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ABSTRACT

Nkroful Mining Ltd has acqulired a concession at Nkrofﬁl town
which has both hard rock (vein type) and alluvial gold
mineralization. The alluvial gold mineralization 1is erratic and
complex so it demands a thorough investigation to establish the

geological characteristics of the deposit and a good estimation
method to estimate the gold resource potential of the deposit.

This thesis is aimed at, studying the geological characteristics
of the deposit and selecting an appropriate mineral resource
estimation method through a comparative study of wvarious
estimation methods. The outcome should assist Nkroful Mining Ltd
in estimating the gold resource potential of the concession and

also contribute towards the improvement of alluvial gold resource
estimation in Ghana.

The geological characteristics of the deposit were studied

through literature review and geological mapping in the field.
statistical and geostatistical analysis were used to check and

quantify some of the parameters obtained from the geological
studies. Based on the geological characteristics of the deposit
and sample grade values, four blocks were demarcated for the

resource estimation.

Triangular, sectional, inverse square distance, statistical and

geostatistical methods were used to estimate the gold potential
of the deposit. Grade estimates from the various estimation

methods did not differ significantly. Comparatively, statistical
_estimation gave higher values. Priangular and sectional

estimation gave values that f luctuated between high and low
grades. Geostatistical and inverse distance estimation gave

values that were average and compared favourably to each other.

Despite the constraint that mined figures were not available at
the end of the research work to substantiate the method chosen,

it is still proposed that inverse distance square method should
be adopted by NKroful Mining Ltd due to 1its simplicity and
comparability with the geostatistical method which took 1into:
account the regionalization of the variables.
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CHAPTER ONE

INTRODUCTION

1.1 PROBLEM DEFINITION

and alluvial gold
mineralization. The alluvial gold mineralization is unusual and
may be the first of its kind to be officially mined in Ghana
(Barko & Thorton, 1993) in the sense that, apart from its normal
alluvial free gold mineralization in the gravel layer, the
angular quartz pebbles within the auriferous gravel layer contain
substantial amount of gold. This peculiar characteristic of the
Nkroful deposit compounds the usual problem of mineral resource
estimation associated with alluvial deposits i.e the erratic
grade distribution. Unless such a deposit is carefully studied
and a proper resource estimation procedure adopted, any attempt
to estimate the gold content can give erroneous values.

This thesis aims at studying the geological characteristics of
the Nkroful alluvial gold deposit and selecting an appropriate

Nkroful alluvial deposit;

(ii) To estimate the gold resource of the deposit
using different estimation methods:; and

(1ii) To compare the results and select the most
appropriate method.



1.3 SCOPE OF WORK

The work is limited to parts of the concession that have already

been estimated by Nkroful Mining Ltd. Other mineral resource
estimation methods are used and the results compared. The

geological characteristics of the deposit are studied through
literature review and geological mapping in the field.
Statistical and geostatistical analyses are also used to check

and quantify some of the parameters obtained from the geological
studies.

1.4 ORGANIZATION OF THE REPORT

The report has been divided into five chapters. Chapter One
defines the problem, objectives and scope of work.

Chapter Two highlights on relevant information about the

concession whilst Chapter Three reviews the literature on mineral
resource estimation.

Chapter Four involves data analysis and comparison of the results

and Chapter Five draws conclusions based on findings and makes
recommendations for further work.




CHAP T ER "T'WO

REILLEVANT I NFORMATION ABOUT

NEKROFUL MINING CONCESSION

2.1 INTRODUCTION

Information about the concession has been obtained from the
company’s feasibility report, discussions with the consulting
geologist and observations in the field. -

MINCONSULTS Ltd 1nitially acquired the concession but entered
into a partnership venture after reconnaissance with Union Mining
Ltd of Monaco under the name "Nkroful Mining Ltd". The

partnership venture was approved in 1992 by the Government of
Ghana to further explore and develop the property.

At present, the alluvial deposit has been explored and evaluated
but the hard rock prospecting is still in progress.

2.2 GEOGRAPHICAL ELEMENTS

2.2.1 LOCATION

The Nkroful Mining concession which covers an area of 31.46 knm?
(12.29 sq. Ihiles) is located at Nkroful, a town in Eastern Nzema
District in the Western Regioﬁ of Ghana (Fig.2.1). The study area
is just east of Nkroful town and can be reached by an untarred
laterite road from Nkroful. Nkroful town is connected to the
Ivory Coast-Ghana-Nigeria international highway at Esiama by a
4.5 km first-class road. Esiama is 55 km east of Takoradi.
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2.2.2 TOPOGRAPHY & DRAINAGE

The northern part is hilly with narrow ang dry valleys.
reach 30 m and above.

Streams that drain the concession include the Yiri, Bruma, Subri
and Mbohari (see Figs. 2.1 and 2.3).

December. The rainfall pattern changes with time.

However, the
area 1s considered wet with a short dry season.,

Thé dry season
periods are from January to March and from August to the middle
Oof October.

with through farming activities leaving only shrubs and grass.

The farms are mostly coconut plantations. A thin forest, made up
of mainly raffia palm trees, covers the banks of the streans.

2.2.4 INFRASTRUCTURE

the rural electrification project that is currently going on
throughout the country.




2.2.2 TOPOGRAPHY & DRAINAGE

With the exception of the northern part of the concession, the

terrain may be described as gentle sloping with heights reaching
20 m above sea level. The low lying areas are covered by swamps.

The northern part is hilly with narrow and dry valleys. Heights
reach 30 m and above.

Streams that drain the concession include the Yiri, Bruma, Subri
and Mbohari (see Figs. 2.1 and 2.3).

2.2.3 RAINFALL & VEGETATION

The concession area falls within the tropical rain forest belt.

Heavy rains occur from March to July and from October to
December. The rainfall pattern changes with time. However, the

area 1s considered wet with a short dry season, The dry season
periods are from January to March and from August to the middle

of October.

Vegetation of tropical rain forest has been severely tampered
with through farming activities leaving only shrubs and grass.

The farms are mostly coconut plantations. A thin forest, made up
of mainly raffia palm trees, covers the banks of the streams.

2.2.4 INFRASTRUCTURE

The Nkroful town has very good infrastructure. The town has good
motorable roads and a microwave telephone that links it to the
main towns and cities in the country. It is soon to benefit from

the rural electrification project that is currently going on
throughout the country.




2.3 TECHNICAL ELEMENTS

2.3.1 GENERAL GEOLOGY OF THE CONCESSION AREA

The concession area falls within the Birimian System and can be

considered as the southernmost extension of the Obuasi-Prestea
gold belt (refer to Fig. 2.2).

Overfolds and overthrust faults are common. The rocks generally

dip to the west at hlgh angles except where they are close to a

granitic intrusion. The strike dlrectlon changes with variable
dips.

An intrusion of the Cape Coast granite type covers the northern
part of the concession and this has, to a considerable extent,
masked the structural features of the rocks.

The Dixcove type of granite has been encountered in two
prospecting pits in the concession. It has been intruded by

quartz veins which give a stockwork structure of the outcrop. The
host granite and quartz veins are heavily pyritized.

2.3.1.1 Geology of the Deposits

Kesse (1985) describes three main types of auriferous deposits
found in Ghana. They are: |

1) Primary reef-vein type gold deposit;
11) Auriferous quartz-pebble conglomerate; and
111) Recent alluvial and elluvial deposit.



The primary reef-vein type auriferous deposit which is found in
the Birimian System can occur in any of the following forms:

a) As auriferous quartz vein or reefs. This has been the
most important source of gold in the country.

b) As veins and stockworks in granite porphyries which
intrude the Birimian System.

C) As sulphide ores which have arisen through mineralization
Of the country rocks in the Birimian systenmn.

d) As oxidized ores which have been concentrated by chemical
and mechanical weathering of gold-bearing veins.

e) As pegmatite dykes associated with the granite rocks in
the Birimian System.

conglomerate of the Tarkwaian System.

The alluvial gold deposit is by far the most common of the third

type of auriferous deposits found in the country. It is believed

to have been derived mainly from the primary reef-vein type gold
deposit through several cycles of erosion and deposition.

™

Two of these three types of auriferous deposits are found at the
Nkroful concession (Barko & Thorton, 1993). They are:

1) Primary reef-vein type gold deposit; and
1i) Alluvial gold type deposit.

A series of auriferous vein systems of the primary reef-vein type
ore bodies have been identified in the concession. These are
located near or at the contact between the Lower and the Upper
Birimian successions. These auriferous vein systems include the -

Bakrobo vein system, Abuoso vein system, Plant site vein system
and Atome vein system (Fig 2.3).
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The Bakrobo vein System is hosted b

sericite-schists, 1s found close to the Upper and

It strikes north-south, about 8 pn in

width and dips to the west at angles between 65°

Visible gold is common in the Bakrobo vein System. Apart from the

sulphide minerals like
Chalcopyrite, arsenopyrite and galena.

also encountered.

gold, the vein contains pyrite,
Calcite and ankerite are

. The quartz is

11n4-ﬂ o o=

»
e i
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pit. The vein is shattered and masked by boulders. The
exploration of this vein is Just at its initial stage.

gravel layer contain some substantial amount of gold.

from the Bakrobo vein systen.

In general, the overburden of the alluvial deposit is composed
of clay and sand, and at times layers of carbonized clay with
remnants of fruit nuts. The bedrock is weathered phyllite which

has turned into clay (kaolin). The formation, at times, reaches
depths of about 4 m with little or no overburden. The thickness

of the gravel bed is between 0.5 and 4 m. A typical section of
a pit showing the various layers is shown in Pig. 2.5.

Accessory heavy minerals are zircon, monazite and rare grains of
staurolite, feldspar and tourmaline.

Apart from the stream deposits which are found in the streamn
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2.3.2.1 Phases of Alluvial Exploration and Techniques Employed.

The stages of exploration followed by Nkroful Mining Ltd were
desk study, scout prospecting (reconnaissance survey), detailed

(close) exploration and deposit evaluation.

Aerial photographs, topographic and geologic maps of the area
were studied at the desk study stage. Sites of possible gold

concentrations such as the confluence of the streams were mapped
at this stage.

A scout prospecting was embarked upon at the next stage to
ascertain the possibility of gold concentrations at the target
areas and justify the need for further investigation. The use of

amount of gold. Results of the scout prospecting were very
promising so a detailed exploration was planned for the next

stage, skipping the initial exploration stage.

At the detailed exploration stage, a grid system was laid to
facilitate pitting. The cross lines were spaced at 60 m interval
and plts were spaced at 30 m intervals.

During pitting, square pits of 1 m x 1 m were dug through the
- overburden and gravel layers into the. bedrock using pick axes,

14




shovels and mattocks. Buckets were used to hoist the material

from the pits manually. Utmost care was taken to ensure uniform
pit dimensions.

The problem faced during pitting was the in-rush of ground water
into the pit, which eventually leads to the collapse of the
walls. Pits were thus cribbed using boards to control the in-rush

of water and also to stabilize the walls of the pits from caving
in or collapsing.

2.3.2.2 Sampling and Logging of Pits

The overburden material was not sampled because it contained no
gold but the gravel layer was sampled and the volume noted. As
a result of the cribbing, actual volume of pits was reduced to
0.85 m X 0.85 m x thickness. Oversize materials (quartz pebbles)
were also sampled as they were mineralized.

Pitting was allowed to continue down to 0.5 m below the gravel

layer into the bedrock and samples collected from the bedrock
were assayed for any gold value.

Bulk sampling was also carried out on the alluvial material to
test the grade of the ore and also assist in developing volume
beneficiation flow sheet.

The pits were carefully logged and the contacts of different
layers identified and recorded for interpretation of geological

sections, structures and grade computations.

2.3.2.3 Assaying Procedures
Materials excavated from pits were sluiced and the end product

(heavy mineral concentrate) collected. Tailings obtained were
panned several times to ensure that there was no speck of gold

15




1n them. Concentrates obtained were washed with solution of soda
ash and detergent to facilitate amalgamation. Concentrates were
amalgamated and the returned gold obtained weighed in grams. This

method recovered only the free gold.

Part of the samples were sent to S.G.S Laboratory Services
(Ghana Ltd) and UST School of Mines Laboratories at Tarkwa for

analysis. Some of the samples were also sent to Cambourne School
of Mines 1n U.K. Sample analysis 1n these cases were for the

recovery of both free and unliberated gold.

2.3.2.4 Mineral Resource Estimation

Exhaustive studies were conducted to determine the densities for
the alluvial material and quartz pebble material. The alluvial

material has a density of 2.0 g/m® and the quartz pebble material

has a density of 2.2 g/m°.

With the known weight of gold in grams (g) and volume of gold
from each material in cubic meters (m’), the grades were
calculated in grams per cubic meter (g/m?) for each pit. When

multiplied by the density, grades were obtained in terms of grams

per tonne (g/t).

The triangular method was used for the mineral resource
estimation by Nkroful Mining Ltd. The reason attributed to this
was that even though it is the longest in computations as
compared to other geometrical methods it 1s the most accurate.
The value obtained is from the averége of the three pits and the
effect of these pits is localised within the triangles and thus
provide better interpolated estimates. This method of estimation

has been discussed fully in the next chapter.




Estimation of ore reserves involves not only evaluation of the
tonnage and grade of a deposit but also consideration of the
technical and legal aspects of mining the deposit, of
beneficiating the ores, and of selling the product (Noble, 1992).
This thesis addresses only the aspects of reserve estimation that
include determination of the tonnage, size, shape and location

Annels, 1991 and Annon, 1992 for further reading on this
subject). Mineral resource as defined by the Australasian
Institute of Mining and Metallurgy (AIMM) and the Australian

Mining Industry Council (AMIC) (Annon, 1992) is an identified in-
situ mineral occurrence from which valuable or useful minerals

may be recovered.

The basic parameters of sample points needed for mineral resource
estimation are:

i) Grade;
ii) Thickness and area; and

iii) Tonnage faétor.

Grade is a qualitative indicator of values and their distribution

in the deposit. Grade on its own can only be used where the
support is constant i.e. where the thickness and areas to which

the grade is assigned is constant. Where the support is variable
then there must be some form of weighting to determine the

average grade.

19



Thickness and area are quantity indicators of form, size and

volume of a mineral body. The area together with the thickness
gives the volume of the deposit.

to tonnage. A common formula used

7 = V
F

:JOr
T = Vf

where T is tonnage, V is volume, F is volume-tonnage factor
expressed 1in cubic meter per ton and f is tonnage-volume factor

expressed in weight-units per cubic meter (also known as
specific gravity).

There are various estimation methods and these can be broadly put
under the following:

(1) Conventional or traditional methods:
(2) Classical statistical methods: and

(3) Geostatistical methods.
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3.2 CONVENTIONAI OR TRADITIONAL METHODS

These methods are basegd On geometry and distance relationship
among samples. They can be grouped into:

1. Geometrical methods:;

function along a straight line connecting two adjacent sample
points. Apart from grade and welght factors, this rule can be

applied to other parameters of a mineral body like volumes and
tonnages. Triangular method is based on this principle.

According to the rule of nearest point or equal influence the
value of any point between two samples 1s constant and equal to
the value of the nearest sample. Put in another way, the rule

assumes that the value of a sample extends halfway to any sample.
The polygonal and the rectangular block methods are based on this

principle.

The rule of generalization is known as the empirical method and,
in i-ts extreme, as the rule of thumb. ‘Usually, this rule is

— —
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3.2.1 GEOMETRICAL METHODS

This method of estimating mineral resources includes polygonal,
triangular, rectangular and

3.2.1.1 Polygonal & Rectangular Methods

The polygonal method is used where drill-holes are randomly
distributed (i.e. not on a regular grid). Polygons are
constructed around each drill-hole with influence of each hole
extending half way to the adjacent hole.

Grade and thickness of each polygon are assigned to the hole at
its center. The area of each polygon is determined and then
multiplied by its thickness to determine the volume. The average

- grade 1is calculated by using a method known as the metre-%
method. This method is given by the formula:
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where,

G, = variable grade
Xy = variable support
G = weighted average grade

According to Reedman (1979), where there is a strong positive
correlation between G, and x, variables, there is an
overestimation of grade and where there is a ‘negative

correlation, there is an underestimation of grade by the metre-%
method. This is g3 disadvantage using this method.

grid, rectangular blocks can be fitted to the drill-holes as
shown 1n Fig. 3.1 (a). Grade calculations follow that of the
polygonal method since they are very similar.

3.2.1.2 Triangular Method

corners of the triangle. The overall average dgrade can be
determined by using the meter-% method.

The average thickness can be determined as a single mean of the
three thicknesses or as a weighted thickness ~according to the

size of the included angle at each corner.

Even though the triangular method overcomes the under and over




. (b) TRIANGULAR BLOCKS

(d) POLYGONAL BLOCKS AROUND
SAMPLE POINTS.

FIG. 3.1 GEOMETRIC PATTERNS USED IN ASSIGNING AREAS
OF INFLUENCE TO SAMPLE POINTS, (Aftér Hozen, 1967)
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beyond the area of drilling (Annels, 1991).

3.2.1.3 Sectional Method

The procedure for calculating a mineral resource by this method
is as follows:

1. Determine the areas in all sections:

_~2. Calculate the average grade'values of each section using
metre-% method: |

3. Compute the volume for each block;

4. Multiply volume by tonnage factor; and

5. Sum the results of all blocks and compute the average

grade for the entire mineral body as tonnage weighted
value.

Geometrical methods, in general, are a function of geometry,
which simplifies the calculations but give no consideration to

the:mineralizationwwhich.actually'existsjbetweenrthe-drilljholes
(Hazen, 1967).

3.2.2 INVERSE DISTANCE WEIGHTING METHODS

The aim of inverse distance welghting methods is to assign a

grade to a block or to a point based on a linear or exponential
combination of the surrounding grades.

The basic assumption is that the further away a sample 1is from

the block being estimated, the smaller its influence on the

block. Grade thus becomes a functlon of 1nverse distance as shown

- e——mma e - gl
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in equation below:

G = = for i =1,2,3,...n

where G is an unknown grade influenced by G,, a known grade. G
and G; are separated by a distance d.

The problem that is faced most often is the inverse power of
distance relationship between the grade to be estimated and the
surrounding grades in a particular deposit. A method for

determining the inverse power of a distan‘ce function is discussed
below.

This method uses nearby samples to compute the grade at the

location of another sample. The computed grade is then compared
to the sample grade at that location. Various powers for inverse

distances are used to compute this grade from the equation:

where m is the power being considered.

The variance or error between the computed grade and grade
assigned to the location is accumulated for all holes for each

value of m investigated. The lowest error accumulation should
be the best weighted average model for the deposit. It has been

found that the inverse square distance is generally the most
suitable distance interpolation function for mineral deposits

(Barnes, 1980)."

26



Normally, samples falling within a specified search area or
volume are weighted in this way. The search area could be

circular or ellipsoidal depending on the trend of mineralization
in the deposit.

between drill—holes of smu.lar grade Annels (1991) has outllned

four main methods used 1in calculatlng mineral resources by
contouring. They are:

1. The grid superimposition method:;
2. Moving window method:

3. Graticular method: and

4. Metal accumulation method.

For the description of the various methods, refer to Annels
(1991).

3.3 CLASSICAL STATISTICAL METHODS

Statistical methods can be used to determine the overall érade
of a deposit (i.e. mean, median and geometric mean) depending on
the frequency distribution. They, however, require that the
sample values be far apart enough to be independent variables
(Annels, 1991) which is rarely the case in gold mineralization.
It can still be very useful especially at the early stages of
exploration where sample spacing are far apart.
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Statistics, is essentially, the study of variability which is an

important study in gold mineralization for resource estimation.

According to Noble (1992), basic statistical studies help in:
1. Detecting high grade or low grade outliers;

2 leferentlatlng of complex (eg multlmodal) grade
distribution into simple (eg unimodal)
distributions for resource modelling; and

3. Identifying of highly skewed and / or highly variable
distributions that will be difficult to estimate.

-In addition, it forms the basis for geostatistical analysis

(Annels & Boakye, 1990). It must therefore be incorporated in any
mineral resource estimation analysis.

The nature of frequency distribution of gold mineralization most
often take the form of a two parameter log-normal distribution.
Normal and three parameter log-normal distributions are also

encountered.

3.3.1 NORMAL DISTRIBUTION

For a normal distribution, the following conditions must be
satisfied (Annels, 1991):

Mean ~ Median
Skewness =~ 0
Kurtosis =~ 3
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Chi-square test and Coefficient of variation (COV) can also be

used to test for normality of a distribution. For normality of
a population, chi-square value must be less than the book value.

Coefficient of Variation is often used to describe the
variability of assays in a deposit. According to Annels (1991),

Koch and Link (1970) suggest that COV should be less than 0.5 for
a normal distribution. Larger values of COV indicate either log-

normality or an erratically distributed data set. However, this
value 1s very much a function of length, for variance of assays
decreases as sample length increases due to an averaging out, or

smoothing, of localized high grade patches by increased sample
volume.

If the assay frequency of the distribution is unimodal,
indicating a set of assay data from a single population, the
statistics (mean, variance and standard deviation) of the
distribution are computed. If the assay frequency distribution

is multimodal, indicating a more than one population from a set
of assay data, screening is required to break the data down into

unimodal distribution before calculating the statistics (Hazen,
1967).

Screening must also detect high grade and low grade outliers and
find out whether they are true reflections of the mineralization
within the deposit.

3.3.2 TWO PARAMETER LOG-NORMAL DISTRIBUTION

Where a population is positively skewed, a log-transformed plot
of the data 1s required to check if the population becomes

normalized. If it becomes normalized, then the distribution is
described as a two parameter log-normal population (the

parameters being log mean and log variance). Log-normality can
be tested by plotting a log-probability Eiiagram which should
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produce a straight line graph (Annels, 1991).

The log-normal statistics is related to the normal statistics as
follows (Noble, 1992):

mean « gleh)
C'OV = (e.. - 1)0.3

standard deviation = (e'*'d)) (eV - 1)0.5

where a = mean of the logarithms of raw data.

B = variance of the logarithms of raw data.

3.3.3 THREE PARAMETER LOG-NORMAL DISTRIBUTION

If a log-probability plot produces a gentle curve, then a three-

parameter log-normal population is suspected. The third parameter

which is called the additive constant A can be calculated as
shown from the equation below (Rendu, 1981):

e (Xs0® = X9 X;0)
(X0 + X509 = 2Xg)

where Xior Xsor Xe are 10, 50, and 90 percentile values
respectively.

The additive constant A is added to the raw data and the results
log transformed giving a new population 1n(x, + A) which, when

plotted on a log-probability graph should produce a straight
line. ‘ |
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repeated for this pPopulation with A being subtracted from the
final results.

Where an assay population is small and log-normal, and the raw
data has a high coefficient Oof variation, Sichel’s t estimator

can be used to estimate the mean. It 1s obtained from the
formula:

mean = m x £(B8),

where m e®” the geometric mean of the log-transformed data.

B = variance of the log-transformed data
n = number of the samples

f(B), can be obtained from tables. This 1is achieved by
interpolating between values of B and n.

3.4 GEOSTATISTICAL METHODS

Geostatistics is the study of the spatial relation between sample

values, which could be grade, ore width or other geological
parameter. It is based on Matheron’s theory of regionalized

variables.

Barnes (1980) defines a regionalized variable as a variable whose
magnitude depends on neighbouring values which are distributed

in two or three-dimensional space. This concept takes into
consideration the position as well as the magnitude of a sample

in the deposit.

Some deposits show excellent continuity of grade over
considerable distances while others are highly erratic. Sample

value comprises two elements. They are:
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1) The regionalized element which is a function of its
Position within the ore zone; and

11) The random element of a sample which is independent

Of the location of nearby samples. Such samples can
be treated statistically as such.

The principle of geostatistics is a major advancement in the
mineral evaluation process because it provides a sound

theoretical and practical basis for quantifying the geological
concepts of: |

(1) area of influence of a sample;

(11) the continuity of or lack Oof continuity of
mineralization within the ore body; and

(1ii) anisotropic or isotropic conditions within the

deposit.

The objective of geostatistics is to estimate the most likely
values of blocks of ore, or the values of the whole deposit and
to estimate the errors of such estimates.

The basic tool of geostatistical analysis is the semi-variogram.

3.4.1 THE SEMI-VARIOGRAM

The semi-variogram permits the quantification of the geological

concepts mentioned previously. Blais and Carlier (1968) defines
it as a mathematical function expressed by a curve which gives

the degree of dispersion of assay values. This mathematical
function should account for the spatial structure of the given
variable as well as the random fluctuations which are represented

in a mineral deposit.
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where f(x) is the grade at sample point x, f(x+h) is the grade
at sample point Xth, h is lag distance, and n is the number of
data pairs counted at each directional lag. The semi-variogram

function y(h) computed.for'different.lag'distances.provides*ﬁhat
is Kknown as an experimental semi-variogram. A typical

experimental semi-variogram is shown in Flg 3.2,

The nugget variance is identified as the y-intercept of the semi-
variogram curve and represents random and short distance

variability factors such as sampling error, assaying error, and
erratic mineralization.

Small nugget variance reflects good sampling and analytical
techniques and locally continuous mineralization whereas high
nugget varlance is the reverse.

Sample. Beyond the range, samples no longer correlate with other -
samples. The sill is usually equal to statistical sample

variance.

When therslope and range of a semi-variogram vary in different
directions, anisotropic conditions exist. '
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other models, » Still have their

applications in SOme deposits. Several models have been

summarised in Table 3

The spherical model is the most commonly used model for ore

deposits. Many practising geostatisticians have adopted it as a

universal model (Barnes, 1980). This model is defined by the

formula:
3h h?
n) = C(=— -
Y (h) C(53 2‘33) § i when h < a
Y(h) =c+c, when h > a
where C + Co = y(a) is called the sill, Co is the nugget

variance, and "a" is the range or maximum zone of influence.

and C on the y(h) axis) to intersect the sill level at a point
2a/3 . Range "a" in this case represents the point at which the
curve reaches the sill (Annels, 1991).
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are (Noble, 1992):

a) At least 30 pairs of samples are required to compute a

valid semi-variogram. More pairs produce a more stable
semi-variogram.

b) Semi-variograms must be computed within continuous zones
of mineralization and not across contacts between

different geologic domains.

C) The maximum lag distance used should be less than one-

half the length of the mineralized zone in the
direction of the semi-variogranm.
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d) The distance increment
equal to

should be approximately

the average spacing between samples in
the direction of the semi-variogram.

f) Samples must be obtained by the same or similar methods.

3.4.4 CROSS VALIDATION

In practice, the pPreliminary selected semi-variogram model is

fi_tted by inspection. The cross validation process is used to

check the validity of the parameters derived from the fitted
semi-variogram.

1) Equality of the mean of kriged estimates and the
mean of actual values; and

11) A zero mean difference between actual and estimated
values.

The actual and kriging estimated values must meet or approximate
the above requirements else the parameters of the initially
selected model may have to be varied with the aim of meeting the
set out conditions. |

= R T | ge—— Fo o -
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where

Z"v = the best estimated value of the true but unknown value
Zv of the block of volume Vv,

X; = the value of a sample in the vicinity of the block,

a; the weighting coefficient assigned to x,, and

n = the selected number of samples in the vicinity of the
block to be used in the estimation.

For Z°v to be the Best Linear Unbiased Estimator (BLUE), the
following conditions must be satisfied:

1) The estimation variance must be a minimum, i.e.
0" = E(2*V - Zv) must be minimum: and

ii) The estimation must be unbiased, i.e.
E ag =1 (for 1 =1,2,...n).

T e e N i A S L R e e e [ —— S —
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2 - n n
O = 22 a;Y(x;,v) - a;a.y (x_l,xj) = YAV, V) et . (2)
1=1 1=1 3=1
where
Y(X;,V) = the average semi

Y(x;,,%,) = the aveérage semi-variance between all pairs of

points in the sample set, and

Y(V,V) = the average semi-variance between all pairs of

points in the block.

1s a constraint (Za; - 1

introduced and the function define

|
-
~—
-

a Langrange multiplier 1 is
d as follows:

Glag....a,A) = o> + 22 1 T TS 1 A R (3)
or
Gla,,a,,..a, ) = 2; ay (x;,v) - 1=13Z=; a;a;y (x;,x;) - y(v,v) (4




The minimizing conditions becone :

0 for 1 »1,2,....n ~(%)

This is known as the kriging system of equation. When the first

n equations are multiplied by a, (i = 1,2,3,....n respectively)
and the results summed up, the following equation is obtained:

gg a‘ai(xi'xj) tA - Z; R VT ssainbsvsdoh iR (6)

Substituting Equation (6) into Equation (2), the
estimation variance o, can be expressed as:

kriging

The kriging system of equation and kriging estimation variance
can be expressed in a matrix form as:

[S] [A] = [D] eveveeenennn = ! e )
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with the solution

where

All y terms can

[A] =

20 a0 BN TS P SRR T L, (9)
Y(X1,X2)  ¥(X,%)...¥(%,X,) 1 —;I
Y(X2,%X:)  Y(X2,%2)...¥(Xa2,X,) £ ¥
Y(Xn,X1) Y(Xn,X2)e..¥(Xn,X,) 1

1 1 1 0

a Y(X,V)
a Y(x,v)
> D 3 .
a | Y(X,V)
A 0

be derived from the semi-variogram.

2% LIBRARTY
.a| Y8ASITY OF BCIENCE AND TECENOLOGE
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to assist Nkroful
its gold resource potential.

which falls within the Birimian System and
rnmost extension of the Obuasi-Prestea gold

lies at the southe

belt, has both hard rock
mineralization.

and alluvial gold
The study was focused on the alluvial deposit.

Based on the geological characteristics of the
grade values,

estimation.
AUTOCARD

The boundaries of these blocks were digitized using
software. The essential

for triangular estimation analysis. The rest of the analysis

the other methods was carried out manually but with the aid of
a scientific calculator.

The data in the computer were validated by cross checking them
with the original data to ensure accuracy.
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reef as they are similar in appearance.

Microscopic and chemical studies later confirmed that the angular
quartz pebbles are derived from the rocks of the Bakrobo reef
and that they are mineralized. This type of mineralization adds
to the normal alluvial free gold mineralization found in the

gravel layer. Thus two different kinds of mineralization are
found within the gravel layer in Bakrobo area. For the purpose
of mineral resource estimation, they had to be separated into
different geological blocks. This gave rise to Block 1A and Block
1B (see Fig. 2.6). The overburden contained no gold.

The mineralogical studies also revealed that over 95 % of the
material in the gravel layer contains quartz. Oxlides, sulphides,

~sllicates and organic material make up the rest of the material.
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- The mean, median, standard deviation, skewness, kurtosis and

coefficient of variation were calculated, first for the raw data
and then for the log-transformed data. In the Case of Block 1B,

an additive constant of 0.15477 was added to the raw data before

the log transformation. These results have been summarized in
Tables 4.3.1 to 4.3.4

The log-normal distribution of Block 2 showed a single
population. That of Blocks 1A and 1B were considered as single
populations even though Separate low grade outliers were evident.
This confirms the geological basis for demarcating the blocks.

The statistics showed that Block 1B has a high variability as
compared to Blocks 1A and 2. A 768.94 % error of estimation of
the mean for Block 1B is highly risky as far as the expectation

Oof the population mean is concerned. 18.35 % and 12.35 % error
Oof estimation for Blocks 1A and 2 respectively though high are

Very reasonable for the population means to fall within when

47



FREQUENGY

24 |
|16
8
II '
0 |Illlll - II
O I e i 13 4

Metal Accum (g/sq.m)

FIG.4-3 (o) HISTOGRAM { METAL ACCUMULATION)
OF BLOCK 1a .

|16

8 |
4 I _
AL

-4 -2 0 =t 2

Ln(Metal Accum )

FREQUENCY

FIG.4-3. I(b) HISTOGRAM (NATURAL LOGARITHMS
OF METAL ACCUMULATION) OF BLOCK |a

T & . e



1?2

| &

LW

ey

|
o Illl _
[o, 40 S0
| Metol Accum(glsq m)
FIG 4-3-2(0) HISTOGRAM "¢ METAL

ACCUMULATION ) OF BLOCK 1B
16
?
o |
Kt
! 2
- W A
2 8 By
K

W )

o

™

3 q

Mefol Acwm(g/sq m)

FIG. 4. 3 3(a) HISTROGRAM’ ‘“(META
ACCUMULATION) OF BLOCK 2

49

FREQUENCY

. FI6,4-3-3{b ) HISTOGRAM

FREQUENCY -

Ln (Mefal Accum)

F16.4.3-2(b ) HISTROGRAM - (NATURAL.

LOGARITHMS OF METAL ACCUMULATION)
OF ‘BLOCK 1B

20

|6

| . IIII

0 -'.l ' l-
- . 0 2
Ln (Metol Accum)

~

“{NATURAL
LOGARITHMS OF METAL Accunuun'lou) OF
BLOCK 2

/



4 probability of about 0.95 for these values to fall within
allowable limits. In this direction, the risk of overestimation

the collapse of some mining companies is

distribution
BLOCK 1A 1B 2 3
Mean 0.872 18.030 0.210 -
Median 0.539 7.590 0.536 -
Standard dev. 0.943 29.253 0.610 -
Variance 0.890 855.760 0.372 ~
Skewness 1.922 2.931 2.020 -
Kurtosis 6.608 12.458 8.245 =

a e e i ) A e —— 2
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BLOCK 1A 1B 2 3

Mean -0.709 18662 -0.689 -
Median -0.619 2.027 -0.623 -
Standard dev. 1.177 2.157 0.917 -
Variance 1.385 = 4.653 0.841 -
Skewness -0.435 -1.696 -0.702 -
Kurtosis 2.914 = 7.225 3.800 -
CoVv 1.660 © - 1,297 - 1.330 -

Table 4.3.3 Statistics of metal accumulation of three parameter

Mean Median Standard Dev. Variance SKkewness Kurtosis COV

15.669 7.835 19.767 390.323 1.761 -~ D.106 1.26

Table 4.3.4 Statistics of metal accumulation of three parameter
log-transformed data distribution of Block 1B

Mean Median Standard Dev. Variance Skewness Kurtosis cov
1.924 2,059 1.468 2.156 -0.472 2.937 0.76
Bl




Table 4.3.5 Statistical mean grade and average thickness of the
various blocks

BLOCK 1A 1B 2 3
Metal Accum (g/m?) 0.978 19.558 0.762 -
Standard Error

of Estimation &% 18.350 763.940 12.420 o
Mean Gravel Thickness (m) 1.675 2.227 1.803 -
Grade (g/m?) 0.583 8.782 0.423 -
Grade (g/t) ) 0.292 = 3,992  0.212 -
Tonnage (t) ' | 234860.2 377686.0 311046.3 -

Table 4.3.6 Regression analysis of gravel thickness and metal
accumulation of the various blocks

BLOCK 1A 1B 2 3

No. of pairs 86 53 | 50 -

Slope 0.998 0.230 1.322 -

Intercept 0.805 1.936 0.864 -

Correlation coeff. 0.782 0.364 0.786 -
LIBRARY

grade
BLOCK 1A 1B 2 3
No. of pairs 86 53 50 -
Slope 0.689 -~ =0.008 -0.060 -
Intercept 1.344 2.373 1.829 -
Correlation coeff. 0.170 ~1.000 | 1.000 -

——————e
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4.4.1 SEMI-VARIOGRAM ANALYSIS

090 with an angle of tolerance of 22.5° . NO geostatistical trend
was realized from the experimental semi-variograms of metal
accumulation. However, an omnidirectional experimental semi-

variogram constructed showed geostatistical trend and was
therefore adopted.

In fitting a mathematical model to the experimental semi-

data position were considered. Spherical models were fitted to
the experimental semi-variograms for all the blocks (see Figs
4.4.(a) to 4.4.(c)). The initial values obtained from the

spherical models have been summarized in Table 4.4.1
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Table 4.4.1 Initial semi-variogram parameters used in defining
the spherical models

BLOCK 1A 1B 2 3
Nugget variance (Co) 0.425 250 0.130 -
Transition variance (C) 0.600 230 0.260 -
Range (a) 180 200 180 -

actual and the estimated values and also a zero mean error of
estimation.

Table 4.4.2.1 Cross validation indices for semi-variogram models

BLOCK 1A 1B 2
No. of points available for kriging 86 53 50
No. of points kriged 86 53 50
No. of points missing 0 0 0
Mean k:igéd estimates 0.875 15.546 0.710
Standard deviation of kriged estimates 0.593 11.983 0.352
Mean of actual values 0.872 15.514 0.710
Standard deviation of actual values 0.943 19.757 0.610
Mean of difference (i.e. Z - Z*) 0.003 0.031 -0.001
Standard deviation of difference 0.873 19.471 0.583
Mean of kriging standard error (o/n) 1.075 25.402 0.583
Standard dev. of kriging standard efror 0.118 2.922 0.082
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The final models Obtained are shown in Fig 4.4.(a), Fig 4.4.(b)

and Fig 4.4. (C). The parameters Of these models have been
Summarized in Table 4.4.2.2

Table 4.4.2.> Parameters of the Cross validated models

BLOCK 1A 1B 2 3

Nugget variance (Co) 0.400 250 0.050 -

Transition variance (C) 0.650 230 0.350 -
/

Range (a) _ o Y180 - 200" . »v180 =

The nugget variance of Block 1B confirms the high variance
recorded by the statistical analysis and also the high

variability as indicated by the geology.

The equations that describe the spatial variability are presented
in Table 4.4.2.3

Table 4.4.2.3 spherical model equations describing spatial
variability of the various blocks

BLOCK EQUATION

1A Y(h) = 0.40 + 0.65 (1.5h/180 - 0.5h*/180%) @ h<180
Y(h) = 1.05 @ h2180

1B y(h) = 250 + 230 (1.5h/200 - 0.5h3/200°%) @ h<200
Y(h) = 480 @ h>200

2 Y(h) = 0.05 + 0.35 (1.5h/180 - 0.5h*/180°) @ h<180
Y(h) = 0.40 @ h2180
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4.4.3 KRIGING ESTIMATION

Block kriging was employed for the estimation procedure. Each
block was divideg into smaller units. A circular search area of
radius 90 m for Block 1A and Block 2, and 100 m for Block 1B was
centered on each uhit in turn. The search area was selected on

Table 4.4.3.

Table 4.4.3. A summary of grade and tonnage estimates for the
various blocks

BLOCK 1A 1B 2 3
Grade (g/t) 0.280 3.000 0.205 -
Tonnage (t) 245 ,810.6 356,147.6 300,830.3 -

4.5 INVERSE DISTANCE WEIGHTING METHOD

Inverse square distance was used for this estimation. Each block
was divided into smaller units of dimension 60 m x 30 m. A
circular search area of radius 90 m for Blocks 1A and 2, and 100
m for Block 1B was centered on each unit in turn. The unit
dimension was based on the sampling grid at the detailed
exploration stage and the search area was selected on the basis
of the geostatistical range of influence of samples.

The number of samples captured for each unit estimation ranged

from 4 to 8. The mean grade for an entire block was derived as
a volume weighted value. The total volume for an entire block was

D7



derived from Just the summation Oof block unit volumes. The
results are Summarized in Table 4.5.1

Table 4.5 Inverse distance grade and tonnage estimates of the
various blocks

BLOCK 1A 1B 2 3
Grade (g/t) 0.280 432 0.199 0.231
Tonnage (t) 298432.2 = 361,172.7 1295,904.8 8,760.79

4.6 SECTIONAL METHOD OF ESTIMATION

The method of estimation as described in Chapter Three was used
and results have been presented in the table ‘below.

Table 4.6 Sectional grade and tonnage estimates for the
various blocks

BLOCK 1A 1B 2 3
Grade (g/t) 0.241 3.103 0.231 0.246
Tonnage (t) 304,799.0 352,081.9 307,991.5 8,760.8

4.7 TRIANGULAR METHOD OF ESTIMATION

This method of grade and tonnage estimation was used by Nkroful
Mining Ltd. A computer package of SURPAC software which has a
Digital Terrain Model (DTM) option was used for this exercise.

The DTM 1is partlcularly useful for stratified deposits because
it enables surfaces between successive strata to be modeled
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Volume and grade estimation of the various blocks are presented
in Table 4.7

Table 4.7 Triangular grade and tonnage estimates for the
various blocks

BLOCK 1A 1B 2 3
Grade (g/t) 0.241 7.500 0.195 0.245
Tonnage (t) 322,108.4 269,040.6 315,383.2 10,362.4

4.8 COMPARISON OF ESTIMATION RESULTS

Tonnage variations were generally high in Block 1B as shown in
Table 4.8. Apart from the triangular method of estimation which

was purely computer base, the other methods were semi or purely
manual which make them more prone to human error. Also, unlike

the triangular method which takes the undulating nature of the
surfaces into consideration, the manual methods assume a straight

surface between sample locations. These reasons should account
for the variation in tonnages.

The results of grade estimates from the various estimation method
did not differ so much from one another. An exception is that of

Block 1B (see Table 4.8) whose triangular estimation method did
not cut down any high values.

29



322108.4 | 269040.6 | 315383.2 | 10362. 4
0.241 3.103 0.231 0.246

304799.0 [ 352081.9 | 307991.5 | 87¢0.8
Grade (g/t) 0.281 3.432 0.199 0.231

298438.2 |-361172.7 | 29590438 8760.8

e (9 1234860.2 | 377686.0 | 311046 . 3

ommese ® 245810.6 | 356147.6 | 300830 . 3 -

STATISTICAL
METHOD

GEOSTATIST-
ICAL METHOD
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deposit. The objective of this thesis was to study the
geological characteristics of the deposit, and select an
appropriate mineral - resource estimation method through a

The geological characteristics of the deposit were studied
through literature survey and geological mapping in the field to

in the Bakrobo area: normal alluvial free gold mineralization and

quartz pebble mineralization within the gravel layer. The area
was therefore separated into two different geological blocks

(Fig. 2.6). Based on the geological characteristics of the

Triangular, sectional, inverse square distance, statistical and
geostatistical methods of estimation were used to estimate the
mineral resources of the deposit. Grade estimates from the

various estimation methods did not differ significantly.
Comparatively, statistical estimation grades were higher.

Triangular and sectional estimation values fluctuated between

high "and low grades. Geostatistical and inverse distance
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The study has shown that geostatistics, though laborious and
requires high expertise, was able to take into account the

The study has also shown that the inverse distance square
estimation method, if selected on the basis of a thorough
geostatistical study, approximates grade results produced by

Kriging. Furthermore, it is much simpler to use.

choosing an estimation method is to substantiate the method
Chosen with available mined figures. Unfortunately, as at the
time of completion of this research work, Nkroful Mining Ltd had
not been granted a mining lease yet. Despite this constraint, it
1s still proposed that inverse distance square method should be
adopted by Nkroful Mining Ltd for resource estimation due to its
simplicity and comparability with the geostatistical method.
However, the continued use of this method should be -justified

A thorough geological studies proved to be a good basis for
mineral resource estimation. It is further recommended that for

any fruitful mineral resource estimation of an alluvial deposit,
a thorough geological study should be undertaken to establish the

geolagical characteristics before any attempt is made to
estimate the grade and tonnage of the deposit.
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