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The uneconomic production of gold in
South Africa

by H. L. MONRO*
SYNOPSIS

The price received for a commodity decreases as the quantity sold increases. all other factors remaining the same.
This has been the position with gold since it was demonetized in August 1971. The result is that the marginal revenue
per kilogram of gold decreases steadily with increased production. Ifoperating losses are to be avoided, the marginal
cost of production must not exceed the marginal revenue. This requirement, although not seriously violated by most
invididual mines, is not met by the industry as a whole, resulting in large losses of income to the State and the share-
holders.

These losses are increasing, and a way of curbing or reversing this trend is described.

SAMEVATTING
Die prys wat vir 'n handelsartikel ontvang word neem gewoonlik af namate die hoeveelheid wat verkoop word

toeneem. Dit geld egter slags wanneer alIa ander faktore konstant bly. Hierdie situasie was van toepassing op goud
sedert die demonetisering van die metaal in Augustus 1971. Die resultaat is dat die marginale inkomste per kilogram
goud stelselmatig afgeneem het met verhoogde produksie. Om verliese in werkskoste te verhoed moat die marginale
koste van produksie nie die marginale inkomste oorskry nie. Hierdie vereiste word normaalweg nie ernstig deur
individuele myna oortree nie, maar wel deur die industria as 'n geheel. Die resultaat isgroot verliese aan inkomste vir
beide die Staat en aandeelhouers.

Hierdie verliese is besig om toe te neem en maniere om die neiging in bedwang te hou of te verander sodat verliese
afneem, word beskryf.

Introduction

The revenue and profits from gold mining play a vital
role in the South African economy. It is therefore a mat-
ter of concern that large quantities of ore that are un-
payable from the standpoint of the general body of
shareholders and the State are being mined. Paradoxical.
ly this 'nationally' unpayable ore can be, and is being,
profitably exploited by individual mines. This apparent
contradiction, which is explained below, results in large
losses but this does not appear to have been recognized.

These previously undetected losses are growing as
increasing tonnages of Iow-grade material are mined; so
it is hoped that an explanation of the phenomenon will
result in a curb on, or better still a reversal of, this
tendency.

The problem is analysed in this paper with the aid of
econometric models for the various supplies of and
demands for gold. The paper first outlines the broad
aspects and arguments, and then goes on to describe the
derivations of the models. This is a vital part of the ana-
lysis and, although one does not need to read it in order
to appreciate the problem, it is essential reading for a full
understanding.

Marginal Revenue and the Paradox

The concept of marginal revenue neatly explains the
paradox mentioned in the Introduction.

It is well known that, the greater the supply of a com-
modity to the market without a corresponding change in
the factors underlying demand, the lower will be the
price obtained. Gold is no exception to this general rule,
and a detailed examination of the market since gold was
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demonetized in August 1971 enables us to calculate the
price sensitivity to different levels of supply.

Suppose Mine A, which normally sells 10 t of gold per
annum, increases its production and sales by 1 t of gold
during the year by mining Iow-grade ore so that the
average price of R12 000 per kilogram falls by R12 per
kilogram, which reflects the price sensitivity experienced
since gold was demonetized. Further, assume that South
African mines sell a total of 700 t of gold during the year.
The revenue earned by Mine A through the sale of the
extra gold would have been R12 million less R12 per
kilogram on the normal production of 10 t. This equals
R11,88 million, which is the marginal revenue for Mine A.
However, the marginal revenue earned by the whole
South African industry would have been R12 million less
R12 per kilogram on 'WO t, or only R3,6 million. If the
working costs on Mine A were RIO 000 per kilogram, the
mine would have made a profit ofR1,88 million, but the
industry, which incurs the same additional working costs,
would have shown a loss of R6,4 million.

This explains the paradox and shows the unfortunate
result for the industry of one mine's efforts to show a
modest increase in profit.

This example also shows that the marginal revenue
per kilogram for a small producer is very little less than
the price per kilogram, but the disparity increases as the
size of the production unit increases. For instance, the
marginal revenue for a group of amalgamated mines
would be materially less than the average marginal
revenue of the individual mines.

Effect of South African Gold:Sales
The demands for gold and its supplies including scrap

in the non-Communist world for the period 1972 to 1982
are shown in Table I, together with their price elastici.
ties. Sundry South. African production, which includes
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Overall
price

t Elasticity
------

7909

149 0
676 0,127

2286 -0,191

2158 -1,0
1211 0

867 2,24
600 2,24

1784 2,27
106 2,0

17746
----~-

Demand
Electronics 985 0
Other industrial and decorative uses 725 -0,137
Dentistry 759 -0,37
Western jewellery 5530 -1,30
Western jewellery scrap used 600
Western investment 3179
Western investment scrap used 867 1,15
Eastern group 1 2431
Eastern group 1 scrap used 1 784 -0,892
Eastern group 2 446
Eastern group 2 scrap used 106 -1,0
Eastern group 3 336 -1,0

Total dem_d t 17 748

that of small mines, is excluded from the normal produc-
tion because information on costs is not available. For
this reason, the South African sales exclude sundry
sources and small mines.

The average weighted gold price over the period was
R9875 per kilogram in 1982 money. The supply or
demand at any other price is given by the multiplication
of the figure reported in Table I by pa, where P is the new
price normalized on the basis that the original price of
R9875 per kilogram equalled unity and a is the price
elasticity. The relationship between supply (or demand),
price, and elasticity is explained in textbooks that deal
with the elements of econometrics.

Because supply always equals demand, South African
gold supply equals the sum ofaJl demands less the sum of
all other supplies. If supplies and demands with the same
elasticities are combined, the relation between the South
African supply in tons, J, and the normalized price of
gold, P, is given by

J = 725 p-O,137 + 759 p-O,37 + 6130 p-l,3 +
4046pl,15 + 4215P-o,892-375 - 1270P-l-
676po,127 - 2286P-O,191- 1467 p2,24-

1784 p2,27
- 106 P2.

This equation is an approximation because some of the
price elasticities apply to prices lagged by a year, but,

TABLE I
GOLD SUPPLIES AND DEMANDS INCLUDING SCRAP FOR 1972 TO

1982, TOGETHER WITH PRICE ELASTICITIES*

Supply
South African mines
South African sundry including small

mines
Latin American mines
Other non-Communist mines
Central banks and Communist Bloc

sales
Extraordinary bank sales
Scrap associated with:

Western investment
Western jewellery
Eastern group 1
Eastern group 2

Total supply t

*
Normal supplies and demands were extracted from Gold 831.
The elasticities and figures for scrap were estimated from the
models.

t Differences between total supply and total demand are due to
the rounding-off of figures.

the resulting error is negligible. The effect of a lagged
demand on the Western demand for gold in jewellery
was offset by the use of an adjusted price elasticity as
explained later.

From this equation, the value of J, the South African
supply for various values ofthe price P, was determined.
This is shown below, together with the total South
African revenue, R, in millions of 1982 rands:

R = 0,9875 PJ million rands
Normalized price:

P 0,9 1,0 1,2 1,31,1

South African supply, t:
J 9 335 7 911 6632 5434 4272

Total South African revenue (1982 terms) R X 106
R 82 962 78 121 72043 64394 54 844

The revenue, R, is plotted against South Mrican sup-
ply J in Fig. 1. Also shown are the cumulative working
costs of the mines versus the cumulative production for
the period when the mines are arranged in order of in-
creasing working costs per kilogram of gold. The revenue
from uranium and other sources was offset against the
costs to give the net cost of gold production. The differ-
ence between the curves for revenue and cost is shown by
the curve for cumulative profit.

If smaller production units, such as stopes, were used
as the unit of selection instead of mines, the curve for
cumulative working cost would look something like the
dotted curve in Fig. 1, and the cumulative profit would
have been greater. Stope-by-stope selection is the degree
of selection that can be achieved in practice, but the
necessary data for the construction of such a curve are
not available. Fortunately, mine-by-mine mrlootion is
good enough for the estimation of optimum production.

If the shape of the curve for working profit based on
stope-by-stope selection of ore were known, it would show
a loss of potential working profit materially higher than
the 3500 million 1982 rands shown in Fig. 1. In addition,
much of the 9000 million 1982 rands of capital spent by
producing mines during the period would have been
saved had South African production been at the most
profitable level. It seems that the loss of working profit
(after capital expenditure had been paid for) might have
been about 1000 million 1982 rands per annum over the
period.

Fig. 1 shows an optimum South African sales level of
about 6150 t (560 t per annum), or some 1750 tons less
than produced. Maximum profit is earned when marginal
revenue, the slope of the revenue curve, equals marginal
cost, the slope of the cost curve. An inspection of Fig. 1
shows that optimum sales on the basis of stope-by-stope
selection are somewhat lower than on the mine-by-mine
basis.

If nationally unprofitable mining is to be avoided, the
pay limits should be based on the marginal revenue at the
point of maximum profit, and not on the gold price as in
current practice, which leads to the mining of vast quan-
tities of nationally unpayable ore. Nationally unpayable
mining will continue as long as conventional pay limits are
used. It follows that, in this respect, the present situation
must be little different from that ofthe past eleven years.
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Relationship between Scrap and Optimum South
African Sales

The accuracy of the estimated optimum South African
sales depends on the quality of the figures in Table I.
With the exception of scrap tonnages, these figures are
believed to be reasonably reliable.

Table II shows that, for the three years 1980 to 1982,
the estimated scrap amounted to 964 t.

If the scrap is still under-estimated for the period 1972
to 1982 by 500 t (a plausible figure), recalculation shows
that the optimum South Mrican sales would be 6300 t or
575 t/a. If the underestimation is 1000 t (a seemingly
ulnikely figure), recalculation shows this optimum to be
6600 tor 600 t/a. No matter which figure is correct, the
optimum is materially below the actual sales.

Nationally Unpayable Minin~

The maximization of profits might require the closure
of over one-third of the gold-mining industry, with un-
pleasant repercussions for the whole country and some of
its neighbours. The only individuals who would favour
such an action would be foreign shareholders and some,
but by no means all, local shareholders. The State, in
spite of being in effect the major shareholder, would block
any move of such severity.

Clearly, a compromise is called for, and the first prior-
ity is to reverse, if only slightly, the continual deteriora-
tion that is taking place. Since 1977 the tonnage milled
by members of the Chamber of Mines of South Africa has
increased by 5 per cent per annum and shows no sign of
abating. Most of this increase is from low-grade ore and
is counter-productive.

Several schemes for the achievement of this objective
have been examined. None of them would satisfy all
parties, and it seems unlikely that a generally acceptable
solution could be evolved. The scheme that appears to be
the best is described below. This suggested partial solu-
tion is bound up with the relationship between the
mining houses and the shareholders in mines administer-
ed by the houses.

The business of mining houses has traditionally been
to float new mining companies and earn profits by selling
shares in those companies. Through sound management
of the mines, the houses have earned the confidence of
shareholders so that they have, with the shareholders'
concurrence, continued to manage the mines for suitable
fees, even after the house's share in the equity of the
companies has dropped well below the 50 per cent needed
for control. This cooperation between shareholders and
mining houses has worked very well since the discovery of
gold on the Witwatersrand, but is now in jeopardy
through the demonetization of gold. This is because the
flotation of a new mine, by increasing the gold supply,

reduces the price of gold to the detriment of shareholders
in mines managed by the mining house concerned. It
was impossible for this to happen when the price of gold
was fixed.

One way to overcome this conflict of interest would be
to amalgamate all the gold mines in the group managed
by any house. The new company should also acquire all
the house's unexploited gold-mining rights in exchange
for shares.

It has already been shown that the marginal revenue
per kilogram earned by a small producer, such as an
individual mine, is very close to the price per kilogram,
but that it is materially less for large producers. As a
result, an amalgamated mine would earn a lower margi-
nal revenue than individual mines. Consequently, this
scheme would reduce the attraction of new low-grade
flotations and extensions to existing sections oft,he amal-
gamated mines because the low marginal revenue would
not cover the costs. There would also be an incentive to
reduce production in existing low -grade sections.

If this scheme or something similar were adopted
generally by the industry, it would not only remove the
conflict of interest but would slow down and possibly
reverse the present undesirable tendency to mill more
so-called low-grade ore that is, in fact, unpayable ore. It
should be pointed out that, while the marginal revenue
per kilogram for large groups may be about 20 per cent
lower than the price per kilogram, the difference in
smaller groups would only be about 5 per cent, but even
this would help.

Derivation of the Models

Models for each category of supply and demand were
derived by regression analysis, except the models for sup-
plies from the Communist Bloc and central banks, which
were derived by inference. No model was needed for the
South African supply since it is included as a variable in
the main model.

Sales by Communist Bloc and Central Banks

Before a model could be derived for this supply, an
examination of the motives underlying these sales was
necessary.

As Communist countries are not members of the IMF
(International Monetary Fund), they enjoy no privileges
such as being able to borrow from the IMF at favourable
rates. They are unlikely to consider any IMF currency as
a main reserve asset unless IMF members reciprocate by
holding a corresponding amount in Communist curren-
cies; otherwise, the Communists would have to sell gold
to acquire the IMF currencies. However, the West has no
use for Communist currencies, and Communist countries,
it seems, prefer to hold gold rather than IMF currencies,

ESTIMATED SCRAP TONNAGES

TABLE II

Western investment
Western jewellery
Eastern group 1
Eastern group 2
Grand total

195
16

*

1972 1973 1974 1975 1976 1977 1978 1979
66 66 79 174 140 43 34 28

* * * * * * * *
136

5

*

138
17

*

236
17

*

361
23

*

60
5

*

1980 1981 1982
43 135 59
69 37 60

375 117 53
10 4 2

497 293 174

Totals
867
600

1784
106

3357

50
4

*

63
3

*

*
These tonnages cannot be estimated.

In Gold 831, the scrap estinlated for 1980, 1981, and 1982 is 480 t, 224 t, and 215 t respectively, a total of 919 t com-
pared with the total for these years of 964 t shown in the table and used in the calculations.
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TABLE III
SUPPLY AND DEMAND IN TONS EXCLUDING SCRAp.

1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982

910 855 759 713 713 700 706 705 675 658 664
34 34 35 37 42 55 56 63 66 83 100 105

233 221 201 190 196 206 202 188 192 213 244
62 281 240 158 349 482 464 208 -177 -12 103

0 0 0 0 121 188 308 535 37 16 6
1239 1392 1237 1103 1434 1632 1743 1702 810 975 1122

89 86 105 126 91 67 75 75 88 99 90 88 81
60 64 67 68 65 57 63 65 77 77 65 63 58
57 61 65 67 57 61 75 81 88 85 61 62 57

91 480 759 323 34 273 337 502 439 -33 -26
636 689 673 548 366 372 524 604 671 625 303 409 435

218 57 -93 194 538 491 405 173 -209 261 396
16 31 -9 9 62 29 53 68 29 69 89

4 15 0 20 63 13 24 73 32 58 34
1239 1392 1236 1103 1434 1631 1743 1702 810 977 1124

which have a history of depreciation against gold and
commodity values.

In the case of a conventional super-power war, each
contestant's currency would be useless to the opposing
side, which would, in any case, counterfeit it to disrupt
the enemy's economy. The war would probably cause a
world-wide drop in the real value of all currencies. In
a nuclear war, the outcome for all currencies is also likely
to be bad. In these circumstances, gold is the Com-
munists' only reserve asset that can be of any con-
sequence, and the U.S.S.R. has the advantage of being a
major producer of the metal.

In view of these factors, there seems to be no good
reason why the Communists should sell gold other than
to settle adverse balances of payment unless their reser-
ves are higher than required. The reserves of the U.S.S.R.
are generally believed to be between 2000 and 3000 t-
about the same as those held by Switzerland, West
Germany, or France, and about one-thirdofthose held by
the U.S.A. It hardly seems likely that the U.S.S.R., with
chronic trade imbalances p,nd international ambitions,
would consider their present reserves to be 8dequate. It
is also unlikely that they could achieve parity with U.S.
gold reserves in the next twenty years.

In the West, central banks normally sell gold only to
settle adverse national balances of payment, which can-
not be covered by borrowing, or to adjust the balance of
reserves between gold and currencies so as to spread
risks. Central banks do not as a rule buy and sell gold as
prices rise and fall; their interests are very long term
and, should they sell some gold at a profit, they would
probably feel compelled to replace it at a later date-
very likely at an even higher price.

For these reasons it is accepted that Communist gold
sales in the West and sales by Western central banks are
for the purpose of earning dollars to settle balances of
payment or to adjust the gold---dollar ratio of national
reserves. This means that the amount of gold sold is
inversely proportional to the price. This view is supported
by the fact that, for the Communists, there has been a
72 per cent negative correlation between these sales and
the gold price since 1975.

Supply
South Mrican mines
Latin American mines
Other non-Communist mines
Central banks and Communist Bloc
Extraordinary bank sales
Total supply

Demand
Western electronics
Western other industrial uses
Western dentistry
Western investment
Western jewellery
Eastern group 1
Eastern group 2
Eastern group 3
Total demand

Accordingly, the gold sold is proportional to p-l, so
that the price elasticity is -1,0.
Extraordinary Central Bank Sales

There have been some unusual central bank and IMF
sales, when pre-determined amounts of gold were sold
irrespective of price. Sales of this nature have a price
elasticity of supply of zero, and must be excluded from
the foregoing category. Sales in this class are those by the
IMF and the U.S. Treasury, as well as some recent smal-
ler sales by Canada, and are shown in Table Ill.
Categories of Supply and Demand

The supply categories in Table III are self-explanatory,
but the choice of categories for the demand may seem
unusual.

The ideal is that each category should be composed of
demands with identical elasticities. In this case, there
would be a perfectly linear relationship between the
logarithms of the variables, giving a perfect log linear
model. In practice, most of the models only approximate
log linearity. Lr,rge departures from log linearity serious-
ly degrade the fit of the model. It follows that each cate-
gory should be made up of demands with similar elas-
ticities, although wide departures 8re tolerable provided
they represent small demands that are difficult or im-
possible to exclude.

There is an obvious division between Developed and
Developing Countries because of the differences in their
socio-economic backgrounds and demand patterns.
However, an examination of the data shows that Latin
American countries, normally classified as Developing
Countries, exhibit a demand pattern closer to that of
Developed Countries. Accordingly, Latin America was
combined with Developed Countries, and the combina-
tion is referred to as Western.

Taiwan, Hong Kong, South Korea, and Singapore have
very progressive industrial economies with exceptional
growth rates. Their demand patterns differ from those of
both Developed and Developing Countries. They have
therefore also been excluded from Developing Countries,
which are termed Efl-stern group 1. Hong Kong, Singa-
pore, and South Korea are termed Eastern group 2. Tai-

*
Derived from Gold 831. The differences in supply and demand are due to the rounding t!fB~figures.
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TABLE IV
INDEPENDENT VARIABLES NORl\IALIZED ON THE BASIS THAT 1980 = 1,000

1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982
Western price .1587 .1691 .2206 .3259 .4794 .4310 .3258 .3525 .4005 .5647 1.000 .7490 .6202
Western income .7269 .7538 .7945 .8430 .8489 .8472 .8878 .9216 .9584 .9881 1.000 1.0150 1.0130
Western industrial index .7522 .7727 .8095 .8913 .8913 .8177 .8994 .9240 .9689 1.0082 1.000 1.0016 .9730
D.S. price - .1885 .2969 .4380 .4056 .2973 .3303 .4016 .5727 1.000 .6850 .5281
D.S. inflation %/prime interest

.6016 .3403rate % - .8585 1.4427 1.4444 1.1500 .9559 1.3000 1.3000 1.3921 1.000
Eastern group 1 price - .1620 .2328 .3310 .4545 .4017 .2877 .3003 .3652 .5653 1.000 .7060 .5507
Eastern group 1 income - .6374 .6501 .6833 .7215 .7684 .8322 .8755 .9097 .9488 1.000 1.0730 1.1180
Eastern group 2 price - .1776 .2368 .3137 .4192 .4028 .2965 .3229 .3858 .5656 1.000 .7090 .5757
Eastern group 2 income - .4392 .4870 .5460 .5809 .6187 .6935 .7553 .8338 .9372 1.000 1.0870 1.1327
Eastern group 3 price - .1940 .2684 .2619 .4375 .4205 .3181 .3454 .4126 .5929 1.000 .6785 .5471
Eastern group 3 income - .4539 .5149 .5802 .5864 .6114 .6940 .7627 .8681 .9375 1.000 1.0507 1.0902

wan's gold demand has been unduly influenced by politi-
cal factors. The death of Mao and the D.S. recognition of
Peking, followed by Taiwan's expulsion from the IMF,
led to extraordinarily high gold demands in 1976 and
1979. Taiwan is therefore treated separately as Eastern
group 3.

Western demand was subdivided into categories based
on the use of gold as shown in Table Ill. The jewellery
category includes medals, medallions, and fake coins.
The investment category includes official coins and all
gold that cannot be accounted for by other uses in the
Eastern or Western areas.

In 1972, the Italian jewellery industry bought an
estimated 133 t more than requirements in anticipation
of the imposition of value-added tax. It is also estimated
that in 1973, 1974, and 1975 this stock was depleted by
56 t, 54 t, and 23 t respectively, and the annual Western
demand for gold in jewellery was adjusted accordingly.
The 133 t excess was treated as an investment, and stock
depletion as a disinvestment.

Eastern demand cannot be sub-divided into different
uses since the industrial use of gold is negligible, and
jewellery and investment are inextricably intermingled.
It is well known that, in the East, jewellery is a major
form of investment. Identified bar hoarding as attributed
in Table II of Gold 831 to Eastern groups 1, 2, and 3 was
included in these categories. The bar hoarding attributed
to the West was ignored since it is automatically in-
cluded by the treatment of all other gold as Western
investment.

Independent Variables
.

The independent variables used in the models, were
normalized and are shown in Table IV. They are listed
below with a brief description of their effect on supply
and demand.

Price. As a general rule, supplies increase and demands
decrease with an increase in price. Although the dollar
price is universal, the effective price varies from country
to country owing to exchange rates that are not compat-
ible with changes in the cost of goods. The methods used
in the determination of the effective price of gold for
various areas are described in the footnotes to Table IV.
Income. Demand usually increases with an increase in
income. In the case of scrap gold, supplies decrease with
increased income because high incomes present no incen-
tive for the sale of jewellery as scrap. The footnotes to
Table IV describe how the indices of income were de-
rived.

Index of industrial production. This index is roughly
correlated with income. The demand for gold in industrial
uses rises with this index and vice versa.
Lagged price. As it takes time to start up or re-organize
mining operations, lagged prices are sometimes better
than current prices as indicators of supply. The ratio of
the price lagged by a year to the current price, Pt-lIP, is a
measure of the rate at which prices are rising or falling.
In the East, people tend to buy gold on a falling market
and sell on a rising market. This explains why this ratio
proved to be a significant variable in the models for
Eastern demand.

The ratio of U.S. inflation rate to U.S. prime interest
rate. This proved to be a significant variable in the model
for Western investment demand. It is logical that these
factors should influence investment. The derivation of
the indices is explained in the footnotes to Table IV.

The demand lagged by a year. In the West there is a very
long pipeline from the purchase of gold to the sales of
jewellery, which includes large inventories. For this
reason, the previous year's demand is a factor in the
determination of current gold purchases. It is therefore
an independent variable in the demand equation.

Notes
Information is from International Financial Statistics" unless otherwise stated.
Lagged variables are not shown as these are readily determined from the unlagged figures; they were normalized before use.
Eastern prices are based on defl~ted normalized prices in national currencies for the largest users, which were weighted by gold demand

to give an average.
Western prices were obtained as &bove except that weighting was by gross national product/gross domestic product because gold

demand is unreliable due to large re-exports.
Western income. In this case the growth rate of the OECD (Organization for Economic Cooperation and Development) was used -

available from :Main Economic Indicators3, published by the OECD. .

Eastern income. The growth rates of the largest users was weighted by gold demand to obtain an average income growth.
U.S. inflation rate %/Prime interest rate %. These were average D.S. rates for the calendar year. Interest rates provided by Barclays

Bank.
Western industrial index is that for the OECD published in Main Economic Indicators3.
NB. National consumer priCJ indices were used to deflate currencies.
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The Models
A number of regressions had usually to be carried out

before a satisfactory model was derived, but only the
final model is described here. A model was not accepted
unless the coefficients of all the variables were statis-
tically significant. This ensured that unrelated variables
were not included. As a rough rule-of-thumb, a coefficient
was considered to be significant when its standard error
was less than half the value of the coefficient. The good-
ness of fit of the regression was indicated by the index of
determination, R2, which is given in each case.

In the models that follow
S is the supply in tons,
St-1 is the supply in the previous year (not normal-

ized), and
Pis.the normalized price.

The standard errors are shown in brackets below the
coefficients.

Latin American Mine Supply (1972 to 1982 Inclusive)

S = 1,52 So, 945
t-1
(O,ll)

PO,127 R2 = 0,961

(0,095)

Supply from non-Communist Mines Excluding South Africa
and Latin America (1972 to 1982 Inclusive)

S = KP-O,191 R2 = 0,897
t-1
(0,028)

Dp to 1980, K = 184
For 1981 and 1982, K = 247.
It should be noted that the supply depends on the price
lagged by one year.

It is conceivable that, if prices had risen further, the
opening up of new mines in the past few years would have
been accelerated. This would have had only a small
effect on the price elasticity of -0,191, but it would have
increased the total tonnage and further increased the
constant in the formula. It is impossible to forecast the
acceleration without further data, but even if as great a
change as a 20 per cent increase in annual prices had
resulted in an additional 100 t of gold being supplied
in the past few years, it would have a barely dis-
cernable change in the shape of the revenue curve. There-
fore, the effect of price rises can be neglected.

Demandfor Gold Used in Dentistry (1971 to 1980 Inclusive)

D = KP-O,37 Y2,82 R2 = 0,993
(0,026) (O,ll)

For 1972 to 1979, K = 70,4
For 1980, K = 61,0.

Demand for Gold Used in Electronics (1971 to 1980 Inclu-
sive)

D = KI1,96
(0,26)

For 1971 to 1973, K = 153
For 1974, K = 112
For 1975 to 1980, K = 93,4.
I is the index of industrial production.

R2 = 0,937

Demand for Gold for Other Industrial and Decorative Uses
(1971 to 1980 Inclusive)

D = KP-O,137 11,42
(0,068) (0,34)

For 1971 to 1973, K = 71,4
For 1974 to 1980, K = 66,9.

General Remarks on the Models for Dentistry, Electronics,
and Other Industrial Uses

These three models were determined some time ago.
Additional data are now available, but it is unlikely that
this will result in any significant change in the all-import-
antpriceelasticitiesof demand: - 0,37 for dentistry, zero
for electronics, and -0,137 for other industrial uses. The
constants in all three equations tend to fall with the pass-
ing of time. This reflects the effects of technological
changes, which result in lower gold demand. This fall in
demand is not shown by the models described because
they have fixed constants.

Technological changes are sometimes, but not always,
induced by increased prices, but it is impossible for the
extent of their impact to be forecast. If it is assumed that
10 per cent and 20 per cent rises in price resulted in 5 per
cent and 10 per cent falls in demand over the period 1972
to 1982, recalculation of the revenue and profit curves
given in Fig. 1 results in changes that are negligible com-
pared with the error caused by the use of mine-by-mine
instead of stope-by-stope selection. It seems that this
aspect can safely be neglected in that any likely changes
will be negligible in this context.
Scrap Gold

Old scrap gold, mainly jewellery, represents a very
important supply, which, if ignored, would result in
serious errors in the estimation of optimum South African
sales.

In industrial countries other than the D.S.A., the scrap
accounted for is, according to Gold 831, only a small
proportion of the total. In Developing Countries, the
estimates appear to be better but still incomplete since it
is virtually impossible to account for all the scrap used in
the manufacture of jewellery, much of it being used
without being re-refined. For these reasons, the method
described below was used.

When scrap was missing from a reported or. nominal
demand, the following equation was applied:

Nominal demand = true demand - scrap supply.
The true demand can be represented by a normal demand
equation, and the scrap supply was found to take the
following form:

.

Scrap supply = constant X priceV X incomeW,
where the coefficients v and ware positive and negative
respectively.

As it takes time for gold to be re-refined to gold-bar
grade, price and income may have to be lagged in some
cases.

The equation for the nominal demand can be solved
by non-linear regression, and this technique was used in
some of the remaining models to deal with the scrap
problem. In practice, the difficulties encountered with
this method can be eased by making use of the scrap data
in Gold 831.

This method for the estimation of scrap assumes that
the true demand part of the model is perfectly log linear

R2 = 0,750
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and that the log linear pattern of the nominal demand
has been upset by the missing scrap. The model that
supplies the amount of scrap that comes closest to restor-
ing log linearity is accepted by the regression.

This approach worked well in the reg~ession for Wes-
tern investment, but in other cases the amount of scrap
determined was unrealistically high. This was found to
be due to departures from log linearity in the true
demand. These departures were caused by the categories
concerned spanning a range of coefficients instead of the
fixed coefficients assumed in the ide81 case. The regres-
sion process then compensated for this lack of log linear-
ity, as well as for the missing scre-p, by the addition of
large amounts of scrap to dilute the effect of this devia-
tion. The results were clearly unacceptable, but were
rectified by fixing the scrap amounts at suitable levels as
explained below.

AIl the normalized variables have a value of unity in
the base year 1980 so that the constant in the scrap por-
tion of the equation is the simulated supply of scrap for
that year. The constant can thus be fixed at the scrap
supply for 1980 given in Gold 831. In practice, a some-
what higher figure was used because the figures in Gold
83 are more likely to be too Iow than too high, and the
former would result in under-estimation of the optimum
South African sales rate. The objective is to err on the
side of over-estimating this rate.

When the scrap supply is dependent on lagged prices
and incomes, the constant had to be estimated so that
the amount of scrap simulated for 1980 is acceptable.

Western Investment (1972 to 1982 Inclusive)

DN = 479 p~,15 Y-4,58 G2,06 -43 Pt~i4 Yt~i,6,
(27) (0,10) (0,32) (0,25)(18) (0,6) (2,6)

where
R2 (for the complete demand) = 0,994,
DN is the nominal demand,
G is the ratio of the D.S. inflation rate to the D.S. prime-

interest rate, and
Pu is the normalized deflated D.S. dollar price as opposed

to Pt-I' the lagged Western price.

The positive price elasticity of demand is unusual, but
not unknown in other fields. It is probably due to the
'bandwagon' effect, in which rising prices, once establish-
ed, are pursued by speculators and investors in the hope
of making large profits. Another reason for this effect is a
fear that the value of local paper currency is about to
depreciate very seriously because of inflation or other
factors.

Another unusual feature is the negative income elas-
ticity of demand. High incomes indicate good returns on
investments so that people prefer to buy shares rather
than gold, which earns no interest. The reverse is also
true. Thus, high incomes make gold less attractive as an
investment, which explains the negative elasticity.

Scrap gold for investment has to be re-refined which
takes time so that the scrap portion of the model had to
be lagged by a year to get a good fit.

The annual scrap tonnages produced by this model are
shown in Table H.
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Western Jewellery (1971 to 1982 Inclusive)

D = 55,2 p-O,945 Y3,312 D~!r
(1,7) (0,094) (0,47) (0,087)

Dt-l is the demand lagged by one year, which is not
normalized in this case.

To obtain a reasonable estimate of scrap by regression,
the lack of log linearity caused by the absence of scrap
from the normal demand must be materially greater than
the lack of non-linearity inherent in the true demand.
In Western jewellery there is little missing scrap to cause
non-linearity, while the true demand is fairly non-linear
because of the wide range of price elasticities encoun-
tered in Western jewellery. For this reason, no credible
figures for scrap could be obtained. However, the equa-
tion without scrap gives a good fit.

Western jewellery without scrap accounts for a demand
of 5530 t from 1972 to 1982, so that even a small propor-
tion of scrap amounts to a fairly large tonnage, which,
if ignored, would result in a significant under estimation
of the optimum South African sales. Some estimate of
the scrap on another basis should therefore be made,
even if it is very approximate.

Table H shows that, in the case of Western invest-
ment, scrap accounted for 27,3 per cent of the total for
the period in the three years 1980 to 1982. In those three
years according to Gold 83, Western jewellery used 127 t
of scrap. If it is assumed that this was also 27,3 per cent
of the total for the period, this total is estimated at 465 t.
To allow for under-estimation, this is increased to 600 t.

A price elasticity of supply of 2,24 is assumed, which is
the same as that derived for Western investment. This
seems logical since the scrap comes from the same area.

Because of the effect of the lagged demand, the price
elasticity of demand determined by the regression was
unsuitable for use in the formula for the relationship
between price and South Mrican demand. If the price
suddenly increased from one steady level to another by
ratio B, the fall in demand in the first year would depend
on the price elasticity alone. In the second year, one
would normally expect no further change in demand, but
in this case the effect of the lagged demand would further
reduce the demand. In this way, in each succeeding year
the demand would fall by ever-diminishing amounts
until stability was eventually achieved.

The long-term effect would be to change the demand by
a factor r and to change the lagged demand by the same
factor.
The demand equation is D =

KpP Y YEd,

where the symbols have the usual meaning, except E,
which is the lagged demand.

Taking the ratio of the ultimate long-term demand,
D2, to the original demand, Dv and neglecting the effect
of income, Y,

D2fD1 = (P2fP1)P (E2fE1)d,
but P2/P1 = B, and in the long-term both D2 D1 and

E2/E1 = r.
:. r =

BPrd or rl-d
= BP.

To eliminate the effect of the lagged demand in the long
term, a long-term price elasticity of q was assumed so
that r = Bq.

R2 = 0,945.
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.'. (Bq)l-d = BP

.'. q(l-d) =pandq =p/(l-d).
Thus, the long-term effective price elasticity

= -0,945/(1-0,277) = -1,3.
The effective price elasticity can thus be anything from

-0,945 to -1,3 depending on the period considered. Ai>
the figure of -1,3 will result in a higher optimum South
Mrican sales rate, it is the most conservative and is
therefore the figure that was used and recorded in Table
1.

Eastern Group 1 (1972 to 1982 Inclusive)
D = 178 p-O,892(P t-l/P) 0,378

(30) (0,16) (0,099)
-375 p2,27 Y-5,37

(0,62) (1,34)
R2 = 0,972

The scrap constant was fixed at 375 t; the scrap for the
area reported for 1980 by Gold 83 was 341 t. It was not
necessary for the scrap supply to be lagged, which shows
that, in the East, most scrap gold is re-used in jewellery
without re-refining.

The scrap simulated by the model is shown in Table H.

Eastern Group 2 (1972 to 1982 Inclusive)
This is a small group and suffers from the disadvantage

that irregularities in the demand are not smoothed out
as in large groups. The best fit was obtained with a
money-spent (demand-times-price) model:

DP = 39,9 Y2,58 -10,5 P3Y-4,65 R2 = 0,816.
(0,51) (1,5)

The original regression showed abnormally high coeffi-
cients for P and Y on the scrap side. These were highly
correlated and acting as proxies for each other to obtain
the best fit. The coefficient of P was set at 3 (price elas-
ticity of 2), which is about normal with the result shown
above.

The division of each side of the equation by P trans-
formed it to a demand equation:

D = 39,9 p-l Y2,58 -10,5 P2Y-4,65.
The recalculated value of R2 was 0,631.

The result, although statistically rather poor, is accept-
able because the regression covers only about 3 per cent
of the demand from the non-Communist world and the
price coefficients are not significantly different from those
for Eastern group 1.

The annual scrap tonnages predicted by this model are
shown in Table H.

Eastern Group 3 (1972 to 1982 Inclusive)
This group consists of Taiwan alone, which accounts

for only about 2 per cent of the demand from the non-
Communist world. As already mentioned, Taiwan's gold
demand is very much influenced by political factors.
With no means of measuring this political influence, the
derivation of a credible model is impossible. However, it

Yl,37

(0,48)

seems fairly certain that the gold demand has been
approximately inversely proportional to the price as in
the other Eastern areas. This implies a price elasticity of
-1,0. Scrap gold can be neglected since Gold 83 reports
only 2 t being used in the three years 1980 to 1982.

The only Eastern group 3 figures needed for the esti-
mation of optimum South African sales are the total
demand, which is known, its price elasticity, which by
implication is -1,0, and scrap, which can be ignored.
Thus, a model was not necessary in this case.

Concludin~ Remarks
It is concluded from the analysis described here that,

since the demonetization of gold, the mining of low-grade
ore, although beneficial to individual mines, is unprofit-
able for the mining industry as a whole. This results in
large losses of income to the State and to the general
body of shareholders.

The partial solution suggested involves the amalgama-
tion of all the gold mines in a group managed by one
mining house. An amalgamated mine would earn a lower
marginal revenue than individual mines, thus reducing
the attraction of low-grade mining because the low mar-
ginal revenue would not cover the costs.

The regressions are the best that could be derived from
the very limited data on scrap and from only eleven sets
of observations since gold was demonetized in 1971. The
results must therefore be treated as tentative. There is
no doubt that there was excessive mining of low-grade ore
during the period 1972 to 1982, even if the amount was
less than that stated here, although it is felt that the
estimate is reasonable. The correct target to be aimed at
in future has not been estimated, the first object being
an analysis ofthe past as well as the data permitted.

In the circumstances, the regression analysis was diffi-
cult, and it is hoped that authorities on this subject will
be able to devise improved regressions.

The subject is so important that it prompted publica-
tion, especially as the results are considered to be good
enough for steps to be taken towards curtailing the
mining of low-grade Gce.

By the middle of next year (1985), two further sets of
observations will be available, together with additional
information on scrap and perhaps some better regres-
sions. It is hoped that the stage will then be set for a
serious effort to reverse the present tendency to mill more
and more low-grade ore.

1.
2.

3.
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Discussion of the previous paper

1.

Comments on the Application of Regression
Techniques

The basic data cover only 11 sets of normalized
figures for the period 1972/1982.
The data have not been used on a consistent basis
for the various regression analyses:
(i) in 3 cases, 1981/1982 data are excluded;
(ii) in 3 cases, the con~term is changed to cover

2 subperiods and, in one case, to covcr 3 sub-
periods; in 2 cases, one such subperiod is only
for a single year;

(iii) price l~gs (or ratios) for only up to one year are
shown in some cases; for new mine supplies, the
practical situation dictates much longer lags;

(iv) in 1 case, one of the variables used is not
normalized.

If the constant terms are not changed and the data
are used consistently over the full 11 years, much
lower R2 values of little significance are generally
0btained.
Supplies of scrap are estimated and or assumed via
the demands for only 4 of the 8 categories listed.
Four price elasticities are based purely on assump-
tions or general inference.
One of the major demand categories (Western
investment), together with the associated supply of
scrap, is covered by a non-linear regression (of
transformed variables) in which 5 coefficients and 2
constants are estimated from 11 data sets; the price
elasticity for scrap supply of 2,24 has indicated 90
per cent confidence limits of 1,25 and 3,23, and also
largely determined the assumed price elasticity for
scrap associated with the other 3 selected demand
categories.
A high R2 value and a significant F-test do not
necessarily indicate a model reflecting or approach-
ing reality. This is particularly so where the data are
limited and apparently subjective decisions have
been made regarding changes in the constant terms,
the extent of lagging investigated for certain selected
variables, etc. These tests are also subject to the
important qualification that the 11 data sets should
be random realizations from the actual populations,
Le. that they are not serially correlated; the author
does not mention any tests covering this aspect.
The spread of results that can be visualized when the
same basic data are analysed by a number of indepen-
dent statisticians and econometricians could be so

2.

3.

4.

5.

6.

7.

8.
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wide as to render the conclusions of little or no
practical value.

a.

Other Comments

The planned reduction in South African supplies
introduces an entirely new element into the struc-
ture. Will this not directly influence other suppliers,
apart from the indirect effect via any consequential
price changes? If the total world supply could be
adjusted on acartel basis, this objection would fall
away, but the South African supply represented only
about half of the total supplies shown for 1972/1982.
Mr Monro's suggestion for the amalgamation of all
the mines in every individual group is in my opinion
not practical. Even if this could be done, is Mr
Monro's approach so objective and reliable that
every group will arrive at the same optimum com-
bination of marginal revenues and costs, and will a
concerted action be taken by all groups to imple-
ment a drastic reduction in production in the belief
that a largely academic exercise will be proved
correct in real life?
From the State's point of view, the long-term
objectives and general policy aimed at ensuring the
maximum exploitp,tion of mineral resources would
have to be abandoned if Mr Monro's proposals are
implemented. This would be justified~if the
estimated increase in profits (and hence direct State
revenues) can be expected with great confidence
(regardless of future changes in the gold price), and
if this would more than outweigh the associated
reductions in
(i) total revenue and foreign exchange,
(ii) production activities,
(iii) employment (this could be drastic), and
(iv) indirect contributions to the gross domestic

product.
From a long-term point of view, Mr Monro's pro-
posals would lead to the closing down of low-grade
mines and the abondonment of low-grade mine
sections and blocks. At a later stage when the gold
price could be more favourable, the reopening of such
mines, sections, and blocks could be impracticable
and or uneconomic. Furthermore, on any operating
mine, a cutback in production below the established
capacities of the mine's infrastructure should be
examined on marginal costs, and not on average costs
as presumably reflected in Mr Monro's cost graph.
The differences between marginal and average costs
could be very significant, particularly if mines in a
group are amalgamated; the cost curve in Fig. 1
does not necessarily reflect the correct marginal
cost position under these circumstances.

b.

c.

d.
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Author's reply
In view of Professor Krige's comments, the relative

importance of the various supplies and demands needs
to be assessed. The addendum (see later) shows that
demands for electronics, other industrial uses, and
dentistry, together with supplies from non-Communist
non-South African mines had an almost negligible effect on
marginal revenue over the period 1972 to 1982, nor could
any reasonable change in their elasticities have a significant
effect on the estimated marginal revenue. The marginal
revenue is a major determinant of the shape of the
revenue curve. As the price elasticity of supply from
central,banks and the Communist Bloc is fixed at -10
it will be seen that the marginal revenue and the sha~~
of the revenue curve depend almost entirely on the
regressions for Western jewellery, Western investment,
and Eastern group 1. For this reason, a number of the
points raised by Professor Krige, even if justified, have no
significant effect on the marginal revenue or the shape of
the revenue curve.

The three important regressions mentioned above
provided the following information:
(a) three price elasticities of demand with 95 per cent

confidence intervals, which, although not good,
are reasonable;

(b) two price elasticities of supply for scrap, which have
wide 95 per cent confidence intervals; the missing
elasticity for Western jewellery is assumed to be
the same as for Western investment; this is because
the scrap comes from the same area;

(c) one scrap supply (Western investment) with a wide
95 per cent confidence interval; the other two
supplies are indirectly based on scrap estimates
given in Gold 83 with an allowance for unrecorded
scrap.

Confidence Limits

Professor Krige draws attention to the wide 90 per cent
confidence limits for the price elasticity of supply for the
scrap in the case of Western investment, which implies
that the elasticity that has been accepted is unreliable.
I am pleased that he mentioned this important point
because further information has recently become
available.

Unfortunately, there are insufficient observations for
the scrap constant and coefficients in the non-linear
regressions to be determined with reesonably narrow
confidence limits. For this reason, one or more of these
parameters should, if possible, be fixed at values deter-
mined from other information, even if this is indirect.
For example, the data for the U.S. scrap supply from
1975 to 1973 appear to be reliable, so that a price
elasticity of supply derived from them can be used as a
proxy for the Western figure. Results based on pre-
liminary but unchecked data indicate lower values for
the supply elasticity and the optimum South African
sales rates than those derived in the paper. This seems
to indicate that the latter figures, even if inaccurate, are
at least conservative in this respect.

The inadequate number of observations is at present
a greater handicap than departures from the pure log
linear form in the complete models that are mentioned
in the paper.

Limited Data

The disadvantages of having only 11 sets of data are
admitted in the paper.

Changes in Constant Values

It is usual to allow for an autonomous change by the
inclusion of a dummy variable in the regression, which
results in a change in the constant. A change in tech-
nology is autonomous and is treated in this way: one
dummy variable for each year in which there is a change
in technology. There is nothing to be gained by the
inclusion of extra years if each of these requires the
addition of another dummy variable; hence the exclusion
of 1981 and 1982 from some regressions.

This technique allows the estimation of the direct
effect on demand of a change in price, but cannot allow
for the indirect effect of high prices inducing technolo-
gical changes, which in turn affect demand. This is
because there is no quantifiable relationship between
price and technological change. Many of these changes
are made for reasons that have nothing to do with the
price of gold as, for example, the integrated silicon chip
in electronics. This was introduced primarily to save
labour, to make the manufacture of sophisticated
circuits viable, and to increase reliability. This would
have happened even if the price of gold had dropped. It
so happened that a great deal of gold was also saved,
although this was a minor factor.

Price Lags

A model for the production from new mines would
doubtless have incorporated a price variable with a long
lag. Since the total production, including that from
byproducts, placer deposits, and old mines, had to be
treated together owing to a lack of data, the lag for new
mines was reduced to insignificance. However, as
explained, the price elasticity of this supply is of no
practical importance to the results of this analysis.

Normalization

The results of regression are the same, whether the
variables are normalized or not.

Scrap Supplies for Remaining Demands

As published demands are complete, no scrap should
be added.

Elasticities

Three of the assumed price elasticities are relatively
unimportant, and a third tends to err towards over.
estimation of the optimum South African supply.

Professor Krige does not explain his objection to the
inferred elasticities. They are very accurate in my
opinion.
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Significance of R2

I agree that a high value of R2 does not by itself
reflect reality. However, a low value shows that there are
one or more missing variables that could make an
important change to the equation.

Serial Correlation

With only II or 12 sets of observations, the Durbin-
Watson test for serial correlation cannot be used.

Other Comments
The purpose ofthe paper is to show that there has been

uneconomic gold production in South Africa. I do not
believe it is right at this stage to discuss the national
implications of correcting the situation, which is a
complicated subject and beyond the scope of this paper.
To round off the paper, I mentioned briefly the difficulties
and suggested amalgamations as a palliative. Amal.
gamations do not require concerted action by all the
groups as suggested by Professor Krige.

I can see no logic in the mining of unpayable ore; it
would be better that it were lost for ever. Nor am I
impressed by claims that high production rates lead to
low unit costs. I agree that the full-line cost curve in
Fig. 1 does not reflect the marginal cost of producing a
kilogram of gold, but the dotted line would reflect this
if its exact position were known. The dotted line shows
larger losses of potential profit.

I thank Professor Krige for his comments, which have
resulted in my showing the derivation of marginal
revenue, which I mistakenly omitted in the interest of
brevity.

Addendum: Marginal Revenue for an Individual
Producer

If the supply from an individual producer is J tons,
thenJ=D1+D2+D3+ . . .-81-82-83- . . ., where
Dv D2, D3, . . .are the demands for all the separate
uses and 81, 82, 83 . . . are the supplies from other
sources in tons.
:.J=Apa+Bpb+CPC+ . . .-Mpm-Npn_Qpq . . ,
where A, B, C . . .M, N, Q . . . are constants for a
given year, P is the price, and a, b, c, . . . m, n, q. . . .
are price elasticities.
:. dJ(dP = aApa-l + bBpb-l .,. -mMpm-l

-nNpn-l . . .

1
-p(D1a+D2b+ . . .81m-82n . . .)
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= - ZIP where Z = (81m + 82n + ... -D1a -
D2b - . . .)
If the revenue earned by the individual producer =R,

then R = JP = Apa+1 + Bpb+1 +
"

.-Mpm+1.

-Npn+1 . . .
:.dRjdP=A(a+l)pa+B(b+l)Pb+ . . .-M(m+l)pm

-N(n+l)pn- . . .
=D1(a+l)+D2(b+l)+ . . .-81(m+l)-S2(n+l)-
=J-Z.

Now the marginal revenue for an individual producer
IS

dR dR
---
dJ dP

dP
- =(J-Z) P(-Z=P(l-JjZ).
dJ

This expression shows that the marginal revenue is t,he
price reduced by the fraction J (Z.

Z is the sum of the products of other supplies and their
elasticities minus the sum of the products of all the
demands and their elasticities. The value of Z for the
period 1972 to 1982 inclusive is found from Table I to
be 13 383.

The ratio of marginal revenue to price = I-JjZ
and for the period = 1-7909(13383 = 0,409.

The marginal revenue depends on the value of Z in the
equation above. An analysis of the components of Z as
derived from Table I is shown below:

Demand
Western jewellery without scrap
-(5530 X -1,3)

Western investment without scrap
-(3 179 X 1,15)

Eastern group 1 without scrap
-(2 431 X -0,892)

Eastern groups 2 and 3 without scrap
-(782 X -1,0)

Industrial and dental
Scrap used in the above

7189

-3 656

2168

782
380

1481

8upply
Non-Communist non-South African mines
Banks and ComDlUnist Bloc (2158 X -1,0)
Scrap

-351
-2 158

7548

Total Z = 13 383

The above tabulation shows the relative importance of
various supplies and demands in determining the value of
Z, and hence the marginal revenue.
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