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BBSTRACT

The South African gold mining industry is ;unently faced with

serious problems in terms Of evoessive cost escalation and

declining grades. Various schemes such as economy of scale and
i} have been i in an attempt to improva

profitatility. The degres of success achieved to.date by these

meagus fies been insufficient to alleviate this situation.

Technical computing, which has evabled the implementation of

‘cachniques that: were previously impossible by mamwal methods, is
seen a5 an additiomal atd to improving profitability. This
project report examines the benefits that can be gained by the

use of one wch technique, namsly geostatistice.

A ical aralysis was dzted ou a portion of the White

Reef at West Rand Cousolidated Mines Limited and the results
compared against the mine estimation technique and total minivs.
The major bersfit of geostatistics over the other pethods was its
ability to improve ore ressrve estimation and consequertly the
extraction of payeble ore. The case stidy showed Hhat profits
could be increased by BL.O adllion per anmm as a result of using

geostatistics which would not be possible without a computer.
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1 INTRODUCTION

Though legend says that gold was flrst discovered in the
Witwatersrand in 1852, the officlal discovery, that of the Main
Reaf on the ferm Langlaagte, is attributed to George Harrison
early in 1886. BSince then the Witwatersrand has witnessed the
opening of ‘seven goldfields, the latest belng the Evander field
in the middle 1950's. From the commencement of production in
1867, up 1L the end of 1986, these fislds have seen the
establishment of approximately 125 mines, output of 40 851 784
Kilogeuss of gold, at a realised walue of 123 229 982 000 Tand.
Today 32 minea are still operational.

e majority of existing were on

Thigh grade deposits and under relatively stable ecomomic
conditions. However, they now fabe'a very different scensric as
discassed below.

1.1 Probiems Facing the Industry

Declining grades and eacalating costs are the mst serions

problens currently facing the industry.

i.1.1 Grade

The reduction in grade currently being experienced initially
originated £rom the pollcy of developing high grade reserves in
the early days of a mive's life, This was done in order to
improve its cash flow and intertal rate of return. Consequently
the stage has been reached where the majority of mines have fully
developed and exploited their high grade raserves. This has led




to mires being forced to extend operations intu erratically
minsralised arsas of lowar grade. The resulting drop in grade
for the industey over the last 25 years is illustrated in Fiqure
1.

“This trend has furthermore besn exscerbatel Ly the uarked
increase in mill thronghput over the last ten yesre. This has
been dus rainly to mining companies taking advantage of the lowsr
pay lisits, resulting from the high rend gold price, in order to
will additionsl low grade tomnage and so extend the life of
nining operations.

Ocvasional reversals to this trend due to the discovery of rew

golatields may occur. The increase in grade in the early 1960's,
for example, ia attributable to the coming on stream of toth the
Klerksdorp and Orange Free State goldfields. Fowever, the
overall trend of decreasing grade canrot be disputed.

It is, however, mt only existing producers who are faced with
problems. New mites in existing goldfields are feced with the
prospect Of & lower average grade rotentisl than their
contemporaries. This 1s due to sophisticated large-scale
exploration programmws, unfertsken over the last few decades,
having accounted for the the grest majority of revetue generating
prodects under present economic conditions.

In the oW almost defunct goldfields of the Central, East and
West Rand the average grade can be seen to have dectined over the
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years. For example, tha average grade of mines that commenced

production in 1888 was 9.47 g/t, cowpared to 7.1 9/t fifty years

later in 1938. The correlation of grade and time is illustrated

in Fgure L:2.

Comparison of the grade of new mines in the recently established *
qoldfields further corroborates what was seen in worked out
aress. In the comtext of tnis discussion vew mines are thoso

o nave within the iast ten

yesrs, a sufficiently long perfod ‘for a mine o becoms fully
established. Both the Far West Rand and Orange Eree State
goldfields can be considered in this comtext. The results are
sumerised in Table 1.1 below.

Teble 1.1 Coxpariszon of the grades of new mines with thelr
goldfield average

Grade to yeor end 1986 (g/t)

ALl mines New wminas

10.69 6.40
13.03 5.19
§.04 4.50

* Mo new producere have been opsned {n this field. However, the
published grade figure for the potential mew Foplar mine is
uped to further aubstantiate thia problem.

Results tabulsted above are based on the principal Transvaal and




FIGURE 1.2 SCATTERGRAM OF GRADE AND TIME
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Orange Free State producing mines that are members of the Chasber
Of . .tes of South Africa (C.0.M.).

1.1.2 vorkimg costs
Prior to World War II costs remined virtually constant sxcepting
#or those years following thé Boer War and the first World War.

" towever, since the second World War costs have risen inexorably,
a scenario which has accelerated from the middle 1970's and into
the cightics, Guo to the hidh inflation vate. This ta vividly
illustrated in Figure 1.3.

Though the inflarfon rate may well be zeduced in the future, it
is nighly unlikely that the upward cost wovement which has
persisted for the last forty years will be roversed. In
addition, addea costs are belng incurred =s gold wimitg
operations are pursued to greaker depths and irko increasingly
Toatile envirommenta.

1.2 Bffects on the Industry

The minlng industry in recent years has ylelded record ramd
pro¢its comparable to those achleved at the begimning of the
decade vhen the gold price veached its pesk. This has been due
painly to the sympathetic lidk that started developing betwesn
the dollar gold price and the rand/dollar exchange rate from 1980
omwards.

This Litk, which began to signlficantly bemefit the mies from

1984, can be clearly seen in Plgure 1.4, It i due to the
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GOLD PRICE
{rend and doliar per fine ounce)

FIGURE 1.4 RELATIONSHIP BETWEEN THE GOLD PRICE
AND THE R/$ EXCHANGE RATE
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depreciation of the rand against the dollar, the result of which
has been to compensate for fluctuations in the dollar gold price.

‘Rmevu'y profits in actual money terms disguise the effecte of
inflation, which in the oontext of the mininy industry is
primarily escalating working costs. When viewed in real 1960
mney terms profits can be seen to have fallen from their hich of
R7335 million in 1980 to R2674 million in 1987 as shown in Figure
1.5

. When cosbined with lower grades the effect of inflation is to
decrease profit margins. This is resulting in cash flow probless
siniler to those which caused the closure of a nurber of marginal
nimes in the'l960's. New Kleinfontein and East Champ D'Or in the
Bast and West Rand respectively, are ewamples of audh’ closures.
Likewise, a mumber of new prospects remain shelvéd until either
ome of both these factors can be alleviated. ' Gencor's Poplar

project in the Evander area bears testimony to this.

Though the rand has strengthensd against the dollar during 1986

and 1987, sost ecoromic scenarios predict it weakening in the
long term. Should this wot waterialise and the gold price falls
in rand terms, the effects on the industry, and specifically on

marginal mines and new ventures, will be severa.

1.3 Industry solutions
To alleviate this ecomomic situation of declining grades and

increasing costs, wost mines have implemented various schemes,
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some of which are discussed below.

1.3.1 Sconomy of scale
Many mines have capltalised on their ability to increase
installed mill eapacity, to further reduce already lower pay
limits, thus eréibling the inclusion of low qvads ore which under
wormal ciroumstances would have besn unecowmical: This mirdng
practice gemerally leads to increased grade losses through
excessive dilution, the net effect of which {s that the savings
in unlt oosts are partially countersd by increased production
costs. . Thus the scope for improving profitability by miuing at
higher rates is limited.

Furtherrore, it can be seen from Figure 1.6 that the additional
tomage milled has failed to compensate for its lower grade.
Gold production has declined to 605 tons in 1987, a fall of
* nearly 400 tons since 1970 when the courtry's production peaked
&t 1000 tons. The industry m lomyer has the proven high grade

resexves to get production back to ite former levels.

1.3.2 Mechanised mining msthods

Mechenized mining in the comtext of the gold minin industry
inplies the introduction of trackless equipment in place of
conventional labovr-intensive wining wethods. One of the many
benefits cited for this typs of wining and used for flrancial
Justification is the reduction {n vorking costs. The major cost
saving is derived from he significant reduction in waste
developmnt rock broken, ns mst of the development s tow on
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reef rather than in the footwall.

o examples of th cost bevafits derived from tradkTess minitsy
operations are sunmarised balows
- WESTERN AREAS GOLD MINING COVPANY, LIMITED, NORTH DIVISION
{NAUDE, 1986} .
Baged on a production rate of 35 000 tons per momth, total
costs were reduced by 24 percent from E54.05 per ton for
conventional mning to R40.93 per ton for trackless minimy.
RANDFONTEIN ESTATES GOLD MINING COMPANY, LIMITED, OOCRE 2
SHAFT {HEODES, 1966).
The comparison of wsts for conventional as opposed o
mechaidsed mining was baged on the development snd atoplee
componént only. Tor a production rate of 40 000 tons par
wonths , costs wer: reduced by 32 percent from R12.60 per ton
for comventionsl mining to R8.57 per ton for tracklesa
 mining.

1.3.3 Mergers

The benefits of mergers imvolviey neighbouring minss are well
vesearched and documented. Rather than restate these, the

results of a ocurrent operation are ueed to illustrate the
advantages. A good example is provided by Fres State
Consolidated Gold Mines Limited (Fyeegold), which came into being
a9 a result of merging the Orange Free State gold mimes
administered by anglo Amrican Corporation. This was brought
sxout because of diminishing reserves, under utilisation of
assets and high overhead costs. The new Dperation has combined




assots which include 28 shafts, 8 metallurgical plants, 105 000
enployees and 2 gold output of comn 110 tons per anmum.

The m’in advantages to Freegold were the creation of a stronger
finawolal base and the mainterance of operating margins. A
strong tirancial base has ensbled the fivamring Of various rew
major capital projects. These were. previously imgracticable due
to the high capital cost and insufficlent reserves in the area of

the new venture.

In the maintenance of operating margins the improvement in asset
utilisation such as ehafts and plants was the most impertant
factor. It contributed to an increased unit cost (Rand per ton
milled) of 12.18 which was 5.9% below the inflation rate of 18%
as measured by the consumer price index (CPI). Opiimal
extraction of ore reserves kept its unit cost increase (Rand per

netre?) 3.9% below the CPI, while the unlt cost increase (Rand

per ton treated) due to the ratiomlisation of the joint

petallurgical scheme was 5.6% below the C.P.I.

Maxinisation of the benefits achievable from the alove, or amy
other, approach still requires the optimal extraction of ore
through accurate and detailed mive planning. Irhereni in this
assumption 18 an acourate up-to-date geological model
incorporating a datailed grade distribution.

1.4 Solution -

Mice Planning
ld mining operations are becoming lncreasivgly complex, as




wirdng is pursued to greater deptha and into geologically more
conplex areas. These complexities are making dymamic mine
planning more difficult, with mining depths approaching 4 000
motres and geological displacements of. up to 1 000 metres
becoming comon. | In addition, mine management has to plan the
operations of up to 20 000 mem underground every day, base
revetme forecasta’on nearly 1 000 000 sawple rolnts, and conduct
poeei‘bly. 30 000 survey traverses and 100 000 trigonometric
calculations every year for the mew extenslons to its workings
and excavations.

In addition, the design of every excavation has to take into

acoount geology, rock inci 1 and

mechanical englneering. Coupled with this is the fact that mine

maragement 1 confronted with a continually moving target in the
quise of changing gold price, escalating costs and a very dyvaslc
fodustrial relations picture. Any change to one parameter has a
ripple effect on others. For exampls, the resalt of a higher
9014 price s to lower the pay linit, the consequence of which is
to increase the payable ore reserves which in turn affects, the
development layout and mining sequence.

The enviromment described is far less stable than that which
existed twenty or even ten years ago. In fact, the sheer volume
of data and the range of imterrelated factors, which must of
aasenico be integrated in planaitg, have brought about & situation
where mine planning can no lorger be effectivaly carried out by
marual meihods which were suitable twenty years ago for &




atable wining enviromment. Technical computing is seen

ghallow:
a5 the vebicie to moferulse mine planning and therety ivgrove

cagh £lows.




2 TRORNICH, COMPOTING VITED T MINDNO INCUSTRY
This report is devoted to evaluating the berefita that can be
derived from tachnicsl computing. It is thus appropriate to
begia by estsblishing toth a brief historical perspective and

current review of prior to ot

application areas.

2.1  Historical Perspective

Computers as ‘we know them today emerged flve decades ago in the
1940's. e impetus and framework for their development was
provided by the aecond World War, duiing which period the first
fall scale digital computer was coupletsd. The matn features of
sarly computars were logic circuttry bused on vacuum tubes, with
punched card input and magnetic drum storage.

A coantun jump in comutsr techrology was the replecement of the
vacuum tube by the transistor in the 1950's. Trangistors were
amallar, generated less heat and thus proved more mliabln. Tha
madle 1960'a saw the next imovabion, the introduction of solid

state logic techrology and integrated circuits. This pericd also-

the i ion of the first . puilding
ot *~e micro~chip techrology of the 1960's, the next decade saw
the development of the microprocesscr from which evolvad the

microconputer .

The industry's rapid rate of techmlogical progress from dulky
and slow vacwm tube caloulators, to compack, reliable and
ultra-fast electronic machines hag continued iato the 1980's.




silicon memory and logle ecixcuits are being increasingly
miniaturised, storage capacity is expanding and commmications

are being enhanced.

In brief, computer development can be said to have paased throuh
four geverations, eadh markel by a Aramatic techmilogical
breaktbrowh. ‘The first geeratlon being the vacmm tube
compiter; the second the trausistor computer; the third the
integrated circult computer, and the fourth the microcomputer.
The fow gemeratlons and thelr associated techmologlcal

invovations ave sumerised in Table 2.1L.

2.2 Current Developmants
The 1980's, in common with the preceding decades, have witnessed
the contimming trend of smaller size covpled with improved
storage capacity and increased processing speed, all at lawer
costs. Inmovations which have been developsd in this decade
x graphics and
parallel processing. Many of these concepts, though conceived in
tha 1970'e, are products of thls Gecada.

include the

Traditionally the mining iniustry has been served by large
usiofram cozputers. This s because minieg software s very
1 of the

Snput foutput intensi The
1980's, particularly the increase in memory and processing pover,
Tave allowed these tesks to be run on minicomputers or powerful
alerocomputers. Thess advances have conceived the concept of the

workstation.




‘taible 2.1 Compater gensrationa

First Second Third Fourth

Time frame 1944-1955 1956-1963 1964-1970 1971-Present:
Techmology Vacuun tubes Transistors Integrated circuits Microprocessors

Mmestic drave | Magnetic discs

Magnetic cores Virtual machine

Punched cards Families of computers
Programming ¢ Stored program | Bstch processing Operating system Virtual storage
Popular computers| UNIVAC T IR 1401 1BM SYSTEM/360 184 303

IBM 6€00/700 HONEYWELL 200

(34




The workstation is a stand-alone processor, ideally with high
performmce graphics, to which is attached a range of
peripherals. In the context of the mining industry the
peripherals would comonly be a digitising taklet, plotter and
printer. The bemefits of such a system are that it provides

comutiog power whers 1t 1is meeded, that is on site.

Furthermore, as the aystem is dedicated to a particular

application area the user has immediate response.

Networking is the process of Lirking hardware and, as a result,

softvare into a single A central ,
workstations, plotters and other peripherals lirked together is
an exauple of such a system. These systems can be comnected to
others, or to foreign mrinframe computers, in different
locations. This concept is ideaily suited to the mining fndustry
where minss are widely and often remotely located. The bemefit
of such a system Lies in the sharing of resources. Users.have
access to all the data, software and hardware in the nstwork as
if it were local to their system. This contributes to the
weximn utilisation of system resources, improved commcicakions

and reduced systen managerent funotions.

Graphlcs in the form of plans, contours and sections, to vame but
a few, have long buen used in the wining industry. The output
medla of printers and plotters are well euited to fimal
production drafting. However, the repetitive mtwe of
qeological medeliing or mine planmlng renders them inefficlent

for this type of work due to their relatively slow speed. In




addition, the two~dimensiomal nature of the output is

1 to error The i of
graphics displays has revolutionised this area of computing. “The
user is now sble to pxeview and interpret the results of his work N
in the minimm tire. PFurthermore, he can interface directly with
the information, view it in any orientation and mdify it
quickly.

takes a approach  towards
exscuting taska, the job is done but mwt alwiys in optlval time.
Parallel processing divides the tasks fnto related segments and
procuzses  them  similtaneously. using miltiple processors.
Mathemtical modelling ani database management operations are

good examples of applications which benefit from this

architectural approach.

.23 Application Aress
Computers and their first technical applications in the mining
industry can be- traced back to the late 1950's. fThese early uses
ware mainly confined to the fields of ore reserve estimation ard

statistical amalysis,

Today, appiication areas cover & vast spectrum ranging from data
panagement through orebody modelling and planning to process
control. All these disciplines have a part to play in the
overall mining operation. However, in the context of mime
planning, only those of dirsct significance are considered in

this report.




2.3.1 Database managenent
Mining is a miti-Gisciplinary uperation inwlving ' the

interaction and cooperation of the various diseiplines involved
in.-the overall operation. The effectivensss of these mamy
Sisciplines reliés heavily on the sharing of comwon data. With
the volume of data becoming available daily in a - mining

operation, the datsbase 1s The datahase

system is the receptacle for all data storage and the means by
which a1l other dependent systems access information. The
proviston of adeqate data captwre,  verifieation amd
interrogation facilities to an acceptable and satisfactory degres

mist be dictated by the end user.

Wille the eharlng of data is considered vital, security is of
extreme irportance {n view of the highly sensitive rature of some
of the content. The database mist be structured for easy
reference by miltiple users, while af. the sane time allowing each
discipline to retain control over the mnagewent and security of

its own data.

Due t0 the fact that much of the data associated with mining is
positional, graphical outpst s essential. ‘It mst inclade
plans, contours, esctions and isomtric views. The user should
‘e provided with the ability to rotate, pan and zoom these views,
while aiso being able to control the picture content, format,
size and colour. Flexibility in every dstail of the output
ensbles corporate layouts to be conformed with. Pacilities must
also be provided to link this graghic data to the row-graghical,




for example, grade and unit costs to rame two.

Data capture should cater for the many differing sources of data.

Stereo-plotters, electronic theodolites and portable capture
units such as the gold analyser (Stewart and Nami, 1986) are
examples in this area, A provision should be made for the
custonisation of scresn ems for the cepture and mdification of
data. 'ﬂ'ﬁ sbility for the user to export and import any data to
or from an outside source, and the crestion of macros to

facilitate the ion of or i compands

ave further prerequisites.

Interrogation methods should be both graphic and mon-graphic,
Facilities should include a user Gefirsble data dictiomry bo
euwable the user to defime entities and their characteristics iu
the database. A conventioral query language must be provided to
aliow manipulation of the data in any Gesired fashion. Provision
must also be mede for the extraction and reporting of any adhoc
user~specified information.

Mery databtses go beyond the prelimimary verification  and
intet:cqation concepts and include facilities such as ore reserve
These are ialist fields and as such

should be treated appropriately.

2.3.2 Geological wdelling

Detailed mine planning is a milti-disclplivery operation,
incorporating the design and layout of development and stopioy




and the selection of associated mining techniquea and equipment.
It involves using standsrd mining wethods o wofel irregular,
uncertain and often changing interpretations of the geological
structure of the oretody and its cowitey rock. It is therefore
a dyramic and constantly chianging process, demandiny ready sccess
0 the most recent data across wany disciplines.

B acourate ioml of the

structure 15 essential, as this forms the basis of mine planaing.
The importance of thig cacmot be over epphasized, as the orecoly.
is the only revenue earning asset of the mine. The 3-dimensional
model nuat'use all available data, be sble to represent all
-geological surfaces cuch as reef and fault planes, and generate

and display lines such as reef/fault intersections.

The use of interactive graphics is essential in the modeiling
process, The user mist have the ability to view any portion of

. the mdel in 3-dizensions, rotate it to any desired angle and
interactively modify 1t to suit the human concept with imediate
response. Irikeractive graphics purely representa an extension of
the user*s interpretive capsbilities.

2.3.3 Oré reserve estimation

A wide variety of spatial data analysis techniques are in use,
scme with a theoretical basis, others justified on empirical
grounds and some with no apparent vindication. Methods practiced
are the simple polygoral method, weghted moving averages and
trend surface analysis, to nawe but 2 few. There are a host of




other pethods in use, the most important of which are the

geostatistical methods.

Geostatistics became possible with the advent of the computer.
It has gaited widespresd acceptance and is employed for ore
racerve estimation in all the major South African mining houses.
However, the exsct geostatistical methods used differ from ome
mining house to awother depending on the prevailing school of
thought.,  Ifrespective -of the technigue, the successfal
application will depend on cognisance Of the geological model and
particularly on such features as structure and sedimentolesy.

2.3.4 Mite plamning

This is the major area in which the cost benefit of effective
wine planning eystens Will be setn. Planning and scheduling ie
in gensral an iterative process and if done by hand can never
explore all the possibilities. The result is that the standard
rule of thurb approach is traditionally adopted. With the
ability to consider iteratively a ravge of options, the mining
enginesr is freed of the tediun of bookkesping tasks and can make
the judguental decisions so lgportant in production optimisation.

The deficiercies of matmal methods teed little aelaboration. In
the planniniy and scheduling envirooment the importance of
graphics faciifties is of paramunt inportance. Namsrical vatput
alone canot equal a pictorial representation of the information.

At & glance the user is able to relate to the information, forma




good of the spatial ps and quickly. come

to meaningful conclusions.

Yia interactive graphice the user can dsfine, design, enter or
#odify the information and cbtain an immediate graphical resporse
wilch can be viewed and evalvated quickly. These facillties mist
be flexible and function within the constraints imgosed by
geological miw and mining methods. System limitations
mst mot force the user to follow unfamiliar or impracticable
design procedures, rather they must promote inrcvative problem
solving. -

phi i is also of i to the user in

the evaltation of his varicus altermative strategies. Data on
costs and rates of sdvance for exarpie, have a vital bearing on
the ultimate option chosen.

2.3.5 Boomoste amalysts

A dstailed mine plan depends on the input of various disciplives,
however, ecomomic amlyeis is the cornerstone upon which the plan
aaceeeds or fails. - It is the yardstick by which the proposed

plan and altermtives ave measured.

As well as the standard financial criteria of rate of return and
net preseut value, the facility to cater for uncertainty and risk
is of extreme \mportsice. Prior to the advent of the computer *

was difficult 1f pot impossible to conpider more than a few
alternatives. This is now catered for by semsitivity and risk




analysis, tools which are essential in modern day planning where
the margin between euccess or failure is often thin.

2.3.6 Ancillery facllities

The aforeging areas are those conmidered essential in the
improvemsit in mine plamniny. However, there are other
disciplines that have a role to play. Rock mechanics and
enviromental enginesring, to mare hut two, are fields of which

cogaleance mist he taken. A mine plan, o matter how techmicsily

inmovative or cost effective, cammot be pursued if for example

the hasic safety principles are rot met.

2.4 Sumary
In less than half a century computers have developed from bulky
mistrusted devices, to fast compact pachines with universal
application. hwwever, it is ouly since the beginning of the
1960's that their use in the mining ibdustry has started to
become widespread. From initial data capture to final mine
design, the various steps are being similated in order to erhance
our umlerstanding of the orebody and its potemtial -ecommic

value,




3 ‘BENEFTTS GF TECENICAL COMPUTING

The benefits of computer applications in the mirerals industry
are well known and documented. Weiss (1969, 1979) together with
the proceedings of the APOOM symposia provide some of the best .
allround refersnces in this area of techmology. The activities
in exploration, mining and processing have become the cutstanding
applications where computer techrology Yas shown the best
Benefite and returns.
The areas in which the major bivefits sccrus aret
- Quality, quantity and effictency of work

Timeliress of results
- Development of skills .
These are dlscuesed in geusral terms below and are followed by a
technical computing case stuly as a practical example.

3.1 Qulity, Quantity and Efficiency of Work
Expunded interpretation capabilities, euch as the ability to
consider interactively a yange of options and mt’ rely on a
standard et of rules of thurk, erhances the user's efficiency
and accuracy. Furthermore, 1t aliows the user to apply
techniques which hitherto were impossible dus to the vast amunts
of complex calculations required.

Two examples in this area are:—
- Risk Amlysia

Risk amlysis an of

amalysis, which is the process of showing the effect of
irdividual ecotopic parametex changes upon the measura of




profitability. In ths technique of risk amlysis the
sensitivity of the project le determinad by varying sowe or
all of the input parameters elmiltaneously.

The process of risk amlysis imolves determining a
digtribution function for each of the estimated economic
Using these a nurber of amlyses,

generally several hundred, are coupited using uample values

randoniy drawn from each parameter population by the Monte
Carlo simil This selects a

parameter value based o 1ts probability of cccurrence. The
outeone of such an amalyets la a probability distribution of
the profitability of the venture, from which a measure of
risk can be determined.

- Rigk amalysia, because it defines uncertalnty, provides a
more realistic besis for investwent decisions than does an
ecoromic model based upon single estimates. The advantage
of swh a stochastic amlysis is that both risk aod
profitability can be determined as probabilities. Examples
of this would be the xisk of ot achieving a specified return
Jox the xisk of mot having an investment paid back in full.

Geostatistics

Various statistical procedures have been applied over the
years in the valuation of ore reserves. The polygomal
method and inverse distance - veighlng are two such
technices. In Todert yeara thare hag bewn a tremsnious




surde of interest in the use of geostatistical techniques in
the mining industry.

Geostatistice had its origins in the early work carried out
Ty Slchel (1949) and Krige (1951) into the application of

to gold ore lon. Since then

and 1 of

‘have baen and i in France

by-a reseaxch team under the leadership of G, Matheron.

The basic conoapt in geostatistics im that the variation in

grada of an ovebody 18 wot usually random, but exhiblts a

spatial structure. This physicel and statistical structure

of the orebody is defired by a semi-variogram, which
deacribes. the degree of corrélation between sample values at
varying distances apart. Following the construction of the

iogram the degosit is using the

estination method of kriging. fhis teshnique involves
assigning weichting factors to sample values bosed on the
seml-vartoyram and the Geowetry of the sample points
relative to the ares beiny estimzted.

The major benefit of geostatistics is that the techniqué of
Kriging provides the best urblased linear estimator. That
is, the computed value should be, on average, equal to the

actual value and mt systematically higher or lover.

this @ allowa a of the
reliability of the estimte by providing a measure of error




(standard deviatfon) with every estinmate.

Miie design work involvity mive layouts, shafe design, mine

planning and scheduling requires both imovative and routine
thought, as well as the ion of large data sets

and the use of both sinple and complex mathematical techniques.
‘Historically, these routine processes have been labour intensive,
time consuming snd prone to ervors. Perfornance of these
processes via technical commuting reduces the design time. This
is partioularly impoitant in the context of production planning

where severe time constraints are lmposed.

Wajor benefits in thia area avet

~  Increased accuracy in mineral grade prediction leading to
better mining decisions and improved yields.
‘fhe ability to consider more alternatives.
Inproved visual representation.
The facility of interactive 3-D graphics aliows more
accurate modelling of the orebody which may result in less
primry and secondary development being required to esploit
the deposit.
Irgvoved mine design by reducing the possibllity of

1 and rock Detween one

other e and

Inproved utilisation of the rescurces nacessary to exploit
the orebody.

Batter utilisatlon of persommel required in mine plannirs
and design.




3.2 Tiselimess of Resulte
Mining i a dynamic opexation, the efficiency of which depends on
mansgement's sbility to resct quickly to exterral influences.
e key to rapld decision making is the availability of accurate
p-to-date {nformation.

Information cn a mine becomes avallable on a dally besie from
. + sources such as gurveyors, samplers and geologlsts.
There is a marked time lag between the iime that this data is
captured until it has been transcribed onto plans and been made
available to other mining disciplines. The mature of these new
findings weans that duriug this period key decision makers are
working with obeolete data.

Major benefits in this ares are:

- e abitity to evaluats alternative mine Gesigu and planning
options faster.
The ability to design a mite with more accurate Lnformation.
Up-to~date and accurate veporting of information.
A comor database which guarantees that Gata is complete and
readily avallable for amalymis by all disciplines concerned.
Up-to-date drilling records amd analyses, which will inprova
control of toretole drilling operations and efficiencies in
future drilling operations, thus reducing exploration costs.

3.3 revelopmnt of Skills
This is probably one of the most underrated areas which is all to
Mining spend millions of rande




annoaily on education and training. In today's highly comperitive
enviromedt the only way to stay in the forefront of technical
developments, and benefit from their immgvations, is to ensure
that staff have acvess to the latest tools and state of the art

techrslogy.

In the field of sducation compiters provide an ideal learning
medlum. With linited Kegorard abflity & s¢- can qudckly begin
to reap ths Demetite Of computer based eivcation systems. A
sajor area wc <. thi. techuology can be eryloyed is in the
training of unskilled 's.ruar on the mines. At the end of 1986
the unekilled fabor Rores on Swith African gold mimes was in

excess ol 400 G,

Today mavy edvratlon oystess are commercially available. These
systems ‘replace i traditicvml method of instruction, derough

+fegiqned srograms fo guide the user in ¥
structured wantir Khrough the variows stife in the learning
process. Oowrsen xanging from the simple basic) of edwation
through to more epeviflc work related areas st is wine safety

can be taught i this eavirotiént .

Iradequate training is one of thy sain veasons why minhny
companies, who having invested hsavily in the latest computer
techrology, have failed to gee it realise its full potential.
Training imolvi-g the sorrect choice of staff must not be viewsd
28 a single cpexation. It must te seen as an ongolng developer:

throughout the 1ife of <he rystem. New staff tieed to gain a




comprehensive knowledge of the system. Existing staff reguire to
iearn additional skills, to enable them o fully wtilise both
their and the system's potential.

Training wot only ensures the best utilieation of the software

aysten, but ; & as a user's

skills and confiderce inprove. Effective treining ie an
investuent which pays for itself.

The major benefits in this area are:

- a more highly efucated, skilled and motivated workforce.
a competitive business edge.
the realisation of the benefits sammrised under sections
3.1 ang 3.2.

34 Summary
This chapter addressed the thyse main apheres of activiey which
can benefit most from the of techuical

Other areas mot mentioned but worth noting are the increased
Elextbility and confidence in Qeciaion making and tha sbillty to
inplement quickiy the operaticnal changes dictated by external

influences.

The current discussion has purposely centered on a qualitative
analysis of the benefite of technical computing. A quantitative
assesspent is given in the following chapter.




A CASE SIUDY - GEOSTATISTICAL AMALYSIS OF THE WHITE
REEF. IN “THE BATTERY SHAPT AREA AT WEST RAND
CONSOLIDATED MINES LIMITED
This study focusss on a single application area selected from
¥hose outlined in chapter 2, section 2.3, The analysis involves
" a technicsl investigation coupled with an assessment of its
ecovomic and techl:\ical benpefits. The latter form the basis of

this project report.

41 bjective

The object of this case study is to illustrats and quantify the

techrical and financial benefits to be derived from the
- application of a computer based technicque dn the gold minirg
industry, namely geostatistics.

With the enphasis on the application of a technique rather than
an investigstive study, a detailed geostatistical treatise is mot

Y d statistical approzch has been

adopted for this investigation.

It is realised that more soghisticated geostatistical bechrgiquas
exist today, each with its own school of thought. Fowever,
provided the basic 1 1 ions are

correct and the technigue properly applied, the results
irrespective of the procedure will be similar and superior fo
traditional methods. Indeed it hag been shown (David, 1977) that
many of fhe more complex methods show Little or no sdvantage over
the stralghtforward approach.




4.2 Study Outline

This study can be divided into two distinct parts. Sections 4.3

- 4.6 imlve a brief review and statisticel amlysia of the
data, followed by the oonstruction of semi-variogram models
representing the main features of the Jeposit. The remaining
_sections are primarily concerned with the estimation process,
ramely kriging, and an assessment of the technical and financial
benefits to be derived from geostatistics.

4.3 Data for Aralysis

The Gata which wes supplied in typed form by the mine consisted
of 1013 underground rsise and stope samplss. fhe location of
this dats which covers an area of approximately 22 hectares is
shown in Figure 4.1.

The data consisted of plane of reef co-ordivates which were
scaled £rom 11200 stope assay sheets together with two variables,
gram ger ton (g/t) gold grade and chamnel width. Prior to any
mnipalation of the data, the reef ;sempie co-ordinstes were
plotted an? superimposed on the stope assay sheets to verify

their positiomal acouracy. -

The Qata was then changed into the format required for use in the

estimation procedures. This entailed the following stepa:

~  Totation of the sample positions from plame of reef to the
horizontal using & given dlp and amimath relative to a point
of zero projection. Though there were slight variations in
alp and strike betwesn the three levels, it did mot warvant




FIGURE 4.1  LUCALITY PLAN

Y+ 10 500

% 4,

Y+ 10900

7UD0R
skt ©

¥ + 8000

o o
L il




the rotation of sheets on an individval basis.

Caleujation of centimetre gram per toa {omy/t) values for
each sample based on channel width and assoclated g/t gold
valve. This was done to satisfy the reguirements of support
as discussed in gection 4.4 below.

e identification of individual samples by mimeric code to

enable their correct usage in the estimation procedures.

This data, which is hereafter referred to as the Base Data,

formed the basis for future geostatistical estimates.

4.4 Support

The basis for geostatistical amalysis in at least the
: gemi-variogram computation is che of equal support lengths. In
the i one i faced with a

series of grade intersections at variable thickmess. This
problem can be obviated by applying the ‘sizple technique of
sccumitation, whereby a vew variable is created from the product
of the grade times the thickness, pamely omg/t. Since hoth grade
and thickness are reglomalized variables, so aleo is their
acoumilation, which tus can be used in the seml-variogram
analysis.

4.5 Btatistical Analysis

“he First stsp prior to an effective gecstatistical ammlysis is a
stamtard statistical amalysis of the data, The statistical
techniques of frequency daistribution and correlation ers
considered sufficient for this part of the ‘study. Te analysis




using a standard statistical package was performed on the three
variables cmy/t, chamel width and g/t.

4.5.1 Frequency distribution analysis
Thia amalysie provides a clear overall picture of the data and
its inhexeut relatione ps.

4.5.1.1 Contimetre gram per ton {cmy/t)

This avalysis was carried out using both the untransformed and
transformed (matural logarithm) dats. The basla statistice are
shown in Table 4.1 with werncy distributions being
represented graphically b, .8 in Flgures 4.2 and 4.3.

Table 4.1 Sumary of statistics for
centimetre graw per £on

Musber of values 1003
Mean 627.4545
varlance 303750.6
Standard deviation | 551.1357
il mm 1.00
Maximm 4460.00

Exanination of the histograms reveal two important polnts:




FIGURE 4.2 HISTOGRAM OF UNTRANSFORMED
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'The dis. dbution is unimodal. This is a basic requirement in
any ore estimation procedure.

The occurrence of relatively hich cmg/t values: 'These
potential outliers having been rechecked were analysed and
found to be syrorysous with the logmormal pattern of ore
value distripution comon to Witwatersrand gold reefs.

while it is recognised that the distribution 1s probebly

par logtiormal, analysis was done on the
untransforned data for the reasons stated ln section 4.1

4.5.1,2 Chanvel width

The basic statistice are shown in Table 4.2 below.

Table 4.2 Sumsary of statistics for chanmel width

Numher of values 1013
Moan. 86.5341
variance 1327.3740
Stardard deviation 36.4331
Minimm 12.0000

Maximus 220.0000

From the akove it can be seen that the reef vavies oongidersbly




in This ia with

which has ehown that large variations in reef thickmess occur,
often over short dietances. Whereas, omg/t was clearly
Lognormm1ly Sistriboted, channel width can be seen to approximate
2 tormal distriution as shown by the histogramé in Floures 4.4
and 4.5, Unfortunately, one canmot accept thie cbservation as a
histogran's appearance is sensitive to the choice of class limits
and intervals.

However, the statistical Chi-squire test can be used to determine
if the valves are vormally distributed. This classic test
investigates the degres to which an empirically determined

datstribution fits a par such as
the rormal distribution. This is achieved by comblning the data
inko groups and measuring the discrepanty between the cbserved
and expected frequencies, the latter determined by the rules of
probability.

‘tf the discrefancy 15 zero both the observed and expected
froquencies agree exactly, while the greater the value from zero
the larger is the betveen the two This

dlscreparcy 1s compered against a critical value. If the
computed discrepancy cxceds the critical value it is concluded
that the frequencies differ significantly and they do rot belong

to the saye dlstridution,

Based on a grouping of eight classes and the generally accepted

flve peréent level of significarnce as the critical value the
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computed Chi-square value is 5.96. This is less than the
expected value of 11.1 and it thus can be concluded that these
yalues are rormally distributed. Based on this the subsequent
channel width analysis, which was limlted to a semi-variogram
study for the purpose of further shwwing the complementary vature
of variography to geology, was done on untransformed values.

4.5.1.3  Gram per tom {g/t}
The basic statistics for gold grade are shown in Table 4.3 below.

Table 4.3 Sumary of statistics for gram per ton

Number of valuea
Mean

| variance

standard deviation
Minimm

B8 is to be expscted the results conform closely to those of
cmg/t as iilustrated by the histograms in Figuwres 4.6 and 4.7,
Tuls {s dve to the highly skewed and variable vature of the g/t
aistribution as opposed to the symetry displayed by the channs)
width values. The result of this is that when toth g/t and
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channel width are combired to form the new cmg/t distribution, it
w1l reflect the characteristics of the dominant g/t variable.

4.5.2  Corzelation analysis

This routine analysis wes done to determime if any sigificant
correlation existed between chamnel width and gold grade. A
scattergram provides a visual qualitative measure of the degree
of correlation. From the scattergram shown in Pigure 4.8 it is

clear that the two variables are uncorrelated.

However, defensible conclusions canmot be drawn by mersly
examining a representation of the sample observations. A
mmerical quantity that measures the deqre; of yelationship
betwsen the variables is required. The traditioal correlation

coefficient provides such a statistic.

The computed valus for chamnel width and gold grade is ~0.17.
This figure, which implies very low correlation, substantiates
the visual interpretation of mo relationship existing between the
two variebles. This result serves to confirm the similarity of
the White Reef with other Witwatersrand gold reefs in this

Tespect.

4.6 Structural Aralysis

m a i the tool  of

structural analysis s the semi-variogram. A semi-varicgram is a
graph of the variance of the difference in sample grades between
points separ~"~d by a given dlstance and caloulated at miltiples




FIGURE 4.8 SCATTERGRAM OF GRADE AND CHANNEL WIDTH
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of that Alstance. It quantifies the spatial correlation that
exists betwsen sarples within a contimwous orebody. The
semi-varicgram provides thvee important geological concepts for

use in future estisatlon procedures, uamely:

eanare of contimity (Waget effect).
The nugget effact characterises the megnitude of the randow
clement of samples at distances significantly less than

those availsble for cbesrvation. The presence of a nugget

effect may occur for & muber of reasous, euch as sampling
and vssaylny ervors or the erratic ‘tature of the
mineralisation on a microscale. In gemeral it is due &0 &
combination of both the above factors. The mugget effect
appears on the semi-variogram as an apparent discortimity
at the arigin.

Measure of influence (Sill and Range)

The measure of independance between camples is quantified by
the eill and the range. 'he sill is the value at which the
sewmi-varioqram reaches Lt plateau and the distance at which
this ocours is the range. A useful characteristic of the
i1l is that it ehould equal the ordinary sample veriance of
the values within the deposit. The nugget effect, if
present, is included in the estimate of the sill. If w
correlation exista between sample values, the sill will
egual the sample variance for all lag distances.

Measure of trend (Anisotropy)

anjsctropy in the data is indicsted by the semi-variogram
paramneters changing with respect to direction. These changes




can be broken down into two axeas - geometric (uhere the
range is 2 fanction of the Girection) and zooal (where the
sill is a function Of the direction). Should the

d~vari ot change n ai it is said

to be isotropic.

4.6.1  Experinental semi-variogram avalysis
The purpose of this analysie s to establish the behaviour of the
mineralisation and structure of the deposit in the area under

tnvestigation.

4.6.1.1 Centimetre gram per ton (cwa/t)

Seml-variograms were computed at distances of multiplss of 10
metres (10 metre lags) over a Qistance of 200 metres in the major
directions of the compass to check for amisotropy. A tolerance
angle of 22.5 degrees was used as the data was rot located on a
regular grid. The results are shown in Figure 4.9. They reveal
no slgnificant directioral anisotropy and as such the deposit can

e considered isotropic for this variable.

However, bacause of the ske.ness of the value distribution and
the presemce Of some extremely high values, the semd-variograms
were also compsted using the matural logarithme of the values.
The purpose of the logarithmic transformation was only to ensure
that the variability of ths valuss did mot magk any anteotropy.
vhile a more stable semi-veriogram was obtained o gemuinely

major could be i i as shown in

Flgure 4.10.




'FIGURE 4.9 EXPERIMENTAL SEMI—VARIOGRAMS OF
CMG/T IN THE FOUR MAJOR DIRECTIONS
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FIGURE 4.10 EXPERIMENTAL SEMI—-VARIOGRAMS OF THE
LOGARITHM OF CMG/T IN THE FOUR MAJOR DIRECTIONS
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With o anisotropy having “wing esteblished through the use of
logarithne the avea under investigation can be considersd to be
The four semi~vari based on the untranstormed

sample values can thus be averaged to form a siogle combinad
g-vari Tnig which was by

ueing a 40 deqree tolerance angle, is shown i Pigure 4.11« It

forned the basie of the geostatistical estimation process.

4.6.1.2  Charmel width

The channel width eeml-variograms were computed over the same lag
and directions as those used for the cug/t. However, the distance °
wae increased to 300 metres to ensure the incorporation of
miltiple channels in the semi-vericgram computation. fThe results
are shown in Figure 4.12.

The North-South semt shows & zonal (expected
from prior geological krowledge) as indtoated by its lower
variance and <learly defimabie sill. A oticesble feature of the

other semi-variograms particularly the Bast-West semi-variogram
is the promownced hole effect. Generally this can be explaimed
by one of the followings-

inmugginient pairs of polnta for calculation purposes
uatural semi-variogram £luctuations
Pysical depositioral features

this case study the first two options can be quickly
¥hen one iders the 1 rmature of the




FIGURE 4.11 AVERAGE EXPERIMENTAL SEMI—VARIOGRAM
OF CMG/T
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FIGURE 4.12 EXPERIMENTAL SEMI—VARIOGRAMS OF

CHANNEL WIDTH
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Witwatersxand gold bearing reefs the hole effect can be readily

lai The st shown by the North-South

this as the channel direction.

semi-variogran indicates
Accepting this, the East-West semi-variogram and to a lesser
extent the other semi-variograms would be expected to exhibit a

periodie profil as the semi-variogram computation passes from

channel to inter-channel facies.

Thia is because in the flow direction the semi-variogram will in

general use homogenous data in ite computation, either chamnel or
inter-channel values. However, at right angles to this direction
the computation will use, in addition to either the chamel or

toter—ch values, & ion of both data types. The

result of this iz a semi~variogram consisting of areas of low and
high varlance, the latter occurring when a combination of both

data types are used in the computation. This hypothesis
1 semi-variogram behaviour.

1 11y explains the

This thory can only be accepted when substantiated by local
geological evidence. - he only investigation on the White Reef at
West Rand Consolidated Mines was that reported by Steyn in 1975
and sumerised by Brigge (1986). fThis was undertaken on a full
time basir between 1963 and 1965 and intermittently thereafber
wtil 1975 when a fimal report was produced. The objective of

that study was to determine the cohtrols of mineralisation in the

White Reef.

Steyn classifises the White Reef a5 a braided fluvial fan deposit




comgoeed predomluantly of longitudinal bars. Figure 4.13 adapted
£ron Steyn shows the paleoflow directions in the vicinity of the
area under investigation. Prom this plan it can be clearly seen
that the paleoflow direction ia estimated to be approximtely
South-South East, This 8 in good agreement with the resulte of
the semi~variogran amalyais, espectally when it is rembersd

that a tolerance of 22,5 degrees was used in its computation.

The nature of this study &id mot warrant the future use of

chanrel width in the estimation process. Howsver, had it been
required a more accurate definition of the anisotropy would have
been attempted. This would have involved the re-computation of
the semi-variogram at various directions around ‘the anisotropy
combined with a emller tolerance on the search angle.

4.6.2  Semi-variogram modelling

An experimental semi-variogram is purely a data summry
technique. It is used as an ald in determining the variability
of the nineralisation and the structure of the Qeposit.
Conclusions about the deposit must be made by a process of
inforence. In order to use the semi-variogram in the estimation
procedure it must be related to a theoretical model. This
process s anal o that of & £rom &

set of data values and inferring from it a theoretical
distribation for the population.

4.6.3  Seml-varlogram models
A wusber of models exlst for eesl-variogram analysis. They can
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be divided into two groups, models with & sill and models without

a sill. Brief descriptions of those most commonly used are given

‘below:

4.6.3.1 Moxdels with a sill

Sehertcal model
The sphericsl or Matheron wofel which was derived on
theoretical grounds has been shown to satisfactorily
vapresent the semi-variogran of rany different ore deposits
(David , 1977). Tis podel is characterised by tw
peramoters, the sill and the range. The spherieal model
rises rapidly from the origin, then gradmlly flattens off
witil at a certain distance it reches its sfll at vhich it
resains. This distance at which samples become independent
of ome arother is calied the range of influence. The
equation of this mdel

¥(n} = C(30/2a - v3/28%) + o

Y(h) =C+ oo for h>a

¥(h) = semi-variogram
T+ 0o = sill

o = mugget effect

a = range of influence

h - = distance between samples




Exgonential model

This model is also defined by the sill and the ramge. It
Likewise rises from the origin with increasiny distance, bt
sore slowly thar the spherical model and asymptotically
reaches its sill. This model is qaining acceptance in the
South African qold mining industry where it has been
denonstrated to be more reliable and robust under logrormal

conditions. The equation of this model is:

¥h) = €[ - exp(-h/a)] + Go

= semi-variogran
=il

= migget effect .

= range of influence (one third practical range)

= distance between samples

Pigure 4.14 shows the general

variograss.

4.6.3.2 Models without a sfll

Linear nodel
This is the simplest model and 8 encountered in cases where
there is wo range of Influence. It is simply a stvaight
Line passing through the origin and 1is defined by its slope.
The equation of this modsl is:




¥(h) = on/2

= gemi-variogram
= constant

= distance between samples

De Wijsian model
Alpo  known as the i model, this

also increases without bound. Tt was derived from the model

of the variation in ore grades at different scales as

develdped by de Wijs (1951, 1953). 'his mdel is

essentially a straight line relationship and is plotted
against- the logarithm of “the distance. Because of its
logaritheic mature it becomes imapplicsble for distances
less than one. It can thus only be applied for samples with
support of finfte dimensions and mot point observations.
Thaid mdel 18 ideally suited to global estimation based on
very limited data. Because of this it has been éxteusively
used in the valuation of new deep Witwatersrand gold
deposits where surface boreholes are widely spaced. The
equation of tnis model iss

¥(h) = 3xlch




= seni-variogram
O = constanr, krown s the absolute dispersion
h = distance between samples

Figwre 4.15 chows the general form of these two
semi-variograns.

4.6.4 Model selection
Models were selected for both cmg/t and channel width based on
those described in section 4.6.3.

4-6.4.1  Centimetre gram per ton {cmg/t)

%5 was seen from Figure 4.1 the cmy/t semi-variogram has a
clearly defited sill acd mgmet  effect.  Because  the
soml-variogram reaches a sill either a spherical or exponential

wodel mist be used. As mentioned earlier recent geostatistical

research (Matheron, 1983) favours the use of the exponential
model for skew distributions. In keeping with this trend an
exponential wodel was uged for this procedure.

The model was £itted iteratively using an IEM PC AT computer and
software developed by the Mining Department of the University of
the Witwatersrand under Professor D.G. Krige. fThe model
represents a hest visual fit of the data based on estimtes for
the migget effect, sill and range. Figure 4.16 shows the Fitted
exponential model, the paramsters of which arer

Nugget effect (Oo) 170 000
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EXPERIMENTAL SEMI~VARIOGRAM OF CMG/T

FIGURE 4.18 FITTED EXPONENTIAL MODEL TO AVERAGE
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si1L (¢ + o)
fange {metres)

Examination of both the wodel parameters and the fitted model

reveal two areae Of concern.
-~ The muget effect
- Thesill

Each of these are discussed separately belows-

- The mugget effect
The behaviour at the origin, vamely the nugget effsct, plays '
a crocial role in the semi-variogram fitting as it Tas &
marked effect on the kriging estimation. Figure 4.16 shows
the migget effect to be bssed on palrs showing a fairiy
scattered behaviour. Depending on the view taken in

extrapolating tha first few seml-variogram valuee back to

the origin, different nugget effects can be chtained.

The only way to improve the estimation of the mxgget effect
and reduce personal bias is to use additional data at closer
distances, This was achisved by re-computing the seml
variogram based on a Z metre lag distance. Though thls
reduced the mumber of palrs at the shorter 4istance,

substantially more than the 30 considersd sufficient hy
Journsl and  Huijbregts (1961} ¢o enable a confldent
reassesment of the mugget effect were available for
computatiomal purposes. The results of this semi-varicgram
ate shown on Tigure 4.17 and tabulated in Table 4.4 belew.




FIGURE 4.17 FITTED EXPONENTIAL MODEL TO AVERAGE EXPERIMENTAL
SEMI—VARIOGRAM OF CMG/T AT 2 METRE LAG INTERVAL
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Table 4.4 Jomparison of the nugget
effect at different lag distances

Lag dlstence Mugget effect

{metred) {we)

io 170 000
2 120 000

The sill

The sill is set at the value vhers the semi-variogram °

stabilizes. In theory this should coincide with the overall
variance of the data. In order to ses if the sill could be
browght imto line with overall sample veriance the

1 sewi-variogran vas puted over a distance

of 300 metres.

The rationale behind increasing the distance was that the
overall picture may be masked at shorter distanes due to
the variable mature Of the sample pairs. Over a longer
dlstance the varisbility should be minimised, thexeby
allowing a best estimate for the sill. Figure 4.18 shows
the new semi~variogram which does give credence to the idea
in at least this case study. Uable 4.5 below shows the oew
estimate for the sill compared with Loth the previous and
theoretical estimates.




FIGURE 4.18 FITTED EXPONENTIAL MODEL TO AVERAGE EXPERIMENTAL
SEMI—VARIOGRAM GF CMG/T OVER DISTANCE OF 300 METRES
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Table 4.5 Comparison of the estimated slll value

at different, distances

Basad on the sbove semi-variogram recomputations the following
mthematical mdel was accepted as the basle for all further
The model are:

Migget effact (Cb)
Si12 (¢ + ®)
Rarge {metres)

4.6.4.2  Chanoel Width

Though, as previousiy stated, chamnel width was wot used in the
estimation procedure a model was fitted to further iliustrate the’
technique of experimental semi-variogram modelling.

Based on the experience gained from fitring the cmg/t model, the

h ogram was mpated at a lag fnterval of 2
metres. Both spherical and exponential podels were fitted to the
experinental seml-variogram. It was found that while both models




adequately represented the sill, the former best accounted for
the behaviour over the slope. The selected spherical mdel is
shown in Figure 4.19. The model parameters are:-

Nugget effect {®) = 275
SL1L (¢ + o) = 1330

Rome (metres) =

4.7 Comparison of the Actval Stope Pane) Valnes with the
Goostatistical and Mine Estimates

This comparison, based on cmg/t, allows both an illustration of ~

the rospective merits of the two estimation techniques and a

of the which can occur between

prediction and recovery when the two methods are used.

4.7.1 Definitiona ,

- Mine Value: the value assigned to a stops panel by the mine
sampling department prior to wining. A brief description of
the sampling procedure and the methods used to determine the
average value for a pansl are given in Appendix 1.

~  Geostatistical Value: the value assignad to a stope pamel
by keiging prior to minlng. This ie amlogous to the mine
value. A brief description of this technique is given in
section 4.10 prior to itg use in the estimation procedures.

- Actual Value: the average value assigned to & stopa panel
by kriging based on 2il sampling within the vicinity of the




FIGURE 4.19 FITTED SPHERICAL MODEL TO EXPERIMENTAL
NORTH—SOUTH SEMI-VARIOGRAM OF CHANNEL WIDTH

2000

oL

1500

SEMI-VARIOGRAM

10004

10 50 20 130 170 210 250 290
CISTANCE (metres)




panel. A3} sample values lutermal as well as exterval to
the panel are used. It thus regresents the best availsble

estimate of the true value of the panel.

4.8 Maitions) Deta’
This data provided the besis for the comparison of the ackusl

values with the estimated geostatistical and mine parel valves.

4.8.1  Sample data

The additional data consisted of 562 raise and stope samples
covering the period of the investigation from 12 Novesber 1986 to
14 September 1987. During this period a total of 38 stope pamels
vere mined. The mine supplied 427 of the additiomsl data values
in the'siwe format as the Base Data, the balance of the values
being captured from 11200 stope assay sheete using a dlgitising
tablet. The data wes mnipulsted in the same marmer as the Base
Data with the exception of the qold content for the 135 sauple

values.

The digitally captured gold grades repressnted regressed g/t
values. Calculstion of Lhe actual cmg/t values was achieved by
application of the standerd mine vegession tables to the
vegresssd values, in order to obtaln unnegressed bulilon
(gold/silver) valves. The bullion values were then split to
remove the silver content from which the o/t values were
obtained.




4.8.2 Oo-ordirate data

The co-ordinates of the 38 stope panels were digitised from the

stope assay oheets and rotated to the horizontal on the came
vasis as the Base Data. In addition, the panels were assigned a
mmeric code to ensure their correct usage in the estimation

procedares.

4.8:3 Data verification
The sample and panel co-ordinates were plotted in conjunction
with the Base Data. This was done in order to confirm toth the

of the data and its with the

Base Data. Figure 4.20 shows a plan of the data values and stope

panels.

4.9 Statistical Analysis of Centimetre Gram per Ton

In the light of the previous statistical aralysis the use of a
frequency dlstribution was 4 to ensure the
consistency of the additionsl data with the Base Data.

4.9.) - Frequercy distribution amalysis

The additiomal data consisted primarily of stope samples based on
the results of progressive face sampling. They would thus be
expected to ghow a higher value than the Base Data which inctuded
the inltial development results. Teble 4.6 compares the results
of the Base Data with the additioml data and aleo shows their

corbined valve.




FIGURE 4.20 PLAN MAP SHOWING THE LOCATION, OF
SAMPLE VALUES AND STOPE PANELS




Table 4.6 Summary of statigtice for centimetve gram per ton

for base, additional and all data

Adgitiomal data

Nunber of values 1013 562 - 1578
Mean 627.4545 772.5632 679.2326
ariance 303750.60 380668.70 336036.7

dndard deviation| 551.1357 616.9997 579.6867
i mam 1.0 44.80 1.00
4460.00 4370.80 4460.00

It can be seen from the above table that the results confirm vhat

was 1y and ically expected. 'The

of thig tool in verifying the data was well demobstrated. The
data was thus accepted for use in the estimation procedured.

4.30 Kriging

Rriging is a miltiple reqression procedure for arriving at the
best linear urbiased estimator or best linear welghted moving
average estimate of the ore grase for an ore block of any size.
The technique was developed in France around 1960 by Matheron
{¥atheron, 1963) and naned after 0.G. Krige who is considered the
£iret to uake use Of spatial correlation iu the field of mineral

resources valuation.

The method involves assigning an optimum set of weights to all




the avallable ‘and relevant data based on the goni-variogram. The
main advantages of the tachaique are the avoidsice of mystemtic

bids errors and the minimisation of the error of estimation.

4.1 Compatation of Geostatistical and Actual Values

“he tectmique of Trdinary Krlging (kriging without the mean) was

used to compate the kriged and actusl values. This was due to
the uravailability of a computer program for Simple Kriging
{kriging with the local mean} at the time of the investigation.

The d~varfogran model in Section
4.6.4.1 formed the basis of the estimating procedure. The
software -used in the kriging estimation was the Geostckos System,
which 1s the proprietary of Geostokos Limited, m.

Due to the small time frame and mmber of stope panel samples it
was decided rot to re-nodel the seml-variogram on a gquarterly
tasls, but rather use the exponential semi-variogram wodel ao
fitted to the Base Data as the basis for the kriging procedure.
The validity of this approach is discuseed later.

4.11.1  Geostatistical values

This procedure wes used to estimete the value of & stope panel
prior to mining. Only Bese Data velues and additioml valves
aveilable prior to the mining of a panel were used. This was
achieved by flagying each value and panel by a mueric oode.
Values within a panel were assigned a code of one greater han
¥ne panel. In the estimation procedure only valus with a
rumeric code of less than of equil to the pansl cofle were used.




This method assured that 1o values elther within or ahead of the
panel being estimated were uped in the kriging procedure, thus
simalating actual krowledge at the time of mintng.

4.1L.2  Actual values

Tn this procedure & stope panel was assigned a value with mo
restriction on selection criteria, The actual valve assigned
«wap thus based on all informetion availsble prior to, cobourrent

with, and after the mining of the parel.

4.12 Results

The results for both the actual and geostatistical panel values
together with their equivalent mine estimates are collated oo a
pavel by panel basls ia Table 4.7.

413 Aralysts of Results
This analysis imolves a reconiliation of the differences
between the actual values and the gevstatistical and mive

estimated values.

4.13.1 Reconciliation of actual and estimated values

fThe best comerative represemiation of actual and estimsted
values 1a a scattergram. This techolque provides a good
graphical method of iging and 11 the

between two variables. The general features of such a plot are
shown schematically {n Plgure 4.21 in which the scatter of points
ie replaced by its toundary live.
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meble 4.7 Conarison of sobuat stope panel values with
thelr kriged and mive estimates

Panel Mo | Mine estimate riged estimite [ Actual value

512.16 842.61 657.94

The horizontal and vertical lines represent ihe actual and

eatimated cut-off grade and divide the plot into four regions. :
Regions 1 and 3 represent actual values above and balow the 5.k -

cut-off, respectively, and which are treated as such. Reglons 2 g N i




e

RS S

and 4 contain which have been

due to
errors in the estimated values. In region 2, values estimated

above the cut-off are in fact waste,

whilst the reverse holds
true for region 4.

The primecy cbjective of aty estimation technique is to wimimise

the mumber of polnts which plot in regions 2 and 4. In an idsal

situstion o poinks Will lie within these tw reglons. However, '
in any selection process the estimated valve is mot obtained.

Father the true value, given the estimated value is above the pay

limit or cut-off grade, s obtained. Thus discrepancles will

occur between what: is predictsd and what is mined.

The intention of kriging is to minimise these discreparcies by
Providing an estimator which on average will produw cetimated
valuse lying along or close to the 45 degres lins. 'Me
consequence of this mn selection s to recower a valus close to

vhat wag predicted.

Figures 4.22 and 4,23 show the scattergrama of the actual values

againat toth the and mine

16 ia cléarly evident that the gecstatistical method 13 the
superior estimating technique. This is because koth the scatter
of points is minimlsed & ' the Yegression line ls closer to the
45 degree line. fTha statistics for the two methods, which are

given in Teble 4.0 below, confirm this. The corvelation

coefficient implies a significant positive relationship between
the actual values and the geostatistical estixates, whereas a low
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correlation exists for the mine values.

Takie 4.8 1 for

eam per ton for kriged and mine estimation

Rriged Mine

va va

Correlation coetflcient

4.14 Reconciliation of the Semi-Variogram Medel used for the
Geostatistical Computationa

In the early stages of the developsent of a project, where daﬁ_

is limited, it 1la walikely that the experimental semi-varjogram

wlll be adequate Zor the definitlon of the underlying

pemi~variogran wodel. This was ot the case in this

i as the 1 ogram model used was

based on 1013 sazple values in the imediate proximity of the
area to be mimed. However, as minlag progressed awey from the

ked: areas, i data wonld be into any

new £

This could result in the semi model being it at
later stages Of minimg. To ensuwre the robustness of the
exponential model it way fitted to the data avallshle st the




middle of the mining programme. Fiqure 4.24, chows the fitted

mdel.  The iog the
adaitional Gata confirved the validity of the origiml model
paramsters for the area of the investigation. Their use in the
geostatistical estimates was thus accepted. '

4.15 Benefits Derived from Geostatistics

The bemefits derived from geostatistics can be divided into two
categories, mamely technical and finsncial. These are treated
separately. )

"4.15.1  fechnical henefits
‘he principal benefits achieved by the successful implementation

of geostatistics are outlined below.

4.15.1.1 Improved ore reserve estimation

hen mining selectively a panel is mined provided the estimated
value exceeded the pay limit. However, actual recovery is the
true and not the estimated value. The accuracy of this estimate =
18 of extreme importance in the case of mines which are faced
with 1 as payability

In any estimation procedure the overall value is a conbination of
unlervalusticn of the actual valu Ln the lower grade categories
and overvaluation in the higher grade categories (Krige, 1951).
The effect of this is that {ndividuel patel estimates will vary
from their actual value. However, the combined effect of under

and overvaluation ¢an be to produce an acceptable global estimate.




“IGURE 4.24 FITTED EXPONENTIAL MODEL TO AVERAGE EXPERIMENTAL
SEMI—VARIOGRAM OF CMG/T AT MIDDLE OF MINING
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Por cut-off grades over the whole value ramge of the deposit
conparisons have been made between the kriged and mine estimated
values. v'!hsse values which were derived from the respective
regression equations are tabulated in Table 4.9 below.

Teble 4.9 Comparison of kriged and mine estimated values
at selectad pay linits

Pay Lipit Kriged estimate | Mine estimate
(emy/t) {cng/t) (omgy/t)

200 3581
300 172,77 -,
400 309,74 -
500 46.70 92.22
600 583,63 295,58
700 720.65 698.93
*719.62 747.53 758.45
a00 857,62 1002.29
900 994.59 1305.64
113L.56 1609,00
1268.53 1912.35
1405.50 2215.71
154247 " 2s19.07
1679.44 2622.42
wea 3125.78

* Actual meah value




Trom the shove table it can be seen that the kriged and mine
estimates of 747,33 cmg/t and 758.45 cng/t compare well with the
actual mean value.of 719.62 cmg/t. The estimates are within an
acceptable tolerance for an ore reserve estipate, being 3.9 per
cent and 5.4 per cent at variance with the actual value.

Fowever, cosparison of the indfvidual stope panel values show the
mine estimation method to be clearly umacceptsble due to grods
disorepancies at both the lower and upper value ranges. The
result of this is that actusl recovery will vary conaiderably
from the predicted valus if selection is based on this technique.
Use of this method will result in a loss of reveme in the lower
value ranges due to wineahle paiels betng classified as urpay and
tot nined. In the upper value rahge all the mineable panels will
in general be correctly classified, hovever, thelr reveme
expectations will be v sealised.

The kriged values show a significantly smaller difference from

the actual values and thereby predict more accurately what is
nlned. They thus provide a sore accurate and confident framevork
£rom which to plan further minlng activities and form a base for
the prediction of future ravenves.

Comparison of the errors (l.e., differences) between actual and
estipated values further serve to illustrate the superiority of
kriging over the mine method for local estimation. Histograms of
errors between actual and kriged ang actual and mive values are

sbown in Figures 4.25 and 4.26, respectively. It is clearly




FIGURE 4.25 HISTOGRAM OF ERRORS BETWEEN
ACSTUAL AND KRIGED VALUES
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FIGURE 4,26 HISTOGRAM OF ERRORS BETWEEN
ACTUAL AND MINE VALUES

aasang
A

-700  -500




£
£y

seen that when mine estimates are used the histogram of errors is
much wider than that between actual and kriged valves. The
results in Table 4.10 demonstrate this in statistical terms.

‘Table 4.10 Comparison of statistics for kriged

and mine errcis

Kriged errors Mine errors
Mean ~27.9047 ~38.8271
Variance 51774.9700 121372.7000
Standard deviation 227.541) 348.3859
tinimm =571..4490 -854.8100
| Max i 468.4300 693.7200

4.15.1.2 Improved block factors

A block factor is the ratio of the curvent sampled valus of a
block to its estizeted value, axpressed as & percentage. For the
purpose of this stuly a panel iu considered syronyous with a
Block.

The average block factors for the two estimating techniques were ; . )
compared for different value oategories over the whole valus :
range of the deposit. The remits ave shown in Teble 4.11 below.

From this table it is seen that the utilisation of hriglng glves
. a far more accurate estimate of the block factor than the mine - o
wethod.




Table 4.11 Comparison of block factovs for

¥riged and mine estimation

aategory

Rriged plock factor

Mine block factor

101 -
201 ~
301 -
01 -
501 —
601 -
701 ~

§g888888

BOL -
901 ~ 1000

1001 - 1300
1101 - 1200
1201 - 1300
1301 - 1400

1401 ~ 3500

61.45
55.08
107.62
64,49
93.78
91.37
102.14
138.39
92.48
138.61
96.90

125.03

45.21
£3.16
46.40
48.75
96.44
124,22
78.98
86.52
103.02
'152.87
235.28

114.24




Comparison of the figures in Table 4.1l reveal an amlagous
situation to that seen in the previows section. While the

overall estimated block factors are mimilar the estimates at

Qifferent value cateqories can be seen to vary considerably,

especially, in the case of the mine method. The statistics for
the two methods which are shown in Table 4.12 below, illustrate
the mich reduced variance when using krlging.

Teble 4.12 Comparison of statistics for kriged and
mine block factors

Kriged block
factor

Mean 107.6731
Variance 3686.4590
Standard deviation 60.7162
Minimm 36,5000
Max{sam 299.2100

From the statistice it is evident that the average block factor
should ot be used alooe, but in light of the variability of the
individual block values.

4,18.1.3 Improved selective mining options
Bs mentioned earlier, wanual estimation methods, while providing

a reasomable ovirall value for an area, can prove dangerous as a
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quide to selective mining. When mirdng selectively the aim is to
wine only those panels which have been estimated above the pay
iimit. It must be 2vcepted however, that whatever estiration
. sawdure is employed panels will be mined that are in fact below |
thé pey limit, whilst others asbove the pay limit will be left
uwranined. '

The’ . . sentation Of geostatistics would lewd: to better mining

as the effect of kriging, being a superior estizating technique,
is to nminlmise the misclasaification of pamels. ‘This .is
{1iustrated graphlcally for sélected pay Limits in Plgures 4.27
and #.28, where it cen be seew that kriging ninimises both the
pay ore pot wimed and the unpay ove mined, whilst meximising the

ecoromically mineable ore.

In the context of this study the changes in ore classification at
the mita pay Mnit of 400 cmy/t sre the most relevant. The
reclassification of panels at th pay limit by changing from the

mine method to the technique of kriging

1is shown in Tebie 4.13 below. |

Reference to Table 4.7 shows that pacels 7, 10 and 24 were
correctly reclamsified and panel 15 wxongly reclassified by
keiging. Thae the net sffect of changlng estimation methods wes
the ability to increase the musber of pay panels miveable by two,
nanely tusbers 7 and 24, from 30 to 32 out of a maximm of 33
actually avallible. This reprepents an increase of 6,06 per cent
in pay wived.
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Table 4.13 Change in panel classification
at the pay limit due to the use of kriging

Mine estimation | Kriged estimation

Pay wot mined Pay mined

. Unpay mined ) Unpay oot mined
Ungay tot mired Urpay mived
Pay oot. mined Pay mined

Due to a lack of available face the -mine did rot adhere to
planning derived from its estimation method, but pursued a policy
of total mintry in the area undsr fnvestigation. While this was
only a temporary measure it doee allow a further romparison,
rawely the effect of ton-selective mining., By practising mo
grade control all the pay ore is mined but at a price, namely the
reduction of grade dus to excessive dilution by the mining of all
the unpay ore.: Figure 4.20 allows the results of total mining
to be viewsd against the backdrop of what could have been
obtatned bad selective mining been employed (Figures 4.27 amd
4.8).

It is realised that the improvemento which would be cbtained by

‘the use of i ina 4ve mining & wt
take into account the practical extent of stoping. These are

addressed unier financial benefits in Section 14.15.2.1 where a




FIGURE 4.29 CLASSIFICATION OF ORE AT SELECTED
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similated sining plac besed on the results of the two estimation
techniques is carried out.

4.15.1.4 TImproved ebort ters plenning

The declsion on whether to advance a development end or raise is
generally based on sampling and diasood drilling results. When
values are below the ray limit the decision xay be taken to stop
development. This decision often takes mo cognisance of possible
pay trends tnat could be encountered.

Because kriging kncorporates all available data and thelr spatial *
auring 1 ion, it will forecast the

possibility of pay shoots. Furthermore ae kriging can be used to
produce a close grid of values, contour maps are easily
generated. Such kriged contour maps provide a straightforward
tool from which the prediction of possible trends can be made.
Pigwre 4.30 illustrates an interpolated comtour map kriged from
all of the available data using 2 20 metre by 20 metre grid

apacing.

An additional advantage of kriging iv that each estimate is

by a error, or standard
error. This error can be used to provide a measure of the level
of confiderce that con be attached to the estimated value. The
required confidence limits are obtained by transformation of the
estimated errors into the desired intervals.

The lower confidence limits are the most irportact in ore recerve
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estimation, as they provide a measure of the probebility of ihe

actual value ocouwrring -in practice. For exswple, the lower 90
percent ooufidence Limit gives the value albove hich owe can be

90 per cent sure of the ackual wean occurring.

A8 was the cuse with the krlged estimates the scrors can Likewise
b consould, Thum cad |

a kriging error map, which can be sed .as a test of its
reliability. Figure 4‘;‘;’?} 1s the acoompanying error ap for the
value contour map. N
Thesa “maga aey‘ st in the comtol of short term
planning as ‘xv will emable manageent to view the
estent of Planing 1h felation to the latest dats. With this aid
problen aresé can be detected,. s embling advance plsniny
hoveg. £ be initiated with & minimm effect on production.

4.15.1.5  Toproved sasple spacing

Standard mine procedure is to sample at 3 wetre intervals in
dsveloprent ends and raises and at 6 metre gpacings in stopes.
Ho provision is made for the variability of the wineralisation
resulting from the alluvial dature ¢f the deposition. This
Veriscility is of imortance as it affecta the level of
confidence 1n grade prediotion. In areas of low varlability the
level of confidence in grade prodiction is igh, whilst the
reverse ig true in areas of tigh varisbility.

The latter holds true for the area wnder investigation. This was




&
[ rovsoo

e

T

xensgo.




Getectsd in the chamnel width semi-variogram by the anieotropic
structure with lower variance fn the North-South direction and
subsequently confirmed by geological evidence. Thia structure
tae inportawt implications for sample spacing., In order to
achieve the highest sampling efficlency, sanple spacing should be
closer in the Rast-West direction to ensure that the best
estimate of grade for the stope or development end is chtained,

Tois {a {livatrated in Figure 4.32 for stopes mining in an up-dip
directicn, It shows how samples taken at regular intervals very
acoording to the chamnel directfon. Breast saspling has been
included in the plan for illustration purposes.

It is clear that sample value variation is lower in the direction
of Ehe channel than vormil to it. Consequently the stoping will
have a greatar variation of values across the face of the up-dip
panels (Section A-B and samples 1 to 7) than thoss taken as
Treast samples {Section C-D and samples 7 to 12). Thus with a
greater value variation as the face advances the sample distance
should ba reduced, Bn optimm sampls spacing may be obtained by
undertaking a detalled geostatistical stwdy similar to that
carried out by Rendu (1976).

Anisotropic semi-variograms facilitate the determinmation of an
optimal sanpling acheme, However, where sampling is still
confucted on a yegulax interval basis the pamel estimate is

greatly improved by using kriging. This is because the weighting
factors used in kriging are calculated taking into account the




FIGURE L.BZ SCHEMATIC ILLUSTRATION OF THE
THEORETICAL EFFECT OF CHANNELING
IN RELATION TO STOPE SAMPLING
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directions of greater and lessar coutimaity as determived by the

sent-variogran.

14.15.2  Ficancial bevefits

From the viewpolnt of ecoromic value, the fimatcial beosfits of
technical compufing can often be temous and indrect. The
application of geostatistics in this case study provides =
clearly quantifisble monotary beoeflt. This is because it is
aimed at maximsing the extraction of payable ore; which is the
only revemus varning asset of the mie. This is dlscussed in
wore detall below.

24.15.2.1 Inproved profit potential

The prograssive irprovements gained by chengitg from a mining
method of total © a ive mintng

Based firstly on mine estimates and then on krlged estimtes,

Tave been demonstrated. However, unless these improvements have
a significant effect on profitability the advant.jes to be gained
would be purely of icademic interest.

Selective mining based on the panel estimates derived from the
two estimation techniques were compare® with total extraction.
‘e operating and marginal pay limits during the pericd of the
investigation are summarised in Tabls 4.14 below.

‘e operating pey limit defines vwhether ore can be mined at &
profit. it takes into account the changed or changing conditions
such as mlnlng rate, working costs and gold price.




Table 414 Pay liatte applicable during the period
of the investigation

Pay limit (cmg/t)

Operating Marginal

0ot - Dec 1986 30
Jan  Mar 1987 310
Aprll - Juna 1907 310
Guly - Sept 1987 350

Total working expenses incurred in mining can be .aplit inko
variable aod fixed. The morginal pay limit is based -on' the

varisble oost compouent. This includes the cost Of stoping,
tramming, holsting and milling, Development and punping costs
are excluded, Fixed costs (overhesds) which: are not included
mist be carried regardless of the volume of production.

The margival pey limit thus comes into effect when the mill is
running aoder aapsclty o o mining face has reached an urpayeble
block of ground that can be left as a pillar. This pay limit
Satlx't;s whother the unpayable ore can be mined and make a
contribution to overheads. As any ore mined at the margiml pay
limit makes mo contripution to offset overheads the practice must
only ba followed on a limited scale,




The following criteria, as supplied by the mioe, were used as

quidélines for selective nining in this exsrciee:

« 7311 pansls with estimsted values above the cperating pay
Limit are to be mined.
the mining of penels with estimated values sbove the
pargiral pay linit should be restricted to 15 per cent {six
panels in the case of this imvestigation].
the mining ‘of phvels with ‘sotimated valuow below the
warginal pay limlt should be confined to 5 per cent (two
panels 1 the case of this investigation).

Theaiconditions are eubjective and depend on the technical and

—wAncial domlitions existing at the time of mining.

‘The area of the study can be divided into two distinct pdning
in terms of bility, namely a rorthern ard a

southern portion. These areas were 67 per ceut and 100 per cent
pay, respectively. AllL pamels in the southern. aves wete
ostimted as pay by kriging and would have been mined. In the
case f the mine estimation. techuicve, only parel 24 wes
astimated as wpay. Bowever, its estimated value (368 omy/t)
was only marginally below Uhe operating pay limlt of 380 cmg/t.
This, coupled with the fact that all the adjacent mived pansls
were pey would bave ensuwred that it was mined. In summry sll
panels: would Teve been stoped regardless of the estimtion
technigque used.

A different situation existed in the rorthern area die to its




Lower payabllity. The panels availeble for miuing, together with

thope already stoped and showing their actwal value, are
indicated in Figure 4.33. The selection criteria for the three
Qifferent mining scevarios for this ares, together with amy
salient features, are outlined below.

Total extraction
AL pamels are mined. The mine adopted this policy of
mmsqleetive mining due to the lack of available face.

Selsctive mining using mine estimates
The bases for the mining decisions are U\.}tlirad in Table
4.15 below. The outcote of the selectlon procedurs was that
thres panels akove and one below. the marg{ral pay Hmit were
mined. OF the panels mined only three, naxely, 8,10 and 14

warrant discussion.

Pael 8 was mined thoush the estimated value was balow the
sargizal gay limit. This decision was based on the fact
that the adjacent mined panels indicated improving value
dliead vhich should be encountered by ¢his pamel. In
addition the raise to mine this stope pansl had been
developed. 'The alterrative to leaving this panel umined
would be to re-raise and re-establish the stope face further
ahead in payeble ground. The additiomal cost
redevelopment was rejected due to the proximlty of berca:
values. Rccordingly the pansl was wived to eypose the pay
ore ghead.




FIGURE 4.33 PLAN MAP SHOWING THE LOGATION OF STOPED
T 'PANELS AND THOSE AVAILABLE FOR MINING
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Table 4.15 Basls for panel selection using mine estimation

Basis for mining decision

Decezber

‘Panel estimate

Panel estimate { 512 cmg/t) pay. Preceeding four panels had pay values of 507,574,
cated.

654 and 942 omg/t respectively. See Figure 4.33. Improving pay value i

Panel estimate { 725 cry/t) pay. Preceeding two mined panels had pay valuar of
795 'and 725 cwg/t, respectively. See Figure 4.33. Tmproving pay vaice inficated.
Panel estinate { 266 cwg/t) urpay and below werginal pay linit. Adjacent mined
-panels on elther s an 1.n atrection of mining pay. See Figure 4.33. Development
in position to comence minl

Panel. estimate (1346 cmg/t) pﬂy- Preceeding pansl (1) pay {658 cmg/t).

Panel estimate { 866 cxg/t) pay. P:eueedqu panel (11) pay (910 omy/t).

Pane) estimate { 350 cumg/t) urpay, but skove the marginal pey limit. stceedirq
panel (8) pay ( 563 cmg/t). Adjacent paneLs on either side and ahead pay.

F

( 925 cmg/t) pay. Preceeding panel (2) pay (491 cng/t).

( 556 cmg/t) pay. Preceeding panel (12) pay (554 cmg/t}.
Pansl, estimate 2 521 cmg/t) pay. Preceeding parel (7) pay {1044 cmg/t).

4

Pane). estimate

Parel estimate { 841 cmg/t) pay. Preceeding pansl (6) pay (1012 cmg/t) -

Panel estimate ( 289 cwg/t) unpay and below the marginal pay limit. Adjacent mined

panels (67 cmy/t and 266 omy/t) unpay. Sce Figure 4. R

Panal estimate { 323 cnq/t) urpay but above the marginal pay limit. Preceeding

parel {13) uogay { 204 cmy/t) . Ongzy value indicated,

Panel estimate {1119 cmy/t) pay. ng panel (5) pay (742 emyfe).

Parel estimate ( 707 cmy/t) pay. P:eceedt.nq parel (8) pay (583 cmg/t). Ajacent

unnined panel (9) and mined panel had estimated and actual urgey values of 289 cma/t

and 329 cmg/t, respectively. See Figure 4.33.

Pane}. estimte { 343 cmy/t) unpay but above the marginal pay llnut Mjacent nined
wiels had pay values of 725 cmg/t and 775cmy/t. See Figure 4.

0T




The estimated value of panél 10 (707 amg/t) was baced on the
sample values in pansl 8 contiguous with it, where the
average value was 717 cmy/t. ‘The estimated value is,
bowever, ot consistent with either of the adjacent values
in the direction of mining, which wore urpay. The approach
adopted here was that the pamel wouwld be mimsd- iw
conjunction with strict sampling control.  Once sampling
indicated the face had become urpsy mining would stop.
Aproximtely 60 per cent of the pansl was mined at an
average value of 412 cwxg/t before sampling indicated the
face urpay.

‘The estimated value for panel 14 was akove the marginal pay
rit, Whilst the actusl value for panel 13 was below this
pay Mmlt. On the absence of any addltional eviderce panel
14 would be mired to prove if mining had entered an unpay
area or whether the previcus panel conatltuted an ervatic
value.

selective mining based on kriged eatimates

The teses fon the wining Qecleions are outlined in Table
4.16 below. The outoome of the selection procedure was that
ore parel above and o panels Pelow the sargimal pay limit
were mined. In tarms of the quidelines provided for
selective mining this represented almst perfect mining.
‘he tasis for the mining decision for each panel is clear
and does ot warrant suy further discussion.




Table 4.16 Basis for panel selection using kriging estimation

onth Pavels Basic for mining decialon Mive
avallabie g
Decenber i Panel estimate { 843 n:ma/t) pay. Preceeding four panels had pay values of 507, 374. Yhs
£54 and 942 cag/t respectively. See Figure 4.33. Improving pay value indicated: X
1 Parel estimate ( 667 cnq/t) pay. P:emasding two mined panels had pay values of Yes
. 775 and 725 cmy/t, regpectivel See Figure 4.33. Irproving pay value indicated. °|-: 2
B panel estimate { 379 cmg/t) maxqmally urpay. djacent wined parels on eithe: side | Yes
and in dlrecuan of mining pay. See Figure 4.33. Develogent in position
commence mind
Jarwary 2 Panel eacmaee ( 929 ang/t) ;:ay. Preceeding panel (1) pay (658 omg/t). Yes
1z panal estimate { 579 tmg/t) pay. Precesding papel (11) pay (910 cmg/t). Yes
7 Parel egtimate ( 63% emg/t} pay.« Preceeding panel (8) pay (583 cmg/t}. Yes
Febyvary 3 panel estimate { 648 em/t) pay. Preceeding panel (2) way {491 emy/t). Yes
13 Panel entimate { 474 cmy/t) pay. Preceeding pavel (12) pay (554 cmg/t. Yea
6 fanel estinate (108l amg/t) pay. Pteceadmg parel (7) pay {1044 omg/t). Yes
March 5 Parel estipate ( 649 eng/t) pay. Preceeding panel (6) pay (1012 omg/t). Yes
' 9 Pave] estimte { 289 clq/t) ard below the n\a:q'mal pay limit. Adjacent mined.| = No
. pavels { 67 cag/t at e} unpay. See Fis 4.33,
14 Fonal sttt ( 298 cnq/t) sy and belon the margimal pay limit. Preceeding "W
panel {13} urpay ( 204 cng,
April 4 Panel estimate ( 483 uu;/t) pay~ Preceeding pansl (5) pay {742 cag/t). Yes
10 Panel estimate ( 305 cmg/t) unpay and below the margioal pay limit. Adjace: No
unmired panel {9) ac? mined panel had estiwabsd and actual uru:ay values of .99 emg/t
and 329 cug/t, respectively. See Pigure 4.33.
15 Parel estimate ( 565 cmg/t] pay. Adjacent mined pansle had actual puy valves of Yes

725 cmg/t and 775 cmg/t, respectively, See Figure 4.33.
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Based on the results of mining,

cashflow statements were

generated for each mining scenario. 'he key elements of the
+

cashflows are outlined balow:

- Square netres mined
The square metres mined Were obtained by plenimetering cach

!

panel using an automatic digital planimeter. N

- Tons mlled
The mill tonnage was calculaved on a panel by parel basis
using theixr respective s. *x widths and a reef demiity of
2.7¢/5.

- Yiedd
Individual panel yields were btained from the actual viluy
by application of the mime call factor and the percentags

metallurglioal recovery.

- Gold price
'Te gold price used in the revenue calculation was the price
realised by the mine fur each quartet. "y

~  Cost per metre squared
The costa used wore those for the Baktery Shaft ivea. Thay
were aupplied by the mine on the same quarterly basis as the
gola prics. Developmsnt costs were excluded as the maln,
davelopement: wes well it advance of mining.




The detailed ushflows for total extraction, selective mindng
based on mine estimates and selective aining based on kriged
estinates are set out in Appendices 2,3 and 4, vespectively. The
results are simmrised in Table 4.17 below.

fTable 4,17 Summary of resulte of cashflow dnalysis forthe
ifferent mining aceharios :

Total Selective mining

nive Xriging
Valuation technique

Tons milled 4620.6 33628.5 |  32260.7
Yield (g/6) 5.8 5.26 5.40
Ravenue (000} 5288 5223 5139
Coats (*000) m 2602 2469
Working profit (1000} 2571 2621 %71
Percentage galn over - .7 2.65

total extraction

It can e seen from Table 4.17 that if selective mining based on
kriging as opposed to mine estimation was practiced, working
profit would have been improved by approximately 2 per cent.
When considered in the context of the total voluxe of production

and ageociated revamme, a 2 per cent increase in working profit




represents a aubetantial monetary hevefit.

The tonmage mined in the area of the imvestigation represented 5

" per cont of the total White Reef stope tonmge milled on an
annual basis.  Application of geostatistics to this reef ovir
the, balance of the leamse area with the same success, otuld
improve total working profit by R:.0 million per avmum. There is
also o reason why 2 similAr improvement could mot be cbtaimed
from the other source of will tomnage, ramely the Ventersdorp

Contact Reef.

1t should be borme iv mind that the area of the investigation was
one of high payability (87 per cent]. The acope for improvement
offered by selective mining is thus limited. In aress of lower
payability. the advantages of selective mining based on
geostatistics should prove greater.

It is evident from the shove that there are flnanvlal lemafits to

Ye ‘gained by the of 1n cony n with
selective mining strategies. However, to be acceptsd it mst be
confirmed in ecomomic terms as the ‘only justification to
sharenolders for capital investment is the proapect of improved
profits.

The capital outlay vequired i berms of haxdware, software and
tralning to implement a geostatistical amalysis system s
presently estimated at R200 00O T'r this mine, Hardware s the
wajor cost component, conprising well over half the total ontlay.




The high hardware cost is due to the adoption of a decentrallsed
spproach wherehy all the computing power resides with the user at
the mine. Implicit'in this is the concept .of the microcomputer

central I unit, slave terminal

diglitiser tablet, plotter, printer and assoclated peripherals. A

regidown of the total costs are detailed in Appendix 5.

For the purpose of measuring profitability the total capital
outlay is assimed to have been made at the outset of €he project.
While this approach may mot be strictly correct the effscts on
the cashflow ere iinimal. Mo profits ave considered to be
generated during the first three months of the project. This
period 15 considered necessary to ensure that both training and
data capture have reached a positior Whereby the system can be
operated to its full polential. Thereaftsr profits are
considered to be gemerated w ¥ with the optimal
benefirs being achieved one yea, astaliation.

In view of the relative magnitude of th¢ retwrns, compared with
the i inflation and ‘bave been

Thin is equivalent to assuming a zero per cent real Growth rate
~ che rand gold price, a scenario which is in line with current

ket perception,

Profitability has been measurad by the Net Present Value
(N.P.v.), Interml Rate of Retin (L.R.R.) and Payback Period.
Wnile the latter is a measure 6f liquidity or exposure to risk
rather than profitsbility, it xas provide in conditions of

W A



scarce capital a yordstick by which investments can be corpared.

A two year time frame has been used to lllustrate these measures.
The results of the cashflow shich is set out in Amnexure 6 are

glven below.

Net Present Value (68} = RI 043 140
Intervs! Fats of Return'= 251%

Paybesls Period = 10 months

The atove measires Jewonstrate very clearly the finsnolal
erefits to be gained by the implementation of geostatistics in a
selective mining enviromment. In the case of this mine these
results wpuld have contributed to,offsetting the current working
lo8s.




5 CNCLUSTON

The objective of this project reort was to dewonstrate how the
implementation of techhical computing could beteflt the South
African gold mining industry. This was shown hy a case study
involving the application of geostatistics to a portion of the
White Reef at West Rand Consolidated Mines Limited. The major
conclusion to. be drawn from this investigation is that
qgeostatistical. eatimation is superitor to the method currsntly
smployed oo the mins,

‘e areas of inprovenent hichlighted in vhis study were:

- .-inproved ore reserve estimation
~ ' improved block factors

~  improved selective mining options
~  improved short term plannifg ©

~  improved sample spacing

In #imanclal terms the, beneflt of euperior estlmation in a
selective mininy enviromment was o improve working profit by 2
per cent. In the context of the total mining operation on the
White Reef this could amount to RL.O million per aonam.

The oomputations Necessary to derive these benefits were
processed on an IBM BC AT microcomputer and required the minimam
of computer expertise. Likewise, the geostatistical techniques
ewployed were relatively straightforward and should be easily
applied by those with a sound statistical background.




‘Gaostatistics was used in this case study to demonstrate -the
bemefits of techuical computing. FHowever, it should mot be
viewed in isolation but vather in conjutction with the many other
technical appiications available to the mining industry, These
cover the broad spectrum of a mining operstion ranging from the
perigheral areas of exploration through to smelting and refining.
The potential benefit in both techuical and finencial terms of

the combined available is

Productivity is aleo improved by technical computing. It is
obvious that the ease of access to and avallability of up-to-date

information,  computational power and speed, increased

interpretation capsbilities and better utilisation of resources,

must yield a irect bemefit in terns of productivity through
savings of time and menpower. .

In swmary, failure to take advantage of the benefits otfered by
techuical compating will, in today's highly volatile and
compatitive markets, result in a loss of profits and operatioml

efficiendy.




1 sampling Procedure
Semples are taKen at 6 metres centres in stopes and at 3 metre

centres in ralses and other development ends. Stope and
development faces are in gemeral sampled omce per month.
However, where high sample variability is encounterd in stopes,
sampling frequency is increased to two and in some cases three

times per month. This occurred in the ares under investigation.

2 Calculation of Average Pansi Value

e following steps are carried out in panel estimation.

- Reductlon of all valués in excess of 5225 cmyft to this
valve. Thia is done to avoid excessive overvalvation of
patels.

Once the highest values have been reduced to the Taximm
permissible value a second method of reduction is used. A
reqression fackor is applied to the g/t stope width values.
The effect of regression is to reduce the calculated value
0 a more represenmtative average. The lowest values have a
small regression whilst the high but erratic valves have a
mich larger regression Which can reduce the true value by
over balf, It is likely that this factor origimated from
the fact that the majority of samples have a low value.

Once the réduction of the valves has besn completed a
welghted arithmetic average ie calculated, using the




sections'in the panel (plus the one from the raise heading

when present) to provide a mean cug/t valus for the pansl.

This 1s illustrated below:

= VIMGHLAV2HGWEITI* SHB VAR SV SIS+ VRFSHRHVE*SHE
SULHSH2+ SRS EWSHSHIRH W6

V= emy/t valus of section
S = stoping width of section

This method for caleulating average panel values does tob cater
for samples ‘teken at irreqular intervals. Furthermore, despite

sampling having taken place 1o primary and secondary raises prior




0 ledging and stoping mo use is made of these values

evaluating stopes.




CASHFLOW FOR NOS-SELECTIVE MINING

APPENDIX,2

TECHNICAL

Square metres mined
T Tons milled

Yield {g/t)

Bold recovered. (kgs)

FINANCIAL

@ld price vecelved (R/kg)
Ravenue ('000)

Cost per metre squared (R)
Working cost {'000)

Yorking profit ('000)

CXARTER FNDED
DECEVEER 1986 | MARCA 1967 | JUNE 1087 | SEEIEMBER 1987 TOTAL
1042.2 48769 30412 8.3
3374.9 11492.8 7287.9 12465.0 34620.6
5.02 +4.99 3.91 6.13 5.8 |
16.94 57,35 2850 7641 1720
28829 28173 29946 - 30506 28514
488 1616 853 2331 5288
22 189 26 221 27
221 922 700 868 am
267 694 183 1463 2577

oet




TECHNICAL

Squsive setved sived
Tons milled

viend {a/t)

G514 vecovered (kgs)

FINANCIAL .
Go1d price yeceived (R/kg)
Soverize {'000} '
Goat per metrg squared (R}
working cost (000}

Viorking profit ('000)

rmmmmmmmmm‘




EERDIX 4

ECHNICAL

Square metres mined
Tons milled

Yield lg/t)

Gold recovered {kgs)

PINANCIAL

Goid price recoived (®/kg)
Teverze {’000) .
Cost pex metre aquared {R)
Vorking cost (000}

Working profit {000}




1 X Micro (386 Processor, 300Mb)
3 x Slave termirals

1 x Digitiser tablet {AO)

1 x Plotter {A0)

1 x Printer (A4 Laser printer)

Peripherala {Zape mtresmer, RAM)

@87 on avove

SOPTWARE (including 12% GST)
TRAINING (GST excluded}

TOTAL COST

32 000

7 500

16 000

38 000

11 000

13 620

56 000

15 00Q

198 120




TPPRNDIX 6

'WORKSTATICH CASHFLOW

YEAR

vL

QUARTER QUARTER

| Tnvestuect (R}
Working Profit (R)
Cashilow (R)

=200 000

200 000
55 555 | 138 888 | 222 222 | 250 000 | 250 000 250 000 | 250 000 | 1 416 665’
55 §55 | 138 €89 [ 222 222 | 250 000 | 250 000 250 000 | 250 000 | 1 216.665
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