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EXECUTIVE SUMMBRY

An investigation inte the problems associated with pollution of the
water supply from the Vaal Barrage was initiated by the Water Ressarch
Commission (WRC) in 1574. Studies by the Hydrological Research Unit at
the University of the Witwatersrand and by the Consulting Engineers
Stewart, Sviridov amd Cliver indicated that non—point sources, includineg
mine residues, acoounted for about 50 % of the pollution load in the
Vaal PBarrage. The contribution from these non-peint sowrces has
previously been estimated by subtracting known point source loads from
the total loads measured.

This project wes initiated in order to establish the total load of salts
contributed by mine deposits to the salt load in the Vaal Barrage and
~also to identify those deposits which require control methods to prevént
polliution. ’

A tripartite contract was enitered into batween the WRC, the Department
of Water Affairs (CWA) and Steffen, Robertson and Kirsten (Pretoria) Ing
(SREK) in August 1983 in order to carry out the investication. The WRC
financed the project, whilst installation and maintenance of instru-
mantation was carrisd out by the DHA, SRE provided professiomal amd
technical expertise and carried out the Imestication.

The method of investigation involved detailed monitoring of three
selected mine deposits in the City Deep area. From this detailed study,
the source of pollution ardl the sait load from the study area and from
each selected deposit were established. This constituted Fhases I and
IT of the investigation. In Phase TIT an inventory of mine deposits in
the Vaal Barrage catchment was carried cut. Each deposit was classified
according to a mmber :.‘.-f- thysical parameters relating to its pollution
potential intc a low, medium or high apparent pollution potential
category. The total load produced by all mine deposits wes then
estimated by extrapolating from the loads calculated for the selected
deposits in the study area.



The three deposits selected in the City Deep area included a sard dunp
(3a17), a well-maintained slimes dam (3144} and a poorly maintained
slimes dam (4L4).

Monitoring was contimued over three hydrolegical seasons and the
following data wers collected:

continuons measurements of flow and conductivity at four ganging
weirs

water qual ity samples taken from 13 surface water sampling sites,
12 boreholes and 5 auger holes )

vater cuality samples taken during five individual stom events,

These data were then processad and analysed and the following paramsters
were chtained:

daily and monthly means apd anmial values of flow ardd conduc-
tivity

average chemical composition of the surface and ground water
relationships betwean continuous conduckivity and bath total
dissolved solids {TDS), and sulphate

the wvariation in the chemistry of stresm flow during storm
events.

The major findings from Phases I and I of the investigation were as
follows:

i)

i}

The streams in the study area are perennial ard are partly fed by
ground water since flow was continucus throughout the study
pericd despite prolonged periods without rainfall.

The chemical quality of water upstream from the wmonitored
deposits is good but a marked deterioration in cquality occours in
the vicinity of =zamd dump 3417 Thi=s deterioration which
persists into the eastern part of the study area where, however,
no further deterioration was cbserved.



iii) Examination of the variation in water chemistry during storm
events showed that direct rumdff serves to reduce the salt
concentration in the streamflow. Salt loads during storms,
however, were greater than would have been the case if only
baseflow had occuwrred. Direct runoff is nob considered to be a
major contributor of salts to the stream network.

iv) The investigaticn has shown that eeepage from the deposits
either directly into the streams, or indirectly via ground water
which wltimately feeds the streams, is the probable source of the
increased salt load in the baseflow of the stream as it passes
the sand dump.

v) The total anmual load of dissolved =alts exported from the study
area may be divided into two components: the contribution from
sources upstream of the study sites and the contribution from the
study sites aloene. In 1985, 2 300 £ of disuolved salts were
derived from sand dump 3317 while the slimes dams made negligible
contributions to the salt load. Since 3 300 t of the total load
were contributed from souwrces upstream of the shbudy sites, the
total anmual leoad of dissolved salts exported from the sthady area
was 5 600 t.

vi) The study had originally been designed on the assumption that
nnoff from the domes would prove to be the major scurce of the
salt loads contributed by the mine residue deposits. Tt has been
shown, howsver, that this sowrse is small and that in the shady
area the major contributor was seepage to a near surface ground

During Phase IIT of the irvestigation 273 depasits listed by the Chamber
of Mines were visited. Excluding small deposits and those that had besn
reworked, 160 were classified of which 122 are slimes dams and 38 are
sand dumps. The parameters used for classification included extent of
vegatation, presence of toe dams, volume and surface area, and the pH,
conductivity and permeability of the surface material. On the basis of



these parsmeters each deposit was inspectad and sampled arnd then
clagssified into a low, medium or high apparent pollution potential
catagory. Those deposits with three or more of the following were
¢lassified as having a high potential; poor vegetation cover, no toe
dam, large volume, low pH, high conductivity and high permeability. A
total of 10 sand dumps and 15 slimes dams were classified into the high
apparent pollution potential categery., this classification allows a
priority reting toc be assigned to those deposits most wgently requiring
remadial measures.

In the extrapolation of results from the detailed study to the whole
Vaal Barrage catchment, several simplifying assumptions have been made,
the most important being that only sand dumps are considared to com—
tribute to the total load.

.Estimations based an the infom-atimgatheredmringthissuﬂyalﬂ'm
information supplied by the Chamber of Mines of South Africa imdicate
that approximately 50 000 t/a of salts seep from the sand dumps.

A presently unlowsm proporiion of this emerges as recharge into streams
and flows into the Vaal Barrage.

The major conclusions from this investication were:

i) The mire deposits in the catchment of the Vaal Barrage discharged
approXimately 50 000 t of salts into the near surface envirorment
in 1985: it is not known what proportion of this is eventually
transported by snface streams or grourd water to the Vaal
Barrage. ‘The 50 000 t of salt originating from these mine
deposits can be compared with a total load of =alts into the
Barrage estimated from other studies of approximately 400 QOO0 Ha.

ii} Direct runoff from the surfaces of the mine residues is not the
major source of the high salt concentrations in the streamfiow
since these high levels exist in the haseflow.



iii) Seepage from the mine deposits into the streams is the prubable
source of high salt loads.

This irvestigation has evaluated the transportation of salt loads from
mine deposits to streams in the study area and has identified those
daposits with a high apparent pollution potential.

It has also highlighted the need for further investigation into, in
particular the following:

. the movement of water through and cut of mine residues;

, the direction arxd rate of wovement of ground water affected by
secpage from mine residue deposits;

' the changes in salt loads in the bhageflow of surface streams in
the vicinity of mine residue deposits;

. the mechanisms and rates of recovery in the quality of streamflow
during its downstream passage towards the Vaal Barrage.
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REFCRT PT.3632/10 July 1988

RESFARCH ON THE COMNTRTBUTTON OF MINE CUMPS

THE SAIT TOAD TN THE VAAT. BARRAGE

INTROTUCTION

1.1

Purpose of Investigation

An investigation into the prdablems associated with pellution
of the water supply Lram the Vaal Barrage was initiated by

the Water Research Commission (WRC) in 1974. Studies hy the

Hydrological Research Unit at the University of the Wit-
watersrand ard by Stewart, Sviridov and Oliver, irdicated
that non-point sources, which include mine waste deposits,
were responsible for about 50 % of the pollution lead in the
Vaal Barrage.

The purpose of this present study was to evaluate the degres
to which runoff and drainage from mine waste deposits
contributes to the tofal dissclved sclids Jead in the Vaal
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Barrage and to identify those types of deposits which were
more likely to present a pollution threat. In this way
rational decisions could be made regarding the Jjudicial
investment of public funds in pollution prevention and
control methods,

To carry out this ilnvestigation a tripartite contract was
entered into betwean the WRC, the Department of Water Affairs
(WA} and Steffen, Robertson and Kirsten (Pretoria) Ing {SEK)
in August 1983, The WRC undertook to finance the research,
whilst the WA has been responsible for instrumentation and
its maintenance. SRK have provided professional and tech—
nical expertize and heve carried out the data collection,
analysis ard J'_nterpreta:tian.

The investigation has involved monitoring mun-off and surface
and ground-water quality arcund three selected mine deposits
as a hasis for estimating the pollution potential from all
mine deposits in the catchment of the Vaal Barrage.

Method of Investigation

The investigation has bean carried out in three phases.

Phase I involved tha selection of thres mine deposite and the
planning of a surface and ground-water monitoring network to
establish the nmoff and water quality. It alsc included the
design and installastion of the hydrologlical instrumantation
for the measuring stations. This phase is described fully in
Section 2.

Phase IT has been ongoing throughout the duration of the
project and has irmvolwved monitoring amd data collection over
three hydrological seasops. The data have subsequently been
processed and analysed Iin order to evaluate the pollution
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contribution from the three selected deposits. Detailed
descriptions of the data collected and of their amalysis and
interpretation are given in Sections 3 and 4. Section 5
inrcorporates the conclusions drawn from phase IT of the
investigation.

Fhasa JIT has comprized the classification of all mine
deposits within the catchwment of the Vaal Barrege., These
deposits have been jnspected and an inventory made of
pertinent parameters in order to assess the pollution
potential of each depesit and hence of the overall contri-
bution of mine deposits to the mineral load in the Vaal
Barrage, This phase of the study is describad and discissed
in Section 6.

The major findings from the study, together with recommenda-
tions for further irvestigation, are given in Section 7.

Hature o

1.3.1 Salt pollution jn the Vaal Baypage

The concentraticn of salts in the Vaal Barrage is of
increasing concern due to its importance to the
Pretoria-Witwatersrand-Vereeniging (PWV) area for
watarmpply: An increasing salt concentration is of
concern since it reduces the usefulness of water and
can reduce the 1life of industrial and domestic

squipment.

Both point sources and non-point source=s contribute to
this polluticn.

Foint sources include active mines, gold and uranium
recovery operations, sewage works and industrial
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effluents., These sources ara readily identified amd
their contributicns quantifiabla.

Non-point sources are less easily identified and
cuantified. They imclude agriculfural sources
(fertilizers, fungicides, pesticides, herbicides and
irrigation return flows), air pollution (dry and wet
deposition), wash—off of pollutants from urbap
{impervious} arsas and runoff and scepage from sand

The contribution £rom non-point sowrces has pre—
viously been estimatad by subtracting known point
source loads from the total loads measured.

Earlier studies have indicated that approximately 50 %
of the total dissolved solids load in the Vaal
Barrage is attributable to non-point sources. Kempe
(1983), fourd a figurs of 47 % for loads generated in
the Vaal Barrages catchment over the periocd Septemnber
1978 to Octcher 1979; Herold et al, (1980), found a
value of approximately 50 % for the dissolved solid
load entering the Barrage from the southern BW
region, In a further study, Funke (1984) estimated
that the contribution from mine residues alone to the
load carried by the Klip River was less than 2 % of
the total during the dry season 1982783,

Mining residues

Mining gperations at the tuwrn of the century resulted
in a2 waste material that was approximately 60 % sand
and 40 % finer grained slimes. By abont 1918, an
all-sliming process was introduced, resulting in the
elimination of further sand depositing. However, sard
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treatment on astablished mines contimued and was not
completely phased out until the 1960's. Thase
processes have resulted in there being marny more
slimes dams than sand dups on the Witwatersrand.

Hesmpe:  (1983) asserts that the presence of pyrite in
gold ores makes the Witwatersrand mining area the most
sericus somrce of water pollution in the country.
Originally sand and slimes residues were deposited
indiscrimimately without regard to the envirorment,
often adjacent to streams or on stesp slopes. This
resulted in pollutants from thesa residues entering

the ground and surface water systems through both
direct runoff and seepage. '

Process of owidation of mi:,g'

Acid mine water is the result of owidation of iron
pyrites which ultimately forms sulphwric acid causirg
high dissclved solids contents in water draining from
mine residues, The oxidation of pyrite, which
mnstitut.&uptna%assﬁlmur {average 0,9 - 1,6%)
of the mined product, ©an be described by three
reactions (Thompson, 1980).

JFeSy + 70p + 2Hy0 = 2FeS0y + 2H3804 vuvvvvenn. (i)
4FaSQ, + 2HyS04 + Op = 2Fas(804)q + 2HyO ......, (i)
3Fa5 (S04} 4+12H40 = 2HFeq{S04)» (OH) g+5H-50, .. .. (11l)
Reactions (i) and (ii) involve oxidation requiring
aerchic corditions, wheresas reaction (iiiy is an
hydrolysis reacticn that can take place anaerobically.

In addition, reactions (1) and (iii) are chemical
reactions which may be accelerated ky the presence of
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bacteria, but reaction (ii} requires the presence of
oxidizing bacteria for oxidation to ocour,

Work on the bacterial oxidation of slime material
{Mrost and Lloyd, 1970} has shown thait the bacterium
Thichacillus ferrcoxidans exercises a major role in
accelerating pyrite cxidation and that the rutritional
and epvironmerntal remuirements of the bacterium
(which include air and mildly acid corditions implying
that some moisture should be present) are sufficiently
met in slimes material within the depth of penetration
of air.

Similarly for sand deposits, Whillier and Loos (1984)
at the University of Stellenbosch, have shown that
bacterial activity is found in regions of high
moisture content and low pH. However, at oreater
depthe within the deposit where conditions may be
saturated, oxygen diffusion would seem to be depressed
to a level unable to support the bacteria,

Rate and depth of oxjdation

The rate of oxidation is related to the availablity of
oxygen and the presence of bacteria. The depth of
oxidation is therefors limited to the depth of oxygen
peretation. This has been found o be between 2 m
and 3 m in slimes apd between 5 m and 10 wm in the
coarser grained sand deposits (Mrost, 1973; Hempe
1983; Marsden, 1985). The process of air penetration
iz believed to ocour through expansicn and contraction
of pore-air due to diwrnal and seasonal tewperaturs
changss. Complete owldation of pyrite in the uppsr
0,1 m is achieved rapidly, within sbout 1 month, after
which the rate decreases such that substantially
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camplete oxidation to a depth of 1,0 m is not usually
achieved even within 2 — 3 years (Mrost, 1973). Mrost
further states that the degres of acidity in residue
surfaces iz dependent on the rate at which soluble
acid sulphates are leached and the 1ate at which
surface material is lost by erwsion.

Residual poliution threat

It is generally accepted that pollution from mine
residues in their early life, when the rste of
oxidation was mpi;:l ard run off from the dumps entered
local water courses unchecked, was greater than it is
today after the installation of runoff controls (toe
paddocks and penstocks). Furthermore, Marsden (i985)
has presented figures to show that sulphide concentra-
tions in residue material have been reduced frum
0,85 % to 1,6 % in the original ore to hetween 0,05 %
ard 0,25 % in the upper metre and little more in the
underlying metre, implying that there is little
remajinirgy for further oxidation. Even where values
are higher than these, Marsden (1985) argues that the
rate of leaching is in any case very slow and there-
fore deduces that the remaining pollutien releass rate
is low.

The results of Marsden (1983), howaver, also serve to
show that a residual sulphide content does exrist amd
is a potential threat to pollution if ewposed to
oxygen.

It is reasonable to suppose, therefore, that erosion
of the dimps, or any cother disturbance which would
permit penetration by air, for example the reworking
of old deposits, poses a potential polluticn preblem.
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Surface runoff cantrols, the vegetation of dup
surfaces and the construction of toe paddocks are all
measures which are being implemented and which should
aid in the reduction of direct pollution from mine
dumps.

In surmary, therefere, the potential peliution in the
Vaal Barrage from mine dumps depends oh several
factors:

i} the mass of remaining sulphide in the residue

ii} the penetration of air into the residue which
controls the rate of oxidation :

itd) themvmtofmterﬂm@lﬂledeposltwhlch
controls the leaching rate

iv) the mechanism by which the leachate enters the
catchment drainage network (ie whether directly
into streams via surface rnnoff, or indirectly
via sespage into near—surface or desp ground
water and subsecquently into the stream network)

v} the volume and rate of movement of the trans-
porting medium be it ground water or surface
water

vi} the presence and efficiency of pollution control
measures.



the site for the Phaze I detailed investigation aspect of

the research project was selected by the Chamber of Mines in
comjunction with the Pollution Control Division of the DWA.
Its location is shown in Fig 1. The site consists of a strip
of land, approximately 5 lm wide, which is elongated in an
east-west direction and includes the New Municipal Market of
Johannesbirg. The area is highly industrialised.

The area is drained by three perennial streams. One flows in
a north-easterly and then easterly direction from the
south-wast corner of the site and joins another stream which
flows south from Rosherville Dam, A third stream jolns the
easterly flowing stream from Moffat Park te the south of
the study area. These sireams eventually drain inte the
Natal Spruit.

Threa mine deposits were sslectad both for thedir acces-
sibility for monitoring poposes and to be representative
afi-

a wall-maintained slimes dam - 3144
. a poorly-maintained slimes dam - 414
a typical zarmd dump - 33417

These are shown in Fig 2.

The mmbers refer to the coding used by the Chamber of Mines
in their classification of mine deposits.
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The mine residues at the western end of the site comprise
the sapd dump, 3217 and the slimes dam, 3144, The sides of
the sand dump are well vegetated with few sigs of erosion,
while the sides of the slimes dam are generally bare and
coversd with vertical erosion qullies. The tops of both
deposits dip in the centre and have small ridges around the
parimeters causing raimmter to pond in the comire. EBetween
thess two deposits the area is overgrown with reeds.

The slimes dam (4I4} is situated in the easterm part of the
City Deep site. The sides of the dam ares fairly well
vegetated and are less ercded than those of the western
slimes dam. There are no bedies of stapding water in the
vicinity.

Gandi .

Four weirs were constructed by the DWA in the stbady area.
The sites were selected on the basis of their suitability
for construction and for recording as closely as possible to
where dischargye records were requi'r:ad The position of the
weirs are showm in Fig 2.

Criump weirs wers constructed at points W1, W2 and W3. This
type of weir was selected since it is relatively accurste at
low flows, has an appropriate measuwring capacity and is
relatively easy to construct.

A sharp crested weir was installed at W4 in a breach in the
Rosherville Dam. Peak flows at this site were not measuared,
but bypassed the weir in a second breach in the dam wall.
It was found necessacy to coat the weirs with an epoxy resin
to pravent corrosion of the concreta dus to the extreme
acidity and high sulphate concentrations at sowme points in
the stream.
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EBach weir was equipped with a lockable recarding hot to
house the measuring devices. Due to vandali=m and theft of
squipment, it was found necessary to install burglar alarms,
security fencing and to emply watclmen. Following further
vandalism, the huts were replaced with additionally re-
inferved huts. '

The measuring devices included a stage recorder and a
continbous conductivity and temperature recording device
installed by the Water Pollution Control Division. Stage
recorder charts were replaced weskly and the magnetic
memories from the conductivity recorders and the batteries
replaced fortnightly, Thesa memories were read at the
computer facilities at the Water Pollution Control Division
of the INA. The stage recorder charts were digitized,
processed ard stored on disk for computer analyeis at SRE.

Maintenance of the weirs and stage recorders was undertaken
by the Rydrology Division of the WA who had to de-silt the
weirs on occasion.  Maintanance of the conductivity ard
temperatire recording devicezs was handled hy Pollution
Cortrol who replaced the probes pericdically due to the
chemical characteristics of the water.

additicnal ecuipment ineluded the installation of automatic
storm water samplers at Weirs 1 and 3 during the final
hydrological season in order to obtain a series of water
samples during storm events. These samplers were prowvided
by Pollution Control.

Surface Water Sampling Siteg
Fourteen swrface water sampling points were selected on the

basis of obhtaining an upstresm and downstream compariscn of
stream chemical quality in relation to the stream's course
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past the selectad mine residues. These are designated S1 to
514. The position of these points are shown on Fig 2. HNe
samples were collected from 85 sinca no surface weter was
present for most of the study period. 514 was added late in
the study. It is located in the toe paddock at the base of
sand dump 3A17 and was added for comparison with S8 which is
in close proximity to the toe paddock. 21l wetor samples

were submitted to the Hydrological Resaarch Institute of the
DA for analysis.

Information on the movement and quality of the ground water
at City Deep was cbtained by sampling from twelve percussion
borelwles drilled for this purpose. Eight auger holes were
also drilled at sites that were inaccessible to the drilling
rig. These are designated BH1 to BH12 and 2H1 %o RHE respec—
tively.

The twelve harsholes were drillsd towards the end of 1982 at
the positions shown on Fig 2,

The borehnle positions were selected to provide five bore-
holes around the perimeter of each mine deposit, with at

-least one botrehole sited higher on the hydraulic gradient

than the depesit In order to assess the baseline water
quality.

Because of the difficulties experienced in trarsporting the
drilling rig, many cof the selected horehole positions in the
western part of the zite were found to be inaccessible.
Shallow auger holes were then used so that the near surface
ground-water quality could be monitored. These auger holes
were put dewn immediately prior to plezometer installation,
but thres of the holes collapsed before monitoring omid
CONENCE -
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In order that the ground-water levels could be monitored and
samples taken for chemical analysis, each borehole, with the
exception of EHl and BH2, was furnished with twe independent
Casagrarnde plezometers, These were gromted in place at two
different depths so that water samples could be taken on a
multi-level basis. The desper piezometers wera installed
approvimately 5 m above the bases of the boreholes, and the
upper piezometers about 3 m below the levels where the
ground-water was flrst sbruck. Single plezometers ware
installed in the auger holes.

In BHI no piezometars were installed because the hole was
difficult to access, and in B2 only one was usad becauss
the end of the korelwle ard the point at which water was
first e:munteraiwereélnse. '

The diagram in Appendix A illustrates the construction of the
borshole piezometers. ‘The depths of the boreholes, water
strikes, casings and piezometers are given in Table 1,

TABLE 1 — DEFIH (RITERIA FUR THE CIEEIHHﬂP]iIﬂEIIDES

Bore Hole Casing Depth of Piezomeler | Plazometer
hole Depth Depth water depth depth
No {m) {m) strike (m) & (m) B {m)
1 55 18,3 22 - -
2 4G 18,3 28 29,1 -
3 24 2,0 g 22,05 18,0
4 27 5,1 14 & 20 23,55 14,8
W5 90 4,2 Damp at 27 84,7 27,8
wakter at BO
& 100 2,0 5 64,1 g,0
7 a0 6,8 50 51,9 10,8
g 36 7,1 28 30,0 1c,0
2 36 4,5 a0 31,85 10,35
10 52 2,0 50 45,4 5,85
E 1l &0 1,5 50 52,7 4,75
12 40 2,0 73 35,05 7,15

W = Western part of study area E = Eastern part of study area
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ERSE TY ;. SURFACE WATER INVDROLOCY

1.1

Data Collection and Procegsing

3-1-1

3.1.2

Flow measarement

Monitoring of water level (stage) at the four weirs
was carried oot from Jamuary 31984 to April 1986.
Breaks in the record ewist for the pericds when one
or more gauging stations were out of camnission due
gither to maintenance or vandalism.

Digitization arnd processing of the stage records into
discharge values (hreak peoint, dally and monthly mean
values and flow duration curves) were carried out.
Discharge rating curves for the four weirs had been
prepared by the Divisien of Hydrology of the DWR.

Surface water samoling

Surface water samples were collected initially at
fortnightly intervals anpd subsequently at monthly
intervals after the average chemical composition at

Fifty four sets of surface water samples were col-
lected. At each sampling site a 250 ml sampie was
taken for a macro-analysis and a 25 ml sample pre-
served with 1 ml of nitric acid was taken for a trace
metal analysis. The macro samples were analysed for
pPH, conductivity, calcium, magnesiom, sodium, pot-
assiim, ammonicm, total alkalinity (TAL), sulphate,
chloride, nitrate, phesphate and silicon; TCS was
dstermined by sunmation.
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The micto samples were analysed for iron, manganese,
nickel, aluminium, boron, zinc, ochalt, chromium,
copper and strontium.

The results of all the analyses were storad on
magnetic tape and are available as computer printouts.

A summary of the results Iis presented in Section
3.2.3.

Contin ivi

Conductivity and tesperatire were recorded contin-
vously at the four gauging stations. Records for the
period August 1984 to April 1986 were processed by the
Follution Control Division of the WA to give conduc-
tivity at 28°C. Results were transferred on disk to
the computing facilities at SRK.  Breaks in the
records again otturred for periods when the gauging
stations ware out of commissiorn.

Whereas cordustivity was monitored continucusly, TS
and sulphate were only detesrmined pericdically
(Section 3.1.2). DBy defining relationships between
conductivity and both T8 and sulphate, continocus
records of the latter {wo constituents wers geperated.
These were then combined with flow records to cbtain
DS arnd sulphate loads during the study period,

Rainfall during studv veriod

The dally rainfail record for the Weather Buraau
rainfall station 476/044 at Turffontein, which lies
within the study catchment, is given in Teble 2. The
figurez in brackets are for a rainfall station
approximately 3 km away, maintained by the Vegetation



THHF, 2 : [hrily rainfsll inmm

Dy | My | Sp ot [N | Bee | Jan B | Mar | o | My | dn {aul { ag ) Sp | ot | Nov | Dec | 3 R M N
1 0545|065 1,8 0,1 65,0 2:2 (5,0 33 (9,0 | 3
2 0,2 8,0 3,2 1,0 7,5 (24,0} |22,5 (24,0)

3 0,5 2,6 o2 | 9,5

4 2,8 [10.2 12,5 (10,0 | 5,0 { 5,0)

5 24,5 2,0 0,5

6 3,0 o8| 26 0,1 16,5 (16,0)

7 1,6 0,3 | 60| 86,7 0,1 4,0 1,5 (10,0) | 0,2
8 0,8 2,6 (11,7 [30,7 3,7 | 2,5 |27,2 0,5

% 7.5 1,5 4,0 (4,0 | 1,0 (0,0) | 6,5 (10,0) | 1,1

10 13,5 4,8 | 0,7 01 (L0 |56 @20 |40
11 12,2 | 0,2 | 64 4,7 1,6 5,4 0,4 | 1,0 6,6

12 1,6 0,2 7,0 8,6 (11,0) 26,8

13 1,0 58 | 0,3 2,4 1,9 4,0 | 3,0 (10,0) 4,5 (12,0}

14 1,3 | 2,0 5,0 12,1 7,7 | 0,3 A,7 (55 | 6,8

15 9.0 75 |50 ) 1,64 4,5 9,46 [ 8,0} 8,0

16 0,5 ] 4,7 16,3 |70,3 15,4 (14,0) 43,4 (5,5

17 2,7 15,5 4,5 1,2 1,7 { 5,5
18 5,9 127,5 10,4 0,9 18,8 10,8 (14,0)
jL:) 36|02 . 6,0 |12,9 {25,0)

20 80|72/ 37 0,5 1,0 7,0 | 4.8
21 21,5 1,7 | 88|10
2 2,0 7,5 | 3,0 ( 4,0
23 10,0 0,7 0,9
24 11,5 5,5 0,9 1,0 (3,0)

o5 10,5 23,2 (23,2 2,0 | 5,5 (19,5
26 11,7 | 5,0 1,2 9,7 |18,9 1,7
27 0,1 0,8 0,6 15,0 : 0,1
28 010,577 7,0 | 2,8 0,2|84|25]22(3,0
29 0,1 |38,0 1,3.| 68| 7,

0 |17 2.0 1,3 0,3 [35,3 1 0,2 | 0,4 |48,9 (85,0)

11 3.7 5,? 31,5

Tkal|l,7 (12,3 |63,0 14,4 (65,8 [154,285,2 (92,6 | 3,1 | 9,9 | 0,0 | 55 | &8 (2,1 (117,9(98,2 |10e,5|142,1.(182,5) | 52,4 {95,0)(126,2(108,0} (55,1

rmel :

Total (1989) 47,7 (1985, 05,1

gl
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Unit of the Chamber of Mines and which is in clese
proximity to Weir 1. Tha differences in magnitude and
timing of falls over such a short distance illustrate
the localized nabre of storms in this region.

3.1.5 Discharge — conductivity data base

The datas bases described in Sections 3.1.1 and 2.1.3
ware combined to give conparable records at each weir
of mean daily flow and mean daily conductivity. Days
when any of the gauging stations were out of commis-
sion were removed fram the record at all stations.
This resulted in a record of 324 (non—consecubtive)
days cut of a possible 608 days (Angust 1st 1984 to
March 21st 1986} of which 222 fell in 1985. These 324
days received 772 mm of the total of 1313 me precip—
itation during this pericd.

It i= considered that total flows and loads calculated
from this data base are adeguate annual estimates for
the year 1985, if the following adjustments are made:

i}  multiply the totals by 265/324 to allow for the
reduced number of days;

ii) reduce the totals by the ratio of the total
rainfall for 1985 (705 mm) and the total
rainfall which fell on the 324 non consecutive
days (722 mm} to allew for the bias towards wet

days ie 705/772.

Copbining the two adjustments gives a factor of
approximately 1, i.e.

365 x 705.1 = 1,03
24 TIl1.8



3.2.1 Flow records

TAELE 3

Flow duration curves for esach gauging station are
illustrated in Fig 3 and estimates of basaflow are
given in Tabla 3. Table 4 gives the mean monthly
flows during the pericd August 1984 to March 1986 and
Table 5 gives the astimated annual flows at sach weir.

During the study period an unexplained shift in the
relationship between Weirs 1 and 3 occanmred. After
Octcber 1984 the flow at Welir 1 represented a greater
proportion of the flow at Weir 3 than prior to this
date. It is important to note that the tributary
draining the urban area to the south is ungauged and
enters the monitored stream between the two weirs.
Thisz could influence the relationship betwean flows in
the study area.

—  ESTIMETES OF PASEFIOW, 1.571

Weir Flow edcesdsd Most oommonly

70% of time accurring flow

1 35,0 ‘ 70,0
2 0,4 1,0
3 70,0 100,90

4 36,0 35,0
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TARIE 4 - MEAN MONTHLY DISCHARGES AT THE FOUR GADCING STATIONS 1.s71

Year Month Wair 1 Welr 2 Hair 3 Weir 4
1964 b | 27,4 0,6 104,4 157,0
Sep 30,7 Q,4 76,7 41,0
oct 28,4 2,2 89,6 195,6
Mov 143,23 0,7 189,2 263,0
Dec 117,5 1,0 171,2 247,5
1985 Jan 393,1 4,4 722.,8 339,3
Felp 163,0 2,5 211,7 150,1
Maxr 146,2 2,3 235,1 172,6
Apr 75,9 1,2 111,3 41,1
May 73,3 . 1,0 117,6 - 57,0
Jun 68,0 0,8 105, 8 36,8
Jul 65,7 0,9 108,0 47,5
Aug 59,5 1,0 97,9 36,6
Sep 75,9 0,7 - 59,5
oct: 148,0 1,5 52,4 228,7
Now 251,0 3,8 257,3 307,3
Dec 172,7 0,7 222,2 290,0
1986 Jan 151,0 2,5 140, 1% 340,7
Fab 92,8 1,3 49, 4% 220, 4
Mar 132,1 1,5 266,8 264,6

{-} gawying station cut of commission during this pericd
*  incomplete months
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TABIE 5 - ESTIMATED ANNUAL FIOWS {1985) AT THE FOUR GAGING STATICNS

Weir Flow Bazeflow Surfaca ik
mx108 m3x1,08 mIA10
1 3,533 2,208
2 0,444 ,032
3 5,729 3,154
4 4,762 1,104
34l 10,491 4,258 6,233

1: The sum of flows at Weirs 3 ard 4 gives the total flow frum
the study area. The sicface runcff is the difference batwesn
the total flow and the haseflow.

3.2.2 Contingons conductivity recopds

Tebla 6 glves the wean monthly corxductivities at the
four gauging welrs. Conductivity gives a useful
measure of the TDS concentyation of the water. ‘'The
ralationship between the two is dicussed more fully in
Section 3.2.4. In general, the mean monthiy conduc—
tivities indicate a good quality water at Weir 1 with
a poorer guality at Weirs 3 and 4. Only at Weir 2
vhere flow is very =small do they on the whola exceed
the Gancral Effluent standard maximm conductivity of
280 mS.m 1. However a mean monthly fiqure conceals
the variation that can ccour on a shorter time scale.
This is discussed in Section 3.2.6.



* TARIE 6 - MEAN MONTHLY CONDUCTIVITIES AT 25°C AT THE FOUR GADGING
STATICNS, mS.m 1

Year Memth Weir 1 Heir 2 Weir 3 Heir 4
1384 Ay 28 362 104 111
Sep 24 337 a5 108
oct 23 519 64 80
Nov 28 374 68 66
Dac 33 261 €3 52
1985 Jan 30 248 82 66
Teh 35 203 61 85
Mar 39 382 BS 71
Apr 38 11 69 104
May 35 314 . 73 98
Jun 34 309 . 84 102
Jul 31 435 127 105"
g 25 483 - 110
Sep 19 285 - 8%
oct 21 628 Bl B3
Nav 32 627 73 107
bec 23 670 56 59
1986 Jan 26 796 58 62
Feb 26 839 185 20
Mar 30 724 158 103
Apr 30 681 161 170

{ = } gauging station out of comission during this pericd
3.2.3 Routine surface weter sampling
Analysis of water sampleg
211 samples were analysad by the Hydrological Research

Institute of the DWA. Because of the low pH and high
TS concentrations in many of the samples collecbed
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during this investigation, difficulties were sometimes
experienced in their analysis. Despite being first
filtered, the samples scmetimes caused the auto-
analysers to clog. Catien/anicn balances were often
fmﬂtobemﬁatisfactnrypartimlarlyatlwmwhen
the sum of anions often far exceeded the sam of
catiars. However, at these low pH values an over-
estimate of the pegative ions can occur, for example
by assuming the sulphate to be present as S50,°"
whereas it is likely to be prassnt also as bisalphate,
i.e. HSO,-.

In addition, same of the sulphate wvelues ocbtained
seemed very high. It is often assumed, for these type
of samples, that the sulphate solubility is limited to
about 2000 mgl™l by tha solubility product of calcium
sulphate and that calcium is the major cation present.
However, as shown in the following tables, several
other cations in esdditien to caleclum are present.
Checks were carried cut on some of these anomalous
results; in particular for some of the samples frow
sites 39 and 514 where sulphatae values were excepticn—
ally high. These high values were confirmed and it
was also reported that the samples were clear,
indicating that no precipitaticn had taken place.

Spurions results, for example where the sulphate value
exooaderd the caloilatad TDS value, clearly the result
of analytical error, have been discarded from the
statistical amalysis.
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Variation in suface water qualjity within the study

arsa

Table 7 gives the mean valuas for pH, conductivity,
TS and sulphate for the surface sampling points. The
mean percentage compesition of the total dissolved
solids (TS} at 7 representative sites was calculated
from the complete analyses carried out and is
illustrated in Fig 4. The mean values of these wain
constituents are shown in Table 8. For the calaalation
of mean pH the anti-logarithm of each pH value was
taken before summing. Also indicated in these tables
ara the sites at which the Generml Effluent standards
and the crisis drinking weter limits proposed by
Fempster and Smith {1984} are exceedad. The values in
Table 7 compars reasonably with the valnes quoted by
Kempa (1983) as the limits of pallution frum sespage
from sand dumps which are alsc given in the table. In
addition, the concentrations for sites 511 arnd S12 are
similar to the values ¢uotad by the Rand Water Eocard

(1982} at their nearby sampling sites N3 and N2 as
shown in Table 8.

It is apparent from these tables that the guality of
water at sites S1 to S4 and at site 57 is of moderate
quality althogh even at these sites the levels of
some  trace wmwetals, nmotably iron, aluminiom and
manganese are high. Site 6 is upstream of Weir 2
where flow is low and water often ponds causing high
concentrations at this point. 8ite 7, downstream of
site 6 but on the faster flowing mainstream, is of
similar cuality to sites S1 and 54, BAs the stream

flows along the southern flank of sand dump 3A17 the
water becomes more acidic with an increasing sulphate
Joad as indicated by the chemistry at S8. 59 is
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sitvated in a small stream in a marshy area and is in
cleose proximity to a toe paddock at the base of the
cump, The poor quality of the water at S9 is belisved
to be due toc seepage from this toe dam. For this
reason samples were taken from the toe dam (S14) amd
compared with the quality at §9. In Pigure 4 the mean
percentage composition of the TDS for the two sites
can be seen to be almost identical, particularly in
the percentage contribution of the for main con-
stitvents; sulphate, iron, aluminime and magnesium,
which would seem to confirm that the water at both
sites has the same source. However, a comparison of
the mean concentrations, albeit basad on only 4
samples for 514, indicates that the qualifty at S9 is
in fact worse than that in the toe paddock, a point
which is discussed more fully in Section 5.1.1, The
quality at =ites 510 and 811, approximately 2 km
downstream, whilst still acidic and high in TDS, has
imroved through dllution and neo detericration is
apparent during the stream's passage alerng the
sauthern side of slimes dam 414. The water flowing
down the Roshervills stream is of better quality than
that at sites 510 ard 511 but nevertheless is acidic
and high in TDS and sulphata. Agein no apparent
quality deterioration is evident between sites Si2 and
513.

It is interesting to note the increase in the trace
metal concentrations in partionlar of iron, aluminium,
zinc and mangansse at those sites in close prodmity
to, and downstream from, the eastern end of sand Aumg
3217. A possibla sourca of trace metals in these
waters was the matal plating industries to the north
of the study area. Howsvar, examination of the water
analyses taken from sampling sites on the northern
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TAHRLE 7 - MEBN WATER QUALITY AT SURFACE SAMPLING STTES

Site pH n Conduc— n s n 50y n
tivity
{See . 171 mg.171
Fig 2) ™5/m
1| 6.5 54 39 54 259 36 55 51
6.7 52 46 52 255 34 24 50
3| é.8 46 41 46 277 29 86 44
4 &.8 54 s 54 2E5 36 69 52
W £ 2,8+ 5 376% b4 3050+ a6 | 2089 52
7| 6.8 54 42 54 2&7 36 83 he
8 2.7 54 154 54 §20 35 43s Ly R
9| 2.3% 45 2436% 45 5o890* | 29 |37004 43
14 | 2.3% 4 1097+ 4 2B223% 4 |17804 4
10 | 2.5* LT 173 54 oS4* s 1006 52
11 | 2.5% 54 175 54 a73* | 35 878 52
12 1.8+ 51 117 51 TET* 23 S00 48
E 13 3.8=% 51 120 51 Fo2* 33 502 48
LOWER 1.1 6200 3400
UPPER 2.4 51000 26000
Woktes :

Mean pH calculated from anti-logged values

n is the mmber of samples on which mean value is based

Lower/Upper limits of pollution from sespage from sand dumps after
Kempe (1983)

*  Exceads Ganeral Effluent standard

W : Western part of study area

E : Eastern part of study area

TS : Total Dissolved Solids

544 - Sulphate
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TABLE 8 — MEAN CHEMICAL OOMPOSITION OF WATER AT SELFCTFD STTES, ln;.l-l

COHSTTTIENT SAMPLTTS SITES

s1 s4 56 S9 514 s11 812 N3l N2l
Ca 2.2 ja,5 405, 0% 474 .0 £49, 0* 55,8 83,8 54,0 87.0
My 7,3 9,7 132,1 1639,0% | 2023,0% 35,4 13,5 58, 0 39,0
Na 26,6 25,8 150, 0% 112,0 133,0 31,4 62,7 36,0 62,0
K 5,0 5,0 41,3 14,3 4,6 6,6 9,8
NH, 0,07 0,17 3,84 7,36 0,66 0,53 3,96
Fe 0,12 0,16 24,20% |12438,0* | 5999,0% 112,51* 15,10%
Mn 0,01 0,08 27,40  133,3°% 42,3 % 3,624 % 6,91
Ni 0,02 0,12 1,22% | 104,2% 54, 7% 1,47« { 0,82
al 0,28 0,24 20,55% | 1795,0 911, 3% 22,90% 0,56
7n 0,11 0,13 0,95 122,0%% 59,6 % 11,41 # 0,87
Total Alk| 61,0 70,94 7,6 1,64 6,0 8, 64 42,3
504 62,4 63,6 2019,0+ |41809,0% |17804,0% 676,8% 417,0 1060, 0 415,0
Cl 26,0 23,3 66,3 100, 6 493,0 34,9 €3,6 41,0 71,0
NC4 3,9 2,2 0,2 0,5 1,3 0,03
TDE 259,0 266,0 3050,0 |598s87,0 [28223,0 §73,0 767,0
oH 6,5 6,8 2,8%% 2,3 2,8%% 2,5°% 2,3°%%

0t

1 N3 and N2 are Rand Water Board sampling sites which
can be compared with 511 and S12 respectively

* gxcesds crizis drinking water limit (after Kempster and Smith, 1984)

* excesds General Effluvent Standard
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side of the stidy area Aid not reveal any evidence of
this amd it is therefore conclixied that the high trace
metal concentrations are almost certainly derived from
the pyrite-containing mine residues.

Statisti. ul tes

The =ampling points were chosen to given an estimate
of the water quality upstream and doewmstream of the
three monitored deposite, To assess the influence of
the deposits on the water guality a series of stat-
istical compariscns was carried out between pairs or
graups of sampling sites. Of the four parameters
compared, pH, conductivity, TDE and suphate, the value
of sulphate wWas found to.be the most discerning
discriminator between sites. Since the swlphate value
is a product of pyrite oaxidation differences in its
value between various sampling sites were considered
toc be good indicators of tha influence of the mine
depcosits. Departures from normality in the dis-
tribution of the above paremetsrs were identified
using the FKolmogorov-Smirnov cone-sample test.
Comparisons of the distriutions of the sulphate
values betwesn sanpling sites were made using the
Folmogorov-Smirmow two—sample test.,  The null hypo-
thesis for these tests was that there is ro sig-
nificant difference between the two sets of sample
values for each site or group of sites. This was
rejected when there was only a 1 % or less chance of
being wrong. The distribution of the sulphate values
measared at the following sites, or groups of sites,
as shown below in the left hand colum, have been
shown tc be significantly different from any other
site or group in that column:



J.2.4

32

Site Remark

81,54,57 Characterizes gumality of "background”

water

52,83 Characterizes quality of water in Wemner
Pan

86 Indicates influence from deposits 3117
and/ar 3144

8 Tnfluenced by sand dump 3A17

&2 Influenced by seepage from toe paddock

£10,511 Irdicates no deterioration in oquality
alany scuth side of deposit 414

512,513 Indicates no deterioration in quality

along east side of deposit JL44

This grouping can be interpreted in the following way.
Watsr gqualities at sites S5, S8 and 55 are not similar
to those alk any otler =ampling sites, whereas there
are no significant differences in the quality of water
at sites 31, 54 and 57 at sites 52 and 53; at sites
510 ard 511 and at sites 512 and S13.

Belationships between conductivity, TDS and sulphate
Hature of the relationships

Corductivity is used as a practical indicator of TOS
as it is easily measured. However, natwral waters are
not simple soluticns and the factors affecting
conductivity can be complex., A linear relationship,
therafore, between conductivity and TDS may not be the
most appropriate, or may only bhe valid in certain
environments, or betwesn certain limits of, for
example, pH. However, for the purposes of this
investication linear relationships were considered to
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ke adequate and were defined by means of simple
reqgression. Justification for this is that the
relationships cbtained at the sites were all signif-
icant at the 1 % level (i.e. there is only a 1 %
chance of being wrong in rejecting the null hypothesis
that the regression slope equals zero and there is no
linear relationship). In addition, residual analysis
showed the errors (ie the observed TDS values minus
the wvalues predicted by the regressicns) to be
approximately normally distributed. Separate relation—
ships were derived for =ach site, since most sites
have been shown to have a unique chemistry (Ssction
3.2.3).

Although condoctivity is a useful estimator of TOS,
becausa sulphate is only one component of TDS and of
variahle significance, copductivity is not such a
clear indicator of sulphate. For this project tha
relatively large data base allows sulphate to be
represanted as a percentage of the TS at each site.
Thizs percentage was determined hy taking the mean of
the percantages calculated for svery sampla taken at
each site. The coefficient of variation for these
means varied between 14 and 48 %. Thas on this basis
it was considexred that a sufficiently reliable
relationship between conductivity and sulphate had
been established for this project.

The relationships described above (Section 3.2.4)
were derived from the TS and conductivity wvelues
determined in the laboratory. To obtain continuous
records of TDS ard hence sulphate, these geasares of
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laboratory conductivity were related to the contimuous
records of conductivity. Differsnces in the values of
conductivity recorded in tha field and in the labor-
atory are to be expected due to changes which can
ococour during storage related to temperature and pH
changes.

For the four sampling sites adjacent to the gauging
stations (S4 (Welr 1), S6 (Weir 2), 511 (Weir 3) amd
S12 (Weir 4)} and which were used in the calculation
of leads at each weir, this was done by comparing the
laboratory conductivity wvalues teo the continuously
recorded . conductivity wvalues at the nearest gauging
station at the time the sample was taken. A highly
significant linear relationship was estahlished.

For the calculation of loads from individual deposits
(described more fully in Sectian 23.2.5), additional
relationships were regquired hetwesn laboratory
conductivity at sampling sites not adjacent to weirs
and the continwous records. It was found that
significant relationships could be derived using mean
daily conductivity measmed at the wairs as the
indspendent variable.

Calodlation of salt loads in the study area

Anmial export of

The anmual load of TDS and sulphate at each weir in
the study area was calculated using the 324 day
record of discharge and comducktivity discussed in
Section 3.1.5.
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The daily conductivity was used to estimate a oor-
responding TH& and sulphate valus via the relation-
ships discussed above. These were then multiplied by
the flow rata and summed over the 324 days. The loads
established ars given in Table 9.

TARIE 9 - ANNUBL 10ADS OF TOS AND SULPHATE AT
THE FOUR GADGING STATIONS, (t)

Weir TS Sulphate

1123 264
104 70
3353 2114
2271 | 1256

B LW N

3+4* 5624 3370

* The sum of loads at Weirs 3 and 4 gives tha total
load exported from the study area (= load from study
sites + load originating upstream of study gites).

Apportionment of load to specific mine residuss

One of the olrjectives of this project was to ascertain
the sources of the pollution generated within the
study arsa and it was to this end that the monitoring
network was designed. By reference to Fig 2 the
possible load emanating from each of the menitoved
deposits can be expressed by the following series of

mass balance equations:-
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Ioad from slimes dam 3144:-

53,053 - 82,082 + 54.00M1 - (51.Q81 + 53.G53) +
(S6.0W2 = 85.055).F1

Ioad from the sand Qump 3A17:-

(S6.0W2 — 55.085) .F2 + 58(CQW2 + OW1) — S57(CW2 + CW1) +
59.059 — 51.059

Load from slimes dam 414:-
{511 - 510).0W3 + (S13 - 512).0W4
where:

OWI. to QW4 ars discharges at Weirs 1 to 4

051 to Q89 are discharges at sampling points 51
to B2

51 1o 513 are concentrations of T8 or sulphate at
the surface sampling sitas

51 is taken to represent the background quality of
the water

Fl1 and F2 ere cosfficients representing the
relative contributions of dam 2144 and dump 3217
and F1+F2=1.0

The above eguations can be simplified by making the
following assumptions:-

QS 7mQSS=C1+W2

QE5=0, {55%=0

QS1+Q53=0N1

QE2=083

Q81=CW1-052

QS2={W1-051



a7

These are all reascnable assumpticns except for QS9=0.
The latter can be justified on the basis that although
for mich of the study period flew has been negligible,
same flow is known to have ocoumred, and in the
absencea of any measuoements a value of zero hast heen
used. This will result in a more conservative estimate
for the load from sand dwmp 3a17. If, in addition,
053 is considered to be a negligible contribution to
the main stresm, which is certainly so in the winter
months, (eg.. from 30/4/85 to 31/10/85 there was no
flow at 83) then QS1 may be approximated by QW1 and
consequent:ly

W2 =01l.e. Bl =01, G852 =0

Introducing these sinplifications the equations
becomes:—

Iocad from 3144: (S4 - S1).QWL + 56.QW2.F1
Ioad from 3A17: S6.CW2.F2 + (S8 - S7) (W2 + OW1)
Ioad From 414 : (S11 - S10) QW3 + (S13 - 512).044

A further simplification can be made for the last of
these equations. In Section 3.2.3 it was shown that
there is no significant difference in the quality of
water between sites S10 and 811 or between 512 and
513, Consecuently (811-510) and (S123-512) becoms
zero, i.e. there is no contribution to the load from
slimes dam 414.

The only remaining unknowns in the above equations are
the coefficients F1 and F2 which describe the relative
contributions to load from deposits 3144 and 2217 into
the stream betwsen the dumps which is measured by Wz.
Only subjective wvalues can be ascribed and three
different conbinations have been applied:-
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i) F1 = F2z = Q,5 1l,e, each deposit contributes
ecually.

ii) F1L = 0,0, F2 = 1,0 1,e. the whole load is con-
tributed by sand dwmp 3A17. This is based on
the krowledge that slimes dam 4I4, which is less
well maintainred than dam 3L44, contributes a
regligible load =0 it is reasonable to assume
the same of the better maintained dam.

iii) Fl1 = 0,167, F2 = 0,833 This combination is
derived in the following way. The western flank
of slimes dam 3144 is not considered to con-
tribvte any load since the quality at S3 is
similar to that at S2. Similarly the southern
flank does not appear to affect the quality at
54, although the sulphate value is higher than
at 8. However, S5 is polluted, siggesting that
the easternm (i.e. lower on the hydraulic
gradient) flank of the dam may contribute to the
load. The value of 0,167 is odbtained by
considering that only one in three flanks is
contributing to the leoad at S6 and at least half
of the lozd at 56 18 likely to be derived from
the sand dump, i.2. 1/2 x 1/2 = 1/6 = (,167.
Although selected fairly arbitrarily, this
combination doas serve to provids values which
are intermediata between the other two pairs.
Tabla 10 shows that the leads calculated arve in
fact fairly insensitive to these ccefficients.

applying these equaticons to the 324 day data base ard
ueing the relationships between conductivity, TDS and
sulphate, described in Section 3.2.4, anmusl loads
attributable to deposits 3L44 and 3A17 have been
calculatad and are shown in Table 10.
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TABLE 10 IODADS (T/A) ATTRIBUTARIE TO MINE DEFOSITS
3144 AND 3A17 IN THE STUDY AREA

Feic TS load | S04 load | TDS load | 804 load
F1 F2 from 344 | from 3144 |from 2217 | from 3317
0,5 0,5 06 72 2274 1586
0,167 | 0,832 g 33 2312 1625
0,0 1,0 9 13 2342 1645

Thus, the combined load from these two deposits is
2350 t/a of TDS of which 1658 t/a are =sulphats. Ths
proporticn of these lecads which are due t5 the sand
dump varies according to the values selacted for
coefficients Fl and F2 from 55,9 to 99,6 ¥ for TS and
from 55,7 to 89,2 % for sulphate.

A similar result is cbtained if the combined load from
deposits 3144 and 3Al7 is estimated by subtracting
from the load caleulatad at Weir 3 the background load
at 51. This backround load has been caloulatad in
the same way and by approximating the flow at S1 by
that at 84 (Weir 1) and was fourd to be 855 tonnes of
TDS of which 194 tonnes are sulphate:-

S 1load at Welr 3 - T8 load at S1 = 3353-86%
= 2484 t/a

Sulphate load at Weir 3 - snlphate loaxi at S1
= 2114=194 = 1920 t/a.
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These fiqures compare favowrably with those obtained
from application of the full mass balance equations.

The effect of storm events on the chemistry and salt
load in styeamflow

Purpese and method of analvsis

The analysis of storm events was carried cut to
investigate the effect of stormwater on the quality of
water and the salt load In streams.

If the guality of water improves duritg a storm event
the implication is that the swrface runoff is of a
better quality than the baseflow in the stream and
serves to dilute this component. Altematively, if
the quality were to deteriorate this wonld imply that
the surface runoff was introducing a poorer quaticy of
watar to the stresm., One possible source of con-
taminants was accumilated salts on the surface of the
mine residues, or in the upper heorizons, which were
flushed inte the streams by quickflow. Howaver,
other sources in the catchment may alse contribute to
the stormflow eg wash-off from impervicus surfaces in
urban and industrial aresas.

In order to examine the effect of storm events on the
chamistry of stresswater uality, two asutomatic
samplers were installed, one at Weir 1 and the other
at Weir 3. However, due to the unreliability of the
avtomatic samplers, all storms monitored wers sampled
mawally, Laboratory analysi=s of the samples taken
erabled the varlation in concentration of saveral
elements during the storms to be analysad. Samples
were collected Quring a relatively short period
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covering the peak and recsssion of a single event
{usually a matter of hours). Salt locads were calcu-
lated using the continuous zrecoxrd of conductivity
coverirg the perlod of time from the initial rise in
discharge, to the point where discharge had retimed
to its initial bkase value, a period of up to several
days.

Five storms were sampled, three at Weir 1 and two at
Weir 3. In general the results ware similar for =ach
storm, consequently only one storm at each weir is
discussed.

The stnmeventcccuningunﬂmzﬁmlﬂsﬁwas
monitored at both weirs and the analyses carried out
on these events serve as a basis for discussicon.

Figs 5 and 6 illustrate the variation in comductivity
at the two weirs for the whole day in which the event
ccarred,  Also shown in these figures is the pericd
during which sampling was carried ont. At Weir 1 the
dilution effect is clearly seen; the conductivity fell
rapidly with the arrvival of storm runoff and recovered
sbeadily during the hydrograph recession. This
recovery was interrupted by the arrival of a second,
smaller event which caused another drop in oonduc—
tivity and subsequent recovery.

The situation at Weir 3 differed slightly in that the
drop in corductivity following the arrival of the
storm water occured later than at Weir 1 and contimued
to fall whilst the hydrcgraph receded. Just as the
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conductivity recovered, a second, much larger event
occured causing the condoctivity to drop again ,but
only slightly compared to the volume of storm water.
The conductivity gradually picked up as the second
event receded and flow returnad to baseflow. The
smprisingly small drop in conductivity during the
second event is believed to bhe ¢due to the fact that
the water has already been diluted to a guality
similar to that in the storm runoff by the first event
such that any further decrease is unlikely. In addi-
tion, there was less recovery in the value of conduc—
tivity before the arrival of the second event than was
the case between avents at Weir 1.

' The variation in tha congentration of the main
constituents comprising TOS during the storm event at
Weir 1 i= shown in Fig 7 and the variation in TDS and
conductivity 1s shown in Fig 8. As expected,
conductivity closely follows the DS cmrve as do
sulphate and sodium, Tobtal alkalinity, calcium and
chleride shew an increase in concentration correspond-
ing to a deviation in the hydrograph recession {at
time 14h10) which could be duea to the removal of
these salts from surface horizons by slower movineg
interflow.

Similar plots are shown for the variation in water
chemistry at Weir 3 in Figs 9 and 10. Aggein conduc-
tivity and sulphate (which i= a major component of TDS
at this site) closely reflect the TDS arve, whilst
the other wmajor oomstituents show only a gradual
decrease, An unexplained increase in magnesium occours
{at 14h20} whilst the hydrograph is still rising. In
another sampled storm event an increase in both
magnesivm and iron was sean during the recession and a
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similar mechanism to that proposed for total alkalin-
ity, ¢alcium apd chloride at Weir 1 is believed to be

responsible.

It is interesting to note that a negligible iron
concentration existed during the event on Dacembar 26
at Welr 3 where, on average, iron represants 11
percerit of the TCS. This event fellowed a paricd of
ten days in which rain had fallen on eight days ard
flow was consistently above baseflow. Routine
sampling three days prior to the event gave a pH value
of 3,2, compared to the average for this site of 2,4.
During the storm event, pH ranged between 4,0 and 4,7
and it was noted at the time of sampling that iron was
being precipitated. ¥t would seem that the large
volume of storm runoff caused the pH to increasa above
4,0 resulting In the formation of iron hydroxides
which then precipitated out as a characteristic
yellowish brown deposit known locally as “yellow-boy"
and resulting in the low conceptrations of iron in
solution. In econtrast, a smaller storm semplad on
April 10th 1986 ocourred following a period of sixteon
days with no min and when flow was less than half the
average baseflow. In the routine sampling nine days
prior to the event a pH of 2,1 was recorded and during
the event the pH ranged from 2,0 to 2,7, The con-
centration of iren in sclution varied from 415 mg.171
to 37 wg.1"1 compared to the average for the site of
113 wmg.171,

baseflow

From the analyses of the storm evants, it has been
shown that stormwater runoff is, in geperal, of better
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guality than streamflow. As a test of this contention
a Student 'tf test was carried out between the mean
daily ocomnductivities on days when only baseflow
comrxred and the mean dalily conductivities when flow
was above baseflow.

These tests showed that at Weirs 3 and 4 the conduc-
tivity was greater during baseflow confirming the
hypothesis. At Weir 2 no significant difference was
found betwaen the mean conductivities above and during
baseflow. This is not unexpected considering the
ponding that cormirs at this weir.

However, at Weir 1, the cpposits rasult_tr."as fourd in
that conductivity was greater above baseflow, although
the difference in conductivities was sm=ll.

4 possible esplanation for the apparent anomaly at
Weir 1 is that the guality of baseflow at the weir was
good (the average conductivity during baseflow is
28mS.m™1) and that the stormwater quality was similar
(the average conductivity above baseflow is 30
mS.m 1), AL Weirs 3 and ¢4, the average conductivities
of the baseflow were respectively 96 and 103 mS.m L so
that the stormater, which may be of similar gquality
to that nmning off in the vicinity of Weir 1, served
to improve the quality of basaflow at Weirs 3 and 4.
The average conductivity above baseflow at these weirs
is 75 ard 85 wS.m 1, which wams more than twice the
value of conductivity during haseflow at Weir 1.

The results of these 't' tests were based on tie mean
daily wvalues of conductivity and flow and not on
irdividual storm events such as discussed in the
previons section. 2 mean daily figqure does not
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reflect the short tarm variation that can oocour on an
evant basls, so that the results obtained from these
'£' tests ars not skrictly compareble to  those
cbtained above in the storm event anmalysis. In fack,
the analyses illustrate the influence of the ante-
cedent. conditions prevailing before the storm events.
For example, tha differsnca in the iron concentrations
between the two evants monitored at Weir 3 was due to
the contrasting antecedent conditions. For the stomm
events discussed above, both flow and conductivity
prior to the event at Weir 1 were higher than the
average for that weir (139 compared to 70 1.s71 and 30
compared to 28 mS.m™L) figures which were in agreement
with the comparison of the mean daily Figures, at
Weir 3, flow preceding the storm was also slightly
greater than average baseflow (110 compared to 100
1.1} and conductivity was lower than that for
baseflow (approximately 50 as opposed to 96 wS.w™l),
The conditions prior to the event then were in agree-
ment with the results from the 't' tests.

Salt loads during storm evapts

Whilst it has been sstablished above that the stream-
water concentrations were genevally diluted during a
storm event it is still necessary to detexmine actual
lcads transported during these events. These were
calculated for each of the five storm events sampled.
The loads were calculated for the vhole pericd during
which flow was greater than the baseflow immediately
prior to the event. These loads were then compared
with the leoads that would have been transported if no
evenit had taken place. The latter were calcolated by
assuming that the baseflow and conductivity prevalling
immediately prior to the events would have been
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maintained throughout the period during which the
events coonred. The results are shownm in Table 11.
This table shows that, although the effect of storm-
wakter was to raduce the concentration of salts, the
additional wvoluma of flow resulted in a greater
transport of salts during the storm event than would
have been the case if no event had ccourred. The
final row in Table 11 shows the ratic of the storm
load to the haseflow load. For these five events the

storm load excesdsd the baseflow load by betvesn 18 2
and 190 %.

The significance of stomwater runoff on tha chemistry
and salt lovals in streamflcaw

From the preceding amalyses it is spparent that the
stormwater runcff did not detrimentally affect the
cuality of water in the streams. 'The effect was
dependent both on the relative quality of the storm-
water and the stream haseflow and also, on an avent
basis, on the amtecedent conditicons. On an avent
basis the effect of a stom was usually one of
dilution as illustrated by the events ocourring on
26th December 1985.

These analy=es have shown that the quality of surface
runoff was similar to that of the baseflow at Weir 1
resulting in little difference between the quality of
water above and during basefiow. However, at Weir 3
wheire the quality of the baseflow was poor, the
surface runoff diluted the flow resulting in lewer
concentyations in flows greater than baseflow.

Tt would sesam that the poor quality of water in some
areas of tha City Desp study area is not exacerbated



TARIE 11 = COMPARISON OF ACTUAL STORM EVENT SALT IORDS WITH ESTIMATED BASEFLOW SATT TOADS

Date of storm 26/12/85 9/1/86 20/1/86 26/12/85 10/4/86
Weir 1 1 1 3 3

Time of start 10h35 26th | 05h00 9th [22h35 19th |12h00 26th |0ShOO 10th
conduct ivity msm—1 30 33 19 53 a5
Discharge 1.s™1 137,0 82,6 187,3 114,1 48,9
Time of end 22h35 30th [12h45 10th [12he0 21st [07h10 28th |[08h00 11th
conductivity mSm-1 14 34 18 52 132
Discharge 1.s™1 132,0 . 82,6 187,3 160,5 48,9
Estimated conductivity

wom™L 32 34 19 53 245
Fstimated baseflow 1.8~ 134,0 82,6 187,3 114,1 48,9
Inad during storms,

tonnes 20,23 4,02 13,28 21,4 13,70
Estimated load, no storm,

tonnss 18,12 3,41 5,03 7,17 6,46
Storm load as %

basa load 162 118 220 290 212

ES
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by the flushing of salts from the residue surfaces or
from cther, impervicus snfaces by surface runoff as
evidenced by the dilution effect. It is possible that
this type of flushing of salts ocours, but the effect
is maskad by the large volume of stormwater gengrated
in the catehment. Although concentration levels are
reduced by the addition of storm flow, the additional
volumes of flow result in greater loads being trans-
ported from the study area than would have occourred in
the absence of these events.
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PHASE_IT ~ GROUND WATER HYDEGLOGY

4.1

4.2

Intreduction

Whilst this imvestigation was primarily a sucface water
study, it was recognized that leaching of salts from the mine
damps ool cause contamination of the local ground water ard
that these contaminants, carried in the ground water, may
find their way to surface streams and so contribute to the
pollution of the water in the Vaal Barrage. It was therefore
necessary to attenpt to characterize the local, and possibly
the regional, ground water regime in order to assess ifs role
as a potential source of pollutiorn.

This section describes the growd water investigation of the
study area.

The approach to tha investigetion irvolved determining the
general flow directions of the ground weter and the varia-
tions in quality across the sbody area using available
geological information and the avger hole and keorehole data
collected during the study period.

Smitces of Informatiop

Ho detailed geclogical maps of the City Desp site existed, =so
a map was opiled from the following sources:

the 1:250 000 scale Gecloglcal Survey Sheet No 2628 of
the East Rand;

the 1:60 000 scale 'CGaclogical Map of the Witwaters~
rand Goldfislds' by E T Mellor (1917);
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a map, avaliable at the offices of the City Emgineer
in Johanneshury, entitled 'Geological Map of Johannes-
burg' by Findlay and Van Nierop (1976};

a plan of the City Deep underground workings, on a
scale of 1:15 000, kindly supplied by Rand Mines Tid.

Unfortunately, each of the three surface geology maps show
the boundaries of the various rock gramps in  slightly
differing positions, This makes the precise locations of the
geological hoandaries on the composite map (Fig 11} uncer-
tain. However, the accuracy of the composite map is suf-
ficient for the current purpose.

1 of Ci.

The composite geological map (Fig 11), together with the
accompanying cross secticn, shows that the geology at City
Desp consists of rocks of the Witwatersrand Supergroup, which
are overlain in the west by a thin cutlier of Karoo Sequence

The names, lithologies and spproximate thicknesses of the
various geoalogical units are given in Table 12,

The composite geolegical wap shows no diabase dykes or sills,
although many intrusions were recorded on the City [eep
urderground mine plan (Appendix B). From the topography of
the area, the large intrusicns would be expected to account
for the valleys in the quartzite to the scuth and east of the
mine dumps. However, thoroigh field checkirng of the stream
beds revealed no signs of intrusions or faults. The excep-
tion to this i= a length of stream in the western area of the
site between Weir 1 and auger hole (AM) 7 where the bedrock
is mot exposed., The central, low-lying, area containing the
main City Deep deposits also has a noticeable ahsence of
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TABIE 12 - THE LITHOLOGIES OF ROCK UNITS UNDERLYING THE CITY DEEFP AREA

(BRINK, 1979)
Hame Lithology Thickness
{m)
Karoo Ecca Group Shale, sandstone, clay, ? (=20
Dwvka Forma— Tillike:, shale
tion
Tuwrffortein Coarse grained, polymitic 500
Suberoup corxglomerate
{formerly Kim=-
berley Elsberg Gritty subgreywacke - 200
Series) quartzite
Witwa- Well sorted and xvounded 300
tersrand conglomerate with argil-
Super- laceous guartzlte and
group ' shale bands
Booysens Shale | Shale, siltstone 150
Formation
{formerly Kim-
berleay Shale)
Johanneshunyg Quartzite with conglomer- 206
Subgroup ate bapds and amygdaloidal
lava horizon
{ formexly
Main-Bird Quartzite with glassy 750
Series) zones and pebbly conglan-
erate hands

rock, with the streams deeply incised into soil. This strip
of land runs parallel to the strike of the Witwatersrand
rocks and may be underlain by a shale horizon, possibly
Booysens Shale, or a sill. However, there i= no further
gvidence available to support this.

Drill cuttings wera logged from the percussion drilling of
the boreholes drilled for water sampling (Section 2.5), and
the bordhole logs are included in Appendix C. They confirm
the basic geolegy shown on the geolegical map (Fig 11} -
except that BH1I encountered residual and weathersd
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Witwatersrand quartzite as cpposed to Karoco sediments - ard
Yeveal the nature of the materlals wderlying the site in
more detalil.

The westemn part of ths site, adjacent to Wemmer Pan, has a
variable depth of weathering, with wsathered quartzite being
recorded to at least 55 m depth in BH1 and 40 m in B2. The
depth of weathering appears to decrease east of BHA amd
uweathered quartzite was found at 12 m below surface in BH7.

Unweathered quartzite was also found at 19 m depth in BHS and
BHG.

Eflz may have intersactad an acid rock intrasion bebween 14 m
and 15 m depth, but this could not be confirmed. BH7 passad
through mine sand in the top 6 w.

The eastern side of the study arsa has a more uniform
geology. Transported and residual soils are approximately
1m to 2 m thick, and unweathered quartzite occours between
& mand 34 m balow groond level.

Typical socil-rock profiles frem the two parts of the site
are;

WEST EAST
O0-1m Reddish brovm 0=-1m Reddish brown
colluavium ol luviom

l-3m Light vellow and 1 = 1% m Pinkish—grey,

browm rasidusl weathered and
quartzite slightly
weathered

quartzite
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3 -20m Light yellowish  below 15 m Yellowish-

gray, weathered gray and

and =lightly grecnish—-gray

waathered quartzite urweathered
quartzite

below 20 m Gresnish-yellowish
grey, unweathered
quartzite

Ground water was encountered in all the boreholes, but at
greatly varying depths (Table 1 p 15). These indicate that
the water is held in widely spaced fractures and only entars
the borehole when a frachore is intersected. It is probabla
that free-flowing ground water is also present in the sofls
owering the site. A permeability contrast iz likely to
exist bhetwean the scils and the rook resulting in increased
Flow along the scil-rock boundary.

Analvsis and Interpretation of Data
4.4.1 Watep Jevel results and interpretation
The water level results obtained from the borshole
monitoring programme are summarised in the piezometric
c¢harts in Figs 12(i) and 12(ii).
The chart shows three points of interest:
i) the water levels in the two piezometers in each
borehole remainad very similar throoghout the 25

month chservation peried:

ii} the movements of the watar levels with time ware
substantially the same in all of the horehecles;
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iii) the water levels in the borshcles are close to
groond level.

The first two points indiczte that all of the piezo-
meters on the site are measwring the same ground water
body.

The exceptions to these cbservations are BH9 and BHLO
in which the water levels in the piezameter pairs are
markedly diffsrent, and the water levels in the bottom
piezometers are wp to 11 m below ground level. At
prasent, the reasons for this behaviour are unknoun.

ﬂumterlevelsmﬂﬁvicmityofﬂisﬁﬁarﬂaare
very close to ground level, which acoounts for the
marshy areas arcund these borsholes. The area around
Bs5 and 6 was contimicusly wet, while that around BHS
only became marshy in the latter part of the
monitoring programme.

The watsr levals in the auger holes were monitored for
a period of nine wonthe fram June 1985 to March 1986.
During this time there was very little variation in
the water levels and the avarages for the period are
given in Tabla 13.

The average vater levels measured in the piezometers
have been used to draw approximate piezawetric maps of
the around water in ths western and eastern areas of
the site. These are given in Figs 13 and 14 respec-
tively.

The map of the western area shows & drop in ground
water elavation of about 16 m from west to east, which
is consistent with an easterly flow direction. The
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TARLE 13 — AVERAGE WATER LEVELS MEASURED IN THE

ADGER. HOLES
Hole Average water level
No (m above mean sea level)

1 1689,0
2 1689,0
3 1671,0

7 1684,5

8 1680,5

flow rate is, howaver, unknown. Shallow groundwatar
near the scuthatn edge of the site flows into the
stream, and the vary shallow ground water contained in
the =eils, locally flows perpendicular to the
contours, but  eventually flows in an easterly
direction falling 18,5 m between AH) and AH3,

The map of the eastsrn area shows the grouand watar
flowing inte both the southern and the eastemn
streams with a drop in the ground water levels of
17,5 m and 26 m respectively. The very shallow ground
water in this area alsc follows the contours so the
flow directidns are similar to that of the deeper

ground water.

Variation in cpound weter quality within the study
area

Piezarster levels from the borsholes were recorded
over a two year period, with water samples beding
collected simltansously for macro- and micro-analyses
in the labcratory. These were analysed for the same
constituents as the surface water samples (Secticn
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3.1.2). A total of 15 sets of samples were oollected
during the shidy period. Water samples were similarly
collected and analyzed from the five cperational
auger holes.

The discussion in Sectien 3.2.3 on the analysis of
vater samples ias equally appiicable to the grourk
vater samples.

For easa of intecgpretation, the results discussed hete
are the mean values of pH and concentration of TS
only. ‘These are useful indicators of the overall
grourd water quality, and their values are sumarisad
in Table 14.

L

TABIE 14 = MEAN pH AND TDS FOR GROUND WATER SAMPIES

EE Top piezometer [Ei Bottom piezmmetex;ihj TS Ratlo
FH  ToS(mg.17-) pH  TDEmy.1™4)
1 5,0 266
2 6,0 346
3 6,8 2305 6,2 2444 1,06
4 4,3 1159 8,9 543 0,47
5 2,5 1562 2,8 1506 0,96
6 2,7 70994 2,3 3190 Q0,05
7 2,8 42796 2,6 1463 0,03
8 6,3 3788 5,8 3369 0,97
9 3,7 1565 1,4 1768 1,06
10 4,7 2923 1,7 3720 1,27
11 2.4 5945 2,4 1849 0,31
12 6,6 3245 5,8 2057 0,65

Mean pH calculated from anti-log values.
Ratio of TDS concentration in bottom to top plezometsrs.
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In crder to compare the ground weter data with the
surface and shallow ground water data, the pH and TDS
analyses from the surface sample points are retabu-
lated along with these for tha auger holes and ars
given in Table 15, The locaticns of these points,
together with the auger and borehole positions, are
shown in Fig 2. The mean values were cbtained from a
total of 54 suriace water sampies and 15 soil and
graund-water samples,

Since the geology encountared in the boreholes is
fairly consistent across the site, similar attemation
properties of the rocks in each of the boreholes seems
likely. Fig 15 compares the relative depths of the
piezameters balow ground level, and divides them ‘into
three groups based on depth. The shallow groap
containg nine plezometers betwesn murface and 18 m
beletr ground level; the middle group contains seven
piezometers betwean 18 m and 40 m depth; and the desp
group corprices five pierometers between 40 m and 90 m
bEelow ground level.

In the following discussion the quality of the water
is discussed at four different levels: 'the very
shallow" level rafers to the wster sampled from the
surface and from the asuger holes, the “shallow",
'middle" and "deep" levels refer to the three groups
defined above. Reference to ‘"very challow™,
"shallow", '"middle" and ‘'deep" oground water is not
internded to imply that four seperate bodies of ground
water exist. The terms are used to refer to four
different depth ranges at which the water cuality was

sampled.
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TARIE 1S — MEAN g AND TS FOR SURFACE WATER AND
ZDGER TOLE SAMPLES

Sample Foint No n o TO6 (my. 17 1)
51 6,5 259
52 54 6,7 255
= 6,8 277
sS4 6,8 266
56 2,8 3050
s7 6,6 267
88 2,7 820
So* 2,3 56 B90
510 2,5 954
511 2,5 973
s12 3,8 767
513 3,8 792
S14% 2,3 28 223
am 15 4,5 304
AH2 4,5 GO8
AH3* 2,4 36 614
aH7 3,5 861
2HS 5,3 181

n is nmber of samples.

Mean pH calculated from anti-log values,

51 to 514 : Swiace water samples.

AH1 to AHR : Auger hole samples.,

* These levels are affected by toe dam sespage
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The relative improvement in the concentration of TDS
between the top and bottom piszemeters in the bore-
holes can be inferred from the ratios of TDS <on-
cantrations in the bottem and top piezometers for cach
borshole which are listed in Table 14 (p £7).

The twe areas of the City Peep site are discussed
separately since, as with the piczametric levels,
there appears to be very littls corielation between
them.

Western area ;

The variation in water quality in the western section
of the study arsa is by no means clear, either in a
horizontal or vertical direction. '

However, the followlng cbservations can be made:
i) "Very shalloew" ground water

These samples wers obtained from auger holes 1,
2, 3, 7 am 8. Although generally of a poorer
guality than the stream water, the water in the
auger holes also shows a sharp deterioration in
quality at the tip of sand dump 3A17. (AH3, pH =
2,4, TDS=16634).

There is slight coptamination in auger holes 1
and 2, hut the quality of water in AHZ is good.

In general, the pH of this water is 2 to 3 units
lower than the adjacant surface water, but the
TDS conly shows 2 slight increase.
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ii} "Shallow" grourd weber

iii)

iv)

s with the =uface water and wvery shallaw
ground water, the quality of the shallow ground
water detericrates markedly towards the ecastern
end of the sand dump 3A17 (BH4, pH=4,3,
TDS=1159; BH6, pH=2,7, TOS=709%4}. PBoth to
the west of the dump, and near the eastern tip,
hewever, the quality of the shallow ground watar
i=s worse than that of nearby surface water.

Poor dquality water was also found in BI7.

-

"Middle" ground water

The results from BHs 1 and 2, which were
drilled to the west of slimes dam 3144, show
that at this depth the ground water is of rela-
tively good quality before it reaches the mine
deposits,

Of the five boreholes monitoring the middle
ground water in this area, only twoe also monitor
tha shaliow grond water., In BHI, the water
mality does not change with depth, whereas in
B4 there is an increase in TCS of just over S0%
with depth.

"Deep" Ground water

Three piezometers in BHs 5, 6 and 7 measure the
deep grourd water under the northern and easteirn
parts of the western aresa. In two of these
(Bs6 and 7} the improvement in the TDS con-
centrations compared to the shallow geound
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water is pronounced, with both shesing less than
15 % of their valuss at the shallower depth.
Tha pH values, however, do not improve with
depth and, within the acowacy of pH measare-
mert, are the s=ame as those of the shallow
grourdd watsr.

In BH5 there appears to be a slight improvement
in guality betwean the middle and desp ground
water, but, as with the pH differences in His 6
and 7, these are 50 close to the aoouracy of
determination that the values froum the bottom
and the top of the piezameters should e
mnsidaredtnhethesm

In summary, the TDS decreases considerably
betwesn the shallow and desp ground water in
BHs 5 and ¥, but the pH at these sites ard the
pH and TOS in BHS, show no change with depth.

Eastern ares

i)

"Shallew" ground water

The five bareholes in the eastern City Deep area
all have piezometers momitoring the shallow
ground water. They show this to be moderately
contaminatad at all of the sites with BPAYN being
the worst (pH=2,4, TDS=5945).

BHz 8 and 12 have relatively neutxal pd (6,3 and
6,6 respectively) and high TBS {3788 and 3245).
This is alse found to a lesser extent in BHIO
(pH=4,7, TDE=2923).
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ii) "Mid2le" ground water

The lower piezometers in BHe 8, 9 and 12
measuoe the middle ground water,

In BHs 8 and 9, the quality remains essentially
unchanged from the shallow ground water, with a
possible slight decrsase in pH in both boreholes
(3,8 and 3,6 respectively), and a slight
increase in TDS in BH9 (6%). In BH12, the pH is
slightly lower and the TDS better (pH=5,8,
TDS=2097) .

iii) ‘"Deep" ground water

The deep ground water is monitored in BHs 10 and
11.

In BHI0, both pH and TDS are worse than in the
shallow groand water (pH=3,7, TES=3720), hat in
BH1l the pH and TDS are essentially unchanged.

In the eastern section of the stuwdy area then, there
is a slight tendency for the water quality to deterio—
rate with depth although there is little change from
the shallow to middle levels.
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DISCUSSION OF CONCTIIST! FHASE T1

5.1

Ciscussion of Surface Water and Gyound-water Studiss

The characteristics of the surface water and ground water in
the City Desp area have besn considered separately in
Sections 3 and 4. It is necessary to cansider them in
combination in order to postulate mechani=ms for the movement
of water and pollutants in the system. 2Again tha site is
considerad in two parts, the Wastarn and Eastern areas,

5.1.1 Wastaun area

The surface water quality south and west of sand diump
3A17 is good. Although the gualities at sites 52 and
53 (and to a lesser sxtent betwean S1 and 54) are
similar, this does not strictly mean that pollutants
from either of the mine deposits de not enter the
surface water, since no flow measurements were made at
the surface sampling sites. Since the quallty of any
water entering the system from the dumps would be
expected to be poor however, any significant inflow
would have an effect on the guality in the stream. It
is concluded that such inflew is insignificant in the
sontext of this study.

The back-up of water and low flow over Weir 2 causes
pollutants present to be concentrated in the watar by
evaporation which, on the Witwatersrand, exrcesds
precipitation by about 800 mm/a. This factor, along
with possible seepage from the deposits, explains the
unfavourable resmlts from surface sampling point 86.

The slight unntammatiuﬁmmmed in anger holes 1, 2,
7 and 8 is probably caused by localised seepage from
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slimess dam 3144 towards the adjacent streams. The
contamination is not evident at the neachy surface
sampling points bermose it is dileted by the much
larger volumes of better quality water flowing in the
streams.

It has been shovm In Section 3.2.6 that the comcentra-
tions of malts in the streams is not due to storm
nmoff from the mine dump surfaces, The mechanism
posiulated for the contamination of the surface water
at the eastern toe of the sand dump is illustrated in
Fig 156 and described as follows:

Rahwaterml}ec&m&etﬂﬂﬂfthemm
during periods of precipitation and a large
proportion infiltrates into the dsmp material.
(Although the anmual evaporation for City Deep is
approximately twice the anmial precipitation, these
fiqures are misleading and precipitation, evapora-
fion and infiltration should be considered on a
daily basis. When it is rzining very little
evaporation will occur).

The infiltrating rain water percolates threugh the
durp gradually increasing the thickness of the
oxidized layer. Water moves along flow lines
parallel to the surface eventually emerging at the
base imo the toe dam. The water flowing nearer
the centre of the dump [lows slightly eastuards
entering a satmated 2one which has developed
because of the relatively low permeability of the
natural soils and the presence of practically
impermeable quartzite bedrock, Water then probably
flows along the soil-rock boundary inte the stream
where it miwes with the surface water. The
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proportion of sespage from the sand dump to the
ground water system which is jintercepted by the
stream is unknown. There are indications from the
deeper piezometers which are below the stream bed
that some seepage is not intercepted. Because of
the probable impermeability of the underlying rock
it has, however, been assumed that the load of
2 300 t/a intercepted by the stream represents the
majority of the seepare from the sand dump,

A possible explanation of the anomaly betweon the
water gualities at 89 and 514 is that the water
entering the toe dam percolates throuwgh nsarsurface
material which has already been oxidized and leached.
The water entering the stream has infiltratsd through
material nearer to the cantre of the dup, where
oxidization amnd leaching has been less complete,
resulting in a more highly mineralized leachate.

The quality measured in AH3 1§ intermediate between
that of 59 and S14 because the water is derived fyom
both shallow-flowing and deep-flewing water from the
dump.

& similar mechanism may apply for the slimes dam,
except that the horizontal layering and low vertical
permesbility in the dam encosrage a perched water
table to form and seepage t ocour towards the sides
of the deposit.

Eastern area

Because of the paucity of relieble ground-water data
for the east of the site, only a faw basic conclusions
can be drawn oconcerning the gensral water cuality in
this area,
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The surface water is of poor cquality when it reaches
slimes dam 4I4. In the scuthern stream the scurce is
probably sand durmp 3317, but in the Rosherville stream
the source is unknown. Since the gqualitiss at
samplirng sites 512 and 813 are similar, and reasonably
good, it is assumed that pollutants from 414
contribute negligible load to the total export of
mineral salts from the shady area (see Sectian 5.1.1).

The generally poor ground-water quality in the eastem
area of City Deep may be cavsed by infiltvation of
raimwvater through the slimes dam, but, because of the
internal stratifications and very low vertical perw—
ezbility, this volume is thought to be small. The
ground water pollution may be carried in to the area
fram many other sources, This is supported by the
general lack of improvemsnt, and sven deterioration,
in the quality of the ground water with depth. The
quality of samples from the boreholes do appear to
show a plume effect from the north side of the dam to
the south and east sides, with the more polluted water
descending in these directions to produce the poor
results from the desper piezometers in BHs 11 and 12.
Water samples at more frequent depth intervals would
be nesded to confirm this.

Copclusions from Phase IT

Tt has been shown that the guality of water upstream of the
monitored deposits is good, but that it deteriorates in a
dovmnstream direction with a marked deterioration immediately
downstream from sand dump 3a17. Evidence suggests that this
dump pollutes both the stream and the ground water, since the
concentration of dissolved solids increases from typically
250 my.l"

1 at Weir 1 to 950 mg.1"T at Weir 3. Rainfall which
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infiltrates the dump collects the products of pyrite oxida-
tion oh its way through the dump and emergss at the base as a
mixture of toe secpage and seepage to a near-surface ground
water system, both of which recharge the adjacent stream. It
is assamed that the major paxt of this sespage is intercepted
by the streawm.

It is estimated that this dump produces approximately
2300 t/a of TDS which is exported from the study area.
Including the smaller contributions from slimes dam 3044
(40 t/a) and the contributions brought in from upstream of
the study area, this figure rises to 5624 t of which 3370 t
ave sulphates {see Secticn 3.2.8).

These figures may be compared with those estimated in a desk
study for the same area (Funke, 1584). The combined flows
from Weirs 3 and 4 ({see section 3.2.1) can be comparsd to the
mean anmal flow for 1982/83 estimated by Funke. The figuwres
are shownm in Table 16.

TABLE 16 — ANNAL FLOW BND LOAD FROM STODY AREA

Year Rainfall RunofE DS S0y
{am) (m3x10%) (€} ()

1985 705 10,491 55241 3370
1582/832 506 0,438 471 288

1 Includes imported from upstream of study area

2 Froam Pupke, 1984
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A5 can be seen the 1985 figure is congsiderably greater than
the figure for the drier period 1982/83. However, it is
argued below, from a general hydrological basis, that the
more recent nnoff figure is reascnable,

Weirs 3 and 4 drain a catchment area of epproximately 86
square kilometres. For an amual rainfall of 705 mm, a total
volume of 60,63 m> x 10°% would have fallen on the area. The
streams in the City Deep study area are probably fed by
groundwater since flow has been recorded throughoat the study
pericd despite prolonged pericds when no rain fell. The
contribution to this flow from spillags by industry in the
catchment i= however unknown. The sourca of this groundwater
is thought to be from the suburbs to the socuth of the study
area flowing into the stream monitored by Weirs 1 and 3, and
from the Jeppe area to the north into the Rosherville stxeam
monitored by Weir 4 (S.L.V.Venter, 1986). By subtracting a
baseflow of 4,26 x 10° m® {assumed to criginate frum ground
water, see Table 5, p 24} from the total floew recorded and
ignering evaporation, a valuve of 6,233 x 1089 w® is found
representing surface runoff. This gives a percentage runoff
of 10,3% which is a reasonable figure for an urben area. In
A recently completed study by SRK on the runoff from the
Aples River in the urbanized area of Pretoria, the direct
runcff under similar rainfall conditicns was found to be 22%.
~In contrast, the 1982/83 figure represents a total runoff of
enly 1,04 of the rainfall in that hydrological season
(506 mWm) .

Since the water quality measured at Weirs 3 and 4 is very
similar to that reported by the Rand Water Board (1983) (see
Section 3.2.3) and used by Funke in his calaulations, the
large discrepancy between the loads determined in this
investigation and those reported by Funka is due only to the
difference in the flow values for this avea.
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The quality of stream water in the eastern half of the study
area, whilst not as bad as in the impediate vicinity of sand
duoms 3217, 1s still poor and is probably also due to ssepage
from this sand dump as there is no further detericration in
the quality as it passes dam 4IA.

The souwrce of poor quality ground water in the eastern ares
is rather less certain, but it appears to enter the site from
a north westerly direction and may originate from mine
deposits cutside the study area, such as the large slimes dam
tc the north, or from stomwatsr runoff from the large
industrial area which is also to the north.

Although it has been shown (Section 3.2.6) that storm runoff
seruestndjlutéﬂlebaseflc.m, it may still be the case that
during storms, salts are flushed frum surfaces or upper soil
horizons in parts of the catciment, including from wmine
residues. However, the overall quality of storm runoff is
better than the baseflow in which high salt concentrations
exist and the major source of conitamination must thevefore be
due to seepage from the deposits which either enters the
stream directly or indirectly via the ground water which
feeds the streans. This finding is not altogether surprising
in view of the well astablished fact that the surface layers
of sand and slimes residees are already substantially
leached. In addition, any salts that my acoumidate on the
dunp surfaces shauld be mindimized by storm mnoff conmtrols
from entering the stream network through direct nmmoff.

It is clear that seepage from sand dump 3R17 is the major
source of contamination when comparsd to the two slimes dams
in the study area. This has been established by monitoring
the quality and flow in the adjacent stream., It cannot be
inferred that a deposit which is not adjacent to a stresm
does not produce a pollution loxd. The mechanism of seepage
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of rainfall through the depcsit is the same (i.e. it is not
affected by the presence or abgence of a nearby stream).
However, in this case the megnitude of the load emanating
from the depesit is govemead by the rate of seepage into
groand water and the rate at which this reaches a stream
network. These aspects requive investigation.
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: DEPOSIT CIASS
Introduction

Fempe (1983), estimated that gold mine tailings cover some
B 000 ha of land on the Witwatersrand., In the 1966 lists
prepared by the Chamber of Mines, 342 dams and dumps were
included, Since 1966, a mmber of dams and dumps have been
reworked in ornder to extract residual g9ld and wanium.
Only three lerge cperating mines are still in existence.

Within the confines of the project intensive routine monitor-
ing of the pollution load frum every dam and dup in the
catchment would have been impractical. The deposits were
therefore classified in terms of measurable physical para-
meters, each related to the pollution potential of the
deposits.  Although this approach doss not give accurate
cuantitative estimates of the pollution locad from the
residues, it does provide an acceptable method which may be
used to estimate the total pollution load. The estimated
loads from the City Deep area have been extrapolated on this
basis to give a total lovad for all the dams and dumps in the
catchment area.

The Mine £ T Sheat

Appendix D shows the inventory sheet used, Mxch of the
information was obtained frmw the Chamber of Mines, althoogh
several categories on the sheet involwved un-site cbservation,
testing and sample collection. The series of 1:50 000 maps
prepared by the Chawber of Mines in 1966, the most recent
avallable, wara usad to locate the position of the deposits.
Of the 342 deposite marked on the maps, 273 wers visited, 237
of which fell within the Vaal catchment. At the time of
sampling 53 of these had been reworked and 12 were so amall
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that for the purposes of this investigetion they were either
grouped with a Jlarger depogit, or were ignored. Recent
communication with the Depariment of Water Affairs Mining
Section at Carmisten, who arz now similarly engaged with an
irventory of mine deposits, has disclosed that a further 13
deposits are in the process of being reworked., These have
alsc been omitted from the classification. Thus 180
deposits (122 slimes and 38 sand) are included in the classif-
iration. Their locations are shown in the maps in
Apperdix E.

Data Reduction

For the purpose of classification it was decided to reduce
the inventory data to the following cabegories: extent of
vegetation, presence of tos dams, volume, leach test results
ard the permeability of the residus suwrface. The mean values
for these categories for tha deposits are given in Table 17.
Each of these categories have besn divided imteo A, B and C
classes. For those parameters having mmerical values (the
volume, leach test conductivity and pH and the results of the
permeability determinations) the classes reprosent the 0 -
25, 25 - 7% and 75 - 100 percentile values of the data. The
class limits are given in Table 18. In order for these
classes to give an indication of the pollution potential;
volume, conductivity and permeability values in the lower
quartile and pH values in the upper quartile have each been
classified as category A (i.e. low pollution potential).
The high pollution potantial class C has bheen reserved for
volume, conductivity and permeability results in the upper
cuartile and pH values in the lower guartile. In addition,
vegetated deposits and deposits with tos dams have been
assigned to class A and those deposits which are withoat toe
dam=s or vegetation to class ¢,
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TABLE 17 — STATISTICS FUR MINE IFFOSITS

Average Standaxd Coeff of
Deviation Variation (%)

A1l deposits

velune/108 w3 8,70 10,48 156,3
u(ws.m1) at top (sand only) 65,71 69,97 106,5
pH at top (sard only) 3,18 . 2,81 237,1
u(ms.m1) at base 206,58 129,08 62,5
pH at base 3,05 2,88 146, 8
k/10 3ems™1 at base 1,63 2,54 155,9
¥/109cms™L at top 4,79 7,75 161,7

(sand -only)

Sand daEps

Volume/108 m3 5,62 5,28 93,94
u{ns.m~~) at top 65,71 9,97 106,47
pH at top 3,19 2,81 98,23
u(mS.m~ 1) at base 112,02 130,62 115,61
pH at base 3,33 2,96 88,96
k(103em.s™1) at top 4,79 7,78 151,?1'-
k(10 3cm.s"1) at base 3,74 3,24 86,55

Slimes dams
volume/105. m? 7,03 11,59 164,75
w{rs.m~1) at basa 230, 69 117,04 50,73
oH at base 3,00 2,87 95,78
k(10 3cm.s™1) at base 1,05 1,95 185,20

u = conductivity

k = permeability
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TARIE 18 — PERCENTIIE LIMITS FOR THE MIMERICAL PRRAMETERS USED

IN THE MINE DEFOSTT INVENTORY

Class A B c
Range 0 - 25% 25 - 75 % 75 - 100 %
Volume/10% m3 p,03- 0,8 0,8 - 7,6 7,6 = 64,3
u(ms.m 1) at top(sard only)| 5 - & 8 = 121 121 - 250
pH at top (sand only) 7-4,1 | 4,10 = 3,38 | 3,38 = 2,15
u{mS,m 1) at base 1 - 128 128 - 278 278 — 800
PH at base 7,6 — 4,05 | 4,05 -2,82 | 2,82 - 2,19
k/10"dams " top(sard only) |,84 - 1,75 | 1,75 - 3,90 | 3,90 - 42,0
k/10™3cms - Thase . |o,03 - 32 32 - 1,60 | 1,60 - 17,0
u = conductivity k = permeability

In arder to assign an averall classification to the deposits, those
deposits with 3 or more A or € classes have been seperated into the low
and high pellution potential categories respectively and tha remainder
fal) within the medium pollution potantial category, Class B, These
results are shown in Table 19.

Sand dump 3A17 in the study area should, strictly spesking, be classified
into Class B. As a result of the detailed investigation in this area,
the lead from it is known, and since the major part of this lcad is
aseumed to be intercepted by the adjacent stream, it has been classified
as Qlass C.

It should be stressed that the pirpose of this form of inventory was to
classify the deposits acoording to their pollution potential. A Class C
deposit may not necessarily be a pollution threat but it will, however,
be more likely to pollute than a Class A or B deposit and will thus be
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TAHIE 19 — MINE DOMP CIASSTFICATION IN TERMS OF POLIDTION POUTENTTAL

A. Sand dumps
- B c
lLeast apparent Medivm apparent Highest apparent
pollution threat pollution threat pollution threat

A4 141, 27
2A1 142 a2
2a3 2a2 3h6
2AB 2A1] 3A7
249 2214 T aan
2316 2315 a7
4a18 a1 4A4
4320 JAN0 4A17
4221 IA13 SAS
qp2d 445 S5hS

447

4315

4219

5a2

525

SA6

5411

6ALl
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TAHIE 19 — MINE DUMP CLASSIFICATION IN TERMS OF POLIDTION POTENTTAL

{continged)
B. Slimes dams
A B c
lzast apparant Medium apparent Highest apparent
pollution threat pollution threat pollution threat
12 aL.23 2L4 4L30 1l
iL5 4124 L9 4144 211
iT6 4135 2L10 4147 ) 2L
2I5 4127 2111 4148 . 213
AN 4128 2L12 4150 2L7
21A 4731 2114 511 2124
2115 4L33 2516 SI2 2129
2117 4135 2120 Cid 1A
2122 4136 2121 515 aL44
2023 4138 2L27 BI8 3lda
2125 4139 31 5010 4114
2131 4140 3La E123 4137
32 4741 L7 BI.24 4139
313 4142 318 5125 5127
315 4TA3 IO SL26 5128
JLa 4145 L1z 6L11
il 4146 320 HL12
137 513 JL24 6114
JjLis8 510 L2l
3119 SL1L 3135
L2l SL12 JL3%
31AZ SL14 JL4Ll
414 aL15 4L3
418 BL15 4Ls
418 SL17Y 4L7
4T0 5118 4103
4146 5020
ALA7 5021
4118 5L2z2
4121 5130
4122 6L3
6Ll3
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higher on the list of priorities for investigation when limited
funds have to be applied to remedial measures.

6.4 Mmbering Scheme

The rumber of the deposit refers teo the index mumber used by
the Chamber of Mines. The numbers prefixed by an A refer to
sand dumps, those prefixed by an L to slimes dams. The
prefixes 1, 2 ete refer to the number of the index plan which
contains the mine dunp in question (Appendix E).

&.5 Volume

Both the surface arsa and the volime of the deposits were
considered for inclusion in the classification. Although the
volume of the deposit wass chosen as being more relevant to
the pollution potential of the deposit, when surface area was
sbstituted for volume it wade negligible difference to the
averall classification. Volume was selected as the more
=nitable parameter becanse the percolation of water throuwgh a
depasit appears to be a more important contributor to
dissolved salts loading than direct run off (Section 5). The
method of volume caloculation is shown in Appendix F and the
percentile limits which are used in the classification are
showm in Table 18.

6.6 Extert of Vegetation

The inventory sheet subdivides the vegetation state into a
number of categories ranging from densely bushed to bare on
the sides and on the top. For the purpose of data reducticon
this has been separated into 3 categories: wvegetated, paved
and bare. Deposits which had upwards of 20% overall vegesta—
tional cover were grouped into the vegetated category, while
those with less were grouped into the bara category. Rock
covered deposits were placed in the paved category.
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The degree of vegetation of a deposit is important when
considering its pollution potentia), since a well-vegetated
deposit will be much more resistant to wind and weter ercsion
leaving the upper more heavily leached {and thus less likely
to pollute) layers of the deposit intact. In addition,
vegetation is a good indicator of the pollution potential
because pyrite oxidation, with the resultant formation of
sulphuric acid (Section 1.2.2) will lead to an inhospitably
low pH erwvirameent for all but the most tolerant vegetation.
It is also noted that aluminium, the predominant extractable
cation in mine residue samples (Hahne et al, 1976) is a prime
hazard in mine deposit vegstation due to its toxicity to many
plant species.

In a review by the Chamber of Mines during 1980 and 1981, it
was reported that vegetation on the damg and dumps resulted
solely from human agency and that chemicals often have ta be
added and irrigation amployed. 'This review used spectral
photography as an aid to researching the grassing of Wit-
watersrand sand dumps and slimes dams, The resuits of their
spectral survey were that tha vegetation cover on the flat
tops of slimes dams was about egual to the surrounding veld,
while that on sand dumps was inferior., In addition the
vegetation on the sides of the slimes dams was more sparse
than that of the swrrounding veld.

It is seen that most of the deposits im the irwentory meet
the criterion of greater than 20 % vegetation. while it is
possible that the 20 % limit is too low and that a 20 %
vegetational cover may not provide moch protection from
ercsion, it does indicate that the suwrface soil conditions
may be reasonghly hospitable and that such of the pyrite may
have been oxidized and leached from the surface layers of the
deposit. Although thosa deposits with less than 20 %
vegetaticonzl cover may be expected to have resulits falling in
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Class ¢ (low pH, high copductivity, high perweshility), such
relationship was not found, It is possible that less effort

has been made to re—vegetate these dumps.

Presence of Toe Dams

Efficient toe dams will considerably reduce the immediate
pollution potential of a sand dump or a slimes dam by
collecting runcff ard seepage water and retaining it for
evaporation. Many of the early deposits were constructed
without taking ecological aspects into account and did neot
have toe dams incorporated into their construction. on
medern slimes dams, excess water is drawn off through
penstocks and retwmed for re-use while trenches are provided
tudrainarﬁrseepagstnthe.paash:ckm. Although no new
sand Aumps were started after about 1918 (Kempe, 1583), sand
treatent on established mines contined until the sixties.
Althouwgh the Department of Water Affairs and the Chamber of
Mines have adied toe dams to those deposits judged most
1ikely to constibate a pollution threat, about 25 % of the
slimes dams and 75 % of the sand dumps inventoried are
without visible toe dams. In addition, many of these deposits
with toe dams are only partially protected, often because the
construction of roads, hbuildings and stormater pipes in
close proximity to the deposits has prevented the addition of
further toe dams. Those deposits which axe both bare amd lack
toe dams may constitute a pollution threat, especially if the
results of their leaching tests are alse high.

Leaching Tests

The procedure followed for the leach tests was established
following initial trial testing. Hand auger samples were
taken to a depth of 2 m on two slimes dams and two sand dumps
{including the three study deposits). These samples were
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Elrst air dried, then one part of =ample was shaken with two
parts of deionized water. The extracts were analysed for pH,
copductivity, TDS, =sulphate, iron and manganese. From the
results it was decided that since no significant difference
was found in the slimes samples either with depth or between
top and bottom sampling pesition, only cne sample would be
taken from each slimes dam vhile two would be collected from
each sand dump, one from the top of the dump and one fram
the base of the dump. In addition, only one sample per hole
was collected in order to reduce the mumber of leach tests.
The depth at which this sample was taken was selected to be
at the 1 m - 1,% m horizon since it was believed that this
dapth would fall just below the mest heavily oxidized zone.
The major immediate potential sourca of leacheble salts in
most deposits would thus be sampled. =

It should be appreciated that the leach tests are not
necessarily representative of the amount of salts that will
be leached out of the deposits after storm events, but only
of the amounts of salts which are potentially available. In
the peal situation the quality and guantity of the leachate
will be dependent upon many factors imcluding the per-
meability of the residue material, its porvsity, oxygen
availability, the residunal sulphate, the sulphide available
for owidation amd the volume of watar per unit mass of
rasidue material.

It sheuld also be recognised that since pyrite is readily
cxidisable in the presence of air, alteration of the sample
may occur between the tise of sampling and leach testing.
Since some of the samples were allowed to stand longer than
gthers before testing, care mist be exercized in making
intercomparisons between sample sites,
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The conductivity wvalues found in many of the surface and
auger hole samples collected during the routine water quality
monitoring far excesded the maximm conductivity cbtained in
the leach tests indicating that the resuilts from the leach
tests do not necessarily provide an upper concentration
limit. HNeverthelesz they should still give some indication
of the relative pollution potential of the material.

The results of the leaching tests display a wide range of
values which is indicative of the differing extents to which
the mine residue material has been oxidized. Factors such as
the age of the deposit, the permeability of the =urface
material and the head wvalue of sulphur will canse these
differences.

It ¢an be scen from Table 17 thatthenﬂanlaachatéquality
value from those samples collected at the bottom of the sand
dimps is worge than the quality of the samples collected from
the top of the sard dumps. This is the reverse of the
reslts from the auger tests performed on the City Desp =and
dumn  in establishing the leach test procedure.  This may
partly be explained by considering the point at which the
sample was taken with respect to the zone of saturation.
leachate water infiltrating through the dup will collect at
its base at a level govermed hy the permeability of the
subsurface material. It is postulated that in sand dumps
with relatively more permeable base materials such as 3Al7,
it is assumed to be the salts near the base of the dam that
will have been leached into the base materials. Where the
base is less permeabls, these salts will not zeep into the
base, but will tend to emerge near the foot of the dam.

Table 17 also shows that the mean laboratory leachate quality
of the samples collected from the base of the slimes dams is
of worse gaality than the mean quality of the samples
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collacted from the top and bottom of the sand dumps.  This
may infer that while much of the sulphide present in the
swrface layers of the sand dumps has alresady heen oxidized
and leached out, mora of the sulphide in the slimes dam
material remains unoxidized and relatively imnobil ised due to
the lower permeability of the slimes material.

Poermeabil ity of the Residys Surface

It is as=sume] that those deposits with higher surface
permeability are also likely to have high rates of infiltra-
tion and will accordingly also hava higher rates of seepage.

The method of measuring the permeakility of the uppermost
0,5 m of the deposits was not intended to give an accwrate
perweability value of the residue materis?, rather it is an
approximate method intended for intercomparison.

The in sitn falling head permeability tests were cavried out
on undisturbed material on the dumps.

Two 0,7 m holes were augared on each sand dump, ohe on the
top approximately 20 m from the edge, the other a few metres
up from the base of the dump. Since thers were no differ-
ences between the leach test samples collected from the top
and base of the slimes dams, only one hole was augered a few
metres up from the base of the dawms. Variable head per-
meability tests were performed on the 0,7 wm sections. Duoe
to the large mmber of deposits to be visited and tested, the
tests were performed over a short time period. The per-
meabilities were caloalated using the formula for an un-
saturated material {(Apperdix G). W%hen the mean permeabllity
of the slimes dams was compared with the permeability of the
sand cdumps, it was seen that the permeability of the sand
dumps was higher than that cbtained frem the slimes dams.
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Even a0, the values obtained for the slimes dam=s werz perhaps
on order of magnitude higher than would be expectsd. This
way be explained by considering the grain size distribution
of the residue material. Kempe (1983) gives the general
particle size distribution of the sand dump material as

7 % greater than 300 um
70 ¥ between 75 and 300 um
23 % less than 75 mm

while slimes have a timensss of 75 % less thapn 75 pm. For
comparison, the results of particle size amalyses on residue
material from 4116, 4125 and 447 are given in Table 20. The
sand dump material contains a sizeable proportion of fine
material which is likely to lowsr its permeability con—
siderably. The slimes samples have large proportions of
material hetween 150 fam and 200 pmm and only 5-17 % of
material finer than 75 um. It iz posgible that this results
from the methed of slimes dam construction. This usually
involves spigoting in which the coarser materia) is deposited
near the edges thereby reinforcing the walls, Thus, the
surface material is not really rapresantative of the bulk of
the slimes dam, hence the high permeanility.

Interpretati. £ the Mire ificat]

Using the data chtained from the mine deposit inventory it
has been possible to classify the deposits according to their
apparent pollution potentisl. Inspecting the classification
of the City Deep depcsite (Table 19) it is seen that 3417 amd
3144 fall into the category of greatest pollution threak,
whilst 414 falls into the lowest pollution potential
category.  Fhase II investigations have shown that 3237
generates nearly all ths dissclvad sclids from the study
sites, whilst 3144 contributes less than 1 % of the lcad.
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Slimes dams 474 makes a negligible contribution to the load.
Although the classification of 3217 and 414 agrees with the
Fhase IT results, 3144 does not appear to constitute a
considerable pollution threat. However it must be strassed
that it is only because 3A17 is in such close proximity to a
stream that it is possibe to monitor this considerable
contribution to the load. It may be that the lcads from 3144
enter deeper lying groundwater.

TARBLE 20 - PARTICLE SIZE ANALYSLS FESULTS OF SAMPLES
COLIECTED FROM [EFCSTTS 4A7, 4116 AND 4125

% Passirg
. Sieve Sizes
Sample D?p';:h {rmm)
m
0,425 | 0,150 0,078
ap7 0,0 - 0,5 90 3% 8
47 0,5 -1,2 90 36 &
4116 0,0 - 0,5 9% 68 17
4116 0,5 - 1,2 9l 55 12
4125 6,0 - 0,5 80 29 5
4125 0,5 - 1,2 7 44 8

There do not appear o be any major tremds in the results of
the classification in that no one partioular type of deposit
consistently fell inte the =ame category. The main oon-
clusion is that the pollution potential of the deposits is
now largely a function of their degree of maintepance, It
would have been of wvalue to have incorporated into the
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classification the distance from each deposit to the nearest
water course, as well as the age of the deposits and the
present sulphide amd sulphate content of the residue
material. Mevertheless, the classification as it stands,
provides an indication of the pollution potertial of each
deposit. 'his will allow priority attention to be paid to
those dumnps with the identified higher pcllution potertial.
More detailed inwvestigation of these dumps will then confirm
whether remedial measures are necessary.

Chamber of Mines Dump Inventory

An additional survey was carried out by the Chamber of Mines
(CM) Pollution Control unit during which they vieited all
the sand disps and caxried out an inventory based on the same
criteria used by SRK, hut ewcluding permeability and leach’
tests.

The tables simmarising their data obtained in mid-1987 are
presented in Appendix H. The SRK inventory had been carried
out during 1986, so some differences may be expected.

Salient points from the OM inventory are the following:

. SRK had incorrectly assumed that two dumps 32/11 and
53/11 which were situated on slimes dams comprised
the whole volume of the cambined dumps. Correcting
for this reduces the SFK estimated wvolume for the 38
sand dumps inventoried from 210,7 x 10503 to
182,2 x 10%n7 (Appendix H, Table III). This compares
to the OM volume of 152,5 x 10® 3 for the sand dumps
inventcried by SRK.

The M estimate of the total volume of the sand dunps
in the Vaal Barrage catchment is 308,7 x 105%3. fThis
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total is not showm in Appendix H, Table ¥V, but is the
sm of tha Current Bstimaked Volume shown in Column 2.

Caloulation of salt loads

Using the results from Fhase II of the investigation it is
possible to astimate the total load from the durps and dams
in the Vaal catchment using the calculated loads from the
City Deep study area. Ssvaral methods of extrapolation are
possible, each imwvolving certain assumptions. “The following
common assumggtions apply:

i)

ii)

There is a negligible load from the slimes dams
compared to the sand dumps. This was found to be true
of dam 4I4 in the study arsa whilst 3144, although
classified as being in the highest pollution potential
category (category C), was found to contribute less
than 1 ¥ of the total load., Circumstances where this
assumption may not be true include cases where dams
may be f[raeshly eroded and fractured thereby increas-
ing the vertical permeshility and exposing previously
unoxidized material to air. Seepage and runoff from
suich cases would pose a significant pollution problenm.

In addition, although the losd from individual slimes
Sams may be_small, the total lead contributed by them
may be significant because of their total volume.

Hone of the dsposits which are in the process of being
reworkesd contributa any load to the catchment and have
been omitted frem the classification. While the
deposits still axist this may lead to an undersstima-
tion in the annual pollution lead, especially since
the reworking process may expose the less heavily
leached sub =surface layers of the deposits therehy
increasing their pollution potential.
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iii) The 237 mine depesits visited in the catchment are
representative of all the deposits in the catchment,

iv} PRainfall and rnuoff in 1885 are typical for the area.
In fact, the anrual rainfall in 1985 (705 mm) is below
the average (750 mm). It is considered that the load
would be larger in a wettsr year.

The following wethods have been applied:

6.12.1 Volume corrected load

If it is assumed that the pollution load from a sand
dump is proportiona) to the velume of the duwp, the
information from Phase IIT of the study may be ooupled
to that of Phase IT ta calculate a load as follows:

6
Salt load = 2300 x 182:2 X 10 x 80

12,41 x 108 52

= 51950 t/a
here -

2300 : estimated salt load frum 3a17
182,2 x 10% : corrected volume of 38 sand dumps,

12,41 x 10° : volume for 3A17

8O
52 : corrvection factor to corvert volume of 52

dumps visited (of which 38 were considered to be
significant) to the total of 80 dumps, assuming the
same ratio of significant to insignificant dumps in
the total of 80.

The use of the correction factoer of 80/52 leads to a
total volume of 280,3 x 1053 for all the sand dumps,
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vherpas the OOM volume is 308,7 x 105m°. The
difference of 10% is considered acceptable.

Area corrected load

In the same way, tha load may be calculated, assuming
that the salt lcad is proporticnal to the area covered
by the sand dumps:
6
Salt load = 2300 x 307 x 10 80

0,247 x 10% X 52

= 58300 t/a.

Where : 4,07 x 105m@ - corrected total avea for
- 38 sand dumps ) )

0,247 x 10572 - area for 3a17

Sumary of salt load caloalations

The valume and arsa corrected peollution loads from the
mine residue depositzs in the Vaal Barrage are
51 950 t/a and 58 300 t/a respectively. Taking intc
account the approximations and assumptions described
in Section 6&.12, 50 000 t/a i= considered to be a
reasonable approximation of the magnitode of the
load.

The calculated loads are segpage loads from the sand
dumps of which a presently unknown proportion will
appear as streamflow. An unknown proporticn of the
streamflow eventually reaches the Barrags. It is
knam for example that the volumes flowing in the
lower reaches of the ¥lip River are lowsr than in the
upper reaches (Funke, 1984), possibly as a result of
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agricultwal abstraction and of recharge to the
dolomitic aguifer traversed by the river in this area.

In =mmary, it is concluded that approximately
50 000 t/a of salts are discharged to the envirorment
from the gold mine residue deposits in the WVaal
barrage catchment, but that a presently unknown
proportion of this feaches the Barrage.

The remowal of many of the ming residue dumps,
especially the sand dumps, which is in progress or
keing planned, coild alss have a significant long—term
effect on the reduction of the =alt loads. This
factor has not been taken into account since the
prpose of the stiudy was o determine present salt
loads.

These calaalations have been based on a mmber of
assumptions and combinations of assumptions. If any
of these assumptions were proved to be invalid, the
caloulated loads could be significaintly affected.
These asamptions were mentioned in the introduction
to this section and are listed in Table 21.

6.12.4 Comparison with previcus i

Clavsen (1969) predicted a load of 16800 ¢ in 1970
from mine deposits in the ¥lip River and Suikerbosramd
catchments decreasing to 6 000 t in 1980 and 3000 t in
19290. He ascribed the projected reduction in the lead
from mine residues to the proposed construction of toe
damsi, the securing of slimes dams tops against nmoff
and the reduction with time of the residoal oxidizable
pyrite, much of which had taken place by the time of
this study. This study did not consider the remaval
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of dumps 8= the result of reworking. His figures were
arrived at by including direct runoff from mine
resicdue surfaces only, thus no account was taken of
the potantial load contributed to the ground water and
stream baseflow. The last two factors have hbesn

shown to be important in the present study.

The Department of Water Affairs estimated the average
salt load to the Barrage owver the period 1978-1983 to
be 400 000 t/a.

Stewart, Sviridov and Oliver (1979) found the total
salt mass generated in the Barrage cabtcment for the
period September 1977 to August 1978 To be 547 300 t

whilst the mass gererated by nor-point sources alone
was 315 000 k.

The present study has estimated that about 50 000 t/a
of salts are discharged to the enwiromment, mainly as
seepaga. The proportion of this which dizchaarges to
surface water and eventually to the Vaal Barrage has
not been quantified,

Even taking into account the limitations of the
assumptions, the Indications are that the potential
contribution to the TOS load from mine deposits is
greater than previously sstimated., The disparity
between the load calorlated in this study and values
cuoted previously may be due to the fact that in
previous studies the role of ground weter and stroam
baseflow has been underestimated, and that of direct
runoff fram the largely oxidized residue surfaces

given undue prominence.



104

TAHIE 21 — ASSIMPTIONS DSED TN SALT LOAD CALCUIATIONS
FOR THE STUDY AREA

General agsumptjons :

1 The surface runoff loads during storm events aye neglig-
ible, 2Although leoads during storm evelts increased, the
total load contributed by infredquent storm svents is
small.

2 The sespage load to the ground water system from slimes
dams is negligible. Even small leads may, however, be
significant because of the larger mmber of slimes dams.

3 The load of 2300 t/a from 3A17 which appears in the
ajacent stream is essentially the total load from
seepage to the ground water sysitem.

4 None of the deposits which are being reworked contributes
a load to the catchment.

5 The 237 nine deposits visited in the catchment are
represantative of all the deposits in the catchment.

& Rainfall and runcff in 1985 were typical for the ares,
Specif :

. The pollution load is proporticomad to volume of the sand
dunps. (Section 6.12.1)

The pollution lcad is proporticmal to the araa of the sand
dumps. ({Section 6.12.2)
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Finally, it is important to realize that the TDS loads
calculated in this imvestigation relata to the
vicinity of the mine residues themselves, The
proportion of the load which actually enters the Vaa)
Baryage is urdnown. Whilst it is realized that in a
conservative system dilution of the flow by the
addition of tributarjes serves to reduce only the con-
centration of salts and not the absolute load, this
system is not conservative. Aeration of the water and
the additicn of battar quality water serve to reduce
the acidity parmitting precipitation of salts such as
the precipitation of iron hydroxides cbserved in the
study area. The axtent to which the load is reduced
by these mechanisme is urknown.
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CONCIUSIONS AND RECOMMFNDATTONS FOR FURTHER INVESTIGATTON

7.1

Conclusicns

The purpose of this irmestigation has been to evaluate the
present contribution of mine deposits to the pollution load
in the Vaal Barrage. The approach has been to monitor the
flow and quality of water in a selected study area which
contains three mine deposits and to extrapolate the results
to the Witwatersrand area by compiling an inventory of mine
depesits in the catchment. In order to aseist with the
plamning of ramedial measures, the sand and slimes durps were
classified into three categories accomdling to their perceived
pollution potential. These dumps with the higher mating have
a higher priority for investigation of remedial measures.

In the selected study area, it has been established that the
general quality of the stream water upstream of the monitored
deposits is good but that it deteriorates significantly
during its passage past sand dump 3Al7. The influence of
this dup persists to the easterm half of the study area
where the stream water qumality remains poor but does not
deteriorate further. The quality of the near surface ground
water follows a similar patterm. There is evidence from the
wuality of the ground water at depth and from the quality of
water in the Rosherville stream, which does not deteriorate
during its passage through the study area, that the water
quality is alsc affected by other sources, probsbly nearby
mine deposits and industrial areas.

Study of the variation in water cuality during storm events
showed that the effect of stormwater was to dilute the salt
concentration in the stream bazeflow. Thus direct surface
runoff is not a significant source of the zalts fournd in the
stream water; these are already present in the stream
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baseflow. Howsver, the greater velumes of flow during storm
events result in greater salt loeds being transported than
during baseflow when cohcentraticns are higher. Part of
this higher salt load during storm avants may be derived from
surface runoff but this could not be quantified. The likely
mechanism for the contamination of stream flow from the sand
dump is percolation of rmimater through the dump to the
near-surface ground water and jts subsecuent seeparge inko the
stream from the dump base ard the near-surface ground water.

Fhen the stady was designed, it was envisaged that the major
salt load would be derived from surface runoff. The study
showed that seepage from the sand dump into the baseflow of
the adjacent stream was tha major souwrce of the salt load
contributed by the three dumps in the study area. as a
result of this, the hydrogeological aspects proved to be more
important than had originally bean expected, and the design
of the recording and monitoring systems was accordingly not
detailed encugh te supply the information for better cuant-
ificatien of the salt loads seeping from the dumps into the
groundd water system and from thers to the streams.

Seepage, especially from sand cdumps into the near-swaface
grourdl water system and recharge of sireams by this ground
water i=s now thought to ba a more significant source of the
salt load than storm watar surface runoff.

The load of TS and sulphate from the study area has been
quantified and apportioned amongst the meonitored deposits.
The largest portion is derived from the sand dupp.

The locad of 2300 t/a of salts entering the stream from the
sangd Jump was taken, with certain reservations, as an
indication of the salt load entering the envircrment from
this dump, and as a value which could be ussd in extrapola-
tion.
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The total anmal load of 5620 t discharged from the study
area is mwade up of the 2300 t from the sand dump with the
balance of abowut 23320 £ being essentially imported into the
area by the stream. Contxibutions by the twe slimes dams
wera considered to be small.

The annual load discharged from the study area {2 300 t frum
the stuldy site and 3 320 t from upstryeam of the shly site)
is far in excess of a previously guoted value for the same
area of 471 € (Funke, 1984). This is lamgely due to the
greater volume of flow recoxrded for the area than was
previously estimated. The proximity of a peremnial stream
adjacent to the sand dump anabled the pollution lcad produced
by the dump to be monitored., In the absence of the stream
the load would be transported Prom the dump at an unknown
rate in the grourd water.

The study included the compilation of an inventory of the 273
mine depesits in the Vaal Barrags catchment in orxder to
classify them accordirg to their pollution potertial.

The pollution potential was based on measurable perameters
that were considered to bhe significant. These were: extent
of vegetation, presence of toe dams, volume, leaching tests
and permesbility of deposit surfaces. Three categories of
depasit were identified varying in their degree of pollution
potential. Of the existing deposits inspected in the
catctmment, 73 fell in the category of least polluticn poten-
tial, 62 in the middie category and 25 in the category of
highest pollution potential. HNo one particular deposit type
was found to be a particoalar threat. Rather, the overriding
criterion appeared to be the level of maintenance of the
deposit., The classification has identified those deposits of
highest pollution potential and to which priority attention
should be paid when considering remedial measures,
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By extrapolating the load calculated for the study arma to
all the dumps and dams in the catchment of the Veal Barrage
an anmual figqure of approximately 50 000 € was obtained as an
estimate of the salt load discharged to the enviroment,
mainly in the form of seepage to the near-surface ground
water. An uninown proportion of this secpage recharges
surface water systems and eventually reaches the Vaal
Barrage. The effect of the removal of dumps was not studied,
but is expected to have a significant long-term influence.

Recomendatjons for finther stugy

Many factors influence the degres and rate of pollution from
mine deposits and their ultimate contribution to the mineral
load in the Va2l Barrage. In order to cbtain a more reiijable
guantitative estimate of thls contribution it would be
necessary to have nowledge concarning the present rate at
which the residual sulphide is being oxidized, the rata at
which sulphates are leached from the mine residues and the
mode and rate of the transporting medium, (i.e. whether by
seepage dirvectly to a stream, or sespage to near-surface or
deep ground water and ultimately into a stream possibly
remote From the source of pollution). This demands a better
understarding both of the processes occrring within the
deposit material ({infiltration, permeability and sespage
rates, depths of oxygen penstration and rates of oxidation
both chemical and bacteriological) and alsc the direction,
route and rate of movement of water from the deposits to the
Vaal Barrage. It would alsc be necessary to investigate the
apparant loss of dissolved solids from the mine deposit
polluted water during its passage to the Vaal Barrage.

The following aspects should be irwvestigeted in order to
achieve a hetter insight into these processes:-
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More information mast ke chtained concerming the rates
of seepage from the deposits. This would involive
measurement of tha distribution of meisture within
sard and slimes residues. It is suggested that
boreholes should be drilled through selected dams and
Sumps. Instimentation eshould be installed to
monitor changes in moistura contents and permeabil-
ities. Esti:ratespttharatasnfseq;agemﬂdm
be obtained by back-analysis. At the same time,
information should ke obtained on sulphide and
silphate concentrations and on bacterial activity and
changes in these at depths not previously Inves-
tigated, The present rates of sulphide ocxidation and
sulphate leaching must alsc be investigated. Marsden
(1985) has studied the variation of residual sulphide
and sulphate content of mine tailings with depth and
comparad these values to tha original head values of
the residue matarial. It would be a useful follow up
if these values ware carsfully monitored over several
seasons So that the current rate of sulphide oxidation
and sulphate removal cculd ba estimated.

Frem this the mechanisms through which pollutants
enter the local ground-water system could be
established and estimates made of the rpotem:ial
pollution load.

An investigation should be made into the regicnal
grourd-water regime. It is necessary to determine the
direction and rate of movement of ground water in
order o assess its influence, if any, on the trans-
port ol pollutants to the Vaal Barrage. The monitor-
ing of tracers, either natural or inmjected, in the

groundwatear might be useful in this respect.
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3. In the case of sand dump 3417, it has been shown that
recharge of a surface stream by seepage from a sand
dump is the major source of pollution from the three
dunps studied. Tt is belisved that this mechanism has
not previously been recognised as significant in the
transport of salt load to a stream and it may there-
fore be a more general phenomencn than realised. More
detailed sampling, analysis and flow rate estimation
of streams during baseflow conditions in the wicinity
of sand cdumps will allow a better estimation of the
importance of this phenamencon.

4. The lous of dissolved sclids from mine polluted watar
shauld be investigatad. Only a proporticn of the load |
calculated in Secticn 3.2.5 may actually enter the
Vaal Barrage. As the pH of the mine pollu;‘.'.ed stream
recovers due to dilution and asration, precipitation
may occur resulting in reduced salt concentrations.
These processes may explain the results of Funke
(1984) who found that the tormage of dissalved solids
and sulphate from peint scurces into the Klip River
exceeded the calculated tonnages at the Klip River
gauging station. It would be possikle to quantify the
concentraticon of salts xemoved by monitoring the water
guality amd flow rates at a rwmber of distances
dowmstream.

The resulis of these further investigations may then be used

to design empirical models which will more accurately
quantify the contribution of mine residues to the salt load

in the Vaal Barrage.
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sand, ]
Heathered quartzite. 3
22 ]
Maist, light greyish-brown to buff, K
gravelly, mediuvm and fine sand. ]
Waathered quartzite. ]
313 . . — ]
Ory, light orange, silty sangy-Tine gravel.
b4 Weathered guartzite. :
As 22,0 to 33,0m, 1
36

Maist, light aray, silty, coarse, mediwm and

fine sand.

Wegthered quartzite.
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Cry, very light grey, gravelly fine sand.
Wegthered quartzite.

Moist, buff to light grey, gravelly coarse,
medivm and fine sand.
Weathered quarizite,
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1,5 :
]
Pate pinkish-grey rock flour and coarse rock 2
chips. 3
Acid intrusive or weathersd quartzite ? _
3
.
;
e
:
12,52 E
" {Yellowish-brawn rock flour with apparently 3
fibrous texture, -~
Weathered intrusive ? ]
17 4 :
. |Pale yellowish-grey rock flcur, -
Jericitic quartzite quartzite. -




Georecncal ana ey Eoepare =N M. PERCUSSION DRILLING RECORD  *He€r we. 1/2_

Gertachnical and Mimng Engmaers,

, 20 An Strget,
P Box 8856, donammessing. doea % [cLIENT _HRC JOB Mg, PT 2632
Talaphona B3+6061. Talox £-3753, PROJECT CITY DEEP MINE QUMPS |HoLe We. RH_| _
s5ITe 3144 SW carper ELEVATION
LOoGGED 8y _DW WATER TABLE .
ORILLER _ NA CATE STARTED .dan “H4
sl = u g
PERETNATION ralb o= “ MATEAISL DESCHPTION
{MIMUTES | i AT -
L= -3 [

Moist, buff to light grey, gravelly coarse,
. medium and fine sand. . &

: Weathered quartzite.

Tl EETR

s

Ly gy
ilnrlhll

Loy o b oy ed el irunrans

|l|+|r|||r|

AT P
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STEFFEN ADBEATSON AND KIASTEN INC.

Geomctwcal and Mining Engmaers.

PERCUSSION DRILLING RECQORD

SHEET o, 2/ 3

::_53 wjﬁﬂ;num Btreet, 2..‘l:‘nﬂl-::::rninui.'ﬂun;l. cLIENT _WRC JoB Ne. PT 3837
Telapnans B34+-EDET. Telax G974, proJecTGITY DEEP MINE DUMPS . luote No BH 3
J SITE 3144 HE cornep ELEVATION
LoceeDn ar __MEH WATER TagLE
. DRILLER Qb4 DATE STARTEGD Jao 84 .
i E o
FENETAATION wy s E BATERIAL DESCRIPTION
IMINUTES ) ;E u 3 =
o 3|' Muigt,light yellowish~orange, fine-coarss :
- an . r
] Feathered quartzite. 11
s 3 ]
i [Pale grey, fine-coarse sand. ]
R ] Fresh quartzite. ]
] Pale pinkish-grey and yellowish-grey, fine- )
- Coarse sand. -
L E hlightly weathered quartzita,

Pink and grey slightly weathered quartzite. _
:
3 .
1 3
7 iq _:
PIEZOMETER INSTALLED FTT i -
10, ‘ ]
‘ E Pink, white and grey, coarsa sand. .
Slightly weathered,coarse grained quartzite. -
E
3
]
E
19 ]
1 Grey rock flour and fine-coarse sand, ]
J 1 . Fresh guartzitas. .



STEFFEN ROBERTSON AND KIASTEN ING.

Geoiecnmesl and Minmg Enginesra,

16th Fioor, 20 Anderson Sitasl. Jonannestum,

F.C. Box 8858, Johanr#sburg, 2000,
Talapnone 34-6061. Teex 50763

PERCUSSION DRILLING RECORD sweer w22

cLient _ WRC

emouge7 C1TY DE

MIiNE DUMPS

atTe . JL24 NW corner

L OGGED BY _MFH_

208 No, _PT 3832
HOLE Ne. BH 2

ELEVATION
WATER TASLE

GATE STARTED ¥2D "84

CRILLER
gz E 1;
PEHETRATIDN welb e | & UATENIAL OESCRIPTION
-
(CTELR £ 3 ;E w u =
As 17 to 20m.
21 2

Pale pinkish-grey rock flour. ]
Weathered sericitic quarizite.

3 E

] ]

28 % E

29 3

P1EZOMETER ILST%LLEB AT ; ;
29]1m. 3 =
E {Pale yellowish-greenish-grey to dark greenishT

. arey, rock flour with quarizite chips. b

5 Heathersd quarizite. -

38 ]

. Reddish-brown sand and dark greenish-grey h

] guartzite mixed. 3

] Hedthered quartzite. ]

o 3 :




STEFFEM ROBERTSON AMD KIASTEM INC.
Gealecrnical and Mwung Enguipsrs,

PERCUSSION DRILLING RECORD

swEET me. 1/

150 Fiser, 20 Anderscn Siroel, Janannesburg. WRE PT 3637
X . Johanmesooe CLIENT JOB Mo
?imagimLTm FA erosecTELTY DEEP MINE DUMPS HOLE No. BH 4
SITE JA17 NH_{;Q]"‘HEF ELEVATION
i LOGGED & —_MFH WATER TAlLE
DRILLER . OWA DATE $TARTED AJ&0 A4
=¥l 7| ¥
PENETRATION vy L= = MATERGAL DESCHIPTION
{MINUTES | ;E uow =
{71}
Dark yellowish-green becoming light reddish--
orange with depth, fine sand with chips of
black slate and other foreign material. ]
Highly weathered quartzite ? ]
]
: i
Pale reddish-gray, mainly rock flour and _
fine sand. .
Weathered quarizite. 1
12 3 ]
| Pale yellawish-brown sand. ]
Weathered quartzite. E
AY4 b K
PIEZOMETER INSTALLZD F]T ;
14}, 9m ]
16 J
PEZOYETER ]HS‘AALLEI} ir P20 i/ Samples missing -
23, 55m. ]
27 E




oo o KsTEN NG PERCUSSION DRILLING RECORD  sveer o 32

Geowchmeal 2nd Mining Engnears,
S S e R fouey MRC e [408 ne FT3632
Taleohona BJ4-B061, Takex B5761, FROJEET MI LMPS HGLE Na, 8H 3
revaevory, [ pm— SITE 3‘-%%4”5 corner ELEVATION _
z LOGGER av WATER TamELE __
DRILLER __ DHA DATE STARTED Jan "84
cwj oW | u
PENETRATION ralt 3 E MATERIAL OESCRIATAN
[MINUTES ) ;; Wy =
= 3 o
] Grey rock flour and fine-coarse sand. ]
] Fresh quartzite. J
PIRZOMETER THSTALLED AF ] ]
22 105m, -] _ -
23 - -
] Pale reddish-grey, coarse sand.
2 . Slightly weatherad quartzite. .
— — m—— — — — — e —— |

|

A EEEE RN E R

l-tl‘l'lll

lllil|'|.I_.1IIIrItl|‘III!1II‘III-II
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STEFFEN ROBERTSON AND KIRSTEN INC.
Gaatecnncal ang Mining Engmears,

PERCUSSION _DRILLING RECORD

SHEET o 22

16in Ficar, 20 Anderson Strewl, Johanesturg, cLIENT _ WRC Jo8 o, _PT 3632
0. Box 8956, : LR = o =
Taonans G34.5081, Tolex 7L pROJECT CITY DEEP MINE DUMPS JuoLr mo, BH S
Y/ site __3A17 SE corner ELEVATION
o LosGED By _MFH WATER TABLE e
DRILLER _— DWA OATE STARTED oJan 83
=Y E e
PENETRATION ey E g & MATERIAL DESCRIFTI(ON
IMIHUTES ) ;; vy =
] Very pale pinkish-grey, fine-coarse sand with ]
2y A some rock flour. Fresh quartzite.
As 20 to 21m, but almost white in colour, ]
Fresh quartzite. ]
24
_ Dark greenish-grey rock flour and fine-coarse
sand with gquartzite chips. =]
Fresh guartzite. ]
(e |71z | ;
PIZZONETER INSTALLED AT E
27| 8m ;
1 3
33
Pale grey {almost white) rock flour with .
fine-coarse sand and quartzite chips. =]
Fresh quartzite, ' ]
36, hg
Yery pale yellowish-grey rock flour and fine=--
coarse sand. .
Fresh quartzite. 4
39 ]
3 AS 36,5 to 39m, but pinkish-grey, 1




STRFFEN FOBERTSON AN WRSTEM e, PERCUSSION DRILLING RECORD  feer e 4L

Geagliechrica and Minmg Engnesrs,

;531 :l::ﬂﬂzg;msm EIIHII.JDI'Iamrg_ CLIENT WRC Jo8 Mo, PT 3632
Teieghane B3&5061. Taiex H?ﬁﬂ FROJECT {ITY DECP WMINE OUMPS [HOLE No.gy.§
S$ITE _3312.5T coprnep .. |ELEVATION
LOGGED BY _MEM WATER ThALE TS
CRILLER AL DATE STAaRTED =0 _S&
i E e
FENETHATION balc = “ MATERIAL DESCRIPTION
{MINUTES ) x| 2
= 1 B
Om ]
' Brown, medium sand. ]
] Weathared quartzite. :
: y
6 = .
; ]
3 Yery pale yellowish-grey, medium sand with 3
] some rock- flour. ]
2 Sliohtly weatherad-fresh quarizite. i
: ]
] ]
] .
1" = .
3 Very pale pinkish-arey, medium-coarsa sand E
3 with some rock fleur. 3
: Slightly weathered quartzite, some grains E
1 [weathersd. 1
: E
: .
] 3
E E
19 = - ]
] Very pale grey, fine-coarse sand. ]
] Fresh quartzite, .




STEFFEN ROBEATSON AND KIRSTEM NG,
Geatscnmeal and Minng Enginesrs,

1640 Floor, 20 Andarsan Street, Johanneshmg,
F.O. Box 5855, Jorannasourg, 2000,
Teleghone 8346061, Talex B9753,

=

PERCUSSION DRILLING RECORD SHEET Mo, /4

cLIENT _WRC
proueeT CITY DEEP MINE OUMP

SiTE dAt7 SE cornper

LoGGeD py _MEH

DRILLER QWA

Joa wo. _PT 3632
HOLE Nao, BH §

ELEVATION
WATER TABLE :

—_—
DATE STARTED _l2g "34

c¥(_ T [ 4
PEMETRATION MY|E = - MATERIAL BESCRIATION

(MINUTES ) ;% “w| =

3 Pale yellowish-gray rock flour with mipar 5

] toarse sand and small amounts of mica, E

Fresh, slightly sericitic quartzite. ;

Al ]

PIEZOMETER INSTALLED AT 3 ;?ﬁ;ﬁ”;§2£92?3315“'9r9?‘ cosrse sand with ]

84 fm. _i Frash, coarse grained quarizite. ]

gﬂ' iﬁ i

: __h__'_“_-——__=—___‘___~_..__




STEFFEN ROBERTSON AND KIRSTEN WC.
Gguiechmcal and Mning Engineers,

PERCUSSION DRILLING RECORD sHEET "-~‘_5*‘L3_

;rﬁgl Bux aaasus, mnn:m z"nﬂm Fourg. CLIENT __LD0 JO8 No. _PT 3432
Taphnne &%-6061, Telex B-GTEY, PROJECT CITY NCLD MIME QUMPS  |HOLE Ne. BH A
SITE 3817 SE cornge - | ELEVATION
LOGGED BY __MFL WATER TABLE 0
ORILLER —DWa DATE STARTED JJap—fdt
bt B E 5
PENETRATION relE = - MATERAIAL ODESCRIPTION
INIRUTES ) ;: = : E

Lad L bfaa s

T ‘Ill.ll.l.tllt'l

N

Yery piale yellowish-grey, fine-medium sand
with rock flour,
Solid, fresh quartzite.

ale

[EET B

| ]

'

.||||1l|r||

Greenish-yellow and grey, fine- coarse sand.
Fresh quartzite.

RN AN

‘AT EETEYI TR FERNINENEI EEETENPATHAN N

Pale greanjsh-yallow with some grey, coarse
sand.

Fresh, coarse grained quartzite.

Pale yellowish-green and grey, mainly rock
flour with mica/sericite flakes.
Fresh, micaceous/sericitic, shaly quartzite.

IlliIlIIIIJ‘_LLI Iilrirll-r_lL:l.I_l




STEFFEN ROBEATSON AND KIRSTEN NG,
Gaotechrcal and Minmg Enginess,

14In Floor, 30 Anderaan Sirsen, Johennesourg,

P.0. Bax A5, Johdnnasbug, 2000.
Talaonons BMLEJE. Telex B-97£3.

PERCUSSION DRILLING RECORD SNEET Wa. 817

cLIENT . WRC

PﬂuJEch[T‘I’ DEEP_MIMNE DUMPS

site _3A17 E sidg

Lo6GED By —MFB

J08 Mo, _PT 3632
HOLE Ho, BH B

ELEVATION
WATER TABLE ____ _ _

DRILLER DATE STARTED .lan B4
il B4 E ;
PENE TRATION == & o MATEMIAL ODESCRIATION
IMINUTE S ) e gi =
. Soiid, fresh guartzite.
] ;
24 3 . ]
Yellow, fine-coarie sand and rock flour with
95 } some mics Tlakes. Weatherasd guartzite. ]
%/ Pale yellow, mainly rock flour and sand. E
‘i,,a"lntact quartzite. ]
34 2 -
Pale greenish-vellow rock flour, 3
so0lid, fresh quartzite. 3
Becomes greenish-grey and then pale ]
yellowish-gresn with deoth. ]
- ~
54 —]
. Yellow, grey and gresnish-yellow, coarse sand.d
gG Fresh aquartzitae. .
: i
E Pale grennish~yellﬂw becoming yellowish-are eﬁf
Eﬁﬂﬁﬁ#helnw 80m, rock fiour and fine-coarse sand,
: Salid, fresh gquartzite, R
; E




STEFFEN ROBERTSON AND KIRSTEN (NG,
Geogtechrucal and Miming Engwnmerz,

BERCUSSION DRILLING RECORD THERT wa B/1

161h Foor. 20 Anderson Street, Johannesburg, WRC PT 3632
F.0. Box BESE, Johannes 2000, CLIENT _Mh _ — JOf No.
Tatapnane 836-6061. Tatsx &3ons progect CITY DEEP MINE DUMPS  |,0. ¢ wo BH B
! siTe __JAt/ E side ELEVATION
o LoGeED gy _MIEH WATER TABLE
DRILLER . DWA CATE sTarTEp Jan "84
” cwio ® | 4
PENE TRATION malk = i MATERIAL DESCRIATION
(MINUTES | fa|ldw | 2
a 3 n
Oom . .
] Dark yellowish-brown, fine and coarse sand.
. Weathared quartzite. -
3

PIEZOMETER INSTALLED Ah
S,Err_[.

iy,
-I_JIIIII-III

2.l sy

Yellow rock fiour and weathered, fine-coarse ;
sand. -

Weathered quartzite.

lIIIlIl
'lllll-.-

|!||rlll

Ly

M T

11

Reddish-grey, fine-coarse sand. with some
rack flour.
Weathersd quartzita,

[NEEE] SWEYE NEEvi FNET T PR

14.
Yellowish-grey rack flour and fine-coarse
] sang. )
E Slightly weathered guartzite.
19 3

Loty ||III‘I|I||II14'J'|1‘J|III| Hn:lu-rl.uu '

Pale yellawish-grey rock flour and fine sand.

I Y]

+



STEFFEN ROBERTSON AND KIRETEN ING,

PERCUSSICN DRILLING RECORD

Gaoiemucal and Mimng Engmess.

sHEET no B4

gih Fipor. 20 Angeraon Straat.
:=_r:t. Box 8854, Jonanmsnuar;fiﬂm. CLIENTY —WE-EFW sos #o, ET 3632
Taloprona E3A6361, Telox 85763, progect SLTY DEEP MINE DUr HOLE ns. _BH O
{ siTg _ JAl7 E side ELEVATION
y tosseo ay MFH WATER TABLE .
: DRILLER CHA BATE srnn‘rﬂnm
wul e E 4
PENETAATION =t E MATERIAL OESCAIPTION
(MINUTES | ;; = " =

] flour with some sand. ]
2 3 Salid quartzite. 3
-4 Grey silt and sericite flakes. .
j ; Shely or sericitic quartzits. ]
. ; :
] 3
% - ]
3 Greenish-yeltow rack flour and sand. E
] Solid quartzite. 3
: :
0 s .

100

Pale yellowish-grey rock flour and $and.
Solid quartzita.




STEFFEN ROBERATSOM AND KIRSTEN MO,
Geotecnncal and Mwnvng Engirears.

1€in Floor, 20 Anderson Street, Johannesourg,
F.0. Box 8B5E, Johanrasourg, 2000,
Taleonone 8348061, Telex B-9782,

PERCUSSION DRILLING RECORD

WRC
CLIENT o S
eroseey CITY DEEP WINE DIFES
SITE JA1/ E side

408 No. _PT 3632

SHEET Wo. 3

HOLE No. BH &

ELEVATION

1} ; LAGGED aY MFH WATER TABLE —_——
bRILLER . DHA DATE STarTED J&n "B4
P P
PENETRATIGN = oy MATERIAL BESCRIATION

{MINUTES ] oW m =
-mle z %

PIEZCMETER [NSTALLED AT . .

64 | m. : Coarse yellow and greanish-grey sand., ]

2 les Fresh, cearss grained quartzite. ]

67 i

. Pale yellawi'sh-green, mainly rock flour and 1

3 fine sand. ~

] Solid, fresh quartzite. ]

71 3 ]

E Dark areanish- grey rock Tlour and fine sand _

. with some sericite flakes. ]

] Fresh, sericitic quartzite. ]

74 3 ]

Greenish-yel [ow, mainly rock flour with some —

|fine-medium sand. k

Fresh quartzite, 3

= ]

86 3 ]

. Bark greenish-grey, mainly rock flour and .

- sericite flages, ~]

. Sericitic quartzite, ]

89 ;

] Gresnish-yellaw, coarse sand. E

90 Coarse arained guarizite, .

3 Pale yellowish-green and grey, mainly rock 3

-




STEFFEM AOBERTSOM AND KIBSTEN INC,
Gaoiechoecal and Mieng Enqomsrs,

PERCUSSION BRILLING RECORD sueer wo. 107

161 Finor, 20 Angerson Siraet, Johsnnes
i 31 3 sl Mt 1
Tataphome B3&L6061, Talax 89783, PROJECT - KQiLE Na.
sitg __3A17 N side ELEVATION
LOGGED By WATER TABLE _____
DRILLER DA DATE STARTED _Jén "84
TEi= E ;
PENETAATION ] o MATERIAL DESCRIFTION
|MINUTES ) i [ w =

48

Ory, pale blueish to greenish-grey rock flour f
and coarse sand. 3
Fresh quartzita.

-

i

PIRZOMETER INSTaLLED AT
5119m.]

i

As 40 to 48m, but yellowish-grey in colour,

PN A

33

Moist, yellowish-grey rock flour and fine-
coarse sand.
Fresh guartzite.

lll‘l"l.'l

54

Pala grey rock flour and fing-coarsg sand.
Fresh guartzite.

Pt L

&
IR P SR TRV VIS TUPIT IV PIIT ST PP VTN

55

1

Brownish-grey Coarse sand.
fparse grajpsd auartsite,

60

Pale orange, becoming pale yellowish-~grey,
rock flour and Tine-coarse sand.
Fresh quartzite.

llll'rll'lrrlllll_q'lII!!I.'I-'I-l




sTeFrEn ROBERTSON a0 wmsTEN WG, PERCUSSION DRILLING RECORD  sne<% e 1Ll

Gaotechnical And ning Engwsers,
16 Flooe, 20 Andergon Streer. Johannaspbung,

PT 3532
0. Box A8SE, Johannesoyry, 2000, T | — - [
Faonone 8353061, Telex £9780. proseeT GLTY DEEP MINE OUWPS  |uorg we, BH
siTe _3A17 N gide ELEVATION
Losgeo BY _MEH WATER TABLE —
DRILLER DA DATE STARTED .80 84
el 3 E
PENETRATLON = MATERIAL DESCRIFTION
{MIHUTES] ;: : ;;
wn

R

Yellow, fine grained sand.
Slimes. .

o

Paie reddish-brown, becoming grey towards 12@3
fine-coarse quartz sand.

Slightly weatherad, becoming fresh with depth
coarse grailned quartzite. J

PICZOMETER INSTALLED AT
101 8m |

ra

Yery pale pinkish-grey rock flour and fine-
coarse sand.
Solid, fresh quartzite.

Coarse, pinkish-grey sand with some rock
flour.

Selid, coarse arained guartzite,

Ll
——

Yery pale pinkish-grey, fine-coarse sand
and rock flour.

Solid, unweathered quartzite. -

S v .

IIIII|lllll'le|L|iiilrl‘lllll‘llil.!ll Iiil'llLl. bkl
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STEFFEN ADBERTSON ANDKIRSTEN M. PERCUSSION  DRILLING RECORD  sweer w872

Geateenncal and Mavng Enganeers,
16h Fleer, 20 Anderyan Streal. Johannesburg.

PO, Box BESE. Johannastung, 2000, CLIENT WRC 408 No. _PT 3632
Telepnone 5346051, Talox 89763, proyecT CITY OFEP MIME DUMPS  [HOLE Ne.BH &
SITE a4 N cide ELEVATION
= LoGeED BY _MEH WATER TaBLe . .
DRILLER BYA DATE STARTED lan "84
x| E ; .
FEME TRATION =aik = & MATEALAL OESCRIFFION
(WIKUTES) ;E o E
] Pinkish-grey coarse sand.
] Fresh, coarsa grainag guartzite. ]
] ]
23 :
] 1
] Redd]sh-orey coarse sand. -]
; Slightly weathered, c¢oarse grained quartzits, ]
26 :
Pirkigh-grey coarse grained sand -,1
Slightly weathered, coarse grained quarizite. ;
728 -
29 :
PIEZONETER INSTALLED AT T fearnerite enafneyr mediun-coarse sand with
30 0m. 3 leathered quartzite.. ]
32 1 7
Pale pinkish-grey, coarss sand, E
Fresh-slightly weathered, coarse grained ]
quartzite. :




STEFFEN ROBEATSON ANG KIRSTEN ING.
Gamucrnecal ang Méinng Ersgenesrs,

15 Flaar, 20 Andarson Stiaer,

P .. Box E85E. Johannasoury, 2004,
Telephone 83480681, Teex &9762.

PERCUSSION DRILLING RECORD  ™eer we BJ1

cLENT __HRC

prosecT CITY DECP MIME DUMES

siTe _AL4 N stde

LOGGED BY __MEH

JOB Mo, _PT _AR3Y
HOLE Mo, BH B

ELEVATION
WATER TABLE

P1

10

L O

£ ZOF

-
.u.LLLLLLLLuJ.LIJ_ua_hJ.u_L;uJ_LMLLI-I-M--I-n-I--

DRILLER DHA OATE STARTED —.lap "§4
zwiz 0 | 4
FCNETRATION ol = i MATERAIAL GESCEIFTION
ol o 2
»-lo 3 &
17 .
] Reddish-brown, slightly Clayvey sand with
4 cparse argvel. Colluvial material,
- Pale yellowish-grangz, fine sand. -

III‘IIIblIilllllllllllllll-l:.lll

Weathered quartzite.

Reddish-brown, fine-coarse sand.
[Westhered, coarse grained quartzite.

o . el p—p— Sl B — — Y e — —— e o

Fa!e pinkish-brown, coarse sand.
Slightly weathered, coarse grained quartzite.

...ILtllluqq
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STEFFEN ADBEATSON AND KIRSTEM INC,
Gegacnmeal 3ng Mimng

Engurwners,
16th Floar. 2 Anderson Sirzet, Johannasbong.

PO, Box B6%E, Jahannasourg, 2000,
Talephong 8345061, Talex 50753,

PERCUSSION DRILLING RECORD sweer no 3/

cLienT __MRC

prgJecT CITY DEEP WM[ME DUMPS
dLd4 SW corner

SITE

LOGGED BY  MFH

JoB N _PT 3632
HOLE Na. BH @

ELEVATION -
WATER TABLE

DRILLER — OWA DATE STARTED 20 “84 _
= ft.—.: E :
FENETRATION =‘,-il';_ = | % MATERIAL DESCAIFTION

IMINUTES } PEYw =
v 3 .

A Greensih-grey, fine-coarse sand with a )ittle

] frock flour. ]

] Fresh, coarse grained quartzita. .

27 = .

Pink and grey coarse sand. j

Loarse orainsd quargzite. :

PIEZOMETER IMSTALLED AT
3i8

™
o

rm :
g &
ENETE FTETE ITUE ST T ST E A N U BN FETES PN

.I_I_I_I_I._I_LI..LL.I..I._I_I.J_I.J..I_L

rock flour.

Greenish-grey, fine-coarse sand with some

Fresh, coarse grained quartzite.

R

||I|I|i1.t|1.111.'t1.||1!
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STEFFEN ROBBRTSON ANC KIRSTEN N, PERCUSSION DRILLING RECORD — »eef we i1

Geoischnicsl ang Mining Enginpars, —

;Egl w&mﬂnmum cLIENT _WRC 408 No. _PT 3632
Talognona B3&-E061. Telex 5-9763, progseeT LITY D M U HOLE Ho. BH 9
SITE 4,4 _SH corner ELEVATION
LoGeEp &y  MEH WATER TABLE
ORLLER DHA pATE STARTED _wJan 84
i B E ;
FINETHATION mai & - MATERIAL QESCRIPTION
{MINUTES ) ;: u y =
U

Eﬂstly sand with some fragments of completely |
athered ouartzite. Transoorted and residual.:

=)

o
-

Reddish=brown, fine-medium sand with some
oarse chips and rock flour. -
Weathersd quartzite. ]

“Pinkish-grey and grey., fine-coarse sand.
Slightly weathered, coarse grained quartzite.

PIRZOMETER INSTALLED AT
AD135m. |

I_rlilllll._lll'lll'llt 1 g

(3]

»
' Ln
llmlI|l_lvluL‘_,_|.|L.|£I',._I|II.|.l.I_I.Ll.I..I_I_I.l.l-.-l.ll—l'--.I--l----'|—|—-|—|-|—h|-'--l-l—|-|—.-I-'—-—'-'‘"J~l-t-"—'--l'I'—"'-l-"-l"'-l'l'l''.-I
Ir:l Lo rl-...l‘. 'L

fareenish-grey, Tine-Coarse sand with some
rack flour,
Fresh, goarse grained quartzite.

15
E Slightly yellowish-greenish-grey, fine-
; coarse sand with some rock flour.
- Slightly weathered quartzite.

18

ald ||||I||:|I|IIJ Iilil_l_lllfrl

Greenish-grey, fine-cparse sand with a
little rock flour.
Fresh, coarse grained quartzite.




STEFFEN AOBERTSON AND KIASTEN INC.
Geotschnuzel and Mning Erginears.

PERCUSSION DRILLING RECORD

SHEET Na. 1211

JEin Floor, 20 AnGeran Street, Johannesburg, CLIENT WRE JOB We. _ BT 3632
T orona 836.6081. Takn 85363, prosecTCLIL DEEP MINE DUMPS |uoue wo. BH 11
srrg &4 5 side ELEVATION
; LOGGED BY MFH WATER TaBLE .
: ORILLER YA DATE STARTED a
=] e E 4
PENETAATION pale = i MATERIAL DESCAIPTION
IMEUTES 1 ik ;: ¥
Ui ] Dark brown, slightly clayey, fine-coarse
1 1 sand and minor gravel. Transobortad. 1
3 Dark reddish-brown, medium sand. '
2 Residual guartzite.
E Pale pinkish-brown and pinkish-grey rock E
. flour with fine-coarse sand. ]
E Fresh quartzite. K
PIEZOMETER INSTALLED AT ] ]
4.,35m. ’ 3 9
; ;

Fresn, medium grained gquaricite.

Pzle grey raock flour with guartzite chips.

14
Pale yellgwish-grey rock flour with fine-
coarse sand and quarizite chips,
Fresh, slightly sericitic quartzite.

18

some rock fliour.
Fresh guartzite.

I N ||||I|Lit||.|.1.|'[1.||| ||_||l|||||_|lhrlll.l_-_I|l.|_|'|l

Grey and pale yellowish-grey gravel with

FERLENTEE |t|||ll_'l_|_|llll‘ll'll ifl‘llil_l_ll_Lt_IIltllll""lll*l-lil-l—l-""

— - —



STEFFEN ADDEATSON AND KISTEN MG,

Geawchnacal ang Mireng Engmesrs.

18ih Floos, 20 Anderson Street. Johannesburg.

P.0. Box 8855, Johannastaen, 2000

Tewenana BI-5061. Takex B

L] 1
$TEl.

PERCUSSION DRILLING RECORD ~ sweev we 1071

cLiENT _ WRL J08 No. __PT 2532
proJecT _CITY DEEP MIME DUMPS |HoLE Ne. BH 10
SITE 4ld N side ELEVATION

LosGeD BY _MEH
DRILLER

WATER TAHLE

OUA

DATE STARTEG .Jan 784

PENETAATION
(MINUTES

WATER
STHUE v,

CEFTH
IMETARES}

MAOFILE

MATERIAL OESCRIFTION

[
3

Lt

sand.

Pale reddish-grey, rock flour and fine-caarsej

Weathered quartzite,

-

i

Y}

Pale grey and pink, mainly coarse sand with —
some rock flour.
Slightly weathered quartzite.

S PRI

F

chips present.

As 3 to m, but grey and with some rock

Fresh quartzite,

3 d

gl 1,

.x_u.ul A.A.A.AJ_A.A.A.A\  ETEEE FEEEY FTETI FEFEA N T TN FEETE NIl RS w) W FETEE PR T PP T T
I : .

PILZOMETER INSTALLED AT
9,85m; ]
A
.
13 i
Pale grey, mainly rock flour with some sand O
and rock chips. E
Fresh, solid quartzite. 3
15 .
Pale grey rock flour and Fine-coarse sand. >
Fresh quartzite, y
'v -l
PLEZONETER INSTALLED 4T ]
4%, Sml J




STEFFEN ROBERTSON ANDXIRSTEN WG, PERCUSSION DRILLING RECORD €€t w12/

Geolecnnical and Minng Enginaers,
20 A N
vy gl Jnn;:n:fr;:?: Pt CLIENT __ MRC JOB No. __PT 3832

Talephone B34BUE1, Telax B-3763. prosgct CITY DEEP MIHE QUMPS  |HOLE wo. _BH 17
) SITE 414 SE corner ELEVATION
i+ LOGGED 8Y _ . WATER TAHLE
DRILLER — DWA DATE STARTED .lap 792

PEHETRATION
(MINUTES }

MATERIAL DESCRIPTION

WATER
STRU LK
CERTH
IMETRES)
PRAOFILE

l

[
=2
i

; Ory, yellowlsn-Tight brown, fine-codrss samd
’ with some transparted gravels.

—
]

Ory, reddish-brown, fine-medium sang, ]
Slightly weathered quartzite, E

ad s,

PIAZOMETER INSTALLED aF L7
7, 5m.

Lol

Slightly moist, very lieht pinkish-grey rock
flour and fine-coarsa sand.
Fresh quartzite.

Tl TS R FEETE PR PR P
i PR S

\

19

Slightly moist, light yellawish-brown to
arey, Fine-coarse sand and rock flour.
Weathered quartzite.

I'lrllilllllrtl ||r|l

22

Enist, light yellowish~gray rack flour with
ine-medium sand and quartzite chips.
Fresh quartzite.

l'IlIlllllli

FEEEE SNE A SN FRETY fERN] REETEE TRy RTEE BTN N




STEFFEN PFORERTSON AND KIRSTEN W
Gegiechmedl and Mimng Engineers,

18ih Floor, 2 Ancarsen Sireel. Johannesourg
P.3. Box 8B5S, Jorarmasoung, 2008,
Takephana 834-6081. Talex 62753,

PERCUSSION_DRILLING RECORD sweet uo. LE/Z

cuiENT _ MRC J08 Ne. _PT 3632
proJecT LLTY £ MINE QUM HOLE Na. _BH 11
SITE als S side ELEVATION

ORILLER

LoGeen ey  MEH

WATER TABLE

YA

DATE $TARTED _Jan _R4

PENETRATION
{MYHUTES]

WATER
BT R we e
DEPTH

IMETREA]
FAGFILE

SATERIAL OESCAIPTION

PIEZOHETER IMSTALLED AT |7

As 18 to 20m. .

S AT B )

27

Pale greenish-yellowish-arey, coarse sand,
quartzite chips and minor rock flour.
Fresh, coarse grailned quartzite.

-l:q}l-ttl-:r-

28

Yery pale qrey (almost wnite), rock rlour and 3
fine-¢oarse sand. Fresh quartzite. Sericitic #

48

Pale yellowsih- and grzenjsh-agrey, rock flour
sand and quartzite chips.
Fresh, solid quartzite.

WAL EEE I

4%

Yellowish-grey, fine-cogrse sand.
1Slightly weathered (7] quartzite.

521 7a

60

\:_Ln.u.l_l.u.r_L_u,u_L..u.u.l.u.ul.lY.u_u FETEY PR SETEE paaey

Pale greenish-grey, mainly rock flour with
scattered quartzite chips.
Fresh quartzite,

r.||!||rri||||!||1|‘|||1 'EERI RETNA RN




STEFFEN ROBEFATSON AND HIRSTEN MG,
Gaaleenncal and Miming Enginears,

PERCUSSION DRILLING RECORD SHEET we. 12/2

16t Floow, 20 Andarson Sirsel, Johanne X
PO, Box 8856, Johannesburg, 2000, Y GLIENT TWRC JG8 Mo, _PT 3632
Telepnona B34-6061. Telax §3767, prosect CITY OF INE DUMPS  |uoLE Mo BH 12
SITE a4 SE corner ELEVATION
LOGGED BY —JMB WATER TABLE
BRILLER DA DATE STARTED _.fsn R4
il E‘: ;
PEHETHATION calb e | & MATEALAL DESCRIBTLION
(MINUTES ) Foldw &

PIEZOMETER INSTALLED ﬂT
35]05m.

|87

-As 22 to Z6m.

Moist, light yellowish-grey rock flour with -
fine-medium sand and quartzite chips. )

Similar to 22 to 27m, but with more rock h

flour. ]

Fresh guartzite. ]

31 = '
] ]

] 1

] Moist, light greyish-white rock flour with & 3

; 1{ttle medium-coarse sand. ]

. Fresh quartzite. ]

: E
a1 ]
_—E==-h-=_"—.===_.

: .




APPENDIX D

MINE DUMP TNVENTORY FORM



STEFFEN ROBEATSON 4 KIASTEM

WATER RESEARCH COMMTSSION APREMDIX D FILE X%/134/2/1
RESEARCE OF THE CONTRIBUTION OF MIME DUMPS TO HINERAL POLLUTION IN THE VAAL
BARRALT

PUASE ) = INVENTORY OF MINE DUMPS IN THE CATCIMENT OF THE VAAL BARRAGE
BY STETFEN ROBERTSON & KIRSTEY (PRETORIA) IHG

BET PT 1632

Mine dump indew no.

A General and adminiscracive

ALY  Samd «..avvarevsician BlimeS sasiineniacaians (114,17 A
AZ}  Mine .aaupasncsdeniieririii ittt et sttt sttt s e T P
41) Group v e e aiierate s U AU S seraveaaas
AdY TFrechold sesvasanausvsssrattrrstnastsbbtrrrrresnssnnsssonnnsanas reaaanaa .
a3 Surface Righe Permib seeenucans TR TTRT PR :....ﬂ. .......... aasaraaas
481  Dates of oparatcion: gpened .ievvariniranrns . Cloged covevnnenaas e
Pariod .rrvuens raiiaraas AZ® cauearrsarsans -
AD) Averasza Annupal Raiufall caveevvininn. P om
-Ady Dumg to be raworked? ..eeveraariansq arsasna o WHED +rasnnaasan et eeaaas
a, Phvsical daca
BL} Ar=za:r TopD sscavaia-a Paa ol Sides .eisvrre-cmrrinnna a2
22} Ualume: ciisacasnnsaans Fhas e 2l
23)  Topography of duop: Class ... ... srrnera., DEmarts L.... Caamranaas .
Class 1 Class 1 Clzss 3
s ;'{\‘
L TR r LR FTTIieF Pfis e Tavargd? TR T TR T
B4} ?egeta:iunf Dump: Top; Class sevvvviavevnn. « REm3TiS suritvnnvnas .
S5ides; Class ....ivemuaciono, E\Rgmarks ..... G eesaan
Surzound! Class variierrranan. « Resarks ..... sarerann
Class A: Densely Bushed Class B: Sparcely Bushad
Class C: Crassed Class D! Zara
Class E: Paved



B3) Stormwater Concragl: Internal;: €lass +.iviinaas Remarks ....cuennans.

Exteenal: Class vsvesssssas Bemarks coiaivevaan..
E = Exiscing ¥ = Yot exilscing
Class X: Guad Class Y: Satisfacrory Claszs I: Bad
BB) Existing Toe 438 suiuiuvrvnrennsaasas har e
B7} Erosion of dump: Class «.... sresssseaae RAZATHS .esanenn. O
Class A: Litcle Class 3: Fairly Class £: Badly

ETCOM VALUES
1257 Leroe)| TEsT 20enE)l TEar AcTuEy vy vaL ¢ )
30TTOM oF Dinee | | 4 | |
MIDOLE OF DUMP | '
T0P OF DI |

323% Tarrain Gaologyr: Sacd -...-.. e SilE veurenmanna Clay ca-uuas ras

2i0) Discagesz o wacereouraz {rom caaccz of gravicy af dump:

FOCrIzanEAL ssvtnarasnnnavarsarnn
Yartical ciavsaasvaa Frrssaanras
BarT3gE  srsaaan SraarriaLEs e

L. Skaczh 9T axiscing storawacsr conc-al




STEFFEM ROBERTSON a KIRSTEN

D- Mineral Pollucants and Peroeability

oL} Sample po: faianaenatbaan

DE} Tocation of Smpl&: R R

g, 1.5m Bactog

D3) Leach Tesc: pH

504
class

B4 ) Perzeabilicy: Fallinz headcasc

Begeh of hola: csescerivranssnn

Tize,” {2in) |

| 1| i
|

F
Dasch af wace-, hw I L I

Parcisias gi-a anal:}siﬁ: ﬂ,—'&-zfﬂ.ﬂ P T T T TR ;‘assiﬂg
0,153030 --vverreunrnrrasaaasai passing

ﬂ,ﬂ?s:ﬂ iililiit-tt"--!i!'ii: ?a.sﬁi:g‘



APPENDTIX E

LOCATTON OF MINE DOMES

VaAl, CATOMENT ARFA
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APPENDIX F

METHOD OF CALOULATICON USED FOR

VULIME OF DUMP ESTIMATICNS



BriSILD DHRIg

<ESE 1d

LM 801

NOISSIWNGD HOUVASIH HIALum

X1ONI S

TR 00

T Y

o |
=1

T

AREA OF TOP
AREA OF SIOES

L]

Ay

} OBTAINED FROM CHAMBER OF MINES TABLES 1966.
A
-]

I

VOLUME = (

.|
484?" ) | Ig('lﬂs*ﬂ-?ﬂ?+ Ar — (A7 ) (0-70745 + 287 + Y O-707A;.- Ag + A% )

VOLLUIME OF DUMP ESTIMATIONS
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APPENDIZX G

QALCULATION OF PERMEABIC.TTY

FRM FALLING HEAD TESTS
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APPENRDIX H

GLOILATTONS AND TNVENTORTES PROVILED BY THE, CHAMBER OF MINES



Cranmzer N° 3T 3iL/as.

i E——— - ———

Mewmies HNe b

Mine N2 Date. #7275

,

MMIM: L :p- -.-'L‘"h-l
. i P9 . [
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Sulphur & Moiscure 1

borshole
deptli Hole nunbor
m 1 2 h | 4 =Y & 7 i
5 L 5 M 5 ol 5 H 8 M 5 M 5 H s H
a- 4,1 Q,98 5,76 0,94 5,k O,7% 5,1 a,#L 5,24 0,7 6,55 .54 4,5 o,21 4,67 O,21 &.05

i,3 - 8.8 1.26 7,092 1,47 4,10 O,61 4,51 1,29 2,40 L,42 4,30 1.88 5,1l 0.3} 5,18 0,26 4,91

8,8 - 13,4 1,68 1,85 1,5 +,22 1,81 3,9¢ 1.5§ 3.9 L,11 4,91 1,91 4,15 1,03 5.26 O,% 4,2Is-
£l 4 -~ 18,0 1,45 1.7 1.50 3,%7 1.6) 1.8 1,05 4,92 1.9 4,2% 0,71 &,18 L,4% &,16
18.0 - 2.§ T 1,33 05,414 .90 .48 1,16 1,97 1,53} 4.9¢ L.79 %.26 0©,21 7,22 1.51 8,511
2r.6 - 27,1 I,19 41,34 2,02 2,44 X1 3,2 1,29 4,6M },9) 4,50 O, 86 5,7] #),44 21,70
27,1 - 31.7 1,24 4,10 1.5 3,61 1,08 S,2r! 1,03 4,20 1,60 3,37 1,27 5.6l
l,% —~ 36, .31l 1,09 1.1 3.3% 1.4 4,uwd 1,16 4,78 1,70 3,03 1,51 4,94
15,1 - 40,8 O,56 11,81 2,07 3,%2 l,u00 J.av 1,49 4,53 1 832 3,48 1.4 4,8]
40,8 ~ 15,4 3,86 lb,00 L. 3,16 1,74 23,%% L,51 4,35 1,72 3J,41 1,1} 5.,8)]
45,4 - 50.0 .98 27,71 1,09 4,2n 1,05 3,.4% l,44 4,55 1,60 J,41 Sample losc

50,0 - 54,6 L.06 22,30 1,79 3,64 1,5% 15,46 *0,92 21.99 1,56 4,33 +1.58 16,36
4.6 - 99,1 *0. 86 18,57 “30.77 lu U7 1,77 2%.97 1,55 3,01
59.1 - 53,7 - - 15,28
61,7 - 68,1
ag,3 - 7L.3

* liple 1 Sampla depkh ko 56,1
2 56,1 '
57,0
54,9
61,0
32,4
14.4 : B . .

B o= o A oA

—



o TAILE L1 SIIES MKW VECETATION CUAEACTEAISTILE  GF HITWATIAGRANT SANTT GEFDSETS

-

. Eac. 1 = 1zh palluEinn cotentlal
1 = Hedlos pallution patantlal

3 = Lov pallutlon pogeatlal
17Td_tung 1987

TAL %8 SAMD DEROETTS
BL SAHD DEPOSITS REMALR
& SAND PEPOSITS COMPLETELY WEMOVED

ACRES
N IHDEL INDEX
HAHE Na RELGHT  AHGLE TALUE HEMATH NG REMAARE CAT. VEGETATER  TOE Dang
Gaod TIX
Easr Champ d'er 1aft In o 1 AcTes I hcres }  tea il
Caad 63T
‘egat Chanp ¢ oc Laj2 fa 18- 1 Acte L Acre 3 Tes Hi1
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Ly o,)8 4,23 ALY 17,33 1.08 *=This la & 2zall
L& - - aand dAume on EdD
13 - - of 21!ne nraa
L 0,98+ l.,9& arprae 10hs Le
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? 2 A g0 a,an o, a0

1 A | 0,45 [ | 2,00

1al1 A c a,58 0,14 - Q, 19

1 8 C n,7% L.93 9,91

] A A 0,34 1,19 0,119

7 C A ¥ L,.47 5,90

a A A n,y7 n.31 a,31

2 4 A n.09 0,91 a1

11 .| ] n,Le g.11 .1t

15 A4 ¢ B 0,1 9,52 ) 0,24

I ] A a.ni 1,219 LI R |

4 C 3 LT L 5B 9. LA

3 c B 1,92 1,17 LI T

7 € A L1 1 1,51 15,48

o B C 7.26 145,18 3,14

11 A i LI 3,97 T,94

i1 | A 1,85 7,52 L,2%

Ir i 3 12,6t .83 -1

+all 3 A a,24 2,92 a,14%

L] < [ 4,14 1,25 3.3t

i g B L2 ),513 1,0

13 5 c 7 7a .14 o, L3

17 C L 12,21 2,11 F.45

anfli A [} L] 1.E9 1.,n0%
hen

m : A A 0,1 a,2n n,1o
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14 A A 0,09 0,04 A0

Satz B C L &, 01 3,00

¥ C C 5,39 1 1,01

5 8 B T3 7,99 " n,q9

& 3 B 1,71 2, a0 1,60

? [ L] 7.7 LI 1 4,09

LL " A 1,05 .31 1,06

Saf B B 2,04 n,1% 0,15

111,22 AT.16 117,32
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Eatimated welphted volume for

LHOEX  GURRENT ESTIMATED ESTIMATED PERMAHENT DEPOSLTS REMOVED
NO VOLUME 106 o3 DEPOSITS 106 w3 OR GEENG REMOVED 106 m) REMARKS
1a/1 0,02 0,0l
2 0,01 0,00 .
-3 0,04 0,04
4 0,01 0,01
5 0,02 - : 0,01
b 0,00 _ 0,00 -
7 3,79 - 0,95 '
a 0,04 0,01
9 0,95 : 0,9%
LO 0,21 7,21
1l 0,17 0,17
12 19,11 9,56
13 0o, 0o . 9,00
L4 4,67 1,17
15 0,00 0,00
16 0,02 0,01
17 0,00 0,00
18 0,00 ' 0,00
19 0,00 ' 0,00
20]
21] . Water €lows inte BarteheestFontelin
22}
2,52 E, 58
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- Estlmated welphtol volume (or

INDEX CURRENT ESTINATED ESTIMATED PERMANENT DEMEITS REHOVED
NO VOLUME 100 md BEFOSITS 106 md DR BETHG REMOVED 106 m3 REMARKS
rF ¥ 0,78 0,74

2 1,02 _ 1,03

3 0,76 0,19

4 0,03 0,01

5 0,30 0,15

b 1,31 | n, 13

7 5,90 1,44 -

B 1,24 0,11 Rack e lacddos]

9 u,05 0,01

10 0,04 0,11

L 0,21 i L1

12 (01 _ 1,0

13 0,02 0,0l

14 0,04 0,0l

15 0,28 0,117

l& 1,04 : 0,52




- E_ELL_ HO ¥ Qo . CHANBER 1 MIHEL 'IE!;TIHAIE HAT__l'l;rl..r
Estimated welghted volome For
INDEX CURRENT ESTIMATED ESTIMATED PERMANENT NEMOSTTS REHOVED
NO VOLUHE 10G mJ DEPOSITS 106 ml OR REING REMOVED LOB m) REMARKS
4A01 0,00 0, nn
2 b,21 ' n,2l M2
k| 0,10 0,02
T4 1,05 1,05
5 a,n i, a0 =
6 6,54 3,32
7 2,98 1,49
L] 0,22 0,.1h
9 &, 00 1,02 <
10 0,01 0,00
11 4,36 1,09
12 1,00 0,75
13 0,02 n,02
14 11,62 5,A1 )
15 0,36 i, 36
G 0,50 £y, 4n Hmler teeatment
L7 3,46 4,71 )
18 4,36 2,18
19 ¢, 0n n,0n SATS Marshalling yapn
20 81 0,20
21 2,65 0,66
21 11,76 2,93
23 12,58 3,15
24 0,35 0,06

20,85 19,16
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Estliwmated welphted voluass [or

INDEX LCURRERT ESTIMATED ESTIHATED FRRMAHENT DEPFMOSTTS REMOVED
H} VOLUKE 106 m3 OEPOSTTS LD nd OX BEIRG REHOVED 106 n3 REMARKS
s/l L3,56 34
2 9, 16 4,58
3 1,96 0,44
4 2,08 0,52
5 2,76 0,569
b 0,34 ' 3,17
7 15,606 : 1,42
! 3,08 n;??
§ .6 ’ n, 16
A 0,02 0,0l
Ik 1,28 La, 24
1t 7,84 1,57
I2 9,11 I CH |
L3 2,18 0,%2 M2l glivny
ila 0,00 a,uo0 Top feac deive—{n
14 0,03 a,01 vl Hinhway
15 0,46 n,23
15a 0,01 0,0
L& 1,67 0,84
17 15 .66 - A
18 0,00 0,

19 15,90 7,95

30,05 29,37
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Esclimated welghted volume [or

IHDEX CURRENT ESTIHATED ESTIMATED PERMANENT DEPOSITS REMDVED
Ho VOLUME 106 nd DEFOQSITS 106 OR BETHNG KEHOVEN [06 ] REMARKS
SAfL 0,00 o,nn

? b ,0l- h,0

1 7,0l 7,00

4 : 7,87 : 7.87

5 i,94 0,

6 5,20 2,61

7 b, 1,19

3 4,03 4,63

9 .09 A 05

10 14,232 : 3,58

11 S ,u8 0,52

12,74 YN Y
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Escimated welphted wolume for

THDEX CURRENT ESTIMATED ESTIMATED PERMAMENT DEPDSITS REHOVED REMARKS
HO VOLUHE 106 o3 BEPOSLTS 106 m3 OR DEING BEMOVER 106 3 H
6AS1 a,4 0,6
7AN 0,16 135
2 n,o2 0,01
0,00 0,25
TOTAL 60,69 ah b

- Slnce 3AF17 12,4 x 1002 produces 2 300 t/n of THS

NS from Peceanent deposics

i X 2400

TDS from Removed or belng removed dJeposlcs 84,50 X 2100

= 12 916 ronsfannum

= 15 A¥1l tons/annum

28 587 cancfannum




