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Abstract

This thesis features a systematic approackh to the problem of ore reserve estimation
and open-pit mine design, with extensive use of the computer and its graphical aids. Its
ultimate objective is to select, from a series of computer-generated open-cast surfaces, the
most valuable pit, using the Net Present Value (NPV) Method.

The ore grades are appraised through geostatistics and therefore have an error of
estimation associated with them. The uncertainty in the estimation of the ore grades is
incorporated into the NPV.

The approach suggested provides mine management with a range of NPV’s, reflecting

the uncertainty in the estimation of some key variables of the problem of economic

cvaluation.
The dissertation covers:
a) a review of the literature in respect of computer applications to ore reserve
estimation, open-pit design and economic evaluation

b) creation of a geological data base, mapping and graphical representation of the
geological data

c) classical statistical and geostatistical analysis

d) ore reserve evaluation through block kriging and creation of a mineral inventory

¢) computer-aided open-pit design and establishment of working pit sequences

f) economic appraisal of the optional open-pit designs.

The research work is focused on Mutuca, an open-cast iron ore mine located in Brazil,

which have been producing high-grade hematite for more than 25 years.
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1.1 Summary and objectives

This research work is aimed at establishing a methodological approach to the
problems related to reserve estimation, open-pit mine design and evaluation of a typical iron
ore deposit, with the extensive use of the computer and its graphical aids. The scheme in

figure 1.1 features the main points covered by this thesis.

Geological data base
Mapping of the geological data
Statistical analysis
Geostatistical analysis
Geological interpretation through kriging
Estimation of grades by way of kriging
Creation of the mineral inventory
Topographic data base
Input data for pit shell generation
Open-pit design and evaluation
Working pit sequences
Economic data base

Economic analysis

Figure 1.1 Main aspects of this dissertation

The work is based on Mutuca Mine in Brazil, which produces high iron content lump
ore for direct reduction (- I'/4” ; +%™ ). Mutuca’s beneficiation plant is fed with a “direct
shipping™ ore, therefore it is not a “concentration” installation, only crushing, screening,
washing and cycloning processes being used. Mutuca is owned by Mineracdes Brasileiras

Reunidas S.A. - MBR, and has been operated since 1961.
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MBR has decided on a development plan to increase the capacity of this mine from
3.2 Mtpy to 6.5 Mtpy. Three factors have necessitated this decision:

- The existing beneficiation plant, apart from having some components with many

years of use, lies on top of known reserves, sterilizing their exploitation;

- The market for direct reduction of iron ore has improved;

- Recent drilling has increased the estimated reserve from 70 to 100 Mt, that is to say,

by 40%.

Before the additional reserve was discovered, the elevation 1080m had been chosen as
the lowest bench for the open-cast mine, and that pit was referred to simply as “pit 1080".
In this study, a series of open-pits were designed and evaluated, the best option being
sclected by way of a simplified economic analysis.

As an existing mine which has been mined for 25 years, Mutuca presented some
unique real-life problems to which “tailor-made™ solutions had to be devised, yet the general
guidelines for open-pit mine design and evaluation had to be respected. Although targeted
at Mutuca, this study might be of interest, as a piece of applied research, to other people
investigating similar areas.

The main achievements and conclusions of the present study are summarized in the
following topics.

1.1.1 Preliminary geological interpretation through kriging

The possibility of using geostatistics and indicative or categorical kriging as a means
of obtaining a preliminary geological interpretation was discussed(see chapter 7).

The drilling campaign was in progress, at Mutuca Mine, when the author decided to
make a trial run with the kriging program, using as input data two categories only: ore (1)
or waste (0). “Ore”, in that case. was “hematite”, as it is defined by MBR (see chapter 3).
The resulting kriged estimates divided the blocks of the total reserve into ore and waste,
therefore producing a first idea on the location and extenston of the additional reserve,
while the conventional geological re-interpretation was not available.

By giving the position of the ore blocks in a relatively short period of time, this
application of geostatistics allowed for the immediate estimation of the block grades
through kriging. and an overall qualitative and quantitative re-assessment of the ore reserve
was obtained quickly(see chapter 7).

Later on, when the conventional geological interpretation had been concluded, the two

results were compared. The preliminary analysis was used as a reference until the complete
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re-assessment of the geological reserve was completed, the latter being used from then on.
1.1.2 Creation of a computerized open-pit design system
A computer-assisted open-pit design system was developed based on a program

originally developed by MBR (see chapter 9), incorporating the following facilities:

- Slopes are defined through three possible ways: a) blockwise, as a function of type

of material; b) blockwise, as a function of rock engineering parameters; or c)

sectorwise, dividing the mine into sectors, i.e., angles in the horizontal plane, a slope

being assigned to each sector.

- Slopes are flattened to account for the in-pit road, as a function of road width,

number of road laps and maximum terrain clevation, in each sector.

- A base polygon, in the lowest bench, and the bench height are input data.

- The algorithm of pit shell gencration goes upwards from the base polygon following

the slopes given, and expands horizontally according to the shape of the ore body in

cach bench.

- Different pit shapes are produced by changing other design parameters, like

minimum/maximum internal angle for the bench polygons, permitted number of

iterations for horizontal expansion, and cord length.

- With the pit shell as the lower boundary and the topographic map as the higher one,

the blocks lying within the pit limits are counted, an evaluation being produced in

terms of volumes and tonnages of ore and waste.

1.1.3 Generation of a series of optional pit shells .

Starting from the previous lowest bench elevation, 1080m, five different pits were
designed: Pits 1080, 1020, 1000, 980 and 960, the last being the deepest one.

From cach lowest level, two different set of slopes were used for pit shell generation,
corresponding to alternative road layouts: a) switchbacks on the low side of the pit (East

wall); and b) road spiralling around the pit. Ten different optional pits resulted for

cvaluation and analysis.
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1.1.4 Graphical representation of the optional pits

A complete dissection of the various pits generated was made with the aid of graphical
representation, for visual comparison between the options available. The pit boundaries, ore
and waste blocks were plotted with different colours in bench maps, cross and longitudinal
sections.

It was observed that the computer’s graphical aids constitute a valuable tool for
mining applications.

1.1.5 Selection of the layout for the in-pit road

It was concluded that it is better to have some switchbacks on the low side of the pit
(East wall) than to spiral the road around the pit, for the stripping requirements are
reduced roughly by 10 million tons. Besides that, the risk of a slump blocking the road is
smaller, because the slope on the East wall is only 43 degrees, whereas it is 52 degrees on
the West wall.

Once the road layout had been established, the five optional pits with spiralling roads
were eliminated, and the selection process was focused on the other five pits, as described in
the following items.

1.1.6 Incremental analysis of the pits - preliminary economic appraisal

The concept of an economic break-even waste to ore ratio, as described by Miller
(1_9/83)/ was adopted for preliminary selection of the ultimate pit. Starting from the
shallowest pit, 1080, the tonnages of ore and waste were analysed on an incremental basis,
the waste to ore ratio being the key variable (see table 9.11).

The marginal profit obtainable with each ton of ore is approximately 5.0 times the
cost of stripping each ton of waste (see chapter 11). The deeper the pit, the greater the ore
tonnage, but the waste tonnage increases at a faster rate, resulting in an incremental ore to
waste ratio which grows exponentially. Starting from pit 1080, the above mentioned limit
ratio is equalled between pits 1020 and 1000, and exceeded by far when the mine’s
minimum elevation is changed from 980 to 960 (see figure 9.17).

Pit 1000 was sclected as the envelope likely to contain the “best™ pit, by this criterion.

1.1.7 Establishment of working pit sequences

Pits 1020, 1000 and 980, the ones with intermediate depths, were studied in more
detail, a sequence of working pits being established for them. A constant slope much flatter

than the ultimate pit slopes was adopted for designing the sequence of pushbacks (sce item
10.3.1)

- Chapter 1 -



- Page 27 -

The mine exploitation is divided in three stages: from top benches to level 1200m;
from 1200m to 1140m; and from 1140m down to the minimum bench elevation. An even
distribution of ore between the three phases was achieved, with total stripping requirements
going up as the ultimate pit depth was increased.

Following that, a simplified pit scheduling exercise was made, and the visual
inspection of bench maps, cross and longitudinal sections of the working pits demonstrated
the mineability of the three sequential stages.

1.1.8 Economic analysis of the optional pits

A straightforward economic analysis of the optional pits was made, as follows (see
chapter 11): in terms of cash flow, taking into account revenues and direct costs only - no
fixed costs or investments were considered; and in terms of discounting procedure, the Net
Present Value (NPV) Method was used. The impact of variations in key components of the
cash flow was assessed by means of a sensitivity analysis.

The principal results are:

- it is worth exploiting the additional reserve that has been discovered recently.

- all pits have NPV’s of a comparable order of magnitude, pits 1020 and 1000 being

the best ones for a very narrow margin.

- the NPV method, as compared with the maximum total profit and break-even

cconomic stripping ratio, is the most conservative criterion, as far as selecting deeper

pits is concerned, because the discounting factor penalizes time-distant ore.

1.1.9 Feasibility of the additional reserve _

Once established the feasibility of the new geological reserve, and as there is no major
difference, on economic grounds, between the NPV of the optional pits, the conveniences of
choosing cach of them, under different conditions of ore prices and mining costs, are

appraised by way of a sensitivity analysis.
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1.2 Introduction

This research work has approached two inter-related problems : a) a methodological
topic on what are the techniques for open-pit design and evaluation which are currently
recognised as the best ones; and b) the practical need of assessing the feasibility of a
geological reserve that has been incorporated to the known reserves of an existing mine by
way of a recent drilling campaign.

In this context, a series of questions needed to be answered, as follows:

- What are the best techniques available for open-pit mine design and economic

appraisal?

- What is the state-of-the-art in computerized systems for open-pit mine design and

economic assessment?

- Is there a computer program that incorporates all the best techniques for open-pit

design and evaluation?

- If such a computer program existed, would it be available for use?

- If it were available, would it be capable of handling the specific problems of Mutuca

Mine?

- What areas, in the bibliography searched, would deserve additional research, or

indicate a possibility for new applications in the context of this thesis?

- If capable of meeting the needs of Mutuca Mine, would it be possible to make

modifications in that computer program for further rescarch, if needed?

- What is the resulting quality of Mutuca Mine’s ore with the addition of the

geological reserve which has been discovered recently?

- Is it worth mining that additional ore reserve?

- Once it is interesting to explore that reserve, down to which elevation is the mine

cconomically feasible?

- Given the mine design is to be changed, what should be the best layout for the in-pit

road, as far as stripping needs are concerned?

- How should the mining operations be phased, in order to secure a balanced ore to

stripping ratio, in terms of working pit sequences?

The objective the author had in mind, when he undertook this research project, was to
use the computer and its graphical aids to answer some of the previous questions,
particularly those related to methodology. This would not be in an “automated™ fashion but

through a hybrid solution, with the machine having not too many degrees of freedom and
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acting merely as a means of expediting the work that would otherwise be made by hand.

In practical terms, there was the possibility of demonstrating the utility of a dynamic
system for mine design and evaluation, capable of reacting to the results of the latest
exploration, especially if the “on going™ nature of the drilling process is considered.

The prospect of developing a tool which might be of assistance to solve a number of
mining-related questions has been extremely rewarding, from the author’s standpoint.
Computer applications, by their nature, can be progressively refined or, if needed,
completely modified. Therefore, the Mutuca Mine problems can be handled in more detail,
or perhaps the requirements of other open-cast mines can be met, if the seed represented by

the system introduced herein is cultivated in the future.

1.3 Literature review
This review is aimed mainly at three questions :
- What are the techniques for open-pit mine design and evaluation which are currently

recognised as the best? ;

- Which methods could be sclected, from the best ones, for approaching the specific
problems of Mutuca Mine? ; and

- What areas, in the bibliography searched, would deserve additional research, or
indicate a possibility for new applications, in the context of this thesis?

The discussion of these topics is presented in the following paragraphs, and each
chapter contains specific comments on the related literature.
1.3.1 Current open-cast design and evaluation methods

In general : Both Kim(1978) and Crawford(1979) reviewed advances in open-pit
limit design. The former author belicves that “an attempt to select the optimal open-pit
limit should be made under certain circumstances.™ The first one he mentions is : “the pit
1s nearing its final stage in mine life and accurate cost as well as slope information can be

utilized,(...)".

The present situation of Mutuca Mine corresponds exactly to the mentioned

circumstance.

Floating cone™ : it i1s one of the carliest principles used in open-pit design, and was
mentioned by many authors, like Caldwell (1961) and Pana (1973). A conceptual cone is

positioned with its tip pointing down to a block of ore, the use of regular blocks being
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implied in this context. Waste blocks lying within the cone boundaries have their stripping
costs assigned to this ore block. In the same manner, ore blocks encompassed by the cone
contribute to the cone’s total revenue. The blocks of ore associated to cones with resulting
positive net profits are considered to be economically feasible.

The main shortcoming of this method is the fact that adjacent ore blocks with
uneconomical prospects might prove to be feasible, if sharing the stripping costs of waste
blocks lying in the intersection of their inverted cones.

Processes to optimize pit design : the paper by Lerchs and Grossmann (1965) has

become a classic, and deserves special comment. The two-dimensional pit design algorithm
handles each vertical section of the ore body separately, in such a manner that resulting pit
sections do not necessarily fit into a harmonic shape, the walls and the bottom of the pit
having to be “smoothed out™. This requires a great ammount of effort, and the final pit may
be far from optimum. For the three-dimensional pit design, the Dynamic Programming
approach becomes impractical, a graph algorithm being applicable, instead.

One of the principal weaknesses of this method is the use of the maximum total profit
as the economic criteria, ignoring the time value of money.

Geometry of the ore body : some authors, like Plewman (1979) assume the ore body
can be adequately represented by a geometric solid with a regular shape, like a cone,
cylinder or prism.

The shape of Mutuca’s ore body was identified in detail with the aid of drilling, and is

essentially irregular, as most ore bodies are. [t is best represented by its actual features.

Pit sequence planning and scheduling : in recent years, there has been a tendency to
focus on the pit sequence planning, instcad of on the ultimate pit design (for additional
refercnces, see chapter 9). In this respect, Couzens (1979) lists some interesting
principles :

~(...)"we must keep our objectives clearly defined while realizing that we are dealing

with estimates of grade, projections of geology and guesses about economics. We must

be open to change.™

-(...)"we must remember that we are dealing with volumes of carth that must be

moved in sequence: geometry is as important to a planner as is arithmetic.”

-(...)"we must remember that we are dealing with time, that volumes must be moved

in time to realize our production goals, and that the productive use of time will

determine efficiency and cost effectiveness.™
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The relevance of pit sequencing and scheduling is stressed even more by
Mathieson(1982) : “(...)far too much importance is often placed on the rigorous definition
of ultimate pit limits per se. Given the immense uncertainties surrounding any prediction of
future commodity price trends, costs and stable pit slope angles(particularly at the project
feasibility stage) such analytical preoccupation and expense is of little real benefit in the
overall context of generating a good long term mine plan. After all, profits far in the future
have practically no impact on a property’s net present value anyway.”

“If a pit has been properly phased in its development plan such that each successive
sequence is less profitable than the one previous, then the operation will have maximized
annual profitability. It will either continue in production or shut down, as the economic
climate and the specific profitability of the next phase to be stripped dictates at that time.”

)

“The use of sophisticated so-called ’optimal’ scheduling systems on these deposits
would (...) constitute a waste of resources.”

In accordance with the aforesaid trend, working pit sequences were established for the
most promising pits of Mutuca Mine. No “optimal” procedure was adopted for the
scheduling exercise.

1.3.2 Methods selected to be used in this study

Methodology : the approach adopted in the present study was the generation of a
series of optional pit shells for subsequent economic evaluation. No “automatic™ method for
pit design was applied, a hybrid process being used instead, with the computer and its
graphical aids merely acting as a means of expediting the work which otherwise would be

made by hand.

Computer-assisted open-pit design system : an OPD (Open Pit Design) system was

created, its main application being the production of a series of optional pits, obtained with
different lowest elevations and base polygons.

Variable slopes and pit geometry : the mine benches were represented by way of
points, i.c., polygons with any irregular shapes, as opposed to the representation with the aid
of blocks. As a consequence of this, the pit has variable pit slopes taking their actual values,
and not being approximated by the block dimensions.

Graphical aids : the resulting pits gencrated as described above were plotted in four

different ways, namely: pit contour maps; cross-sections featuring ore and waste blocks in
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different colours; longitudinal sections represented in the same fashion; and bench maps
displaying, besides ore and waste blocks, the pit boundary.

If run through an interactive graphics terminal, the system displays the pit plan map
on the screen. If a polychromic output device is available, ore and waste blocks are
differentiated by colours, but cach category is represented by a different symbol, so that
they could be identified in black and white hardcopies as well.

The geological re-interpretation of Mutuca Mine, once available, was transferred to
the computer with the aid of a digitiser. Points of the ore body boundary, in each bench,

were digitised, the resulting polygon being subsequently converted into an area with blocks

of 25mX12.5mX 10m as elementary units.

Summation of the ore reserve : the ore reserve tonnage figures are approximate
only. The bench height actually adopted for mining is 10m. However, 20m was used in the
modecl, in order to generate a smaller number of points and to reduce handling, processing
and plotting costs. Therefore, in each other bench, unit blocks are used to convert irregular
shapes into volumes. Intermediate benches have their volumes approximated by averaging
the volumes of ore and waste of the adjacent levels. The accuracy in the area calculation
could be improved in the future (see item 9.3.3).

In-pit road : despite its importance virtually no OPD system generates the
road(Kim, 1978). The present work does not generate the in-pit road, although the slopes,
which are rock engincering parameters that have been used in Mutuca for many years now,
are flattened to account for the haulage road (see item 1.1.2). An additional difficulty for
the road layout to be gencrated automatically is that the location of the existing exit to the

mine must be respected.

Interactive facilities :  the system offers the flexibility of manually introducing

modifications in the pit design, incorporating a “manumatic™ characteristic, as described by
Kim(1978). If any modification is needed in a certain bench, the computerized pit shell
generation process can be stopped after that particular bench is processed. The desired
polygon can then be given as input data for the computer to resume its task, and the shapes

of upper benches will take into account the modification, the slopes being respected.
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Economic assessment : the economic appraisal of the optional pits was made

through the Net Present Value Method, as described by Fleischer (1969).
Variations in ore prices and mining costs were analysed through three hypothesis, a
pessimistic, a realistic and an optimistic one. The resulting NPV’s were ranked in each case.

and the pits selected and analysed accordingly.

Working pit sequences : pushbacks were established, in order to study the

mineability of the ore body in succesive stages. After that, a brief pit scheduling exercise

was made.

Further improvements :  the pit selected using the present version of the OPD

system is by no means a definitive word in the designing process. The details of the in-pit
road, for instance, were not considered in the study. The system was not meant to solve this
problem, anyhow, the analysis being of a different order of magnitude. The computer-
generated pit shells can be tentatively improved by the mining engineers, and the resulting
pit shapes, sections and tonnages rapidly obtained. The possibility of making manual
changes in the pit configuration can be of assistance in the process of laying-out the haulage
road.

A number of applications is potentially feasible, and the practical interest in the
present research work will tell, in the future, whether or not it is worth making the
suggested upgradings of the system (sce chapters 9, 10and 11).

1.3.3 Areas deserving additional research

The author observed some predominant trends in the literature, as follows :

- The most common use of kriging is for the estimation of grades. Before this step is

taken, though, the location of ore and waste blocks is needed, the conventional

geological interpretation normally suplying this information. However, when the

drilling process is in progress, and the geologist’s analysis is not yet ready, a

preliminary idea of the spatial position of the ore body can be generated through

categorical kriging, provided the geological data is split into two categories, ore and
waste, as a function of cut-off limits. The results of the suggested procedure might be

of assistance for the geologist(sce chapter 7).

- Results obtained with the aid of “automatic™ or “optimal™ computerized algorithms

for open-pit design and scheduling are not always appreciated, in practical terms(sce

chapters 9 and 10).
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More specificaly, in the application of the OPD system to Mutuca Mine, the following
observations were made:
a) the algorithm for pit shell generation expands the pit boundary horizontally
according to the shape of the ore body in each bench, but after the first lower benches
are processed, no more expansions are made, because waste blocks only are reached,
in general(see, for example, from figure 9.24 t0 9.27).
b) had the algorithm not included some peripheral ore blocks, particularly in the
initial lower benches, and probably less waste would have resulted in upper benches,
for most pits. The program for pit shell generation could be adapted to offer the
flexibility of controlling the number of horizontal expansions, each sector receiving a
permitted range for the number of iterations (see item 9.3.3).
¢) on the other hand, the kriging error produced by the geostatistical estimation of
grades presents interesting characteristics: 1) in the horizontal plane, it increases
with greater distances from the centre of the ore body, that is to say, with greater
distances from where the geological information is more concentrated(see figure 8.7,
for example); and 2) in the vertical plane, it tends to increase with depth, or, in other
words, it grows when the superficial information (trenches, adits) is no more within
the searching radii, and drilling data only is available, information from drill holes
being more scarce in the vicinity of the ore body limits (sce figure 8.4, for example).
d) a possible way of penalizing the decreasing level of information of blocks nearing
the ore body boundaries would be through the use of the kriging error. Theoretically,
the error of estimation is normally distributed around the mean, i.e., a range of
possible values is centered in the kriged estimate. Given a limit grade, the probability
of observing values below that limit can be calculated for each block, as a function of
its kriged estimate and kriging error, through a well-known statistical procedure called
“standardization” (see chapter 8). The next step would be the manipulation of a
“probabilistic cut-off target™. so that the resulting dimensions of the ore body would
be under control, because a certain number of blocks, originally considered as ore,
would be discarded as waste, as a result of its “prob-values™. The proposed method
would not only penalize low grade blocks, but those with high kriging errors as well,
that is o say. both quality of ore and quality of information would be taken into
account. The probable resulting cffect, in terms of open-pit design, would be less ore

blocks being picked up in lower benches and in the ore body’s periphery, but this
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would be compensated by a smaller number of waste blocks lying within the pit
boundaries in upper benches, therefore varying the waste to ore ratio.

¢) the incorporation of the procedure recommended previously to the OPD system (see
item d), in addition to the possibility of controlling the pit horizontal expansions,
sector by sector and bench by bench (see item b), could provide the mining engineer
with a powerful tool for experimental refinement of the preliminary computer-
generated pit shell. The principal advantage of the suggested method would be the
possibility of introducing “manual™ changes by way of an “automatic™ procedure,
therefore creating a system essentially “manumatic”.

1.3.4 Geostatistics and mining software offered by c&ulting companies or alike

Some companies and research institutions offering geostatitics and mining software
are listed below, together with a brief description of the programs or systems available.
These packages are a representative sample of state-of-the-art computer applications in
the mineral industry.
BEHRE DOLBEAR & Company, Inc. Minerals Industry Consultants.
New York, NY, USA.
Geostatistics.

CANMET-Canada Centre for Mineral and Energy Technology.
QOttawa, Canada.
DISCODAT, data handling, statistics; Domain analysis programs, definition of
domains; Computer manual for secpage analysis; Rotational sheer sliding;
Financial computer models; Pit slope manual.

CENTRE de Géostatistique et de Morphologiec Mathématique.
Fontainebleau, France.
GEOSMINE(geostatistics); GEOSREC(disjunctive kriging);
MULTIPIT(parametrization of the final contour); GEOSVISU(graphical
outputs); GJUST(interactive variogram model adjustment);
GEOSIMU(conditional simulations of recgionalized variables in 3-D);
BLLUEPACK 3-D( kriging in 3-D): OPD(open-pit design).

COMPUSERVE.
Denver, Colorado, USA.
MEDSYSTEM(R)- Mincral evaluation and design system.
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CONTROL Data Corporation.
Minneapolis, Minnesota, USA.
MINEVAL-Mineral Evaluation System.
ENERGY Data Services.
Englewood, Colorado, USA.
COMPUTASC-Exploration, evaluation, mine planning, economics.
GEOSTAT Systems International.
Montreal, Canada.
Geostatistics.
GEOSTOKOS Ltd.
London, England.
Ore reserve estimation, geostatistics.
HANNA Mining Company.
Cleveland, Ohio, USA.
LGMP, Lerchs-Grossmann mine planning system.
INTERNATIONAL Geosystems Corporation.
Vancouver, BC, Canada.
GEOLOG, GEOFORM, GEOCOLEK, GEOSYSTEMS. Geological data base;
graphical representation of geological information.
MINERAL Industries Computing Ltd.
London, England.
DATAMINE, data handling, statistics, gecostatistics, seam modelling and
evaluation, open-pit design.
PROSPECT Mining Scrviccs(Com‘rol Data).
Transvaal, South Africa.

Mineral evaluation software, geostatistical analysis.

RTZ Consultants.
Bristol, England.
GEOSTAT, geostatistics; OPD, open-pit design; MSS, mine scheduling system.
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SNC Group.
Montreal, Canada.
LAMBDA-Deposit Evaluation System.
STEFFEN Robertson & Kirsten.
South Africa.
DMIPS, open-pit mine planning; GEOPAK, geostatistics; STEPS, mine
planning.
WRIGHT Engineers Ltd.
England.

Computerized open-pit design.

Many of the above software options for OPD include the in-pit road in the open-pit

design.
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2.1 Brief history

Mutuca is an open-pit iron ore mine owned by Mineragdes Brasileiras Reunidas S.A -
MBR, Brazil's second largest iron ore producer and exporter. MBR was established as a
subsidiary of CAEMI. Its first activities date back to 1940.

Companhia Auxiliar de Empresas de Mineracio - CAEMI is a leading Brazilian
industrial group whose chief interests are mining and metallurgy. In addition, CAEMI has
been organizing and managing a wide variety of projects in other fields, both in association
with foreign investors and on its own.

Mutuca Mine has been operated since 1961. The output of its first plant was in the
order of 480 thousand tons per year. Since then, facilities have been upgraded and
expanded up to the present capacity of about three million tons per year (3 Mtpy).

The existing beneficiation plant, apart from having some components with many years
of use, blocks the exploitation of part of Mutuca’s ore body (see photograph 2.1).
Therefore, a new installation has been designed.

In 1983 MBR completed the construction at Mutuca of the first stage of a belt
conveyor system to carry waste from the mine to a deposition site (see photograph 2.2).
Earthwork for the new beneficiation plant was also completed (see photograph 2.3).
According to Mutuca development plan, the installation of a semi-mobile primary crushing

system will begin shortly.

2.2 Geographical situation

MBR iron ore deposits, Mutuca being one of them, are located in the south central
highlands of the State of Minas Gerais, Brazil, near the northwest corner of the region
known as “Quadrilatero Ferrifero” (Iron ore quadranglcj. Figures 2.1 and 2.2 show the
location of Mutuca Mine.

Mutuca is situated in a region that has a mild climate, with temperatures ranging
from 5 to 36 Celsius degrees. The average annual rainfall is around 1300mm.

The clevation of the mine bench being mined at present is 1240m above sea level.

Note : This chapter was based on a booklet which had been prepared by MBR in 1984, therefore any changes
that occurred later on are not reflecied here, but only in subsequent chapters of this thesis.
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Photograph 2.1 Mutuca Mine gencral view
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Photograph 2.2 Waste conveyor system
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Photograph 2.3 New beneficiation plant site

Photograph 2.4 Mutuca Mine beneficiation plant
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2.3 Geological aspects

The Mutuca deposit lies about 15 kilometres by road south of the centre of the City of
Belo Horizonte, the capital of the State of Minas Gerais. Geologically, the deposit is
located in the northeast end of the north-south striking Moeda Syncline, a major structural
unit about 40 kilometres long that extends between the Curral mountain ridge on the north
and the major easterly trending structures on the south side of the Bagdo Complex. A major
thrust fault has displaced the section of the syncline that contains the Mutuca orebody
more than five kilometres to the north. As a result, to the west, the iron formation (Caué
Itabirite) is in contact with older rocks of the Rio das Velhas Series (Nova Lima
Formation) instead of being in the normal stratigraphical position. To the east, the iron
formation is in conformable contact with weathered phyllites of the Batatal Formation.

The Mutuca orebody is intensely folded and strikes N to N 30 degrees W. Dips are 70
degrees SW for most of its north end. Most of the south end dips 60 degrees NE at surface
and 70 degrees SW at lower levels. The Mutuca orebody has a general plunge to the
southecast ard is truncated to the south by a dike of probable diabasic composition.

Ore minerals include hematite with minor amounts of magnetite, goethite, martite and
maghemite. Gangue minerals consist mainly of quartz and clay minerals.

Figures 2.3 and 2.4 show geological aspects of Mutuca. For additional details on
Mutuca’s geology, see Villaca(1980) and Pires(1979, pages 58 through 67). On the broad
definition of hematite, see Blyth and de Freitas(1984, pages 83, 85 and 129).
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2.4 Previous reserve estimates

The estimated mineable reserve of Mutuca Mine was around 77 million tons in 1981,
as shown in table 2.1.

The following notes refer to table 2.1 :

a) Reserve computed by averaging the areas of different materials for each pair of
adjacent vertical sections and multiplying them by the interval distance, therefore
obtaining the volumes. Tonnages calculated taking into account specific gravities for
each material.

b) Distance between cross-sections: 100 metres

¢) Maximum pit dimensions : width, S00m ; length, 1200m

d) Lowest pit elevation: 1080 metres above sea level

¢) Mine bench being mined at the time: ~1260 metres above sea level

f) Overall pit slopes: west side, 43 degrees; east side, 36 degrees

g) Specific gravities (metric tons/cubic metres):

Hematite (average)...... 3.5
Itabirite............... 3.0
Canga ........cciciinn.n 3.0
Phyllite ............... 1.75

h) Stripping ratio: 0.56 ton of waste/ 1.0 ton of ore

- Chapter 2 -
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In 1984, three years after the estimate contained in table 2.1 had been made, the
estimated reserve was around 70 million tons of high iron content hematite, averaging 67%
Fe, 0.05% P, 1.2% SiO, and 1.2% AL Os (in situ ore). The waste/ore ratio was 0.50

ton/ton, and the estimated size distribution was as displayed in table 2.2.

Table 2.2 Size distribution of Mutuca mineable reserve in 1984

Size fraction Distribution Estimated reserve
(%) (in million tons)

"2":+IA“ 47 33

-1%;+100 Mesh 33 23

-100 Mesh 20 14

2.5 Mine personnel

Mutuca Mine workforce is 430 people. The mine operates in two production shifts and
one maintenance shift. lts work schedule is a follows:

300 days scheduled per year;

16 hours scheduled per day; and

4800 hours scheduled per year.

- Chapter 2 -
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2.6 Mining equipment

Mutuca is an open-pit mine worked in 10-meter-high benches. Mine ore extraction and

haulage is performed by the main equipment listed in table 2.3.

Table 2.3 Mutuca mining equipment

Type Capacity Quantity
drills 8 in 1
6% in 2
3 in 2
shovels 6 cu yd 1
3 cuyd 4
trucks 50t 5
35t | 14
front-end-loaders 5% cu yd 3
2% cu yd 2
bulldozers crawler 300 hp 4
bulldozers wheel 400 hp 2
motorgraders 150 hp 2
irrigation tanks 40000 1 2

Source: Rabello; 1985; MBR, Mutuca Mine; personal communication.

- Chapter 2 -
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2.7 Beneficiation plant

Mutuca has at present two plants. The first crushes, wet-screens, washes and classifies
up to 2.3 million tons of iron ore per year (see photograph 2.4). The second, with a capacity
of around 0.7 million tons per year, is used to re-screen stockpiled products to new

specifications. Figure 2.5 shows the flowsheet of Mutuca Mine. The ore treatment

equipment is listed in table 2.4.

Table 2.4 Ore treatment equipment

Type Quantity
Primary jaw crushers 2
Primary screens 1
Secondary screens 2
Secondary cone crusher 1
Tertiary crusher scalping screens 2
Tertiary cone crusher 2
Tertiary screens 2
Spiral hydroclassifiers 2
Thickener 1
26" cyclones 2

2.8 Production

In 1984, the total production for the Mutuca Mine facilitics - crushing and sizing -
was around 3 million tons per year. Approximately ¥ of that production was Lump Ore for
Direct Reduction(LODR) and the remainder was split between sinter feed fines and

“hematitinha™, a special type of ore fed into domestic pig iron furnaces using charcoal.

- Chapter 2 -



199USMO} SUIJN BOMINIA §°T 2an314

ALIMENTADORES e

FEEDERS a—D

BRITADORES PRIMARIOS m
PRIMARY CRUSHERS

PRIMARY SCREEN

PENEIRAS SECUNDARIAS
SECONDARY SCREENS
HIDROCLASSIFICADOR ESPIRAL
SPIRAL CLASSIFIER

o AGUA

WA TER BRITADOR SECUNDARIO
\l SECONDARY CRUSHER
PENEIRA PRIMARIA \1

(?\ e ——

= Acua 07 =°“v

WA TER %

‘ = PENEIRAS DE sscm.ro 3
SCALPING SCREENS % BRITADORES TERCIARIOS

\ /l TERTIARY CRUSHERS

- AGUA o (El—'
\\LJ WATER 7
-
TANQUE COLETOR [ " | raNauEe coLETOR PENEIRAS TERCIARIAS
COLLECTING TANK : COLLECTING TANK
80OMBA
PUMP
cicLonEs |
CYCLONES ¢
siLos
BINS
BITOLADO PARA REDUGAO DIRETA
LUMP ORE FOR DIRECT REDUCTION

FINOS PARA SINTERIZACAQ te 1" — 1 1H4"
SINTER FEED *;f';‘,‘).'.'_”,",:,‘.‘.} ' !

- o)
(+ 100 mesh - 14")  ceoessADOR

THICKENER
~100 Mesh o
BOMBA
PUMP
~—

BACIA DE DEPOSIGAO
DE REJEITOS
TAILINGS POND

Z‘L\. MINERAGCOES BRASILEIRAS REUNIDAS S.A. — MBR

MINA DA MUTUCA — FLUXOGRAMA
MUTUCA MINE — FLOWSHEET

1984 ’

i -ggadeq -



- Page 54 -

2.9 Transport

Off-the-road trucks are used for in-pit haulage in Mutuca Mine. After its
beneficiation, most of Mutuca ore is routed to the near by Aguas Claras Mine by means of
regular trucks via the existing road network.

From Aguas Claras Mine, the ore is transported through the “Central Railway” to the
“Sepetiba Terminal”. Central Railway is the main line of the Brazilian state-owned “Rede
Ferroviaria Federal S.A. - RFFSA”, and Sepetiba Terminal is an iron ore shiploading

facility owned by MBR (see figure 2.1) with capacity to receive ships of up to
300,000dwt(dead weight tons).

2.10 Environmental protection

MBR’s environmental engineering division monitors and controls erosion, dust, soil
sliding, vibration, noise and water/air pollution, and keeps equipment on standby to cope
with accidental oil spillage from vessels at the marine terminal.

Slope stability criteria have dictated a disposal plan conceived to meet strict
environmental protection requirements at Mutuca Mine waste deposit, including a
complete drainage system, slope covering and an ecological dam. Steps have been taken

since the beginning of the earthwork to protect the environment around the future Mutuca

beneficiation plant site.

2.11 Unit consumption

In 1984, the average consumption of explosives was 0.07 kg/t of extracted material,
including ore and waste.

In the same period of time, the electric power required per fed ton was 1.75 kWh.
This figure is likely to change whenever the new beneficiation plant comes into operation.

At that time, the fuel consumption was 0.36 litres per hauled ton. A reduction in this

rate is expected after the installation of the new semi-mobile crushing system.
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The average productivity of trucks is shown in table 2.5 .

Table 2.5 Productivity of 32.5-ton-trucks in 1981

Type of Distance Travel time Productivity
material (metres) (min. ;sec.) (t/h)
Ore 1000 14730’ 145
Waste 1600 17730 120

The transport distances within the mine shall not exceed 1000 metres with the future

utilization of the semi-mobile crushing system.

- Chapter 2 -
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2.12 Product quality

Tables 2.6 and 2.7 show chemical, physical and metallurgical characteristics of

Mutuca products, as estimated in 1984.

Table 2.6 Typical chemical analysis of Mutuca products in 1984 (in %)

Product Size Fe Al,0; SiO, P Mn

Lump Ore for Direct Reduction 147 4% >67 <1.0 <1.0 <0.05 <0.20
Sinter feed fines -%”;+100Mesh >67 <1.2 <1.0 <0.05 <0.40
Hematitinha =157 4% >67 <1.4 <1.0 <0.05 <0.40

Table 2.7 Typical physical and metallurgical characteristics
of Mutuca Lump Ore for Direct Reduction

Test Average
Porosity 16.0
Crepitation ( - 5 mm ) 5.5
Tumble index ( + 6.35 mm ) 87.0
Abrasion index ( - 595 micra ) 7.2
Metallization ( Midrex Linder Test ) 92 - 96
Reducibility ( JIS ) 53 - 60
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2.13 Market
2.13.1 Lump ore for direct reduction

Mutuca Lump Ore for Direct reduction (—1%7;+%") has been used by steel mills

employing the direct reduction method worldwide, as shown in table 2.8.

Table 2.8 Consumers of Mutuca Lump Ore for Direct Reduction

Mill Country Process
Acindar Argentina Midrex
Dalmine Argentina Midrex
Georgetown USA Midrex
Hylsa Mexico HYL
Iscott Trinidad Midrex
Nordferro West Germany Midrex
Sabic ( Hadeed ) Saudi Arabia Midrex
Sidbec Canada Midrex
2.13.2 Sinter feed fines

MBR’s sinter feed fines ( —%” ; +100 Mesh ), with an iron content of about 68%, is
suited for the production of sinter feed for blast furnaces. The Far East is one of its

principal consumers.

2.13.3 Hematitinha

Hematitinha (—1'%7; +'%7) is a special type of ore fed into domestic pig iron furnaces

using charcoal.

- Chapter 2 -
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2.14 Development plan

Given the importance of this mine, the company plans to intensify mining operations
to a level of 6.5 million tons per year.

The development plan, which is represented in figures 2.6 and 2.7, as well as in
photograph 2.5, consists of the following :

- Acquisition of mining equipment to carry out open-pit mining at the desired level;

- Construction of an ore treatment plant at a different site, to enable exploiting part of

the mineral reserve presently blocked by the existing plant;

- Construction of a long-distance aerial ropeway, which will transfer output to a new

loadout station;

- Construction of a storage yard, with a train loadout station located at Olhos d’Agua,

approximately 2 kilometres from Mutuca Mine; and

- Construction of a railroad loop at Olhos d’Agua.

- Chapter 2 -
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Photograph 2.5 Mutuca Mine development plan (artist’s conception)
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3. Geological sampling, core logging and assaying

3.1 Drilling Method

3.2 Corc logging

3.3 Definition of sampling intervals

3.4 Sample preparation

3.5 Physical and chemical analyses

3.6 Data recording

3.7 Geological classification

3.8 Description of ore, rock types and codes
3.9 Description of the ore types and their codes

3.10 Remarks on the geological map and sections
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3.1 Drilling method

In early stages percussion drilling was used in Mutuca, despite its limitations. The
material recovered by this method can not be analysed other than for identification of some
crude ore chemical characteristics. As no information on the nature of the size fractions is
obtained, MBR discontinued percussion drilling, adopting the rotary drilling method
instead.

The use of diamond drill holes allows the geological exploration team to recover bore
hole cores for detailed inspection. As a consequence, the geological structure of the ore can
be studied and each size fraction can be individually analysed as for chemical, physical and
metallurgical characteristics.

Both Mineragdes Brasileiras Reunidas S.A.-MBR and its contractors currently use the
diameter HX ( 86mm - 96mm ) for rotary drilling in iron ore. In case operational problems
arise, or if a high consumption of crowns is noticed, or the loss of drilling mud is detected,
the diameter is reduced to NX (66mm - 86mm). Diameters smaller than NX are not used
by MBR for pre-production exploration.

The total core recovery is normally high, for diamond drill holes being bored in both
friable and compact iron ore. As for drilling in either mixed or fractured iron ore, the

recovery might go down, sometimes to 20% or even less.

3.2 Core logging

After completion of the bore hole, its core is geologically described through
measurement of the layers; identification of faults, fractures, joints and shearing and
schistosity planes; description of structure, mineralogy, contaminating elements, gangue

constituents, granulometry, and degree of weathering; and measurement of the total core

recovery for each interval length.

Figures 3.1 and 3.2 are two examples of Mutuca bore hole logs.
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41.5 - 47.1 - TPHm cont.ar
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33 [ Hx }68.4]0.017/0.94 1 0.57l0.209
118.7
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Figure 3.2 Mutuca bore hole log(example 2)
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3.3 Definition of sampling intervals

The next step is the division of the corc into segments for material collection. MBR
used sampling intervals 3m long in Mutuca in early geological exploration campaigns . A
different procedure, based on criteria of geological uniformity, had been used by MBR in
the seventies. At that time, 25m or even longer segments were used. A few years ago, MBR
resumed the use of 3m sampling intervals, following the decision to apply geostatistical
analysis in the ore reserve evaluation of Aguas Claras Mine, one of its mineral properties.
The possibility of using longer sampling intervals in Aguas Claras Mine is currently under

study, as the semi-variogram analysis of that mine has been completed.

3.4 Sample preparation

In the past, the whole recovered core in each interval was used for determination of
granulometry, that is to say, all the material used to be crushed and screened. Nowadays,
the core is split into two halves by means of an electric saw, one half being stored for future

reference, the rest being crushed to —2” and sent for assaying.

3.5 Physical and chemical analyses

Following the sample preparation, the material is wet screened to 17, %™ and 100
Mesh. The resulting four size fractions are used for the purpose of geological classification,
as will be explained later in the text.

A representative sample is extracted from cach size fraction, for wet chemical
analyses. Normally, Fe, P, SiO,, Al;03, Mn and LOI (loss on ignition) are analysed. The
results of these assays are compared with the correspondent geological description made by

the geologists, checking for obvious errors.

3.6 Data recording

Chemical and physical analyses are recorded onto a standard form. Chemical analyses
of each size fraction are then multiplied by their weight proportion and the weighted
average 1s computed for cach mineral (Fe, P, AlsO; and SiQ,), in order to obtain the
ultimate crude ore chemical analysis. This procedure is followed for each sampling interval,

that is to say, for cach length of 3m (or more) of bore hole core.
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3.7 Geological classification

MBR adopts a geological classification based on both chemical analysis and
granulometry. Tables 3.1 and 3.2 show the limits for classification of materials into

Hematite, Rich Itabirite and Rich Argillaceous Iron Formation.

Table 3.1 Classification by chemical analysis

Limits(%) Classification Code
64.<=Fe;P<0.12 Hematite HEMAT
45.<=Fe<64.;A1,0;<4. Rich Itabirite RIB

45.<=Fe<64.;Al,0;,=>4. Rich Argillaceous Iron Formation RAIF

Table 3.2 Classification by granulometry

Limits(%) Classification Code
50.<= 417 Hard H
35.<= +1” <50. Hard/Mixed ) (|
117 <35. ; 50.<= tW” Mixed M
35.<= t%" <50. Mixed/Sof't MS
+4” <35. Soft, Very Soft SvVS
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Other rock types and formations are classified as indicated in table 3.3.

Table 3.3 Classification by granulametry and grades

Limits(%) Classification Code
64.<=Fe ; 50.<= t%4” Debris Ore DO
64.<=Fe ; 0.12<=P Phosphatic Hematite PHEM
Fe<45. ; Al,0;<4. Itabirite 1B

Fe<45. ; 4.<=Al,0, Argillaceous Iron Formation AIF

In addition to the rock types described above, other materials are represented on

Mutuca geological cross-sections, as follows:

Carbonate Iron Formation(CIF);
Gangue;

Phyllite;

Quartzite;

Basic Intrusive Rock(RBI); and

Overburden.
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3.8 Description of ore, rock types and codes
Listed and described below are the abbreviations or codes applied to mappable

units of iron ore, iron formation, and associated rock types in the *“Quadrilitero

Ferrifero”(Iron Ore Quadrangle), Minas Gerais, Brazil.

HMHm

- Hard, blue, tough, massive or thick banded hematite. Bands are five
centimeters or more thick and commonly one-half meter to three meters in
thickness. Indistinct bedding in finely etched laminations is commonly apparent
on the weathered surfaces. Freshly broken faces show an even, fine to very fine
grain size and have an irregular to semi-conchoidal fracture.
In mining cross-section, HMHm is indicated as HO, HO/MO, etc., depending
on results of screening tests in the laboratory.
Note: Hematite is formed from itabirites and ferruginous carbonates by
metasomatism and supergene enrichment and has, by definition, more than 64%
iron and less than 0.12% phosphorus.
TBHm
- Banded, hard to medium-hard hematite with bands two to five centimeters
thick and having a schistose or blocky fracture.
In mining cross-sections, stratigraphic intervals of TBHm or interbedded TBHm
and finer structural ore types are classified and indicated as HO/MO, MO, etc.
TPHm
- Thin platy hematite with beds one to two centimeters thick. Breakage occurs
preferentially along bedding planes. Visible silica or clay minerals mav occur
between the bands, but totalling less than three percent in weight.
In mining cross-sections, stratigraphic intervals of TPHm are classifis¢ as
MO/SO, or SO depending on results of laboratory tests. Where cicselv
interbedded units of TPHm or HMHm are present, an MO or even HO MO

type may result.
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FHm

- Soft, black, flakey hematite with bands of hematite less than one centimeter
thick. The structure is micaceous and somewhat like graphite in appearance.
Specularite is the principal mineral and grain size varies from fine to coarse.
Bedding structure may or may not be visible in undisturbed exposures.

FHm intervals are classified as SO or VSO for mining, unless interbedded with
the coarser structured ores to yield a screen product of 35% +%” in which

case the interval is classified as MO/SO.

GHm

Ib

AlF

- Soft, black, fine to medium-grained granular hematite much like FHm in
texture, except for the general absence of micaceous hematite. GHm intervals

are classified as SO or VSO for mining unless interbedded with coarser

structured ores.

- Itabirite, a metamorphosed iron formation composed of alternating laminac of
hematite and granular quartz. Grades are commomnly about 35% - 45% iron
and, by definition, must be less than 64% iron. Where the iron content of the
itabirite is more than 45%, the prefix “r” is applied to denote rich itabirite. In
addition, the same prefixes which are used to differentiate the various types of

hematite apply to the itabirites as well.

- Argillaccous iron formation consists of alternated bands of hematite and dull
carthy gocthite.

Individual bands arec about two centimeters or less in thickness. Sub-surface
cxposures show the earthy goethite bands, as seen at surface, to grade
downward into partially decomposed material that contains increasing amounts of
clay. Argillaceous iron formation may occur interbedded with and gradational
into itabirite or carbonate formation and, by definition, contains less than 64%
iron and more than 4% alumina. Where the iron content of the argillaceous iron
formation is more than 45% the prefix “r” is applied to denote rich argillaceous
iron formation. The same prefixes which are used 1o designate the various types

of hematite are also applied to the argillacecous iron formation.
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- Carbonate iron formation is a reddish-brown to yellowish-brown facies of iron
formation in which the individual beds vary in thickness from less than one
millimiter to ten centimeters. The hematite is black and brittle and appears to
be partially limonitized in the surface exposures.

On a fresh break the hematite has a satiny appearance. Bands of goethite which
occur near the surface between hematite bands have replaced a carbonate

mineral, possibly dolomite, ankerite or siderite.

- Debris, defined here as a mass of loose to partially cemented hematite
fragments, mainly larger than five centimeters in diameter, mixed with various
amounts of hematite gravel and iron-rich soil. The hematite fragments may be

angular to well rounded. This category includes talus and float ores.

HmCg

SiCg

- Hematite canga, in which the plates and fragments of hematite, making up
more than 70% of the rock, show little or no orientation and are cemented by
approximately 10% goethite. This unit resembles a ferruginous conglomerate and

always occurs at or near the surface.

- Structural canga containing bands or plates of hematite, itabirite or gocthite
having a preferred orientation and cemented together by approximately 10%
gocthite. This type of canga generally reflects the composition of the underlying

bedrock and accordingly StHmCg and StIbCg can be used to indicate parent

matcerial.

GoeCg

- Gocthite canga in which the plates and fragments of hematite, itabirite or

other rock types are cemented together by 50% or more goethite.

LimCg

- Limonite canga in which the plates and fragments of hematite, gocthite,
itabirite and other rock types are cemented together by 50% or more limonite.

This unit generally overlies argillaceous iron formation.
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LatCg

- Earthly limonitic canga with a relatively smooth surface which commonly
contains substantial amounts of clay and partially decomposed rock fragments.
Normally this type of canga overlies lean iron formation.

Phy
- Phyllite. This unit, stratigraphically underlying the itabirite, the Batatal
formation, is normally a light-to-dark grey, very fine grained, usually schistose
rock. The phyllite generally forms smooth slopes and valleys between itabirite
and quartzite ridges.

Qtz
- Quartzite, which commonly forms prominent ridges on both sides of the iron
formation.

RBI
- Basic intrusive rock probably of diabasic composition. Parts of this unit have

been metamorphosed to phyllite or schist.

3.9 Description of the ore types and their codes

The classification of metallurgical ore types and cconomic products adopted by
MBR is based on crushing and screcning of representative samples obtained from
large-diamcter corc holes, adits and mine benches. This classification is not to be
confused with the geological mapping terms presented previously, which are based on
visual classification. The criteria adopted for classifying the material on grounds of
friability were described in items 3.4, 3.5 and table 3.2. Table 3.4 contains a

detailed description of the ore types and its codes.
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Table 3.4 Description of the ore types

on grounds of friability

Code Ore description

H Hard, massive, compact or thick-bedded slabby

m Hard, thick-bedded, with schistosity or
thin bedded, blocky

M,MS Medium hard to friable, thin bedded and
schistose or thin platey with some soft ore

Svs Soft friable, flakey or granular and
schistose thin platey hematite

DO Float or debris pebbles, cobbles, etc.
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3.10 Remarks on the geological map and sections

The following comments are related to the Mutuca Mine geological plan map
and geological cross-sections.

- Most channel samples are projected in sections, giving sometimes the false
impression that they are located below the present mine level.

- Schists and phyllites were grouped in the same lithological unit as both are
produced from pelitic rocks under conditions of low grade metamorphism.

- Only drill holes projected over 3.0 meters in sections are dashed, otherwise
they are represented by full lines.

- The 1966 percussion drill holes, in addition to the drill holes DH-44, DH-45,
DDH 1/77 and DDH 2/77 of the Mutuca Mine, either had not been chemically
assayed or had had extremely low recovery therefore were not represented in the
sections.

- “Ib” is a generic term used in areas of insufficient geological information to
represent VSIb (Very Soft Itabirite), SIb (Soft Itabirite), MIb (Medium Itabirite),
and/or HIb (Hard Itabirite). In the same manner, “AIF” (Argillaceous Iron
Formation) stands for VSAIF, SAIF, MAIF and/or HAIF; and “CIF” (Carbonate
Iron Formation) represents VSCIF, SCIF, MCIF, and/or HCIF.

- The prefix “P" stands for phosphorus and is applied to any metallurgical ore
type (phosphatic hematite) to denote ore bands or lenses having P>=0.12%.

- “Cg"” is a generic term used on sections to represent the various canga types
(Hm Cg, St Hm Cg, St Ib Ch, St Cg, Goe Cg, Lim Cg, Lat Cg) shown separately
on geological maps.

- “Overburden” is a generic term applied here to represent all kinds of capping

material, except canga, that would have to be stripped in order to extract the ore.
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4. Computerized geological data base

4.1 Summary and conclusions

4.2 Introduction

4.3 Suggested approach for Mutuca Mine
4.4 Input data

4.5 Computerized geological data base

4.6 Suggestions and recommendations
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4.1 Summary and conclusions

This chapter starts with an introduction on computerized geological data bases, in
general, and proceeds with a brief description of the suggested approach for Mutuca mine.
Subsequently, the input data is listed and the resulting computerized geological data base is

presented. Finally, suggestions and recommendations for future improvements have been

made.
The main conclusions of this chapter are as follows :

- the geological data base is the fundamental information for any ore reserve assessment
exercise, therefore it is essential to keep it up-to-date with the latest geological
campaigns and ready to be promptly used.
- the computer is a very useful tool for quick and easy data entry; data checking, storage
and retrieval; and for additional processing, such as graphical
representation(see chapter 5) and statistical analysis(see chapter 6), which are
invaluable means of describing, mapping and checking the geological data.
- in the present case, where a fairly large number of sample assays had been generated
from previous exploration campaigns and a new geological campaign was proceeding,
the computer was the best way of handling the data.
- in addition to the above, the geostatistical analysis and block kriging exercises that
were to be undertaken(seec chapters 7 and 8) determined that the creation of a

computerized geological data base was mandatory.

4.2 Introduction

This chapter, although the shortest of this thesis, describes perhaps the most laborious
part of the whole research work, i.e., producing, collecting and organizing the geological
data. Computer users have a saying, about the relevance of thoroughly checking the input
data “GIGO - garbage in, garbage out”...

Barnes(1980, from page 32 to 40) gives a comprehensive description on the
management of sample data, from recording and checking input data up to compositing
intervals, as transcribed below.

“The mineral sample 15 the fundamental unit upon which the mineral appraisal is
built. Values derived from the sample are the most important quantitative measurements
made in the total evaluation process. The sample value or values, together with the

description of its precise location in three dimensions, are basic elements of any mineral
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appraisal.”

“Mineral sampling, regardless of type, is a costly process. It is important that all
useful information be recorded during the sampling program if the investigator is to get full
value for money spent.”

“The following information is the minimum data that should be recorded for mineral

samples in order to ensure maximum usefulness of the sample.”

1) Sample identifier
a) Project, mine, deposit, etc.
b) Type and size of sample
¢) Sample number
2) Coordinates of samples in 3-D space ( X, Y, Z)
a) Northing
b) Easting
c) Elevation
3) Assay or measured values for sample
a) One or several fields as may be required, i.e., gold, copper, moly, etc.
4) Other sample modifiers or classifiers :
a) Geological environment, i.e.,
- Host rock type.
- Structural relationship; vein, etc.
- Leached zone, enriched zone, etc.
b) Physical environment.

- Sample along drift or crosscut, etc.

“This type of information is often necessary in order to separate various sample
populations and thus preventing population mixing that often obscures significant assay
value relationships.”

On recording of drill hole sample data, specifically, the following information is added
to the above(sce Barnes, 1980, page 34):

- bearing and inclination of the hole at collar:
- sample length on a “from-10™ basis: and

- sample recovery.
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Godwin(1977) presented the “GEOLOG System™(GLS), which is a comprehensive
computer-based management scheme for collection and analysis of all types of
exploration-development data such as :

1) geological data from drill holes, trenches, mine workings and detailed surface
traverses;
2) survey data related to the above; and

3) analytical data from drill holes.

The outputs of that system include printed logs called GEOLIST and coloured
graphical plots called GRAFLOG Plan, Strip and X-Section. Facilities such as data
entry in the field through minicomputer floppy diskettes and interactive programs for
analysis and display of the data, in the office, are available in the GEOLOG System.

Lefeuvre(1984) presented GDM, a geological data base management system for
geostatistical applications, which is capable of producing drill-hole logs through the
computer plotter, incorporating a graphical representation of the different rock types, as
well as drill-hole sections showing geologic patterns and grades.

The following topic describes the procedure adopted for handling Mutuca’s geological

data.

4.3 Suggested approach for Mutuca Mine

The geological data contained in the bore hole logs(see chapter 3) are assigned to
points which have their exact location specified by an X, Y, Z coordinates system. If a
drill hole is to be taken as an example, the location of its collar is given by easting,
northing and clevation, and its inclination is obtained through two angles: azimuth,
which is taken clockwise from North in a horizontal plane; and dip, measured from a
horizontal line, in a vertical plane containing the longitudinal axis of the hole. Along the
bore hole, the location of each sample is usually given on a “from-to” basis.

Computer programs were developed to convert the above information into the
coordinates of the geometric centre of each individual sample, being it originated from a

drill hole, a channel or an adit. For a program on “bore hole desurvey calculation™. see

Howson and Stdes(1986).
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Due to the particular orientation of Mutuca’s system of coordinates and the geological
classification adopted by MBR, as well as the required compositing of the (—2";+17)
and (—17;+%") size fractions into the (—27;+'%”) one, tailor-made programs were

required.

4.4 Input data

Most of Mutuca’s geological data have been entered into a computer file and
debugged by MBR technical staff, in Brazil. The file has been recorded into a magnetic
tape and sent to the researcher in England. Only a few of the more recent drill holes
have been entered into the computer at Imperial College, with direct participation of the
student.

The data shown in figures 3.1 and 3.2 are typical examples of the geological
information recorded into the computer data file. Figures 4.1 and 4.2 show examples of
computerized geological information.

Tables 4.1 and 4.2 summarize the geological information which was available for use
in June, 1985, before the results of the more recent geological campaign were also
incorporated to the data file. Both the geostatistical analysis and the block kriging
results were produced with the data of 12 additional diamond drill holes(DDH’s), which
were available in August, 1985 (DDH’s 1/85 to 12/85).
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MUT DOH 01/84 100 546.619 100.000 1239.7 278.01 60.
0.0 6.0 57.0 1310
-.100 -.10 -1 -
20.690 20.69 52.5 67
1.300 13.62 34.5 66.
.490 5.13 13.0 S1.
22.480 39.44 100.0

1-.100 -.10 -.10 -.100 -.10
5 .075 1.10 1.62 .046 .61
7 .067 .86 2.47 .191 .58
1 .227 8.43 10.60 1.700 4.60
1 .092 1.97 3.08 .311 1.12
4 .052 1.11 1.78 .068 .68
6.0 9.0 67.0 1310

-.100 -.10 -1 -.1-.100 -.10 -.10 -.100 -.10
12.910 12.91 66.8 67.8 .068 .98 .047 .67
.033 5.57 28.8 67.1 .079 .85 1 .096 .63
.00S .84 4.4 56.7 .123 4.45 8. .536 4.59
12,948 19.33 100.0 67.1 .074 1.09 1.94 .082 .83
67.8 .076 .91 1.43 058 63

9.0 12.0 56.0 1610
-.100 -.10 -.1 -.1-.100 -.10 -.10 -.100 -.10
3.520 3.52 11.2 68.2 .052 89 1.33 .058 .49
8.910 17.67 56.4 68.6 .024 .55 1.11 .116 .30
5.125 10.16 32.4 57.1 .267 4.84 4.36 3.580 5.15
17.555 31.35 100.0 64.8 .106 1.98 2.19 1.232 1.89
59.4 .196 4.17 3.54 2.610 3.8

12.0 18.0 100.0 2031
~-.100 -.10 -1 -.1 -.100 -.10 -.10 -.100 ~-.10
-.100 -.10 33.3 -.1 -.100 -.10 -.10 -.100 ~-.10
-.100 -.10 33.3 -.1 -.100 -.10 -.10 -.100 ~-.10
-.100 -.10 33.3 -.1-.100 -.10 -.10 -.100 ~-.10
-.300 -.30 100.0 -.1 -.100 -.10 -.10 -.100 ~-.10
55.4 .443 5.83 4.38 3.680 5.41

Figure 4.1 Computer data file - example |

MUT GAL414 400. 201.380 424.599 1248.800 270.000

.0 3.0 100.0 1110

=100 5.6 -.1 -.100 -1 -.1
- 1000 19.9 .1 .10 ! -.1
=100 26.7 -1 -.10 -1 -.1
-.100 2.8 -.1 -.10 -.1 -
-.100 100.0 64.2 .09 -1 1.5
3.0 6.0100.0 1110

-.100 58.1 -.1 -.10 -.1 -.1
-.100 26.4 -1 -.100 -1 -1
-.100  14.1 -.1 -.10 -.1 -.1
-.100 1.4 -1 =10 -1 -1
-.100 100.0 63.5 .07 -1 1.4
6.0 9.0 100.0 1210

-.100  43.1 -.1 -.10 -.1 -.1
-.100 38.4 -1 -.10 -.1 -.1
-.100 16.5 ~-.1 -.10 -.1 -.1
-.100 2.0 -.1 -.10 -.1 -.1
-.100 100.0 66.2 .07 -1 9
9.0 12.0 100.0 1210

-.100 42,7 -.1 -.10 -.] -.1
-.100 34.8 -1 -.10 -.1 -1
-.100  20.4 -1 -0 - -.1
-.100 2.1 R B (VI | -1
-.100 100.0 64.7 09 -l .6

Figurc 4.2 Computer data file - examplc 2
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Table 4.1 ~— Mutuca Mine geological exploration

Period of time

Type of
information Up to From 1981 Planned Total

1981 to 1984 exploration

No m No m No. m No m
Bore holes 47 3822 20 2668 15 3000(*) 82 9490(*)
Adits 3 370 - - - - 3 370
Channels - - 234 1407 - - 234 1407
(*) Estimated

4.5 Computerized geological data base
Figure 4.3 is an example of a computerized bore hole log, and it is almost self-
explanatory. A few symbols have been used according to the geological

classification adopted by MBR (see chapter 3). Figure 4.4 is the corresponding

example for an adit, and so is figure 4.5.

4.6 Suggestions and recommendations

In addition to the data from diamond drill holes, channels and adits, which
have already been computerized, all relevant geological information available
should be cntered into the computerized data base, that is to say, up-to-date mine
surface data: data from the early percussion drill holes, despite their inadequacy
for producing block kriging estimates of grades in the various size fractions(see
chapter 3); any known or implied boundaries of the ore body, in the form of

coordinates (EW, NS, Elevation) of points, with the corresponding codes for ore
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Table 4.2 - Mutuca Mine drill holes

Coordinates ( m )

TOTAL No. OF AVERAGE

DRILL HOLE/YEAR NS SECTION EW NS ELEVATION  AZIMUTH DIP LENGTH(m) SAMPLES  LENGTH(m)
MUT DCH Ol 85 387. 527.000 387.000 1274.500 98.000 55.000
MUT DDH 04 85 1000. 398.000 1000.000 1248.700 278.010 70.000
MJUT DOH 06 85 200. 498.000 200.000 1239.800 .000 90.000
MUT DOH 07 85 400. 310.000 400.000 1259.600 .000 90.000
MUT DOH 01 84 100. 546.619 100.000 1239.700 278.000 60.000
MUT DOH 02 84 -100. 519.000 -100.000 1248.200 278.000 70.000
MUT DOH 03 84 00. 527.971 .000 1240.700 278.000 65.000
MUT DOH 04 84 100. 546.619 100.000 1239.700 98.000 70.000
MUT DDH 05 84 300. 406.190 300.000 1241.700 278.000 60.000
MUT DOH 06 84 500. 480.320 500.000 1284.200 98.000 55.000
MUT DOH Q7 84 200. 498.800 200.000 1239.800 278.000 70.000
MUT DOH 01 81 700. 293.453 698.721 1282.212 .000 90.000 213.0 71 3.0
MUT DDH 02 81 700. 397.011 699.586 1274.563 .000 90.000 117.0 39 3.0
MUT DOH 03 81 900. 333.996 899.921 1270.101 .000 90.000 150.0 50 3.0
MUT DOH 04 81 900. 289.841 899.986 1269.872 .000 90.000 45.0 15 3.0
MUT DOH 05 81 600. 390.669 599.868 1292.619 .000 90.000 227.0 76 3.0 (1)
MUT DO 06 81 900. 457.721 899.633 1275.492 .000 90.000 54.0 18 3.0
MUT DOH 07 81 700. 243.861 699.879 1280.767 .000 90.000 63.0 21 3.0
MUT DOH 08 81 1100. 314.460 1100.000 1276.472 .000 90.000 66.0 22 3.0
MUT DOt 09 81 G600. 391.709 599.8%4 1292.509 270.000 60.000 69.0 23 3.0
MUT DOt 10 81 100. 580.16 100.000 1257.551 .000 60.000 42.0 14 3.0
MUT DOH 01 80 1100. 410.188 1099.694 1283.280 .000 90.000 54.0 6 9.0 n
MUT DOH 02 80 1100. 358.873 1099.547 1290.240 .000 90.000 128.4 9 14.3 1)
MUT DOH O1 77 700. 418.279 698.854 1297.128 270.000 70.000 67.3 2 33.7 (1)
MUT DOH 02 77 1000. 457.092 998.572 1298.094 270.000 60.000 63.0 4 15.8 (N
MUT DI 03 77 400. 352.188 413.013 1283.425 270.000 60.000 23.3 2 11.7 (1)
MUT DOH Ol 76 1000.  433.053 998.874 1311.139 90.000 58.000 162.8 11 14.8 1)
MUT DIH 02 76 600. 294.905 598.852 1284.687 90.000 70.000 170.0 15 11.3 (1)
MUT DM 03 76 800. 368.785 798.864 1303.499 90.000 70.000 172.7 12 14.4 (n
MUT DI 04 76 200. 471.966 197.899 1286.779 .000 90.000 60.0 5 12.0 (1)
MUT DOH 05 76 500. 341.930 498.860 1302.480 90.000 60.000 185.8 10 18.6 (1)
MUT DIH 06 76 300. 428.911 298.871 1286.149 .000 90.000 107.3 S 21.5 (1)
MUT DOH 07 76 900. 357.300 898.845 1300.570 270.000 60.000 173.5 11 15.8 (1)
MUT DDH 01 74 1100.  430.000 1098.000 1311.109 270.000 60.000 63.1 21 3.0 (1
MJUT DDH 03 74 (2) 800. 390.279 799.532 1306.744 270.000 75.000 119.2 16 7.5 (1)
MUT DDH 04 74 700. 353.485 697.917 1289.092 .000 90.000 200.0 23 8.7 (1)
MUT DO 05 74 G00.  372.729 599.047 1296.308 .000 90.000 201.6 23 8.8 (1)
MUT DDH 06 74 400. 379.602 398.762 1291.649 90.000 75.000 181.3 24 7.6 (1)

TOTAL 3179.3 547 5.8

(1) Variable sample lengths.
(2) Drill hole 02/74 does not exist.
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MINE CATHGORY NMBER YEAR/LETTER NS EW ELEVATION  AZIMUTH DIP SBECTION PAGE
MuT 0.0 5 84 300.000 406.190 1241.700 278.010 60.000  300.000 1

NS EW ELEVATION FROM TO LENGTH REC(%)
299.686 408.418 1237.803 .00 9.00 9.00 100.

SIZE FRACTION WEIGHT (%) FE P AL203 SI02

-2IN +1IN -.10 -.10 -.10 -.10 -.10 -.10

-1IN  +1/4IN 1.46 8.70 68.40 03 1.04 .61

-2IN +1/4 IN 1.46 8.70 68.40 .03 1.04 .61

-1/4IN +100MESH 7.20 42.70 68.00 .03 1.03 .61

-100 MESH 8.20 48.60 62.30 .16 2.42 1.68

CRUDE 16.86 100.00 65.30 .10 1.71 1.13 SVs HEMAT
NS EW ELEVATION FROM TO LENGTH REC(%)
299.164 412.131 1231.308 9.00 15.00 6.00 100.

SIZE FRACTION WEIGHT (%) FE P AL203 SI102

-2IN  +1IN -.10 -.10 -.10 -.10 -.10 -.10

-1IN  +1/4IN 1.17 7.50 68.70 .03 .63 .48

-2IN  +1/4 IN 1.17 7.50 68.70 .03 .63 .48

-1/4IN +100MESH 7.73 49.60 68.60 .03 .68 .51

-100 MESH 6.70 42.90 64.30 .17 1.91 1.28

CRUDE 15.60 100.00 66.80 .09 1.20 .84 SVs HEMAT
NS EW FLEVATION FROM TO LENGTH REC(%)
298.850 414.360 1227.411 15.00 18.00 3.00 100.

SIZE FRACTION WEIGIT (%) FE P AL203 SI102

-2IN  +1IN -.10 -.10 -.10 -.10 -.10 -.10

-1IN  %1/4IN .28 2.60 66.50 0] 1.47 .92

-2IN  +1/4 IN .28 2.60 66.50 .09 1.47 .92

-1/4IN +100MESH 2.81 26.30 62.80 .17 2.20 1.20

-100 MESH 7.58 71.10 54.00 .30 6.00 3.50

CRUDE 10.67 100.00 56.60 .26 4.88 2.83 SVs RAIF
NS EW ELEVATION FROM TO LENGTH REC(%
298.537 416.588 1223.513 18.00 24.00 6.00 92.

SIZE FRACTION WEIGIT (%) FE P AL203 S102

-2IN  +1IN -.10 -.10 -.10 -.10 -.10 -.10

1IN “1/4IN 1.18 7.30 68.00 06 .65 .66

-2IN  +1/4 IN 1.18 7.30 68.00 .65 .66

-1/4IN +]00MESH 6.59 40.90 68.50 5 .58 .66

-100 MESH 8.34 51.80 63.50 .14 2.92 1.84

CRUDE 16.11 100.00 65.90 10 1.80 1.27 SVs HEMAT

Figure 4.3 Computerized bore hole log
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MINE CATHOORY NMUR YEAR/LETTER NS BEW F1EVATION AZIMUTH DIP SECTION PAGE
MUT GAL 414 o] 424.599 201.380 1248.800 270.000 -000  400.000 1

NS BN F1EVATION FROM TO LENGTH REC(%) ACTLTH
424.599 202.880 1248.800 .00 3.00 3.00 100. 3.00

SIZE FRACTION WEIGHT (%) FE P Al 203 S102

-2IN  +1IN -.10 50.60 -.10 -.10 -.10 -.10

1IN -1/4IN -.10 19.90 -.10 -.10 -.10 -.10

-2IN +¢1/4 IN .00 70.50 -.10 -.10 -.10 -.10

-1/4IN +10MESH -.10 26.70 -.10 -.10 -.10 -.10

-100 MESH -.10 2.80 -.10 -.10 -.10 -.10

CQRUDE -.10 100.00 61.20 .09 -.10 1.50 H HEMAT 1110
NS EW F1EVATION FROM T0 LENGTH REC(%) ACTLTH
424.599 205.880 1248.800 3.00 6.00 3.00 100. 3.00

SIZE IRACTION WEIGHT (%) FE P AL203 S102

-2IN  *1IN -.10 58.10 -.10 -.10 -.10 -.10

1IN -1/4IN -.10 26.40 -.10 -.10 -.10 -.10

-2IN  +1/4 IN .00 81.50 -.10 -.10 -.10 -.10

-1/4IN “100MESH -.10 14.10 -.10 -.10 -.10 -.10

-100 MESH -.10 1.40 -.10 -.10 -.10 -.10

CRUDE -.10 100.00 63.50 .07 -.10 1.40 H RIB 1110
NS BEY F1EVATION FROM TO LENGTH REC(%) ACTLTH
424.599 208.880 1248.800 6.00 9.00 3.00 100. 3.00

SIZE FRACTION WEIGQIT (%) FE P AL203 S102

=2IN  -1IN -.10 43.10 -.10 -.10 -.10 -.10

-1IN -1/4IN -.10 38.40 -.10 -.10 -.10 -.10

-2IN -1/4 IN .00 81.50 -.10 -.10 -.10 -.10

=1/4IN +100MESH -.10 16.50 -.10 -.10 -.10 -.10

-100 MSH -.10 2.00 -.10 -.10 -.10 -.10

QRUDE -.10 100.00 66.20 .07 -.10 .90 H/M HEMAT 1210
NS B F1EVATION FROM TO LENGTH REC(%) ACTLTH
424.599  211.880 1248.800 9.00 12.00 3.00 100. 3.00

SIZE FRACTION WEIGHT (%) FE P Al203 S102

-2IN  -1IN -.10 42.70 -.10 -.10 -.10 -.10

1IN -1/4IN -.10 31.80 -.10 -.10 -.10 -.10

-2IN 41/4 IN 00 77.50 -.10 -.10 -.10 -.10

Figure 4.4 Computerized adit log - cxample |
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MINE CATEGORY NMBER  YEAR/LETTER NS 2. FLEVATION  AZIMUTH nIp SECTION PAGE
MUT GAL 901 0s 900.614  278.934 1276.300 270.000 .000  900.000 1

NS 2] ELEVATION FROM TO LENGTH REC(%) ACTLTH

900.614  280.434 1276.300 .00 3.00 3.00 100. 3.00
SIZE FRACTION WEIGIT (%) FE P AL203 S102
-2IN  -“1IN -.10 -.10 -.10 -.10 -.10 -.10
1IN -1/4IN -.10 -.10 -.10 -.10 -.10 -.10
-2IN -1/4 IN .00 .00 -.10 -.10 -.10 -.10
~1/4IN -100MES -.10 -.10 -.10 -.10 -.10 -.10
-100 MESH -.10 -.10 -.10 -.10 -.10 -.10

CRUE -.10 100.00 -.10 -.10 -.10 -.10 MIS MISNG -1

NS EW F1EVATION FROM TO IENGTH REC(%) ACTLTH

900.614  283.434 1276.300 3.00 6.00 3.00 100. 3.00
ST7E. FRACTION WEIGHT (%) E P ALL203 S102
-2IN  -1IN -.10 22.30 -.10 -.10 -.10 -.10
-1IN  -1/4IN -.10 49.70 -.10 -.10 -.10 -.10
-2IN  -1/4 IN .00 72.00 -.10 -.10 -.10 -.10
-1/4IN -100MESH -.10 23.30 -.10 -.10 -.10 -.10
-100 MESH -.10 4.70 -.10 -.10 -.10 ~.10

QU -.10 100.00 63.50 .09 -.10 .50 M RIB 2300

NS W F1EVATION FROM TO LINGTH REC(%) ACTLTH

900.614  2R6.434  1276.300 6.00 9.00 3.00 100. 3.00
SIZE FRACTION WEIQIT (%) £ P AL203 S102
-2IN  -1IN -.10 12.90 -.10 -.10 -.10 -.10
1IN -1/4IN -.10 47.30 -.10 -.10 -.10 -.10
-2IN  -1/4 IN -00 60.20 -.10 -.10 -.10 ~-.10
-1/4IN -100MFSH -.10 32.90 -.10 -.10 -.10 ~-.10
-100 MESH -.10 6.90 -.10 -.10 -.10 ~.10

CRUDE. -.10 100.00 65.10 .13 -.10 .40 M ngM - 1311

NS B F1EVATION FROM TO 1LENGTH REC(%) ACTLTH

900.614  289.434 1276.300 9.00 12.00 3.00 100. 3.00
SIZE FRACTION WEIGIT (%) FE P AL203 S102
-2IN  -lIN -.10 5.30 -.10 -.10 -.10 ~.10
-1IN  -1/4IN -.10 58.00 -.10 -.10 -.10 -.10
-2IN -1/4 IN .00 63.30 -.10 -.10 -.10 -.10
-1/4IN -100MESH -.10 31.20 -.10 -.10 -.10 ~.10
~100 MESH -.10 5.50 -.10 -.10 ~-.10 -.10

RUE -.10 100.00 63.90 .13 -.10 .40 M RIB 2301

Figure 4.5 Computerized adit log - example 2
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or waste; whenever a diamond drill hole hits waste, the data coding process
should not be stopped at this point, but rather the coordinates of samples
containing waste should be entered into the data file as well.

A proper data base management system, such as SIR or SPSS(see references)
can be of assistance for performing data handling operations.

Graphical aids can be used both for debugging the data and for helping the
geological interpretation. A colour graphics terminal could speed up the data
checking process, so that costly and time-consuming plotters are eliminated at the
initial stages. Later on, when the data have been suficiently verified, hardcopies
can be produced through the plotter. The possibility of purging spurious data “on-
line” is offered by computers, and should be considered as a potential auxiliary

tool for the geologist.

- Chapter 4 -
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5.Graphical representation and mapping of the geological data

5.1 Summary and conclusions

5.2 Input data

5.3 Graphical representation of bore hole logs
5.4 Comments on the bore hole log graphs
5.5 Mapping the geological data

5.6 Suggestions for further improvements

- Chapter 5 -
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5.1 Summary and conclusions
This chapter starts with a brief comment on the input data, followed by a description
of the graphs representing the bore hole logs. Subsequently, the maps showing the spatial
position of the sample points are presented. Finally, some suggestions for further
enhancement of the graphs have been made.
The conclusions of this chapter are listed below:
- the computer and its graphical aids are very useful tools for the geologists to visually
check the geological data.
- different numerical codes can be used for the various types of material or,
alternatively, if a colour graphics output device is available, different colours.
- geological interpretations and the corresponding graphical representation can be

speeded up by using computer graphics.

5.2 Input data

The input data have been described in chapter 4. Figure 4.3 shows an example of the
geological information which is represented graphically further in this chapter. Details on
cach variable are given in chapter 3, “Geological sampling, core logging and assaying”.

Most of the variables shown in figure 4.3 are raw data and a few others result either
from computations or from direct geological classification. Although the percentages in
weight of the size fractions are not represented directly in the graphs, they are taken into
consideration both for classifying the friability of the material and for calculating the crude
orc analyses.

Figure 5.1 shows a crude ore data file, which is a sub-set of the more general data file

excmplified in figure 4.3. That sub-division is only a way of simplifying the data handling

proccess.

5.3 Description of the bore hole graphs

The graphical representation of the Mutuca Mine diamond drill holes is explained in
detail in figure 5.2

The length of the bore hole is represented in the vertical axis. Also in the y-axis onc
can scc the length of cach segment of the core which has been taken as a sample and

assayed, and 1o which the resulting analyses have been associated. The longest bore hole

- Chapter 5 -
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MINE  CATHIIRY NMUER  YFAR/IETTER NS 2.4 HLEVATION  AZIMUTH nip SECTION PAG.
T oy 5 2] 300.000 406.190  1241.700 278.010 60.000  300.000 1
NS 12,0 FLEVATION FROM TO LENGTH REC(D) ACTLIH
299.686 408.418 1237.803 .00 9.00 9.00 100. 9.00
SI7F. FRACTI(N wWEIQHT (%) ¥ P A203 S102
GAUE 16.86 100.00 G5.30 .10 1.71 1.13 SVs HEMAT 1617
NS 12 FLEVATION FROM TO LENGTH REC(F) ACTLTH
299.164 412.131 1231.%8 9.00 15.00 6.00 100. 6.00
CRUDE 15.60 100.00 66.80 .09 1.20 .84 S\S IEMAT 1610
NS 12 HLEVATION FROM TO LINGTH REC(%) ACTLTH
298.850 414.360 1227.411  15.00 18.(0 3.00 100. 3.00
CRUE 10.67 100.00 56.60 .26 4.88 2.83 SVs RAIF 2631

Figure 5.1 Crudc orc data ﬁlc
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Figure 5.2 Explanation on the bore hole graphs
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drilled in Mutuca dictated the maximum ordinate, and the number of intervals was chosen
so as to produce multiples of 3m, which is the more frequent sample length in the geological
exploration of the Mutuca ore body. The length is measured in metres.

There are eight different horizontal axes associated to the same vertical axis,
representing, from left to right, Fe, P, AL,O;, SiO,, recovery, friability and type of
material. The grades and the recovery factor are given in percentage. The remaining
variables have no measurement unit, as they are only numerical codes which have been
adopted just for the sake of graphical representation.

The limits of the horizontal axes were fixed for Fe, P, Al;O; and SiO, in order to
compromise between a perceptible representation of the grades variation and the inclusion
of most of the values in the graph. In other words, if the extreme cases of each variable had
been chosen as the graph limits, all cases would have been plotted but, on the other hand,
one would not have been able to identify grade differences in narrow zones which in fact
contain most values and are of capital interest for the appraisal of the ore quality.

Table 5.1 shows the percentage of cases not represented in the graphs according to the

limits selected for each variable.

Table 5.1 Outliers according to the graph limits (in %)

Mineral Observed limits Selected limits Outliers

Minimum  Maximum Lower Upper

Fe 7.6 69.4 40. 70. 3.0
P 0.01 0.31 0. 0.20 1.5
Al,0, 0.10 34.3 0. 20. 1.1
Sio, 0.20 51.3 0.0 20. 3.0

Note: the other three variables have no outliers.

- Chapter 5-
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The numerical codes adopted for the graphical representation of the friability are

shown in table 5.2. The larger the value of the numerical code, the less friable

is the material.

Table 5.2 Numerical codes adopted for friability

Code Category

0 Missing value

1 Soft, very soft (SVS)
2 Mixed/soft (M/S)

3 Mixed (M)

4 Hard/Mixed (H/M)

5 Hard (H)

- Chapter 5 -
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Table 5.3 shows the convention established for graphical representation of the

different types of material. In general, the larger the value of the code, the better is the

material.

Table 5.3 Numerical codes adopted for type of material

Code Category

0 Missing values

10 Argillaceous iron formation (AIF)

20 Itabirite (IB)

30 Rich argillaceous iron formation (RAIF)
40 Rich itabirite (RIB)

50

Phosphorous hematite (PHem)

60 Hematite (Hem)

5.4 Comments on the graphs

In most cases one can detect a positive correlation between Fe and type of material,
and negative correlations between Fe and P, Al,O5 and SiO,, which are the contaminating
elements (sce chapter 6 for statistical results).

As a consequence of the inverted convention adopted for friability, the correlation
between this variable and the recovery factor is positive.

These graphs can not only help the geologists in the interpretation of geological data,
but help spot errors in the data file as well. Figure 5.3 is the graphical representation of the
bore hole log shown in figure 4.3. Around the coordinate 200, in the v-axis, i.c.. length,
there is an anomaly which causes an inclined line to be plotted. This means there are some

data missing, and the data file should be corrected.

- Chapter 5 -
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5.5 Mapping of the geological data

Figure 5.4 features the mapping of the sample points from the computerized
geological data base. All data available are plotted, being them from diamond drill holes,
trenches or adits. The graphs show cross and longitudinal sections, as well as bench maps of
Mutuca’s sample points.
The spatial position of all geological information can be checked by visual inspection,

eliminating the risk of misplacing drill holes due to wrong input data, e.g., dip, bearing, and

collar coordinates.

5.6 Suggestions for further improvements

The computer and its graphical aids could be used to produce a series of colour graphs
showing Mutuca’s different ore and waste types in plan maps, i.e., cross and longitudinal
sections, as well as bench maps. Additionnally, both the representation of grades and types
of rﬁatcrial could be merged with the graphs showing the spatial position of sample points.
This type of plot is usually made by displaying the grades in lines perpendicular to the bore
hole longitudinal axis. For a vertical drill hole, these lines are horizontal, however, inclined
drill holes are more difficult to represent. A computer program would have to be written to
handle this problem.

A digitiser would be very useful for linking the sample points so as to define the
boundaries of distinct ore and waste zones. By exploring this possibility, the geological

interpretation might be speeded up significantly.

- Chapter 5 -
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6. Classical statistical analysis

6.1 Summary and conclusions

6.2 Input data

6.3 Suggested approach for Mutuca Mine

6.4 Statistics on the crude ore

6.5 Testing the lognormality of the distributions for hematite’s
Fe, P, SiO,, and Al.O;

6.6 Division of the raw data populations into two normal sub-populations(crude ore)

6.7 Statistics on the (— 27+ 17) size fraction

6.8 Statistics on the (— 17+ %47y size fraction

6.9 Statistics on the (—27:+ %) size fraction

6.10 Statistics on the (=% 7: 4 100 Mesh) size fraction

6.11 Statistics on the (—100 Mesh) size fraction

- Chapter 6 -
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6.1 Summary and conclusions

This chapter presents a straightforward statistical analysis of the geological data (see
Davis, 1973). Univariate descriptive statistics revealed the main characteristics of each
variable and detected spurious values, enabling the data base to be thoroughly verified. The
lognormality of the frequency distributions was analysed by way of goodness of fit tests.
Additionally, the distributions were tentatively decomposed into two normal sub-
populations. Multivariate statistics established the degree of correlation between variables.

The main conclusions of this chapter are summarized below:

- the chemical analyses of the minerals (Fe, P, SiO, and Al20;) follow patterns that

are not significantly different from lognormal distributions, according to chi-squared

goodness of fit tests which have been carried out.

- the size distributions in the four size fractions, expressed in percentage in weight, do

not follow any particular pattern.

- multivariate analysis revealed that the Fe content has high negative correlations with

Al20; and SiO,, but a poor linear relationship with the P grade.

- each cumulative frequency curve of the raw data chemical analyses has been

tentatively split into two normal sub-populations, with no particulary interesting result

other than the verification that 64%, for Fe, and 0.012%, for P, came out as the limits

for the separation of the raw data populations into two component distributions. These

limits are coincidentally the same as those adopted by MBR for the definition of

hematite.

- in fact, the variables resulting from the segregation of hematite proved not to be

significantly different from normally distributed values, allowing regular procedures

to be used for their estimation through kriging (see chapter 8), which is a

“robust”method of estimation (see David, 1977, page 114). For “robustness”, see

Wonnacott(1972, page 159).

6.2 Input data

The information contained in the geological data base, which has been described in
chapter 4, was used as input data.

The statistical analysis had been made before the most recent geological data were
available. However, as only a few of the latest drill holes had not been entered into the

computer, the analysis which was made resulted in a reasonatle description of the whole

Mutuca geological data.

- Chapter 6 -
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6.3 Suggested approach for Mutuca Mine

During the course of 1985, when the recent geological campaign was going on, a
MINITAB (see list of references) program was created to run descriptive statistics on
Mutuca’s geological data. Each time a batch of new drill hole data had been added to the
data base, the program was re-run, in a total of four times.

The statistical program can handle both individual drill holes and the complete data
set. In that way, before the data for each drill hole is added to the computer file, they can
be checked for spurious values.

The sequence of operations followed is briefly described below.

a) both raw data and the sub-population resulting from separating hematite received

statistical treatment.

b) for size fractions, the following division was adopted:

crude ore (weighted average of all size fractions);

(-2"+17),(-1";+%") and (-27;+%"), which is a weighted average of the previous
two size fractions; '

(-%”;+ 100 Mesh); and

(-100 Mesh).

c) for assays, the following variables were considered:

- % in weight; Fe; P; Al,05; SiO; and (k-Fe), with k~70, for the threc-parameter

lognormal population (see Krige, 1981);

d) both the original variables and the logtransformed values were treated statistically;

e) the following statistics have been produced:

- number of cases (n); minimum; maximum; average (u); weighted average (weighted

by the sample lenght); standard deviation (¢); weighted stardard deviation; coefficient

of variation (¢/u); weighted coefficient of variation; median; 95% confidence interval
for the mean (lower and upper limits); frequency distributions; goodness of fit tests;

scattergrams and correlation matrices.
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Table 6.1 summarizes the Mutuca Mine geological data which have been treated

statistically as described above.

Table 6.1 - Mutuca Mine geological data

Chemical analyses (%)

Size Proportion in

fraction weight (%) Fe P Al, 04 Sio,
=27 ;417 16.9 67.3 0.04 1.3 1.3
-1 ; +1/47 27.1 67.7 0.04 1.0 1.1
=27 ; +1/47 41.3 67.6 0.04 1.0 1.1
-1/4 “; +100Mesh  36.0 67.3 0.04 1.0 1.5

-100Mesh 22.7 62.3 0.08 2.6 4.3

Crude 100.0 64.8 0.06 1.9 2.9

Notes : 1) The chemical analysis associated to the crude ore
is a weighted average of the chemical results of
the size fractions. |,
2) The data provided in the above table are mean values.
Discrepancies are due to missing values :

total number of observations .............. = 1378;

number of valid observations for crude ore = 1355 (Fe);
for(- 2 “ ; +1 “)size fraction ........... = 794 (Fe);
for(-1“ ; + 1/4 “)size fraction ......... = 1098 (Fe);
for(- 2 “ ; + 1/4 “)size fraction ......... = 1098 (Fe);
for(- 1/47; + 100 Mesh)size fraction ...... = 1099 (Fe); and

for(— 100 Mesh) ... iiiiiniiiiiiiiiineennns = 1099 (Fe).
3) The(- 2 “ ; t+ 1/4”)size fraction is a weighted average of the

(-2”;1417) and (-17;1+1/4”) ones.
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6.4 Statistics on the crude ore

From now on, a series of tables and graphs will be presented, showing the results of
the statistical analysis. Both the raw and the logtransformed data statistics are presented
first, followed by correlation matrices. This order of presentation will be followed
throughout this chapter.

Tables 6.2, 6.3 and 6.4 feature the statistics on the crude ore.
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Table 6.2 - Descriptive statistics on Mutuca Mine raw geological data
Size fraction: Crude Ore (grades in percentage)

6.2.1 - Without restriction other than missing values

Variable Size Fe P Al,0 Si0, (k-Fe)(1)
Number of cases ( n ) 1358 1355 1354 1218 1355 1355
Minimum 100. 7.6 0.01 0.1 0.2 0.1
Maximum 100. 69.7 0.77 34.3 51.3 62.2
Average 100. 64.8 0.06 1.9 2.9 5.0
Weighted average 100. 65.1 0.06 1.9 2.5 4.3
Standard deviation 0. 6.8 0.05 3.2 5.7 6.8
Weighed standard deviation 0. 6.5 0.05 3.2 4.8 6.5
Coefficient of variation 0. 0.11 0.84 1.67 1.96 1.38
Weighed coeff. of variation 0. 0.10 0.89 1.66 1.95 1.49
Median 100. 67.0 0.04 1.1 1.1 2.8
95% Confidence :lower 100. 64.5 0.05 1.8 2.6 4.6
interval supper 100. 65.2 0.06 2.1 3.2 5.3
6.2.2 - Selecting Hematite (2)

variable Size Fe P Al,0;  Si0, (k-Fe)(1)
Number of cases ( n ) 1078 1078 1078 964 1078 1078
Minimum 100. 64.0 0.01 0.2 0.2 0.1
Maximum 100. 69.7 0.11 4.1 7.0 5.8
Average 100. 67.2 0.04 1.1 1.2 2.6
Weighted average 100. 67.2 0.04 1.1 1.2 2.3
Standard deviation 0. 1.2 0.02 0.7 1.0 1.2
Weighed standard deviation 0. 1.2 0.02 0.7 0.9 1.2
Coefficient of variation 0. 0.02 0.45 0.62 0.78 0.47
Weighed coeff. of variation 0. 0.02 0.46 0.61 0.71 0.52
Median 100. 67.5 0.04 0.9 0.9 2.3
95% Confidence :lower 100. 67.1 0.04 1.06 1.18 2.51
interval tupper 100. 67.3 0.05 1.15 1.29 2.66

Notes : 1) k = Max(Fe)~70.0

2) Data were selected for table 6.2.2 statistics as follows :

64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR .

- Chapter 6 -



- Page 103 -

Table 6.3 - Descriptive statistics on Mutuca Mine geological
data - logtransformed
Size fraction: Crude Ore (grades in percentage)

6.3.1 - Without restriction other than missing values

Variable (k-Fe)(2) P Al, 0 Sio,

Number of cases ( n ) 1355 1354 1218 1355
Minimum -2.30 -4.61 -1.61 -2.30
Maximum 4.13 -0.26 3.53 3.93
Average 1.15 -3.09 0.15 0.35
Standard deviation 0.85 0.61 0.89 1.00
Coefficient of variation 0.73 -0.20 6.06 2.87
Median 1.03 -3.22 g.10 0.10
95% Confidence :lower 1.1 -3.1 0.10 0.30
interval supper 1.2 -3.0 0.20 0.40

6.3.2 - Selecting Hematite (2)

Variable (k-Fe)(3) P Al, 04 Sio,
Number of cases ( n ) 1078 1078 964 1078
Minimum -2.3 -4.6 -1.6 -1.6
Maximum 1.76 -2.21 1.41 1.95
Average 0.83 -3.22 -0.08 0.007
Standard deviation 0.51 0.47 0.62 0.60
Coefficient of variation 0.62 -0.15 -7.32 80.89
Median 0.83 -3.22 -0.10 -0.10
95% Confidence :lower 0.80 -3.25 -0.12 -0.03
interval :upper 0.86 -3.19 -0.05 0.04

Notes : 1) This table contains statistics on the variables resulting
from logtransformation of the raw data from table 6.2.
2) Data were selected for table 6.3.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR.

3) k = Max(Fe) ~70.00
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Table 6.4 - Correlation matrices for raw and logtransformed data
Size fraction : Crude Ore (grades in percentage)

6.4.1 - Without restriction other than missing values

Raw data Logtransformed data (1)
Fe P Sio, k-Fe P SiQ,

P -.386 .407

Sio, -.781 .097 .812 .172

Al, 0 -.779 .436 .410 .691 .535 .401

6.4.2 - Selecting Hematite (2)

Raw data Logtransformed data
Fe P SiQ, k-Fe P SiQ,

P -.297 .243

Sio, -.604 -.017 .589 .006

Al,0; -.679 .210 .084 .696 .225 .178

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.4.2 statistics as follows :

64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as

“Hematite” in MBR.
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6.5 Testing the lognormality of the distributions of the hematite’s Fe, P, Al,0; and SiO,
Tables 6.5, 6.6, 6.7 and 6.8 show the chi-squared goodness of fit tests of Fe, P, Al,04

and SiO,, after the segregation of hematite. The Fe distribution is a three-parameter

lognormal, therefore a constant (k~70) has been used to transform the original value,

before the neperian logarithm (In) is applied.

Table 6.5 - Chi-squared goodness of fit test - 1ln (k-Fe) Hematite

Class upper limits Expected Observed (Ei-0i)2
Frequency Frequency -———————-

Fe k-Fe(l) Logtransformed Standardized ( Ei ) (0i) Ei
68.79 0.71 -0.336 -1.456 29.9 29 0.027
68.49 1.01 0.014 -0.905 40.1 43 0.210
68.06 1.44 0.364 -0.354 77.7 77 0.006
67.46 2.04 0.714 0.197 89.1 92 0.0%4
66.66 2.90 1.064 0.748 79.3 60 4.697
65.39 4.11 1.414 1.299 53.2 63 1.805
64.00 5.50 1.700 1.780 39.7 45 0.708
Total 409 409 7.548

Note : 1) k = Max(Fe) ~70.00

The chi-squared critical limit at 95% confidence level is 9.49, taking into
account 4 degrees of freedom. Thus, since the calculated chi-squared
statistic is less than the tabulated critical value, the null hypothesis
( Ho ) of no difference can not be rejected at a confidence level of 95%.
The number of degrees of freedom ( df ) was computed as follows :

df =n-p-1
where n = number of interval classes in which the distribution has been
divided; and
number of empirical or sample data population parameters
necessary to calculate the expected frequencies.
At the present case, p = 2 as the normal distribution is
characterized by mean and standard deviation.

©
"
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Table 6.6 - Chi-squared goodness of fit test — In(P) Hematite

Class upper limits Expected Observed (Ei-0i)2
Frequency Frequency -————-—-

P Logtransformed Standardized ( Ei ) (0i) Ei
0.01 -4.210 -2.060 8.1 8 0.000
0.02 -3.690 -0.910 66.1 66 0.000
0.03 -3.400 -0.250 89.9 101 1.370
0.04 -3.160 0.270 83.9 81 0.100
0.05 -2.940 0.750 68.3 74 0.480
0.07 -2.720 1.250 49.5 32 6.190
0.08 -2.550 1.620 21.7 26 0.850
0.09 -2.440 1.870 9.0 12 1.000
0.10 -2.300 2.110 12.6 9 1.030
Total 409 409 11.020

The chi-squared critical limit at 95% confidence level is 12.6, taking into
account 6 degrees of freedom (see table 6.5). Thus, since the calculated
chi-squared statistics is less than the tabulated critical value,the null

hypothesis ( Ho ) of no difference can not be rejected at a confidence level
of 95%.

Table 6.7 — Chi-squared goodness of fit test - 1n(Si0,) Hematite

Class upper limits Expected Observed (Ei0i)2
- - Frequency Frequency --—-—————-

Sio, Logtransformed Standardized ( Ei ) . ( Oi ) Ei
0.22 -1.529 -2.130 6.8 6 0.090
0.35 -1.042 -1.370 28.3 26 0.180
0.68 -0.393 -0.380 108.0 112 0.150
1.10 0.094 0.380 121.0 108 1.410
1.52 0.418 0.870 65.4 83 4.760
2.47 0.905 1.620 57.1 46 2.160
3.42 1.230 2.130 14.7 20 1.890
4.10 1.410 2.390 6.8 8 0.220
Total 409 409 10.860

The chi-squared critical limit at 95% confidence level is 11.1, taking into
account 5 degrees of freedom (see table 6.5 ). Thus, since the calculated
chi-squared statistics is less than the tabulated critical value,the null

hypothesis ( Ho ) of no difference can not be rejected at a confidence level
of 95%.
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Table 6.8 — Chi-squared goodness of fit test - 1n(Al,0;) Hematite

Class upper limits Expected Observed (Ei-0i)2
Frequency Frequency --—————--

Al,04 Logtransformed Standardized ( Ei ) (0i) Ei
0.51 -0.679 -1.370 34.9 34 0.020
0.66 -0.410 -0.870 43.6 41 0.160
0.75 -0.280 -0.620 30.8 33 0.160
0.86 -0.150 -0.370 36.1 42 0.960
1.27 0.240 0.390 121.0 124 0.070
1.64 0.500 0.880 65.0 64 0.020
1.86 0.620 1.120 23.7 18 1.370
2.12 0.750 1.370 18.9 16 0.440
6.70 1.900 3.580 34.9 37 0.130
Total 409 409 , 3.330

The chi-squared critical limit at 95% confidence level is 12.6, taking into
account 6 degrees of freedom (see table 6.5 ). Thus, since the calculated
chi-squared statistics is less than the tabulated critical value,the null
hypothesis ( Ho ) of no difference can not be rejected at a confidence level

of 95%.
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6.6 Division of the raw data population into two normal sub-populations (crude orc)
The variables have been split into two components, following a procedure suggested
by Sinclair (1976). A program called GIRAF( Geological interactive frequency distribution

analysis and decomposition based on probability scale cumulative curves), which had been

developed by Earle(1977), was used. The results are listed in table 6.9.

The first set of three lines, in the table below, refer to the whole population (100%).
The following two groups of three lines concern the two sub-populations, into which the
parent distribution has been split. For instance, the Fe distribution (100%) can be the result

of mixing two normal sub-populations, the first contributing with 71% of the cases and the

second, with 29%.

Table 6.9 - Division of the raw data populations into two normal

sub~populations (1) (grades in percentage)
Variable Fe P Al, 04 Sio, (k-Fe
n 710 709 710 710 710
e
Population ( % ) 100.0 100.0 100.0 100.0 100.0
Average 63.99 0.06 2.3 3.0 5.5
Standard deviation 8.1 0.06 3.9 5.8 8.1
Sub-population 1 ( %) 71. 65. 76. 76. 76.
Average 67.1 0.04 0.9 1.0 2.1
Standard deviation 1.1 0.01 0.4 0.3 1.0
Sub-population 2 ( % ) 29. 35. 24. 24. 24.
Average 56.7 0.10 5.5 0.92 13.3
Standard deviation 7.7 0.06 5.4 9.0 10.5

Notes: 1) The theoretical distribution of each variable was
checked against the correspondent observed probability
cumulative curve, by means of a Kolmogorov-Smirnov
goodness of fit test. In all cases the null hypothesis

Ho., of no difference, can not be rejected at a
confidence level of 90 %.
2) k = Max(FFe) ~70.00
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6.7 Statistics on the (—2”;+1”) size fraction

Tables 6.10, 6.11 and 6.12 describe the (—2";+17) size fraction

Table 6.10 - Descriptive statistics on Mutuca Mine geological raw data
Size fraction: -2 inch; +1 inch (grades in percentage)

6.10.1 - Without restriction other than missing values

Variable Size Fe P Al, O, Sio, k-Fe(1)
Number of cases(n) 1028 794 794 794 74 794
Minimum 0.3 32.4 0.01 0.1 0.1 0.1
Maximum 73.8 69.8 0.31 24.0 53.2 37.5
Average 16.9 67.3 0.04 1.3 1.3 2.6
Standard deviation 15.0 3.3 0.03 2.0 3.6 3.3
Coeff. of variation 0.89 0.05 0.68 1.49 2.76 1.27
Median 11.8 68.3 0.03 0.7 0.7 1.6
95% Confidence:lower 16.0 67.0 0.04 1.2 1.0 2.4
interval ‘upper 17.8 67.5 0.04 1.5 1.5 2.9
6.10.2 - Selecting Hematite (2)

Variable Size Fe P Al,04 Sio, k-Fe(1)
Number of cases(n) 726 726 726 726 726 726
Minimum 0.3 64.0 0.01 0.1 0.1 0.1
Maximum 73.8 69.8 0.11 6.2 8.1 5.9
Average 16.6 68.0 0.03 1.0 0.9 1.9
Standard deviation 14.6 1.1 0.02 0.9 0.8 1.1
Coeff. of variation 0.88 0.02 0.46 0.96 0.93 0.59
Median 11.6 68.4 0.03 0.6 0.7 1.5
95% Confidence:lower 15.5 67.9 0.03 0.9 0.8 1.8
interval tupper 17.7 68.1 0.04 1.0 1.0 2.0

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.10.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR.
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Table 6.11 - Descriptive statistics on Mutuca Mine geological
data - logtransformed
Size fraction: -2 inch; +1 inch (grades in percentage)

6.11.1 - Without restriction other than missing values

Variable (k-Fe)(2) P Al, 0y Si0,
Number of cases ( n ) 7%4 794 794 79

Minimum -2.30 -4.61 -2.30 -2.30
Maximum 3.62 -1.17 3.18 3.97
Average 0.63 -3.43 -0.29 -0.26
Standard deviation 0.72 0.52 1.02 0.75
Coefficient of variation 1.14 -0.15 -3.51 -2.85
Median 0.47 -3.51 -.37 -.37
95% Confidence :lower 0.58 -3.47 -.36 -.32
interval tupper 0.68 -3.39 -.22 -.21

6.11.2 - Selecting Hematite (3)

Variable (k-Fe)(2) P Al, 0, Sio,
Number of cases ( n ) 726 726 726 726
Minimum -2.30 -4.61 -2.30 -2.30
Maximum 1.77 -2.21 1.82 2.09
Average 0.49 -3.46 -0.41 -0.34
Standard deviation 0.54 0.46 0.87 0.61
Coefficient of variation 1.10 -0.13 -2.10 -1.80
Median 0.41 -3.51 -0.51 -0.36
95% Confidence :lower 0.45 -3.49 -0.48 -0.38
interval ‘upper 0.53 -3.42 -0.35 -0.29

Notes : 1) This table contains statistics on the variables resulting
from logtransformation of the raw data from table 6.10.
2) k = Max(Fe) ~70.00
3) Data were selected for table 6.11.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR .

- Chapter 6 -



- Page 111 -

Table 6.12 - Correlation matrices for raw and logtransformed data
Size fraction: -2 inch; +1 inch (grades in percentage)

6.12.1 - Without restriction other than missing values

Raw data Logtransformed data ( 1 )
Fe P Si0, Al,0 (k-Fe) P SiG;

P -.101 -.067

Sio, -.735 -.096 .506 -.111

Al,0; -.638 .123 -.015 .649 .175 -.121

Size -.161 .116 -.051 -.178

6.12.2 - Selecting Hematite (2)

Raw data Logtransformed data
Fe P Si0, Al Oy (k-Fe) P SiQ,

P 0.028 .017

Sio,  -.410 -.078 .408 -.042

Al,O; -.784 -.033 -.097 .689 .045 -.123

Size .195 .262 ~-.156 -.124

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.12.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .

Ore with the above characteristics is referred to as
“Hematite” in MBR .
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6.8 Statistics on the (—1”’;+ %) size fraction

Tables 6.13, 6.14 and 6.15 feature the statistics on the (—17;+ %") size fraction.

Table 6.13 - Descriptive statistics on Mutuca Mine raw geological data
Size fraction: -1 inch; +1/4 inch (grades in percentage)

6.13.1 - Without restriction other than missing values

Variable Size Fe P Al, Oy Sio, k-Fe (1)
Number of cases(n) 1219 1098 1098 1098 1098 1098
Minimum 0.7 8.2 0.01 0.1 0.2 0.1
Maximum 76.2 69.7 0.52 12.8 35.5 61.6
Average 27.1 67.7 0.04 1.0 1.1 2.1
Standard deviation 13.2 3.3 0.03 1.1 2.5 3.3
Coeff. of variation 0.47 0.05 0.78 1.1 2.2 1.6
Median 27.7 68.3 0.03 0.7 0.7 1.5
95% Confidence:lower 26.3 67.5 0.04 0.9 1.0 1.9
interval tupper 27.8 67.9 0.04 1.0 1.3 2.3

6.13.2 - Selecting Hematite (2)

Variable Size Fe P Al, Oy SiQ, k-Fe (1)
Number of cases(n) 1054 1054 1054 1054 1054 1054
Minimum 0.7 64.1 0.01 0.1 0.2 0.1
Maximum 76.2 69.7 0.11 10.5 6.7 5.7
Average 26.3 68.1 0.04 0.9 0.9 1.7
Standard deviation 13.4 0.9 0.02 0.8 0.7 0.9
Coeff. of variation 0.51 0.01 0.47 0.88 0.81 0.55
Median 26.4 68.4 0.03 0.6 0.7 1.4
95% Confidence:lower 25.5 68.0 0.03 0.8 0.8 1.6
interval supper 27.1 68.2 0.04 0.9 0.9 1.8

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.13.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR.
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Table 6.14 - Descriptive statistics on Mutuca Mine geological
data - logtransformed
Size fraction: -1 inch; +1/4 inch (grades in percentage)

6.14.1 - Without restriction other than missing values

Variable (k-Fe)(2) P Al,0, Sio,
Number of cases (n) 1098 1098 1098 1098
Minimum -2.30 -4.61 -2.30 -1.61
Maximum 4.12 -0.65 2.55 3.57
Average 0.46 -3.43 -0.41 -2.76
Standard deviation 0.63 0.54 0.84 0.66
Coeff. of variation 1.36 -0.16 -2.06 -2.40
Median 0.41 -3.51 -0.36 -0.36
95% Confidence: lower 0.43 -3.47 -0.46 -0.31
interval : upper 0.50 -3.40 -0.36 -0.24

6.14.2 - Selecting Hematite (3)

Variable (k-Fe)(2) P Al,0; Sio,
Number of cases (n) 1054 1054 1054 1054
Minimum -2.30 -4.61 -2.30 ~-1.61
Maximum 1.74 -2.21 2.35 1.90
Average 0.39 -3.46 -0.45 -0.33
Standard deviation 0.52 0.49 0.79 0.54
Coeff. of variation 1.31 -0.14 -1.77 -1.63
Median 0.34 -3.51 -0.51 -0.36
95% Confidence: lower 0.36 -3.49 -0.50 -0.37
interval : upper 0.43 -3.43 -0.40 -0.30

Notes : 1) This table contains statistics on the variables resulting
from logtransformation of the raw data from table 6.13.
2) k = Max(Fe) ~70.00
3) Data were selected for table 6.14.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR .
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Table 6.15 - Correlation matrices for raw and logtransformed data
Size fraction: -1 inch; +1/4 inch (grades in percentage)

6.15.1 - Without restriction other than missing values

Raw data Logtransformed data

Fe P Sio, Al O (k-Fe) (1) P Sio,
P -.317 .245
Sio, -.626 .036 .619 .087
Al, 04 -.517 .358 .092 .610 .256 .037
Size .070 -.135 .007 -.094

6.15.2 - Selecting Hematite (2)

Raw data Logtransformed data

Fe P Sio, Al 0 (k-Fe) (1) P Sio,
P -.175 .185
Sio, -.509 .042 .484 .092
Al,04 -.682 .111 .012 .658 .154 .005
Size 069 -.159 -.078 -.005

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.15.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .

Ore with the above characteristics is referred to as
“Hematite” in MBR.
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6.9 Statistics on the (—2"";+ %”’) size fraction
This granulometric bracket was generated by compositing both the (—27;+17") and

the (—17;+%") size fractions, the result being a weighted average. Tables 6.16, 6.17 and

6.18 show the statistical results obtained.

Table 6.16 - Descriptive statistics on Mutuca Mine raw geological data
Size fraction: -2 inch; +1/4 inch (grades in percentage)

6.16.1 - Without restriction other than missing values

Variable Size Fe P Al,05 Sio, k-Fe(1)
Number of cases(n) 1219 1098 1098 1088 1098 1098
Minimum 0.70 8.2 0.01 0.10 0.10 0.10
Maximum 96.9 69.7 0.52 13.0 39.1 61.6
Average 41.3 67.6 0.04 1.0 1.1 2.2
Standard deviation 22.1 3.4 0.03 1.2 2.6 3.4
Coeff. of variation 0.53 0.05 0.78 1.2 2.3 1.6
Median 40.3 68.3 0.03 0.7 0.7 1.5
95% Confidence:1lower 40.1 67.4 0.04 1.0 1.0 2.0
interval cupper 42.6 67.8 0.04 1.1 1.3 2.4

6.16.2 - Selecting Hematite (2)

Variable Size Fe P Al, O3 Sio, k-Fe(1)
Number of cases(n) 1049 1049 1049 1049 1049 1049
Minimum 0.70 64.0 0.01 0.10 0.10 0.10
Maximum 96.9 69.7 0.11 10.5 7.5 5.8
Average 39.5 68.1 0.04 0.9 0.9 1.7
Standard deviation 21.5 0.9 0.02 0.8 0.7 0.9
Coeff. of variation 0.54 0.01 0.47 0.87 0.81 0.55
Median 38.3 68.3 0.03 0.7 0.7 1.5
95% Confidence:lower 38.2 68.0 0.03 0.8 0.8 1.7
interval :upper 40.8 68.1 0.04 0.9 0.9 1.8

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.16.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR .

- Chapter 6 -



- Page 116 -

Table 6.17 - Descriptive statistics on Mutuca Mine geological
data - logtransformed
Size fraction: -2 inch; +1/4 inch (grades in percentage)

6.17.1 - Without restriction other than missing values

Variable (k-Fe) (2) P Al, 04 Sio,
Number of cases (n) 1098 1098 1098 1098

Minimum -2.30 -4.61 -2.30 -2.30
Maximum 4.12 —0.65 2.56 3.67
Average 0.49 -3.42 -0.36 -0.26
Standard deviation 0.65 0.55 0.85 0.67
Coeff. of variation 1.32 -0.16 -2.36 -2.51
Median 0.41 -3.51 -0.36 -0.36
95% Confidence: lower 0.45 -3.45 -0.41 -0.30
interval : upper 0.53 -3.39 -0.31 -0.23

6.17.2 - Selecting Hematite (3)

Variable (k-Fe) (2) P Al,O; Sio,
Number of cases (n) 1049 1049 1049 1049

Minimum -2.30 -4.61 -2.30 -2.30
Maximum 1.78 -2.21 2.35 2.01
Average 0.41 -3.45 -0.41 -0.32
Standard deviation 0.52 0.49 0.78 0.55
Coeff. of variation 1.26 -0.14 -1.91 -1.69
Median 0.41 -3.51 -0.36 -0.36
95% Confidence: lower 0.38 -3.48 -0.46 -0.36
interval : upper 0.45 -3.42 -0.36 -0.29

Notes : 1) This table contains statistics on the variables resulting
from logtransformation of the raw data from table 6.16.
2) k = Max(Fe) ~70.00
3) Data were selected for table 6.17.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR .
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Table 6.18 - Correlation matrices for raw and logtransformed data
Size fraction: -2 inch; +1/4 inch (grades in percentage)

6.18.1 - Without restriction other than missing values

Raw data Logtransformed data

Fe P Si0, AlL,O (k-Fe) (1) P Sio,
P -.302 .222
Si0, -.625 .027 .595 .078
Al, 05 -.531 .306 .074 .628 .242 .020
Size .102 -.039 -.005 -.129

6.18.2 - Selecting Hematite (2)

Raw data Logtransformed data

Fe P Si0, Al,O (k-Fe) P Sio,
P -.127 .151
Sio, -.489 .03l .462 .082
Al, O -.699 .069 -.000 .672 .131 -.010
Size .119 042 -.104 -.041

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.18.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P <0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR.
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6.10 Statistics on the (—%’; + 100 Mesh) size fraction
Tables 6.19, 6.20 and 6.21 display the statistical analysis of the (—'%”;+100 Mesh)

size fraction

Table 6.19 - Descriptive statistics on Mutuca Mine raw geological data
Size fraction: -1/4inch; +100 Mesh (grades in percentage)

6.19.1 - Without restriction other than missing values

Variable Size Fe P Al, Oy Sio, k-Fe(1)
Number of cases(n) 1220 1099 1099 1099 1099 1099
Minimum 2.8 16.4 0.01 0.10 0.20 0.10
Maximum 94.7 69.9 0.55 16.8 34.0 53.6
Average 36.0 67.3 0.04 1.0 1.5 2.7
Standard deviation 13.4 3.4 0.03 1.2 2.7 3.4
Coeff. of variation 0.37 0.05 0.82 1.2 1.8 1.2
Median 35.5 68.0 0.03 0.7 0.9 2.0
95% Confidence:lower 35.3 67.1 0.04 0.9 1.3 2.5
interval :upper 36.8 67.5 0.04 1.0 1.6 2.9

6.19.2 - Selecting Hematite (2)

Variable Size Fe P Al,04 Sio, k-Fe
Number of cases(n) 1040 1040 1040 1040 1040 1040
Minimum 2.9 64.2 0.01 0.10 0.20 0.10
Maximum 94.7 69.9 0.10 4.1 7.1 5.8
Average 37.4 67.8 0.03 0.9 1.1 2.2
Standard deviation 13.3 1.04 0.02 0.7 0.9 1.0
Coeff. of variation 0.36 0.02 0.48 0.76 0.85 0.47
Median 36.9 68.0 0.03 0.7 0.8 2.0
95% Confidence:lower 36.6 67.7 0.03 0.8 1.1 2.1
interval upper 38.2 67.9 0.04 0.9 1.2 2.3

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.19.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .

Ore with the above characteristics is referred to as
“Hematite” in MBR.
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Table 6.20 - Descriptive statistics on Mutuca Mine geological
data - logtransformed
Size fraction: -1/4 inch; +100 Mesh (grades in percentage)

6.20.1 - Without restriction other than missing values

Variable (k-Fe)(2) P Al,03 Sio,
Number of cases (n) 1099 1099 1099 1099
Minimum -2.30 -4.61 -2.30 -1.61
Maximum 3.98 -0.60 2.82 3.53
Average 0.77 -3.44 -0.38 -0.03
Standard deviation 0.58 0.54 0.82 0.74
Coeff. of variation 0.75 -0.16 -2.18 25.00
Median 0.69 -3.51 -0.36 -0.11
95% Confidence:lower 0.73 -3.47 -0.43 -0.07
interval supper 0.80 -3.41 -0.33 -0.01

6.20.2 - Selecting Hematite (3)

Variable (k-Fe)(2) p Al,04 Si0,
Number of cases (n) 1040 1040 1040 1040
Minimum -2.30 -4.61 -2.30 -1.61
Maximum 1.76 -2.30 1.41 1.96
Average 0.69 -3.48 -0.42 -0.11
Standard deviation 0.46 0.47 0.76 0.61
Coeff. of variation 0.66 -0.14 -1.82 -5.75
Median 0.69 -3.51 -0.36 -0.22
95% Confidence: lower 0.66 -3.51 —0.46 -0.14
interval : upper 0.72 -3.45 -0.37 -0.07

Notes : 1) This table contains statistics on the variables resulting
from logtransformation of the raw data from table 6.19.
2) k = Max(Fe) ~70.00
3) Data were selected for table 6.20.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite™ in MBR .
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Table 6.21 - Correlation matrices for raw and logtransformed data
Size fraction: -1/4 inch; +100 Mesh (grades in percentage)

6.21.1 - Without restriction other than missing values

Raw data Logtransformed data

Fe P Si0, Al 04 (k-Fe) P Si0,
P -.368 .317
Sio, -.727 .091 .730 .101
Al, Oy -.654 .432 .228 .566 .328 .084
Size JA77 -.101 -.119 -.169

6.21.2 - Selecting Hematite (2)

Raw data Logtransformed data

Fe P Si0, Al 0y (k-Fe) P Sio,
P -.249 .275
Sio, -.619 .024 .634 .096
Al,04 -.653 .196 -.009 .618 .218 -.062
Size .042 -.049 .017 -.054

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.21.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P <0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR .
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6.11 Statistics on the (— 100 Mesh) size fraction

Tables 6.22, 6.23 and 6.24 feature the statistical results obtained for the (—100

Mesh) size fraction

Table 6.22 - Descriptive statistics on Mutuca Mine raw geological data
Size fraction: -100 Mesh (grades in percentage)

6.22.1 - Without restriction other than missing values

Variable Size Fe P Al, Oy Sio, k-Fe(1)
Number of cases(n) 1220 1099 1098 1098 1099 1099
Minimum 0.20 12.5 0.01 0.1 0.1 0.1
Maximum 95.3 69.3 2.14 29.6 79.9 56.9
Average 22.7 62.3 0.08 2.6 4.3 7.1
Standard deviation 14.6 6.8 0.09 2.6 7.7 6.8
Coeff. of variation (.64 0.11 1.07 1.01 1.80 0.96
Median 20.4 64.3 0.06 1.80 2.20 5.1
95% Confidence:lower 21.9 61.9 0.08 2.5 3.8 6.7
interval supper 23.5 62.7 0.09 2.8 4.8 7.5

6.22.2 - Selecting Hematite (2)

Variable Size Fe P Al, O Sio, k-Fe(1)
Number of cases(n) 556 556 556 555 556 556
Minimum 0.60 64.0 0.01 0.1 0.1 0.1
Maximum 67.3 69.3 0.11 4.7 5.6 5.4
Average 23.0 66.4 0.05 1.2 1.5 3.0
Standard deviation 12.1 1.3 0.02 0.7 0.9 1.3
Coeff. of variation 0.53 0.02 0.42 0.6 0.64 0.44
Median 21.2 66.4 0.05 1.1 1.2 3.0
95%, Confidence:lower 22.0 66.3 0.05 1.1 1.4 2.9
interval :upper 24.0 66.5 0.05 1.3 1.5 3.1

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.22.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P < 0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR.
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Table 6.23 - Descriptive statistics on Mutuca Mine geological
data - logtransformed
Size fraction: -100 Mesh  (grades in percentage)

6.23.1 - Without restriction other than missing values

Variable (k-Fe)(2) P Al, O Sio,
Number of cases (n) 1099 1098 1098 1099
Minimum -2.30 -4.61 -2.30 -2.30
Maximum 4.04 0.76 3.39 4.38
Average 1.62 -2.74 0.56 0.83
Standard deviation 0.84 0.64 0.92 1.03
Coeff. of variation 0.52 -0.23 1.64 1.24
Median 1.63 -2.81 0.59 0.79
95% Confidence : lower 1.57 -2.78 0.51 0.77
¢ upper 1.67 -2.70 0.62 0.89

6.23.2 - Selecting Hematite (3)

Variable (k-Fe)(2) P Al, 04 Sio,
Number of cases (n) 556 556 555 552
Minimum -2.30 -4.61 -2.30 -2.30
Maximum 1.67 -2.21 1.55 1.72
Average 0.98 -3.05 -0.04 0.19
Standard deviation 0.56 0.47 0.70 0.63
Coeff. of variation 0.57 -0.16 -20.01 3.23
Median 1.10 -3.00 0.10 0.18
95% Confidence: lower 0.93 -3.09 -0.09 0.14

: upper 1.02 -3.01 0.02 0.25

Notes : 1) This table contains statistics on the variables resulting
from logtransformation of the raw data from table 6.22.
2) k = Max(Fe) ~70.00
3) Data were selected for table 6.23.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P <0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR .
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Table 6.24 - Correlation matrices for raw and logtransformed data
Size fraction: -100 Mesh (grades in percentage)

6.24.1 - Without restriction other than missing values

Raw data Logtransformed data

Fe P Sio, Al,Oy (k-Fe) P Sio,
P -.225 .490
Sio, -.850 .04 .811 .160
Al, O -.591 .314 .153 .741 .529 .441
Size -.130 .191 .043 .042

6.24.2 - Selecting Hematite (2)

Raw data Logtransformed data

Fe P Sio, Al,0 (k-Fe) P Sig,
P -.442 .483
Sio, -.575 -.029 .569 .024
Al,04 -.663 .263 .188 .673 .301 .238
Size .028 -.083 -.163 -.227

Notes : 1) k = Max(Fe) ~70.00
2) Data were selected for table 6.24.2 statistics as follows :
64.0 =< Fe =< 69.9 ; P <0.12 .
Ore with the above characteristics is referred to as
“Hematite” in MBR.
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7.1 Summary and conclusions

A brief review of the literature related to geostatistical analysis is made both in
general and as applied to iron deposits in particular, in the introduction to this chapter,
together with the presentation of the suggested approach for Mutuca Mine’s reserve. After
that, a preliminary geostatistical analysis is made on the crude ore iron content, which is a
weighted average of the Fe grade of all size fractions. Subsequently, a tentative geological
interpretation by means of “categorical” or “indicator” kriging is reported and discussed,
the results being compared with the conventional geological interbrctation. From the three
different size fractions assayed, only the (—2";+%”) one has been studied, and the
following estimates have been produced for it: percentage in weight, iron content (Fe) and
phosphorus content (P). Finally, the results are discussed, some recommendations for
further improvements being made.

The main conclusions of this chapter are summarized below:

- despite its limitations, categorical kriging can be used as an auxiliary tool for
geological interpretation.

- as far as the crude ore iron content is concerned, the Mutuca ore body has the same
pattern of variability in all directions, that is to say, it behaves isotropically.

- this isotropic characteristic can be extended to the other variables that have been
examined in this study. The statistical analysis which compared the sample point’s
actual values with their kriging estimates revealed differences that are not significant, at
a 95% confidence level;

- now that the methodological framework has been established, it can be applied, exactly
in the same way, for analysing other variables of Mutuca’s geological data base, namely,
Silica (SiO,) and Alumina (Al,O3), and the other two size fractions could be estimated,

r.e., (—%”;+100Mesh) and (— 100Mesh), as well as the crude ore.
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7.2 Introduction

In the first place there are two questions that need to be answered : “Why
geostatistics?”, and “Is it worth applying it to Mutuca Mine?”.

Royle (1980, page 14) has answered the first question, and the discussion that follows
approaches the subject in the context of the present applied research work.

According to Royle(1980, page 14), “a brief argument for the use of geostatistics
would make the following points :

- Geostatistics is soundly based on good valuation practice, in that it provides a

rational theoretical basis for intuitive mine valuation practices of the past.

- Recognition of the fact that total variation is partly random and partly spatial leads

to estimates that are unbiased and have lower errors of estimation. Geostatistics also

shows where to look for sources of errors.

- Geostatistics explains why some traditional types of estimator, such as the polygonal

method, produce biased estimates. These biases may be removed by using other kinds

of estimators, or kriging.

- Grade-control problems are amenable to geostatistical treatment because the

number of working stopes needed to keep mill-feed grade fluctuations within

predetermined limits can be easily determined.

- Valuation and mining operations can be kept under statistical control, and

deviations, which must occur with some calculable frequency, can be forecast and

dealt with. The unbiased nature of geostatistical estimations is of prime importance

for such control. They do not create compensating errors that mask other deficiencies

in ore estimation, mining or milling.

- Sampling and valuation programs can be designed economically, and geostatistics

can help optimize sampling patterns”.

Mendelshon (1980) divides the methods of ore reserve estimation into four groups:
geometric, statistical, mathematical and geostatistical. After summarizing the
characteristics of each system, he affirms: “Geostatistical kriging methods call for a lot
more work and mathematics than the empirical methods, but give unbiased estimates,

cnable [kriged] variances to be calculated, and allow the derivation of unbiased grade-

tonnage curves”(Mendelshon, 1980, page 20).
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King (1982, page 14) lists the estimation procedures from the simplest to the more

elaborated techniques:
1) an old style approach (the samples are lumped together for calculating average grade
and width);
2) the polygonal method;
3) the triangular method;
4) a sectional method;
5) a contouring method;
6) a “sphere of influence™ method; and
7) geostatistics.

He discusses the advantages and disadvantages of each approach with interesting
remarks:

“(...) the simple, even if over-simple assumptions of the earlier procedures become, in
the later, so wrapped up in mathematics and computer print-outs that the assumptions
can be lost sight of. For example, in the sphere of influence method, one of the formulae
that we have met is weighting of a peripheral sample by the inverse square of its
distance from the central sample. Now the inverse square weighting is valid for light and
for gravity but so far as we know it has no place in ore geology. At best, the inverse
square weighting is a severe discounting of the influence of peripheral samples. At worst
it suggests a scientific basis that it does not possess.”

On the other hand, amongst other reasons for being specially interested in
geostatistics, he mentions that it seems to offer a better estimate of block grades and, in
addition, a measure of the accuracy of the estimates (King, 1982, page 18).

MBR has been using geostatistics regularly for iron ore reserve evaluation since 1982,

thus its applicability in the case of Mutuca Mine obviously required investigation.
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Other factors in favour of using geostatistics techniques were:

- a series of applications envisaged for the mineral inventory produced through kriging

would potentially use the error of estimation (kriging error), for instance, computer-

assisted open-pit design and economic evaluation;

- the speed and reliability of computerized methods, specially in view of the on-going

nature of the drilling process.

No explanations on the theory of geostatistics are given in this text. The merits of
kriging over other evaluation methods, as far as precision is concerned, have been discussed
by Dunlop (1979), Rendu (1979, page 207) and Royle (1980).

7.2.1 Geostatistics in general

Early in the 1960’s, Matheron (1963) published a paper introducing new concepts in
the ficld of ore reserve estimation:

“Knowledge of ore grades and ore reserves, as well as error estimation of these values,
is fundamental for mining geologists. Until now no appropriate scientific approach to
those estimation problems has existed: geostatistics (...) constituted a new science
leading to such an approach. The author criticizes classical methods still in use, and
shows some of the main results given by geostatistics. Any ore deposit evaluation as well
as proper decision of starting mining operations should be preceded by a geostatistical
cvaluation which may avoid economic failures (...)

(...) As a matter of fact, the South African school, which has recorded the most
remarkable results with Krige, Sichel, used to say, and believed that they were applying
classical statistics. But the methods they were developing differed more and more from
classical statistics, and adjusted themselves spontancously to their object.”

Matheron’s first article was followed by a series of other related papers, as attested by
extensive bibliographies contained in the following publications: Krige (1981), Rendu
(1981), Royle (1980), Bell (1979), Clark (1979), Pauncz (1978), Journel (1978), David
(1977) and the AESTI’s special list on “Geostatistics...” (1983).

Geostatistics has been substantially developed since its creation, and there is a trend
nowadays towards applying geostatistics in most evaluations of mineral reserves.

In parallel, the mining industry has been cquipping itself with the tools and technical

stafl required for geostatistical analvses. See. for example, Magri (1979).
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7.2.2 Applications of geostatistics to iron ore reserves

When compared to the grades of other minerals, iron ore grades are relatively easy to
estimate. “Direct shipping” iron ores have a particularly high homogeneity. The
relationship represented in figure 7.1 illustrates this, indicating not only the degree of risk
in estimating grade, but identifying a geological factor in this risk (see King, 1982; and
Carras, 1984).

Dunlop (1979) describes the geostatistical modelling of an Australian iron ore body.
Ore was classified as that material having an iron level of 55% [or more], and iron grades
ranged from 40 to 60%, under the form of hematite, limonite and goethite. All holes were
sampled at two meter intervals, and assayed for Fe, loss on ignition (LOI), SiO,, Al,O;, P,
TiO,, S, Ca0 and MgO. Variograms were computed for Fe, LOI, SiO,, Al,0; and TiO,.
In the case of iron, it was observed clearly the absence of marked anisotropy. “The result
was not unexpected, as many sedimentary iron deposits have been shown to be spherical in
nature, with ranges between 300 and 500 metres (...)". All variables, except LOI, tended to
be spherical in nature, with ranges of over 300 metres.

Figure 7.5 features a “model variogram”, and additional details on the “variogram”
are given by Barnes (1980, page 41). Both the “spherical model” and “anisotropy”™ are

described in the same publication, respectively, in pages 45 and 43.
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Suarez (1978) developed a methodology for multivariable estimation and simulation
of large three-dimensional deposits, focusing on an iron ore mine in th the Pilbara region of
Australia. Two geostatistical structures were identified for the iron content.

- Along the mineralisation axis:
a) medium scale structure - range 260m, sill 189 (%)*Fe;
b) large scale structure - range 1200m, sill 61 (%)?Fe.

- Across the mineralisation axis:
a) medium scale structure - range 86.6m, sill 189 (%)*Fe;
b) large scale structure - range 400m, sill 61 (%)2Fe.

- In the vertical direction:
a) medium scale structure - range 52m, sill 189 (%)?Fe;
b) large scale structure - range 240m, sill 61(%)*Fe.

Suarez(1978) has chosen the spherical model to represent all experimental
variograms. The above parameters characterize an anisotropic behaviour of the iron
content, which has an average of nearly 50%, ranging from 11% to 66%, with a negatively
skewed distribution.

Marechal (1977) studied an iron ore body in Pilbara, Australia. Variograms were run
for Fe, SiO;, Al;Oi;, P and LOI. These experimental variograms “showed a strong
anisotropy between the different horizontal directions and the vertical direction, and do not
allow a good definition of the theoretical model over small distances.”

The variability of the iron ore body was modelled as follows:

a) medium scale structure - spherical model with a 170m range for Fe, SiO, and A},O;,
60m being the range for P and LOI; and

b) large scale structure - exponential model with a 340m parameter for Fe, SiO, and
Al O;3, and 270m for P and LOI.

The iron ore bodies of the Pilbara region are formed by supergene enrichment of
banded iron formation and rarely do such processes produce orebodies with uniform ore
grade distributions.

O’Leary (1979) reported a geological/geostatistical approach to the problems of
reserve estimation and grade control at a Canadian iron ore mine. The ore body, which is
intensely folded. was divided into 5 units totalling approximately 650-750 ft thick and
averaging 36% iron and 1.7 manganese. The ore undergoes twao concentration stages, with
the final concentrate requirements being 66.3% Fe and 2.25% SiO,. The ore deposit was

conceptually unfolded and the ore grades were analysed by way of statistics, polynomial
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trend surfaces being used to estimate block grades.

David (1977, page 215) mentioned an example of a taconite iron mine with a Fe
content around 33%. The model spherical variograms used horizontal ranges of 240 and 120
metres, and a vertical range of 36m.

Matheron (1963) wrote about an early application of geostatistics to the Lorraine iron
ore mine, in France. No numerical data or results are given in that report, which has been
mentioned here just for its historical value.

Bubenicek (1969) described the method of calculation of the iron ore reserves in the
Lorraine deposit. Assaying covers Fe, CaO, SiO,, Al,0; and P. The spherical model was
used to represent the experimental variograms. Both thickness and iron ore content were
analysed in detail, the latter presenting discontinuity at the origin (nugget variance - CO0);
very marked anisotropy; a transition amplitude (C); and a well defined range (A), beyond
which the semi-variance turns into a horizontal line. One variogram of the iron content
features a range of 750 metres, a sill of 9.6 (%)?Fe and a nugget variance of 4.2, therefore
presenting a nugget effect (C0/C) of around 0.9 (Bubeniceck, 1969, page 199).

Serra (1967, page 287) discussed the structural characteristics of the Toarcian deposit
in the Lorraine area, showing the anisotropic behaviour of this ore body. The ranges of the
variogram model for the directions NS and EW are, respectively, 550m and 200m. Both
nugget variances are 4(%)?Fe, and the sills are the same for the two directions as well,
16.7(%)*Fe.

Barnes (1980, page 45) mentions that the spherical model represents adequately such
diverse deposits as iron ore bodies, porphiry copper deposits, stratibound lead - zinc
deposits, bauxite and lateritic nickel, as well as uranium and phosphate deposits.

Clark (1979, page 94) presented an example with a simulated deposit, which is a low
grade sedimentary iron ore with an overall average of about 35% Fe, a standard deviation of
5% Fe, a range of influence of 100m and a sill of 25(%)*Fe. The model semi-variogram is
spherical, with no nugget effect. This example was also discussed by Henley (1981) for
introducing a non-parametric geostatistical approach to the problem of block estimates.
Three different options were compared with the normal block kriging solution. The non-
parametric methods are not as good as kriging at predicting block average values, however,

they have a smaller bias (expressed as the algebraic sum of deviations).
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The ore body of Aguas Claras, an open-pit iron ore mine owned by MBR, in Brazil, was
analysed by way of geostatistics. The model semi-variograms selected for Fe used the
following parameters:

(—27;4%"), nugget variance=0.05; sill=1.33(in %*Fe);

ranges(in m), EW=120; NS=40; Z=50.

(—%”;+100Mesh), nugget variance=0.10; sill=0.94(in %?Fe);

ranges(in m), EW=100; NS=55; Z=50.

(—100Mesh), nugget variance=0.15; sill=1.42(in %2Fe);

ranges(in m), EW=90; NS=70; Z=150.

This deposit presents geometric anisotropy. (Source: MBR; 1982; unpublished
report). These results are particularly interesting because they were obtained for a high iron
content hematite deposit located merely at a 15km distance from Mutuca Mine.

7.2.3 Suggested approach for Mutuca Mine

Mutuca’s ore body is composed mainly of high grade hematite, a “direct shipping”
ore(sce Ohle, 1983, pages 50 and 57), therefore its iron content is not as variable as that of
low grade iron ore deposits which are suitable for concentration processes. On the other
hand, it is intensely folded (see geological description, chapter 3).

The geostatistical analysis used hematite data only, according to the classification
adopted by MBR, and the geological data have not been composited on a benchwise basis,
as the number of samples is not particularly large to be handled by a computer(O’Leary,
1985, personal communication). According to Carras(1984, page 10), if the the coefficient
of variation of gold data is greater than 1.2, the data must be composited to reduce it. As
the grades of Mutuca’s orc present low coefficients of- variation(see table 6.2), the
geological data have not been composited.

Although data on % in weight, Fe, P, Al;O; and SiO, for four different size fractions
arc available, as well as for the weighted average (crude ore), the geostatistical analysis was
focused on three variables only: iron and phosphorus content and the percentage in weight,
all these variables referring to the (—27; +%") size fraction. This granulometric bracket
generates the chief product of Mutuca Mine, Lump Ore for Direct Reduction (LODR).

The Fe content has been selected to be studied in the first place because the ore price
is calculated as a function of the iron content in most international sales contracts. Also,
together with the P grade. it is used for the geological classification of hematite in MBR
(see chapter 3).

A preliminary analysis of sector variograms of the Fe content revealed that the ore
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body presents the same pattern of variability in all directions, that is to say, it behaves
isotropically, therefore a spherical isotropic model has been chosen to represent the
experimental variograms( see figures 7.2,7.3, 7.4 and 7.5).

Subsequently, isotropic variograms were run for Fe, P and % in weight of the
(—27";+%") size fraction. Spherical models were fitted to the experimental variograms.
The model variogram was calibrated by way of a procedure called “point kriging cross
validation”, which uses the data sorrounding each sample point for producing kriging
estimates for the point. Afterwards, a statistical analysis compared the sample points’

actual values with their kriging estimates, aiming at validating the model variogram.

7.3 Input data

7.3.1 Geological data base

The spatial position of each geological sample is given by the coordinates of its
geometric centre, namely, EW, NS and elevation above sea level. Assays are available for
Fe, P, Al,O5 and SiQ,, in the four size fractions: (—27;+%"), (—17,+%™),

(—%",+100 Mesh) and (—100 Mesh). The (—2";+%") and (—17;+%") size fractions
were combined to form the (—27;+%") composite, the resulting grades being weighted
averages. Similarly, the crude ore grades are the weighted average of all size fractions’.
7.3.2 Parameters for the variograms to be computed

Sector variograms: if this option is to be used, both the number of sectors and the
“angle of regularization” are needed. For instance, 4 sectors-with an angle of regularization
of +/— 22.5 degrees would cover 180 degrees. This, by symmetry, represents 360 degrees,
that is to say, an entire plan, as samples are searched for in both orientations, in each
direction, for the sake of pairing.

Lag distance, sampling intervals and number of lags: the average sampling distance in
Mutuca is around 6 metres, with 3 metres being by far the most frequent sampling interval.
The lag distance adopted to run the variograms was 12 metres, with 50 lags, covering a
maximum distance of 600 metres. For the preliminary analysis, 30 lags of 12 metres had

been used, with a maximum range of 360m.
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7.4 Sector variograms of the crude ore’s Fe content

A preliminary assessment of the ore body’s variability was made using the iron content
of the crude ore. Sector variograms were run each 45 degrees in three mutually
perpendicular planes, with angles of regularization of +/— 22.5 degrees. For example, in
the horizontal plane, moving clockwise from north (0 degrees), four sector variograms were
computed, centered at lines lying at 0, 45, 90 and 135 degrees. A similar procedure was
followed in vertical planes, across the ore body and along it, respectively, in the EW and
NS directions.

All computations were made using the “MINPAK?™ library of subroutines, which has
been developed by Forkes and O’Leary. Plots were produced through the “AGRAPH”
package, which has been created by Raby (1984) and is available at the Imperial College
Computer Centre(ICCC).

7.4.1 Numerical results and graphical outputs

Table 7.1 shows a typical output of a sector variogram. Figures 7.2, 7.3 and 7.4
revealed that the crude ore’s iron content has the same pattern of variability in all
directions. In other words, it is isotropic.

7.4.2 Tentative selection of a model variogram

A isotropic spherical model was preliminary selected for representing the
experimental variograms. Its parameters were: range, 200 metres; nugget variance (C0),
0.80 (%)?Fe; and transition amplitude (C), 0.80 (%)?Fe. A nugget effect (C0/C) of 100%
resulted.

7.4.3 Calibration of the model variogram through point kriging cross validation

Provided the model variogram fits well, there is no need for “back kriging”[point
kriging cross validation], according to Armstrong (Centre de Géostatistique et de
Morphologie Mathématique; 1985; Fontainebleau; France; personal communication).
However, the “goodness of fit” of the model variogram which had been preliminary selected
was appraised with the aid of a procedure called “point kriging cross validation™(see item
7.2.3).

The calibration exercise uses the ratio of estimated variance to kriging variance as a
sort of goodness of fit index of the model chosen (seec Royle, 1979, page 55). In that
particular case, the nugget variance (C0O) was changed by plus and minus 10%, the resulting

aforesaid ratio being observed, as summarized in table 7.2.

- Chapter 7 -



SILL VALUE

12,00000
ODRIFT

COVARIANCE

LAG DISTANCE =

NOes PAIRS

45,000 DESREES CLOCKWISE FROM NORTH
SEMIVARIANCE

DISTANCE

DIRECTIONAL SCMI-VARIOGRAM JF HEMFECRUDH
LAG DISTANCE

ANGLL OF REGULARISATIONS ¢/= 22,500 DEGREES

DIRECTION OF SEMI~VAIIDGRAMS

LAG NO.

- Page 145 -

DDONOOMNDAD NS T ONAC N e d NN O D O DO N O F 4= F N O Pt M Nl O N md o O DO
DO AN D Gt et DO DO Mt D F NO i 4 O OO Rt DO DO NMO TN O OCOOMOD
OO DOt et IN MO M EF ONT OM DL NAN T O N DO -NNC ODT NN OO O D
Ot T NN ST T T LO OO OO DNMNNSSNSNSROONNNMIOCTOLS OO0 ~OT
00 e ®00 et eer cac0eveesesssecss 000 eno0es0ss0se0 e

< - alaaalalelolo o Lo [aialal NI N~ NN N OO 4

OONDIOCMNNNDO IO FOTDNOONAOOADDOOT ~OF MNANONONO~NNONFMO
O MO NMNINMOAI~NN-PRDNO DNTNO OV ODINCT MO D~ O FNOMOOMNANOOMO
OOVNNO S O~NNCMATFONOOO ANANO D0 DNAOQC AT =8 A O IN O O N O O DN
OOIAO AM it 4O N A OO OO0~ T MOOOOTINIMONIONRODVONMODOO~OMNO~IN-
© 0 € ® 0 00 000000000000 0000000090000000000c000%000s00
] tes 1t .m..ﬂ_ ._"- 1.4%1..2

.

NOAD DNt d OO DLt ODMMOOCODDONONO~AANM A DO LT O NMDO~ONM
OUNANOTMNINNSO O NNONNOMONMA~MINT OOV ANTDND OD~NFTNCO
SO AT NO DD MNO AN NOCODDMNONNDNO~AMAMOMANM Mt 0.0ttt MNDO I
HOAAOOHNOO0O0O000O000VO~NOOHHOHA~MANIHOOOOFO O ONNNHMNNSMEMO
® 0 © 00 €000 CECLC 0P CE000000 0000000000000 000es s
] 1] ] te e 1 [} trat 1 1ttt \Ll\mA\A
1 1) ]

OO0 OO0 NTOT OO DO T ¢ O OO A DAl A O 1N T N O O O ONIM AN OO O
it O F Nt D O NP 4 O et T TN AU NN A OO L OO O Nt O O NI O 8 it Pt 4
AN NN O QA D O PN O~ O D OO T MmN MmN
et O S OO N YOSt Nt

HON DN ONA O A T TONMD T O DO+ MNO-NO G F Cd~F DM OT AN DN M- O DN
AP~ A D AD N AN SOF O OO0 ONINI P D F AN D P O D LD NN O - OP-0 N
OO OOONS V0 ONSONMOONSINOO O ONOCNT $ 00 OTO OAUMO N OND N
OtV A OSSN AN S N L DN DN O DN DN NS PP e DO AN OO0 DN O I et et NN NN

AT THIS

-

DO D AD ST DO~ T OO OO0 MO N ODANONS~MT AN DONNOOOM T OMO
ONMED OC AT ANOMUNC NN DX SN O T ONMNONAALED QO rterd- O I DO N
AN DD O0-LO0 0 T @G OVOT OMNDN I I DU OMC M N0 MO OO 3 AT OTH- G
® 0 0 ® © © O 00 PP 0 O G g OO OO O OGO E OO O L OP OO OO PSP OSSO e e et
FOL D DOATNC OAMMNI-C At C AN Ot TN A T NDO 0 M I -0 HOJO oM
NS O~ TO ONMINOT OAMNIONDONNMINN-00 CrtMINOINC OG- a
et bt b O QU O CI IO N I MM U OIT F o o 8 8 o DN
o
z

[eleloleTelololaloletelole olalalelalolololololololololololololololololololelolalolololole alolata T o]
OCOOCCOO0O0O00O0OO0COO0OCOOOCOONOCOOOLOOOOCLCOOOLOOCOC
[elelololelololalololololalololealalolelalolololalalalolalalololololalolola’lalololalololels ololoTa)
P I A A R e I A A I I R N N A A )
N DDONT IDONTIOIDVONT IDVONITVTLONT SOONT ODONE ITCOIT VLONT DO
O OO0 ONMOTN IV OANNT NI DO AT ONDTONMINDDCOANITNOND
e et~ A OSA NI OO U MO WM IMMAE 2 W 3 DAGIDIINN

- -

—=HOUN N O DO O ANNS N OO DT OANME N OO0 O+NMEN OO O NN SN OO |
B L L o Lo L Do L LA LS LS LN T LA N LN TN TR T o s Do s o Do Taa Top Vo Vo RUSK B X ST QX JU QP SN ST o |
t

Table 7.1 “MINPAK™ typical output of a sectorial variogram



ol % 130 180 200 240 200 330 340
3.2 4 Ly.2
2.4 4 2.4
1.8 4 Fl.8
0.8 4 F0.8
0.0 v v v v Y r T — 0.0
o O OEGREES CLOCKWISE FROM MORTH
3.2 1 F3.2
2.4 4 F2.4
1.6 4 R UTE T PRI ~\,..,‘,- 1.8
0.0 r0.8
0.0 -~ r—r v T T v 0.0
45 DEGREES CLOCKWSE FROM NORTH
.0 ridhact wikh bt ac el stot hisal AU
3.2 4 Fy.2
2.4 4 s F2.4
1.6 P N Hi.s
—
-
0.04 " +0.0
0.0 + r v g -r v T r 0.0
w0 N 10 N%ESICL“5'\SEA"W. P""‘N "0
3.2 1 +3.2
2.4 4 o~
1.6 4 —_—— T NN —~ < hi.s
e
0.8{ =77 )
0.0 +- v T T T v 4 v 0.0
0 40 80 120 180 200 240 290 320 2380

133 DEGREES CLOCKWISE—FAGM-MORTY

)

h

GAMMA (

SEMIVARIANCE

40 80 130 180 200 240 280 320 36
~
G AR %

+y.2

F2.4

b1.8

40 80 120 160 200 240 280 320 36

h - LAG DISTANCE (METRES)

NOTES
NUMBER OF LAGS-e-20

ANGLE OF REGULARISATIONse/- 22.3 DEGREES

SECTOR SEMIVARIOGRAMS OF Fe CRUDE - SELECTING HEMATITE

Figure 7.2 Experimental sector variograms of the crude ore’s Fe content in the horizontal

plane

- -9p1 aded -



w0 ®0 120 180 200 240 280 320 30 o
3.2 4 +3.2
z.AJ b2.4
1.84 1.6
0.0 4 Lo.s
0.0 — — v 0.
0 DECREES CLOCKWSE FROM 2
.0 L, O DCREES cLockwst : N .0
3.2 4 3.2
2.4 4 BN L2.e
’ . -
164 v elleeaal ! L Hes
e
.84 lo.s
0.0 v y — v 0.0
45 DEGRELS CLOCKWISE FROM Z
.0 _ 45 Deorets cua A ) N .0
.21 bs.2
2.4 4 F2.4
1-64 PP L T T U S B
084~ Lo.8
0.0 v — —+0.0
90 DEGREES CLOCKWISE—EACM 2
4.0 ol / QM+ L .0
3.2 4 }3.2
2.4 4 b2.4
) ——m ST T T
161 o\~ ~ 1.8
0.8 {\/ to.8
0.0 ; ————— v — v 0.0
0 40 80 120 {60 200 240 240 320 360

135 DECREES CLOCKWISE—FROM.Z

)

h

GAMMA (

SEMIVARIANCE

120 160 200 240 260 320 360

LAG DISTANCE (METRES)

NOTES

NUMBER OF LAGT—=-30
ANGLE OF RECULARSATIONss/- 22,93 DECREES
YZ-PLANE (NS-ELEVATION)

SECTOR SEMIVARIOGRAMS OF Fe CRUDE
Figure 7.3 Experimental sector variograms of the crude ore’s Fe content in the vertical

planc along the ore body

SELECTING HEMATITE

- Lp1 23eq -



. 0 200 320 380
o] 40 80 130 180 290 240 240 33 .0
3.2 4 Ls.2
2.4 4 2.4
I-G'/__/\./——"’\—‘\/\/\ 1.6 —
0.8 Lo.e
0.0 —————— eyt 00 €
-
o _ O DEGREES CLOCKMISE FROM 2 o
<
3-21 (32 3 40 80 120 140 200 240 200 320 340
S 4o : h A 6.0
2.4 4 2.4 S
1.8 IPEPEPEPALANPTALL NS IN BT 2 9.2
0.01°°" [0 ) 5.4 L 2.4
0.0 ——— e ————y 0.0 sesan
ul e < pR% 318
45 DEGREES CLOCKWASE FROM 2 &) -
6.0 N A " 1 n 2 A “wo Z 0.4 S 0.0
<
.24 ts.2 =
& 5.0 v v . r 0.0
2.4 4 r2.4 ; W 80 120 160 200 240 260 320 380
1.8 4 I NP (R 5 h - LAG DISTANCE ( METRES)
0.04/’— 0.8 )
0.0 —— ——— 0.0 U
o 90 DECREES CLOCKWISEKMOM 2 o ) roTES
3.2 4 .2 NUMBER OF LAGE-=-20
2.4 re.4 ANGLE OF REGULARISATIONs+/- 22,3 DEGREES
1.8 4 B I b Ty I I XZ-PUANE ( EW-ELEVATION )
0.0+ o
g Y 0.0
0030 0 130 160 200 20 200 3d0 60

135 DECREES CLOCKWISE—EAGM.2

SECTOR SEMIVARIOGRAMS OF Fe CRUDE - SELECTING HEMATITE
Figure 7.4 Experimental sector variograms of the crude ore’s Fc content in the vertical

plane across the ore body

- 81 3ded -



- Page 149 -

Table 7.2 Calibration of the model semi-variogram through

point kriging cross validation

Nugget variance (C0)(%)?Fe 0.72
Variation of Q0 (%) —10

C =Sil1—C0 (C)(%)*Fe 0.8
Sill (C+00)(%)%Fe 1.52

Mean Kriging Variance (MKV)(%)2Fe 0.8529
Mean Estimated Variance(MEV)(%)2Fe 0.9561
Ratio MEV/MKV (%) 112

0.80

0.8

1.60

0.9399

0.9610
102

0.88

+10

0.8

1.68

1.0267

0.9654
M

0.83
+4

0.8

1.63

0.9725

0.9627
99

By manipulating the values of the nugget variance, transition amplitude and range,
one can calibrate the model variogram aiming at a unitary ratio of variances (estimated to
kriging). The model selected in the present case is shown in figure 7.5, and figure 7.6

features a summary of point kriging results, as produced by way of the “MINPAK" library

of subroutines (op.cit.).

7.4.4 Validation of the model variogram by way of statistical analysis

Once calibrated, the model can be validated, which means the kriged estimates are
compared with the actual grades in more detail through statistical analysis as shown in
figure 7.7, which displays an output produced by “MINITAB” (1985), a package available
at the ICCC. Figure 7.8 is a graphical comparison of both actual and estimated grades,

which features the so-called “boxplots™ (sec MINITAB, 1985). Table 7.3 compares the

descriptive statistics of actual grades and their point kriging estimates.
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Table 7.3 Descriptive statistics of the sample points’ actual values and
kriging results - Crude ore’s Fe

Sample points’ Fe grades (%) Actual Estimated
Minimum 64.0 65.3
Maximum 69.7 69.0
Average 67.22 67.24
Standard deviation 1.22 0.73
Coefficient of variation (not in §) 0.02 0.01
Median 67.5 67.3
95% confidence interval }lower 67.1 67.3
for the mean }upper 67.2 67.3
Correlation coefficient 0.6
Number of sample points 1078

The “regression effect” (see Krige, 1981, page 21) could be observed in figures 7.7
and 7.8, as well as in table 7.3 : the variance of the point kriged values is lower than that of

the actual grades, the same applying for the standard deviation.
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Figure 7.7 “MINITAB" output - statistical analysis of the results of point kriging cross

validation
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Figure 7.7 “MINITAB" output - statistical analysis of the results of point kriging cross

validation
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BOXPLOTS
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The statistical analysis shown in figure 7.7 can be summarized as follows:
a) Analysis of variance (ANOVA - see Wonnacott, 1972, page 221): the null
hypothesis, H,, of no differences in sample variances can not be rejected at a 5% level of
significance, which means the difference in sample variance is very small relative to
chance fluctuations. Therefore, both actual and estimated grades can be considered as
having variances of the same order of magnitude, and the t-test on the difference
between two means can be run.
b) Paired t-test: the samples are considered to be not independent one from each other.
The test is significant at 0.3569. Hence, the null hypothesis H, : #=0, of no difference
between samples, can not be rejected at a confidence level of 95%.
¢) Difference in two means - independent samples: now, if the samples are to be
considered independent from each other, the null hypothesis Hgipy—py=0 of no
difference between the means can not be rejected at a confidence level of 95%.
Therefore, the samples being considered either independent or not, the null hypothesis is
always rejected.
d) Regression analysis: a straight line was fitted to the data, with the estimated grades
(X) as a function of the actual grades (X1). The adjusted angular coefficient, B, is the
marginal effect that X1 has in Y, for the sake of prediction. The null hypothesis,
Hy:8=0 has been rejected at the 95% confidence level. In other words, the marginal
cffect of the actual grades over the estimated values is not null, as far as forecasting is
concerned.
¢) Correlation analysis: the 95% confidence interval for the correlation of the
population (p) is {0.54;0.64], therefore one rejects the hypothesis Hy:p=0 at a 5% level
of significance (sec Wonnacott, 1972, page 335).
The final conclusion of the statistical analysis is that the model variogram has been
validated, therefore it can be used for block kriging. The ore reserve is completely divided

into 3-D blocks and those containing ore can be evaluated in terms of crude ore Fe content.
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7.5 Preliminary geological interpretation through categorical kriging

7.5.1 Brief description of the procedure adopted

At the end of 1985, although the drilling campaign had been finished, the geological
re-interpretation of Mutuca Mine’s ore body was not yet available. However, most data of
the recent drill holes had already been entered into the computerized data base. From the
70 million tons which used to be considered Mutuca'’s reserve, an additional 30 million tons
of ore were expected, totalling around 100 million tons. Nevertheless, the ore body
boundaries had not yet been located.

On the other hand, before starting the block kriging process(see chapter 8), the so
called “rock matrix” is required, in order to indicate whether a block contains either ore,
therefore needing to be evaluated, or waste, in which case it does not have to be kriged at
all.

Aiming at producing at least a temporary solution for the rock matrix problem, to be
eventually checked against the results obtained by way of the conventional geological
interpretation, a trial categorical kriging exercise was made. First, the sample points were
divided into two categories: ore (1) and waste (0). “Ore”, in this context, is hematite, as it
is classified by MBR (see chapter 3), and the block dimensions in each direction are: NS-
25m; EW-12.5m; and height - 10m.

After that, the 0’s and I’s resulting from the above classification were treated as
regular variables, as far as variograms are concerned. Then, the blocks were identified by
their geometric centres and point kriging estimates were made for each block, fractional
values ranging from 0.0 to 1.0 resulting from that procedure. Finally, a 0.5 cutoff limit was
used to divide blocks into ore and waste.

7.5.2 Generation of a rock matrix through categorical kriging

Figure 7.9 shows the isotropic variogram resulting from the aforementioned approach.
The model adopted to represent the experimental variogram is as follows: nugget variance
(C0), 0.09; transition amplitude (C), 0.08; and range (A), 150m. A similar application has
been described by Kwa (1984, pages 360, 361 and 363) for treating gold deposits in
Nevada. The sill of the “indicator™ semi-variograms is around 0.2, approximately the same
value as that obtained for Mutuca.

Figure 7.10 displays the conventional geological interpretation of the mine bench 1280
and figure 7.11 shows the corresponding rock matrix as generated through categorical

kriging. The overall shapes are not markedly different one from each other. In order to
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make sure that the whole extension of the ore body was covered, in the data file used as
input for the block kriging program all blocks of figure 7.11 have been considered as if they
were ore.

Categorical kriging estimates were produced for the bench elevations 1280m, 1250m,
1200m, 1150m, 1100m, 1050m and 1000m. For the purpose of block kriging, the
categorical point kriging estimates of these benches were used as described before to
represent a series of benches, as follows: bench 1280 represented benches 1280, 1270 and
1260; bench 1250, from 1250 down to bench 1210; and so on. From 1100m down to the
lowest mine level, all benches were represented by bench 1100, in order to have a
reasonable number of blocks to be kriged. A maximum searching radius of 50m, in three
mutually perpendicular directions, was used for the categorical kriging exercise, and the
permitted number of sample points considered for point kriging ranged from 2 to 6.

7.5.3 Discussion of the results and recommendations

The application of categorical kriging for generating the rock matrix which has been
described has serious limitations. It lacks the human component that geologists can
incorporate to their interpretations. On the other hand, a series of percussion drills, from
carly geological explorations of Mutuca Mine, has not been included in the geological data
base (see chapter 3). Also, the information that can be obtained by geologists simply by
visual inspection, given that the ore is exposed at Mutuca Mine, has not been included in
the data file. Therefore, the automatic procedure does not have access to as many pieces of
information as the geologists have.

Another constraint to the categorical kriging approach presented herein is that the
“MINPAK?™ version that was used adopts a rectangular searching procedure, hence the
resulting outline of the kriged points is rectangular as well, whereas the conventional
geological interpretation produces a much smoother shape. New versions of “MINPAK”
incorporate other searching options [e.g., paraboloid or ellipsoid] (Forkes; 1986; RTZ

Technical Services; Bristol - UK; personal communication).
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Nevertheless, the categorical kriging procedure might be an auxiliary tool for
geologists. As in the case of computerized open-pit shell generation, the “manumatic”
approach(see chapter 9) may produce a technique of great potential. In this respect, the
following recommendations are made :

- include in the geological data base all information available, that is to say, up-to-date
mine surface data; data from the early percussion drill holes, despite their inadequacy
for producing block kriging estimates of grades in the various size fractions (see chapter
3); any known or implied boundaries of the ore body, in the form of coordinates (EW,
NS, elevation) of points with the corresponding code, i.e., 1 for ore and O for waste;
whenever a diamond drill hole hits waste, the data coding process should not be stopped
at this point - the coordinates of samples containing waste should be entered into the
data file as well.

- an interactive graphical workstation, with a digitiser and possibly a colour graphics
terminal, would help the geologists to produce an easy and quick preliminary geological
interpretation, which could be re-assessed whenever significant changes in the geological
data base were observed. Categorical kriging could be used in this process as an
auxiliary tool, the geologists interacting with the result of the automatic interpretation
by means of the digitiser.

- use the permitted range for the number of samples considered for kriging, the
maximum scarching radii and the cut-off between ore and waste as control variables,
aiming at making a sensitivity analysis of the resulting ore body’s shape to variations of
these numerical values. Through this approach, geologists could visualize the differences
between their subjective interpretation and the product of an automatic procedure.

- analyse contact zones between ore and waste by way of categorical kriging, using
different input parameters, and determine how the ore body boundaries are affected,
specifically in these zones.

The principal outcome of this suggested method is the possibility for geologists to sec
how far they are extrapolating geological information by way of their subjective
interpretation. Significant differences in the two results could highlight excessively
subjective judgements, or alternatively could call on geologists to justify more strongly their

analysis or review their assumptions.
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7.6 Analysis of the (—2;+ %) size fraction: % in weight, Fe and P

The main product of Mutuca Mine, Lump Ore for Direct Reduction (LODR) is
generated from the (—27;+%™) size fraction, which for this reason has been selected to be
treated in this research work. All values associated to it are the result of a weighted average
of the (—2";+1") and (—17;+%") granulometric brackets.

The percentage in weight, the iron and phosphorus contents of the (—2";+%") size
fraction were analysed only. Fe has been selected to be studied in the first place because
the ore price is calculated as a function of the iron content. Also, together with the P grade,
it is used for the geological classification of hematite (see chapter 3).

The study could be extended to deal with other variables, i.e., A,O3; and SiO,, in all
size fractions plus the crude ore. Now that a methodological framework has been
established, this could be done without any major difficulties.

7.6.1 Isotropic variograms

Figure 7.12 features the experimental isotropic variogram of the percentage in weight
of the (—2";+%™) size fraction. Figures 7.13 and 7.14 display, respectively, the
corresponding variograms for Fe and P. Preliminary model variograms have been selected
to represent these experimental variograms.

7.6.2 Point kriging cross validation and statistical analysis

The tentative model variograms were calibrated by means of point kriging and the
results were analysed statistically, the models having been validated.

Table 7.4 shows a summary of the point kriging input parameters and the consequent
results for the percentages of the (—2";+%") size fraction, iron grade and phosphorus
content. Those parameters have been adopted after a sensitivity analysis similar to that one

described in item 7.4.3.
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Table 7.4 Sumary of the point kriging input parameters and

corresponding results: (—2”;+%”) size fraction

Variable T(—27; %) Fe P

Input parameters

Nugget variance (C0)(%)? 250 0.6 0.00015
C =Sill—-Q0 (C)(%)? 200 0.4 0.00014
Range (A)(m) 200 100 200
Searching radius (m) 200 100 200
Number of sample points (hematite) 1175 1049 1049
Results

Correlation of actual vs estimated 0.63 0.53 0.60
Mean kriging variance (MKV) (%)? 288 0.72 0.0(_)02
Mean Estimated Variance (MEV)(%)2 281 0.74 0.0002
Ratio of MKV to MEV (%) 98 i 103 103
Notes:

a) Permitted range for the number of sample points considered for
kriging: from 4 to 15;

b) Total number of sample points: 1378.
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The statistical analysis that compared the actual values of the sample points with their

estimates is summarized in table 7.5.

Table 7.5 Statistical analysis of the sample points’ actual values and

kriging estimates: (—27;+%”) size fraction

Variable T(—27; %) Fe P

Sample point values Actual Estimated Actual Estimated Actual Estimated
Minimum 0.70 7.02 65.10 66.09 0.010 0.012
Maximum 96.90 80.36 69.70 69.12 0.11 0.07
Average 37.89 37.71 68.11 68.09 0.036 0.036
Standard deviation 21.67 13.36 0.88 0.48 0.017 0.011

Coefficient of variation 0.57 0.35 0.013 0.007 0.47 0.30

Median 35.90 38.37 68.35 68.11 0.030 0.033

95% conf. interval} lower 36.65 36.94 68.05 68.06 0.034 0.035
for the mean } upper 39.13 38.48 68.16 68.12 0.037 0.036

Correlation coefficient 0.63 0.44 0.60

Number of sample points

selected as hematite 1175 1038 1049

Figure 7.15 shows the frequency distributions of both actual values and kriging
estimates of the sample points’ percentage in weight, Fe and P, for the (—2";+%4") size

fraction. The “regression effect™ (see item 7.4.3) could be observed again in this figure.

- Chapter 7 -



>

X meo

Lealcalealoal>aloal ol ol ool e gl o o b SO NS -]
P

o
e esvaccecoemdD I

RO WLMOMOMNOWMO RO X
pst

O ©

(SRS

OCOO0O0DD0VDVDOOO<Mm =
WS IO DI

DVOBONNCT AR S S —~O
[elelelalelole ololole ol g

Figure 7.15 Frequency distributions of the sample points’ actual values and kriging

estimates

A — Fe Iron content

QRSCRVATIONS

sk e

FEE

sEkkke

tedddbbenns

EFREXRETERREEEREER

CESEEE S EREKEEREIIV LB RS EESEREERESS
CEESEEE R RELEERESIBELEES

‘e

™

—~3X e

COOCZ~ pe

Ix

OoOWnoOor »
- —f

m™m

ORDNNCTRANS LD e
OO0 0O0DO0D00<CMm

®®oacroseeemD
OLOWMOWLNOWm

k]
COD0000000O0O

ocococococooo

~

~a o
=

-
hed
[g]
o
m

5=

ODWEDMNIWDDDODLIT

W+
T OV~

helon BV

<™

no o
™~

SOSCFVATIONS

e |8 K
- C

o)
‘A

.

L ]

tee

terbortosrrsterrerenes

SO LR A AL ALE L R T N W R YR Y R ey
3OC.“'"t.ttﬁ“‘ﬂﬂ&l‘#‘.‘l’l".‘.“‘
[ EAREE X R

- 691 d3ed -



>
>

—x mo
=

Te >
g

ceeccaccccee 4 M

=D DDDVDDDDDTMD
4D D5 IR LI SO
VR A UDI R I NN <M

DDOO0DD0DD00D> |
—ao -

2
=5
m
Ilige]

H—rony
LN NDMIDUNDNDVTT

o300

Figure 7.15 Frequency distributions of the sample points’ actual values and kriging

estimates

B — P Phosphorus content

10 ORSERVATINNS

P QF
VATIOMS

MERAE KR
RRRSELFEhkSEPICCRERPEN IS S
FEFC IR P kG kPR AR PR B AR RS F SO RS
bkt bR ARNRAEREd K&k

ek REL AR KD F Y

Apkgots

xkke

LR

-

=

4

EPPESCH

e oo o oo D O
DODDDDDOTD IX
SR PIN DT

4

2

[ oS L VN )
“ S oM —
D O&D & 0DWV

)
0
T

= v

mn o
<o

0O ORIFRVAT INNS
F

nwes

EE R R 4

BEETC VRSSO ARG St LN EC RIS RUSSE

R AR PRI R RC L RREENERI R R E ORI PO SRR}
(SR SRR R ¥R E R

Aersrhkaah

LR

- 0L 23eq -



P

—~x mo

O'I2W-mMD I >
-

o

Zre Ty
—“D O
»

[eelalme bl

s e e ee.2m

oOD020>

Figure 7.15 Frequency distributions of the sample points’ actual values and kriging
estimates

C — Percentage in weight

ESTINATE .

RILPRCSCITS 10 NESCRVATINNLS E2CH * RIPPLSELTS 2F (OBSERVATIONS

[ol3 HIEDEF CF MIDOLE OF NUP'BREF CF

L ORSCRVATIONS IN.TH‘.&AL nnserw\[r‘mr:s
206 EARARE A RN PR AR AR 10,0 115 Lt dddddd .
375 PRNRRARKRAAARL BURE AR B RAARKIERABEERRORS 32.(‘ 514 ERRRRERRKERERKKARERE AR KEERRPRRERER R
32¢ ERRARCBEARKNRERERT R kR RS RE RS AR S 50,0 502 theksb bbb sbdtsbardrhni bbbt b hbses
137 toRaRRARERRERY 20,0 43 tan
52 FREKRE Q0,0 1 *

. = IL] ?3e( -



- Page 172 -

8. Block kriging - Mineral inventory
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8.1 Summary and conclusions

First, block kriging, in general, and of iron ore reserves, in particular, are discussed.
After that, the suggested solution for Mutuca Mine is presented, as an introduction to this
chapter. Subsequently, the input data required to run the kriging programs are listed.
Following that, the numerical results and their corresponding graphical outputs are
presented, the “mineral inventory” generated by assembling all results in one single data
file being exhibited. Finally, some suggestions and recommendations have been made.

The main conclusions of this chapter are summarized below:

- both the contents of iron and phosphorus of the (—27;+%") size fraction will keep

the present range of values in the future, that is to say, in lower mine benches(see

figures 8.2 and 8.3).

- the estimated percentage in weight of the (—27;+!%") size fraction decreases with

depth(see figure 8.4), therefore the proportion of Lump Ore for Direct

Reduction(LODR), Mutuca’s chief product, is likely to be affected.

- in view of the previous conclusion, it is recommended a study on the relationship

between the kriged estimates and the values actually observed, in order to assess the

reliability of the evaluation process as a whole, starting from geological sampling and

assaying.

- the concept of a “probabilistic cut-off target”, as opposed to the deterministic cut-off

grade, can be explored in more detail. By using both the kriged estimate and its

associated kriging error, this proposed approach considers not only the quality of ore,

but also the quality of information(see topic 8.4.2).

- a computerized mineral inventory is a very useful source of information, as far as

mine planning and economic studies are concerned(see item 8.6).
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8.2 Introduction to this chapter

8.2.1 Block dimensions in general

Johnson(1969, page 543) discussed the block dimensions, in general. Factors
influencing their choice are: equipment capabilities, geological structure, allowable wall
slopes, precision of sample data, manner of mining, desired use of block, and capability of
manipulating a huge number of blocks with or without a computer. The smaller the block
size, the more flexibility in planning is available and also more refinement possible, but the
number of blocks increases. The height of a block should usually be taken as the bench
height, since this is the way it is mined. Bench heights in present mining practices are in the
range of 40-50 feet [roughly 12 to 15 metres], according to Johnson(1969), but perhaps this
would be too wide a generalization. The same author gave some examples of block sizes
that have been used in previous studies : 30X30X12m, 12X 12X 12m and 30X15X15m.

As far as geostatistics is concerned, David(1977, page 283) made the following
remarks on choosing the right kind of block size:

“Typically in the profession, people like to know as much as possible about their

deposit and consequently they ask for detailed estimation on the basis of the smallest

possible blocks. This tendency, besides being possibly unnecessarily expensive, will

also bring disapointing results. One will find that small neighbouring blocks are given

very similar grades. One should remember that as the size of a block diminishes, the

crror of estimation of that block increases. Also, dividing the linear dimension of a

block by 2, multiplies the number of blocks to be estimated, and probably the number

of systems of cquations to be solved by 8! As a rule of thumb, the minimum size of a

block should not be less than % of the average drill hole interval, say 50’ blocks for a

200’ drilling grid and 200’ for an 800’ drilling grid.”

Krige(1981, page 39) adds to the above comment the following: “when the data are
highly variable, such as in gold mines, the minimum size will be substantially larger.”

8.2.2 Block dimensions for iron ore reserve estimation

It is a generally accepted practice to divide the reserve into regular blocks, for kriging
purposes. In this respect, a series of publications on estimation of iron ore reserves is briefly
mentioned below.

Dunlop(1979) used 25 metre square blocks for kriging an iron ore body. His
justification for choosing this block size was that it fitted integrally into the 50 metre drill
grid, was suitably small for mine planning whilst the kriging variances were not too large.

Marechal(1977) studied an iron ore body in which the information grid in two zones of
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the deposit were: west zone, complete, regular, 243.8mX 61m; and East zone, incomplete,
irregular, 121.9mX30.5m. Therefore, he decided to make the local estimation by kriging
different panel sizes, with dimensions given by the information grid in each zone. The data
were composited over benches 10 and 15m high. The global reserves for various Fe cut-off
grades were computed assuming that the selection, when mining, would be made on the
basts of 10mX10mX10m or 15mX15m>X15m blocks.

David(1977, page 177) mentioned two block sizes, namely, large, 60X30X15m ; and
small, 15X 7.5X15m, for kriging the reserve of a Taconite iron mine (33% Fe on average).
The drilling grid was 60X 120m, and the bench height, 15Sm. A 100,000t block could be
15X 30X 60m. Similarly, a one-day production for a shovel could be 3,000t, which is, for
instance, a 7.5X7.5X15m block ( 3125t ) half a bench height to allow for blast dispersion
(David, 1977, page 216).

Kosovac(1978) reported the use of 15X 15X 12m blocks, resulting in 1 million blocks,
for the computerized analysis of an open-pit iron ore mine in Canada. The basic geologic
information is obtained at 122-m intervals.

Wilke(1977) presented an optimization schedule procedure for an open-pit iron
mining operation. “To model the deposit the well known block approach was used. (...) The
ore body and the surrounding waste/overburden is divided into regularly shaped blocks, the
height of which equalling the bench height.” ,

Suarez(1978) studied an iron ore deposit which proved to be anisotropic. Elementary
panels of 12X 12X6m were used, 6 metres being the block height. When their dimensions
were multiplicd. by the pertinent anisotropic coefficients, they turned to be, respectively,
12X36X30m (page 40). Also, in page 69, he referred to 10X 10X 10m blocks for the sake
of simulation of Fe grades.

Caporalli(1982) presented a computerized mining planning system with three
modules: tonnage, quality and economic. It is used by CVRD( Companhia Vale do Rio
Doce), Brazil’s largest producer and exporter of iron ore. One example of block dimensions
adopted in this system is: 33X 33X 10m, the bench height being 10m. The number of
blocks, depending on the mine, varies from 10,000 to 40,000.

The author of the present research work participated in geostatistical studies applied
to a high-grade open-pit iron ore mine, Aguas Claras. The hematite reserve of that mine is
located 1n the same region of Mutuca Mine, therefore it is an important reference. The
yearly output of /\guas Claras is nearly 2.5 times the annual production planned for

Mutuca’s expansion, the respective reserves having roughly the same relative size. The first
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block kriging exercise made for Aguas Claras considered 50X25X13m blocks, the bench
height being 13m. After some years of use of the computerized mineral inventory, the
mining planning engineers asked for the original blocks to be divided into 4 smaller blocks,
keeping the same bench height, which means the linear dimensions were divided by two.
Such a reduction in size was required chiefly because the majority of the large size blocks
had been mined only fractionally, in the course of each planning period, and the engineers
would like the blocks representing a unitary volume more in accordance with the tonnages
physically mined, for the sake of better planning.

8.2.3 Suggested solution for Mutuca Mine

The block dimensions adopted were, in each direction :

NS -25m;

EW-12.5m;

vertical - 10m, coinciding with the bench height.

This block size corresponds roughly to one day’s production, at the present plant feed
rate of Mutuca. The ore body dimensions in the NS and EW directions have approximately
a 2:1 ratio, therefore the above mentioned block size will implicate roughly the same
number of intervals in each direction, as far as the rectangular block grid is concerned.

Mutuca’s reserve can be represented by nearly 10,000 ore blocks. On the other hand,
the deepest optional pit considered in this thesis, going down to elevation 960m, contains

around 20,000 waste blocks (see chapter 9).
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8.3 Input data required for block kriging computation

8.3.1 Information on the blocks to be kriged

-Block dimensions: NS-25m; EW-12.5m; and block height-10m(bench height).

-Coordinates of ore blocks to be kriged: EW ,NS.elevation, locating the geometric
centre of the ore blocks("rock matrix™).

8.3.2 Geological data base

Coordinates of the geometric centres of sample points, in the same order as above,
plus the assay values and percentage in weight for each size fraction and for the crude ore
as well.

In this particular case, the geological samples were classified into hematite and waste,

the former category only being used as input data for block kriging. This classification has

been explained in chapter 3.

8.3.3 Kriging parameters

-Permitted range for the number of samples considered for kriging: from 4 to
15(O’Leary; 1985; personal communication).

-Model variograms: for each one of three mutually perpendicular directions, the
nugget variance (CO0), the transition amplitude (C) and the range(A) are given(see chapter
7). If a nested model is used, the information on the transition amplitudes (CC) and ranges
(AA) of the second structures are needed, again in 3-D.

O
-Searching radii: different radius in each direction can be used for 3-D searching of

sample points.
8.3.4 Probabilistic cut-off target
The use of this information will be explained in item 8.4.2 . For the time being, it will

only be mentioned that this variable is needed for the block kriging program to run.

8.4 Brief description of the procedure adopted
8.4.1 Block kriging

A “rock matrix” with the coordinates of ore blocks indicates the location of the

unitary volumes to be kriged. “Ore”, in this context, is “hematite”, as classified by MBR

(see chapter 3).

Hematite data only have becn admitted to the block kriging process, the model
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variograms being based on the same sub-set of samples of the geological data base.

“MINPAK?™, the geostatistical library of subroutines which has been used, is an “open
package”, in the sense that users can create their own FORTRAN main programs.

Figure 8.1 is an example of a block kriging output of “MINPAK?”, featuring for each
block:

- block coordinates (X,Y,Z): EW,NS, elevation(in this order);

- kriged value (Z*): grade or % in weight, in this case;

- kriging variance (KRIG VAR): in (%)%

- number of samples used for kriging (NO. PTS.): from 4 to 15;

- cumulative normal probability of observing a real value beyond a given cut-off target

(PB VAL%): see underlying explanation; and

- kriging error (KR ERROR): grade or % in weight.

8.4.2 Kriging crror and cut-off target

The concept of a probabilistic cut-off target is an extra feature that has been
incorporated to the standard “MINPAK” block kriging program, and requires a special
explanation which is given below. An introductory note both on statistical and geostatistical
concepts is also included.

- statistical concepts: standardization

Let

Z = standard normal variable

= population mean

X = random normal variable

o = population standard deviation

s = sample standard deviation. In order to use the tables on the standard normal

cumulative probability, one has to transform any normal variable X into the standard

form by defining: Z = (X-u) /0.

Z is just a lincar transformation of X. Whereas the mean and standard deviation of a

general normal variable X can take on any values, the standard normal variable Z is

unique -with mean 0 and standard deviation 1 (Wonnacott, 1972, page 77).
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RESULTS
X-COORD  Y-OOORD  Z-~QOORD z KRIG VAR NO. PTS. PB.VAL.§, KR ERROR

~600.0000 -50.0000 1240.0000 67.9718 1.11895 15 .135 1.058
-600.0000 -75.0000 1240.0000 67.9800 .89980 15 .135 .949
-600.0000 -100.0000 1240.0000 67.9886 .75265 15 .135 .868
~600.0000 -125.0000 1240.0000 67.9800 .89980 15 .135 .949
-600.0000 -150.0000 1240.0000 67.9718 1.11895 15 .135 1.058
-587.5000 -50.0000 1240.0000 67.9611 1.11106 15 .135 1.054

-587.5000 -75.0000 1240.0000 67.9564 .88371 15 .135 .940
~587.5000 -100.0000 1240.0000 67.9368 .72254 15 .135 .850
-587.5000 -125.0000 1240.0000 67.9564 .88371 15 .135 .940
-587.5000 -150.0000 1240.0000 67.9611 1.11106 15 .135 1.054
-575.0000 50.0000 1240.0000 68.3267 1.09783 15 .135 1.048
-575.0000 25.0000 1240.0000 68.7367 1.10264 15 .135 1.050
-575.0000 .0000 1240.0000 68.7276 1.06135 15 .135 1.030
-575.0000 -25.0000 1240.0000 68.6099 1.06113 15 .135 1.030
-575.0000 -50.0000 1240.0000 67.9737 1.09310 15 .135 1.046
-575.0000 -75.0000 1240.0000 67.9600 . 88566 15 -135 .341
-575.0000 -100.0000 1240.0000 67.9431 . 75906 15 .135 .871
-575.0000 -125.0000 1240.0000 67.9591 .88774 15 .135 .942
-575.0000 -150.0000 1240.0000 67.9729 1.09539 15 .135 1.047
-562.5000 150.0000 1240.0000 67.7855 1.32105 4 .135 1.149
-562.5000 125.0000 1240.0000 67.7792 1.19164 4 .135 1.092
-562.5000 100.0000 1240.0000 68.1232 1.02302 15 .135 1.011
-562.5000 75.0000 1240.0000 68.1813 1.05158 15 .135 1.025
-562.5000 50.0000 124Q.0000 68.3132 1.05878 15 .135 1.029
~562.5000 25.0000 1240.0000 68.6759 1.03683 15 .135 1.018
-562.5000 .0000 1240.0000 68.6696 .98196 15 .135 .991
-562.5000 -25.0000 1240.0000 68.5246 1.01575 15 .135 1.008
-562.5000 -50.0000 1240.0000 67.7838 1.08536 15 .135 1.042
-562.5000 -75.0000 1240.0000 67.7776 .88441] 15 .135 .940
-962.5000 -100.0000 1240.0000 67.7680 . 76446 15 .135 .874
-562.5000 -125.0000 1240.0000 67.7607 .88305 15 .135 .940
-562.5000 -150.0000 1240.0000 67.7626 1.08098 15 .135 1.040
-550.0000 150.0000 1240.0000 67.7855 1.27933 4 .135 1.131
-550.0000 125.0000 1240.0000 67.7790 1.11584 4 .135 1.056
-550.0000 100.0000 1240.0000 68.0686 .95807 15 .135 .979
-550.0000  75.0000 1240.0000 68.1430 1.00498 15 .135 1.002
-550.0000 50.0000 1240.0000 68.2971 1.02802 15 .135 1.014
-550.0000 25.0000 1240.0000 68.5061 .98633 15 .135 .993
-550.0000 -0000 1240.0000 68.5271 -91290 15 .135 .955
-550.0000 -25.0000 1240.0000 68.4891 1.00236 15 .135 1.001
-550.0000 -50.0000 1240.0000 68.0551 .98691 15 .135 -993
-550.0000 -75.0000 1240.0000 67.7373 .88340 15 .135 .940
-550.0000 -100.0000 1240.0000 67.7234 .74227 15 .135 .862
-550.0000 -125.0000 1240.0000 67.7256 .88299 15 .135 .940
-550.0000 -150.0000 1240.0000 67.7223 1.08273 15 .135 1.041
53,0000 -175.0000 1240.0000  68.2035 1.12284 15 .135 1.060
-550.0000 -200.0000 1240.0000 68.1844 1.08667 15 .135 1.042
-550.0000 -225.0000 1240.0000 68.1838 1.13658 15 .135 1.066
-537.5000 150.0000 1240.0000 67.7871 1.25231 4 .135 1.119
-537.5000 125.0000 1240.0000 67.7835 1.06030 4 .135 1.030
-537.5000 100.0000 1240.0000 67.9958 .89274 15 .135 945
-537.5000  75.0000 1240.0000 68.0786 - 96466 15 .135 .982
-537.5000  50.0000 1240.0000 68.2405 1.00208 15 .135 1.001
=H37.5000  25.0000 1240.0000 68.4469 .95671 15 .135 .978

Figure 8.1 Typical block kriging output of “MINPAK”
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- geostatistical concepts:

Let

Z, = true grade

Z% = kriged estimate

cot = cut-off target( arbitrarily fixed )

g, = kriging error. Now assuming o, has a normal distribution, the standardized
kriged estimate is: Z = (Z¥-cot ) / oy ‘
After Z is calculated, the cumulative probability of the actual value (Z,) ‘Iying beyond
the cut-off target can be obtained from any table on the standard normal curve. Table

8.1 shows examples on how this probability can vary as a function of the above

referred parameters.

The next step would be the use of a “probabilistic cut-off target”, so that the number of ore

blocks would vary as a function of the arbitrarily fixed cut-off target, the ore body limits

expanding or contracting accordingly.

Before going further in the description of the probabilistic cut-off target, it should be

pointed out that the kriging error has an interesting characteristic : it increases as the

density of geological information in space decreases, that is to say, as the data turns to be

more and more scarce. This can be observed in figure 8.7, where the kriging variance -and

conscquently the kriging error- increases with the distance from the centre of the ore body,

where the geological information is more concentrated.

Similar approaches have been used by other authors:

Godwin and Sinclair(1977, page 147) studied a porphyry copper-molibdenium deposit
through multiple regression. Both estimated grade and the estimated grade minus one
standard deviation were calculated. In addition to that, the concept of isoprobability
was used for classifying the blocks’ Cu content as follows : 84% chance cell
grade >= 0.1% ; 84% chance cell grade >= 0.2%.

The 84% limit is the cumulative probability for values above (Z—¢) in the standard
normal curve.

David(1977, page 217) uses a 95% confidence interval for the mean of a block
assuming it has a normal distribution and taking minus and plus twice the square root
of the estimation variance around the mean :

[.C.os;s = u +/— {2X(estimation error)}

Note: in fact, 2 is an approximation for the value 1.96.
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Table 8.1 Probabilistic cut-off target : examples for Fe content

Kriged Kriging Probability values P [Z, <= cot]

Estimate Errror Fe cut-off targets ( cot ) in §
66.0 66.5 67.0

66.0 1.0 50 69 84
66.5 1.0 31 50 69
67.0 1.0 16 31 50
67.5 1.0 7 16 31
68.0 1.0 3 7 16
66.0 1.2 50 66 80
66.5 1.2 34 50 66
67.0 1.2 20 34 50
67.5 1.2 11 20 34
68.0 1.2 5 11 20

The approach suggested in this research work is for a probabilistic cut-off limit to be
fixed, instead of the more usual deterministic cut-off grade. For instance, blocks with 15%
or more probability of its real grade lying beyond the cut-off target are considered to be
waste. This method would penalize not only low-grade blocks, but also those with high
kriging errors, that is to say, both quality of ore and quality of information would be taken
into account.

One possible application of the probabilistic cut-off target approach is to visualize the
orc body “fuzzy” boundarics by means of isoprobability curves, therefore identifying

transition zones between “ore™ and “waste”, that is to say, between grades which present a
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gradient of variation and have limit probabilities separating them. The need for additional
drilling in zones which are not clearly identified as ore or waste could be justified in that
manner.

The above concept could also be used for both computer-assisted open-pit design and
economic analysis of the optional pits generated. For pit shell generation, it will have an
impact over the ore body limits, whereas for economic analysis, it could influence the ore
price, which is a function of the iron content. A range of values, with their associated

probabilities, can be used instead of the deterministic single value approach.

8.5 Numerical results and graphical outputs

Benchwise : Table 8.2 is a summary of the block kriging results, bench by bench.
Figures 8.2, 8.3 and 8.4 are the corresponding graphical representation, respectively, for Fe
content, P grade an % in weight , all variables referring to the (—27;+'%") size fraction.

Blockwise : The kriged values for the Fe content of blocks lying in bench 1240, which
is the elevation being mined at present in Mutuca Mine, are shown in detail in figure 8.5,
as an example of blockwise representation through the line printer. The corresponding
contour curves on the iron content and its associated kriging variances are shown in figures
8.6 and 8.7.

As for the P content, the numerical results are featured in figure 8.8, the contour
curves of the grades are shown in figure 8.9, and of the kriging variances, in figure 8.10.
The results refer to bench 1240, in general.

Finally, for the % in weight of the (—2";+'%") size fraction the graphs are,
respectively, 8.11, 8.12 and 8.13.

8.6 Mineral inventory

The variables which have been mentioned so far have been treated individually, for
variograms, block kriging and numerical and graphical outputs. From now on, the concept
of “mineral inventory™ is introduced.

According to Barnes(1980, page 51), “a mineral inventory is an estimated inventory of
mineral in place and is usually achieved by dividing the deposit into regularly spaced
gridded blocks to which are assigned estimation values using various extension techniques.

A mineral inventory makes no presumptions about the mincability of the blocks or their
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Table 8.2 Summary of the block kriging results : % in weight, Fe and P for the

(—2";t4”) size fraction ( in )

Bench Iron content Phosphorus content Percentage in weight
m Z*v, Z° Zto,  Z'vw,  Z* Z'te, Z'w Z° Z¥o,
1280. 66.738 67.768 68.798 .023 .038 .053 27.660 46.460 65.260
1270. 66.940 67.920 68.900 .021 .036 .051 27.578 46.078 64.578
1260. 66.970 67.950 68.930 .021 .036 .051 26.820 45.320 63.820
1250. 66.999 67.979 68.959 .021 .036 .051 25.740 44.240 62.740
1240. 67.053 68.043 69.033 .021 .036 .051 24.450 43.150 61.850
1230. 67.088 68.088 69.088 .021 .036 .051 22.593 41.493 60.393
1220. 67.140 68.140 69.140 .021 .036 .051 21.121 40.121 59.121
1210. 67.160 68.170 69.180 .021 .036 .051 19.200 38.400 57.600
1200. 67.220 68.220 69.220 .022 .037 .052 16.650 35.550 54.450
1190. 67.220 68.230 69.240 .022 .037 .052 14.500 33.600 52.700
1180. 67.230 68.240 69.250 .023 .038 .053 13.100 32.300 51.500
1170. 67.250 68.270 69.290 .022 .038 .054 12.100 31.500 50.900
1160. 67.250 68.270 69.290 .022 .038 .054 10.800 30.400 50.000
1150. 67.300 68.310 69.320 .023 .039 .055 9.750 29.050 48.350
1140. 67.330 68.350 69.370 .023 .039 .055 8.500 28.000 47.500
1130. 67.330 68.350 69.370 .024 .040 .056 7.700 27.500 47.300
1120. 67.310 68.340 69.370 .025 .041 .057 7.500 27.600 47.700
1110. 67.310 68.350 69.390 .025 .041 .057 7.200 27.600 48.000
1100. 67.350 68.370 69.390 .026 .042 .058 8.250 27.750 47.250
1090. 67.390 68.420 69.450 .026 .042 .058 8.100 27.900 47.700
1080. 67.410 68.450 69.490 .026 .042 .058 7.400 27.600 47.800
1070. 67.440 68.500 69.560 .026 .042 .058 7.100 27.700 48.300
1060. 67.430 68.500 69.570 .026 .042 .058 6.400 27.500 48.600
1050. 67.240 68.360 69.480 .025 .042 .059 5.800 27.400 49.000

Note : Both Z*, and o, are bench averages, respectively, for

the kriged estimate and kriging error.
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Figure 8.5 Fe content of the (—2";+ %") size fraction

line printer output - block grades

Notes : each block is represented by two digits, i.e. two columns;

Fe percentage “67" represents “67%"

size fraction (—2”;+ %”)
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MUTUCR MINE - BENCH 1240
FE -2':41/4" KRIGED ESTIMATES
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Figure 8.6 Fc content of the (—2":+ %™) size fraction
contour curves - kriged estimates

Note : zones with lighter shades correspond o higher values.

Note : values outside the rock matrix are meaningless (see figure 8.

8)
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Figure 8.7 Fe content of the (= 2"+ %"} sizc fraction

contour curves - kriging variances

Note : zones with lighter shades correspond to lower values.
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Figure 8.9 P content of the (— 27+ ™) size fraction
contour curves - kriged estimates
Note s zones with lighter shades correspond to Jower values.

Note : values outside the rock matrix are meaningless (see figure 8.8)
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Figure 8.10 P content of the { — 2"+ %™) size fraction
contour curves - kriging variances
Note : zones with lighter shades correspond to lower values.

Note : values outside the rock matrix are meaningless (sec figure 8.8)
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contour curves - kriged estimates

Note : zones with lighter shades correspond o lower values.
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cut-off grade. Such parameters are implied with the use of the term ore reserve”.

In the particular case of this research work, where the (—27;+%") size fraction has
been studied only, the mineral inventory is not complete, although its concept has been
used, as shown in figure 8.14, which is a hardcopy of a microfiche. This is a very useful
output modality for mineral inventories. Not only thick computer print-outs are eliminated,
but it is much more easy and fast to examine the results, provided a microfilm reader
machine is available. Other obvious option is the access to the mineral inventory being

made by way of a data base management system, possibly using a VDU terminal and a line

printer.

- Chapter 8 -
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Figure 8.14 Mineral inventory - typical output

-- 437.5  950. 1060.--------- - --

%) —27;+1/4” (PV>50%)  44.9141 23.0480 41.2640 15.
FE (PV < 66%) 68.7618 1.2170 1.1619 S.
P (PV > 0.06%) .0304 .0180 5.0056 15.

== 425.0  950.  1060.---=-=======mm====mmmmmmmmmmmm—— e
%) ~27:+1/47 (PV>50%)  42.6565 22.8630 37.4050  15.

FE (PV < 66%) 68.5442 1.1040 1.0564 14.
P (PV > 0.06%) .0327 .0170 5.4153 15.
-- 412.5 950. 1060. ~—~——~—~—"-—m-——m—mm oo
%) —27;+1/47 (PV>50%)  39.0807 22.7570 31.5670 15.
FE (PV < 66%) 68.5446 1.1040 1.0553 14.
P (PV > 0.06%) .0349 .0170 6.9894 15.
-- 400.0 950. 1060.~———————=--mmmm e e e e
%) —27;+1/4” (PV>50%)  38.9537 22.6780 31.3120 15.
FE (PV < 66%) 68.5449 1.1040 1.0545 14.
P (PV > 0.06%) .0366 .0170 8.4329 15.
-- 387.5 950. 1060, — ==~ ====r---mmm o m oo
%) -27;=1/47 (PV50%)  32.3922 22.8010 21.9950 15.
FE (PV < 66%) 68.5436 1.1040 1.0580 14.
P (PV > 0.06%) .0331 .0170 10.9412 15.
-- 375.0 925. 1060, ~=——====== s e e
%) -27;+1/47 (PV>50%)  36.4609 22.6420 27.4970 15.
FE (PV < 66%) 68.5094 1.1010 1.1324 14.
P (PV > 0.06%) .0406 .0170 12.6865 15.
-- 362.5 925. 1060, ~=———====m - mm s
%) -275+51/47 (PV>50%)  23.9278 23.8440 13.7150 15.
FE (PV < 66%) 68.4878 1.0990 1.1789 14.
P (PV > 0.06%) .0495 .0180 27.9867 15.
-- 350.0 925. 1060, ~========-- oo
(%) -27:-1/47 (PV>50%)  23.6838 23.6080 13.2510 15.
IFE (PV 7 66%) 68.4710 1.0970 1.2125 14
P (PV - 0.06%) -0496 -0180 28.1733 15.
-- 337.5 925. 1060, ~—-==-=mm s o o
%) "27i-1/47 (PVX50%)  23.5691 23.4990 13.0350 15.
FE (PV < 66%) 68.4629 1.0960 1.2285 14.
P (PV > 0.06%) .0496 -0180 28.1733 15.
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8.7 Suggestions and recommendations

A basic framework for geostatistical estimation of reserves has been established, with
extensive use of the computer and its graphical aids. Only a fraction of the variables was
analysed in this thesis, however, all other variables could be rapidly assessed by means of
exactly the same approach. A complete mineral inventory could then be created to be used
by both geologists and mining engineers for many useful applications.

It is recommended that a study on the relationship between the kriged estimates and
the values actually observed should be made. The data on the product quality being
available for Mutuca, which has been mined for mor than 25 years, a comparison between
the estimates and the results would be possible to be made.

The potential applications of the “probabilistic cut-off target” could be explored in

more detail, in the future.
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9. Computer-assisted open-pit design (OPD)

9.1 Summary and conclusions

9.2 Input data
9.2.1 Geological data
9.2.2 Rock engincering data
9.2.3 Topographical data
9.2.4 Geostatistical estimates
9.2.5 Production rates
9.2.6 Pit design parameters
9.2.7 Other physical boundarics

9.3 The “Litzinger™ algorithm for OPD
9.3.1 Brief description of the “Litzinger” algorithm
9.3.2 Adaptations and implementations introduced
9.3.3 Suggestions for further improvements

9.4 Optional pit shells considered for analysis
9.4.1 Minimum pit levels and base polygon
9.4.2 Layout of the in-pit road

9.5 Numerical results - Quantitative analysis
9.5.1 Ore and waste tonnages, waste to ore ratio
9.5.2 Comparison with hand-calculated results
9.5.3 Incremental analysis

9.6 Graphical outputs
9.6.1 Points of the pit surface and cord length
9.6.2 Cross-sections featuring ore and waste blocks
9.6.3 Longitudinal sections displaying ore and waste blocks
9.6.4 Bench map and pit outline

9.6.5 Pit shape as a function of the internal angle
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9.1 Summary and conclusions

A computerized open-pit shell generation system is introduced in this chapter. The
input data for running the OPD program is described in detail, a brief comment is made on
the algorithm that has been used used, and both numerical and graphical outputs are
presented and discussed. In addition to the generated pits, other existent physical
boundaries have been plotted as well, such as the Mutuca Mine dam, its thickener, the
location where the road comes out of the pit, and the site prepared for the first stage of the
semi-mobile primary crusher. The computer-generated outputs have been compared with
hand-made pit designs and numerical results. A preliminary economic analysis has been
made using the concept of the economic break-even stripping ratio(BESR), as defined by
Miller(1982), aiming at establishing the lowest acceptable level for the ultimate pit.

The importance of the computer and its graphical aids was highlighted, the final
conclusion being that the OPD system which has been presented is a useful tool for the
mining engineer, with a great potential for future applications, provided the suggested

refinements to the system are implemented.

9.2 Input data

The input data required for running the computer program that generates pit shells
are listed below.

- geological data

- rock engineering data

- topographical data

- geostatistical estimates

- production rates

- pit design paramecters

- other existent physical boundaries.

The following items give details on the input data needed to run the computer-assisted

open-pit design system.

- Chapter 9 -
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9.2.1 Geological data

The geological interpretation of Mutuca Mine was revised by MBR’s Geology
Department late in the year of 1985. Bench maps were received in London early in
1986(Source: Tessari; 1985; MBR, Geology Department; personal communication).

The graphical information contained in these conventional geological bench maps was
entered into a computer file with the aid of a digitiser at the Royal School of Mines. The
details on different types of ore and waste were not taken into account, the outline of the
ore body being digitised only. A computer program converted the irregular shape of the
mineralized zone into a grid of unit blocks (25mX12.5mX 10m) and all benches, from
950m up to 1300m, were processed. The resulting data file contains the coordinates of

hematite blocks, as follows :

East-West;
North-South; and

Elevation.

9.2.2 Rock engineering data
Slopes - the OPD system has three optional data entry modes, as follows:

a) blockwise - each block, in a plan map, receives a slope to be used in the generation of
the pit shell (see figure 9.1). The resulting data file contains the block coordinates (EW,
NS and elevation) plus the corresponding slope.
b) sectorwise - the mine is divided into sectors, that is to say, angles in the horizontal
plane that add up to 360 degrees, a different slope being assigned to cach sector. Figure
9.2 shows the sectors in which the Mutuca Mine has been divided (Source: Souza;
1985; MBR Mining Engineer; personal communication).
c) as a function of type of material - each block receives a slope according to its type of
material, which in turn is given by the geological interpretation.

Inter-ramp slope configurations : Table 9.1 shows the parameters adopted for

Mutuca Mine’s pit, using the nomenclature applied by Hendricks(1979). These parameters
have been chosed based on a report on the slopes by a Brazilian consultant company, Victor
de Mello(1982), and on the actual slopes that have been tested at the mine site by MBR

technical staff. The figures which have been adopted were the object of personal

- Chapter 9 -
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communications with Mr. Adriano Souza, senior Mining Engineer working for MBR, early

in the year of 1986.

Table 9.1 Inter-ramp slope data

Pit wall Overall slope Face angle Berm width
(degrees) (degrees) (m)
West 52 65 6.5
East 43 60 10.5
In-pit Road : the pit slopes are flattened to account for the haulage road,

according to road width and number of laps, as well as maximum terrain elevation
in each sector. For example, given a road width of 16 metres, a maximum terrain
elevation of 1260 metres , an original slope of 43 degrees and 2 road laps in the

sector, the resulting slope is approximately 40 degrees for pit 980 (see table 9.2).
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Table 9.2 Sectorwise definition of slopes and resulting
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flattened slopes for pit 980

sector original maximum terrain no. of resulting flattened
from to slope elevation road slope
(degrees) (degrees) (metres) - laps (degrees)
0 70 52 1320 2 48.8
70 78 49 1320 2 46.1
78 90 46 1320 2 43.3
90 270 43 1260 2 40.1
270 288 46 1260 2 42.8
288 305 49 1260 2 45.5
305 360 52 1320 2 48.8

the the road width, which were established by MBR personnel, are in accordance

with the recommendations by Couzens(1979, page 225).

was supplied by MBR personnel, and might be the object of future revision,
particularly the waste in situ density, which is likely to increase with depth. In the

future, the specific gravities of different materials should be taken into account(see

table 9.3).

Specific gravity :

in order to have a simple and quick assessment of the pit tonnages. The information

- Chapter 9 -
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two densitics were used only, 3.5 for orc and 1.8 for waste,
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Road width.

16.00 m/, 'Face angle

-85

\'\.N'

Bench height 10.00 m Berm width

20.00 m

Flattened overall slope
53.6°

Original
overall slope:

Figure 9.3 Inter-ramp slope and i.n-pilvroad
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Table 9.3 Densities of Mutuca Mine materials

Material Density

Hard ore

Hard ore/mixed ore

Mixed ore

Soft ore

Debris ore

Itabirite

Argillaceous iron formation(AIF)

Carbonate iron formation(CIF)

NN W W W W oA s
O O O O ua v a O O

Basic intrusive rock

Schist, Phyllite

Pt
~
(3]

9.2.3 Topographical data v

The topography observed in November, 1985 was recorded(figure 9.4). The mine
was divided into regular blocks measuring 25m in the NS direction, 12.5m in the
EW direction, and 10.0m in the vertical plane. The data file contains, for all blocks,

castings, northings and the terrain elevation.
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9.2.4 Geostatistical estimates
The kriged estimates, obtained as described in chapter 7, constitute another data

file, which is organised as follows:

EW, NS, Elevation (m)
Size fraction (%)

Fe, P, A},03, and SiO, grades (%)

For each block, four different size fractions are assayed, the crude ore analysis
resulting from weighted average of the size fractions (see chapter 3).

9.2.5 Production rates

Extraction of ore: as the plant recovery index is 94%, in order to meet the
planned 5.95 Mtpy of product, the ore dressing installation should be fed at a
constant rate of 6.5 Mtpy.

Stripping: varics with the waste tonnages of each optional pit design and may
change for different working pit sequences of a particular ultimate pit.

9.2.6 Pit design parameters

Base polygon : It is defined through its points. The base polygon should have
somc minimum dimensions, which are established as a function of the requirements
for equipment access to the lowest pit bench.

The shape of the base polygon is dictated either by the ore body outline or by
physical boundaries lying in upper benches that ought to be respected.

Permitted range for the internal angles : the computer-generated polygon, in
cach bench, is smoothed out, in order not to have angles too sharp or too wide,
therefore, a range needs to be established by the user, the recommended values
being : 120 degrees, minimum; and 240 degrees, maximum.

Bench height : although the actual value for mining is 10m, 20m was used as
the bench height. The number of points generated is virtually halved, by doing this.
The mining engineers follow a similar procedure at MBR(Source: Souza; 1986;
MBR Mining Engineer; personal communication).

Number of benches to be generated : it is necessary for establishing at what

elevation the program should stop.
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Number of permitted horizontal expansions : controls the horizontal search for

ore blocks, in each bench.

Cord length : Controls the maximum permitted distance between two adjacent
points. If the distance is greater than the maximum, the necessary number of points
is interpolated(see figure 9.18).

9.2.7 Other physical boundaries

Many physical boundaries are present at Mutuca Mine, as the dam, the
thickener, the point where the haulage road comes out of the pit, and the site
prepared for receiving the first stage of the semi-mobile in-pit crusher(see figure

9.14).

9.3 The “‘Litzinger” algorithm

Both the idea of having a program for generating open-pit shells and the necessary
algorithm for that were entirely conceived by Dr. Bernardo Litzinger, Planning
Director of MBR, in 1976. Mrs. Maria Aparecida V. Castro, a consultant Systems
Analyst, converted the idea into a program that was originally focused on the Aguas
Claras Mine (ACM). That mine has a situation, in terms of orientation of
coordinated system, completely different from Mutuca’s(compare figures 9.5 and 9.6).
At that time, the program was just a pit shell generator, not only needing itself
some improvements, but also requiring the development of auxiliary programs to
transform it in an ecmbnyonic OPD system. Castro’s original program has been

adapted for general use as well as specifically for Mutuca Mine.
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9.3.1 Brief description of the “Litzinger” algorithm

The logic of the algorithm might be summarized as follows(see figure 9.31) :
a) It starts at the lowest pit bench, scanning the points of a given base polygon.
Three points are picked at a time, the bisector of the angle formed by these
three points being computed, so as to establish the direction for projecting the
central point. All points of the polygon are projected outwards and upwards into
the following bench plane, according to the slopes given.
b) The algorithm tries to expand horizontally the polygon that has initially being
established in the upper bench, through successive iterations. In each loop, the
points are displaced radially approximately by the component .of the block
dimensions in the direction of’ expansion. The program keeps the polygon
cxpanding until it hits waste in all directions, therefore most ore blocks lying in
the bench are likely to be included in the pit boundary.
c) Finally, the former upper bench is used as the lower bench for the following
iteration, and the new upper bench is the one lying above the bench which has
just being processed. The whole operation is repeated until the maximum elevation
is hit, the resulting output data file containing, bench by bench, the points which
define the pit surface.

Up to that point, no attention had been given to whether the upper benches of

the pit shell would have hit the air, that is to say, would have gone beyond the

topographical boundaries, or not.

- Chapter 9 -



- Page 212- .

It is worth mentioning that if an ore body has a peculiar conformation, in a
certain horizontal section, this situation still can be handled by the Litzinger
algorithm, with the aid of an artifice. The mining engineer can use an auxiliary
geological data file, with artificial blocks of waste or ore, depending on what is
required, in order to control the horizontal expansion of the pit limits. This artificial
data file would only be used at the open-pit design stage. Subsequently, for the ore
reserve summation, the actual geological data file can be used as input data.

For instance, if a group of ore blocks of a mine bench is encompassed by waste
blocks, the Litzinger algorithm will not pick it up. However, the mining engineer can
turn some waste blocks into ore, in the auxiliary data file, therefore creating a
leading way towards the ore blocks that are to be included in the pit limits.

Another example is that of an ore body with an unusually elongated shape in a
certain horizontal section. The Litzinger algorithm will include most ore blocks in the
bench considered. However, as that elongated pattern is not observed in upper
benches, excessive waste will end up included in the pit boundaries. Again using an
auxiliary geological data file, the mining engineer can convert the ore blocks lying in
the hypotetical elongated portion into waste, so that they will not be picked up by
horizontal expansions of the pit limits.

9.3.2 Adaptations and implementations introduced

The program was originally conceived to treat the Aguas Claras Mine data,
which has different characteristics from Mutuca, as far as the system of coordinates
is concerned(sce figure 9.5). Therefore, it first nceded to be adapted to handle the
Mutuca Mine data (sece figure 9.6).

Following that, a correction was made in the routinc that projects upwards the
polygon lying in the lower bench. At the beginning, the program used to take the
slopes as they were, independently of the internal angles of the polygon. However, it
is easy to verify that, if a horizontal angle is too sharp, e.g., 10 degrees, the slope is
only respected in the vertical projection of the tip of the polygon, but not in the
projection of the two adjacent chords, resulting in a slope much steeper than what it
is meant to be.

The problem of “projection of points™, as opposed to “projection of chords”, was
mentioned by O’Leary(1986; Royal School of Mines; personal communication).
Figure 9.31 shows the solution adopted by the author of this research work.

Savage(1986; RTZ Technical Services; personal communication) mentioned, about the
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same problem, that provided the maximum cord length is respected by way of
interpolating points(see item 9.2.6), most angles will have 180 degrees, because these
interpolated points lie in straight lines.

The third major change was the introduction of a procedure to smooth out the
expanded polygons in each bench, by rearranging them so that thenirr;tcrnal angles
have no impractical values, for being either too sharp or too wide. This solution was
suggested by Savage(1986; RTZ Technical Services; personal communication), who
also mentioned the possibility of using the break-even stripping ratio as an economic
criterion for pit selection.

Figure 9.7 shows a hand-generated pit which was designed by MBR personnel
in Brazil. Its shape can be compared, in general terms, with the computer-generated
design displayed in figure 9.8, which was obtained with the slopes that have been
adopted recently. As these two figures were obtained with different slopes, they are
not cntirely comparable. The pit in figure 9.7 was designed with the slopes which
were considered in January, 1986, whereas that in figure 9.8 was generated with
those slopes adopted in March, 1986(Source: Souza; 1986; MBR Mining Engineer;
personal communication).

A series of other improvements were introduced progressively, both in the OPD
program itself and by way of other auxiliary programs, as follows :

- program to handle the digitised data of the ore body outline.

- program to compute the ultimate surface resulting from the matching of the pit
shell with the terrain surface(see figure 9.9).

- program to count the blocks lying between the pit shell and the terrain surface.

- program to convert the number of blocks into tonnages of ore and waste.

- TSC instructions to plot the resulting ultimate surface. TSC is a graphical
package created by Sibson and Thomson(1982), available at the Imperial College

Computer Centre, accessed through a library call to “TSC77™.

- AGRAPH instructions to plot the cross and longitudinal sections as well as the
bench maps of the pits generated. AGRAPH is a graphical package created by
Raby(1984). It is available at the ICCC and has an on-line documentation manual

for reference.
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9.3.3 Suggestions for further improvements

A number of consultant companies offer software packages for OPD (see chapter
1), each one having special attractions. From those facilities being offered, a series of
applications might have the key to solve some of the specific problems of iron ore
open-pit mining, yet not necessarily meeting the exact requirements of a special
mine. On the other hand, as the computerized system which has been introduced has
no “black box™ characteristics, being expandable in a modular fashion, the author has
included some suggestions for further improvements in the embgyonic OPD system,as
follows:

- treatment of all data files with the aid of a proper “Data Base Management

System”, as mentioned by Henley(1983,pages 325 and 326). “SIR™ and “SPSSX”

arc two packages available at the ICCC which have this capability(see list of

references, Imperial College Computer Centre Bulletins).

- improvement in the accuracy of the area calculation. This can be done either by

taking into account fractions of blocks, which would be an approximated solution

with a higher level of detail than the present one, or by computing the exact area

of the bench polygons, using the point coordinates.

- treatment of all types of material, including different categories of ore and

waste(see table 9.3).

- addition of shape-controlling devices, such as number of permitted horizontal

expansions, sector by sector and bench by bench, so that the mining engineer can

control the pit designing process by varying the input data.

- Improvements in the interactivity of the system, that is to say, in its

“manumatic” characteristics, so that manual improvements to the preliminary pit

shell generated can be tentatively introduced.

- incorporation of facilities capable of taking into account the in-pit haulage road.
9.4 Optional pit sheils considered for analysis
Five different minimum levels were considered for generation of optional pits :
960m, 980m, 1000m, 1020m, 1080m. For each bottom level, two alternative layouts

for the in-pit road were used : a) switchbacks on the east wall only; and b) road

spiralling around the pit. The details are described in the following items.
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9.4.1 Minimum pit levels and base polygon
The shape of the base polygon, for each pit, was dictated by minimum operational
width, ore body outline and the presence of physical boundaries in upper benches
which ought to be respected. Both the position and shape of the initial polygon are
reflected throughout the benches, up to the top level. therefore they should be
carefully chosen.

For the pit 960, for instance, the deepest one, minimum operational width was
the determinant factor, whercas for pit 1080, the shallowest one, the ore body shape
was predominant, as far as the layout of the basc polygon is concerned(see figures
9.10 and 9.11).

9.4.2 Layout of the in-pit road

The layout selected for the in-pit road was the onc with switchbacks on the east
wall only, as opposed to spiralling the road around the pit. As a consequence of that,
the waste tonnages were reduced roughly by 10 million tons. The east side, besides
being the flattest one, has a maximum eclevation much lower than the top level of
the west side, thercfore represents a smaller risk of having the road blocked by a
slump. As a consequence of the road layout, the contour curves on the west wall of
the pit displayed in figure 9.12 show a steeper angle than the correspondent lines in
figure 9.13, the opposite applying to the east wall, in the same figures.

This decision on the road layout has many practical implications, such as the
interference with the present castern location of the dam, as well as the need to
connect the in-pit road with the main entrance of the minc property, to the west,
which links it to the local roadway nctwork.-r?oensggqucnccs were not analysed in detail
in this study, for this would bec beyond its scope. However, cven if the feasibility of
the “switchback™ option remains to be proved, in this particular case, it has been

favoured as a more generally accepted practice, as mentioned by Couzens(1979).
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9.5 Numerical results - Quantitative analysis

Each one of the optional pits was evaluated separately, ‘in terms of ore and
waste volumes and tonnages. A series of tables was created, containing both top-to-
bottom and bottom-up inventories of ore, waste and ore to waste ratio, bench by
bench and cumulatively. The outputs were compared with hand-produced results
which were calculated by MBR personnel, in parallel with the present work. An
incremental analysis was made, using the concept of the economic break- even
stripping ratio(BESR), as defined by Miller(1982), in order to have a preliminary
assessment on what should be the ultimate pit lowest level.

9.5.1 Ore and waste tonnages, waste to ore ratio

Tables 9.4 and 9.5 summarize the outcome of the analysis on the layout of the
in-pit road, as far as total tonnages are concerned. The option with switchbacks on
the east wall only was preferred, as the stripping requirements are reduced roughly
by ten million tons. Tables 9.6, 9.7, 9.8 and 9.9 show the detailed results of a given
pit, both in terms of volumes and tonnages. Figures 9.15 and 9.16 show ore and

waste tonnages for pits 1080 and 960.

Table 9.4 Analysis of total tonnages-switchbacks on the east wall only

Minimum total number total tonnage (Mt) Ore to Waste Ratio

level of blocks Hematite Waste O/W W/0
(m) (in thousands) (t/t) (t/t)
1080 19.7 85.00 67.2 1.27 0.79
1020 23.3 93.30 83.0 1.12 0.89
1000 25.8 95.90 95.8 1.00 1.00
980 26.4 96.16 99.3 0.97 1.03
960 26.9 96.22 102.0 0.4 1.06
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Table 9.6 Pit 1020 - Volumes, top to bottom

"MUTUCA MINL , PIT 1020, = BLOCKS o
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Table 9.7 Pit 1020 - Volumes, bottom-up

= BLICKS
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Table 9.8 Pit 1020 - Tonnages, top to bottom

PLT 1020, = TONNAGES

(in thousand tons )
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HEMATITE WASTE

/LL BLOCKS

BENCH CUMUL.

BENCH CUMULATIVE

CUMULATIVE

ADS-

BENCH

CUHULATIVE

RS,

FENCH

(1T7271)

REL.

ABS.

REL.

‘Bs.

REL .

PEL.

ABS.

PEL.

fEL.

.
v e

AP

LEVCL

1

- Page 229 - -

000000ONOVDNVDOMNFTINONO T =T O NNNTVOO~NN
O0000VOOH~NNTNOONP DD D CCTCOOO QO ritrtriet
I A I A N I I A R R R R R R R IR R X

it ol ot ot ot

000000 OMOENNMONTOMNNANO T AN MAYT OONNON —
OCO00OOOmriMEMC OO0 ~MIMONOOCOLOO~r>OT O
© 0 000 0000000000000 0c000c00 0000

et N

0
NN

OO0V ONANOMA F i DN L MAINSO O (F DD D~
COO0O0O0OTOOOMN O OVONNINNNININNINIUN T T 87 T2
@@ e0 v ec 00 et e0 00 r0ee00c000ccecc00 e
ettt ot

ONOLODDMNDDOE T —AFINONOON FNHMARN O OF e
RO TODDOAMMDO D INNNNO M FO~NIONOD ONTND
€@ €000 0000000000000 000c00000 0000090
ONOMEDAOMOC O Ot F A ONOMMO DO ONNC DO T O
AN OPENNTOSNMOMOODOD NI N ADN S AN
EHNNOONTPMODND D OrdF it edfs = NAMN N T A DM-O O O
AN C MO T O DNDMDAIND 2 DD O et et NN N N

A MM NN D OO NI D @O D DO DD DD

96.88

CO000OO0WI IO ANODO MO TORTVOA~AIFINONNTO
CO0O0OCOVOCONINT NS FIFMMALFMAONINNANNN~OOO
R R R I I A A A A A A A
ottt ot ot

NONITMesaONONOOOTFDINNNONTMOOMNHF-~DODIFOON
~FOANFOTOMNAIONO P CNAINAINM D OOV O C DODCONO
PO R A A A I I A A A I I I I A A Y
MOOMONNTNOONNN OGO DTN N ND S Ot JONN
MO FNOC DN DNMN P NP O OO Ot NN D O F Pt O
HONO T SN AIOMNANOONO DONDMDMN- DN
AN T O D DN T SN NN~y

0000000 NCTNOMMOC—NMINONDOTO~A~NNNNNMM |
000000 COANNNMMME T IITTITIONNONNANNN |

@0 00 e 00 o00a0 0 ecs00 00000000 000G 0o

0000000 LD OMI M INCE QU T DN O r-MDM O
0000000 ~ANNNCNOMDNIANONNR-MADNNNDT F DO N
RN R EEEERE REE R IR N RN Rl
Pt VMDA NP2 N OO DO N O O DM~ O

N OMNDN AT OO B ONIT DO ONOONON

A I~ COMOAMOC A NON~HAOODMNION

NE T T d PN OMDO N M~ ND N P DO NN ™M

AN IO N OO DD OO

00000002061290219370320f36ﬂ&°968°55b0
ODOOVOOO—A~NMIT FNNNTNNDO O ONOOD--DOFCO
@090 cceecsecvstoerrseccsrsetacocsassvove

—t

0000000 TDMO OMMHOCM OO NN DV0 OD N OOND O
O0OCOOOAMOVODT MNNVANTAIIANINT O (I ud It
e 00 ectoectecseetosovnesvsecssacececssee e
PeF AU IO OUNP0 & D =G rir e 4 Pt I D IF~Coted
OV NP~ 0D 5 OCUCI I e T CIUNTd 1O LoD 0N
NOLFMNAO I IHACIMEIOINC P iNIN G DP~ 3 O

PR L K OB L TERRRENV T A U T O L T TN TN P P e ]

CSCOANMNDAISNE ONOLA IO DM (IFN OO C COO
LOCOLOUDOAMAAIAMI VLIS COCI 000 CCo0CCul
® ® ® ® 0 @ © 0 P P GO P T OO OGP eSS e S s e sl

cde bl

@0 e e v e s eceee v s esvrevsentensvosncovensaol
DI DN AN T OIS OIS A4OINND VI T Du SIS eI
NN OC M0 T J St P DC Do KU P INCIAS O D ITOn. )
At S O L A I LG (e e s b e T Cou o C o |

e Ol S G KIS Wl PG € Clor te 300 €Ul o€ JO a0 v

v dr btedrdete 44 4010 I 20 IC ICUt JOSCHIC S0

om0 e e 8 O e e e B B 0 B 0= 2 e o o

CLCCDrtAfINIE SF 10 - O SV T L OIN I SCedrlr e L CC
O LLOCOLOCTCLOCOITTODCCICCOCCOOCICOLLT
et evP oeoecsservoescreteecoteccnaceveoal

-

e e ceeecetsseveeseteovoesttocoavevete
DISLEOT - FC-TEACINCOEON WC Ori0 ST HSNICIIJC
CACRAWP- S DT O I OL S Orr OIS IS C SNOIT vty
T St LD el O Je IS G- S Vel se
e rrdesiede bed b detede )

B R R R e I I I R I I I R
S COCTCOOCCLOTCoOoTCOoCcocLCcocLoScoooccllu
SL T CIACE Tt oS N0 R C C LU, I Ml 4S8 SIS SU 00y
TR OISO €l R S lrde bbb b W 1A D O Dl AL OO
it b e b bt e dg drdete dedetrdede b-be bts A tets 4 lede ot

CarMCIr 100 Wl Lu o 3Tl S SO WL ok wr e L C ol s st o 3o C e
CAIUNCTONC IO IO JCICIOIC I Jrm it rtbe e lo dodo- b bt




Table 9.9 Pit 1020 - Tonnages, bottom-up

(in thousand tons )

PIT 1020. « TONNAGES .
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Figure 9.15 Ore and waste tonnage curves - pit 1080 -
road on the east wall only
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Table 9.5 Analysis of total tonnages-road spiralling around the pit
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Minimum total number total tonnage (Mt) Ore to Waste Ratio
level of blocks Hematite Waste O/W Ww/0
(m) (in thousands) (t/t) (t/t)
1080 22.0 85.2 79.7 1.07 0.93
1020 24.8 93.1 91.7 1.02 0.98
1000 25.6 93.5 96.1 0.97 1.03
980 27.4 96.3 104.5 0.92 1.09
960 28.3 97.4 109.3 0.89 1.12

9.5.2 Comparison with hand-calculated results

The results in table 9.10 were generated manually, by MBR personnel in Brazil.
In order to compare this figures with those of table 9.5, one should bear in mind
that they were computed with the topographic map of May, 1986, whereas the “top
map” used for obtaining the table 9.5 results was recorded in November, 1985.
Therefore, there is roughly a difference of half a year between them, which is
reflected both in tonnages of ore and waste excavated during this period. In addition
to that, table 9.10 presents results for pit 990, whereas table 9.5 shows results for

pits 980 and 1000, which need to be averaged in order to give an approximate idea

of the tonnages for a hypothetical pit 990.
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Table 9.10 Hand calculated results - road spiralling around the pit

total tonnage (Mt) Striping Ratio
Pit Hematite Waste Ore to waste Waste to ore

(t/t) (cum/t) (t/t)

1080 81.647 66.6 1.23 0.46 0.82
1020 89.600 88.7 1.01 0.52 0.99
990 91.950 95.4 0.96 0.58 1.04

9.5.3 Incremental analysis - preliminary economic appraisal

The five pits with switchbacks on the ecast wall only were analysed on an
incremental basis, pit 1000 being sclected as the envelope likely to contain the best
pit. This preliminary study was later on reviewed by way of an economic analysis(sce
chapter 11). Table 9.11 features the aforesaid results, figure 9.17 being the

corresponding graphical representation.
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Table 9.11 Incremental analysis-switchbacks on the east wall only

Incremental pit Incremental tonnage(Mt) Waste to ore ratio(t/t)

from to Hematite Waste Ore/Waste Waste/Ore

1080 1020 8.3 15.8 0.53 1.90

1020 1000 2.6 12.8 0.20 4.92

1000 980 0.26 3.5 0.07 13.46
980 960 0.06 2.7 0.02 45.00

Note: the break-even stripping ratio is approximately 5.0t/t(waste to ore).

9.6 Graphical outputs

The following items are a sequence of plots showing graphically the results
which have been mentioned throughout this chapter, each item having a detailed
dcscriptioh of the corresponding graphs, whenever necessary.

9.6.1 Points of the pit surface and cord length

Figure 9.18 is a pointwise representation of a pit, which shows that the
maximum cord length restriction is respected.

9.6.2 Cross-sections featuring ore and waste blocks

Figures 9.19 and 9.20 show the same cross-section, NS—500, of pits 1080 and
960. The central portion of the section, between coordinates EW —200 and EW —400, is
the present location of the beneficiation plant, which is to be substituted soon. The slope of
the west wall, towards EW—900, is steeper than that of the east wall, towards EW 300.
The graphical representation of sections of the pit, showing ore and waste blocks, followed

suggestions by Alien(1986; Royal School of Mines; personal communication).
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9.6.3 Longitudinal sections

Figures 9.21, 9.22 and 9.23 are different longitudinal sections of the same pit. This
kind of visual aid is very useful for the mining engineer to visualize in which directions the
orc body spreads, and how the pit limits conform to the shape of the mineralized zone.

9.6.4 Bench outline and ore body shape

Figures 9.24 through 9.27 show different bench maps of the same pit, displaying ore
and waste blocks as well as the pit outline. Most blocks in bench 1260 have alrcady been
~ mined out, whercas in bench 1200 all blocks remain untouched.

The importance of this sort of graph is that the wastc to ore proportion can be
visualized, bench by bench. One possible application for these plots is that the mining
engincer, with the atd of a digitiser, can “mine out™ selected arcas and produce alternative
short-term mining plans very easily.

9.6.5 Pit shape and internal angle

Figure 9.28 displays another version for pit 1000, obtained with a permitted range for
the internal angles different from the recommended values(see item 9.2.6), which were
uscd for the generation of the version shown in figure 9.14.

The importance of having a permitted range for the internal angle is exemplified in
figures 9.29 and 9.30. The “working pit™ 1200 featured in the former figure was obtained
through an early version of the OPD program. Its central polygon is the bottom level,
1200m, the next onc is bench 1220. The orc body shape. in this bench, has been reproduced
with too many details. On the other hand. figure 9.30 displays the bench 1220 as generated
by the last version of the program. The polygon is much smoother than the aforementioned
version, yet the shape of the ore body has been approximated quite reasonably.

Another reason for including figure 9.30 at this point of the chapter is for the sake of
comparison with figure 9.26. The former shows bench 1220 of a working pit. containing
virtually no waste blocks, the latter displays the ultimate pit's bench 1220, with the waste
blocks outnumbering the ore blocks by a large margin. This simple example highlights the

importance of working pits, which are the scope of the next chapter.
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ROAD Of THE FAST wALL ONLY

- Page 240 -

B @ B D O @ W s g (D

e M O W = > 3 O WD - L I =
1 M NN N e e = 6 ) T 1

P Rt . . = e e .Q;k._ﬁ.

O (&]

- -

1
4

O (5]

(S e

™ m

(&) [&]

011 IIIIC

~N ~
1

€ [ O

0.4 ——e

- ] =
4
4

o =l

.

(] 1=)

O] sl oo =

B -

-1 s o ]

e 9|e
a2
® ole o

(-] (=)

P o B o LEVY B A—Fo

a/-bu e aj® 9|0 o Jb
L e ale oo e
E o el ole oo

=% 0 O o e 8 5

™ ] )

i ale eje ale ofe & (@)
1 af® ole oje oo @ 0
. alw afx ale ofe ofe {

© [=]

O] o|o ojlo eojo alee|e of - S s

- ] . L - —

) a2 afw a|e oja ale efe i o
1 3|0 ojo aj2 ojs a|o 3 @

alo a|e ala o|o a|s o o

o o =2 _

" ~|owlsoleciens sle ala o)l ey N’

C.- «nloalavie ojlusealse :.o n wl
1 e alo a|e | 0|2 afe ofo & Z 4
1 o a|o a|le 3| oja ala aa a w

(SN (=]

alnr e ele e oe 0o ee u)leo & - |Iic

:.,. alc o|@ aje ole sjw u|a s «ﬁ.v <
] alo a|lw 2| oju w|u aja & )

ool el o|saje eofe U
© © —

Ci. CRCIC-RIE R R LS ] (-}

e . _ e =)

] O d|a a|a a|e afe f M

z ala ale afe afe
¥ @ ajle s o0 @
WO 5 o o 18
L oafeofe n.,u
D ulmolo 0
N D el u|e @
ml » e|E i & I_inlcu
Q.‘ e 0je ¢o @ Q-a
@ 6|s 9|0

[S) C 9|9 9@ IS

M.w-. sole aje 1\-m

'v., © 9|9 S -

1 '

9 6|l 9

A:Au © 4|le o ©

. e afe =

=4, -

s L] (=)

i ]

i ale

@il % ©

. — s

N o~

e —

0} )

Q| [=]

. =} O

™! .

= ie Ll

' 1

Q] ©

= e - K=

- U i ] i B i Tl e

= O O § OB B O O O O O Q-

IS v YRS 4 TR YA 1, YT TN VRN ., W TR ¥ o Y (=Y i
M A NN N= OO RO
et e . g

LONGITUDINAL SECTION EW 300

Figure 9.21 Longitudinal section EW 300 pit 1000 -

road on the east wall only

BoEY|

i

(

WOYY

0E/90/98

+6-t1 £l

COVIWN



- Page 240 -

CObLboLbLOLLOLOUOGCO

~ MmN~ ~mo N~ L L

M M AN ANN = - 0L OTMmMm
. . . . - - 3 - . »

- . " @
mp[y-r. Pl R P W N TP iy i 2.4¢
© < g
@ 4 (%)
= —r—l
(i f ™
Y o
() —(——
N ~N
O (S}
7 S R |
s LI
9 e o0
g o ole g
o1 ole of- - =)
- e o
L e oo
“ o ol o
() =)
=k P —l—r0
|... o ole » “v_.
9 ® 9ole oje 4
b ole oo W
(& (=}
2 ofo-o|e o 5]
«.ﬂ_“ ofe ele ofo _./___
“ . 010 sile o
1 o #|le ole sie Q
o] o o <)
- o ole - =]
o] 2 ala ala s @ i d e Y
(e o ale o) (@)
g o oloa|eojoale e 1 )] W
o sleefe oje aja o W Lt
o e oloolas|sala e L.O
7] & beg =
% 7 o0 eja 2o ofs ale . . =
z , . a S
z ol o|la ala ojo ale e
] [ -
e Blo ale @0 oo wfe o M _
O 9 ¢ A O
o- 33T dle old o|le oo 0= Bed Ly
4
2 @ 2o afe s|a ofe ofe o e m L N
w < U 0D 8o o|W o|le ole o N 3]
@ 3o ofle DB oo ole & ~
“ (S © M <
Cv .006‘.'0."2 C N
W A_bw * Ble ol 3|2 o|e #s # C A —
1 B0 e VD o|e @) » i C D
m “ | e 8|@ ole ols E U U
o =) o =
O slp sjon|s eleofe 1= e
~ ~ 2 @)
3 o u|e aje ole sfe Yy s >
T ue 0a sle e O
o elealeofs il
© ©
o 2 olas)s ele s e ] MY
ﬂ«-.. @ ale a|le oo e h"v
o ee e e @i g
| 0 ale sfo oo ofa !
m.w osleslsoisss oo t!nM.\.“ ﬁ.v
g | o ole efo ofe a|e [ & (=
g ' (=)
o ale ele ol aye - —
.Lu o o|w ofe ofe o|= s M.
C.l & ais a|aols Ela B -
P; ¥= o
P o ele ale ojle e - (e}
el . <
. O @|a sjaoja @ .
] =
& o el®efo ofe " i
() & ale ole-of o Ennw
- e ole o .O
” .| ale a
C ejo o H- m
Sl .o A o = fc
~ | ™ = =]
o=t © - = o
i [ T =
: k 3 3
o &) T =
ol . .0 & o
™ ™ s @
18 I — o
] o N =
c... - ° . = lnL o g
- r=rv1 | Gl Tl - I S
~0 OO0 O0OLOLOLOLO DL OLL O~ =
I~ m o W» MO W =~ M 2 7O
MO NNN~ -~ OO0 D LG
el S e -ﬁv P = €3 an.

f NC & 1| - - 7. R WAW) "AC /O /80 v oy g w m g =2 AUNILIN



- Page 240 -

@& & & @ D 6@ oS

A o e I 1o = V7 TR o B &}
M oM N NN e e 30O M
ot e o . = - e o 1.0
&) = 0 e H(E)
© < ] ! =
(=% a=]
- 5]
ki i)
© ]
G — - =)
(A0 ~N
” LI
“ ele
(=% ©
&5 s o
| ® ole o
o ole o
e o|® mlw
(S5 e e S L2 L2 -0
o o|3 @|e
o olo ole o
o ejo e
[=) (&)
O =212 o == =
e o e|oofs ofle @ F
b T d|o dje o|le @
o D dlo @le oo 3
[=f iy b6
o- nal- sl - B
1/_5. U e ulae|e @ Jn
L N aja ajs 0|a Tl g O
4 O 4|a Sje vim ale @ o
g2 W g g L8 o =
e @ @lo ale oje ole a Rl O
f ] oy
E o olaule ols ale s ! (@] W
. ole ofe oo oo o ! = LaJ
e > sjo-0lo & — C
=5 s o ole-ole-2 = s
v t = Z
i 1
m * ® 0|2 ¢|d 9|0 p P m
e : O] | P s | b=
5 (=% (&) ©)
= = ol — - ~—
P & = Ly
= 7 o oo ofo o w
: ' v = (WH] wn
w o ole oo o N
== =
o ofe o|e e
w [&) (=] = <
= 8 U 7
z Ah.v e ol|o o|o e rmu A 4
(= . O w
o oo ofo , =)
O] X = =
o &)
o '~ W &)
'y =
. e o|® o O
< e ole o L
© 1 =
OT —|e-ojp-0}—fe o
nH.u. e ale olo ﬁ
9 o|le olo
“ 9 olo oo @ 3
) s olo-o|o Im .
o1+——1—=t= — et ; =
Q..J olo e|lo ojo O_J m
L olo elo ofe p=1
] ejo afe ofo o R
5 3 &
O' eole sle el —— = O
— ale ole a0 @ - (e
1 - v
< ol e|lo 2]o >
© ole cle efe © W
o] e WS 9]
-— © ejo oo ‘Ql; m
! . —
! e 9> @ m
i O
& ] e qo) b
[ T VS ™) GG NN NS NSO, RN R 5 (@] — >
~ 4 o~ m =
.ﬂ.” ° - |m )
o - 'Ul w
o B 4
[a) - o Mo i
] . ™ o %)
' & =
H [ )
3 . N =
O L v T T T 0 9 |
< T T T T = o E
—~—0O L O LD LOOLLOL b O~ et
1~ M 0 N —~ ~ M O N — >~ M = - )
M MO N NN~~~ OO0 ;o oo %
R g < ﬁv - ) & - ©

el o L WOV 0490498 48 ¢ £ LOVXIWN



™

1454

1

06/01/01 ACLH

16 04 21

UMCKAD?Z

EW (M)

o5)5001400-1300-1200-1100-1000 -300 830 -700 -690 -530 -400_-300 -200 -100 0 100 200 300 400 soogUU
850 - 850
800 - 800
750 - . 750
700 - e 700
; sk :?\._(\ 3
650 - ~ s el . 650
600 - i A : I | e
550; /“‘-.‘-—1!—!—'5--_‘... .--3\L . A . \ Ess[‘_]
: s N e : 3 ]
500 - i : : - - £500
o iTE F D DT T
400 - — FE L« 4 400
350 - - 5 L350
300 - \\; = 300
250 - ' 533 5 T, 250
200 - LR - 200
- \L..___ ':.’ E
150 - 150
100 - AN i ;i) 100
50—l N\ . L50
) b i
U: N \ r’ :rl
-50 4— — E-50
-100 - E-100
-150 -0 - -150
-200 4 —_ ‘—200
-250 - E-250
=300 $——— o — s L 1 —— : — ———a———1——+-300
-1500-1400-1300-1200-1100-1000 -900 -800 -700 -600 -500 -400 -300 -200 -100 O 100 200 300 400 500
MUTUCA OPEN—-PIT MINE LEGEND
i
HEMATITE X WASTE X PIT o WASTE BLOCKS

BENCH 1260/ PIT 1000

Figure 9.24 Bench map - hematite X waste X pit - bench 1260,
pit 1000, road on the east wall only

- IpT 3Bey -



36/01/01 ACLH 1 14545

11 40

16

UMCKAD?Z

-15
900

00-1400-1300-1200-1100-1000 -900 -800 -7C0 -600 -500 -400 -3C0 -200 -1G0 O

100

L

300 400 S0

0
-900

850 -

800 -

L850

750

800

700 -

=750
-700

650 4

600 -

550
600

S50 -

500 -

550

450

-500

400 -

450

350 -

=400

300

350

250 -

=300

200

250

150 -

-200

100

- 150

=100

50 -
0

AT Hed kTN
P Viiiiile SHEE .
yHHER W2 : BRI
iliigliiifeectiiile N A
Pil: Prifii: i fiiliiiliid
*Y AR FEIRFETT L
Noiliiijisspiiibiii]: : iidiiidiy
N IR B : EIEERLES .
s AN Tiliiilif
o i fiiiiity
Nipits R
N i
o [ _\\ E//
L ¥

50

-50 4

100 4

--50

150
200 4

=100

--150
--200

250 1

--250

0 - : — , — -
-1500-1400-1300-1200-1100-1000 -900 -8C0 -700 -600 -50C -40C -300 -200 -100 O

NS (M)

MUTUCA OPEN—-PIT MINE
HEMATITE X WASTE X PIT

BENCH “124¢/ Pl 1080

Figure 9.25 Bench map - hematite X waste X pit - bench 1240,
pit 1000, road on the east wall only

100

" 200

300 400 SO

-300
0

o o3

LEGEND

HEMATITE BLOCKS
PIT BOUNDARY
WASTE BLOCKS

- pT I8ed -



§6/07/01 ACLH 14549

9

&
)

163

UMCKADZ

300 40C 506

-1500-140C0-13C0-1200-1100-10C0 -9CC -8CC -70C -6CO -5G0 -4CC -3C0 -200 ~-1CC o] 1CC 20C
900 4——— - A T G T M s I i TR R 1 A U - N [ PR, R

850

80O
150

700

650 4—
600 -

S50

500 1
450 -

400 -

350

300
25C

200 -
150 4 ——

100

S0 4
0

<50 I

-100

-150 4 ofe=

-ZGG:
-250

U . . " . [ ' “ I " P 4 ] ] o g
-1500-1400-1300-1200-1100-1C0C -900 -8CC -700 -600 -S00 -400 -300 -200 -100 0 100 200

NS (M)

MUTUCA OPEN-—PIT MINE
HEMATITE X WASTE X PIT

? o3

EGEND
HEMATITE BLOUH
PIT 30UNDARY
WASTE BLOCKS

BENCH 1220/ PIT, 1000

F.igure 9.26 Bench map - hematite X waste X pit - bench 1220,
pit 1000. road on the east wall only

—300
-850
-800
L 750
700

650
600
550
SCC
450
400
3350
300
250
200

=150
£ 160

SC

-5C

--100
L 150
--200
--250
--300

- €pT 28ed -



16 03, 86/01/01 ACLH 14533
EW (M)

15

UMCKAD/

gaéSGQj{‘UOfl}OC—!ZDU»IIGO-IGGG -900 -800 -700 -600 -5C0 -40C -300 -200 -1C0 © ..100._20G,.300 400 500

‘ 300
850 - - -850
800 800
750 - 750
700 - 706
650 - " CERET T 650
600 - _— B e e = 660
550 - S L S R ERARE 550
- ¥ a j PR 11 43 i |
500 : : : SRR EEEEa 500
450 - g Hit i : : : HE P 450
; i : T i HE :
400 TR , SRR 400
350 A NEEE R ER R R 350
300 - e i L 300
250 - - = i H -250
200 - T EESEEEERE 200
1 1 3 ': ‘ '/’ -
100 - o 50 R EEEP ¢ 100
50 - S 50
0 - n
-50 - -50
=100 = -100
-150 3 - 150
-200 - 200
-250 - --250
-300 : 7 ] y ; 7 1 y ] - 7 T ——-300
-1500-1400-1300-1200-1100-1000 -900 -80C -700 -600 -500 -400 -300 -200 -160 G 160 200 300 40C 500

NS (M)

MUTUCA OPEN—-PIT MINE

LEGEND

HEMATITT BLOCKS
PIT_SOUNDARY
WASTE BLOCKS !

<] [E]

HEMATITE X WASTE X PIT

BENCH 1200/ PIT 1000

Figure 9.27 Bench map - hematite X waste X pit - bench 1200,

pit 1000, road on the east wall only

- pp e -



— v o

Vv v/ L oJ .

L L

UlLtLINR U ¢

EW (M)

ot . -r - Y ST aCC :CC .00 ton neo.ce LCe or
W00 - - 4GC
L SN
;i. //""\&\ wee
: P S s
B W — <
e A S o e NN N NN N ﬁ‘
o S = =S NS
- e NS S 7N SN NN o
il 17 %= SR MV o
e e = e T
e T\ =~V /17l et 27D A
- YIRS N A = == S N W Y =l Vi 0 Lin
o LLLLLAS N NS Yo JF I (CA—// e
O SN SN I T
. RIS ==
RN = e r Il
= BSOS ANTSSuSSSS o ) <0
oo SSSS~~ o !
C- SN — L L B
LL0 - N \\\ //// n
re - NN i e
-4CC - corn
LDC ‘ .;;»(‘
400 4 , — on

-!b.(",(',-'d‘(‘-f‘ '."‘5“'.-‘"‘

NS (M)

MUTUCA MINE PIT 1000/2
TAe LuPE ANGLES LN DEGREEL) 43 B Sd W

o RUAD CAFS AFDUND THE P
MiNIMUM HORIZINTAL ANGE = 130 DEGREES

MAKINUM HORIZTNTAL ANGLE = 300 DEGREES

Figure 9.28 Pit shape as a function of the internal angle

v T v ] . v v 7 4 T v
rens v nee re TSN ,o R T T o o N ~ A~ ar

- Gpz 3ded -




VEVES N

L

ARNU
EW (M)

ouU/7UJ/7 LL.

1) .Ul .44

UFNILNAU L

R A A A DY O A AR MO A DO ~<l_:f.‘ ”‘? -4CC “ \C" -AQC -_-'C'C -1t ce c ) 'cC ) 400‘ _:!OFI fi.’G‘ ;’CCQC(‘
Aot 5 : I : i " L#7 ,_.V( R = 0C
‘»‘r': - T ] S o
e A T At ] N NI
oo ] T ~ Rt P 2 €% i Py b s N VN AN VA N 4
oo 77 T o NN NN N W i
et IR VS 4% = it P el VAV, e e NN AL A W W LR W
oSt B AV AV 4 VA D — =T~ D2 S S L D N e
S | AV A 7N . = U e e N e A0 T A I
el VAV AT B — T — 17 A7 17t
ATV = T 7V 717 1o
P VL L A Sy I A A, S
S BRVAN VAN A\ SAN D A i S e I 748 I
PSS N N D = N N S O 497 A AV A o
150 - \\\ . \\" N \\4\ \_”,-*//////// // S50
o N N e S e S T e

%0 N T L T~ 1 A A _ o
¢ N D N — L7 v R
50 - =] ~ R
-10C - \\ = ..qe
-150 - — oty
-20C - + ..o
-25C - - -1 - et
- .4rr

'Jo-génc-'abrmzhfqbn R R R R S, D S N IR SR IR PN P P PN e

NS (M)

MUTUCA MINE — WORKING PIT 1200
WORKING SLOPE = 23 DEGREES

BENCH HEIGHT = 20 M

Figure 9.29 Early version of the OPD program - working pit 1200

'-9pz 3Beq -




14554

1

ACLH

36/01/01

TP

UMLKAD?

EW (M)

oo35001400-1300-1200-1100-1000 -900 -600 -700 -600 -500 -400 -300 -200 -100 @ 100 24

850 -

800

750
700 -
650 -
600 -
550
500
450 4
400 4
350 -
300 -
250 4
200 -
150 -
100 -
S0 -

01
-50 -
100 4
150 -
200 4
250 -

0 = - - e -~ - T - -
-1500-1400-1300-1200-1100-1000 -9C00 -8CC -70C -600 -50C -400 -300 -200 -100 G 100

Ay

oA

400 500

“—-900

-850

800

750

700

-650

L600

-550

e

=500
-450

=400

k350

S I

i

300

et

-250
£200

£ 150

£ 100

50
-0

£ 50

100
E-150

--200
- -250

NS (M)

MUTUCA OPEN-PIT MINE
HEMATITE X WASTE X PIT

BENCH 1220/ WORKING PIT 1200

Figure 9.30 Present version of the OPD program - bench 1220,
working pit 1200

200

" 300

--300
(o]0

LEGEND

HEMATITE BLOCKS
PIT BOUNDARY
WASTE BLOCKS

- LpTBed -



- Page 248 - i
i \ Upper bench polygon

e

Bissector

C d'y D

/\

a)Projection of points - along the bisscctor, slope = 0

b) Projection of chords - normal to chords, slope = $)

Z Bench height d
A

dH d'y

d'y / dH = sin («/2) dH = d’y / sin (a/2) = (Z [180")/sin(a/2)
but dH = Z /10

thus Z /1g0 = dH = (Z/1g0’) / sin (a/2)

126" = 1g0 / sin («/2)

120 = 120" sin(«/2)

therefore O = arctg ( 120" Xsin («/2) )

Examples
« QN (€]
chord point
180° 52° 52°
150° 52° 51°
90° 52° 42°
45° 52° 26.1°
30° 52° 18.3°
15° 52° 9.5°
o° 52° 0.0°

Figure 9.31 Scheme of the “Litzinger” algorithm
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10.1 Summary and conclusions

This chapter starts with an introduction in which an explanation about “working pit
sequences” is given and a briel review of publications on pit planning and scheduling is
made. Next, the input data needed for the pit phasing exercise is described and the
methodology adopted is summarized. Following that, the criteria for the selection of a
particular sequence of pushbacks are explained. Working pits are established for the
ultimate pits with intermediate depths, namely, pits 1020, 1000 and 980. The resulting
numerical and graphical outputs are presented afterwards. A simplified pit scheduling
exercise is reported and discussed. Finally, an incremental analysis is made as a preliminary
economic appraisal of the sequential working pits.

A conclusion emerging from this chapter is that one can not separate the geometrical,
operational, sequential and economic characteristics of open-pit planning. Long-range
mining plans, even if they do not take into account all practical details, must prove to be
feasible, as far as these characteristics are concerned. The planning exercise can be further

detailed by phasing and scheduling each working pit per se.

10.2 Introduction to this chapter
The definition of “working pit sequences™ and the relevance of this approach are
commented on the following topics. Many observations were based on a lecture by Savage
(RTZ Technical Services), at the Royal School of Mines, in 1986.
10.2.1 “Working pit sequences”
One of the best explanations on working pit sequences was given by Mathieson
(1982):
“(...) orebodies are normally mined in stages, so as to defer waste stripping of the
surface mining ventures. These stages are commonly called sequences, expansions,
phases, working pits, slices or pushbacks. They are the basic building block on which
more detailed time period planning is subsequently made.
If a given pit design cannot, for example, be practically subdivided into phases, then
all waste above the first ore bench must obviously be stripped in the preproduction
period. On the other hand, if phasing is possible, then some of this waste stripping and

hence negative cash flow can be deferred until the production period™.
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10.2.2 Pit scheduling
Although computer applications in open-pit design have been published as early as
1961, by Caldwell, only recently has the emphasis been transferred to the planning and

scheduling aspects of surface mining. However, proposed algorithms have not always had

successful practical applications.
Graham (1983) reported:
“Mining scheduling has been approached using linear programming techniques (...). It
appears that the complexitites of many open pit mines result in a very large linear
program which is costly to write and run on a computer. Also, because of the rather
'black box™ nature of the results, they are viewed with a certain scepticism. However,
future improvements will render this technique quite practical.”
Mathieson (1982) lists a series of limitations of scheduling systems, and concludes
with the following observation:
“In summary, the automatic scheduling systems developed to date have not enjoyed
very wide application due to their relatively high computing cost to run, and their
inability to properly simulate real open pit mining situations. However, they can
provide an initial guideline as to the preferred development sequence for the ore
body.”
lles and Perry (1981) mentioned a similar problem:
“The initial intentions were to implement PED [ Pushback Extraction System, a
scheduling procedure ] using linear programming, but they were discouraged by an
excessive computer processing time.”
10.2.3 Stripping rates and working pit sequences
Different approaches can be used to solve the problem of phasing the exploitation of a
ultimate pit. In this respect, the following fundamental questions need to be answered:
- What are the basic criteria for subdividing the ultimate pit in sequential working
pits: the need of a certain tonnage of ore, waste to ore ratios, deferred stripping
requirements, equipment capacity or other standards?
- How many stages should be considered, that is to say. how large should cach
pushback be?
- What geometrical constraints should be observed: working slopes, minimum width,
equipment operational space, road access, and/or other factors?
The geometrical constraints are very important. The solution has to take into account

the ore body shape, the topography, the ultimate pit design and the working slopes,
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simultaneously. There is no “rule of thumb”, the problems of each mine being approached
individually.

As it is impossible to dissociate these three questions, the discussion that follows will
not contain separate answers to each one of them. The comments in sub-items a to d, below,
are based on a lecture by Savage at the Royal School of Mines in May, 1986. A constant
annual extraction of ore is assumed herein.

Stripping rates and working slopes(see figure 10.1):

a) The simplest choice is to adopt a constant flat working angle. Depending on the ore
body shape as related to the ultimate pit design, an annual stripping volume declining
with depth, that is to say, with time, might result.
b) Another option is to select a convenient working angle, in general, flatter than the
ultimate pit slopes, in order to have a waste to ore ratio increasing with depth, the
same occurring with the annual stripping rates. The working slope is to be kept the
same for all sequential pushbacks.
c) A third hypothesis is to chose a variable working slope, gradually approaching the
slopes of the ultimate pit, as the pushbacks are getting deeper and dccpcr. By doing
this, the annual stripping requirements are likely to be roughly the same throughout
the mine life, resulting in a constant waste to ore ratio.
d) A fourth method is the phased mining stripping sequence, which aims at having
bigger profits when they are most needed, i.e., at the beginning of any mining
operation, when the project is in its “payback”™ period and the risk exposure is
maximum, in financial terms. This is achieved by deferring the stripping requirements
as much as possible. The annual extraction of waste will increase up to a maximum,
approximately at half the mine's life, decreasing afterwards. The feasibility of this
approach is subject to the particular conformation of the deposit, which not always
admits this solution.

In reality, these approaches might be mixed together, as a function of ore body shape
and dip.

Mathieson (1982) lists some preliminary judgements that must be made before the
design work is initiated: probable maximum ore and waste mining rate which will be
required 1n a given phasc; the size and type of equipment to be used and hence the required
minimum operating bench width necessary; and an appropriate inter-ramp slope angle.

And he continues: “Using these constraints, the mining engineer then proceeds to

design a series of phases in some detail, complete with haul roads, (...). He ensures that
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each bench, from one phase to the next, is mineable, and flat ramp access to each active
bench is provided. He does not, in this exercise, need to be conscious of, nor constrained by
the amount of ore encompassed by each phase, however. In other words, he does not have to
juggle phase limits at this stage to include a certain quantity or number of years of ore
supply. The variable ore and waste quantitics by phase will be subsequently scheduled.”

(...)

“During the mine life, typically three or more phases are active at any one time: one
perhaps nearing exhaustion on ore supply, another beginning to be mined for ore, and
another one or two being stripped.”

10.2.4 Size of the pushbacks
Milner (1977) wrote a paper on long-range planning of an open-cast copper mine:
“We know {rom experience that a pit containing a two ycar’s supply of ore is the
minimum size of stage pit that can be mined efficiently. For Gibraltar, this minimum
size is approximately thirty million tons. If a stage-2 pit is 200-foot pushback
completely surrounding a stage-1 pit, then a two-year pit is too small and a larger
stage-2 will have to be qptimized. This is an area where good engineering judgement is
required.”

The article by Blackwell (1979), on evaluation and planning of an open-pit copper
mine as well, contains the following remarks :

“Using the open-pit computer program, the material within the final pit limits was

divided into increments of a specified size, corresponding to the material to be mined

in successive time increments. Generally speaking, the early increments were made to
correspond to a year's production; the later increments were much larger.”

In the paper by Mathieson(1982), five pushbacks are mentioned. Apart from the
preproduction stage, in the subsequent phases the ore tonnages gradually grow from 6% of
the total ore up to almost 30%. The percentages of waste tonnages referred to total waste
increase approximately at the same pace. However, as the total tonnages of ore and waste
are different, the waste to ore ratio curve is U-shaped, and goes down to a minimum around
half the mine's life. The last pushback to be mined is the biggest one. with ore and waste
tonnages amounting 1o ncarly 400 million tons, the ore life being 5.2 vears and the waste to

ore ratio, 2.0 t/t for that phase.
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10.2.5 Suggested solution for Mutuca Mine

Mutuca has been mined for over 25 years now, therefore its situation is totally
different from a completely new mining project. For instance, no pre-production stripping is
needed, as ore is already exposed at the bench being mined. In addition to that, a
substantial amount of ore will be available, virtually with no waste removal requirements,
as soon as the present beneficiation plant is removed from its present location, on top of the
ore body (see chapter 2).

An interactive process is needed for the establishment of working pit sequences. With
so many factors affecting the outcome, perhaps the trial-and-error approach is the more
obvious route. _

The principal guidelines used were:

- Ore tonnages evenly balanced between phases;

- Pushback ore life around 5 years’ production;

- Stripping requirements as constant as possible, that is to say, peaks in the striping

rates should be avoided; and

- Constant working slopes.

The first tentative establishment of working pit sequences for Mutuca was made with
an early version of pit 1080, which had been run with the siopes shown in figure 9.1 as input
data. Three pushbacks were considered, namely from the top levels to elevation 1200m,
from 1200m to 1120m and from 1120m down to 1080m. The results obtained are shown in
table 10.1. Waste tonnages arec much less than those displayed in table 9.5, because in that
preliminary version(shown in table 10.1) the slopes were not flattened to account for the in-
pit road.

The analysis of the distribution of ore and waste tonnages between the phases revealed
that the intermediate stage (1200m - 1020m) had too much material, whereas the last stage
(1120m - 1080m) contained too little. As a consequence of that, the elevation 1140m was
sclected as the lowest bench of the intermediate pushback, aiming at balancing the three
stages.

More recently, the slopes for the ultimate pit have been changed(see figure 9.2) and
the pits, redesigned. However, this subdivision has remained acceptable for the working pit

sequences.
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Table 10.1 Working pit sequences for an early version of pit 1080
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10.3 Input data
The working pits are no more than subsets of an ultimate pit, hence most of what has been
said in the previous chapter applies here, as far as input data are concerned.

10.3.1 Working slopes

A constant value of 23 degrees was adopted for the working slopes, corresponding
approximately to half the intermediate slope of the ultimate pit, which has slopes ranging
from 43 degrees, on the east wall, to 52 degrees, on the west wall. Figure 10.17 shows the
basis for the establishment of the working pit slope.

10.3.2 Lowest elevation for each working pit

The lowest level used for designing the first working pit was 1200m; for the second
pushback, elevation 1140m was adopted; and for the third and last stage, the bottom of the
ultimate pit was the only choice(1020m, 1000m or 980m, in this case).

10.3.3 Bench height

It is the same as the bench height adopted for designing the pit shells, 20m. However,

the actual bench height at the mine site is 10m (see item 9.2.6).

10.4 Brief description of the procedure adopted

In order to understand the procedure that was adopted, one should bear in mind the
existence of a sequence of surfaces, one lying below the other, as follows:

- topographic map;

- working pit 1200;

- working pit 1140; and

- ultimate pit (1120, 1000, or 980).

First, the bottom surface of working pit 1200 (sec figure 10.2) was generated, it was
merged with the topographic map, and the blocks lying within this working pit were
matched with blocks contained by the optional ultimate pit, whatever it was (1020,1000, or
980). An inventory of blocks resulted, as well as a bottom surface for working pit 1200.

The data files with the coordinates of blocks lying within the optional pit shells and
the topographical boundary had already been created, indicating whether each block
contained ore or waste.

Subsequently, the pit shell of working pit 1140 was generated(see figure 10.3). This
time, the pit surface was merged with the surface which had resulted from the previous

merging of the ground surface and the pit shell 1200. The outcome of this intermediate
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stage was a second inventory of blocks, and a second bottom surface, this turn for working
pit 1140.

This procedure could be repeated for any number of intermediate working pits,
that is to say, the bottom surface of any working pit could be taken as the tep surface of the
following pushback further down.

Both the lowest level and the bottom surface of the last working pit are coincident
with those of the ultimate pit. The resulting inventory of blocks was checked against

| previous partial inventories, so that no blocks were counted more than once.

The precision of this procedure could be improved, in the future, as no block fractions

are taken into account(see item 9.3.3). However, it gives a reasonable idea on the order of

magnitude of the tonnages contained in each pushback .

10.5 Numerical results - quantitative analysis
Table 10.2 features the working pit scquences for pit 1000 in detail, and tables 10.3,
10.4 and 10.5 show the sumwarized version of working pit sequences for pits 1020, 1000

and 980, respectively. Only the optional pits with switchbacks on the east wall were

analysed.

Table 10.3 Working pit sequences for pit 1020-summarized

road on the east wall only

Working Pit Total Tonnage Waste to Ore
from to (in million tons) Ratio (t/t)

Ore Waste from-to cumulative
top 1200 30.5 23.3 0.76 0.76
1200 1140 32.4 35.2 1.09 0.93
1140 1020 29.7 24.2 0.81 0.89
top 1020 92.6 82.7 0.89 0.89
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Table 10.4 Working pit sequences for pit 1000-summarized

road on the east wall only

V Working Pit Total Tonnage Waste to Ore
from to (in million tons) Ratio (t/t)
Ore  Waste from-to cunulative
top 1200 30.5 24.5 0.80 0.80
1200 1140 32.4 37.6 1.16 0.98
1140 1000 32.3 33.3 1.03 1.00
top 1000 95.2 95.4 1.00 1.00
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Table 10.5 Working pit sequences for pit 980-sunmarized

road on the east wall only

Working Pit Total Tonnage Waste to Ore
from to (in million tons) Ratio (t/t)
Ore Waste from-to cuulative
top 1200 30.4 23.8 0.78 0.78
1200 1140 32.4 34.5 1.06 0.92
1140 980 32.6 40.7 1.25 1.03
top 980 95.4 99.0 1.03 1.03

Tables 10.6, 10.7 and 10.8 give additional information on the working pit
sequences for pit 1020. One can see how well balanced are the three suggested
phases, and that the waste to stripping proportion of each phasc is not very different

from the ultimate pit’s stripping ratio.

Table 10.6 Percentage of total tonnage

pushbacks for pit 1020-road on the east wall only

Working Pit Ore Waste
from to

top 1200 33 28
1200 1140 35 43
1140 1020 32 29

- Chapter 10 -



- Page 264 -

Table 10.7 Production rates (approximate values)

pushbacks for pit 1020-road on the east wall only

Working Pit Total Tonnage Rate Life
from to (in million tons) (Mtpy) (Years)
Ore Waste Ore Waste Ore Waste
top 1200 30.5 23.3 6.5 6.5 4.7 3.6
1200 1140 32.4 35.2 6.5 6.5 5.0 5.4
1140 1020 29.7 24.2 6.5 6.5 4.6 3.7
top 1020 92.6 82.7 6.5 6.5 14.2 12.7
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Table 10.8 Summary of phase tonnages(in million tons) and lifes

pushbacks for pit 1020-road on the east wall only

Working Pit Waste above Waste on Ore Ore Cumlative
from to first ore ore life ore life
bench benches (years) (years)
top 1200 - 23.3 30.5 4.7 4.7
1200 1140 5.6 29.6 32.4 5.0 9.7
1140 1020 13.3 10.9 29.7 4.6 14.2
TOTAL 18.9 63.8 92.6 14.2 14.2

Although a constant working slope was adopted, the resulting waste to ore ratio
is almost constant, for all pushbacks, apparently contradicting what has been said in
item 10.2.3 (sub-item “stripping rates and working slopes”-b). Nevertheless, the
constant working slope is observed only for the gencration of the working pit shells.
When these surfaces are merged with the preceding top surfaces, two different slopes
might result: the working slopes are only observed as far as the ultimate pit
boundaries are not reached, the ultimate pit slopes predominating from then on.
Consequently, the situation is more or less as follows:

a) shallowest working pit: virtually only the working slopes are observed;

b) intermediate phasc: the slopes of both working pit and ultimate pit occur:

and

¢) last pushback: the ultimate pit bottom surface is entirely predominant.

The resulting situation is such that it is almost as if a variable working slope
were adopted, gradually approaching the ultimate pit slopes. Once a nearly constant
stripping rate results, this case is more similar to that described in item 10.2.3, sub-

ttem “stripping rates and working slopes™-c.
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10.6 Graphical outputs

10.6.1 Cross-sections

In this thesis, working pits will be referred to as follows: lowest elevation of
the working pit/lowest elevation of the uitimate pit. For example, the three working
pits for the ultimate pit 1000 are designated: 1200/1000, 1140/1000 and
1000/1000.

Figures 10.4 and 10.5 are the cross sections NS—500 of two different working
pits, 1200 and 1000, of the same ultimate pit 1000. These pushbacks are respectively
designated by 1200/1000 and 1000/1000. One can see the bottom outline following a very
flat working angle, in figure 10.4, and the same applies for the top outline of figure 10.5.
The lowest level in figure 10.4 is 1200m, whereas the highest level in figure 10.5, around
the coordinate EW —300, is 1120m. The intermediate working pit 1140/1000, which has
not been shown, is encompassed by the bottom of the working pit 1200/1000 and the top
surface of the working pit 1000/1000. .

For the sake of comparison with figure 10.5, the working pit 980/980 is displayed in
figurc 10.6. One can see that the extreme EW coordinates in the former figure are
approximately —540 and —40, whereas in the latter they are, respectively, —580 and 0, a
wider range. Also it should be noticed, in those figures, that although the top outline follows
the working slope, 23 degrees, the bottom outline features the ultimate pit slopes.

10.6.2 Longitudinal sections

Figures 10.7 and 10.8 are two examples of longitudinal sections of working pits. It is
worth observing that waste blocks are largely outnumbered by ore blocks, as it is likely to
happen when the concept of working pits is adopted. Again, the intermediate working
pit(1200m - 1140m) is implied by the bottom outline of figure 10.6 and the top outline of
figure 10.8.

10.6.3 Ore and waste tonnage curves

The numerical results which have been shown in table 10.2 can be visualised with the
aid of figures 10.9, 10.10 and 10.11. For the sake of comparison, figure 10.12 shows the
corresponding graph for the ultimate pit 1020. One can sec how each working pit
reproduces the patterns of the ultimate pit’s ore and waste tonnage curves. These graphs
are quite useful for scheduling the mining operations, which is the object of the folowing

item.
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10.7 Simplified pit scheduling exercise

A straightforward pit scheduling exercise was made with the results of the phasing of
pits 1020, 1000 and 980, which have been described in the precedent items.

The ore extraction rate being fixed at 6.5 Mtpy by the market demand, the annual
stripping rate is the variable under control. The planner has to select an adequate value for
it, aiming at a reasonable time lag for the exposure of ore. At any one time, the

development of ore should provide for a minimum ore supply to the beneficiation plant,
~ whichis a function of the stripping rate to be chosen.

The hypothesis of not hiring additional stripping equipment was adopted, therefore
any peak in the stripping curve is undesirable, that is to say, the yearly rate of waste
removal should be kept as constant as possible.

A suggested scheduling for the working pit sequences of pit 1020 is represented in
figures 10.13 and 10.14. The stripping rate is constant. On the average, waste stripping is
completed one year earlier than ore extraction, for the three pushbacks.

Figures 10.15 and 10.16 show exactly the same analysis applied to pit 980. At first, a
variable stripping rate had been adopted, as the waste tonnages increased with the depth of
sequential pushbacks. Afterwards, the stripping rate was smoothed out, giving a constant

7.1 Mtpy rate.

10.8 Incremental analysis - preliminary economic appraisal

It is worth mentioning what has been said by Savage(1986;RTZ Technical Services;
personal communication): “It is as if one were evaluating a new project each time the pit
boundaries are to be advanced™. Yet, as metal prices vary, one should not take steps that
block future possibilities. Mathieson shares this opinion(see topic 1.3.1 of this dissertation).
alrecady been included in the item 1.4.1 of this thesis, under “pit sequence planning and
scheduling”, hence it will not be repeated.

In order to preserve the analogy with chapter 9, a preliminary economic analysis will
be made, using the break-even stripping ratio (BESR) concept. as described by Miller
(1982).

The sequential pushbacks are essentially incremental pits, therefore their waste to ore
ratios can be directly compared with the BESR, which is approximately 5.0 for Mutuca
Mine (sece chapter 11). As a consequence of that, all the aforementioned partial pit

expansions are feasible, as their stripping ratios are well below the BESR (see tables 10.3,
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Figure 10.14
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Figure 10.15

Figure 10.16
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10.4 and 10.5)
A more comprehensive economic analysis, using the Net Present Value (NPV)

Method, is presented in the following chapter.
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11.1 Summary and conclusions

This chapter starts with a brief discussion of the methods of investment analysis, in
general. The economic appraisal of mineral ventures, in particular, is examined afterwards,
and the approach adopted for Mutuca Mine is presented. Subsequently, the input data
needed for the economic analysis are mentioned. After that, the procedure for cash flow
determination is described and the potential variability of certain key variables is assessed
in economic terms. Finally, a series of possible improvements to the aforesaid analysis are
discussed.

The main conclusions of this chapter are:

- it is worth exploiting the additional reserve which has been discovered recently:

- the former “ultimate™ pit 1080 should be abandoned in favour of deeper options;

- the mining exploitation could go down to levels 1020m or 1000m, depending on the

trade-off between mining costs and ore prices;

- these conclusions shduld be re-assessed whenever a significant change occurs in any

key variable of the problem; and

- once the mineral inventory offers the possibility of having a more detailed economic

analysis, in the future, this hypothesis should be examined.

11.2 Introduction

In the following discussion, the optional methods for analysing investment alternatives
will be presented. Whenever needed, the reader is referred to textbooks on basic Investment
Analysis. Only a few mathematical expressions are included in this chapter.

11.2.1 Methods of investment analysis

There are three basic methods of investment analysis, namely, Internal Rate of
Return(IRR), Equivalent Annual Cost(EAC), and Net Present Value(NPV). The social
cost/benefit analysis will not be considered in this text because it is applicable usually to
governmental projects(Grant,1964).

The payback period is an index that might be very important for the appraisal of high-
risk ventures with uncertain future returns. However, it has its weaknesses as a primary

criterion for investment decisions(see Grant, 1970, page 528), hence no further comments

will be made on it.
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Traditional methods: before going into further details on the three basic methods of
investment analysis, a brief comment on methods traditionally used in the mining industry
should be given to the reader.

Hoover(1909) mentioned that “before the yield on a mine investment can be
determined, a portion of the annual earnings must be set aside in such a manner that when
the mine is exhausted the original investment will have been restored. (...) If they be
invested in safe securities at about the usual rate of 4%" (...).

And he continued : “Mining business is one where 7% above provision for capital
return is an absolute minimum demanded by the risk inherent in mines, even when the
profit in sight gives warranty to the return of capital.”

For its traditional use in mining enterprises, Hoskold’s method will be briefly
commented. The remarks made by Grant(1964, page 125) are summarized below:

“In this method [Hoskold’s] it is assumed that uniform annual deposits will be made
into a conservatively invested sinking fund that will earn interest at a relatively low
rate. The annual deposits are to be just sufficient to replace the original investment at
the end of the life of sthe property. The rate of return is computed by dividing the
investment into the annual amount remaining after setting aside the sinking fund
deposit”.

Grant (1964) assumes 4% interest on the sinking fund, and his example arrives at a
15.2% rate of return, using Hoskold’s method:

“If the same proposal is analysed by correct compound interest methods, the
computed rate of return is 20% per year(...)"
“The important point to recognise (...) is that this 15.2% return is the result of two
separate investments, one yielding 20% and the other yielding only 4%. Presumably
the decision to make the investment with the 20% yield does not require that there
also be a decision to make the 4% investment. If not, the 4% investment has no
relevance in making the decision about the proposed investment with the 20% yield. It
is the 20% figure, not the 15.2% one, that should be used as the index of attractiveness
of the proposed investment in the mining property.”

“This Hoskold-type viewpoint on computing rate of return is rarely, if ever,

appropriate as a basis for decision making on proposed investments. Hoskold seems

particularly indefensible in the common case where it is used when no actual sinking

fund is comtemplated(...)"
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The Net Present Value (NPV) Method discounts all cash flows, given a discount rate,
to a certain reference date, normally at the start of the project. Although not as usual as the
other approach, the reference period of time can be in the future. The essential aspect is
that different investment alternatives should be compared at the same point in time. The
key variable of this method is the interest rate that should be considered. The rentability
offered in the market for the sum involved, as compared with the cost of capital, is the
answer.

Groundwater(1967) mentioned that the NPV is one of the important determinants in
evaluating a business for purchase or sale.

Taylor(1985) dicusses the shortcomings of the NPV approach under conditions of
active operation. He asks the question on whether economic interest is really best served by
maximizing a partly hypothetical “present™ value that speedily becomes “past™ and lapses
into irrelevance. Tiny differences in the NPV of cash flows representing different policies
extending far into the future can result, because of the insensitivity of this method to time-
distant ore. Practical complications of grade uncertaintiecs and metal price fluctuations are
generally ignored. It is not difficult to devise different cut-off and output policies that yield
identical and plausibly optimum present values, which vary only in their rates of decline of
value.

These topics are very important, and perhaps the best approach to them, in the
context of this resecarch work, would be to consider each pit expansion as if it were a new
project(sce item 10.8). On the other hand, one of the conclusions of this chapter is that an
economic re-assessment of the optional pits should be made whenever a key variable of the
problem is substantially altered. In addition to that, it is suggested the future use of both
Monte Carlo simulation of cash flow and risk analysis.

For the specific case of Mutuca Mine, an interest rate of 8% p.a.(per annum), in rcal
terms, was used. The study was extended to assess the sensitivity of the NPV to changes in
the interest rate, hence rates of 6% and 10% p.a. were adopted, again in real terms. No
allowances were made for inflation, in this work.

The Equivalent Annual Cost (EAC) Mecthod transforms a non-uniform series of
payments into a uniform serics. The resulting cash flow might be negative as well as
positive. However, the name of the method refers to cost, perhaps because of its main
characteristic of evaluation of service-producing alternatives, as opposed to income-

producing alternatives, which are more usually assessed through NPV and

IRR(Stermole,1979).

- Chapter 11 -



- Page 285 -

One subtlety in the application of this method is that, whenever the investment
options have different project lives, the method requires a common “planning horizon™,
which means the alternatives should be repeated, each one a certain number of times, until
a common multiple for their lives is reached.

The EAC method is used more oftenly for determining the economic life of
equipment, in equipment replacement studies. For example, if two optional equipments are
to be analysed by this approach, assuming that any equipment will have to be replaced by a
similar one at the end of its economic life, the differences in estimated life are immaterial.

“In general, prospects for price increases and for extra costs incident to replacement
are favourable to the selection of longer-lived alternatives; prospects for technological
improvements, changes in service requirements, and price reductions are favourable to the
selection of shorter-lived alternatives.”(Grant, 1970, page 78).

The Internal Rate of Return (IRR) Method determines the interest rate that produces
a null NPV, after discounting both positive and negative cash flows over a given period of
time.

When assessing the rentability of a single investment option, the IRR approach might
run into difficulties, if more than one change in sign occurs in the net cash flow. The
standard mineral project has negative cash flows (investments - exploration expenditure
plus development capital costs) at the pre-production phase, followed by a series of positive
cash flows(return on investment - revenue minus production costs), thus presenting only one
change in sign(sec “Rate of return taxation of minerals”, 1977, pages 9 and 16). However,
in many cases, additional investments are required along the project life, e.g., for
equipment or installation replacement, hence creating the aforementioned situation. For n
years, the internal rate of return is the root of a polynomial of the n' degree. According to
the rule of sign, by Descartes, there are as many roots(solutions) to the polynomial equation
as the number of alternations of sign of its terms(Fleischer,1973, page 41).

In addition to the above, if many alternatives are to be analysed, another difficulty
arises: the internal rate of return per se is only a measure of rentability, but should not be
used to decide between investment options, specially when they have different orders of
magnitude. The correct analysis should compare the alternatives in pairs, starting from the
two options with smaller investments and higher rates of return. The differential cash flow
should be computed and the rate of return of the incremental investment should be
compared with the minimum market rate, or minimum attractive rate of return, or rather

with the cost of capital for the company concerned, depending on the type of business, the

- Chapter 11 -



- Page 286 -

scale and life of the project, and the risk involved. If the return on the incremental
investment is higher than the minimum envisaged by the firm considered, it is worth
investing in that hypothesis, otherwise, it is not. Subsequently, another pair of investment
options is compared, and so on. The process stops when either no more alternatives are
available or, when the options are not mutually exclusive, there is no more capital to be
allocated.

The differential cash flows have to be calculated first, for this method to be applied,
when dealing with more than one investment option. The possibility of obtaining multiple
solutions for the internal rate of return equation can not be ruled out.

For all that has been said, caution is recommended for using the IRR Method.
Nevertheless, when properly applied, it is as good as the other methods of investment
decision.

In the standard economic analysis of the optional pits for Mutuca Mine, the IRR
Method can not be applied, because the rate of return would be infinite, as no investments
were considered, only operational costs and revenues, a positive cash flow resulting for all
periods of time. \

11.2.2 Economic appraisal of mineral ventures

With regard to the application of investment analysis to computer-based economic
evaluation of ore reserves, the work presented at the APCOM 11 by Parks(1962) deserves
mention, as onc of the earliest papers in the field.

O'Brian(1969). in the APCOM VIII, gave a panoramic view of applications of
investment analysis within mineral exploitation. The advent of the computer made possible
the extensive use of sensitivity and risk analyses in the appraisal of mining projects, as these
analyses require a great number of variables and intensive data handling.

Stermole(1979) made a general study of economic analysis of open-pit mines,
examining the impact of escalation and inflation, income tax, borrowed money and the
mining plan. He presented a case study of a copper mine.

Winkle(1979) discussed the cost records, and Davey(1979) presented some criteria for
mineral block evaluation, both papers focusing open-cast mines.

Lane(1964) cxamined the relationship between a selected cut-off grade and the net
present value of an open-pit mine. Both ore prices and mining costs were assumed stable
throughout his analysis, which was made with the aid of a computer.

Plewman(1970) studied the basic economics of open-pit mining, assuming regular

geometric shapes for the ore body. Prices and costs were considered to be constant.
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Kim(1977) presented a computerized model for economic analysis of open-pit mines,
in which both mining costs and ore prices are treated as stochastic variables. A risk analysis
was made using the probability of instability for various slope angles.

Mutuca has been mined for more than 25 years and its particular problems have been
well identified, the majority of the aforementioned publications being therefore either
rather general or too specific for them to be applicable for that mine. Copper is by far the
most conspicuous metal in the literature, publications on economic assessment of open-pit
iron ore mines being much more rare.

11.2.3 Suggested solution for Mutuca Mine

The cconomic analysis that will be presented in the following topics has the following
characteristics :

- it is assumed that MBR has already decided to undertake the Mutuca Mine expansion
project;

- the annual rate of production of saleable ore has been fixed by MBR in approximately
6Mtpy, that is (o say, the new beneficiation plant to be constructed will be fed at 6.5
Mtpy, given its recovery index. Therefore, the capital investment required for the new
plant is constant for all optional pits being analysed;

- the economic analysis will be focused strictly in each optional pit per se, and not in the
Mutuca Mine expansion project as a whole, which has been extensively studied by MBR
personnel, and is beyond the scope of this thesis:

- the NPV Method will be used, a basic interest rate of 8% p.a. being adopted.

- subsequently, some variations will be introduced in key .variables, such as ore prices,
mining and stripping costs, and interest rates, in order to assess the sensitivity of the pits’
NPV’s to these changes.

- a brief comparison will be made between results obtained by way of three different
economic criteria, namely, total profit, break-even stripping ratio and net present
value(sce table 11.7).

- although it is recognised that the deeper pits, which have substantially more waste to
be removed, arc likely to require additional mining equipment, e.g., trucks. no

incremental investment has been considered in the analysis.
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11.3 Input data

11.3.1 Block inventory of the optional pits

Five optional pits were considered for analysis: 1080, 1020, 1000, 980 and 960. For
each option, the coordinates of blocks lying within the pit shell and the topographic

boundary were used as input data. The blocks were divided into two categories only:
orc and waste.

11.3.2 Plant recovery index

The recovery index for the new Mutuca Mine beneficiation plant is likely to be
91.5% (Source: Amaral; 1986; MBR, Planning Department; personal communication).

11.3.3 Production rate

MBR's projected sales ar-c 5.95 Mtpy, therefore the ore dressing plant should be fed at
a rate of 6.5 Mtpy, given the plant recovery index of 91.5% (Source: Cadenas; 1986;
MBR, Planning Department; personal communication).

11.3.4 Stripping rates

The waste tonnages range from 67.2Mt, for pit 1080, to 102.0Mt, for pit 960 (see
table 9.4). The selected sgripping rates vary, respectively, from 5.6 Mtpy to 7.4 Mtpy.

11.3.5 Stripping costs

A stripping cost of US$1.20/t has been adopted by MBR for economic studies being
made in Brazil, therefore it will also be used in this research work.

Nevertheless, the average stripping unit cost was US$ 1.28/t for the 1985 calendar
year, corresponding to approximately 10% of the sum of other mining operational costs.
Its standard deviation was US$ 0.71/t for the same period of time(Source: Mineragdes
Brasileiras Reunidas S.A.-MBR; Monthly Report, Mine cost sheet for Mutuca Mine;
1985; unpublished report).

A fixed stripping cost was adopted, for the sake of simplicity. This cost normally tends
to increase with pit depth. However, as a semi-mobile in-pit crusher will be installed in

Mutuca soon, the stripping cost might not vary substantially with depth.
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11.3.6 Cost centres
Table 11.1 shows the cost centres for Mutuca Mine. All costs used in the economic
analysis were obtained from MBR on a confidential basis, hence will not be explicitly

shown. The cost centres used in the evaluation are displayed in table 11.2.

Table 11.1 Mutuca Mine cost centres

Stripping ( Operating and Maintenance )
Drilling and blasting
Loading and hauling
Pit support

Mining ( Operating and Maintenance)
Drilling and blasting
Loading and hauling
Pit support

Beneficiation ( Operating and Maintenance )
Reprocessing
Reclassification
Sizing and crushing
Product handling
Dam maintenance
Plant support

Other costs
Administration
Taxes

Depreciation

Source: MBR; 1986; Monthly Report, Mine cost sheet for Mutuca Mine;
unpublished report.
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Table 11.2 Cost centres considered in the economic analysis

Total direct mining costs(see table 11.1)
Transportation of ore from the mine to the train loading station
Truck loading
Transportation
Mineral tax("Imposto Unico Sobre Minerais”-IUM)
Train loading
Railway freight
Ore handling at the seaport terminal
Train unloading
Stockpiling
Re-screening
Reclaiming
Sampling )
Shiploading
Other taxes(”Plano de Integracdo Social”-PIS)
Sales expenses

Income tax

Source: Mendes;1986;MBR, Financial Department; unpublished report.

11.3.7 Interest rates

The Net Present Value(NPV) method calls for an interest rate for the cash flow to be
discounted. There are two different aproaches, as far as investment analysis is
concerned, for the selection of this interest rate: real terms or current terms.

Krige(1978) reported that under conditions of high inflation, the most meaningful
criteria for economic viability are those expressed in real terms, i.c.. mecasures showing
the position after elimination of the effects of the depreciation of the currency.

In real terms, an interest rate of 7 to 8% p.a. is more usual for mining enterprises. In
order to assess the impact that variations in the interest rate have over the resulting

NPV, the rate can be varied slightly. However, return rates of 10% p.a., in real terms,
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are very rare. Projects economically sound could be rejected, if the NPV analysis uses
an excessively high discounting rate(Spencer,R.; 1986; RSM; personal communication).
When working in current terms, the effects of inflation and escalation should be taken

into account. The relationship between the real rate and the current rate is as

follows(Neves,1982):
(1 +R)=(1 +1)XU +71)
Where
1 = interest rate in real terms;
r = inflation rate; and
R = resulting interest rate in current terms.

Example : i=5% p.a. ; r=8% p.a. : thus R=13.4% p.a.

Stermole(1979), in a case study, refers 1o an escalation rate of 8% p.a. and a discount
rate of 15% p.a. . In a “workshop discussion”, he answered the question on what is an
appropriate interest rate gs follows:

“(...) if we feel that 12 or 15% represents the other opportunities that exist for the
use of money, from an economic point of view we are not interested in making

investments that won’t do at least that well”(Stermole, 1979, page 338).

In their papers, both Lane(1964) and Kim(1977) used a discount rate of 15% p.a.:
Dohm(1979) adopted 12% p.a. .

“For an opecration of stature and ample reserves, normally the interest rate will not
exceed 8 to 12%. Should large risks be involved the present value is simply used as a
starting point for negotiations from which additional sums of money are deducted based
on the inherent risk factors involved™ (Raymond, 1976, page 61).

Blackwell(1970) mentioned that a rate of 8% to 15% p.a. net of tax applies for most
industrial contexts. Groundwater(1967) refers to an interest rate of 10% p.a., normally
representing the lowest rate acceptable for the company concerned. He reported that the
rate of return to investment in the United Kingdom had been around 9% p.a.. varying
considerably with the nature of the business concerned. However, the preliminary
results of post mortems of mining enterprises, he wrote, “will surprise both government

and owners - the original investments would have done better had they been put in the

bank and left there!™
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Krige(1980) studied the rates of return realized on investments in the gold mines of
the newer goldfields outside the Witwatersrand. He showed that these rates of return
cannot be equated with the returns that are expected when investments are made. He
suggested the expected levels of threshold returns in real terms for new mining projects
was some 7 to 8 % p.a. in real terms, and the corresponding average discount rate for
producing mines some 3% p.a.(real). If a 9% p.a. inflation rate is considered, the
resulting discount rate in current terms is 12%% p.a., using this 3% p.a. threshold rate,
in real terms, for producing mines.

If a theoretical final net cash flow in real terms has its NPV calculated by way of a
discount rate in real terms, the result will be exactly the same as that obtained by first
inflating the final net cash flow, then discounting it with the aid of an interest rate in
current terms. Therefore, in this theoretical example, it would be better to make all
calculations at constant prices, i.c., real terms.

However, in real-life cash flows, which have a series of components, inflation does
affect the outcome, both in terms of NPV and IRR, according to Spencer(1986; RSM;
personal communicationy, in the following cases:

working capital- in order to meet the inflated working capital costs, the return on

investment is decreased each year by the ammount corresponding to the increment in

working capital requirements due to inflation. The resulting NPV is consequently
reduced, in real terms.

fiscal drag- the depreciation allowance does not change, whether inflation is

considered or not, for determining the cash flow. Therefore, when working in current

terms, the effect of the depreciation allowance is smaller than when working in real
terms, resulting in a greater net profit before tax. As a consequence of that, the total
income tax due is higher, and the rate of return in real terms is reduced. larger

reductions in the IRR in real terms corresponding to higher inflation rates.

If inflation does not affect all variables in the same proportion, in a cash flow, specific
inflation rates for cach variable are needed. This is particularly troublesome in cash
flows dealing with different currencies, e.g.. in the case of international loans. The only
possible solution is to treat these variables by way of Monte Carlo simulation of cash
flow(Neves, 1982, page 138).

Addititonal complications arise in the economic analysis for a new mining venture that

sells its products on the international metal markets: different inflation rates between
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the countries hosting the mines and those hosting the metal markets; and changing
pattern of currency exchange rates between these countries(Krige,1978).

The average rate of return on 86 mineral ventures in Canada was reported to be
16.2% p.a. . A base case study was defined covering all discoveries made in that country
during the period 1951-1974. The potential social value arising from the 86 economic
deposits is Can$ 2.751 million, using an 8% p.a. cost of capital. This 8% p.a. real cost of
capital represents a 5 percent risk premium over the 3 percent historical average cost of
capital in the Canadian bond market. A riskless discount of 3 percent is assumed for the
evaluation of taxation payments from the Government’s viewpoint(Centre for Resource
Studies, Queen’s Univcrsity_. Kingston, Ontario, 1984).

Whitney(1981, page 2.33) presented four methods for treating inflation for purposes
of cash flow analysis. The fourth method assumes an explicit inflation rate for each
variable, for each year in the project life. The cash flow components are first inflated
through the mine’s life. Subsequently, they are deflated by an average inflation rate and
the resulting cash flows arc used to do the DCF Analysis. The resultant IRR and NPV
will not have a factor for inflation included in them. This will be similar to the current
dollar calculation.

As a reference only, some published values of IRR’s are listed: 20% p.a., in a project
of iron ore concentrate(Pereira, 1982); 24% p.a., in the financial evaluation of a mine of
adamellite, which is the source of the tungsten(Quinlan, 1979); and 10 to 20% p.a. in a

new gold mine(Munro, 1977).
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11.4 Brief description of the procedure adopted

In order to illustrate the economic effect of deepening the pit, the following example

is useful:
- The lowest pit level is changed from 1020m to 960m.
- The total of ore is increased by 3.6Mt.
- The total of waste is increased by 19.3Mt.
- Any additional ore tonnages will only be available at the end of the exploitation of
the ore which was contained by pit 1020, whereas the incremental waste tonnages
start to be removed immediately, from the top levels of pit 960.
- An “investment” is made(stripping costs) for a number of years, aiming at having
a future reward(revenue generated by selling the additional ore).
- This hypothesis could be cconomically appraised in terms of incremental cash
flow, the NPV Method being applicable.

In this research work, the aforesaid “investment”™ made in stripping costs was
considered as operational cost only, for the sake of determining the net cash flow.

The factor that discounts a future sum to a present value, given an interest rate and
the corresponding number of interest periods, is called “Present Worth Factor”(PW).
For instance, the present value of a future unitary single payment which is due 10 years
from now, discounted at a 5% p.a. interest rate, is PW =0.6439(Grant, 1964). Therefore,

for M monetary units under the same conditions, the resulting NPV will be M times the

PW(5%:10).
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11.4.1 Determination of the cash flow

Table 11.3 shows an example of a cash flow determination for pit 1000.

Table 11.3 Cash flow determination for pit 1000

Year(from - to) 0-14 15

Stripping rate(Mtpy) 6.8 6.8
Total stripping(Mt) 95.2 0.2
Cumulative stripping(Mt) 95.2 95.4
Annual stripping cost(US$M) 8.70 0.26
Production rate(Mtpy) 6.5 6.5
Total production(Mt) 91.0 4.2
Cumulative production(Mt) 91.0 95.2

Annual production cost(US$M)

unit production cost = upc (US$/t) 6.5 Xupc 4.2 X upc

Product sales(Mtpy) (recovery index = 91.5%) 6.0 3.8
Total sales(Mt) 84.0 3.8
CGumulative sales(Mt) 84.0 87.8

Total annual gross revenue(USEM)
unit ore price = uop (US$/t) 6.0 Xuop 3.8 X uop
Net profit before tax (NPBT)

Revenue-(stripping+production costs) NPBT NPBT
Income tax
(45% of NPBT) IT IT

Net profit after tax(NPAT)

NPBT - ( IT ) NPAT NPAT
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11.4.2 Determination of the Net Present Value(NPV)
Table 11.4 shows the Net Present Value of hypothetical cash flows for pit 1080,

obtained by varying the ore price.

Table 11.4 Net Present Value of hypothetical cash flows - pit 1080

(n) - — == -

Ore price variation -20% % 1+20%

1 6.62 17.58 28.55

2 6.62 17.58 28.55

3 6.62 17.58 28.55

L]

12 6.62 17.58 28.55
13 0.81 1.66 2.50
Net Present Value(US$M) 59.11 156.70 254.34

Note: the discount rate is 5% p.a.

11.4.3 Variation of ore prices

Three different hypothesis were examined: a) current ore prices; b) 20% increase;
and c¢) 20% decrease. These would be dramatic changes, in real-life terms, however, the
objective of this exercise 1s only to assess the sensitivity of the optional pit's NPV 1o

variations in the ore prices.
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11.4.4 Variation of mining costs

The impact of changes in both stripping and other operational costs in the NPV was
assessed. Variations of the order of 20% were analysed.

11.4.5 Variation of interest rates

Three different values were considered: 6% p.a.; 8% p.a.; and 10% p.a. (see item
11.3.7). The economic analysis was made at constant prices, i.e., no inflation was
considered, therefore, the interest rates are indexes of rentability in real terms.

11.4.6 Variation of ore quality

The ore price is established as a function of the iron content(Source: Kahan; 1986;
MBR, Commercial Department; personal communication). Fluctuations in the iron ore
grades have a direct impact over the NPV. As the grades were evaluated by way of
geostatistics, they have an intrinsic error of estimation(kriging error), which can be used

as a measure of potential variability.
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11.5 Economic analysis
11.5.1 Comparing the NPV of optional pits
Five optional pits were analysed in economic terms, the NPV's being calculated for
two different ore price levels as well as two interest rates, in addition to the basic case.
Table 11.5 shows the NPV’s of the five optional pits for the current ore price and for

+ / —20% variations on the price.

Table 11.5 Sensitivity analysis - NPV x ore prices

Pit Total tonnage Production rate Ore price variation

lowest -———-—-—=---- - -
level Ore Waste Ore Waste -20%, (0,4 +20%

(m) (Mt) (Mt) (Mtpy) (Mtpy) NPV Rank NPV Rank NPV Rank
1080 85.0 67.2 6.5 5.6 17.16 1 98.11 2 179.05 5
1020 92.6 82.7 6.5 6.5 13.80 2 98.71 1 183.65 1
1000 95.2 95.4 6.5 6.8 10.92 3 97.17 3 183.3¢ 2
980 95.4 99.0 6.5 7.1 9.46 4 95.80 4 182.16 3
960 96.2 102.0 6.5 7.4 8.31 5 95.05 5 181.80 4

Notes: the interest rate is 8% p.a. in real terms; NPV's are in US$M.
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Table 11.6 features the resulting NPV’s of the five optional pits for variations of
+/—25% in the basic interest rate, therefore three different NPV’s are shown for each

pit, corresponding to interest rates of 6%, 8% and 10% p.a. .

Table 11.6 Sensitivity analysis - NPV x interest rates

Pit Total tonnage Production rate Interest rate(% p.a.)

lowest - - - = ittt
level Ore Waste Ore Waste 6 8 10

(m) (Mt) (Mt) (Mtpy) (Mtpy) NPV Rank NPV Rank NPV  Rank
1080 85.0 67.2 6.5 5.6 110.18 3 98.11 2 87.98 1
1020 92.6 82.7 v 6.5 6.5 111.82 1 98.71 1 87.79 2
1000 95.2 95.4 6.5 6.8 110.18 2 97.17 3 8.40 3
980 95.4 9.0 6.5 7.1 108.69 4 95.80 4 85.13 4
960 96.2 102.0 6.5 7.4 108.02 5 95.05 5 84.36 5

Notes: the interest rate is 8% p.a. in real terms; NPV's are in US$M.

The comments on tables 11.5 and 11.6 will be made under the topic “sensitivity
analysis”, which follows.

11.5.2 Sensitivity analysis

From the results shown in table 11.5 one can see the impact of variations in ore prices
over the NPV's of optional pits. For instance, if the ore price goes down by 20%. from
the current value, and an 8% p.a. interest rate s assumed, the NPV of pit 1080 1s
divided by a factor of 5.7; if the price goes up by the same percentage, the NPV is
multiplied by a factor of 1.8. The present worth of the cash flow is, therefore, very

sensitive to changes in orc prices.
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The same analysis could be extended to other variables, in order to find out the key
aspects of the problem and to establish how sensitive the NPV’s of the optional pits are
to variations in each particular factor.

The so-called sensitivity analysis deals with different variables, not always measured
in the same unit. Hence, the variations are all expressed in percentage terms. A graph is
usually produced, with the relative changes of all variables in the x-axis, and the
resulting percentual changes in the NPV represented in the y-axis. For a range of
variations, a serics of points can be obtained, therefore a curve can be drawn by linking
the points. The steepest lines will reveal the factors to which the NPV has greater
sensitivity.

Figure 11.1 shows how sensitive the NPV of pit 1080 is to changes in a series of
components of the cash flow. As far as the sensitivity of the NPV of pit 1080 is
concerned, the factors can be ranked in decreasing order of importance as follows:

- ore prices(more important);
- all other costs;
- interest rates; and ¢

- stripping costs(less important).

The following observations resulted from the economic analysis:
- for the basic 8% p.a. interest rate, the NPV’s of all five optional pits are fairly
similar, pit 1020 presenting the best result, for a narrow margin, followed by pits
1080 and 1000, in that order.
- if ore prices are increased substantially, pit 1020 still is the best option, yet it is pit
1000 that occupics the second place, that turn, followed by pit 980. It is as if an
increase in the ore price were justifying deeper pits. In fact, as there are so many
variables in the problem, the differences in NPV are not significant. In practical
terms, the hypotheses might be equally attractive.
- now, if ore prices are substantially reduced, pit 1080 turns to be the best option, this
time by a larger percentual margin. It is as if a reduction in ore prices were
encouraging the selection of shallower pits.
- similarly, if interest rates are reduced from 8% to 6% p.a.. the “investment™ in waste
stripping receives a boost, pits 1020 and 1000 being the most attractive hypotheses,

followed closely by pit 1080.
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- on the other hand, an increase in interest rates results in shallower pits being
favoured, pit 1080 being the best alternative by a narrow margin.

- if significant changes occur in any key variable of the problem, the economic
analysis should be repeated.

11.5.3 Comparing the results of three different economic criteria

Table 11.7 shows the ranking of the five optional pits according to three different
economic criteria, namely, total profit, break-even stripping ratio and net present value.
One can see that the NPV is the most conservative approach, as far as deepening the
mining operations is concerned, exactly because it penalizes profits from ore distant in

time by way of a discounting factor.

Table 11.7 Comparison between total profit, BESR and NPV

- - e
Pit Ranking according to the economic criterion
Minimum it --
level (m) Total profit BESR NPV
1080 5 3 2
1020 1 2 1
1000 2 1 3
980 4 4 4
960 3 5 5
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11.6 Suggestions for further improvements

11.6.1 Mining costs as as a function of mine depth

From the mine bench being mined at present, 1240m, down to the lowest pit level, say,
1000m, there are 240m in vertical distance. At an 8% grade, this represents an increase
in the trucks haulage distance of 3 kilometres. The unit consumption of Diesel is
0.316 1/t.km (Source: Rabello; 1985; MBR, Mutuca Mine; personal communication).
The gradual increase in the hauling distances, as the mine goes deeper, should have an
impact on the average stripping unit cost.

To date, this cost has been regarded as constant, in this research work. In the future,
with the in-pit scmi-mobi'lc primary crusher system in operation, the hauling cost figures
will be affected, and the optional pits should be reassessed in economic terms.

11.6.2 Mining costs as a function of type of material

Different matcrials arc present in Mutuca Mine, ranging from hard to soft ore and
from Phyllite to Itabirite, their densities being very different(see table 9.3). The unit
consumption of explosives required by those materials covers a wide range, as can be

seen in table 11.8.
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Table 11.8 Unit consumption of explosives for different materials

Material Unit consumption
(8/v) (g/cu m)

HEMATTTE Hard ore 140 560
Mixed ore 90 315
Soft ore 70 210

WASTE Compact Itabirite 185 555
Quartzite 125 310
Schist-Phyllite 115 205

Average per ton of ore fed into the plant 90

Average per ton of stripped material 20

Note on explosives: granulated— NITRON, ANFEL;
dynamite, slurries- TOVEX, SPT.
(Source: Rabello; 1986; MBR, Mutuca Mine; personal comunication)

Other factors might vary as well, given the distinct materials to be either stripped or
mined and processed. For instance, for the period from April, 84, to March, 85, the
average energy consumption was 2.807kWh per ton of ore fed into the ore dressing
plant. The friability of the ore might affect this cost figure, but for the time being the
cconomic analysis has not made any distinction between different categories of ore(hard.
mixed, or soft). Nevertheless, as this information is available in the mineral inventory, it

could be used in the future.
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11.6.3 Ore price as a function of size fraction(product) and grade

Four different products will result when the new beneficiation plant of Mutuca Mine
is in operation, each one having a different market price. Also, as the ore price is a
function of the iron content, the grades play an important role. However, the economic
analysis which has been made in this thesis as yet adopts an average ore price, because
the different ore categories have not been considered in this study.

In the future, the different product prices could be used for a detailed economic
evaluation, particularly considering that the geostatistical estimates for the percentage
in weight of each size fraction are available for each block.

In short, the details available on a block by block basis in the mineral inventory, as for
different types of material and types of ore, grades and tonnages, could be extensively
uscd to produce more detailed and more realistic economic analyses. So far, many
simplifications have been introduced, e.g., only one type of ore and waste, constant ore
grade and price, and constant production split. For instance, the cffect of changes in the
percentage of the (—2™;+%") size fraction, bench by bench, could be considered in the
cash flow, as Mutuca’s mqst valuable product, Lump Ore for Direct Reduction(LORD)
originates from this granulometric bracket(see figure 8.4).

11.6.4 Cash flow simulation and risk analysis

The random component of mining and stripping costs, as well as of ore prices, could
be taken into account by way of Monte Carlo simulation (see Michelson, 1969),
therefore incorporating in the economic model the possibility of making risk analyses, as
described by Krige(1979).

For example, the frequency distributions of mining and stripping costs, as well as of
mining and stripping tonnages actually produced, could be easily computed, as they are
reported monthly by MBR. On the other hand, using the kriging error and assuming a
normal distribution centered around the kriged estimate for each block, the ore quality
can be simulated through psecudo-randomic computer routines.

Other random components can be incorporated to the cconomic model, as railway
transportation to the seaport terminal and shiploading rates, which are centered around
their planned targets, the stockpiles absorbing local fluctuations. In addition to that,
there are the differences in exchanging rates and inflation rates, which contribute to
make the picture rather complex.

The final purpose of the simulation exercise would be to generate a distribution of

NPV’s, as opposed to obtaining just one single deterministic result, therefore offering a
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more flexible view of the economic evaluation.
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