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Abstract

AN ENVIRONMENTAL ISOTOPE STUDY OF A MAJOR DEWATERING OPERATION AT 
SISHEN MINE, NORTHERN CAPE PROVINCE.

Geohy drological studies using environmental isotopes of the Sishen iron ore mine were started 
after major rainfalls in 1973/74 produced flooding of the open cast workings. The mine is 
underlain by dolomite which has been extensively karstified and geohydrologically compart
mentalized by several dykes. Major dewatering takes place in a pit called Hill 2 by pumping 
an array of large-diameter boreholes at a combined rate of 2000 m1 * 3 * h-1. The probable recharge 
areas (dolomites, superficial Kalahari Beds) were isotopically surveyed to assess their relative 
importance to the dewatering problem. Several major pumping outlets at the mine were regularly 
sampled for isotopic and chemical analysis and from the data a preliminary mixing model is 
proposed. The data also show that, with the total pumped volume up to March 1978, no very 
recent (i.e. post-bomb) water has reached the dewatering points. On this basis a minimum 
storage of 0.75 X 108 m3 is derived compared with a classical calculation of 108 m3 for the 
compartment. Isotopic composition and response differ for waters on either side of a dyke 
crossing the mining area, corroborating classical evidence suggesting that the dyke acts as an 
aquiclude.

1. INTRODUCTION

Geohydrological studies using environmental isotopes are usually
concerned with natural undisturbed conditions. The study described here is
unusual in that it concerns a major dewatering operation which is affecting a
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FIG.l. Regional geology for the area from Sishen mine south to the watershed showing the 
generalized geology and the dykes compartmentalizing the Sishen mining area. Sampling 
points, giving 14C and 2 3H concentrations, are usually equipped farm boreholes.

2 . ENVIRONMENT AND PROBLEM

Sishen iron ore mine is situated in the headwater region of the 
Gamagara River Catchment, on the southern edge of the Kalahari thristland. 
The location and regional geology are shown in Fig. 1. The dangers of ground 
water flooding in the mine had been realised for some time. The full 
implications of the dangers were only realised with the 1973/74 rainy season, 
which produced almost four times the long-term yearly average of 330 irm. This

relatively large area and is imposing induced flow upon the natural drainage 
pattern. Here isotopes can play a unique role in tracing the new routes followed 
by the groundwaters within the cone of depression and to identify the waters frcm 
different origins appearing in an open-cast mine.
. , Mazor et al [1] and Rozkowski et al [2] have previously employed . . .

, environmental isotopes in the study of the supply to and flooding danger in mining 
operations elsewhere.
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FIG.2. History of groundwater abstraction in Sishen mine. Hydrographs of typical observation 
boreholes from the north and south mining areas; total groundwater abstraction; monthly 
rainfall figures from June 1977 to March 1978.

resulted in a virtual swanping of the open-cast pits. Dewatering pump rates 
have consequently been sharply increased: from 0,2 x 10/month in 1974 to 
1,8 x lO^m^/month by mid-1977 (see Fig. 2).

Although the regional geohydrology is understood in outline, the 
inportant aspects which affect Sishen mine are still being investigated. The 
relevant aquifers are highly anisotropic and of such large extent as to make the



68 VERHAGEN et al.

FIG.3. Piper diagram with chemical analyses of samples from the Sishen area. Most of the 
samples cluster around the "dolomite" section of the diamond irrespective of the total 
dissolved solid concentration.

geohydrological parameters difficult to quantify by standard techniques alone. 
Ground water chemistry proved to be inappli ruhlP as an investigating tool in 
view of the great chemical similarity of the different waters in the Southern 
catchment (Fig 3). Environmental isotopes (3h, i'+c, 13q3 1°o,D) are potentially 
the only effective natural tracers with which to study the ground water regime.

The isotope study of the Gamagara catchment, of which the study of the 
mining area forms a part, was started in 1974, following the major recharge event.

3. GEOLOGY

Sishen is situated on the Western wing of the precambrian Maremane 
anticline, the core of which is formed by dolomite rocks overlain on the wings 
by banded ironstone, (see Fig. 1). In the west, the Gamagara Shale Formation 
consisting mainly of conglomerates, shales and quartzites were deposited on the 
eroded banded ironstone and dolomite surfaces. The main Sishen iron ore body 
was formed by secondary mineralisation within the Gamagara Shale Formation. 
Downdip to the west of Sishen flows of andesitic lavas cover these beds. 
Several intrusive dykes occur in the area, intersecting all the formations and 
possibly forming geohydrological compartments. The position, age and petrology 
of seme of these dykes are as yet imperfectly known.

The Maremane anticline plunges below more recent sedimentary rocks towards 
the north. Kalahari Beds, of tertiary and recent age, consisting of gravels, 
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clay and calcrete1 , topped by wind-blown sand and detrital material cover the older 
bedrock achieving greater depths further north in the catchment, (see Fig. 1 
Verhagen et al [3]).

4. GEOHYDROLOGY

4.1 Primary aquifers

These are found only in the Kalahari beds, and consist of two clayey gravel 
layers up to 15m thick, separated by impermeable red clay. Borehole yields, 
generally a few m3/hour are controlled by variable clay content.
4.2 Secondary aquifers

4.2.1. Dolcmite
Large quantities of water are stored in the upper dolomite and associated 

overlying brecciated chert (locally called the "manganese marker") to the south 
and south east of the Sishen mining area. It is suspected that it is this water 
which is channeled into the mining area by structural controls.

4.2.2. Banded Ironstone
Where jointed and brecciated high yields are struck. The occurrence of this 

aquifer is however very limited.
4.2.3. Gamagara shale formation
Jointing and faulting due in part to slumping caused by karstification of the 

underlying dolomite, makes this formation a good conduit for the northward flow of 
ground water in the mining area. However, because of its limited extent, the 
volume of water stored in the formation is relatively low.

4.2.4. Ongeluk lava
q

The thin zone of weathering and small supplies (a few m /h) characterise 
this secondary aquifer which cannot contribute materially to the problem being 
discussed.

4.3 Sishen Compartment
The Sishen compartment is bounded by dykes intruding into the pre-Kalahari 

formations and has an area of about 200km2 (see Fig. 1). Sishen mine is situated in 
the northwestern comer of this compartment. A monzonitic dyke most probably 
divides the compartment into two sub-compartments and the mine into north and south 
operational mining areas.

The structures in which the ore occurs, trend to the north and north-west 
and vary from narrow grabens 200 m wide to large, deep sedimentary basins. The 
volume of water struck within the mining area in Hill 2 indicates that 
karstification and possible faulting of the underlying dolomite has created areas 
of large storage and high transmissivity.

4.4 History of ground water abstraction
The history of ground water abstraction at Sishen mine is partly summarized 

in Fig. 2. Dewatering commenced in 1967, the yearly abstraction increasing from 
0,3 x lO^mS to 20 x 106m3 in 1977. During 1973, just before the flood, 2,3 x 
10^m3 was pumped from a group of boreholes, each of about 100 m^/h capacity (Group 
"A". Fig 4) drilled 25m into the bottom of a discontinued open cast pit called 
Hill 2. After the heavy rains the declining trend in the water levels was reversed 
with rises varying from 8 to 20 m.

Here used to describe secondary limestone occurrences usually cementing detrital 
material. See also definition of “Crete” (Mazor et al. [ 1 ]).
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FIG.4. Location of mining pits with relation to some of the large-diameter dewatering 
boreholes. Observation boreholes to the east are sampling points discussed in the text.

During 1974 and the first half of 1975, output was gradually increased by 
drilling further holes in group A and installing larger pumps. In the latter part 
of 1975, the first modest dewatering began in the north mine. Early in 1977 , the 
first deep dewatering holes in the north mine and at Hill 2 (group "B") became 
operational. These latter holes were drilled up to 110 m below the pit floor into 
a fracture zone associated with a probable fault dipping to the east. Several of 
these holes were artesian; one of them, SW275, initially yielding 900 m^/hour, 
declining to 300 m3/hour after a few weeks. The combined pumping lowered groundwater 
levels substantially and spread the area of depressed water levels or the "cone" 
of depression (Fig. 5(a,b)). With the drop in water levels, the output from group 
B boreholes now varies between 100 and 300 m3 /hour for each hole and the maximum 
total output from group A is 500 m3/hour. By the end of 1977 , north mine ground 
water levels were about 20 metres below those of the south mine, suggesting the 
impermeability of the dividing dyke at depth.
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Rest level responses of the main aquifer to rainfall periods over the 
dolomite catchment are rapid and pronounced. Drops, caused by pumping and natural 
drainage, (see Fig. 2) are considerably slower and only the substantial dewatering 
tempo of 1977 proved capable of markedly reducing the levels in the immediate 
vicinity of the mine to below those obtained before the 1973/74 flood and three 
subsequent seasons.

To determine the average specific yield of the southern mine sub-ccmpartment, 
the two water-level contour maps (figs. 5(a,b) drawn at the beginning and end of a 
dry period in 1977 were superimposed to calculate the volume of dewatered rock. 
The ratio of abstraction during this period (corrected for possible underground 
flow into the compartment) to the volume of dewatering gives a result of 1.1%. 
Allowing an average thickness of 50 metres for the aquifer, the volume of water 
stored in the Sishen compartment would be slightly more than 10^m3.

5. ISOTOPIC OBSERVATIONS

5.1 Nature of data
The isotope measurements have been done, in the vast majority of cases, on 

samples derived from pumped boreholes. Samples were also obtained when waters 
were struck during drilling operations. Unequipped holes were pumped with a 
3m3/h portable rig long enough to ensure a representative sample. The depth and 
characteristics of the aquifers in many of the boreholes sampled is however, known 
to only a limited degree of certainty.

The concentration of tritium in Southern African ground waters is generally 
low, which limits the interpretative resolution. Radiocarbon has therefore been 
employed as the most basic radioactive tracer. Because of the variety of "initial" 
l*tC ages likely to occur (see parallel 3H and l^C concentrations, Fig. 1) as well 
as the extensive mixing of ground waters, model ages are not interpreted; results 
are quoted as %m.c. (percent modem carbon). Such an approach has also been 
proposed elsewhere. (Mathess et al [4]). Field extraction for radiocarbon samples 
was performed by the precipitation method. 13C determinations were done on the 
bulk C02 derived from the precipitate.

Samples for tritium analysis are taken using pre-baked glass bottles and 
electrolytically enriched by a factor of 12. The limit of detectability is taken 
as O,2±O,2 T.U. Both radiocarbon and tritium are measured by gas counting.

Samples for and D measurements are generally taken separately. The 
overall standard deviations for the mass spectremetric measurement of the different 
stable isotopic species are taken, respectively as:

•I Q
6 0 : ± 0,15%o SHOW
6 D : ± 1,5 %o 3/0W
6X°C : ± 0,10%o PDB

5.2 Regional observations in the southern catchment
5.2.1. Radiocarbon and Tritium data
As part of a regional isotope survey of the Gamagara catchment, a number of 

boreholes was sampled for combined isotope analysis, mainly on the dolomite out
crops and Gamagara Shale Formation in the south and south-east. The sampling 
points, along with radiocarbon and tritium concentrations, are shown in Fig. 1. 
Known cases of superficial (perched) aquifers (such as Kalahari Beds) have not 
been included.

The parallel radiocarbon and tritium results show the extent of very rapid 
recharge to the dolomite ourcrops. Several instances are shown where almost complete 
replacanent by recent (< 15y) recharge has occurred. Rest level increases of up



FIG.5. Piezometric maps for {a) July 1977 and (b) December 1977 of the Sishen compartment. Constructed from water levels measured 
in 200 observation boreholes on the mining property and about 30 between the mining property and the dykes.
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to 20 metres were recorded in the southern catchment during 1973/74. Moving north
west towards the mine ground water conditions in the major aquifers (dolomite, 
manganese marker, basal Kalahari gravels) become gradually more confined and the 
waters exhibit progressively greater model ages. These waters are regarded as 
being the remains of the original ground water drainage, which moved northwards 
under natural gradients through and/or past the general area now occupied by the 
mine.

Superimposed on this, however, is the occurrence of more recent waters, at 
> 90% m.c. and several T.U., under confined conditions within the compartment. 
These waters appear very recent for such sub-artesian aquifers; they seem to have 
moved there very rapidly. When we inspect the spreading cone of depression (Fig. 
5a,b), we will see that this acceleration must be occurring over a wide front. 
Very recent water is now poised in highly conductive zones in close proximity to 
the mine. '

Very high radiocarbon and tritium concentrations are also encountered in the 
upper gravel layers and calcretes of the Kalahari Beds. Boreholes such as 
G26762 and G26757 (Fig. 4) drilled through the clay layer and into the basal gravels 
invariably struck waters at much lower radiocarbon and tritium levels. The clay 
is therefore generally an effective aquiclude. The very low yields found in pump 
tests on the superficial Kalahari Beds result from the low permeability of the 
aquifers, (see also Verhagen et al [3]).

The Kalahari Beds therefore contribute only minimally to the general recharge 
input to Sishen mine. This fact will be again discussed in section 5.4 on the north 
mine.

5.2.2. Deuterium and oxygen-18 data
Deuterium and oxygen-18 measurements on ground waters in the southern 

Gamagara catchment and at Sishen mine, are summarized in Fig. 6. The southern 
African rain line [1], is shown by way of reference.

Values for a number of different sampling points outside the mining area are 
widely scattered on the diagram. By comparison, the data points for the north 
and south mine boreholes, representing repeated samplings over several years plot 
rather closely as a separate group; one exception being borehole SW125, situated 
on the dyke separating north and south mines. The measurements for Hill 2 plot in 
a very distinct group. The scatter within this group is much smaller and randan 
and of a range that is to be expected from the errors on measurement only.

5.3 Sishen South Mine
5.3.1. Isotope data and radiocarbon response
Since late 1974, regular sampling for combined isotope analysis has been done 

on the,.only major south mine dewatering outlets at Hill 2. Pump rates, as well as 
l^C, ldC and ^H concentrations, are summarised in Fig. 7. Initially, pumpage 
occurred from the shallow group A holes. Fran late 1976, the deeper boreholes in 
group B became operational. Fig. 7 shows the progressive failure of the shallower 
group A holes, resulting from mutual interference during 1977.

During the first year of observation at Hill 2, 14c concentrations appeared 
to fluctuate randomly around a mean of about 55.5% m.c. However, following 
substantial pump rate increases, significant rises in radiocarbon concentration 
were noticed. A strong correlation was seen between 14c concentration and the group 
A abstraction rate, the correlation with total mine pumpage or even total Hill 2 
pumpage (boreholes plus "surface" water) being much poorer. A pump rate dependent 
mixing effect is therefore operative which is also reversible, 14c concentrations 
dropping with decreasing pump rate.

A similar behaviour was observed for borehole SW275, the highest yielding of 
the group B holes and taken as representative of the group. The correlations with 
group A (closed circles) and group B (open circles) pumping rates are shown in 
Fig. 8(a). The group A and B correlations were significantly enhanced by the
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FIG. 6. Plot of13O versus D for the Sishen area. This diagram shows the isotopically distinct 
waters of the northern and southern mining areas and the general scatter of other samples. 
The straight line represents the southern African rain line [1].

FIG. 7. Borehole abstraction rates, 14C, 3H, and 13 C concentrations for the south mine, Sishen. 
The heavy pumping of the group B holes (14C and 13 C results represented by SW75) has caused 
most of the shallow group A boreholes to fail.
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FIG.8. (a) Plot of14C concentrations against mean pump'rate for group A boreholes (closed 
circles) and group B boreholes, represented by SW275 (open circles). Lines A, B and T fit 
data points for groups A, B and combined data respectively.

(b) Plots of Qi and Qi against mean total pump rate using line T in (a) and the 
two-box model (section 5.3).

introduction of delay factors of 2 months and 1 month respectively, between observed 
1*C values and their corresponding pump rates. The introduction of these delay 
factors and the difference between them are regarded as reasonable in the 
geohydrological context of Hill 2 because
a) Hill 2 is situated in a fractured zone which is likely to conduct the water 

seme distance from the main aquifers and
b) the deeper higher yielding holes draw in water more rapidly.
The best logarithmic fit was applied to each of the two sets of data as shown in 
Fig. 8(a). The differing slopes suggest a more pronounced, if slower, response 
for the group A holes. A third fit was applied to the combined data and is taken 
to represent the total dewatering output from Hill 2.

The good correlation observed until April 1977, for group A holes, becomes 
considerably poorer as the group B boreholes begin to take over and mutual 
interference becomes appreciable. The pump rates (given in m3/h) are mean values 
derived from monthly totals: considerable short-term variations in pump rates 
did occur during this period as a result of the bringing in and taking out of 
conniission of different pumping sites, the connection to different outlets, etc. 
Delay factors complicate the picture even further. Any further isotope 
observations can be expected to give consistent results only when the configuration 
of dewatering holes is finalised and the withdrawal from Hill 2 reverts to a 
regular routine.
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5.3.2. Mixing model
Let us assume that the mixture of waters pumped frcm Hill 2 is derived from 

two sources. The fairly rapid and reversible response to changes in pump rate, 
suggests that the components remain largely separate: different waters mix only 
in the vicinity of the pumped holes themselves, or within the transmissive zones 
which connect the holes to the main aquifers.

This two-box model can be represented by the conservation equations:
C1Q1 + C2Q2 = Cft

^1 + 72 - Op
where Q = flow rate; C = tracer concentration and subscripts 1,2 and T refer to 
the two boxes and the total (mixture) respectively.

Although there is sane variability in the bicarbonate concentrations of the 
different waters encountered at Sishen and surroundings, in the following semi- 
quantitative approach they will be presumed to be constant, so that C can be taken 
as the radiocarbon concentration in the water.

The question now arises as to the values of the radiocarbon concentrations 
of the two boxes which can give a range of values of Cj frcm 55% to 69%. The pump
rate dependence at both ends of the range is fairly pronounced. The end-members 
should therefore have, respectively, substantially lower and higher radiocarbon 
concentrations, than the limits set by the observed mixing range.

In contrast to the radiocarbon variations the stable isotope (D, °0) values 
are remarkably constant (Fig. 6). Observations plotted here cover the whole range 
of radiocarbon values and, as mentioned under 5.2.2., scatter within experimental 
error. This implies that the components contributing to the mixture, although at 
considerably different radiocarbon ages, have very similar stable isotope 
compositions. Both the older and younger waters appear to be derived from the 
same input region, but transmitted to Hill 2 through reservoirs with largely 
different turnover times. The north, mine ground waters appear to be excluded as a 
contributing source, on account of their quite distinct D-18o characteristics.

Carbon-13 measurements on the dissolved carbonates in the Hill 2 ground 
waters are also shown in Fig. 7. During the first two years of observation, 
6-values fluctuated around -9.5%«. From early 1977 onwards, a consistent upward 
trend is observable, 613c values then fluctuating around -8,5%o .

The range of observed 613c values in this environment is very limited: the 
very recent dolcmite waters have values v -10%« , whilst very old waters, presumably 
belonging to the same systen, average -7,7%e. It is difficult to interpret the 
fi!3c values in terms of the Hill 2 mixture of two end-members, or any mixture at 
all, on the evidence of the l^C variations and the known 613c exchange trends. A 
possible mechanism could be the loss of C02 from the water due to the rapid 
pressure drop caused by the heavy pumping of this confined aquifer. .[The resulting 
radiocarbon enrichment is twice that observed for carbon 13, within -L"C measurement 
error and sma] 1 er than enrichment by exchange processes [5, 6].

Chemically, the waters pumped frcm Hill 2 are also extremely uniform. Fig. 
8 shows a Piper diagram on which are plotted the Hill 2 results as well as seme 
analyses from nearby recent waters in the Kalahari Beds and dolomites. The Hill 
2 measurements overlap with the other points in the secondary alkalinity sector 
of the diamond field, and are therefore of the "dolcmite" type.

For the older end-member, the water in the dolcmite floor rock is the most 
likely candidate. This should be a stratified aquifer, and an idea of the range 
of water ages can be obtained from the values around 5% m.c. found in deep confined 
waters encountered in exploration holes to the north-west of Sishen. As is shown 
in the next section the oldest waters encountered at Sishen itself were found in 
pumped boreholes in the north mine at about 48% m.c. Although stable isotope _ 
values have ruled our the north mine as a source, this value is regarded as being 
an acceptable minimum for the slow-moving drainage in the dolomite, and is taken 
as representative for the deeper dolomite waters at Hill 2.

The younger component should be sought in the more superficial deposits. 
Although not at Sishen, several boreholes encountered large supplies to the south-
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FIG.9. Borehole abstraction rates and I4C concentrations for the Sishen north mining area.
Tritium concentrations are shown for SWI25 only; in all other cases they are at the detectable 
limit.

east (G31215 and G31218, Fig. 4) of recent waters under confined conditions within 
the highly-conductive "manganese marker" aquifer overlying the dolomite. As 
shown in section 5.2 these waters are being drawn in by the cone of depression 
(Fig. 5), rapidly expanding to the north east and the south, along the zone of 
high transmissivity. The increasing gradient is now accelerating the natural flow 
from the dolomite further to the east.

Although large variations have occurred in the concentration of waters 
pumped from Hill 2, tritium concentrations have remained consistently low. The 
mean value for the results given in Fig. 2 is 0,2+0,2 T.U. Even assuming a 50% 
addition of the young end-member to the old component which should be at 0 T.U., 
the maximum tritium concentration in the young component should be 1 T.U. Plots 
of against 3H for recent ground waters in the northern Kalahari (Verhagen 
et al [7]), as well as for numerous cases in this southern Kalahari region, suggest 
a maximum corresponding concentration of 80% m.c. The requirement that this 
concentration should be sbustantially above 69% m.c. also makes this a minimum 
value. Thus, the young end-member values of 14c "v 80% m.c. and %< 1 T.U. are 
almost uniquely determined; the older end-mariber is assumed: l^c a. 48% m.c. 
3H % 0 T.U.

Using the above mentioned values for (1 and C in the two-box model (Fig. 
8(b)). Q. and Q2 can be determined for different Qj,. In Fig. 8 (a) the best 
logarithmic fit (T) is given for the combined group A and group B data.
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The model predicts that the younger (Q„) component will gradually increase 
with increasing pump-rate and predominate, tne older (Q,) ccmpon. it levelling off 
at about 600 nw/h. This is in general agreement with tne behaviour of a leaky 
aquifer (de Wiest [8]). As was stated earlier, the mixing resulting from leakage 
must be occurring in fairly close proximity to the pumping points; the delay of 
1-2 months in the response o'f -^C concentration to change in pump-rate, shows 
that the area of mixing of the two aquifers cannot be extensive.

5.4 Sishen North Mine
The north mining area is hydrogeologically quite distinct from the south 

mine. Massive calcretes appear abruptly frcm the dividing dyke northwards and 
cover the bedrock formations to a depth of some 30m. Their occurrence gives rise 
to the speculation that northward moving ground waters, derived fran the dolomites 
in the south and south-east, precipitated their lime in flowing over or through 
the upper sections of the dyke. In contrast their occurrence elsewhere is 
sporadic and not associated with the conduit zone (see section 4.2.3.).

From late 1975, only a few shallow boreholes around the north mine pit were 
dewatering or used for supply purposes. Consistent and large-scale dewatering 
of the north mine only commenced in about June 1977, when the first deep, large 
diameter holes became operational. By late 1977, about 1/3 of the total 
dewatering occurred at the north mine. Radiocarbon, tritium and pumping data 
are given for sane representatives of both sets of boreholes in Fig. 9.

The two dewatering and supply boreholes SW22O and SW213 had different 
pumping histories during their period of operation. SW22O was at first pumped 
continuously and thereafter only intermittently. Radiocarbon levels were first 
seen to rise and then fluctuate as the hole was sampled at random with respect to 
the pumping schedules. SW213 was continuously pumped,the 14C level dropping from 
57% to nearly 50%. A similar behaviour is observed for the large dewatering 
boreholes SW241 and SW263. SW241 was intermittently pumped, the Wc fluctuating 
in anti-phase with pumpage. SW263 was more consistently pumped resulting in 
continually dropping 14q concentrations.

The radiocarbon response of the north mine ground water is in many ways 
the opposite of that observed in the south mine. Snail yields of recent water 
seem to be available to the boreholes, either as direct recharge to the calcretes, 
or from limited lateral flow. Their contribution to the pumped output is in all 
cases in inverse proportion to the total pump rate, the basal water being at a 

level which may depend on the depth to which the major aquifer is tapped.
An idea of the type of water in the calcretes can be obtained from the 

results on SW125, a borehole situated just to the north of the dividing dyke, 
obtained before it was obliterated by the excavations. From the ll|C and 
fluctuations, obviously a mixture, it is a predominantly recent water, with a 
stable isotope signal (Fig. 6) quite different from the north mine boreholes. The 
water appears to be mainly derived from Kalahari Beds to the east.

We can therefore sum up the distinctions between north and south mine ground 
waters:

a) Rest level fluctuations: up to end-1976, much higher rest levels in 
north mine, the trend reversing during 1977 for relatively modest pump rates. 
See Fig. 2.

, . _ . ... ..... 14„ ... .... .b) Radiocarbon concentrations: North mine C levels drop with increasing 
pump rate and time pumped. South mine shows positive correlation between -^C 
levels and pump rate.

c) Stable isotope values: North and south mine pumped waters plot in quite 
distinct areas of the 618Q-6D diagram.

5.5 Quantative implications
Very recent recharge is evident in large tracts of dolomites in the 

southern area of the Gamagara catchment, as well as under confined conditions in 
the southern section of the Sishen compartment. The high l^C and 3H concentrations 
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are most probably largely due to the 1973/74 and subsequent above average rainy 
seasons. The extremely young waters encountered here do suggest the possibility 
of significant recharge to the dolomites during more average rainy periods. This 
is also suggested by the hydrographs in Fig. 2.

A steady drainage should therefore have been established northwards from 
the recharge areas; the more rapidly moving component is identified with the recent 
(and presumably shallower) water pumped from Hill 2. In view of its deduced 
tritium concentrations, the natural transit time was > 35 years. The expanding cone 
of depression due to dewatering should have considerably accelerated this flow. 
However, as discussed in the section 5.3, up to the most recent observations, 
Hill 2 effluent showed no significant increase in concentration, nor any non
pump rate-related increase in Any significant deviation from the "type 
curve" (Fig.8(a)) should indicate this. None of the very recent recharge, observed 
in the south and south-east, had reached Hill 2 by January 1978.

The total amount of water pumped from the mine during the 10 year de
watering period (1967-1978) has therefore been derived from the older storage and 
the natural drainage, neither of which having as yet been fully replaced by the 
accelerated lateral flow, induced by dewatering from the surrounding recharge 
areas. This total amount is approximately 45 x 106 m3. Without invoking any 
assumptions, it can therefore be stated that this amount must represent a 
minimum storage for the relevant section of the compartment.

The relevant area is taken as being bounded in the north by the SW-NE 
dyke through the mine, which has proved to be largely an aquiclude, and by the 
limit of the cone of depression in the south. This is about 120 km2 - roughly 
60% of the area of the Sishen compartment. The resulting minimum storage of 75 x 
106 m3 for the whole compartment compares favourably with the classical estimate 
of 100 x 106 m3, given a uniform storage coefficient in both cases.

The 1*+C mixing model indicates that the bulk of the water pumped from the 
south mine is at present derived from the "recent" component and that most probably 
the deeper, slower-moving component, at present only partly available to the 
relatively shallow dewatering holes, may represent considerable storage.

On the information at present available it would appear that storage 
estimates for the compartment, both classical and based on isotopic evidence, 
are conservative.

6. CONCLUSIONS

The main conclusions that can be drawn from this isotope study of the 
Sishen mining area are:

a) Isotope observations have proved that the Kalahari Beds provide a 
limited contribution to the ground waters at Sishen and that the dolomite out
crops constitute the main recharge area.

b) Very recent (post-bomb) waters are found under confined conditions in 
highly conductive zones in close proximity to Sishen mine. This is interpreted 
as recent dolomite water being drawn in by the dewatering cone of depression.

c) The waters being pumped from Sishen south mine as yet show no contribution 
from these very recent waters. This implies that the water in the compartment
has not yet been fully turned over by dewatering.

d) On the basis of the previous conclusion, the minimum storage capacity 
of the compartment is calculated at 0,75 x 10®m3 as compared to a classical 
calculation of 10®m3. The estimate, based on isotopic and pumping evidence only, 
involves no assumptions.

e) The storage figure arrived at under d) is preliminary and is based on 
the total volume of water pumped up to March, 1978. The final minimum storage 
figure can only be calculated when the arrival of very recent recharge is observed.

, f) A simple model, based on the isotopic and pumping data, introduced as a 
first attanpt to quantify the Geohydrological parameters of the pumped area 
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suggests that the ground water system tapped by the Hill 2 boreholes, behaves as 
a leaky aquifer. The arrival of very recent recharge, or the exhaustion of the 
recent component proposed by the model due to cut-off by dykes, could be assessed 
by reference to the "type" curve in Fig. 8(a). The occurrence of the former would 
be corroborated by a corresponding rise in tritium concentrations above present 
values which lie at the detection limit.

g) Stable isotope data reveal that the waters pumped from the north mine 
boreholes are distinctly different and could have different origins. In addition 
the different response of radiocarbon concentrations to pumpage in north and 
south mine underline the hydrogeological differences between these two areas. The 
contrast seen in the hydrographs for the north and south mines supported by the 
independent isotopic evidence suggests very strongly that the dividing dyke 
between north and south mines is a very effective aquiclude, which should be taken 
account of in the dewatering planning.
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DISCUSSION

D.B. SMITH: Since you are using a value of up to 80% modern 14C in your 
groundwater bicarbonate, are you assuming that thermonuclear carbon is present? 
If so, the samples should also contain tritium if the measurement was sensitive 
enough.

B.Th. VERHAGEN: We tried to steer clear of a recent model, but we 
assumed that the values relate to the immediate pre-bomb period, especially in


