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the minerals industry. As early as 2000, the
International Accounting Standards Committee
(IASC) published the Extractive Industries –
Exploration for and Evaluation of Mineral
Resources IASC Issues Paper, which called for
comments on the issues of a reliable measure
for the quantities and qualities of mineral
resources and mineral reserves from which to
base mineral asset valuations for accounting
(IASB, 2009). Several points were raised with
respect to the quantification of mineral
resources and mineral reserves as definitive
numbers, including the fact that the CRIRSCO
codes required ‘judgement’ to be exercised by
Competent Persons in classifying resources
according to either low, medium, or high levels
of confidence.
Although CRIRSCO reached provisional
agreement on standard reporting definitions in
1997 through the so-called ‘Denver Accord’
(Miskelly, 2003) this was followed by an
agreement on 9 November 1999 in Geneva to
incorporate the CMMI definitions into the
International Framework Classification for
Reserves and Resources – Solid Fuels and
Mineral Commodities (UNFC), developed by
the United Nations Economic Commission for
Europe (UN-ECE). This meant that the
minerals industry and the petroleum industry
could attempt to converge their classification
systems. Because of these events, it was clear
that statistical boundaries could be used to
define mineral resource classification
boundaries in a similar manner to the
definition of P1, P2, and P3 categories in the
petroleum industry (SPE Oil and Gas
Committee, 2007). Notably, the minerals
industry tends to drill orebodies on regularized

Synopsis
In recent times, there has been criticism of the minerals industry
over the lack of quantifiable boundaries between Inferred, Indicated,
and Measured resources. A recent initiative through the United
Nations aims to try to converge the mineral resource classification
systems. Since the oil and gas industry uses a probabilistic
approach to defining reserve boundaries, it is appropriate to
introduce a similar statistical methodology for minerals.
The Venmyn Variance Tower has been developed based upon
traditional statistics to utilize historical and ongoing information in
order to quantify variance of geological and chemical parameters
and the boundaries and logic for quantitative mineral resource
classification. It is proposed that a less than 50% variance from the
mean of all sample parameters is required to achieve the classification threshold to define an Inferred Resource whereas between
20–10% is needed for an Indicated Resource and less than 10%
variance from the mean is needed to declare a Measured Resource.
These limits are similar to those used by the oil and gas industry,
and it is suggested that these thresholds be adopted as an industry
standard to ensure consistent quantitative reporting.
While this process is intended to use statistics of an orebody to
provide quantifiable and defendable boundaries, it cannot be carried
out unless the geology of the mineral deposit is understood and the
borehole samples can be categorized into appropriate populations
for which the statistics are valid. This means that competent
geologists are always required to work with and understand the
implications of the Variance Tower results. This paper is intended to
form the basis of a series of publications that establish a process to
take mineral projects along a quantifiable and logical development
path. Hence, no specific field example of the practical application of
this process is given here.
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The Committee for Mineral Reserves Reporting
Standards (CRIRSCO) is an international
umbrella body that was established as a
committee of the Council of Mining and
Metallurgical Institutions (CMMI) in 1994.
This committee worked towards the creation of
a set of standard international definitions for
the public reporting of Exploration Results,
Mineral Resources, and Mineral Reserves in
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spacing whereby the grid points fall on an ever-decreasing
spacing. For example, initial drill spacing could be of the
order of a kilometre, and gradually end up on a 50 m grid.
The oil and gas industry undertakes detailed target
assessment using geophysics, facies modelling, and sophisticated simulations before even thinking of drilling a well.
Obviously, there is a difference between solid minerals and
liquids and gas but the use of statistics can be applied to both
situations.
Primarily the CRIRSCO codes provide the Mineral
Resource definitions in the form of disclosure guides and
their stated intent is for public reporting (CRIRSCO, 2010).
However, the practical application of the codes by professional resource managers should lead to a broad application
to the extent that they form the basis of all reporting,
whether in the public domain or not.
Mineral project owners generally ask, ‘How many
boreholes must be drilled to get a mineral resource into a
specific CRIRSCO category?’, and based on preconceived grid
patterns a plan emerges as to how many holes must be
drilled. However, as drilling and exploration costs increase
there is a need to be more sophisticated in the target process,
and this has led to the use of simulation and the evaluation
of anticipated variability of the geological orebodies being
defined. This is intended to increase the chances of success
(COS) and efficient utilization of limited exploration capital.
The advantage of such a process should be the ability to
quantify the logic behind CRIRSCO mineral resource
categories and provide confidence in the numbers that are
ultimately reported in the public domain. It is proposed as
part of this paper that if the industry adopted this statistical
process, sufficient confidence in the reliability of the
estimates should provide a basis for incorporation of
subsequent valuation methods to allow these mineral assets
to be reported in a company’s balance sheet.
This would also achieve the need for tighter corporate
governance and regulatory demands for the application of
good practice and therefore comparative processes for all
minerals, whether they be solid or non-solid minerals. This
paper presents the methodology of the process of generating
a Variance Tower, as well as the simple statistical results
from sampling data from the Bushveld Complex of South
Africa. While this paper presents a process, it sets the
framework for subsequent papers by the authors for linking
techno-economic assessments using similar statistically
definable boundaries, as well as a practical example of the
use of the Variance Tower.

Issues with respect to the Codes and confidence
At this point, it should be noted that this paper deals with the
existing formal mineral resource categories and is not
intended to address the problem of exploration results
(SAMREC Working Group, 2007). A position paper on this
has been recently issued by CRIRSCO (CRIRSCO, 2010), and
the problem of defining and reporting mineralization for
which the level of certainty may be too low to incorporate into
Inferred Resources is not discussed here. However, the fact
that there is an earlier category where a qualitative term is
used to define a boundary does have significance when
defining what qualitative measure could be used to determine
a threshold.
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It is important to reflect on several specific issues that
emerge from the CRIRSCO Codes with respect to classification
of the mineral resources types. Firstly, there is the primary
responsibility to ensure ‘grade continuity’, which is wording
that is included in the primary definitions for the Measured,
Indicated, and Inferred categories (CRIRSCO, 2010).
Clearly, geological modelling and the use of geostatistics
facilitate measurement of continuity, but this can really be
achieved only with sufficient samples, and nowhere is this
number pre-defined. This is primarily because the codes of
reporting are not technically prescriptive, but principlesbased. So how can grade continuity be defined other than by
so-called judgement which moves from a low to a high level?
In the petroleum industry, plays and targets are defined
using a COS approach whereby preliminary estimates of
potential reservoir characteristics are incorporated into a
Monte Carlo type simulation. What this does is to introduce a
probabilistic approach to estimating the COS before an
expensive borehole is drilled (SPE Oil and Gas Committee,
2007). Furthermore, once a well has been successfully drilled
and well testing carried out, the expected volume distributions can be simulated to provide statistical boundaries to
so-called P1, P2, and P3 volumes. Although this description
is simplistic, the modelling methods can be very sophisticated.
The introduction of spreadsheet-based probabilistic
software such as @Risk™ and others allows these techniques
to be relatively easily applied. Given that the minerals
industry is generally well endowed with borehole and other
sampling data, it makes sense to follow a similar approach to
the petroleum experts.

Sampling data from the Bushveld Complex
The earliest record of exploration for platinum group
elements (PGEs) in the Bushveld Complex was by Hans
Merensky in 1925, and Wagner provided an excellent
summary (Wagner, 1929).
The borehole sampling data used in this paper was
collated from public-domain reports from various mining and
exploration companies in the eastern Bushveld Complex for
the Merensky Reef and UG2 Reef, which are the two horizons
that are of economic interest. The general location of the
Bushveld Complex is shown in Figure 1.
The Bushveld Complex is approximately 2.0 Ga in age,
and for a more detailed regional overview of the area of
interest the reader is referred to Scoon and Mitchell (2004).
The mineralized Merensky Reef and UG2 are magmatic
segregation deposits in the Upper Critical Zone (UCZ) of the
Rustenburg Layered Suite (RLS), containing economic
quantities of PGEs and base metals. Throughout the Complex
the reefs are tabular bodies extending laterally over hundreds
of kilometres along strike and at least 8 km down dip,
resulting in extensive mineral resources whose continuity has
been established over years of exploration and mining.
The origin of the PGE mineralization in the Bushveld
Complex has been investigated for 75 years and remains a
matter of debate. The theorized primary magma from which
the orebodies originated contained only trace amounts of
PGEs, and therefore processes that account for the concentration of the PGEs have to be invoked. In addition, the
theory must account for the clear association of the PGEs
The Journal of The Southern African Institute of Mining and Metallurgy
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Figure 1—General location of the eastern Bushveld Complex

® Regional geology and structure assessment to identify
potential coherent ground where drilling can be
targeted in the best ground conditions
® Data capture of all public-domain records of borehole
intersections from adjacent mines and exploration
companies for the Merensky Reef and UG2 Reef
® Assessment of reef type geology in each intersection to
consider facies modelling
® Assessment of the statistical distribution of the
borehole data sets and consideration of simulation
procedures to construct possible borehole intersection
reef type with grade and width
® Calculating possible spheres of influence to identify
borehole spacing to generate an Inferred Resource.
The Merensky Cyclic Unit occurs close to the top of the
Critical Zone. The Merensky pyroxenite is typically mediumgrained, brownish-gray, and can be described as feldspathic
orthopyroxenite. Two thin chromitite layers occur near the
top of the orthopyroxenite.
Importantly, the economic reef cut in the Merensky Reef
is defined by building a value accumulation from the upper
chromite layer downwards and making a cut at a point where
the Pt. Pd, Rh, and Au (3PGE plus Au) falls away. The
economic cut then broadly coincides with a geological width.
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with chromite and base metal sulphides. An important review
on this issue that is pertinent to this paper is that of
Cawthorn (2011).
A possibility exists that PGEs are concentrated in primary
magma with a basaltic to komatiitic composition when a high
degree of partial melting (30%) of the upper mantle occurs.
Within this primary melt, some mechanism to induce
sulphide saturation was active to produce a sulphide liquid
that segregated from the primary magma. Magma mixing,
crustal contamination, and fractional crystallization are the
most important processes known to induce sulphide
saturation in magma during intrusion.
The eastern Bushveld Complex is of particular interest at
present because of the relatively new platinum operations
and the exploitation of the UG2 Reef, which lies between
150 m and 360 m below the Merensky Reef. Essentially, the
separation between the two horizons is less in the west and
greater in the east. Some exploration companies are now
exploring at depths of over 2 000 m from surface, and
ensuring a high chance of success for drilling budgets is
extremely important.
The primary objective of these companies is to quantify
an Inferred Resource as soon as possible. In order to achieve
this, several processes take place concurrently. These include:
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The generic process is described by Cawthorn (2011).
The UG2 chromitite layer (UG2) is located between 150 m
and 360 m below the Merensky Reef (Gain, 1995). The UG2
consists of a main chromite seam with a parting followed by
upper chromite seams. It is generally, but not always,
underlain by a basal pegmatoid. This package is overlain by a
massive chromitite layer 0.5–0.8 m in thickness, which
consists of fine-grained chromite grains with intercumulus
orthopyroxene and plagioclase and commonly has a sharp
and planar upper contact. The silicate minerals found in the
chromitite layer form irregularly distributed crystals which
poikilitically enclose the chromite and form ’mottles’ up to
15 mm in diameter.
The UG2 has up to three overlying chromitite stringers
which are enclosed within a fine- to medium-grained
feldspathic orthopyroxenite, forming a composite package
0.10–0.15 m thick. PGE mineralization is associated with
very meagre sulphide (<1% of the mode) and increases
towards the top and bottom of the chromitite layer. PGEs can
also occur within the overlying chromitite stringers and the
basal pegmatoid.
Importantly, unlike the Merensky Reef, an economic
selected cut is built from the basal UG2 contact to an upper
limit that may approximate 120 cm as a practical mining
height. However, where leader chromitite layers occur these
may be included as a wider cut for rock mechanic constraints.

Venmyn Variance Tower
In recent times, Venmyn has been evaluating the use of the
probabilistic approach to the definition of confidence limits.
In doing so, prior to the use of geostatisics for grade
estimation in mineral resource calculations, Dr C. Lemmer,
had developed a methodology whereby borehole results and
their deflection values were evaluated statistically by

assessing the increasing variance from the mean of different
variables that had been assayed. Typically, most boreholes in
the Bushveld Complex comprise a ‘mother’ hole with up to
four deflections that can be assayed for Pt, Pd, Rh, Au, Ni,
Cu, and S.
The overall stratigraphy of the Bushveld Complex is
described in Table I.
The most important issue is to assess the type of reef
intersection encountered in each borehole, but the chemistry
tends to dictate the implications for continuity.
As has been mentioned, the chemistry of these economic
horizons is very consistent, but if this can be measured
appropriately and statistically defined then not only can
classification boundaries be determined for different mineral
resource categories, but the number of boreholes required to
do so can be estimated.
The size of area relationship in practical geostatistics has
been well defined and described since the 1950s (Krige,
1951, 1952, 1966a,1966b, 1981; Matheron, 1963, 1971; De
Wijs, 1951, 1953). Additionally the use of regression to
investigate sampling density based upon distance has been
described by Storrar (1966) and by Krige (1981). However, it
was with the groundbreaking work of Dr C. Lemmer that the
creation of the Venmyn Variance Tower has progressed.
Although this paper considers a data set that was
obtained for the Merensky Reef and the UG2 chromitite from
public-domain records, the use of the historical sampling
from adjacent resources must always be assessed for its
representativeness. For this reason, setting a regional
geological perspective with the usual attention to structure,
and geological and anticipated chemical modelling is crucial.
However, once this is done the framework that has been set
is an important benchmark within which to appreciate
ongoing results

Table I

Summary of the most important stratigraphic components of the Bushveld Complex
Unit

Thickness

Dominant lithoglogy

Description

Upper Zone

Varies

Gabbros, gabbro-norite, and anorthosite
containing magnetite layers.

No chilled contact with the hanging wall rocks, which
consist of rhyolites and granophyres.

Main Zone

3 900 m

Norite, gabbro-norite, anorthosite and
minor pyroxenite.

Comprises half of the RLS. Banding and layering not
well developed.

Upper Critical Zone

1 400 m

Layered pyroxenite, norite, anorthosite
and chromitite.

The UCZ is marked by the presence of cumulus plagioclase.
Norites dominate the UCZ, with subordinate pyroxenite and
anorthosite present at intervals through the sequence.

Pyroxenite dominant inter-layered
with minor harzburgite
and chromitite layers.

Chromitite layers occur in three distinct groupings. The lower
group (LG) of layers occurs exclusively in the lower Critical Zone,
the middle group (MG) of layers straddles the contact between
the Lower and Upper Critical Zone, whereas the upper group (UG)
layers occur within the UCZ. Economic PGE mineralization is
hosted in the Merensky Reef and UG2 chromitite layer.
Both are laterally persistent and contain PGE and base metal
sulphide mineralization.

Lower Critical Zone

Lower Zone

Varies, reaches
a maximum
of 1 700 m

Cyclically layered units of
orthopyroxenite,
dunite and harzburgite.

Thickness varies and thins over basement highs. The most
complete exposure is in the northeastern part of the eastern
limb of the RLS, which occurs as a series of dunite-harzburgite
cyclically layered units.

Marginal Zone

Several metres
to hundreds
of metres

Unlayered, heterogeneous
rocks, mostly norites.

Contamination of the basic magmas by the enclosing host rocks.
Sedimentary rock fragments are contained as xenoliths in the
lower portions. Exposures of this zone are poor.
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Importantly, while this paper describes the process of the
Variance Tower calculations, it also provides examples of the
output that could be used to define the quantification of
results for general resource classification.
Once borehole samples are obtained, the Variance Tower
is re-run in conjunction with conventional geostatistical
modelling to further classify the results into the mineral
resource categories.

Confidence intervals are calculated at 95% confidence for
different samples sizes based on the distribution. As the
number of samples increases, the range of the confidence
intervals decreases. This is plotted as a bar chart to indicate
the narrowing of the confidence intervals with increasing
sample size.
The resultant Variance Towers have the 50% threshold
upper and lower limits placed on them to show how many
samples (boreholes) are required to calculate a resource in
the Inferred category (Figure 2 and Figure 3). The 20% and
10% upper and lower boundaries are also drawn and then
the numbers of samples required to classify an Indicated and
Measured Resource respectively are defined (Figure 2 and
Figure 3).
This process can be carried out initially for historical data
and resource information obtained from adjacent properties.
The next step is to define a broad, aereally spaced grid of
possible borehole sites that meets the suggested number of
boreholes required.
At this stage, a simulation exercise can be conducted that
generates a sample or borehole intersection that might be
obtained from one of the boreholes that is planned as a
consequence of the grid spacing that results in the number of
boreholes required to achieve the necessary level of
confidence. This provides an indication as to the possible
result from the borehole, given that an element of
randomness can be simulated statistically.
If as a result of the initial prospectivity assessment the
company geologists and technical experts wish to estimate,
either mathematically or from their judgement, what each
borehole might intersect then predictions can be made. The
process and the method are iterative, and after each
intersection is obtained with full assays the Variance Tower
process can be re-run for only the data in the prospect area to
determine whether the distribution being generated is statistically related to the total data set.
The method is dependent on statistics and therefore the
basic rules and assumptions apply. The size of the area is
irrelevant at this stage. The process of establishing the
Variance Tower assumes randomness but is irrespective of
size of the area until a systematic grid is defined with a
spacing that is established by the estimated number of
boreholes required to define a mineral resource category. For
example, if the Variance Tower analysis using samples from
a similar deposit suggests ten boreholes are required, a grid
that adequately covers the prospect area and places the ten
samples onto the grid with equal coverage will be required.

Method
Once borehole or sampling data has been collated and
verified for quality assurance and quality control, the basic
input data is as follows.
The statistical distributions generated for the data set
used in this report are presented graphically to enable an
assessment of skewness Figure 2). Where the data was
lognormal a β or third parameter was added until a new
distribution was generated that is a best fit for the data as a
log transform. The β parameter is chosen such that the
skewness of log transform of the data added to the β
parameter is 0. A distribution is fitted to the data.
The procedures were as follows. Firstly, the sample data
was input into a spreadsheet array and the univariate
statistics calculated for estimation of the following
parameters:
Mean
Variance
Kurtosis
Skewness
Minimum
Maximum
Coefficent of variance (COV
Confidence limits (u,l )
(normal distribution)
Confidence limits (u,l )
(lognormal distribution)

Table II

Borehole ID

From
(m)

To
(m)

Reef thickness
(m)

4PGE grade
(g/t)

Accumulation
(cmg/t)

X

Y

Z

BH1973
SK6
BH6157-D1
SK6_D2
ELF59D0
BH5524-3D

122.25
203.91
126.70
203.83
109.99
539.89

122.75
204.26
127.52
204.79
110.72
540.82

0.50
0.35
0.82
0.96
0.73
0.93

2.19
3.32
1.88
2.91
3.91
3.10

109.50
116.20
154.16
279.36
285.43
288.30

84 295
91 697
77 445
91 702
85 904
79 233

-2 837 773
-2 837 894
-2 841 063
-2 837 546
-2 836 527
-2 842 161

1
1
1
1
1
1
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Typical set of input sampling data for the variance calculator
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Figure 2 – Variance Tower output results format for a Bushveld Complex data set for the Merensky Reef
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Figure 3 – Variance Tower output results format for a Bushveld Complex data set for the UG2 Chromitite
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the Bushveld Merensky and UG2 chromitite reefs. Journal of the Southern
African Institute of Mining and Metallurgy, vol. 111. pp.67–79.

Output
The output results generated from the methodology described
above are shown in Figure 2 and Figure 3.

CLARK, I. 1977a. Practical kriging in three dimensions. Computers and
Geoscience, vol. 3. pp. 173–180.

Classification boundaries

CLARK, I. 1977b. Regularization of a semivariogram. Computers and Geoscience,
vol. 3. pp. 341–346.

Once the sampling data has been incorporated into the
Variance Tower process then, at an early stage, a quantifiable
classification process can be undertaken. The threshold
values should be:
® Measured Resource variance of all variables tested less
than 10% from the mean
® Indicated Resource variance of all variables tested
greater than 10% but less than 20% from the mean
® Inferred Resource variance of all variables tested
greater than 20% but less than 50% from the mean.
The suggested threshold for moving any resource from
exploration results or ‘deposit’ to the properly quantified
Inferred Resource category is considered an important
recommendation of this paper, as it should represent a
meaningful approach to deciding when a mineral asset is
being defined.
This simple rule would eliminate any misunderstanding
by non-technical people as to when they have an asset or not.
It also should assist the Competent Persons in ensuring they
are not unduly persuaded to use their judgement to define
something that might otherwise still be speculative at a ’low
level of confidence’.
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ELLIOT, D. 2009. United Nations Framework Classification System- Discussion
Paper. Version 5.
GAIN, S.B. 2009. The geological Setting of the platiniferous UG2 chromitite
layer on the farm Maandagshoek, eastern Bushveld Complex. Economic
Geology, vol. 77. pp.1395–1404.
INTERNATIONAL ACCOUNTING STANDARDS BOARD (IASB). 2000. Extractive Industries
Issues Paper.
INTERNATIONAL ACCOUNTING STANDARDS BOARD (IASB). 2009. A Review of the IASB
Working Group’s Extractive Industries Discussion Paper.
KRIGE, D.G. 1951. A statistical approach to some basic mine valuation problems
on the Witwatersrand. J. of the Chem. Metall. and Min. Soc. of S.A. vol.
52, no. 6. pp. 119–139.
KRIGE, D.G. 1952. A statistical analysis of some of the borehole values in the
Orange Free State goldfield. J. of the Chem. Metall. and Min. Soc. of S.A.
vol. 53, no. 3. pp. 47–64.

Conclusions
This paper has presented the Venmyn Variance Tower as a
means to statistically define the number of samples that
should be required to be drilled to enable CRIRSCO mineral
resources to be defined for reporting as a mineral asset class.
This paper also recommends threshold statistical boundaries
to quantify the levels of confidence required to define
Inferred, Indicated, and Measured resources as defined by the
CRIRSCO Codes. Given that this process is similar to the way
in which the petroleum industry reports, it forms a basis from
which to assist in convergence of the understanding of
resource classification for both the extractive industries.
The methodology is founded upon standard statistics and
is important in assisting technical experts and company
managers to ascertain how many samples must be taken and
how big a budget and a timeframe are required to achieve the
objective of defining a mineral resource.
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