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ABSTRACT

In terms of the gold mine in Saudi Ariba about 83 % of gold are being mined
out through open pit mining methods. In a mining operation, the grade-
tonnage distribution of the deposit indicates that not all the material inside
the open pit can be processed. Given this grade variability, it is critical to
identify ore and waste correctly. In 2018, Saudia Ariba developed a new
economic vision focus for developing the gold mining sectors. Therefore, to
guarantee achieving the expectations from gold mining industry in terms of
techno-economic demands, cut-off grade optimisation is the key. The
economic requirement aims towards the maximisation of the return on
investment, while techno-economic sustainability aims towards the
maximisation of resource recovery. Over the last six decades, tremendous
progress has been observed in cut-off grade optimisation. In this study, cut-
off grade optimisation was used to maximise the value of Ad‘Duwayhi
mining operation based on a finite resource. The traditional approach to cut-
off grade calculation was compared with the optimise approach of a cut-off
grade, and in so doing, there was an improvement in cut-off grade leading
to improved gold produced by 8%. The results of the calculation were
modelled in the comparison showing 8% improvement in the net present
value. This means that for a given set of design, production and geological
parameters, the classification of ore and waste is what ultimately determines

the value of a mining operation.
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1 INTRODUCTION

1.1 Research Background and Context

The gold mining sector is important to the economy of Saudi Arabia. It brings
more diversity to the economy and offers a range of benefits to the local
community through community development programmes. Previously, the

contribution of this sector to the economy was limited.

However, in 2018, Saudi Arabia launched a new vision aimed at diversifying
the country’s revenues not to be reliant on just oil and focusing on
developing the mining industry. With the new strategy, there is more
pressure on the gold mining sector to increase exploration, development of
new resources, and improve mining efficiency to contribute to the economy

at the levels expected.

Ma’aden Gold and Base Metals (MGBM) requires improving the efficiency
and profitability of current mining operations. The company operates seven
mines located in the middle and east of the country. Currently, Ad'Duwayhi

is the company's largest and most recent open pit mine at MGBM

Ad’Duwayhi mine located approximately 450km southwest of Riyadh city,
capital of Saudi Arabia, 450km northeast of Jeddah, and 125km southeast
of the town of Zalim. Access is via sealed highway from Jeddah or Riyadh
to 120km from the site, and then via unsealed service road (Xstract Mining,

Consultants, 2015). The mine location is indicated in Figure 1.1.
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Figure 1.1 Location of Ad’Duwayhi Mine (SRK Consulting, 2017)

1.2 Problem Statement

Ad'Duwayhi mine started producing gold in 2015, and since then there has

been a tremendous demand for the gold it produces to cover the shortages

caused by other mines within the Ma'aden group. As a result, production

plans have focused on mining high-grade material. The current cut-off grade

policy being used in the mine has created a huge waste backlog and

declining trends in average ore grades.

Waste stripping backlog and declining trends in average ore grades makes

mining profitability more critical. The aim of this research is to optimise the

cut-off grade of Ad'Duwayhi mining operations and investigate the

possibility of optimising the feed grades to improve the net present value

(NPV) of the mine.



1.3 Justification Cut-off Grade Optimisation at Ad'Duwayhi Mine

Osanloo (2015) mentioned that optimal open pit mining operation seeks to
maximise net present value NPV of cash flow generated from yearly
production. The revenue obtainable from the extraction of the mineral is

linked to the grade.

Determining the optimum cut-off grade over the life of mine has been one
of the major problems of many gold mines. Cut-off grade is a determining
factor of operational NPV.

Minnitt (2004) stressed on this point by stating that “The NPV criterion is
consistently quoted as the principal determinant of economic value in mining
operations and the relationship between cut-off grade and NPV provides a
means by which cut-off grades can be optimised”.

In any production process of a mining operation, there are bottlenecks which
link with opportunity costs. Processing material with low grade in a
production process that has bottlenecks result in lower metal production.
Lower metal production results in lower revenue which may lead to loss in
an opportunity for the operation, Mugwagwa (2017). Therefore, determining
an optimum cut-off grade that maximises the NPV of an operation in the
presence of bottlenecks is paramount. In case of Ad'Duwayhi the mill is the

bottleneck.

This report seeks to examine various cut-off grade optimisation approaches
to identify which one will be the most beneficial to Ad'Duwayhi mine. The
optimum cut-off grade policy specifies the yearly feed grades and pit mining
progression that correspond with the waste stripping required to expose the

ore.



1.4 Research Objectives

This research aims to optimise the cut-off grade of existing mining

operations. This aim will be achieved through the following objectives:
a) Conduct a thorough literature review on cut-off grade optimisation.

b) Testing various cut-off grade optimisation approaches to identify.

which one will be the most beneficial to Ad'Duwayhi mine.

1.5 Research Methods

The study will focus on optimising cut-off grade at Ad'Duwayhi mining
operation. The methodology which will be used for this report will be

qualitative and quantitative.

1.5.1 Qualitative research

This would be identifying the various cut-off grade optimisation approaches
and identifying the most suitable ones for Ad’Duwayhi mine. This will be
done by using qualitative analysis, the qualitative will identify cut-off grade

approach which would be applicable for the mine.

1.5.2 Quantitative research

Ad’Duwayhi mine data will be used to calculate optimum cut-off grade and
comparing the results of the most suitable cut-off grade optimisation
approaches to identify the one that gives the best results as measure using
the NPV.

1.6 Sources of Data

This research will apply cut-off grade optimisation at Ad'Duwayhi gold mine.
The information for qualitative study will be obtained through journal articles.
For the quantitative study the data will be obtained through the mine data.
The block mode to be used is called “30581_ADDUW_MOD _ reg.mdl” that



was last that was last updated in September 2020. The December 2020

survey month-end topography has been used to deplete the model.

The research will be based on Ad'Duwayhi 2018 pit designs. Other
information will be used, including commodity price, geotechnical, mining,
and metallurgical parameters obtained from the Ma'aden Strategic Planning

Assumptions.

1.7 Criteria for Validation

The data that is used during this research will be provided by the company.
The data is managed within a data management system, namely, Geovia
Surpac and Whittle 4X®. The data stored in system undergoes a validation
process. All data transfer will be electronical, the main data which is from
the Ad'Duwayhi mine is periodically audited by an internationally accredited

company SRK.

1.8 Structure of the Research Report

The research report will be structured into six chapters. The first chapter
will present the research background, problem statement, research
justification, and research objective. The second chapter will review some
of the literature on cut-off grade and related parameters from sufficient

literature on cut-off grade optimisation.

The third chapter will describe the methodology used in this research,
break-even and Lane approach will be briefly discussed. The preparation of
the required input data will also be highlighted. The fourth chapter will
provide a brief of the Ad'Duwayhi mining operations concentrating on

location, geology, mining, processing, and economic parameters.

The results obtained from break-even and Lane approach will be presented
in the fifth chapter. In addition, the analysis of the results based on the
research objective will be discussed. The sixth chapter will provide
conclusions and recommendations by summarising the research, showing

the findings, and giving suggestions for future work.



1.9 Scientific Contributions and Industrial Significance of the

Research

The main contribution of this research is the optimisation of cut-off grades
to maximize the NPV of mining operations at the Ad'Duwayhi mine. The key

scientific contributions are:

e By demonstrating the importance of optimising cut-off grades, the
industry can maximize NPV in mining operations. This research
highlights how dynamic cut-off grades, compared to traditional break-
even approaches, lead to significant improvements in NPV.

e The research emphasises the role of various economic and technical
parameters in determining the optimal cut-off grade. This
understanding helps in making informed decisions that enhance the
profitability of mining operations

e The research applies Lane's approach to the Ad'Duwayhi mine,
showecasing its practical utility. By incorporating opportunity costs and
the time value of money, Lane's approach provides a comprehensive
framework for cut-off grade optimisation.

e The research provides a framework for cut-off grade optimisation that
can be applied to various mining operations, enhancing both
scientific understanding and industrial practices. It underscores the
importance of integrating economic, technical, and operational

factors to achieve sustainable and profitable mining operations



2 LITERATURE REVIEW

2.1 Chapter Overview

Since the 1960s, numerous publications have appeared in the literature
considering the cut-off grade optimisation in the mining industry. This
section reviews the definition of cut-off grade as given by various authors

and shows the significance of cut-off grade in open-pit mining operation.

The section will highlight the different types of cut-off grade to clarify their
usage and provides a brief on costs used in cut-off grade calculation as well
as the importance of determining the optimum cut-off grade. A brief review
on the cut-off grade optimisation and the approaches for the optimisation
purposes will be discussed.

2.2 Cut-off Grade Definition

Several authors defined cut-off grade differently, but all agreed that it is the
grade is used to distinguish between ore and waste. Lane (1988) (cited in
University of the Witwatersrand, 2019) set a classic definition off cut-off
grade when he states that cut-off grade is the amount of metal content in
the mineralised material that defines what is considered to be ore versus

what is considered to be waste.

Dagdelen (2008) brings in the scheduling stage to the definition of cut-off
grade by mentioning that it is the grade that is used to distinguish between
ore and waste during scheduling process. Rendu (2014) argues that cut-off
grade definition should not be limited to distinguishing between ore and
waste and scheduling. He provides a broad definition by mentioning that a
cut-off grade can define the minimum amount of the product of interest that
one metric tonne of ore material must contain before this material is sent to
the processing plant. It further defines what ore is considered economical to

extract.



Rendu (2014) further indicates that this definition is also used to decide
which ore material that should be stockpiled for future processing from ore
material should be processed immediately, this is because processing
material with a higher grade immediately can generate higher revenue and
improve cash flow, while lower-grade material can be stockpiled and

processed later when it becomes economically viable.

While these authors provide acceptable definition to the cut-off grade
considering the scheduling process, Storrar (1977), cited in (Mugwagwa,
2017) considers the financial aspects by defining it as the minimum value at

which ore can be mined and processed without profit or loss.

Ahmadi & Shahabi (2018) bring together these points and define cut-off
grade as a technical and economic scale which is determined by various
parameters such as geological features, grade distribution, financial

parameters and technical factors of operations.

Biswas (2020) pointed out that, besides factors like cost, and revenue ,
there are other factors influencing the definition of the cut-off grade, known

as modifying factors.

Modifying factors encompass a range of technical, economic, financial, and
social parameters that influence the conversion of mineral resources into
mineral reserves. These factors include mining methods, processing
techniques, commodity prices, operating costs, funding availability,
environmental regulations, and community relations. The relationship
between modifying factors and the definition of cut-off grade is fundamental

in mining operations (Mugwagwa, 2017).

The determination of the cut-off grade is directly influenced by these
modifying factors. For instance, higher commodity prices may lower the cut-
off grade, making more material economically viable, while higher operating
costs may increase it. Efficient mining and processing techniques can lower
the cut-off grade by enabling the economic processing of lower-grade
material. Additionally, strong financial backing can sustain a lower cut-off

grade, whereas limited funding may necessitate a higher one to ensure



profitability. Social and environmental considerations, such as stricter
regulations, may also impact the cut-off grade to minimize waste and

environmental impact.

Definition of cut-off grade is particularly important and sensitive in open pit
mining where large volumes of material in different grade classes are
handled.

2.3 Cut-off Grade in Open Pit Mines.

Understanding the nature of the operation system in open pit mining is
important for successful selection of cut-off grade. Figure 2.1 shows the
layout of an open pit mine system containing three main components,
namely: mining, processing plant, and refinery. The mine produces ore and
waste material. The ore product is transported to the processing plant and
waste material to the waste dump. At the processing plant, ore material is
either stockpiled or processed immediately. The refinery receives the
processed ore from the plant and transforms it into the final product
specification (Asad, et al., 2016).

Cut-off grade, along with other factors, provide measure and advice of
material flow from one point of the mining system to the next. Cut-off grade
defines (ore or waste) material that can be extracted from the mine, the
guantity and average of the ore material to be processed or stored and the
quantity of metal to be refined (Asad, et al., 2016). Figure 2.1 below shows

a layout of an open-pit mining system.
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Figure 2.1: Layout of an open-pit mining system (Asad, et al., 2016)

The need to carefully decide the value of the cut-off grade further
emphasizes the complexity of the process. Whether during pit optimisation
or operational processes, it is important to determine the optimum cut-off
grade that can assist to maintain the mine profitably, maximise the use of
available resources, and consider all the requirements of the mine operation

stakeholders.

2.4 Types of Cut-off Grade

Different types of cut-off grades have been defined according to the level of
operations and according to the purpose on open pit mine. Mugwagwa
(2017) explains that in an open pit mine, cut-off grade can be classified into
two groups, namely external cut-off grade and internal cut-off according to

the implementation stage during the life of mine.

The external cut-off grade is used during the optimisation stages and pit
design to determine the overall size and shape of the open pit by identifying
which blocks of material are economically viable to mine. Once the pit limits
are established, the internal cut-off grade is applied to manage the material

within these limits, ensuring that only the most valuable ore is processed.
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Pasieka and Sotirow (1985) cited in (Kalitenge, 2021) pointed out that
various cut-off grades are used in operational and strategic planning shown
in Figure 2.2 (attached in Appendix D) . It is crucial to highlight that ore-
waste demarcation is only used for operational purposes according to short-
term goals. On the other hand Strategic planning, focuses on the whole life

of mine project value and long-term objectives.

CUT - OFF GRADES
OPERATIONAL AND
STRATEGIC PLANNING CORPORATE PLANNING
LONG RANGE (LIFE) SHORT RANGE (1 YEAR)
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ORE':ESER"F | OMINERAL F vERaGE ACCOUNTING BREAK-EVEN: MINIMUM
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! Il NeR= REQUIREMENTS) | | 00 mer
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i I I |
I APPLICATION =---=====sssseeeeesd b APPLICATION ------~ 4 L~ APPLICATION ----- J

Figure 2.2: Cut-off grades and their respective purposes (Kalitenge, 2021)

Figure 2.3 illustrates different cut-off grades and where they stand in the
planning cycle. Given that the success of each planning activity is linked to
a specific cut-off grade, it is critical to determine which stage of the planning
cycle is being followed to apply the appropriate cut-off grade. The formulae

used in the calculation of several cut-off grades are given in Appendix A.
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2.4.1 Break-even cut-off grade

The Queen’s University (2019) defines the break-even grade as the grade
that the revenue covers all expenses. The University of the Witwatersrand
(2019) extended the definition by mentioning that grade below which mining
is unprofitable. Rendu (2014) defined as the grade at which the costs of

producing a product equal the revenue obtained from the product.

The break-even grade used during pit optimisation to determine the pit limit
by defining the ore and waste block within the orebody model. The block
with grade above the break-even considers as ore otherwise is waste (Asad,
et al., 2016).

2.4.2 Marginal cut-off grade

According to University of the Witwatersrand (2019), marginal cut-off grade
is defined as the minimum original head grade of ore material brought for
further processing, from which the net revenues after sales of the product
will cover the marginal or direct cost of mining, treatment and marketing the

product within a given time frame.

Marginal cut-off grade, also known as the milling cut-off grade, applies when
there is excess milling capacity in open-pit operations. Once the ultimate pit
limit is defined, this cut-off grade helps determine whether a block should

be mined and sent to the processing or to the waste dump (Kalitenge, 2021).

2.4.3 Geological cut-off grade

According to Mugwagwa (2017), geological cut-off grade is utilised for
generating grade frequency distributions, which helps in distinguishing
mineralised material from waste and plot grade-tonnage curves for the
mineralized material. Kalitenge (2021) explained that Some mining
companies use it to separate mineralized material from waste and to

estimate mineral reserves that from a basis for determining ore reserves.
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2.4.4 Planning cut-off grade

Mugwagwa (2017) states that the planning cut-off grade is used for strategic
planning as well as long-term studies like feasibility studies. Kalitenge
(2021) extends more by highlighting that the NPV of the mining operations
must cover financial cost. Planning cut-off grade calculation considers that
each tonnes with this grade must generate revenue sufficient to cover all
capital, operating, and financial costs, plus taxes and royalties that will be
paid from the operation during the entire mine life.

2.4.5 Accounting cut-off grade

According to Kalitenge (2021), this is the annual cut-off grade needed to
generate sufficient revenue to cover all operating costs, depreciation of fixed
assets, and the minimum required profit for a specified capacity. Mugwagwa
(2017) notes that depreciation, being a non-cash cost, can negatively
impact the operational cut-off grade strategy, ore reserves assessment, and

the mine life.

2.5 Cost Related to Cut of Grade Calculation.

Kalitenge (2021) explained that a range of cut-off grades are designed to
achieve a specific objective. What distinguishes these cut-off grades are the
cost components during its determination. Therefore, it is important to
develop a clear understanding of the nature and types of costs that should
go into different cut-off grades calculations.

Mugwagwa (2017) highlighted that mining operation involves operating
costs, where different costs are incurred from total rock movement (ore and
waste) to the final product produced. To be able to accurately derive cut-off
grades, it is important to categorise and properly allocate costs to all

important stages of the operation.

Hall (2014) explained that once the pit limit has been defined, then the
variable mining costs will be incurred for all the rock mined within the

definitive pit limit, no matter the grade.
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An ultimate decision must be made on which mining block is to be sent to
the waste dump or for further processing. Ore material that is economically
capable of covering the entire operating costs shall be hauled to the process
stream, while all other material shall be sent to the waste dump (Asad, et
al., 2016).

According to Dassault Systémes Geovia (2016), when conducting pit
optimisation, it is necessary to calculate the expected costs associated with
mining, processing, rehabilitation, and selling. These costs can be
expressed as mining cost per tonne, processing cost per tonne,

rehabilitation cost per tonne, or selling cost per unit of product produced.

Mining costs contain various elements such as labour, equipment, fuel,
maintenance, surveying, geological services, grade control, drill and blast
operations, loading and haulage, as well as assaying and sampling. These

costs are typically referred to as operating cost per mined tonne.

Processing costs, as described by Dassault Systemes Geovia (2016),
include crushing and grinding, maintenance, mill services, stockpile
management, and treatment plant reagents. They are commonly expressed

as cost per milled tonne.

Additionally, rehabilitation costs encompass expenses related to waste
dump rehabilitation, measures to address acid mine drainage, and
revegetation. These costs are typically expressed as cost per milled tonne.

Dassault Systemes Geovia (2016) explains that selling costs can be
expressed as cost per unit of product produced, which includes

transportation, insurance, marketing, refining, and smelting expenses.

Furthermore, as emphasised by Dassault Systémes Geovia (2016), time
costs, also known as general and administration costs, include expenses
such as accommodation, administration salaries, communications, legal
services, safety, and training. These costs need to be allocated among the
block values, with the allocation depending on whether the operation is

limited.
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Dassault Systemes Geovia (2016) explains that If production is limited by
processing capacity, general and administration costs are included in the
milling tonnes. This means that when the processing plant is the bottleneck,
these costs are distributed over the processed ore, ensuring they are
accurately reflected in the cost per milled tonne. Conversely, if the operation
is limited by other factors such as mining rate or market demand, the
allocation of these costs might differ, potentially spreading over the total
mined tonnes or another relevant metric. This approach helps capture the
financial impact of these expenses on the overall cost structure of the mining

operation

Kalitenge (2021) highlighted that Operating costs are a category of
expenses incurred during the operation of a mine when handling rock, ore,
and product. These costs are classified into two groups: fixed costs and

variable costs.

Fixed costs are expenses that remain constant over a given period,
regardless of the level of activity. They are expressed in US$ per unit of
time, such as per year or per month. These costs must be paid irrespective
of the production capacity or level of activity. examples of fixed costs include
equipment depreciation, administration, salaries, marketing, interest

expenses, business licenses, insurance, and permit fees (Kalitenge,2021).

In contrast, variable costs fluctuate in direct proportion to the level of
activity. They are usually expressed in US$ per unit of production. Such as
tonnes mined, tonnes processed, ounces produced, meters drilled, or
kilograms of explosives consumed. Each unit handled incurs a
corresponding unit cost, meaning that higher production capacity results in
higher variable costs. Examples of variable costs include drilling, blasting,
loading, crushing and grinding, flotation, filtering and shipping, smelting and

refining. (Kalitenge , 2021).

Rendu (2014) highlighted that Capital Expenses (CapEx) refer to costs
incurred during pre-stripping, plant construction, and the construction of

permanent facilities. These costs are not used to establish the cut-off grade
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determination. Including CapEx may raise cut-off grade values, resulting in
reduced reserves and making the operation uneconomical. Therefore,

these costs only influence the cut-off grade during the feasibility study.

Sustaining CapEx, refers to the capital required to maintain and sustain the
existing operations These costs need to be included in cut-off grade
determination by adding them to an appropriate cost category. (Kalitenge ,
2021)

Meredith (2021) explained that It's important to understand the costs
involved in cut-off grade calculations and how these costs relate to different
mining activities, and how they are recorded. Errors in cost estimation are
relatively frequent, and incorrect cost allocations could mean that incorrect

mining decisions are made.

Meredith (2021) pointed out that, prior to 2013, nearly every mining
operation classified operating costs differently. To react on this, Leading
gold producers, through the World Gold Council (WGC), developed a more
representative cost metric for reporting, known as All-In Sustainable Costs
(AISC) and All-In Cost (AIC).

The WGC has defined the cost elements reported under these two cost
metrics, thereby, they have provided consistency into the costs associated
with producing one ounce of gold. Table 1 shows the costs associated with
AISC and AlC.
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Tablel: World Gold Council classification of costs (Meredith, 2021)

Cost Category

Source

US § / gold ounces sold

Jn-site mining and processing costs (on a sales basis)

Inzome Statement

[3)

On-site general and administrative costs Income Statement ib)
Royalties and production taxes Income Statement (c)
Fealised gains and losses on hedges of operating costs | Income Statement id)
Community costs related to curment operations Income Statement ie)
Permitiing costs related to current operations Income Statement if)
3™ party smelting, refining and transport costs Income Statement igl
Mon-zash remuneration (site-based) Income Statement ih}
Stockpile, leach pad and product inventory write-downs | Income Statement (i)
Cperational Stripping Costs Income Statement (il
By-product and co-product credits (Naofe: will be a credit) | Income Statement ik}

Sub-fofal {Adjusfed operating cosfs)

(1= (apHbi+ci+HdiHe)Hf+
(@R {hiH{i+H{i+ (k]

Corporate or regional general and administrative costs,
including share-based remuneration (sustaining)

Inzome Statement

(m)

Reclamation & remediation — aceretion & amartisation
{operating sites)

Income Statement

(m)

Exploration and study costs [sustaining)

Income Statement

(o)

Capital exploration (sustaining) Cash Flow i)
Cap-lta.hs.-ed stripping & underground mine development Cazh Flow ()
(sustaining)

Sustaining capital expenditure Cash Flow ir)
Sustaining leases Cash Flow iz}

All-in Sustaining Costs

(1} = (I+{m)+{n)+o)+p+a)
HrjHs)

Growth and develapment costs nat related to current
pperations

Income Statement

(u)

Community costs not related to current operations Income Statement (v}
Permitiing costs not related to current cperations Income Statement {w)
Reclamation and remediation costs not related to o
. — Income Staterment (x})

current operations
Exploration and study costs (non-sustaining) Income Statement (y)
Capital exploration (non-sustaining) Cash Flow (z)
Capitalised stripping & underground mine development

P =HRRIng d P Cash Flow HEEY
imon-sustaining )
Mon-sustaining capital expendiurs Cash Flow (bb}
Mon-sustaining leases Cash Flow [oc)

AllHin Costs

= (tH{ulHVIH Wiy
(z}+{aa)+Hbb Hec)

Meredith (2021) said that AIC covers all expenses, including non-mining

costs, whereas AISC covers all costs associated with mining activities

excluding non-mining costs.
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2.6 Challenges Associated with Determining the Optimum Cut-Off
Grade

Biwas et al. (2023) outlined several challenges and limitations associated
with determining the optimum cut-off grade such as complexity of deposits
that may require more detailed procedures for evaluating optimal cut-off

grades due to the variability in grade-tonnage distribution.

In addition, Biwas et al. (2023) highlighted analytical method limitations by
pointing out the subjectivity and heuristic nature of some methods which
may not provide a clear, objective solution for determining the optimal cut-

off grade.

Biwas et al. (2023) explained the challenges associated with determining
the optimum cut-off grade by emphasising that the dynamic nature of mining
operations, including changes in metal prices, processing capabilities, and
market demand. The volatility of commodity prices and economic factors

can introduce uncertainty into the determination of the optimal cut-off grade.

Biwas et al. (2023) point out other challenges associated with determining
the optimum cut-off grade is consideration of environmental and social
aspects as well as incorporating additional cost components such as

stockpiling options.

2.7 The Cut-off Grade Dilemma

There are several stakeholders for each mining operation, and their
interests may differ from those of the company's operating policies. Given
that the cut-off grade policy has a strong connection with stakeholder
requirement, the interests of all stakeholders should be weighed carefully in
the process of determining cut-off grades. The main stakeholders affecting

the selection of cut-off grade are shown in Figure 2.3.

18



State

Cash Flow
/ Realized NPV

Employees and
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Figure 2.3: Stakeholders in the cut-off grade determination (Mugwagwa, 2017)

As it can be observed in the figure above, different stakeholder intersected
with the selection of cut- off grade policy. The main stakeholders can be
classified in four groups : investors, mine management, state, mine

employees and the community.

Sinding and Larsen (1995), cited in (Mugwagwa, 2017) explain that mine
employees may adopt lower than optimal cut-off grades in order to extend
the life of the mine for longer term employment, however, maximising the
life of mine (LOM), may lead to a minimum accepted profitability percentage
and higher risk exposure.

Maximising the NPV is the main drive for the investor, where the relationship
between cut-off grade and NPV provides a means by which cut-off grades
can be optimised (Minnitt, 2004). A high cut-off grade enhances short-term
profitability and maximises the project's NPV, benefiting the investor
(Mugwagwa, 2017). Although this strategy may be advantageous in the
short term, it could lead to a shorter mining operation. This could result in
lower long-term economic benefits due to reduced employment and

decreased support for employees and the local communities.
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Mugwagwa (2017) explained that the state intended to maximise direct
revenue, which is the combination of income tax and mineral resource
royalties, in such cases a cut-off grade policy which maximises the revenue
is preferred.

2.8 Cut-off Grade Optimisation

The policy adopted by a mining operation regarding cut-off grades ultimately
determines its profitability and the mine life. It is therefore important to
determine the optimum cut-off grade to avoid the negative impact of either

overestimating or underestimating.

Hall (2014) explained that during pit optimisation, a higher cut-off grade can
lead to value destruction since valuable material can be left as waste, while
a lower cut-off grade can destroy the value by adding unprofitable material

as shown in Figure 2.4

Cutoff too low, Cutoff too high,
unprofitable valuable

material material
included in ‘ excluded from
the reserve the reserve

\

(though ALL cutoffs generate +ve values and
f——— could be deemed “economic™)

l [

Increasing Value

1 1

Increasing Cutoff Grade

Figure 2.4: Change in value with change in cut-off grade. (University of the
Witwatersrand, 2019)

Once the pit limit is defined, low cut-off grade may result in the processing
of materials that do not yield high profits especially at the beginning of the
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life of the mine. This therefore lowers the value of the mining company, while

high cut-off grade can reduce the life of the mine.

Mugwagwa (2017) highlighted that once the pit limit has been defined, cut-
off grade optimisation is conducted on the material within the pit to
determine a strategy that maximises profits and ensures efficient operation.
The optimisation of cut-off grade considers factors that significantly impact
revenue, such as the dynamic nature of the cut-off grade, the time value of

money, and opportunity cost.

More recently, Whittle (2020) argued that cut-off grade optimisation must
include other factors involved in an entire mine planning process. These

factors include mine scheduling, designs, stockpile, and recovery.

Hall (2014) points out that, for an effective operation, it is important to
incorporate all the key parameters simultaneously at their optimal levels.
According to Hall (2014), the production rate creates the third dimension,
which differs from the two-dimensional approach that considers the cut-off
grade and value. This technique produces a three-dimensional surface with

a peak, known as a hill of value, as illustrated in Figure 2.5

Increasing
Value

Increasin\
Production Rate

Figure 2.5: A typical underground hill of value versus cut-off and production
targets (Hall, 2023).

Increasing

Cut-off
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Figure 2.6 illustrates the relationship between cut-off grade, production rate
and the NPV of a mining project. The figure shows a curve that peaks at the
optimal cut-off grade, where the NPV is maximised. This peak represents
the point at which the balance between costs and revenues is optimised,
ensuring the highest profitability for the mining operation. By adjusting the
cut-off grade to this optimal point, mining companies can significantly

improve their financial performance. (Hall, 2023).

With the implementation of cut-off grade optimisation, Rendu (2014) pointed
out that since the cut-off grade expresses the profitability and the life of the
mine, a high cut-off grade can grow short-term profitability and NPV but
shorten the mine life. Birch (2022) also expanded on this idea, emphasising
that cut-off grade optimisation can drive decision makers to prioritise short-

term gains over long-term considerations.

Cut-off grade optimisation can achieve higher financial returns in a shorter
time. However, this can lead to the waste of low-grade materal that could
be processed later at the end of mine life when the higher-grade ore is
depleted, especially if there is no option to stockpile it for later processing .
Therefore, incorporating the stockpile in cut-off grade optimisation is
recommended (Rendu 2014) .

The optimised cut-off grade initially starts at values higher than the break-
even grade. This means that ore with marginally economic grades can be
processed later when the higher-grade ore is depleted. This material, with
grades ranging from the optimal grade to the break-even grade, can be

stockpiled for future processing.

Whittle (2020) pointed out that when there is an option to stockpile low-
grade material for later processing, the negative consequences of raising
the cut-off grade are reduced. If stockpiling is implemented, the overall life
of the mine will not be affected since all the material above the marginal cut-

off grade will eventually be processed.
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2.9 Overview of Cut-Off Grade Approaches and Optimisation.

Several techniques and approaches have been developed to optimise the
cut-off grade. Biwas et al. (2023) classified them into two categories:
conventional and non-conventional methods. The conventional methods
are further divided into four major sub-categories: analytical modelling,
integer programming, linear programming, and nonlinear programming.
Non-conventional methods, on the other hand, fall under the broad
classification of evolutionary algorithms.

Biwas et al. (2023) point out that the conventional methods for determining
the optimum cut-off grade in mining operations involve various analytical

and mathematical approaches.

2.9.1 Analytical approaches

These methods involve the use of mathematical and analytical models to
optimize the cut-off grade based on economic and technical considerations.
It provides a theoretical framework for determining the optimum cut-off
grade.

Biwas et al. (2023) mentioned that these methods have been used for a
long time in the mining industry. However, some of these methods are
subjective in nature, leading to potential biases in determining the cut-off
grade. In addition, the derivation and application of these methods can be
heuristic, meaning they rely on experience and intuition rather than rigorous

analysis.
Linear Programming

These methods provide a mathematically rigorous approach to optimising
cut-off grades based on defined constraints and objectives. However, it is
important to recall that these models can become complex, especially when
considering multiple variables and constraints, leading to challenges in

practical implementation (Biwas, et al., 2023).
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Nonlinear programming

Biwas et al. (2023) explained that these methods can be applied to optimize
the cut-off grade based on various factors such as mineral prices,
production costs, and resource recovery. Biwas et al. (2023) adds that while
nonlinear programming offers significant advantages in modelling complex
systems and finding optimal solutions, it also presents challenges related to

computational complexity, convergence, and algorithm selection.
Integer programming

These methods are designed to optimise cut-off grades based on multiple
metal deposits. while integer programming offers the advantage of finding
optimal solutions for discrete decision problems, it also presents challenges
related to computational complexity, convergence, and intractability for

certain problem instances (Biwas, et al., 2023).

Biwas et al. (2023) explains that the conventional methods for determining
cut-off grades offer established and theoretical approaches but may suffer
from subjectivity, heuristic nature, limitations in addressing variable costs,
and computational complexity. Each method has its strengths and
weaknesses, and the choice of approach depends on the specific mining
context and the factors that need to be considered in the determination of
the optimum cut-off grade. Table 2 provides overview of different methods,
highlighting their key characteristics, advantages, and disadvantages.
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Table 2 Overview of different analytical approaches, key characteristics,

advantages, and disadvantages.

Approach

Linear

Programming

Nonlinear

Programming

Integer

Programming

Dynamic

Programming

Genetic

Algorithms

Description

Uses linear
equations to model
the optimisation

problem.

Models the
optimisation
problem using
nonlinear

equations.

Uses integer
variables in the
optimisation

model.

Breaks down the
problem into
simpler
subproblems and
solves them

recursively.

Uses evolutionary
techniques to find

optimal solutions.

Advantages

Simple to
implement,
efficient for large

problems.

Can handle more
complex
relationships and

constraints.

Suitable for
discrete decision
variables, can
model complex

constraints.

Can handle
complex, multi-
stage decision

processes.

Can handle
complex,
nonlinear, and
multi-objective

problems.

2.9.2 Non-conventional approaches

Disadvantages

Limited to linear
relationships, may not
capture complex

scenarios.

Computationally
intensive, may
require sophisticated
algorithms and

software.

Computationally
challenging,
especially for large-

scale problems.

Requires significant
computational
resources, difficult to

implement.

Requires careful
tuning of parameters,
may not always find

the global optimum.

Non-conventional approaches for cut-off grade optimisation offer innovative
methods for addressing the complexities of real-world mining operations.

These approaches often involve heuristic, trial-and-error-based, or nature-
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inspired techniques to find optimal cut-off grade. Methods such as genetic
algorithms, particle swarm optimisation, Imperialist competitive algorithm,
simulated annealing, hybrid methods and machine learning techniques
have received a lot of attention in recent years (Biwas, et al., 2023).

Non-conventional approaches offer heuristic, nature-inspired, and global
search capabilities for cut-off grade optimisation in mining, but they also
present challenges related to computational intensity, convergence,
algorithm selection, and theoretical foundation (Biwas, et al., 2023).

Githiria and Musingwini (2018) provide other classification for comparing
various cut-off grade approaches in mine planning that improve value
generation based on NPV. They determined that the various approaches
might be classified into the following main categories:

e Break-even cut-off grade approach.
e Heuristic cut-off grade approach; and

e Lane's optimum cut-off grade approach.

2.10 Break-Even Cut-Off Approach

Traditionally, the determination of cut-off grade used break-even approach.
This approach calculated cut-off grade by comparing costs and benefits of

the operation.

The Break-even approach provides a basic understanding into the
calculation of cut-off grade, it can be used during pit optimisation to
determine the pit limit, but during the operation, this approach is unable to
deliver the optimum value of cut-off grade.

Pettingell (2017) explains this by mentioning that break-even approach does
not maximise the value generated by the operation since it only considers
price and costs and ignores other factors such as variability in the ore body
and operational capacities. Moreover, Pettingell (2017) demonstrates that
neglecting such factors can lead to lower than optimum cut-off grades that

have a negative impact on mine efficiency and profitability.
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2.11 Heuristic Cut-off Grade Approach

There are several approaches, including swarm intelligence and genetic
algorithms. Usually employed for addressing decision problems quickly and
where exact accuracy is not crucial (Githiria & Musingwini, 2019).

Heuristic approaches aim to optimise the (NPV). In the early phases of a
project, cut-off grade optimisation typically results in higher cut-off grades
compared to those calculated using the break-even approach. This increase
is attributed to the need to recover the initial capital expenditure. As the
project progresses, the cut-off grades tend to decrease, eventually aligning
with or even falling below those determined by the break-even approach
(Githiria & Musingwini, 2018; Birch, 2022).

Dagdelen (1992), as cited in Birch (2022), points out that these approaches
are particularly effective for managing complex, multi-variable optimisation
problems and offer more flexible and adaptive solutions. However, they may
not yield the optimal cut-off grade because they do not account for capacity
constraints and opportunity costs.

2.12 Lane's Optimum Cut-off Grade Approach

As the opposite of the break-even approach, Lane’s approach presented
the cut-off grade as a dynamic value that must be optimised to maximise
the value generated by the mining operation. In addition, Pettingell (2017)
explains that to maximise the profit from the resource, the opportunity cost
and time value of money concept should be considered in cut-off grade

calculation.

Githiria & Musingwini (2019) highlighted that since Lane published his
pioneering work in 1964 and subsequent textbook in 1988 in the field of
determining optimum cut-off grade for a mining operation, his approach has

been the most common one in the literature.

Githiria & Musingwini (2018) points out that, in his approach, Lane divided

the mining operation into three compounds namely mine, concentrator and
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refinery. He observed that cut-off grade is not only a function of the grade
distribution but is also constrained by the capacities of the various

interdependent components.

Githiria & Musingwini (2018) extend more by mentioning that, each of these
three components has its own limiting capacity and associated costs,
therefore, their own optimum cut-off grade. In addition, Lane explained that
the whole operation has a set of fixed costs, which do not necessarily relate
to any one stage, or the level of production. Figure 2.8 presents mining

operation compounds and material flow as shown in Lane’s approach.

Maximum

Material (capacity) Unit (costs)

i
Ore MINE (M) M m

!
Concentrare CONCENTRATOR (O) C c

!
Product REFINERY (R) R r

l

Other factors: Fixed costs f, selling price s,

Market recovery y

Figure 2.6: Mining operation components and material flow on Lane’s Model
(Githiria & Musingwini, 2018)

Figure 2.8 demonstrates how ore flows through these mining operation
components on Lane’s approach and highlights other related costs, such as
fixed costs, as well as factors involved in the calculation, including selling

price and recovery.

Pettingell (2017) explains time value of money concept in Lane’s approach
by saying that, processing low grade ore today may reduce the potential
future value of high-grade ore if processed later. Therefore, by prioritising
mining high cut-off grade ore early in the life of the mine enables the mill to

process higher value material earlier.

Mugwagwa (2017) explained in every operation, there exists a bottleneck;

one stage or another in the operation process may have limited capacity.
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The size of a mining operation is determined by the quantity of the deposit
and the extraction rate, which are linked to the operational bottleneck. When
an operation encounters a bottleneck, which is a constraint in capacity,

opportunity costs are incurred

Mugwagwa (2017) extends more by mentioning that Lane’s approach
incorporates geostatistical techniques to approach the grade distribution
within the deposit accurately. By accounting for the variability and
uncertainty of ore grades, it provides a more realistic assessment of the

economic potential and risk associated with different cut-off grades.

Minint (2004) explained that the NPV criteria is frequently cited as the main
indicator of economic value in mining operations. In this regard, Lane’s
approach provides this optimisation criteria where it seeks to maximise the
NPV or profit of the mining operation. By considering the time value of
money, it considers the cash flows associated with mining and processing
activities over the life of the mine. This optimisation criterion helps identify
the cut-off grade that maximises the long-term profitability of the operation.

Biwas et al. (2023) supports Lane’s approach by highlighting that Lane
employs an incremental approach, evaluating the economic viability of
different sections or blocks within the deposit. This allows for more accurate
determination of the cut-off grade by considering the spatial distribution of
ore grades and associated costs.

The Lane's approach allows for iterative refinement of the cut-off grade.
Mining companies can update and adjust the parameters as new
information becomes available, such as changes in metal prices,
operational costs, or geological understanding. This iterative process helps
ensure that the cut-off grade remains optimized throughout the life of the

mine.

The categorisation of the mining operation and the inclusion of the
opportunity cost and time value of money developed by Lane makes his
approach receive the most attention for the determination of the optimum

cut-off grade.
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Despite its comprehensive structure and widespread acceptance, several
researchers have identified notable limitations in Lane's approach.
Dagdelen (2008) argues that Lane's approach has a significant shortcoming
because it does not consider stockpile material and the blending process.
Stockpiling allows for the storage of ore that may not be immediately
processed, helping manage fluctuations in ore grade and ensuring a steady
supply to the processing plant. Without accounting for stockpiles, Lane's
model may fail to optimise the cut-off grade effectively.

Dagdelen (2008) explains that blending different grades of ore is crucial for
maintaining consistent feed quality and processing efficiency. By ignoring
blending, Lane's model might not accurately reflect the true economic
potential of the ore, resulting in variations in feed quality and processing

efficiency.

Githiria and Musingwini (2019) observe that Lane’s approach is unable to
determine the optimum cut-off grade for polymetallic deposits. This
limitation arises because Lane's model primarily focuses on single-metal
deposits and does not account for the complexities associated with multiple

metals.

Biswas (2020) notes that in the event of an aggressive increase in the selling
price, Lane’s approach does not provide a clear selection of the optimum
cut-off grade. This can lead to indecisiveness and suboptimal economic
outcome. Despite these shortcomings the comprehensive structure of the
Lane’s approach is becoming a reason for large-scale acceptance of the

mining operation.

Lane’s approach has been modified in several studies to address its
deficiencies and incorporate different mine scenarios. These modifications
have positively impacted the accuracy of determining the optimum cut-off
grade. Table 2 shows some of the studies addressing several shortcomings
and suggest various scenarios to enhance the accuracy of Lane’s approach.

Githiria & Musingwini (2018) pointed out that these studies succeed to
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improve Lane’s approach accuracy, as they address the most techno-

economic variables of the mining operation.

Table 3: Example of studies addressing some shortcomings and

suggestions for some improvements in Lane’s approach.

Research Summary of improvement

(Asad, 2005) Asad developed a cut-off grade optimisation algorithm based on
Lane’s work, but with a stockpiling option for open-pit mining

operations with two economic minerals (Githiria & Musingwini, 2019)

(King, 2011) Look to consider the operational and administrative costs into Lane’s
Model (Githiria & Musingwini, 2019)

(Maleki, 2016.) Propose a new model consider the blending process based on

Lane’s work.

(Zarshenas, Y & | Used Lane’s algorithm and demonstrated that with an increase of
Saeedi, G 2017) | dilution there was a decrease in average grade and consequently an

increase in cut-off grade.

Githiria & Musingwini (2018) highlighted that some of the studies are now
incorporated into some of the existing mine planning and optimisation
software such as Maptek Evolution®, OptiPit®, and Geovia Whittle 4X®.

Ad'Duwayhi mine has experienced a period of high-grading and reduced
waste stripping, leading to a reduction in the grade of the remaining ore and
an increase in the cost of waste stripping backlog. This situation

necessitates cut-off grade optimisation to address these issues.

To address the problem, various approaches for cut-off grade optimisation
were considered. Lane's approach was selected as it provides a
comprehensive framework that balances the capacities of mining, milling,
and processing stages to maximise NPV. As well as it defines three
balancing cut-off grades to balance the capacities of each pair of stages.
This dynamic nature allows for adjustments as the mining operation

progresses, making it suitable for varying conditions.
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Minnitt (2004) supports that by explaining that Lane’s approach is widely
recognised as the most suitable and consistent approach for representing
the sequential cash flows associated with extracting mineral reserves from

a finite resource.

With the rapid depletion of high-grade ore, Ad'Duwayhi mine is left with low-
grade ore. This situation encourages the adoption of Lane's approach, as
it incorporates dynamic programming techniques to ensure an optimum cut-
off grade is selected at all points in time. Pettingell (2017) supports this by
explaining that Lane's approach provides an elegant and straightforward
method to optimise cut-off grades in mining operations, particularly in

scenarios where ore grades are low.

2.13 Chapter Summary

This chapter reviews the basic concepts and definitions of cut-off grades.
highlighting the importance of optimising the cut-off grade and link with the
NPV. Further, it reviews the different cut-off grade optimisation approaches

in the literature.

The break-even cut-off grade approch has been widely used in many
operations to discriminate between ore and waste. The cut-off grade
established by this approch ensures every ton of ore mined pays for itself.
It is commonly used during pit optimisation to determine the pit limit, but
during the operation, this approach is unable to deliver the optimum value
of cut-off grade. To address this limitation, Lane's approach has been
selected as an optimisation approch to verify the opportunity to achieve the

optimum cut-off grade.

Chapter 3 will present how optimum cut-off grade is determined in the
Ad'Duwayhi gold mine. These approaches are then compared to the

resultant cash flows.
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3 METHODOLOGIES

3.1 Chapter Overview

This chapter describes the methodology that has been used for the
research. The cut-off grade optimisation approaches selected are
presented in this chapter. The break-even cut-off grade calculated to show
the impact of pursuing the break-even cut-off grade policy and Lane’s
approach applied as optimisation approaches which attempts to maximise
the NPV.

3.2 Break-even Analysis

Pettingell (2017) explained that break-even cut-off grade is where the costs
of producing a sealable product are equal to the revenue earned from that

product.

Birch (2016a) mentioned that mining companies calculate cut-off grades to
determine what proportion of a mineral deposit can be extracted profitably.
The common method is break-even, where costs and benefits of the

operation are compared.
Birch (2022) presents the break-even cut-off grade formula as follows:
At break-even cut-off grade:
units/t = ((TFC+X) + UVC) / (¥*S) ceveveeinanannn.. (3.1)

Where: units/t is the break-even cut-off grade in units per tonnes,

TFC = Total fixed costs,

UV C = Unit variable cost,

X = Units of production.

y = Mine recovery factor in %, and

S = Metal price in US$ per unit.

33



But:
TR=ETFCHTVC cooeiiiieiieeeeeeeeeeeeee e (3.2)
where: TR = Total revenue in US$,
TFC = Total fixed costs, and
TVC = Total variable costs.
But:
TR =URx X
And:
TVC =UVC *x X
Where: UR = Unit revenue,
UV C = Unit variable cost, and
X = Units of production.
Therefore:
UR*xX=TFC+UVC X
Dividing both sides by X:
UR =(TFC+X) + UVC
But:
UR = units/t*y *S
Where: units/t is the break-even grade in units per tonnes,
y = Mine recovery factor in %, and
S = Metal price is US$ per unit.
Therefore, at break-even cut-off grade.
units/t = (TFC+X) + UVC) / (y*S)

The cost included in the calculation are based on a break-even principle,

where the revenues earned are equal to the costs of producing. In this
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aspect, Asad (2016) stated that once an ultimate pit limit is defined, all
mining blocks within the ultimate pit limit will be mined whether ore or waste,
so the subsequent step involves determining if these blocks are suitable for
processing plant or should be send to the waste dumps.

Asad (2016) explained that at this stage, a mining block that can cover the
Concentrating, refining and sales costs shall be sent to the Concentrating
Plant, otherwise, it shall be hauled to the waste dumps. Figure 3.1
demonstrates the break-even points for unit total and unit variable costs.

100

R 80 " Total Cost Break-even
Total Cost
€ 60
A’
e 40 Variable Break-even
n Variable Cost
u 20
e
0 5
0 1 2 3 4 5 6 7 8 9 10

Cut-off grade (%)

Figure 3.1: Break-even points for unit total and unit variable costs
(Mugwagwa, 2017)

Figure 3.1 illustrates the relationship between total costs, variable costs,
and revenue at different levels of production. The break-even point is where
total revenue equals total costs, meaning there is no profit or loss. This point
is crucial for understanding the minimum production level required to cover

all costs (Mugwagwa, 2017).

This research is based on the Ad'Duwayhi 2018 pit designs. Therefore,
calculating the overall break-even cut-off grade is not required at this stage.

Since the pit limit already determines which material is economically viable
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to mine. Instead, it is required to calculate the break-even cut-off grade

based on the processing cost (Gholamnejad, 2008).

Kalitenge (2021) highlighted that some of the noticeable features of the
break-even cut-off approach include neglecting the grade distribution of the
mineralistion and the capacity of the mining production system's
components. Kalitenge (2021) explains that one of the serious
conseqguences that mines can face by relying on the method that does not
consider the geology of the orebody and capacities of different components
of the mining system is the failure to establish the optimum cut-off grades
that hinders the strategy to maximise the NPV of the operations.
Furthermore, while the approach can be used to predict the profitability of
the operations, there is no guarantee if the desired profit will be achieved.

3.3 Lane’s Model Analysis

Determining the optimal cut-off grade based on a defined resource and the
capacities that limit the extraction and production of that resource is a
challenge in the mining industry (Gholamnejad, 2008).

To determine the optimum cut-off grades for a deposit, it is necessary to
identify the optimal exploitation approach that serves the strategy of
maximising the present value of an operation based on a finite resource and
then connects cash flows to cut-off grades. In this regard, Lane proposed
that value is a function of the size of the remaining resource and the rate of
extraction (Pettingell, 2017).

Pettingell (2017) explained that the present value of the mining operation at
any time is a function of the mine's life, the quantity of the remaining
resource, and the rate of extraction.

Present value can be express as follows:
PV=(TH Q= Q) ceoerrrerrrrrrerrereererrerreerresrensesssesenessee e (3.3)
Where: PV = Present value in USS$,

T'= Life of the mine per years,
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Q = Size of the remaining resource in tonnes, and
q = Rate of extraction tonnes per year.
t = Specific time period.
Differentiating PV with respect to Q and T,
APV /Q =P - t/q (8V =PV / OT) weeeeeeerererreeerer e (3.4)
Where: P = The cash flow arising from one unit of resource,
t = Time it takes to process that unit, and

t/q = The tonnage is given by, which represents the time required to

process one unit of mineralized material.

Another concept defined in Lane’s approach is the opportunity cost of
mining at a specific extraction rate. It can be rewritten as F, and the formula

that maximizes the present value of a mining operation is given by.
F=(PV4 BPV/T), coeeeeeeeeeeeeeieeeeeeeee (3.5)
Where: F = Opportunity cost per US$
I = Discount rate

Discount rate is multiplied by PV to reflect the decrease in value of the
resource resulting from extraction, which is subtracted by the first derivative

of the value PV with respect to time T.

Pettingell (2017) explained thet to conncet relates cash flows to cut-off
grades, the formula for the cash flow arising from one unit of mineralized

material can express as follows:

Pettingell (2017) explained that to connect related cash flows to cut-off
grades, the formula for the cash flow arising from one unit of mineralised

material can be expressed as follows

P=(S1)(gyQc)- (mQm) - (cQc) - (fT)...cvvvvrnnn.e. (3.6)
where: P = Total cash flow,

S = Commodity price,
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r = Refining, transportation, of the saleable product,

g = Average grade (g/ton) of material sent for concentrating facilities,
y = Recovery of product from ore as a percentage,

Qc = Quantity of ore sent for concentrating facilities,

m = Mining cost,

Qm = Quantity of material mined (both ore and waste),

¢ = Concentrated variable cost,

f = Fixed cost per annum, and

T = Mine life in years.

The above formula determines the cash flow generated from concentrating
one unit of mineralised material considering various costs and recovery

rates.
Limiting economic cut-off grades

Lane’s approach determines the optimum cut-off grade by considering both
the limiting economic and the balancing cut-off grade. According to Githiria
& Musingwini, (2018) the three limiting economic cut-off grades are the
mining limiting cut-off grade (gm), concentrator limiting cut-off grade (gc), and
refinery limiting cut-off grade (gr). They are based on the capacities of the

individual mining compound.

Kalitenge (2021) explained that the mining system throughput is limited by
each stage's capacity. The mining rate, which determines the amount of
material extracted from the mine, is influenced by factors such as the size
of the truck fleet, the number of shovels, cycle time and the drilling
equipment. In the concentrating stage, the throughput is constrained by
either the ore handling facilities or the concentrating plant. Additionally, the
refinery stage faces restrictions due to the sales contract or the limiting

capacity of the refinery or smelter.

Each limited capacity has its own calculation considering the unit costs and
the specified capacity for that system, these calculations also account for
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the opportunity cost of not mining the remaining of the deposit due to the
limiting capacities of the mine, concentrating facilities, and the refinery
(Pettingell, 2017). Therefore, depending on which area of the system is
limiting, the time ‘T’ can be express as follows, If the mining capacity limits

the system, the time ‘T’ can be expressed as follows

Where: T = Mine life in years,
Qm = Quantity of tonnes mined, and
M = Maximum annual capacity for the mine.

If the concentrator's capacity limits the system, the time ‘T’ can be

expressed as follows

Where: T = Mine life in years,
Qc = Quantity of tons milled, and
C = Maximum annual capacity for the Concentrating plant.

If the refinery capacity is the limited the system, the time ‘T’ can be

expressed as follows,

Where: T = Mine life in years,
Qr = Quantity of ounces refined in each period, and
R = Maximum annual capacity of the refinery (market).

Kalitenge (2021) mentioned that the opportunity cost should be distributed
per tonne of material mined, per tonne of ore concentrated, or per ounce of
metal refined, depending on which component is limiting the mining

operation.

Therefore, mine limiting economic cut-off grade can be expressed as;
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Where: gn = Mining limiting grade (grammes of product per tonne of ore),
¢ = Concentrating variable cost,
S = Price of a unit of product,
r = Refinery costs per unit of product sold, and
y = Recovery of product from ore as a percentage.

The formula for determining the mine limiting economic cut-off grade
indicates that the mineralised material should be classified as ore since its

retains its implicit value.

The Concentrate limiting economic cut-off grade can be expressed as.

ge=(C+ ((F+0) /O / (S=1)V rrevrereeorereaenn, (3.11)

where: g- = Concentrated limiting grade (grammes of product per tonne
of ore),
¢ = Concentrating variable cost,

f = Fixed cost per annum,

F = Opportunity cost,

C = Concentrating capacity,

S = Price of a unit of product,

r = Refinery costs per unit of product, and

y = Recovery of product from ore as a percentage.

Pettingell (2017) stated that for the Concentrating limiting equation, the
opportunity cost indicates the additional time required to process the ore.
This results in larger cut-offs, which are considerable in the early years of
production, and smaller cut-offs as the opportunity cost declines with the
resource. This realization exemplifies dynamic cut-off theory, in which cut-
off grades change during the life of a mine to maximise the value of the

material being mined.
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Kalitenge (2021) States that the refinery limiting cut-off grade (gr) can be
expressed as follows.

g=c/((S-1=-((f+F) /R *Y e (3.12)

where gr = Refinery limiting grade (grammes of product per tonne of ore),

¢ = Concentrating variable cost,

S = Price of a unit of product,

r = Refinery costs per unit of product sold,

y = Recovery of product from ore as a percentage,

f = Fixed cost per annum,

F = Opportunity cost, and

R= Refinery capacity per annum.

Pettingell (2017) explained that the refinery limiting equation incorporates
the present value in the form of an opportunity cost, which along with the
fixed costs is distributed according to the limiting capacity. As a result, cut-

off grades decrease as opportunity cost declines due to resource depletion.

Three limited cut-off grades definned in Lane’s approach, Githiria &
Musingwini (2018) point out that these limiting cut-off grades change with

changes in economic and technical parameters.
Balancing cut-off grades

The three balancing cut-off grades are the mine and concentrator balancing
cut-off grade (gmc), refinery and concentrator balancing cut-off grade (grc),
and mining and refinery balancing cut-off grade (gmr). They are based on if

more than one compound limits the operation (Dadi and Sattarvand, 2016).

If both the mine and concentrate facility are limiting than cut-off grade gmc

is the grade that satisfies the equation

Qm/M=0Qc/C
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Where: Qm = Quantity of tonnes mined,
M = Maximum annual capacity for the mine,
Q¢ = Quantity of tons milled, and
C = Maximum annual capacity for the concentrating plant.

In case the concentrate facility and the refinery are the limiting factors then

geris the grade that satisfies,

Qc/C=Qr/R
Where: Qc = Quantity of tons milled
C = Maximum annual capacity for the concentrating plant.
Qr = Quantity of ounces refined in each period and
R = Maximum annual capacity for the refinery (market).
In case the mine and the refinery are both limited, then gmr must satisfy
Qm/M=Qr/R
Where: Qm = Quantity of tonnes mined,
M = Maximum annual capacity for the mine,
Qr = Quantity of ounces refined in each period, and
R = Maximum annual capacity for the refinery (market).

Pettingell (2017) explains that the balancing ratio is observed when the
proportion of mineralised material, recoverable mineral per unit of
mineralised material, and recoverable mineral per unit of ore above the
corresponding grade are applied to the cumulative grade distribution curve,

graphical representation of gmc is shown in Figure 3.2.
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Figure 3.2 Graphical representation of balancing cut-off when the mine and
the mill are limiting (Kalitenge, 2021).

As can obseved in figure above at this cut-off grade, both the mining and

concentrating stages simultaneously operate at their maximum capacities.

Kalitenge (2021) highlighted that at specific point of the graph where the
ratio of recoverable minerals to the total tonnes of mined material equals
the ratio of refined material to tonnes of mined material, graphical

representation of gmris shown in Figure 3.3.
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Figure 3.3 Graphical representation of balancing cut-off when the mine and
the refinery are limiting (Kalitenge, 2021).
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There is a point along the resulting line at which the ratio of recoverable
mineral content to cumulative tonnage equals the ratio refinery and
concentrate capacity. At this point, the two stages are said to be
simultaneously operating at their maximum capacities, and the grade
required to achieve this is called mill-refinery balancing cut-off grade and is

denoted as gre.
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=Refining Cap./Processing Cap.
Recoverable
Mineralper /
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Corresponding Grade per
unit of Ore

Balancing Cut-off

L

Grc Grade
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a

Figure 3.4 Graphical representation of balancing cut-off when the mill and
the refinery are limiting (Kalitenge, 2021).

Therefore, to determine the effective optimum cut-off, six potential cut-off
grades need to be evaluated: three break-even cut-off grades based on
limiting capacity, and three balancing cut-offs that depend on which
capacities are limiting the mining system.

Effective optimum cut-off grade

The optimum cut-off grade is selected from the limiting and balancing cut-
off grades, Pettingell (2017) explained that since the cut-off grade
corresponds to the present value of the mine and with the limiting and

balancing cut-offs, the optimum cut-off grade can be determined by

maximising the rate of change of present value.
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In case the system is limited by the mine, the maximum change in the

present values can be expressed by
Vm=(S-r)xygw-xc-m-((f+F) /M), .......... (3.13)

Where: Vm = Maximin change in the present value in case mine is limited

the system in US$
¢ = Concentrate variable cost,
S = Price of a unit of product,
r = Refinery costs per unit of product sold,
y = Recovery of product from ore as a percentage,
f = Fixed cost per annum,
F = Opportunity cost,
R= Marketing capacity per annum,
M = Maximum annual capacity for the mine,
m = Mining cost,
x = Proportion of mineralized material classified as ore, and
gw = Weighted average grade of the ore grammes per tonnes.

In case the system is limited by the Concentrating unit, the maximum
change in the present values can be expressed by

Ve=(S-1)xygw-x(c+ (F+F) /C) - Mo.ce.e.... (3.14)

Where: V¢ = the maximin change in the present value in case Concentrate

is limited the system in US$,
¢ = Concentrating cost,
S = Price of a unit of product,
r = Marketing costs per unit of product sold,
y = Recovery of product from ore as a percentage,

f = Fixed cost per annum,
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F = Opportunity cost,
gw = Weighted average grade of the ore grammes per tonnes,
X = The proportion of ore proceed, and

C = Maximum annual capacity for the Concentrating plant.

In case the system is limited by the Refinery, the maximum change in the

present values can be expressed by
Vi=(S-r-(f+F)/0)xygw-XC-m, ............ (3.15)

Where V: = the maximin change in the present value in case refinery is

limited the system.
¢ = Concentrating variable cost,
S = Price of a unit of product,
r = Marketing costs per unit of product sold,
y = Recovery of product from ore as a percentage,
f = Fixed cost per annum,
F = Opportunity cost,
X = The proportion of ore refined, and
C = Maximum annual capacity for the Concentrating plant.

Plotting V as a function cut-off grade, indicates that the graph is concave
with a single maximum. The effective optimum cut-off grade becomes the
peak point along the feasible ve curve. Verepresents the maximin change in
the present value in case refinery is limited the system. Figure 3.5 shows

the increment in present value versus cut-off grade for three stages.
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Figure 3.5 Increment in present value versus cut-off grade for three stages
(Kalitenge, 2021)

The optimum cut-off grade of the six cut-offs is found by first finding the
effective cut-off grade of each pair of the three mining components in
balance, Then, three effective optimums cut-off grades for components
limiting the operation in pair and the optimum cutoff grade (gs) are
determined (Kalitenge, 2021).

Asad and Topal (2011) explain that optimum cut-off grade may never be
less than the limited mine cut-off grade since it is the lowest (break-even)
cut-off grade, and it never exceeds a limited cut-off process, since this may

schedule some of the valuable ore to the waste dumps.

Gholamnejad (2008) explained that the local optimums for each pair of

operations are obtained using the following rules;
When the mine and the Concentrating facility are limiting
Gme  =0m,if gme< gm
= e, if Jme> Qe

= gmc, Otherwise.
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In Case the mine and market are limiting,
Gmr = Om, it Jmr < gm
=0 if Jmr> Qgr

= gmr, Otherwise.
When the mill and refinery are limiting,

G =0rit Jer < Or

=, if Qo> 0O
= gor, Otherwise.

Pettingell (2017) explained more the effective optimum grade occurs at the
Concentrating limiting cut-off gc, or the middle value between the limiting and

balancing cut-offs

Kalitenge ( 2021) points out that Lane admits that the peaks for the various
incremental present value curves are easily identified. However, the exact
intersections of the feasible region can be difficult to determine graphically
and a more robust method such as the golden search method must be

applied.

3.4 The Cash Flow Model

This initial research aimed to test cut-off grades calculation using different
optimisation approaches and compare the resultant cash flows to the base
case (break-even cut-off grade). The model developed for this purpose

includes the following core components:

e Production,
¢ Revenue,
e Costs, and

e Cash Flow.
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Production

The production rate for this research refers to the ounces production rate
for the mill. Data obtained from mine annual reports and the ore flow is used

to determine the ratio of ore milled, which comes directly from the mine.

The model is populated with the assumption that production will continue
until the mineral resource above the cut-off grade is depleted. This includes
the Measured and Indicated resource blocks, while the Inferred resource

blocks are not included.
The metal produced in the cash flow model is determined using Equation
Au(oz) = (g*t*y) *31.1, .o (3.16)
Where: Au(oz) = Metal produced in troy ounces
t = The milled tonnes,
y = Mine recovery factor is a %, and

g = Average mining grade,

Revenue

The gold price used for this study is for 2020 and the research states the
metal price and resultant revenue in US$. The formula to determine the
gross sales revenue is as shown in Equation (3.16).

GSR =(AU(0Z)*D) weeeerrreeeireenesie e e e (3.17)
Where: GSR = Gross sales revenue in US$
Au(oz) = Metal recovered in troy ounces,
P = Metal price in US$/0z.
Costs

Birch (2022) mentioned that the basic structure of the cut-off grade
calculation considers both fixed and variable costs. However, fixed costs

are divided by predicted production to calculate unit fixed costs. These unit
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fixed costs are then added to the variable costs, resulting in the total unit

cost.

For this research, the projected costs obtained from the mine are not
separated into core fixed and variable components. Instead, the costs are
presented as unit Operating Expenditure (OpEx) costs in US$ per tonne
(US$/tonne). In addition, the Ad’'Duwayhi mine is a mature operation where
the initial Capital Expenditure (CapEXx) is considered recouped, so capital
costs were excluded from the model. Sustaining capex was consider as part

form fix cost.
Earnings before interest and tax

Earnings before interest and tax ( EBIT) is the gross sales revenue minus the

total costs (excluding the Tax and income Tax ), as shown in Equation (3.18)
EBIT =(GSR—=TC) ... e (3.18)
Where: GSR = Gross sales revenue,
TC = Total costs in US$, and
EBIT= Earnings before interest and tax per US$.
Cash flow

The cash flow (CF) is calculated for each year of production. The formula is as

follows:
CF = (EBIT—1L), coeeeevviee e eeeeeeeee e, (3.19)
Where: CF = Cash flow in US$
EBIT = Earnings before interest and tax,and
it = income tax in US$.
Discounted cash flow

The present value of expected future cash flows is determined using a

discount rate, to calculate the Discounted cash flow (DCF) formula is ;

DCF=(CF./(140)) + (CF5/(1+i®)) + (CF/(1+i")) ee.vu.... (3.20)
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Where: DCF is the discounted cash flow (US$),
CF, = Cash flow for the first year,
CF, = Cash flow for the second year,
CF, = Cash flow for additional years, and
i = Discount rate per percentage (%).
Net present value

The NPV is the difference between the present value of cash inflows and
the present value of cash outflows over a specific period, discounted at a

particular rate. The formula for determining the NPV is as follows:

NPV = 2 (CFt / (1 + 1) M) e eoveeeeeeersseeseeseeseesesss s sesseosi (3.21)

where CFt = represents the expected cash flow in period t,
i = Discount rate per percentage (%),
t = Time period.

The model used for this research has been adopted from the cash flow
model presented in Birch (Birch, 2022).

3.5 Chapter Summary

This chapter has presented some cut-off grade optimisation approaches
and how they work. It also presents the cash flow optimisation model, which
has been developed for this research. The following chapters present the
mine data used in this research and then describe how this model identifies

the optimal approach.
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4 AD‘DUWAYHI MINING OPERATIONS OVERVIEW

4.1 Chapter Overview

This chapter provides a general description of the Ad'Duwayhi mining
operations. A brief description of the regional and local geology is given.
The local stratigraphy and the Ad'Duwayhi orebodies are shown. The mining
and processing operations overview is highlighted to provide better
understanding of the bottlenecks in the system. The cost and production
figures are provided as well as the measured and indicated resources

estimation.

4.2 Ad‘Duwayhi Mine Data

Ad’Duwayhi is open pit mine located in the eastern part of Saudi Arabia.
The mining right for mineral extraction at Ad‘Duwayhi mine is owned by
Ma’aden Gold and Base Metals Company (MGBM). The site consists of an
open pit mine, run of mine pad (ROM), crusher, carbon-in-leach (CIL)
processing plant and refining facility, waste rock dumps and tailings storage
facility as well as ancillary buildings and maintenance facilities. The site also

comprises an assay laboratory and metallurgical lab (WAI, 2018).

The Mineral Resources were estimated utilising block models with block
dimensions of 10 x 10 x 5 m for the Measured and Indicated blocks, (SRK

2021). The Mineral Resources estimation are shown in Table 4 below.

Table 4: Ad‘Duwayhi Mineral Resource estimation (SRK, 2020).

Tonnes AU_PPM Au
Resource Classification
Mt git t.Koz
Measured 1.66 2.12 110
Indicated 12.5 1.13 193
Measured and Indicated 14.1 1.41 303
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The simulated ore grade distribution was lognormal with a low-grade skew
throughout the mineralised body. The grade tonnage data serves as the
sole grade tonnage curve for the entire life of the mine as shown in Figure
4.1.

Grade Tonnage Curve for Ad Duwayhi: Measured and Indicated
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Figure 4.1: Grade Tonnage Curve: Measured and Indicated Open Pit
Material at various Au cut-off’s (SRK ,2020)

The figure shows the data set includes the tons of material, the average
grade of the material and the gram of gold contained in each grade category.
Grade tonnage data for the grade tonnage curves used in this research is

presented in Appendix A.

The cost and production data are obtained from the company’ annual
Mineral Resource and Reserve reports.The annual mined production is 16
Mt per year with mine recovery factor 5 %. The Concentrating plant capacity
is 2.3 Mt milled per annual with recovery of 92%. The mining cost is 1.13
US$ per tonnes mined and Concentrating cost is set on 15.3 US$ per
proecess tonnes. The admin costis 3.2US$ per tonnes Concentrated while

0.04 USS$ per ounces produced is covering the selling cost.
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4.3 Geology

4.3.1 Regional geology

Snowden Mining Consultants (2011) state that Ad’Duwayhi is situated within
Pre-Cambrian rocks of the Arabian Shield, part of the Arabian-Nubian
Shield (ANS). The Pre- Cambrian rocks of the ANS are now exposed either
side of the Red Sea, in western Saudi Arabia and Yemen to the east
(Arabian Shield) and in Egypt, Sudan, Eritrea, Somalia and Ethiopia to the
west (Nubian Shield). Figure 4.2 shows the tectonic setting of Saudi Arabia
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Figure 4.2: Tectonic Setting of Pre-Cambrian Rocks of the Arabian Shield
(Snowden, 2011).
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4.3.2 Mineralisation style

The main zone of gold mineralisation at Ad’Duwayhi is located and
structurally controlled within a major thrust fault. This thrust zone is 2-10m
in thickness and contains heavily deformed and shattered catacaustic rocks
and well-developed quartz veins. Moving away from the main thrust zone,
high-grade veins can be found which often show evidence of faulted

contacts and which may have exploited existing structures (SRK , 2019).

Gold is often associated with pyrite and tetrahedrite which forms 3-5% by
volume. Minor amounts of galena, chalcopyrite and sphalerite are also
present. Gold is most often found in the form of fine-grained free gold not
associated with any other mineral assemblage. However, some can be
found as gold-telluride in high grade veins or silver-telluride with a trace
amount of gold (Doebrich, et al., 2004). A molybdenum mineralizing event
has been identified associated with low gold grades (1-3g/t Au), while higher
grade molybdenum is found within the granite at Ad’Duwayhi (WAI , 2017).

The mineralized zones have low sulphide and base metal content. The gold
to silver ratio is approximately 6:1. Gold shows only moderate correlation

with silver and no significant correlation with other metals apart from lead.

The main vein averages five metres wide and strikes along 50° and dips at
about 30° to the southeast. This vein is contained within a lower grade halo
vein averaging about 30m wide. There is also a vertical granite vein which
crosscuts roughly the centre of the pit with a width averaging 60m, and a
flat lying lower grade vein which sits on the hanging wall side of the main

veins in the southern section of the pit (WAI, 2018).

4.4 Mining

The mine consists of a single open pit with a total of 12 predominately 20m
hight final benches. The final pit design has a length of 1,500m, a maximum
width of 580m, striking at 50°. The maximum depth of the pit design is 240m,
with overall slopes of 50° in the fresh rock (SRK, 2019).
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Mining operation is carried out by conventional diesel-powered equipment,
a combination of track mounted hydraulic shovels and rubber tyre rigid
frame dump trucks. Drill and blast operations use mobile tracked drill rigs.
The support fleet comprises secondary excavators (rock breaker), tracked

dozers, graders, and a water truck to assist mining operations (WAI, 2017).

Most mining activities are conducted by the mining contractors at
Ad'Duwayhi mine. All the mining equipment is supplied and operated by the
contractor. Table 5 below shows the main equipment at the mine.

Table 5: The Primary mining equipment in the mine (WAI, 2017)

Equipment Type Number
Hydraulic Excavator CAT 6020 2
Hydraulic Excavator CAT 6015 2
Hydraulic Excavator Komatsu 1250 2
Haul Truck CAT 777 9
Haul Truck CATT775 15
Blast hole Drill Rig Atlas Copco T35 2
Blast hole Drill Rig Sandvik DP1100 3
Blast hole Drill Rig Sandvik DX700 5
Dozer CAT D9 4
Grader CAT 2

The waste material from the pit is hauled to the designated waste dump.
Ore material is hauled to the graded stockpiles or ROM pad where the
material is either loaded directly into the grizzly at the primary crusher or

stockpiled for future processing.
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4.5 Mineral Processing

The Ad’Duwayhi Concentrating plant utilises gravity and CIL technology to
process 2.0 Mtpa of ore to produce ore product. Ore is essentially non-
refractory, with high cyanidation recoveries, generally more than 95%. A
simplified processing flow diagram is shown in Figure 4.3(attached in

Appendix D).
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Figure 4.3: Simplified processing flow diagram (SRK, 2019)

Figure 4.3 illustrates the simplified processing flow diagram for the Ad
Duwayhi gold Processing Plant. The process starts with ore handling, where
ore is transported, crushed, and milled. The ore undergoes gravity
concentration and intensive leaching to recover gold. The slurry is then
processed in leach tanks and the CIL circuit, where gold is adsorbed onto
activated carbon. The loaded carbon is stripped of gold in the elution circuit,
and the gold is recovered through electrowinning and smelting. Finally, the

tailings are thickened, filtered, and transported to a storage facility

Gold is the main product, with silver produced as a by-product through
precipitation. The plant is designed to treat 180 KT of feed ore per month.
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While the plant unit has capacity constraints based on various physical
guantities or rates, the total plant capacity is typically limited by a single
bottleneck, which is a capacity of 2000 KT per annum. This bottleneck is

primarily in the leaching circuit, measured in terms of mill feed tonnes

4.6 Chapter Summary

This chapter introduced Ad’'Duwayhi gold mine where the research is
conducted, detailing the geology of the area and the ore bodies. The mine
infrastructure has been described. The mine and mill capacities have been
defined, as well as identifying the bottlenecks in the operation. Financial and

production estimates for the research have been determined.

Measured and Indicated Resources have been tabulated, with cost and
production figures obtained from the 2021 Mineral Resource and Reserve
reports for the mine. The following chapter will utilise the data from the
developed model to determine the best approach for optimising the cut-off

grade.
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5 RESULTS

5.1 Chapter Overview

This chapter outlines the calculation of cut-off grades using various
optimisation approaches and compares the resultant cash flows. It also
details the development of a model that describes how the tonnes and
average mining grades, determined by each cut-off grade, will impact the

overall cash flow

5.2 Model Assumptions and Limitations

Economic assumptions such as prices, costs, and production capacity used
in this model were obtained from the annual mineral resource and reserve
reports for the Ad'Duwayhi mine. For simplicity, price and cost were kept the

same throughout the research.

The model is suited for an open pit gold mine that has one source of ore,
one processing method, and one refinery. A defined resource and an
ultimate pit limit had been determined. Capital costs were excluded from the

model when calculating the NPV.

The parameters include the assumed gold price, mining, processing, selling
and time costs, annual fixed costs. It was considered plant recovery on 95%
with mine dilution at 5% and the refinery assumed to be a 100%. Table 6

below shows the Model Assumptions and Limitations
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Table 6: The Assumptions Input (SRK, 2019)

Assumptions Unit Number
Price (US$/g) $41.80
Mining cost ($/t mined) $ 3,20
Concentrating cost ($/t milled) $21.20
Admin costs ($/t milled) $1.67
Selling cost (%/g product sold) $1.51
Discount rate. % 8%
Recovery % 95%
Fix cost (Millon US$/year) $24

The assumptions used in the calculations include the mine operating 365
days a year with a mining capacity of 16 million tonnes per year. The
processing capacity is up to 2.4 million tonnes per year, and the refinery
capacity is 1 million ounces per year. These capacities were carefully
selected to ensure that neither mining nor refining would limit production.
The unit mining cost is US$3.20 per tonne, and this cost is assumed to be

the same for both ore and waste

5.3 Identifying the Optimal Approach
Break-even approach

The break-even grade is considered the base case, and it would be
calculated using the break-even grade formula (from Equation 3.1). The
main input is the price in US$ per gram of gold, the sales cost in US$ per
grams of metal, processing cost in US$ per tonnes milled, the mining cost
in US$ per tonnes mined, the recovery in percentage %, and the profit is

expressed in US$ per gram of metal.

This research uses the 2018 pit designs for the Ad'Duwayhi mine.
Therefore, there is no need to determine the overall cut-off grade at this

point. Instead, it is only necessary to calculate the cut-off grade based on
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the capacity of the processing plant, which is the bottleneck in the

production process at Ad'Duwayhi.
Lane’s approach

The objective is to maximise NPV by selecting the optimum cut-off grade.
However, calculating the optimal cut-off grade using NPV requires an
iterative mathematical method. Lane’s approach presents the opportunity
cost associated to mining operation at a particular cut-off affects the overall
NPV. This means that an opportunity cost needs to be included when

calculating the cut-off grade.

Opportunity cost refers to the potential benefits that are forfeited when one
option is chosen over another. In Lane's approach, opportunity cost involves
the trade-off between mining ore of different grades and the associated
costs. Itis calculated as the rate of change in present value over time minus
the discounted present value. Opportunity cost is expressed as F in the

following equation
F=(PV-(APV/AT) o, (5.1)
Where: F = Opportunity cost

K = Any estimated value for PV is valid if the resulting terminal value

is zero (or a specified value).
Limiting cut-off grade

Ad'Duwayhi operation is constrained by the concentrating stage of the
system it is assumed that the mine and the refinery will never be a
bottleneck the operation, so balancing cut-off grades do not need to be
calculated. The calculations for determining the limiting economic cut-off

grades

g =((cp+(U+F)/Cp))/((S-1)* YD) cereeniiiinannnn. (5.2)

where: gp = Concentrating Limiting cut- off grade
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p = Refers to the specific process being analyzed. This means that
each process p, will have its own unit costs, capacities and recovery

used to determine the limiting cut-off for that process.
Quantity of ore, waste and average grade

Once the limiting economic grade gp for the process is calculated the
quantity of ore To, the quantity of waste Tw and the average grade of ore g

is determined as a function of gp
Tolgpfl N 2 T
T, (5.3)
Where TO (gp) = Quantity of ore in tonnes ,
gp = limiting economic grade grammes per tonnes, and,
n = Specific period

TW =>»T
(95) T

T e e (5.4)
Where Tw (gp) = Quantity of waste in tonnes ,
gp = limiting economic grade grammes per tonnes, and
n = Specific period

The average grade for specific period calculated by

Yo,)

= ( ann*n[w] Y/ 79, (5.5)

(Gp) 3 weeennnn

where g gp) = Refers to the individual grade categories that make up the

grade tonnage curve,
T = Tonnes of material within those grade categories,
n* = The grade category selected as cut-off,

TOgp. = The sum of all tonnes in each grade category above cut-off
is denoted, and

TWgp = Sum of all tons within each grade category below cut-off.
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Quantity mined, concentrated and refined

The quantity of material mined, Qm, the quantity of ore concentrated, Qc
and the quantity of ounces refined, Qr, are computed as a function of the
cut-off grade as follows:

Where Qm = Quantity of material mined per tonne
Qc = Quantity of ore processed, and

Considering all annual concentrate quantities are within the maximum

capacity.

The quantity refined can be expressed as

where Qr = The quantity refined for the entire mine is equal to the sum
quantity of ore processed multiplied by the product of the average grade of

ore sent process and the average mineral recovery.
Qcp = Quantity of ore concentrated,
J(p) = product of the average grade of ore sent to consecrate, and
y p = The average mineral recovery.

The formula for calculating cut-off policy for lane optimisation approach

including annual Qm, Qr, Qc and profit per year, is provided in Appendix B
Ad’Duwayhi optimum cut-off grade

The break-even grade for Ad’Duwayhi mine is calculated to be 0.70 g/t. The
resultant 292,12 k.oz produced, and the tonnes processed are estimated to
be 13.8 million. The cut-off grade presented in Table 7 below.
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Table 7: Optimisation results based on break-even approach

Year Mining Ore Process (Mt) Process
Tonnage Mined grade (g/t) K.Oz
(Mt) (Mt)
1 19.00 1.70 1.70 0.70 36,34
2 18.30 2.10 2.10 0.70 44,90
3 16.20 2.40 2.10 0.70 44,90
4 13.80 3.10 2.20 0.70 51,31
5 10.70 2.60 2.20 0.70 50,03
6 8.80 1.90 1.90 0.70 40,62
7 1.20 0.70 24,02
Total 92.00 13.80 13.80 0.70 292,12

A total of 92.00 Mt of mining tonnage was recorded, with 13.80 Mt of ore
mined and processed. The process grade remained consistent at 0.70 g/t,
resulting in 292.12 K.Oz produced over seven years. However, the ore
processed fluctuated between 1.70 Mt and 3.10 Mt annually, indicating a
reduction in available ore that could fully utilize the processing capacity.

By optimising the cut-off grade through Lane’s approach, the ounces
produced increases by 8.0 % (292.12 Koz to 306,51Ko0z). Optimised cut-off

grade using Lane’s approach presented in Table 8 below.

Table 8: Optimisation results based on Lane’s approach.

Year Mining Ore Mined Process Process grade KOz
Tonnage (Mt) (Mt) (Mt) g/t

1 19.00 1.72 1.70 0.70 41.53

2 17.30 2.11 2.10 0.71 70.55

3 15.20 2.50 2.20 1.10 64.14

4 13.78 2.27 2.20 0.90 57.72
12.50 2.22 2.30 0.80 43.98

6 1100 1.30 1.50 0.60 28.58
Total 70.00 12.05 12.05 0.80 306,51
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The results of the research indicate that both optimisation approaches
suffered a shortage of material to fully utilise the plant capacity. This
shortage was a consequence of limited ore material resulting from the

backlog in waste stripping.

5.4 Cash Flow Model

The simple cash flow model developed used the (AISC) as the main cost
input. However, royalties and income tax payable were not included in the
model. This exclusion was due to limitations in data collection, as
comprehensive and accurate data on royalties and tax obligations were not

available at the time of the model's development.

The discount rate used to calculate the DCF, and the resulting NPV is crucial
for determining the cut-off grade. It is defined as the interest rate used to
find the present value of future cash flows, and it is usually calculated using

the weighted average cost of capital.
To calculate the NPV, the below formula has been used
NPV =2 (CFt / (1 4+ 1) M) torerrrerrene s seresrineeseeneenens (5.8)
Where: CF: = the expected cash flow in period t,
i = Discount rate (8%).
t = Time period.

Cash flow model resultant from break-even cut-off grade approach

presented in Table 9 below.
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Table 9: Cash flow mode resultant break-even cut-off grade approach

Cash Flow
ClaenderYear| 2020 2021 2022 2023 2024 2025 2026
Project Year 0 1 2 3 4 5 6
Units
Production
Remaining Tonnes Mt 19,00 18,30 16,20 13,80 10,70 8,80
Ore mined Mt 1,7 2,10 2,40 3,10 2,60 1,90
MillTonnes Mt 1,70 2,10 2,10 2,40 2,34 1,90 1,20
Mill Grade gt 0,70 0,70 0,70 0,70 0,70 0,70 0,70
Recovery % 9% 9% 95 9% 9% 9% 9%
Gold Produced 0z 36,34 | 44,90 44,90 51,31 | 50,03 40,62 24,02
Revenu
Gold Price $loz 1550 1550 1550 1550 1550 1550 1550
Gross Sales Revenue US$ millons 56329 | 69597 | 69597| 79533| 77549 62963 37236
cost
Adjusted Operating Cost Uss 020 (1820 (1753 (1620 (490 (1332 (1570)
Total cost Ussmitons | (53656)| (61503 (66222)) (78152 (70502) (52518)] (488
EBIT
Eamings Before Interestand Tax  [US$millons | 2673| 8004| 3375| 1381] 7047] 10445| 3235
Capital Expenditure and Tax Shield
Sustaining Cost US$ millons $0,00 $0,00|  $0,00 $0,00|  $0,00 $0,00 $0,00
Net Sales Revenue After Capex US$ millons 3015| 3184 1169 | 8819 10278 | 34780
Royalties
Royalties lussmitons | 000 $0.00] $000[ $000] $o00] $000] $0,00
Income Tax
Income Tax Payable lussmitons | $0.00]  $0.00] $0.00] $0.00| $0.00] $0.00] 80,00
Cash Flow
Acutal Cash flow after tax US$ millons $0,00 | $8094| $3375| $1381| $7047| $10445| $32355
Discounted Cash flow US$ millons 8,00%| 7494 3125 1279 6525 9671 29958
NPV US$ millons $33,03

The basics of break-even analysis is only considering price and cost,

however in practice, the deposit grades are varied. These grades quality

fluctuations affect the ounces produced and consequently the revenue of

the operation and achievement of the predicted NPV.

Cut-off grade optimisation was developed through Lane’s approach

resulting in increasing the average grade by 8 %. Table 10 identifies how

resulting tonnes and average mining grades from Lane’s approach will

affect a common cash flow model.
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Table 10: Cash flow mode resultant Lane’s approach

Cash Flow
Claender Year 2020 2021 2022 2023 2024 2025 2026
Project Year 0 1 2 8 4 5 6
Units
Production
Remaining Tonnes Mt 19.00 17,30 15,20 13,78 12,50 10,00
Ore mined Mt 1,70 2,10 2,50 2,70 2,30 1,30
Mill Tonnes Mt 1,70 2,10 2,20 210 1,80 1,30
Mill Grade gt 0,80 1,10 1.00 0,90 0,80 0,72
Recovery % 95,00 95,00 95,00 95,00 95,00 95,00
Gold Produced o 41537| 70552 64138| 57724| 43980 | 28587
Revenu
Gold Price $loz 1550 1550 1550 1550 1550 1550
Gross Sales Revenue US$ millons 64385 | 109360 | 99417| 89476| 68171| 4189%
cost
Adjusted Operating Cost Us§# (1920 (1920 (1920 (1920 (1920 (190)
Total cost US$ millons (56276)  (64252) (70517) (62769) (61608)  (38890) (354311
EBIT
Eamnings Before InterestandTax_[US$milons | 8109] 45108 28900 26707| 6563  3005] 118393
Capital Expenditure and Tax Shield
Sustaining Cost US$ millons $0,00| $0,00| 000 $0,00| $0,00|  $0,00
Net Sales Revenue After Capex  |US$ millons 45108 | 28900 | 26707 6563 3005
Royalties
Royalties usgmitons | go00] 000 $000] 000 $o00| 000
Income Tax
Income Tax Payable lussmitons | 000 $000] so00] 000 $000] $000]
Cash Flow
Acutal Cash flow after tax US$ millons $0,00| $45108| $28900| $26707| $6563|  $3005
Discounted Cash flow US$ millons 8,00% 45108| 26760| 24729 6077 2783
NPV US$ millons $36,60

The dynamic feed grade policy, implemented through Lane's approach, has

contributed to improving the NPV of the operation. However, it's important

to recall that the ore mined tonnes is decreased.

For this cash flow model, it is important to note that the model is expanded

to include as many years as required by the mine being evaluated. It is

crucial that the financial model accommodates the entire Mineral reserve. If

this is not the case, the possibility of incorrect cut-off grades being

determined because not all the possible revenue generated for the

corresponding cut-off grade is considered (Birch, 2022).
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Comparing the resultant cash flows to the base case (break-even cut-off
grade). Table 11 shows Ad’Duwayhi mine break-even cut-off grade vs Lane

optimised cut-off grade.

Table 11: Ad’Duwayhi mine break-even cut-off grade vs Lane optimised cut-

off grade.
Value Unit Break-even Lane Differences

Cut-off Grade g/t 0.70 0.81 +12.9.6%
Mining Tonnes (Mt) 83 74 -12.0%
Ore Mined Tonnes (Mt) 13.8 12.05 -14.5%
Process Tonnes (Mt) 13.8 12.6 -13.7%
Process grade g/t 0.76 0.84 +14.6%
Ounces produced KOz 292,12 306,51 +5.1%
Gross Sales Revenue USS millions $452,503 $472,253 +4%
cost USS millions (5387,434) ($354,434) -9.3%
NPV @ 8 % Discount USS millions $35.03 $39.60 +8%
LOM Year 7 6 +16.7%

5.5 Chapter Summary

This chapter of the research experimented with the optimisation of the cut-
off grade. The optimal approach that would enhance the ounces produced
and maximise the NPV was used. This approach improved the NPV by
approximately 3 US$ million. In this chapter, the focus was on utilizing the
module introduced in Chapter 3, applying various inputs to the model to
document the resulting outputs.
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6 ANALYSES OF RESULTS

6.1 Chapter Overview

The chapter gives the analysis and comparison of results obtained through
the different approaches to calculate optimum cut-off grade. This

comparison includes tonnes processed, life of mine and NPV.

6.2 Comparison of Tonnes Processed from the Approaches

The cut-off grade policy derived from the break-even approach resulted in
higher tonnes processed compared to Lane’s approach. This is due to the
nature of the break-even approach, which sets the cut-off grade based on
maintaining a balance between cost and price. This allows for the
processing of lower-grade ore, leading to a higher overall volume of ore
processed. In contrast, Lane’s approach focuses on prioritising higher-
grade ore, resulting in fewer tonnes processed as it quickly depletes the

high-grade resources.

6.3 Comparison of Life of Mine from the Optimisation Approaches

The cut-off grade policy derived from the break-even approach resulted in
a longer LOM of 7 years compared to Lane’s approach, which had a LOM
of 6 years. This is mainly because the break-even approach focuses on
maintaining a balance between cost and price, ensuring that the operation
remains profitable over a longer period. By setting a cut-off grade that
considers only the immediate economic factors, the break-even approach

allows for the processing of lower-grade ore, which extends the mine's life.

In contrast, Lane’s approach incorporates a dynamic cut-off grade policy
that optimises for higher short-term profitability by prioritising the processing
of higher-grade ore. it often results in a shorter LOM as the higher-grade

ore is depleted more quickly.
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6.4 Comparison of NPV from the Approaches

Comparing the NPV of the two approaches confirms that using dynamic cut-
off grades in Lane’s approach can improve NPV about 8% over that of the
break-even approach. The cut- off grade optimisation gives the highest NPV

by increasing the ounces produced.

Optimise cut-off grade policy that improves the NPV depends on availability
of hight-grade material the mine, especially for a mine with a short life.
However massive stripping at the beginning of a mine's life has negative

impact on that because of increased cash outflows generated by early

stripping.

6.5 Chapter Summary

This chapter has discussed the results of testing cut-off grades calculated
using different optimisation approaches and compare the resultant cash

flows using the model's developed for this research.

It has been shown in the research that optimising cut-off grade through lane
approach led to maximising the NPV, increasing the ounces produced,
reducing the mine life and ore mined tonnes. The following chapter is the

conclusion and makes recommendations for further research.
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7 Conclusions and Recommendations

7.1 Conclusions

This research aims to optimise the cut-off grade at Ad'Duwayhi mining
operation. Test cut-off grades calculated using different optimisation

approaches and compare the resultant cash flows.

The results show that the NPV for Lane's approach was, on average, 8%
higher than the break-even approach. This suggests that using a dynamic

feed grade can increase the NPV.

The results also demonstrate that for Lane’s approach ore mined quantity
was less by 14.5% compared with the break-even. This indicates that some
ore material may be sent to the waste dump . It was demonstrated through
analysis that. cut-off grade policy determined by the break-even approach
results in a 7-year LOM while the cut of grade policy based on Lane’s

approach have a 6-year LOM.

The hypothetical scenario in this research did not consider stockpiling.
However, this research suggests that incorporating cut-off grade
optimisation with a stockpiling policy can improve the NPV and minimise the
negative effects of raising the cut-off grade and the possibility of wasting ore

material.

The hypotheses of this research also did not consider the geological
uncertainty of the deposits, the research rather relied on a fixed grade-
tonnage distribution; however, the nature of the orebody needs to be
considered in cut-off grade optimisation since is influence of availability of

ore material in specific time.

There is an opportunity to enhance the NPV of Ad'Duwayhi mining by
optimising the cut-off grade. The results show that, cut-off grade
optimisation can improve the NPV by 8% compared to break even

approach.

71



7.2 Recommendations

Monitoring the mining rate balance in the earlier years of the life of the mine
is important. Developing a production plan that focuses on high grade
without considering the waste stripping may lead to creation of waste
backlog and declining of remaining material grade, which negatively impact

in mine's profitability.

As price and cost play a vital role in determining the cut-off grade, it is
important to recall that, with the difficulties in confidently predicting the long-
term trend in gold prices due to the current high economic and political
instability, it is necessary to update the long-term cut-off grade on an annual

basis and adjust the ore reserves based on the new cut-off grade.

The cut-off grade optimisation must not be treated in isolation. Optimising
other factors such as stockpile, blending, recovery, and push-back design
also needs to be considered and done simultaneously. It is important to note
that to get the best possible value for the operation, we need to optimise the

key parameters simultaneously.

The work done in this research report on optimal cut-off policies is adapted
for Ad'Duwayhi mine. For implementation in other operation sites, it requires
big data and more time. However, to get a better assessment for cut-off
grade optimisation, further research needs to be conducted in different
operation sites and conditions.
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APPENDIX A .Cut-off grade calculation formulae

Planning cut-off grade = ((m+c+ (f+F+X) /C)/(s=r)Yy))
Budget cut-offgrade = ((m+c+ ((f+P+c)/C)/(s-r)y))
Accounting cut-off grade = (((M+ C+ ((f+P+X+c)/C)/(s-r)y))

Marginal cut-off grade = ((s+h)/((s—-r)y)

Where :

m = mining variable cost

f = fixed cost

F = opportunity cost

X = ongoing capital expenditure

C = concentrates capacity

P = minimum profit or net cash flow
S = price

r = variable refinery cost

c: Concentrating cost

y = yield (recovery)

r = rehandle cost from stockpile
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APPENDIX B. Simulated Grade Tonnage Data

Grade tonnage data for the grade tonnage curves used in this research is
presented in Tables Al below. The data set includes the tons of material,
the average grade of the material and the gram of gold contained in each

grade category.

Au Plan Tonnes Au Plan gram
0.0->0.1 20,127,766 0 0
0.1->0.2 1,161,766 0.146 169,618
0.2->0.3 867,655 0.247 214,311
0.3->04 749,230 0.349 261,481
0.4->0.5 723,551 0.45 325,598
0.5->0.6 1,995,274 0.55 393,617
0.6 ->0.7 696,476 0.649 452,013
0.7->0.8 660,017 0.747 493,033
0.8->0.9 563,123 0.849 478,091
0.9->1.0 486,962 0.949 462,127
1.0->1.1 454,490 1.049 476,760
1.1->1.2 402,406 1.15 462,767
1.2->13 429,824 1.25 537,280
1.3->1.4 370,288 1.35 499,889
14->15 387,503 1.449 561,492
1.5->1.6 340,072 1.55 527,112
1.6->1.7 318,040 1.649 524,448
1.7->1.8 312,291 1.75 546,509
1.8->1.9 275,943 1.85 510,495
1.9->2.0 270,277 1.947 526,229
2.0->3.0 275,943 2.00 4,904,383
3.0->4.0 966,526 3.448 3,332,582
4.0->5.0 550,626 4.447 2,448,634
5.0->6.0 349,780 5.476 1,915,395
6.0->7.0 209,951 6.46 1,356,283
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7.0->8.0

8.0->9.0
9.0 ->10.0
10.0->11.0
11.0->12.0
12.0->13.0
13.0->14.0
14.0 ->15.0
15.0 ->16.0
16.0 ->17.0
17.0->18.0

18.0 ->19.0

160,382
108,460
84,978
66,858
57,871
42,801
27,750
26,398
25,058
19,382
16706
8684
34,591,108
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7.453

8.463

9.476
10.501
11.438
12.479
13.541
14.438
15.538
16.525
17.434
18.441

0.61

1,195,327
917,897
805,252
702,076
661,928
534,114
375,763
381,134
389,351
320,288
291,252
160,142

29,114,671



APPENDIX C. Lane Approach calculation per Year

Calculated complete cut-off policy for lane optimisation approach including

annual Qm, Qr, Qc and profit.

Year | gm gc Qm Qc Qr P
1 0,70 1,60 16,000,000 1,700,000 31,15 47 481
2 0,71 1,23 16,000,000 2,100,000 48,54 69 406
3 1,10 1,10 16,000,000 2,200,000 73,91 112 651
4 0,90 1.10 16,000,000 2,200,000 60,48 92 169
5 0,80 0.90 14,000,000 2,200,000 56,20 85 652
6 0,60 0,80 10,000,000 2,200,000 57,20 41 895
Year 1

Mining limiting economic cut-off grade ( gm ) as Equation (3.10)

gm = 26.2/ (40.7 - 1.51)*0.95 = 0.70 g/t

The Concentrate limiting economic cut-off grade ( gc ) as Equation (3.11)

ge= (262 + (33 /1.7)) / (40.7 - 1.5)*0.95 =1.60 g/t

The quantities (Qm, Qc and Qr) and total profits as a function of cut-off

grade under different constraints are given in Appendex A. and Equations
(5.6,5.7, 5,88 and 3,6 Respectively )

Year 2

Qm = 16,000,000 mined tonnes

Qc = 1,700,000 mill tonnes

P= (40.7 - 1.5)*31.15 - 16*3.1 - ((26.2+24.2/1,7) - (16 -2.2)
= US$ 47,481

Mining limiting economic cut-off grade ( gm ) as Equation (3.10)

gm =212/ (40.7 - 1.51)*0.95 = 0.71 g/t
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The Concentrate limiting economic cut-off grade ( gc ) as Equation (3.11)
ge=(21.2+(33/2.1)) / (40.7 - 1.5)*0.95 =1.23 g/t

The quantities (Qm, Qc and Qr) and total profits as a function of cut-off
grade under different constraints are given in Appendex A. and Equations
(5.6,5.7, 5,88 and 3,6 Respectively )

Qm = 16,000,000 mined tonnes
Qc = 2,100,000 mill tonnes

P= (40.7 - 1.5)* 48,54- 16*3.1 - ((21.2+24.2/2.1) - (16 -2.1)
= US$ 69,406

Year 3

Mining limiting economic cut-off grade ( gm ) as Equation (3.10)
gm = 21.2/ (40.7 - 1.51) *0.95 = 1.10 g/t

The Concentrate limiting economic cut-off grade ( g ) as Equation (3.11)
ge=(22.4+ (33 /2.2))/ (40.7 - 1.5)*0.95 =1.10 g/t

The quantities (Qm, Qc and Qr) and total profits as a function of cut-off
grade under different constraints are given in Appendex A. and Equations
(5.6,5.7, 5,88 and 3,6 Respectively )

Qm = 16,000,000 mined tonnes
Qc = 2,200,000 mill tonnes

P= (40.7 - 1.5)* 73,91- 16*3.1 - ((21.2+24.2/2.2) - (16 -2.2)
=US$ 112,651

Year 4

Mining limiting economic cut-off grade ( gm ) as Equation (3.10)
gm=21.2/ (40.7 - 1.51)*0.95 = 0.90 g/t
The Concentrate limiting economic cut-off grade ( g ) as Equation (3.11)

ge=(21.2+4 (23 /2.2)) / (40.7 - 1.5)*0.95 =1.10 g/t
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The quantities (Qm, Qc and Qr) and total profits as a function of cut-off
grade under different constraints are given in Appendex A and Equations
(5.6,5.7, 5,88 and 3,6 Respectively )

Qm = 16,000,000 mined tonnes . Equation (5.3)
Qc = 2,200,000 mill tonnes

P= (40.7 - 1.5)*60.48 - 16*3.1 - ((21.2424.2/2.2) - (16 -2.2)
= US$ 92,169

Year 5

Mining limiting economic cut-off grade ( gm ) as Equation (3.10)
gm = 21.2/ (40.7 - 1.51)*0.95 = 0.80 g/t

The Concentrate limiting economic cut-off grade ( g ) as Equation (3.11)
ge=(21.2+ (21 /2.2)) / (40.7 - 1.5)*0.95 =0.90 g/t

The quantities (Qm, Qc and Qr) and total profits as a function of cut-off
grade under different constraints are given in Appendex A and Equations
(5.6 ,5.7, 5,88 and 3,6 Respectively )

Qm = 14,000,000 mined tonnes
Qc = 1,700,000 mill tonnes

P= (40.7 - 1.5)*56.20 - 14*3.1 - (21.2+24.2/1.40) - (16 -2.2)
= US$ 85,562

Year 6

Mining limiting economic cut-off grade ( gm ) as Equation (3.10)
gm = 21.2/ (35.6- 1.51)*0.95 = 0.60 g/t
The Concentrate limiting economic cut-off grade ( g ) as Equation (3.1)

ge=(21.2 + (27 /1.7)) / (35.6 - 1.5)*0.95 =0.90 g/t
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The quantities (Qm, Qc and Qr) and total profits as a function of cut-off
grade under different constraints are given in Appendex A. and Equations
(5.6,5.7, 5,88 and 3,6 Respectively )

Qm = 10,000,000 mined tonnes
Qc = 2,200,000 mill tonnes

P= (40.7 - 1.5)*57,20- 10*3.1 - ((21.24+24.2/2.2) - ( 16 -2.2)
= US$ 41,895.
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APPENDIX D. REVISED TABLS AND FIGURES

CUT - OFF GRADES
. OPERATIONAL AND
STRATEGIC PLANNING CORPORATE PLANNING
LONG RANGE (LIFE) SHORT RANGE (1 VEAR)
PROFITABILITY-+N V=80 PROFITABILITY N.CF
|

PLANNING CUT-OFF GRADE ||  GEOLOGICAL AVERAGE ANNUAL BREAK-EVEN GRADES
(UPDATEDREGULARLY) || CUT-OFF GRADE GRADES (NG, > $0) (NCF.= $0)
N = A e | |
i J— | | |
| ORERESERVE | | MINERAL | | yvpacE ACCOUNTING | | BREAK-EVEN: ||  MINDIUM
| ESTIMATION || RESERVES i | pynGErcuT- | | CUT-OFFGRADE - (UARGINAL)
: (INVENTORY) |1 | ofp GRaDE OIINDMUM BREAK-EVEN:
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Figure D.1: Cut-off grades and their respective purposes (Kalitenge, 2021)
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TableD.1: World Gold Council classification of costs (Meredith, 2021)

Cost Category

Source

US § / gold ounces sold

On-site mining and processing costs (on a sales basis)

Imzome Statement

(3]

On-site general and administrative costs Income Statement ib)
Royalties and production taxes Income Statement {c)
Realised gains and losses on hedges of operating costs | Income Statement id)
Community costs related to current operations Income Statement (&)
Permitiing costs related to current cperations Income Statement if)
3™ party smelting, refining and fransport costs Income Statement ig)
MNon-cash remuneration (site-based) Income Statement ih}
Stockpile, leach pad and product inventory write-downs | Income Statement {1}
Dperational Stripping Costs Income Statement (i)

By-product and co-product credits (Naobe: will be a credit)

Imzome Statement

(k)

Sub-fotal (Adjusfed operating costa)

(1= (ak{biHeHdHel+HfH

(gH{hi+il+{Hk)
F:u:nrpulrate or regional general anq admlms,tlra.twe costs, Income Slatement m)
including share-based remuneration (sustaining}
F:eulan'!a:iaq & remediation — accretion & amortisation Income Statement (n)
{operating sites) '
Exploration and study costs [sustaining) Income Statement io)
Capital exploration (sustaining) Cash Flow ip)
Cap-l_talllsl-ed stripping & underground mine development Cash Flow (a)
isustaining)
Sustaining capital expenditure Cash Flow ir)
Sustaining leases Cash Flow (s)

All-in Sustaining Costs

(t} = (F+{m}+n}+{e)+pl+ ()

HriHs)

iGrowth and development costs not related to current
operafions

Income Statement

(u)

Community costs not related to current operations

Imzome Statement

(v)

Permiting costs not related fo current cperations Income Statement {w)
Reclamation and remediation costs not related to -
. — Income Statement (x)

current operations
Exploration and study costs (non-sustaining) Income Statement {y)
Capital exploration (non-sustaining) Cash Flow (z)
Capitalised stripping & underground mine development

P . PRIng g P Cash Flow (aa)
inon-sustaming)
Mon-sustaining capital expenditure Cash Flow {bb)
Mon-sustaining leases Cash Flow [oc)

Allin Costs

= (V)W) ey

(z¥+{aa)+{bb)+Hce)
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Figure D.2: Simplified processing flow diagram (SRK, 2019)
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