite or bentonite. Lithium in the
glass is liberated by the hydrolysis reaction and partitions
between the aqueous phase and the solid phase where it is
incorporated as an exchangeable cation in the interlayer site
of smectite. The distribution of lithium between the aqueous
and solid phases is governed by ion exchange equilibria
amongst lithium, sodium, potassium, calcium, magnesium,
and other exchangeable cations present in the rock (Dugamin
et al., 2023; Starkey, H. C., 1982).

With burial, the smectite reacts with additional components
in the rock to form more stable clay minerals. Smectite exists
in a high-silica activity phase. With increasing burial, silica
activity drops due to the formation of authigenic quartz, and
smectite is irreversibly destroyed and replaced by illite, which
is a more stable clay mineral (Abercrombie et al., 1994). Due
to illite's comparatively lower interlayer charge, hence lower
cation exchange capacity (CEC), it cannot accommodate all
the interlayer cations held previously by smectite, and these
ions are released to the aqueous phase or to participate in
other mineralogical reactions. As a singly charged cation,
lithium is stable in aqueous solution and does not participate
in mineralogical reactions unless subjected to hydrothermal
or deep burial processes.

Lithium and Temperature

The temperature interdependence of lithium in brines has
been well established in the literature. This study uses the
empirical relationship observed by Kharaka and Mariner
(1989) (figure 2.16), where the Na/Li relationship is often used
as a geothermometer. The empirical relationship observed by
Kharaka and Mariner (1989) suggests that sodium/lithium ratios
increase by two orders of magnitude between 25°C and 200°C,
temperatures through which clay mineral transformations
are particularly active. Discussion and application of this
methodology to the projects sample data are provided in the
Montney chapter 5 of this studly.
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Subsurface Lithium-Enrichment Processes

Evaporation Li 4 1-10X

*Water-rock interaction

‘ Lithium Enrichment
¥ Lithium Loss

After Dugamin et. al., 2023
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The Lithium Concentration Model
There are multiple mechanisms that potentially lead to the
enrichment of lithium in sedimentary basin brines, where
lithium concentrations are found in excess of 1,000X that
of seawater. In the WCSB, lithium-enrichment of over 500X
relative to seawater is observed in parts of the Devonian.
Figure 2.17 shows a schematic of the various concentration
and dilution processes, which have been quantified in the
literature and through observations in this study. Processes
such as circulation through, and subsequent leaching of,
igneous basement rocks, hydrothermal events and enrichment
through sedimentation or overland flow are more difficult to
quantify. The scale of some of the enrichment processes as
identified by Dugamin et al., (2023) are provided below:
® Seawater Evaporation

» 1 to 10X, source = observed data at halite saturation
» Burial and Water-Rock Interaction

» 10 to 100X, source = observed and Dugamin et al., 2023
» Temperature Gain (empirical)

» 10X/100°C, source = observed and Kharaka and Mariner,

1989

Lithium loss can occur through brine dilution by mixing with
seawater, halite-derived brines, and meteoric waters. Uplift
or erosion and subsequent cooling can cause resorption of

lithium in certain circumstances as well.

Figure 2.17

Lithium Compounds and Products

There are many compounds that contain lithium, some of

which occur naturally and others that are manufactured in

processing facilities. The most important lithium compounds

are:

= Lithium oxide (Li,0): Many mine operators will quote
their grade figures in terms of lithium oxide content. This
compound is formed by the reaction of lithium with oxygen
in air and in turn, it reacts with water and steam to form
lithium hydroxide.

® Lithium carbonate (Li,CO,): Lithium carbonate is the
primary precursor to produce other lithium compounds and
products. It is sold in various grades (purity and particle
size) depending on the end use. It is produced from lithium
chloride solutions through the addition of sodium carbonate,
followed by water washing to remove the sodium chloride
by-product.

® [ithium chloride (LiCl): It is the most common lithium
compound found in brines. It can also be produced by
reacting lithium carbonate with hydrochloric acid.

® |ithium bromide (LiBr): Lithium bromide can be produced
by reacting lithium carbonate with hydrobromic acid. The
compound is hygroscopic (tends to absorb moisture from
the air) and thus, it is used as a desiccant.

® | ithium hydroxide (LiOH): Lithium hydroxide is produced by
reacting lithium carbonate with calcium hydroxide.

® | ithium metal (Li): This metal is produced by the electrolysis
of a mixture of lithium chloride and potassium chloride.
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Table 2.3: Comparison of Lithium Extraction Technologies

Mining Evaporative Processing DLE
Feedstock Hard rock Brine (high Li* concentration Brine
and low Mg?*/Li* mass ratio)?
Product Spodumene concentration Lithium carbonate/lithium Lithium carbonate/lithium

(6-7% LiO,)!
Production Time Weeks to Months

Lithium Recovery Rates 60-80% (processing)

Further Process Requirements Yes

Costs Medium to High
Land Requirements and Impacts  High

Weather Dependence Moderate
Water Consumption High

Energy Consumption High

Lithium Recovery Rates

GHG Impact (Scope 1)

6-7% LiO, in spodumene
High

chloride chloride
Months to Years

40-60%

Hours to Days
70-99%

No, depending on end use No, depending on end use

Low Low to Medium
High Low

Strong None

High Low

Low Medium

~50% 70-99%

Low Low

! Certain precipitants (e.g., aluminate method) have shown excellent Li* recovery from higher Mg?*/Li* mass ratios using evaporative processing (Murphy and Haji, 2022).
2 Most mining sites do not include the facilities to convert spodumene concentrate to a final lithium product.

© Canadian Discovery Ltd.

Extraction and Processing

An overview of the methods for extracting and processing
lithium from hard rock mining and various brines is provided
below and summarized in table 2.3.

Hard Rock Mining and Processing

Hard rock deposits are mined using methods typically deployed
for other metals such as surface (open-pit) or subsurface
(underground) methods. The open-pit mining methods
are used for deposits near the surface, usually less than
100 meters. In certain instances, both methods are employed
simultaneously in order to access shallow and deeper parts
of an ore body (e.g., Talison Lithium’s Greenbushes Mine in
Western Australia). After the ore has been mined, it goes
through various physical and chemical processing stages.

The first stage is physical beneficiation, which starts with
crushing the ore and separating the lithium minerals based
on their physical, electrical, and magnetic properties to form
a concentrate. The lithium concentration is increased further
by froth flotation, dense media separation or a combination
of both methods. The final concentrate will typically contain
6-7% Li,O (~80% spodumene) (Warren, 2021). Most mines
produce the spodumene concentrate as the final product,
which is sold to lithium hydroxide or carbonate conversion
plants, mostly located in Asia.

Sources: Darcy, 2023. Goldman Sachs, 2023

Table 2.3

The conversion plant can also be located at the mine facility;

recently more mine operators operators have been considering

this addition given the higher profitability margins for lithium

carbonate as opposed to the margins associated with

spodumene concentrate (S&P Global, 2019). While several

conversion methods have been developed such as carbonate

or lime leaching, the most common method is acid leaching,

which is comprised of the following steps:

® Roasting to convert a-spodumene (naturally occurring) to
B-spodumene as the former has a monoclinic structure and
is not chemically available to leaching

® Roasting of B-spodumene with sulphuric acid to form lithium
sulphate followed by acid leaching

® Removal of impurities such asiron, aluminum and magnesium
by dissolution water followed by filtration and ion exchange
to produce a lithium sulphate solution with trace impurities

» Addition of sodium carbonate to the lithium sulphate
solution to precipitate insoluble lithium carbonate

® \Washing and drying the final product prior to shipment

The method for extracting lithium from spodumene is relatively
fast (measured in days), is consistently productive and has
high recovery rates. However, the process suffers from various
challenges including high-energy demands for furnaces and
machines for extraction and rock-crushing. Dust production
and the use of concentrated chemicals, including acid, present
environmental, and health and safety risks. In addition, the
production costs of lithium carbonate from spodumene are
approximately twice that of lithium from brine (Forbes, 2023).

NEBC Lithium Formation Water Database

20



Evaporative Brine Processing

The standard practice for lithium extraction from brines,
such as continental deposits, relies on concentrating lithium
through evaporation. Brines are first pumped to a series of
ponds covering a large surface area. As water evaporates,
compounds such as sodium chloride, potassium chloride,
and calcium sulphate precipitate and are removed. The
brine is kept in ponds until the lithium concentration reaches
approximately 6,000 ppm, which is close to the saturation point
of lithium chloride (Murphy and Haji, 2022). Impurities not
removed through previous precipitation steps are separated
by precipitation using chemical additives such as slaked lime
(Ca(OH),). Other impurities are removed by various processes
including solvent extraction, filtration, and ion exchange. The
purified brine concentrate is treated with sodium carbonate
to produce lithium carbonate that is subsequently filtered,
water washed and dried to produce a pure lithium carbonate
product. The specific processing steps can vary between
deposits depending on their chemistry and can result in the
production of various valuable by-products (e.g., potash,
magnesium hydroxide, boric acid).

To date, evaporative processing is the most conventional and
economical method of extracting lithium from brines, primarily
because of its reliance on solar energy. The optimal conditions
for evaporative brine processing include an arid climate with
low rainfall and consistent, unidirectional wind. It also requires
large areas of land for the immense series of ponds. While
this lithium extraction process offers a lower carbon intensity
relative to hard rock mining, it does have various environmental
challenges. The chemicals for precipitation and impurity
removal along with the associated waste streams have raised
socio-environmental concerns (Murphy and Haji, 2022). There
is also the risk of compounds leaching from ponds into the
environment and contaminating the soil, air, and freshwater

sources.

Drawbacks of this extraction method also include the fact
that production schedules are measured in months to years
and productivity is driven by environmental factors that
are impossible to control. As such, this extraction method
is uneconomical for low lithium concentration brines. For
example, the Salar de Atacama has the world’s highest lithium
concentration (2,100 ppm) and very high evaporation rates
and yet, the process ranges from 12 to 18 months depending
on environmental conditions.

As a final consideration, the concentration of other ions in
the brine can limit the applicability of evaporative processing.
The concentrations of major ions (K*, Na*, Cl, SO, Mg*,
and Ca?) can be orders of magnitude higher than the
concentration of Li*. A key parameter of interest is the mass
ratio of Mg?*/Li*. High amounts of Mg?* slow the evaporation

process and prevent lithium chloride formation. Additionally,
higher amounts of precipitant are required leading to higher
operating costs. There are, however, examples of the use of
alternative precipitant extraction methods (e.g., aluminate
method) that allows brines with high Mg?*/Li* ratios to be
concentrated to supersaturation through chemical reactions
(Murphy and Haji, 2022). Nonetheless, evaporative processing
is typically not considered economically viable for brines with
a Mg?*/Li* mass ratio of >10.

Direct Lithium Extraction from Brines

Given the challenges and limitations of lithium extraction
of brines through evaporative processing, a variety of
processes labelled as Direct Lithium Extraction (DLE) have
been investigated and developed to increase the efficiency of
lithium production from brines. Methods under development
include solvent extraction, adsorption, ion exchange,
membrane filtration, electrochemical processes, and various

combinations of these technologies.

While some of these processes are relatively new to lithium
extraction, they are already used in the production of other
commodities at a commercial scale. DLE developments are
focused on providing economically viable alternatives to
evaporative processing, particularly for brines with relatively
low Li* concentrations and high Mg?/Li* mass ratios. In
addition, research and development are underway for the
application of certain DLE technologies for lithium extraction
of seawater. While seawater has a very low concentration of
lithium (0.1-0.2 ppm), it is available to many nations and is
estimated globally to contain 230 gigatonnes of Li* (Yang,
2018).

To date, the main challenges of DLE have been the
technologies’ selectivity of Li* versus other ions, separation
efficiency, recovery rates, and lifetime. Various pilot projects
using adsorption, ion exchange, or solvent extraction in
different countries including Canada, France, U.S., Germany,
and Argentina have proven the technical feasibility of DLE
processes (IEA, 2023). However, the technology is still
considered to be at a pre-commercial level when looking at
its Technology Readiness Level (TRL).

The following sections provide an overview of the various DLE
processes (figure 2.18) and are not an exhaustive list. Given the
growth within the field of DLE, many recent technology reviews
are available providing details of DLE processes (Murphy,
2022; and Liu, 2023). While DLE processes are advancing, it is
important to note that oilfield and geothermal brines present
unique challenges (e.g., organic content) to DLE processes
that otherwise have been proven to be successful for other
types of brines (Leece, 2023).
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2.18 | Direct Lithium Extraction Techniques

Adsorption

Solvent Extraction B

lon Exchange Membrane

Modified from Prairie Lithium, 2023

© Canadian Discovery Ltd.

Solvent Extraction

Solvent extraction or liquid-liquid extraction (LLE) is a
separation process that relies on the relative solubilities of a
compound in two immiscible liquids: an organic phase and
an aqueous phase. It is used widely in the metallurgical and
chemical industries and its development for lithium extraction
has grown rapidly.

The organic solution is first mixed with the aqueous brine
solution whereby organic Li* complexes are formed along
with complexes of other metals (Na*, Mg?*, Ca?*). The lithium
complexes and some impurity metals are transferred to the
organic phase. The solvent extraction step is followed by a
scrubbing stage to further remove impurities, and finally, the
stripping stage (typically using acid) that produces high-purity
lithium in solution. This extraction method can be used in
conjunction with other methods to create a scrubbed and
refined lithium hydroxide or lithium carbonate product.

Due to the variation in chemical concentrations of brines, the
selection of a suitable solvent is a key element to consider.
Groups have studied the use of various extractants including
chelating, acidic and ionic liquid extractants (Murphy and
Haji, 2022). One of the most commonly used systems is
tributyl phosphate (TBP) combined with iron trichloride (FeCl,)
(Liu, 2023).

Figure 2.18

Solvent extraction is typically a stand-alone extraction

process that does not require pre-concentrating Li* like other

alternative processes. However, high concentrations of other

metal impurities (e.g., Mg?) may require pre-treatment.

Solvent extraction can also achieve high concentrations of

lithium, limited by the theoretical solubility of lithium in the

solvent. Some of the disadvantages of this technology include:

= Organic solvents have associated safety (including fire) and
environmental risks

® Residual brine may require post-treatment to remove traces
of solvent prior to disposal

= High volumes of acid are consumed and waste generated
during the scrubbing and stripping stages

® The process fluids are corrosive and require particular
attention to materials of construction and their inspection
to mitigate the risks of loss of containment.

Adsorption
Adsorption is quickly becoming the most developed DLE

technology with many projects employing it to some degree
(Goldman Sachs, 2023). The process relies on the use of
sorbents that are highly selective to the target compound.
The materials are typically synthetic resin beads with tailored
physical and chemical structures.
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Adsorption’s use in DLE relies on lithium chloride molecules
from the brines permeating the atomic layers of the sorbent
material. Once the sorbent material’s interstitial space has
been saturated with LiCl, it is then stripped, typically using
warm-hot water. The loaded sorbent is then washed with a
diluted lithium chloride stream to remove unwanted ions and
then washed a second time to unload the lithium chloride.

This process does not require reagents apart from dilute
salt solutions and the sorbent material can be reused. Some
sorbents have been found to recover >90% of the lithium
present. The latest materials being tested include lithium
(Al-LDH)

aluminum layered double hydroxide chloride

sorbents.

lon Exchange

lon exchange is a well-known two-step process found
throughout industrial applications as it separates ionic
compounds from solution through a physicochemical process.
lons within a solid material are replaced with the targeted ions
where both the targeted and displaced ions have the same
electrical charge. The materials are designed to act as a sieve
(thus called ionic sieves), such that only the target ion and its
replacement are able to pass through and be exchanged.

In the case of DLE, the material porosity is such that only
lithium and hydrogen ions are able to pass through. During
the first step, lithium ions from the brine are adsorbed and
are exchanged with H*. The lithium-loaded ion sieves are then
regenerated using acid allowing for the replacement of Li* with
H* and the production of lithium. The ion exchange process is
sensitive to pH, temperature, and stream composition. Similar
to other DLE processes, ion exchange is expected to reach
recoveries of 90% or greater.

One of the major challenges facing certain ion sieves is the
loss of capacity, selectivity, and separation efficiency during
the cycling between the adsorption/desorption process.
Biofouling and the use of acid treatment for regeneration are
two causes (Murphy and Haji, 2022). Organic compounds in the
brine can have a significantimpact on the process performance
and certain pre-treatment processes have been proposed to
remove organic compounds prior to ion exchange (Leece and
Jiang, 2023).

high Li*
adsorption and selectivity. Additionally, ion sieves are not

Nevertheless, ion sieves demonstrate overall
impacted by competing ions such as Na*, K*, Na? and
Mg?*and they demonstrate higher theoretical uptake capacity.
This makes ion sieves well suited to lithium extraction from
brines with Li* concentrations below 30 ppm and high Mg?*/
Li* mass ratios (Murphy and Haji, 2022).

"An ion or molecule with a functional group that binds to the receptor.

Membranes

Membranesare commonly usedinfiltration systemsthroughout
industry, particularly in water treatment applications. Their
use for lithium extraction from brines is relatively recent. In
the process, water is forced by a pressure differential through
a semi-permeable membrane where larger molecules are
prevented from passing through due to pore size and selective
permeability. In the case of DLE, the membranes are designed
to selectively allow smaller monovalent ions (e.g., Li*) to pass
through while retaining larger multivalent ions (e.g., Mg?").

The process has been demonstrated to work on high Mg?*/
Li* brines providing high rejection of Mg?* and low rejection
(loss) of Li* (Leece and Jiang, 2023). However, the presence
of Na* and K* presents a challenge as these monovalent ions
pass through the membrane and require additional treatment
steps. Similar to ion sieves, organic content in the brine will
cause fouling and degradation of the membranes and thus,
must be removed in a pre-treatment step. Operating costs
can be high as large volumes of brine are pumped at high
pressure through the membrane systems.

Other DLE Methods
lon-imprinted membranes have also been investigated for DLE

applications. They are the combined product of membrane
separation and ion-imprinting techniques where the latter is a
technique that mimics the “lock and key” interaction between
natural receptors and ligands'. lon-imprinted membranes
leverage the functionality of both technologies allowing for
selectively separating and detecting target ions. The overall
process is sensitive to pH, temperature, extraction time and
the ratio of components in the membrane (including ligands
and functional monomers) (Murphy and Haji, 2022).

Electrochemical lithium extraction techniques are another set
of DLE processes. They use electricity to drive ion-separation
often coupled with membrane separation. Electrochemical
extraction processes are particularly attractive for high Mg?*/
Li* and low Li* concentration brines for a number of reasons
including their environmental sustainability and attractive
processing performance (good recovery capacity, scalability,
cycling efficiency and selectivity) (Murphy and Haji, 2022). The
drawbacks to electrochemical techniques are their relatively
high energy consumption and material costs.
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Lithium Tenure Framework

National

The 2022 Canadian Federal Budget proposed a new 30%
critical mineral exploration flow-through tax credit for specified
mineral exploration expenses incurred in Canada (Grieve
et. al, 2023). This incentive includes minerals in solution such
as lithium.

In Canada, National Instrument (NI) 43-101 is a mineral
resource classification scheme used to disclose information
about mineral exploration properties. Foreign and domestic
companies listing on stock exchanges overseen by the
Canadian Securities Administration (CSA) are required to
abide by the NI 43-101 rules and guidelines for displaying
information related to mineral properties (Lyons, 2023).

The following sections describe the current regulatory
framework for oilfield and geothermal brine lithium resources
in Western Canada.

British Columbia
In British Columbia (BC),
above 80°C when produced to surface, the rights to lithium

if host formation brine is at or

are included in geothermal resources under the Geothermal
Resources Act, specifically as part of “all substances dissolved
in the steam, water or water vapour obtained from a well”.
If formation brine is lower than 80°C when produced to

surface, geothermal tenure cannot be acquired (including

Figure 2.19

any associated lithium in the brine). At the time of this report,
there is no other mechanism in BC, other than through the
Geothermal Resources Act, to acquire lithium tenure, either
as a constituent of brine or through mining under the Mineral
Tenure Act. A modification of these existing rights to allow
development of brine-hosted minerals is currently under
review (Donaldson, 2022).

Alberta

In Alberta, lithium resources, along with those of surficial
deposits such as sand and gravel and any mineable substance
(excluding oil sands and coal) are included under Metallic
and Industrial Mineral (MIM) Rights and must be obtained
separately from Petroleum and Natural Gas (P&NG) rights,
even if they are hosted within an oil and/or gas producing
geological zone. In December 2022, the Alberta Government
modified this existing MIM tenure regulation to recognize
both rock-hosted minerals and brine-hosted minerals (such
as lithium). The new regulation provides specific tenure
requirements for these two types of metallic and industrial
minerals (AER, 2022). Beginning January 1, 2023, new tenure
for lithium (and other brine-hosted minerals) will be granted
via leases issued through a public offering, similar to how
Alberta P&NG rights are presently obtained, and also more in
line with the mineral tenure process in Saskatchewan (Podetz,
2023).
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To summarize, oil and gas operators in areas of lithium-rich
formation water have no legal ownership of lithium in those
brines without also holding a MIM permit. This situation
provides monopoly holders of lithium rights permits with a
unique opportunity to partner with oil and gas tenure holders
in Alberta, as exemplified by the collaboration between
Imperial Oil and E3 Lithium’'s Clearwater project, which will
produce lithium from the Leduc Field that was discovered in
1947 (Imperial Qil, 2023). Figure 2.19 shows the distribution of
MIM permits and leases within Alberta and Saskatchewan.

Saskatchewan

In Saskatchewan, rights to brine minerals are included under
“Subsurface Mineral Rights”, and are also separate from
P&NG rights, but have been granted via a competitive bid
process since December 2018. Rights are posted for bid three
times a year in April, August, and December.

u

The extractive rights to subsurface minerals include “all
natural mineral salts of boron, calcium, lithium, magnesium,
potassium, sodium, bromine, chlorine, fluorine, iodine,
nitrogen, phosphorus and sulfur, and their compounds,
occurring more than sixty meters below the surface of the
land”(Saskatchewan Energy and Resources, 2022). P&NG
rights and subsurface minerals rights in the same area can
belong to different companies for different purposes. As in
Alberta, Saskatchewan oil and gas operators do not own the

rights to the lithium within the brines they are producing.

References

Summary

The development of petro-lithium from the WCSB as a
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NEBC LiTHIUM
FormATION WATER

STUDY
DATABASE OVERVIEW

Introduction to the Study

The goals for the Northeastern British Columbia (NEBC)

Lithium Formation Water Database are to:

1. Deliver a preliminary inventory dataset of lithium and other 3. Provide a preliminary and high-level assessment of aquifers
dissolved-metal brine data in NEBC via water sampling of considering factors such as producibility and economic
wells producing from a variety of geological zones and viability of lithium extraction.
over a wide geographical area.

2. Incorporate the data into a broader geological and Chapter 2 focuses on an overview of why lithium is an
hydrogeological frameworkandadvancetheunderstanding  important economic element; where and how it is extracted
of geological controls and natural variability of lithium in  worldwide; how lithium may become enriched in brines;
formation waters. where it has been sampled in oilfield brines in the Western
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Canada Sedimentary Basin (WCSB); and current technologies
that extract lithium from brine. This chapter focuses on how
this study addresses the above goals, as well as to provide
some information regarding how components of the study
were compiled, graphed, and mapped.

Chapter Organization

Chapter 4 focuses on Alberta, which leads Western Canada
with respect to the availability of lithium data and investment
in lithium brine extraction projects. Graphs and maps show
the distribution of lithium data by geological unit, with a
discussion of how lithium becomes enriched in brines. The
lithium industry in Saskatchewan is also discussed; some of
the highest lithium concentrations in the WCSB are found in
that province and industry development is growing.

British Columbia becomes the focus starting in Chapter 5.
Based on the number of samples and the lithium concentration
inthose samples, the BC chapters are divided into the Montney,
Triassic aquifers, and other formations sampled. Each chapter
has maps showing lithium data distribution, the distribution
of total dissolved solids (TDS), which is used as a proxy for
lithium concentration, reservoir quality and the brine-hosted
in situ lithium potential (when calculated). There are also graph
suites showing water chemistry and several other key factors.

The stratigraphic chart (figure 3.1) outlines the formations
that exist in the subsurface of the study area. The red circles
indicate formations that were sampled for this study, while
the colour-coding in the Lithium Potential column indicates
the interpreted potential of the formation to host economic
concentrations of lithium within oilfield brines. Not all of
the samples collected reached the current economic cutoff
of 50 mg/L for lithium production. However, the correlation
between TDS and lithium concentration suggests that there
may be areas in several formations that could be prospective

for economic lithium concentrations.

Formation Selection and Exclusion Criteria

Water sample data collected for this study were screened
(see Appendix C for exact criteria), then were sorted into
geological units and processed for statistics such as the
maximum, minimum, median and average values. The
Montney formation stood out, with several samples in the
economic range (>50 mg/L) to warrant its own chapter. The
sparsely sampled Halfway, Doig and Baldonnel formations
were grouped into a Triassic aquifers chapter as some
samples approach the economic limit, and the correlation
between lithium concentrations and TDS, discussed in the
Montney chapter 5, suggests that there could be lithium
potential in areas not yet sampled. The rest of the sampled
formations have low lithium potential based on the lithium
concentration in the samples and the TDS correlation; these
were grouped into their own chapter.

The data collected for this study were combined with Alberta

Geological Survey (AGS) data, Geological Survey of Canada

(GSC) data, and routine water chemistry data downloaded

from geoLOGIC. All water samples in the various datasets were

screened for pH imbalances and the presence of alcohols,

mud filtrates, and corrosion inhibitors. For more detail, see

the Appendices:

» Appendix Ais the compiled lithium public datasets.

» Appendix B describes the sampling methods and analytical
procedures followed for this study’s data.

» Appendix C contains the water chemistry screening criteria.

» Appendix D is a table of whole rock lithium concentrations.

» Appendix E provides a list of lithium article references.

» Appendix F is a table of seawater ion concentrations for a

number of ions.

Atlas Components

The formation chapters have a brief geological write-up and
schematic to give general geological depositional information
and stratigraphy of the formation(s). As this study is a high-level
regional overview, the formation deposition and descriptions
are generalized to encompass a broad area. Various maps
indicate the distribution of lithium data, net reservoir mapping,
and TDS mapping, and a summary map brings together the
salient points. For the Montney, a high-level estimate of brine-
hosted in situ lithium potential isincluded. Suites of graphs and
crossplots provide insights on aspects of lithium-enrichment.

The Montney chapter 5 has more detail as there are more
sample data and lithium concentrations that exceed the current
economic cutoff of 50 mg/L. As the Montney is not an aquifer,
water production is addressed with a water production map
and a suite of graphs showing water production through time
in several areas. A lithium concentration map is presented that
was interpreted using a number of inter-dependent variables.
A high-level economic case study outlines the number of
wells needed to produce economic amounts of lithium from a

facility at three levels of water production.

Brine-Hosted In Situ Lithium Potential Calculation
High-level brine-hosted, in situ lithium potential volume
calculations were done for the Montney using previously
mapped pore volumes, water saturations, TDS concentrations,
and applying a lithium concentration mapped for this study.
The calculations were restricted to areas where the TDS
exceeds 150 g/L, based on the correlation between lithium
concentration and TDS developed in the Montney chapter.
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Alberta and Saskatchewan Lithium Overview

The brine-hosted lithium industry is more advanced in both
Alberta and Saskatchewan. Both provinces have numerous
samples that exceed 75 mg/L (figure 4.1). Several projects and
pilots are underway in both provinces.

Alberta

Alberta leads Western Canada with respect to the availability
of lithium analysis data from sedimentary basin brines and
investment into lithium brine extraction projects. Elevated
lithium concentrations in Alberta’s oilfield brines were known
as early as 1993 through the development of the Geofluids
database by Rakhit Petroleum Consulting in conjunction with
the Alberta Research Council. The industrial mineral potentialin
sedimentary formation brines was initially published by Hitchon
et al., (1993) using 130,000 routine formation water analyses.
Lithium was reported in 708 samples and exceeded 75 mg/L in
46 samples of Devonian-aged brines. In the 30 years since that
publication, the lithium database in Alberta has expanded
and several papers have advanced the understanding of

m Western Canada Lithium Concentration Map

T125
R1W6

ALBERTA AND

SASKATCHEWAN
OVERVIEW

Table 4.1: Alberta Lithium Samples by Geologic Age

Geologic Lithium Samples
Age (#)
. Cretaceous 556
. Jurassic 32
. Triassic 72
. Permian 8
. Mississippian 63
. Devonian 607
. Cambrian 1
. Undefined 721
Table 4.1

lithium distribution and potential enrichment processes in the
province (Eccles and Berhane, 2011; Huff, 2016; Huff, 2019,
Lyster et al., 2022). To date, there are over 2,000 data points
with lithium concentrations in Alberta. Table 4.1 breaks down
the database based on the geologic age of the sampled

formation—over 50 unique formations are represented.
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4.2 | Alberta Lithium Concentrations by Geological Age Map
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Alberta Lithium Metrics by Age

a. Lithium Concentration Box Plots
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150

® Outlier

140 H @ @
Upper Quartile

130 1 Median

120 | Lower Quartile ®

110

[ J

100
I . : : s
o
g— 80 °
£
] 70
S 60
-l

50

40

30 |——

20

10 I

0

Devonian Group

Count 290 24 44 4 48 278 68 Count 25 54 56 73 63
Average 9 24 30 25 25 35 6 Average 38 41 37 33 29
Median 6 17 30 24 20 29 3 Median 30 37 30 25 25
Min 0 1 1 8 1 0 0 Min 0 3 5 2 1

Max 48 68 59 45 60 140 38 Max 95 140 140 112 98

c. Alberta Lithium Concentrations vs TDS
150

140 o0
130

120 ®
110 @

100 @

90 ®
80 o

70
60
50
40
30
20

Lithium (mg/L)

0 T T T T. T T T
0 50,000 100,000 150,000 200,000 250,000 300,000 350,000
TDS (mg/L)
© Cretaceous @ Triassic ® Mississippian @ Other

@ Jurassic @® Permian @ Devonian

d. Devonian Lithium Concentration vs TDS
150

140 m |
130
120
110
100

90

80

70
60
50
40
30
20
10

0

Lithium (mg/L)

T T T T
150,000 200,000 250,000 300,000 350,000

TDS (mg/L)

T
100,000

T
0 50,000

Data source AGS.

© Canadian Discovery Ltd.

Approximately 20% of the samples were analyzed for isotopes
of hydrogen (8°H), oxygen (8'%0), and strontium (¥Sr/%Sr), with
fewer samples analyzed for an additional suite of isotopic data
(lithium, boron, sulphate, chloride) and dissolved inorganic
carbon and dissolved organic carbon.

The Alberta lithium database has proved to be an excellent
resource laying the groundwork for numerous exploration and
appraisal projects in the province. This chapter analyzes the
Alberta database, provides commentary on proposed lithium-
enrichment mechanisms, and lays out the workflow used by
prior authors and Canadian Discovery for analyzing lithium
and water chemistry data.

Data Distribution and Analytics

The overall sample population has a representation bias from
the most historically productive oil and gas reservoirs, namely
the Devonian and Cretaceous. However, there are sufficient
datato characterize the Cretaceous, Jurassic, Triassic, Permian,
Mississippian and Devonian strata (figure 4.2 and table 4.1).

After screening for ion imbalance and contamination (see
Appendix C for screening procedures), the resulting dataset
contains over 1,400 samples. Devonian samples have the
highest individual lithium concentrations and the highest

Figure 4.3

average lithium concentration at 140 mg/L and 35 mg/L
respectively (figure 4.3a). Triassic samples have the second
highest average lithium concentration at 30 mg/L with a high
of 59 mg/L. The sampled Triassic formation waters include
the Montney, Halfway and Doig formations, with the Montney
being the most lithium enriched. Figure 4.3b shows the range
of data for the Devonian samples.

Other data of note are some moderately enriched
Mississippian samples proximal to the Leduc Windfall trend
in west-central Alberta and Jurassic samples in the Peace
River Arch area (figure 4.2). Lithium concentrations are less
than 30 mg/L for most Cretaceous samples, and the average
Cretaceous concentration is 9 mg/L. There is a rough
correlation between lithium and total dissolved solids (TDS),
with elevated lithium corresponding to brines exceeding
150,000 mg/L (figures 4.3c and d). The relationship between
lithium concentrations and TDS is described in detail in the
following chapter. There are numerous ways to visualize
and analyze ion and isotope chemistry data to understand
the evolutionary pathways of formation waters and their
relationship to lithium enrichment. For this section, the data
are presented in a series of crossplots, some of which follow
the workflows laid out by Eccles and Berhane (2011) and Huff
(2016).
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Below is an excerpt from Huff, (2016) that provides an overview
of prior work conducted in Alberta and some of the proposed
concentration mechanisms. Note that figures and references
from Huff, (2016) are not included herein and the reader is
referred to the original article for further details.

“There is a long and extensive history of study regarding
the origins and characteristics of brines within the Alberta
Basin of Canada (Fig. 1). White (1965) argued that brines of
the Alberta Basin are connate in origin while Clayton et al.
(1966) argued for complete flushing of the basin. Additional
mechanisms advanced to explain the composition of Alberta
Basin brines include membrane filtration coupled with halite
precipitation (Billings et al., 1969), membrane filtration coupled
with freshwater dilution (Hitchon et al., 1971) and diagenetic
modification of seawater coupled with freshwater dilution
(Hitchon and Friedman, 1969). In more recent work, Connolly
etal. (1990a; b) proposed evaporation of seawater beyond halite
saturation with subsequent dilution by meteoric water. Michael
and Bachu (2002) proposed evapoconcentration of seawater
combined with the effects of dolomitization, halite dissolution
and dilution with meteoric water. Michael et al. (2003) proposed
seawater evapoconcentration beyond gypsum but less than
halite saturation combined with the effects of dolomitization,
clay mineral and gypsum dewatering, sulphate reduction and
halite dissolution. Gupta et al. (2012) proposed the presence
of brine endmembers formed through evapoconcentration of
seawater beyond halite saturation and through dissolution of
halite coupled with mixing with seawater and meteoric water.
The numerous and varied mechanisms proposed for the origin
of Alberta Basin brines reflect the potentially complex history
of these waters.

Enrichment of oilfield brines in Li has been documented in the
Devonian of the Williston Basin in North Dakota, the Jurassic
Smackover Formation of the US Gulf Coast, the Cretaceous
of Texas and the southern coastal plain of Israel (Collins, 1976;
Chan et al., 2002; Garrett, 2004). Li-enrichment of brines within
Devonian carbonates of the Alberta Basin has been reported
by Hitchon et al. (1993), Underschultz et al. (1994), Bachu et al.
(1995) and Eccles and Berhane (2011). Hitchon et al. (1993)
observed that Li concentrations increased with increasing
brine salinity. Eccles and Berhane (2011) observed that Li
concentrations in brines in the Swan Hills Formation correlated
with radiogenically-enriched #Sr/%Sr values and noted that
these brines were associated with dolomitized carbonates.
Furthermore, Eccles and Berhane (2011) argued that these
Li-enriched brines had not been evapoconcentrated past
halite saturation, lacked a meteoric water component and had
become Li-enriched through mixing with fluids expelled from
crystalline basement rocks.”

Devonian Data Distribution and Analysis

This section focuses on the data distribution and observed
trends for the Devonian Wabamun, Winterburn, Woodbend,
Beaverhill Lake and Elk Point groups (figures 4.4 and 4.5).

The chloride/bromide (ClI/Br) vs sodium/bromide (Na/Br) plot
is an indicator of formation water chemistry evolution relative

to seawater (figure 4.5a). Data plotting below and to the left of

seawater (Winterburn, Woodbend and Elk Point) are interpreted
to represent evolution through evapoconcentration. Data
that plot above and to the right of seawater are generally
representative of halite dissolution; these are predominantly
from the Beaverhill Lake Group and a limited subset from the
Woodbend. It is likely that other controlling mechanisms impact
these observations, which are discussed below using additional

multi-variate analysis.

The potassium/bromide (K/Br) vs chloride/bromide (Cl/Br)
plot is used to determine the extent of water-rock interaction
with potassium feldspars, commonly found in volcanic rocks
(figure 4.5b). There appear to be two distinct clusters of data
where K/Br ratio is depleted for the majority of Beaverhill Lake
and the Elk Point samples and elevated for the Winterburn and
Woodbend with the Wabamun samples straddling both trends.
These data suggest that water-rock interaction with volcanically
sourced feldspars may have been limited both temporally and
areally in the Devonian. The location and potential contribution
of volcanics in the Devonian has been discussed by Davies
et al. (2006), who reported a widespread volcanic event at the
Devonian-Mississippian boundary.

The magnesium/chloride (Mg/Cl) and calcium/chloride (Ca/Cl)
crossplots are indicative of potential dolomitization through
water-rock interactions or subsequent hydrothermal processes
(figures 4.5¢c and d). Magnesium concentration decreases with
increased dolomitization—as magnesium replaces calcium in
carbonate minerals with a corresponding enrichment of brines
relative to seawater. Note that the majority of the Devonian data
follow a similar pattern of magnesium- and calcium-enrichment
with increasing chloride content, presumably as a function of
seawater evaporation. A population of Beaverhill Lake samples
appears depleted in both magnesium and calcium relative to
other Devonian waters. Potassium (K) appears to have a strong
correlation to lithium content across all the Devonian samples
(figure 4.5e). A subpopulation of Woodbend and Beaverhill Lake
samples with potassium concentrations exceeding 3,000 mg/L
mostly have lithium concentrations exceeding 50 mg/L.

Figure 4.5f shows that the relationship between lithium and
sulphate (SO,) appears to be inversely correlated with highest
concentrations of sulphate being in the Elk Point and Beaverhill
Lake samples, which also have the highest component of
evaporite minerals. When lithium is observed as a function
of strontium (Sr) (figure 4.5g), there is a rough correlation
of increasing lithium with strontium except in the Elk Point.
Strontium 87 (¥Sr) is the by-product isotope of radioactive
rubidium (¢’Rb); elevated strontium (¢Sr/%Sr) ratios are therefore
indicative of potential interaction and enrichment from
basement-derived radiogenic sources (figure 4.6d). Elevated
strontium ratios can also be associated with weathering of a
continental source rock enriched in ¥Rb. However, the research
published by Huff (2016, 2019) suggests that the Li/Br mass ratio
and ¥Sr/%Srvalues could indicate hydrothermal fluids. Devonian
seawater has an ¥Sr/®%Sr ratio of approximately 0.708; elevated
8Sr/%Sr ratios are observed within the Elk Point Group broadly,
and in certain subsets of Beaverhill Lake and Woodbend data,
with ¥Sr/®Sr isotopic ratios >0.713. Figures 4.6a—c are provided
for completeness.
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4.4 | Alberta Devonian Lithium Sample Distribution Map

// > - /g - : / 101 / \\ 101 : o S e R .
// N 10623 ” 21|20l19’18|17|16 15 14|3|W2|ﬂ 1 9 8‘7|G\5 4|3 )\W‘u 24 | 23 | 22| 21 [ 20/ 19
7 / 4 /
’ S Y /
/ 9
/ v o | \ (
& e NN
) I N
| i I AN
!
A N
e
/ ,I ,' | o4 \\ /
S I | I
\ 93
Zame BNV | '
! |
AN 1 |
\ /| 0 \ ~_
)I
{
\

NN

~
N

\
\
5
/

turgeon Lake

= ¢

Q

N

N |~
s | 2

69
68
67
66

7 @
a

26| 25 24
/
,
7
/ /
’
{
—T T ————
/ — e~ T
/ "
e A R
o ,{/ S~
/
/
A
£ ° //
e ._’///
e
//
7
7
/
/
/ .
/
/
/
/
/
/ -
| ///
/
(4
/ o
/
/
e /
55 // /
° // //
54 J/r,_J } /
/
53 % rj i
Edmonton
/
n |/
9 01/
/

51

9 N

Lithium Sample Group
Wabamun

Winterburn

®
@
@)
o

Lithium Concentration (mg/L)
<30.0

30.1-50.0

50.1-75.0

75.1-100.0

100.1 - 140.0

m Paleozoic Igneous Intrusives

Woodbend
W6
BHL

Elk Point

NEBC Lithium Formation Water Database

Canadian @

Discovery ..

Matri;
@) avon

Geology
e Mesozoic Deformation Front

NORTHERN Tectonic Elements & Terrane Boundaries

Geoscience BC “ DEVELOPMENT
Leduc Reefs (WCSB Atlas, 1994)

Slave Point Golden, Loon Reef Edges

Alberta Devonian

Lithium Data Distribution Swan Hills Complex (WCSB Atlas, 1994)

Oil Sands Deposits
125 25 50

Filename: GSLI_ALBERTA_ZOOM_DEVONIAN Figure D
0 100
Km

75

Author: T. Wilson Project: GSLI

: Projection: NAD 1983 10TM

Cartographer: C. Keeler Created: 21-April-2023

Reviewer: M. Hopf

Last Edited: 05-January-2024

Copyright © 2024 Canadian Discovery Ltd. All Rights Rt;)served.

© Canadian Discovery Ltd.

Figure 4.4

NEBC Lithium Formation Water Database

34



40,000

10,000

4,000

1,000

400

Cl (meg/l) / Br (meq/l)

100

40

Devonian Water Chemistry Crossplots
a. Cl/Br vs Na/Br

[ Analyzed Samples
$3 Seawater

Halite
Dissolution

Evapoconcentration

]

100

7] Wabamun Group
[l Winterburn Group

c. Mg vs CI

650 H
600 H

550
500
450
400
350
300

Mg (meg/l)

250
200
150
100

50

e. Li

150
140
130
120
110
100
90
80
70
60

Li (mg/L)

50 |

40
30
20

g. Li
150
140
130
120
110
100
90
80
70
60

Li (mg/L)

50 |

40
30
20

1,000
Na (meq/l) / Br (meq/l)

[l Woodbend Group
[ Beaverhill Lake Group

M Elk Point
[] Other

10,000

[ Analyzed Samples

- Seawater Evaporation Curve

Dolomitization

we s

a

T T
0 500 1,000 1,500

7] Wabamun Group
B Winterburn Group

vs K

T T T T T
2,500 3,000 3,500 4,000 4,500

Cl (meq/l)
[H Woodbend Group
["] Beaverhill Lake Group

T
2,000

M Elk Point
1 Other

T T
5,000 5,500

500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000 5,500 6,000 6,500 7,000

K (mg/L)
7] Wabamun Group [ Woodbend Group W Elk Point
W Winterburn Group ["1 Beaverhill Lake Group 7] Other
vs Sr
| o
[ |
m
|
By B = m
] = m u |
[ [ L)
[ | [
m an
o, m
L |
[ |
[~ |
m ® u
400 600 800 1,000 1,200 1,400 1,600
Sr (mg/L)
7] Wabamun Group [l Woodbend Group Bl Elk Point
[l Winterburn Group ["] Beaverhill Lake Group [ Other

K (meg/l) / Br (meg/l)

Ca (meq/l)

f.

Li (mg/L)

. K/IBr vs CIl/Br

y Poteritial K enrichment, i
600 | . Analyzed Samples water. rock interaction with : D
400 1 62 Seawater potassium feldspar? Cm
200 H :
100
60 :
40 : :
20 : i
10 : :
6 : :
4 : : :
2 : : :
1 : : :
06 : : :
04 : : :
2 m s s
40 100 400 1,000 4,000 10,000 40,000
Cl (meq/l) / Br (meq/l)
[l Wabamun Group [H Woodbend Group M Elk Point

[l Winterburn Group [ Other

.Cavs CI

1,800 H

[ Beaverhill Lake Group

[ Analyzed Samples
-8 Seawater Evaporation Curve

1,600 H

1,400

1,200

1,000

800

600

Dolomitization

400

200

—3%es¢ |

0 T T T T T T T
0 500 1,000 1,500 2,000 2500 3,000 3500 4,000 4500 5000 5,500
Cl (meqg/l)
[l Wabamun Group [H Woodbend Group Il Elk Point
W Winterburn Group ["1 Beaverhill Lake Group [7] Other
Livs SO,
150
140 ’-
[ |
[ |
|
|
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
SO, (mg/L)
7] Wabamun Group [l Woodbend Group B Elk Point
[l Winterburn Group [ Beaverhill Lake Group [ Other

Data source AGS and figure annotations Eccles and Berhane, 2011

© Can

adian Discovery Ltd.

Figure 4.5

NEBC Lithium Formation Water Database

35



m Devonian Isotope Crossplots

a. Li vs CI/Br
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Wabamun Group

Brines sampled from the Wabamun Group have lithium
concentrations ranging from 1 mg/L to 95 mg/L, averaging
38 mg/L with a median of 30 mg/L. The highest lithium
concentrations are found on the Leduc fringing reefs of the
Peace River Arch, while the next highest concentrations are
found further southeast along the Simonette reef complex
(figure 4.4). The CI/Br and Na/Br ratios span both above
and below those of modern seawater values suggesting
that the brines have evolved through a combination of
(Huff, 2016)
(figure 4.5a). The relative magnesium-depletion and calcium-

evapoconcentration and halite dissolution

enrichment with respect to chloride concentration in
certain samples indicate a limited degree of dolomitization
(figures 4.5¢ and d). In addition, low ¥Sr/®Sr ratios (<0.713)

suggest limited basement fluid interactions (figure 4.46d).

Winterburn Group

Lithium concentrations in brines sampled from the Winterburn
Group range from 3 mg/L to 140 mg/L, averaging 41 mg/L with
a median value of 37 mg/L. The highest lithium concentrations
are found on the Sturgeon Lake reef complex; the second
highest concentrations are found on the northern edge of
the Leduc fringing reef on the Peace River Arch (figure 4.4).
The CI/Br and Na/Br ratios are lower than that of modern

Figure 4.6

seawater, suggesting that the brine has evolved through
evapoconcentration (Huff, 2016) (figure 4.5a). The relative
magnesium-depletion and calcium-enrichment with respect
to chloride concentration indicates a degree of dolomitization
(figures 4.5¢ and d). The ¥Sr/®%Sr ratios are generally <0.713,
indicating limited basement fluid interactions (figure 4.6d).
Huff (2016) noted that the 8?H and 6'®0O values are characteristic
of evapoconcentration.

Woodbend Group
Lithium concentrations in brines sampled from the Woodbend

Group are similar to the Winterburn and range from 5 mg/L
to 140 mg/L, averaging 37 mg/L with a median value of
30 mg/L. The majority of the samples are aligned along reef
margins including Bigstone, Sturgeon Lake, and the Rimbey-
Meadowbrook and Bashaw reef complexes (figure 4.4). Note
that where porous Winterburn/Nisku aquifer is developed
over Leduc reefs, it tends to be in hydraulic continuity with
the Leduc; because of lithium's high solubility, sharing a
common concentration signature is consistent. The Cl/Br and
Na/Br ratios, magnesium-depletion and calcium-enrichment
trends are similar to those observed in the Winterburn
samples (figures 4.5a—d). Huff, (2016) hypothesized that the
Nisku (Winterburn) and Leduc (Woodbend) formations have
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experienced similar geological histories with respect to
lithium-enrichment. The majority of the ¥Sr/®Sr data indicates
little basement influence (figure 4.6d), except for three Leduc
samples located near the Sturgeon Lake reef that appear to
be relatively enriched in strontium and could indicate mixing
with basement-derived radiogenic fluids, likely along deep-
seated faults bounding the reef margins.

Beaverhill Lake Group

Lithium concentrations in Beaverhill Lake Group brines range
from 2 mg/L to 112 mg/L, averaging 32 mg/L with a median
value of 25 mg/L. The highest concentrations of lithium occur
along the Swan Hills platform within the Windfall reef complex
with values ranging from 86 mg/L to 112 mg/L (figure 4.4). The
Beaverhill Lake samples generally fall above modern seawater
on the CI/Br vs Na/Br plots, indicating they evolved through
halite dissolution (figure 4.5a). Lithium concentrations appear
to increase when potassium exceeds 3,000 mg/L (figure 4.5¢),
potentially indicating interaction with potassium feldspars.
Elevated ¥Sr/®Sr isotope ratios in Swan Hills samples could be
a function of the potassium feldspar interaction, or it also may
indicate mixing with basement-derived fluids, likely expelled
during tectonic compression (figures 4.6b and d).

Elk Point Group
The Lower and Middle Devonian Elk Point Group lithium
concentrations range from 1 mg/L to 98 mg/L, averaging

29 mg/L with a median value of 25 mg/L, the lowest amongst
Devonian samples. The Elk Point comprises clastics, red
beds, salts, evaporites and carbonates that were deposited
on a broad unconformity surface ranging from Precambrian
basement to Silurian and Ordovician strata. Extensive
dissolution of salts from within the Elk Point (halite, sylvite and
epsomite) is one of the most likely sources of dissolved solids
in formation waters that have mixed with overlying strata.
The potential contribution of potassium (K) and magnesium
(Mg) from salt dissolution is not well understood and could
potentially overprint dolomitization and potassium feldspar

dissolution signatures.

Elk Point 8Sr/®Sr isotope ratios (figure 4.6d) indicate moderate
enrichment throughout, suggesting some interaction with
basement-derived fluids. Because Elk Pointsamples have been
retrieved from complex and highly varied lithologies, further
work is required to determine the lithological relationship with

observed lithium concentrations.

Fox Creek Area Lithium-Enrichment Processes

The Fox Creek area, which shows anomalous lithium-

enrichment, has a unique set of features as outlined by Eccles

and Berhane (2011):

® Thermal anomaly at the base of the stratigraphic section

® High Precambrian geothermal gradient

® Horizontal gravity anomaly

m Offsets the Peace River Arch, which was tectonically active
in the past

» Offsets the Kimiwan isotopic anomaly

= On the northern edge of the Snowbird anomaly zone

Some of these features may have played a role in the
liberation and subsequent mobilization of lithium-rich brines
that eventually accumulated in Devonian reef complexes.
This hypothesis partially explains the data trends observed in
Beaverhill Lake samples and some of the Woodbend data at
Fox Creek. Note that there is a Paleozoic igneous intrusive
near the Windfall and Pine Creek reefs where some of the
highest lithium values are observed (figure 4.4). This intrusive
may have provided an additional source of lithium-rich silicate
fluid that migrated into the reef complexes.
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Triassic Water Chemistry Crossplots

a. Cl/Br vs Na/Br
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Triassic Data Distribution

The Triassic, which includes the Montney, Halfway and
Doig formations, hosts the second-highest average lithium
concentrationsin Alberta, witharange of 1 mg/Lto 59 mg/Land
average of 30 mg/L. The highest Triassic lithium concentrations
are located predominantly along or on the Peace River Arch
(figure 4.2). The Cl/Brvs Na/Brplot (figure 4./a) shows that most
of the data plots above modern seawater, indicating salinity is
predominantly gained through halite dissolution. Potassium
is enriched relative to seawater in a majority of the Triassic
samples (figure 4.7b), indicating interaction with feldspathic
magnesium-depletion and calcium-

minerals. Relative

Figure 4.7

enrichment with respect to chloride indicates dolomitization
was an important diagenetic process (figures 4./c—d). The
8Sr/%Sr isotopic ratios are generally below 0.712, just slightly
above seawater at 0.708, which does not suggest extensive
interaction with basement-derived fluids (figures 4.8b and d).
To the contrary, &’Li isotopic values (figure 4.8¢) fall within the
range of basement-derived fluids as defined by Eccles and
Berhane, (2011). Due to the limited availability of &’Li data at
the time of writing, further research is required to characterize

the lithium isotopes of both subsurface brines and basement-
derived fluids.
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m Triassic Isotope Crossplots

a. Li vs CI/Br
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Montney Seawater Evaporation Process and Normalized Chloride, Lithium and Bromide

Concentrations

a. Alberta Cl vs Br with Seawater Evaporation Line
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Brine Evolution and Potential

Lithium-Enrichment Mechanisms

The evolution of brines in the Western Canada Sedimentary
Basin (WCSB) and the related impact on lithium-enrichment is
discussed in detail in Chapters 2 and 5, along with discussions
of water-rock interaction and of clay minerals.

Data used in this study from Alberta are shown on the
Clvs Br graph in figure 4.9a along with their likely evolutionary
trajectories using the seawater evaporation curve as a
baseline. Chloride concentrations are observed to exceed
halite saturation (~200,000 mg/L) in some samples from the Elk
Point and Woodbend groups, indicating sylvite and epsomite
saturation had been reached. Bromide, a conservative ion

Figure 4.9

that which preferentially stays in solution during seawater
evaporation, reaches a maximum concentration of 2,000 mg/L,
which is below sylvite/epsomite saturations (~4,000 mg/L Br).
These data suggest that Devonian formations have undergone
extensive salt dissolution, brine migration and mixing with
both seawater and fresh water over their geologic history
(figure 4.9b). Vertical brine migration is particularly evidenced
by elevated bromide levels within certain Cretaceous samples
at chloride concentrations above and below seawater. The
location and areal extent of the various migration and mixing
paths are likely controlled by vertical and lateral hydraulic
continuity and the basin’s tectonic and hydrogeological history.
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Subsurface Lithium-Enrichment Processes

Evaporation Li 4 1-10X

*Water-rock interaction

‘ Lithium Enrichment
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After Dugamin et. al., 2023
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The main mixing and dilution processes occurring within the

basin are:

m Vertical and lateral brine migration

m Evaporite, halite and K + Mg salt dissolution by brines
seawater and fresh waters

= Mixing with seawater and/or fresh water

Lithium-Enrichment in WCSB Brines

In figures 4.9c and d, the concentrations of Cl and Li as
a function of Br are plotted, normalized to their initial
concentration in seawater. Chloride and bromide are enriched
up to 15X and 30X respectively, whereas lithium is enriched
well over 500X (to a maximum of 950X) relative to seawater.
These data suggest that lithium concentration in seawater due
to evapoconcentration is an insufficient process for yielding
observed lithium concentrations.

There are multiple mechanisms that potentially lead to the
enrichment of lithium in sedimentary basin brines, where
lithium concentrations are found in excess of 1,000X that
of seawater. In the WCSB, lithium-enrichment of over 500X

Figure 4.10

relative to seawater is observed in parts of the Devonian.
Figure 4.10 is a schematic of the various concentration and
dilution processes that have been quantified in the literature
and through observations in this study. Processes such as water
circulating through and leaching of igneous basement rocks,
hydrothermal events and enrichment through sedimentation
or overland flow are more difficult to quantify. The scale of
some of the enrichment processes as identified by Dugamin
et al., (2023) are:
= Seawater Evaporation

» 1 to 10X, source = observed data at halite saturation
= Burial and Water-Rock Interaction

» 10 to 100X, source = observed and Dugamin et al., 2023
» Temperature Gain (empirical)

» 10X/100°C, source = observed and Kharaka and Mariner,

1989

Lithium loss can occur through brine dilution by mixing with
seawater, halite-derived brines and meteoric waters. Uplift
or erosion and subsequent cooling can cause resorption of

lithium in certain circumstances as well.
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4.11
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Alberta’s Lithium Industry

Alberta is in the process of transitioning how lithium rights
are permitted. Prior to 2023, lithium rights were acquired as
metallic and industrial mineral (MIM) permits. Starting in 2023,
tenure for lithium (and other brine-hosted minerals) will be
granted via leases issued through a public offering, similar
to how Alberta Petroleum and Natural Gas (P&NG) rights are
presently obtained, and also more in line with the mineral
tenure process in Saskatchewan (Podetz, 2023). The present
state of tenure for brine-hosted minerals across the WCSB is
shown in figure 4.11a.

LithiumBank

LithiumBank holds over 4 million acres of metallic and industrial
mineral (MIM) permits across west-central Alberta. Within this
larger area, the company is focused on two specific properties,
namely Boardwalk and Park Place.

The Boardwalk Lithium Brine Project is located approximately
85 km east of Grande Prairie. The project comprises
40 contiguous Alberta MIM permits covering an area of
572,237 acres. The Sturgeon Lake oil and gas field, where
the Boardwalk Project is situated, was discovered in 1952.
LithiumBank used historical oil and gas drilling and seismic
datato update National Instrument (NI) 43-101 Inferred Mineral
Resource Estimate dated November 7, 2022. The Sturgeon
Lake Leduc Formation Li-brine inferred resource estimate is
393,000 t Lithium Carbonate Equivalent (LCE) (indicated) at
71.6 mg/L and 5,808,000 t LCE (inferred) at 68.0 mg/L.

In September 2022, LithiumBank acquired 1,571,364 acres at its
Park Place project where the Leduc reef complex (Woodbend
Group) and the underlying Swan Hills carbonate complex
(Beaverhill Lake Group) have hosted the highest grades of
lithium-in-brine concentrations in Alberta (figure 4.12). Lithium
concentrations (from AGS samples that were collected by oil
and gas operators) within the Park Place MIM permit area range
from 76 mg/L to 130 mg/L; LithiumBank plans to verify these
lithium concentrations with its upcoming work (LithiumBank,
2023).

LithiumBank Boardwalk and Park Place

Projects Map

Boardwalk Project
393,000t LCE Indicated 5’
at 71.6 mg/L li and,
~._ | 5,808,000t LCE Inferred 7

‘| at 68.0 mg/L Li
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Lithium Brine
Project

Edmonton

LithiumBank MIM
Project

Historic Lithium Brine —— Reserve Land

Samples
Lithium Grade (mg/L)
O 76-85

O 85-100
. 100-140

A Leduc Production Well

--=-- Powerline

I:l MIM Restricted Area

Parks and Protected
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Modified from LithiumBank Corporate Presentation, January 2023
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E3 Lithium Inaugural Drilling and Sampling Program
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E3 Lithium

E3 is the largest permit holder in south-central Alberta, with
76 MIM permits totalling over 596,000 hectares (~1.5 million
acres). These MIM permits overlie Devonian-age Leduc reef
reservoirs that exhibit exceptional flow rates and deliverability
because of favourable rock properties and pressure. E3 has
three NI 43-101 Inferred Mineral Resources (North Rocky,
Central Clearwater and Exshaw West) over its permit area
in Alberta, totalling 16.0 million tonnes (Mt) of LCE. These
resources cover only 34% of the total Leduc reservoir that E3
currently holds.

E3's planned development model involves using existing oil
and gas sites and repurposing infrastructure for production
and processing lithium brine. Its closed loop water processing
system could result in virtually no waste or water use and no
effluent discharges to the surface. The use of existing wells,
rather than drilling new ones, should result in significant cost
savings for the company. E3 currently has 14 operational
collaborative relationships with area oil and gas producers.

In August 2023, E3 announced that the construction phase of its
field pilotat Clearwaterwas completed and that commissioning
work was in progress with operations to commence “in a matter
of weeks.” The Clearwater project will utilize E3's proprietary
Direct Lithium Extraction (DLE) adsorbent. The goal of this
field pilot is to demonstrate a near commercial-scale, modular
design of the company’s ion-exchange DLE process under real
world operating conditions. The field pilot will be tied into
an existing well (2/1-16-33-27W4) that produces brine directly
from the Leduc aquifer (figure 4.13). In November 2022, E3
had received a $27MM investment from the Government of
Canada’s Strategic Innovation Fund (SIF) to support all aspects
of the company’s resource and technology development,
including drilling, piloting of E3's proprietary ion-exchange

Figure 4.13

technology for lithium extraction, process development
and engineering, including downstream lithium hydroxide
conversion (E3 Lithium, 2023). This next stage of development
follows from the company's DLE lab-pilot prototype that
delivered successful results of up to 97% lithium recovery
across multi-cycle testing. Also, in April 2023, E3 announced
it had begun to evaluate the commercial-scale manufacturing
of its proprietary adsorbent to be used in the field pilot. The
combination of E3's adsorbent technology with a scaled-up
ion-exchange system operating in real world conditions is an
important step towards de-risking and demonstrating the DLE
process and technology at a commercial scale (E3 Lithium,
2023).

In 2022, E3 drilled two wells and took possession of a third
wellbore to better quantify reservoir parameters, lithium
concentrations, flow rates and deliverability of the Leduc
aquifer within the Clearwater project area. The first well
(2/1-16-33-27W4) was drilled in July 2022 and the second
(2/16-16-31-27W4) in August 2022. A third, existing well
(4-27-33-28W4), which was drilled by Aspenleaf in October
2021, is now operated by E3. Results indicate that the
properties of the aquifer, the chemistry of the brine and the
grade of lithium sampled in all wells demonstrate consistency
(figure 4.13). This consistency allows the company to design
and build a simpler commercial DLE facility, given that its
design does not need to handle a large variation of fluid
chemistry.

Highwood Asset Management

Highwood Asset Management is a Canadian-owned, public
asset management entity overseeing current activities in the
industrial metals and minerals (including lithium, iron, rare

earth elements, vanadium, silica and alumina), oil production

NEBC Lithium Formation Water Database

44



and oil midstream spaces. The asset management structure
is positioned to potentially oversee other energy focused
segments including clean tech energy transition subsectors
and technologies in the future.

The company issued its first NI 43-101 Technical Report on
lithium from brine on July 16, 2021. Figure 4.11 shows the
current distribution of its land. Subsequently, Highwood
engaged APEX Geoscience to compile a NI 43-101 Resource
Assessment specific to its Drumheller property in southeast
Alberta. This resource assessment was released in February
2022 with encouraging results, as the combined total initial
inferred lithium-brine resource at Drumheller within the Leduc
and Nisku formations is estimated at 18.14 Mt LCE (Highwood,
2023).

Saskatchewan

In 2011, the Saskatchewan Geological Survey (SGS), along
with the Ministry of Energy and Resources, initiated a wellhead
brine sampling program, collecting data for major elements.
This database currently contains 77 samples, exhibiting lithium
concentrations ranging from 1 mg/Lto 190 mg/L, and averaging
40 mg/L; six of these samples tested >75 mg/L (figure 4.1). The
highest lithium concentration of 190 mg/L from the Devonian
Duperow Formation (Leduc-equivalent) is 50 mg/L higher than
any brine sampled in Alberta. Table 4.2 lists the data count by
formation. Several samples have been tested for a number of
other elements, including K, Na, Mg, Pb and Zn. The SGS is
expected to publish an update to this database shortly, with an
additional 37 lithium concentration values.

Data Distribution

Most data collected in Saskatchewan are from the Devonian
Bakken, Torquay, Birdbear and Duperow formations within
the Williston Basin (figure 4.1). New data released by ROK
Resources in February 2023 indicate that the Duperow has
the highest lithium concentration, ranging from 36 mg/L to
259 mg/L with an average of 104 mg/L. These new values
have increased the average in the Duperow by 18 mg/L and
increased the maximum concentration by 69 mg/L (ROK, 2023).
In the Mississippian Madison Group, the Ratcliffe, Midale and
Frobisher formations were tested and have an average lithium
concentration of 38 mg/L with a range of 1 mg/L to 56 mg/L.
The Ordovician Red River Formation samples have an average
lithium concentration of 32 mg/L and a range of 9 mg/L to
55 mg/L.

Duperow Lithium-Enrichment Mechanism

Rostron (2022) observed that the Duperow acquired salinity
through evapoconcentration based on the CI/Br and Na/
Br ratios. This correlates well with the cyclical restricted
marine carbonates and evaporitic geological setting at the
time of deposition. Rostron (2022) further investigated the
inconsistencies in the Duperow lithium data distribution
and discovered that by mapping the 22 anhydrite layers,
which are continuous across the area, the Duperow lithium
concentrations are correlated to specific stratigraphic layers,
and each layer has a unique geochemical signature.

Saskatchewan'’s Lithium Industry
Prairie Lithium

At  year-end 2022,
362,000
(figure 4.11b) in southeastern Saskatchewan, had drilled or

Lithium controlled

nearly contiguous

Prairie over

acres of mineral permits
acquired several wells to test lithium concentrations, and
was working on the third iteration of its DLE pilot plant at its
Emerald Park testing facility (Prairie Lithium, 2023). Finally, to
cap 2022, Prairie Lithium announced that it had entered into
a definitive pre-acquisition agreement with Arizona Lithium, a
U.S. company focused on the sustainable development of the
Big Sandy Lithium Project in Arizona. The transaction closed

in late March 2023 (Arizona Lithium, 2023).

The company’s land base includes 40 townships acquired in
an acreage rights swap with Deep Earth Energy Production
(DEEP), which is developing a geothermal project at Torquay.
In this agreement, Prairie Lithium acquired subsurface
mineral permits from the top of the Madison Group down to
the top of the Red River Formation from DEEP’s subsurface
mineral tenure. In exchange, DEEP acquired the subsurface
mineral permits from the top of the Red River down to the
Precambrian from Prairie Lithium's subsurface mineral tenure.
DEEP retained all lithium potential from the top of the Red

River to the Precambrian (DEEP, 2023).

Prairie Lithium drilled Canada’s first lithium brine well near
Torquay in September 2021, targeting the Duperow. The
reservoir was approximately 110m thick with a cumulative net
pay thickness of roughly 53m. The targeted aquifer is a series
of multiple, highly productive zones enriched in lithium. Early
results indicate that the well tested some of the highest known
lithium brine concentrations in Canada (Business Wire, 2023).

In September 2022, Prairie Lithium acquired three wells from
Crescent Point that were scheduled to be abandoned due to
their limited oil production. Although no longer useful for oil
production, these wells provide Prairie Lithium with access
to the production and disposal zones required for its lithium
operations. Prairie Lithium plans to deepen one of these wells
by 180m, and then case and perforate it within the zones of
interest. Testing is planned to evaluate the productivity of the
well across the zones of interest (Business Wire, 2022a).

Table 4.2: Saskatchewan Lithium Samples

by Geologic Unit

Geologic Lithium Samples
Unit (#)
Madison Group 10
(Ratcliffe Beds, Midale Fm, Frobisher Fm)
Bakken Formation 1
Torquay Formation 5
Birdbear Formation 21
Duperow Formation 8
Winnipegosis Formation 13
Red River Formation 19
Table 4.2
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In October 2022, Prairie Lithium converted two Crown mineral
exploration permits with a combined area of 6,795 acres into
21-year mineral leases. These are the first Crown mineral
leases issued for lithium by the province. This is important
because leases are required before companies are allowed
to produce a resource at commercial scale production rates
(Business Wire, 2022b).

In November 2022, the company announced the commission-
ing of the third iteration of its DLE pilot plant at its Emerald
Park testing facility. This DLE pilot is designed to process
deep subsurface brines sourced from Prairie Lithium’'s fall
2022 drilling program when 600 m?* of lithium-rich brine was
reserved for ongoing DLE technology testing (Business Wire,
2022¢).

Grounded Lithium
Grounded Lithium increased its land base by a factor of four

during 2022, exiting the year with a land position of just over
300 sections (figure 4.11b). The company also successfully
drilled the second-ever dedicated lithium test well in
Saskatchewan (Grounded Lithium, 2023). Well 2/4-15-32-23W3
was spudded in July 2022 to test the Duperow. Initial well
testing indicated lithium concentrations ranging from 74 mg/L
to 81 mg/L (Newswire, 2023).

Hub City Lithium

Hub City Lithium holds 37 mineral permits totalling
212,633 acres (86,050 ha) of subsurface Crown mineral
(figure 4.11b).
The company is a subsidiary of EMP Metals, which holds
a 75% interest; ROK Resources holds the balance. EMP is
a Canadian-based exploration company focused on the

dispositions in southern Saskatchewan

acquisition and exploration of mineral projects with significant
development potential.
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Montney Overview

This chapter provides an overview of the Montney Formation’s
data
distribution, ion concentration relative to time on production,

(Montney) geologic setting, historical development,

mixing trends and proxy analytics, potential lithium sources,

water production, and recoverable lithium economics.

MONTNEY

lithium concentrations in samples obtained from the Swan area.
In addition, the concentrations of boron, bromide, and iodide
average 20 mg/L, 171 mg/L, and 8 mg/L, respectively. Table 5.1
provides average, median, minimum, and maximum values of

all analyzed major ions and trace elements in the program,

including total dissolved solids (TDS).
Fifty-one Montney brine samples were collected and analyzed
for lithium (L) and trace element data in the study area
(figures 5.1 and 5.2). The concentration of lithium in these
samples ranges from 12 to 100 mg/L (milligram per litre), with a
median value of 63 mg/L and an average of 58 mg/L (table 5.1).
The skewness of the data population likely results from lower
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Table 5.1: Statistics by Age for Analyzed Major lons and Trace Elements

Major lons and Montney Triassic Aquifers Triassic - Others
Trace Elements
(Dissolved) Average Median Min Max Average Median Min Max Average Median Min Max
(mg/L)
Potassium 2,227 2,205 125 3,910 1,074 1,026 230 1,960 804 910 521 980
Sodium 59,122 66,870 3,780 91,200 42,845 53,450 8,851 65,600 31,500 36,800 18,500 39,200
Calcium 15,508 16,430 841 23,320 2,182 2,420 33 5,800 2,127 2,267 1,520 2,595
Magnesium 1,550 1,495 182 2,850 511 534 15 1,100 413 409 400 430
Chloride 132,821 140,750 6,870 199,200 73,370 90,600 9,140 124,000 50,423 61,640 27,200 62,430
Aluminum 7 5 0.03 20 9 2 2 20 1 1 0.02 2
Antimony 3 1 0.01 10 2 0.50 0.50 5 0.17 0 0 0.50
Arsenic 6 2 0.01 30 5 1 1 10 1 1 1 1
Barium 245 10 0.05 1260 0.30 0.27 0.10 0.82 0.1 0.1 0.11 0.11
Beryllium 1 1 0 5 0.23 0.05 0.05 0.50 0.02 0 0 0.05
Boron 20 17 0.50 177 53 43 34 200 173 173 173 173
Bromide 171 169 17 306 82 65 27 152
Cadmium 8 0.05 0 40 0.23 0.05 0.05 0.50 0.02 0 0 0.05
Chromium 0.40 0.50 0.01 1 0.24 0.05 0.05 0.50 0.02 0.01 0.01 0.05
Cobalt 0.59 1 0.01 1 0.46 0.10 0.10 1 0.04 0 0 0.10
Copper 0.56 1 0.01 1 0.46 0.10 0.10 1 0.04 0 0 0.10
lodide 8 8 0 18
Lead 8 2 0.01 20 9 2 2 20 1 1 0 2
Lithium 58 65 2 100 33 34 17 44 20 20 20 20
Molybdenum 0.66 1 0 1 0.46 0.10 0.10 1 0.03 0 0 0.10
Nickel 0.88 0.20 0.01 2 0.92 0.20 0.20 2 0.07 0 0 0.20
TDS 211,607 228,119 14,128 309,457 122,516 151,861 21,774 196,029 88,070 105,374 51,412 107,425
(Calculated)
Major lons and Cretaceous Permian Devonian-Mississippian
Trace Elements
(Dissolved) Average Median Min Max Average Median Min Max Average Median Min Max
(mg/L)
Potassium 104 102 67 175 598 467 162 1,490 379 119 31 1,105
Sodium 8,566 10,500 3,700 13,900 21,166 16,900 5,330 50,800 13,558 9,377 6,150 35,250
Calcium 523 173 29 1,280 1,580 1,330 436 3,810 2,185 1,658 129 8,390
Magnesium 114 74 24 230 301 253 88 708 308 209 159 867
Chloride 12,442 17,860 2,760 20,800 39,820 30,900 10,700 103,000 23,648 14,440 12,000 64,000
Aluminum 2 2 2 2 2 2 2 2 2 2 0.10 2
Antimony 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.36 0.50 0 0.50
Arsenic 1 1 1 1 1 1 1 1 0.87 1 0.01 1.49
Barium 49 5 1 119 6 6 0.07 11 590 392 1.07 1890
Beryllium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0 0.05
Boron 8 8 4 11 6 6 6 6 25 8 5 61
Bromide 65 65 65 65 37 35 0 73
Cadmium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0 0.05
Chromium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.01 0.09
Cobalt 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.07 0.10 0 0.10
Copper 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.11 0.10 0.01 0.33
lodide
Lead 2 2 2 2 2 2 2 2 1 2 0 2
Lithium 3 3 2 4 16 16 16 16 16 5 4 30
Molybdenum 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.08 0.10 0 0.10
Nickel 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.15 0.20 0.01 0.20
TDS 23,641 31,190 9,297 36,773 63,658 50,181 16,865 159,975 41,117 27,098 20,344 107,775
(Calculated)
© Canadian Discovery Ltd. Table 5.1
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Geologic Setting

The Lower Triassic Montney Formation covers a 130,000 km?
area in total (65,300 km? in BC) and ranges from 0 to over
400m thick. It is 200 to 300m thick through the main productive
unconventional gas fairway (gas from low porosity reservoirs
such as shales that require hydraulic fracturing to produce
hydrocarbons) and extends from the Prophet River south of
Fort Nelson in NEBC to Edson in west-central Alberta. The
Montney is a mixed siliciclastic-carbonate wedge deposited
in shallow marine and shelf environments. It comprises various
sedimentary facies, ranging from distal shoreface siltstones with
turbidite complexes, to proximal shoreface-associated fine-
grained sandstones and coquinas primarily up-dip in Alberta
(figures 5.3 and 5.4). Situated between the North American
Craton to the east and an island arc system to the west,
depositional contributions are likely sourced from multiple
environments (Wust et al., 2018). The Montney has a complex
structural history that includes the reactivation of older tectonic
elements such as the Peace River Arch (PRA) and the Hay River
Fault zone (Zonneveld and Moslow, 2018; Davies et al., 2018),
as well as significant burial during the Laramide Orogeny and
subsequent uplift during the Tertiary (Ness, 2001). Burial history
plots for the Montney (figure 5.5) indicate maximum burial
in excess of 8,000m at Tumbler Ridge, BC corresponding to

maximum burial temperatures in excess of 250°C.

Variable reservoir quality, multiple source rocks and multiple
phases of hydrocarbon migration, plus a complex structural
and geothermal history have all contributed to a complex
hydrodynamic, fluid phase and fluid saturation system in the
Montney. The offshore distal siltstone and turbidite facies
represent the bulk of the unconventional Montney where gas
and gas liquids are the continuous fluid phase. These areas,
particularly where overpressured, have low water saturation or
are undersaturated. Towards the northeast, the Montney thins
due to erosion and transitions to storm-dominated shoreface
and shoreface facies. These areas have conventional water
saturation and hydrocarbon trapping characteristics and come
into hydraulic communication with the underlying Permian and
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Montney Burial History
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Mississippian aquifers. Within the conventional system to the
northeast, hydrocarbon pools such as Ring Border occur within
discrete stratigraphic and structural traps.

All the Montney brine samples obtained in the field program
for this study are from the Upper and Upper Middle zones
(figure 5.4) where most of the current Montney producing
horizontal wells have been targeted by the industry.

Historical Montney Development

The Montney has been the target of conventional oil and gas
exploration in the Western Canada Sedimentary Basin (WCSB)
since the 1960s; however, development of the gas-saturated low
porosity, low permeability distal siltstone and turbidite facies
started around 2005. Advances in horizontal drilling and multi-
stage hydraulic fracturing made it possible to economically
develop this extensive unconventional resource. The total
resource or gas-in-place (GIP) for the Montney across both BC
and Alberta is 23,998 billion m? or 847 Tcf of unconventional
petroleum product with an ultimate marketable resource of
4,726 billion m® or 167 Tcf (BCER, 2022). The Montney gas
play in Western Canada is considered one of the world’s most
significant resource plays (Financial Post, 2016).

Figure 5.5

Hydraulic fracturing involves injecting large volumes of hydraulic
fracturing fluid, comprising water, proppants (usually sand)
and minor additives, at high pressure into the formation. The
induced fracture network stimulates the reservoir sufficiently to
enhance hydrocarbon flow, which allows previously inaccessible
or uneconomic hydrocarbon resources to be produced.
The induced fractures increase the amount of rock surface
area accessible to the injected fluids and naturally occurring
formation water. During fracture completion and production,
pressure is released and a portion of hydraulic fracturing fluid
flows back to the surface along with formation fluids. This mixture
of flowback and produced formation water typically has higher
concentrations of dissolved metals than the injected fluids
(Leece and Jiang, 2023). Understanding the concentrations
of the dissolved trace metals and major ions in the produced
water, and their volumes, is critical for determining potentially

economic extraction schemes.
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a. Lithium Concentration by Area
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Data Distribution

Participants in the sampling program in this study provided
access to samples from the Upper and Middle Montney zones
in five areas where the Montney is currently being developed,
specifically Blueberry/Gundy, Groundbirch, Tower/Septimus,
Parkland/Doe, and Swan (figure 5.6). Fifty-one individual
samples were collected and analyzed; these data are listed in
Appendix A. In addition, the Geologic Survey of Canada (GSC)
collected and analyzed samples from 74 wells, 64 of which are in
NEBC (Kingston et al., 2023). The locations of the GSC samples
and those from this study are shown in figure 5.2. Analytical data
from these GSC samples are incorporated into the discussion
on water chemistry trends and mapping later in this chapter.

Lithium concentrations for the samples range from 12 to
100 mg/L. Although DLE technologies are able to extract
lithium from brines with very low concentrations of lithium,
concentrations greater than 50 mg/L are typically considered to
be of economic interest (Standard Lithium, 2021; LithiumBank,
2023). Figure 5.6a displays the range of concentrations from
samplesobtainedinthefive mainareasfromthisstudy. Blueberry/
Gundy has the highest average lithium concentration at 82 mg/L

Figure 5.6

(median is 82 mg/L) and the highest single sample (100 mg/L),
while Swan has the lowest average concentration at 33 mg/L
(median is also 33 mg/L). The R2 fit for these data is 0.396 as
compared to the entire WCSB dataset of 0.83 on a log-log data
plot (figure 5.6b). It is observed that data from Swan downgrade
the correlation, however, all other data appear to have lithium
concentrations greater than 50 mg/L where the TDS exceeds
150,000 mg/L (figure 5.6b). The lithium concentrations within
produced fluids from the Montney appear significantly higher
than other sampled geological zones in NEBC; however, other
viable aquifers identified by Canadian Discovery (CDL, 2022)
have a paucity of data and remain inadequately characterized.

In the following sections, various aspects of the program and
the derived data that may impact sampling bias/validity and
interdependent ionic relationships that have been used to
interpolate lithium distribution between sampled areas are
analyzed. These include:

= Time on-production

= Screening protocols

= Mixing trends
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Dissolved lon Concentrations, Time On-Production,
and Quality Control

Aqueous chemistry time series plots record the chemical
evolution of flowback and produced water over the production
period of a well, generally evolving from lower TDS and
lithium concentrations that mimic “frac water” composition
to a representative formation-like brine (Kingston et al., 2023).
When plotting TDS values vs time on-production for wells with
multiple samples, a late-time area on each curve where the TDS
values plateau is apparent (figures 5.7a-e). A general correlation
between lithium and TDS is observed; as the concentration of
TDS increases, the concentration of lithium and other dissolved
ions such as chloride also increases. Data from the Alberta
Montney (figure 5.7f) (Kingston et al., 2023) indicate a strong
correlation between TDS and chloride with lithium, where 90% of
a stabilized value is reached after about 100 days of cumulative
on-production. Due to this time lag to reach stabilization,
sample timing can create a bias in sample analysis results in

both TDS and lithium reported concentrations.

While each area in this study is unique with respect to
reaching the stabilized plateau, most of the areas appear to
plateau around 100 days on-production. Therefore, dissolved
ion concentrations after this time period tend to be more
representative of formation water concentration. Samples taken
earlier may have lower TDS and lithium concentrations and
therefore may be less representative. In addition to the normal
quality-control (QC) process for routine water chemistry data,
TDS vs time on-production plots have been used as another
screening tool.

Detailed information regarding sample collection protocols and
chain of custody for this dataset can be found in Appendix B.
Due to the nature of Montney flowback and produced water
evolution, care was taken, where possible, to only sample wells
that had been on-production for longer than 100 days; however,
a small subset were on-production for a shorter period of time.
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a. Blueberry/Gundy

Montney TDS with Time Curves
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Figure 5.7
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TDS, Mixing Trends and Proxy Analysis

Due to the limited extent of the sampling program, several
other datasets were included in this analysis. Routine water
analyses from geoLOGIC for Montney tested or producing
wells were examined and statistically analyzed for indicative/
proxy chemical signatures to those observed in areas of higher
lithium concentrations. Focus was placed on wells with late-
time water sampling (>100 days on-production), and then
the data went through the routine water chemistry screening
process outlined in Appendix C. The regional distribution of
“maximum” formation water salinity for the screened samples
is shown on the Montney TDS map (figure 5.8). In general, TDS
within NEBC increases from 25,000 parts per million (ppm)
in the northeast near the erosional edge at Ring-Border to
>250,000 ppm southwest of Groundbirch.

Two additional datasets with lithium concentrations have been

included in the water chemistry characterization and proxy

analyses:

1. Geologic Survey of Canada (GSC) Open File 8974 (Kingston
et al., 2023), which reported 64 samples in NEBC

2. Alberta Geological Survey (AGS) lithium database from
Alberta, introduced in Chapter 4

These datasets were combined for the multi-variate analyses
and are provided in Appendix A. Figures 5.9 and 5.10 show the
correlation and dependency relationships of major ions typically
measured in routine water analysis as compared to lithium data
from this study. The relationship between TDS and lithium
has been discussed in earlier sections and can be found in
figures 5.6 and 5.8. The purpose of this analysis is to determine
the genetic evolution of Montney formation waters and which
ions provide proxy indicators for lithium concentration.

Chloride and bromide are considered to be conservative
ions during water-rock interactions because both ions have
a constant ratio to salinity and tend to stay in solution. They
have been used for multi-variate analytics for normalization
purposes. The CI/Br vs Na/Br plot (figure 5.9a) provides a
reference for formation water chemistry evolution relative to
modern seawater. If data plot below and to the left of modern
seawater, itis generally interpretedto represent salinity acquired
through evapoconcentration. If data plot above and to the
right, it is generally interpreted that salinity is acquired through
halite dissolution. Most of the Montney data have CI/Br and
Na/Br ratios higher than seawater, indicating halite dissolution.
Figure 5.9b is a plot of Cl vs Br relative to the seawater
evaporation and mixing curves as defined by Shouakar-Stash
(2008). With respect to chloride levels, most samples only
reach gypsum saturation, with some at halite saturation, but
all samples appear to be depleted in bromide, which suggests
mixing.

Figures 5.9c and 5.9d are plots of Mg vs Cl and Ca vs Cl as
indicators of potential dolomitization due to the interaction
with the brines. The magnesium concentration decreases with
increased dolomitization, as it replaces calcium in carbonate
minerals causing relative enrichment of calcium in brines relative

to seawater.

The majority of samples from this study with higher lithium
values fall into a narrow range of magnesium concentrations
from approximately 100 to 180 milliequivalent per litre (meg/I)
(figure 5.9¢). This tends to correlate to calcium levels between
400 - 1,200 meg/l and chloride concentrations >3,000 meq/!
(figure 5.9d). When the data that fall within these Mg-Ca-Cl
concentration ranges are displayed on a map including routine
water analyses (figure 5.11), several areas stand out. Altares,
as well as the southern portion of Beg, Inga North, Sundown
and the southern part of Swan/Pouce Coupe are areas with
Mg-Ca-Cl concentrations within the ranges mentioned above
(i,e., a proxy for potential higher lithium concentration).
Observed magnesium and calcium ranges in areas of elevated
lithium should be investigated to determine the role of
hydrothermal dolomitization.

The K/Br vs CI/Br plot is commonly used to indicate water-
rock interaction with volcanically derived potassium feldspars
(K-feldspars) (figure 5.9e) (Wust et al., 2018). The K/Br ratio is
slightly elevated relative to the CI/Br ratio, particularly for the
NEBC samples, which suggests water-rock interactions involving
silicate alteration as a source of lithium (Eccles and Berhane,
2011). Silicates such as K-feldspars are reported to have lithium
concentrations ranging from 5 to 1,200 ppm by Dugamin et al.,
2023.

The multi-variate analyses of the relationships between lithium
concentrations and potassium (K), sulphate (SO,), calcium (Ca),
magnesium (Mg), bromide (Br), strontium (Sr), and chloride (Cl)
are shown in figure 5.10. The correlation between lithium and
potassium (figures 5.10a andb)shows generally greatervariability
in the NEBC sample dataset (broader geographic area) vs the
GSC and AGS data (localized sampling). The lithium versus
potassium relationship for the BC and Alberta data (figure 5.10b)
provides an R2 fit of 0.857. Table 5.2 shows that K-feldspars
weight % in whole rock samples at Altares (Vaisblat et al., 2017)
was ~6.9%; Dugamin (2023) reported a lithium concentration
range in K-feldspars from 5 to 1,200 ppm. These data, along
with late stage activation of feldspar dissolution/precipitation
(>90°C) appear to support the theory of water-rock interaction
with volcanically derived K-feldspars. Potassium concentration
over the Montney area is shown in figure 5.12. Further research is
required to quantify the sources and distribution of K-feldspars
and their relationship to lithium enrichment.
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Table 5.2: Montney Whole Rock Geochemistry for Altares 16-17-083-25W6

a. Concentration Ranges of Lithium in Minerals and Minerals in Whole Rock

Li Concentration K-feldspar  Plagioclase = Muscovite Biotite Kaolinite Chlorite lllite/MLIS  Balance of
in Mineral (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) Rock
(Dugamin et al., 2023) (ppm)
Lowest quartile (Q1) 5 100 480 200 10 15 35 0
Highest quartile (Q3) 1,100 1,000 2,300 1,200 340 40 120 0
Average 552.5 550 1390 700 175 27.5 77.5 0
Concentration K-feldspar  Plagioclase = Muscovite Biotite Kaolinite Chlorite lllite/MLIS  Balance of
of Mineral (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) Rock
in Whole Rock (Wt%)
(Vaisblat et al., 2017)
Minimum 0.96 2.96 1.09 0.08 0.32 0.12 4.69 89.78
Maximum 11.5 12.87 7.42 1.09 1.83 1.95 29.23 34.11
Average 6.89 8.8 4.3 0.39 0.68 0.79 15.06 63.09
b. Estimated Lithium Concentration in Whole Rock (ppm)
Concentration Li Concentration in Mineral
of Mineral (ppm)
in Whole Rock Q1 Average Q3 Egobabawaye, 2016
Minimum 10.1 41.5 73.0 11.0
Average 36.0 162 288 16.8
Maximum 61.9 271 481 26.9

Sources: 5.4a Li Concentration in Mineral, Dugamin et al., 2023; Concentration of Mineral in Whole Rock, Vaisblat et al., 2017. 5.4b Egobabawaye, 2016

© Canadian Discovery Ltd.

Table 5.2

NEBC Lithium Formation Water Database

58



5.8 | Montney Total Dissolved Solids Map
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a. Cl/Br vs Na/Br

Montney Water Chemistry Crossplots
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5.11 | Montney Mg- and Ca-Enriched Areas Map
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5.12 | Montney Potassium Concentration Map
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Montney Temperature and Geothermal Gradient Maps

a. Montney Tmax

b. Montney Present Day Temperature
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The Na/Li Geothermometer
In the Montney, the Na/Li relationship, discussed in detail in
Chapter 2, is investigated to determine the impact of burial

temperatures on observed lithium concentrations.

Chalmers et al. (2022) provide one-dimensional burial history
curves with calculated maximum temperatures reaching 250°C
(figure 5.5). Determining maximum burial temperatures for
the BC Montney in two dimensions was beyond the scope of
this study. As such, Na/Li ratios are compared as a function of
Tmax (from Rock-Eval pyrolysis data), current day temperature,
and geothermal gradient (figures 5.13 a—c). On figure 5.14, the
observed Na/Li ratios from the NEBC, GSC, and AGS datasets
are plotted on the Kharaka and Mariner geothermometer
graph. The Montney Na/Li ratios are indicative of temperatures
that conform more closely to maximum burial temperatures
(99°C to 225°C) than current day temperatures (45°C to 110°C).
The plot suggests that the observed lithium concentrations in
the Montney are higher than expected relative to current day
temperatures. Due to the variability in maximum burial and
uplift throughout the WCSB, further investigation is warranted
to see if similar relationships exist in the Devonian of Alberta
and Saskatchewan where elevated lithium concentrations are
observed.

Montney Lithium Distribution

Based on the various investigative approaches discussed
in prior sections, it is apparent that multiple factors impact
the concentration and distribution of lithium in formation
waters. A hand-contoured Montney lithium concentration
map is provided in figure 5.15. In interpolating the lithium
concentration between sample points, many observations that
have been discussed previously were considered; including
proxies from routine water analysis such as TDS and potassium
the Na/Li
variations in geothermal gradients. The interpolations extend

concentration, geothermometer and regional

the potential Montney fairway of enriched lithium (>50 mg/L),

Figure 5.14

which roughly correlates to TDS >200,000 ppm, potassium
>1.5 g/L, current day temperature >70°C and areas of high
geothermal gradients >40°C/km (specifically observed for
the northwestern Montney). Future sampling programs and
data should aid in further refining relationships in order to
develop improved exploration models. It is important to note
that the enriched lithium fairway does not require all of these
parameters to overlap concomitantly and does not incorporate
other factors this study has not considered.

Montney Brine-Hosted In Situ Lithium Potential

A regional high-level brine-hosted in situ lithium potential
estimate was calculated for the Montney based on many
assumptions. The estimate is intended to provide guidance
on where future sampling and more in-depth work could take
place, and not as a rigorous number. The estimate is based on
volumetrics only and does nottake into accountmanyfactorsthat
are necessary for a rigorous mineral resource assessment such
as permeability (strictly hydraulic conductivity), transmissivity,
storativity (a function of fluid and aquifer compressibility) and
dispersivity as these parameters are beyond the scope of this
study. Furthermore, Montney operators tend to develop a
“bench” at a time; that is, they do not hydraulically fracture the
entire 300m of the section but concentrate on a single zone
where hydraulic fracturing may access a few tens of metres
thickness of the formation.

The brine-hosted in situ lithium potential for the Montney was
calculated on a volumetric basis for the entire water saturated
percentage (Sw) of the pore volume where TDS of the formation
water exceeds 150,000 ppm, an area of approximately
32,000 km?. The in situ lithium potential calculation is based
on CDLls proprietary net reservoir, porosity and water
saturation mapping. A map of the net reservoir is provided
in figure 5.16 for reference. Lithium mass was calculated on a

2.8 km?(approximately 1 mile x 1 mile; approximately 1 section)

NEBC Lithium Formation Water Database
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grid within the saturated pore space, summed for the entire

mapped area and converted to tonnes of Lithium Carbonate

Equivalent (LCE).

» \Water-saturated pore volume = area of a section (m?) x net
reservoir height (m) x porosity fraction x water saturation
fraction

® Brine-hosted in situ lithium potential = water-saturated pore
volume x lithium concentration x LCE conversion

® (1 tonne Li = 5.3 tonnes LCE) (Brown, 2016)

Figure 5.17isamap showing the Montney in situ lithium potential
based on the above calculations throughout the extent of the
Montney where the TDS exceeds 150,000 ppm. The calculated
in situ lithium potential for the Montney is estimated to be
9.8 million tonnes LCE. The net reservoir thickness can have a
large effect on the in situ lithium potential calculation. However,
when water saturation is very low such as at Groundbirch, the
saturated pore volume is greatly reduced, and therefore, the in
situ lithium potential is also reduced. There is a fairway of in-situ
lithium potential that is >1,000 tonnes LCE/section (in green)
running from Swan and Sundown through Tower/Septimus
to Town and Blueberry/Gundy that corresponds to a trend of
thick net reservoir and also relatively high lithium concentration
(figure 5.15).

The volumetric calculation is one method to estimate brine-
hosted in situ lithium potential. This method may underestimate
the Montney in situ lithium potential as it does not take water-
rock interactions with completions fluids into consideration and
may be considered as a minimum value. Brine-saturated pore
volume accounts for only 13% of the total pore volume of the
Montney as summarized in table 5.3. If there are water-rock
interactions within a zone after completion fluids are pumped
in, using the water saturation of the desiccated Montney may
result in an underestimation of in-situ lithium potential. In areas
of very low water saturations (Groundbirch), water production is
low, and it is expected that the recovery of pumped frac fluid
will be relatively low due to imbibition. Water production is
covered in a later section in this chapter, but refer to table 5.4d
to see the low rates of water production at Groundbirch.
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5.15 | Montney Estimated Lithium Concentration Map
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5.16 | Montney Net Reservoir Map
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5.17 | Montney Brine-Hosted In Situ Lithium Potential Map
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Potential Lithium Sources for the Montney

The concentration and dilution mechanisms for lithium in
brines were developed and discussed in Chapter 2. Lithium-
enrichment processes in the Montney may be attributed to
a combination of several enrichment methods, including
evapoconcentration, hydrothermal fluid migration through
fault systems, temperature and high geothermal gradients, and
water-rock interactions within the formation itself (figure 5.18).

Evapoconcentration

Montney data used in this study from BC are shown on the
Clvs Br graph in figure 5.1%9a along with their likely evolutionary
trajectories. Chloride concentrations are observed to reach
almost 200,000 mg/L, while bromide concentrations reach
400 mg/L. The complete evapoconcentration process causes
the precipitation of, in order, calcite, gypsum, halite, epsomite,
sylvite, carnalite, and bischofite, and is well depicted by the
relationship of chloride to bromide. Montney brines never
exceed the halite precipitation level, which is consistent with
the offshore environment of deposition. In figure 5.19b, the
Montney concentrations of Br as a function of Cl and Li are
plotted normalized to their initial concentration in seawater,
along with their likely evolutionary trajectories. Chloride and
bromide are enriched up to 10X and 70X respectively, whereas
lithium is enriched up to 350X relative to seawater. These data
suggest that seawater evaporation alone is insufficient as a
lithium concentration mechanism in the Montney. See the
section on Lithium-Enrichment in WCSB Brines in Chapter 2 for
a more robust discussion.

Hydrothermal Dolomitization

The Mg- and Ca-Enriched Areas map (figure 5.11) shows the
wells with Mg-Ca-Cl concentration ranges associated with
higher lithium values, along with regional faults. There may
be a rough correlation with proximity to northwest-southeast
trending faults and the Mg-Ca-Cl ranges within which lithium is
enriched. Hydrothermal dolomites (HTD) have been extensively
discussed by Davies et al. (2006) see figure 5.18. Although
HTD may play a role in lithium-enrichment, the distribution

Figure 5.18

and concentration of lithium are too broadly developed within
the Montney and the Alberta Devonian for it to be the sole
mechanism.

An elevated ®Sr/%Srratiois indicative of hydrothermal basement
fluid interaction, while a lower #Sr/%Sr ratio is consistent with
the isotopic composition of Devonian seawater (Lyster et al.,
2022) as discussed in Chapter 4. Strontium isotope data could
help in the understanding of hydrothermal fluid interactions and
the chemical evolution of brines including inputs of weathered
sediments from radiogenic crustal sources but was outside the
scope of this project.

Current and Maximum Burial Temperature

and Geothermal Gradients

The relationship of lithium to maximum burial temperatures,
current day temperatures and geothermal gradients has been
discussed in Chapter 2. Lithium concentrations can increase by
a factor of 10 per 100°C. However, given the 50-fold observed
increases in lithium relative to evaporated seawater at halite
saturation (2.0 mg/L in evaporated seawater from 0.2 mg/L in

seawater), this mechanism alone is insufficient.

Water-Rock Interaction and lon-Exchange

During lllitization

In Chapter 2, lithium-enrichment processes were discussed
in detail including the contribution of volcanically derived
clay minerals. Volcanically derived ashes and glass are
thermodynamically unstable andreact rapidly with water to form
clay minerals such as smectite, also known as montmorillonite
and bentonite. The distribution of lithium between the aqueous
and solid phases is governed by ion exchange equilibria
amongst lithium, sodium, potassium, calcium, magnesium, and
other exchangeable cations present in the rock. Wahlberg et al.
(1965) reported the propensity for strontium to partition more
effectively in sodium-rich solutions versus calcium-rich solutions,

illustrating the complexities of the ion exchange process.
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a. Montney Cl vs Br with Seawater Evaporation Line
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With burial, the smectite reacts with additional components
in the rock to form more stable clay minerals. The paragenetic
sequence for the Montney (figure 5.20) shows the activation of
several processes during late burial >90°C, including feldspar
precipitation and dissolution, smectite illitization, quartz
cementation and fibrous illite formation. With increasing
burial, silica activity drops due to the formation of authigenic
quartz, and smectite is irreversibly converted to illite, which
is a more stable clay mineral (Abercrombie et al., 1994). Due
to illite's comparatively lower interlayer charge, hence lower
cation exchange capacity (CEC), it cannot accommodate all
the interlayer cations held previously by smectite, and these
ions are released to the aqueous phase or to participate in
other mineralogical reactions. As a singly charged cation,

Figure 5.19

lithium is stable in aqueous solution and does not participate
in mineralogical reactions unless subjected to hydrothermal or
deep burial processes.

Woust et al. (2018) provides a view of the early and middle
Triassic paleogeography (figure 5.21) indicating a potential
volcanic source of clay and silicate minerals derived from the
Yukon-Tanana island arc complex immediately to the west of
the Triassic seaway. The volcanic arc was determined to emit
rhyolitic ash and ignimbrite (welded tuff) phenocrysts with high
lithium concentrations (Ellis et al., 2018; Coffey et al., 2021). This
ash would have blown in (an aeolian process) from the west and
settled to the Montney seabed.

Montney Paragenetic Sequence

Phase Pre-Burial Early Burial

Late Burial

Mechanical Compaction |
Ca-Phosphate —
'
Dolomite Cementation —
Dolomite Dissolution [ ]

Chemical Compaction

Pyrite Precipitation

Feldspar Dissolution
and Precipitation

Smectite lllitization
Quartz Cement
Fibrous lllite

Calcite Cement

90
Temperature (°C)

60

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

Modified from Vaisblat, 2019.

© Canadian Discovery Ltd.

Figure 5.20
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Early-Middle Triassic Paleogeography

a. Early-Middle Triassic Geography
. 7

b. Early-Middle Triassic Schematic Geography

Cache Creek
Ocean

From Wust et al., 2018

© Canadian Discovery Ltd.

Figure 5.21

Table 5.3: Montney In Situ Lithium Potential

Montney Total Montney Median Montney Total Montney Brine-Saturated
Tonnes LCE Lithium Concentration Pore Volume Pore Volume
(mg/L) (m3) (m3)
9.8 million 50.3 293 billion 38.6 billion
© Canadian Discovery Ltd. Table 5.2

Integration of whole rock geochemistry along with formation
fluid chemistry is an area that has received little attention in the
literature. This is a promising area of investigation as it directly
ties rock mineralogy to fluid chemistry and thermodynamics
to better understand the role of water-rock interaction to the
lithium resources. The section herein is based on a very limited
dataset and relatively broad assumptions that likely result in a
broad range of outcomes but do offer an interesting avenue for
further research.

Whole rock geochemical analyses for trace metals were
conducted by Egbobawaye (2016) for five Montney cores in
the Swan and Dawson area and are provided in table 5.4. The
samples are primarily from the Upper Montney, which has a
relatively low illite fraction. The measured whole rock values for
lithium concentrations in illite average 17 ppm, with a minimum
and maximum range of 11 ppm and 27 ppm respectively.
Table 5.2a summarizes whole rock geochemistry data from the
Altares 16-17-083-25W6 well, where 62 samples were analyzed
(Vaisblat et al., 2017). The range of lithium concentrations for
each mineral is also provided in table 5.2a (Dugamin et al.,
2023). The lithium concentration in the whole rock was then
calculated for the various concentrations of lithium in minerals,
and minerals in the whole rock (table 5.2b). The results show a
significant range starting from the minimum concentration of
lithium in minerals and minerals in whole rock to the case of
maximum concentration of lithium in minerals and minerals in

whole rock. The lithium concentrations in whole rock obtained

by Egbobawaye (2016) are also provided as a comparison in
table 5.2b. The average lithium concentration for the entire
Montney ranges from 36 to 288 ppm. These calculated whole
rock values are substantially higher than those reported by
Egbobawaye (2016). The results could be a function of the wide
minimum to maximum range of lithium in minerals reported
by Dugamin (2023), where the average was used due to a lack
of statistical data and both vertical and lateral variations in the
mineral content of the Montney.

K-feldspar, plagioclase and muscovite are substantial
contributors of lithium as they have relatively high concentrations
of lithium and also represent a significant weight percent of
the whole rock. In contrast, illite represents a relatively high
percentage of the whole rock but has a low concentration
of lithium in the mineral itself. However, given the very high
reported lithium values in smectite clays (the precursor to illite),
substantial potential exists for liberated lithium to remain in
solution during the conversion process. Figure 5.22, a graph of
illite (and mixed layer-illite-smectite (MLIS)) vs depth from the
Altares 16-17 core that covered most of the Montney, shows
that illite increases with depth from 10% to 25% by weight. It is
unknown what the stable equilibrium concentration of lithium
in whole rock would be at formation temperature, pressure and
fluid compositions given a certain rock composition. These
data and analysis indicate that self-sourcing lithium through
water-rock interaction of the host brine and host rock could be
a very important contributing factor to lithium concentrations.

NEBC Lithium Formation Water Database

72



Table 5.4: Whole Rock Geochemical Analyses for Five Montney Cores

Major Elements Trace Elements
Mg Al P K Ca Ti Fe Mn Li Be B Co Cu Zn A% Cr
2 0.2 5 6 31 0.09 347 0.03 0.3 0.05 0.03 0.03 0.08 0.1 0.05 2
Well Location Depth (m) ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
b-39-H-93-p-9 2042 m 31,116 809 24,111 2795 16,707 297 26.9 51.9 39.1 18.3 43.1 1.2 514 <DL
d-39-F-93-p-9 2668.8 m 18,820 33,638 1246 24,251 71,508 3021 14,427 266 15 85.7 64.2 13.7 D25 13 46.4 <DL
d-39-F-93-p-9 26854 m 13,338 40,861 2249 30,359 49,140 3668 20,717 253 17.3 7T 42.5 23.5 89.6 1.4 62.8 <DL
d-39-F-93-p-9 26854 m 13,475 41,234 2289 30,453 48,968 3676 20,575 246 17.5 TS 39 25 111 2 63 <DL

7-13-79-15W6
7-13-79-15W6
7-13-79-15W6
7-13-79-15W6

205522 m
2061.3 m
2084.5 m
2101.78 m

Most Dolomitized Intervals in the Montney Formation
Based on Analyzed Samples

Source: Egbobawaye, 2016

© Canadian Discovery Ltd.

lllite/MLIS vs Depth Altares 16-17-083-25W6
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© Canadian Discovery Ltd.

Figure 5.22

Table 5.3

Refining the analytical technique(s) discussed above holds
promise for enhancing exploration efforts and constraining in
situ lithium resources. This would include obtaining a broader
suite of samples including from areas that have low TDS and
have undergone limited thermal alteration.
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Water-Rock Interactions with Completion Fluids
Hydraulic fracture fluid has been shown to spontaneously
imbibe into tight reservoirs and shales. This allows for mixing of
fracturing fluids with highly saline connate water. Often this fluid
is trapped within the small pores, but ions are able to diffuse
back to the invaded frac fluids and fractures.

Formation water chemistry data show that the Montney
reached gypsum and halite saturation. Liseroudi et al. (2018)
suggests that the BC Montney underwent early anhydrite
precipitation directly from coeval seawater. Whereas, in Alberta,
late-stage anhydrite formation associated with elevated H.,S
is derived from Devonian-sourced evaporite brines. Wood
et al. (2021) observed dynamic fluid movement (during SEM
analysis of Montney siltstone cores) created during the
formation of expulsion structures as preserved core underwent
depressurization. Wood et al. noted that “Dynamic brine
behaviour is evident from strings of halite crystals overlying
pores between minerals. The halite crystals precipitated from
hypersaline brine that migrated from the interior to the surface
of the sample. This behaviour indicates well-connected brines
exist in Montney siltstone pores.” Wood et al. (2021) analyzed
two wells at 04-23-72-09W6M in Alberta and C16-06-81-17W6M
in BC. TDS mapping for this study indicates values at the
C16-06 well are in the 200,000 ppm range. Owen (2017) cites
that increasing concentrations in flowback waters indicate
mixing between fracture fluids and formation waters and that
“mixing explains the Na and K concentrations, while mixing
with ion exchange is influencing Ca, Mg, and Sr concentrations.
Sulphate concentrations are influenced by pyrite oxidation
and sulfate reduction. The rate of increase of the major ions
varies between wells, although it is often, but not always, similar
between wells completed at the same site.” The process of
imbibition is discussed by Ghanbari (2013) while Zolfaghari
(2016) discussed simultaneous imbibition and ion diffusion.

From these combined observations it is surmised that:

= Montney formation waters reached early gypsum/anhydrite
saturation and in certain areas are at or near halite saturation
(although the timing of reaching halite saturation is uncertain,
the authors suggest this may be caused in part by H,O
stripping during gas migration, effectively reducing water
saturation causing in situ concentration of the remaining pore
water).

® Induced fractures may have the ability to communicate with
an interconnected pore water system, even though water
saturations in the Montney are reported to be very low.

» Additional data are required to determine if there are lower
limits to water saturation where the brine ceases to behave
dynamically, and whether this leads to reduced formation
water production and/or ion exchange with injected water.

® Real time dynamic brine behaviour and halite precipitation/
dissolution are potentially resultant from pressure drawdown
within the stimulated reservoir volume during production.
However, the following questions remain:

» How did Montney formation waters reach halite saturation
given its offshore marine depositional environment?

» Since lithium content in halite is extremely low and would,
at best, elevate to 2 mg/L as seawater evaporates to halite
precipitation, what is the source of the excess lithium?
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Montney Water Production Case Study

a. Li vs Time from On Production
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Water Production and Economics

The GSC recently completed two studies in tandem, namely,
Kingston et al. (2023) and Leece and Jiang (2023), to establish
an economic case for co-produced lithium. In Kingston et al.
(2023), water chemistry data were presented from two datasets,
the first being a collection from numerous wells in the Montney
and Duvernay formations while the second provides time
series samples from a limited number of wells in the Montney
and Duvernay. Jensen and Rostron (2018) conducted repeat
sampling over a six-year time frame from two wells completed
in the Winnipegosis Formation in southeast Saskatchewan with
relatively consistent lithium and other trace ion concentrations
at a stratigraphic level with repeatable results but also variations
within vertically segregated beds. These studies demonstrate
the importance of obtaining spatial and temporally varied
sample data in order to verify the distribution of lithium

concentration.

To illustrate the importance of temporal variations in lithium
concentration, the time series data for two Dawson Creek wells
over the first 18 months of production are shown in figure 5.23a.
Within approximately 200 calendar days, the average lithium
concentration of the two wells averaged around 60 mg/L and
the production could be considered economically viable for
lithium extraction based on the cutoff of 50 mg/L (refer to earlier
discussion on economic cutoff employed by DLE lithium project
developers). While the average lithium concentration may be
considered stable and economically viable by this time frame,
it is important to consider water production and the production
decline over time (figure 5.23b). By this 200-day time frame, the
daily water production rate averaged around 50 m3/day. Lithium
concentrations exceeding 50 mg/L were reached in both wells
before 200 days, and water production steadily decreased
over time. This study determined that both wells produced
back the volume of frac fluid pumped after about nine months
(~270 days) of production.

Figure 5.23

Leece and Jiang (2023) provided a review of DLE technologies
and their application to lithium extraction from flowback and
produced waters (FPW) along with an economic evaluation of
various scenario projects in the Duvernay and Montney regions.
The study modelled a hypothetical lithium extraction facility
processing 1,300 m3/day based on the chemical and physical
properties of the sampled FPW. The capacity of 1,300 m?*/day
of water was selected based on a specific processing facility
operating in the Fox Creek Duvernay area and its volumes
of water for disposal injection. The modelling suggests that
lithium extraction from FPW at these rates (1,300 m3/d) and
concentrations (>45 mg/L) is economically viable, assuming
extraction technology advances sufficiently (from pilot and
demonstration scale to proven commercial scale) and the
current relatively high market pricing of lithium continues into
the foreseeable future.

in NEBC that exhibit
concentrations meeting the economic threshold of >50 mg/L

Having observed areas lithium
(Standard Lithium, 2021), the average cumulative water
production over time and monthly water production rates
were examined by area in this study to determine which
areas produce sufficient volumes of fluid to support a
lithium extraction project. A first-year monthly average water
production rate map (figure 5.24) highlights areas with high
and low water production rates. To make the map, the first-year
accumulation of water was divided by 12 (months) to derive an
average monthly rate for all Montney producing wells. Water
is often allocated back to wells from group separators and
may not be entirely representative on a well-by-well basis,
but in general, the map provides an indication of the water
production distribution geographically.
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Table 5.5: Montney Lithium Deliverability Scenarios

Scenario Monthly Water Average Facility Monthly Yearly
Production Lithium Lithium Lithium
Per Well Concentration Production Production
(m3/mo) (mg/L) (T of Li/mo)'? (T LCE/yr)3#
High Water Production 300 56 1.51 86.5
Average Water Production 150 56 0.76 43.3
Low Water Production 90 56 0.45 26.0
' DLE recovery efficiency assumed to be 90%
2 As a base case, 100 wells are assumed to feed a single facility
3 Facility utilization rate assumed to be 90%
* One tonne of Li = 5.3 tonnes of Li,CO, or Lithium Carbonate Equivalent (LCE)
© Canadian Discovery Ltd. Table 5.5

Figure 5.25 shows the monthly average water production
in the five areas sampled in the study, as well as Altares and
Beg, which are two areas where additional lithium sampling is
recommended. A vertical line has been added at the 100-day
mark, suggesting that, as the economic lithium threshold
is reached in these areas, the majority of wells will still be
producing several hundred m3/day of water. The horizontal line,
at 90 m3/month, reflects a potential shift below economically
favourable fluid production rates. While most areas maintain
high rates for up to three years, Altares, which is yet to be
sampled for lithium, may be able to maintain high water
production rates for up to five years.

Figure 5.26 shows the cumulative monthly water production by
well from these areas. The blue line indicates average cumulative
production over three years. Tower/Septimus appears to have
the highest average cumulative water production of the areas

examined.

Table 5.5 provides an indication of potential lithium production
based on various water production rates from wells. Assuming
100 wells feed into a single processing facility and supply water
with an average lithium concentration of 56 mg/L, which is the
average of Montney samples from this study, the yearly lithium
production varies between approximately 86 to 26 tonnes of
LCE per year when looking at high and low water production
rates. As a comparison, the base case scenario modeled by
Leece and Jiang assumed water production of 1,300 m3*/day
(39,000 m*/month) feeding a DLE facility versus 30,000 m*/month
(based on 100 wells) in the high water production case shown in
table 5.5. Leece and Jiang's work indicated that at a capacity of
1,300 m3/day, a facility could be economically viable. However,
smaller scale facilities would be penalized with higher capital
and operating costs per tonne of lithium production and
thus, economic returns would deteriorate. Given that DLE
technologies have not reached a commercial level and that the
cost estimate data is highly preliminary, further development
work is required before an economic capacity threshold can be
estimated (Alberta Innovates, 2022; and Murphy and Haji, 2022).
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5.24 | Montney Water Production First Year Monthly Average Rate Map
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5.26 | Montney Cumulative Water Production Trends by Area
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Future Sampling and Analysis Recommendations

The findings from this study and recommendations for future
sampling/work in the NEBC Montney are summarized in
figure 5.27.

The data collected for this study, along with the publicly available
data from the GSC and AGS, suggest that there is significant
economic potential within the Montney in NEBC. Further
Montney sampling and testing is recommended across its
expanse to increase the size and scope of the public database,
which will help lithium-brine exploration efforts within NEBC.
Areas to concentrate sampling efforts include regions with
interpreted high lithium concentration (figure 5.15) and high
water production (figure 5.24), such as Blueberry, Inga North,
Inga and Altares. Additional data would help to refine areas
of lithium enrichment, improve the understanding of the main
enrichment mechanisms, and enhance the exploration model

for future lithium extraction projects.

In the current study, samples have been taken from the Upper
and Middle Montney zones. Sampling the Lower Montney is
recommended to provide insight on the economic potential of
brine-hosted lithium over the entire Montney succession; the
potential for stacked lithium pay could improve economics.
Furthermore, the Lower Montney overall has a higher illite
content than the Upper and Middle zones, which could
translate into higher lithium concentrations. The hydrocarbon
development of the Lower Montney is currently not as advanced
as the Upper and Middle Montney zones, but as development
occurs, it could be attractive for Montney lithium extraction.

Magnesium, calcium, and potassium were determined to be key
proxy ions for lithium enrichment. Potassium concentrations in
excess of 1,000 mg/L may be associated with enriched lithium
values. Magnesium and calcium values between 100-180 meg/!
and 400-1.200 meqg/|, respectively, are associated with lithium
concentrations of 50 mg/L or above. Future sampling should
be undertaken in areas with such concentrations of magnesium,
calcium, and potassium to further test this relationship, and
to continue to delineate areas of lithium enrichment. Altares
is a prime area where this should be undertaken (figure 5.11).
Further sampling should be considered at Beg as well, due to
the enriched magnesium and calcium values. Another proxy
ion to consider is strontium as values above 1,000 mg/L are
associated with potentially economic values of lithium.

It is imperative to consider water production within the Montney
in NEBC where the majority of wells target unconventional
siltstones that are not aquifer-supported. Detailed analysis of
water production over time is required to delineate areas that
are more likely to have sufficient long-term water production
capable of producing lithium in economic quantities. Turbidite
zones may be more economic from this perspective as they
tend to have better reservoir parameters due to their more
conventional nature. It is recommended that operators collect
and analyze water samples on a monthly basis for the first two
years of production. It is imperative that lithium metal analysis
be incorporated in routine water analysis
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5.27 | Montney Lithium Summary Map
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Triassic Aquifers: Halfway-Doig

and Baldonnel Overview

Lithium data were collected for 17 Halfway, 5 Doig and
7 Baldonnel samples (including duplicates) with concentrations
ranging from 17 to 44 mg/L (figure 6.1 and table 6.1). The
samples were collected from the Birch, Fireweed, Peejay,
Boundary Lake, Boundary Lake North and Mica fields
(figure 6.2). Table 6.1 provides average, median, minimum and
maximum values of all analyzed major ions and trace elements
in the program, including total dissolved solids (TDS). For the
Triassic aquifers, boron and bromide concentrations average
53 mg/L and 82 mg/L respectively, and there are no analyses
for iodide (table 6.1).

TRIASSIC
AQUIFERS

Looking at hydrodynamics, the Halfway, Doig and Baldonnel
are all conventional aquifersin NEBC where the water produced
is formation water from the aquifer. The Montney is different
hydrodynamically; it is a very fine-grained unconventional
reservoir that must be hydraulically fractured to produce
hydrocarbons, and also to co-produce lithium from the frac

and formation water.

This chapter provides an overview of the Halfway-Doig
and Baldonnel geologic settings, historical oil and gas
development, data distribution, proxy analytics, and potential

lithium sources.
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6.2 | Triassic Aquifers Lithium Sample Distribution Map
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Table 6.1: Statistics by Age for Analyzed Major lons and Trace Elements

Major lons and Montney Triassic Aquifers Triassic - Others
Trace Elements
(Dissolved) Average Median Min Max Average Median Min Max Average Median Min Max
(mg/L)
Potassium 2,227 2,205 125 3,910 1,074 1,026 230 1,960 804 910 521 980
Sodium 59,122 66,870 3,780 91,200 42,845 53,450 8,851 65,600 31,500 36,800 18,500 39,200
Calcium 15,508 16,430 841 23,320 2,182 2,420 33 5,800 2,127 2,267 1,520 2,595
Magnesium 1,550 1,495 182 2,850 511 534 15 1,100 413 409 400 430
Chloride 132,821 140,750 6,870 199,200 73,370 90,600 9,140 124,000 50,423 61,640 27,200 62,430
Aluminum 7 5 0.03 20 9 2 2 20 1 1 0.02 2
Antimony 3 1 0.01 10 2 0.50 0.50 5 0.17 0 0 0.50
Arsenic 6 2 0.01 30 5 1 1 10 1 1 1 1
Barium 245 10 0.05 1260 0.30 0.27 0.10 0.82 0.1 0.1 0.11 0.11
Beryllium 1 1 0 5 0.23 0.05 0.05 0.50 0.02 0 0 0.05
Boron 20 17 0.50 177 53 43 34 200 173 173 173 173
Bromide 171 169 17 306 82 65 27 152
Cadmium 8 0.05 0 40 0.23 0.05 0.05 0.50 0.02 0 0 0.05
Chromium 0.40 0.50 0.01 1 0.24 0.05 0.05 0.50 0.02 0.01 0.01 0.05
Cobalt 0.59 1 0.01 1 0.46 0.10 0.10 1 0.04 0 0 0.10
Copper 0.56 1 0.01 1 0.46 0.10 0.10 1 0.04 0 0 0.10
lodide 8 8 0 18
Lead 8 2 0.01 20 9 2 2 20 1 1 0 2
Lithium 58 65 2 100 33 34 17 44 20 20 20 20
Molybdenum 0.66 1 0 1 0.46 0.10 0.10 1 0.03 0 0 0.10
Nickel 0.88 0.20 0.01 2 0.92 0.20 0.20 2 0.07 0 0 0.20
TDS 211,607 228,119 14,128 309,457 122,516 151,861 21,774 196,029 88,070 105,374 51,412 107,425
(Calculated)
Major lons and Cretaceous Permian Devonian-Mississippian
Trace Elements
(Dissolved) Average Median Min Max Average Median Min Max Average Median Min Max
(mg/L)
Potassium 104 102 67 175 598 467 162 1,490 379 119 31 1,105
Sodium 8,566 10,500 3,700 13,900 21,166 16,900 5,330 50,800 13,558 9,377 6,150 35,250
Calcium 523 173 29 1,280 1,580 1,330 436 3,810 2,185 1,658 129 8,390
Magnesium 114 74 24 230 301 253 88 708 308 209 159 867
Chloride 12,442 17,860 2,760 20,800 39,820 30,900 10,700 103,000 23,648 14,440 12,000 64,000
Aluminum 2 2 2 2 2 2 2 2 2 2 0.10 2
Antimony 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.36 0.50 0 0.50
Arsenic 1 1 1 1 1 1 1 1 0.87 1 0.01 1.49
Barium 49 5 1 119 6 6 0.07 11 590 392 1.07 1890
Beryllium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0 0.05
Boron 8 8 4 11 6 6 6 6 25 8 5 61
Bromide 65 65 65 65 37 35 0 73
Cadmium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0 0.05
Chromium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.01 0.09
Cobalt 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.07 0.10 0 0.10
Copper 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.11 0.10 0.01 0.33
lodide
Lead 2 2 2 2 2 2 2 2 1 2 0 2
Lithium 3 3 2 4 16 16 16 16 16 5 4 30
Molybdenum 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.08 0.10 0 0.10
Nickel 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.15 0.20 0.01 0.20
TDS 23,641 31,190 9,297 36,773 63,658 50,181 16,865 159,975 41,117 27,098 20,344 107,775
(Calculated)
© Canadian Discovery Ltd. Table 6.1
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6.3 | Halfway-Doig Schematic Cross-Section
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Geologic Setting

The Triassic Doig and Halfway formations (figure 6.1) were
deposited within a prograding clastic coastal system along
the western margin of the North American craton. Deposition
occurred in proximal to distal marine environments. They are
preserved across the southern and Peace River areas within the
study area, thinning to a northeasterly subcrop edge. The Doig
comprises offshore to lower shoreface shales, siltstones and
sandstones, with thick, cleaner, more proximal sandstones in
isolated bodies and linear trends (figure 6.3). Doig sandstones
are well-sorted, very fine- to fine-grained sublithic to quartz
arenites, with interbedded bioclastic (coquinoid) packstones
and grainstones. A complex diagenetic history has produced
highly variable reservoir quality.

The overlying Halfway mainly comprises shallow marine
sandstones and coquinas depositedin barrierisland, shoreface
and tidal inlet channel environments. Halfway sandstones

Figure 6.3

are primarily quartz arenites and sublitharenites, with local
bioclastic (shell debris) sandstones and coquinas. Grain sizes
generally range from very fine to fine, as most clastic sediment
was derived through aeolian (wind) transport from the craton.
The best (and volumetrically dominant) reservoir facies in many
pools in the updip Halfway are tidal channel fills. To the south
and west, reservoir quality generally deteriorates, although
secondary dissolution of lithic and bioclastic grains can
create significant reservoir sweet spots (BC EMPR, 2006). The
boundary between the Doig and Halfway can be challenging
to demarcate on logs where Doig sand bodies are present.
For this study, these formations will be treated together. Note
that during Halfway-Doig deposition, there was an active
island arc system located along the western margin of the
North American continent (Wust et al., 2018, Ellis et al., 2018)
(figure 6.4), which could have provided volcanically derived

potassium feldspars with elevated lithium concentrations.

m Early-Middle Triassic Paleogeography
a. Early-Middle Triassic Geography

b. Early-Middle Triassic Schematic Geography

Cache Creek
Ocean

From Wust et al., 2018

© Canadian Discovery Ltd.

Figure 6.4
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Baldonnel Schematic Cross-Section
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As shown in figures 6.1 and 6.3, the Charlie Lake Formation is
located above the Halfway-Doig formations (and below the
Baldonnel Formation). It was deposited in widespread, low-
relief environment in an arid climate, and therefore, reservoir
units tend to be thin and discontinuous, which is not conducive
to massive water production. The Charlie Lake samples had
lithium concentrations well under 50 mg/L, it is discussed in
Chapter 7.

Baldonnel strata are widespread shallow marine to shelfal

carbonates, deposited during a regional late Triassic
transgression that drowned Charlie Lake arid coastline
environments (Davies, 1997). As described in NEBC Play
Atlas (2006), reservoir rocks are primarily dolomitized skeletal
calcarenites, with considerable variation in reservoir quality
arising from the interplay of depositional facies, diagenesis
and structural overprint (figure 6.5). The Baldonnel can be
mapped continuously from the southern part of the study
area to a northern subcrop edge (see grids 94G and 94H in
figure 6.2). The Baldonnel lies, more or less, conformably on
the Charlie Lake, and is unconformably overlain by Jurassic

Nordegg and/or Fernie marine shales.

Figure 6.5

Historical Halfway-Doig and Baldonnel

Oil and Gas Development

The Triassic Halfway, Doig and Baldonnel formations have
been targeted for oil and gas development since the late
1940s and early 1950s. The zones were developed in a
conventional manner with vertical wells up until the late 2000s
when production from hydraulically fractured horizontal wells
became common. Targeting these zones has slowed down
considerably in NEBC since about 2018 as the Montney has
become the primary target.
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m Triassic Aquifers Lithium Concentrations by Area

a. Lithium Concentration by Formation

b. Lithium Concentration by Area

100 100
Upper Quartile Upper Quartile
90 Median H 90 Median
Lower Quartile Lower Quartile
80 @ Outlier 80 @ Outlier
3¢ Data Point
70 70
—_ —_
o 60 >
E E
g 50 g 50
£ 4 i £ = s
a a
- ] = ==
30 30
® [ J ) b5
20 = 20 7n5==
10 10
0 0
Formation Area
Count 7 5 17 Count 5 8 7 7 1 1
Average 26 32 38 Average 19 41 41 32 31 26
Median 20 33 41 Median 20 41 42 33
Min 18 25 26 Min 18 39 41 25 31 26
Max 44 35 42 Max 20 44 42 35 31 26
c. Lithium Concentration vs TDS
100
90
80
70
o
B 60
£
= —
;E, %0 L — r2=0.461
= o
£ 4w »
0
30 *
// | 1
S .
10
0
20,000 60,000 100,000 140,000 180,000 220,000 260,000 300,000
TDS (mg/L)
© Baldonnel @ Doig @ Halfway
Formation
[[] Birch © Boundary Lake < Boundary Lake N
[l Fireweed +r Mica [ Peejay

Lithium data sources from the current study

© Canadian Discovery Ltd.

Lithium Data Distribution

Participants to the sampling program in this study provided
access to samples from the Baldonnel, Halfway and Doig
formations in six areas where these formations are currently
being developed by horizontal and vertical wells (figure 6.2).
In total, 29 individual samples were collected and analyzed
(including duplicates; see Appendix A for samples used in the
analyses).

Lithium concentrations from the samples collected from
the Triassic aquifers range from 18 to 44 mg/L; the Halfway
has the highest average concentration at 38 mg/L with a
median of 41 mg/L; the Baldonnel has the single highest
lithium concentration at 44 mg/L and the largest spread in
data (figure 6.6a). Currently, lithium concentrations above
50 mg/L are generally considered to be economically viable
for production (Standard Lithium, 2021; LithiumBank, 2023).
Figure 6.6b displays the range of sampled concentrations in
the six main areas; Boundary Lake has the highest average
lithium concentration at 41 mg/L and the highest single
sample (44 mg/L), Birch has the lowest average concentration
at 19 mg/L. In general, areas with high lithium concentrations
tend to have high total dissolved solids (TDS) (figure 6.6¢).

Figure 6.6

The Halfway-Doig produced fluids appear to have lithium
concentrations just below 50 mg/L, potentially making them
attractive prospects for future lithium development assuming
extraction technologies improve in the foreseeable future.

Quality Control and Time On-Production

When collecting water samples from hydrocarbon wells, there
are common contaminants that are present due to drilling,
testing and completions practices. As such, various screening
methods are used to distinguish between true formation
water and erroneous samples containing mud filtrates or
completions fluids. Water chemistry screening was run on all
data and detailed criteria can be found in Appendix C.

The timing of sample collection is less of a concern in the
Halfway-Doig and Baldonnel formations versus the Montney
where wells must flow for some time (determined to be around
100days in Montney Chapter 5) to clear frac fluid contamination
from the system. Because porosity and permeability are much
higher in these aquifers compared to the Montney, water
production rates are higher, the formations clean up more
quickly, and true formation water chemistry is achieved faster.
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Also note that Halfway-Doig and Baldonnel samples were
collected later in the productive life of the wells than the
Montney samples, decreasing the chance of any completion

fluid contamination.

Water Chemistry and Potential Lithium Sources

in Triassic Aquifers

The Triassic aquifer and Montney datasets (from this study, the
Geologic Survey of Canada (GSC) Open File 8974 (Kingston
et al. 2023), and various sources from the Alberta Geological
Society (AGS)) were combined in figures 6./ and 6.8 to
investigate if there are any ionic relationships from the Triassic
aquifers that can be correlated to the Montney, which is
considered to have economic concentrations of lithium, and
also to investigate if the sources of lithium within the Triassic
aquifers are similar to the Montney.

To understand the source of the lithium in the Triassic aquifers,
several ions were plotted and compared to investigate
potential sources of lithium within the formations and
determine whether select ions tested in routine water analysis
can be used to signify higher lithium concentration in brines.
Chloride (Cl) and bromide (Br) are used to normalize data, as
they tend to be conservative ions that remain in solution once
dissolved and are not easily removed from the system by water-
rock interactions. The Triassic aquifer dataset is compared to
the Montney datasets looking for similarity in trends.

The CI/Br vs Na/Br plot (figure 6.7a) is used to determine
formation brine chemistry relative to modern seawater and to
interpret the concentration mechanism of the ions in solution
(Eccles and Berhane, 2011). If data plot below and to the left
of modern seawater, it is generally interpreted to represent
salinity acquired through evapoconcentration. If data plot
above and to the right, it is generally interpreted to represent
salinity acquired through halite dissolution. Most of the
Halfway-Doig, and Montney plot above seawater, indicating
that salinity is partially derived from halite dissolution. This
enrichment could have come from water-rock interactions
within the overlying Charlie Lake formation. The Baldonnel
data plot below and to the left of seawater, indicating that
salinity is derived from evapoconcentration.

The complete seawater evapoconcentration process causes
the precipitation of, in order, calcite, gypsum, halite, epsomite,
sylvite, carnalite and bischofite, and is well depicted by
the relationship of chloride to bromide, as discussed in
the Overview chapter. Halfway-Doig brines never exceed
the gypsum precipitation level, which is consistent with the
offshore environment of deposition (figure 6.7b). Most of the
Baldonnel samples plot below modern seawater.

The K/Br vs ClI/Br plot is commonly used to indicate water-
rock interaction with volcanically derived potassium feldspars.
The Halfway-Doig samples have an elevated CI/Br ratio vs the
Baldonnel samples, but are roughly in line with most of the
Montney samples (figure 6.7¢). For the Halfway, this suggests
water-rock interactions involving silicate alteration as a source
of lithium (Eccles and Berhane, 2011). Like the Montney, the
volcanically derived potassium feldspars could have been

sourced by the island arc system off the west coast that was
emitting rhyolitic ash and ignimbrite (welded tuff) phenocrysts
with elevated lithium concentrations (Ellis et al., 2018).

The Baldonnel shows some similar trends to that of the Alberta
Montney, but with lower overall TDS concentrations. The K/Br
and Cl/Br ratios are too low to indicate silicate alterations due
to water-rock interactions (figure 6.7a). Cl/Br and Na/Br ratios
indicate slight evapoconcentration as compared to sea water
(figure 6.7b) (Eccles and Berhane, 2011). Further sampling is
required for the Baldonnel before any theories can be made
about the source of lithium as it would be inappropriate to
base an entire sourcing model on two samples from one

location.

Mg vs Cl and Ca vs Cl crossplots (figures 6.7c and d) are
used to investigate potential dolomitization of the rocks as
they interact with the brines. The magnesium concentration
decreases with increased dolomitization, as magnesium
replaces calcium in carbonate minerals and the brine is
enriched in calcium, resulting in low magnesium and high
calcium brine relative to seawater. The majority of the samples
from all formations fall well below the seawater concentration
on the Mg vs Cl plot indicating potential dolomitization
(figure 6.7¢); this tends to correlate to calcium levels above
sea level (figure 6.7d). Halfway-Doig samples are on trend
with the NEBC Montney data while the Baldonnel data do
not seem to correlate and have especially low concentrations
of magnesium and calcite. The Mg-Ca-Cl ranges used in
the Montney chapter to delineate areas of higher lithium
potential do not correspond to the Triassic aquifers.

Relationships between lithium concentrations and potassium
(K), sulphate (SO,), calcium (Ca), magnesium (Mg), bromide
(Br), strontium (Sr), and chloride (Cl) were also examined
(figures 6.8 a—g). Note that the correlation lines on the graphs
apply only to the Triassic aquifer data and not the Montney
data. There is a strong correlation between lithium and
strontium and a moderate correlation between lithium and

calcium and lithium and magnesium.

TDS as a Proxy for Lithium Concentration

Because there is a limited number of samples in these
formations, and the geographical extent of those samples
the total (TDS) to
concentration correlation developed in the Montney chapter

is limited, dissolved solids lithium
can be used to high-grade or low-grade formations. The
correlation established that a TDS value of 150,000 mg/L
(150 g/L) suggests a lithium concentration of about 30 mg/L.
The 150 g/L contour from regional TDS mapping is used
to approximate where lithium concentrations could come
into the realm of economic viability. Note that while higher
lithium concentrations are often associated with higher TDS
concentrations, high TDS concentrations do not necessarily

imply high lithium concentrations.

In the Montney chapter it was shown that the chemical
evolution of flowback and produced water over the production
period of a well, generally evolves from lower TDS and lithium

that mimic “frac water” composition to a representative
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Triassic Aquifers Water Chemistry Crossplots

a. Cl/Br vs Na/Br b. Halfway-Doig/Baldonnel Cl vs Br
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m Triassic Aquifers Water Chemistry Lithium Crossplots
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m Triassic Aquifers TDS Curves

a. TDS Curve Boundary Lake/Boundary Lake North
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formation-like brine (Kingston et al., 2023). Figures 5.7a—e in
Chapter 5 Montney show that when plotting TDS values vs
time on-production for wells with multiple samples, a late-time
area on each curve where the TDS values plateau late-time
area is apparent on each curve. A similar trend is seen in the
Triassic aquifers; plotting TDS values vs time on-production
for wells where there are multiple samples (Boundary Lake
and Boundary Lake North), a late-time area on each curve
where the TDS values plateau is apparent (figure 6.9a). Data
from the Alberta Montney (figure 6.9b) (Kingston et al., 2023)
indicate a strong correlation between TDS and chloride with
lithium, where 90% of a stabilized value is reached after about
100 days on-production. Due to this lag, sample timing can
create a bias in both reported TDS and lithium concentrations.

Aquifer Reservoir Quality and TDS

Looking at hydrodynamics, the Halfway, Doig and Baldonnel
are all conventional aquifersin NEBC where the water produced
is formation water from the aquifer. The Montney is different
hydrodynamically; it is a very fine-grained unconventional
reservoir that must be hydraulically fractured to produce
hydrocarbons, and also to co-produce lithium from the frac

and formation water.

Halfway

Halfway aquifers are relatively continuous throughout the
Peace River block and to the north. However, several areas can
be differentiated by variations in reservoir quality. The Halfway
net reservoir map that was made for the NEBC Geological
Carbon Capture and Storage Atlas Net (CDL, 2022) shows
that net reservoir, which is rock with porosity >6%, ranges
up to 24m (figure 6.10). Figure 6.11 is a map of Halfway TDS
from Rakhit Petroleum’s 1995 Hydrogeological Atlas of the
Western Canada Sedimentary Basin. Three areas (Fireweed/
Cache Creek, Buick Creek, Monias/Septimus) stand out on the
Halfway Net Reservoir map with TDS close to or exceeding
150 g/L, net reservoir exceeding 10m, and with Halfway
production. A sample from this study at Fireweed that lies just
outside the 150 g/L TDS contour has a lithium concentration

Figure 6.9

of 32 mg/L, which correlates well to the 150 g/L TDS value. A
fourth area at Oak has TDS exceeding 150 g/L and Halfway
production, though the reservoir is thinner, in the 5 to 10 m
range.

Baldonnel

Baldonnel TDS contours (PRCL, 2021) were overlain on the
extent of the Baldonnel aquifers mapped for the NEBC
Geological Carbon Capture and Storage Atlas to determine
areas of high TDS, and by correlation, potentially high lithium
concentrations (figure 6.12). Baldonnel formation water hosts
much lower TDS values than the Halfway or Montney; the
maximum TDS values of 85 g/L are in the Boundary Lake
area. While this is consistent with the location of the highest
Baldonnel lithium concentrations sampled for this study (44
mg/L), the overall low TDS values suggest that the Baldonnel
is unlikely to host economic concentrations of lithium.

Pore Space Challenges within Aquifers

At the time of this report there is no mechanism in BC, other
than through the Geothermal Resources Act to acquire lithium
tenure, either as a constituent of brine or through mining under
the Mineral Tenure Act. A modification of these existing rights
to allow development of brine-hosted minerals is currently
under review (Donaldson, 2022).

The current regulations state that if host formation brine is at
or above 80°C when produced to surface, the rights to lithium
are included in geothermal resources under the Geothermal
Resources Act, specifically in the Act as "all substances
dissolved in the steam, water or water vapour obtained from a
well”. If formation brine is lower than 80°C when produced to
surface, geothermal tenure cannot be acquired including any
associated lithium in the brine.

Producing water from aquifers comes with a unique set of
challenges compared to the Montney where the produced
water is essentially a waste product that must be disposed
or recycled. In aquifers, producing water in large enough
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6.10 | Halfway-Doig Aquifer Net Reservoir Map
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6.11 | Halfway-Doig Aquifer TDS Map
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6.12 | Baldonnel TDS Map
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volumes for an economic lithium extraction project is not a
concern but pressure depletion and brine dilution in the
reservoir become important factors. Other operations such
as producing oil and gas pools and disposal water injection
must also be considered when evaluating an area for lithium

production and be included in the risk analysis.

There are several active Halfway, Doig and Baldonnel oil and
gas pools near the areas of higher TDS concentrations, which
could host economic concentrations of lithium. Producing
brine and hydrocarbons separately from the same pool
(i. e. two operators, one producing brine only and the other
producing hydrocarbons along with associated water/brine)
could exacerbate pressure depletion, which would reduce
hydrocarbon production. In the case of brine-only production,
the waste brine that remains after lithium extraction is not
always pumped back into the producing reservoir, which
would dilute the existing lithium concentration. Instead, the
waste brine could be injected into a different formation. For
the hydrocarbon producer, the additional pressure drawdown
from the brine production from the aquifer could cause a
significant decrease in production. The challenge for the
regulator is to create regulations that determine who has
tenure over the pore space with respect to hydrocarbon,
lithium and geothermal production, or if tenure is shared.

Another area of concern for lithium brine extraction projects is
injected fluids from the enhanced oil recovery (EOR) schemes
that are in place in NEBC. Well spacing is a consideration,
but a lithium producer must also consider the changes in the
formation water chemistry that could occur as another operator
injects fluids/gases into the reservoir. As well, the EOR scheme
operator will have to consider the pressure impacts of having
large volumes of fluid pumped out of a reservoir that already
has a pressure depletion issue. If EOR and lithium operations
do not have appropriate spacing, both producers will be
negatively impacted.

Investigations need to be conducted on the drawdown
radius associated with lithium-rich brine production and
the production rates of brine to implement a buffer around
producing oil and gas pools, a production cap on brine, or
both. There is also the question of how regionally extensive
these limits can be as reservoir quality can vary tremendously
across the Halfway, Doig and Baldonnel fairways in NEBC.

Future Sampling Recommendations

None of the samples collected from the Triassic aquifers
reached the current economic cutoff of 50 mg/L for lithium
production. However, the correlation between TDS and
lithium concentration suggests that there may be areas in
the Halfway that could be prospective for lithium. The case is
less compelling for the Baldonnel as the correlation between
TDS and lithium suggests low lithium concentrations. Given
the pace of technological advancements in extraction
technologies, the Triassic aquifers (especially the Halfway)
could have potential for brine-hosted lithium extraction in the
future. With that in mind, further sampling is recommended in

several areas.

For the Halfway-Doig, further sampling is recommended at
Fireweed, Cache Creek, Buick Creek, Oak, Septimus, Wilder,
and Monias. These are areas where TDS exceeds 150 g/L and/
or net reservoir thickness mostly exceeds 15m (figure 6.13).

While there are no specific areas recommended for further
lithium sampling in the Baldonnel based on the low TDS
values, continued sampling of all formations is recommended
to increase the number of samples in the NEBC lithium
database, to expand the geographical spread of lithium data,
and to better understand lithium deposition and enrichment
processes.
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6.13 | Triassic Aquifers Lithium Summary Map
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Other Formations Overview

At this time, it is generally accepted in industry and in the
literature that lithium brine concentrations need to be above
50 mg/L to be considered economic (Standard Lithium, 2021,
LithiumBank, 2023). In this study, the Devonian, Mississippian,
Permian, low-lithiumTriassic(thatis, excludingthe Montneyand
Triassic aquifers previously discussed in chapters 5 and 6) and
Cretaceous formations are grouped together in this combined
chapter because lithium concentrations from the samples
obtained are well below the current economic threshold.

OTHER
FORMATIONS

These formations are shown on the stratigraphic chart on
figure 7.1. Also, these samples are so limited in number that
further sampling is needed across a broad geographical
area to get a more realistic idea of the lithium potential in
these formations throughout NEBC (figure 7.2). Table 7.1
provides average, median, minimum and maximum values of
all analyzed major ions and trace elements in the program,
including total dissolved solids (TDS).

Stratigraphic Chart
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There are 46 samples in this group including duplicate tests;
the maximum lithium concentration is 30 mg/L, the average
is 7 mg/L, and the lowest concentration is 1 mg/L. It was
noted during analysis that some of the sample TDS values
did not align with regional mapped TDS values. The latter
are obtained from CDL datasets that are a combination of
public and proprietary data. Three samples that were taken
from a produced water tank were not used in the analyses as
they appear to be contaminated. There are several other data
points with anomalously low TDS values compared to regional
mapped values that were also removed from the analyses.
These samples were taken from oil and gas fields that have
been under waterflood since the 1960s. It is reasonable to
assume that the injected water has diluted the formation
waters and that these formations should be sampled away
from water injection areas. As some formations have no lithium
data at all due to sampling and testing issues, the economic
lithium brine viability of the Boundary Lake and Charlie Lake
formations cannot be ruled out.

The TDS to lithium concentration correlation developed in
the Overview chapter suggests that the Permian Belloy and
Middle Devonian Carbonates could have sufficient TDS values
to host lithium concentrations above the economic threshold.
A brief geological summary and a discussion of the aquifer
reservoir quality are presented. An explanation of why no
further analyses were done on the remaining formations is
discussed.
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7.2 | Other Formations Lithium Sample Distribution Map
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Table 7.1: Statistics by Age for Analyzed Major lons and Trace Elements

Major lons and Montney Triassic Aquifers Triassic - Others
Trace Elements
(Dissolved) Average Median Min Max Average Median Min Max Average Median Min Max
(mg/L)
Potassium 2,227 2,205 125 3,910 1,074 1,026 230 1,960 804 910 521 980
Sodium 59,122 66,870 3,780 91,200 42,845 53,450 8,851 65,600 31,500 36,800 18,500 39,200
Calcium 15,508 16,430 841 23,320 2,182 2,420 33 5,800 2,127 2,267 1,520 2,595
Magnesium 1,550 1,495 182 2,850 511 534 15 1,100 413 409 400 430
Chloride 132,821 140,750 6,870 199,200 73,370 90,600 9,140 124,000 50,423 61,640 27,200 62,430
Aluminum 7 5 0.03 20 9 2 2 20 1 1 0.02 2
Antimony 3 1 0.01 10 2 0.50 0.50 5 0.17 0 0 0.50
Arsenic 6 2 0.01 30 5 1 1 10 1 1 1 1
Barium 245 10 0.05 1260 0.30 0.27 0.10 0.82 0.1 0.1 0.11 0.11
Beryllium 1 1 0 5 0.23 0.05 0.05 0.50 0.02 0 0 0.05
Boron 20 17 0.50 177 53 43 34 200 173 173 173 173
Bromide 171 169 17 306 82 65 27 152
Cadmium 8 0.05 0 40 0.23 0.05 0.05 0.50 0.02 0 0 0.05
Chromium 0.40 0.50 0.01 1 0.24 0.05 0.05 0.50 0.02 0.01 0.01 0.05
Cobalt 0.59 1 0.01 1 0.46 0.10 0.10 1 0.04 0 0 0.10
Copper 0.56 1 0.01 1 0.46 0.10 0.10 1 0.04 0 0 0.10
lodide 8 8 0 18
Lead 8 2 0.01 20 9 2 2 20 1 1 0 2
Lithium 58 65 2 100 33 34 17 44 20 20 20 20
Molybdenum 0.66 1 0 1 0.46 0.10 0.10 1 0.03 0 0 0.10
Nickel 0.88 0.20 0.01 2 0.92 0.20 0.20 2 0.07 0 0 0.20
TDS 211,607 228,119 14,128 309,457 122,516 151,861 21,774 196,029 88,070 105,374 51,412 107,425
(Calculated)
Major lons and Cretaceous Permian Devonian-Mississippian
Trace Elements
(Dissolved) Average Median Min Max Average Median Min Max Average Median Min Max
(mg/L)
Potassium 104 102 67 175 598 467 162 1,490 379 119 31 1,105
Sodium 8,566 10,500 3,700 13,900 21,166 16,900 5,330 50,800 13,558 9,377 6,150 35,250
Calcium 523 173 29 1,280 1,580 1,330 436 3,810 2,185 1,658 129 8,390
Magnesium 114 74 24 230 301 253 88 708 308 209 159 867
Chloride 12,442 17,860 2,760 20,800 39,820 30,900 10,700 103,000 23,648 14,440 12,000 64,000
Aluminum 2 2 2 2 2 2 2 2 2 2 0.10 2
Antimony 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.36 0.50 0 0.50
Arsenic 1 1 1 1 1 1 1 1 0.87 1 0.01 1.49
Barium 49 5 1 119 6 6 0.07 11 590 392 1.07 1890
Beryllium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0 0.05
Boron 8 8 4 11 6 6 6 6 25 8 5 61
Bromide 65 65 65 65 37 35 0 73
Cadmium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0 0.05
Chromium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.01 0.09
Cobalt 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.07 0.10 0 0.10
Copper 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.11 0.10 0.01 0.33
lodide
Lead 2 2 2 2 2 2 2 2 1 2 0 2
Lithium 3 3 2 4 16 16 16 16 16 5 4 30
Molybdenum 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.08 0.10 0 0.10
Nickel 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.15 0.20 0.01 0.20
TDS 23,641 31,190 9,297 36,773 63,658 50,181 16,865 159,975 41,117 27,098 20,344 107,775
(Calculated)
© Canadian Discovery Ltd. Table 7.1
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Other Formations Lithium Concentrations by Formation

a. Lithium Concentration by Age
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b. Lithium Concentration by Age (Detail)
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Lithium data sources from the current study
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Lithium Data Distribution

Cretaceous Chinkeh and Devonian Muskwa samples were
collected from the Helmet Field close to the Northwest
Territories border (figure 7.2). Cretaceous Gething and Triassic
Charlie Lake samples were collected from the Boundary Lake
North and Boundary Lake fields. Permian Belloy samples
were collected from the Eagle Field on the Peace River Arch.
Figures 7.3a and b shows the range of sampled concentrations
by formation with lithium concentrations ranging from 1 to 30
mg/L. The highest lithium values were tested in the Muskwa,
where both samples came from the same well and had values
of 30 mg/L. The lowest concentration, 1 mg/L, was recorded
from the Charlie Lake at Boundary Lake. The crossplot of
lithium concentration vs TDS values (figure /.3¢) is consistent
with the correlation between TDS and lithium concentration
in the Montney chapter where in general, higher lithium
concentrations correspond to higher TDS values. For the
Other Formations, TDS and lithium concentration values are
relatively low suggesting that formation waters are generally
fresher than those seen in the Montney.

Sample Collection and Testing Issues

Certain samples from the Triassic Boundary Lake and Charlie
Lake, Permian Belloy and Devonian Jean Marie and Muskwa
samples collected have abnormally low TDS values compared
to regional mapped TDS values. Some of these samples were

Figure 7.3

taken from wells in close proximity to areas under waterflood.
It is assumed that formation water has been diluted with
injection water; the values, therefore, do not reflect true
formation water and were not used in this study.

The Cases for Lithium Economic Viability

The following sections discuss the Other Formations sampled
and provide a brief geological summary for context and a brief
assessment of the TDS and aquifer quality.

TDS as a Proxy for Lithium Concentration

As there is a limited number of samples in the various
formations, and the geographical extent of those samples is
limited, the TDSto lithium concentration correlation developed
in the Montney chapter was used to high-grade or low-grade
formations. The correlation established that a TDS value of
150,000 mg/L (150 g/L) suggests a lithium concentration of
about 30 mg/L. The 150,000 mg/L contour from regional TDS
mapping is used to approximate where lithium concentrations
could be economically viable in the future. While the current
industry established threshold is generally accepted at
50 mg/L, it is anticipated that technologies in this emerging
industry will progress and this threshold will be reduced in the
foreseeable future.
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Belloy Schematic Cross-Section
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Possibly Economic

Permian Belloy

The Permian Belloy Formation is an excellent reservoir and
a proven aquifer as it is the target of many oilfield disposal
wells. The Belloy is best developed in the Peace River
Embayment/Fort St. John Graben. It comprises several
stacked regressive (sea level fall) sequences, grading from
siltstones and fossiliferous carbonates typical of outer shelf
to distal carbonate platform settings in the west, eastward to
shoreface and tidal to fluvial (river) channel sandstones and
dolostones (figure 7.4). Reservoir quality is best developed on
the embayment margins, where the section consists primarily
of cleaner, better-sorted sandstones.

The Belloy may have the capacity to host economic amounts of
insitu lithium. Aband of 150+ g/L TDS is mapped in the eastern
part of the Peace River block where the net reservoir is up to
40m thick (RPCL, 1995, CDL., 2022) (figure 7.5). As the Belloy
is known to be an excellent aquifer, water production should
not be a problem. Further sampling should be undertaken in
the most saline part of the formation, where the best reservoir
quality exists, and in areas not affected by waterflooding.

Figure 7.4

Furthermore, the Lower Montney directly overlies the Belloy
over much of the study area. The Lower Montney appears to
have higher volumes of illite than the rest of the Montney. It is
possible that the some of the lithium liberated into formation
waters when smectite converted to illite could have migrated
to the Belloy. More sampling of the Lower Montney has been
recommended in the Montney chapter. Operators should
consider sampling the Belloy as well.
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7.5 | Belloy TDS and Net Reservoir Map
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Middle Devonian Carbonates Schematic Cross-Section
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Middle Devonian Carbonates

The Middle Devonian Slave Point and Keg River formations
can also be excellent aquifers. They are two of the three
successions that comprise the Middle Devonian carbonate
complex in northern-most NEBC, namely the Slave Point,
Sulphur Point and Keg River (figure 7.6). The Slave Point was
deposited in the early stages of a basin-wide transgression
(sea level rise), which ultimately drowned the Middle Devonian
carbonate platforms of NEBC and Alberta (NEBC Play Atlas,
2006). Slave Point strata form a thick and complex carbonate
platform, comprising several stacked shallowing-upward
cycles. Slave Point gas reservoirs are hosted within dolomitized
reefal buildups, which grew on platform- and embayment-
margin banks and have good reservoir characteristics.
In terms of the correlation between TDS and lithium
concentration, the Slave Point and Keg River may have the
capacity to host lithium concentrations considered to be
economically viable in the future. In the Slave Point, there
is an area where TDS ranges from 150 to 160+ g/L in the
northeastern-most reaches of the study area, and net reservoir
ranges up to 140m thick along the shelf edge (figure 7.7)
(RPCL, 1995, CDL, 2022). As this area has an active aquifer,
water production should not be an issue as long as porosity
and permeability are developed. Further sampling should be
undertaken in the most saline part of the formation, and where
the best reservoir quality exists.

The Keg River may also host near economic concentrations
of lithium as TDS exceeds 150 g/L in the southern part of the
South Aquifer and over much of the same area as the Slave
Point farther north (figure 7.8).

Figure 7.6

Less Likely to be Economic

Cretaceous Dunlevy, Gething and Chinkeh

Regional TDS mapping shows the formation waters are
relatively fresh over the study for the Gething, Dunlevy
and Chinkeh formations (RPCL, 1995). The low
concentrations tested in the wells sampled for this study are

lithium

consistent with low regional mapped TDS values and suggest
alow in situ lithium potential for these formations. It is possible
that there are areas where there could be an aeolian-derived
volcanic felsic component in the Cretaceous sediments that
was blown in from volcanism associated with the subduction
of the Pacific plate beneath the North American plate (the
Laramide orogeny) to the west. Cretaceous sampling is so
sparse that lithium potential from a felsic volcanic component
cannot be excluded.

Triassic Charlie Lake

Triassic Charlie Lake sampling is so sparse and geographically
limited that lithium potential cannot be excluded. All the
Charlie Lake samples were collected along the northeastern
edge of the Peace River block, and are well under 50 mg/L of
lithium. As there is no regional TDS mapping for the Charlie
Lake, the correlation between TDS and lithium concentration
cannot be used. Furthermore, the Charlie Lake was deposited
in widespread, low-relief depositional environments in an
arid climate, and therefore, reservoir units tend to be thin
and discontinuous, which is not conducive to massive water

production.
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7.7 | Slave Point TDS and Net Reservoir Map
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7.8 | Keg River TDS and Net Reservoir Map
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a. Cl/Br vs Na/Br

Other Formations Water Chemistry Crossplots
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Mississippian Debolt

The Mississippian Debolt Formation is a well-known aquifer
throughout NEBC. Regional TDS values are well below the
150 g/L threshold used in this study to indicate possible
economic lithium viability. North of the Peace River block in
94-A, maximum TDS values of 120 g/L are mapped. At Desan
in northern NEBC where the two Mississippian samples were
taken, formation waters are even fresher with a mapped TDS
value of about 20 g/L (RPCL, 1995). The low regional mapped
TDS values do not bode well for economic concentrations of
lithium in the Debolt.

Devonian Jean Marie

The Jean Marie has several points against it being
economically viable for lithium. It is both underpressured and
under-saturated with respect to water. Water flow rates are
expected to be low. At Desan in northern NEBC, where the
one contaminated Jean Marie sample was taken, formation
waters are fresh with a mapped TDS value of about 20 g/L

(RPCL, 1995).

Water Chemistry Trends

To be consistent with the previous chapters, the water
chemistry graphs are presented for the other formations
data in figures 7.9 and 7.10. As with the Montney and the
Triassic aquifers, statistical analyses were run on several ions
to see if there is any correlation to lithium. Chloride (Cl) and

Figure 7.9

bromide (Br) are used to normalize data, as they tend to
be conservative ions that remain in solution once dissolved
and are not easily removed from the system by water-rock
interactions. The general takeaway from these graphs is that
lithium concentrations, along with the concentrations of other
ions and ratios, are very low compared to the Montney.

Future Sampling Recommendations

Based on the TDS correlation with respect to lithium and
previous net reservoir mapping, the Belloy and Middle
Devonian Carbonates, specifically the Slave Point and Keg
River, may have lithium potential and should be sampled in
the most saline part of the formations, and where the best
reservoir quality exists (figure 7.11). Sampling in the Belloy
should avoid any areas affected by waterflooding.

Total dissolved solids are low in all Cretaceous formations,
and no specific areas are recommended for future sampling.
However, Cretaceous sampling is so sparse that lithium
potential from a felsic volcanic component in the sediments
cannot be excluded.

Sampling all formations is recommended to increase not only
the number of samples in the NEBC lithium database, but also
the geographical spread of the data.
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Other Formations Water Chemistry Lithium Crossplots
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APPENDIX A WATER CHEMISTRY DATA

Water Chemistry Data

This Appendix is digital only, provided in Excel format, and
includes the following:

m This studies water chemistry data

® The GSC water chemistry data used in this study

® The AGS water chemistry data used in this study

Data provided by Canadian Discovery Ltd., the GSC and the AGS.
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APPENDIX B

SAMPLING METHODS AND

ANALYTICAL PROCEDURES

Introduction

Sampling and data collection methods for the program

were standardized where feasible and used to verify that the

data obtained were of appropriate quality. This objective
was addressed through the following key operational
implementations:

1. The assembly and quality checking of well data pre-
populated for each infrastructure type (see 2., below) and
sample location prior to sampling. This task also captured
key metadata fields of importance to the project, which
were subsequently checked with specific operators for
accuracy

2. The use of standardized sampling procedures

3. The use of a nationally accredited laboratory that
has significant expertise in analyzing oilfield brines
with specific applications to lithium and other metal
concentration assessments.

4. Adherence to standardized QA/QC methodologies

5. Documented Chain of Custody procedures

These items are elaborated upon in the following sections.

Metadata Collection

Metadata parameters are considered those which are not
explicitly analyzed but collected prior to and as part of
the program activities. This includes sampling locations,
sample collection dates, stratigraphic and depth intervals,
infrastructure types utilized for sampling, as well as additional
details on specific conditions of sampling. These parameters
were organized into three main categories corresponding to
their order of collection.

1. Pre-field metadata

2. Field-collected metadata

3. Post-field quality check and assurance data

The full list of metadata parameters is displayed in table B.1.
All metadata parameters were collected as available. In cases
where certain information was not available, a best effort was
made to illustrate and document the circumstances involved

as well as missing information or uncertainties.

Sampling Methodology and Procedures

A standardized sampling procedure was devised and
implemented for the program, which considered variations on
four key infrastructure types for sampling. These infrastructure
types include wellhead sampling, sampling at an oil separator,
sampling at a treater, and sampling of an onsite production
stream or tankage under certain circumstances. The sample
collection method from each of these infrastructure types
followed Lico et al. (1982) as a benchmark industry standard.
In general, the preference is to sample from isolated, “in-test”
separators; however, in practice this can present challenges
depending on infrastructure and production configuration and
is not always feasible. Infrastructure configuration challenges
account for the highest degree of variability and unforeseen

challenges in attaining the full number of originally proposed
samples. This was due to many operations in Northeastern
BC configured in a “wet-metered” configuration with little
or no means of fluid separation or isolating production from
individual wells or zones. Measures were taken to adapt the
sampling procedures to include additional sampling options
where necessary and justified under certain conditions to
attain a reasonable sample coverage. These samples are
clearly identified in the results data.

Of utmost importance during sampling is safety. There is an
inherent risk in oilfield sampling which necessitates rigorous
safety requirements. The following descriptions are illustrative
of the procedural sampling methodologies for data integrity
and do notinclude the full industry standard safety procedures
for the purposes of this report. All oilfield sampling programs
must comply with Worksafe BC requirements and limits (OHS
Guidelines — WorkSafeBC), as well as operator-specific safety
standards and procedures.

Wellhead Sampling

Sampling at the wellhead is the process of collecting a fluid
sample from a sampling port at the wellhead production
assembly. For this project, an oilfield wellhead is defined
as any mechanism fitted onto a well that has structural and
pressure-containing interface capabilities, which involve at
least one valve to isolate the well from the atmosphere. The
surface pressure control is provided by a master valve, which
is installed on the production tubing located above the casing
bowl. Wellheads can have multiple isolation valves and chokes
to control fluid flow. Wellheads are typically attached to a
surface casing bowl welded/attached to the surface casing or
surface conductor pipe, which has been cemented in place to
ensure adequate well structural integrity.

Wellhead sampling is conducted after the necessary safety
precautions are observed, such as testing and releasing
wellhead pressure and properly opening infrastructure

isolation valves.

Separator Sampling

Test separators are used in oil and gas fields to measure the
flow rates of various wells and collect water and hydrocarbon
samples from one or more wells at a satellite location. Test
separators for this sampling program were either 2-phase or
3-phase. Two-phase means that oil and water are separated
from gas, whereas 3-phase means that oil, water, and gas are
each separated. For both 3-phase and 2-phase, a sampling
valve on the separator tank was accessed and safely opened
to produce a fluid sample. Where feasible, the owner and
operator confirmed that the wells flowing to the separator
were “into test” at least 24 hours prior to sample collection to
flush the lines and ensure no risk of contamination from other
wells. In some cases, the only way to collect a representative
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sample due to infrastructure and production configuration
constraints was to collect a comingled fluid sample. Where
this was the case, the samples are explicitly documented
as such and have been identified as representing only one
formation production interval despite being sourced from a
group of wells.

Treater Sampling

A heater treater uses heat, delivered by a burner and fire tube,
to heat the fluid inside a tank. This accelerates the process
of separation. Similar to a 2-phase separator, the valves and
piping will send the gas to either sales or flare, and the oil will
be sent downstream. Produced water is also separated at this
tank and is sent downstream for disposal. A sampling valve is
usually present on treaters to gain access to production fluids
which can be collected along the oil production stream.

On-Site Production Stream or Tankage

Where present, onsite tankage may provide an additional
means of sampling although these may comprise commingled
fluids and will need to be assessed for their degree of
representation of discrete zones of interest. In these cases,
sampling ports at the base of the tanks may provide access
to the fluids inside and must be assessed on a case-by-
case scenario in coordination with the well owner/operator.
This infrastructure is considered as a last resort option for
sample collection given that the formation waters will have
equilibrated to surface pressure and temperature conditions,
and therefore may introduce some additional margin of error
as chemical constituents equilibrate in such tanks.

Sample Collection

Once infrastructure access to fluids is attained, sample
collection is undertaken. The sampling procedure observed
for this program conforms to the methods outlined in Lico et
al. (1982), which is regarded as the foundational reference for
oilfield formation water and brine sampling. Water is collected
in an intermediate 9 L carboy and approximately 8 L of water
or emulsion is collected if there is an oil/water mixture. The
sample is capped and contained in the sealed carboy and
allowed to sit for a period of time to assess whether the
emulsion begins to separate on its own. Sample temperature
is taken immediately after collection. Once the emulsion
separates adequately, the spigot at the base of the carboy
(where the denser formation water will separate out) is used to
fillindividual 1 Llaboratory-provided standard oilfield sampling
bottles. Typically, three to four 1 L bottles were collected for
the project, one primary unfiltered and unpreserved sample,
one secondary or duplicate raw sample and one sample
filtered through two filters, a prefilter and a 0.45 pym filter and
preserved with nitric acid. Additionally, another duplicate
unfiltered and unpreserved sample was collected for a
selected percentage of wells. In this fashion, a backup sample
was captured in the event of damage or integrity issues in
transit as well as to have a backup separate sample available
for analysis if results were flagged for inconsistencies. The
duplicate samples were collected in accordance with the QA/
QC procedures described in their respective section of this
summary. The filtered and preserved samples were collected

to check for possible sample quality degradation in the
raw unfiltered sample. Following the review of initial results
and discussions with AGAT Laboratories Petroleum Testing
Services, the collection of a filtered sample was discontinued.
The filtered sample results did not exhibit a material difference
from unfiltered samples and required the use of specialized
equipment that added significant cost, logistical constraints,
and prohibitive sampling time requirements for operator
accommodation. This was consistent with AGAT's experience
in the analysis of brine samples and allowed for more effective
operator coordination and scheduling for the project. Details
of the difference between the filtered and unfiltered sample
results are captured in the Relative Percent Difference analysis
included in Appendix C.

Nationally Accredited Laboratory

The program selected AGAT Laboratories Petroleum Testing
Services for this project, with laboratories and branch locations
in Fort St. John and Fort Nelson, BC, and an Oilfield Water
Laboratory in Calgary, AB. A full suite of water chemistry
analyses, including lithium-ion concentration was established
to capture routine brine chemistry for characterization, along
withthefull suite of dissolved metal parameters ofinterestto this
study. The routine analysis includes pH, electrical conductivity,
Ca, Mg, Na, K, Fe, SO,, Cl, Mn, carbonate, bicarbonate, NO,,
NO,, NO,, NO,, N, alkalinity, hardness, calculated total
dissolved solids (TDS), Dissolved Organic Carbon (DOC), Br
and |. The dissolved metals analysis includes analysis for Al,
Sb, As, Ba, Be, Bi, B, Cd, Ca, Cr, Co, Cu, Fe, Pb, Li, Mg, Mn,
Mo, Ni, K, Se, Si, Ag, Na, S, Sr, Sn, TI, Ti, U, V and Zn and
has explicitly been selected to run on an ICP-OES instrument
(in contrast to standard ICP-MS instruments) to mitigate
requirements for analytical dilution and better accuracy and
precision for dissolved lithium and other sensitive parameters.
The project also partnered with the GSC, which has agreed to
provide scientific input and share analytical costs in support
of a parallel yet separate study, which will further analyze the
collected samples for a suite of isotopic parameters.

QA/QC Controls and Procedures

In accordance with Matrix standard practices, QC protocols
were followed for the sampling program. These QC measures
included the collection and analysis of duplicate samples, as
well as a review of the results for the laboratory QC samples.
Samples were collected as blind samples and assigned a
unique sample number for submission to the laboratory.
This ensures that the sample location is not identified by the
laboratory and results cannot be biased.

Duplicate samples were taken for each formation sampled, at
a regular frequency, to monitor the reproducibility (precision)
and variability of the sampling method and laboratory analysis.
All duplicate samples analyzed were judged to be acceptable,
with all relative percent difference values less than 30% and
checked for acceptable charge balances within a 10% error.
Duplicates were taken for each sampled formation or at every
seventh collected sample (whichever applied, dependant on
the number of samples collected).
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Table B.1 Metadata Collection Parameters

Phase Data Type Metadata Parameter
Unique Well Identifier (UWI)
Global Positioning System coordinates easting
Global Positioning System coordinates northing
Location

Formation

Well & Infrastructure

Completion

Pre-Field Metadata and Confirmation

Production & Fluids

Ground elevation, meters above sea level (masl)

Operator company

Producing field name

Formation sampled (formation name)

Formation member name (if available)

Geological age (eg. Devonian)

GeoScout downhole temperatue (degrees Celsius)

Production zone, if known

Well type: Oil / Gas

Well Safety: Sweet or sour?

Well type comment: Fracked well, flowback or other condition of produced water
Well completion depth top (elevation masl)

Well completion depth base (elevation masl)

Most recent well intervention type and date - workover, fracking, etc.
Certainty of singular prod zone (ranked: 1-low to 10-high)

Water Cut (percentage if known ex: 75%)

Additives - yes/no

Additive information - concentration, location added, type (descaler, oxygen scavenger,
biocide, unknown, proprietary, etc.)

Pressure of producing well?

Production hours of well (in test or other production condition or parameter)

Sampling &
Infrastructure

Field Collected

Sample ID(s) (Pre-populated; coincides with chain of custody)

Confirm if sample is sour (Y/N)

Operator Company

Supporting operator: last name, first name

Collection date, time

Number of sample bottles

Infrastructure type sampled (ex: separator, wellhead etc.)

Infrastructure additional comment (single or multi-well, in test condition and running time)
Sample temperature at collection (degrees Celsius)

Degree of emulsification (appx. Percentage ex: 10%)

Description of sample - clear/cloudy, colour, emulsion, product, smell, gassy, turbid, etc.

Field note / additional comments

Collection and
Transmittal Details

Post Field Metadata
Quality Checks

Chain of custody (COC) number
Date shipped

Transit time

Lab arrival date & time

Date sample processed and analyzed

Observations about sample when analyzed, if applicable

© Canadian Discovery Ltd.

Table B.1
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An additional QA/QC control identified and considered for the
project was the creation of a synthetic reference standard(s)
for specific Li concentrations. Although this was viewed as
a potentially useful tool, costs to create synthetic standards
were prohibitive and were not within the project budgetary

constraints.

Evaluation Criteria For Quality Control Measures
Matrix completed the initial review of all analytical data
received from the laboratory. The criteria for evaluation of
the field duplicate samples take into account the detection
limit (DL), the reliable detection limit (RDL; 5 times the DL),
the absolute difference between the duplicate values, and/
or the relative percent difference (RPD) calculated for each
set of duplicate parameter analyses (Zeiner, 1994). As well,
the criteria take into consideration the expected chemistry of
the sample based on historical cation values of the producing
fields and the concentration of the specific parameter (Zeiner,
1994).

The results of the field duplicate sample analyses are indicated
in the Data Quality columns of the formation waters database
and the results of the duplicate analyses are also included in
the results table.

The RPD is calculated as follows (Eaton et al., 2017):

(Absolute difference between the two duplicate results)
(Mean of the two duplicate results)

RPD= X100

References

AGAT Laboratories Petroleum Testing Services also employed
QC measures to ensure that the data released is as accurate
and precise as possible. Upon receipt of the analytical report,
Matrix checked to ensure that the data passed the laboratory’s
QC measures for duplicates and expected fluid cation
chemistries as compared to historical field production. Matrix
also evaluated the ion balance reported by the laboratory
to ensure that it was within acceptable ranges of between
90 and 110 for brine samples. If a discrepancy was found, the
laboratory was contacted and asked to provide a rationale for
the discrepancy and, if necessary, a recheck of the result was
requested or the samples was reanalyzed for the parameters

of concern.

Chain of Custody Procedures

A standard chain of custody documentation procedure was
used to capture sampling and relinquishing transactions
of each sample in transit to the laboratory. This included all
information, such as sampling time, bottle numbers, analytical
requirements, and transit times as part of the sample
submissions. Copies of the signed forms were documented
for each step.

m Eaton, A.D. et al. (Eds.). 2017. Standard Methods for the Examination of Water and Wastewater. 23rd Edition. The American

Public Health Association, the American Waterworks Association, and the Water Environment Federation. ISBN: 978 0

87553 287 5. Washington, DC, USA. June 15, 2017.

® Lico MS, Kharaka YK, Carothers WW, Wright VA. 1982. Methods for collection and analysis of geopressured geothermal and

oil field waters. Geological Survey, Menlo Park, CA (USA)

m Zeiner S.T. 1994. Realistic criteria for the evaluation of field duplicate sample results. Reprinted from the proceedings of
Superfund XV. Washington, DC, USA. November 29 to December 1, 1994.
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APPENDIX C

WATER CHEMISTRY SCREENING

Water Chemistry Screening

Due to the limited number of samples collected for this study,
routine water chemistry has been incorporated into each
chapter to provide a higher resolution understanding of water
chemistry trends for each formation. The water chemistry
data were obtained from geoLOGIC's Fluid Analysis module
in geoSCOUT. These water chemistry samples are commonly
recovered during drilling, testing, completion and production
operations and may consist primarily of true formation water
or of contaminants such as mud filtrates or completion
fluid. As a result, various screening methods are required to
distinguish reliable analyses of true formation waters from
erroneous analyses and samples contaminated with drilling and
completion/stimulation fluids. Table 7 summarizes the baseline
criteria used to screen the water chemistry data.

Additional screening was applied where necessary to further

remove anomalous data. Additional screening may have

included:

= Plotting data on a Na/Cl vs Mg (HCO, + SO,) plot to flag data
that fall off the expected formation water to meteoric dilution
trend

= Analyzing individual Stiff diagrams. Occasionally tests with
contamination will make it through the baseline screening,
however the Stiff diagram may be able to clearly determine
sample contamination

= TDS mapping. Any data with anomalously higher or lower
TDS compared to neighbouring wells were removed during
the mapping process

For the Montney Chapter 5, additional steps were taken to
deal with the potential influence of frac fluid on water analyses.
These steps are outlined in that chapter.

Table C.1: Screening Criteria Used for Water Chemistry Data from geoSCOUT
What is Removed

Acceptance Criteria

lon Charge Balance calculated as mol cations/
mol anions >0.9 and < 1.1

pH <4.5

Ca/Cl > 0.3 And pH < 5.7

Na/Ca< 1.2

Na/Ca < 5 And Na/Mg< 10 And pH < 6
Na/Cl < 0.4 and pH <6.8

SO,/Cl>10

Water Density <0.95 and >0

Na/K < 20

Na/Cl > 5

Na/Cl > 3.5 and SO,/Cl > 1.5

Alcohols

Erroneous Analyses

Acid Water/Completion Fluid
Acid Water/Completion Fluid
Acid Water/Completion Fluid
Acid Water/Completion Fluid
Acid Water/Completion Fluid

Corrosion Inhibitor

KCl Mud Filtrate
Gel Chem Mud Filtrate
Gel Chem Mud Filtrate
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Table C.2: Water Quality Control Sample Results from Field Samples - All Duplicates

Sample Sample MSI Sample Ca Mg Na K Cc SO, TDS Li Br

Point Date Number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
04-29-087-14W6/0 01-Jun-22 31224220601111 2,948 651 54,430 1,047 92,500 2,150 153,925 41.60 ---
04-29-087-14W6/0 01-Jun-22 31224220601112 2,917 646 54,640 1,041 93,500 2,150 153,155 41.80 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -
Absolute Difference* 31 5 210 6 1,000 0 770 0.20 -
Absolute Relative Percent Difference (RPD)* 1.06 0.77 039 0.57 1.08 0 0.50 0.48
Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good
06-29-087-14W6 01-Jun-22 31224220601117 2,977 703 53,570 954 92,300 2,120 152,772 40.70 -
06-29-087-14W6 01-Jun-22 31224220601118 2,829 694 54,540 950 92,000 2,160 153,318 40.50 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50
Absolute Difference* 148 9 970 4 300 40 546 0.20
Absolute Relative Percent Difference (RPD)* 5.10 1.29 1.79 0.42 0.33 1.87 0.36 0.49
Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good -
14-14-088-15W6/00 01-Jun-22 31224220601119 2,928 660 51,700 1,035 93,500 2,070 152,058 42.40 -
14-14-088-15W6/00 01-Jun-22  31224220601120 2,896 651 53,640 1,035 92,000 2,070 152,461 41.90
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -
Absolute Difference* 32 9 1,940 0 1,500 0 403 0.50
Absolute Relative Percent Difference (RPD)* 1.10 1.37 3.68 0 1.62 0 0.26 1.19
Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good
08-08-086-13W6/00 02-Jun-22 31224220602101 2,908 729 56,880 967 103,000 2,880 168,178 40.50
08-08-086-13W6/00 02-Jun-22 31224220602102 3,140 772 55,610 1,025 100,000 2,660 163,994 39.50 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -
Absolute Difference* 232 43 1,270 58 3,000 220 4,184 1 --
Absolute Relative Percent Difference (RPD)* 7.67 5.73 2.26 5.82 2.96 7.94 2.52 2.50
Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good Good
13-16-087-13W6/02 02-Jun-22 31224220602103 458 145 23,800 692 37900 2,350 65,760 43.70
13-16-087-13W6/02 02-Jun-22 31224220602104 446 136 23,900 655 36,900 2,370 64,822  43.50 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50
Absolute Difference* 12 9 100 37 1,000 20 938 0.20
Absolute Relative Percent Difference (RPD)* 2.65 6.41 0.42 5.49 2.67 0.85 1.44 0.46
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good --
01-17-086-13W6/00 02-Jun-22 31224220602107 3,384 853 50,800 981 94,500 2,230 152,977 42
01-17-086-13W6/00 02-Jun-22 31224220602108 3,490 874 52,300 1,026 97,700 2,250 157,874 42.20
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -
Absolute Difference* 106 21 1,500 45 3,200 20 4,897 0.20
Absolute Relative Percent Difference (RPD)* 3.08 2.43 2.91 4.48 3.33 0.89 3.15 0.48
Duplicate Sample Results Evaluation ~Good Good Good Good Good Good Good  Good
04-16-086-13W6/02 02-Jun-22 31224220602109 4,100 868 57,380 1,086 103,000 2,020 168,686 38.70
04-16-086-13W6/02 02-Jun-22 31224220602110 4,230 868 56,180 1,080 103,000 2,220 167,813 39.20 -
Detection Limit (DL) 1 0.50 350 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 --
Absolute Difference* 130 0 1,200 6 0 200 873 0.50
Absolute Relative Percent Difference (RPD)* 3.12 0 2.11 0.55 0 9.43 0.52 1.28
Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good
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Table C.2: Water Quality Control Sample Results from Field Samples - All Duplicates

Sample Sample MSI Sample Ca Mg Na K Cc SO, TDS Li Br

Point Date Number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
12-31-087-14W6/00 05-Jun-22  31224220305113 3,000 628 53,400 987 95900 2,100 156,175 41
12-31-087-14W6/00 05-Jun-22 31224220305114 2,870 585 54,200 930 95,100 2,080 153,344 41 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -
Absolute Difference* 130 43 800 57 800 20 2,831 0 -
Absolute Relative Percent Difference (RPD)* 4.43 7.09 1.49 5.95 0.84 0.96 1.83 0
Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good
06-24-086-14W6/00 07-Jul-22  31224220707120 834 117 2,280 67.30 3,550 2,260 9,294 2.02
06-24-086-14W6/00 07-Jul-22  31224220707121 828 115 2,290 67.30 3,600 2,300 9,409 2.09
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50
Absolute Difference* 6 2 10 0 50 40 115 0.07
Absolute Relative Percent Difference (RPD)* 0.72 1.72 0.44 0 1.40 1.75 1.23 3.41

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good -

07-01-086-14W6/00 07-Jul-22  31224220707122 919 169 2,810 98 4,410 2,550 11,193 2.18 -
07-01-086-14W6/00 07-Jul-22  31224220707123 930 172 2,820 98.80 4,420 2,600 11,290 2.19
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -

Absolute Difference* 11 3 10  0.80 10 50 97 0.01

Absolute Relative Percent Difference (RPD)* 1.19 1.76 0.36 0.81 0.23 1.94 0.86 0.46

Duplicate Sample Results Evaluation =~ Good Good Good Good Good Good Good Good ==

06-06-086-14W6 07-Jul-22  31224220707124 867 186 2,870 90.20 4,470 2,500 11,209 2.15
06-06-086-14W6 07-Jul-22  31224220707125 869 183 2,860 91.50 4,430 2,500 11,184 2.09 -
Detection Limit (DL) 1 0.50 350 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -

Absolute Difference* 2 3 10 1.30 40 0 25 0.06

Absolute Relative Percent Difference (RPD)* 0.23 1.63 0.35 1.43 0.90 0 0.22 2.83

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good

03-06-086-14W6 07-Jul-22  31224220707126 937 169 2,780 91.50 4,390 2610 11,267 2.22
03-06-086-14W6 07-Jul-22  31224220707127 1,010 175 2,780 93.30 4,340 2,560 11,254 2.18 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50

Absolute Difference* 73 6 0 1.80 50 50 13 0.04

Absolute Relative Percent Difference (RPD)* 7.50 3.49 0 1.95 1.15 1.93 0.12 1.82 -

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good
16-10-085-14W6/00 07-Jul-22  31224220707129 783 304 3,520 105 5,080 2,510 12,647 1.87 -
16-10-085-14W6/00 07-Jul-22  31224220707130 787 307 3,550 106 5070 2540 12,735 1.94
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50

Absolute Difference* 4 3 30 1 10 30 88 0.07

Absolute Relative Percent Difference (RPD)* 0.51 0.98 0.85 0.95 0.20 1.19 0.69 3.67

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good

13-03-085-14W6/00 07-Jul-22  31224220707131 778 304 3,490 104 5050 2,550 12,586 1.96
13-03-085-14W6/00 07-Jul-22  31224220707132 772 294 3,560 101 5020 2,530 12,640 213
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -

Absolute Difference* 6 10 70 3 30 20 54 0.17 --

Absolute Relative Percent Difference (RPD)* 0.77 3.34 1.99 2.93 0.60 0.79 0.43 8.31

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good
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Table C.2: Water Quality Control Sample Results from Field Samples - All Duplicates

Sample Sample MSI Sample Ca Mg Na K Cc SO, TDS Li Br

Point Date Number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
11-30-084-14W6/00 07-Jul-22  31224220707133 3430 2490 3,700 66.60 2,790 16.60 9,324 3.86
11-30-084-14W6/00 07-Jul-22  31224220707134 2850 2430 3,730 71.50 2,760 6.40 9,297 3.79
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50
Absolute Difference* 5.80 0.60 30 490 30 10.20 27 0.07
Absolute Relative Percent Difference (RPD)*  18.47 2.44 0.81 7.10 1.08 0.29 1.83

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good

05-33-085-13Wé 07-Jul-22  31224220707135 599 110 996 40.70 1,440 1,860 5,161 0.88 -
05-33-085-13Wé 07-Jul-22  31224220707136 574 117 962 39.80 1,420 1,850 5,081 0.85 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50

Absolute Difference* 25 7 34  0.90 20 10 80 0.03

Absolute Relative Percent Difference (RPD)* 4.26 6.17 3.47 2.24 1.40 0.54 1.56 3.47

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good
a-018-J/094-0O-11/00 12-Jul-22  31224220711101 1,280 230 10,500 104 17,860 4 31,190 2.36 -
a-018-J/094-0-11/00 12-Jul-22  31224220711103 1,100 216 11,000 102 18,000 6.30 31,621 2.38 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -

Absolute Difference* 180 14 500 2 140 2.30 431 0.02

Absolute Relative Percent Difference (RPD)*  15.13 6.28 4.65 1.94 0.78 1.37 0.84

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good

d-51-G 26-Jul-22  31224220726144 8,390 867 35,250 255 62,900 23 107,775  30.20 -
d-51-G 26-Jul-22  31224220726145 7,450 724 32,400 250 64,000 21.10 104,935 29.80 -
Detection Limit (DL) 1 1 1 1 1 1 1 1 1

Reliable Detection Limit (RDL)** 5 5 5 5 5 5 5 5 -

Absolute Difference* 940 143 2,850 5 1,100 1.90 2,840 0.40 -

Absolute Relative Percent Difference (RPD)* 11.87  17.98 8.43 1.98 1.73 8.62 2.67 1.33

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good

a-01-K 26-Jul-22  31224220726146 230 209 10,160 119 14,440 24.40 27,098 4.90 ---
a-01-K 26-Jul-22  31224220726147 164 159 9,150 108 12,840 23.60 24,299 4.92 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50

Absolute Difference* 66 50 1,010 11 1,600 0.80 2,799 0.02

Absolute Relative Percent Difference (RPD)* 3350 27.17 10.46 9.69 11.73 3.33 10.89 0.41
Duplicate Sample Results Evaluation =~ Poor Good Good Good Good  Good Good  Good

b-83-H 26-Jul-22  31224220726148 180 234 10,230 86.60 12,600 21.20 25,305 4.14 -
b-83-H 26-Jul-22  31224220726149 129 190 8,860 76 12,360 20.50 23,588 4.20 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -

Absolute Difference* 51 44 1,370 10.60 240 0.70 1,717 0.06

Absolute Relative Percent Difference (RPD)* 33.01 20.75 14.35 13.04 1.92 3.36 7.02 1.44

Duplicate Sample Results Evaluation =~ Poor Good Good Good Good  Good Good  Good
13-21-088-14W6/00 08-Sep-22 31224220908512 2,595 430 39,200 980 61,640 2,483 107,425 19.50
13-21-088-14W6/00 08-Sep-22 31224220908514 2,267 400 36,800 910 62,430 2,471 105,374 19.80
Detection Limit (DL) 1 0.50 350 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -

Absolute Difference* 328 30 2,400 70 790 12 2,051 0.30 -

Absolute Relative Percent Difference (RPD)*  13.49 7.23 632 7.41 1.27 0.48 1.93 1.53

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good
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Table C.2: Water Quality Control Sample Results from Field Samples - All Duplicates

Sample Sample MSI Sample Ca Mg Na K Cc SO, TDS Li Br

Point Date Number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
05-25-080-16Wé 09-Sep-22 31224220909523 9,660 1,300 56,200 1,540 127,500 350.40 196,601 77.70
05-26-080-16W6 09-Sep-22 31224220909525 11,000 1,410 60,800 1,690 119,900 331 195,177 81.10 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -
Absolute Difference* 1,340 110 4,600 150 7,600 19.40 1,424 3.40 -
Absolute Relative Percent Difference (RPD)*  12.97 8.12 7.86 9.29 6.14 5.69 0.73 4.28
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good  Good
12-09-080-16Wé 09-Sep-22 31224220909527 23,300 2,080 79,600 2,560 171,700 159 279,414  75.90
12-09-080-16W6 09-Sep-22 31224220909529 20,100 1,830 69,700 2,250 182,500 163 276,580 71.60
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50
Absolute Difference* 3,200 250 9,900 310 10,800 4 2,834 4.30 ---
Absolute Relative Percent Difference (RPD)* 14.75 1279 13.26 12.89 6.10 2.48 1.02 5.83

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good -

01-10-080-16Wé 12-Sep-22 31224220912516 23,300 2,700 77,400 2,490 181,700 191 287,785 71.20 -
01-10-080-16Wé 12-Sep-22 31224220912518 20,600 2,030 76,950 2,210 185,620 19570 287,621 70.70
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -

Absolute Difference* 2,700 670 450 280 3,920 4.70 164 0.50

Absolute Relative Percent Difference (RPD)* 12.30  28.33 0.58 11.91 2.13 2.43 0.06 0.70

Duplicate Sample Results Evaluation =~ Good Good Good Good Good Good Good Good ==

05-15-080-19Wé 30-Sep-22 31224220930797 19,500 1,340 79,000 3,020 190,400 7.40 293,277 80.40 -
05-15-080-19Wé 30-Sep-22 31224220930795 19,300 1,300 79,300 2,840 195,100 6.80 297,857 73.10 -
Detection Limit (DL) 1 0.50 350 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 -

Absolute Difference* 200 40 300 180 4,700 0.60 4,580 7.30 ---

Absolute Relative Percent Difference (RPD)* 1.03 3.03 0.38 6.14 2.44 1.55 9.51

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good

13-08-080-19W6 18-Oct-22 31224221018784 20,900 1,550 19,600 2,940 74,760 0 119,760 90.40
13-08-080-19Wé 18-Oct-22 31224221018785 20,800 1,600 20,400 2,880 73,530 0 119,220 89.70 -
Detection Limit (DL) 1 0.50 3.50 5.60 7 i3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50

Absolute Difference* 100 50 800 60 1,230 0 540 0.70

Absolute Relative Percent Difference (RPD)* 0.48 3.17 4 2.06 1.66 - 0.45 0.78 -

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good  Good

06-36-081-14Wé6 18-Jan-23 31224230118001 5,400 1,100 62,500 1,930 124,000 1,020 196,029 29.80 144
06-36-081-14W6 18-Jan-23 31224230118003 5,800 1,100 65,600 1,880 117,000 995 192,453 31.10 152
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5

Absolute Difference* 400 0 3,100 50 7,000 25 3,576 1.30 8

Absolute Relative Percent Difference (RPD)* 7.14 0 484  2.62 5.81 2.48 1.84 4.27 5

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good Good Good

a-042-H/094-A-13 19-Jan-23 31224230119010 2,140 496 53,600 1,830 87,700 1,924 148,195 32.60 66
a-042-H/094-A-13 19-Jan-23 31224230119012 2,350 503 54,800 1,960 87,400 1,874 149,386 35.20 57
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5

Absolute Difference* 210 7 1,200 130 300 50 1,191 2.60 9

Absolute Relative Percent Difference (RPD)* 9.35 1.40 2.21 6.86 0.34 2.63 0.80 7.67 15

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good Good Good
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Table C.2: Water Quality Control Sample Results from Field Samples - All Duplicates

Sample Sample MSI Sample Ca Mg Na K Cc SO, TDS Li Br

Point Date Number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
b-042-H/094-A-13 19-Jan-23  31224230119013 2,110 494 53,100 1,920 87,400 1,854 147,209 25 58
b-042-H/094-A-13 19-Jan-23  31224230119015 2,074 512 54,200 1,900 90,200 1,857 151,035 33.70 71
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5
Absolute Difference* 36 18 1,100 20 2,800 3 3,826 8.70 13
Absolute Relative Percent Difference (RPD)* 1.72 3.58 205 1.05 3.15 0.16 257 29.64 20

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good Good Good

c-019-1/094-A-13 19-Jan-23 31224230119016 73.60 27.40 11,100 312 13,700 944 28,432  20.10 27
c-019-1/094-A-13 19-Jan-23  31224230119018 63.60 17 10,560 296 13,400 92280 27,507 19.70 50
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5

Absolute Difference* 10 10.40 540 16 300 21.20 925 0.40 23

Absolute Relative Percent Difference (RPD)*  14.58  46.85 4.99 5.26 2.21 2.27 3.31 2.01 60

Duplicate Sample Results Evaluation =~ Good  Poor Good Good Good  Good Good Good  Poor

c-013-J/094-A-13 19-Jan-23 31224230119019 47.60 19 8,988 232 10,200 920.40 23,035 19.80 50
c-013-J/094-A-13 19-Jan-23  31224230119021 33.40 18.50 8,966 230 10,300 900.50 22,978 19.50 63
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5

Absolute Difference*  14.20 0.50 22 2 100 19.90 57 0.30 13

Absolute Relative Percent Difference (RPD)*  35.06 267 025 087 0.98 2.19 0.25 1.53 23

Duplicate Sample Results Evaluation ~ Poor Good Good Good Good  Good Good Good Good

d-051-J/094-A-13 19-Jan-23 31224230119022 41 15.10 8,851 234 9,490 758.70 21,971 17.70 115
d-051-J/094-A-13 19-Jan-23 31224230119024 39 1480 9,074 239 9,140 680.10 21,774 1740 51
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5

Absolute Difference* 2 0.30 223 5 350 78.60 197 0.30 64

Absolute Relative Percent Difference (RPD)* 5 2.01 2.49 2.1 3.76 10.93 0.90 1.71 77

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good Good  Poor

d-065-H/094-A-15 31-Jan-23  31224230131037 1,820 495 27,800 713 47,200 2,340 80,369 26.20 93
d-065-H/094-A-15 31-Jan-23 31224230131039 1,800 477 28,100 725 47,300 2,370 80,814 25.20 90
Detection Limit (DL) 1 1 1 1 1 1 1 1 1

Reliable Detection Limit (RDL)** 5 5 5 5 5 5 5 5 5

Absolute Difference* 20 18 300 12 100 30 445 1 3

Absolute Relative Percent Difference (RPD)* 1.10 3.70 1.07 1.67 0.21 1.27 0.55 3.89 3

Duplicate Sample Results Evaluation Good Good Good Good Good  Good Good Good Good

06-31-086-15Wé 01-Feb-23 31224230201067 173  73.80 13,900 175 20,800 374 36,773 <0.10 65
06-31-086-15W6 01-Feb-23 31224230201069 0 0 0 0 0 0 0 <0.10 0
Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5

Absolute Difference* 173  73.80 13,900 175 20,800 374 36,773 --- 65

Absolute Relative Percent Difference (RPD)* - - - - - - - - -

Duplicate Sample Results Evaluation =~ Poor = Poor  Poor  Poor Poor  Poor Poor Good  Poor

01-23-081-18W6 20-Jan-23 31224230120028 21,000 1,814 75530 3,023 185530 1,245 288,164 58.70 306
01-23-081-18W6é 20-Jan-23 31224230120030 22,300 2,080 74,400 2,390 175,000 72 276,439 67.50 169
Detection Limit (DL) 1 050 350 5.0 7 3 1 0.10 1

Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5

Absolute Difference* 1,300 266 1,130 633 10,530 1,173 11,725 8.80 137

Absolute Relative Percent Difference (RPD)* 6 13.66 1.51 23.39 5.84 178.13 415 13.95 58

Duplicate Sample Results Evaluation Good Good Good Good Good  Poor Good Good  Poor

Continued on next page
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Table C.2: Water Quality Control Sample Results from Field Samples - All Duplicates

Sample Sample MSI Sample Ca Mg Na K C SO, TDS Li Br
Point Date Number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
multi-well produced water 15-Mar-23 31224230315101 27.10 12.50 592  6.80 848 0 1,670 0.30 2.7

tank at surface location
A-067-K 094-P-07

multi-well produced water 15-Mar-23 31224230315102 25.90 12.10 578  6.30 844 0 1,648 0.31 2.3
tank at surface location
A-067-K 094-P-07

Detection Limit (DL) 1 0.50 3.50 5.60 7 3 1 0.10 1
Reliable Detection Limit (RDL)** 5 250 17.50 28 35 15 5 0.50 5
Absolute Difference* 1.20 0.40 14 0.50 4 0 22 0.01 0.4
Absolute Relative Percent Difference (RPD)* 4.53 3.25 2.39 0.47 1.33
Duplicate Sample Results Evaluation Good Good Good Good  Good Good Good Good Good
Notes
- - not applicable
* - non-detectable concentrations are assessed at 95% of the detection limit
*x - the reliable detection limit (RDL) or practical detection limit (PDL) is defined as 5 times the DL
Good - evaluation indicates acceptable reproducibility
Poor - evaluation indicates poor reproducibility

Evaluation of Duplicate Analyses:
= reproducibility is unacceptable if RPD is > 30% for inorganic waters and > 40% for soils and organics
» if RPD is not applicable (---), reproducibility is evaluated based on Absolute Difference (unacceptable if > 2 x RDL)
» if Absolute Difference is not applicable (---), reproducibility is evaluated based on the parameter concentration (unacceptable if > 2 x RDL)
» pH is evaluated based on Absolute Difference (unacceptable if > 0.5)

RPD RPD = Difference between the two duplicate results x 100

Mean of the two duplicate results
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Table C.3: Water Quality Control Sample Results - Filtered vs Unfiltered Results

Filtered Sample Sample MSI Sample Ca Mg Na K Cl SO, TDS Li
(Y/N) Point Date Number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Y  06-29-087-14Wé 01-Jun-22  31224220601117 2,977 703 53,570 954 92,300 2,120 152,772 40.7
N  06-29-087-14Wé6 01-Jun-22  31224220601118 2,829 694 54,540 950 92,000 2,160 153,318 40.5
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 2.5 17.5 28 35 15 5 0.5
Absolute Difference* 148 9 970 4 300 40 546 0.2
Absolute Relative Percent Difference (RPD)* 5 1 2 0 0 2 0 0
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good
Y  06-24-086-14W6/00 07-Jul-22  31224220707120 834 117 2,280 67.3 3550 2,260 9,294 2.02
N  06-24-086-14W6/00 07-Jul-22  31224220707121 828 115 2,290 67.3 3,600 2,300 9,409 2.09
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 25 17.5 28 35 15 5 0.5
Absolute Difference* 6 2 10 0 50 40 115 0.07
Absolute Relative Percent Difference (RPD)* 1 2 0 0 1 2 1 3
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good
Y  07-01-086-14W6/00 07-Jul-22  31224220707122 919 169 2,810 98 4,410 2,550 11,193 2.18
N  07-01-086-14W6/00 07-Jul-22  31224220707123 930 172 2,820 98.8 4,420 2,600 11,290 2.19
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 25 17.5 28 35 15 5 0.5
Absolute Difference* 11 3 10 0.8 10 50 97 0.01
Absolute Relative Percent Difference (RPD)* 1 2 0 1 0 2 1 0
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good
Y  06-06-086-14Wé 07-Jul-22  31224220707124 867 186 2,870 90.2 4,470 2,500 11,209 2.15
N  06-06-086-14Wé 07-Jul-22  31224220707125 869 183 2,860 91.5 4,430 2,500 11,184 2.09
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 2.5 17.5 28 35 15 5 0.5
Absolute Difference* 2 3 10 1.3 40 0 25 0.06
Absolute Relative Percent Difference (RPD)* 0 2 0 1 1 0 0 3
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good
Y  03-06-086-14Wé 07-Jul-22  31224220707126 937 169 2,780 91.5 4,390 2,610 11,267 2.22
N  03-06-086-14Wé 07-Jul-22  31224220707127 1,010 175 2,780 93.3 4,340 2,560 11,254 2.18
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 2.5 17.5 28 35 15 5 0.5
Absolute Difference* 73 6 0 1.8 50 50 13 0.04
Absolute Relative Percent Difference (RPD)* 7 3 0 2 1 2 0 2
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good
Y  16-10-085-14W6/00 07-Jul-22  31224220707129 783 304 3,520 105 5,080 2,510 12,647 1.87
N  16-10-085-14W6/00 07-Jul-22  31224220707130 787 307 3,550 106 5,070 2,540 12,735 1.94
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 2.5 17.5 28 35 15 5 0.5
Absolute Difference* 4 3 30 1 10 30 88 0.07
Absolute Relative Percent Difference (RPD)* 1 1 1 1 0 1 1 4
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good
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Table C.3: Water Quality Control Sample Results - Filtered vs Unfiltered Results

Filtered Sample Sample MSI Sample Ca Mg Na K Cl SO, TDS Li
(Y/N) Point Date Number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Y  13-03-085-14W6/00 07-Jul-22  31224220707131 778 304 3,490 104 5050 2,550 12,586 1.96
N  13-03-085-14W6/00 07-Jul-22  31224220707132 772 294 3,560 101 5,020 2,530 12,640 2.13
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 2.5 17.5 28 35 15 5 0.5
Absolute Difference* 6 10 70 3 30 20 54 0.17
Absolute Relative Percent Difference (RPD)* 1 3 2 3 1 1 0 8
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good
Y  11-30-084-14W6/00 07-Jul-22  31224220707133 34.3 249 3,700 66.6 2,790 16.6 9,324 3.86
N  11-30-084-14W6/00 07-Jul-22 31224220707134 28.5 243 3,730 715 2,760 6.4 9,297 3.79
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 25 17.5 28 35 15 5 0.5
Absolute Difference* 5.8 0.6 30 4.9 30 10.2 27 0.07
Absolute Relative Percent Difference (RPD)* 18 2 1 7 1 - 0 2
Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good
Y  05-33-085-13Wé 07-Jul-22  31224220707135 599 110 996 40.7 1,440 1,860 5,161 0.88
N  05-33-085-13Wé 07-Jul-22  31224220707136 574 117 962 398 1,420 1,850 5,081 0.85
Detection Limit (DL) 1 0.5 3.5 5.6 7 3 1 0.1
Reliable Detection Limit (RDL)** 5 2.5 17.5 28 35 15 5 0.5
Absolute Difference* 25 7 34 0.9 20 10 80 0.03
Absolute Relative Percent Difference (RPD)* 4 6 3 2 1 1 2 3

Duplicate Sample Results Evaluation Good Good Good Good Good Good Good Good

Notes
- = not applicable
* = non-detectable concentrations are assessed at 95% of the detection limit
**  » the reliable detection limit (RDL) or practical detection limit (PDL) is defined as 5 times the DL
Good - evaluation indicates acceptable reproducibility
Poor = evaluation indicates poor reproducibility

Evaluation of Duplicate Analyses:
- reproducibility is unacceptable if RPD is > 30% for inorganic waters and > 40% for soils and organics
- if RPD is not applicable (---), reproducibility is evaluated based on Absolute Difference (unacceptable if > 2 x RDL)
- if Absolute Difference is not applicable (), reproducibility is evaluated based on the parameter concentration (unacceptable if > 2 x RDL)
- pH is evaluated based on Absolute Difference (unacceptable if > 0.5)

RPD RPD = Difference between the two duplicate results x 100

Mean of the two duplicate results
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WHOLE ROCK, SEDIMENT AND

APPENDIX D MINERAL LITHIUM CONCENTRATIONS

Whole Rock, Sediment and

Mineral Lithium Concentrations

Table D1 shows the lithium concentrations in rocks, sediments
andminerals. The lithium concentrations are provided according
to the 25" and 75" percentile of the dataset found in published
sources (Dugamin et al., 2023).

Table D.1: Whole Rock, Sediment and Mineral Lithium Concentrations

Lithium
Concentration
(ppm) Reference
Q, Q,
Peridotite 1 3 Aulbach and Rudnick, 2009
Xenolith 1 60 Suetal, 2014
Lherzolite - Harzburgite 2 4 Rudnick and lonov, 2007
Gabbro 2 80 Horstman, 1957; Wedepohl, 1984
Diorite 40 James and Palmer, 2000; Teng et al., 2004
Syenite 5 30 Horstman, 1957; Estrade et al., 2014; Moreno et al., 2014; Wang et al., 2018
Peralkaline granite 20 70 Teng et al., 2009; Moreno et al., 2014; Estrade et al., 2014, Estrade et al., 2015
Granite 20 200 Horstman, 1957; Wedepohl, 1984; Shearer et al., 1987; MacDonald et al.,
1992; Bea et al., 1994; Raimbault et al., 1995; Dostal and Chatterjee, 1995;
3 Hecht et al., 1997; Forster et al., 1999; James and Palmer, 2000; Neiva, 2002;
'q:, Teng et al., 2004; Frindt et al., 2004; Selway et al., 2005; Teng et al., 2006;
wn Stilling et al., 2006; Mdller et al., 2006; Haapala et al., 2007; Zaraisky et al.,
g 2009; Teng et al., 2009; Sokolova et al., 2011; Canosa et al., 2012; Estrade
P et al., 2014; Guo et al., 2015; Romer et al., 2014; Mahdy et al. 2015; Sun et
2 al., 2016; Xie et al., 2016; Chicharro et al., 2016; Simons et al., 2017; Wu et
E al., 2017; Ballouard et al., 2017; Li et al., 2018; Zhu et al., 2018; Wang et al.,
2018; Zhang et al., 2021
| and S type granite 20 160 Teng et al., 2004
Peraluminous granites 80 280 Horstman, 1957; MacDonald et al., 1992; Bea et al., 1994; Dostal and
Chatterjee, 1995; Raimbault et al., 1995; Forster et al., 1999; Ramirez and
Grundvig, 2000; Neiva, 2002; Miiller et al., 2006; Sokolova et al., 2011;
Canosa et al., 2012; Chicharro et al., 2016; Xie et al., 2016; Wu et al., 2017;
Ballouard et al., 2017
Cornubian batholith granite 110 2,500 Simonsetal.,, 2017
Pegmatite 30 1,100 Selway et al., 2005; Teng et al., 2006; Stilling et al., 2006; Liu et al., 2010;
Canosa et al., 2012; Godfrey et al., 2013; Estrade et al., 2014; Maneta and
Baker, 2019
" Basalt 5 20 Horstman, 1957; Chan et al., 1993; James and Palmer, 2000; Chan et al.,
K] 2006; Godfrey et al., 2013
| 9.
3 Andesite 30 60 Horstman, 1957; Wedepohl, 1984
9]
‘c Rhyolite 20 70 Horstman, 1957; Haapala et al., 2007
©
% Rhyolitic glass 4 30 Ellis et al., 2022
> Glassy tephra and tephra 15 130 Hofstra et al., 2013; Castor et al., 2020
Tuff 30 600 Horstman, 1957; Hofstra et al., 2013; Benson et al., 2017; Castor et al., 2020
" Greenschist 5 50 Chan et al., 2006; El Korh et al., 2019
(]
'q:) Micaschist 3 60 Wedepohl, 1984; El Korh et al., 2019
% Gneiss 10 20 Gao et al., 1998; Teng et al., 2008; Godfrey et al., 2013
'§ Blueschist 0.3 100 Marschall et al., 2007; El Korh et al., 2019
e Quartzite 30 60 Liu et al.,, 2010
©
® Serpentinite 0.3 4 El Korh et al., 2019
- Amphibolite 1 35 Horstman, 1957; Liu et al., 2010; Godfrey et al., 2013; El Korh et al., 2019
Eclogite 0.2 10 Marschall et al., 2007; El Korh et al., 2019
Source: Dugamin et al., 2023
Continued on next page
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Table D.1: Whole Rock, Sediment and Mineral Lithium Concentrations

Lithium
Concentration
(ppm) Reference
Q, Q,
Bentonite 20 170 Horstman, 1957; Tardy et al., 1972
Detrital clay 70 80 Huhetal., 1998
Halite (Continental environment) <2 Fontes and Matray, 1993
Halite (Marine environment) <0.25 Fontes and Matray, 1993
Aragonite in evaporite 20 Huh et al., 1998
] Limestone 0.4 8 Hoefs and Sywall, 1997; Chan et al., 1997, Huh et al., 1998; Chan et al., 2006;
7 Weynell et al., 2017
;g Loess 15 40 Teng et al., 2004
3 Marine clay 30 110 Teng et al., 2004
Pelagic clay 40 70 Ishikawa and Nakamura, 1993; Bouman et al., 2004; Chan et al., 2006
Sand 10 40 Horstman, 1957; Wedepohl, 1984; Bouman et al., 2004; Chan et al., 2006
Shale 50 60 Wedepohl, 1984; James and Palmer, 2000
Post Archaean Australian Shales 40 90 Teng et al., 2004
Tainiolite 12,100 Morissette, 2012
Minerals Albite 10 100 Maneta and Baker, 2019; El Korh et al., 2019
Anorthite (An 30-50) 5 40 Panienka, 2012
Anorthite (An 60-90) 5 10 Panienka, 2012
" K-feldspar 5 1,100 Selway et al., 2005; Maneta and Baker 2019; Zhang et al., 2021
E Kaolinite 10 340 Horstman, 1957; Tardy et al., 1972
© Hectorite 3,200 6,000 Tardy et al., 1972; Morissette, 2012; Castor et al., 2020
Montmorillonite 30 1,200 Horstman, 1957; Tardy et al., 1972
Illite-Smectite (Caldera) 1,500 6,000 Castor et al., 2020
llite 35 120 Tardy etal., 1972
=6 é Muscovite 480 2,300 Selway et al., 2005; Teng et al., 2006; Maneta and Baker, 2019
5&:’ Chlorite 15 40 Wilkinson et al., 2015; El Korh et al., 2019
Biotite 200 1,200 Zhang et al., 2021
Olivine 2 4  Rudnick and lonov, 2007; Aulbach and Rudnick, 2009; Su et al., 2014
_q:) é Pyroxene 2 20 Seitz and Woodland, 2000
6 i:) Amphibole 1 110 Liu et al., 2010; El Korh et al., 2019
@ Serpentine 25 30 Wedepohl, 1984; James and Palmer, 2000
o T‘g Lepidolite 10,000 30,000 Cerny et al., 2005; Godfrey et al., 2013; Bradley et al., 2017
CL) E’ Spodumene 22,330 37,300 Teng et al., 2006; Liu et al., 2010
=S Li-Phosphate 34,000 90,000 Bradley etal., 2017
Source: Dugamin et al., 2023
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MODERN SEAWATER AND EVAPORITE

APPENDIX F MINERALS ION CONCENTRATIONS

Modern Seawater and Evaporite Minerals

lon Concentrations

The concentrations of ions in seawater can vary drastically
across the globe depending on where the water is sampled.
Modern seawater concentrations used in this study are provided
for various ions along with the seawater evaporation curve ion

concentrations from Carpenter, 1978.

Table F.1: Modern Seawater and Evaporite Minerals lon Concentrations

lon Sodium Potassium Calcium Magnesium Strontium Chloride Bromide Bicarbonate Sulphate  Lithium
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Modern 10,500 380 400 1260 13 19,000 65 140 2,650 0.2
Seawater

Seawater Evaporation Minerals

Calcite 46,000 300
(CaCO,)

Gypsum 59,700 2,220 1,040 7,590 107,800 396 13,300
(CaSO,-2H,0)

Halite 94,300 5,600 307 19,600 183,300 1,010 27,700
(NaCl)

Epsomite 55,200 15,800 50,500 187,900 2,670 76,200
(MgSO,-7H,0)

Sylvite 48,200 17,700 56,100 190,500 2,970 82,200
(KCl)

Carnalite 22,100 25,900 72,900 224,000 4,770 56,100
(KMgCl-6H,0)

Bischofite 8,960 18,800 92,600 254,000 6,060 54,200
(MgCl,-6H,0)

© Canadian Discovery Ltd. Table F.1
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