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ABSTRACT

The geometry, size and quality of a deposit are key parameters required for
decisionmaking regarding mining methods, capital investments or divestments,
economic viability and processing methods. The dissertatisgs a quantitative
approachto assess thregeologicaimodelling methoddor orebody geometry. It
appliesPrincipal Components Analy¢RBCA) in order tanderstand the variability
and correlation in the data. The dissertation aimgiierminethe significance of
increasingthe composite size to & for grade estimation and to estimate the
tonnes and grades of thEastern Ore Field ib-situ resourceas on 31 December

2016

A MineSight,a Leapfrog and a hybrid of MineSighnd Leapfrog modelling
method were assessedaimingto reducethe modelling time. The Minesight and
Leapfrog hybrid model is recommended for mdohg) complex sedimentary
exhalative depositsThe PCAwas carried out using MatlabBased on the
correlation of 0.998, he first principal component increases tiincreasing Ag,
Zn and Pb and it erelates most strongly with AgThe second principal
component increases with Znvith a cormelation of 0.985 With acorrelation of
0.927 the third component increases with MgA 3 m composite size is
recommended for estimating EF1 because gemeratedblockmodel estimates
have lower means, standard deviat®nvariances and numbers of extreme
outliers. The 3 m composite size is closer to the SMU at Rosh Rindlproduces
a better block estimate than 15 m compositesthe later gives more tonnes and
higher grade due to the volumeariance effect, which ultimately leads to
overestimation of the mineral deposifhe total insitu EF1 resourcestimated
usingthe Ordinary Kriging imrpolation methodas on 31 December 2016as
814,100tonnesat 8.58% Zn, 3.19% Pb and 79%p2n Ag.
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NOMENCLATURE

Capping: To truncate the extreme high values to some threshold or
top-cut value.

Coefficient of variation: The ratio of the standard deviation to the mean
value

CV =Standard deviation/ mean

Crossvalidation: Is a model validation technique for assessing how the
results of a statistical analysis will generalize to an
independent daa set.

Geostatistics: A collection of numerical techniques that deal with the

characterization of spatial attributes

Inverse Distance WeightingA type of deterministic method for multivariate
interpolation with a known scattered set of points. The
assigned values to unknown points are calculated with a
weighted average of the values available at the known
points.

Kriging: Optimal interpolation that generates best linear unbiased
estimate at each location.

Mean: Is the sum of all the sample valuevided by the number
of samples.

Mean = Sum of sample values/number of samples
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Median: The middle value, determined by sorting the data into
ascending order and selecting the middle value. The
median is the same as the B@ercentile, where half the
data lies below this sample value and half the data lies
above this sample value.

Mode: The most frequently occurring sample value.

Mode = highest frequency value

Nearest Neighbour interpolation: A simple method of multivariate
interpolation in one or moralimensions which selects the
value of the nearest point and does not consider the values
of neighboring points at all, yielding a piecewmnstant
interpolant.

Nugget effect: Describes the expected difference between samples when
the separation distare is almost negligible.

Range: The difference between the highest and lowest sample
value.

Range = maximum valgeminimum value

Semivariogram Characterization of spatial correlatiomhe semivariogram,
POKOET 2F I AdFdA2y Il NMB ZK)YIR AY G NR
the mean of the squared differences between all pairs of
data values separated by lag h:

Standard deviation: The squéee root of the variance.
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Swath plots: A graphical display of the grade distribution derived from a
series of bands, or swas, generated in several directions
through the deposit.

Total sill: The total variability inherent in the data.

Variance: Measures the typical difference between the actual sample
values and the overall average value

_ Sum of (samplealue¢ mean value)
Variance =

Number of samplesl

Variogram range: The lag or separation stence at which the variability
reaches the sill.
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CHAPTER INTRODUCTION

The project is a quantitative study that uses statistical and geostatisticdl/ses

to optimize, understand and document th&astern Ore FieldEQF estimation.
The project aims to estimate the-situ tonnes and grades of the ER& on 31
December 2016to determine the principal components of the EOF doeassess
different modelling methods antb determinethe significance of increasing the
composite size from 1.5m to 3 m on grade estimationRosh Pinah Zinc
Corporation(RPZCjlata of the EORMineSight and Leapfrog softwakeas used

for modelling and estimationGlencore, the major shareholdef RPZC, needs to
make wellinformed decisions on capital investments or divestments and thus
requires accurate information about therebodies andthe processesused to

definecharacteristics ofesources and reserves.

Chapter 1presents the problem statement and the objectives of the project. It
further introducesRPZ@nd identifies the project location. The chapter conclside

with the organizationof the dissertation.

1.1Problem statement

Exploration and mining companigsake decisions regardingiining methods,
production rates, capital investments or divestments, economic viability, work
force required, equipment selection, and process methods. Decisions are
mainly aimed at improving theexisting systems, increasingfficiency and
decreasing cost, thuthe management requires timg quality information on
which to base their decisionsThe geometry, size and quality of a deppsit

amongst othersare some of thekey parameters required fatecisionmaking

To increase the net present value RPZCGlencore has embarked on a series of
investigational projects that aim to improve the existing systems, increase

efficiency and decreaseost. The Technical Services Departmentaskeéd to



increase the resources and reserveptimize the drilling andmprove the current
resource evaluation processes. Before embarking on increasingso@rcesit is
important for the Technical Servicd3epartmentto determing with confidence
the quantity and quality of current resources. In line with the above, this
dissertation aims to determine thén-situ EA resourcesas reported on 31
December 2016the grades and tonnagesand alsoto optimize the resource

estimation process ahe Rosh Pinah Mine

In 2009 and 2010, Golder Associates Africa (Pty) Ltd conducted audits on the Rosh
Pinah Mine resources and made recommendations that were never implemented
because further testvork on increasing compmte sizewas required. The author
tested these recommendations,and by doing so the author assessednd
improved the current evaluation processeshe EE orebody has been estimated
several times befor¢Table 1) however, no estimation reporas beenwritten

on the orebody.Hence,there is a need for assessing previous estimations and

documenting the geostatistical studies of theliFebody.

The fundamental assumptions of geostatistiisted below,are use during the
estimation The following argaken from the Geostatistical Methods in Mineral

Resource Evaluation class nolssDohm(2010):

1 Samplevalues are measureprecisely and are reproducible.

1 Sample values are measured accurately and repretentirue value at
that location.

1 The samples ar collected from a physically continuous, homogeneous
population d all possible samples.

1 Values at unsampled locations are related to values at sampled locations.



1.2 Objectives of this esearch

The dissertatiorobjectivesare:

1 To assess thdifferent modelling methods,determine the tonnage
difference and recommend the best methofbr modelling complex
sedimentary exhalative deposits

1 To conduct aPrincipal Components Analysis (PCA) determine the
outliers of the EF1 population.

1 To assesthe significance of increasing the composite fiam 1.5mto 3
m on grade estimation.

1 To estimate the tonnes and grades of tiesitu EF1 resourcesising
mapping, exploration and production drilling data collettieom 1998 to
end December 2016

Technologicaladvances in modellingllow fast and easier creation of lithological
and grade solidsout it is essentiato asseswhether these models are accurate
and adhere to key fundamental concepts of geostatistids.imperative to assess
the different modelling methods in order to reduce the time geologists spend on

modelling and to allow them to attend mote production issues.

Based on the volume variance effettie effectthat the variance decreasesith
increasing volumethe significance of oreasing the composite size to 1a
instead of 1.5m will be determined. The aim is to have a more conservative grade

model with lower variances.

The EL orebody was selected as a case study for theatistion for two main
reasons. Firstlyit isthe largest orebody mined dhe Rosh PinalMine so far, it is
currently the main source of or@nd it will continue to bea key contributor of
ore for another eightyears based on the current seurces andmine plan.
SecondlyZone 2material (moderateZn, high Pb, low Fe and Gaf)the recently
discovered Western Orefield Three (WF3) orebody is mineralogically and

geachemically similar to the B orebody. Production from the WF3 orebody is



planned to commene in the thirdquarter of 2016 Furthermore, he B-1 data set
is big and dynamic. his, coupled with recent advances in modelling and
validation techniquescreates an ideal opportunity for the author to investigate if

recent advances are materially significant and geostatistically correct.

1.3Rosh Pinh Zinc Corporation

Rosh Pinah Zinc Corporation (RPZC) is an underground mine, prodnang Pb
concentrates, withCu, Ag and Aas byproducts. The main ore minerals are
galena(PbS) and sphalerite (Zn,FeJe mine produces abod0000tons ofZn

concentrate and 16,000 tores of Pbconcentrate annually.

The mine is 80.08% owned by Gleree and the Namibian Broadbased
Empowerment Groupings own the remaindérd LJ- NIi 2F Df SyO02NB Q3
continue to leveragehe geographic scope and diversification of operations, the

Glencore group acquire@ majority sharein RPZCon the 11" of June 2012

(Glencore International pJ2012).

1.4 Project location

The mne is located in the southerrgpt of Namibiaas shown in Figurg, and it is
800 km south ofthe capital city of NamibidyVindhoek and about 100 km north
east of the southerrtoastal town of Oranjemund. The Skorpion Zinc MKigyre
2) that hosts zinc oxide mineralisationlézated20 km north-west of the project

area.

The dissertation project area is on the Rosh Pinah Exclusive Prospecting License
(EPL) 2616 within the mining grant area Mining License (MLas3%hown in
Hgure 2. The project areg@rigure 3 consistsof the EF1 and ER#nbs The EF1 is



the westan limb of the EOF sheath fold and EF2 is the eastern lihhie.

dissertation focugs mainly on EF1.

Figure 4indicatesa longitudinal section of the mined ownd in-situ resourcesas

well asthe major production shift taking place in the last quarter26f.6 to 2018.

The resources in the upper levels are mainly mined out. The exploration potential
is mainly down depty below the EF1, AAB, SF3 and WF3 orebodies. Further
exploration potential ispresentto the north of the WF3 orebody where the
mineralisaton is open.The EF1 orebodygets smallerat larger depthsand thus
production is expected to shift towards the last quarter of 2016 to the regent

discovered WF3 orebody.
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1.50rganization of the dissertation

The dissertation consistof nine chapters.Chapter 1starts by highlighting the
research problem statement, mainly focusing on the need for management to
obtain timely quality information to base their decision on. It includes the

fundamental assumptions of geostatistics and ther research objectives.
Chapter2 covers the research methodology.

Chapter3 covers the literature eview; it includesthe history and development of
geostatistics,significant work done in geostatisticthe geology of EOFand
previous estimationsThe chater alsopresents in detail the theory of Ordinary

Kriging(OK)and the development of th©Kequations.

There is no us& applying sophisticated techniques to inferior data, as the saying
32S& a3 ND I 3 S Chapferd preshidisitha Sataalidadich desultsand

a summary of theuality assurance and quigl control (QAQCAnalyse.



Chapter 5 presents the geometries sizesand limitations of the grade and
lithologicalmodels and finallyresents therecommended methodor modelling

complexsedimentary exhalative deposits.

As apicture is worth a thousand word§hapter6 presentsa graphical display of

information and the statistical evaluations of the variables

Chapter7 explainsand presentghe preparatory work or estimation parameters

required for kriging interpolation.

The estimationand model validation resultare presented inChapter8. Model
validation is possibly the most important stepthe model building sequence and
it is oftenoverlookedor not done at all Use of a modehat does not fit the data

well cannot provide good answers to the questions under investigation.

Chapter9 brings thedissertation to conclusion. A review of what was studied in
the precedingeight chapters is presentedand limitations of the studyand the

| dzii Kreécbidir@endations argiven.



CHAPTER RESEARCH METHODOLOGY

2.1 Introduction

The dissertation uses a quantitative approach to address the key objectives. This
section presents theproject datg the methods appliecand reasons why the
methods were selectedl he dissertation involved QAQC analyses, data validation,
3D grade and lithological solids, ex@tory data analysis, resouraestimation

and model validation. The subsequent subsections define each methodaih. de

2.2  Project data

The EOF data set consists of 16@reholesdrilled from a volume of 275 in the
east, 285m in the north and 45%n in depth over the coursefd3 years (2003 to
October 201%. The drilling was doneluring the production and exptation
phasesA total of1241 holes are productiofgrade controlboreholes while366

are exploration holesThe borehole designs are famaped andrilled on 10m
sections for production holes aimed at intersecting the ore outline on 10m
spacing. The xploration holes on the other hand are drilled on B0 sections

aimed to intersect the ore outline on 3@ drill spacing.

A total of 18755 samples were available for this study area, all of them taken
from drill cores with sample lengths varying from 40n to 1.5m. The lithologies
were respected, thus samples were not takaoross lithological contact§he
samples were composited to 1rd composite samplesvhichyieldeda total of

18 527 composites. The composites were subdivided into Domain 1 andiboma
2, based on the two structural orientations of the EOF limbs. Domain 2 consists of
9248 composites whilst Domain 1 has 9279 composites. The composites were

also composited to &1 composites.



Geological mapping data ese collected on mining benchesyhich varied in
height from 20 to 3Gn. Mapping data from 14 levels were used, ranging from the
-30 to the 290 level. The mapping information and borehole data were used to
construct 23 sections on the Main Geology grid and 16 sections on the EF2 grid.
These sctions andthe mapping information were triangulated and used to

interpret 44 level plans every 1@ from the-150 level to the 290 level.

With regardto QAQC (Chaptendthe duplicates, blanks and five Rosh Pinaheviin
certified reference materiglwere analyzed. A total of 314 blanks, 449 duplicates,
26 AMIS0147, 122 AMIS0149, 123 AMIS0153, 72 AMIS0157 and 55 AMIS0158

were analyzed.

2.3 Methods

This section systematically explains the methods followed and reasons why the
methods were chosen.The nodeling and estimatiorprocessat Rosh Pinah Mine

involves the following:

1) Data collection: mapping of underground tunnels and gathering of drilling
information;

2) Data validation: ensuringhtit all required information isaptured, and
within the acceptable lits and thatthe geology is within context

3) QAQC quality assurance refers to the policies and activities that are
conducted to ensure a defined level of data accuracy and quality, whilst
quality control is the prevention of unwéed data errors (Hoffmar2003).

4) Sectional interpretations of lithologies and grade 2D graphical
representations of vertical and horiatal slices through the deposit.

5) Orebody modelling: 3D representation of the lithologies and grade
modelk, a logical model of the mineralizatiomhich forms the foundation

of any geostatistical analysis (e, 2@0).
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6) Descriptive statisticand graphical displagf Zn, Pb, Ag, Cu, Hén, Mg
and specific gravity (3G

7) Plotting contoursto determine the major, intermediate and minor
directions of catinuity.

8) Experimental servariograms to determine the nuggets, sills and
variogram ranges

9) Gradeinterpolation.

10)Model validation and reporting of resources.

2.3.1 Quality assurance ggality control

A detailed QAQC analysis was done before the de¢ae used. The QAQC
samples are stored in the acQuire databaisewhich their analyses were done.

The analyses were done on Zn, Pb and Ag only because these are the payable
metals. The descriptive statistics summary and scatter plots of the Rosh Pinah
Mine cetified reference material and blanks were presented. Scatter plots of

duplicates versus their parent samples were also done.

2.3.2 Data validation

The first step of validation was carried out in Microsoft Excel; it involved ensuring
that all required boreholelata were captured. Secondly, validations wer@éan
AcQuire by running the Ae@e builtin scripts. The collar, survey, lithology and
assay files were validated. The scripts compared the collar depths to the sample,
geology and survey depths; it alstentified overlapping geology intervals and
boreholes with no coordinas. Thirdly, the collar filesewe exported from the
AcQuire database into Leapfrog software and further validations were performed
in Leapfrog. In Leapfroghe following audits weredone: missing X, Y, and Z

coordinates in the RPZ_Mine_Surveyed column, missing section/grid line in the

11



collar file. Furthermore, the survey table was audited for holes with negative

depths, nonnumeric values in dip and azimuth columns, holes doubling on
themselves (with both positivand negative dip and azimuthahd holes plotting

on top of each other. Finally, the assay and lithology tables were audited for
AYUSNIIFta gA0K GKS GCNRY¢ RSLIIK INBFGSNI 2

2.3.3 3D grade and lithologicaldids

The section(Figure 12.Band level plan interpretationsvere done in MineSight
3D (MS3D) module usingorehole information and mapping infomation. The
mapping informatiorcontaired geological structures and polygons obtained from
the mapping of tunels developed in the EOF orebody. The polygmese
triangulatedto enable viewingn 2D during section interpretationsThe section
and level plan interpretations/ere thenused to construct the 3D lithological and

grade solid model@Figures 22 and25) using partial linkingn MS3D

The abovementioned process of saligeneration in MS3D is tedious; order to
produce timely lithological and grade solids, the section and level plan
interpretations were uploaded into LeapfrogAdditionally, a third solid was
created by using borehole information and MS3D sections and level plan
interpretations. The tonnes and outlines of the three solids were compared (Table
8).

The advantage of creating models in Leapfrog is that matielstake weeks or
months to develop manually can be ready in days or hours. Geologaadisos
can be tested in rapigduccession, including usdefined geological trendsThe
superior power of Leapfrog is changing the way geetsguse data. With
Leapfrog @e can access and use large volumes of data and cambiore
disparate data types. Onean evole models as the data dictates, ultimately

reducing costs and increasitite chance of success.
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2.3.4 Exploratory cita analysis

Statistical data analyses of Zn, Pb, BRg, Cu, Mn, Mg and SG were don¢h@
MineSight Data AnalysédSDA)module Data analyses involved a summary of
SFOK StSYSyidQa RSaONM,lhstédgads, grababilith glots A O & =
and box plots. Furthermore, Domain 1 and Domain 2 dptee statistics of the

1.5m composites were compared to therBcomposites.

ThePCAwas carried out using Matlab to determine the principal components of
the EF1 population Additionally, he outliers were detected using quantile
regressionmethods and cmpared with outliers obtained from histograms and

cumulative probability plots.

2.3.5 Resource estimation

The geostatistical estimatioimvolved modelling semvariogramsfor Zn, Pb, Ag,
Cu Fe, Mn, Mg andSG Semivariograms were modded in MSDA and
estimaions were madein the MineSight Compass module. Tamni-directional
semivariograms of elements weraised to determine the nugget andill.
Directional semivariogramswere then used todetermine the rangesn the

major, intermediate and minor directions

The OKmethod was used for grade interpolation. OK was preferred because all
elements have significantly skewed distributions with long tails. The grades were

interpolated into 5x 5 x5 m blocks.
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2.3.6 Model validation

Swath plots plotted in Microsoft Egcand MSDAvere used to validate the means
of the models estimated from the 115 and 3m composites against the means of

the composites.
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CHAPTER 3IMERATURE REVIEW

3.1 Introduction

The literature eview starts by explainindhe history ad development of
geostatistics including some signifcant work done in geostatistiche chapter

then introduces thegeological settingand the geology of the project ared.he
geology of EOF includes the structuréng ore mineralogy and the genetic model.

A sound undrstanding of the relationship between the mineralisation and the
geological processes that govern its geometry is essential as it improves the
quality of the resource estimation (Dohm, 201The chapterfurther presentsa
summary of the previous studiekne and it highlights the limitations of previous
estimations.It also presents the theory of KOand the development of the I©

equations.

3.2  History and development of geostatistics

Geostatistics originated in the mining industry in the 1950s and early s1960
(Leuangthong et al.2008). Krige (1951, 1952) developed the concept by
correlating ore block estimates to internal follewp block averages obtained as a
block was mined out. His work provided the first direct evidence of spatial
correlation and structee, which further led to the concept of the variansize of

the area relationship (Krigel952). In the 1960s his approach was formalized by
Matheron, ascited by Oliver & Webster (2014).

aDS2adlGAaGAOa KlFa 06S02YS AyONBFaiay3ate I
assessing uncertainty y 0 KS S| NIl K & Q28ylewdgthonget | y3 S
al,, 2008). This is because predictions of shape, orientation and distribution of

mineral deposits ora local and regional scale present fundamental challenges to

the professiongs within the mining industry.The success of exploration

15



programmes and mining operations depend on the shape, orientation and
distribution of minerakesourcesandis greatly ifluenced by the accuracy of their
predictions. This is even more important in matured mining districikere
mineral exploration at great depths has been accompanied by increaseslacabt
the risk of targeting deposstthat require more detailed data andnhore expensive

data acquisition methodéVang et al., 2013, 20).1

Similarly, Srivastava (2013)ates that more research is required by the coal
industry because it will encounter greater technical and economic difficulties due
to increasel variability n coal quality. Current papers that contributed to
geostatistics by the coal industry aby Cornah et al.2013; Saikia and Sarkar
2013 de Souza and Costa, 2013; Hohn & Britt@013; Srivastava2013;
Zawadzki, Fabijanczyk & Badu?@13; Webber et a).2013;9 NJi dryl, 2013
Tercan et al 2012 Heriawan and Koik008. The metal industry is fiag similar
challenges andecent contributions tothe research in geostatistics aprovided

08 WA-EspiogaSsl Chie@lmo, 1999; Maleki et a).2013; Monteiro et al,
2004; Wang & Huan@012; Wang et al2011, 2013Daya 2012;Marinoni, 2003

The application of gpstatistics has expanded into other industries as highlighted
by Oliver & Webster (2014), and now it is widely applied in reservoir
characterization, agriculture, geophysics, geohydrology, environmestatlies

soil sciences, precision, pollution control, public health, fishery, planning, plant
and animal ecology, engineering, remote sensing and meteorology. Oliver &
Webster present a regiv that aims to educate and to ensure the understanding
of geostatistics techniques and principles by those who have easgsado

geostatistical softwardut lack the fundamentals of geostatistics.
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3.3  Significant work done in geostatistics

This sectiorreviews the significant work done in geostatistics, from geological
modelsand support size® the final sages of estimation that involveomputing

variograns, kriging and model validations.

Krige (2000) reiterated the importance of the following workflof geostatistics

regardless of the technique being used:

a logical model of mineralization,

logical orebody subdivisions based essentially on geological input,
the effects of changes in support sizes and types,

no cutting of high grades unless fujlystified,

block valudions without conditional biagnd with lowest error variances,

= =2 =2 A2 A

model validations.

3.3.1 Geological modéng

Threedimensional geological modelg is an important technology in
guantitative assessment and prediction of mineral resources on a district scale. It
integrates geological, geochemical and geophysical datahirdelineation of
metallogenesis of mineral deposits and exploratajriargets (Wang et al., 2013).
Recent 3D geological modiag by Wang (201, 2012, 201Backnowledgéd the

work done byCalcagno et al., 2008; Fallara et al., 2006; Kaufman and Martin,
2008; Lemon and Jones, 2003; Mallet, 200Rese works focused ongeological
modelling when the available datare sparse Only a few papers (Monteiro et al.,
2004) have beerpublished @ a mature mining environment where abundant
information is available and mining is progressing at a fast pace such that the time

it takes to compled a model is a serious constraint.
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3.3.2 Sample size

Oliver and Webster (2014) emphasized sample size as the most important factor
for determining the reliability or accuracy of the empirical variograngedneral,
the more data onéhas the greater the accuracy. This is in line Witbbster and
a O. NI (y S &difiag, whiettshows that the spherical model fits waten
the sample size is bigger but the modeleisatic and appeas poor when the

sample size is small

3.3.3Top wt/Outliers

An outlier is an observation that is located "far enough” from most of the other
observations in a data sébr it to be considered anomalous. Causes of outlying
observations include inherent variabilignd measurement errcs. Outliers can
have a significant impact on estimates and inference, so it is important to detect
them and decide whether to remove theftop/bottom cut) or consider a robust

analysis.

Similarly, be issue of dealing with loAgiled distributions is a huge pblem
becatse it may cause highrade aras to be underestimated and legrade areas
to be overestimatedr vice versaHowever, astudy done by Maleki et al. (2013)
on capping and kriging grades with letajjed distributions found that estimates
were globallyand @nditionally unbiased. They therefooncludedthat the top-
cut model achieves a tradeff between accuracy, simplicity of usand

robustness against extreme high values.
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3.3.4Experimental variograms

De Souza and Costa (20X8¢uson improvingexperimental variograms so that

the pattern of spatial variation is clear, allowing easy identification of the
parameters of the varigram model required for krigingn their study they used
clugered data, declustered datand set outto determine howclusteringaffects

the uncertainty and the inventory of resources. They managed to establish that
clustering can lead to inefficient classical variogram estimates even for data
arising from a stationary random field. On the other hand, Oliver and Webster
(2013) cautioned against coarse grids and suggested extra sampling within the
grid to improve the shortange variation. Thegaution against grids because
even if grids give unbiased Krige estimates, when coarse they micgst time

shortrange variation.

Pardelquzquiza et al. (2013) did a study on the additional uncertainty that is
AYUNRRdAzZOSR Ay GKS |0aSyO0S 2F GKS a&iGNHS¢
data. Similarly, Wang et al. (2013, 2012) relied on scattered information to predict

and delineatemineral resources through district scale exploration and potential

exploration targets.

3.3.5Model validation

Concerning crosgalidation, JiméneEspinosa and Chigalmo (1999) temporaly
discarded the value at a particular sample location from thmgle data set and
then estimated the value at the same location using the remaining samples.
Thereafter, they compared the estimate to the true sample value that was initially
removed from the sample dataet. The method of crosglidation described
abow is tedious and impractical to test all sample locations when dealing with a

big data set but it ilowevera good test forcarrying outspot checks. One more
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drawback of this method is that it yields a variety of results that are not always

consistent (Blivene et al., 2010).

Another validation methodwidely practiced in the industry is comparing the
means of composite to the means of estimate by subdividing the sampling area
into swaths. The laer method done in Microsoft Excetaters for big data set

but it is also tedious. Most software provides a function for swath plots as a
means of validating different models; these are widely used in the induétang

et al. (2012) stat¢hat 3DKrigedmodelingand improved3D IDW modelingcan be

used for cros-validation Now that many softwaresre available that ddriging

any geostatistician can produce a Krige estimate without understanding and as a
result may produce unreliable and even misleading req@is/er and Webster,

2014) Thus,it isimperative to crossvalidate the estimation results.

In addition, Abedini et al. (20)Zssessed the signifioce of data domaining on
crossvalidation. They defineddomainanalysis as the organization of a collection
of patterns into clusters based on similarityheir finding was thabptimum

number of domainsgave the bestrossvalidation statistics.

3.4  Geological stting

The Rosh Pinah Mine deposiis located within the north-south trending
Neoproterozoic Gariep Belt (Alchin and Moore, 2008¢hin and Moorestate
that the belt represents thetectonic framework in which the supercontinent,
Rodinia, startedo break apart ~741 Ma.Alchin and Moore further statéhat
rifting occurs within basement granites and gneissdsthe Mesoproterozoic
Namaqua povince. They also state thathe Gariep belt is subdivided into a
western albchthonous, oceanic Marmora Terrane, which has been thrusted over
the eastern, parautochthonous sedimentary Port Nolloth ZoRgyre5). The
Rosh Pinah deposiis hosed by the Port Nolloth Zone in the Rosh Pinah

Formation

20



The Rosh Pah Formation conformably overlighe massive diamictites of the
Kaigas Formation as gpical riftfill sequence characterized by predominantly
siliciclastic and calcareous succesgiatlchin and Moore, 20054t the base, the
Rosh Pinah Formation is a thick footwall arkosic/sandstone succession (Figure 6)
characterized by brecciatioflchin and Moore, 2005)Theyfurther state that he
footwall succession is overlain by the ore equivalent horjzarhich is
characterized by carbonaceous mudstone (argillite) containing interbedded
carbonate lenses and microquartzitEurthermore, he carbonges are strongly
attenuated and structurally confined to the troughs aocest of D2 folds and
compriseof dolomitic carbonates and subordinate baritnoh carbonates. On
the other hand, the microquartzites are black, thinly laminated and dense fine

graind lithological units.

A 130 m thick sndstonemudstone succession conformably overlies the ore
equivalent horizon and forms the upper Rosh Pinah Formation (Alchin et al.,
2005). The Rosh Pinah siliciclastics were accompanied by contemporaneous,
bimodal butpredominantly felsic magmatism dated at a-Pb age of 741 + 6 Ma
(Alchin and Moore, 2005). They further state that the volcanism may have
provided the heat engine for driving hydrothermal convection to form
contemporaneous sedimentamgxhalative and hydithermal replacement
mineral deposis in the deep rift during a cooler regressive period in which the
basin was isolated from the open oceafhe Rosh Pinah rift graben infill was
terminated during an interpreted sea level drop induced by global cooliiy [

the major 640 to 590 Ma Marinoan glacial evenduring which the glaciogenic
Numees Formation asdeposited. The sedimentary evolution of the Pafmican
Gariep Belt finally ended durintbe closure of the Adamastor Ocean at about 545
Ma as a result of subduction and continental collision. The area is overprinted by
low- to upper-grade greenschist to lower amphibolite facies metamorphism as

cited by Alchin and Moore (2005).
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3.5 The Geolog of the EOF

Section3.4 described the EOF geological setting and associated lithology. This

section discussds detailthe EOF structure, mineralogy and the genetic model.

3.5.1 Structure

Alchin and Moore (2005) statéhat during continental collision and oceanic
closure, northnorthwest trending oblique thrust ramps were produced during
the southeastdirected transpressive phas€D1). Theyfurther state that
orebodies that were originally isoclinally folded and thrfsulted during early D1
deformation were subsequently refolded during D2 deformation into upright to

slightly westerly overturned nonylindrical folds.
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In Watkeys (2001) the EOF orebd@ygure §is considered to be situated in a Z
fold, consisting ofa western syncline and an eastern anticline, flanked by two
steeply dipping sinistral faults, thec& and the Dennis faultsvith the central part
crosscut by the Martina fault Eigure 7. He envisages the EOF fold to be a D2
synclinal subsidiary fold thi a steep southerly plunge (64° towards 052°) situated
on the limbs of the Rosh Pinah anticlinoriuB2 deformation in the Rosh Pinah
Mine area consists of folds with NNA@SE orientated axes which plunge athb
directions (Watkeys2001). It isfurther gated that the D2 folds axial planes are
upright to slightly westerly overturned, striking 326° andpiify at 65°. The D3
comprises EW to SW¢NE folds.
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Figure7 Schematic crossection indicating the EOF structuraound the Rosh
Pinah Mine with development of D2 backfolds and possible backthrusts. Source:

Alchin and Moore (2005)
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3.5.2 Ore mineralogy

A mineralogical investigation of 34 core samples from the EOF was done in 2003
by Lakefield Research Africa Pty Limited (Richamnd Martin, 2003). The
investigation aimed at predicting metalluogl response to EOF ore typdey
found that the majority of core samples were dolomites, with minor
microquartzites, arkoses and graphitic rocks. Zhend Pbmineralisation occurs
mainly in the @lomite and toa lesser extent in microquartziteSimilarly Alchin

and Moot (2005) grouped the EOF orebodies into the predomiyacdrbonate
hosted type.

Zinc occurs almost entirely as the mineral sphalerite and small ateas zincian

dolomite. The chemistry of the sphalerite varies according to its colour based on
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the Mn andFecontents. An orangeed to dark brown sphalerite are rich kebut

poor in Mn whilst the orangeto-yellow types are poor ifMn and rich in
cadmium The Pb occurs mainly agyalena. Pyrite is the dominant sulphide
gangue, with small amoustf chalcopyrite occurring as inclusions in sphalerite
and as discrete grain. They also described that the mineralisation varies from a
relatively common, coardg grained, massive varietyota less common,

disseminated or laminated type.

Alchin and Moore (2005state that small amounts ofbornite, tennantite
tetradedrite, stromeyerite, acanite, arsenopyrite, argentite andree gold are
present. They also state thdtands of massive sulptedgenerally contain a
combined Zn + Pb + Cuntent ranging between 25 to 30%nd may occutin any
stratigraphic position in the ore zonbut are mostly restricted to localities near

hangingwall sequencein microquartzite, argillite or carbonate hostaks.

3.5.3 Genetic model

The Rosh Pinah Mine deposése classified as a sedimentary exhalative (SEDEX)
deposit(Figure9 and 10) with subordinate volcanogenic massive sulphide (VMS)
and Broken Hiltype (BHTHepositional and deformational characteristi@lchin
and Moore 2005). Watson (198Qgtatesthat these deposits havea syngenetic
origin. Indicators ofa SEDEXrigin are its association with basmargin rifting,
anoxic sedimentsarite andthe finely laminated nature of the orélhe presence

of felsic volcanic rocks in the Rosh Pinah Formation has Vewesulted in the
deposit being equated to a distal VMS deposit, like the Skorpidchih and
Moore, 2005;Corrans et al., 1993; van Vuuren, 1988) common feature of
SEDEX and VMS deposits is the zonation of m@igisre 10 in which copper and
iron sulphides are deposited in a more proximal setting relative to the fluid
sources withPb and Zmmore distal, while Fe + Mn + Ba occur on the ore zone

periphery.
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Figure9 Rosh Pinah Mine genetimodel; mainly a SEDEX with subordinate VMS
and BHT depositional and deformational characteristics
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Figure 10 A sedimentary exhalative (SEDEX) ore deposition model (modified
after Alchinand Moore(2005)
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3.6 Previous estimations of the EF1

The orebody was mined since 1999, and by December 2013 about 3 million
tonnes were extracted from the EF1 orebody. By December 2013 tséuin
resources of EF1 ewe about 3.6 million tonnes, and an additional 0.8 million
tonnes were moved to the inventory and about 0.5 million tontewve been
mined since then. Resources were moved to the inventory because they are
remnants diting as slivers around the open stopfeat cannot be economically

extracted in the near future.

The EFlorebody was estimated previously but none of the estimations are well
documented, let alone publishedrable 1 showsa summary of thedifferent

estimations carried outrom 2002 to 2015.

TaHde 1 EF1 total resources from 2002 to 2015

EOF estimates
Total Resource
Year _
In-situ ore (MT) Zn (%) Pb (%) Ag(ppm)

2002 2.47 14.12 2.93 -
2004 3.95 11.76 2.62 -
2007 6.20 1068 2.29 5419
2008 6.20 1087 212 53.6
2010 7.31 10.73 2.38 63.3
2012 5.12 10.54 2.23 61.2
2014 5.58 1184 250 64.3
2015 5.72 1225 2.61 67.7

The2010 and 2014 estimations wermgadeusing spherical model variograraad

the OKinterpolation method Estimatiors done before 2015 used vesmalllag
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distances of less tha@.5m. Thesmalllag distances resulted in variogramath
very low nuggets andanges(less than 30m)These models areonditionaly
biased, grades greater than the mean gradee significantly higher and those
lower than the mean grade significantly lowerThis implies that previous

estimations overestimated the high grades and underestimated the low grades.

3.7  Ordinary Kriging

OKwas selected as the interpolation methodhis sectiordefines OK and the
evolution of the OK guations for point estimies. The sectiorfurther includes
the application of OK on block estimatand it concludes with introducing
Quantified Kriging Neighbourhood Analysis (QKNA).

OKis often associat with the acronym B.L.U.Ewhich standdor BestLinear
Unbiased Btimator (Isaaks & SrivastgvB989; Dohm2010). Isaks & Srivastava
further explain that OK is linear because its estimates are weighted linear
combinations othe available data.tlis unbiased since it tries to have the mean
residual @ error equal to zero.tlis best because it aims at minimizing the
variance of the errors. It provides the optimum set of weights, smallest standard
error, narrowest confidence interval andhinimum estimation variance. It is a
local estimation techniquehtat is based on the variogram to determine the value

of the weights and the estimation variance (DaH2010).

3.7.1 Development of Okequation

This section discusses the developmenthaf OKequation based on the random

function model and unbiasedness as well as the error variance.
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3.7.1.1Random function Mvdel andUnbiasedness

Isaaks & Srivasta @989 pointed out that the unknown true value at unsampled
points is estimated using a weighted larxecombnation of the available samples,

ie.,

n
‘L"=Z’lﬂj-v
=1

(3.1)

If the error,r, is the difference between the estimated value and the true value at

that location, then the error of thé&h estimate is

T = Uj — ¥4 (32)
Then the average error of a setloéstimates is
k k
1 1 .
me=zYor=3 Yt
k & A
=1 =1
(3.3

The above equation has many unknown quantities thus the solution is to
conceptualize the unknown values as the outcoofi@ random process and solve

the problem for the conceptual model. The estimate is also a random variable
since it isa weighted linear combination on the random variables at the available

sample locations:

n
V(zo) = > w;+ V(z;)
i=1
Similarly, the estimation error is also a random variabke,

R(z0) = V (z0) — V(o)
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By substituting the previous equatipwhich expressed our estimate in terms of
other random variables, the estimation error can be expeelss terms of the

originaln + 1random variables in the random function mods follows

T
R(zo) =) wi-V(2:) — V(o)
—
’ (3.4)
Assuming that the random function is stationary, epected values can be

expressed aEE{V]as follows:

E{R@)} = S wiE{V} - E{V})

i=1
Setting the expected value of the error at any location to O to ensure

unbiasedness results in the following conclusion:

3.7.1.2 Random functino Model andE&tror Variance
In Isaaks & Srivasta&989), it is alluded that Olattempts to produce a set of

estimates with minimum errors of the variance. The error variaﬁce),f a set otk

estimates can be written as

i .
UIZH = EZ(T‘;“—THH}E
=1
k

il
| b=
o
i
=
-
|
o W
5
:"r
|
=
e
e

Assuming a mean error of 0, then
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=1
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EZ[‘W - v;]

=1

I

The variance of a weighted liaecombination is:

Vﬂr{z wi-V}=Y E w; + wj - Cov{V;V;}
t=] i=1 j=1

(3.5)

Using formula 3 and equation 34, we can express the variance of the erras

stated in Isaaks and Srivastava (198%)

Cov{V (20)V(20)} = Cor{V (z0)V (20)}

—Cov{V (20)V (z0)} + Cov{V(z0)V(z0)}

= Cov{V(zo)V(20)} — 2Cov{V(z0)V(z0)}

+ Cov{V(zo)V (z0)} (3.6)

Var{ E(z0)}

The first term ir3.6 isthe covariance of V(:zu) with itself, which is equal to theariance

I

V(zp) of

Var{V (z0)V (20)} = P’ar{i wi-Vi} = Xﬂ: i wiw;Cij

i=1 =1
Thesecond term can be written as:

2Cotr{V (z0)V (z0)} = 2 2 wiCio

The third term is the covariance of the random varial(go) with itself and it is

eqgual to the variance df (xo), so
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Cov{V (z0)V(20)} = 52
Combining the three terms, the error variance (Isaaks and Srivastava, d888hes

22 wwiCii 23 wiCio
= =1

R — 62 + i=1 j=1

(3.7)

Equation 37 gives arnexpression for the error variance as a functionnofariables, but
based on the unbiasedness condition the sehafeights must be restricted to possible
solutions that sum to 1. The problem of constrained optimization can be solved by the

technique ofLagrange parameterdescribed in the next subsection.

3.7.2 The Lagrange Parameter

Equation 37 hasn+1equations andh unknowns. © solve the problem a new variable
the Lagrange parametefl, was added. The parameter is equal to O due to the

unbiasednesscondition thus it is s& to add the variableThe Lagrange parameter is

required to convert the constrained minimization problem into an unconstrained one.

Then equation ¥ becomes

3.7.3 Minimizing the Error Variance

The error variance (equation.d is minimized by calculating the n+1 partial first
derivative of the error variance with respect tioee weights(Isaaks & Srivastava, 1989)

Then we obtain
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(&%)

n
o, = 22, wiC1j —2Ci0+ 2z

=1

Setting this equationa 0 pioduces the following equins:

n
?Z w;Cr; —2C10+2u = 0

j=1
Z “’iél.i +p = Cy

=1

(3.9)

This systm of equations, referred to athe OK system can beexpressed in matrix

notation as
C w = D
Cu - Cn 1 wy Cio
énl Cnn 1 Wy - C.'nO
L 1 1 0 7 1
— o | ) N e
(n+1)x(n+1) (n+1)x1 (n+1)x1

(3.10)

To solve for the weiglst equation 3L0 can be multiplied with the inverse of theft-

hand side covariance matrix. Then,

w = ClL.p
(3.11)

Multiplying each of then equations given in equation.8 by the weights produces the

following:

m Ti n
22 wiwiCiy =Y wilio—p
1

i=1 j= =1

Sulstituting this into @uation 38 allows the minimized @or variance to be expressed as
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L) n
=y — ) — a
h = @ +§:w:’c’{u—,€1-—25 w;Cup
1=1

=1

= & = (Q_wiCio + )
i=1

(3.12)

Or, in terms of the matrice$o be expresed as:

th=8"-w.D
(3.13

This minimized errowvariance is referred to as theKOrariance used with the notation

2
OK-

3.7.4 OKuwing 2 NJ

It is assumed that the random variables in the random function model all have the same
mean and variance. Thererefore, based on this assumption there is a relationship

between the model variogram and the model covariansaaks & Srivastavd989

gives
T]} = “g - E‘d-:ij-
(3.19
In terms of the variogtm, theOKsystem can be written as:
m
ij?ii"# =%o Vi=1,...,n
i=1
(3.19

There is also a relationship between the model clmgeam and the model covariance,

ie.,
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pij =

qt-;“‘".- I

(3.19
Interms of the correlogram, th©Ksystem can be presented as:
ij,ﬁ.-jﬂ;: o Vi=1l,...,n
= (3.17)

With the modeled error variance given by:

I.:-f?q = 5_2{1 - [Z TJJ,'ﬁ,'-;j'F#ﬂ
2 (3.19)

3.8  Block Kriging
3.8.1 Introduction

The previous section focused on point krigidout often in mining a block

estimate or an estimate of the average value of aialde within a prescribed
local area is required. One method of block estinsateto discretize the local
area into mawy points and thento averag the individual point estimates to get

the average over the area.

The block kriging system is similar to theint krigng system givety equation
3.10. The mean value of a random function over a local area is the average of all
the point random variables contained within the local area (Isaaks and Srivastava,

1989).Thusthe mean value over a local area can be described as follows:

(3.19
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Where V4 is a random variable corresponding to the mean value over an Area

and V; are random variables corresponding to the point values within

In equation 310, the Kequadion, the construction of the covariance matiis

independent of the location at which the estimate is required thus the magtrix

R2S&a y20 NBIdZANB |ye Y2RAFAOFIGA2ya FT2NJ o
vector D consists of covariance values bewve the random variables at the

sample locations and the random variables at the location that we are trying to

Sa i A Ysaaks énd Srivastava, 1989). For block estimation, the covariance

values required for the covariance vectbrare the pointto-block covariance

which is expressed as follows:

= riT| 2 Cov{V3Wi}
jlieA
Isaaks and Srivastaviarther state that the covariance between the random
variable at theith sample location and the random variabia representing the
average value of the phenomenon over the afess the same as the average of
the pointto-point covariances betweel, and the random variables at all the

points withinA. The block kriging system can therefore be expressed as:

C w = D
éll e C-'ln 1 wy élA
Cnl e én" l . Wa = é.A
F1 = 1 0 u {‘
- | G ——)
EECET T .20

With the bar above the covariances on the rigiand side indicat that the
covariance is the average covariance between a particular sample location and all

the points within A:
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T 1 -
Cia=1 >, Ci
4] ilie

HF

(3.21)

The block kriging variance is given by:

GoK = 5’A.4 - {Z UJ.'C:‘M + )
=1

(3.22

Where ¢, is the average covariance between pairs of locations Within

3.8.2 Advantage and disadvantage of block kriging

Isaaks and Srivastay2989)further statethat the advantage of using the block
kriging system is that it produces an estimate of the block average with the
solution of only one kriging system. The disadvantage is that the calculation of the
average covariances involves slightly more computatitan the calculation of

the pointto-point covariances in the point kriging system.

3.9 Quantified Kriging Neighbourhood Analysis

Quantified Kriging Neighbourhood Analysis (QKNA) ais method that
guantitatively assessethe suitability of a kriging neighboood. Vam et al.
(2003) argue that QKNA is a mandatory step in setting up any kriging estimate.
The results of QKNA, mainly focusing on the kriging standard deviadien

presented in section 8.5.

Kriging only gives the best linear unbiased estimaté \fatv variances if the block
size and the neighbourhood are properly defin@&igger blocks with low nugget

effects will have better Kriged estimatégann et al. (2003) statinat, in general,
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the block size needs to increase as the nugget increases tatdbtock sizes
smaller than half the drilling grid dimensioase not suitable for QKN#énless the

grade continuity is very high (very low nugget and long ranges).

Vann et al. Z005),and Krige 1994, 1996astate that the definition of the ranges
in Krging can have a significant impact on thcome of the Kriging estimate
They also state thaheighbourhoods should not be too restrictive, as trasults

in conditional bias. Furthermore, #y state that conditional biascauses
estimated grades greatethan the mean grade to be significantly higher and
those lower than the mean grade to be significantly éoyso high grades will be

overestimated and low grades underestimated.

Vann et al. (2003) state thdtlong ranges are selected, negative weigimay be
drawn in,but this causes problems if they are maryspecially at @rgins of an
optimized search, fging weights should be very small or even slightly negative.
However, inthe case ofa pure nugget every sample found getsn equal weight

(1/N), no matter how far the search.

Vann et al. (2003) further stat#at the following criteria should be considered

when evaluating a particular kriging neighbourhood:

f 0KS at2LIS 2F GKS NBINBaarzy 2F (GKS al
block grade;

1 the distribution of kriging weights themselves (including the proportion of
negative weights);

1 the Kriging variance.
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CHAPTER BATA COLLECTION AND VALIDATION

Quality assurance(QA)connotesprotocols andprocedures thatensure that the
sampling and assayirgre complded to a certain quality, while, qualityoatrol

(QC) is the use of QAQEmples and statistical analys® ensure that the assay
results are reliable (Snowden, 200Q)Cis a multifaceted process that starwith
ensuring that the drilling and sampling methodologies are in place, appropriate
and undertaken according to best practices. The next stage in the process
involves planned task observations to ensure drilling and sampling methodologies

are adhered o.

In order to obtainhigh confidence in the field sample collection, preparation and
analysisQCsamples are inserted into the sample batches that are submitted to
the laboratory for assayin@ut of the 19 916EOFsamplesa total of 1161 are QC
samples and 18 755 are field samplése QC samples (Table 2) represent 5.8% of
the total samples and they include blanks, duplicates, AMIS0147, AMIS0149,
AMIS0153, AMIS0157 ard1S0158.

Table2 EF1 QC samples

QC Standards | Total
Blanks 314
Duplicates 449
AMIS0147 26
AMIS0149 122
AMIS0153 123
AMIS0157 72
AMIS0158 55

1161

Data validation is carried out in order to clean the data set, and a clean data set is

the basis for eliable estimation. Ence much timehas beendedicated to data
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validation. At Rosh Pinah Minghe Standard Sampling QAQC Standard Practice
Instruction (Mukumbi, 2014) governs the QAQC samples. The QAQC samples are
manually or automatically inserted within the field samples during sample sheet
geneition. For boreholesvith more than 15samples,the QA/QC samples are
automatically inserted after the 1b field sample such that the 16th, 17th and
18th sample constitute duplicate, a certified standard and a blank, respectively.
For boreholes with less than 15 samples the QAQC samples are inserted manually
at any interval,maintainingthe sequence, such thahe nth sample is split to

form the duplicate n+ 2, whilst n+ 3 is thecertified standard and r+4 is a blank.
Certified standards are ed to identify analytical biasnd to identify sample
swaps ormislabding of samples and/or QAQC samples, whilst, the coarse blank
checks for contamination included #the crushng stages of sample preparation.
QAQC samples were only introduced in 2009 at Rosh Pinah Mine, thus the trends

of historical samples analysed prior cannot be explained by the QAQC analysis.

This chapter describesthe drilling and sampling techniques apmuli during
exploration the type of data collected during borele logging and data
validation methodsut in place.The chapter furthesummarizes th&aOFQAQC
analyses of the certified reference material (CRM), blanks and duplicates
Surious QC samplemnd pulp samples thaplot outside the acceptable limits are
listed. The aim of the QAQC analyses was to identify spurious QC saruaples,
correct them and if they cannot be corrected to exclude them from the

estimation dataset. Boreholes were excluded fno the dataset if:

1 They didnot havecoordinates.
1 Thee were missing assay results.

1 They hd conflicting geology or grade information.
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4.1  Drilling

The EOF wadiamonddrilled using BQ (66nm and 36.5mm hole and core
diameter, respectively sized coreThree drilling programs are run based ore th
drill spacingprimary drilling is done on sections that are ®0apart followed by
the secondary and tertiary drillingvhich are done on 30m and 10m sections,

respectively.

Thegrid for EF1 sectionis in the 55¢ 235’ direction aimed to intersect the NW
SE striking BHimb perpendiculawhilst the EF2 grid idrilled in the 119 299°
direction with the aim to intersect the NESW limb as shown irFigure 11The
90 Off Main Grid is drilledn the 145 - 325° direction and it aims to intersect the
fold hinge at 90.

Drill locations for underground drill holes are marked by the Rosh Pinah Survey
Department. Surveyors mark the grid lines and azimuth on the tunnel walls.
Drillers are given drill instructiorheets showing the section lines, the direction of
drilling, the depth and the dip of the borehole. The drill foreman and geologist

check the machine satp before drilling starts.

Thedrill core is logged by aeglogist for lithological, structural and geehnicd
information as per standardCore recovery and orientation surveys of the
boreholes are done by technical assistants on all boreholes and sampling of the
core is done onnstruction by the geologistThe geologist, athe responsible
person, ovesees the sampling procedure and ensures that the densitigeo€ore

is measured before samples are submitted to the laboratory.
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Figurell EF1 EF2and 90 Off Maingrids

4.2  Drilling data and accuracgf borehole information

A total of 1607 boreholesvere drilled in EQFof which 1241 are tertiary
exploration holes whilst 366 are underground exploratio{primary and
secondaryholes.The following information is collected during borehole logging;
collar surveys coordinates, lithologis structural information, bedding grading

water readings, downhole surveysdcore recoveries.

Planned drillhole information (collaoordinates, dip, azimuth andepth) can be
extractedusingthe MineSight softwareAll drillholes deeper thah0 m are down

hole surveyed.The orientation survey is conducted with a Reflex tool, or
historically by the Electronic Multi Shot (EMiBg Sperry suror the Eastman. On
completion of every sectignan instruction sheet is issuedo tthe Survey
Department, to survey the fad collar position of the drithole and the dip at the
collar. Core recovery is measured and imported into MineSight via the acQuire

database software for every borehole drilled.
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4.3 Logging

Core logging at Rosh PimMine is done orthe surface using a standard form in
Gt 2 QD & dzasoitvare designed for the Compag Palmtop computers which is
totally compatible with the geological acQuire (SQL) database on the mine. The
capture screen in Pocket acQuire is desigsech that the software prompts the
geologist to select descriptions of fields, lithology, colour, sedimentary grading,
structure (folding, faulting, cleavage, etcjteration and mineralisation, already
stored for ezh field (validation tables\When logying the geologist records all
collar and survey data for the drillhole, lithological, structural and grading data
using the Palmtop computers. Only values which are present in the validation
tables can be entered into the database, except for fields sashdepth,
comments, hole number, etdnformation is then imported into the MineSight

software via acQuire.

4.4  Sampling techniques

Only drill core dataare used for the resource and grade estimation. Sampling

standards used when sampling mineralised intetgms are:
W maximum sampling length of 160,
w a minimum sampling length of 4tn,

() no sampling across lithological boundaries,

W no sampling across different alteration zones,
W no sampling across different mineralogical assemblages,
W all included wate is sampled, and
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W 1.5m of waste is sampled on either side of the mineralised interval.

Sampling intervalsra clearly marked on the core. Theirpary and secondary
drill cores are split in half. One half is stored with the rest of the core and the
other half is sent to the laboratory for analysighe ertiary drill core is wholly

sampled.

4.5  Sample preparation

Samples are packaged at the core shemjjistered into Laboratgr Informaion
Management System (LIMBY assistants in the Minerd&esource Management

Department and then dispatched daily to threbbratory.

On arrival, samples are checkesbrted and then activated in LIMSThereafter
the samples arerushed using a jaw crusher to abobib mm before splitting,
using a Jones Riffler, wbtain a representative sample of approximately 1§0

Samples are mifpulverized prior to wet chemical preparation.

4.6  Mapping information

Another set of information wed is the mapping information; the level maps for
each lithology were triangulated and viewed in section view during section
interpretations, especially tomark out the lithological contactsFigure 12

demonstrates how the mapping information was used.

The mapping information and borehole data were used to construct 23 sections
on the Main Geology grid (EF1) and 16 sections on the EF2 grid. These sections
were triangulated and based on the triangulated sections 44 level plans were

interpreted on every 10n level from the-150 level to the 290 level.
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Figure1l2 A. EOF-030 level map indicating lithological contacts. B. EAD80
section interpretationindicating thetriangulated carbonate mappings lines

4.7  Data aggregation methods

The grade model was modelled based on a 2f8@quivalent cutoff. The Zn

equivalent was calculated using thalowing formula
Zinc equivalent = Zn + (1.01 x Pb) + (0.026 x Ag) HXBL7A

(Gowther, 2014)

4.8 Data validation

This section presents the validatiofcollars, lithologies, assays, ¢licting

gradesand lithologies.

4.8.1 Collars

Out of the 1607 collars, nine collars did not have surveyed or planned
coordinates. These nine collaase presented in Appendix A amndere excluded

from the datasetAn additional 66 pduction holes were not collasurveyed but
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had planned coordinatesSurvey coordinates may not be recorded if boreholes
are underwater or if the geologist forgets to request thdlaosurveys from the
surveyors, as occasionally happembese 66 holes were included in the dataset,

and their planned coordinates were used

4.8.2 Lithology

Borehole p3582 and p4657 are missing lithataydata,so both were not logged.
Thecore was disposed before logging. These two boreholes were also excluded

from the dataset.

4.8.3 Assays

Appendix Bshows a list of 17 boreholes that wesampled but however these
samples were submitted to the laboratqgrihe resultshave not beerreported.
They were also excluded from the dataseA total of 298 boreholes were drilled
but not sampled because they did not intersect economic mineralisafibrese

boreholes are included in the dataset and are used for interpretations.

4.8.4 Conflicting grade and lithologies

Atotal of 70 boreholeglisted inAppendix Cwere excluded from the datasenhd
interpretationsbecause oftonflicting geology or gradéue to spurious borehole

orientations.
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49 Certified Referenced Mterial

All five referenced materialusedwere supplied by EXXARO from the Rosh Pinah
Mine zing;lead sulphide ore. Table 3summarizesthe five reference material

with their expected valueand theirlower limits and upper limitat two standard

deviations forthe inductively coupled plasma (ICP) anadysi

Table3 Rosh Pinah Mine CRMgsEXxpected values, Lower and Upper Limits

Zn Pb Ag

Name Lower |Upper Lower |Upper Lower |Upper

ExpectedLimit  [Limit  [ExpectedLimit  [Limit  [ExpectedLimit  [Limit
AMISO14] 29.05 2785 3025 | 3.32 3.17 3.47 62.8 57.8 67.8
AMISO149 1537 1483 1591 | 1.71 1.63 1.79 30.1 27.8 32.4
AMIS0158 8.84 8.5 9.18 1.02 0.97 1.07 19.9 18.6 21.2
AMIS0151 3.03 291 315 | 0.3432 03208 0.3656| 6.7 55 7.9
AMIS015¢ 1.62 1.56 168 | 02162 0197 0.2354| 5.6 4.7 6.5

The CRManalysesshow that the analyses are dominantly acceptabkaough
some assayeeturned resultsoutside the acceptable limits due to contamination
and dilution. TheAg analysifor all CRMs displayed higher variabilipossiblydue

to an unreliable or inaccurate analyticatethod orinherit variability. The CRMs
indicate that the laboratory reportedan aceptably high biasduring October
2011 The subsequent s@ectionssummarizethe Zn, Pb and Ag analyses &ach
CRM in detail.
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49.1 AMIS0147

A total of 228 AMISO147Zn samples,presented in Appendil, were analyzedat
EF1 of which 10 (41.6®4) plot outside the acceptable limitand 14plot within
two standard deviationsA total of 26 AMISO14% Pb samples, presented in
Appendix Fwere analyzed, of which 6 3208%) plot outside the acceptable limits
and 16 plot within two standard deviation®nly two AMSO147; Ag standards
(Figure 13 were analyzed and both pldar outside the acceptable limitswvhich

could be due t@anunreliableor inaccurateAganalytical method

A list of all AMIS0147 standardthat returned unacceptable assay values
presented in Appendix E. They returnathacceptable values because of
contamination most of the samples weranalysed during October 2011 and Dec
2013.Ths implies that thdaboratorystaff did not clearequipments well during

these periods. Ranalysishould have been requested.

130.00
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110.00
100.00
S0.00
80.00
T0.00
60.00
50.00

hssay Value

20.00
30.00
20.00
10.00

0.00

\
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p4396_ 050
pA5T0_054
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o

Expected Value — 25D Warning + Error Warning + Mormal

Figurel3 AMIS0147 Ag Total (ppm) standard analyses by sequence
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4.9.2 AMIS0149

A total of 122 AMISO148tandards(Appendix G and Hvere analyzed at EF1, of
which 71 (58.20%) Zn standard9lot outside the acceptable limitand 51 plot
within two dandard deviations. The AMIS0145 has an expected value of
15.3®%6 and a calculated mean of 15.7@6, whichis 0.3% higher than the
expected value.Returning assays indicate an unacceptaliygh bias during
October 2011 and in January 20The ICP wasot well calibrated during those
periods. Some of the standards returned assays outside the acceptable limits

because of contamination andkanalysisshould have been requested.

Four standardslisted belowwere wrongly labbed as AMIS014@Appendix G)

these were correcteas follows

1 p4819_017 is AMIS0158,
1 p4554_035 is AMIS0153
1 p4356_017 ang4410_017 iAMIS057.

Of the 122 standards analysed 42 (34.8%) Pb standardsplot outside the
acceptable limits and 80 plot within two standard deviatipr@s shown in
Appendix HAtotal of 118 AMSO149Q; Ag standards (AppendixWwere analyzed
of which 64 (54.2%) plot outside the acceptable limits and 54 plot within two
standard deviationsAppendix | alsoindicates thatAg analyse done before
sample p4557_007 (October 2011) werighly erratic, which could ba result of

apoor Aganalytical methodeing used by the laboratory during that period
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49.3 AMIS0153

A total of 123 AMISO15Znand Pb standardéAppendix J and Kyere analyzed
of which51 (41.48%)Zn standardsplot outside the acceptable limitand 72plot
within two standard deviationsA total of 48 (39.02%Pb samplesplot outside

the acceptable limits and 75 plot within tvgtandard deviations.

No sample swaps were observedn samples analysed before p4367_084
(October 2011)and Pb samples before January 2048re highly erratic which

could bedue toapoor analytical method or contamination

A total of 1B AMISO158 Agstandardswere analyzed, of which 68 (@%) plot
outside the acceptable limits and4plot within two standad deviations.Figure
14 indicates that AMIS0158ganaly®s done before sample p4923 017 (January
2013) were highly erratic, which could becauseof a poor Aganalytical method.
Between sample p4923 017 and p4916_Qlhe laboratory reported an

unacceptable low bias of around ppm.
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Assay Value

pd336_016
pd3d6 033
pd366_033
p43TE 017
pdSE1L_ 017
pdsng 017
pd833 017
pE4E 017
pdol4 011
pS195_009
u3131 005
u3137_071

Expected Value — 250 Warning + Error Warning + Normal

Figurel4AMIS0153 Ag (ppm) standard analyses by sequence
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49.4 AMISO0157

A total of 72 AMISO15% Zn and Pbstandards Appendix ) were analyzedof
which 27 (37.9%) Zn standard9lot outside the acceptable limitand 45plot
within two standard deviationsA total 22 (30.56%dpb standardplot outside the
acceptable limits and 50 platithin two standard deviationsSample p4395_ 033
was wrongly labelled as AMIS018+gure 15)it is in fact AMIS01538nd this was
corrected Figure 15also indicates that samples analydeetween October 2011

to January 2013showedan unacceptablyigh bas.

3 T eaad L 3 IR W _ aad 2 F6SF _ F ¥ O JWFF___F a  IF " F F aaa  F

Assay Value

p4337_016
pd347 016
pd571_035
pdTRE 012
pdB26_004
pd913_ 017
pS4E2 006
u3l4i_035

pd376a 016G

CHECKID

Expected Value — 25D Warning + Error Warning + MNormal

Figurel5 AMIS0157 Zn TotdPb)standard analyses by sequence

A total of 63 AMISO157Ag standards (Appendix )Mvere analyzed, of whic5
(71.43%) plot outside the acceptable limits arid plot within two standard
deviations. AMIS0157Ag analyse done before sample p4923 017 (January 2013)
were highly erratic, which could Hdeecauseof a poor Aganalytical method. The
laboratay also reported an unacceptablppw bias of around Oppm during

October 2011.
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49.5 AMIS0158

A total of 55 AMISO15&n (Figure 16)Pb (Figure 17 and Ag standardsvere
analyzed A total of22 (39.29%) Zn standardglot outside the acceptable limits
and 33 plot within two standard deviationsFigure 16indicates thatsamples
between p4346a_016 and p4365_Q38hichwere analysed during October 2011
returned assay values abovee acceptable limitsFigure 16 alsshows that the

standad often reported an unacceptablgw bias.

A total of 23(41.826)Pb standardplot outside the acceptable limitand 32plot
within two standard deviationsFigure 17 also confirmthat samples between
p4346a_016 and p4365_ 03®hichwere analysed during October 20X &turned
assay values above acceptable limkd1S0158 Pb analysis m@ped a mean bias
of 6.71%,which is supported by Figure 1which shows that thePb standard
often reported an unacceptablgnd acceptablyhigh bias.

A total of31 (56.36%NMg standardplot outside the acceptable limits and 24 plot
within two standard deviations. The AMIS0158 Ag standard has an expected value
of 5.6ppm and the returning assays yield a gilted mean of 4.53ppm (Table %

which is 1.07ppm lower than the expected valu@he laloratory reported an
unacceptablylow bias of 2.5pm during 2012until January 2013AMIS0158Ag
analyss done before sample p4908 017 (January 2013) were highly erratic,

which could bébecauseof a poor Aganalytical method.

Table4 AMISO158&; Ag standard descriptive statistics

# of # %

Analyses | Outside | Outside

above Error Error Standard | Standard| Total

Threshold | Limit Limit Mean | Median | Min | Max Deviation | Error Bias
55 31 56.36 | 4.53 5.02 0 62.12 15.85 2.00 0.70
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4.10 Blanks

Rosh Pinah Mine blanks are interlaminated sandstone and limestohiected

from the Pickelhaube Formation at a locality approximatelgndt west of Rosh
Pinah. The aim of inserting blanks is to determine contamination errors
introduced during the sample handling process. The acceptable limits of Pb, Zn,

and Ag analyse®f the blanks are summarized Trable 5

Table5 Analytical values for blank samples analysed

Expected| Lower
Name o o
Element | value Limit | Upper Limit
SS_BLAN| Zn (%) | 0.05 0.00 |0.10
SS_BLAN| Pb (%) | 0.05 0.00 |0.10
SS_BLAN| Ag (ppm)| 2.5 0.00 |5

A total 0f314 Zn blank samples (Figure ¥&re analyzed, of which26 (40.13%)

plot outside the acceptable limitand 188plot within two standard deviations.
Fivesample swaps occurred whereby primary samples were swapped with blanks,
namely, p5191 006 was swapped with p5191 007; p5193 004 with p5193 007,
p4591 018 with p4591 015; p5462 001 with p5462_009; p4570 052 with
p4570_055Figures 19 and 2lalso confirmthat samples analysed during October

2011 were less reliable.

A total of 311Pb blank samples were analyzed, of which 157 (50.48%) plot
outside the acceptable limits and 154 plot within two standard deviatiéstal

of 313 Agblanks (Figure 20 ere anayzed, of which 242 (77.32%) plot outside
the acceptable limits and 71 plot within two standard deviatidagure 20also
indicates two sets of low biasat O ppm and 2.5ppm; this is because some
samples that returned assays beldhe detection limit werecaptured with an

assay value of 0 whilst othewhere assigned the half detection limit of Zopm.
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4.11 FieldDuplicates

A fidd duplicate is a repeat samptgnerded by splitting dield sample. ARosh
Pinah Mine duplicates are taken after the drill core sample is jaw crushed to a
size of 5.5mm, with the purpose ofquantifying any possible errors introduced
after the crushing stage. Duplicates are used to assess precision @tabpry

by comparing the paired (original and duplicate) data (Snowden, 2009).

Thepass/fail criterion for duplicateat Rosh Pinah Mine is that the repeat should
not vary more than 10% from the original samplés.total of 47 Zn field
duplicates (Figte 21) were submitted, of which 135 (28.86)Zn duplicatevaried
more than 10% from the original sampld$e checks have a positive bias of 0.05
(Appendix N) which implies the checks reported assay values that are slightly
higher than the original sam@s. The slighthighbias is als@evealed by the lteck
sample mean of 4.59%which is higher than the original sample mean of 4.37%.
The original sample population has a hegtvariability compared to theheck
samples due to its higher coefficient of \&ion of 1.15 compared to that of the
check samples of 1.10. However, thehaeck samples vary more frortheir
population mean compared to the original samplescause the check samples
have a higher population standard deviation of 5.06% whilst the @&ign5.03%.

The Zn check and the original samples have a strong positive correlation of 0.96.

About 20 check samples analysed during October 2011 and January 2012 were
splitfrom the wrong original samplethese were corrected and the right original
samples were assigned in the Adf@ database.Five other sample results
(p4362_007, p4363_009, p4435_ 007, p4549a_ané p4554 034) could not be
explainedby contamination orwrong original sample splithose needto be
reexamined and further investigatn is required. About 88 check samples
returned assays that vary 10% and more from the original samples due to
contamination and poor repeatability/precisipn especially at lower
concentrationsZn (4%)Pb (2%) and Ag (50ppn@s shown in Figure 2At higher

grades tle differencesare mostlywithin a 1®%orelative difference
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Figure21 Original sample versus repeat sampmalyses for Zn

A total of 473 Pb field duplicates were submitted, of which 18368) vary

more than 10% from the original samplégppendix Nsummarizes the descriptive
statistics and correlation parameters of tHeb duplicates. The checks have a
positive bias of 0.06, which implies the checks reported assay values that are
slightly higher tharthe original samples. The slighigh bias is alsaoevealed by

the check sample mean of 1.0& whichis higher than the original sample mean

of 1.99%. Thé&boriginal sample population has a hgyhvariability compared to

the check samples as shown byits higher coefficient of variation of 1.97

59



compared to that of the lieck samples of &7. However, the lseck samples vary
more from their population mean compared to the original samples check
samples have higherpopulation standard deviation df.98%4 whilst the original
iIs1.9%4 The Pltheck and the original samples have a strong positive correlation
of 0.98.

A total of 82 Agfield duplicates were submitted, of whichbZ (36.34%) vary
more than 10% from the original samples. T&gchecks have aegative bias of
0.03 which implies the checks reported assay values that are sligitigr than
those ofthe original samples. The sligbtv bias is also supported by thegcheck
sample mean oR6.75 ppm, whichis lower than the original sample meaaf
27.51ppm. The original sample population has a kglvariability compared to
the dheck samplesas shown byits higher coefficient of variation of 98
compared to that of the check samples1®4. The check samples vargssfrom
its population mearcompared to the original sampleascheck samples have a
lower population standard deviation &2 ppm, compared to that of the original
of the 54.5 ppm. TheAg check and the original samples have a strong positive

correlaion of 0.94
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4.12 QAQC Summary

The AMIS0147 Pb and Zn standards returned assays outside the acceptable limits
due to contamination and dilution at the laboratory. The laboratetgff did not

clean their equipmentvell during October 2011. Th&ganalyses returned assays

far below the @&ceptable limits due to an unreliable or inaccurate analytical

method.

The AMIS0149 standard reportesh unacceptabljhigh bias and four standards
were wrongly labelled. The AMIS014@ population has a higher standard error

which implies thatAgisdistributed less homogenouy.

No sample swaps occurred during AMIS0153 analyses of Zn abdtFamples
analysed before November 20Mere highly erratic which could be due ta
poor analytical method or contamination. Pb analysesre less erratic after
January 2013AMIS0153Ag analyses done before January 2013 wérghly
erratic; this could be because of a pofganalytical method during that period.
Thelaboratoryalsoreported an unacceptabliow bias of around 1ppm during
January 2013

Sample p4395 033 was wrongly labelled as AMISORBZISO0157 standards
analysedetweenOctober 2011and January 2013 returned an unacceptabhigh
bias for ZnAMIS0157Aganalyses done befordanuary 2013vere highly erratic,

which could bea result ofa poor Aganalytical method.

AMIS0158 samples between p4346a_016 and p4365 033 analysed during
October 2011 returned assay values above acceptable limits for both Pb and Zn.
The Zn analyseoften reported an unacceptablgw bias whilst Pb reportedoth
acceptable and unacceptablhigh bias. Ag analyse done before sample
p4908 017 (January 2013) were highly erraticd the laboratory reported an
unacceptablyow bias of 2.%pm during 2012until January 2013.
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Blanks anlysed indicatethat sample swaps occurred, primary samples were
occasionally swapped with blankand it has been confirmedthat samples

analysed during October 2011 were less reliable.

About 20 check samples analysed during October 2011 and January 2042 we
split from the wrong original samplethese were corrected and the right original
samples were assigned in the Acf@ database. About 88 check rsples
returned assays that varied with 10% mwore from the original samples due to
contamination and poorepeatability/precision at lower Zn (4%), Pb (2%) and Ag

(50ppm) concentrations.
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CHAPTER MODELS

51 Introduction

All geological information is interpreted on section and level plans using all
available information on the geologicalrillhole database and all available
mapping information on the Data Security System ([@SBlineSight). Four
lithological solids were modellediamely,the carbonate, miquartzite, breccia
and arkoseplus the grade modelfor Zn equivalent above 4%Three sets of
models were createdthe MineSight,Leapfrogand a hyrid of MineSight and
Leapfrog.The MineSight Leapfrog hybrid modelas created by using borele
information, MS3D sectionand level plan interpretations. Ttennesand model
outlines of the three solids were compared. The aim wasagsess the different
models and determine the optimahodeling method that reducesodeling time

significantly.

The chapter presents thgeometry sizes advantagesand limitations of the
grade andithological models and finally presents the methaskd for modelling
EOF deposifThe tonnes of the Leapfrog model build from Minesight sections and
level plans compare very well with the traditional Minesight model build using
partial linking of the sd®ns and level plans. Both methods had some mineralised

intervals of borehole sticking outside the ore solid, especially at the boundary.

5.2  Minesight modes

The Minesight modelgFigure 22AcFH involve manual interpretations of the
sections and level plans. The interpretatioase based on drillhole data and
mapping done on level maps. The level maps are triangulated to enable viewing in

sections. Once the section interpretations are completed, gexrtions are
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triangulated to view them as lines in plan view, which are then used to interpret

the level plans.

Threedimensionalsolid models are createith MineSight using the partial linking
triangulation method which ensures thatthe model fits well a the section and
level plan interpretations and tunnel mapping. The model is then verified using
the surface verification tool in MineSighwhich checks for selftersecting and

duplicate faces, openings and nonientable surfaces.

Grade interpretatios follow lithological contacts. In sommestances,the grade
interpretation does not follow the lithological contacts, but rather the
mineralsation (4%Znequivalen), for example when the footwall breccia is well
mineralised (above 4%n equivalen). An internal peer reviewof the geological
interpretations of the orebodiesvas donebefore and after the solid modewere
built. This process entails a number of geologists evaluating the interpretations to
ensure its integrity regarding geology, structurmineralisation anddigital
information standardsin MineSight each model is assigned a respective material
code aslisted inTable 6 Based on the EOF ore awerage specific density of &4
was applied irMinesightto estimatethe tonnes Table 7 givea summay of the

tonnes for the respective wireframes
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Table6 Standard material properties for geological modelling

MATERIAL
ORE CODE IN
CLASS | DESCRIPTION COLOUR MINESIGHT
A CARBONATE 2
ARKOSE 4
C BRECCIA 4
MICRO-
D QUARTZITE 5
ORE ZONE 1

Table7 Lithological and grade solid sizes and tonnes (density of 3.46)

Width | Length| Volume | Tomes

Model .

(m) (m) | (Millionm3) | (MT)
Carbonate 230 450 1.42 4.82
Microquartzite (slivers) 50 200 0.31 1.06
Breccia 70 200 0.24 0.80
Arkose (slivers) 50-75 300 0.27 0.90
Ore solid (Zrquivalentabove 250 450 1.79 6.07
4%)
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Analytical volume for 160 zolid(s):
1,786,007 57 cubic meters
Tonnage = 6,072 425.91 tonnes

Figure 22 Minesight lithological and grade solidsA. Carbonate solid. B.
Microquartzite solid. C. Footwall breccia solid. D. Arkose solid. E. All lithological
solids. F. & Equivalent above 4% grade solid
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5.2.1 Advantages of Minesight solid (A)

The Minesight solids take into consideration the geology and mapping
information and thus honor the structural complexity of the orebody. The
process is easily repeatable and auditable. The method tenahe basic
foundation of traditional geological interpretations, which is to interpret 2D

geological sections and then connectthe sections to create 3D wireframes.

The method gives the geologist full contralenthe extrapolation of information
during interpretations The standard practice is to extend the interpretation for a
distance of half the drillhole spacirdgpm the data limits. With this method, the
geologist has the power to extrapolate information that is even further than half
the drill spacing. This helps in avoiding the creation of a saw tooth interpretation
due to a lack of information on some sectiom$ere the mineralisation is
continuous. For example, if holes are drilled shorten the tertiary sections but

on the main (secondary) sections the mineralisation is drilled out, then the
mineralisation should be extrapolated from the one main sectiothtonext main
section. The interpretation should not show saw tooth, whgrethe
mineralisation extad in depth on the main sections ansishorter on the tertiary
sections because the interpretatiois limited to the shallow holes drilled to a
certain lewel on the tertiary sectionFurthermore, most geologists at Rosh Pinah
are well vesed in the application of Minesight on section interpretation and

extrapolation, with many having more than four years of experience.

5.2.2 Limitations of Minesight solid&)

In Minesight the linking is manual andedious and at times it is extremely
difficult to consider both the sections and level plans, especially at sharp edges
and internal wasteTo overcome thisone has to fit it to either of the two. This
may resilt in some ore being left outlf the ore was not interpreted on the

sectiors, it might be left out;some holes drilled othe EF2 grid (FigurebB) were
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not included in the interpetation and those ore lenses weexcluded from the

ore solid.

There is a fundamental flaw in Minesight section interpretation in the fold hinges,
especially if the hinge is thinner than 10m and it is parallel anthetween
sections as shown in Figur@3. The drilling and interpretations could miss the
fold hinge conpletely. Thus,it is important for the EOF orebody to be drilled on

all three grids.

Figure23 Plan view of the EOF fold hinge dhe -030 level

At the edges of the ore soligparts of the mineralised intervals are excluded and
some wate intervals geincluded because the method does not snap to borehole
information in 3D space. The models project borehole infdromonto the 2D
planes and daot honaur the 3D location of theore. Ths may result in some
waste being incorporated in the solid and in other cases ore may be excluded. The

ore may be 2m away from the 2D plane being interpretedut, due to the
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projection, it may be indicated as occurring on the plane. One requamrirof
sectional interpretations is that information must be snapped to the drillholes in

3D space for accurammpositing and sample coding.

5.3 Leapfrog model

Leapfrog is the first software that allows the construction of geological models
using 3D0nterpolation technology, called impliamodelling (Hodkiewic2016).1t

does not requie time consuming manual creation and manipulation of polylines
and polygons.The software was developed by SRK Consulting and Applied
Research Associates of WeZealamd (ARANZ). It uses the radial basiaction
(RBF) interpolation algorithni.eapfrog has the ability to use wireframe surfaces
and polylines as structural trends to guide interpolations in structurally complex

or folded units.

Three Leapfrogore solidswere created (Figire 25B¢D); the first model was
created using the Minesight sections and level planly The second was created
using a combination of boreholdata (composited to 1.5) sections and level
plans and the solid was snapped to all data. Tiied solid was created using
borehole information and trend data (Figure 25D) obtained from mapping
information. The solid wassnapped toall dat; a suface resolution of 5was

applied(Figure 2 A).

To minimize dilutionall unspecified intervals wertreated as exterior samples
(Figure 24C) andexterior samples shoer than 0.5 m flanked by ore were
converted to ore. Furthermore, the geology was simplified by filtering out ore
segments shorter than fin and all exterior segments were ignored (Fey24B).

Table 8summarizeghe width, length, volume and tonnes of the ore solids.
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Figure 24 Leapfrog settings. A. Surface resolution of five and wireframe

snapped to drilling data only. B. Ignored segments shorter than 0.&rev
converted to ore f flagged by ore on either sidenterior segments shorter than
1 m were filtered out and all exterior segments were excluded. nterior
lithology is the highgrade ore abovel% and all other lithologies weréreated
as exterior. D. Trend data and composites from borehole information
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Analytical volume for 41 sol
1,823,329.49 cubic mete
Tonnage = §,199,320.45 tor

Anaytical volume for 150 solid(s)
1,785,007 57 cuble meters
Teanase = £ 072 425 51 tonnes.

p

Analytical volume for 622 zolid
1,856,124.55 cubic meters
Tonnage = 6,310,823.65 tonne

Figure25 A. Minesight solid ofZn equivalent grade above 4%. B. Leapfrog model
created from Minesight sections and level plans. C. Leapfrog model created from
Minesight sections, level plans and borehole data. D. Leapfrog model created from
boreholes information only
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Table8 The width, length, volume and tonnages of experimental ore solids

Width Length Volume Tomes
Model
(m) (m) (Million m?3) (MT)
A. Mi igh
|r_1e3|g toe 250 450 1.79 6.07
solid
B. Leapfro
p. g 250 450 1.82 6.20
polylines only
C. Leapfrog
Iyli d
POTYIInes an 250 450 1.86 6.31
borehole
information
D. Leapfrogholes
| d
or?yan. i 250 450 2.00 6.80
mineralisation
trend

The tonnes and volume difference were minimal iModel A to C but not in
model D. Model D is the Leapfrog model from bordiole data and the
mineralisation trend it has over500 000tonnes more than the others The
shapes oModel A to C are vergimilar Model A, the Minesightmodel, has less
tonnes, followed byModel B, Leapfrog solid from Minesight level plans and

sections.

5.3.1 Advantages of Leapfrog solisl (Model §D)

Leapfrog software significantly reduces the amount of time reggito interpret
drillhole data;it is very powerful in identifying mineralisation trends and domains
for resource estimation. Leapfrog is easyléarn and use, models are tirtye
updated as new data become available and multiple interpretations can be

modelled and tested because Leapfrog is fast. The models are snapped onto
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borehole locations in 3D space, thus the models are more acgurapecially at

the boundaries.

5.3.2 Limitations of Leapfrog solids (Model D)

If borehole information and the mineralisation trerde used (Model D), the solid
created does not honar the oregwaste contact obtained from mapping
information. Even though Leapfrog has the ability to use structural trends to
guide interpolations in structurally complex or folded units, when few or wrong
structural dataare used it may produce inaccurate models. sTimay increase
dilution and results in tanels to be developed in waste. FigureBdicates that
over-extrapolation occurs at the ogvaste boundary when boreholaformation

and trends are used.

Additionally, the Leapfrog sdk are discontinuous (Figur26A) because the
interpolation was limited mostly to half the drill spacing (50%), even if the
geologywas continuous. Opening up the interpolation (snapping window 100%)
creates solids that interpolates into waste. The final Leapfrog solid still needs to
be edited by a geologist to make the limbs more continuous when the geology
supports continuity.The Leafrog solid that is created from Minesight levels and
sections has exactly the same limitations as the Minesight solid created by partial
linking, but it is faster and slightly more accurate than the Minesight solid because

it honours all level plans and sgons.
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| . Saolid
r

W4 section

Figure 26 EF1 Section-1020 interpretation of Leapfrog solid created from
borehole information andthe mineralisation trend. B. The imagedisplay solids
that were overinterpolated because of a wide snapping window

5.4

Modeling EF1 sedimentary exhalative deposit

The following steps were followed for modelling the EF1 sedimentary exhalative

deposit:

1)

2)

3)

Map all development tunnels on all mining levels on neat mapsure
that the easting, northing, reference pegse clearlylabeled and ruler
scales drawn in for measuring distances. Ensure that during mapping you
capture lithological information, mineralisation contacts, veins,
alterations, mineraliséon, grading,younging directionsand structural
data (bedding, cleavagesickensides, lineations, faulead folds).

Scan, import and georeference the field mi@pgure 27) Digitize the level
map and triangulate it to enable viewing in section.

Carry out primary exploration and secondary exploration drilling; ensure
that drilling grids are perpendicular to the ore strike directions. In highly
folded depods, establishdifferent grid setsfor the fold hinges and fold

limbs.
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4) Validate drillhole dea and complete the QAQC analyses before
commencing with the section interpretations.

5) Carry out the section interpretations, and then triangulate sections to
enable viewing in plan view.

6) Carry outthe levelplan interpretations.

7) Export borehole informatin, Minesight sections and levgilans into
Leapfrog. It is important to define the inside and outside of each polyline
in Leapfrog.

8) Under drillhole, create new numeric compositesd define the orewaste
cut-off grade.

9) Createthe new geological modethe surface resolution should be set at 5
or less, and snappingust bedone to all data. The maximum allowed
shapping distance should be set at 50%. Under the chronology tab ensure

that the ore unit is ticked and the background lithology set at unknown.
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10)Under surface chronologycreate new intrusion and add base lithology
contacts, sections and level plans. The interior lithology should be the ore
or the lithology of interest, the exterior litHogy is the low grade or the
other contacts.

11)All other imported uspecified intervals should be treated as exterior
intervals. To minimize dilutigrexterior samples shorter than n% flanked
by ore should be converted to ore. Furthermore, simplify the geology by
filtering out ore segments shorter than 1m and all extelsegments must
be ignored.

12)Export the created ore output volume as dxf and import into MineSight.
Verify solid and modify in Minesight to ensure continuity and delete

unwanted small lenses.

55 Summary

Thetonnes and volumes of theeapfrog Mdel B built from Minesight sections
and level plans compares very weith the Minesight model A builising partial
linking of the sections and level planghisis because both models are created
from the sane raw data (Minesight séions and levels plans) and utiee same
principle of creating wireframes. Both methods aim to include all level plans and

sectional interpretations.

The Minesight and Leapfrog hybrid model is recommended for tiadecomplex
sedimentary exhalative depositecauset reduces the timespenton buildingthe
wireframe from three weeks to two days and it allows mahunanipulation

where necessary
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CHAPTER GTATISTICAL ANALYSIS OF ASSAY DATA AND COMPOSITES

6.1 Introduction

There are two main groups afassicalstatistics required to beinderstood for
geostatistics. The first is the measuref central tendency(mean, mode and
median) which aims to address the typical grade for the édom The second
measure is the measumef spread whichincludesthe range, interquartile range,
variance, standard deviation and coefficient of variation. measures of spread
addresshow different the sample grades are from the typical gradbether the
domain consistently ha a high gradeand whether the data hae a lot of

variability and uncertainty.

This section deals with the statistical tools used to describe grade populations.
Classical statistical methods treat individual samples as being random and
independent. This chapter presents the effect of differenbmposite sizes on
classical statistics. It further includes an investigation of the unowerly
distributions Statistical investigationgre also presented that answebasic
guestions about the datasetFirstly, he Zscores and probability plots are
presented with the aim to asses$lse normality of the datasetSecondlythe two-
parameter Lognormal distribution forn > 40is presented with the aim to
estimate the population mean dthe different variables. ThirdJythe principal
componerts analyses (PQAis presented which is based on finding which
variables are most strongly correlated with each component. Fourthly, the
outliers are detected usingjuantile regression methods. The chapter concludes

with a summary.
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6.2 Compositing data

The objective otompositing data is to obtain an even representation of sample
grades and to eliminate any bias due to sample ler{§tmowden, 2009)T'ypically,

the dominant sample intervals selected as the compositength; Figure 28
indicates that the dominant saple length for EOF datasstis 1.5m. Thus afix
compositelength of 1.5m was selected. Small intervals at the end of the hole
were merged to the composite above. The compasitereated honar the
geology, whichimplies that a composite is not createdacrossa lithological
boundary Based on the assumption that bigger blocks have lower variances, a

composite length of 3m was tested.

A .
Sample length B Composite length
30000 - 26500 20000 16475
-, 25000 1 > 15000 -
(8]
£20000 - <
S 15000 g 10000 -
(O]
£10000 - T
L 404 % 5000 -
5000 - 586 542 188 920 106 48 22
0 - 0
0O 05 1 15 2 More 0O 05 1 15 2 More
Sample Length Composite length

Figure 28 A. Histogram of the sample lengthB. Histogram of the composite
length

6.3 Comparison of assay data and composites

A comparison of asay datato the 1.5 m composites for Zn, Pb, Cu and Fe
variabless presented in Table. 9he difference irthe mean of the assay datnd
1.5 m composite ignsignificant because the dominant samgéngth isalso 1.5
m. TheZn mean foDomain 1 othe 3 m composite is 12.43% (Table)dhich is

lessthan the mean of theassay data and the 1/ composites. The standard
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deviation, varianceand numbers of extreme outliers are lower for then3
composites compared to the assay data and themi.&ompositesThe number of
extreme outliers for the 3n composites is 50% less than the assay data anth1.5
composites.Similar observations were made for all the other variables alsd
for Domain 2(Tables9¢11).

The coefficient of variation (COV) is a tool for determining how skewed the data
are; nearnormal distributions have COV ofess than 1.0. Based on the statistics
Pb, Cu, Ag and Mn have COV abovel.0, which means these elemefl
distributions are unlikely to be normal distributions. Zn, Mg and Rd hava

COV of less than 1.0

6.4 Skewness and Kurtosis

The symmetry or lack of symmetry is meesd by the skewness statisticH;
negative then the distribution is negatively sked; if zerg the distribution is
symmetrical and if positive the distribution is positively skesd. Positively
skewed distributions havenmany low values anceiv high values whilst negative
skewnessimplies that there are many high values and few low values. The data
are symmetric around the average if each positive deviation has a negative

deviation.

Table 12gives a comparison of assay data and composikesvness and kurtosis
for Zn, Pb, Cu, Fe, Ag, Mn, Mg and RIeRD is the only element with skewness
value close to zero, thus it is the only element with reear symmetrical
distribution. All the other elements hava positively skewd distribution, with Cu,
Ag and Mnbeing significantly skewedas shown in Appendix .GGenerally,
increasing the composite size matks the skewness of the data; the only

exception was for Domain 1 Mn and Mg.
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Kurtosis is the measure of peakedness; it measuhesconcentrdion of the
values in the centreas opposed to the thickness of the tails. If the kurtosis is
above 3then the dda are peaked (lepté&urtic) and has long thin tails;it is less

than 3, the distribution is flat (platykurtignd it has short fat tails. INelements
exceptRD Domain 1 Zn and Migave peaked distributias) with Cu, Ag and Mn
having the most peaked distributions. Generally, increasing the composite size

reduces the peakedness of the distribution.

6.5 Histograms

Generally,increasing the composite size from Inbto 3 m shortens the tails of
the histograms. The histogram@ppendces O and B also confirm that all

elements except for RD have positively skehdistributions.

The Ag histogramndicates two sets of Ag data that comefrom a similar
population; the histograms displayhigher distributions of miltiples of 10
compared to5. There is almost double the amount of assays that returned values
of multiples of 10 compared to.5The shapes of the twbistograms are similar
the dataare derived from thesame population. The observation might be related
to the roundingoff of assay values during different reporting periods. Increasing

the composite size to 81 minimizes this effect.

The Mg histogramfor Domain 2 presented in AppendixhHastwo populations
with a lower sample mean around 1% and a second mean around 7.5%.

Increasng the composite sizes tord reduces theeffect of two populations
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Table9 Comparison of assay data and Inb composites for Zn, Pb, Cu and Fe variables

ZN %assay Dta

ZN %L1.5m composites

No. of extreme

No. of extreme

Domain | No Min Max Mean SD Variance CoVv outliers No Min Max Mean SD Variance CoVv outliers
1 9364 0 60.83 | 13.05 9.2 84.62 0.71 36 9279 | O 60.34 13 9.13 83.3 0.7 38
2 9391 0 66.96 | 11.15 8.81 77.58 0.79 234 9248 | O 66.96 | 11.21 | 8.72 76.11 0.78 233
Pb %assay ta Pb %1.5 mcomposites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance CoVv outliers No Min Max Mean | SD Variance Cov outliers
1 9364 0 49.26 | 2.37 3.09 9.53 1.3 220 9279 | O 31.1 2.35 3 8.98 1.28 203
2 9391 0 28.64 | 2.57 2.87 8.24 1.12 239 9247 | O 26.36 | 257 | 2.81 7.91 1.1 238
Cu %assay @ta Cu %l.5m composites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance CoV outliers No Min Max Mean | SD Variance CoVv outliers
1 9364 0 60.5 0.21 0.76 0.58 3.61 627 9278 | O 37.95| 0.21 | 0.63 0.4 3 618
2 9391 0 20.42 0.2 0.38 0.14 1.89 420 9248 | O 19.33 0.2 0.36 0.13 1.83 446
Fe %assay @ta Fe %l.5m composites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance CoV outliers No Min Max Mean SD Variance CoVv outliers
1 9364 0 38.95 | 4.05 3.05 9.29 0.75 35 9278 | O 38.95 | 4.02 3 9.02 0.75 36
2 9392 0 44.8 3.562 2.66 7.08 0.76 80 9249 | O 44.8 3.52 | 2.64 6.96 0.75 75
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Table10 Comparison of asay data and 1.5 composites for Ag, Mn, Mg and Rd variables

Ag ppmassay @ta

Ag ppnil.5m composites

No. of extreme

No. of extreme

Domain | No Min Max Mean SD Variance Cov outliers No Min Max Mean | SD Variance Cov outliers
1 9246 0 2247 67.7 112.3 12619 1.7 377 9163 | O 2247 67.2 | 111 12310 1.7 352
2 9263 0 1.75 62.4 75.3 5677 1.2 178 9133 | O 1750 62.7 | 74.7 5576 1.2 166
Mn %assay [@ta Mn %1.5m composites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance Ccov outliers No Min Max Mean | SD Variance CoVv outliers
1 2904 0 19.9 1.02 1.22 1.48 1.19 14 2912 | O 19.9 1.02 | 1.22 1.48 1.19 15
2 3485 0 18.6 1.44 1.55 2.39 1.08 30 3433 | O 18.6 145 | 1.54 2.39 1.07 31
Mg %assay [@ta Mg %1.5m composites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance Ccov outliers No Min Max Mean | SD Variance CoVv outliers
1 2434 0 9.48 1.99 1.98 3.92 0.995 0 2446 | 0O 9.48 1.99 | 1.97 3.88 0.99 0
2 2807 0 37.1 3.51 3.22 10.39 0.92 8 2762 | O 37.1 3.56 | 3.21 10.32 0.9 8
RD assay [@ta RD1.5m composites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance Cov outliers No Min Max Mean SD Variance CoVv outliers
1 2517 | 2.44 | 5.11 3.42 0.358 0.128 0.104 1 2498 | 2.44 | 5.11 3.42 | 0.35 0.13 0.103 1
2 3308 | 1.75 | 4.69 3.24 0.36 1.13 0.11 0 3232 | 1.75 | 4.69 3.24 | 0.36 0.13 0.11 0
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Tablell Summary statistics of 81 Composites for Zn, Pb, Cu, Fe, Ag, Mn, Mg and Rd variables

ZN %3 m composites

Agppm 3m composites

No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance Ccov outliers No Min Max Mean SD Variance Ccov outliers
1 5397 0 58.30 | 12.43 8.84 78.12 0.71 17 5339 0 1960 64.5 98 9610 1.5 185
2 5354 0 58.94 | 10.75 8.34 69.62 0.78 114 5289 0 1750 60.9 | 67.3 4528 1.1 80
Pb %3 m composites Mn %3 m composites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance CoVv outliers No Min Max | Mean | SD Variance Cov outliers
1 5397 0 31.10 2.28 2.83 8.06 1.24 116 1656 0 19.90 | 0.97 | 1.18 1.38 1.21 10
2 5354 0 24.67 2.50 2.63 6.93 1.05 121 2027 0 18.10 | 1.34 | 1.47 2.15 1.09 19
Cu %83 m composites Mg %3 m composites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance CoVv outliers No Min Max | Mean | SD Variance CoVv outliers
1 5397 0 30.41 0.20 0.58 0.33 2.86 356 1388 0 8.78 1.89 | 1.84 3.40 0.97 0
2 5354 0 9.69 0.19 0.29 0.08 1.50 216 1645 0 30.65 | 3.31 | 3.05 9.3 0.92 4
Fe %83 m composites Rd 3m composites
No. of extreme No. of extreme
Domain | No Min Max Mean SD Variance Cov outliers No Min Max Mean SD Variance CoVv outliers
1 5397 0 23.19 3.83 2.77 7.69 0.71 20 1418 | 2.44 | 5.11 3.41 | 0.35 0.12 0.10 1
2 5354 0 22.86 3.45 2.42 5.84 0.70 45 1921 | 2.23 | 4.48 3.22 | 0.35 0.12 0.11 0
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Table1l2 Comparison of Skewness and Kurtosis of Assaym &Gomposites and
3 m composites

Znassay Zn1.5m composites Zn3 m composites
Domain Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis
1 1.275 2.140 1.286 2.190 1.261 2.202
2 2.035 5.299 2.062 5.470 2.023 5.411
Pbassay Pb 1.5m composites Pb 3m composites
Domain Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis
1 2.819 13.933 2.549 9.185 2.468 8.645
2 2.782 11.196 2.704 10.526 2.544 9.314
Cuassay Cu 1.5m composites Cu 3m composites
Domain Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis
1 54.739 4205 31.093 1585 30.094 1432
2 23.134 1049 22.731 1012 11.577 279
Feassay Fe 1.5m composites Fe 3m composites
Domain Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis
1 1.931 8.120 1.870 7.522 1.585 3.751
2 2.593 16.164 2.613 16.741 1.925 5.872
Agassay Ag 1.5m composites Ag 3m composites
Domain Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis
1 6.6 71.2 6.5 65.1 5.9 60.1
2 6.3 85.4 6.2 83.8 5.7 91.4
Mn assay Mn 1.5m composites Mn 3m composites
Domain Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis
1 4.778 50.354 4.775 49.918 5.086 57.913
2 3.275 21.927 3.293 22.135 3.276 21.565
Mg assay Mg 1.5m composites Mg 3m composites
Domain Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis
1 1.127 0.526 1.125 0.525 1.168 0.676
2 1.968 10.647 1.977 10.888 1.938 9.638
Rdassay Rd 1.5m composites Rd 3m composites
Domain Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis
1 0.289 0.161 0.283 0.145 0.235 0.217
2 0.372 0.082 0.334 0.087 0.375 -0.260
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6.6  Assessing normality using probability plots

6.6.1 Z-Score

Z-scores measure the distance of a data point from the mean in terms of the
standard deviation. This is also called standardization of data. The standardized
data set hasnean 0 and standard deviationahd retains the shape properties of

the original dataset (same skewness and kurtosig&scorescan be usedo put

data on the same scale before further analysis. @Bi@vs comparison afwo or

more data sets with different units.

C2NJ I NI YyR2Y @ NRYR S0y RBIANRK RCSE ofa (>A 2 Y
value x is
(2 — )

o

(Dohm, 2010)

For sample data with meaxandstandard deviation S, the-store of a data point

X is

lx- X

L=
1

1551

(Dohm,2010)

The Zscores were calculated for Zn, Pb and Ag and plotted on a normal

probability plot to assess normalitf the payable metals

6.6.2 Normal probability plots

Normal probability plots were used to assesspiriaally whether sample data
havea normal distribution and the type of departure from normalify.normal
probability plotshowsthe empirical cumulative digbution of the sample data

versus the theoretical cumulative distribution function of a normal distribution.
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The horizontal axis plots the sorted sample data. Téntical axis plots the normal
order statistic medians, calculated using the uniform ordetistic medians and
the inverse cumulative distribution functiodQDF of the normal digibution. If
the sample data haVa normal distribution, then the plokSlinear. Distributions
other than normal introduce curvature in the ploAppendix R and gesentthe
normal probability plots for Zn, Pb and A&l three elements display positik¥

skewed distributions.

6.7 Population mean of the LN (2N > 40for Zn, Pb and Ag

Section 5.45.6 the author established that all elements except RD hdve
positively skewed distribution. The few high values increase the arithmetic mean
substantially thus rendering it to be deceptive as an estimatdo. deal withthis,

the grade values are transformed tthe natural log (In)values. The log
transformed distributionsare more symmetrical anthe estimates of parameters

are less sensitive to outliers.

The arithmetic average was tested to determine if it is acceptable as an estimator.
The average is acceptable if the difference between the average of the data and
the expected value of the probability density model of the data is negligibhe
2-parameter bg-normal LN (2) probability density distribution model was applied
The sample mean, variance and population mean are estimated using the

formulas belowas summarise in Dohm (2010)Table 13 summarizes the results.

Average of the In values

1 1 .
E=y r_]Zy 2 Herﬂ\zi]

(6.1)

Variance of the In values
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Tablel3 Estimating the parameters of the LN (2Y,> 40

Zn Pb Ag

Average of the In values 2.21 0.24 3.78

Varianceof the In values 0.73 1.79 0.99

population mean 13.15 3.11 71.99
sample mean 12.10 2.46 64.93
% diference 7.98 20.98 9.81

The percerage difference between the average of the data and the expected
value of the probability density model of the data is significéimis the sample

mean is a bias estimator for Zn, Pb and Ag.

6.8  Principal @mponent Analyss

Sometimes data containing multiple vables are collected from a single
population. The dispersion matrix may be too large to study and difficult to
interpret with multiple variableslt is therefore necessary to reduce the number
of variables to a few, interpretable linear combinationstiog¢ data. Each linear
combination will correspond to a principal componenPCA involves a
mathematical procedure that transforms a number of (possibly) correlated

variables into a number of uncorrelated variables called principal components.
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The first pmcipal component accounts for as much of the variability in the data
as possible, and each succeeding component accounts for as much of the

remaining variability as possible.

Matlab software was used to calculate the principal componaitiefor the EOF
data. Table 14 presents the PCA scores for the data. Interpretation of the principal
components is based on finding which variables are most strongly correlated with
each component.The &rger in magnitude the numberthe stronger the
correlation, the futher from zero in either positive or negative direction. A
correlation value above 0.05 is deemed im@ort These larger correlations are

presented inboldface in Table 14 below.

Tablel14 Principal component analysiresults

Principal Component

WVariable 1 2 3 4 5 b 7 8
ZN 0.06 09%8| -004| -0.11| -0.12| -0.01| -0.01| -0.02
PB 0.02 0.08 0.07 -0.26 0.96 0.00 0.03 -0.02
AG 1.00 -0.06| -0.01 0.00 -0.02 0.00 0.00 0.00
cu 0.00 0.01 -0.01 0.01 -0.02 -0.03 1.00 0.06
FE 0.01 0.13 0.02 0.96 0.24 -0.10 -0.01 -0.02
MM 0.00 0.03 0.36 0.09 -0.01 0.92 0.04| -0.05
MG 0.00 0.02 0.93 -0.04 | -0.08 -0.36 -0.01 -0.01
RD 0.00 0.02 0.03 0.02 0.02 0.04 -0.06 1.00

1.10 1.22 1.36 0.67 0.97 0.46 0.98 0.94

The first principal componenincreases with increasindg Zn and Pblt is
primarily a measure of the payable metals or thre; based on the correlation of
1.00 the highergrade ore has higher Ag contents at EQle second principal
component increasesvith Zn, Fe, and Pb and decreases with Bgsed on a
correlation of 0.98 the second principal is primarily a measure of Zn in the ore
The third principal component increases with Mg and Mn. This suggjest an

areawith highergradeore hashigh Mg ad Mn contents
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6.9  Ouitlier detection using Quantile Regression

G!'y 2dzif ASNI A& |y SEGNBYSte& KAIK 2N SEGN

outside the range of values expected based on the distribution of the rest of the
RFEGFéX {y2sRSYy vabol gradgsiistnot tekotnmendid @nless the
outlier is thought to be an error or geologically unrepresentative of the
mineralisation. Top cuts are applied to prevent overestimation in small sub
sample ses due to disproportionate higlgrade outliers. Snoweh further states
that top cuts should be considered for positively skewed distributions @@V

greater than one.

Histogram and probability plots were used to determine the top cut, the point
where the distribution decag/or disintegrate. The top cus are highlighted with a
red linein AppendicesD to Q Table 15summarizes the resultdrhese top cuts
were compared to top cuts obtained using thaantile regression methodsThe
guantile regresion methodis defined by any observation that is greater rhi,

where Eis defina as

Fy = Qs+ 1L5IQR
(6.4)

IQRis the interquartile range and is the third quatrtile.

Tablel5 Top cutgrades usedor Domain 1 and Domain 2

Element | DOM 1 [ DOM 2 =
Zn (%) 41.0 43.0 29.9
Pb (%) 12.5 12.4 7.1
Cu(%) 15 0.97 0.44
Fe (%) 13.0 125 .88
Ag (ppm) 370.0 2620 165.0
Mn (%) 3.4 3.8 4.4
Mg (%) 7.0 9.7 9.6
Rd 4.2 4.2 4.3
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The outlierscalculated using the quantilegression methodsra generally lower
than the onesobtained from histogram and probability plots. Hence, it is
recommended that the outliers used for estimaticare obtained from the
guantile regression method because they are more conservafv®ajority of
the outliers at EF1 are vein mineralisationassive sulphide ore and hignade

intervals hosted in carbonatethus theywere not excludedrom the dataset.

6.10 Summary

The mean of the & composites is generally less than the mean of assay data and
the 1.5m composites. The standard deviation, vadas and numbers of extreme
outliers are lower for the 3n composites compared to the assay data and the 1.5

m composites.

Pb, Cu, Ag and Mn hawe COV above 1.Qhese elementQdistributions are
unlikely to be normatlistributions. Zn, Fe, Mg and RBw a COV of less than 1.0
The RD is the only element with a symmetrical distributibrhas askewness
valueof less than 1Al the other elements have a positively skes\distribution,

with Cu, Ag and Mn being significantly skewed.

Generally,increasing the composite size reduces the skewness of the data.
Skewness was managed by the use of top cHFMg distribution has two
populations;ideally, it should be estimated with two domajri3omainl ranging

from 0c4% and Domain @ therange 0f4¢12%.

All elements, except RD, hawepeaked distributionwith Cu Agand Mn having

the most peaked distributions. Generally, increasing the composite size reduces
the peakedness of the distributionfhe 2parameter lognormal LN (2) model
indicatesthat the percentigedifference between the average of the data and the
expected value of the probability density model is significaimiis the sample

mean is a biasd estimator for Zn, Pb and Ag.
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The first principal component increasewith increasing Ag, Zand Pb;it is
strongly correlated with these three elements. Based on the correlation of 1.00
the first principal component is primarily a measure of Aased onthe
correlation of 0.98, the second principal is primarily a measure of Zn in the ore
The third principal component increases with Mg and Mn.area with higher

gradeore hashigh Mg and Mrcontents

The high values that look like outlieas EOFare samplednainlyfrom vein type
mineralisation, massive sulphide ore ahdyh-grade intervals hosted mainly in
carbonates.lt is recommended that the outliers be detected using the quantile

regression method becauseis more conservative.
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CHAPTER GEOSTASTCALESTIMATIORARAMETERS

7.1 Introduction

In the previous chaptethe underlying distribution of the samplesas described
and the topcuts for the elements ere determined and investigated. This is
important becausethe grade interpolation methodo be used is selected based
on the underlying sample distributiohe decison on how to deal with outliers
during the grade interpolation procesgs based onthe outcome of the

investigation of the outliers.

This chapter explaing/hy the Ordinary Kiging (OK)interpolation method was
selected; it further explainsthe preparatay work or estimation parameters
required for kriging interpolation.The processinvolves creatingestimation
domains, plotting contours to determine rotation or the new north, dip and
plunge of the data andnodelling variograms in the major, intermediate and
minor directionsin order to determine the ranges in the respective directions
The spherical model is also defined in this chapter and the chapter concludes by
giving a summary of the kriging estimatiparametersused to estimate EO&nd

comparing the range of influence fBromain 1compared toDomain 2

7.2  Interpolation method

The OKinterpolation method was selected fastimating theblock grades The

final block estimatedetermines if material is oreORwaste. TheOKinterpolation
method is selected for estimation because it relaxes the assumption of global
stationarity, implying thatthe mean is estimated using the local search datg. Z
Pband Aghavepositively skewed disibutions, as stated irChapter6. Therefore,

an interpolation method that uses the local search data is ideal.
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7.3  Dealing with outliers

The outlier cut-offs determined inSection 69 are used torestrict the spatial
influence of higkhkgrade composites during estimatiomhe high \alues atEF1 are
due tovein mineralisationmassive sulphide ore and higjnade intervals hosted
mainlyin carbonatesThusthe actual values of composites above the outlier-cut
off grade were not capped to the cufff grades but were accepted arttieir
gpatial influence was restrictedThe interpolation from theseompositesis only
restricted to thevariogram range. The outliers are not usadhe block eemate

if they are at a distance that exceeds the variogram range from the block to be
estimated. For examplef the range of Zn is 5M, then outliers that are 5@n or
more away from the block to be estimated are not included in estimating the
grade of the blockalthoughthey fall within the searchradius Restricting the
spatialinfluence of compositewith assaysbove the outlier cubff prevents the
estimation algorithm from smearingigh outlier grades into lowegrade areas
that are further awaybut allows the highgrade to locally influence the block

estimate.

With this option, the influence is specified by the design of a search ellipsoid with
dimensions smaller than that applied for grade estimation. It is based on the size
of the highgrade search ellipsomthich should notextendbeyond the higkgrade

continuity, in this case, the variogram range.

7.4  Domaining

Boyle (2010) and Deutsch et al. (2014) emphasized tHadigiding the data into
stationarydomains is more important than increasing the numbedata in he
searchradius The EOF data wakvidedinto two domains based on the structural

orientation of the two limbs.Domain 1dominantlyconsistsof EF2 limb data with
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a NESW strike whilst Domain @nsistsof the EF1 limb data with a N§8E strike

as shown in Figure 29

The blocks, ore solid and congites were coded accordingly, sutttat blocks

were only estimated from domains witla similar code. During the 2015
estimation the domains wereswapped in a previous edimation the domains
were codel the other way around.The estimation results were not affected
because the composites and blocks were coded accordingly, such that Domain 1

composites were used for estimating blocks coded with a similar code.

859700 N ——

859750 N ——

658800 N ——

Figure29 Plan view ofDomain 1 and Domain 2
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7.5  Contour plots

In order to use variograsfor estimation,they need to be modelled in the three
orthogomal directions to define a threglimensional ellipsoid. If there is no
anisotropy and the ranges of continuity are the same indakctions,then an
omni-directional variogram can be calculated and thengesin all three
directions will be the same (isotropic). If there is anisotrapyhe domain, then
directional variograms need to be calculated in the directions of greatest

continuity, the intermediate and minor directions.

All elements displayed anisotropy in theespectivedomains.Figure30 shows
the Domain 1lcontour plots for Zn The Zn rotation in the northern direction is
47.5 (ROTNXew North) the plungein the northern direction (DIPN) i$ @/hilst
the dip in the eastermlirection (DIPE) i69°.

Figuire 31 shows theDomain 1contour plots for Pb. The Pb rotation in the
northern direction is 46 (ROTNXew North) the plungein the northern direction
(DIPN) is 1°Awhilst the dipin the easterrdirection (DIPE) i56°.
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Figure30 Domain 1 rotation or New North, plunge and dip for Zn
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Figure31 Domain 1 rotation or New North, plunge and dip for Pb

As stated earlier, all efeents displayednisotropy, for Domain 1, Pind Zn show
anisotropy in the same directio@bout 47°) with a nonplunging major axisand

an average easterly dip ef0°. Mn, Mg and Chave similar anisotropy along the
direction of the major axis of about 155° but differequnges and dip in the
eastern directionMn and Mg hae a similar dip in the eastexirection of about
79°. Fe and é have similar direction of the major axis (about 155°) and a plunge
of -23° buta different easterly dip. Fe has an easterly dip of 75.5° ve@Ri%&° for

Ag.

For Domain 2, all elements hawesimilar direction ofthe major axis, ranging
between 118° tol67°. The plunges are mainly shallow to moderately plunging,
mainly around 35°, except for Zn and Ag vati20° plunge. The dim the eastern

direction is steeply dipping witfb5°.

The directions of the major axis reflect the direcsoof the limbs ofthe EOF

anticline.As statedin Section 7.4,Domain 1 dominantly consists of EF2 limb data
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with a NESW strike whilst Domain 2 consists of thd Bfb data with a NWSE
strike. The EOF fold isD® foldwith a steep southerly plunge (64° towards 052°)
the plunges of theelements in the major axis doot conform to the D2
deformation. The elements have ngunging to moderate plunges. This is
possible because the EOF mineralisation is a reworkedicl&EDEX deposit
associated with remobilization andulphides enrichment after the main
deformation during the emplacement of the volcanics and mafics. The dip in the
easterly direction is mostly steeply dipping%°) which is in line with the D2 fold

axial planeswhich are slightly westerly overturned.

7.6  Variograms

The variogramis a tool usedto study the spatial continuityit describes how
samples relate to each other in spadde variogram is computed using a discrete
number of points. The EOF composites were useddaogram computationlt is
assumed that there are n pairs of samples; each pair is separated by distance h. In
addition, all these samples are assumed to lie on a straight line, along which the

variogram computation is being performed.

The analyses a$patial continuity for the omndirectional variogram were first
carried out to determine the nuggetffect, and the sills. The omdirectional
variograms contain more sample path&n any directional variograntherefore,
they aremore likely to show a clearly interpretable structusnother reason is

that they can serve as an early warning for erratic directional variograms.

All elements displayed well balied omnidirectional variograms, thus the
various directional variograms were analysed to determine the ranges. The
nugget effects and sills for the directional variograms wedetermined from

omni-directional variograms.

Table 16 gives a summary of all the eleméndsations, plungs and directions

for both domains as well as the different ranges, nugget effecid sills. The
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nugget effect () is the expected difference between samples when the
separation distance is almost negligible (Snowden, 2009). The total gill (C
represents the total variability inherent in the data and the range (a) of continuity
is the lag or separation distance at which ethvariability reaches the sill.
Appendces U to X showhe Zn omnidirectional, major, intermediate and minor
direction variogram for Domain }.ariograms foDomain 2 generally hadewer
nugget effectsexcept forZn, which implies that Domain 2 hdewer variability
compared to Domain 1. Generally, Domain 2 also has longer ranges compared to

Domain 1 with the exception of Cu.

The spherical model wassed and beloware shownthe spherical model

equations(lsaaks ad Srivastava, 1989)
(h) =G+ ¢ [1.5 (h/a)x 0.5 (F/a3)] ifh<a (7.2)
(hy=G+c ifh>a (7.2)

Ly GKS Sldz2 §A2y &l ¢ NBTSNR+ disthe §ilKobtheNd y 3 S
variogram. The spherical modates rapidly at short ladistances near the origjn
but flattens out at larger distanceg; reaches the sill at a, the rangé influence

(Figure 32).

In mining, drilling occurs oan irregular grid. Therefore, when computing the
variogram along a spé#ied direction, one has to accepairsthat areclose to the
direction of the variogranalthough they are not laying exactly on the line of the
direction. This tolerance is referred to as the vertical or horizontal window,
depending on the directionThe tolerance is highlighted in red in Figure 33.
Window angles (Figure 34) of 45° along the azimuth and 60° #hendip were
used for the EOF estimation. It is important that the directional tolerance is large
enough to allow sufficient pairs for a cleaariogram, yet small enough that the

character of the variograms for separate directions is not blurred.
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Figure32 Two structuredspherical modelAnon., n.d.)

In some situatios, the pairs accepted within a tolerance window daantested if
they are within a specified distance from the line of direction of the variogram.
This distance is referred to as the band width (Figure Ba&hd widths of 30° were

used in the horizontal and vertical directions.
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Figure33Lag distance, lag tolerance and band widiAnon., n.d)
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Figure34 Lag distance, iections, window angle and band widthsfor the EOF
estimation

The lag distance is the separationtdizce for sample paselection;normally, the

lag distance is equal to the minimum drill spacing. Lags of lesgthieaninimum

drill spacing should not be used. A lag distance ainldhd a lag tolerance of
were used for the EOF grade estimati@s shown in Figure 345mdler lag
distances are recommended to help determine the nugget effect at short lag
spacing. Thus, a dowthe-hole variographyor an omnidirectional variogram
with a lag distance equal to the dominant sample inter@lab m for the EOF
estimate)should beused to define the nugget effect. For tlastimate,the omni-

directional variogram was used.

Samples are rarely spaced at exact distances apart. A tolerance is applied to the
lag distance so that sample pairs will be selected if they lie within theisagnde
+/- the tolerance.Generallythe lag tolerance is set at half the lag spacing so that

samples are not missed.
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7.7  Ellipsoid validation

Once the three search direotis for the search ellipsoidiere determined the
ellipsoid was validated by checking the three directiaemgMinesightmodelling
software The Zn ore zone for Domainnhs viewed at an azimuth of 47.8nd a

dip of O to see if the directions conform to the solid. This validation was done for
both domainsand all elements

Figure 35 displays the Zn search ellipsoids for both domains at EOF. The Zn
ellipsoid for Domain 2 is bigger tharfor Domain 1, which is related to the longer
variogram ranges associated with Daim 2. The ellipsoidal search pamneters

are further discussed ifection 8.2.1.

Figure35Zn search ellipsoid for Doains 1 and 2

7.8 Interpreting variograms

The nugget effect defines the variability at very short distansed, is idealif the

nugget is interpreted using the closest spaced data available. The closest spaced
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dataare typically in the downhole direction where samples are adjacent. For EOF
the closest spaced sample is equivalent to the composite length omldnd
hence a venysmall lag can be used to give an indication of the behevid the
variability at short distances.

Table 16 indicates that most elements at EOF have an average nugget effect of
0.45 ascalculated from the omnilirectional variogram. This shows that the
elements have higher variability even at closer separation distadesrnatively,

the omntdirectional variograms used to determine the nugget effect may not
provide the best information for interpretation due to the sample spacing. Thus it
is recommewed that the nuggeteffects be determined using the downhole
variograms.

All elements estimated at EOF displayed geometric anisotropy, implying that each
direction has different ranges of continujtiput they typically level out at the
same total sill in ldirections.For all elements thepherical modebest fits the

data. Domain 2 generally fsalower nuggets except for Zn, which implies that
Domain 2 has a lower variability compared to Domain 1. Generally, Domain 2 also
has longer ranges compared to main 1 with the exception of CuMost
elements have ranges along the major axis aboven/@iven that the inferred
drilling is doneat 60 m; this implies that geostatistics can be used to estimate

block grade with confidence even for the inferred drilling.
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Table16 Summaryof rotations, plunge and directions for both Bmain 1 and 2 as wellsathe different ranges, nugget effesand sills

Zn Pb Cu FE Ag Mn Mg RD

Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom | Dom
Directions 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
Direction Major axis 47.5 121 46 151 151.5 160 9 118 15 139 159 117 167 111| 1795 110
Plunge Major axis 0 -17 17 1 8 32 -21 38 -24 -41.5 60 36| -19.5 35 1 43
Dip easterly -69 -50 -56 -72 -53 54 75.5 -64.5 | -88.5 -20 78.5 -51 80 -55 -64 -63
Nugget Effect 0.45 0.49 05 0.20 0.77 0.66 0.46 0.13 0.65 0.26 0.51 0.36 0.45 0.37 0.57 0.35
C1 0.38 0.39 0.20 0.64 0.10 0.23 0.32 0.34 0.30 0.56 0.31 0.2 0.28 0.07 0.27 0.34
al- Range along major axis 11 14.5 9.3 10.5 26.2 8.8 12.5 9.3 14.6 11 28 70 10.3 45 21.2 62.5
al- Range along minor axis
(Interm) 11.6 24 9 11 40.4 10.5 15 9 29 10 10.5 28 4.5 50 29.4 48.3
al- Range along minor axis 9.8 24 9 10 30.4 9.9 15.2 11 27 11.5 14 55 10.7 38 31 54
Cc2 0.17 0.12 0.30 0.06 0.15 0.1 0.22 0.44 0.05 0.18 0.18 0.31 0.27 0.4 0.17 0.1
a2- Range along major axis 60 98 70 129 71.6 58.9 100 145 60 64.8 90 93 78 72| 75.7 117.5
a2- Range along minor axis
(Interm) 60 95 62 120 57.9 57 100 115 60 52 60 72 32 68 56.2 56.9
a2- Range along minor axis 47 95 50 92 45.7 37.8 55 90 40 51.5 37.5 68 20.1 42 48.1 54
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CHAPTER &GEOSTATISTICAL ESTIMATION

The focus of the firssixchapters has been purely descriptjweith the main focus
on describing the sample data; this chapter deals with teostatistical
estimation of block gradeslt uses the sample information to predict values in
areas that are not sampledhe aim of this chapter is to determine the Ef-5itu
resources estimated from 1.Bn composits and 3m composites into the
blockmodelas on 31 December 201®he chapter summarizes and compares the
estimation statisticof the model derived from 1.5m composites to the model

derived from 3m composites

Firstly, this chapter defineshe block sizes usedand compares the model
statistics. Thereafter, the resoce classification is presented followed by the
resource estimation and grade distribution summary. The chapter further
presents the grade tonnage curvesjodel validation andQuantified Kriging

Neighbourhood AnalysiQKNA. The chapter concludes withsammary.

8.1 Block size and statisticalrgde estimation

A standard block size & x5 x 5 m was used based on half the minimum drill
spacing. Grades were estimated into thdocks from 1.5m composites and
compared to grades obtained from bkx estimatel from 3m compositesFigure

36 showsthe blocks andhe Znvalues estimated from the 1.5n composite (top)

and 3m composites (bottom) on sectiorl020 between levetl020 and-030,
plotted with the borehole assays. This gives a quick validation of the block

estimates versus the borehole assays.

Tables 18 and 19summarizeDomain 1 and Bmain 2 model statistics estimated
from the 1.5m and 3m composites. Thenodel estimates obtainedrom 3 m

composites have lower means, standard deviasioand variance for all
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elements.This finding is alssupported by the Zn and Pistograms shown in
Figure 39 which shows that for Bmain 1 the estnates from the 1.5m
compositeshave a ligher spead and longer tails tohe right compared to the

estimates calculatedrom the 3 m composites Generally, Domain 2 has lower

means compared to Domain 1 for all elements.

Figure36 A vertical section (-1020)displaying themodel estimatesassays Iflue
¢ model estimates from 1.5m composites; geen¢model estimaes from 3 m
compositeg and borehole assay&hown in white)

8.2 EOF resourcelassification

By December 201®/ineral Resources above theé30 levelwere mined out thus
only resources below the030 levelwas reported as imsitu resources The
resources are calculated in MineSight using a density of 3.46 to calculate-the
situ resourcetonnes.Mineral Resources were chsifiedbased on the drill spacing
and confidence of the available informatioAreas drilled out on a 3030 m drill
spacing are classified 8dicatedand those drilled out on a 010 m acing as

Wleasured2 Based on thishie -030 to the-060 le\els are classified asMeasured
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Resource whilst alResources below the060 level ardndicated Rsources The
classification was verified using the PRED systahich is disussed in the

subsection belowas well as the QKNgesented in 8ction 8.5.

8.2.1 ThePRED system

The structural complexity and varying grades of the Rosh Pinah Mine ore bodies
required the development of a method of estimating the reliability of grade
predictions from the block model (Crowther, 2014). Grade predictions in a block

model ae dependent on thdollowingthree geostatistical parameters:

1 The number of samples within close proximity of the estimated block.
1 The distance of the samples to the estimated block.

1 The variance between the samples close to the estimated block.

The PREDystem was developed to give an objective view of the resource

Of FaaAFAOIGAZ2Y YR Aa olaSR 2y | aS02yR
using a different set of estimation parameters. The inputs to the estimation
parameters are identical to the estation parameters, wh a modification to the

ranges.Thethree passes are defined below.

The lstpassattempts to fill theRZNand RPBvalues of the blocks at 0.667 times
the semivariogram ranges, with a minimum of 6 samples andaximum of 20
samples and flagging theresource classification indicator (PREDZ and PREDP)

with the value 1.

The 2ndpassattempts to fill theRZNand RPBvalues of the blocks at 1 times the
semkivariogram ranges, with a minimum of 6 samples anthaximum of 25
samples and flagging theresource classification indicator (PREDZ and PREDP)

with the value 2.
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The 3rdpassattempts to fill theRZNand RPBvalues of the blocks & times the
semivariogram ranges, with a minimum of 6 samples anchaximum of 30
samples and flagging hie resource classification indicator (PREDZ and PREDP)

with the value 3.

It should be noted that this method assumes that:

1 An estimation based on 2/3 of the sewariogram range would classify a
resource in the measured category.

1 An estimation based on times the semivariogram range would classify a
resource in the indicated category.

1 An estimation based o times semivariogram range would classify a

resource in the inferred category.

The ellipsoidal search parameters for the resources classification of the main

elements for both domains are presentedrigure 37

DOMAIN 1 DOMAIN 2

ZN | SEARCH STAGE ZN I SEARCH STAGE
ELLIPS 1 2 3 ELLIPS 1 2 3
1 98.0 65 98 490 1 60.0 40 60 300

2 95.0 63 95 285 2 60.0 40 60 180
3 95.0 63 95 285 3 47.0 31 47 141

6 6 6,
20 25 30

6 6 6
20 25 30

PB | SEARCH STAGE PB SEARCH STAGE

ELLIPS 1 2 3 ELLIPS 1 2 3
1 129.00 86 129 387 1 70.0 47 70 210
2 120.00 80 120 360 2 62.0 41 62 186
3 92.00 61 92 276 3 50.0 33 50 150

6 6 6|
20 25 30|

Figure37 Ellipsoidalsearch parameters for resourcelassification of Zn and Pb
for Domairs1and 2

20 25 30)

ThePREDZAnd PREDRre then combinedisingequation8.1to define thePRED

value in the block model:
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PRED: PREDZ + PREDF (8.1)

The PRED values can then be used to indicate the reliability of the estimation for
one block relative t@nother based on the number of samples and the distance of
samples from the estimated block. The PRED values will give a preliminary
indication of which resource category a block should be classified intahaayd

are reported from the block model as a \ghted average of all the blocks on a

particular bench.

Thus, the weighted average of the PRED values for a bench must indicate that the
complete bench is of a certain classificatidiable 17shows the boundaries of the

PRED valigdor division into resowse classes.

Tablel17 Classification criteria according to the PRED system

Measured Resource Indicated Resource Inferred Resource
Minimum PRED value 1 7 22
Maximum PRED value 7 22 36

8.2.2 Results PRED system

The PRED value for albcks esmated is2, except fortwo blocks whichwere
not populated. The unpopulated blocks weset to 3 as shown in Figur88B.
Most blocks were populated during the first pass the main elements (Figure
38A), with the exception oftwo unpopulated blocks. The unpopulated blocks

containless than 2% ore and 98% waste.
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Figure38 A. Number pass for blocks to be populated with Zn valueZrp B.
PREDvalue for resourceclassification

Given that the EOF has been drilled out on ax3®0 m spacingand the long
variogram rangesre more than 60m, most blocks wergopulated during the

first pass. This implies thabased on the PRED classifioatsystemsummarised

in Table 17 all blocks can belassified as Measured Resourcé®wever, the
orebody geometry is very complex and the EOF ore outline swells and pinches
over shorter distances. Thusnly levelsdrilled out on a 1k 10 m spacing may be
classiied asmeasured.Therefore, although all blocks have a PRED value of 2, they
may not all be classified as Measured Resources because of the complex nature of

the mineralisation.

8.2.3 Resultsof Mineral Resource estimation

Based on the 1.5n compositesthe global EF1 resourcas on 31 December 2016

is estimated to contain 5.5MT at 12.42% Zn, 2.63% Pb, 3.56% Fe, 0.22% Cu and
68.4ppmAg Based on the 3n compositesthe global EFITesourceas on 31
December 2016s estimated to contain 5.5MT at 12.18% Zn, 2.56% Pb, 3.54%
Fe, 0.21% Cu and 66.9pphg At the time of writinga total of 4.7MT has been
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mined out. The globalgrade averagegstimated from the 3m composites are
marginally lower than the ones calculated from 1.B1 composites for kh
elements, nainly dwe to the volume variance effecthe greater the volume, the

greater the dilution of grades and the lower the variance.

A summary of the EF1-8itu Measured Bsources calculated from the 115
composites is given in TabM. The EFIn-situ Measued Resources calculated
from the 1.5m camposites is 15&00 tonnes at 9.7% Zn, 2% Pb and 68.4 ppm
Ag versus 15300 tonnes at 9.2% Zn and 2.3% Pb calculatean the 3 m
composites (Tabl€3). The tonnagedifference between the two estimates is
insignificant (0.6%) and the global means of the measured resources models
obtained from 3m composites are also lower than those calculatedrfrime 1.5
m composites. The EF1 IndicateglsBurce obtained from the %.m composites
has 666900 tonnes (Table 2) at 8.71% Zn, 3.58% Pb and 87 #8n versus
658800 tonnes (Table 2) at 8.44% Zn, 3.40% Pb and 82pp8n Ag calculated
from the 3 m composites.The tonrage difference (0.01%) between the two
modelsis insignifi@ant. The Indicated ésources estimates obtained from then3
composites are also conservative compared to those estimated frommnil.5

composites.

Thetotal in-situ tonnes estimated from the 81 composites as on 31 December
2017 is presented in Table 18 hetotal EF1 irsitu resources are estimated

814100 tonnes at 8.58%173.19% Pb an@d9.22ppmAg is

Table18 EF1 insitu Mineral Bsource estimate as at December 31, 2016

BENCH IN-SITU ROM Grades

ZN1 PB1 FE1 | CUl AG1 MN1 MG1
TOE ORE (TONNEY % % % % (ppm) % %
Total
Measured 155,300 9.2 2.3 2 0.2 67.1 1 3.4
Total
Indicated 658,800 8.44 3.4 1.88 0.19 82.08 0.76 3.04
Total
Resources 814,100| 858 | 3.19 | 1.90 | 0.19 79.22 0.81 3.11

Mineral Resources are estimated at a eotf grade of 4% Zn equivalent
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estimate Qomain J calculated from 3m composites.C.Pb histogram of the model estimate (Domain 1) calculated from in5

composites D.Pb histogram of the model estimate (Domain 1) calculated froom3Zomposites
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Table19 Domain 1 model statistics estimated from 1ré and 3m composites

Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model
1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m
STATS Zn Zn Pb Pb Cu Cu Fe Fe Ag Ag Mn Mn Mg Mg Rd Rd
Num samples| 11104 | 174120| 11104 | 174120 | 11104 | 174120 | 11104 | 174120 | 11089 | 174120 | 11041 | 172320| 9329 | 163920 | 10402 | 165432
Min 2.29 2.52 0 0.01 0 0.2 0.26 0.3 1 1 0.01 0.03 0.04 0.08 2.78 2.63
Max 46.18 | 41.97 | 12,57 | 10.92 4.22 3.12 10.93 | 13.21 718 614 8.14 10.29 7.78 6.91 4.2 3.96
Mean 11.47 | 11.03 2.67 2.56 0.22 0.2 3.43 3.31 74.5 65.8 1.29 1.57 2.49 2.44 3.35 3.29
SD 5.07 481 1.94 1.74 0.25 0.17 1.78 1.64 64.9 45.9 0.98 1.41 1.42 1.26 0.23 0.24
Variance 25.75 | 23.09 3.76 3.02 0.06 0.3 3.16 2.69 4212 2103 0.96 1.31 2.02 1.58 0.05 0.06
CcVv 0.44 0.44 0.73 0.68 1.14 0.85 0.52 0.5 0.9 0.7 0.76 0.73 0.57 0.51 0.07 0.07
Extreme
outliers 30 144 5 8 309 2352 0 0 177 624 50 264 0 0 0 0
Table20 Domain 2 model statistics estimated from 1r& and 3m composites
Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model | Model
1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m 1.5m 3m
STATS Zn Zn Pb Pb Cu Cu Fe Fe Ag Ag Mn Mn Mg Mg Rd Rd
Num
samples | 10661 | 88288 | 10661 | 85288 | 10661 | 85288 | 10661 | 85288 | 10661 | 85288 | 10661 | 84256 | 10661 | 81384 | 10229 | 81264
Min 3.4 3.44 0.17 0.23 0.02 0.02 0.49 0.7 2 3 0.06 0.14 0.29 0.44 2.53 2.63
Max 48.72 | 43.43 12.01 10.74 2.27 1.66 15.35| 13.21 299 249 11.7 10.29 24.96 23.01 4.11 3.94
Mean 10.86 | 10.61 2.57 2.49 0.19 0.19 3.25| 3.23 61.1 59.8 1.9 1.86 4.39 4.47 3.24 3.24
SD 5.48 5.11 1.68 1.52 0.14 0.12 1.71| 1.62 38.1 34.2 1.43 1.31 2.98 2.85 0.27 0.26
Variance | 29.98 | 26.16 2.81 2.32 0.02 0.01 293 | 2.63 1451 1167 2.03 1.73 8.87 8.12 0.07 0.07
CcVv 0.5 0.482 0.65 0.61 0.7 0.61 0.53 0.5 0.6 0.6 0.75 0.7 0.68 0.64 0.08 0.08
Extreme
outliers 173 816 47 400 254 1584 61 496 18 56 27 128 45 320 0 0
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Table21 EF1 Measured ésources estimated from 1.5 composites

BENCH RUN GRADE
ORE Agl
TOE (TONNES)| Zn1% | Pbl% | Fel% | Qul% | (ppm) | Mn1% | Mgl%
-35 30,660 10.697 | 2.919 | 2.065 | 0.241 | 79.2 | 1.019 | 3.136
-40 29,274 10.182 | 2.577 | 2.095 | 0.241 | 73 0.955 | 3.073
-45 25,588 10.253 | 2.194 | 1.965 | 0.263 | 67.8 | 0.961 | 3.27
50 23,569 9.65 2.023 | 1.855 | 0.282 | 64.7 1.02 | 3.725
-55 22,813 8.719 | 2.015| 1.865 | 0.25 | 60.3 | 1.145 | 4.351
-60 24,336 8.525 | 2.491 | 2.051 | 0.264 | 61.3 | 1.159 | 4.319
Total
Measured 156200 9.7 2.4 2.0 0.3 68.4 1.0 3.6
Table22 EF1 Indicated &ources estimated from 1.5 composites
BENCH RUN GRADES
ORE Agl
TOE (TONNES) | Zn1% Pbl% | Fel% | Qul% | (ppm) | Mn1% | Mgl%
-65 25,979 8.32 3.133 | 2.144 | 0.284 | 60.2 | 1.016 | 3.47
-70 24,652 8.768 | 4.206 | 2.337 | 0.267 | 66.4 | 0.855 | 2.776
-75 30,811 9.73 4.896 | 2.172 | 0.216 | 71.4 | 0.729 | 2.748
-80 40,739 10.392 | 5.014 | 2.37 | 0.21 | 78.9 | 0.824 | 3.039
-85 57,687 10.746 | 4.799 | 2.398 | 0.211 | 93.1 | 0.798 | 2.923
-90 57,975 10.66 | 4.467 | 2.224 | 0.208 | 90.6 | 0.797 | 2.83
-95 53,364 9.761 | 3.736 | 2.009 | 0.176 | 72.6 | 0.841 | 3.022
-100 50,428 8.559 | 3.093 | 1.735 | 0.159 | 54.4 | 0.866 | 3.232
-105 48313 7.858 | 2.853 | 1.572 | 0.153 | 53.7 | 0.833 | 3.287
-110 47,218 7.575 | 2.987 | 1.501 | 0.177 | 855 | 0.781 | 3.085
-115 47515 7.653 | 2.887 | 1.488 | 0.22 106 0.753 | 2.874
-120 45,202 7.479 | 2.803 | 1.498 | 0.246 | 106 0.724 | 3.042
-125 39,973 7.137 | 2.905 | 1.642 | 0.241 | 108.3 | 0.688 | 3.339
-130 33,361 7.448 3.02 | 1.759 | 0.226 | 122.7 | 0.645 | 3.424
-135 24,757 7.087 | 3.063 | 1.819 | 0.205 | 120.5 | 0.676 | 3.692
-140 17,801 7.112 | 3.036 | 1.948 | 0.176 | 121.2 | 0.678 3.9
-145 8,811 7.79 3.032 | 1.972 | 0.157 | 130 0.684 | 4.457
-150 7,486 8.963 | 3.007 | 1.993 | 0.129 | 107.8 | 0.519 | 2.948
-155 4,688 11.066 3.2 2.193 | 0.104 | 92.1 | 0.354 | 1.705
-160 117 18.769 | 4.258 | 2.931 | 0.09 | 129.3 | 0.185 | 0.451
Total
Indicated 666900 8.71 358 | 1.91 | 020 | 87.39 | 0.78 3.12
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Table23 Measured Rsources estimated from & composites

BENCH IN-SITU | ROM GRADES
ORE Agl
TOE (TONNES)| Zn1% | Pbl% | Fel% | Qu1i% | (ppm) | Mn1% | Mgl%
-35 30,580 1021 | 272 | 2.062 | 0.237 | 76.8 | 0.974 | 297
-40 29,024 9.814 | 2554 | 2.053 | 0.239 | 72.8 | 0.911 | 2.966
-45 25,437 9.527 | 213 | 1.936 | 0.253 | 66.3 | 0.917 | 3.152
-50 23,454 8.885 | 1.995 | 1.853 | 0.251 | 64.3 | 0.969 | 3.519
-55 22,673 8.231 | 2.057 | 1.901 | 0.233 | 61.1 | 1.067 | 4.054
-60 24,130 7.814 | 2309 | 2.024 | 0.227 | 57.4 | 1.066 | 3.919
Total
Measured 155300 9.2 2.3 2.0 0.2 67.1 1.0 3.4
Table24 EF1 Indicated &ources estimated from & composites
BENCH | IN-SITU ROM | GRADES
ORE Agl
TOE (TONNES) Zn1% | Pol% | Fel% | Qu1% | (ppm) | Mn1% | Mgl%
-65 25,803 759 | 2.8 | 2117 | 0.236 | 53.8 | 0.905 | 3.096
-70 24,470 8.271 | 3.443| 231 | 0.265| 58 0.8 2.6
-75 30,593 9.181 | 4.093 | 2.22 | 0.229 | 64.1 | 0.765 | 2.704
-80 40,319 9.806 | 4.371| 2.285 | 0.197 | 73,5 | 0.815 | 3.029
-85 56,910 10.304| 4.412 | 2.268 | 0.194 | 84.3 | 0.788 | 2.931
-90 57,161 10.421| 4.293 | 2.173 | 0.199 | 84.6 | 0.795 | 2.868
-95 52,801 9.576 | 3.786 | 1.984 | 0.18 | 73.1 | 0.822 | 2.986
-100 49,806 8.672 | 3.275| 1.77 | 0.162 | 65.8 | 0.828 | 3.173
-105 47,632 7.833 | 3.04 | 1.596 | 0.158 | 72.1 | 0.811 | 3.161
-110 46,638 7.47 | 2.996 | 1.523 | 0.166 | 82.1 | 0.783 | 3.056
-115 46,778 7.381 | 2.842 | 1.492 | 0.195 | 90.5 | 0.737 | 2.962
-120 44,552 7.186 | 2.7 | 1507 | 0.215 | 94.1 | 0.697 | 3.018
-125 39424 7.19 | 2.722 | 1.609 | 0.213 | 954 | 0.646 | 3.135
-130 32,936 7.138 | 2.836 | 1.692 | 0.206 | 102.5 | 0.628 | 3.205
-135 24,410 6.915 | 2.915| 1.775 | 0.199 | 112.7 | 0.654 | 3.493
-140 17,536 6.833 | 2.884 | 1.892 | 0.175 | 110.8 | 0.664 | 3.687
-145 8,819 7.194 | 2.841 | 1.977 | 0.143 | 107.4 | 0.65 | 3.931
-150 7,465 7.96 | 2.784 | 2.049 | 0.122 | 93.4 | 0.503 | 2.969
-155 4,676 9.564 | 2.867 | 2.235 | 0.105 | 855 | 0.374 | 1.79
-160 117 15.655| 3.652 | 2.883 | 0.095 | 116.5 | 0.224 | 0.601
Total
Indicated 658800 844 | 3.40 | 1.88 | 0.19 | 82.08 | 0.76 3.04
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8.2.4 Grade distribution

The EOF orebody haighgraded LJ2 O {which @écurmainly in the fold hinge
and in closeproximity to major faults. These pockets have Zn grades above 12%
andPb grades above 3.5%. FigureddB show the Zn and Pb grade distribution at
EOF. From west to ea¢Figure 41)the major structures associated with the
mineralisation are the AE faulthe Martina fault and the Dennis fault,

respectively.

=0
||

Figure40A. Zn grade distribution. B. Pb grade distribution

TheRosh Pinah Mine deposiare a reworked classic SEDEX deposit comprising a
primarybanded sulphide exhalite, part of which was carbonatised with associated
remobilizaion and enrichment of sulphidegAlchin and More, 2005). The
emplacement of the volcaos and mafics drove hydrothermal fluids along the
faults system, leaching base metals from the bdgirsiliciclastics and exhaling
basemetal bearing brines onto the sea floor. Hendlee occurrence higigrade

mineralisationin close proximity to fault§Figure41). A smilar observation of
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anomalous enrichment odhgandPbis described by Alchin and Moore (200&0)d
they explainit as being related to hydrothermal fissure zones along which

simultaneous metabearing brine expulsions took place.

Faults

B Ae
- Martina
- Dennis

Figure41 EOF faults and their association witligh-grademineralisation

The Rosh Pinah ore depoditas been classified as a SEDEX deposit with
volcanogenic massive sulphide (VMS) and Brokesyidél (BHT) depositional and
deformational characteristics (Alchin andbre, 2005)It wasfurther stated that

most of the sulphides were highly recrystallizaod remobilized during multiple
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events of veining and brecciation. The metal zonation i®mngon feature of
SEDEX deposit§u and Fe sulphides are deposited in a more proximal setting
relative to the fluid sourcewhilst Pb and Zn sulphides generally eor more
distally to thehydrothermal vent and Fe, Mn ar8h occur on th@eripheral zone
The EOF ore body occurs more distal to the hydrothermal ventdbasethe Pb
and Zn sulphide mineralisation. Ather chemical zonation pattern that
characterize theeOF mineralisation is the PB/Ag ratnhich is higher, indicating
that the mineralisation is distant from the venfThe understanding of the
relationship between the mineralization of interest and the likely related
geological processes that govern its glatement and geometry within the
geological framework is essential to the establishment of the geological controls

for mineralisation.

8.3  Grade tonnage curves

Grade tonnage curves provide ansmnary of the estimated tones and grade of
materials relative to a given cuaff. Grade tonnage curves were plotted for the
1.5m and 3m compositesand for the model estimates obtainealith the 1.5m

and 3m composites.

The grade tonnage curves (Higs 42¢44) indicate that the comgsites for all
elements have highegrade estimates and tonnes above the -ofits compared
to the blockmodels. The 3n composites have lower grade estimates and tonnes
above the cutoffs compared to the 1.5m composites. igilarly, the model
estimated fran the 3 m composites have lower tomgesabove cutoff and

grades compared to the models estitaed from the 1.5m composites.

The abovementioned observations are in line with the volume variance effect
and block sizeThe greater the volume used for setion, the greater the dilution
of grades. Bigger blockeport less tonnes atower gradesSimilarly, thelonger

composites have lower variancasd lower gradeshan the shorter ones.
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Rosh Pinah Mine appliesr @conomiccut-off grade of8% Zn equivalent which
equates to actual cutoffs 0of6% Zn and 0.7% PRt this cut-off grade about 75%
tonnageat an average grade of 11% Zn ah8% Pb is above the eaff. The
gradeand tonnage differencebetween the two modelsre insignificant but the
financial impact isonsiderable @nsidering the Measuredd2ources only, the Zn
metal tonnes of the model estimated from the 1n% compositesare 11366 MT
versus 1016 Mt estimated from the 3n composites. At a selling price of,3Q0,
the Zn metal stimated from 1.5m composite is worth $25 millioncomparedto
$23.6 millionfor the estimate from the3 m composites; a difference ¢1.4
million. This revenue would be spread over the life of the mine Hmslis a clear
indication that the composit&vith a support that is closer to the mining block size
or SMU should be used for the evaluatidiimne SMU applied at Rosh Pinah is 4.5m

x5 m, thus a 3n composite is more preferable.
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Figure42 Zn gade tonnage curvesor models obtained from 1.5 m and 3m

composites
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8.4 Model validation

The models were first validated lmpmparingthe borehole assays and the model
estimates o sectionsas shown in Figure 3@hemodel estimates are generally
acceptable but the model calculated from the 1.Bn compositesis morevariable
whilst the one calculated from & composites idess variable Secondly,the
modelswere validatedby plotting Swath plotsand analyzing themSwath plots

are graphs thatompare themodel meano the mean of the compositewithin a
series of slices/swaths. fie total number of compositess also plotted on the
secondary axis of the graph to give an indication of the support for each swath.
The swath plotsin the easern direction for Zn, Pb and Ag are presented in

AppendcesY and Z.

The svath plots indicate that the means of both modelse generallylower than
the means of the compositesThisis in line with the volume variance effect,
which states that the higher thesupport size the higher the dilution and the

lower the gradesFigure45 shows the swath plot for EGifong the elevation.

EOF - JULY 2010- BLOCK MODEL VALIDATION
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Figure45Zn swath plot along the elevation
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A significantsystematic underestimation is reported between th80 to the 90

and 120 to 260levek, as shown in Figure 45The underestimation is more
pronounced in poorly informed areaBromthe 90 to the 290 level the estimate
from 3m composites is closer to the composite mean than the estimate from 1.5
m compositesFor the easting and northg direction,where thereare less data
available the mean of the model estimated fromr8 composites is closer to the

mean of the input composites (ApperdsY and Z).

The area that displays significant systematic underestimatian weltinformed

area with the highest number of composite3he systematic under estimation is
due to the volume variance effect and change in support size. The composite of 3
m has lower volumecompared to blocks of &n x 5 m, thus the composite will
have a higher grade cqmared to theestimatedue to less dilution. It is observed
that the area isassociated withhigh-gradezones or higkgrade pockets (Figure
40A). The underestimatiomesultis typica) especially ithe OK estimation method

was appliedbecause of thesmoothing of the estimate.

Pb and Ag swath plots indicate overestimation in the easting direction between
the 22110 and 22140 swathsthe mean of the model is higher than the mean of
the compositegFigure 4§. This is an early warning sign that the uaakhigher
grade composites have potentially positively influenced the overall estimate. The
presence othe highergrade composites (Figai 47) pulled theoverall estimate
higher. These elements could be further sdevidedin high andlow-gradezones

to improve theestimation; alternatively, capping may be applied to reduce the

influence from venhigh-gradecomposites.

The models estimated from the 18 composites have lower means compared to
the means of the models estimated from Inbcomposites for the welhformed
blocks. For poorly informed blocks, theodel estimated from 3n composites is

closer to the mean of the input composites (ApperediY and Z).
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EOF - JULY 2015 - BLOCK MODEL VALIDATION
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Figure46 Pbswath plotin the easting direction

Figure47 Pb compositeshowing many lowergrade composites
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Although swath plots are often used for model validations, the composite
distribution, volume variance effect, smoothing of ewftes, higher drilling
density inhigh-grade zones andpresence offew highergrade compositescan
result in the validation methodbeing less effectiveFinally, an inverse distance
weightingto the power of 2(IDW?) was estimated in Zn2 colurmand plotted on

a swath plot with theOKmodel estimates from the 1.Bh model and 3n model
(Figure 48). The IDW model displays more variations and betthee0 and 60
levek the IDW estimated significantly lower than the KO estimate The third
validaion methodhas the same challengethe mean of the IDW estimate is also
influenced by the underlyinggomposite distribution, volume variance effect,

presence of many lowegrade composites and drilling density.

EOF Swath Plot

-158 -100 -43 15 73 130 188 245
RL

Figure48 IDW estimate(red) compared b the OK estimates(green)from the
1.5m model and 3m model

123



8.5  Evaluating Kriging

The kriging estimates were evaluated using the QKNA. The QKNA was applied to

validate the resource categories, mainly to determine if blocks are well informed

or poorly informed. The criteria thawere appliedfor evaluating the EF1 kriging

neighbourhoodare:

 TKS aft2L) 27
grade.

1 The kriging standard deviation.

NEINBGadd 2 FYy 2 KE KPS HG NYAS @S

1 Minesight software was used to calculate the kriging variance, standard

deviation and the slope of regression.

8.5.1 Slope of regression

Vam et al. (2003) state thaunder the assumption that the variogram is valid and

the regres®n betweenthe true block grades and estimated block grade

linear, the covariance between estimated and true block grades can be

calculated. The slope is given in terms of the covariaargk the variance of the

estimated blocks by the expression:

, _ Con(Z Z)
Var(Z')
Where:
d is the slope of regression

Z, s the true block grade

4/ is the estimated block grade
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The blocks are conditionally unbiased if the slope of regression is \o=g ©
1.0.

8.5.2 Kriging standard deviation

The kriging standard deviation is the squareot of the kriging varianceThe
kriging variance was calculategingMinesight software; the square root of the
kriging variance was calculated in Exttreim the Minesight model dumpThe
blocks are conditionally unbiased if the kriging standard deviation is |omt@ch
implies that weHinformed blocks have lower standard deviation than poorly

informed blocks.

8.5.3 Results of the QKNA

The results of the QKN for the model estimated from 1.5n composites are
presented in Table2® The Indicated &ources hava higher standard deviation
and variance and a lower slopef regression compared to the Measured
Resource. Based on the value of the slope of regressiod kriging standard
deviation, theMeasured Rsources are well informed with a slope of regression
closer to 1 and astandard deviation of 0.3. The Indicatecedurces are

reasonably informed.

Table25 QKNA statistics for EF1

Kriging

IN-SITUORE | IN-SITUORE Slope of standard
BENCH TOE (BCMS) (TONNES) | KVZN regression deviation
Total Measured
(Above-60
Level) 1,451000 4,847000 0.1 0.9 0.3
Total Indicated
(Below-60
Level) 201000 667,000 0.4 0.8 0.6
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8.6  Summary

As on 31December 2016he EF1 measureid-situ resources calculated from the
1.5 m composites is 15800 tonnes at 9.7% Zn and 2.4% Pb usrd 55300
tonnes at 9.2% Z12.3% Pland 67.1ppm Agcalculated from the 3n composites.
The model estim@d from 3 m compositesgiveslower grades andesstonnes
Table 24 and 22, the indicated resources, rhyobkighlight this Thisis in line with
the volume variance effect and support siae well asthe smoothing of high
grades during theOK estimation processThe blocks estimated from the @
composites have lower means, stamdadeviations and variances compared to
blocks estimated from the 1.Bn composites.This finding is in line with the
volumevariance effectwhich states that the variance decreases with increasing
support or volumes.Based on thisit is recommended thatthe EF1model
estimates should be calculated from 3n composites In line with this
recommendation is the fact that & is closer to the SMU at Rosh Pinah Mine
which is 4.5m x5 m.

Areas in which the estimates ateo high dueto the presence of few higgrade
composite require further investigation&lements that are overestimatecbuld
be further subdividedin high and low-grade zonesto improve theestimation;
alternatively, capping may be applied to reduce the influefrcen very high
gradecomposites Further work is recommended to investigate siltmainingof

the Pband Agas well as capping

A simplified resource classification method was applied which relied fully on the
drill spacingAll resources above #1+60 lewel were classified as &ésured whilst
those below areclassified asindicated. The QKNA supports the resource
classification;the Indicated Rsources havea higher standard deviation and
variance and a lower slopef regression compared to the Measure@Burce.
Based on the value of the slope of regression dredkriging standard deviation,

the measured resources are well informed and the indicated are reasonably

informed.
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CHAPTER S2ONCLUSIGN

9.1 Research questions and main findings

The dissertation had the aim of finding the best method for modelling complex
sedimentary exhalative depositit. was foundthat using 2D sections and level
plan interpretations and combining them with 3D implicit modelling reduces the
wireframe building pocess from three weeks to two dayBhe 2D sections and
level plans help in avoiding the creation of saw tooth interpretations duglsxk

of information where the mineralisation is continuoughese are interpretations
where continuous lenses are madétk as discontinuous lenses because no drilling
was carried out on the Hyetween sectionsThe dissertationwas also ained at
determining the principal components of the EF1 multivariate orebody. The first
principal component is primarily a measure of Agghergradeore hashigher Ag

contents. The second principal component is primarily a measure of Zn in the ore.

Furthermore, the dissertation investigated the significance of increasing the
composite size from 1..n to 3 m on grade estimationlt was found that the
mean, standard deviation and variances of thenB8 composites and their
respective models are lower than the asshta, the 1.5m compositesand their
respective modelsOrdinary Krigingis preferredover inverse distance estimation
becauseit is the best linear unbiased estimator with zero mean residual errors
and minimum estimation variancelhus,the model estimated from the 3n
composites yields better estimatethan the model estimated froml.5 m
composites;the estimate from the 3m conposites hasminimum estimation
variance and standard deviations. In miniitgis dten better to underestimate
than to overestimate, thus an estimate with lower mean is preferred because it is
more conservativeThe compositesizeof 3 m is also closer tthe SMU at Rosh
Pinah, and thus produces a better estimate than the estimate from Irb
composites which will state higher tonnageand grade due to the volume

variance effect, which ultimately leads ¢verestimation of the mineral deposit.
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The last olective of the dissertation was to estimate the tonnes and grades of
the in-situ EF1 resourceas on 31 December 201dhe EFin-situ Measured
Resources calculated from the 1r& composites is 15800 tonnes at 9.7% Zn,
2.4% Pb and 68.g4pm Ag versus 15300 tonnes at 9.2% Zn, 2.3% Pb and 67.1
ppm Ag calculated from the B composites. The tal in-situ Indicated Rsource
calculated fronthe 1.5m composite is 66600tonnesat 8.71% Zn, 3.58% Pb and
87.39ppm Ag versuss58800 tonnesat 8.4446 Zn, 310% Phband 8208 ppm Ag
calculated from 3n compositesThetotal accepted EF1 igitu tonnesamounts to
814100 tonnes 0f8.58% Zn, 3.19% Pb and 79.g@m, based on the 3m
composite estimateA greater support size reduces the variability in the ore body
and & a result affects the grade tonnage curves and accounts for the differences

in the resource estimates.

The QKNA supportthe ideathat the Measured Bsources are well informeg
whilst the hdicated are reasonably informedhe PRED classification system
results are too optimistic, indicating that all resourcesn be comerted into
Measured. e orebody geometry is very complex and the EOF ore outline swells
and pinches over shorter distanceghus,only levels drilled out on a 1010 m

spacing may be cwerted into Measured.

9.2 Relationship to previous research

The modelling methodecommendedby Wang (2013, .86) was also used here,
especially the process of constructing 3D models from 2D secfidresprocesses
they presented in the schematic fleehart for 3D modelling by integration of
multiple types of geoscience data were also applied in this dissertationthey

did not useimplicit modelling softwardor constructing the modelsThe findings

on the support size are consistent with the voluwveriance effect which states

that the variance decreases with increasing support. Comparing the estimated
EF1lin-situ resources to those dongprior to 2014 (Table 1) at Rosh Pinah Mine

the Zn estimate is much lower, Pb is similar and Ag is higher than previous
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estimates.The findings on QKN&Xe consistent with findings by Varet al. (2003)

on less informed and poorly informed bloaba case study owell-informed Au
estimates and ash cotent. They found that Indicated Resources have higher
standard deviation and variance and a lower slope of regression compared to the
Measured Resource. Based on the value of the slope of regression and kriging
standard deviation, the Measured Resources aell informed with a slope of
regression closer to 1 and a standard deviation of 0.3. The IndicatsouRes

are reasonably informed with a slope of regression of 0.8 and a standard

deviation of 0.6.

9.3 Limitations of the study

It should be borne in minthat the study has a number of limitations:

1 Section and level plan interpretatiaa a manual process that requires the
geologist to digitizd polylines. It is difficult for the model to hoaooboth
the sections andhe level plans and as eesult, some ge may be left
behind.

1 The boreholes are projected on sections ahd model may exclude part
of the mineralised intersectidand include unmineralised intersectism
3D space. This may result in waste being incorporated in the solid and ore
beingexclued.

1 The final wireframes createdith implicit modelling softwarestill requires
manual tweakindecause of geological understanding and insight that the
modelling softwaredoes notaccommodate

1 The EFL1 resource classification was based on drill spaniggand this
may cause resources to be placed in the wrong resource categories.
Although it was backed up with the QKNA, the PRED system was less
effective in classifying the resources correctly.

1 Domaining is based on thgosition and location of thdold hinge, but

some elementQdistribution may not be related to the direction of the
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limbs. The search ellipsoid in the direction of maximum, intermediate and
minor continuity of the elements may not be similar to the strike and dip
of the fold limbs This may cause conditional unbiasedness of the
estimate.

1 This study has been primarily concerned wilie@ estimation of Mineral

Resources in structurally complex sedimentary hosted deposits.

94 Recommendations

The following is recommended:

1 For wireframe modeihg of structurally complex sedimentary depos®
sections and level plannterpretations combined with 3D implicit
modelling should be usedThe 2D sectionsind level plans help in the
extrapolation of mineralisation where the mineralisation is conting but
no drilling was carried out on the-metween sectionsThus, the geologist
will provide better estimate of resource tonnageand better delineation
of the orewaste contactand subsequentlyminimize dilution and ore
losses Correct delineation of the orgvaste contact will prevent waste to
be loaded as ore and ore loss&he 3D implicit modelling reduces the
amount of time required to interpret dlihole data, thusallowing timely
update of models

1 The final wireframe modedhouldinclude all mineralised intersectiongp
mineralised intersections should be excluded during miialgl This will
prevent ore loss andptimise mine designs, thudtimately increasing the
value of the mineral deposit

1 The quantile regression metdois the chosen method foroutlier
detection The outliers detected using the quantile regression method are
mostly between 90 to 95 percentile whilst those detected using

histograms and CPP plots are around 98 percentilHse quantile
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regression methoddr outlier detection is repeatablend auditable all
resource geologistwould get the sameutliers, but the other method
are based on the assessment of the geologist and the oustlieay be
different. The correct identification of outliers reduces ogstimation
caused bythe presence of few higlgrade compositesthus ultimately
reducing the chance of the minerdépositto be overvalued.

The EFblock estimats should be calculated from @ composites These
give abetter estimate than thepoint¢model estimated using 1.5 m
composites The blockmodel estimates using3 m compositesare more
conservative and give less tonnes and lower grades. The standard
deviations and varianceare ako lowerthan the blockmodel estimate
from the 1.5m compositesbecause of the elume variance effect and
support sizesand smoothing of grades during Ordindgsigingestimation
The3 m compositesizeis closer to the SMU at Rosh Pinaimd produces a
better estimate than 1.5n composites, which wiljive more tonnes and
highergrade due to the volumeariance effect, which ultimately leads
overestimation of the mineral deposit.

Pb and Agieed to be sullomainedbased on highand lowgradezones.
This reduce the effect of overestimating lowgrade block due to the
smearingof few highgrade composite and underestimating highrade
blocksdue to smoothing during Ordinary Kriging estimation

The nugget effects should be determined usingomnidirectional
variogramswith a lag distance of 1.5 becaussit is ideal that the nugget
is interpreted using the closest spaced data availablgch is the sample
size The closest spaced dadee typicallyfoundin the downhole direction
where samples are adjacenwhichis equivalent to the composite length
of 1.5m. Hence a very small lag can be used to give an indication of the
behaviar of the variability at short distancesThe omnidirectional
variogram with a lag distancgf 10 m was used to determine the nugget

effects as shown in Appendix T.
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APPENDIX A

COLLARS WITHOUT COORDINATES

BHID Comment

p4400 Remove from database, missing coordinates
p4401 Removerom database, missing coordinates
p4402 Remove from database, missing coordinates
p4403 Remove from database, missing coordinates
p4404 Remove from database, missing coordinates
p4405 Remove from database, missing coordinates
p4406 Remove frondatabase, missing coordinates
p4343 Remove from database, missing coordinates
p4206a Remove from database, missing coordinates
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HOLES SAMPLED BUT MISSING ASSAY RESULTS

APPENDIX B

ESEEEgLE SECTION | OREFIELD SAMPLES | ANHALYSIS
p2427 -1050 EF1 K X
p2499 -1040 EF1 K X
p2629 -1100 EF1 K X
p2650A -1070 EF1 K X
p2730A -1100 EF1 K X
p2781 -1090 EF1 K X
p2856 EOF2_40 | EF2 K X
p2879 -1010 EF1 K X
p2886 -1030 EF1 K X
p4208 90MG 930| EF1 K X
p4354 -960 EF1 K X
u1667 -960 EF1 K X
u1679 -990 EF1 K X
p4343 -970 EF1 K X
p2899a -1010 EF1 K X
p2629 -1100 EF1 K X
p3563 EOF270 |EF2 X X
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APPENDIX C

HOLES WITH WRONG ORIENTATIONS OR CONFLICTING GEOLOGY AND GRADE

BHID Section BHID Section BHID Section BHID Section
p4389 | -930 p2786 | -1040 p4221 | EOF2 50 u2588 | -1040
p4374a| -940 p2787 | -1040 p3189 | EOF2 50 u2412 | -1040
p4367 | -950 p4227 | -1040 p3188 | EOF2 50 ule9s | -1050
p4358 | -960 p4308 | -1040 p3650 | EOF2 80 ulé97 | -1050
p4535 | -970 p3684 | -1050 p4274 | EOF2 80 ul693 | -1050
p4351 | -970 p2427 | -1050 p3929 | EOF2 120 ulé50 | -1050
p4344 | -980 p3188 | -1050 ul774 | -930 uls512 | -1110
p4573 | -980 p3189 | -1050 u2627 | -990 ul527 | -1110
p3605 | -980 p2387 | -1060 ulé79 | -990 uls44 | -1120
p4792 | -990 p2388 | -1060 ulé96 | -990 ul323 | EOF2 120
p4330 | -1000 p2447a| -1090 u2627 | -1000 ul508 | EOF20
p3611 | -1000 p4295 | EOF20 u2567 | -1000 ulg895 | EOF20
p3565 | -1020 p3577 | EOF20 u2627 | -1010 ul504 | EOF20
p4914 | -1020 p4880 | EOF2 0 ule63 | -1020 ulole | EOF2 80
p4826 | -1030 p4300 | EOF2 10 u2412 | -1030 u2125 | EOF2 90
p2886 | -1030 p4239 | EOF2 10 ul520 | -1030 ul84l | EOF2 60
p4815 | -1030 p4237 | EOF2 20 u2264 | -1030

p4221 | -1030 p4308 | EOF2 30 ul468 | -1040
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APPENDIX D

AMISO147ZnANALYSES & SUMMARY STATISTICS

Standards by Sequence : AMIS0147 : ZnTotal_pct
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CHECKID
= Expected Value —_ 25D = \Warning + Error + Warning + Nermal

AMISO14% Zn standardiescriptive statistics

# %
# of Analyses| Outside | Outside
above Error Error

Standard | Standard | Total

Threshold Limit Limit Mean | Median | Min Max Deviation | Error

Bias

24 10 41.67 29.25 | 28.95 24.64 | 33.81 | 1.89 0.39 0.003
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AMISO147 RETURNIMGSAYSHAT PLOT OUTSIDE ACCEPTABLE LIMITS

APPENDIX E

CHECKID STANDARD VALU ASSAY | ACCEPTABLE | ACCEPTABLE | RETURN | ANALYSIS
VALUE | MIN MAX DATE
p4396_016 29.05 30.76 | 27.85 30.25 100ct1l | zn
p4396_033 29.05 3381 | 27.85 30.25 100ct1l | zn
pddlda_035 | 29.05 27.79 | 27.85 30.25 05Decll | Zn
p4561_011 29.05 31.10 | 27.85 30.25 100ct1l | zn
p4570_054 29.05 3135 | 27.85 30.25 100ct1l | zn
p4591_017 29.05 2464 | 27.85 30.25 100ct1l | zn
p4591_035 29.05 2488 | 27.85 30.25 100ct1l | zn
p4591_053 29.05 27.80 | 27.85 30.25 100ct1l | zn
p4661_017 29.05 31.00 | 27.85 30.25 100ct1l | zn
p5170_017 29.05 3038 | 27.85 30.25 15Sep13 | zn
p4396_016 3.32 3.62 3.17 3.47 100ct1l | Pb
p4396_033 3.32 3.83 3.17 3.47 100ctll | Pb
p4396_050 3.32 3.16 3.17 3.47 100ct1l | Pb
pddlda_035 | 3.32 3.17 3.17 3.47 05Decll | Pb
p4570_054 3.32 3.56 3.17 3.47 100ct1l | Pb
p4572_053 3.32 3.55 3.17 3.47 100ct1l | Pb
p4396_050 62.8 0 57.8 67.8 100ctll | Ag
p4570_054 62.8 6.631 | 57.8 67.8 100ct1l | Ag
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APPENDIX F

AMISO147 PBANALYSES & SUMMARY STATISTICS
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g 310+

3004

250+

2.80 1

e Y A e s

- - - nCHECK]D

= Expected Walue — 25D — Warning + Error + Warning + MNormal
AMISO14% Pb standardiescriptive statistics
# of # %
Analyses | Outside | Outside
above Error Error Standard | Standard | Total
Threshold | Limit Limit Mean | Median | Min | Max | Dev. Error Bias
24 6 25 3.34 | 3.33 3.16| 3.83 | 0.16 0.03 0.011
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APPENDIX G

AMISO14 Zn ANALYSES & SUMMARY STATISTICS
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AMIS0149 Zn Total (%) standard analyses by sequence.
AMISO14¢; Zn standardiescriptive statistics
# of # %
Analyses | Outside | Outside
above Error Error Standard Standard | Total
Threshold | Limit Limit Mean | Median Min | Max Dev. Error Bias
122 71 58.20 15.70 | 15.74 1.53| 18.05 | 2.42 0.22 -0.008
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APPENDIX H

AMISO149 Pb ANALYSES & SUMMARY STATISTICS

hssay Value

4535 008
pd357 00T+
p4STD_035
p622_035
653017+
pAGE9 01T
pARID 017
3133 053+

4339017
p4363_010
p4397 016+
409 035
p4435_008

CHECKID
= Expected Walue — 25D —— Warning + Error =+ Warning + Mormal

AMIS0149 Pb Total (%) standard analyses by sequence.

AMISO14¢, Pb standardiescriptive statistics

# of # %

Analyses Outside | Outside

above Error Error Standard | Standard | Total
Threshold Limit Limit Mean | Median Min | Max | Dev. Error Bias
122 42 34.43 1.73 1.73 0.15 | 2.14 | 0.28 0.03 -0.009
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APPENDIX |

AMISO149 Ag ANALYSES & SUMMARY STATISTICS
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AMIS0149 Ag Total (pprsdandard analyses by sequence.

AMISO14¢, Ag standardlescriptive statistics

# of # %

Analyses | Outside | Outside

above Error Error Standard | Standard | Total
Threshold | Limit Limit Mean Median | Min | Max Dev. Error Bias
118 64 54.24 29.98 30 0 97.05 | 12.48 1.15 0.009
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APPENDIX J

AMISO153 Zn ANALYSES & SUMMARY STATISTICS
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AMIS0153 Zn Total (%) standard analyses by sequence.

AMISO15% Zn standardiescriptive statistics

# of # %

Analyses | Outside | Outside

above Error Error Standard | Standard | Total
Threshold | Limit Limit Mean | Median | Min | Max Dev. Error Bias
123 51 41.46 8.77 8.77 7.39 | 13.88 | 0.66 0.06 -0.004
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APPENDIX K

AMISO15FPbANALYSES & SUMMARY STATISTICS
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CHECKID
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AMIS0153 Pb Total (%) standard analyses by sequence.
AMISO15% Pb standardiescriptive statistics
# of # %
Analyses Qutside | Outside
above Error Error Standard | Standard | Total
Threshold Limit Limit Mean | Median | Min | Max Dev. Error Bias
123 48 39.0244 | 1.05 1.05 0.86 | 1.4129 | 0.09 0.01 0.046
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APPENDIX L

AMISO157 Pb ANALYSES & SUMMARY STATISTICS
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AMIS0157 Pb Total (%) standard analyses by sequence.

AMISO15% Pbstandard descriptive statistics

# of # %
Analyses Outside | Outside
above Error Error Standard | Standard | Total
Threshold | Limit Limit Mean | Median Min Max | Dev. Error Bias
72 22 30.56 0.35 0.35 0.30 | 1.02 | 0.08 0.01 0.06
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APPENDIX M

AMISO157 Ag ANALYSES & SUMMARY STATISTICS
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AMIS0157 Ag Total (ppm) standard analyses by sequence

AMISO15% Agstandard descriptive statistics

# of # %

Analyses | Outside | Outside

above Error Error Standard | Standard | Total
Threshold | Limit Limit Mean | Median | Min | Max Dev. Error Bias

63 45 71.43 5.14 5.62 0 2254 | 4.40 0.55 -0.15
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APPENDIX N

DUPLICATES DESCRIPTIVE STATISTICS

Zn Field duplicates Original Check
Count 477

# Outside Error Limit 135

Mean 4.3663 4.5903
Median 2.86 3.22
Min 0.01 0.01
Max 441 42.2
Range 44.09 42.19
Variance 25.3228 25.651+
Coefficient of Variation 1.1525 1.1034
Pop. Std. Dev. 5.0322 5.0647
Bias 0.0513

Correlation Coefficient 0.9614

Error 1.9862

% of Population witAhMPRD > 10% 28.7212

PbField duplicate Original Repeat

Count 473

# Outside Error Limit 183

Mean 0.9854 1.0455

Median 0.38 0.3924

Min 0 0

Max 21.08 20.89

Range 21.08 20.89
Variance 3.7687 3.8296
Coefficient of Variation 1.97 1.8718

Pop. StdDev. 1.9413 1.9569

Bias 0.0609

Correlation Coefficient 0.9805

Error 0.5476

% of Population with AMPRD > 10% 38.6892

152



APPENDIX O

Zn, Pb, Cu, Fe, Ag, Mistograms of 1.5m composites for Domain 1
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APPENDIX P

Domain 1 MgDomain 2Mg and Domain 1 Rdistograms of 1.5m composites
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APPENDIX Q

Cumulative Probability Plot for Domain 1 Zn and Domain 2 Mn
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APPENDIX R

Z-scoresNormal Probability Plofor Zn and Pb

Normal Probability Plot - Zn
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