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Possible improvements in mine valuation due
to the use of the gamma-ray fluorescence
gQld-ore analyser

by E.J. MAGRI* and D.M. HAWKINSt

SYNOPSIS
This paper deals with an experimental programme carried out with a gold analyser in the period June to September

1979 at Loraine Gold Mines.
The results were found to be reproducible, with no overall or conditional bias when the measurements were com-

pared with those obtained from chip samples. The standard error of estimation of a 3 m reef exposure, which was
the sampling interval, can be reduced by a factor of 2,5 if the complete stretch is scanned, rather than the taking
of one chip sample in its centre.

Complete statistical and computational procedures were developed for the fitting of the normal-Iognormal model
to observed analyser data and for the determination of the most likely gold grade for a particular analyser measure-
ment. (This correction procedure is necessary since a significant number of negative analyser measurements can
be observed.) Panel averages of uncorrected scans showed a small conditional bias relative to those of corrected
scans. However, uncorrected panel averages can be used for on-the-spot decisions regarding whole panels. For
standard calculations of ore reserves, use should be made of corrected scans.

Under reasonable assumptions, the use of the detector in the selective mining of Iow-grade narrow reefs such
as the Basal Reef at Loraine Gold Mines, when compared with the conventional chip-sampling method, can result
in a saving of as high as R40 million in present-money terms over the life of a project. The difference could be
even larger in a highly variable reef like the B Reef at Loraine Gold Mines.

SAMEVATTING
Hierdie referaat handel oor 'n eksperimentele program wat in die tydperk Junie tot September 1979 met 'n

goudontleder by Loraine Gold Mines uitgevoer is.
Daar is gevind dat die resultate reproduseerbaar is met geen algehele of voorwaardelike sydigheid toe die metings

met die wat met skerfmonsters verkry is, vergelyk is nie. Die standaardramingsfout vir 'n rifblootlegging van 3 m,
wat die monsterneemafstand was, kan met 'n faktor van 2,5 verlaag word as die hele afstand afgetas word, eerder
as om een skerfmonster in die middel daarvan te neem.

Volledige statistiese en berekeningsprosedures is ontwikkel vir die passing van die normaal-Iognormale model
by die waargenome ontlederdata en vir die bepaling van die waarskynlikste goudgraad vir 'n bepaalde ontledermeting.
(Hierdie korreksieprosedure is noodsaaklik aangesien daar 'n beduidende getal negatiewe ontledermetings waar-
geneem kan word.) Paneelgemiddeldes van ongekorrigeerde aftastings het 'n klein voorwaardelike sydigheid relatief
tot die van gekorrigeerde aftastings getoon. Ongekorrigeerde paneelgemiddeldes kan egter vir ter plaatse besluite
ocr hele pane le gebruik word. Gekorrigeerde aftastings behoort vir standaardberekenings van ertsreserwes gebruik
te word.

Met redelike aannames kan die gebruik van die detektor in die selektiewe ontginning van laegraadse smal riwwe
soos die Basale Rif by Loraine Gold Mines, vergeleke met die konvensionele skerpmonsterneemmetode, lei tot

'n besparing van tot R40 miljoen in huidige geldwaardes oor die lewensduur van 'n projek. Die verskil kan selfs
groter wees in 'n uiters veranderlike rif soos Rif B by Loraine Gold Mines.

INTRODUCTION

During 1972, following a request from the South
African mining industry, the Metallurgy Laboratory of
the Chamber of Mines of South Africa initiated a research
project on the viability of producing a portable gold
analyser for direct scanning of the rock face underground
and measuring the gold concentration in the orebody to
a depth of approximately 20 mm, thus avoiding the
lengthy processes of sample chipping on the face, trans-
portation, sample preparation, and assaying.

During the past few years, three prototype instruments
have been produced, and production-type instruments are
currently being commissioned. A full description of these
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instruments can be found in Stewart and NamP and in
several of the Chamber of Mines research reports given
here as references.

The work reported here was carried out several years
ago but, so far as is known, it is the only analysis in the
public domain that quantifies the monetary benefits ob-
tainable from the use of the analyser. The more recent
technological developments of the analyser are also dis-
cussed by Stewart and Nami1. As these developments
have remained within the same format as the analyser
model we used, the conclusions from our work will be
valid, with some adjustment for the counting error, for
instruments based on these more recent technological
developments, as well as for the model used in our work.

A fuller account of the results discussed in this paper
is given in a thesis by Magri2, to which reference should
be made for details of the analyses carried out.

The conventional chip-sampling method can result in
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a saving of as high as R40 million in present-money terms
over the life of a project. The difference could be even
larger in a highly variable reef such as the B Reef at
Loraine Gold Mines.

DESCRIPTION OF THE EXPERIMENT

As the gold analyser has a scanning width of 8 cm, the
experiment was formulated to assess the performance of
the analyser on narrow reefs, where the entire reef ex-
posure could be sampled in one pass. The Basal Reef at
No. 2 shaft of Loraine Gold Mines was chosen because
it is less than 8 cm in width and because of its low
variability, which is considered to be disadvantageous for
the analY$er.

The experiment was designed essentially to compare
various methods of valuing the reef. The experiment com-
prised the valuation of twenty-seven working panels each
about 30 m in length. The approximate location of these
panels is shown in Fig. I. The valuation was performed
in a variety of ways with the instrument programmed for
a measurement time of 40 seconds. Firstly, each metre
was scanned twice with the instrument. Two samples 8 cm
high by 10 cm wide were marked on each side of the
centre of each 3 m long stretch, and each of these marked
spots was measured twice with the instrument. Chip
samples were then taken from each of the marked spots.
The sampling pattern is shown in Fig. 2. After about
450 m of face had been sampled in this manner, no
further spot readings were taken since sufficient data had
been acquired.

The instrument was delivered to the mine on 25th June,
1979. Two days were spent training the operator in its
use, and then a start was made on the underground
sampling. In the period 27th June to 5th September, 1979,
over 800 m of face were sampled, yielding usable data
over nearly 750 m. (Some data were lost as a result of
poor sampling conditions.) During this period, there were
29 shifts of underground work, repr~senting an average
sampling rate of about 28 m per shift. On 10th August,
a new probe had to be fitted to the instrument because

of the failure of an electronic component. All subsequent
measurements were made with this new probe. A typical
sampling shift consisted of the following.

06hOO-07hOO Arrive at shaft office, and fill the probe
with liquid nitrogen (about 45 minutes).

07hOO-08hOO Proceed to conveyance to go unde~
ground. At working level, switch on elec-
tronic system to allow high voltage to
stabilize while walking to working place.
At waiting place, the sampling crew con-
sisting of 4 men were sent ahead to wash
and mark the face while the instrument
was being calibrated (about 20 minutes).

08hOO-12hOO Start scanning the face and chip samp-
ling. Some time was spent on checking
the zero setting (ten measurements on
blank rock at the start, middle, and end
of each face). At the face, the sampling
rate was about 12 mlh when spot read-
ings were taken, and 21 mlh when spot
readings were not taken.

12hOO-13hOO Take conveyance to the surface, where
the instrument was connected to the con-
trol module to read out the results and
to start recharging the batteries.

13hODonwards Analysis of data and completion of
sampling sheets, the experimental data
being transferred to sample sheets and
subsequently put into a suitable format
for computer processing.

It is essential for an electronic underground instrument
of this type to remain stable during a minimum period
of, say, one week, after which the instrument can be re-
adjusted for optimum efficiency. In the portable instru-
ment, the calibration setting was checked daily by the tak-
ing of measurements on a gold disk at a fixed distance
from the detector for different instrument-calibration dial
settings. The readings obtained where plotted on graph
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Fig. 1-Panels sampled on the Basal Reef
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Fig. 2-lIIustratlon of the sampling procedure
1. Twice scan first metre
2. Spot sampling of first and second chip samples
3. Twice scan second metre
4. Chipping of samples while the third metre Is scanned twice
Abbreviations
Orlglnal1-metre scan
Repeat 1-metre scan
Original spot scan on first chip sample
Repeat spot scan on first chip sample
Original spot scan on second chip sample
Repeat spot scan on second chip sample

paper, and clearly showed a parabola type of graph with
maximum response at a certain dial setting. This setting
was subsequently used for all the measurements. During
the period of the underground trials, no significant
change in the optimum setting was noted, indicating that
no 'drift' had occurred in the electronic system.

ADJUSTMENT OF ZERO SETTING

As already mentioned, some 30 measurements on blank
rock were recorded in each working shift so that the mean
zero value of the analyser and its associated standard
error could be assessed.

Fig. 3 shows a cumulative sum drawn for all the blank
readings in correct time order. It can be seen that two
distinct periods with different means emerged, as indi-
cated by the change in slope of the graph. This change
in mean zero setting coincides with the change of probe
of the analyser. The summary statistics of the blank
readings obtained using the two different probes are as
follows:

Probe
1
2

Standard
deviation

29,1
28,2

Kurtosis
0,05

-0,15

Skewness
0,28
0,02

Mean
-1,73
-6,85

The summary statistics suggest that the reading for
blank rock is indeed nearly normally distributed, as ex-
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Fig. 3-Cumulatlve sum of blank readings, showing different
means for the two probes (constant deducted = -3,45)

Scan 11
Scan 12
Spot 11
Spot 21
Spot 12
Spot 22

Original chip sample
Repeat chip sample
Original 3-metre scan
Repeat 3-metre scan
(Spot 11 + Spot 21)/2
(Spot 12 + Spot 22)/2

Chip 1
Chip 2
Scan 31
Scan 32
Mean 1
Mean 2

pected. A (-test shows at once that the mean zero settings
for these two time periods, Le. -1,73 and -6,85, are
significantly different. Therefore, values of 1,73 glt and
6,85 g/t were added to all the data collected in these two
periods respectively.

Since the analyser has a scanning width of approx-
imately 8 cm, the values obtained during the experiment
were multiplied by 8 after corrections had been made for
the mean blank values. This means that the work was
being done in accumulations (cm.g/t), which is the stan-
dard procedure.

ANALYSES OF THE DATA

Table I shows a number of observed distributions of
1 m scans, 3 m scans, spot readings, and chip samples,
which will be used in the subsequent analyses given here.

Reproducibility of the Analyser Results
The reproducibility of the results can be checked from

a comparison of the mean difference between the original
and repeated scans with zero. These differences are main-
ly a reflection of the error introduced by the analyser
owing to the fact that the underlying gold values cancel
out when the differences between repeated scans are
formed. The distribution of this error was studied by
Sichel3 and was found to follow the normal model close-
ly. This was confirmed by the plotting of the relevant
distribution of differences on probability paper, as shown
for 1 m scans in Fig. 4. Consequently, a simple statistical
test can be applied to the mean difference. This test is
given by

Null hypotheses Ho:
Alternative hypotheses HA:

The test statistic is defined by

..rn(X - p,)
Z =

S

in which

Z is approximately normally distributed N(O,l)
n = number of observations
X = observed mean
p, = population mean with which X is compared (in

this case p, = 0)
S = observed standard deviation.

p, = 0
p, =#;O.
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Parameters
No. of Minimum Maximum Standard Distribution Refer to

Item samples value value Mean deviation type T ~0 Cl Fig. no. Z

Scan I1 (original I m scans) 745 -401 3623 608,9 566,5 N-LN 290 6,372 0,63922 105
Scan 12 (repeated I m scans) 745 -446 3130 620,4 565,1 N-LN 290 6,372 0,63922 105
(Scan I1 + Scan 12)/2 745 -261 3262 614,6 528,1 N-LN 205 6,372 0,63922 105 8
Scan II-Scan 12 745 -1296 1752 -11,5 410 N 9 -0,77

Scan 31 (original 3 m scans) 244 -97 2428 599,1 394,3 N-LN 167 6,299 0,5331 25
Scan 32 (repeated 3 m scans) 244 -73 2407 610,1 386,1 N-LN 167 6,299 0,5331 25
(Scan 31 + Scan 32)/2 244 -45 2247 604,6 372,4 N-LN 118 6,299 0,5331 25
Scan 31- Scan 32 244 -634 672 -11,0 236 N -0,73

Chip I (original chip sample)* 158 6 4665 580,2 650,6 LN - 6,190 0,807 100 10
Chip 2 (repeat chip sample)* 158 11 3714 573,6 626,2 LN - 6,187 0,793 100
Chip It 249 6 4665 552,2 615,5 LN - 6,153 0,794 100
Chip 2t 249 11 3724 562,7 620,5 LN - 6,167 0,796 100
In(Chip I + 100)-
In(Chip I + 100)t 249 -2,37 2,37 -0,014 0,740 N 1I

Mean I = (Spot I1 + Spot
21)/2* 158 -294 4643 613,6 824,9 N-LN 214 5,910 1,1162 41

Mean 2 = (Spot 12 + Spot
22)/2* 158 -237 4783 627,2 839,5 N-LN 214 5,910 1,1162 41

Spot II-Spot 21* 158 - 2032 936 13,5 44,9 N 0,38
Spot 12-Spot 22* 158 -1024 1608 47,0 414,4 N 1,42

TABLE I
OBSERVED DISTRIBUTIONS FOR DIFFERENT SAMPLING TECHNIQUES

* Obtained from period when spot scans were collected

t Obtained from results of the whole experiment

LN Lognormal
N Normal

The test statistic (Z) is shown on the last column of
Table I. Siooe these figures are all contained in the inter-
val ( - 1,96; 1,96), it can be concluded that the null hypo-
theses cannot be rejected in favour of the alternative
hypotheses on the 5 per cent level of significant for each
test and therefore establish the reproducibility of the
results obtained by the use of different sampling tech-
niques with the analyser.

Overall and Conditional Unbiasedness
The possibility of overall bias can be tested in a com-

parison of the means obtained by the use of different
sampling techniques on similar reef exposures. In this
case, the following comparisons can be made:

Chip 1 with mean 1, Le. (Spot 11 + Spot 21)/2
Chip 2 with mean 2, Le. (Spot 12 + Spot 22)/2

Since the distribution of chip samples can be repre-
sented by the three-parameter lognormal model as shown,
for example, by chip 1 in Fig. 5, while the distribution
of spot measurements follows a much more c~mplicated
model, the difference between these two distributions is
not simple. Therefore, a non-parametric approach was
followed, use being made of a paired comparison rank
test. This test is given by

Null hypotheses Ho: 1-1-1- 1-1-2= 0 (population
mean difference = 0)

1-1-1 - 1-1-2 '" 0 (2 tailed).Alternative hypotheses HA:

The test statistic is defined by

t = sum of the ranks of positive differences between
paired samples.

The expected value and variance of t are given by
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E(t) =
n(n+ 1) (n = no. of observations).4

n2 (n+ 1)
Variance (t) = 12

Then

z = t - E(t)

.JVar (t)

is approximately normally distributed N (0,1) for large
samples.

Hence, Ho can be tested.

The following results were obtained:

Chip 1 versus mean 1 Chip 2 versus mean 2
t = 6101,5 t = 6171
E(t) = 6280,5 E(t) = 6280,5
Var (t) = 330773 Var (t) = 330773
Z = -0,31 Z = -0,19.

Since the observed values of Z lie within the interval
( - 1,96; 1,96), the null hypotheses cannot be rejected in
favour of the alternative hypotheses on the 5 per cent level
of significance for each test, therefore showing no overall
bias between spot measurements and chip samples.

Conditional unbiasedness is achieved if the regression
of spot measurements on chip-sample values of the true
support of each spot measurement is the first bisector.
Ideally, the reef material scanned by the analyser should
be the same as that removed for assaying. This is not
possible during normal underground sampling, but
during this experiment, where chip samples were marked
and measured with the analyser before chipping, there
was a large overlap. Thus, a regression analysis on the
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experimental data can be expected to yield a reasonable
approximation to the ideal conditions.

As mentioned earlier, a regression of mean 1, i.e. (Spot
11 + Spot 21)/2 on Chip 1, is shown on the lefthand side
of Fig. 6. In view of the large number and wide scatter
of points found, the experimental data were condensed
as follows to make it easier for the conditional bias to
be ,ssessed visually.

The bivariate distribution of 158 means of adjacent
chip samples and corresponding means of four spot
measurements was divided into eight equal frequency
classes according to the values of the chip samples.

Ip each of these classes, the mean of the spot measure-
ments was calculated.

The mean of the chip samples within each class was
plotted (on the x-axis) against the corresponding mean
of the spot measurements (on they-axis). The result can

be found in the diagram on the righthand side of Fig. 6.
It can be seen that the points are close to the first bisec-

tor, indicating that the analyser readings are conditionally
unbiased relative to the values of the chip samples. The
visual impression was confirmed by a formal analysis-
of-variance test of whether the regression line connecting
the spot mean and the chip sample was the first bisector.
This gave an F ratio of 1,99 on 2 and 156 degrees of
freedom, which gives no reason to suppose that there is
any conditional bias.

Error of Estimation of a 3 m Stretch
As mentioned earlier, the standard practice for stope

sampling of the narrow Basal Reef at Loraine Gold Mines
is to take two adjacent chip samples at 3 m intervals and
report their average value.

The error of estimation of a 3 m reef exposure is quan-
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tified by sampling it in the following ways:

8 one chip sample or two adjacent chip samples of ap-
proximately 10 cm by 10 cm by 2 cm in depth each
taken at the centre of the 3 m stretch and its average
value extended to the 3 m reef exposure;

8 a single spot measurement located at the centre of the
3 m stretch and its value extended to the 3 m stretch;
and

8 complete single scanning of the 3 m stretch, avoiding
the extension error.

It is worth while noting that the last alternative is viable
since the time taken to scan a 3 m stretch is comparable
with that of conventional chip sampling.

One Chip Sample or the A verage of Two Adjacent Chip
Samples

As indicated in Table I, the distribution of chip-sample

values within the Basal Reef mine section under con-
sideration can be modelled adequately by the three-
parameter lognormal distribution. Therefore, the ap-
propriate logarithmic transformation was used in all
subsequent analyses. The required error variances of
estimation were obtained from an applicable semivario-
gram model. The model was based on a large volume of
chip sampling information, which had been collected
throughout the mining history of the Basal Reef mine sec-
tion. The observed semivariogram is given as 8 in Fig.
13. Since the nugget effect of the semivariogram plays
a large role in the determination of error variances, ad-
jacent chip samples at 3 m intervals were taken during
the experiment, thereby giving a point in the semivario-
gram of single chip samples corresponding to a lag of
0,1 m. The semivariogram value for this point is givenby
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Fig. 6-0verall and conditional unbiasedness between chip samples and spot measurements

Mean 1: mean = 613,6 cm.gft
standard deviation = 824,9 cm.gft

Chip 1: mean = 580,2cm.gft
standard deviation = 650,6 cm.gft

Correlation coefficient = 0,67 n = 158

')'(0,1 m) = 1/2 variance [In(chip I + 100) -

In(chip 2 + 10O)].

By use of the standard deviation of 0,740 given in Table
I, the following result was obtained:

')'(0,1) = 0,7402/2 = 0,274.

This point was also plotted in Fig. 13 at a lag of 0, I m.
It can be seen that this point does not follow the 'ex-

pected trend' of the semivariogram towards the origin,
the reason being that this semivariogram was computed
based on the averages of two adjacent chip samples.
Therefore, to obtain the semivariogram of single chip
samples, the difference between the sills of the two
semivariograms must be added to each point4. Alter-
natively, the difference between their population variances
must be added to each point. This is shown by the sym-
bols (X) in Fig. 13 and can be considered to be the semi-
variogram of single chip samples. The solid line through
the points (X) is the mathematical model fitted to the
semivariogram.

On the assumption that the semivariogram based on
single chip-sample values is close enough to a punctual
semivariogram, the error variance of estimation or ex-
tension variance of the mean value of two adjacent chip
samples to a 3 m stretch is given by the well-known
equation

a; (w to W) = -')'(W,W) - ;Y(w,w) + 2;Y(w,W) +
N/2,

where W represents a 3 m stretch
w represents the sample set, Le. two adjacent

chip samples located at the centre of the 3 m
stretch

N represents the nugget effect of a single chip
sample

the r terms represent average semivariograms
excluding the nugget effect.

The extension error variance was calculated at 0,031, and

x: means of 8 classes (n = 158)

mean = 577 cm.gft
standard deviation = 552 cm.gft

y: means of classes
mean = 620 cm.gft
standard deviation = 692 cm.gft

therefore the total error variance was estimated at 0, 166.
So that this logarithmic error variance can be compared

with those obtained by other sampling techniques, it is
convenient to express it as a standard error in untrans-
formed units. This is given bl

S = (X + i3)~[exp(~) - 1],

in which
S = standard error in untransformed units
X = mean
i3 = additive constant
a; = logarithmic error variance.

In this case,
X = 600 cm.g/t (approximate mean of mine section)
i3 = 100 cm.g/t
~ = 0,1660
S) = 297 cm.glt.

I f only one chip sample were available at the centre
of each 3 m stretch, the logarithmic err.Jr variance would
consist of the extension error variance, which can be
assumed to be similar to that obtained earlier since the
terms .y(w, w) were negligible, and the full nugget effect,
i.e. 0,031 + 0,270 = 0,301. This result expressed as a
standard deviation in untransformed units would be

S2 = 414 cm.g/t.

It is worth noting that, if confidence limits are derived
from the above-mentioned logarithmic error variances,
these would be skew since the distribution of errors is
taken as lognormal.

A Single Spot Measurement Taken in the Centre
The nugget effect of spot measurements can be obtain-

ed directly from the distributions of Spot 11 - Spot 21
and Spot 12 - Spot 22 shown in Table I.

The average variance of differences in spot measurements
IS
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Item i3(cm.g/t) ~a cm.g/t

Average 1 m scans 105 6,372 0,6392 205
(Scan 11 + Scan 12)/2

Average 3 m scans 23 6,299 0,5331 118
(Scan 31 + Scan 32)/2

Mean 1
(Spot 11 + Spot 21)/2 40,6 5,910 1,1162 214

Mean 2
(Spot 12 + Spot 22)/2 40,6 5,910 1,1162 214

S2 = (444,92 + 414,4)2/2 = 184832.

The nugget effect of spot measurements is therefore

S2/2 = 92416.

This error variance is largely independent of the gold
grade, except for very high-grade sectionsJ.

The error variance of extension of the spot measure-
ment to a 3 m stretch is assumed to be equal to that ob-
tained for a single chip sample. However, as this error,
being logarithmic, is proportional to the square of the
grade, it is convenient to express it as a standard error
using the same mean as was done previously:

S2(extension) = (600 + 100)2 (eo.aJ!- I) = 15428.

The estimated total error variance is then

S2(error) = 92416 + 15428 = 107844.

Finally, the estimated standard error is

S1 = 328,4 cm.g/t.

A Single Complete Scan
This error variance is largely independent of grade, and

can be found directly from the distribution of differences
between repeated 3 m scans, given in Table 11as Scan 31
- Scan 32, and is given by

236,02/2 = 27848,0,
and the standard error is

S4 = 167,0 cm.g/t.

Summary of Different Sampling Techniques
The standard errors of estimation of a 3 m stretch using

different sampling techniques were found to be as
follows:

Sampling techniques
2 adjacent chip samples
I chip sample
I uncorrected spot measurement
3 m uncorrected scan

Standard error
cm.g/t

297
414
328
167

The advantage of complete scanning rather than spot
reading or chip sampling is self-evident from the above
figures. Further improvements can be achieved if the true
grade underlying the X-ray fluorescence readings is esti-
mated. This procedure is discussed in the following sec-
tions.

Statistical Distribution of the Readings
The statistical properties of lognormal distribution are

well understood, as are those of normal distribution.
However, the X-ray-fluorescence results produced by the
analyser follow neither a normal nor a lognormal distri-
bution, but a composite of these two distributions, which,
as far as we know, has not been investigated before. A
summary of the statistical characteristics of the instru-
ment itself and of the properties of the compound nor-
mal-lognormal distribution are given in the Addendum.
We simply mention here that the Addendum shows how
one can take a sample of analyser readings and from it
produce estimates of the parameters of the lognormal

distribution underlying the true grades, and how one can
'calibrate' the analyser. This latter operation transforms
the reading given by the instrument (which is an unbiased
estimate of the true grade of the support) into a calibrated
reading with the property that the expectation of the true
grade given the calibrated reading equals the calibrated
reading. While we term this calibrated value the 'correct-
ed' reading, this terminology in no way implies that the
reading given on the instrument is incorrect. The dif-
ference between the 'raw' and the 'corrected' readings
is purely in the direction in which each is meant to be
unbiased, and can be summarized as follows: the raw
reading has as its expectation the true grade of the face
scanned; the true grade of the face scanned has as its ex-
pectation the corrected reading.

Fitting of the Normal-Lognormal Distribution to
Observed Data

Following the maximum likelihood procedure of the
Addendum, (3, ~, and a parameters were estimated for
a number of observed distributions, as shown in Table H.

TABLE Il
NORMAL-LOGNORMAL PARAMETERS FOR DIFFERENT XRF

DISTRIBUTIONS

Maximum likelihood

Unlike the parameters {3,~, and a, the parameter T is
independent of the underlying lognormal distribution of
true grades and, for a given instrument, depends only on
the counting time, Le. the number of background counts
accumulated in the measurement. This parameter can be
derived from the standard deviation of the distribution
of differences between repeated measurements shown in
Table I.

Example:

a (Scan 11 - Scan 21) = 410 cm.g/t

T single measurement = ~41O2/2 = 290 cm.g/t
T (Scan 11 + Scan 21)/2 = ~41O2/4 = 205 cm.g/t.

In a similar way, the parameter T corresponding to the
resetting of the analyser for a longer counting time of,
say, single 1 m scans, can be derived without actually
having to repeat the experiment, and without altering the
values of {3,f, and a.

By use of the values shown in Table 11 and the sub-
routines for the calculation of the density and distribu-
tion functions for the normal-Iognormal model, the ex-
pected frequencies for the different grade categories of
the various observed distributions were obtained. In all
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cases, l goodness-of-fit tests gave positive results. As
an example, the theoretical and observeddistribution cor-
responding to average 1m scans is shown in Fig. 7.

Correction Tables for XRF Data
The Addendum gives a method for the estimation of

the following:

. the expected true grade (in the original scale, Le.
cm.g/t or g/t) given an XRF measurement, Le.
E(Z IX = x),

. the error variance of estimation of the true grade given
an XRF measurement, Le. Var (Z IX = x),

. the 'conditional logarithmic mean for a given XRF
measurement, ~ (x), and

. the conditional logarithmic error variance for a given
XRF measurement, ;- (x).

The last two estimates are necessary for the computation
of the logarithmic semivariogram, and are related to the
first two by the following equations:

E[(Z IX = x)] = exp (Hx) + 1/2 ;- (x)] - {3
Var (Z IX = x) = E(Z IX = x) + (3]2(e02(x)

- 1),

since the conditional distribution can be considered to be
lognormal.

The above estimates can be computed by use of the
population parameters 7, (3, ~, and eT,but they require
two evaluations of the density function g(x). Therefore,
it is convenient to calculate a correction table for, say,
100 points chosen throughout the entire range of the XRF
measurements, and to interpolate the appropriate values
from it. Correction tables applicable to 1 m scans, 3 m
scans, and means of two repeated spot measurements
were derived. The means are shown in the lefthand
diagram of Fig. 8, where the term grade is used to indi-
cate inferred grade or corrected scan.

The following are important features of the correction
tables.
(1) The correction tables are not highly sensitive to the

value of the maximum likelihood parameters used,
Le. {3,~, eT,7. In particular, they are very insensitive
with respect to parameter {3.

(2) The XRF value and its associated corrected grade dif-
fer considerably in the lower range of values, the cor-
rected value being always higher than the XRF value.
Conversely, in the higher range of values, the XRF
and inferred grade are similar in magnitude, but the
inferred grade is lower than the XRF values.

(3) The conditional logarithmic error variance decreases
as the XRF values increase.

(4) The conditional standard error (in untransformed
units) increases to a maximum value equal to para-
meter 7 as the XRF values increase.

(5) Grade estimates obtained from XRF values provide
conditionally unbiased estimates of the underlying
true grades. This is shown on Fig. 8 (righthand),
where the means of equal frequency classes defined
according to the grade estimates have been plotted
(on the x-axis) against the corresponding chi~sample
means (on the y-axis). It can be seen that the first
seven points lie about the first bisector. The relative-
ly poor agreement found for high-grade samples may
be due to the lack of experimental data above
1200 cm.g/t, or may indicate a different matrix effect.

Practical Considerations in the Use of XRF Data
In principle, the correction table depends on the length

of face scanned. The reason for this is that the calibra-
tion depends on the underlying lognormal parameters,
al1d these in turn depend on the support scanned. Such
a dependence, if marked, would require separate calibra-
tion tables for different scan lengths. To see whether this
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Correction graph for spot measurements
Mean Standard deviation

x 613,6 824,9
Y 614,8 777,5

complication could be obviated, we constructed a table
of the corrected 3 m scans, along with the means of the
corrected 1 m scans matching each 3 m scan. This set of
data showed no conditional bias between the two, with
the happy implication that a single correction table will
suffice for all the needs of day-to-day mining operation.

Once the relevant parameters for a particular reef or
mine section have been determined by use of the max-
imum likelihood method described earlier, and once the
corresponding correction table has been determined, the
process of correcting XRF readings becomes a simple
linear interpolation from the table. With present-day
technology, this requires some office work, but in the
future correction tables for different reefs or mine sec-
tions may be built into the electronic system of the in-
strument and the process made automatic.

If a quick decision is required, for example whether
or not to stop a face that is suspected of having turned
'unpay', and therefore office work for the correction of
XRF readings is undesirable, a straight average of the 1 m
scans along the face can be an adequate measure, as il-
lustrated in Fig. 9. This diagram shows the following two
bivariate plots:

27 panel averages of original 1 m XRF values (in-
cluding negative ones) versus the corresponding 27
panel averages of corrected original 1 m scans; and

27 panel averages of repeated 1 m scans versus the cor-
responding 27 panel averages of corrected repeated 1 m
scans.

I t can be seen that, although there is a slight condi-
tional bias, this should not affect day-to-day decisions
since the cut-off grade for this reef fluctuates around
500 cm.g/t. However, for the purpose of ore-reserve
estimation, which is done once or twic~ a year, corrected
XRF values should be used.

For comparative purposes, a bivariate plot showing
original 1 m scans versus repeated 1 m scans and original
chip samples versus repeated chip samples, based on the

x
y

Conditional unbiasedness
Mean Standard deviation
621,6 650,4
576,9 552,3 n = 158

available 27 averages over panels of different lengths, is
given in Fig. 10. The variability about the 45° line for
the different techniques and its implications is self evi-
dent.

ECONOMIC IMPACT OF THE ANALYSER

In a simple regression analysis of the variable Y on the
variable X, the following well-known relation applies:

a? = a; - a;e,
in which

ay2 is the variance of regressed estimates (points along
the regression line)

a; is the marginal variance of true y values
a;e is the error variance of estimation of y (conditional

variance).

This equation applies to ore-reserve block values esti-
mated by the use of linear kriging with mean, since
kriging is a regression procedure. In that case, the above-
mentioned symbols would represent the following:

af is the variance of estimated block values
a; is the variance of true block values
a;e is the error variance of estimation of blocks or

kriging variance.

The selective mining of blocks is based on their esti-
mated value. Therefore, the applicable variance is at.
Since a; is constant for a given block size in a particular
geologically homogeneous mining area, the effect of more
efficient sampling can be judged only by the value of
a;e. Therefore, if a;e is low, ~ will be large and, as
shown later, will result in a more profitable selection of
blocks above the pay limit.

In this section, a; was determined for blocks of 30 m
by 30 m within the mining area under consideration by
use of the well-known variance size-of-area technique,
which is illustrated in Fig. 11. The estimation of a;e for
chip sampling and corrected XRF values was based on
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x
y

Mean
631,3
626,7

n = 27

Standard deviation
212,7
172,9
r = 0,99

the experimental regularized semivariogram for chip
samples and the inferred one for corrected XRF values
shown in Fig. 12. Kriging was subsequently performed
for several data configurations. The kriging errors were
then analysed for both sampling techniques as shown in
Fig. 13. The estimation of ~ was completed for each
sampling technique. Tonnages and grades above a given
cut-off grade were then calculated on the assumption of
permanence of lognormality6. Finally, by the use of
some reasonable mining parameters such as mine call fac-
tor and shortfall, the annual profits and present values
over the expected life of a hypothetical mIne were deter-
mined. This was done for a low, medium, and relatively
high-grade hypothetical mine. The assumptions and
results for the different selection criteria are given in Table
Ill, for which the calculations were done by the straight-
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x
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641,5

n = 27

Standard deviation
242,1
190,3
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forward 'lognormal pay limit' method, in which the only
parameter that changed according to the selection crite-
rion was ify. In the calculations, three different mean
values were used to highlight the larger effect of selec-
tive mining in a low-grade mine. A discount rate of7 per
cent in real terms was used in the calculation of present
values, as suggested by Krige and Austin7.

The implication of the quality of selection is clearer
from the summary given in Table IV.

The net present value shows that the analyser produces
better selection than chip sampling, which translates into
revenues higher by an amount with a net present value
of R43 million over the life of the mine. At a mean of
700 cm.g/t, this increased net present value of profit falls
to R34 million, which is still high but, at a mean grade
of 900 cm.g/t, where only 2 per cent of the blocks are

tJJ

~ 111111/1

Cl..
:E
<en
Cl..
5: 81/11/1
u
~
<UJ
Cl..
~ 51/1111

+

-
11111~

+
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x
y

Mean
631,3
651,5

n = 27

Standard deviation
212,7
242,1
r = 0,97

x
y

Mean
556,7
573,7

n = 27

Standard deviation
205,3
243,9
r = 0,46
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unpay, there is little benefit in better selection and the
increased profit attributable to the analyser is only RIO
million.

Another way of looking at the figures is to find the
difference in profit between non-selective mining and
selective mining. The efficacy of selection can be measured
by the ratio of the increase in profit using the analyser
to the increase that would be obtained if the exact grades
of all the blocks were known, giving perfect selection.
This efficiency ratio is a very high 91 per cent at a mean

grade of 500 cm.g!t, dropping to 78 per cent at 700 cm.glt
and 63 per cent at 900 cm.glt. This means that, par-
ticularly at the lower mean grade, the use of the scan-
ning analyser gives almost all the benefit that could be
obtained from selective mining with perfect information
on the block grades.

The alternative figures are expressed in terms of the
profit ratio minus the ratio of revenue to operating costs.
Here we see that the increase in the profit margin due
to the use of the analyser rather than chip sampling is
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Net present
Pay Life Profit Total value of

Mean (3 Pay limit value of p.a. profit profit Profit
at. cm.g/t cm.g/t cm.g/t flJo pay cm.g/t mine Rmillion R million R million ratio

0,067 500 lOO 464 54 610 15,0 63,0 945,5 573,8 1,283
0,067 700 lOO 464 89 737 24,7 117,8 2909,5 1366,2 1,531
0,067 900 lOO 464 98 909 27,2 192,0 5221,3 2306,6 1,865

0,057 500 100 464 56 599 15,5 58,3 903,5 541,3 1,263
0,057 700 100 464 91 729 25,3 114,3 2892,9 1337,2 1,515
0,057 900 100 464 99 905 27,5 190,2 5231,5 2294,9 1,857

0,047 500 100 464 57 587 15,8 53,1 839,2 497,7 1,239
0,047 700 100 464 93 720 25,8 110,5 2850,0 1302,6 1,498
0,047 900 lOO 464 99 903 27,5 189,4 5207,8 2285,2 1,853

500 100 500 27,8 15,6 433,7 188,8 1,070
700 100 700 27,8 101,8 2831,2 1232,2 1,459
900 100 900 27,8 188,1 5228,6 2276,8 1,847

TABLE IV
SUMMARY OF TABLE III

Mean grade

500 700 900

Net present value, R million
Optimal 574 1366 2306
Scanning 541 1337 2295
Chip sampling 497 1303 2285
No selection 189 1232 2276

Saving of scanning over chip
sampling, R million 43 34 10

Percentage of possible saving, flJo 91 78 63
Profit ratio

Optimal 1,283 1,531 1,865
Scanning 1,263 1,515 1,857
Chip sampling 1,239 1,498 1,~53
No selection 1,070 1,459 1,847

Extra profit margin, flJo 2,4 1,7 0,4

TABLE III
PROFITABILITY FOR DIFFERENT SELECTION CRITERIA.

Assumptions
Ore avltilable = 50 t U.G. tonst 1,11 = tons milled U.G. gradet 0,77 = mill grade STW = 100cm Gold price = 28,00 R/kg

(:t 400 US $/07 and 0,45 US $/R) Tons milled = 2 t/a Discount rate = 7flJo Working costs = 100 R/t, no inflation

Selection criterion

Optimal (true grades known)
1

scann~g and kriging

Chip sllmpling and krigingt

No sel~ction (all blocks extracted)

I'.Baseid on 1987 rands
t The ~est current technology

0,06

0,05

~
i
> 0,04
!§
ffii
Cl 1
:5 0,03
Cl-I
!:2
U-! 0,02

i'
Cl

9
0,01

0
0 ~ ~ n ~

~verage distance from data to estimation block

the analyser is substantial where the deposit has a mean
grade comparable with the pay limit so that selective
mining is beneficial.

SUGGESTIONS FOR FUTURE RESEARCH ,
(1) In this study, the scan measurements were corrected

so that estimates of grade could be obtained. This cor-
Flg.l,13-Lognonnal krlglng error for different data patterns rection procedure uses population parameters obtain-

~ Krlglngof chip samples without mean ed from the experimental data in order to give a cor-
+ Krlglngof chip samples with mean

1 x Krlglngof corrected scans without mean rection table from which individual XRF measure-

I . Krlglngof corretted scans with mean ments are corrected one at a time without regard to
I

autocorrelation. It is envisaged that the error variance
2,4

]

er cent at a mean grade of 500 cm.glt, and 1,7 per of estim~tion of grade~ from XRF v~lues could be
cent

.

,at a mean grade of 700 cm.glt, but that this drops reduce.d If autocorrelat~on w~re consIdered. Such a
to 04 per cent at mean grade 900 cm.glt. reduction could be achIeved In two ways:

0, either of the scales-absolute monetary benefit or . by correcting the XRF values individually and
incr ased profit margin-the benefit obtained by use of then incorporating nearby grade estimates through
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lognormal kriging based on a suitable semivario-
gram model; or

. by deducingfrom first principlesthe conditional
distribution of pairs of grade estimates given pairs
of XRF values; this procedure, although theoret-
ically correct would lead to a highly complex
mathematical treatment and would be warranted
only if the analyser became standard equipment

. in the gold mines.
(2) Most of the mines that are potential users of the gold.

analyser are also uranium producers. Therefore, in
order to avoid chip sampling, the analyser must be
able to produce estimates of uranium grades. This is
not possible with the Cd-l 09 source of radiation, since
the energy it produces is not high enough to excite
uranium atoms. However, the current instrument is
capable of measuring lead values with only minor
modifications. As lead is a daughter product of
uranium, it is reasonable to assume a high degree of
correlation between these two elements.

When over 200 samples from the Hartebeestfon-
tein Gold Mine were analysed for uranium and lead,
the distributions were found to be adequately repre-
sented by lognormal models with additive constants
of 100 and 50 p.p.m. respectively. The scatter
diagram and results of the lognormal regression
analysis after two outliers had been eliminated is
shown in Fig. 14. The results look encouraging
enough to give rise to a study of the possible drift
of the regression equation for different sections, reefs,
and mines. Another possibility is a comparative study
of the estimation errors involved in scanning for lead
and obtaining the uranium values through a regres-
sion equation, versus the errors involved in obtain-
ing the uranium values direct.
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CONCLUSIONS

Results obtained with the gold analyser were found to
be reproducible, and no overall or conditional bias was
found when they were compared with the results from
chip sampling.

The standard errors of estimation of a 3 m stretch by
one chip sample in its centre, two adjacent chip samples
in its centre, a single uncorrected spot measurement in
its centre, and a single complete 3 m uncorrected scan are
of the order of 414 cm.g/t, 297 cm.g/t, 328 cm.g/t, and
167 cm.g/t respectively for the Basal Reef at Loraine Gold
Mines. This clearly indicates that scanning is more ad-
vantageous than spot reading, and that complete scan-
ning produces results that are between 1,8 and 2,5 times
better than conventional chip sampling with relatively less
effort.

If corrected XRF values were used rather than uncor-
rected ones, the standard error of estimation of a 3 m
stretch by complete single scanning would be reduced to
approximately 150 cm.g/t since the maximum error for
very high grade (2500 cm.g/t) 3 m corrected scans is
167 cm.g/t and the average grade of this area was only
600 cm.g/t.

Complete statistical and computational procedures
were developed for the following:

fitting the normal-Iognormal model to observed XRF
data (marginal distribution);
correcting XRF data and computing the standard error
of the corrected grade estimates (conditional distribu-
tion), a correction procedure that has a large effect
on observed negative and low values and almost no
effect on high values; and
computing the logarithmic semivariogram of corrected
scans.

Panel averages of uncorrected scans show a small con-
ditional bias relative to those of corrected scans.
Therefore, uncorrected panel averages can be used for
on-the-spot decisions regarding whole panels. Corrected
scans should be used for standard ore-reserve calcula-
tions.

Under reasonable assumptions, the order of magnitude
of the economic advantage derived from the use of the
analyser for aiding the process of selective mining of low-
grade narrow reefs, such as the Basal Reef at Loraine
Gold Mines, over the conventional chip-sampling method
could have a present value as high as R43 million in
present money terms over the life of the project. The
figure could be much larger in a highly variable reef such
as the B Reef at Loraine Gold Mines.

9

ACKNOWLEDGEMENTS

The authors are deeply indebted to the following:

the Chamber of Mines Research Organization, par-
ticularly Mr T.A. Davies and Drs R. Rolle and
P.J.D. Lloyd for making an instrument available
and for their valuable help during the experiment,

the Management of Loraine Gold Mines for their sup-
port and assistance, particularly with the conver-
sional sampling and assaying aspects,

Mrs G. Knox for some of the computer work involved,
the Management of Anglovaal Limited for the oppor-

420 DECEMBER 1987 JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY



i. tunity of working in this field and permission to
I publish the results,

M

!

. D.A. Roberts and Dr M. Nami for reading and sug-
igesting improvements to a draft of this paper, and

th
I

SAIMM referees for suggesting a number of im-
,Iprovements in the presentation.
I'

i
I ADDENDUM: STATISTICAL DISTRIBUTION OF
. . SCAN READINGS

A, shown by Sichel3, the error variance of estimation
of a!.single scan is given by

I ~[ (f)' PC (1 + 3,75 ~ + 2,25 (~)'J

whert F is a factor to convert gold counts into gold
, grade. (For the instrument used in this experi-

I

ment the value of F was 0,6.) This factor
, depends on the resolution of the instrument and

is inversely proportional to the preset back-
ground counts. Therefore, as instruments im-

, prove, this factor becomes smaller.
I

C are counts recorded in the background counter.
i (C = 6000 for this experiment.)
I G are counts recorded in the gold counter. ('fhis
! depends on the grade of the section being con-
! sidered.)

T~ above equation reflects two important facts:
(1)

~

" e error variance is largely independent of grade ex-
c pt for very high-grade sections3, and

(2) a the number of background counts increase, factor

.I.
decreases proportionally, and the net effect is that

tfe error decreases as would be expected.

~Da

1..

~{~S grade = 0,0
.

g/t (blank rock)

.

Then G = 0,0
. F = 0,6

C =6000
; = 960 T = 31 g/t = 248 cm.g/t.

herefore, the 95 per cent central confidence limits
f r a single measurement are (-486 cm.g/t; 486

.g/t). As shown in Figs. 6 and 7, the standard error
f measurement in blank rock is approximately 29 g/ t.

(ii) old grade = 600 cm.g/t (the approximate average
ade of this mine section). and the cumulative distribution function of x is given by

u~~.g/t = 75 g/t, which corresponds to 125gold
00

(
X - Y + (3) 1

herefore G(x l(3,T, ~, u) = 1
cl»

,J'j;;;;;Vy=o T 2~uy
G = 125

~ : ~~ exp - Y2(lny u- ~)2 dy,

; = 1036 T = 32,2g/t = 257cm.g/t.
he 95 per cent central confidence limits for a single where cl»(u) = r ~. exp - Y2

f dt.
easurement are (95 cm.g/t; 1105 cm.g/t). 'l/2~

A c~n ~e s~en from Table I, the standard deviation Subroutines for computing these functions knowing {3,
of th distrIbutIon of Scan 11 - Scan 12 was 410 cm. g/ t. T, ~, and u were developed in FORTRAN and are used
Ther fore, later. The estimation of {3,T, ~, and u will also be dealt

2 = 4102 with later.
T 290 cm.g/t, The kth moment of Y for a given X=x is given by
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I

showing that approximately 78 per cent of this observed
error variance is due to instrumental errors and the rest
due to operating errors.

From this simple analysis, it becomes clear that the
analyser can yield negative values for low-grade sections.
This can be seen in the column labelled 'Minimum value'
in Table I. However, as shown earlier there was no ap-
parent overall bias in the analyser results relative to chip
sampling. Therefore, it would be incorrect to eliminate
the negative values given by the instrument.

In order to correct the 'negative gold values' without
introducing any overall biases, a statistical correction pro-
cedure was devised. The procedure is summarized here,
but the interested reader is referred to the original paper
on the subjects.

Let Z denote the true gold grade of a section, Le. 1 m
scan, spot measurement, etc. Assuming that Z follows
a three-parameter lognormal distribution (this is generally
the case), let Y = Z + {3,where (3 is the additive con-
stant or third parameter of the lognormal distribution.

The density function of Y is given by

fey) =
1

exp - Y2 (lny - ~
)

2,

../2~u y u

where ~is the logarithmic mean and u is the logarithmic
standard deviation. It is important to notice that the
values of~, u, and {3depend on the area of the mine being
sampled and on the size of the samples being scanned.

The distribution of the error superimposed by the
detector when scanning a sample of true grade Z is prac-
tically normal centered at Z (provided the instrument is
calibrated correctly) and with a variance of r. So

X IZ - N(Z, r).

The marginal distribution of X is then the convolution
of a lognormal distribution with parameters ~, u, and {3
and a normal distribution with parameters Z and r.

The density of x is given by

00 1g(X I(3, T, ~, u) = 1 -2 exp -
y=o ~UTy

~[(lnyu- !)'
+ (x-~+~)},



E[ykIX=x]=e(k~+Ylk2.,2)h«(X+~)ITI~ -lnT,a,
k).

where h«(x+~)1T I~ - In T, a, k) =
g(x I~, T, ~ + krl, a)

g(x I~, T, ~, a)

Therefore, the best estimate of Y given an XRF value
X!=x is

Y=E[YIX=x] = e+.,2/2h«(X=mlTl~-lnT,a,1),

and the error variance of Y is as follows:

~rror variance of Y = E[y2IX = x] -
(E[Y IX=X])2.

'The Yestimates, unfortunately, have a lawer variance
t~n the Y values because of the 'regression to the mean'
effect of this estimation procedure. However, this does
nQt affect the estimation of true grades over one or more
sections, but it does affect the results when variances or
lQgarithmic semivariograms are required.

Let ZI and Z2 be the true grades of two sections sep-
artated by a distance h, and XI and X2 their respective
XRF values. Then two estimates of the semivariogram
a~e of interest:

'the variogram of the Z values given by
I.

'Yz(h) = Y2 E (XI - x2i - I, and
ithe variogram of the log-transformed Z values, which
can be computed as follows:

Wj = In(Zi +~) or Wi = In Yi.
The conditional distribution of Yi IXi can be con-

s~dered lognormal:

! Yi IXi = X - In (~I(X)I, a(x), 0).

t~en
E[ YiIXi = x] = exp (~ (x) + Y2rl(x»)

a~d

E[YT IXi = x] = exp (2~ (x) + 2 rl(x)].

U sing the expressions for these two moments obtain-
ed earlier, solutions for the logarithmic conditional mean
E(XJ and the logarithmic conditional variance rl(XJ can
qe obtained. The variogram is then given by

2'Yw(h) = Y2 [HXI) - HX2)]2 + rl(XI) + rl(X2).

Parameter T can be estimated direct from duplicate
~cans. In this experiment, T corresponding to 3 m scans
dan be obtained from the distribution of differences of
duplicate 3 m scans shown in Table I:

2 1 = 2362
T = 167 cm.g/t.

Estimates of a, ~, and a can be obtained by the max-
~mum likelihood method. Given Xl . . . Xn XRF values,
~he log likelihood function is given by

n 00 1
L = log I = L; log

2 'lraT
exp -

,
i=1 1=-00
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y, [(XI - 7e+~)' + (~)},
and must be maximized for the given data Xi with
respect to the parameters~, ~, and a. This is done by a
non-linear search method. Efficient methods such as the
quasi-Newton method require the first and second deriva-
tives of L with respect to ~, ~, and a. These expressions
were derived together with an efficient algorithm for the
estimation of the required parameters.

REFERENCES
1. STEWART,J.M., and NAMI, M. The gold analyser: A tool for valua-

tion and a means for improved mining decisions. GOLD 100.
Wagner, H., and King, R.P. (eds.). Johannesburg, The South
A frican Institute of Mining and Metallurgy, 1986. vo!. I, pp. 31-44.

2. MAGRl, E.J. Improved geostatistics for South African gold mines.
Johannesburg, UniversityoftheWitwatersrand, Ph.D. thesis, 1983.

3. SICHEL,H.S. Statistical laws for the portable gold analyser. Johan-
nesburg, Chamber of Mines of South Africa, Internal report pro-
ject GTI VO6. Nov. 1979.

4. RENDu, J. M. An introduction to geostatistical methods of mineral
evaluation. Johannesburg, The South African Institute of Mining
and Metallurgy, Monograph M2, 1979. p. 23.

5. KRIGE,D.G. Lognormal-de Wijsian geostatistics for ore evaluation.
Johannesburg, The South African Institute of Mining and
Metallurgy, Monograph MI, 1978.

6. MAGRI,E.J. Calculations of grade and tonnage for two co-products
from a projected South African gold mine. J. S. Afr. Insl.lin.
Metal/., vo!. 82, no. 3. Mar. 1982. pp. 71-89.

7. KRIGE, D.G., and AuSTIN, J.D. Threshold rates of return on :w
mining projects as indicated by market investment results. J. S.. cr.
Inst. Min. Metal/., vo!. 80, no. 10. Oct. 1980. pp. 370-377.

8. HAWKINS, D.M. The convolution of the normal and lognorm.
distributions. Pretoria, Council for Scientific and Industrial Research
Technical Report TWISK 257, 1982.

BIBLIOGRAPHY

DA VID, M. Geostatistical ore reserve estimation. Amsterdam, Elsevier,
1977.

DAVIES, T.A., et al. Portable analyser for measuring gold values in
stopes. Johannesburg, Chamber of Mines of South Africa, Research
Report 16/79, 1979.

DAVIES, T.A., et al. Third-prototype portable-gold-analyser perfor-
mance. Johannesburg, Chamber of Mines of South Africa, Research
Report 39/79, 1979.

DAVIES, T.A., et al. Third-prototype portable gold-analyser-its utility
in sampling and valuation. Johannesburg, Chamber of Mines of
South Africa, Research Report 49/79, 1979.

DAVIES, TA., et al. Correlation of uranium and lead in Witwatersrand
reefs. Johannesburg, Chamber of Mines of South Africa, Research
Report 19/80, 1980. (Revised.)

HAWKINS, D.M. Estimation of grades and grade distribution from
XRF readings. Johannesburg, Chamber of Mines of South Africa,
Circular no. 13/80 on project GTl V06, 1979.

HAWKINS, D.M. Identification of outliers, monographs on applied pro-
bability and statistics. London, Chapman and Hall, 1980.

HAWKINS, D.M., and CRESSIE, N. Robust kriging-a proposal. Math.
Geol., vol. 16. 1981. pp. 3-18.

JOURNEL, A.G., and HUUBREGTS, CJ. Mining geostatistics. London,
Academic Press, 1978.

KRIGE, D.G., and MAGRI, E.J. Studies of the effects of outliers and
data transformation on variogram estimates for a base metal mine
and a gold mine. Math. Geol., vol. 14, no. 6. 1982.

LLOYD, P.J.D., and ROLLE, R. Testing to specification of the portable
gold analyser, and the specification for the third prototype. Johan-
nesburg, Chamber of Mines of South Africa, Research Report 45/77,
1977.

MAGRl, E.J., and LONGSTAFF, W.S. The computerized system for the
geostatistical determination of gold ore reserves within the Anglo-
Transvaal Group. J. Inst. Mine Surv. S. Afr., Sep. 1979.

MAGRI, E.J., and HAWKINS, D.M. Possible improvements in mine
valuation due to the introduction of the gamma ray fluorescence
gold ore analyser. Annual Conference of the Operations Research



Soc ty of South Africa, Rustenburg, 1982. (Unpublished.)
ROBER ,D.A., andLLoYD, P.J.D. Use of the portable gold analyser

on arrow reefs at Blyvooruitzicht. Johannesburg, Chamber of
Mies of South Africa, Research Report 19/80, Nov. 1980.
(Re ised.)

ROLLE"R., et al. Development of a gamma-ray fluorescence detector
for' easuring gold values: Preliminary underground tests. J ohan-
nes urg, Chamber of Mines of South Africa, Research Report 26/74,
197 .

ROLLE,'R., and LLOYD,P.J.D. In situ determination of gold by gamma
ray:fluorescence spectrometry. International Symposium on Ana-
lyti al Chemistry in the Exploration, Mining and Processing of
Ma erials, Johannesburg. Extended Abstracts. 1976. pp. 540-543.

ROLLEiR., et al. Instrumentation for determining the gold content of
ore' in situ in stopes. Johannesburg, Chamber of Mines of South
Af ca, Research Report 7/76, 1976.

ROLLE R., et al. Instrumentation for determining the gold content of
ore' in situ in stopes. Proceedings of the 2nd I.F.A.C. Symposium

on Automation in Mining, Mineral and Metal Processing, Johan-
nesburg, 1976. Lancaster, F.H. (ed.). Pretoria, South African Coun-
cil for Automation and Computation, 1977. pp. d389-397.

ROLLE, R., et al. Appraisal of the first and second prototypes of an
instrument for determining gold values in place in the reef. J ohan-
nesburg, Chamber of Mines of South Africa, Research Report 24/78.
1978.

ROLLE, R., and LLOYD, P.J.D. Fourth progress report on the testing
of the third prototype gold analyser carried out by Anglo American
Corporation at Vaal Reefs-preliminary assessment of results.
Johannesburg, Chamber of Mines of South Africa, Internal Report
I.R. 6, Apr. 1979. (Restricted.)

ROLLE, R. Gamma ray fluorescence for in situ evaluation of ore in Wit-
watersrand gold mines. Johannesburg, University ofthe Witwaters-
rand, Ph.D. thesis. 1979.

ROLLE, R., and LLOYD, P.J.D. Sampling width of the portable gold
analyser. Johannesburg, Chamber of Mines of South Africa,
Research Report 17/81, Jan. 1981.

M crojoining 88
A international conference on microjoining is to be

held n Cambridge, England, on 20th and 21st September,
1988

M crojoining and small-device assembly techniques are
cruc I in the production of electronic circuits and trans-
duc s for high-technology industrial, service sector and
cons mer applications, including aerospace, surface
tran port, power generation, banking, and medical and
dom stic equipment.

N vel joining techniques, and assessment and control
met ods are being developed to handle the reduced size,
adv nced materials, cost and reliability requirements of
mod rn electronics manufacture.

crojoining processes, materials, and products are all
deve oping rapidly. There is a need for knowledge of both
CUff nt achievement and future production'methods. This
Con erence will concentrate on areas where developments
will irectly influence existing production and produc-
tion planning for the next generation of devices. It will
brin together authors with expertise in various fields:
har ware design, electronics, engineering, materials
scie ce, production system design, production and quality
engi eering. Their presentations will provide a most im-
port nt overview of the state-of-the-art and future trends
and pportunities in microjoining techniques, equipment,
and applications.

T e Welding Institute invites the offer of papers from
ind stry, research and development organizations, and
aca emic institutions. As a guide to potential authors,

the following is a list of some of the topics that will be
covered in the conference:

. Electronic Packaging
Circuit Interconnection Techniques
Device Attach
Package Sealing
Surface Mount

. Transducer and Small Device Assembly
Silicon or Glass Bonding
Wire and Thin Sheet Welding
Ceramics and Plastics

. Mechanization and Automation

. NDT/Quality Control
It is planned to mount a small exhibition in parallel

with this Conference to allow the latest microjoining
equipment to be displayed. To be staffed by technical per-
sonnel, the integral exhibition will enable delegates to
familiarize themselves with newly available products in
a pleasant and informal environment. It will also be pos-
sible to visit The Welding Institute's extensive microjoin-
ing facilities and see demonstrations of the latest tech-
niques.

Enquiries should be directed to

The Welding Institute
Abington Hall
Abington
Cambridge CBI 6AL
UK.
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