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Abstract

Traditional laboratory geochemical methods applied in lithium resource exploration
have limitations such as inefficiency and high cost, which seriously affect exploration
progress. Although several techniques have been studied to meet this challenge, they
must be improved in technology or practicality.

Given the inefficiency and lack of practical techniques in lithium exploration, this
paper proposes the use of downhole laser-induced breakdown spectroscopy (LIBS)
as a feasible solution. Using a hypothetical drilling programme at the Pilgangoora
lithium mine in Western Australia as a case study, this study evaluates the
advantages of the LIBS technique over portable X-ray fluorescence (pXRF) analyses
and conventional laboratory methods in terms of time efficiency and
cost-effectiveness. The results show that in the task of analysing 177 drill holes, the
LIBS technique required only 10 working days, compared to 45 working days for
pXRF and 248 working days for laboratory methods. From a cost perspective, pXRF
had the lowest total cost of A$319,000, followed by LIBS at A$331,000 and laboratory
methods at A$1,210,000. However, the unique advantage of LIBS in directly acquiring
lithium elemental data makes it the most cost-effective solution for lithium exploration.

Although LIBS, pXRF, and conventional laboratory methods have advantages and
disadvantages in lithium exploration, such as differences in detection limits, accuracy.
The choice of analytical method ultimately depends on the specific requirements and
stage of the exploration project. LIBS and pXRF are more suited to the early stages of
exploration or when rapid decision-making is required. At the same time, conventional
laboratory methods are more suited to detailed resource estimation or the later
stages of a project.

With the continuous development and improvement of LIBS technology, its potential
application in lithium resource exploration is highly anticipated. LIBS is expected to
revolutionise the mode and efficiency of lithium resource estimation, potentially
transforming the global lithium supply. In summary, LIBS technology for lithium
exploration offers a fast, economical, and efficient solution, deserving of the industry's
widespread attention and application.

Key word: LIBS; Lithium exploration; Time and cost-effectiveness; geochemical
analysis
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1. INTRODUCTION

The global demand for Li has increased dramatically in recent years (Lithium market
research, 2017). The main reason for this phenomenon is the increasingly important
role of Li in producing new energy technologies (Vikström et al., 2013). Currently, the
global distribution of known Li deposits is concentrated in a few countries, with more
than 75% of the world’s Li supply coming from reserves in Chile, Australia, and
Argentina (Azevedo et al., 2018). In 2021, global Li production will be approximately
100,000 tons, with Australia being the leading Li producer, followed by Chile and
China (USGS, 2022). However, the demand for Li is rapidly increasing and is
expected to reach 730,000 tons by 2025 (Statista, 2021). Thus, the widening
supply-demand gap calls for the development of more economical and efficient
techniques for Li discovery and extraction.

X-ray fluorescence (XRF), atomic absorption spectroscopy (AAS), and inductively
coupled plasma mass spectrometry (ICP-MS) are commonly used techniques for
mineral exploration and analysis (Rollinson, 2014). However, each of these
techniques has its drawbacks when it comes to Li exploration. While XRF provides
rapid multi-element analysis, it has limitations in detecting elements lighter than Mg,
including Li (Gallhofer & Lottermoser, 2018). However, the XRF is able to detect
elements that are associated with Li deposits such as.Cs, Sn, Rb and Ta (Balaram &
Sawant, 2022). As for AAS and ICP-MS, although they offer high sensitivity and
accuracy, they also require extensive sample preparation and are limited to laboratory
settings (Aral & Vecchio-Sadus, 2008). Laboratory methods also take a lot of time due
to needing to transport samples to the laboratory, the time required for the lab
analysis itself. This process can often take ~2 months. Furthermore, laboratory
analysis can be costly. For example, Li analysis using ICP-MS or ICP-AES requires
specialized equipment, such as high-resolution mass spectrometers or atomic
emission spectrometers, and trained personnel to operate these instruments and
interpret the results (Bureau Veritas Minerals, 2021). The cost of purchasing and
maintaining this equipment, as well as employing skilled staff, can contribute
significantly to the overall expense of laboratory analysis. Therefore, there is an
urgent need for more efficient, cost-effective, and faster on-site analytical techniques.

More recently, Laser Induced Breakdown Spectroscopy (LIBS) has been recognised
as a potential solution for rapid and cost-effective Li analysis. LIBS has the advantage
that it allows direct and rapid analysis of rock samples without the need for extensive
sample preparation, therefore enabling rapid on-site Li analysis (Harmon et al., 2013).
Several LIBS technologies have been developed with different characteristics, such



2

as portable LIBS analyzers within situ analytical capabilities (e.g., those developed by
SciAps) and core-scanning instruments that allow for high-throughput analysis of drill
cores (e.g., Elemission). The Mineral Exploration Cooperative Research Centre
(MinEx CRC) Project 3: Real-time Downhole Assay project is now developing a LIBS
geochemical analysis tool for deployment in a drill hole. Such an instrument would
allow for rapid, in situ analysis of Li in drill holes.

The aim of this study is to evaluate the time benefits and cost-effectiveness of using a
downhole LIBS tool for Li exploration by comparison with conventional laboratory Li
analysis methods and pXRF techniques. Analysing the advantages and limitations of
these techniques in the Li mining industry provides a reference for decision-makers to
choose the appropriate Li analytical technique. Meanwhile, due to the limitations of
pXRF technology in direct Li measurement, this study also explores its applicability
and complementary role in Li exploration.

2. BACKGROUND

2.1 The importance of Li

Lithium is a critical element for modern society due to its unique properties and wide
range of applications. It is the lightest metal and has the highest electrochemical
potential, making it an essential component in rechargeable batteries for electric
vehicles, mobile phones, laptops, and other portable electronic devices (Swain, 2017).
The increasing demand for these technologies has driven the growth of the Li market
in recent years. In addition to its use in batteries, lithium is also used in ceramics,
glass, lubricating greases, and continuous casting fluxes (Fig. 1) (Canada, 2022).

Figure 1. The global uses of Li (Canada, 2022)

Global Li demand is expected to grow from 47,300 metric tons in 2020 to 117,400
metric tons in 2024, with an average annual growth rate of 25.5% (Mordor Intelligence,
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2021). However, lithium resources are unevenly distributed worldwide, with most of
the reserves concentrated in a few countries, such as Australia, Chile, and Argentina
(USGS, 2022). The limited supply and growing demand have created a
supply-demand gap, leading to potential shortages and price fluctuations in the Li
market (Martin et al., 2017). Therefore, efficient exploration and production of Li
resources are crucial to ensure a stable supply for the growing needs of society.

2.2 Geochemical analysis methods

Geochemical data is essential in activities such as mineral exploration and resource
assessment, understanding of geologic processes, and environmental monitoring.
Exploration geologists utilize geochemical data to identify mineral deposits, assess
their extent and quality, and inform exploration and mining strategies (Grunsky & de
Caritat, 2020). At the same time, geochemical information provides valuable insights
into crustal formation processes such as magmatism and sedimentation (Ustaömer et
al., 2012). In addition, geochemical data plays a vital role in monitoring environmental
changes and assessing the impact of mining activities on the surrounding
ecosystems (Dai et al., 2007). In addition, geochemical mapping is a standard tool
that uses systematically collected soil, rock, and stream sediment samples within a
designated area to create maps showing the distribution of chemical elements
(Darnley, 1990).

2.2.1 Downhole LIBS analysis

Laser-induced breakdown spectroscopy (LIBS) is an emerging geoscience analytical
technique. It emits light with elemental characteristics by focusing laser pulses on
creating a plasma on the sample surface (Harmon et al., 2013). LIBS also has a wide
range of applications and can detect many elements in solid, liquid or gaseous
samples, including metallic and non-metallic elements. Another advantage of LIBS is
its rapid analysis, with results available in seconds to minutes, making it ideal for
real-time applications (Harmon et al., 2006). The portable LIBS device in the LIBS
technology is more flexible. It allows experimenters to analyze various samples, such
as the field's rocks, soils, metals, and biological materials (Senesi et al., 2021).

In geoscience, LIBS is employed for field analysis, where portable devices enable
on-site elemental analysis of geological samples, providing immediate data to inform
exploration and mining decisions (Harmon et al., 2006). Laser-Induced Breakdown
Spectroscopy (LIBS) allows for rapid, in-situ analysis of rock samples by detecting



4

elemental compositions at various depths. Furthermore, raw LIBS data can be used
to distinguish between rock types and mineral compositions, providing detailed
stratigraphic information through spectral data (Fig. 2) (Fontana et al., 2021).

Figure 2. Example of a downhole stratigraphic column produced using raw LIBS data. After
Fontana et al. (2021).

One of the most promising new applications of LIBS in geosciences is downhole
analysis. Analysing the geology directly in the borehole by deploying downhole LIBS
tools (Fontana et al., 2023). Downhole LIBS analysis provides instant information and
optimizes drilling strategies, so it has the potential to significantly reduce unnecessary
drilling, thereby Using budgets more strategically and discovering deposits faster.
(Fontana et al., 2023). In addition, it reduces the need for manual handling and
transportation of samples, thus increasing operational safety. This application of
downhole LIBS has the potential to help many geoscientific fields, such as oil and gas
exploration, mineral exploration, and environmental studies (Fontana et al., 2023).

2.2.2 Portable XRF

Portable geochemical analysis methods have emerged as a viable alternative to
traditional laboratory assays. A common example of a portable method is portable
X-ray fluorescence (pXRF). pXRF can assist geologists with real-time, in situ
geochemical analyses, which reduces the need for extensive sample shipments as
well as providing immediate feedback on results (Lemière, 2018). Moreover, the
equipment is user-friendly and can be operated by staff with minimal training. In
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addition, pXRF analysis is non-destructive, which means that it is possible to retain
samples for further testing if required. However, pXRF is less accurate and precise
compared to traditional laboratory methods, and its effectiveness is reduced by
sample heterogeneity and surface conditions (Caporale et al., 2018). In addition,
pXRF may not be suitable for detecting trace elements at very low concentrations
(Lemière, 2018) and is highly limited in not being able to detect elements lighter than
Mg, which includes Li (Gallhofer & Lottermoser, 2018). However, pXRF can detect
elements that are associated with Li deposits (i.e., pathfinder elements). Pathfinder
elements for Li exploration include Cs, Sn, Rb and Ta (Balaram & Sawant, 2022).

2.2.3 Laboratory analysis

Laboratory assays play an essential role in the collection of geochemical data. It
begins with sample preparation, such as crushing, grinding and homogenizing the
sample to ensure it represents an area as accurately as possible (Miesch, 1976).
Several well-established geochemical assay techniques are then collectively used to
analyse the sample. These include laboratory X-ray fluorescence (XRF), which is a
technique for determining the elemental composition of a sample by measuring the
fluorescent X-rays emitted by a material under the excitation of a primary X-ray
source (Marguí et al., 2008). Atomic Absorption Spectrometry (AAS) analyses the
concentration of elements in a sample by measuring the absorption of light radiation
by gaseous free atoms (Ferreira et al., 2018). Inductively coupled plasma mass
spectrometry (ICP-MS) is used to detect low concentrations of metals and several
non-metals in all types of samples (Van Acker et al., 2023). Neutron activation
analysis (NAA) is a nuclear process that determines the concentration of elements in
a sample by measuring the gamma rays emitted after neutron irradiation (Glascock,
2023). Laboratory analysis also involves quality control measures that ensure the
accuracy and precision of the assay results through standard reference materials,
blank samples, and duplicate samples (Miesch, 1976).

Although laboratory analysis is a well-established technology, it is limited by
drawbacks such as long turnaround times, the high cost of specialized equipment,
and the necessity of transporting samples to a centralized laboratory, which increase
the time required, potential contamination, and risk of loss (Lemière, 2018).

3. METHODOLOGY

The study will compare the time and cost savings of LIBS with pXRF and traditional
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laboratory methods on the Drilling scenario. The following flowchart summarises the
three methods of analysing the process and the article's methodology.

Figure 3. Method Flowchart

Figure 3 illustrates the methodological framework used in this study to compare the
effectiveness of LIBS, pXRF, and laboratory analytical techniques in Li resource
exploration. Using the South Pit drilling programme at the Pilgangoora property as a
case study, the methodology considers the differences between the three techniques
regarding the critical analytical steps and evaluates them from a time and
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cost-effectiveness point of view. In addition, in the discussion section, a sensitivity
analysis was conducted to examine how changes in the size of the drilling
programme, as represented by the number of samples, affect the time and cost
dynamics of the three analytical methods

3.1 Drilling scenario

The hypothetical drilling scenario used in this study is based on the Pilgangoora
Operation, which is a Li deposit located at the Pilgangula mine site and owned by
Pilbara Minerals (Pilbara Minerals - Energise your Future, n.d.).The Pilgangula mine
is considered one of the largest Li deposits in the world and hosts several advanced
plants.(‘Pilgangoora Operation’, n.d.)(Fig 4) .

Figure 4. The plant at the Pilgangoora mine (‘Pilgangoora Operation’, n.d.)

The Pilgangoora Mine Site is located in Western Australia, north-west Australia, as
shown in Figure 5 (Google Maps, n.d.). Pilbara Minerals undertook a mine expansion
drilling campaign in the south pit that resulted in 5548 m being drilled over a total of
177 drill holes (Pilbara Minerals, 2021). It is assumed that laboratory geochemical
analysis was done by ALS Geochemistry Laboratories located in the suburb of
Malaga, north of Perth, Western Australia (ALS Locations, n.d.).
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Figure 5. Pilgangoora mine site location (Google Maps, n.d.)

3.2 Time-benefit analysis

A staged analysis approach is used to compare the time- and cost-effectiveness of
LIBS with pXRF and laboratory geochemical analysis methods. The sample analysis
process is divided into three main stages: sample collection and transportation,
sample pre-treatment, and instrumental analysis.

3.2.1 Sample collection and transportation phase

There are significant variances between LIBS and traditional laboratory techniques
throughout the phases of sample collection and transportation. Due to its ability to
immediately measure geochemistry from the drill hole wall, the downhole LIBS
equipment eliminates the requirement for sample preparation or transfer. Portable
XRF analysis also does not require any sample collection and transportation as
analysis is conducted on dry drill core at the mining site. However, they must consider
the time it takes to transport the instruments. The LIBS instrument will be shipped
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from the LIBS studio location to the Pilbara Mining Company mine site, where the
closest office is in Perth, 1,550 kilometers from the mine site (Google Maps, n.d.).
According to the MinEx CRC Project, the LIBS instrument is 76 mm in diameter and
2,400 mm long and therefore compact enough to fit easily into a standard four-wheel
drive vehicle with its associated components. The instrument is packed and
transported by two operators responsible for deployment at the mine site. Again, in
the case of pXRF, only the instrument needs to be transported, and it is assumed that
the instrument will be transported to and from the site in the same way as the
downhole LIBS tool.

Laboratory analysis methods require the drill core to be cut in half before it is sampled.
In this scenario, it is assumed that drill core is cut in half at the exploration site and is
done by a technician at a rate of ~500 m of core per day. The drill core is then
sampled at 1-metre intervals, collected into bags and transported to the laboratory for
further preparation and analysis. Sampling is also done by a technician and it is
assumed that each sample takes ~5 minutes to collect. The samples are then
transported to the ALS Geochemistry Laboratories in Perth for analysis. Sample
transportation also considers the weight of the samples to determine how many can
be shipped in one trip. According to the MinEx CRC Project, the samples' density and
the drill holes' diameter are 2.6 g/cm³ and 63.5 mm, respectively. The number of
samples that can be transported at one time is determined based on the weight and
the mode of transportation.

3.2.2 Analysis pre-treatment stage

Analysis pre-treatment is not required for LIBS or pXRF analysis (Jolivet et al., 2019).

Laboratory geochemical analysis such as those shown in Figure 6 typically require
multiple steps such as weighing, heating, crushing, grinding, and digesting to convert
insoluble components into soluble chemicals and to meet the requirements for
instrumental analysis (Balaram & Subramanyam, 2022). It is assumed that a four acid
digestion method is followed to ensure (near) complete dissolution of samples to
produce high quality geochemical data commonly used by geologists (e.g. Balaram &
Subramanyam, 2022). The time can be somewhat different for different samples. For
this study, it is assumed that the time taken for laboratory geochemical analysis from
submitting the sample to receiving the data is ~2 months, which is not an uncommon
time frame (Tiddy, C. pers. comm. 2024).
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Figure 6. Multistep Flowchart for Sample Analysis (Balaram & Subramanyam, 2022)

3.2.3 Instrumental analysis phase

The LIBS instrument is deployed as a wireline logging tool, which means the tool is
lowered into a drill hole on a wireline (steel) cable and then slowly pulled back out.
Geochemical data is collected when the tool is retrieved from the drill hole. The speed
at which the tool is retrieved will determine how long a drill hole takes to log, with the
condition that faster retrieval will result in lower quality data. In this study, the logging
speed of the downhole LIBS instrument is determined to be 3 m/min, which is based
on learnings from field trials conducted by the MinEx CRC Project 3 team at the
Australian Automation and Robotics Precinct (Australian Automation and Robotics
Precinct | The AARP, 2023) in early July 2024. Additional time will also need to be
factored in for setting up the equipment over each drill hole. From the AARP field trials,
this is estimated to be 10 minutes per drill hole.

A specially trained geologist with a radiation license will collect pXRF data. Analyses
will be conducted in a core bank, and cores will be geologically catalogued before
pXRF analysis. pXRF data will be collected at 1-meter intervals along the drill core.
Each pXRF analysis took 3 minutes, including 2 minutes for the actual analysis and 1
minute for instrument setup and logging of measurement locations. In addition, a
30-minute instrument warm-up time and a 10-minute calibration time per day need to
be considered. To ensure the accuracy and precision of the data, four standard
samples of known composition were analyzed for every 20 unknown samples. This is
common practice in geochemical exploration (Lemière, 2018).
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Laboratory geochemical analysis is done following the analysis pre-treatment stage
of digesting the sample. The samples are then analysed using the ME-MS89L
schedule at ALS Geochemistry Laboratories, which is commonly used for trace level
Li exploration (ALS Geochemistry,2024).

3.3 Cost-effectiveness analysis

The cost-effectiveness of LIBS versus pXRF and laboratory geochemical methods is
evaluated using variables including instrument purchase costs; labor and training
costs; consumables and energy costs and sample transportation

3.3.1 Instrument costs

The downhole LIBS instrument specifications are provided by the MinEx CRC Project
3 team. The instrument includes a customized 532 nm Nd:YAG Montford Laser with a
maximum pulse energy of 40 mJ at 5 Hz, two high-resolution Ibsen Photonics
spectrometers (190 to 435 nm and 360 to 830 nm wavelengths) and instrument optics
including a laser beam polarization splitter cube, focusing lens, collimator, and a
bifurcated multi-mode optical fibre (Fontana et al. 2023).It is also assumed that the
instrument has a service life of 5 years. According to MinEx CRC Project 3 team
information, these instruments cost A$120k. There is also a A$10k setup fee and a
A$3k monthly maintenance fee.

The cost of a pXRF instrument consists mainly of the purchase price and the cost of
maintenance. According to Higueras et al. (2012), the cost of purchasing a pXRF
instrument is typically A$30k-A$40k. Assuming an acquisition cost of A$40k and a
service life of 5 years. In addition, it is reasonable to assume that the annual
maintenance cost of the pXRF instrument is 5 per cent of the purchase price, i.e.,
A$2k.

No instrument costs are factored in for laboratory analysis as these costs are included
in the cost from the laboratory itself. The ALS Geochemistry Laboratory's
ME-MS89L™ method, which focuses on the Li, will be used as the assay in this study.

3.3.2 Labor and training costs

The main components of labor costs are salaries and training. For LIBS, the annual
salary of the LIBS operator needs to be considered, as well as the cost of training
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(e.g., Level 4 laser safety training). It is assumed that two people are required for
deployment of the downhole LIBS tool, and that these people are the equivalent of
laser technicians.

Also to be considered for pXRF are the salaries of personnel and the cost of training.
According to information from the Environmental Protection Authority of South
Australia (EPA), the cost of radiation safety training for pXRF operators is A$8,678
(Environmental et al. Australia, n.d.). In addition, according to salary data provided by
SEEK, the annual salary range for geologists in Australia is A$115,000 to A$135,000
(SEEK, n.d.). This study assumes the employment of two geologists, each with an
annual salary of A$120,000.

Traditional laboratory methods need to consider the salary of a technician.

3.3.3 Sample & instruments transportation

LIBS and pXRF do not require the transport of samples but do require the transport of
instruments, as described in 3.2.1 above.The cost-benefit analysis will consider
transportation costs, including fuel and operator salaries.

Again, in the case of pXRF, only the instrument needs to be transported, and it is
assumed that the instrument will be transported to and from the site in the same way
as the downhole LIBS tool.

For laboratory geochemical methods, sample shipments but not instrument
shipments need to be considered.Hence, transport costs include truck fuel, rental,
and drivers' wages. Fuel costs are calculated based on the truck's fuel consumption
rate, distance travelled and local fuel prices. Rental costs are based on information
from rental sites. Driver's wages were calculated by multiplying the driver's hourly
wage by the total haulage time, which includes the round trip haulage time and the
time required to load and unload the samples.

4. RESULTS

4.1 Time-benefit analysis

4.1.1 Sample collection and transportation phase

 LIBS

Assuming that the speed of the transporter is 100km per hour, the time of delivery can
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be obtained as:

The time of instrument transportation = 1550km ÷ 100km/h = 15.5h(2 working days)

 pXRF

It is assumed that the pXRF instruments transport requirements are similar to those
for the LIBS instrument. Therefore, the time of shipping the pXRF is approximately
the same as the LIBS: 2 working days.

 Laboratory analysis methods

The time required for drill core cutting at the Pilgangoora Operation site is calculated
as follows:

Drill core cutting time = 5548 m ÷ 500 m/day = 12 work days

Assuming a sampling interval of 1 meter, a total of 5548 samples will be collected
from the south pit. The time required for sample collection is estimated to be:

Sample collection time = 5548 samples × 5 minutes/sample = 27240 minutes = 462.3
hours (58 work days).

This study assumes that samples are transported by truck at an average speed of
100km/hour. Breaks for stops and loading/unloading times were considered in
estimating transport time (Shoman et al., 2023). The distance from the Pilgangula
mine site to the ALS laboratories in Perth is approximately 1550km (Google Maps,
n.d.). Therefore, it is assumed that the one-way transportation time is 24 hours and
the round-trip time is 48 hours (6 work days).

To calculate the weight of the south pit’s samples, it is first necessary to calculate its
lift volume. The drill core is cylindrical and the volume equation for a cylindrical shape
is:

V = π × r2 × h

The diameter of the borehole is known to be 63.5 mm (i.e., 0.0635 m), so r2 =0.001m.
Depth of the borehole (h) = 5548 meters. Thus, the volume is obtained as follows:

V = 3.142 × 0.001 × 5548 ≈ 17.43 m3

Knowing that the density ρ= 2.6 g/cm³, i.e. ρ = 2600 kg/m³, it is possible to derive the
weight of Pilbara Mineral mine site’s samples as:

W = V × ρ = 17.43 × 2600 = 45318 kg = 45.318 t

Considering that sample mining is continuous work, the Fuso Canter 715 2T, a truck
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with a smaller load capacity of 2 tons and the ability to unload itself, was chosen for
this study. (Fuso Canter 715 2T Self Unloading Truck , n.d.). Therefore, 23 round trips,
i.e. 138 working days, were required for the transportation.

Therefore, the total sample collection and transportation time for the conventional
method was estimated to be 208 working days.

4.1.2 Analysis pre-treatment stage

 Laboratory analysis methods

Based on information from the MinEx CRC programme and industry experience,
laboratory analysis takes two months, i.e. 40 working days.

4.1.3 Instrumental analysis phase

 LIBS

The time for collection of downhole LIBS geochemical data is based on the logging
speed of 3 m/min and a set up time of 10 minutes over every drill hole. Based on the
scenario, the total time for downhole LIBS analysis is estimated to be 3540 minutes
i.e. 8 working days.

 pXRF

Based on the South Pit data provided for the Pilgangoora Operation, the time
required for pXRF data acquisition can be calculated as follows:

Unknown Sample Data Acquisition = 5548 samples × 3min = 16644min

Number of batches of standard samples: 5548 samples ÷ 20 = 277.4 batches
(rounded up to 278 batches)

Total number of standard samples: 278 batches x 4 = 1112 samples

Total time for standard samples:1112 samples x 2 min = 2224 min

It is worth noting that this calculation considers the time taken to warm up and
calibrate the instrument. Since warm-up and calibration are required daily, the total
warm-up and calibration time depends on the total number of days required for data
collection. In this case, the total time for data collection (unknown samples + standard
samples) was about 40 working days. Therefore, the total time for warm-up and
calibration is:
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40 minutes x 40 = 1600 minutes = 26.67 hours.

Therefore, the total pXRF data acquisition time for South Pit is 341.1 hours (43
working days)

 Laboratory analysis methods

Based on the methodology, the laboratory method takes two months (40 working
days) from the time of submission of samples to the time of obtaining results.

4.1.4 Time-benefit analysis summary

The following table summarises the time required for the conventional laboratory
method, the LIBS method and the pXRF method for the case of the South Pit of the
Pilgangoora mine, with all values retained to three significant numbers.

Table 1. Time-benefit analysis summary (in days)

4.2 Cost-effectiveness analysis

4.2.1 Instrument costs

 LIBS

In this study, for example, the project was carried out for one year, so the
maintenance cost is A$36K. Therefore, it can be obtained that the annual equipment
cost of LIBS is:

Analysis Stage LIBS pXRF Traditional
Methods

Sample Collection
& Transportation 2 2 208

Pre-treatment &
Analysis 8 43 40

Total Time 10 45 248
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Annual instrument costs = (A$120k + A$10k) ÷ 5 + A$36k = A$62k

 pXRF

Annual instrument costs = A$40k ÷ 5 + A$2K = A$10k

 Laboratory analysis methods

For laboratory methods, the overall sample analysis quote needs to be considered as
described earlier. Sample weights for laboratory analysis are generally 0.5 g (Gloster
et al., 2024). Therefore, this study assumes a sample weight of 0.5 g. According to
Gloster et al. (2024), the ME-MS89L™ method is priced at AUD 72.6 per 0.2 g.

The total cost to analyze the south pit=A$72.6 × 0,5g
0.2g

× 5548 samples = A$1006.96k

4.2.2 Labor and training costs

 LIBS

According to MinEx CRC project data, LIBS requires two laser technicians. The
average salary for laser technicians in Australia is around A$100k. Considering that
LIBS may require more advanced skills, this article assumes hiring experienced laser
technicians with an annual salary of A$110k (Institute, n.d.). In addition to this, both
employees will need to undertake Level 4 laser safety training, which costs A$250 per
person(Laser Safety Online, n.d.). The total cost is A$23,500 a year, and spreading
this cost over 177 holes gives the following formula:

The total labour cost = A$110k × 2 + A$0.5k = A$220.5k

 pXRF

Based on the method information.

Training cost = A$8678 × 2 = A$17.36k

The annual salary of geologists = A$12000 × 2 = A$240k

Therefore, the total labor cost is A$257,36k.

 Laboratory analysis methods

Australia's average Mining Technician Salary is around A$100k per annul (SEEK,
n.d.).
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4.2.3 Sample & instruments transportation costs

 LIBS

Transport costs for LIBS instruments include fuel costs and the wages of two
operators. The average fuel consumption rate for standard 4x4 vehicles in Australia is
6-9 litres/100km, and this paper assumes a vehicle fuel consumption rate of 8 litres
(Five Most Fuel-Efficient 4x4s in Australia, n.d.). With an average diesel price in
Western Australia of A$1.82 per litre (Fuel Prices in Western Australia | FuelPrice
Australia, 2018), The fuel cost for a round trip can be calculated as follows:

Fuel cost = 2 × 1550km × 8L/km × A$1.82 = A$45,14k

Australian operators are paid up to A$40 per hour (Machine Operator Mining,
Resources & Energy Jobs in All Australia, n.d.). As mentioned earlier, a round trip
from Perth to the mine would take approximately 48 hours (including loading and
unloading and breaks), and assuming that the step samples would take 0.5 hours, a
total of 48.5 hours would be spent, and therefore available:

2 × A$40/h × 48.5h = A$3.88k

Therefore, the total transport cost is A$49k.

 pXRF

It is assumed that the pXRF instruments transport requirements are similar to those
for the LIBS instrument. Therefore, the cost of shipping the pXRF is approximately the
same as the LIBS: A$49k.

 Laboratory analysis methods

Assuming the truck's diesel consumption rate is 29 litres/100 kilometres, With an
average diesel price in Western Australia of A$1.82 per litre(Fuel Prices in Western
Australia | FuelPrice Australia, 2018).

As mentioned earlier, the distance from the mine to the laboratory is 1,550 kilometres,
so the round trip distance is 3,100 kilometres, for a total of 23 trips totalling 71,300
kilometres. It can, therefore, be concluded:

Fuel cost = 29L/100km × 71300km × A$1.82 = A$37.63k

Hiring the Fuso Canter 715 2T truck plus cleaning costs approximately A$300 a day
(Fuso Canter 715 2T Self Unloading Truck，n.d.). Based on the previous section 4.1.1,
this is available for 138 working days of hire:

Rental = A$300/days × 138 days = A$41.4K
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Drivers are paid A$30 per hour (Heavy et al. in Australia in 2024 | PayScale, n.d.). As
mentioned, the total transportation time is 138 working days i.e. 1104 hours. Hence,
the driver's salary per round trip is A$33.12k. The total cost of sample transportation
is around A$110k

4.2.4 Cost-effectiveness analysis

The following table summarises the costs of conventional laboratory, LIBS and pXRF
methods for the case of the South Pit of the Pilgangoora mine, with all values retained
to two significant numbers.

Analysis Stage LIBS pXRF
Traditional
Methods

Instrument Costs 62 10 -

Analysis Costs - - 1,000

Labor and Training
Costs

220 260 100

Sample/Instrument
Transportation

49 49 110

Total Costs 331 319 1210

Table 2. Cost-effectiveness analysis (in thousand AUD)

5. DISCUSSION

5.1 Comparison of the time-benefit analysis

As depicted in Figure 7, the time required for each stage of the analysis process
varies significantly between LIBS, pXRF, and traditional laboratory methods. Notably,
for sample collection and transportation, both LIBS and pXRF offer a significant
advantage, requiring two days. This is due to their in-situ analysis capability, which
eliminates the need to transport the sample only the instrument. In contrast, the
traditional method demands 208 days for this stage, a stark contrast to the
convenience offered by LIBS and pXRF.
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Figure 7. Time Comparison of LIBS, pXRF, Traditional Method (in Days)

LIBS has a clear advantage regarding pre-processing and analysis, taking only eight
days compared to 43 days for pXRF and 40 days for conventional methods. This is
mainly due to LIBS' ability to provide raw data that can be used immediately without
needing post-collection calibration and processing as with pXRF data or waiting for
laboratory data as with traditional laboratory methods (Fabre, 2020).

By dramatically reducing analysis time, LIBS technology can significantly improve
exploration efficiency, accelerate project schedules, and provide timely data support
for project decision-making. This time benefit not only enhances the project's
economic benefits but also allows for rapid and accurate resource assessment (Fabre,
2020). More importantly, it enables dynamic adjustment of exploration strategies,
empowering the team to adapt quickly to changing conditions (Fontana et al., 2023).

5.2 Comparison of the cost-effectiveness

The cost comparison between LIBS, pXRF, and traditional laboratory methods
reveals notable differences that impact their overall cost-effectiveness in Li
exploration. As shown in Figure 7, traditional methods bear the highest total cost at
A$1,210k, primarily due to the substantial expenses associated with analysis
(A$1,000k) and sample transportation (A$110k). Optimizing logistics and
implementing bulk shipping arrangements could help reduce transportation costs, but
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the inherent centralized laboratory model limits the potential for significant cost
savings in the analysis phase.

Figure 8. Cost Comparison of LIBS, pXRF, Traditional Method (in thousand AUD)

In contrast, LIBS and pXRF offer more cost-effective alternatives, with total costs of
A$331k and A$319k, respectively. While pXRF has a slight cost advantage, LIBS
boasts a unique capability to directly acquire Li elemental data, making it a more
valuable tool for targeted Li exploration. The main cost differences between LIBS and
pXRF lie in instrument costs (A$62k vs. A$10k) and labor and training expenses
(A$220k vs. A$260k). Although reducing labor and training costs might be challenging
due to the need for skilled operators, optimizing training programs and operator
schedules could lead to some savings.

Despite the slightly higher costs compared to pXRF, LIBS' superior performance in Li
exploration justifies the investment. Its ability to provide real-time data enables
dynamic optimisation of drilling strategies, minimising unnecessary expenses and
increasing the likelihood of successful Li discovery (Fontana et al., 2023). In
large-scale exploration projects, the cumulative economic benefits of using LIBS can
far outweigh the initial cost differences, making it a cost-effective choice in the long
run.

5.3 Comparison of the accuracy

LIBS, pXRF and conventional laboratory methods have advantages and limitations in
Li exploration. As shown in Figure 9, the conventional ICP-MS method can detect Li
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at deficient concentrations with a detection limit as low as 0.02 ppb (Bureau Veritas
Minerals, 2021),which offers significant accuracy and detection limit advantages over
LIBS. However, conventional laboratory methods require complex sample
preparation and long analysis cycles.

Figure 9. Standardized Precision Comparison

In contrast, pXRF technology can rapidly analyse a wide range of elements in the
field. However, its ability to directly detect light elements such as Li is limited due to
spectral interference (Gallhofer & Lottermoser, 2018). Nevertheless, pXRF can detect
several "pathfinder elements" associated with Li deposits, such as caesium (Cs), tin
(Sn), rubidium (Rb) and tantalum (Ta) (Balaram & Sawant, 2022). A pathfinder
element is an element that is associated with a mineral deposit. Although it is not a
commodity element per se, it can be used to assess the proximity of a deposit
(McClenaghan et al., 2017). Therefore, geological explorers can use pXRF to detect
these pathfinder elements quickly in the field and determine if a Li deposit is close.
However, other methods would need to be used to determine the quality of a potential
Li deposit discovery.

LIBS technology has shown unique advantages in Li exploration. According to Fabre
(2020), the detection limit of LIBS for Li is about 240 ppm, which is not as good as
ICP-MS but is sufficient to meet the needs of most Li exploration (Harmon et al.,
2013). More importantly, downhole LIBS can directly analyse the drill hole wall,
providing in situ analysis without the need for complex sample preparation, which
greatly reduces the analysis cycle. In addition, downhole LIBS can be combined with
downhole logging tools to achieve real-time elemental analyses in boreholes,
providing new possibilities for rapid assessment of Li resources (Fontana et al.,
2023).



22

5.4 Sensitivity analysis

As depicted in figure 10, the sensitivity analysis reveals the impact of varying the
number of samples on the time requirements of LIBS, pXRF, and traditional
laboratory methods. As the drilling program scale increases, the time advantage of
LIBS becomes more pronounced. While all three methods experience an increase in
time with a more significant number of samples, the rate of increase for LIBS is
significantly lower compared to pXRF and traditional methods. This demonstrates the
remarkable scalability and efficiency of LIBS in handling large-scale exploration
projects, highlighting its potential to reduce exploration time significantly.

Figure 10. Sensitivity analysis(time)

Figure 11 illustrates the cost dynamics of these three methods as sample volume
changes. It is worth noting that for each additional 5000 samples, LIBS and pXRF
require additional personnel, resulting in increased training and annual salary costs.
Nonetheless, the cost increases for LIBS and pXRF remain small as they get to
scale.In contrast, traditional methods continue to rise in cost as they increase in
scale.

Figure 11. Sensitivity analysis(cost)

In summary, the sensitivity analysis highlights the superior time efficiency of LIBS
compared to pXRF and traditional methods, particularly as the drilling program
expands. This scalability positions LIBS as a transformative solution for large-scale Li
exploration, potentially accelerating exploration efforts. Regarding cost-effectiveness,
LIBS maintains a slight advantage over pXRF, although the difference is minimal.
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LIBS and pXRF are more cost-effective than traditional laboratory methods, even
considering the increased personnel requirements associated with more extensive
drilling programs. The unique advantages of LIBS in terms of time efficiency and
cost-effectiveness make it a promising tool for enhancing the speed and economic
viability of large-scale Li exploration projects.

6. CONCLUSIONS

This study highlights the significant advantages of using downhole Laser-Induced
Breakdown Spectroscopy (LIBS) in lithium exploration, particularly regarding time
efficiency and cost-effectiveness. As exploration projects scale up, LIBS strengths
become increasingly apparent, offering a practical solution for rapid decision-making.
Although traditional laboratory methods remain the gold standard for accuracy, LIBS
provides a balance that meets the industry's evolving demands.

The most effective approach may involve integrating the strengths of LIBS, pXRF,
and traditional laboratory techniques in future. By combining the speed and flexibility
of LIBS with the broader elemental insights of pXRF and the precision of laboratory
methods, the lithium exploration industry can achieve a more comprehensive and
efficient exploration strategy. This integration will be vital in addressing both the
immediate and long-term challenges in the global lithium supply chain.
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