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Panoramic view, looking south, of the COH WHS ‘core’ area in the John Nash Nature Reserve showing the valley carved by
the Grootvlei Spruit from left (south-east) to right (north-west) across the landscape; also visible is the early winter smog layer
over Johannesburg on the horizon (Photo P. Hobbs, date 19/05/2010)
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“Entia non sunt multiplicanda praeter necessitatem.”
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John Punch
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aka
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as formulated by Occam’s Razor




View of surface flow and water quality monitoring station A2H049 at the lower end of the Bloubank Spruit at Zwartkop
showing hut housing automated stage gauging instrumentation at left, and vertical stage gauge plates in middle and right
foreground for visual observation; the blockage by vegetation and debris of the left flank of the weir (right of picture) is not
ideal; the northern slope of the 1626 m amsl Zwartkop peak forms the backdrop to this view (Photo P. Hobbs, date
05/02/2010)
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Timeline 1. Historical timeline of key events relevant to the study area. Acid mine drainage and its impact on receiving surface water and
groundwater resources is a dynamic phenomenon that is continually evolving in response to both controlled (engineered) and uncontrolled
(natural) circumstances. The immediate and short-term intervention measures implemented by the Department of Water and Sanitation (DWS) to
control and manage acid mine drainage in the West Rand Goldfield (aka the Western Basin) were commissioned in June 2012. The impact
of these measures on the receiving water resources is first manifested in August 2012. This marked the commencement of a new evolving
dynamic in the study area, with the termination date for this study of September 2017 representing ~ 5 years of ‘new dynamic’ observation
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Dolomite pinnacle protruding from a doline formed following flooding by stormwater of a soil borrow-pit alongside Dolomite Road (Photo
P. Hobbs, date 04/11/2009)



Recent Timeline of Key Events Relevant
to this Dissertation

Timeline 2. Recent timeline of key events relevant to the study area. August 2017 marks 15 years since the phenomenon of acid mine drainage
first appeared in the Western Basin. The impact of the intervention measures implemented in mid-2010 by the DWS to control and manage AMD
in the immediate and short-term started manifesting a positive impact on the downstream surface water resources in August 2012. This represents a
key event in the evolving dynamic response of the receiving water resources environment. Under circumstances where much of the hydrological
analyses set out in this dissertation use a hydrological and not a calendar year as base temporal unit, this combination of factors signify September
2017 (the most recent complete hydrological year) as an appropriate nominal termination date for the material presented and discussed in this work
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Surface expression of the epikarst at the Swartkrans fossil site (Photo P. Hobbs, date 18/05/2010)
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Introduction

The fossil hominin sites of Sterkfontein, Swartkrans, Kromdraai and environs (the so-called
Cradle of Humankind) were inscribed by UNESCO in 1999 for protection of their cultural
heritage in terms of the World Heritage Convention Act (Act No 49, 1999). The Management
Authority (MA) of the Cradle of Humankind World Heritage Site (COH WHS) property
exercised its mandate to protect also the aquatic environment of the property by commis-
sioning a study aimed at establishing a monitoring system for surface water and groundwater
resources in its area of jurisdiction.

The implementation of an appropriate integrated hydrologic and hydrogeologic monitoring
programme is crucial to the successful management of the water resources in the COH. An
effective routine monitoring programme serves to measure and demonstrate the success or
failure of management efforts by the MA to protect the aquatic environment of the property.
Such protection is not only required for the preservation of the karst environment and its
palaeo-anthropological wealth, but also for the water users who reside in the area and depend
on local water resources (primarily groundwater) for their livelihood.

Surface Water Resources

Quantity

The Skeerpoort River system is in a nearly pristine condition. Its perennial nature is sustained
mainly by the combined discharge (>300 L/s ~ 259 ML/d ~ 9.6 Mm?/a) of three
high-yielding karst springs located in the John Nash Nature Reserve. The flow gauging record
for the Skeerpoort River indicates a long-term median discharge of ~9.57 Mm®/a to Hart-
beespoort Dam via the Magalies River. This represents ~ 5% of the net capacity (~ 190 Mm?)
of the dam.

The flow record for the heavily impacted Bloubank Spruit system indicates a long-term
median discharge of ~22.7 Mm?/a to Hartbeespoort Dam via the Crocodile River. This
represents ~ 12% of the net capacity of the dam. The Bloubank Spruit system experienced
above average discharges in its upper reaches via the Tweelopie Spruit and the lower Riet
Spruit following the resumption of uncontrolled raw mine water decant in late-January 2010.
The combined discharge of raw and treated mine water realised quantified surface water losses
of 20 to 32 ML/d to the karst aquifer from the lower Riet Spruit, equating to an infiltration rate
of as much as ~90 L/s/km. Together with the discharge from the Percy Stewart Wastewater
Treatment Works (WWTW) via the Blougat Spruit, these circumstances resulted in an
unprecedented volume of surface water flow in the Bloubank Spruit system through the 2010,
2011 and 2014 winter seasons. The median discharge of ~4.7 Mm?®/a (~ 13 ML/A) of treated
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sewage effluent to the Blougat Spruit from the Percy Stewart WWTW equates to ~21% of the
long-term median annual discharge of the Bloubank Spruit system.

The Crocodile River flow gauging record at the confluence with its Bloubank Spruit
tributary indicates a long-term median discharge of ~9.5 Mm®/a (~ 5% of the Hartbeespoort
Dam net capacity). As only 15% of this catchment falls within the COH, this discharge is
excluded from the aggregate long-term contribution of ~ 18% (~34.7 Mm?>/a) delivered to
Hartbeespoort Dam by the Skeerpoort River and Bloubank Spruit catchments. These catch-
ments together represent ~71% of the study area.

Quality

The Skeerpoort River system delivers a CaMg-HCO; water composition of excellent quality.
Up until mid-2010, the impact of the poor quality associated with the abnormal combined
discharge of treated and raw mine water in the upper reaches of the Bloubank Spruit system
was mitigated by the contribution of treated wastewater effluent discharged by the Percy
Stewart WWTW and the above average surface water runoff associated with the extremely wet
2010 summer. Since mid-2010, the increase in specific electrical conductivity (SEC) of
Bloubank Spruit water from ~ 50 to >100 mS/m, together with a decrease in pH from 7.2 to
6.9 at the downstream end of the Zwartkrans Basin, reflects the increasing contribution of
mine water to the middle reaches of the Bloubank Spruit.

The combination of long-term discharge and water chemistry records for the DWS
gauging/sampling stations on the Skeerpoort River (A2H034), the Bloubank Spruit (A2H049)
and the Crocodile River (A2HO050) allow for an assessment of the total dissolved solids
(TDS) loads associated with the respective drainages. This assessment indicates that the
Skeerpoort River and (upper) Crocodile River deliver similar TDS loads of 2937 and 3249 t/a
respectively, compared to the 10 173 t/a delivered by the Bloubank Spruit system. Again
excluding the (upper) Crocodile River load, the values translate into contributions of 22% by
the Skeerpoort River and 78% by the Bloubank Spruit system to the total TDS load of 13 110
t/a delivered to Hartbeespoort Dam by the COH drainages. In a regional context, this load
constitutes only 13% of that entering the dam, being surpassed by the 51% (51 023 t/a) of the
Jukskei River and the 28% (27 579 t/a) of the Hennops River. The balance of 8% (8085 t/a) is
shared by the Crocodile River (3%) and the Magalies River (5%).

The quality of surface water resources in the Bloubank Spruit system is further compro-
mised by bacterial contamination and associated elevated nitrate and phosphorus concentra-
tions derived mainly from wastewater effluent. These circumstances also make it difficult to
assess the agricultural impacts on the quality of surface water resources, as these are similarly
associated with nutrient inputs. As a subset of the total salt load, the nutrient load entering
Hartbeespoort Dam is of specific concern given the hypertrophic status of this impoundment.
The sampling stations on the Bloubank Spruit system and the (upper) Crocodile River reflect
median NO3-N and PO,4-P loads of 129 and 2.9 t/a, respectively, to the dam in the period 1980
to 2013. A similar appraisal for the Jukskei and Hennops rivers indicates combined median
NOs-N and PO4-P loads of 1245 and ~ 104 t/a, respectively, for the same period. In summary,
the Crocodile River and Bloubank Spruit systems together contribute <10% to the median
long-term NOs-N load entering Hartbeespoort Dam, being overshadowed by the Jukskei River
contribution of ~70% and the Hennops River contribution of ~20%. The PO4-P load is
dominated even more by the Jukskei and Hennops rivers, with the Crocodile River and
Bloubank Spruit systems delivering <3% of this nutrient load to the dam annually.

A primary concern for the downstream environment is the impact of mine water, in par-
ticular the presence of trace/heavy metals, metalloids and radionuclides, on the quality of
water in the Bloubank Spruit system. In the period of maximum likely impact, namely
February 2010 to July 2012, median Fe and Mn levels of 0.013 mg Fe/L and 0.003 mg Mn/L
in surface water at the lower end of the system on 33 sampling occasions, compare favourably
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with levels of 163 mg Fe/LL and 65 mg Mn/L in composite mine water discharge in the upper
reaches of the system on 129 sampling occasions. Mercury levels in surface water typically do
not exceed 0.002 mg/L. Arsenic levels similarly seldom exceed the detection limit of 0.002
mg/L. Nickel presents as the most persistent trace metal in upper (headwater) reaches, the
median concentration of 0.1 mg Ni/L from 41 sampling occasions exceeding the SANS
(2015a) limit of 0.07 mg/L. As with Fe and Mn, Ni levels in the lower reaches of the system
do not test the 0.07 mg/L limit.

Uranium levels in surface water nowhere and on no sampling occasion exceeded the
analytical detection limit of 0.001 mg/L for this analyte. Radon (***Rn) activity levels rep-
resentative of the headwater reach in the mine area fall within the minimum detectable activity
(MDA) of ~0.5 Bg/L. This compares favourably with the maximum contaminant level
(MCL) of 11.1 Bq/L set by the USAs Safe Drinking Water Act (SDWA). Similarly, radium
(**°Ra) activity levels do not exceed the SDWAs MCL of 0.185 Bg/L for this radionuclide in
the extremely sparse set of available data.

The persistence of poor bacteriological quality as reflected in alarmingly high faecal col-
iform and E. coli values associated with surface water in the Bloubank Spruit, continues to
represent a significant threat to the ‘fitness for use’ of this resource. This situation reflects the
poor score achieved by the Percy Stewart WWTW in both the 2009 and 2011 DWS ‘Green
Drop’ reports, and in particular the non-compliance in regard to the effluent wastewater quality
metric. A thorough evaluation of this threat is thwarted by the non-disclosure of pertinent
monitoring data by the local authority.

Groundwater Resources

Quantity

Springs are widely recognised as the most appropriate gauging, sampling and monitoring
points in a karst environment. The study has enumerated eleven springs (excluding the seven
located in the Krugersdorp Game Reserve) in the subregion. The total number of such features
in the subregion is almost certainly greater. Some of the features represent groups of springs
(and seeps) located in close proximity to one another. Nine of these drain dolomitic strata, the
‘weakest’ delivering ~2 L/s and the ‘strongest’ ~307 L/s. The total yield of these sources
amounts to ~827 L/s (~71.5 ML/d =~ 26.1 Mm3/a). This equates to ~14% of the net
capacity of Hartbeespoort Dam, and reflects the very important contribution of mainly good to
excellent springwater to the water resources of the wider region. None of the enumerated
springs are subject to regular and routine discharge measurements. Synoptic discharge mea-
surements in this study have served to quantify the yield of many of these features for the first
time.

Groundwater quantity is further represented by groundwater level data and information.
The study has generated 117 groundwater level measurements from as many sources (18
springs and 99 boreholes). Each of these measurements has been translated into an absolute
value representing a groundwater elevation above mean sea level. Together with the locations
and elevations of the various springs, this information has led to an improved understanding of
groundwater flow and movement especially in regard to the dolomitic strata. As a conse-
quence, redefinition of the physical hydrogeologic environment recognises a degree of com-
partmentalisation that contributes significantly to a more informed understanding of the karst
groundwater environment. A total of ten dolomitic compartments, two of which comprise
subcompartments, are identified in the COH. Most of the compartments are drained by
springs. Water budget calculations for the seven karst basins drained by springs with yields
>20 L/s and factoring in their surface extent, indicates that 17 + 5% of a mean annual
precipitation of 710 mm provides a reasonable approximation of natural autogenic recharge
from rainfall for the karst hydrosystem.
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The behaviour of groundwater levels associated with the karst aquifer is reflected in the
long-term water level records for 15 DWS monitoring boreholes dating back to 1985. In 11
of these instances, the record period extends to the present. An analysis of the data indicates a
generally excellent agreement between the mean and median values. This reflects the large
measure of constancy in this variable. Further, there is little correlation between the depth to
groundwater rest level and the magnitude of water level variation; relatively small variations
(<3 m) being associated with both ‘deep’ (>60 m bs) and comparatively ‘shallow’ (<30 m bs)
water levels. The data set reveals a maximum water level variation value of ~12.2 m, with
mean and median values of ~6.2 m and ~5.6 m, respectively. The slightly smaller differ-
ences associated with the 5%ile to 95%ile interval are characterised by a maximum value of
9.8 m, and mean and median values of 5.2 and 4.6 m respectively.

The very wet 2010, 2011 and 2014 summers precipitated an exceptional recharge of
groundwater resources in the study area. A rise in groundwater rest levels by ~4.9 m on
average testifies to these circumstances. Greater water level rises (by up to ~8 m) are
attributed to artificial and allogenic recharge associated with the infiltration of surface water
contributed from extraneous sources including mining and municipal wastewater effluent. This
infiltration has amounted to as much as ~ 32 ML/d in the case of mine water, and ~7 ML/d in
the case of municipal wastewater. The recent (since 2012) groundwater level (water table)
elevations in the COH are the highest in the ~30-year record of monitoring.

Quality

Groundwater quality in the COH is defined on the basis of chemical analyses carried out on
water samples obtained from 51 sources (7 springs and 44 boreholes). The analytical suite
include inorganic, organic and bacteriological variables, heavy/trace metals/metalloids and
environmental isotopes as well as pesticide residue analyses employed selectively. In addition,
numerous measurements of field variables (pH, EC, ORP/Eh and temperature) have been
carried out on an ad hoc basis at a number of springs.

As might be expected, the hydrochemistry reflects a greater or lesser spatial variation
depending on the position in the physical hydrogeologic environment. For instance, the
subcompartments receiving water of compromised quality in terms of either trace/heavy
metals/metalloids and elevated TDS loads associated with mine water, and/or elevated bac-
terial and nutrient loads associated with municipal wastewater (both representing allogenic
recharge), reflect the poorest groundwater quality. Despite its location, however, the Lake
water in Sterkfontein Cave continues to reflect an SEC of <70 mS/m as it did in June 2006.
Karst basins receiving only autogenic recharge remain largely unaffected in terms of
groundwater chemistry/quality.

Conclusions

The understanding of the surface water and groundwater environments in the COH, also in
regard to the inter-relationship between these resources, is considerably expanded by this
study. This understanding extends as much to the water chemistry aspect as it does to the water
quantity aspect. The platform built from historical data, and its integration with a wide range of
rigorous and defensible newly-generated and interpreted hydrologic and hydrogeologic data
and information, convincingly underpins the situation assessment of the surface water and
groundwater environments. This, in turn, has provided the means to objectively gauge the
impact of varied and numerous threats on the water resources in the study area, and to develop
a coordinated, appropriate and cost-effective water resources monitoring programme. Out-
comes of the study that are considered especially significant are summarised as follows.
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e The quantification of surface water flow losses, especially those dominated by a mine water
character in the lower Riet Spruit valley.

e The quantification of spring discharges.

e The definition of basins/subcompartments and corresponding groundwater resource units
(GRUs) associated mainly with the karst formations in the study area.

e The development of semi-quantitative resource water quality objectives (RWQOs) to
inform surface and groundwater resource directed measures for the karst portions of the
study area.

e The derivation of a fossil site risk assessment that informs the vulnerability of each
recognised fossil site and associated cave system in the context of its hydrogeologic
setting.

A cause for grave concern is the unprecedented abnormally high flow conditions experi-
enced in the Bloubank Spruit system in the more recent hydrological years, as this discharge is
the result of abnormally high mine water decant driven by copious recharge associated with
above average rainfall. This has already manifested itself as historical maximum SEC and
sulphate values at the lowest end of the Bloubank Spruit system.

Recommendations

The study has identified various concerns that give rise to the following general
recommendations.

e The advisability of carrying out a gravimetric survey in the lower Riet Spruit valley
extending from the confluence of the Tweelopie Spruit and the Riet Spruit down to the
confluence of the Blougat Spruit and the Riet Spruit. The results of such a survey will
indicate the measure of karst dissolution present in this important E-W corridor that hosts
the N14 national road.

e The advisability of extending the hydrovulnerability assessment to other cave systems in
the study area, together with a refinement of the applied assessment methodology.

e The establishment of a monitoring committee comprising a core of key stakeholder
groupings, e.g. national, provincial and local government, environment and tourism,
agriculture.

e The hosting (by the Management Authority) of a workshop or seminar to communicate the
outcomes of the study to as wide an audience of stakeholders and interested and affected
parties as are interested.

e The expansion of the mine water treatment capacity in the headwaters of the Tweelopie
Spruit to accommodate a decant volume of ~60 ML/d, representing a 2-fold increase in
the current treatment capacity.

e The establishment of additional mine water treatment facilities in the headwaters of the
Tweelopie Spruit to further ‘polish’ the treated mine water that is generated by the
expanded mine water treatment capacity and released into the environment.
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Symbols, Acronyms and Abbreviations

~ Approximately

= Equivalent

> Greater than

>> Much greater than

> Greater than or equal to

< Less than or equal to

< Less than

# Number

+ Plus-minus

) Delta (notation)

A Change in

z The sum of

ne/g Microgram(s) per gram

% Per cent (parts per hundred)
%0 Per mil (parts per thousand)
Yoile Percentile

°C Degree(s) Celsius (centigrade)
°C/m Degree(s) Celsius per metre
°E Degree(s) East (longitude)
°S Degree(s) South (latitude)
’H Deuterium

*H Tritium

30 Oxygen-18

a Annum

ay Hydrological year

A. Afrikaans

amsl Above mean sea level
ABA Acid base accounting

AET Actual evapotranspiration
AH. Agricultural Holdings

aka Also known as

Al Aluminium

AMD Acid mine drainage (or) decant (or) discharge
ARC Agricultural Research Council
As Arsenic

ASPT Average score per taxon
ATSDR Agency for Toxic Substances and Disease Registry
atm Atmosphere(s)

Au. Australopithecus

B Boron

Ba Barium
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Symbols, Acronyms and Abbreviations

bc
BE
bgl
BP
Bq/g
Bq/L
bs
BSR
bwl

Cx

Cs
CS()
C95
ca.

Cd

CD
CDSM
cfu

CGS

Cl

CMB

CN

Co

CO,
COD
COH WHS
CoV
CPOM
Cr
CROSA
CSIR
CTR

Cu

d
dd.ddddd
dd/mm/yyyy
DEA

DEAT
DED
DL
DLA
dm
DME
DMR

DMS
DO
DOC

Below collar

Built Environment (a business unit of the CSIR)

Below ground level

Before present

Becquerel(s) per gram

Becquerel(s) per litre

Below surface

Bacterial sulphate reduction

Below water level

Carbon

Concentration (Cy = upstream; Cp = downstream; Cg = furrow; Cg = spring;
Cg = groundwater)

Concentration exceeded 5% of the time (equivalent to 95%ile)
Concentration exceeded 50% of the time (equivalent to 50%ile)
Concentration exceeded 95% of the time (equivalent to 5%ile)
Circa (about)

Calcium

Cadmium

Compact disc

Chief Directorate: Surveys and Mapping (in the Department of Land Affairs)
Colony forming unit(s)

Council for Geoscience

Chloride

Chloride mass balance

Cyanide

Cobalt

Carbon dioxide

Chemical oxygen demand

Cradle of Humankind World Heritage Site

Coefficient of variation

Coarse particulate organic matter

Chromium

Cave Research Organisation of South Africa

Council for Scientific and Industrial Research

Corrosion tendency ratio

Copper

Day(s)

Degrees latitude (or) longitude expressed to the 5th decimal
Date format as day/month/year, e.g. 10/11/2012 = 10 November 2012
Department of Environmental Affairs (formerly Department of Environmental
Affairs and Tourism)

Department of Environmental Affairs and Tourism

Department of Economic Development (Gauteng Province)
Detection limit

Department of Land Affairs

Decimetre

Department of Minerals and Energy

Department of Mineral Resources (formerly Department of Minerals and
Energy)

Dissolved mineral salts

Dissolved oxygen

Dissolved organic carbon
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DPLG
D:RQS
DWA

DWAF
DWS

EB
EC
ECL
E. coli
EDC
Eh

e.g.
EI&S
EMF
EMS
EoP
EPA

Eq

eq
ERWAT
ESE

ET
EurepGAP
Fe

FFG

FIB

Fm.
FPOM
FSE
FSLTS
G

Gl

gt

Ga

GC
GDACE
GDARD

Gg/a

GIS
G.M. Co.
GMU
GNIP
Gp.

GPS
GRA
GRDM
GRU

Department of Development, Planning and Local Government
Directorate: Resource Quality Services (a directorate in the DWS)
Department of Water Affairs (formerly Department of Water Affairs and
Forestry)

Department of Water Affairs and Forestry

Department of Water and Sanitation (formerly the Department of Water
Affairs)

Electrical balance (aka ion balance or charge balance)

Electrical conductivity

Environmental critical level

Escherichia coli bacteria

Endocrine disrupting chemical

Free electron (e") activity defined as —logo[e ]; also assigned

the abbreviation pe

Exempli gratia (for example)

Ecological importance and sensitivity

Environmental management framework

Environmental management system

End-of-pipe

Environmental Protection Agency

Equation

Equivalent

East Rand Water Care Company

East-south-east

Evapotranspiration

Euro-Retailer Produce Working Group Good Agricultural Practice
Iron

Functional feeding group

Faecal indicator bacteria

Formation (geological term)

Fine particulate organic matter

Federation for a Sustainable Environment

Feasibility study for a long-term solution (commissioned by the DWS)
Billion (10%)

Gold1 (operating in conjunction with Rand Uranium)

Gram(s) per ton

Billion years

Gas chromatograph

Gauteng Department of Agriculture, Conservation and the Environment
Gauteng Department of Agriculture and Rural Development (formerly
GDACE)

Gigagram(s) per annum

Geographic information system

Gold Mining Company

Groundwater management unit

Global network of isotopes in precipitation

Group (geological term)

Global positioning system

Groundwater resource assessment

Groundwater resource directed measures

Groundwater resource unit

Hour(s)
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H Weighting value

H. Homo

HCO; Bicarbonate

ha Hectare(s)

HDS High density sludge

HDPE High density poly-ethylene

H; Hazard index

HPC Heterotrophic plate count (also referred to as total plate count)

i Hydraulic gradient

1&AP Interested and affected party

ICOMOS International Council on Monuments and Sites

ICP Inductively coupled plasma

IDP Integrated development plan

i.e. Id est (that is to say)

IGTT Inter-Governmental Task Team (on AMD)

IGU International Geophysical Union

IHAS Integrated Habitat Assessment System

IHIA Integrated Habitat Integrity Assessment

IMC Inter-Ministerial Committee (on AMD)

iro In respect of

iTLABS iThemba LABS (a National Research Foundation facility)

IUCN International Union for Conservation of Nature

JFA Johan Fourie and Associates (Environmental Consultancy)

JNNR John Nash Nature Reserve

K Potassium

Kx Equilibrium constant for mineral X, where X = C = calcite, and X = D =
dolomite

Ka Thousand years

KFD Koelenhof Farm Dam

kg/d Kilogram(s) per day

kg/km*/a Kilogram(s) per square kilometre per annum

kg/m® Kilogram(s) per cubic metre

KGR Krugersdorp Game Reserve

km Kilometre(s)

km® Square kilometre(s)

km/h Kilometre(s) per second

kt Kiloton(s)

L. Latin

LC, Concentration causing x% lethality

L/kg/d Litre(s) per kilogram per day

LMDC Leadership and Management Development Centre (Nedbank’s Olwazini
Estate)

LoD Locus of decant

L/s Litre(s) per second

LSC Liquid scintillation counting

L/s/km Litre(s) per second per kilometre

m Metre(s)

M Million (10°)

m/Ma Metre(s) per million years

m*/d Square metre(s) per day

m*/km?*/a Cubic metre(s) per square kilometre per annum = mm/Ka

m/s Metre(s) per second
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m’/s
MA
Ma
MAD
MAP
MAP
MAPE
MAR
MAT
max.
MCL
MCLM
MDA
MDB
MEC
med.
MG
Mg
mg/kg
MG/MSA
mg/L
mg/s
min.

n.d.
NAEHMP
NE
NFEPA
NGO

NH;

NH,4

Cubic metre(s) per second (also referred to as ‘cumec(s)’)
Management Authority

Million years

Mean annual discharge

Mean annual precipitation

Mean hydrological year precipitation
Mean annual potential evaporation
Mean annual runoff

Mean annual temperature

Maximum

Maximum contaminant level

Mogale City Local Municipality
Minimum detectable activity
Municipal Demarcation Board
Member of the Executive Council
Median

Mogale Gold (operating in conjunction with Mintails SA)
Magnesium

Milligram(s) per kilogram

Mogale Gold/Mintails SA
Milligram(s) per litre

Milligram(s) per second (1 mg/s = 0.000084 t/d)
Minimum

Millilitre(s)

Megalitre(s) (1 ML = 1 million litres)
Megalitre(s) per day

Millimetre(s) per annum

Millimetre(s) per thousand years
Month/year (e.g. 01/2010)

Million cubic metre(s) per annum
Million cubic metre(s) per month
Manganese

Motsetse Nature Reserve
Molybdenum

Management plan

Most probable number

Mine residue deposit

MilliSiemens per metre

Monitoring system manual
Morphologic suite of rising flow
MilliVolt(s)

Count (of sample population)

Not analysed

Not applicable

Sodium

Not determined

National Aquatic Ecosystem Health Monitoring Programme
North-east

National Freshwater Ecosystem Priority Areas
Non-governmental organisation
Ammonia nitrogen

Ammonium nitrogen
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Ni Nickel

n.m. Not measured

nm Nanometre(s) (1 nm =1 X 107° m)

No Number

NO, Nitrite nitrogen

NO; Nitrate nitrogen

NOE Nedbank Olwazini Estate

NRE Natural Resources and the Environment (a business unit of the CSIR)

n/s Not specified

NTU Nephelometric turbidity unit(s)

0-PO, Ortho-phoshate

ORP Oxidation reduction potential; also simply referred to as ‘redox’ potential

ouv Outstanding universal value

P Page

P Phosphorus

Pb Lead

pCi/L PicoCurie(s) per liter

Pcoo Partial pressure (activity) of CO,

pe Free electron (e") activity defined as —log;[e]; also assigned the abbreviation
Eh

pH Free hydrogen ion activity (oy,) defined as —log ooy, Where o, = f x [H']
with f the activity coefficient and [H*] the hydrogen ion concentration

PO, Phosphate

PP Pages

Pt Petaton

Pt Platinum

Ptn PORTION

Ox Flow or discharge (Qy = upstream; Qp = downstream; Qp = furrow;
Qs = spring; Qg = groundwater)

0>s Flow or discharge exceeded 75% of the time (equivalent to 25%ile)

Oso Flow or discharge exceeded 50% of the time (equivalent to 50%ile)

075 Flow or discharge exceeded 25% of the time (equivalent to 75%ile)

Q" Ranking factor

Omin Minimum flow or discharge

Ormax Maximum flow or discharge

R. River

Rf Reduction factor

RAIS Risk Assessment Information System

REGM Randfontein Estates Gold Mine

RET Riparian evapotranspiration

RHP River health programme

R]; Risk intensity index

RMW Raw mine water

RSA Republic of South Africa

RWQOs Resource water quality objective(s)

RU Rand Uranium (successor to Harmony Gold)

RU/G1 Rand Uranium/Gold1 (successor first to Harmony Gold and then Uraniuml)

RWL Rest water level

S. Spruit

SABS South African Bureau of Standards

SAC Satellite Applications Centre

SAFF Submerged aeration fixed film
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SAIEEG
SAKWG
SANAS
SANBI
SANParks
SANS
SAR
SASS
SAWS
Sbgp.
SC

SD
SDF
SDM
SDWA
Se

SEC
SECL
SEM
SHE

Si

NG

SIp
SMOW
SoC
SoE
SO,

Sp.
Spgp.
Sr

SRB
SRK

SS

S-S
StatsSA
SW

-

t/a
t/d
t/m

T.Alk.
TC
TCLP
TCTA
TDS
TIC
T™MW
TOC
ToC
TOL

South African Institute of Engineering and Environmental Geology
South African Karst Working Group

South African National Accreditation System

South African National Biodiversity Institute

South African National Parks

South African National Standard

Sodium adsorption ratio (a calculated chemical variable)
South African Scoring System

South African Weather Service

Subgroup (a geological term)

Sterkfontein Cave

Standard deviation

Spatial development framework

Synoptic discharge measurement

Safe Drinking Water Act (administered and overseen by the US EPA)
Selenium

Specific electrical conductivity (EC @ 25 °C)
Socio-economic critical level

Scanning electron microscopy

Standard hydrogen electrode

Silicon

Saturation index of calcite expressed as log{[Ca2+][CO32*]/KC}
Saturation index of dolomite expressed as log{[Ca2+][Mg2+] [CO32*]2/KD}
Standard mean ocean water

State of conservation

State of the environment

Sulphate

Spring

Supergroup (a geological term)

Strontium

Sulphate reducing bacteria

Steffen, Robertson and Kirsten (Consulting Engineers and Scientists)
Suspended solids

Sibanye-Stillwater (successor to Uraniuml)

Statistics South Africa

South-west

Ton(s)

Transmissivity

Ton(s) per annum

Ton(s) per day

Ton(s) per month

Ton(s) per megalitre

Total alkalinity (as CaCO3)

Total carbon

Toxicity characteristic leaching procedure
Trans-Caledon Tunnel Authority

Total dissolved solids/salts

Total inorganic carbon

Treated/neutralised mine water

Total organic carbon

Table of Contents

Target operating level
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TON Threshold odour number

ToR Terms of reference

TR; Total risk index

TU Tritium unit(s) (1 TU = 1 tritium in 10'® hydrogen atoms)

Turb. Turbidity

TWQR Target water quality range

U Uranium

UIS Union Internationale de Spéléologie (International Union of Speleology)

UNESCO United Nations Educational, Scientific and Cultural Organisation

US(A) United States (of America)

USACE United States Army Corps of Engineers

USDA United States Department of Agriculture

v Vanadium

Vi Vulnerability index

VCR Ventersdorp Contact Reef

VS. Versus

w Width

WARMS Water authorisation and registration management system (a DWS database]

WBTWG Western Basin Technical Working Group

WCPA World Commission on Protected Areas

WGC Water Geosciences Consulting

WGS84 World Geodetic System 1984 (reference ellipsoid for Hartebeesthoek94
Datum)

WHC World Heritage Centre (could also denote World Heritage Committee)

WHO World Health Organisation

WMA Water management area

WNW West-north-west

WRC Water Research Commission

WRDM West Rand District Municipality

WWTW Wastewater treatment works

XRD X-ray diffraction

XRF X-ray fluorescence

y Year(s)

7n Zinc
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Précis

A poor understanding of the surface and groundwater resources of the Cradle of Humankind
(COH) World Heritage Site (WHS) property has precipitated often alarmist reporting in the
media regarding the negative impacts associated with various sources of poor quality water.
The most notable of these is the acid mine drainage (AMD) threat to karst ecosystems and
fossil sites across the property. These circumstances have generated wide and considerable
concern for the preservation of the UNESCO-inscribed fossil sites and integrity of the water
resources of the property. An assessment of the water resources environment has better
informed this situation. It also formed the basis for the implementation of an integrated water
resource monitoring programme in support of management efforts to protect the aquatic
environment and assist in maintaining the outstanding universal value of the property. The
combined results of these activities inform the multi-dimensional analysis set out in this work.

The surface water environment comprises the largely unspoilt Skeerpoort River catchment
and the heavily impacted Bloubank Spruit system. These drain to the regionally important
Hartbeespoort Dam via the Magalies River and the Crocodile River as respective main stems.
The Skeerpoort River, with a long-term median discharge of ~9.6 Mm%/a, is fed by karst
springs delivering a similar quantity of excellent quality karst groundwater. This contribution
represents ~ 5% of the ~ 190 Mm® full supply capacity (FSC) of Hartbeespoort Dam. The
Bloubank Spruit system, with a long-term median discharge of ~22.7 Mm’/a (~12% of
FSC), receives >4.4 Mm?/a of poor quality raw and treated mine water and >2.5 Mm?/a of
treated municipal sewage effluent on average in its non-karst headwater reaches upstream
of the karst environment. The balance is contributed by the karst aquifer delivering >16.6
Mm®/a of good to excellent quality dolomitic groundwater. The Crocodile River median
long-term discharge of ~9.5 Mm?/a good quality surface water at the confluence with its
Bloubank Spruit tributary, similarly represents ~5% of the dam’s FSC. Expressed as a
long-term (1980 to 2015) median annual salt load, these drainages contributed ~2.9 kt
(Skeerpoort River), ~10.6 kt (Bloubank Spruit) and ~3.8 kt (Crocodile River) of total
dissolved solids to the impoundment. The negative impact of a significant raw mine water
discharge component for a large part of the 2010 to 2014 period on the Bloubank Spruit
system, was partially mitigated by the commissioning in mid-2012 and further upgrades by
mid-2013, of immediate and short-term mine water control and management interventions by
the Department of Water and Sanitation. The persistence of poor to very poor bacteriological
quality associated with surface water in the Bloubank Spruit represents a second significant
and pernicious threat to the ‘fitness for use’ of the ambient water resources.

The karst hydrosystem is assessed as comprising eleven compartments (basins), two of
which are subdivided into subcompartments. Most of the basins are drained by high-yielding
(>20 L/s) springs for which quantitative discharges and hydrochemical composition are
known. The aggregate discharge of eleven enumerated karst springs amounts to ~26.2 Mm>/a
(~71.8 ML/d), or ~13% of the Hartbeespoort Dam FSC. Together with an additional ~4.1
Mm®/a (~130 L/s) associated with groundwater resurgence along effluent stream sections
traversing dolomite, the total groundwater yield of ~30.3 Mm®/a (~ 83 ML/d) equals ~ 16%
of the reservoir FSC. The combined long-term median discharge of the Skeerpoort River and
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Précis

Bloubank Spruit amounts to ~ 34.7 Mm?/a (~95.1 ML/d), a little over 18% of the dam’s
FSC. These circumstances reflect the important contribution of good to excellent quality karst
groundwater rising mainly in the COH, to the water budget of the wider region.

Water budget calculations indicate that 17 £ 5% of a mean annual precipitation of 710 mm
provides a reasonable approximation of natural (autogenic) recharge from rainfall for the karst
hydrosystem. The very wet 2010, 2011 and 2014 summers resulted in exceptional recharge of
groundwater resources in the study area. A rise in groundwater rest levels by ~3 m on
average, also observed in the Sterkfontein Cave, reflects this. Water level rises of this mag-
nitude and by as much as ~5 m are attributed jointly to allogenic recharge associated with the
infiltration of surface water contributed in the form of mining and municipal wastewater
effluent from upstream non-karst areas, and natural autogenic recharge. The allogenic recharge
in the case of mine water has amounted to a minimum of ~5.1 Mm?>/a (~14 ML/Q) rising to
at least ~11.7 Mm?/a (~32 ML/d), and from ~1.1 to ~2.6 Mm?>/a (~3 to 7 ML/d) in the
case of municipal wastewater effluent. The mine water discharges have introduced a new set of
drivers causing a resetting of the natural water resources environment. In the case of
groundwater, this is immediately and most evident in potentiometric data. It is postulated that
the impact on the physical hydrogeology will result in higher (by 10 to 15%) baseflows in the
Bloubank Spruit system in the future.

A correlation between spring discharge, karst basin catchment area, springwater chemistry
and rainfall recharge is demonstrated for most of the karst basins. This has provided an
improved understanding of karst groundwater flow patterns in the study area that supports a
plausible conceptual model of the hydrogeologic environment. Cognisant of the variation in
climatological and physiographical factors that influence landscape development in the
long-term, the mean solutional denudation rate of the COH karst landscape is placed at 9.5
mm/Ka within the range 5 to 14 mm/Ka. This represents a total rate of theoretical void
development of ~2100 m*/a. The average total carbon loading in the karst springwaters is
found to be 44 mg C/L in the range 31 to 65 mg C/L. The average total carbon flux carried in
these waters is ~442 kg/d (~ 161 t/a), with eight high-yielding springs delivering a combined
total C-flux of ~3.1 t/d (~1.1 t/a). The average C-export rate for seven karst basins is
calculated at ~4.6 t/km*/a in the range ~2.8 to ~9.7 t/km*/a. This is comparable to values
reported in the literature for other karst terranes globally.

The analysis and interpretation of vertical hydrogeochemical profiles in the karst aquifer
impacted by allogenic mine water recharge addresses an often neglected aspect and contributes
materially to the multi-dimensional span of this work. Similar sentiments can be expressed in
regard to the temporal assessment of net acidity of karst groundwaters, the environmental
isotope characterisation of the water that characterises various sources, and the hydrovul-
nerability risk assessment of individual fossil sites.

The platform built from the integration of historical data with a wide range of
newly-sourced and interpreted hydrologic and hydrogeologic data and information, convinc-
ingly supports a more robust understanding of the surface water and groundwater environ-
ments in the COH. This, in turn, has provided the means to objectively gauge the impact of
varied and numerous threats to and on the water resources, and to develop an appropriate
water resources monitoring programme. The unprecedented abnormally high flow conditions
experienced in the 2010, 2011 and 2014 hydrological years in the Bloubank Spruit system
precipitated adverse impacts attributable to abnormally high raw mine water discharges.
Subsequent hydrologic and hydrogeologic observations have provided new insight into the
response of the receiving karst groundwater resource. These circumstances have magnified the
focus on the immediate and short-term intervention measures implemented in the Western
Basin to manage and control mine water discharge. The impact of climate change on this
situation in the long-term remains an unknown factor in quantitative terms.



Synoptic Information on Sterkfontein Cave

Sterkfontein Cave is the flagship fossil site on the Cradle of Humankind World Heritage Site
property. It is synonymous with the property to the extent that a common and mistaken
perception exists that the cave and its immediate surrounds represents the whole of the World
Heritage Site, when in fact it occupies only a very small portion in the south-western corner
of the property. The property has a maximum N-S extent of roughly 27 km, and an E-W
extent of some 30 km. The cave is the quintessential archaeological and palacoanthropological
excavation on view to tourists, based as it is on a long and distinguished history as a ‘dig’
dating back to the 1930s. Yet a Google® search for such basic information as cave air
temperature and humidity, cave water temperature and depth, and depth below surface reveals
a surprising paucity of information. Synoptic information that characterises the physical
surface and subsurface environment is tabulated below. This has proven useful to Sterkfontein
Cave tour guides who are faced with questions about these aspects from tourists. The infor-
mation contributes to broadening the general knowledge of the cave environment beyond

merely the well documented archaeological and palacoanthropological aspects.

Parameter/aspect

Surface elevation

Rainfall (wet) season
Mean annual precipitation
Mean summer precipitation

Mean daily temperature (surface)

Mean annual evaporation (surface)

Mean daily relative humidity (surface)

Mean in-cave air temperature

Mean daily in-cave relative humidity

Cave depth (known) below surface
entrance

Cave water temperature
pH of the cave water (in situ)

TDS (total dissolved solids) of the
cave water

Cave water saturation indices (calcite
and dolomite)

Cave water depth (known)

Value as a range and unit

1440 m amsl (river) to 1487 m amsl (hilltop)
Summer (October to March)

684 mm

588 mm

20 to 22 °C (summer)
10 to 12 °C (winter)

2200 to 2400 mm

66 to 68% (summer)
58 to 60% (winter)

17 to 19 °C (summer)
15 to 17 °C (winter)

7?7 to 7?% (summer)
?? to ??% (winter)

50 to 55 m below hilltop (1487 m amsl)
42 to 47 m below entrance (1479 m amsl)

15.5 to 18.5 °C
721079
475 to 525 mg/L

SIc —0.23; SIp —0.72 (slightly under-saturated)

3 m (below 1434 m amsl)
8 m (below 1439 m amsl)

(continued)
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Ixiv Synoptic Information on Sterkfontein Cave

Parameter/aspect Value as a range and unit
Cave water level elevation 1434 to 1439 m amsl (multi-year variation)
Cave water level fluctuation 2 to 3 m (typical) over years

5 to 6 m (maximum) over decades and longer
Water table gradient and direction 0.003 (30 cm per 100 m) to the ENE
Rainwater chemistry pH = 5.1 to 6.5; TDS = 90 to 110 mg/L
Surface solutional denudation rate 4.4 to 5.5 mm per 1000 years (local)

5.5 to 15.5 mm per 1000 years (regional)

Geological strata Type: Dolomite of the Malmani Subgroup, Chuniespoort Group,
Transvaal Supergroup
Age: ~2600 million years
Dip: ~20° to the NW (315°)



Syenite boulders marking the position of the Plover’s Lake Sill immediately downstream of the ~2 L/s Cradle Spring,
discharging at back left of picture, in the Motsetse Nature Reserve (Photo P. Hobbs, date 21/12/2010)

4 )

We are to admit no more causes of natural things than such as are
both true and sufficient to explain their appearances. Therefore, to
the same natural effects we mu st, so far as possible, assign the
same causes.

Sir Isaac Newton

(English physicist, mathematician, astronomer, natural
philosopher, alchemist and theologian 1642-1727)
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Integrated Monitoring Approach

Harrison Pienaar and Philip J. Hobbs

The Cradle of Humankind World Heritage Site (COH WHS)
enjoys international significance for its palaeoanthropologi-
cal and archaeological fossil finds. A review of international
efforts has not located another UNESCO-protected property
in the world [#35 on the World Heritage List with karst of
outstanding universal value (Williams, 2008)] that experi-
ences the impact of acid mine drainage (AMD). The mine
water threat was first manifested in late-August 2002 (van
Biljon, 2006) with the start of mine water decant from the
West Rand Goldfield, aka the Western Basin. This situation
has generated wide and considerable concern for the
preservation of the UNESCO-inscribed fossil sites on the
property. The Environmental Management Framework/Plan
(EMF/P) Status Quo Report (Beater and Kilian, 2009)
identified information in regard to sources, extent and affect
of AMD in the COH as being deficient. It is therefore
unfortunate but not surprising that the paucity of hydrosci-
entific information in regard to the property precipitated the
publication of largely unsubstantiated (and often alarmist)
media reports regarding negative impacts on the fossil her-
itage sites (e.g. Béga, 2008a; 2008b; 2010; 2013; Seccombe,
2008; Masondo, 2010; Groenewald, 2010a). Regrettably,
this perception is afforded credibility by Wells et al.
(2009) in the respected publication Environmental Man-
agement in South Africa (Strydom and King, 2009), and also
in generic scientific articles such as by Durand et al. (2010),
Durand (2012) and, more recently, by Abiye (2014).

The COH property could clearly benefit from a compre-
hensive assessment of the water resources system(s) to
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mediate an improved understanding of the integrated
hydrologic (surface water) and hydrogeologic (groundwater)
environments. In regard to the groundwater environment,
this entails defining flow directions, boundary conditions
and water chemistry (quality) aspects based on historical
information, long-term monitoring data and new data and
information. Similar considerations also apply to the surface
water environment. The dynamics of interaction between
surface water and groundwater resources in regard to both
quantity (volumes) and quality (chemistry) is a crucial ele-
ment of this understanding. This is especially important in
the COH because of the risk to karst groundwater resources
from threats such as over-abstraction associated with irri-
gated agriculture, mine dewatering and rewatering, and
contamination/pollution from municipal wastewater, mine
water discharge and on-site sanitation facilities on unser-
viced properties, many of which are smallholdings.

Reporting on the conflict between different communities
over water resources of the karst that hosts the Choranche
Caves and forms the Coulmes Plateau in the Vercors
Mountains, France, Gauchon et al. (2006) emphasise that
‘.... water’s place in the system must be defined’. The
material presented in this publication provides such defini-
tion for the COH by building on and extending the collective
knowledge and understanding of the water resources envi-
ronment. This finds support in a conceptual hydrophysical
model of the integrated surface water and groundwater
environments that accounts for observed congruencies
between rainfall, groundwater recharge, groundwater drai-
nage patterns, spring discharges, and the surface extent of
groundwater basins. Characterisation of the hydrochemistry
associated with the various water resource components lends
further support and rigour to the conceptual model of the
hydrophysical domain.

The water resources system assessment underpins the
implementation of an appropriate integrated water resources
monitoring programme for the COH. This is crucial to the
successful management of water resources and the impact on
these resources in the study area. A focussed routine
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hydromonitoring programme provides the means to measure
and demonstrate the success or failure of management efforts
to protect the aquatic environment in the COH. The water
resources system assessment and derived conceptual model
also facilitate the evaluation of ancillary issues that include
the following:

o the status quo of water resources monitoring activities;

e the state of conservation (SoC) of the water resources
environment;

e the establishment of resource water quality objectives;

e solutional denudation as an agent in the evolution of the
karst landscape;

e carbon flux associated with karst spring discharges; and

e the vulnerability of the fossil sites to impacts on the
(hydro)environment.

The material provides a foil, as demonstrated by Béga
(2012a), albeit ﬂeetingly,l van Schie (2013) and Vermeulen
(2013), for the many and widespread misperceptions foun-
ded on ignorance, sentiment and/or emotion that have driven
the public awareness of this World Heritage property. Most
importantly, however, it informs and supports sound man-
agement actions in regard to responsible and effective gov-
ernance of the water resources environment to also protect
this aspect of the outstanding universal value (OUV) of the
property in the interest and on behalf of all nations and
humankind (WHC, 2013 and Text Box 1, p. 3).

View from inside Sterkfontein Cave upward through an aven extending
~45 m to surface with a sheltering tree visible through the surface
opening; the near-circular geometry of the feature reveals the

modification of a natural aven by early miners into a shaft for hoisting
limestone to surface rather than via the steep and tortuous natural
access route

!'See the article published by the same journalist just two weeks later
(Béga, 2012b).
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Text Box 1 Excerpt from the World Heritage Centre draft
decision 37 COM 7B.44 (WHC, 2013) presented at the 37th
Session of the World Heritage Committee in Phnom Penh,
Cambodia, 16 to 27 June 2013

The World Heritage Centre and the Advisory
Bodies suggest that the Committee congratulate the
State Party for an excellent study. The work described

In January 2011, the World Heritage Centre
requested the State Party to undertake a study to
address concerns that had been raised by various
parties about a potential threat to the World Heritage
property posed by effluent from abandoned and active
mines in the vicinity. The study, commissioned by the
Cradle of Humankind World Heritage Site Manage-
ment Authority, Department of Economic Develop-
ment, Gauteng Province, South Africa, was prepared
in 2011 by the Council for Scientific and Industrial
Research. On 14 March 2013, ICOMOS completed an
assessment of this exhaustive study. This assessment is
available online at the following Web address: http://
whc.unesco.org/en/list/915/documents.

Over a number of years, concerns have been raised
that acidic waters rich in iron and other minerals (Acid
Mine Drainage, or AMD) from abandoned mines in the
vicinity of the World Heritage property, plus the input
of treated mine water (and, in recent years, the over-
flow of untreated and partly treated mine waters at
times of heavy rainfall) from the workings of an active
mine about 15 km distant into the hydrology system of
the property, might have a harmful effect on the caves
that underpin the Outstanding Universal Value
(OUV) of the property. The 2011 study, “Situation
assessment of the surface water and groundwater
resource environments in the Cradle of Humankind
World Heritage Site”, attempts for the first time to give
a comprehensive picture of the surface and sub-surface
water regime across the property.

appears to have been undertaken in accordance with
best practice, and the results appear to reflect current
scientific knowledge. The amount of field measure-
ments to support the work is impressive. The study has
successfully answered some of the uncertainties in
knowledge about the hydrology and hydrogeology of
the property.

The World Heritage Centre and the Advisory
Bodies are of the view that the recommendations in the
2011 study should be acted upon. Cooperation with
other agencies, especially the Department of Water
Affairs, should be strongly encouraged, and there
should be consultation and agreement on the proposed
resource water quality objectives. Regular monitoring
should be established, and a timeframe set to meet the
agreed quality objectives.

The World Heritage Centre and the Advisory
Bodies note that since the study was written, the
Department of Water Affairs has initiated a “Feasibility
study for a long-term solution to address the AMD
associated with the East, Central and West Rand
underground mining basins”. A void assessment report
was issued in draft form in March 2013, and a feasi-
bility report proposes a system of active treatment of
AMD and leachate from mine dumps for the West,
Central and East Rand. If implemented in the West
Rand, it should reduce the risks of AMD to the OUV of
the property. They recommend that a joint World
Heritage Centre/ICOMOS reactive monitoring mission
be undertaken in order to assess the AMD impact to the
property and propose recommendations to the State
Party.


http://whc.unesco.org/en/list/915/documents
http://whc.unesco.org/en/list/915/documents
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Introduction and Background

Harrison Pienaar and Philip J. Hobbs

1 Legal and Physical Framework

The UNESCO Convention concerning the Protection of the
World Cultural and Natural Heritage (1971), ratified by
South Africa in 1997 and incorporated into South African
law in terms of the World Heritage Convention Act (Act No
49 of 1999), in 1999 inscribed the fossil hominid sites of
Sterkfontein, Swartkrans, Kromdraai and environs (known
as the Cradle of Humankind) for protection in terms of their
‘collective’ cultural heritage (Strydom, 2009). The Cradle of
Humankind (COH) is located on the north-western margin
of Gauteng Province in the central north-eastern part of
South Africa (Fig. 1). It is among some 50 karst sites
globally that have been inscribed by UNESCO
(Hamilton-Smith, 2006), many of these for other values (e.g.
cultural) than purely their karst landforms.

The management of a protected area is undertaken by the
State Party, in this instance the Department of Environ-
mental Affairs (DEA), that is answerable to UNESCO’s
World Heritage Committee (WHC). The DEA has delegated
the management function to the Management Authority
(MA) assigned administrative responsibility at a provincial
level. The MA of the COH WHS is hosted by the Depart-
ment of Economic Development, Gauteng Provincial
Government, that is answerable to the DEA on issues such
as the State of Conservation (SoC) of the property.

A little more than 1 billion people (~ 15% of the global
population) live on karst (Kaufmann 2013), and karst
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aquifers are estimated to provide ~ 1.5 billion people with
potable water (Ford and Williams 2007; Bauer et al. 2008;
Supper et al. 2008). Karst areas also count among the most
vulnerable hydrogeologic environments to human impacts in
the world. The distribution in South Africa of Neoarchaean
(~2.65 to 2.50 Ga) major ‘hard’ sedimentary carbonate
deposits is shown in Fig. 1. These are the Malmani Sub-
group and the Campbell Rand Subgroup located east and
west of longitude 25°E, respectively. Together representing
at least 98% of carbonate strata (dolomite, limestone, cal-
crete, dolocrete, travertine, etc.) in South Africa, these for-
mations cover ~ 3% of the total surface area of the country
(van Schalkwyk 1981). The CGS/SAIEEG (2003) guideline
provides a concise description of the dolomite and limestone
occurrences in South Africa. A more detailed description can
be found in Martini and Wilson (1998) and Martini (2006).
In regard to land and water resources issues, Vesper (2008)
identifies the following characteristics unique to karst sys-
tems that require focussed study:

e close connections between surface and subsurface pro-
cesses render karst systems highly vulnerable to impacts
from surface activities;

e spatial heterogeneity hinders the ability to easily monitor
and assess water quality and quantity;

e rates of physical processes are highly variable;

e subsidence may occur at an almost imperceptible rate or
be nearly instantaneous;

e contaminants may be rapidly flushed through the system
or trapped indefinitely; and

e water flow at springs may be consistent through time or
change rapidly in response to storm events.

The International Union for Conservation of Nature and
Natural Resources (IUCN) publication by Watson et al.
(1997) lists some of the reasons for the protection of karst
landscapes as their provision of the following ‘goods and
services’:
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Fig. 1 Location of the Cradle of Humankind World Hertigae Site
(COH WHS) in Gauteng Province (light shaded area), South Africa,
and in relation to the distribution of ‘hard’ sedimentary carbonate

habitat for endangered species of flora and fauna;

sites containing rare minerals or unique landforms;
important sites for the study of geology, geomorphology,
palaeontology and other disciplines;

culturally important sites, both historic and prehistoric;
spiritual or religious features;

specialised agriculture and industries;

‘windows’ into understanding regional hydrology and
karst hydrogeology;

sources of economically important materials, especially

groundwater;
tourism and its associated economic benefits;

deposits (darker shaded areas) of the Chuniespoort Group in the South
African interior (adapted from Martini and Wilson, 1998)

e purely recreational areas, both scenic and challenging;
and

e role as carbon source and sink in the context of the
global carbon cycle'.

Although the COH was inscribed for its cultural heritage
represented by the reasons shown as bold text in the above
list, it is evident that the property also meets many of the
other criteria (shown as underlined text) in the list. The

!'talicised text added by author.



Introduction and Background

earlier activities of the TUCN-SA? Karst Working Group
(Fourie 2005) are described in Text Box 1, and in the
WRC/TUCN/SAKWG (2010) publication titled ‘The karst
system of the Cradle of Humankind World Heritage Site’.

Text Box 1 The IUCN-SA Karst Working Group

In May 2004, the South African country office of
IUCN-The World Conservation Union, in collaboration
with the Gauteng Department of Agriculture, Conser-
vation and Environment (GDACE) and the Cave
Research Organisation of South Africa (CROSA),
established a Karst Working Group, made up of more
than 30 individuals from diverse backgrounds and
disciplines, including national, provincial and local
government, industry, four national universities and a
number of voluntary caving organisations. Their task is
to develop a holistic monitoring and management sys-
tem for karst systems in South Africa, and they have
chosen the Cradle of Humankind World Heritage Site
as a pilot study, in part to support the Cradle in meeting
its reporting obligations to the World Heritage
Authority. One of the group’s main concerns is the
threat of water pollution in the Cradle area, and the
effect of such pollution on the karst ecosystems. The
group is supported by the GDACE, the Water Research
Commission and the [UCN World Commission on
Protected Areas Cave and Karst Taskforce. It is also
establishing partnerships with research institutions in
Europe, as well as international NGOs Flora & Fauna
International and Earthwatch.

From Fourie (2005).

The National Water Act (RSA 1998) posits the reminder
that water resource protection is mandated in terms of Sec-
tion 19 of the National Water Act (NWA), Act No 36 of 1998,
with a particular focus on ‘prevention and remedying effects
of pollution’. Moreover, the NWA also provides mechanisms
for promoting the sustainable use of inland waters (King and
Pienaar 2011), as well as specific legal provisions to develop
and implement groundwater protection measures, in particu-
lar the Resource Directed Measures (RDM) as described in
Chap. 3 of the NWA (Pienaar et al. 2021). Section 19 of the
NWA requires of a landowner, person in control of land or
person occupying or using land to take all reasonable mea-
sures to prevent pollution of a water resource from occurring,
continuing or recurring. It is perhaps even more pertinent to

2 South African country office of the IUCN-The World Conservation
Union.

recognise the need to query the popular perception of a
large-scale ‘tragedy of the commons’, as formulated by
Hardin (1968), playing itself out regarding water resource
pollution and consequential loss of fossil site integrity in the
COH and, ultimately, loss of World Heritage status. This
situation represents a ‘wicked problem’ as described by
Davidson and Wei (2012).

2 Hydrophysical Framework

Ford and Williams (2007) report that karst resources are
coming under increasing pressure worldwide and have great
need of sustainable management. This has no greater rele-
vance than for a World Heritage property, where the suc-
cessful execution of administrative responsibilities is not
sufficient to ensure that desired results in terms of environ-
mental management outcomes are or will be achieved.
Kasum et al. (2019) also argue that water resources are
indissolubly linked to a wide range of human-made activities
defined by terms such as underwater exploitation and human
health (among other), which necessitates the development
and advancement of models for forensic hydrography.
Successful achievement of environmental objectives such as
appropriate water quality and adequate biodiversity, require
specific and directed interventions informed by a sound
understanding of the water resources environment. Parrish
et al. (2003) recognise monitoring programmes as crucial
elements of any protected area management programme.
Knowledge of the current situation, trends of change,
likely source(s) of undesirable constituents, threat status, etc.
underpins the implementation of sound management actions
directed at responsible and effective governance on the part
of a Management Authority. The implementation of an ap-
propriate integrated hydrologic and hydrogeologic monitor-
ing programme is crucial to the successful management of
water resources and protection of the aquatic environment in
the COH. Such protection is not only required for the
preservation of karst features and palaeoanthropological
finds, but also for resident water users who depend on local
water resources (primarily groundwater) for their livelihood.
The Environmental Management Framework/Management
Plan (EMF/MP) developed for the COH (Brown 2009),
presents a first but understandably superficial description of
the water resources of the property. An earlier study by
Holland (2007) focussed on groundwater resources only.

3 Aims and Objectives

The primary objective of this study is to develop a sound and
integrated conceptual model of the hydrologic and hydro-
geologic environments that comprise the COH. Regarding
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Fig. 2 Definition of the study area in regard to geographic localities, geology and hydrology

the groundwater environment, this entails defining flow
directions, boundary conditions and water chemistry (qual-
ity) aspects based on historical information, long-term
monitoring data and new data and information. Although
similar considerations also apply to the surface water envi-
ronment, the dynamics of the surface and subsurface
hydrologic interaction (aka stream — aquifer interaction) is
considered a key element of this understanding. The suc-
cessful outcome will provide a basis for implementing
measures aimed at ensuring the sustainable functioning of
the karst ecohydrology of the COH in the face of rapidly
growing pressure from a variety of anthropogenic impacts.
An assessment of the water resources system (s) that pro-
vides an improved and rigorous understanding of the inte-
grated hydrologic and hydrogeologic environments, also
provides a more informed reference framework against which
to gauge the veracity of concerns for the heritage value of the
property. The integrated conceptual model of the surface
water and groundwater environments developed in this study
meets this requirement, and also identifies data and informa-
tion gaps in the water resources environment. Further, the
outcome elucidates ancillary aspects such as the following:

¢ the status quo of water resources monitoring activities;

o the state of conservation of the water resources environ-
ment (e.g. DEA 2014a, 2016);

o the establishment of resource water quality objectives for
the water resources;

e solutional denudation as an agent in the evolution of the
karst landscape;

e carbon flux associated with karst spring discharges; and

e the vulnerability of the fossil sites from negative impacts
on the water resources.

4 Definition of the Study Area

The area defined in Fig. 2 represents the most appropriate
demarcation based primarily on the harmonisation of the
COH property boundary (as promulgated) with aspects such
as drainage basin footprints, the distribution of geological
strata with emphasis on the vulnerable karst hydrosystem,
and the location of known threats associated with mining,
industrial, urban and agricultural land uses. The measure of
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congruence between the study area boundary and the Qua-
ternary surface water catchments is evident in Fig. 2.

The study area encompasses ~ 64 900 ha, compared to
the ~ 52 000> ha of the COH property. The inclusion of the
mining area in the extreme southern part of the study area
between Krugersdorp and Randfontein (Fig. 2) recognises
the importance of this activity and land use not only in terms
of the mine water threat, but also the comparatively large
amount of data and information related to this activity that
already exists for this portion of the study area. The inclu-
sion of a portion of the (upper) Crocodile River in Quater-
nary catchment A21E as far upstream as Muldersdrift in the
south-eastern corner, incorporates the potential impact of the
Driefontein Wastewater Treatment Works (WWTW) toge-
ther with that of the Percy Stewart WWTW located in the
upper reaches of Quaternary catchment A21D (Fig. 2), on
the water resources environment.

Excluded from the study area is that portion of the property
in Quaternary catchment A21F (the Magalies River catchment)

along the north-western margin. Much of this area is located on
younger geological strata (Sect. 4 in Chapter “Description of
the Physical Environment”), and it does not share to any sig-
nificant degree the sensitive groundwater environment that
forms the core of the COH. The carbonate strata extending to
the west-southwest beyond the study area boundary defines the
eastern portion of the adjoining Steenkoppies Basin. This basin
is drained by Maloney’s ‘Eye’ (spring) (Sect. 1 in Chapter
“Physical Hydrology”), the source of the Magalies River, and
therefore also does not share the karst hydrosystem of the COH
beyond purely geologic proximity/contiguity (Sect. 7 in
Chapter “Physical Hydrogeology™).

The Steenkoppies Basin has recently been studied in
some detail (Holland et al. 2009) with a view to managing
the high demand placed on the karst water resource for
intensive irrigated agriculture. This demand has impacted
negatively on the yield of Maloney’s Eye, to the detriment of
downstream water users in the fertile Magalies River Valley
which supports intensive irrigated agriculture.

Irrigation of ‘instant’

(cultivated) lawn with treated municipal
wastewater effluent (from the Percy Stewart WWTW) on dolomite in
the south-western portion of the study area; compare the early spring

3 The area of ~ 47 000 ha commonly reported, refers to the core area
(i.e. excluding the buffer zone).

brown natural vegetation typical of the Transvaal Highveld in the
background with the lush green foreground
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1 Morphology and Drainage

The surface water drainage characteristics (physical hydrol-
ogy) of the study area, including drainage pattern and mean
annual runoff (MAR), are discussed in greater detail in
Sect. 5.1 in Chapter “Physical Hydrology”. The following
discussion provides a synoptic general overview of this aspect.

The watershed that forms the continental divide between
the Vaal River system to the south (draining westward to the
Atlantic Ocean) and the Limpopo River system to the north
(draining eastward to the Indian Ocean) (see Fig. 1 in
Chapter “Introduction and Background”), also occupies the
highest natural elevation (~ 1720 m amsl) in the study area.
Extending to the north of this divide is a diverse landscape
that includes undulating terrain with low to moderate relief
along an SW-NE strike roughly concordant with the main
drainages. This terrain is flanked to the south-east by
prominent ridges incised at right angles by mainly ephemeral
tributaries, and to the north-west by sub-parallel ridges and
valleys. The flanking landscapes mark a transition in the
geology across the landscape, with dolomite sandwiched
between older underlying sedimentary strata (quartzite) in
the south-east and younger overlying sedimentary rocks
(quartzite and shale) in the north-west.

At an elevation of 1664 m amsl, the peak of Spioenkop
on the farm Danielsrust 518JQ is the highest point in the
study area. This is followed by Zwartkop peak at 1626 m
amsl on the farm Zwartkop 525JQ near the south-eastern
margin of the property. The lowest elevation of ~ 1200 m
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amsl occurs in the vicinity of Broederstroom (Fig. 2 in
Chapter “Introduction and Background”), a hamlet at the
north-eastern end of the property immediately south of the
regionally important (Sect. 5.1 in Chapter “Physical
Hydrology”) Hartbeespoort Dam storage reservoir (Fig. 1).
This fits the description by Kruger (1983), who characterises
the terrain morphology as undulating hills and lowlands with
relief in the range 130 to 450 m, a drainage density of 0.5 to
2 km/km?, a stream frequency of 0 to 6 per km?, and 20—
50% of the area having slopes of <5%. The property spans
portions of five Quaternary catchments (Fig. 2 in Chapter
“Introduction and Background” and Table 1) located in the
Limpopo Water Management Area (WMA #1) (Fig. 1).
Table 1 shows that basins A21D (the Bloubank' Spruit
system) and A21G (Skeerpoort River) together cover ~70%
of the study area, followed in roughly equal proportions
(~15%) by basins A21E (upper2 Crocodile River) and
A21H (lower Crocodile River).

2 Climate and Rainfall

The property falls within the warm temperate summer
rainfall region that characterises the typical Highveld climate
of the central north-eastern South African interior. The fol-
lowing synoptic information is sourced mainly from Schulze
et al. (1997).

The mean annual temperature (MAT) falls in the range of
16 to 18 °C, with daily mean temperatures in the range of

! The spelling ‘Bloubank’ subscribes to that used on the most recent
edition of the published 1:50 000 scale topocadastral map 2527DD
Broederstroom (5‘h ed., 2001), and not to that of ‘Blaauwbank’ used on
earlier maps and in other reports (e.g. Holland et al., 2009; SRK, 2009).
2 The terms ‘upper’ and ‘lower” are used in the context of the reaches
above and below the confluence with the Bloubank Spruit upstream of
Hartbeespoort Dam, and not in the context of the entire reach of the
Crocodile River down to its confluence with the Marico River to form
the Limpopo River (Fig. 3).
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Fig. 1 Position of the study area within the national distribution of water management areas (WMAs; numbered and labelled) and the

Limpopo WMA (#1) in particular

20-22 °C in summer (December/January) and 10 to 12 °C
in winter (June/July). The daily mean relative humidity falls
in the range 58-60% in winter and 66 to 68% in summer,
with daily minima falling in the ranges 32-34% and 46-48%
for these seasons, respectively. The A-pan equivalent mean
annual potential evaporation (MAPE) falls in the range of
2200-2400 mm. The long-term A-pan evaporation recorded
at OR Tambo International Airport located at 26.13°S—
28.29°E, a distance of ~55 km east-southeast of the prop-
erty, is 2160 mm/a. This study accepts the lower bound of
2200 mm/a as representative of the A-pan evaporation value
for the study area, and a mean actual evapotranspiration of
1540 mm/a.

As the principal agent of groundwater recharge, rainfall is an
integral component of the hydrological cycle, rendering
knowledge of its magnitude and distribution an important

aspect of a study such as this. The distribution of rainfall
gauging stations in the study area and surroundings is shown in
Fig. 2. The mean annual precipitation (MAP) associated with
each of the Quaternary basins in the study area (DWA 2006) is
shown in Table 1 and indicates a mean value of 696 mm/a
(excluding catchment A21F representing 1% of the area).
The rainfall stations reflect a skewed geographic distribu-
tion that favours the south-western portion of the subregion.
They are operated by various entities identified as follows:

e South African Weather Service (SAWS), generally loca-
ted at police stations and municipal offices;

e Sibanye-Stillwater (S—S), located at various sites on the
mine property;

e Mogale City Local Municipality (MCLM), located at the
Percy Stewart WWTW; and
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] D Original planned study area

D Provincial boundary

Quaternary catchment

Proposed revised study area

g : A DWA surface water flow gauging station

‘ DWA surface water quality monitoring
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%) @ Rainfall gauging station (refer Table 2)
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Fig. 2 Definition of study area showing positions of rainfall, surface water flow and surface water quality gauging stations with hydrologic

features superimposed on geology as backdrop

Table 1 Geographic definition

Quaternary Main drainageand relative MAP (mm)  Total Proportion of
of quaternary catchments spanned  paqin latitude area (km?) basin in study
by the study area aiTEn

(km?) (%)

A21D Bloubank spruit system south 714 372 303 46.7

A21E Crocodile River (upper) south 707 290 100 15.4

A21F Magalies river north 677 1001 1 0.2

A21G Skeerpoort river central 694 160 156 24.0

A21H Crocodile river (lower) north 668 514 89 13.7

Total 2337 649 100

e Department of Water and Sanitation (DWS) located at
Sterkfontein Cave and, since 2013, also on Ptn 36 of
Vlakplaats 160IQ near Tarlton, Ptn 8/2 of Sterkfontein
1731Q north of the Krugersdorp Game Reserve, and at the
HDS mine water treatment plant.

A daily precipitation record is maintained in most of the
above-listed instances. The DWS stations comprise a
cumulative (totalling) gauge developed by van Wyk (2010).

These gauges have a rainfall equivalent capacity of ~450
mm and are therefore emptied every 2—4 months depending
on season. The length of record and other information
associated with each station is given in Table 2. It shows that
rainfall monitoring by S—S (and its predecessors) in the mine
area is comparatively recent. This reflects the importance of
rainfall and associated recharge on the hydrostatic head in
the subsurface mine workings and the more recent periodic
recurrence of excess mine water discharge (Sect. 5.3.1 in
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Fig. 3 Composite annual and overlapping summer (wet season) rainfall record for stations PS and BRI; the mean summer precipitation of

632 mm is indicated by the dashed line labelled MSP

Chapter “Physical Hydrology”). Nevertheless, an analysis of
the available precipitation record indicates that rainfall is
distributed approximately 80-20% between the wet summer
and the dry winter seasons.

The composite precipitation record of rainfall stations PS
[for the 2001 to 2008 hydrological years3 (ap)] and BRI (for
a, 2009 to 2017) shows the ‘wetter’ 2006 (813 mm), 2008
(831 mm), 2010 (663 mm), 2014 (721 mm) and 2017
(712 mm) summer rainfall seasons (Fig. 3). Both these sta-
tions are located north of the watershed (Fig. 2).

A comparison of the HDS and Sterkfontein Cave
(SC) monthly rainfall data for the period of common record
June 2010 to September 2017 returns the correlation shown
in Fig. 4. The data set excludes months of no rainfall at both
stations in order to remove the false correlation created by
common null values. This shows that station SC experi-
ences ~22% less rainfall on a monthly basis than does
station HDS on the watershed ~13 km to the south. Wet
months at both stations represent ~80% of the annual (ay,)
record, equating to 9.6 such months per year. The regional
reduction in rainfall northward that is evident in Table 1 is
therefore echoed at the subregional scale. In summary, the
long-term MAP for the northern third of the study area falls

3 See GLOSSARY.

in the range 668—694 mm. The remaining ~67% compris-
ing the central and south-western portion experi-
ences ~710 mm (Table 1).

Considered of greater significance is the observation
that ~52% of the 2014 summer rainfall at Sterkfontein
Cave (396 out of 760 mm) and at station HDS (413 out of
799 mm) occurred in February and March 2014. These
circumstances explain the resumption of uncontrolled mine
water discharge from the mine area in late-February 2014
(Hobbs 2014a). This is similar to the situation that prevailed
in the 2010 and 2011 wet seasons (Hobbs 2013a, b) that led
to the severest mine water impact on the receiving water
resources environment. The increased capacity of the mine
water treatment plant to ~ 34 ML/d in June 2013 (Timeline
2 p. ii and Text Box 1 in Chapter “Physical Hydrology”,
p- 61) remained insufficient to contain and treat the volume
of mine water issuing from the flooded underground mine
workings following recharge. Similarly, a, 2017 experienced
an anomalous rainfall pattern marked by the following:

e A wetter than average summer (864 mm at station HDS
and 712 mm at station BRI) yet in both instances typically
representing ~ 80% of the MAP of each station; and
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Table 2 Rainfall monitoring stations in the study area and surrounds

Station Station name Source Coordinates® Elevation (m amsl) Start date (mm/yyyy)
Latitude Longitude

0475338 Randfontein SAWS 26.13°S 27.70°E 1710 12/1954°
0475456 Krugersdorp kroningspark 26.10°S 27.T71°E 1699 07/1904
0475605¢ Wits botanical gardens 26.08°S 27.85°E — 04/1988
0512082 Hekpoort nooitgedacht 25.87°S 27.55°E 1463 01/1972¢
0512090 Magaliesburg police station 26.00°S 27.55°E 1480 01/1969
0512783¢ Pelindaba 25.80°S 27.92°E — 01/1965
PS°® Percy stewart WWTW MCLM 26.08°S 27.73°E 1590 01/2000
BRI® Black reef incline S-S 26.11566°S 27.72319°E 1662 10/2004
HDS® HDS plant 26.13384°S 27.71579°E 1714 10/2004
Sce © Sterkfontein cave DWS 26.01566°S 27.73413°E 1480 07/2007"
 Reported as decimal degrees in Hartebeesthoek94 Datum, WGS84 ellipsoid
® Closed March 2009
¢ Not used in WR 2005 (Middleton and Bailey 2008a, b)
4 Closed November 2009
¢ Identified as STERK_RF by the DWS
f Data only available from June 2010
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e A very wet early winter (~200 mm at both stations HDS
and BRI) representing ~20% of the MA,P, i.e. equiva-
lent to the typical proportional full dry season
contribution.

An aspect not revealed in the preceding discussion is the
correlation between individual high rainfall periods and
flooding. For example, the rainfall event recorded for
16/12/2010, when 90 mm was measured at the HDS station
and 106 mm at Sterkfontein Cave, precipitated the flooding
in the region that contributed to a fish mortality event
(Sect. 6.5.2 in Chapter “Chemical Hydrology”) in January
2011 (Hobbs and Mills 2011).

A further aspect of precipitation that requires inspection
for its potential relevance to groundwater recharge estima-
tions, is the period considered for calculation of the annual
mean. MAP values reported in the literature generally pertain
to calendar years. In water resources assessments, however, it
is the hydrological year that serves as base temporal unit, and
it is, therefore, appropriate that a comparison be drawn
between MAPs based on calendar and hydrological years. An
inspection of the monthly data associated with the PS, HDS,
BRI and SC stations aggregated to calendar and hydrological
years, returns the results presented in Table 3. It is evident
that the MAP values for calendar and hydrological years at
each of the rainfall stations are similar, although the stations’
PS and SC indicate hydrological years to be marginally
wetter (by ~ 3%) than calendar years. The location of these
two stations in more rugged terrain prone to orographic
effects north of the watershed might explain this result.

Table 3 Comparison of mean

o Calendar year
precipitation for full calendar and

hydrological years at four rainfall PS HDS
stations 2002 702
2003 482
2004 780
2005 776
2006 962
2007 567
2008 772
2009 737
2010 903
2011 885
2012 735
2013 714
2014 805
2015 451
2016 1043
Average 722 784

Station rainfall (mm)

Nevertheless, it is concluded that natural groundwater
recharge estimations based either on calendar or hydrological
year averages will return similar results.

Middleton and Bailey (2008a) report an A-pan evapora-
tion rate for the study area in the range of 2200 to
2600 mm/a. In broad terms, the mean annual potential
evaporation in the study area exceeds the MAP by a factor of
three. The drainages in the COH, however, are not charac-
terised by large expanses of open water that promote evap-
oration losses. The dense arboreal vegetation along
substantial reaches of the drainage channels provides a
canopy that further inhibits evaporation, but more than likely
promotes riparian evapotranspiration (RET).

Evapotranspiration (ET) has been identified in various
studies (e.g. Hail and Prudic 1998; Harlow et al. 2005; Martini
and Kavalieris 1976; Prudic et al. 1995; Schaefer et al. 2005)
as representing the most important water ‘loss’ component of
the water resources budget in karst environments. Rutledge
and Mesko (1996) draw attention to the particular contribution
of riparian evapotranspiration (RET) in this regard. The
potential significance of RET as a water loss component in the
hydro(geo)logic budget of the study area is evaluated in
Sect. 7.4.1 in Chapter “Physical Hydrogeology”.

Bredenkamp and van Staden (2009) report that the
riparian tree zone is typically 10-20 m wide and the vege-
tation is dense and almost forest-like, dominated by
indigenous trees and very dense forest-like bush on both
banks of rivers, streams and creeks. Krige (2009) reports a
calculated (R)ET value of 5 ML/d based on a total stream
length of ~27.5 km on average 40 m wide, and subject to

Hydrological year Station rainfall (mm)

BRI  SC PS HDS BRI  SC

2002 764

2003 582

2004 736

2005 768

2006 881

2007 580

2008 883
612 2009 679 572
823 2010 870 800
711 750 2011 967 743 824
714 691 2012 660 663 606
662 596 2013 752 705 702
739 808 2014 832 758 812
490 462 2015 596 580 566
863 709 2016 822 763 592
702 669 Average 742 772 698 684
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Table 4 Classification of the
vegetation of the study area (after
Mucina and Rutherford 2006)

Biome

Grassland (G)

Bioregion

Savanna (SV)

an ET rate of 1674* mm/a. The significance of RET in the
COH must, however, be tempered by the observed depth to
groundwater level in and along stream reaches as discussed
in Sect. 7.3 in Chapter “Physical Hydrogeology”, except in
those instances where the potentiometric surface approaches
and intersects the stream channel (Sect. 7.4.1 in Chapter
“Physical Hydrogeology”). Compared to RET, the mean
annual actual evapotranspiration (AET) in the study area
amounts to 1540 mm (Schulze et al. 1997).

3 Vegetation and Soils

The study area encompasses two biomes, namely the
Grassland Biome and the Savannah Biome (Mucina and
Rutherford 2006). As shown in Table 4, the Grassland
Biome is represented by two bioregions, and the Savanna
Biome by a single bioregion. Further subdivision of the
bioregions recognises the vegetation units listed in Table 4
as occurring in the study area. A more comprehensive dis-
cussion of the vegetation types in the subregion is provided
by Bredenkamp and van Staden (2009).

As the name implies, the Carletonville Dolomite Grass-
land (Gh15) vegetation unit covers the area underlain by
dolomitic strata of the Malmani Subgroup (Table 5). It
therefore also covers the largest expanse (~50%) of study
area characterised mostly by the shallow Mispah and
Glenrosa soil forms, with deeper red to yellow apedal soils
of the Hutton and Clovelly forms occurring sporadically.
The vegetation is characterised by species-rich grasslands
forming a complex mosaic pattern with many species
dominant (Mucina and Rutherford 2006). A notable char-
acteristic of this vegetation unit is the occupation of shel-
tered valleys and sinkholes by trees such as Celtis Africana
(white stinkwood, A. witstinkhout), Kiggelaria Africana
(wild peach, A. wildeperske) and Leucosidea sericea (old-
wood, A. ouhout) that represent traces of temperate or
transitional forest (Acocks 1988). The Soweto Highveld

*Equal to 0.775 of the long-term A-pan equivalent of 2160 mm/a at
OR Tambo International Airport.

Dry Highveld Grassland (Gh)
Mesic Highveld Grassland (Gm)

Central Bushveld (SVcb)

Vegetation unit

Carletonville Dolomite Grassland (Gh15)
Soweto Highveld Grassland (GmS)

Egoli Granite Grassland (Gm10)

Moot Plains Bushveld (SVcbS8)

Gold Reef Mountain Bushveld (SVcb9)
Gauteng Shale Mountain Bushveld (SVcb10)
Andesite Mountain Bushveld (SVcb11)

Grassland (GmS8) vegetation unit occurs along the southern
margin of the study area underlain by quartzitic strata of the
Witwatersrand Supergroup. The deep, reddish soils on flat
plains are absent in the presence of outcropping bedrock.
The landscape supports short to medium-high, dense, tufted
grassland dominated by Themeda triandra (red grass, A.
rooigras).

The Egoli Granite Grassland (Gml0) vegetation unit
occurs along the south-eastern margin of the study area
where it is underlain by Halfway House Granite that builds
the pluton known as the Johannesburg Dome. The landscape
supports leached, shallow, coarsely grained, sandy and
nutrient-poor soils of the Glenrosa form. Grassland vegeta-
tion is dominated by Hyparrhenia hirta (common thatch-
grass, A. dektamboekiegras) with some woody species on
outcropping bedrock.

The Savanna Biome is represented by the Gold Reef
Mountain Bushveld (SVcb9) and Andesite Mountain
Bushveld (SVcbl11) vegetation units that occupy very small
portions along the south-eastern margin of the study area,
and the Moot Plains Bushveld (SVcb8) and Gauteng Shale
Mountain Bushveld (SVcb10) vegetation units found along
the north-western margin. The latter two units are readily
defined by their association with the mainly sedimentary
strata (quartzite and shale) of the Pretoria Group that overlie
the Malmani Subgroup dolomite (Sect. 4). The soils vary
from stony, colluvial, clay-loam, red-yellow freely drained
forms to shallow Mispah soil forms. The low, broken ridges
varying in steepness support shortly (3—6 m tall), semi-open
thicket dominated by a variety of woody species including
Acacia caffra (hook thorn, A. haakdoring) and Cussonia
spicata (common cabbage tree, A. kiepersol).

4 Geology and Geophysics

The geology of the broader region is described in numerous
texts, e.g. Clendenin (1989), Eriksson and Reczko (1995),
Eriksson et al. (2006), Obbes (2001) and Robb and Robb
(1998a). The geology of the study area is dominated by
carbonate strata (primarily dolomite) associated with the
Malmani Subgroup of the Chuniespoort Group within the
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Table 5 Simplified lithostratigraphic subdivision of strata in the subregion

Basic lithology®

Alluvium

Dolerite/diabase/syenite [Jd]

Andesite, basalt, subordinate shale [Vh]
Ferruginous shale and quartzite, hornfels
[Vt

Quartzite, shale, chert breccia [Vrs]
Dolomite [Vmd]

Quartzite, shale [Vbr]

Graywacke, conglomerate, volcanics
[R-VK]

Quartzite, conglomerate [Rjo]

Shale, quartzite [Rj]

Quartzite, greywacke [Rg]

Ferruginous shale, quartzite [Rh]

Mafic and ultramafic rocks [Zm] and

Lithostratigraphic unit

Quaternary sediments

Dyke/sill intrusive structures

Hekpoort formation

Timeball hill
formation

Rooihoogte
formation

Malmani subgroup

Black reef formation

Kameeldoorns
formation

Johannesburg
subgroup

Jeppestown
subgroup

Government
subgroup

Hospital hill
subgroup

Undifferentiated

granite [Zg]

Era (Age)
Late Cenozoic (<10 000
y)
Early Mesozoic (150 to
190 Ma)
Pretoria group Transvaal supergroup (~2224 Ma) Vaalian
(~2555 Ma)
Chuniespoort
group
(~2650 Ma)
Platberg group Ventersdorp (~2650 Ma)  Randian
supergroup (~2780 Ma)
Central rand Witwatersrand (~2780 Ma)
group supergroup (~2970 Ma)
West rand
Group

Swazian (>3100 Ma)

# Lithology colours correlate broadly with those used in Fig. 2 in Chapter “Introduction and Background”

Ma = million years

Transvaal Supergroup succession of mainly sedimentary
strata. The Malmani Subgroup is subdivided into four units
identified as the Oaktree Formation at the base, overlain in
turn by the Monte Christo, the Lyttelton and the Eccles
formations. In a regional context, these strata dip to the
north-west at an angle of between 15° and 30°, disappearing
beneath younger Pretoria Group sedimentary rocks (quart-
zite and shale) roughly coincident with the SW—-NE strike of
the Skeerpoort River valley (Fig. 2 in Chapter “Introduction
and Background” and Fig. 9).

The moderately rugged relief that occupies an elevation
ranging between ~ 1400 and ~ 1600 m amsl between the
Skeerpoort River draining the north-western portion of the
property, and the Bloubank Spruit system draining the
southern and south-eastern portions (Fig. 2 in Chapter
“Introduction and Background” and Fig. 9), forms the
escarpment-type karst morphology defined by Martini and
Kavalieris (1976). These features reflect the degree of
structural geologic influence on the landscape as recognised,
amongst others, by Dirks and Berger (2013) as an agent in
landscape dynamics in the Malapa and Gladysvale sections
of the property (Table 6). The much flatter terrain occupying

an elevation between ~ 1560 and ~ 1660 m amsl that
characterises the landscape of the Steenkoppies Basin west
of Tarlton (Fig. 2 in Chapter “Introduction and Background
), represents the plateau-type karst morphology of Martini
and Kavalieris (1976).

The outcrop of individual karst formations is only defined
north of latitude 26°S on published geological maps (RSA
1973a, b). South of 26°S, only the composite Malmani
Subgroup is defined to the west as far as longitude 27°15'E
(RSA 1986), beyond which the formations are again indi-
vidually mapped.

Along the southern and south-eastern margin, the Mal-
mani Subgroup dolomite rests on older sedimentary rocks of
the Witwatersrand Supergroup and even older intrusive
granitic and gneissic rocks forming the Archaean basement
exemplified by the Halfway House Granite pluton. The
stratigraphic relationship of the various lithologies described
above is shown in Table 5.

The significance of karst formations such as under-
lie ~26 860 ha (~52%) of the COH, and ~27 850 ha
(~43%) of the study area, is summarised by Hamilton-Smith
(2006) who states that karst often has *........
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Table 6 Salient hydrologic and hydrogeologic aspects associated with the most well-known fossil sites in the study area

Fossil site

Bolt’s farm

Swartkrans

Sterkfontein

Cooper’s

Kromdraai

Minnaar’s

Plover’s lake

Wonder Cave

Drimolen

Gladysvale

Motsetse

Haasgat

Coordinates®

26.03°S
27.72°E

26.02°S
27.72°E

26.01566°S
27.73413°E

26.01°S
27.75°E

26.01°S
27.75°E

26.01°S
27.74°E

25.98°S
27.78°E

25.97033°S
27.77143°E

25.97°S
27.76°E

25.90°S
27.77°E

25.91°S
27.83°E

25.86°S
27.83°E

Quaternary ~ Main drainage

catchment

A21D

A21G

A21E

A21G

Bloubank spruit

Skeerpoort
River

Crocodile river

Skeerpoort river

Groundwater
basin

Zwartkrans

Krombank

Danielsrust

Uitkomst

Diepkloof

Diepkloof

Synoptic
cave
morphology

Near-surface
and
underground

Near-surface
and
underground

Near-surface
and
underground

Near-surface

Near-surface

Near-surface
and
underground

Near-surface
and
underground

Underground

Near-surface

Near-surface
and
underground

Near-surface

Near-surface

SAANP # with brief description and main
significance

SAAN—: comprises a complex of ~ 23
caves that include the oldest deposits in the
Sterkfontein Valley on the basis of
microfaunal dating; also the site of the recent
H. naledi finds in the Rising Star Cave
system

SAAN—0021: well-documented
excavations and faunal analyses by CK
Brain, hosts the largest collection of
Paranthropus robustus fossils and evidence
for the use of fire and bone and horn tools;
has yielded >500 hominin fossils

SAAN—O0020: internationally recognised
focus of the COH WHS and home of the Au.
africanus specimens Mrs. Ples (Sts 5) and
Little Foot (StW 573), has yielded >500
hominin fossils, and >25 000 identifiable
fossils in total

SAAN—0023: specimens of Paranthropus
robustus, including a face, uncovered;
potential for more hominins and faunal
dating

SAAN—0022: one of the earliest sites
studied, yielded the remains of at least three
Paranthropus robustus individuals, and a
few earlier Stone Age artefacts

SAAN—0004: known for the excavation of
an extinct jackal skull, has the potential for
the discovery of hominin fossils

SAAN—O0025: hosting breccias <1 Ma old
and revealing no hominin remains as yet,
this site retains the potential for revealing the
remains of early modern humans associated
with Middle Stone Age artefacts

SAAN—0027: perhaps the best example of
a tourist-centred (show) cave, as yet not
known to host hominin fossils, but
demonstrates the development of a recent
talus cone containing semi-fossilised
skeletal material

SAAN—0024: has yielded ~ 75
Paranthropus robustus specimens and five
Homo sapiens species, as well as bone and
horn tools

SAAN—O0001: has yielded several thousand
Plio-Pleistocene mammalian remains
including hominin (Au. africanus) teeth

SAAN—0030: although not renowned for
any significant discoveries, has research
potential coupled with an attractive setting
and visitor access

SAAN—: has yielded 83 craniodental
fossils of the Cercopithecidae Family (Old
World monkeys) primate Papio angusticeps,
extinct relative of Papio ursinus (Chacma
Baboon)

(continued)
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Table 6 (continued)

Fossil site Coordinates* Quaternary  Main drainage ~ Groundwater  Synoptic SAANP # with brief description and main
catchment basin cave significance
morphology
Gondolin 25.83°S A21H Crocodile river ~ Broederstroom Near-surface =~ SAAN—O0031: has yielded Paranthropus
27.86°E robustus specimens
Malapa 25.90°S A21G Skeerpoort river Diepkloof Near-surface  SAAN—: host to Au. sediba, the recent
27.80°E and anthropological find in the COH
underground

* All coordinates except for Sterkfontein Cave and Wonder Cave truncated to the 2nd decimal in order to protect these sites from unwelcome

visitation

" Site number from Berger and Brink (undated), together with a substantial amount of ancillary descriptive information including a mixed

assemblage list of fauna

e Invaluable geological data (particularly in the cave
floors);

e Important geomorphic structures and processes;

e Characteristic surface and often significant landscapes;

e Important surface ecosystems and even more important
subterranean ecosystems; and

e Fossils and cultural heritage (pre-historic, historic and
living)’;

to which must be added.

e Significant quantities of fresh groundwater; and
e A capacity to function as a sink for carbon in the global
carbon cycle.

The hydrogeologic significance of the chert-rich dolo-
mitic strata of the Monte Christo and Eccles formations,
versus that of the chert-poor Oaktree and Lyttelton forma-
tions, bears mention. The chert-rich formations are associ-
ated with significantly greater water-bearing properties than
the chert-poor formations, due mainly to preferential disso-
lution of the dolomite that is interlayered with the chert
bands (Martini and Kavalieris 1976). In outcrop, the insol-
uble chert bands protrude from the dolomite as is illustrated
in Plate 1, Plate 1. Preferential dissolution is enhanced in the
presence of fractures and joints that intersect the rock mass
and facilitate the movement of infiltrating slightly acidic
rainwater as primary speleogenetic agent, as observed by
Wilkinson (1973) in Sterkfontein Cave.

The structural complexity of the geologic environment in
the subregion presents a significant challenge. This challenge
pertains, amongst others, to an understanding of the geologic
control that structures such as faulting, folding and intrusions
of dolerite, diabase or syenite in the form of sills (subhori-
zontal intrusions) and dykes (subvertical intrusions) exercise
on the hydrogeologic regime. Staff and students of the Wit-
watersrand University (Wits) School of Geoscience and of the
University of Johannesburg continue to carry out structural

geologic mapping and other bio- and geo-environmental
studies (including hydrogeology) in the area.

A number of geophysical surveys that help inform vari-
ous aspects of the geological environment in the subregion
and wider surroundings have been carried out in the past.
The most significant of these is considered to be the gravi-
metric survey carried out by the then Department of Water
Affairs and Forestry (DWAF) in the mid-1980s (Bre-
denkamp et al. 1986). This survey covered large tracts of the
eastern portion of the Steenkoppies Basin and the western
portion of the Zwartkrans Basin (refer to Sect. 7.2 in Chapter
“Physical Hydrogeology” for compartment definition),
spanning ~ 90 km” at a grid interval of 100 m between
measurement stations.

The gravity survey was augmented with ground-based
magnetic and electromagnetic surveys primarily to better
define linear geological structures (mainly intrusive dolerite,
diabase or syenite dykes) of possible hydrogeological sig-
nificance. The magnetic surveys indicated that the dyke
intrusions generally exhibit a negative magnetic signature,
i.e. possess a magnetic field strength that is lower than that
of the host rock intruded by these structures. The gravimetric
data set has been converted to digital format (F Wiegmans,
personal communication) which facilitates its further appli-
cation and use in a GIS environment.

More recently (ca. 2005), the then DWA commissioned
the Council for Geoscience (CGS) to carry out a regional
aeromagnetic (airborne magnetic) survey covering the West
Rand and Far West Rand goldfields. The limited
ground-based application of the magnetic, electromagnetic
and resistivity tomography survey methods to identify
potential subsurface conduits of mine water drainage in the
Krugersdorp Game Reserve (KGR) is reported by Coetzee
et al. (2009). The CGS has also recently (in mid-2010)
carried out an airborne electromagnetic survey of the area
covered by the earlier aeromagnetic survey. Funded by the
Department of Mineral Resources (DMR), the data gener-
ated by this survey has yet to be published and made
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Plate 1 Epikarst exposed in the
form of a pinnacle ~2.5 m high
in the Eccles Formation, showing
the preferential dissolution of
dolomite interlayered with less
soluble and therefore more
prominent chert bands, the
slanting aspect of which also
defines the local ~15° dip of the
strata to the north-west (at bottom
left of picture), with a partially
wad-filled and vegetated vertical
joint (‘slot’) separating the
pinnacle from the overgrown rock
mass at right of picture

available for wider application. It is imperative, however,
that the additional information generated by this survey be
applied to further inform the geologic and hydrogeologic
understanding developed and presented in this manuscript.

A geophysical survey carried out as part of the water
resources situation assessment for the MA (Hobbs et al.
2011a) has sought to better define features that inform the
structural geologic setting of Sterkfontein Cave. This survey
employed ground-based magnetic, electromagnetic and
electrical resistivity surveys (Chirenje et al. 2010), and was
successful in identifying several structures and their possible
influence on the cave morphology.

5 Mining Geology

The threat posed to the COH by the legacy of mining in the
West Rand Goldfield, in particular, that associated with mine
water discharge, is an important aspect of the water
resources environment in the study area. It is therefore
pertinent that a discussion of this activity is included for
the purpose of elucidating its position within this
environment.

The mining geology of the West Rand Goldfield (aka the
Western Basin) is described by Toens and Griffiths (1964)
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and Tucker and Viljoen (1986), amongst numerous others.
The history of mining is discussed by Handley (2004), from
which it would appear that gold mining in this field com-
menced in ca. 1889 with the opening of Randfontein Estates
Gold Mining Company (REGM). Another mining activity in
the area has included uranium (together with gold), lime-
stone from caves (e.g. Sterkfontein) and excavations (e.g.
Sterkfontein Quarry). Although primary extraction of these
mineral commodities is now history, secondary extraction of
gold is associated with the reworking of the older mine
surface residue deposits in the form of sand dumps (Plate 2
and Fig. 5). The tailings reclaimed by Mogale Gold/Mintails
SA (MG/MSA) have reported grades in the range of 0.26 to
0.3 g/t (Louw 2012), compared to average in-situ ore grades
in the range of 4 to 19 g/t for the auriferous reefs in the West
Rand Goldfield (Handley 2004). Total gold production in the
114 years to 2002 amounted to ~ 2.4 kt at an average grade
of 5.09 g/t (Handley 2004). In the period 1952 to 1995, this

goldfield also produced ~ 27.9 kt of uranium at an average
grade of 370 g/t (Cole 1998), extracted primarily from the
Main, White and Monarch reefs of the Johannesburg Sub-
group. The REGM operations closed in 1999.

Surface features of mining-related significance in the
Western Basin are identified in Figs. 5 and 6. The concep-
tual inter-relation of these features with the geologic envi-
ronment in the subsurface is illustrated in Fig. 7. The
illustrations show the association of the opencast mining
activities (represented by the West Wits and Millsite pits)
with the package of auriferous Kimberley Reefs, and the
positions of the Black Reef Incline (BRI, Plate 3), #s 8, 9
and 9E Shafts, and #s 17 and 18 Winzes in the geologic
environment. The position of the Main Reef in this envi-
ronment, its exploitation by underground workings via shafts
such as the ~450 m deep #8 Shaft, and its possible linkage
to the Black Reef workings via the BRI and #17 and #18
Winzes, is also illustrated.

Plate 2 Recovery of mine residue deposits on the northern side of Dump 20 (see Fig. 5 for location) destined for reworking in the Mogale
Gold/Mintails SA plant; the excavated/eroded area in the foreground is the southern end of the Millsite Pit (photo W Bason, date 09/12/2009)
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Plate 3 Panoramic view of the HDPE-lined dam at the Black Reef of picture; the Tweelopie Spruit on the far side of the dam flows from
Incline (under grid at front right-of-centre), showing the pump station at  left (south) to right (north) across this ‘fish-eye’ view (photo W Bason,
left-of-centre beyond the dam, from where the water is pumped to the  date 09/12/2009)

HDS treatment plant located on the skyline (continental divide) at left

Locus of decant

Fig. 5 Google Earth® image showing surface features relevant to the mining environment in the Western Basin
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Fig. 6 Diagram of mining-related features (e.g. geology, mine areas, shafts and pits) in the West Rand Goldfield. (Modified from Toens and

Griffiths 1964; Tucker and Viljoen 1986)

6 Palaeontology, Archaeology and Ecology

The palaeontology and archaeology of the study area are
intimately associated with the karst terrane of the subregion.
Fossil sites often represent the erosional remnants of ancient
cave systems and their contents (Esterhuysen 2009) and, for
this reason, are dynamic features that continue to evolve in
response to natural (mainly geomorphological) processes and
anthropogenic impacts. Whereas the natural processes such
as weathering and erosion occur over extended periods of
time (typically millennia), the anthropogenic impacts are
often manifested in centuries or even decades. Partridge
(1973) derived estimates for when the Sterkfontein and
Swartkrans caves became drained of 3.26 and 2.57 Ma,
respectively. The difference of ~0.7 Ma is surprising given
the similar geomorphologic settings of these two cave sys-
tems located only ~ 1100 m apart in the same dolomitic
subcompartment. The estimated base elevation of Swartkrans
Cave (~ 1465 m amsl) places it ~25 m above the current

ambient groundwater rest level elevation of ~ 1439 m amsl
(Sect. 7.3.2.2 in Chapter “Physical Hydrogeology”).
Although this cave system is not accessible (at least as is
known at present) to the same depth as that of the Sterk-
fontein system, it might be expected from the similar surface
elevations occupied by both systems (1470-1487 m amsl)
and from their shared hydrogeologic environment, that they
would have drained contemporaneously.

The most well-known Australopithecine fossils associ-
ated with the Sterkfontein Cave site, namely the remains
of ‘Little Foot” (catalogue # StW 573) and of the Aus-
tralopithecus africanus species ‘Mrs Ples’ (catalogue #
Sts 5), have been assigned ages of ~2.2 and ~2.1 Ma,
respectively (Pickering 2010; Pickering and Kramers
2010). The age of ‘Little Foot’ (Au. prometheus) was
more recently set at >3 Ma (Bruxelles et al. 2014), and
most recently at 3.67 Ma (Gardner 2015). The relevance
of these ages in regard to landscape development in the
region is examined in Sect. 8.12.1 in Chapter “Chemical
Hydrogeology™.
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Fig. 7 Schematic profiles of geologic and mining-related features in the northern portion of the West Rand Goldfield (see Fig. 8 for profile

transects)

The Sterkfontein Cave site has yielded >500 hominin’
fossils (Table 6) since the discovery of ‘Mrs. Ples’ in 1947
(Cooke 1969). Thirteen fossil sites in the COH (Fig. 9) have
been declared National Heritage Sites in accordance with the
National Heritage Resources Act (Act No 25 of 1999). Many
fossil-bearing deposits and sites of palaeontological,
archaeological, historical and cultural heritage importance
(both categorised and uncategorised) are known to exist in
the study area (Esterhuysen 2009). The COH has already
yielded ~35% of the total record of human evolution in
Africa (McCarthy and Rubidge 2005). The probable exis-
tence of yet undiscovered sites on the property that may
yield material of palacontological and archaeological value
is substantial. This is exemplified by the unveiling on
08/04/2010 of the Au. sediba species fossils (Berger et al.
2010), dated at 1.977 £ 0.002 Ma (Pickering et al. 2011),
found at the Malapa site in the north-eastern part of the COH
(Dirks et al. 2010). An even more recent example is the
unveiling on 09/09/2015 of the Homo naledi remains (a new
species in the genus Homo) from the Dinaledi Chamber of

3 Use of the term hominin (as opposed to hominid) after Berger (2001).

the Rising Star Cave in the Bolt’s Farm complex (Berger
et al. 2015; Dirks et al. 2015) in the south-western portion of
the property.

An important ecological aspect associated with the cave
systems in the study area is their provision of a habitat for
stygobitic fauna (Tasaki 2006). The aquatic cave-dwelling
biota, typically blind amphipods, have been found in
Sterkfontein Cave and two other caves in the study area
(Koelenhof and Yom Tov) that intersect the water table. It is
probable, therefore, that investigation of other more remote
and less accessible caves in the area that intersect the water
table might yield results of ecological significance also in
this regard. This might alter the situation where no ‘hotspot’
of subterranean biodiversity is identified on the African
continent (Culver and Sket 2000). Although it is beyond the
scope of this study to comment on the suitability of the
current subsurface habitat(s) that support this fauna, it does
provide information (e.g. water chemistry data) that, in the
hands of appropriate experts and applied with caution, might
better inform this aspect. Some discussion on this topic is
provided in Sect. 8.9.3 in Chapter “Chemical Hydrogeology
”. Further ecological significance is afforded by Durand and
Peinke (2010) to the many cave features in the subregion
that provide a habitat and roost for bat colonies.
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Fig. 9 Locality map of the UNESCO-inscribed fossil sites in the study area superimposed on a simplified geological, surface water drainage and
road map
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The hydrological and hydrogeological settings associated
with the inscribed® fossil sites in the COH are summarised in
Table 6. Although some of the tabulated information (e.g.
the groundwater compartment and groundwater rest level
elevation information) is presented prematurely (i.e. without
prior context in terms of this work), it is provided for
completeness of this section of text. The observation that the
geographic footprint of karst basins (e.g. the Diepkloof
Basin, Table 6) spans adjacent (and hydrologically separate)
surface drainage systems testifies to the hydraulic continuity
that exists between surface water and groundwater systems
in the COH Kkarst terrane.

Included in Table 6 is a synoptic description of the cave
morphology associated with each of the fossil sites. This
description attempts to arbitrarily classify the morphology of
a cave system in relation to its setting in the landscape.
Simplistically, a near-surface morphology describes a cave
system that does not extend more than ~5 m below surface,
whereas an underground morphology describes a cave sys-
tem with a substantial subsurface extension. The ultimate
expression of the latter is intersection of the water table, e.g.
Sterkfontein Cave. Caves of this nature are classified as
water table caves (Ford and Williams 2007), and those that
lie above the water table as vadose caves.

The CGS (undated) reports that in all instances in the
COH, the important palaeontological finds are located within
the upper 10 m of the host cave system. Whilst this may be

6 Registered with UNESCO for protection in terms of their cultural
heritage as part of the COH.

generally true, at least in the case of Sterkfontein Cave the
‘Little Foot’ find is located a greater depth (~25 m) below
surface (Partridge et al. 2003). Given a (maximum) surface
elevation of 1487 m amsl (Sect. 7.1 in Chapter “Physical
Hydrogeology™), this places the ‘Little Foot’ site at an ele-
vation of ~ 1462 m amsl, at least ~22 m above the con-
temporary maximum attainable cave water level
of ~1440 m amsl (Sect. 7.3.2 in Chapter ‘“Physical
Hydrogeology”). These descriptions have specific relevance
to the vulnerability of each of the fossil sites (and their
associated cave systems) where these are examined and
discussed in the context of their hydrogeologic setting.

The Malapa excavation understandably suffers from a
relative paucity of hydrogeologic information. This site is
in the process of being listed with UNESCO as the
fourteenth site on the property to be inscribed. Recently
published material associated with the hominin remains
being excavated at this site (Henry et al. 2012) affords
the site ever-increasing importance. These circumstances
inform the concern of the MA for the protection of the
pre-historic ‘treasures’ of the COH as much as its con-
cern for the current and future ecological sustainability of
the property. This dictates the need for support of all
components of the environment (including human habi-
tation and settlement) that inform the outstanding uni-
versal value (OUV) of the area (P Mills, personal
communication).
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Accumulation of flood debris blocking the entrance to culverts of the N14 bridge over the Blougat Spruit near Oaktree; the hazard for potential
flood damage to the national road is self-evident
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Overview of Karst

Philip J. Hobbs and Harrison Pienaar

1 General Overview of Global Karst

Dolomite [CaMg(CO;),] bears the name of the French
naturalist/geologist/mineralogist Déodat Gratet de Dolomieu
(1750-1801) who first described this rock in 1791 from
outcrops in the Dolomite Alps of northern Italy. The Serbian
geographer/geomorphologist Jovan Cviji¢ (1865-1927)
studied this rock in the Dinaric Kras region of Slovenia in
central Europe, where he established its association with
rock dissolution giving rise to the diagnostic landscape
characterised by features such as dolines, sinkholes, caves
and solutional conduit networks. Since this region represents
‘classical’ karst, in geologic terms the type area globally for
such a landscape, the term karst (Germanic translation of
kras) has become the internationally recognised name for
any similar landscape’ worldwide. Gams (1991), however,
suggests that the word karst derives from the
pre-Indoeuropean word karra/gara meaning stone.

The surface extent of carbonate strata across the globe
(Fig. 1) is placed at ~13% of the total ice-free land (con-
tinental) surface area (Kaufmann 2013).

P. J. Hobbs: Deceased

!The term karst is not limited to carbonate formations, since a similar
landscape developed in other strata, e.g. the dissolution features formed
in the Table Mountain Group sandstone, the quarzitic karst of South
America, and the basalt lava fields that form the Pacific Northwest
Pseudokarst Aquifer in the north-western United States, is typically
referred to as pseudo-karst.
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It is well known that karst aquifers form some of the most
productive of all groundwater resources globally. This alone is
testimony to their importance and value as a sustainable natural
resource and, as this literature review shows, is equally true of a
number of South African karst formations (Sect. 2). There is
also a growing awareness of the potential role of karst in the
global carbon budget as a carbon ‘sink’ (e.g. Gombert 2002;
Larson and Mylroie 2013; Martin et al. 2013; Veni 2013; White
2013) for its carbon sequestration properties. Finally, the value
of ecosystem services delivered by karst terranes is an often
forgotten benefit that similarly is gaining awareness in the lit-
erature (e.g. Bonacci et al. 2009; Goldscheider 2012; Kiss et al.
2011; Zhang et al. 2011). The schematic diagram presented in
Fig. 2 provides an indication of the diversity of elements that
contribute to a karst hydro-ecosystem.

1.1 Age and Distribution

The majority of the considerable number of karst formations on
earth (Fig. 1) formed in the Mesozoic Era 250-65 Ma before
present (BP). The European carbonate strata that include the
classic Dinaric Karst and the Italian Dolomites” belong to this
era. The limestone formations of the English Midlands in the
United Kingdom formed in the Cretaceous Period (144-
65 Ma). The spectacular landscape of the Fengcong (cone) and
Fenglin (tower) karsts of the Libo Karst cluster in the South
China Karst® that covers large parts of the Yunnan, Guizhou
and Guangxi provinces of southern China (Waltham 2008),
date back to the Permian Period (298-250 Ma). The oldest of
the numerous karst aquifers of North America are the Ozark
Plateau Karst Aquifer in the east-central USA dating back to
the Palaeozoic Era (542-251 Ma), and the Cambrian to Mis-
sissippian (542-318 Ma) karst of Alberta Province, Canada. It
is evident, therefore, that these karst environments are not

2 Declared a World Heritage Site in 2009.
3 Declared a World Heritage Site in 2007.
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the components of an undisturbed
karst hydro-ecosystem and its
associated values and ecosystem
services (modified after
Goldscheider 2012)

Surface

Aysionpolq

Carbonate
strata

ECOSYSTEM



http://www.circleofblue.org/waternews/

Overview of Karst

33

directly comparable to the local and regional ‘hard’ carbonate
formations associated with the considerably older (by a factor
of 5-10) Neoarchaean Vaalian strata (~2.55 Ga) of the
Chuniespoort Group (Table 5 in Chapter “Description of the
Physical Environment”) that bracket the late Archaean and
early Proterozoic. Apparent from Fig. 1 is the relative paucity
of carbonate strata in South America, Australia and, indeed, the
southern hemisphere. White and White (2009) do, however,
describe the Bullita Cave system in the mid-Proterozoic
(~1.6 Ga) dolomite that forms the Gregory Karst in the
Northern Territory, Australia.

1.2 Karst and Acid Mine Drainage

There is comparatively little scientific material in the liter-
ature (at least in English publications) regarding karst
resources that are impacted or threatened by acid mine
drainage. The studies by Sasowsky and White (1993), Webb
and Sasowsky (1994) and Sasowsky et al. (1995) describe
the interaction between coal mine AMD and the Carbonif-
erous Period karst formations (primarily limestone) of the
Midwest Palaeozoic Carbonate Aquifer in the Obey River
Basin in north-central Tennesee, USA. These studies reflect
a situation where the acidity of mine water infiltrating a
limestone aquifer survives a travel distance of ~8 km to
where it exits the aquifer at a spring. The acid neutralisation
results from dolomite dissolution and dissociation of car-
bonic acid (H,COj3;) through CO, degassing (Sect. 8.12 in
Chapter “Chemical Hydrogeology”).

Observations made in the COH, where mine water has
been infiltrating a portion of the karst aquifer since
late-2002, have the potential to significantly advance the
understanding of the interaction between acidic mine water
and a receiving karst hydrosystem. The circumstances that
describe this impact are further complicated by the simul-
taneous contribution of municipal wastewater discharge
(albeit of lesser magnitude) into the same karst hydrosystem.
This portion of the COH karst environment therefore rep-
resents a natural laboratory where the interaction between
metal- and metalloid-compromised mine water discharge
and bacteriologically and nutrient-compromised municipal
wastewater effluent has occurred naturally and ‘by default’
in the subsurface over the last 1'% decades.

2 Overview of South African Karst Water
Resources
2.1 Water Supply Aspect

Springs (also known locally as ‘eyes’) are as much a char-
acteristic of karst environments as are dissolution features

such as caves and sinkholes. In a country where the geology
dictates that much of the hydrogeologic environment is
characterised by generally low-yielding fractured and
weathered-and-fractured secondary aquifers, it is no surprise
that the high yielding cold springs drain karst aquifers.

Vegter (1995) lists 57 cold springs in South Africa
yielding > 1 ML/d (>11.6 L/s). Most of these drain karst
aquifers. Perhaps the best known example is the Kuruman
Eye in the Northern Cape Province delivering ~ 18 ML/d
(~208 L/s) (Martin 2006). The Tshwane Metropole in
Gauteng Province obtains ~7% (22.7 Mm?® ) of its total bulk
input of 305 Mm>/a (Lotter 2012) from dolomitic ground-
water resources via springs and boreholes. Irrigated agri-
culture (excluding so-called ‘improved grassland’) in
Gauteng Province alone covers 275 km?, of which 95 km?
(~35%) is located on dolomite. This testifies to the fact that
portions of the karst landscape are admirably suited to
large-scale irrigated agriculture, with the attendant threats of
groundwater over-abstraction (Hobbs 2008a), pesticide/
insecticide/herbicide contamination and nutrient-enriched
agricultural return flow. An example in this regard is the
situation that has developed in the Steenkoppies Basin
immediately to the west of the COH, where unbridled
expansion of irrigated agriculture based on the abstraction of
karst groundwater has impacted adversely on the discharge
of Maloney’s Eye (Holland and Cobbing 2008; Holland
et al. 2009), the source of the Magalies River.

It is not surprising, therefore, that karst aquifers have
been the focus of detailed hydrogeologic studies aimed
primarily at determining and utilising their water supply
potential. This is exemplified by the groundwater investi-
gations carried out in the 1980s by the then DWAF into the
water supply potential of the carbonate strata in the
Pretoria-Witwatersrand-Vereeniging (PWV or present-day
Gauteng Province) area. These studies were precipitated by
the prolonged drought experienced in the region from 1977
to 1986 (Roberts 1988), during which period the main
source of water supply for the industrial heartland of the
country, the Vaal Dam, emptied to only 7% of its capacity
of ~2610 Mm®. The karst aquifers were identified as an
emergency source of potable water (Vegter 1988), and their
potential exploitation for this purpose explored and evalu-
ated on a large-scale commencing in 1983. These studies are
documented in reports by, amongst others, Kok et al. (1985),
Bredenkamp et al. (1986), Kafri et al. (1986), Leskiewicz
(1986), Reynders (1988), Hobbs (1988a) and Kuhn (1989).
At the time, Roberts (1988) put the cost of these studies to
the State at R18 million.

In the period late-1983 to mid-1987, some 400 large
diameter ( > 165 mm up to 381 mm) boreholes were sunk in
the carbonate strata of the PWV area (Hobbs 1988b; Mulder
1988). Despite the successful establishment of numerous
extremely high-yielding boreholes (many capable of
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yielding >25 L/s, and some even >100 L/s) in the course of
these studies (Hobbs 1988b), and with the exception of the
Tshwane Metro use mentioned earlier, exploitation was
limited to land owners who later capitalised on these facil-
ities for irrigated agricultural use and, in at least one instance
near Olifantsfontein south of Pretoria, for municipal water
supply purposes. Nevertheless, the legacy of these studies is
two-fold, namely:

The unprecedented deepening of the knowledge and
understanding of the hydrophysical and hydrochemical
characteristics of these groundwater resources; and

The incorporation of many of the boreholes (297 in
Gauteng Province alone, Table 1) in a network of
groundwater monitoring stations that continues to gen-
erate invaluable hydrogeologic data some three decades
later.

Prior to the above-mentioned studies, the dolomitic
aquifers of the Far West Rand first attracted attention in a
geotechnical and engineering geologic context (Sect. 2.2).
These aquifers later drew the attention of Fleisher (1981) in a
study of their hydrogeologic characteristics against the
backdrop of their substantial dewatering by the deep gold
mines in the Carletonville Goldfield (aka the Far Western
Basin) (Sect. 2.2).

Further to the west, the karst aquifer of the Campbell
Rand Subgroup on the Ghaap Plateau in north-central South
Africa (Fig. 1 in Chapter “Introduction and Background”)
was mapped and described by Beukes (1978; 1987).
Dewatering of this aquifer at Sishen Iron Ore Mine
at ~36 ML/d on average (WS&E 2012) has resulted in
water level drawdowns of >100 m in order to establish safe

Table 1 Geographic distribution

opencast mining conditions at the mid-2012 depth of 260 m
below surface (bs), but raising concerns for the impact on
small-scale groundwater users and the environment (van
Dyk et al. 2007; WS&E 2012). In general, however, this
groundwater resource has not received the same measure of
attention as that of its eastern equivalent, the Malmani
Subgroup.

The considerably younger (16-5 Ma) karst formations
occurring mostly along the South African coastline (Fig. 3),
comprise mainly limestone and calcarenites (calcareous
sandstone). These formations make up the remaining 2% of
carbonate strata. Many coastal towns and villages augment
their surface water supplies with groundwater drawn from
these strata, yet documentation of these instances remains
fragmented and poorly quantified.

2.2 Geotechnical and Vulnerability Aspects

Studies of the geotechnical characteristics of the karst
aquifers of the Far West Rand (Carletonville Goldfield) were
precipitated by the severe and sometimes catastrophic sink-
hole formation triggered by mine dewatering activities
(Brink 1996). Most notable in this regard was the West
Driefontein Mine sinkhole disaster of 12/12/1962. Draw-
down in the Oberholzer Basin exceeded 300 m in the
mid-1960s (Foose 1967) in the endeavour of West Drie-
fontein Mine to ‘make safe’ its mine workings. Prior to this,
the Venterspost Basin had been dewatered by the
early-1960s when pumping rates peaked at ~ 57 ML/
(Brink 1996), and for which Swart et al. (2003) report a
drawdown of 118 m in early-1974. Similar impacts were
manifested in the Bank Basin in the early-1970s following

Province Geographic area # of stations Karst hydrosystem
of karst water level monitoring
stations operated nationally by Gauteng Centurion 13 297 Malmani Subgroup
DWS (from Bertram 2008) East Rand 84
Kempton Park 13
Natal Spruit 67
Pretoria 5
Rietvlei 20
Tarlton 37
West Rand 58
North West Bo-Molopo 122 191
Dinokana 16
Lichtenburg 5
Polfontein 11
Ventersdorp 37
Northern Cape Danielskuil 14 14 Campbell Rand Subgroup

Total

502
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Fig. 3 Distribution of carbonate
strata in South Africa, showing
the main areas of karst
development as A (Transvaal
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dewatering at rates of up to 340 ML/d (Brink 1996). These
studies helped build a sound understanding of the hydro-
geotechnical and hydrogeologic characteristics of the karst
formations that overlie the Ventersdorp Supergroup and
gold-bearing Witwatersrand Supergroup strata. The volu-
minous data and writings generated in the course of these
activities, and secured for posterity in the collection of Prof.
EJ (Leslie) Stoch (deceased), has facilitated studies such as
those by Schrader et al. (2014).

The vulnerability of karst aquifers to contamination is
described extensively in the literature, and has resulted in the
development of numerous mapping methods* to quantify
their susceptibility to pollution, e.g. DRASTIC® (Aller et al.
1985), EPIK (Doerfliger et al. 1999), COP (Vias et al. 2003),
PI (Goldscheider 2003), VULK (Cornaton et al. 2003),
Localised European Approach (Dunne 2003), Time-Input
Method (Kralik and Keimel 2003) and VUKA (Leyland
et al. 2008). The VUKA method was developed for South
African karst environments, and its application demonstrated
in the COH (Leyland et al. 2008; Witthiiser et al. 2010) and
the Blyde River Canyon dolomite in Mpumalanga Province
(Witthtiser et al. 2010). An improvement on the VUKA
method that incorporates a risk assessment as applied to the
COH, is presented by Leyland (2010).

#Many as part of the COST Action 620 project (Zwahlen, 2003).
5 Developed for groundwater resources in general, and not Karst
aquifers in particular.

3 Speleogenesis of Karst Aquifers

Following the earlier work by Choquette and Pray (1970), it
has been recognised in the international karst literature that
the development of karst systems progresses from syn-
genetic (eogenetic) forms through hypogenic (mesogenetic)
forms to hypergenic (epigenetic) forms (Ford 2006; Ford and
Williams 2007; Gunn 2004; Klimchouk et al. 2000; Klim-
chouk and Ford 2009; Palmer 2007; Dublyansky 2014;
Klimchouk 2014). This ‘evolution’ is described by Klim-
chouk and Ford (2009) as follows.

e Fogenetic forms associated with coastal and oceanic
sediments (primarily limestone) occurring in young rocks
(Cenozoic Era) with high matrix porosity and perme-
ability where caves form in the zone of mixing of marine
and meteoric water.

e Hypogenic forms mainly associated with confined sys-
tems formed by burial of the eogenetic forms normally
for very long periods of time, and where aggressive water
enters the soluble formation from below driven by either
solute or thermal density differences, creating
cross-formational hydraulic continuity between laterally
transmissive beds in heterogeneous soluble strata across
cave-forming zones.

e Hypergenic forms associated with unconfined systems
formed by geologic processes such as tectonic uplift and
erosion (giving rise to so-called telogenetic karst) that
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result in the gradual exhumation of hypogenic karst
forms, and characterised by gravity-driven flow systems
wherein downward meteoric water (rainwater) recharge
drives a process such as carbonic acid dissolution further.

The listed sequence of karst development is readily
recognised as correlating to the normal geologic, diagenetic
and hydrogeologic sequence that describes the evolution of
geologic strata (Klimchouk and Ford 2009). Equally
recognisable is the potential for a later form of speleogenesis
to inherit some measure of dissolutional structure and
geometry from a preceding form. Ford and Williams (2007)
recognise that the development of flow paths in karst aqui-
fers depends on the availability and distribution of energy
derived from the following:

Throughput of water;

Hydraulic gradient between recharge and discharge areas;
Spatial distribution and nature of recharge; and
Aggressiveness of the recharge water(s).

Bakalowicz (2006) draws attention to the different
schools of thought represented by European and North
American karst scientists (karstologists), respectively.
Whereas the European view emphasised tectonic features,
fractures and faults as the principal agents in karst devel-
opment, the North American view assigned greater signifi-
cance to bedding planes. These differing views are rooted in
the different geological environments that characterise the
carbonate strata of the respective continents. Compared to
the relatively undisturbed nature of the North American
strata, that of south-central and south-eastern Europe reflects
severe deformation as a result of tectonic uplift. Perhaps the
Neoarchaean karst strata of the South African interior rep-
resent a combination of the European and North American
views on speleogenesis, varying from a bias toward the
North American view in the plateau-type karst morphology,
and toward the European view in the escarpment-type karst
morphology (Sect. 3.4 in Chapter “Description of the Phy-
sical Environment’).

3.1 Speleogenesis of South African Karst

3.1.1 Overview

An extensive review of international efforts has not revealed
the assignment of South African karst systems to the
above-mentioned forms of speleogenesis (karst develop-
ment). Local opinion has followed the historical international
trend of accepting the concepts and theories developed for
unconfined karst systems (Klimchouk 2011), namely
epigenic/hypergenic forms of speleogenesis, as characterising

karst hydrologic and associated geomorphologic processes
locally. The efficacy of these processes in the COH is dis-
cussed in Sect. 8.12.1 in Chapter “Chemical Hydrogeology”.
Klimchouk (2011) suggests, however, that Martini and
Kavalieris (1976) and Martini et al. (2003) recognise a
hypogenic form of speleogenesis in the so-called “Transvaal
Basin’. The following discussion explores the admittedly
sparse evidence that provides hypothetical exploration of this
question in a South African context. Although South African
karst systems are addressed in broad terms, specific attention
is afforded the COH.

Martini and Kavalieris (1976) recognise four periods of
karstification in the ~2.5 Ga history of the Chuniespoort
Group dolomite. These are the following:

e Pre-Pretoria Group period (>2.2 Ga), defined by the
Rooihoogte Formation representing a palacokarst residual
breccia at the base of the Pretoria Group, and therefore
developed on the weathered surface of the Chuniespoort
Group carbonates;

e Pre-Waterberg Group period (>1.9 Ga), defined by dis-
solution cavities located at the unconformity with the
overlying 1.9-1.5 Ga Waterberg Group;

e Pre-Karoo Supergroup period (>320 Ma), defined by
palaeosinkholes filled with chert breccia, kaolinitic clay,
carbonaceous sediments (including coal horizons) and,
most tellingly, diamictite associated with the ~300 Ma
Dwyka Group filling solution cavities in Transvaal
Supergroup dolomite near Vereeniging in southern
Gauteng Province (McCarthy and Rubidge 2005); and

e Tertiary to Recent Period (<65 Ma), defined by the pre-
sent karst terrain formed after the removal of sufficient of
the overlying Karoo Supergroup strata (following late
Mesozoic uplift) allowed epigenic speleogenesis to sculpt
the landscape, the geometry of preferential dissolution
being informed (at least in part) by the overprint of
regional WNW-ESE striking structural lineaments in the
COH that cut through the NW dipping stratigraphic
sequence of carbonate strata (Sect. 3.4 in Chapter
“Description of the Physical Environment” and Dirks and
Berger 2013).

3.1.2 Discussion

The distribution of carbonate (limestone and dolomite) strata
in South Africa is shown in Fig. 3. This provides a basis for
interrogating the speleogenesis of local karst systems in light
of the forms described earlier in this section.

The ‘young’ Cenozoic shallow marine De Hoopvlei
Formation (Bredasdorp Group) limestone deposits of mid-
dle- to late-Miocene age (16-5 Ma) along the southern Cape
coast described by Malan (1990) readily represent a
syngenetic/eogenetic system. Whereas caves that developed
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in the purer more indurated limestone are preserved, the
softer more sandy limestone developed on marine platforms
host only large depressions and shallow dolines (Martini
2006). Although currently of a terrestrial (land-based or
continental) nature, their coastal setting accommodates a
syngenetic form of speleogenesis associated with a coastline
that in the last 120,000 years witnessed an ice-age related
fall in sea level of ~130 m, recovering to its present posi-
tion only in the last 10,000 years (McCarthy and Rubidge
2005; Roberts et al. 2006). Syngenetic/eogenetic speleoge-
nesis in coastal settings, although created by unconfined
circulation (i.e. epigenic karst speleogenesis), results in
distinct porosity patterns because of the specific conditions
associated with the mixing of different water chemistries at
the halocline producing dissolution of porous, poorly indu-
rated carbonates. It is for this reason that it is commonly
distinguished as a separate category (Klimchouk 2011).

The much older ‘hard’ sedimentary carbonate deposits of
Vaalian age (~2.5 Ga) in north-central and north-eastern
South Africa undoubtedly host comparatively recent epi-
genic karst forms. Bearing in mind that the mapped distri-
bution of carbonate strata represents their respective outcrop
footprints, it is plausible that the much more extensive
buried portions of these deposits might selectively host (even
currently) the ‘intermediate’ hypogenic form of speleogen-
esis. There is therefore little reason to question the likelihood
that the currently exposed and readily classified epigenic
karst systems might earlier have represented a hypogenic
form. The ramiform and spongework geometry that is a
characteristic of hypogenic karst (Ford 2003; Klimchouk
2011) is evident in Sterkfontein Cave (Fig. 4), although
Palmer (2011) has pointed out that maze caves may also
result from hypergenic speleogenesis.

The hypogene mechanism of speleogenesis invokes the
existence of a confined system within which the upward
migration of ‘aggressive’ solutions results in selective dis-
solution of the carbonate strata and the formation of a sig-
nificant secondary porosity. Klimchouk (2011) recognises
thermal H,S solutions as a prime candidate for dissolution
agent, which requires that sufficient sources of dissolved
sulphate exist for reduction to H,S and, further, that the H,S
can escape from its reducing environment. When rising
H,S-rich waters mix with infiltrated oxygenated CO,-rich
meteoric groundwaters at shallower depths, sulphuric acid
dissolution manifests as a strong speleogenetic agent
(Klimchouk 2011; Kirkland 2014).

The presence of palaeokarst features infilled with Karoo
Supergroup sediments in the present karst landscape (and
which defines the pre-Karoo period of karstification recog-
nised by Martini and Kavalieris 1976) indicates the confin-
ing role played by the late-Palacozoic Permian (298—
250 Ma) and Mesozoic (250-65 Ma) strata prior to its
removal by peneplanation following tectonic uplift,

culminating by late-Mesozoic (Cretaceous) to early-
Cenozoic (Tertiary) times (~65 Ma) in the African sur-
face after the removal of >1200 m of material (Partridge and
Maud 1987). Erosion in the post-African cycles subse-
quently exposed the pre-Karoo surface to the extent that it
forms an important component of the present landscape in
the southern and south-western portions of the Gauteng and
North-West provinces. Dirks and Berger (2013) report a
revised® erosion rate of 5-6 m/Ma for the plateau repre-
senting the African Erosion Surface south of the Malapa
fossil site, and a ~ tenfold greater rate of ~55 m/Ma in the
Skeerpoort River valley to the WNW of this site. The dis-
cussion presented in Sect. 8.12.1 in Chapter “Chemical
Hydrogeology” suggests that solutional denudation in the
COH averages 9.5 m/Ma in the range 5-14 m/Ma (see also
Hobbs and Smith 2018). Klimchouk (2011) suggests that the
hypogene speleogenesis of the Sterkfontein Cave system
might have commenced in the early Miocene (18 Ma BP),
but does not offer a potential source of ‘aggressive’ solutions
that might serve as speleogenetic agent. The following dis-
cussion explores the possibility that hypogene speleogenesis
of the Malmani Subgroup dolomite might date much further
back to the early palaco-Proterozoic (~2 Ga BP). It also
offers potential sources of aggressive solutions from older
Randian and Vaalian formations.

The carbonate strata of the Chuniespoort Group in the
north-central and north-eastern parts of the country were
formed in a marine environment developed on the stable
Kaapvaal Craton (Eriksson and Reczko 1995) already car-
rying the 2.97-2.78 Ga Witwatersrand Supergroup and
2.78-2.65 Ga Ventersdorp Supergroup strata. By 2.7 Ga,
these strata had been subjected to regional faulting and
fracturing associated with the emplacement of the basaltic
lavas of the Klipriviersberg Group (McCarthy and Rubidge
2005). Subsequent to the complete development of the
Transvaal Supergroup by ~2.05 Ga, further structural dis-
turbance of the accumulated Randian and Vaalian strata on
the Kaapvaal Craton came in the form of:

e The Bushveld Igneous Complex (BIC) intrusion
at ~2.05 Ga (Cawthorn et al. 2006) coeval with;

e Deformation resulting from a north-east verging com-
pressive event which reactivated basement structures that
were propagated through the Black Reef-Malmani—
Rooihoogte succession (McCarthy et al. 1986; Obbes
2001); and

e The Vredefort meteorite impact event at ~2.02 Ga
(Reimold 2006).

° Dirks et al. (2010) report an erosion rate of 3 to 5 m/Ma for the same
landscape (see Sect. 8.12.1 in Chapter “Chemical Hydrogeology”).
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Fig. 4 Map of the Sterkfontein
Cave system showing the
labyrinthic joint-controlled
pattern of both the Sterkfontein
and Lincoln cave sections (from
Martini et al. 2003)

Lincoln

Surface outline
of breccio body

50m

The geological setting of the Witwatersrand Basin as
repository for ‘the greatest of the world’s gold fields’ (John
Hays Hammond as quoted in Pretorius 1986) has been
intensively studied and hence well defined (see Robb and
Robb 1998a and McCarthy 2006 and references therein).
Duane et al. (1997) discuss the geochemistry of some deep
gold mine waters (12 samples collected at a depth of 1050-
3400 m bs in four mines7) from the Witwatersrand Basin,
reporting the occasional encounter at depth of hot water (up
to 40 °C). Zhao et al. (1994) note the enrichment of the
Ventersdorp Contact Reef (VCR) with base metal sulphides
such as pyrite (FeS,), pyrrhotite [Fe; S (x = 0t0 0.2), e.g.
FeS = troilite], galena (PbS), sphalerite (ZnS) and chal-
copyrite (CuFeS,). In a study of lead (Pb) isotopes associ-
ated with chalcopyrite and pyrrhotite in the VCR, Zartman
and Frimmel (1999) note temperatures of up to 300 °C
corresponding to the peak regional metamorphic temperature
associated with burial of the VCR beneath 6500 m of
Ventersdorp and Transvaal Supergroup strata.

The VCR separates the Witwatersrand clastic sediments
from the overlying Ventersdorp volcanics (lavas). The car-
bonate formations of the Malmani Subgroup, sandwiched
between the underlying Witwatersrand and Ventersdorp
strata and the overlying Pretoria Group sediments (Table 5),
could therefore not have escaped the intrusion of hot

7 Western Deep Levels, Vaal Reefs, Freddies and President Steyn.

H,S-rich connate groundwater rising from the still compar-
atively young buried bedrock strata. The invariable presence
of carbon-rich material in the form of kerogen (bitumen) in
association with the gold-bearing conglomerates (McCarthy
and Rubidge 2005) is of further interest. Representing a form
of hydrocarbon typically associated with CO,-rich waters,
this provides another source of thermal acidic fluid con-
ducive to hypogene speleogenesis. Migration pathways for
the hydrothermal brine might have taken the form of frac-
tures, fissures and faults created by the afore-mentioned BIC
intrusive and Vredefort impact events. Such circumstances
clearly favour hypogenic speleogenesis of the carbonate
formations by any of the mechanisms described in Text
Box 1 (p. 45) long before their exhumation in the more
recent geologic past. The mechanism of artesian transverse
speleogenesis as identified by Klimchouk (2006) is therefore
readily invoked in regard to a confined Malmani Subgroup
karst hydrosystem both in the geologic past and, under
specific conditions such as might be associated with the
deeply buried dolomitic strata of the Chuniespoort Group
basin, perhaps even at present. In this regard it is worth
noting that numerous thermal springs in the southern
Waterberg area of Limpopo Province, e.g. Warmbaths
Spring at Bela-Bela (52 °C), and Die Oog (39 °C) and
Rhemardo Spring (42 °C) at Mookophong (Olivier et al.
2008). These springs occur in the central part of the Bush-
veld Complex where sandstone of the Swaershoek
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Formation at the base of the Waterberg Group rests uncon-
formably on felsites of the Rooiberg Group, and locally also
on granites of the Lebowa Granite Suite (Bushveld Com-
plex). Updomed fragments of Bushveld Complex floor rocks
(dolomite) also occur in this area (Visser 1989) where
structural disturbance is evidenced by regional faults and
diabase dyke intrusions with which the springs are variously
associated (Olivier et al. 2008).

Attention is also drawn to the recognition by Wilkinson
(1973) of ‘dome cavities’ developed in breccia capped by a
resistant travertine carapace (Fig. 5) in Sterkfontein Cave.
Wilkinson (1973) attributes these features to current-induced
erosion by water flowing through the cave system, the pro-
trusion of fragile bones from the breccia surface suggesting
gentle flow conditions. Palmer (2003) reports the enlarge-
ment of ceiling solution pockets by turbulent eddies (Slabe
1995 in Palmer 2003) or by elevated CO, partial pressure
resulting from the compression of air by rising water (Lis-
monde 2000 in Palmer 2003). Such agents would occur in
epiphreatic conditions during flooding of the cave system.
Nevertheless, the Sterkfontein ‘dome cavities’ are reminis-
cent of the ceiling cupolas recognised by Klimchouk (2011)
as a component in a suite of morphologic features created by
transverse rising flow (aka ‘morphologic suite of rising flow’
or MSRF) associated with hypogene speleogenesis. The age
(<3 Ma) of the breccia, however, is too young for the ‘dome
cavities’ to represent ceiling cupolas formed by upward flow
in a confined karst aquifer. Certainly closer inspection of the
Sterkfontein Cave and other cave systems in the area for
features such as described above is warranted.

BRECCIA TRAVERTING SHMOOTHED
CARAPALE ERECCIA
UNOERSURFACE

DOME DOHME
CAVITY EXPOSING QGAVITY EXPOSING
UNCERSIDE BONES  WiTHIN
OF CLRAPACE THE BRECCIA

Fig. 5 Sketch of ‘dome cavities’ in the Mound breccia of the Milner
deposit beneath a protecting travertine layer in Sterkfontein Cave (from
Wilkinson 1976)

3.2 The Epikarst

3.2.1 General Discussion

Epikarst is recognised as an integral component of the karst
landscape by Williams (1983), who referred to this zone as
the subcutaneous layer or ‘skin’ that overlies karst forma-
tions at the surface. Its significance derives from specific
functions together serving as a regulatory subsystem at the
top of the unsaturated zone within which autogenic recharge
is stored, segregated into several components and spatially
distributed to preferential ingress paths developed in the
underlying vadose zone. In classical terms, stress release and
weathering are the principal agents of formation of the in-
cipient epikarst zone, and dissolution plays only a minor
role. The processes of stress release and weathering (both
mechanical and chemical) are common to virtually all rock
types (including insoluble) exposed at surface. The regolith
(weathered mantle) is formed as a consequence of the
extension and opening of existing joints and formation of
new joints, the accentuation and opening of bedding planes
and micro-fissures, and the enhancement of fissure frequency
and connectivity of fissure networks. Chemical weathering
penetrates deeper into the bedrock, the resulting miner-
alogical alteration of the parent strata producing fines that
may ‘choke’ the regolith and decrease its permeability.
Controlling factors in this regard are the composition and
structure of host rocks, climate, rate of unloading informed
by the competition between uplift and denudation rates, and
topography (Klimchouk 2004).

Klimchouk (2004) distinguishes between ‘classical’
weathering as described above, and Kkarstification repre-
sented by the dissolutional removal of material accumulated
in the regolith developed over carbonate bedrock. A key
element in karstification is the development of greater
porosity and an increasingly organised permeability focus-
sed on vertical drains in the underlying vadose zone. The
evolution of these properties progresses from an incipient
epikarst on a freshly exposed carbonate surface, through a
young epikarst to a mature soil-covered epikarst, and cul-
minating in a barren old relict epikarst surface.

3.2.2 Epikarst of the COH

The epikarst of the COH represents primarily a soil-covered
mature epikarst landscape characterised by dolines repre-
senting dispersed but evolving karstification favouring the
concentration of autogenic recharge. This is illustrated in
Plate 1, from which it is evident that denudation of the
carbonate surface is an active process in the current land-
scape. The presence of soil enhances solutional enlargement
of fissures in the epikarst by providing a ready source of
CO,;. The landscape of the COH also hosts at least 412
sinkholes and dolines that have been classified as ‘swallow’
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Plate 1 Examples of the epikarst in the COH showing a dolomite
pillars intersected by cutters (dissolution ‘slots’) filled with soil and
covered by a variable thickness of soil cover, b ~ 4-m thick epikarst
horizon overlying the gently folded strata forming the vadose zone
exposed in the southern sidewall of Sterkfontein Quarry, with detail of

features after field verification of 734 suspected such fea-
tures (R Leyland, personal communication). The question
arises whether these features are also associated with epi-
karst evolution and therefore form part of the epikarst, or
not. Klimchouk (2004) suggests that features such as point
recharge dolines and collapse sinkholes are unrelated to
epikarst morphogenesis, and simply represent holes in the
epikarst. The author is of the opinion that these features are
an intrinsic component of epikarst evolution.

As recognised by Klimchouk (2004), the epikarst and
vadose zone fulfills crucial hydrologic functions and roles
also in the regional karst system in the COH. Principal of
these is the retardation of throughflow and mixing of
recharge in its often lengthy and tortuous pathway to the
aquifer. These circumstances account for the relatively
constant flows—Martini (2006) refers to ‘very regular dis-
charges at resurgences’—that characterise springs draining
the Neo-Proterozoic carbonate strata of the South African
interior, compared to the ‘flashy’ nature of springs that drain
the telogenetic and much younger European karst formations
(Florea and Vacher 2006). It is posited that the local karst
terrane, despite the absolute age of its carbonate strata, is in
transition from a juvenile to a mature stage of evolution. The
epikarst of the COH deserves considerably more study than
it has received in the past. Unravelling the typology of this
epikarst will contribute to the global understanding of karst
morphogenesis and the transport of carbon through the
vadose zone (Jones 2013).

the exposed features illustrated in (Plate 2), ¢ chert-rich dolomite
outcrop in the form of a quasi-karren field, d chert-rich bedded and
dipping dolomite outcrop, e dolomite outcrop with soil cover and infill
at the Zwartkrans fossil site, and f exposed epikarst at the Gladysvale
fossil site (all photos P Hobbs; date shown in upper right corner)

Text Box 1 Hypogenic speleogenesis

Carbonic acid dissolution, which dominates over-
whelmingly in epigenic carbonate speleogenesis, also
operates as a hypogenic agent, though the origin of
the acidity is different. It can be related to CO, gen-
erated from igneous processes, by thermometamor-
phism of carbonates, or by thermal degradation and
oxidation of deep-seated organic compounds by min-
eral oxidants. The latter is common in hydrocarbon
fields, where waters characteristically contain high
CO; concentrations (Kaveev 1963). Hydrogen sulfide
is another common hypogenic source of acidity where
there are sufficient sources of dissolved sulfate for
reduction and where the H,S generated can escape
from the reducing zones. However, it is generally
believed that creation of significant caves, where these
acids provide the dissolution mechanism, depends
mainly upon rejuvenation of aggressiveness by mixing
or cooling. These conditions are commonly met in the
ascending limbs of intermediate or regional flow sys-
tems, when they interact with shallower flow systems.
Aggressiveness in hypogenic speleogenesis may also
reflect acquisition of new sources of acid within the
soluble formation itself, when groundwater flows
transversely across it, or can be due to a number of
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mechanisms that rejuvenate the dissolutional capacity
of fluids, such as the cooling of water, mixing of
groundwaters of contrasting chemistry, and sulfate
reduction and dedolomitization as mentioned above.
In shallower conditions, where H,S-bearing waters
rise to interact with oxygenated meteoric groundwa-
ters, sulfuric acid dissolution can be a very strong
speleogenetic agent. It is recognised as the main
speleogenetic process for certain large caves (e.g.
caves such as the Carlsbad Caverns in the Guadalupe
reef complex in New Mexico, south-western USA, and
Frasassi Cave in Italy) and many smaller caves. Based
on this, some researchers distinguish sulfuric acid
karst/speleogenesis as a peculiar type (Hill 1996;
2000a; 2003a). Substantial sulfuric acid dissolution
can also be caused by oxidation of iron sulfides such
as pyrite and marcasite, where it is localised in ore
bodies (Bottrell et al. 2000). Lowe (1992) suggested
that oxidation of pyrite along certain horizons or
bedding planes in carbonates (“inception horizons")
may create preferential flowpaths that later will be
inherited by epigenic speleogenesis. The increased

solubility of calcite in cooling waters can cause dis-
solution along ascending flowpaths. The latter mech-
anism is commonly labeled as hydrothermal
speleogenesis, occurring in high-gradient zones where
ascending flow is localised along some highly per-
meable paths (Malinin 1979; Dublyansky 1980;
Dubljansky Ju 1990, 2000a; Ford and Williams 1989;
Palmer 1991; Andre and Rajaram 2005). Solutional
aggressiveness can be renewed or enhanced by mixing
of waters of contrasting chemistry and dissolved gas
content (Laptev 1939; Bogli 1964; Palmer 1991), the
effect widely cited in the karst literature as “mixing
corrosion’.

There are an increasing number of arguments and
evidence suggesting that more than one process could
be involved in many cases, operating either in com-
bination or sequentially. Cross-formation flow is the
main mechanism for hypogenic speleogenesis, which
can integrate and trigger many cave-generating pro-
cesses. Either carbonic acid or H,S dissolution can
operate in hydrothermal systems, which are essentially
ascending transverse phenomena common in many

Plate 2 Detail of epikarst and
vadose zone features exposed in
the southern sidewall of
Sterkfontein Quarry; note that the
lower image is contiguous with
the right side of the upper image
along the common chevron line
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basins. Mixing of contrasting waters is also commonly From Klimchouk (2007).

involved in hypogenic speleogenesis, at least at some See BIBLIOGRAPHY for references herein.
stages. This, again, suggests that labeling types of

karst and speleogenesis by a single dissolutional

mechanism is misleading and should be avoided.

Tufa terraces across the channel of the Grootvlei Spruit ~600 m downstream of the Nouklip Spring
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Physical Hydrology

Harrison Pienaar and Philip J. Hobbs

1 Surface Water Drainage

The study area encompasses the Quaternary catchments and
drainages identified in Table 1 in Chapter “Description of the
Physical Environment”, Sect. 3.1 in Chapter “Description of
the Physical Environment”. The water resources of the
subregion are sparsely described in the literature, their extent
militating against the regional scale at which studies are
typically carried out, i.e. the effort expended in analysing the
runoff characteristics of subcatchments such as straddle the
study area is often not warranted. It is most often sufficient to
simply describe the hydrology in terms of mean annual
runoff (MAR) and catchment size. The MAR is reported
either as a volume typically with units Mm®/a, or as an
equivalent depth of precipitation in millimetres (mm) over
the catchment footprint area.

The study area spans the south-western quadrant of the
Hartbeespoort Dam catchment. The net capacity of the dam,
equivalent to its full supply capacity (FSC), is slightly less
than its gross capacity of 195.1 Mm®, which approximates
the combined MAR of the contributing catchments. Mid-
dleton and Bailey (2008b) report an observed long-term
MAR of 193.9 Mm”® and a simulated MAR of 185.4 Mm’
for Hartbeespoort Dam. Given this range of reservoir
capacities, a nominal value of ~190 Mm”® is used in this
study to represent the FSC of the dam. It is a regionally
significant reservoir for various reasons, including the fol-
lowing (in no specific order of importance):
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e the attenuation of floods generated by rainfall on the
highly urbanised Witwatersrand ridge that forms the
continental divide which defines the southern boundary of
the catchment;

e the provision of water for municipal water supply to
towns and villages located downstream of the dam;

e the provision of water for irrigated agriculture, histori-
cally via a canal system, to riparian properties down-
stream of the dam,;

e the support of a burgeoning property industry that has
seen the expansion of residential areas and the prolifer-
ation of up-market security estates on the shores of the
dam; and

e leisure and tourist activities.

Runoff in the study area is gauged at the four stations
labelled A2HO033, A2H034, A2H049 and A2HO050 in
Fig. 2 in Chapter “Description of the Physical Environment”.
A simplistic ‘stick’ diagram (Fig. 1) provides more readily
identifiable components of the regional surface water drainage
pattern and associated flow gauging stations.

Whereas the adjoining Steenkoppies Basin to the
west-southwest is naturally drained by a single high-yielding
spring,’ the study area is drained by numerous and distributed
such features. These feed either the Skeerpoort River or the
Bloubank Spruit system. A more complete description of the
discharge characteristics of these drainage systems is pre-
sented in the relevant sections that follow. Although the
contribution of groundwater resources to the surface water
hydrology of the study area is mentioned in the following
sections (where relevant), the inseparable nature of the surface
and subsurface environments that characterise the largely

! Maloney’s Eye, with a long-term mean annual discharge of ~ 14.4
Mm?> (~456 L/s), reduced to ~9.8 Mm>/a (~311 L/s) in the first
decade of the 21st Century (Holland et al., 2009).
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Fig. 1 Schematic diagram of
surface drainage and gauging
network superimposed on the
COH Kkarst footprint; karst strata
(not shown) extend to the west
and east (see Fig. 1 in Chapter
“Introduction and Background”).

’\‘_ __.,‘ COH footprint

Perennial stream reach

— — —Ephemeral stream reach
A DWS flow gauging station

Hennops R.

Relative spatial distribution.
Not to scale.

karst terrane of the study area is described in greater detail in
Sect. 7.2 in Chapter “Physical Hydrogeology”.

2 Skeerpoort River System

DWS flow gauging station A2H033 provides a ~ 50-year
discharge record of the Grootvlei Spruit, a tributary of the
Skeerpoort River, just before its confluence with the latter
(Fig. 1). It yields the monthly discharge statistics presented
in Table 1 and for which the annual discharge per hydro-
logical year is shown in Fig. 2. The autumn month of March
reflects the lowest coefficient of variation (CoV) of ~43%,
and September the lowest monthly median discharge of
0.284 Mm> (~110 L/s).

Driven by the perennial Nouklip Spring discharge, the
instantaneous flow pattern at station A2HO033 up to
September 2015 (the DWS record only extends up to
November 2015) is shown in Fig. 3. This reveals a distinct
step-like increase from ~0.05 to ~0.12 m¥s (~50
to ~ 120 L/s) in the ‘base’ values ca. October 1996. This
step is also observed in the A2H034 record (Fig. 8 in
Chapter “Physical Hydrology”). Although approached for an
explanation, the DWS has not resolved this anomaly. Also
evident in Fig. 3 are distinct recession curves following peak
discharge events, for example ca. February 1978 and May
2000. Hydrograph segments of 260 days in 1999 (spanning
the 1999 winter season) and of 220 days in 2005 (also
spanning the winter season) were analysed graphically by
Holland (2007), from which total potential groundwater
discharges of 5.09 and 5.0 Mm’, respectively, were

estimated. These results prompted Holland (2007) to esti-
mate, by extrapolation, a groundwater contribution to base-
flow in 2005 of 8.3 Mm®. This value significantly exceeds
the 1997 to 2015 median discharge of ~5.4 Mm’/a,
[~ 170 L/s (text box, Fig. 2]. It also exceeds the maximum
discharge value of ~7.5 Mm?/a, [~238 L/s (text box
Fig. 2] in the year 2000 of this period.

The Nouklip Spring synoptic discharge measurements
(SDMs) of ~173 L/s in May 2010 and ~211 L/s in
August 2014 following very wet summers (Fig. 3 in Chap-
ter “Description of the Physical Environment”), equate to
flows of ~5.4 and ~6.7 Mm®/a,, respectively. The former
is in good agreement with the median discharge in the period
1997-2015 reported above, and exceeds by <10% the
shorter segment values obtained by Holland (2007). This
suggests that aggregating segmental recession-based calcu-
lations of groundwater contributions to an annual value is
invalid in this instance.

An inspection of the data presented in Table 1 provides
further insight into the Nouklip Spring discharge. Station
A2HO033 (Plate 1) is located ~525 m downstream of the
spring, and therefore provides a measure of the springflow
regime when very high flows dominated by storm runoff
from the catchment above the spring are neglected. It is one
of only eight DWS gauging stations in the country that
record the discharge of a karst spring up to as recently as
2017. High yielding municipal water supply sources such as
the Tshwane Metro’s Pretoria Fountains, Grootfontein
Spring and Sterkfontein Spring are gauged by the local
authority. The long-term (whole record) median monthly
flow ranges from 165 L/s in April (end of the wet summer
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Table 1 Statistical analysis of Grootvlei Spruit mean monthly discharge at station A2H033 in the period October 1964 to September 2015 (no

data available since 13/12/2015)

Variable Month
Oct Nov

n 47 46
Minimum 0.160 0.159
5%ile 0.170 0.166
Mean 0.382 0.400
Median 0.345 0.370
95%ile 0.706 0.904
Maximum 1.642 1.756
SD 0.249 0.286

CoV (%) 65.1 71.6

Dec
48
0.165
0.178
0.409
0.402
0.733
1.162
0.203
49.5

Jan
44
0.166
0.185
0.431
0.400
0.789
1.02
0.208
48.2

Feb
43
0.142
0.162
0.410
0.384
0.755
1.118
0.212
51.7

Mar
42
0.162
0.179
0.411
0.424
0.722
0.822
0.175
42.6

Apr
44
0.155
0.194
0.411
0.428
0.731
0.816
0.177
43.0

May
44
0.160
0.176
0.404
0.407
0.725
0.881
0.187
46.2

Jun
47
0.150
0.161
0.366
0.358
0.695
0.829
0.179
49.0

Jul
46
0.151
0.165
0.372
0.358
0.695
0.891
0.180
48.4

Aug
48
0.150
0.166
0.358
0.340
0.675
0.821
0.170
47.6

Sep
48
0.145
0.160
0.321
0.284
0.596
0.692
0.144
44.8

All units are Mm® unless otherwise indicated. Analysis excludes months with missing and station rating exceedance data, but includes unaudited

(recent) and estimated data

Fig. 2 Pattern and trend of
Grootvlei Spruit mean annual (aj,)
discharge gauged at station
A2HO033 in the period October
1964 to September 2015

Fig. 3 Long-term monthly
hydrograph of the Grootvlei
Spruit at station A2HO033 for the
period October 1964 to
September 2015
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Fig. 4 Long-term monthly discharge pattern of the Nouklip Spring, showing median values with 5%ile and 95%ile bounds and summer and

winter trends as linear regression traces

Plate 1 View from the right
bank of the combination
V-notch/rectangular weir flow
gauging station A2H033 on the
Grootvlei Spruit, showing the
stage recorder housing (top
centre) on the opposite bank

season) to 109 L/s at the end of winter in September
(Fig. 4), bracketing mean and median annual values of 143
and 146 L/s, respectively. The 5%ile value occupies the
comparatively narrow range 62-75 L/s, and the 95%ile
value the broader range 230-349 L/s. The flow record
indicates that a 2c deviation at the 95%ile level exceeds the
long-term mean monthly discharge (MMD) by ~40%

illustrate the Martini
(2006) statement regarding the ‘very regular discharges’ that
characterise karst springs of the Malmani Subgroup.

A similar analysis for the period 1997-2015 yields a
median monthly flow ranging from 159 L/s in November to
187 L/s in March and May (Fig. 5), bracketing mean and
median monthly values of 171 L/s. The 5%ile values occupy

to ~111%. These -circumstances
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Fig. 5 Monthly discharge pattern of the Nouklip Spring in the period 1997-2015, showing median values with 5%ile and 95%ile bounds and

summer and winter trends as linear regression traces

the narrow range 123-147 /s, and the 95%ile values the
range 230-309 L/s. The flow record indicates that a 2¢
deviation at the 95%ile level exceeds the mean monthly
discharge (MMD) by ~35% to ~81%. The differences
with the whole record analysis are apparent. The most
interesting of these is the difference in the 95%ile pattern
which, in Fig. 5, shows increasingly greater excursions from
late summer through to late winter, peaking in June and July.
As this pattern cannot be due to flood-driven runoff from
high rainfall, it must reflect the hydraulic response time of
the Diepkloof Basin (Sect. 7.2.7 in Chapter “Physical
Hydrogeology”to groundwater recharge in the preceding wet
season(s) (Table 2).

The 95%ile ‘peaks’ in June and July suggest a hydraulic
response lag time of at least three months for the Diepkloof
Basin karst aquifer. The mainly springflow-driven median
values also reveal similar peaks of ~186 L/s in March and
May. It is also evident that the decline in median discharge
through the winter season continues into November and
December with flows of 159 L/s. An aspect of the flow pat-
tern that is not evident from the preceding discussion, is the
fact that the spring discharge includes the autogenic recharge
contribution of the hydrogeologically separated Tweefontein

Spring (Sect. 7.4.6 in Chapter “Physical Hydrogeology’ This
was measured at ~30 L/s (~0.95 Mm?/a) in May 2010,
and ~26 L/s (~0.82 Mm?/a) in August 2014. Clearly, this
contribution would be included in the recession-based calcu-
lation of groundwater contribution to surface discharge as
performed by Holland (2007), and would therefore not
explicitly recognise the hydrogeologically separated Diep-
kloof and Tweefontein basins drained by the Nouklip and
Tweefontein springs respectively. Against this background,
the February 2018 SDM value of 105 L/s is inexplicably low,
although Table 2 shows a minimum value of 0.142 Mm?®
(59 L/s) for February. A more detailed analysis of the
springflow characteristics is presented in Sect. 7.4.7 in
Chapter “Physical Hydrogeology”.

It should also be noted that at its confluence with the
Grootvlei Spruit, the Skeerpoort River already carries the
discharge of the Nash Spring (Sect. 7.4.8 in Chapter “Phy-
sical Hydrogeology”). This spring is located a distance
of ~4.9 km (measured along the sinuous river reach)
upstream of this confluence. Its discharge was measured
at ~130 L/s (~4.1 Mm®/a) in May 2010, and ~208 L/s
(~6.6 Mm*/a) in August 2014. Together with the preceding
discussion, these circumstances further inform the discharge
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Table 2 Statistical analysis of Grootvlei Spruit mean monthly discharge at station A2H033 in the period October 1997 to September 2015

Variable Month

Oct Nov Dec Jan Feb
n 19 19 18 17 18
Minimum 0.342 0.318 0.324 0.313 0.142
5%ile 0.344 0.319 0.339 0.355 0.328
Mean 0.459 0.434 0.463 0.485 0.438
Median 0.431 0.412 0.426 0.453 0.420
95%ile 0.652 0.596 0.634 0.684 0.605
Maximum 0.733 0.607 0.736 0.736 0.698
SD 0.106 0.086 0.109 0.118 0.116
CoV (%) 23.1 19.9 23.6 243 26.4

Mar Apr May Jun Jul Aug Sep
17 17 18 18 18 19 18
0.374 0.368 0.384 0.357 0.356 0.355 0.212
0.392 0.374 0.395 0.358 0.359 0.365 0.317
0.518 0.513 0.547 0.519 0.525 0.504 0.441
0.501 0.453 0.499 0.471 0.466 0.450 0.421
0.712 0.713 0.799 0.809 0.827 0.782 0.650
0.726 0.816 0.881 0.829 0.891 0.821 0.692
0.103 0.122 0.144 0.146 0.152 0.136 0.114
19.8 23.7 26.4 28.1 29.0 27.0 25.9

All units are Mm® unless otherwise indicated. Analysis excludes months with missing and station rating exceedance data, but includes unaudited

(recent) and estimated data

Table 3 Statistical analysis of Skeerpoort River mean monthly discharge at station A2H034 in the period October 1965 to September 2017

Variable Month

Oct Nov Dec Jan Feb
n 49 48 48 49 49
Minimum 0.266 0.349 0.353 0.397 0.333
5%ile 0.399 0.393 0.491 0.448 0.381
Mean 0.782 0.867 1.011 1.206 1.239
Median 0.735 0.791 0.935 1.061 0.940
95%ile 1.344 1.832 2.294 2.401 3.329
Maximum 2.078 2.25 3.498 3.16 6.625
SD 0.361 0.431 0.591 0.678 1.179
CoV (%) 46.1 49.8 58.4 56.2 95.1

Mar Apr May Jun Jul Aug Sep
47 49 50 51 48 50 49
0.334 0.321 0.362 0.405 0.452 0.401 0.334
0.388 0.374 0.383 0.465 0.462 0.447 0.364
1.348 1.091 1.050 0.939 0.865 0.847 0.770
0.994 0.840 0.836 0.806 0.812 0.801 0.718
2.725 2.089 2.210 1.766 1.595 1.634 1.527
8.55 5.581 6.231 4.396 1.972 1.902 1.843
1.299 0.847 0.928 0.623 0.368 0.367 0.356
96.3 77.6 88.4 66.4 42.6 433 46.2

All units are Mm® unless otherwise indicated. Analysis excludes months with missing and station rating exceedance data, but includes unaudited

(recent) and estimated data

characteristics of the Skeerpoort River as gauged at station
A2HO034 located ~7 km downstream of station A2H033
(Fig. 1). At this location, the river has left the pristine
environment of the John Nash Nature Reserve, traverses
Pretoria Group sedimentary strata, and also supports agri-
cultural activities in the vicinity of the confluence with the
Witwatersrand Spruit.

The A2H034 flow record spans a period of 52 years. It
provides the monthly discharge statistics presented in
Table 3, and for which the annual discharge per hydrological
year is shown in Fig. 6. The winter month of July reflects the
lowest CoV value of ~43%, and September the lowest
median discharge value of 0.718 Mm?® (277 L/s). The data
again reflect the constancy and perennial nature of the
spring-driven autogenic discharge at this location. The
combined discharge (>300 L/s) of the karst springs that
sustain the Skeerpoort River (Sects. 7.4.6, 7.4.7 and 7.4.8 in
Chapter “Physical Hydrogeology”) equates to a discharge of
at least 9.5 Mm?/ay, similar to the long-term median value

of ~10.2 Mm3/ak1 (text box, Fig. 6). These values repre-
sent ~5% of the ~190 Mm® FSC of Hartbeespoort Dam
(Sect. 1), testifying the important groundwater contribution
delivered by this portion of the COH to the regional water
resources budget.

The truncated period statistics presented in Fig. 6 for
station A2H034 mimic those of Fig. 2 for station A2H033 in
order to provide a direct comparison under circumstances
where the A2HO034 record extends to September 2017,
whereas that of A2H033 only extends to November 2015.
This comparison is taken further in Fig. 6, which shows the
cumulative discharge at stations A2H033 and A2H034 over
the truncated period of common record.

The discharge pattern at station A2H034 for the complete
record is shown in Fig. 8. Although less evident than in
Fig. 3, distinct recession curves following peak discharge
events, for example ca. October 1977 and October 2000, are
also discernible in the hydrograph. Evident at the end of this
record are the exceptional discharges (some of the highest on
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Fig. 6 Pattern and trend of Skeerpoort River mean annual (a;,) discharge gauged at station A2H034 in the period October 1965 to September 2017

record excluding the uncensored anomalous data) recorded
in January and March 2011 and March 2014. The aftermath
of such events is shown in Plate 2 taken on the farm
Dwarsvlei 503JQ in the upper reaches of the Skeerpoort
River valley following a flash flood event in October 2009.
Notable, however, is the absence in Fig. 9 of a flow peak
associated with this “response in Fig. 9, illustrating the
degree to which singular events are absorbed in monthly and
annual values. As indicated previously, station A2HO034 is
located a substantial distance downstream of its principal
perennial sources at a location where agricultural impacts in
the form of abstraction for irrigation, as well as the contri-
bution of the ephemeral Witwatersrand Spruit tributary
entering from the east, are also likely manifested. These
circumstances negate attempting a correlation between
spring discharge and rainfall as has been attempted by
Holland et al. (2009) for Maloney’s Eye draining the
Steenkoppies Basin (Sects. 3.1, 4, 5.1 and 7.1 in Chapter
“Physical Hydrogeology”) (Fig. 7).

An inspection of the whole record cumulative annual
discharge of the Grootvlei Spruit (station A2H033) and the
Skeerpoort River (station A2H034) indicates a year-on-year
difference in median annual discharge between these stations
of 6.2 Mm> (~197 L/s) for n = 50 values (Fig. 9). This
approaches the August 2014 SDM value of ~208 L/s
(Sect. 7.4.8 in Chapter “Physical Hydrogeology). The

inter-quartile range is defined by values of ~4.8 Mm?®
(~152 L/s) and ~ 8.0 Mm®> (~253 L/s). The >75%ile
excursions are unequivocally associated with the periods of
surface runoff-driven flow (see also Fig. 7), and the <25%ile
excursions with the pre-October 1996 period of lower
baseflow values (Fig. 8). The year-on-year difference in
median discharge places the long-term median discharge of
the ungauged Nash Spring at ~200 L/s (~6.3 Mm?/a).
The agreement already demonstrated between the com-
bined discharge of the karst springs (~9.5 Mm®/a) and the
long-term median stream discharge (~10.2 Mm>/a) quanti-
fies the baseflow component of the Skeerpoort River with
sufficient rigour. As will be made evident in Sect. 8.7 in
Chapter “Chemical Hydrogeology”, it is not only the volu-
metric contribution of this component to Hartbeespoort Dam,
but also the generally excellent quality of the karst ground-
water, that is important to the severely compromised quality
of that received by and impounded in this hypertrophic
reservoir from other much larger tributaries (Hobbs 2017¢).

3 Bloubank Spruit System

The Bloubank Spruit system comprises the following main
drainages, described sequentially downstream from the
headwater reaches (see Fig. 1 for reference).
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Fig. 7 Cumulative annual discharge at stations A2H033 and A2HO034 illustrating the year-on-year constancy of flow in these springflow-driven

drainages

e The Bloubank Spruit rises on the farm Reydal 1651Q
north of Tarlton, and flows east-north-eastwards past
Sterkfontein Cave and Kromdraai down to its confluence
with the Crocodile River in the vicinity of Glenburn
Lodge at Zwartkop. Its upper reaches traversing the
Zwartkrans Basin (Sect. 7.2.1 in Chapter “Physical
Hydrogeology™), are ephemeral.

e The north-westerly draining upper reach of the Riet
Spruit, which rises in Riebeeck Lake in Randfontein and
flows past the Randfontein WWTW toward Tarlton,
where it swings 90° to the east-north-east. Its middle and
lower reaches follow the N14 national road down to the
confluence with the Bloubank Spruit near the Swartkrans
fossil site.

e The Tweelopie Spruit, a tributary of the Riet Spruit, can
be traced upstream to Robinson Lake” between Rand-
fontein and Krugersdorp, and drains northward through
the Krugersdorp Game Reserve, intersecting the N14
before its confluence with the Riet Spruit.

e The Blougat Spruit, another tributary of the Riet Spruit,
rises in the Factoria industrial area of Mogale City and

2 This does not imply that Robinson Lake (an endoreic feature) is the
source of the Tweelopie Spruit.

first drains in a north-westerly direction through the city
as a canal before flowing northward past the Munsieville
township and Percy Stewart WWTW, intersecting the
N14 before its confluence with the Riet Spruit.

Minor drainages are (a) the Honingklip Spruit,’ an
ephemeral tributary of the Bloubank Spruit that rises on the
northern margin of Mogale City in the Rant-en-Dal and
Paardekraal areas, and flows northwards to join the Blou-
bank Spruit at Kromdraai, and (b) the Tweefontein Spruit”
that rises in the John Nash Nature Reserve, and drains
southward across the farm Rietfontein 522JQ to join the
Bloubank Spruit near Brookwood Trout Farm and the
eastern boundary of the Nedbank Olwazini Estate.

The discharge of the Bloubank Spruit system is gauged at
station A2H049 (Fig. 2 in Chapter “Description of the
Physical Environment”) located ~ 12 km downstream from
Sterkfontein Cave. The ~45-year record yields the monthly

3 Name assigned to a drainage that for most of its path traverses the
farm Honingklip 178IQ, but is unnamed on the 1:50 000 scale
topocadastral map 2627BB Roodepoort (RSA, 2002).

“Name given to an unnamed drainage on the 1:50 000 scale
topocadastral map 2527DD Broederstroom (RSA, 2001).
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Fig. 8 Long-term monthly hydrograph of the Skeerpoort River at station A2H034 for the period October 1965 to September 2014

Plate 2 Damage to infrastructure caused in the upper reaches of the
Skeerpoort River valley by a flash flood in October 2009; note flood
stage height of ~2 m as indicated by the drift debris on pumphouse
roof and in inset picture

discharge statistics presented in Table 4. This shows that the
summer month of November has the lowest CoV value
of ~44%, September the lowest median discharge of 1.56
Mm® (7602 L/s ~ 52.0 ML/d), and October the lowest
minimum discharge of 0.68 Mm? (~254 L/s = 21.9 ML/d).

The discharge per hydrological year is shown in
Fig. 10. This indicates that four of the last eight hydro-
logical years experienced the 2nd, 3rd, 4th and 5th highest
runoff (59.1, 54.5, 47.0 and 44.9 Mm? after the 66.9 Mm?>
of 1978) in the historical record of this catchment. The
significance hereof is evident in the impact on the
long-term median discharge of the Bloubank Spruit sys-
tem, which reflects a median value of ~19.3 Mm?>/a for the
37-year period 1973 to 2009, and a ~115% greater value
of ~41.4 Mm® for the last eight years of the record
(Fig. 10). These circumstances indicate that an analysis of
hydrological data (both quantity and quality) must recog-
nise the influence imposed on the long-term data set by the
discharges of the last eight hydrological years. The
pre-2010 and post-2009 median annual discharges repre-
sent 10 and 22% respectively of the FSC (~ 190 Mm?) of
Hartbeespoort Dam. Equally significant is the substantially
smaller CoV value for the post-2009 record (23%) com-
pared to that of the pre-2010 set (46%). This is irrefutable
evidence of the perennial impact of the mine water dis-
charge contribution on the flow regime of the Bloubank
Spruit in the recent past.

The instantaneous monthly flow pattern at station
A2HO049 for the complete record is shown in Fig. 11. This
reveals a comparatively constant lowest value of ~260 L/s
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Table 4 Statistical analysis of Bloubank Spruit mean monthly discharge gauged at station A2H049 in the period October 1972 to September 2017

Variable Month

Oct Nov Dec Jan Feb
Count (n) 43 43 44 44 45
Minimum 0.682 0.815 0.711 0.721 0.706
5%ile 0.789 0.860 1.043 1.097 0.901
Mean 1.874 1.886 2.276 2.745 2.702
Median 1.676 1.743 2.066 2.471 2.222
95%ile 3.824 2.952 4.501 5.355 6.328
Maximum 4.211 4.577 5.900 12.079 10.619
SD 0.921 0.830 1.094 1.931 1.932
CoV (%) 49.1 44.0 48.1 70.4 71.5

All units are Mm® unless otherwise indicated

Mar Apr May Jun Jul Aug Sep
45 45 44 45 45 44 43
0.828 0.886 0.847 0.894 0.939 0.890 0.770
1.066 1.187 0.998 0.964 0.961 0.921 0.802
3.031 2.436 2.297 2.103 2.086 1.961 1.804
2.534 1.987 1.925 1.797 1.695 1.676 1.561
7.863 5.355 4.882 4.115 4.058 3.658 3.509
11.351 6.081 5.373 5.166 4.754 4.055 4.342
2.208 1.301 1.197 0.976 0.944 0.876 0.883
72.8 53.4 52.1 46.4 453 44.7 49.0

Analysis excludes months with missing and station rating exceedance data, but includes unaudited (recent) and estimated data

up until early-2007. Again evident in the hydrograph are
distinct recession curves following peak discharge events,
for example ca. January 1978, March 1997 and February
2000. Station A2H049, however, is not only located a sub-
stantial distance (5-10 km) downstream of its primary
perennial natural sources, the Zwartkrans and Kromdraai
springs, but also receives the discharge of other ‘smaller’

springs (e.g. the Plover’s Lake and Aquamine springs) and
ephemeral tributaries such as the Honingklip Spruit. These
circumstances again negate a correlation between spring
discharge and rainfall. The rising trend in lowest monthly
mean instantaneous flow observed since October 2007
(Fig. 11) reflects the impact of mine water discharge men-
tioned earlier. A detailed interrogation of the discharge
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Fig. 10 Pattern and trend of Bloubank Spruit mean annual (a;) discharge gauged at station A2H049 in the period October 1972 to September

2017

regime in the upper reaches of this system better informs the
hydrological and hydrochemical response observed at station
A2HO049.

A discussion of the two most significant tributary drai-
nages in the Bloubank Spruit system, namely the Tweelopie
Spruit and the Blougat Spruit, is presented in the following
sections. These two drainages attract attention for (a) the
unnatural (anthropogenic) characteristics that dominate their
flow regimes in terms of both water quantity and quality, and
(b) the availability of historical flow and water quality data
associated with the allogenic sources, in particular the mine
water driven Tweelopie Spruit.

3.1 Tweelopie Spruit

The decant of mine water in the upper reaches of the
Tweelopie Spruit commenced in August 2002 (JFA 20006).
In 2004, Sibanye-Stillwater (then Harmony Gold) con-
structed an HDPE-lined dam (Plate 3) at the Black Reef
Incline (BRI) shaft. The dam serves two main functions,
namely (a) the collection, control and temporary storage of
raw mine water from the various point and diffuse sources in
the area, and (b) the prevention of raw mine water release
into the downstream receiving environment. The raw mine

water (RMW) is pumped from here to the high density
sludge (HDS) mine water treatment plant on the continental
divide to the south for basic treatment (neutralisation).

The earliest record of routinely frequent mine water dis-
charge and quality measurements is traced back to spread-
sheeted data commencing in January 2005. These early
records reveal several periods of zero discharge (notably
June 2005 to January 2006) separating periods of active
discharge. The historical record of RMW and treated/
neutralised mine water (TMW) discharge as gauged at the
end-of-pipe (EoP) (Plate 4) is shown in Fig. 12. The TMW
Parshall-type flume gauging structure was installed in the
period prior to 2008 when very little RMW left the property,
partly because the gradually increasing rate of decant
remained within the early capacity (~15 ML/d) of the
treatment plant. Fig. 12 indicates that these circumstances
changed in early-2008, when discharges >15 ML/d became
the norm, and the contribution of RMW to the total mine
water discharge became significant. Fig. 12 suggests that
total mine water discharges >20 ML/d were irregular and
occasional. Nevertheless, these circumstances resulted in the
installation of a second flume (Fig. 15) adjacent to the EoP
flume to also gauge the RMW component leaving the mine
property. Later proving inadequate (in the 2011 wet season)
despite being extended (Fig. 16), a third RMW flume was
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Fig. 11 Long-term monthly hydrograph of the Bloubank Spruit at station A2H049 for the period October 1972 to September 2017

Plate 3 Aerial view (looking north) of the HDPE-lined off-channel
storage dam shortly after construction at the Black Reef Incline
(circular structure at centre right) to contain mine water decanting from
this structure; also visible are the pump station (centre left), the
gravity-fed pipeline (45° diagonal from centre bottom) draining the
upstream in-channel Portuguese Dam, and the course of the Tweelopie
Spruit exiting picture at centre top (photo G Krige, 05/10/2004)

installed (Fig. 17). The accuracy of flow measurements
associated with all of the flumes remains questionable,
especially for high flows.

The circumstances illustrated in Fig. 12 describe the ‘tip-
ping point’ for the Bloubank Spruit system, when RMW
discharges started to consistently exceed 10 ML/d in February
2010. These exceedances are evident in Fig. 13, indicating
their duration for extended periods (months). Together with
their considerable magnitude (often > 30 ML/d), these cir-
cumstances manifested a marked impact on surface water
chemistry (Sect. 6.1.2 in Chapter “Chemical Hydrology”)
observed ~28 km downstream from the mine area at station
A2H049 (Table 9 in Chapter “Chemical Hydrology”). Fig. 14
shows that for the first time since the advent of mine water
treatment, the RMW component regularly equalled or
exceeded the TMW component in the total discharge released
into the Tweelopie Spruit and downstream receiving envi-
ronment. The trigger of this ‘tipping point’, dated to
30/01/2010, rests with the chemistry associated with the
contributing RMW and TMW sources, and the impact
thereof on the hydrochemical composition of the combined
discharge to the Tweelopie Spruit. This influence is interro-
gated in Sects. 6.1.2 and 6.2.2 in Chapter “Chemical
Hydrology”.

The very high discharges in four of the last eight
hydrological years (Fig. 10) reflect an abnormal mine water
discharge regime which the immediate and short-term mine
water interventions have sought to normalise. A closer
inspection of the discharge statistics for station A2HO049
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Fig. 13 Pattern and trend of raw mine water discharge to the Tweelopie Spruit
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Fig. 14 Pattern and trend of RMW proportion in total mine water discharge

Plate 4 Treated mine water EoP
flow gauging weir

presented in Fig. 10 reveals a difference in median discharge
of ~22.1 Mm*/a (~61 ML/d) between the pre-2010 and
the post-2009 periods of record. The mine water treatment
plant capacity of 34 ML/d since mid-2013 (Text Box 1)
explains ~56% of the much greater median annual dis-
charge of the post-2009 period. The remaining ~9.9 Mm®/a
(~27 ML/d) comprises raw mine water discharges via the

Tweelopie Spruit, municipal wastewater effluent via the
Blougat Spruit (Sect. 3.2), and natural surface water runoff.

Alternative measures to mitigate the impact of adverse
outcomes likely to be generated by the immediate and
short-term mine water intervention measures include dis-
tributing the treated/neutralised mine water discharge
between two or more drainages. Candidate drainages are the
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Plate 5 Raw mine water flow
gauging weir (original)

Plate 6 Raw mine water flow
gauging weir showing inadequacy
at high flows despite modification
of original; note extended
superstructure relative to position
of lower front ‘lifting eye’
(circled) in common with Plate 10

Plate 7 Additional flow
measurementstructure (at right)
installed to better gauge
uncontrolled high flows of raw
mine water; compare with Plate 6
setup

Blougat Spruit to the east of the Tweelopie Spruit, and the
upper Riet Spruit to the west (Fig. 1). The latter drains into
the Steenkoppies Basin which supports large-scale and
intensive irrigation, and discharges via Maloney’s Eye into

the Magalies River. In both cases, the target drainages
receive treated municipal wastewater effluent, in the case of
the Blougat Spruit from the Percy Stewart WWTW, and in
that of the upper Riet Spruit from the Randfontein WWTW.



58

H. Pienaar and P. J. Hobbs

Text Box 1 Mine water control and management in the

Western Basin

As was the case for all of the gold mines on the
Witwatersrand in the first century of mining, mine
water control and management in the West Rand
Goldfield (aka the Western Basin) focussed on the
removal of water ‘made’ in the underground workings
to surface. This water was pumped out to keep the
workings safe and productive (Handley 2004). The
volumes involved were generally manageable, and it
was only when mining descended beneath the pro-
ductive karst aquifers of the overlying Malmani Sub-
group dolomite that considerable and sometimes
catastrophic volumes were encountered.

In the Western Basin, the pumping of mine water
resulted in the drying up of a number of springs in the
Krugersdorp Game Reserve. The water was released
into the Tweelopie Spruit, from where it contributed to
the discharge of the Bloubank Spruit and Crocodile
River. The quality of this water was considered suit-
able for discharge without prior treatment beyond
settling of suspended material and fines in a natural
holding facility such as Robinson Lake. Nevertheless,
the impact of this discharge on groundwater quality in
the receiving karst environment of the Zwartkrans
Basin was already evident in the data generated by the
DWS emergency water supply study of the mid-1980s
(Bredenkamp et al. 1986) (see Section 8.2.2 in Chapter
“Chemical Hydrogeology” and Fig. 20 in Chapter
“Physical Hydrogeology™).

In the late-1990s, geologists and environmental sci-
entists in the employ of Randfontein Estates Gold
Mine drew attention to the probability of acid mine
drainage impacting on surface water resources fol-
lowing the cessation of mining. Calculations based on
the observed rewatering rate and knowledge of the
mine geometry predicted the ‘when’ and ‘where’ with
remarkable accuracy. These predictions and cautions
were ignored by the mining company and authorities.
The recent effort to control and manage mine water
decant in the Witwatersrand Basin is based on rec-
ommendations by Coetzee et al. (2010) to the
Inter-Ministerial Committee on Acid Mine Drainage.
Amongst other factors, the use of 1000 ML/d of high
quality water from the Lesotho Highlands Water
Scheme to maintain a TDS level of 600 mg/L in the
Vaal River System drives the need for such control
and management. The DWS tasked the Trans-Caledon
Tunnel Authority (TCTA) with the implementation of

those recommendations required immediately and in
the short-term, such as demanded by the active decant
in the Western Basin. The scope and magnitude of
these interventions in the Western Basin comprise the
following activities (after TCTA 2012).

o The immediate upgrading and retrofitting of the
existing high density sludge (HDS) treatment plant
to a capacity of ~24 ML/d. This was achieved and
the plant commissioned in June 2012.

o The pumping of mine water from #8 Shaft to reduce
the potentiometric head in the flooded underground
mine workings and so eliminate active decant from
mine structures such as #17 Winze, #18 Winze and
the Black Reef Incline (BRI) Shaft in the locus of
decant.

o The further upgrade of the HDS plant to a capacity
of ~34 ML/d in the short-term. This was achieved
in June 2013.

The immediate and short-term intervention measures

have been amended (DEA 2014b) to encompass

pumping an average of 53 ML/d (peak of 60 ML/d)

from #9 Shaft in order to reduce the potentiometric

head in the flooded mine void to an elevation of
~ 1550 m amsl (~ 165 m below surface) from its
current ~ 1670 m amsl. This will meet the obligation
of maintaining an environmental critical level (ECL) at
an elevation where the mine water potentiometric head
has a negligible impact on the water resources envi-
ronment. The treatment capacity in late-2017, how-

ever, was only some 40 ML/d.

The DWS embarked (mid-2017) on the implementa-

tion of a long-term solution (LTS) formulated in a

multi-disciplinary study (DWA 2013a) completed in

mid-2013 for all three basins in the Witwatersrand

Goldfield. Strydom et al. (2016) provide a synopsis of

the complex inter-relationships that describe the Wit-

watersrand AMD conundrum.

The potential benefits of mixing mine water with munic-
ipal wastewater effluent are discussed in Sect. 8.11 in
Chapter “Chemical Hydrogeology”. An obvious advantage
for the Steenkoppies Basin is the enhanced recharge of a karst
aquifer that already suffers from over-abstraction for irrigated
agriculture. The magnitude of this impact has resulted in a
drastic reduction in the discharge of Maloney’s Eye (Holland
et al. 2009), as well as the implementation of regulatory
measures by the DWS to control abstraction (RSA 2008).
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3.2 Blougat Spruit

The Blougat Spruit receives the effluent discharge from the
Percy Stewart WWTW. This has turned an ephemeral stream
into a perennial drainage since the commissioning of the
plant in the 1950s. Designed to treat domestic sewage at a
rate of 25 ML/d based on a design norm chemical oxygen
demand (COD) of 600 mg/L, the inclusion of low-cost
housing and industrial wastewater increased the COD
loading to 1000 mg/L, reducing the plant capacity to
15 ML/d. Other factors such as poor maintenance and failure
of structures (the facility straddles the regional Rietfontein
Fault) reduced this even further to 5 ML/d. Following
refurbishment completed in 2010, the treatment capacity is
currently 24 ML/d (DWA 2011). This compares favourably
with the recent inflow of 16 to 18 ML/, i.e. 67-75% of
capacity.

The record of effluent discharge (Fig. 15) indicates a
median value of ~13 ML/d (~4.7 Mm%/a) and a 95%ile
value of ~17.4 ML/d (~6.4 Mm>/a) in the period July
2007 to June 2009.° The median discharge equates
to ~21% of the long-term median annual discharge of the
Bloubank Spruit system at station A2H049 (Fig. 10). The
2008 summer discharge of 16 to 18 ML/d reflects the rainfall
of 883 mm gauged at the WWTW in this season (Fig. 3 in
Chapter “Description of the Physical Environment”), com-
pared to the 584 mm gauged in the 2009 summer and the
average MAP of 767 mm for the 14 hydrological years since
2001 (Sect. 3.2 in Chapter “Description of the Physical
Environment”).

Fig. 18 also shows the pattern of median daily inflow
received by the facility. A comparison of this volume with
that discharged to the Blougat Spruit indicates that the latter
represented 44% (on average) of the inflow in the period up
to September 2008, and 77% (on average) in the subsequent
period of lesser inflow. The Percy Stewart WWTW also
discharges a portion of its treated effluent to the adjacent
Bergland property for the irrigation of cultivated lawn
(unnumbered Plate, p 10). This amounted to ~ 1.3 ML/d
(on average) in the period July 2007 to June 2009, i.e. the
equivalent of 4.5% of the inflow into the plant, and 10% of
the median discharge to the Blougat Spruit.

The results of opportunistic SDMs carried out at the
causeway across the Blougat Spruit downstream of the
Percy Stewart WWTW are presented in Table 5. The 2012
results indicate good agreement with the July 2007 to June
2008 record (Fig. 18). A significant increase is evident in
the 2013 results, although the December 2013 result is

5> The Mogale City Local Municipality has not made any monitoring
data available since the provision of that for the period July 2007 to
June 2009. The contribution of this facility to the flow and quality of
the Bloubank Spruit in the last decade is therefore largely inscrutable.

probably biased by heavy rainfall experienced in the region
earlier in the week of 09/12/2013. The receiving drainage,
the Blougat Spruit, drains much of the central Mogale City
business district and north-western suburbs, including the
Munsieville township and Delporton industrial area. The
‘return’ in 2017 to pre-2013 levels is not readily explained,
but confirms the most probable minimum discharge of the
plant.

The provision of treated effluent to the KGR for game
watering and the flood irrigation of kikuyu grass in the
northern portion of the reserve amounted to ~0.97 ML/d
(on average). This is equivalent of 3.3% of the inflow
received, and 7% of the discharge released to the Blougat
Spruit. This practice was curtailed on 08/08/2008 (Brink
2008). The primary reason for the curtailment of this
transfer and use was concern expressed by the West Rand
District Municipality (WRDM) for the bacteriological
quality of groundwater in the dolomitic aquifer that
underlies this portion of the study area. The primary driver
for this concern was a complaint by the landowner of Ptn
2/7/Rem of the farm Sterkfontein 173IQ regarding the poor
quality of groundwater produced by a water supply bore-
hole on the property. These circumstances were investi-
gated and reported on by Hobbs (2008b), who concluded
that the deterioration in groundwater quality was attribu-
table to the excessive discharge of treated and untreated
mine water, exacerbated by impoundment of this water in
the stream channel promoting allogenic recharge
(Sect. 8.2.3.3 in Chapter “Chemical Hydrogeology” and
Fig. 10 in Chapter “Chemical Hydrogeology”). The
absence of any indication of bacteriological contamination
that might reasonably be attributed to the municipal
wastewater impact confounds the decision to curtail the
supply to the KGR on these grounds. It also begs the
question why the similar practice on the adjoining Bergland
property continues to be sanctioned, despite evidence that
the ambient groundwater quality in Month 200 already
reflected elevated nitrate concentrations (Sect. 8.2.3.2 in
Chapter “Chemical Hydrogeology” and Fig. 10 in Chapter
“Chemical Hydrogeology”).

In light of the above, it is lamentable that the apparent
impact of the Percy Stewart WWTW as a significant con-
tributor of poor quality water in the study area, remains
poorly defined. Fortunately, routine monitoring at the Ned-
bank Olwazini Estate (NOE) further downstream in the
Bloubank Spruit system provides data on bacterial levels
(Sect. 6.1.2.6 in Chapter “Chemical Hydrology”) and
nutrient concentrations (Sect. 6.3.2 in Chapter “Chemical
Hydrology™) that bridge this deficiency to some extent. The
veracity of this monitoring is, of course, subject to the
possible opportunistic high volume release of poorly treated
effluent at unconventional times such as at night.
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Table 5 Results of opportunistic flow measurements downstream of the Percy Stewart WWTW

26/09/2012
159 £ 1.6

24/10/2012
16.3 £ 1.6

Date
SDM Result (ML/d)

3.3 Crocodile River

The Crocodile River drains the north-western quadrant of
the Johannesburg Metropole in Quaternary catchment A21E.
This drainage flows northwards into Hartbeespoort Dam.
Although it does not enter the COH (Fig. 2 in Chapter
“Introduction and Background”), it is included in the study
area because it traverses the COH buffer zone and receives the
treated wastewater effluent discharged from the Drie-
fontein WWTW operated and managed by the City of
Johannesburg Metropolitan Municipality. The Driefontein
WWTW collects and treats sewage from the northern areas of
Roodepoort and Mogale City, has a treatment capacity of 35
ML/d (DWA 2011), and currently treats ~31 ML/d, or 88%
of its capacity (DWA 2011). Gauging station A2HO050 is
located downstream of this facility (Fig. 2 in Chapter
“Description of the Physical Environment) before the con-
fluence with the Bloubank Spruit.

The DWS flow record for station A2HO050 () spans a
period of 44 years. It provides the monthly discharge
statistics presented in Table 6. This shows that the month of

15/08/2013
240 £ 24

12/12/2013
394 £59

04/12/2017
14.8 £ 1.5

August reflects the lowest CoV value of ~76%, September
the lowest median discharge value of 0.518 Mm? (200 L/s),
and October the lowest minimum discharge of 0.003 Mm?®
(1.2 L/s).

The long-term (whole record) median annual discharge
of ~13.5 Mm?/a is ~56% that of the Bloubank Spruit
(Fig. 10), and represents ~7% of the Hartbeespoort
Dam FSC. A more robust comparison with the Bloubank
Spruit discharge record must, however, consider separating
the A2H050 hydrograph into two similar periods, namely a
pre-2010 and a post-2009 period. The substantial difference
in discharge statistics between these two periods and the
whole record analysis is clearly evident (text box Fig. 16).
The pre-2010 median contribution to Hartbeespoort Dam of
5% FSC more than trebles to ~17% FSC in the post-2009
period. Any number of reasons might account for an increase
of this magnitude, but the expanding densely urbanised
nature of the catchment is considered the major contributor.

The instantaneous monthly flow pattern at station
A2HO050 (Fig. 17) reveals a comparatively constant mini-
mum value of <0.1 m?/s for the period up to at least October
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Table 6 Statistical analysis of upper Crocodile River mean monthly discharge gauged at station A2HO050 in the period October 1973 to September

2017

Variable Month

Oct Nov Dec Jan Feb

n 43 44 44 44 42
Minimum 0.003 0.107 0.196 0.262 0.151
5%ile 0.104 0.188 0.329 0.339 0.224
Mean 0.860 1.073 1.527 2.304 2.440
Median 0.620 0.846 1.001 1.605 1.546
95%ile 2.198 2.458 4.104 5.061 7.427
Maximum 2.612 2.696 6.715 10.084 9.583
SD 0.714 0.796 1.358 2.176 2.403
CoV (%) 83.1 74.2 88.9 94.4 98.5

Mar Apr May Jun Jul Aug Sep
43 44 43 44 43 44 43
0.157 0.131 0.141 0.153 0.130 0.081 0.039
0.205 0.191 0.172 0.181 0.183 0.164 0.137
2.152 1.527 1.240 1.018 0.871 0.762 0.709
1.752 1.093 0.962 0.725 0.670 0.618 0.518
5.442 4.238 3.640 2.452 2.069 1.823 1.498
7.350 5.097 4.203 3.574 2.478 2.290 3.200
1.813 1.316 1.125 0.861 0.666 0.583 0.641
84.2 86.2 90.7 84.6 76.5 76.4 90.4

All units are Mm® unless otherwise indicated. Analysis excludes months with missing and station rating exceedance data, but includes unaudited

(recent) and estimated data
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Fig. 16 Pattern and trend of (upper) Crocodile River annual (a;) discharge at station A2H050 in the period October 1973 to September 2017

1995, followed by a gradual increase since October 2002 to
a value of ~0.5 m*/s (15.8 Mm>/a) by August 2017. This
pattern is attributed to discharge from the Drie-
fontein WWTW where the treatment capacity of Unit 2,
originally 15 ML/d when commissioned in 1988, was
increased to 25 ML/d in 2002. The ‘base’ discharge of
15.8 Mm?/a is roughly half the volume currently treated by
the plant.

4 Regional Context and Synthesis

The significance of the Bloubank Spruit system in the
catchment of the regionally important Hartbeespoort Dam
(Sect. 1) is evident in Table 7 and Fig. 18. Although the
long-term normalised median discharge of the Bloubank
Spruit, expressed as Mm>/km* (mm) ranks only 5th out of
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Fig. 17 Long-term monthly hydrograph of the upper reach of the Crocodile River at station A2H050 for the period October 1973 to September
2017

Table 7 Statistical analysis of the long-term annual (a;,) discharge contributions by the main rivers draining the Hartbeespoort Dam catchment

Statistical Gauging station # and drainage
parameter A2HO13 magalies A2HO14 hennops ~ A2H034 skeerpoort ~ A2H044 jukskei ~ A2H049 bloubank  A2H050 crocodile
R R R R Sp R
Area (km?) 1171 1007 150 798 371 148
Minimum 0.799 11.422 4.858 66.027 11.051 2.592
5%ile 1.179 16.259 5.478 70.729 12.688 3.215
Mean 30.607 70.373 12.497 155.710 26.674 15.604
Median 19.642 68.281 11.040 129.844 24.485 12.905
95%ile 100.273 155.707 23.410 309.312 54371 37.352
Maximum  127.094 187.304 34.745 326.546 66.851 43.098
SD 32.504 47353 6.408 76.858 13.092 11.380
CoV (%) 106 67 51 49 49 73
50%ile 17 mm 6th 68 mm 4th 74 mm 3rd 163 mm Ist 66 mm 5Sth 87 mm
MAR ond
Ranking

All units are Mm® unless otherwise indicated. Analysis excludes months with missing and station rating exceedance data, but includes unaudited
(recent) and estimated data

The analysis period spans the 42 hydrological years 1974-2015 common to all six stations; A, 2016 and 2017 not included because of periods of
no record at the highest ranking station A2H044

The Crocodile River data exclude the ungauged discharge generated downstream of gauging stations A2H014, A2H044, A2H049 and A2H050
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Crocodile Magalies R.
Bloubank S.
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Fig. 18 Comparison of whole record (top), pre-2010 (left) and post-2009 (right) median annual (ay,) discharge contributions as Mm? and % 20 of

the main rivers draining to Hartbeespoort Dam

six (Table 7), this system contributes the third highest dis-
charge (9%) to the dam after the Jukskei River (48%) and
Hennops River (26%) in the long-term (Fig. 18).

The long-term annual discharge contributions are also
compared to those for the more recent 2010 to 2015 period®
(Fig. 18). This reveals the similar proportional contributions
despite the ~ 126% greater aggregate discharge in the much
shorter more recent period. The lowest CoV values reported
in Table 7 are associated with those drainages that host
sources of perennial discharge either in the form of an arti-
ficial contribution such as the Northern WWTW to the
Jukskei River, or a natural contribution such as the karst
springs of Quaternary basins A21D (Bloubank Spruit sys-
tem) and A21G (Skeerpoort River). These ‘moderating’
contributions are reflected in CoV values of ~50%
(Skeerpoort River, Jukskei River and Bloubank Spruit). The

S Hydrological years 2016 and 2017 excluded because of periods of no
record at station A2H044.

poorest CoV value of 106% is associated with the Magalies
River (Quaternary basin A21F), and reflects the two-fold
impact of excessive groundwater abstraction in the
Steenkoppies Basin on the discharge of Maloney’s Eye (the
source of the river), and agricultural use in the intensively
developed fertile valley. Proposed opencast gold mining in
the Blaauwbank Spruit’ valley upstream (west) of the town
of Magaliesburg (Fig. 2 in Chapter “Description of the
Physical Environment”) poses a further threat to the water
resources of the Magalies River.

Further inspection of the discharge data for the different
drainages in the period 1974 to 2015 indicates that
the ~ 190 Mm® FSC of Hartbeespoort Dam was equalled or
exceeded in 30 of the 42 hydrological years on record
(Fig. 19). The years of ‘deficit’ (XQ < MAR) all precede
1994. The sustained period of ‘below normal’ runoff

7 Not to be confused with the Bloubank Spruit of the COH WHS.
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Fig. 19 Pattern and trend of combined annual discharge (£Q) by main
drainages in the Hartbeespoort Dam catchment in the period of
common record, compared to the ~ 190 Mm® FSC of the dam

commencing in 1979, terminated with > MAR conditions in
1986. The relative constancy of the springflow-driven
Bloubank Spruit and Skeerpoort River in the ‘lean’ runoff
years is evident. Equally evident is the sustained period of
above normal runoff commencing in 2006, and including the
two highest runoff years (2011 and 2014) in the 42-year
record.

As shown in Fig. 20, the proportional contribution of the
karst basins to discharge in the Hartbeespoort Dam catch-
ment is greater during periods when the aggregate runoff
(2£Q/a) is < FSC of the dam. An analysis of the 2Q < 140
Mm?/a (FSC — 25%) threshold returns a median contribution
of 16.3%, and that for the £Q ~ 240 Mm?*/a (FSC + 25%)
threshold a median contribution of 11.8%. The
¥Q/a = FSC + 25% (140-240 Mm?) data bracket defines a
median contribution of 14.1%. Expressed as a percentage of
the FSC of the dam for the 36-year truncated long-term
record, the two karst-dominated basins A21D and A21G
together delivered a median annual contribution of ~16%
(~32 Mm°) in the range 8% (2008) to 24% (1979).

(horizontal pecked line) that approximates the mean annual runoff to
the dam; left to right legend order is stacked from bottom to top in bar
graph

5 Surface Water Gains/Losses

5.1 Historical Information
In a regional DWS groundwater study in the mid-1980s
(Bredenkamp et al. 1986), flow gaugings made at six loca-
tions in the Blougat Spruit, the Riet Spruit and the Bloubank
Spruit (Table 8) sought to quantify surface water losses to the
karst aquifer. The results for the first four localities repre-
senting three water loss transects, are graphed in Fig. 21.
The results suggest that flow losses occur more or less
uniformly at a rate of ~23 L/s/km along the reach of
measurement. Immediately downstream of the Zwartkrans
Spring (locality #5, Table 8), the gaugings reflect a surface
flow of 258 L/s (22.3 ML/d) in the Bloubank Spruit. This
value is replicated in the 2004 water balance for the
Zwartkrans Basin presented by van Biljon (2006). Sub-
tracting the 13 L/s of locality #4 from this value suggests a
discharge of 245 L/s for the Zwartkrans Spring. The flow
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Fig. 20 Pattern and trend of proportional contribution of karst basins to
Dam catchment in the period of common record

the total annual discharge (XQ) by main drainages in the Hartbeespoort

Table 8 Flow gauging results ca. 1985 in the middle reaches of the Bloubank Spruit system (from Fig. 7.1 in Chapter “Physical Hydrogeology”

of Bredenkamp et al. 1986)

Locality # Description

1 Blougat Spruit downstream of Percy Stewart WWTW
2 Riet Spruit upstream of Oaktree agricultural holdings
3 Riet Spruit upstream of Sterkfontein Cave

4 Riet Spruit opposite Sterkfontein Cave

5 Riet Spruit downstream of Zwartkrans Spring

6 Bloubank Spruit downstream of Plover’s Lake

then increases by 112 L/s (43%) between gauging localities
#5 and #6, indicating a significant contribution from a source
(or sources) not identified by Bredenkamp et al. (1986). The
Kromdraai Spring, attributed a discharge of 30 L/s by Bre-
denkamp et al. (1986), is certainly a contributor, but leaves
the balance of 82 L/s unaccounted for. An answer in this
regard is provided in Sect. 7.4.3 in Chapter “Physical
Hydrogeology™.

The results suggest that flow losses occur more or less
uniformly at a rate of ~23 L/s/km along the reach of

Distance (km) Flow Gain/Loss
Lis ML/d Rate (L/s/km)
0 200 17.3 222 -
4.5 100 8.6 -40.7
6.0 39 34 -21.7
7.2 13 1.1 +123
9.2 258 223 +23.3
14.0 370 32.0 -

measurement. Immediately downstream of the Zwartkrans
Spring (locality #5, Table 8), the gaugings reflect a surface
flow of 258 L/s (22.3 ML/d) in the Bloubank Spruit. This
value is replicated in the 2004 water balance for the
Zwartkrans Basin presented by van Biljon (2006). Sub-
tracting the 13 L/s of locality #4 from this value suggests a
discharge of 245 L/s for the Zwartkrans Spring. The flow
then increases by 112 L/s (43%) between gauging localities
#5 and #6, indicating a significant contribution from a source
(or sources) not identified by Bredenkamp et al. (1986).
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Fig. 21 Flow reduction with distance along the middle reaches of the Bloubank Spruit system upstream of Sterkfontein Cave (data from Table 8,

localities 1 to 4)

The Kromdraai Spring, attributed a discharge of 30 L/s by
Bredenkamp et al. (1986), is certainly a contributor, but
leaves the balance of 82 L/s unaccounted for. An answer in
this regard is provided in Sect. 7.4.3 in Chapter “Physical
Hydrogeology™.

A more detailed ‘final’ water balance reported by JFA
(2000) reflects a discharge of 208 L/s (18 ML/d) in the
Bloubank Spruit (presumably in the vicinity of the Zwartk-
rans Spring) This comprised a 172 L/s component described
as ‘Canal leaving stream at Danielsrust’ and a 36 L/s com-
ponent described as ‘River flow leaving compartment’. The
first (larger) component represents the A-furrow (Sect. 6.2)
immediately downstream of the Zwartkrans Spring.
Although the gain from locality #5 to locality #6 is also
reported as a L/s/km value, it is more realistic to regard
much (if not all) of this as concentrated point source input
from the Plover’s Lake springs (Sect. 7.4.2 in Chapter
“Physical Hydrogeology”) and the Kromdraai Spring
(Sect. 7.4.3 in Chapter “Physical Hydrogeology”). Flow
measurements generated in this study (Sect. 7.2.2.2 in
Chapter “Physical Hydrogeology™) indicate no losses from
the Bloubank Spruit in the reach between the Zwartkrans
and Kromdraai springs.

Under normal flow conditions, the middle reach of the
Riet Spruit between Tarlton and its confluence with the

Tweelopie Spruit is dry, having lost the flow from its upper
reaches (sustained mainly by the treated effluent discharge
from the Randfontein WWTW?) to the westerly Steenkop-
pies Basin by the time it reaches Tarlton (Barnard 1996;
Holland et al. 2009). Whilst Hobbs and Cobbing (2007)
verified only the former of these circumstances, Holland
et al. (2009) present groundwater quality information that
shows a WWTW effluent discharge signature in two sam-
ples, one sourced from a borehole located south of Tarlton in
the Steenkoppies Basin, and the other north-east of Tarlton
in the Zwartkrans Basin. The latter instance is provisionally
considered to reflect the ingress of surface water bearing a
WWTW effluent signature into the Zwartkrans Basin under
abnormally high flow conditions. It is under such circum-
stances that the upper Riet Spruit carries water past Tarlton
in a north-easterly direction across the hydrogeologic
boundary between the Steenkoppies and Zwartkrans basins,
after which it is lost through evaporation, evapotranspiration
and infiltration in the river channel within a distance
of ~3.4km. Such circumstances were observed in
early-2009 at the time the Holland et al. (2009) sample was

8 Data presented by Holland et al. (2009) indicate that the Rand-
fontein WWTW discharged on average some 3.1 ML/d (36 L/s) to the
upper Riet Spruit in the 5-year period 2004 to 2008.
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collected in January 2009, and again in the first six months
of 2010.

Flow rates measured in the 2005 winter at various loca-
tions on the Tweelopie Spruit as part of the then Harmony
Gold (now Sibanye-Stillwater) Environmental Impact
Assessment (EIA) (JFA 2006) represent a more recent
attempt to quantify surface discharge in this portion of the
study area. These measurements record an increase in dis-
charge from 17 L/s (1.47 ML/d) designated as “....... orig-
inating from the mine void ......... > (i.e. in the mine area), to
29 L/s (2.51 ML/d) where the 4 x 4 trail crosses the
Tweelopie Spruit at the Oukraal Lapa in the KGR, to 50 L/s
(4.32 ML/d) where the tar road crosses the stream near the
entrance to the lion enclosure in the KGR, to 59 L/s
(5.10 ML/d) at the Aviary Dam outlet in the KGR, before
declining to only 9 L/s (0.78 ML/d) immediately upstream
of where the N14 national road crosses the stream. Dis-
counting the possibility of surface water abstraction, these
circumstances suggest that 50 L/s (4.32 ML/d) of stream
flow was lost to the karst aquifer over a reach length
of ~1.5 km. Although the loss rate of ~33 L/s/km is not
too dissimilar to the ~23 L/s/km obtained from the Bre-
denkamp et al. (1986) data, it remains to be established
whether groundwater resources (primarily springs) in the
KGR contribute as much as 42 L/s (3.63 ML/d) to the flow
in the Tweelopie Spruit upstream of the reach in question.
Especially the almost doubling of flow between the 4 x 4
crossing and the entrance to the predator sanctuary (a dis-
tance of only ~730 m) seems extraordinary in the absence
of a known source or sources. Admittedly outdated, espe-
cially against the background of known changes in the mine
water discharge regime since 2005, these results are reported
for the context they provide for similar measurements gen-
erated in this study.

Krige (2009) further illuminates the JFA (2006) set of
historical flow measurements for the Blougat Spruit, from
the point of discharge of Percy Stewart WWTW effluent to a
position 5.86 km downstream on the Bloubank Spruit near
the Sterkfontein Cave, reporting a loss rate of 26.6 L/s/km in
late-winter 2005. This is again similar to the ~23 L/s/km
obtained from the Bredenkamp et al. (1986) data, although
the Percy Stewart WWTW contribution is represented by a
mean annual discharge value of 19.3 ML/d rather than by a
contemporaneous SDM. Nevertheless, this result is again
reported for the context it provides to this study.

A re-assessment of the Krige (2009) reported loss rate
of ~26.6 L/s/km suggests that this is an underestimate for
the following reason. The distance of 5.86 km along which
the loss rate is calculated, traverses 1.46 km of quartzitic
bedrock followed by 4.4 km of dolomitic substrate, the
reach ending in the vicinity of Sterkfontein Quarry. The loss
rate should therefore be calculated only for the karst reach of
4.4 km, which yields a value of ~35 L/s/km. Even then, the

greater portion (2.84 km) of the 4.4 km karst reach traverses
chert-poor dolomite of the Oaktree Formation over which
losses to the aquifer might reasonably be expected to be
minimal. If only the last 1.56 km of river reach traversing
chert-rich Monte Christo Formation dolomite is considered,
then the loss rate amounts to ~ 100 L/s/km. Of course, this
loss rate is readily accomplished via a single point source
infiltration feature such as an instream swallet.

The critical review of the JFA (2006) and Krige (2009)
flow data is equally relevant to the Bredenkamp et al.
(1986) data reported in Table 8. This is especially true for
the flow loss of 100 L/s observed between localities 1 and 2
in Table 8. The last ~1 km of the 4.5 km reach between
these localities traverses chert-rich dolomite of the Monte
Christo Formation. The loss rate of ~ 100 L/s/km is similar
to that re-calculated from the JFA (2006) and Krige (2009)
observations for an overlapping reach.

It is also important to recognise that the results obtained
by both Bredenkamp et al. (1986) and Krige (2009) pertain
to the hydrodynamic conditions that existed in the relevant
river/stream reaches ca. 1985 and 2005, respectively. To
what extent these conditions have changed over time has not
been investigated, although the similar results obtained in
1985 and 2005 suggest that any changes were negligible and
probably absorbed by the unreported error margin(s) asso-
ciated with the original flow measurements. Despite these
qualifications, the historical discharge measurement and flow
loss rate data provide an important reference for the similar
assessment presented in Sect. 5.2.

5.2 Recent/Current Information

5.2.1 Tweelopie Spruit and Riet Spruit

Flow gauging at the inlet to the KGR and streamflow mea-
surements at the Aviary Dam outlet in the KGR, as reported
by DD Science Laboratory cc. at Western Basin Technical
Working Group®’ meetings, unfortunately reflect equivocal
results. This is attributed to the lower confidence afforded the
accuracy of gauged flow measurements at the downstream
station (D Dorling, personal communication). The excep-
tionally wet 2010 and 2011 summer rainfall seasons again
manifested excessive discharge in the Tweelopie Spruit. This
was driven mainly by the resumption in late-January 2010 of
uncontrolled mine water discharge in the mine area upstream
of the KGR. The resulting discharge, comprising a mixture

°The Western Basin Technical Working Group (WBTWG) was a
forum convened by the Department of Water Affairs to consider the
issue of AMD in the West Rand Goldfield. Its bi-annual meetings were
attended by a wide range of stakeholders representing environmental
lobby groups, mining houses, provincial and national government
departments, local and district municipalities and research councils.
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of treated/neutralised mine water from the HDS Plant and
raw mine water subjected to emergency in-stream liming'® at
the point of release, again peaked at ~50 ML/d as it did in
early-2008.

Field (2006) and Walter et al. (2012) recognise estima-
tions of leakage rate through a streambed by any means
other than synoptic discharge measurements (Plate 8) as a
poor substitute for in-stream flow gain—loss measurements
between upstream and downstream gauging stations. Fur-
ther, that the error will be unquantifiable and will range from
insignificant to severe in all instances. The SDM data were
obtained using a current meter'' applied in two basic sce-
narios, namely (a) the classical cross-sectional flow section
(width x depth x velocity) method (Plate 8) and (b) the
cross-sectional pipe section (chord length'? x velocity)
method. Computation of the data was facilitated through
spreadsheet-based algorithms.

The results of SDMs carried out on two occasions at a
number of localities (Fig. 22) in the downstream receiving
drainages are presented in Tables 9 and 10. These indicate a
general loss of water down to locality #6, followed
sequentially by a water gain to locality #7 (Plate 8) and a
substantial loss to locality #8 (Table 9). Whereas localities
#1, #5, #6 and #7 reflect flow in the Tweelopie Spruit,
locality #8 reflects flow in the lower reaches of the Riet
Spruit immediately before its confluence with the Blougat
Spruit tributary. SDMs carried out at localities #6 and #7 on
11 occasions returned equivocal results (Table 11). The
comparatively small differences seldom exceed the error
margin (£10%) of the measurements. Nevertheless, the
results indicate a gain on six occasions, and a loss on five
occasions. The gains fall in the range 9 to 46 L/s/km over
the ~ 1.5 km distance between the sites, and the losses a
similar range of 9 to 35 L/s/km. These findings contextualise
reports by JFA (2006), Holland (2007) and Krige (2009) that
the Tweelopie Spruit loses water'® to the karst via the
Rietfontein Fault (Fig. 22 and Fig. 14 in Chapter “Physical
Hydrogeology”) that intersects the stream between these two
sites (Plate 9).

10 Carried out in the period mid-March to mid-May 2010 (Sect. 6.5.1 in
Chapter “Chemical Hydrology” and Footnote 59).

"' Flow velocity determined with an OTT C20 current meter and Z400
signal counter set using impellor # 1-239627 (diameter = 125 mm,
pitch = 0.25 m) mounted on a 20 mm diameter rod.

2 Height of water flow through circular pipe section of known
diameter.

13 JFA (2006) report a single measurement (see Table 4 in Chapter
“Description of the Physical Environment”, p 46) of a water loss of 4.3
ML/d in late-winter 2005, which translates to a loss of ~40 L/s/km
over the 1.25 km distance between the JFA localities.

14 Caused by excessive and uncontrolled AMD overflow from the mine
area together with excess surface runoff associated with very high
rainfall events.

Plate 8 View of synoptic discharge measurement with current meter
in progress at site F11S12, showing both the relatively ‘clean’
cross-sectional area of flow (from bottom left to right foot of observer)
and the laminar nature of flow over the crest of the weir

The stream flow discharge and loss data are illustrated in
Fig. 23. This shows that prior to the 2010 summer, site MRd
witnessed surface flow only under exceptional discharge
conditions,14 when under ‘normal’ circumstances all of the
discharge entering the Riet Spruit at Glen Almond via the
Tweelopie Spruit was lost primarily to recharge of the karst
aquifer before reaching this station. This is exemplified in
the measurements recorded on 09 and 22/09/2009 respec-
tively (Table 12 and Fig. 23). These indicate an absorptive
capacity defined by an ingress value of ~14 ML/d
(~41 L/s/km). A similar situation is described by Katz
et al. (1998) and Katz et al. (2004) for sinkhole lakes in the
Suwannee and northern Leon counties, respectively, in
northern Florida, USA. These lakes overflow when inflow
exceeds ~200 L/s (~17 ML/d). Sasowsky and White
(1993) describe similar circumstances for the East Fork of
the Obey River in north-central Tennessee (USA), reporting
that at discharges of <4.5 m*/s the entire flow of the river
disappears into the subsurface. Bailly-Comte et al.
(2009) relate the ‘swallow capacity’ of a cave in a karst
watershed in southern France with a losing stream.
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Table 9 Change in flow with distance downstream of the mine area on 05/02/2010

Locality # and description Distance (m) Flow

segmental cumulative ML/d AQ (+ gain; — loss)

1 KGR inflow 0 0 40 -8 ML/d
6 Aviary dam inlet in KGR 4905 4905 32 +3 ML/ I Ligtiaa)
7 KBW dam outlet at N14 (F11S12) 1540 6445 35 [+23 Lés/km] _28 ML/d
8 Riet Spruit at Malmani road (MRd) 3900 10 345 7 s Ll

Table 10 Change in flow with distance downstream of the mine area on 01/04/2010

Locality # and description Distance (m) Flow

Segmental cumulative ML/d AQ (+ gain; — loss)
5 4 x 4 Track at Oukraal Lapa in KGR 2815 2815 52 —16 ML/d [-88 L/s/km]
6  Aviary Dam inlet in KGR 2090 4905 34 + 6 ML/d [+46 L/s/km]
7 KBW Dam (F11S12) 1540 6445 40 —30 ML/d [-89 L/s/km]
8 Riet Spruit at Malmani Road (MRd) 3900 10,345 10

Table 11 Quantification of stream flow gains/losses in the lower reach of the Tweelopie Spruit

Date Flow @ aviary dam inlet (ML/d) Flow @ F11S12 (ML/d) Flow difference (ML/d) Flow gain/Loss rate® (L/s/km)
22/09/2009 194 £ 19 149 £ 1.5 —4.5 -35
05/02/2010 32.1 £32 352 £35 +3.1 +24
01/04/2010 344 £ 34 404 £+ 4.0 +6.0 +46
19/08/2010 220 £ 22 25.8 £2.6 +3.8 +44
19/11/2010 21.0 £ 2.1 222 +£22 +1.2 -+9)
27/07/2011 30.2 £ 3.0 319 £32 +1.7 +13
14/08/2012 237 £24 225+£23 -1.2 -9
06/03/2013 227 £23 20.7 £ 2.1 -2.0 —-15
15/08/2013 319 £ 32 30.1 £ 3.0 -1.8 —14
15/10/2013 314 £ 3.1 29.6 £ 3.0 -1.8 -14
12/12/2013 183 £ 1.8 222 +£22 +3.9 +30

# Based on a distance of ~ 1.5 km between localities
Bold text denotes result exceeds the error margin of +10%

Flow measurements made on 31 occasions at stations
F11S12 and MRd (Table 12) further quantify and elucidate
the magnitude of surface water loss to the karst aquifer. It is
notable that eight of the 14 measured discharges at the
downstream station MRd in Period 3 substantially exceed
the previous highest measured value of 11.7 ML/d recorded
on 06/05/2010 (Table 12). Further, that five of the 15 Period
3 surface flow losses between stations F11S12 and MRd
represent the lowest in the record of measurements since
flow at station MRd was first recorded. These circumstances
suggest that the absorptive capacity of the karst aquifer
underlying the losing ~3.9 km reach of the Riet Spruit
reached a new equilibrium condition in the 2011 wet season
that continued through to the end of a, 2015.

It is recognised that not all of the water loss is to the karst
aquifer of the Zwartkrans Subcompartment. A part thereof is
lost through evaporation and riparian evapotranspiration
(Sect. 7.4.1 in Chapter “Physical Hydrogeology™). Never-
theless, the measured flow losses reflect mean and median
values of ~54 L/s/km (18.1 ML/d) and 51 L/s/km
(17.3 ML/d), respectively (Table 12). Although the mini-
mum value of ~20 L/s/km (Period 3) compares favourably
with the typical leakage rate of ~25 L/s/km reported in
earlier studies (Sect. 5.1), the maximum value of 95 L/s/km
(period 2) approaches the re-calculated upper limit
of ~ 100 L/s (Sect. 5.1). Fig. 23 suggests that a threshold
flow value exists at station F11S12 below which all surface
flow is lost to the karst aquifer, leaving the downstream
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Plate 9 Original SDM flow gauging station MRd in separated pipe (below left, 05/02/2010) and one of two identical replacement culverts (below

right, 05/10/2010) beneath the reconstructed gravel Malmani Road across the Riet Spruit at this location

station MRd dry. Conversely, flow that exceeds the thresh-
old value at F11S12 results in surface water flow past station
MRd. This observation is explored in Fig. 24. The linear
regression equation for Period 2 yields a cut-off y-value
of ~15 ML/d. The similar equation for Period 3 returns a
cut-off value of ~14 ML/d. These flows define the
‘threshold’ value range.

The existence of two different regression equations
associated with different time periods of a single data set
supports the conclusion regarding a change in the hydraulic
response that characterises the surface and subsurface
hydrologic interaction along the subject stream reach. The
set of ‘before-and-after’ historical Google Earth® images
presented in Fig. 25 provide a possible explanation. These
images (and Plate 10) show the formation of ferrous
hydroxide [Fe(OH),] deposits in the stream channel that
might reduce streambed permeability. In any event, it is
concluded that the ‘absorptive capacity’ (and therefore also
the ‘transmissive capacity’) of the epikarst along the ~3.9
km reach of the Riet Spruit between stations F11S12 and
MRd, functions with 100% efficiency at surface discharges
of up to ~15 ML/d (175 L/s). Above this threshold, the
‘absorptive capacity’ is exceeded, the per cent infiltration of
surface flow reduces, and the volume of surface water dis-
charge passing station MRd is greater.

Text Box 2 The permanence (insolubility) of iron (oxy)hy-
droxide precipitates

A key environmental concern regarding the impact of
AMD on receiving watercourses is the permanence of
the iron oxyhydroxide efflorescence (precipitate) that

coats/encrusts stream channels. This depends on a
number of factors including pH, temperature, ionic
strength and organic ligands, e.g. humic acid (Liu and
Millero 1999), and microbial activity and specific
surface area (Bonneville et al. 2009). These factors
influence the solubility of the precipitate, which ranges
from fairly soluble poorly crystalline forms such as
freshly precipitated amorphous ferrihydrite and
hydrous ferric oxide, to insoluble crystalline forms
such as goethite and hematite. The former present as a
slimy/gelatinous ferric hydroxide [Fe(OH);] coating
that is quite easily rubbed off the surface on which it
has formed. The latter form the hard ferrous hydroxide
[Fe(OH),| crust that ‘cements’ the streambed and
encapsulates stones and vegetation.

The solubility of a substance in a given solvent is
measured as the Saturation concentration, where add-
ing more solute does not increase the concentration of
the solution. Solubility is commonly expressed as a
concentration, e.g. mg/kg, mg/L, molarity, molartity
mole, function or similar. The maximum equilibrium
amount of solute that can dissolve per amount of
solvent is its solubility in that solvent under prevailing
specific conditions, e.g. temperature and pressure.
Solubility products of ferric oxyhydroxides reported in
the literature span more than three orders of magnitude
(Bonneville et al. 2009). The fairly soluble poorly
crystalline forms pose a lesser risk in regard to per-
manency than do the insoluble crystalline forms. The
solubility of the former are ~107'%, and of the latter
~107%¢ (Gayer and Woontner 1956). Fox (1988)
derived a solubility equation for aqueous ferric
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Fig. 22 Manually gauged stream flow measurement sites employed in this study
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Fig. 23 Pattern and trend of discharge and flow losses in the lower reach of the Riet Spruit (data from Table 12)

hydroxide colloids that returned a solubility value of
1077, Appelo and Postma (2009) report solubility
product (K) values of common Fe-oxyhydroxides in
the range 107 to 107,

As with all solid material exposed to the environment,
the insoluble crystalline forms are susceptible to
weathering and decomposition. In this instance, this
takes the form of erosion through in-stream mechani-
cal abrasion by continuous flow and suspended matter
that, with time, will remove the precipitate and trans-
port it downstream. It will eventually erode to fine
particulate matter visually indistinguishable from nat-
ural stream sediments.

5.2.2 Blougat Spruit

Flow measurements carried out at two stations on the
Blougat Spruit on 18/05/2010 (Table 13) corroborate the
figures reported by Bredenkamp et al. (1986) for flow losses
downstream of the Percy Stewart WWTW. The upstream
station BC1 (Fig. 26 and Plate 11) is a causeway across this

stream located ~ 1.1 km downstream of the WWTW efflu-
ent discharge point (EoP) into this drainage. The down-
stream station BG@N14 (Fig. 26 and Plate 12) is located at
the intersection with the N14 national road. The apparent
loss rate of ~23 L/s/km (Table 13) is similar to
the ~22 L/s/km reported by Bredenkamp et al. (1986)
between localities 1 and 2 (Table 8).

The result, however, is subject to a similar re-calculation
as was applied to the Bredenkamp et al. (1986) data,
returning a slightly higher loss rate of ~26 L/s/km across
the 3.1 km reach that crosses over dolomite. Restricting the
losing reach to <1 km over chert-rich dolomite of the
Monte Christo Formation increases the loss rate to at
least ~ 81 L/s/km. This again approaches the ~ 100 L/s/km
obtained for the re-calculated historical data (Sect. 5.1).
Nevertheless, the observations confirm the Blougat Spruit as
a source of allogenic recharge to the karst system in the
amount of ~7 ML/d.

5.2.3 Bloubank Spruit

This drainage rises on dolomite in the western portion of the
Zwartkrans Basin, and traverses only dolomite in its easterly
path to the confluence with the Riet Spruit at Oaktree.
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Table 12 Quantification of stream flow losses in the lower reach of the Riet Spruit

Date Flow @ Flow @ MRd (ML/d + 5%) Flow loss (ML/d) Flow loss

F11S12 (ML/d £ 10%) rate (L/s/km)*

09/09/2009 119 £ 1.2 Period 1 0 Period 1 11.9 Period 1 35 Period 1
22/09/2009 149 £ 1.5 0 14.9 44

05/02/2010 352 £35 Period 2 73 +04 Period 2 27.9 Period 2 83 Period 2
16/02/2010 31.6 £3.2 5.7+£03 259 77

23/02/2010 262 £ 2.6 4.0 £0.2 22.2 66

09/03/2010 326 £33 94 £ 0.5 232 69

01/04/2010 404 £ 4.0 10.3 £ 0.5 30.1 89

14/04/2010 25.8 £ 2.6 57 +£03 20.1 60

06/05/2010 43.7 £ 44 11.7 £ 0.6 32.0 95

18/05/2010 35.7 £ 3.6 11.0 £ 0.6 24.7 73

09/06/2010 321 £32 10.5 £ 0.5 21.6 64

07/07/2010 299 £ 3.0 6.2 £ 0.3 23.7 70

27/07/2010 31.6 £ 32 6.5+ 0.3 25.1 74

19/08/2010 25.8 £2.6 53+£03 20.5 61

05/10/2010 13.8 £ 14 0.4 134 40

19/11/2010 222 4+22 34 +£0.2 18.8 56

27/07/2011 Period 3 319 £32 Period 3 194 £ 1.0 Period 3 12.5 Period 3 37
25/08/2011 28.7 £29 20.0 £ 1.0 8.7 26
05/09/2011 225 +£23 159 +£ 0.8 6.6 20
08/05/2012 214 £ 2.1 9.6 £0.5 11.9 35
14/08/2012 225 +£23 6.8 £ 0.3 15.7 47
21/09/2012 246 £ 25 155+ 0.8 9.1 27
24/10/2012 162 £ 1.6 57 +£03 10.5 31
15/01/2013 184 £+ 1.8 64 £ 0.3 12.0 36
14/02/2013 23.0 £23 75+ 04 15.5 46
06/03/2013 20.7 £ 2.1 8.0+ 0.4 12.7 38
15/08/2013 30.1 £ 3.0 16.5 £+ 0.8 13.6 40
15/10/2013 29.6 = 3.0 14.1 + 0.7 15.5 46
12/12/2013 222 +22 4.7 £0.2 17.5 52
26/09/2014 415 £ 42 303 £ 1.5 11.2 33
30/07/2015 269 + 2.7 145 + 0.7 124 37
04/12/2017 50.6 £ 5.1 215 £ 1.1 29.1 86

n 32 32 32 14° 15
Minimum 11.9 0.0 6.6 39.8 19.6
Mean 27.6 9.8 17.5 70.9 36.7
Median 26.6 7.7 15.5 70.3 36.8
Maximum 50.6 30.3 32.0 95.0 51.9

4 Based on a distance of ~3.9 km between localities

® Period 2 statistics
¢ Period 3 statistics

Although it is an ephemeral drainage upstream of this
junction, these circumstances identify it as a source of
autogenic recharge to the Zwartkrans Basin when it carries

runoff.

Of greater importance are the Tweelopie and Riet spruit
tributaries that deliver mine water from the Western Basin in
the south-western portion of the study area. A 17.7 km long
stream profile spanning an elevation difference of 150 m is
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from Table 12)

presented in Fig. 26. The profile follows the Tweelopie
Spruit from the vicinity of Kemp’s Cave near the predator
sanctuary entrance in the KGR, down the Riet Spruit and the
Bloubank Spruit, ending on the south-eastern margin of the
carbonate strata near the Nedbank Olwazini Estate
(NOE) downstream of Kromdraai.

Traversing the karst terrane from end to end, the profile
reveals two distinct gradients. As might be expected, the
steeper gradient is associated with the Tweelopie Spruit in
the upper 3 km section of the profile. This section cuts
orthogonally across the regional strike of the karst strata
(Fig. 22) with an average gradient of 0.0164 (1:61). The
slope associated with the Riet and Bloubank spruits is ~60%
shallower at 0.0068 (1:147) on average. This section of the
profile, which is subparallel to the regional SW-NE strike of
the strata, shows no marked deviation in slope at the locus of
either the Zwartkrans or the Kromdraai springs. The rele-
vance of the ‘step’ evident in the Bloubank Spruit opposite
Sterkfontein Cave (Fig. 26) is discussed later in this section.

Flow measurements carried out in the Bloubank Spruit at
localities bracketing (i.e. located upstream and downstream)
the Sterkfontein Cave indicate an increase in surface water
discharge rather than a loss as observed further upstream.

The outcome of two sets of measurements reflecting this are
presented in Table 14. The September 2009 value of 260 L/s
for the downstream station closely approximates the 258 L/s
reported by Bredenkamp et al. (1986) for locality 5 (Table 8)
located downstream of the Zwartkrans Spring. Given that the
downstream station BB@M is located ~460 m upstream of
the Zwartkrans Spring, these circumstances indicate that
recent late-winter flow in the Bloubank Spruit upstream of
the Zwartkrans Spring is considerably greater than the his-
torical observation suggests. This is also evident in Fig. 11
The discharge of 258 L/s reported by Bredenkamp et al.
(1986) is all the more impressive considering that the
mid-1980s experienced one of the longer and more severe
drought periods in the region, and which was broken only in
1987 (Sect. 4.2.1 in Chapter “Literature Review”).

A set of flow measurements made on 16/05/2012 at the
localities BB@M and BB@L bracketing the Zwartkrans
Spring, returned values of ~306 and ~ 631 L/s respectively.
The difference of ~325 L/s must represent a groundwater
contribution that includes the Zwartkrans Spring discharge.
The discharge of the spring has been set at ~ 136 L/s. If it is
assumed that the yield of the spring is comparatively constant,
then it would appear that ~ 190 L/s (~16.4 ML/d) represents
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Fig. 25 Historical Google Earth® images showing the development of ferrous hydroxide deposits in the channel of the Riet Spruit sometime
between 22/05/2010 (top left) and 31/03/2011 (top right); stream section located between stations F11S12 and MRd as shown in Fig. 22

groundwater entering the river channel in the ~460 m reach
between station BB@M and the spring. This conclusion finds
support in the similar electrical conductivity values of 92 and
99 mS/m recorded for the springwater and the river water at
station BB@M, respectively, on 16/05/2012. The surface
water ‘gain’ of ~16.4 ML/d is similar to the ~17 ML/
measured on 18/05/2010 for a 2.1 km reach upstream of
station BB@M (Table 14). The flow and specific electrical
conductivity (SEC) values measured on 16/05/2012 at stations
BB@M, BB@L and Zwartkrans Spring provide data for a
mass balance calculation (see Sect. 7.4.1 in Chapter “Physical
Hydrogeology”) that supports the observed total groundwater
contribution of ~325 L/s.

Synoptic discharge measurements carried out on
24/10/2012 at the three stations MRd, BG@NI14 and
BB@M returned flows of ~5.7, ~16.2 and ~29.7 ML/d
respectively. The stations MRd and BG@N14 contribute the
only visible surface flow to the Bloubank Spruit. As reported
earlier, the station BB@M is located ~460 m upstream of

the Zwartkrans Spring. The flow at this station should
therefore represent the sum of that at stations MRd and
BG@N14. The reported SDM values, however, indicate that
the flow exceeds the sum of the upstream stations by ~7.8
ML/d. Further analysis of this value (~90 L/s) indicates that
it represents a resurgence rate of ~56 L/s/km over
the ~ 1600 m reach extending upstream from this station to
opposite Sterkfontein Cave. This is in reasonable agreement
with the mean and median loss rates (~70 L/s/km) calcu-
lated for the ~3.9 km reach of the Riet Spruit between
stations F11S12 and MRd in Period 2 (Table 12). The only
possible source of the additional flow is groundwater
resurgence in the channel of the Bloubank Spruit.

Flow measurements carried out at station BB@M
and ~20 m upstream of Zwartkrans Spring on 15/01/2013
provide additional data that further elucidate the postulated
resurgence of groundwater in the stream channel upstream of
the spring. The data presented in Table 15 describe the
results obtained.
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Plate 10 View looking downstream of relic ferrous hydroxide deposits in the stream channel of the Riet Spruit (see Fig. 25 for photo location)

Plate 11 Causeway across the Blougat Spruit on the Bergland Instant
Lawn property downstream of the Percy Stewart WWTW, and site of
station BC1 (photo P Hobbs; date 18/02/2010)

The veracity of the flow measurements presented in
Table 15 is again interrogated on the basis of a mass balance
calculation as follows:

Qo = [(QpCp) — (QuCu)] + Co
— [301656 — 215600] = 665 = 129L /s

The derived groundwater resurgence value of ~ 125 L/s
(Qg, Table 15) is similar to the mass balance calculated value
of 129 L/s. These results indicate a surface water gain of
~ 125 L/s over a stream reach of ~460 m, which equates to
~270 L/s/km. This result offers further insight into the stream
gain values reported in Table 14. It is likely that these cir-
cumstances are similar to the Pescara River ‘linear’ or
‘streambed’ springs described by Salvati (2002) as draining,
together with the Giardino Spring, the Morrone Mount Ridge
carbonate massif in the Central Apennines of west-central Italy.

The stream gain value of 77 L/s/km reported in Table 14
for the reach immediately upstream of station BB@M clearly
falls well short of the ~270 L/s/km reported above for the
~460 m stream reach between station BB@M and the
Zwartkrans Spring. This ‘discrepancy’ is explained by
recognising the improbability of a constant ‘gain rate’ under
hydraulic circumstances that describe a varying potentio-
metric head along a stream reach. These circumstances posit
that the potentiometric head that drives groundwater resur-
gence in the stream channel is greatest at the spring, and
decreases with distance upstream to extinction at the point
where the potentiometric surface no longer intersects the
stream channel. This position is postulated to lie to the north
opposite Sterkfontein Cave, and could be marked by the ‘step’
evident in the channel gradient shown in Figs. 26 and 27.
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Table 13 Results of stream flow measurements in the Blougat Spruit on 18/05/2010

Station Description

BC1 (upstream)
WWTW

BG@N14 (downstream)

Causeway on the Bergland property downstream of the Percy Stewart

Intersection of the Blougat Spruit with the N14 national road

Flow® Loss
b
Lis ML/d Rate” (L/s/km)
655  56.6 23.1
574  49.6

? Flow measurement based on the cross-sectional flow method using the average of six measured surface velocities of styrofoam flotsam over
known distances. The relatively shallow flow depth (80-150 mm) negates reduction of the calculated flow values by 25% to account for a mean

velocity that is less than the surface velocity (Brassington 1998)
° Based on a distance of ~3.5 km between the stations

Plate 12 Bridge culvert at the N14 national road crossing of the
Blougat Spruit, and site of station BG@N14

In light of the above, it is more realistic to increment
groundwater resurgence in the stream channel over shorter
reach lengths of say 100 m rather than 1 km. In the case of
the Bloubank Spruit upstream of Zwartkrans Spring, this
might amount to unit resurgences of up to 30 L/s per 100 m
of stream reach. Assigning a uniform channel width of 5 m
to each such reach gives a streambed area of 500 m?
delivering a unit resurgence of up to 0.06 L/s/m” (6 L/s per
100 m?). This could be expected to gradually decrease in a
headward (upstream) direction. Closer to Sterkfontein Cave,
the unit resurgence might reduce to only ~0.01 L/s/m?
(1 L/s per 100 m?) of stream channel area before reaching
extinction.

On the basis of groundwater level and streambed eleva-
tion information, it is postulated that the water table and land
surfaces intersect at an elevation of ~ 1439 to 1440 m amsl
in the Sterkfontein Valley (Bloubank Spruit) opposite the
These circumstances drive the resurgence of
groundwater in the stream at the downstream end of the
Zwartkrans Basin between Sterkfontein Cave and the
Zwartkrans Spring, and partly explain the observed decrease

caves.

in SEC values and increase in pH values observed at station
BB@M since late-2011 (Fig. 23 in Chapter “Chemical
Hydrology”, Sect. 6.1.2.6 in Chapter “Chemical Hydrology
). The surface water gain/loss data and associated stream
reaches in the Zwartkrans Basin are illustrated schematically
in Fig. 27.

An attempt to quantify the ‘not measured’ loss compo-
nent (C in Fig. 27) in the upper portion of the Zwartkrans
Subcompartment is based on the following simple water
balances'”:

[Minimum loss B] + [Loss C] = [Minimum gain D] +
[Zwartkrans Spring]

74+C=3+11.7ML/d, so that C =7.7ML/d = 89L/s

[Maximum loss B] + [Loss C] = [Maximum gain D] +
[Zwartkrans Spring]

324+C =23+11.7ML/d, so that
C=27ML/d =31L/s

The above results show the following encouraging
agreement:

e the loss of 7.7 ML/d effectively balances the measured
groundwater resurgence of 7.8 ML/d reported earlier in
this section for component D (Fig. 27);

o the unit loss rates across the ~3.8 km reach of compo-
nent C amount to 23 and 8 L/s/km, in keeping with
values determined for other stream reaches in the study
area (e.g. Sections 5.2.1 and 5.2.2); and

o the highest component C loss occurs when the component
B loss (across a reach length of ~3.9 km) is least, and
vice versa.

!5 The discharge of the Zwartkrans Spring is assigned a ‘constant’ value
of ~11.7 ML/d (~ 136 L/s) derived from an analysis of SDM data and
TDS load calculations (Sect. 7.4.1).
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Fig. 26 Longitudinal profile along the course of the Tweelopie, Riet and Bloubank spruits from Kemp’s Cave in the KGR to the south-eastern

margin of the carbonate strata at the Nedbank Olwazini Estate

6 Surface Water Use

6.1 WARMS Data

From an assessment of water use information sourced from
the DWS Water Authorisation and Registration Management
System (WARMS), Holland and Cobbing (2008) report a
total surface water use of 3.5 Mm?/a as being registered for
mainly agricultural purposes in the Zwartkrans Basin. Bre-
denkamp et al. (1986) and van Biljon (2006) reported values
of 5.52 and 6.62 Mm»/a, respectively.

6.2 Canals

The Skeerpoort River feeds a canal that starts immediately
upstream of where the R400 regional road crosses this

'® A canal is a properly designed, engineered and constructed water
transfer structure over a substantial distance traversing numerous
properties, and a furrow a simple (typically hand-dug) trench serving a
similar local purpose over a considerably shorter distance typically
limited to an individual property.

drainage on the farm Hartebeesthoek 498JQ. This canal,
however, does not influence the flow regime of the Skeer-
poort River in the study area, and is therefore not considered
further. By comparison, the network of canals/furrows'® that
distribute water to riparian users in the Bloubank Spruit
system represent an important component of surface water
use in the study area. The following canal systems are
identified and described.

e The defunct canal that starts at Glen Almond on the farm
Sterkfontein 173IQ and follows the right bank'” of the
drainage for a distance of ~ 1.7 km, ending on Ptn 8/2 of
Sterkfontein 1731Q.

e The so-called A-furrow (canal) managed by the Krom-
draai Irrigation Board, as described by Mr M Gomes'®
(personal communication). This canal starts immediately
downstream of the Zwartkrans Spring on the farm
Zwartkrans 172IQ, and follows the right bank for a dis-
tance of ~3.6 km, ending in the Honingklip Spruit

"By convention, the bank to the right of an observer facing
downstream.
'8 Current Chairman of the Kromdraai Irrigation Board.
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Table 14 Results of stream flow measurements in the Bloubank Spruit

Date Station Description Distance (km) Flow® Gain Rate
L/s ML/d
09/09/2009 101,008 (upstream) R563 regional road crossing 2.95 225° 19.5° +3.0
BB@M (downstream)  Crossing of Danielsrust road 260°  22.5° ML/ + 12 Lis/km
downstream of Sterkfontein Cave
18/05/2010 BB@SC Crossing of Swartkrans fossil site road 2.1 311° 23.9¢ +16.9
(upstream) upstream of Sterkfontein Cave ML/d +77 L/s/km
BB@M (downstream)  Crossing of Danielsrust road 472°  40.8°

downstream of Sterkfontein Cave

? Flow measurements carried out with the current meter described in Footnote 28 (Sect. 5.2.1)

® Flow measurement based on the cross-sectional flow method (width x depth x velocity)

¢ Flow measurements based on the cross-sectional pipe method (chord length x velocity)

Note Although damage to the outlets of two of the three culverts at the downstream locality (BB@M) influence the accuracy of the 18/05/2010
SDMs, the margin of error is not considered greater than the observed difference in flow. This damage had not yet occurred on 09/09/2010,

generating greater confidence in these SDMs at station BB@M

Table 15 Calculation of groundwater resurgence in the Bloubank Spruit upstream of Zwartkrans Spring on 15/01/2013 using measured flows and

SEC-based TDS load values

Flow location Field SEC (mS/m)

Downstream® 105 735° [=Cp]
Upstream” 108 756° [=Cy]
Calculated difference in TDS load

Groundwater resurgence 95¢ 665 [=Cg]

# Located ~20 m upstream of the Zwartkrans Spring

" Located at station BB@M

¢ SEC x 7.0 used as a proxy to derive a theoretical TDS value
9 Synoptic discharge measurement (SDM) value

TDS [C] (mg/L)

Discharge [Q] TDS Load
(L/s) (ML/d) mg/s [=0XCX] t/d
~ 410 [=0p] 35.5 301,656 26.1
~285% [=0y] 24.6 215,600 18.6
86,056 7.5
~ 125" [=0g] 10.8 83,125 7.2

¢ Assumed similar to that of the Zwartkrans Spring (Table 13 in Chapter “Physical Hydrogeology™)

f Derived value from the difference of the SDM values

immediately downstream of the R540 road crossing at the
Kromdraai T-junction. This canal (Plate 13) serves 18
properties. The allocation of water from the canal is made
on a rotational basis that at any one time provides three
properties with 70 L/s each for two days per week,'” and
two half-days every other week. Theoretically, therefore,
it carries an absolute minimum permanent discharge of
210 L/s ostensibly fed by the Zwartkrans Spring.” The
discharge measured at Ptn 8 of Kromdraai 520JQ on
27/07/2010 was ~ 154 L/s. A second measurement car-
ried out further upstream at Ptn 5 on 13/08/2010 returned
a slightly higher value of ~ 176 L/s. Both measurements
are in reasonable agreement with the 172 L/s reported by
JFA (2006) (Sect. 5.1). The very high flow conditions in

19 Based on a 6-day week, respecting Sunday as the Christian Sabbath,
day of rest.

29'See Sect. 7.4.1 in Chapter “Physical Hydrogeology” for a discussion
of groundwater discharge from the Zwartkrans Compartment.

mid-December 2010 not only caused significant damage
to this furrow, but also silted up the sluice gate at its
entrance, cutting off flow in the furrow. These circum-
stances continued to prevail as at December 2017, and
will remain so for as long as the entrance to the furrow
remains obstructed.

The so-called B-furrow, also managed by the Kromdraai
Irrigation Board, which starts at the position where the
A-furrow enters the Honingklip Spruit. A weir con-
structed in this spruit at this position provides the head
that feeds water into the B-furrow, which follows the
topographic contour along the right bank of the Bloubank
Spruit for a distance of ~3.7 km before entering the
Bloubank Spruit on the Nedbank Olwazini Estate prop-
erty. Since the ephemeral Honingklip Spruit delivers an
excellent quality surface water into the Bloubank Spruit
system (Table 21 in Chapter “Chemical Hydrology”), the
quality of water entering the B-furrow in the summer
months must similarly reflect a better quality than that
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from the Aviary Dam in the KGR to the Zwartkrans Spring

delivered by the A-furrow at this location, representing as
it does a blend of Bloubank Spruit and Honingklip Spruit
water. In the winter months, flow in the B-furrow is
sustained solely from the A-furrow. A site inspection of
the B-furrow on 27/03/2012 in the presence of others?!
confirmed that it was blocked where the furrow passes
beneath the R540 road at the Nirox property. The
blockage was caused by damage from trenching carried
out in the road reserve in mid-2011, severing the culvert
and cutting off flow to the downstream properties (in-
cluding Kenjara Lodge) that used the water for landscape
watering and the irrigation of fodder. The blockage
remained in place as at December 2014.

e The furrow that draws water from the Bloubank Spruit
immediately upstream of the Nedbank Olwazini Estate
(NOE), and follows the right bank of this drainage for a
distance of ~3.9 km before re-entering the spruit on the
Kloofzicht Lodge Estate. The ‘management’ of this canal
does not fall within the ambit of the Kromdraai Irrigation
Board. The NOE draws water from this canal for on-site

2! peter Mills of the COH WHS MA, and local residents/landowners
Hannes Fourie and Belinda Cooper.

treatment in a purification plant to potable quality for own
use in the average amount of 40 m>/d (14,600 m*/a) (H
Carpenter, personal communication). As this canal/
furrow also passes through a number of dams, many of
which are stocked with trout, it is evident that this water
supply function probably represents the main purpose of
this structure. The estate also operates its own wastewater
treatment plant, using the treated wastewater effluent for
landscape irrigation purposes. A water use licence
application to the DWS for return of the treated
wastewater to the Bloubank Spruit has been unsuccessful
(H Carpenter, personal communication) on the basis of
unacceptably high nitrate and phosphate levels produced
by the treatment process.

6.3 Conclusion

Although surface water use on the property is poorly
quantified, the ephemeral nature of the good quality streams
and the poor water quality of the perennial streams are
limiting factors in this regard (Plate 13).
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Plate 13 View of the ~ 100-year old A-furrow at Ptn 8 of Kromdraai 520JQ, looking upstream; flow measured at ~ 154 L/s on date of photo

Text Box 3 The veracity of SDM-based surface water loss

calculations also be recognised that flow losses introduced by other

The synoptic discharge measurements (SDMs) carried
out at stations F11S12 and MRd are typically made
within 30 minutes of each other. The flow velocity at
the upstream station (F11S12) falls in the range 0.3—
0.4 m/s (1.1-1.4 km/h), which translates into a travel
time of ~5.6 to 4.4 hours between stations. This
suggests that the equivalent representative flow at the
downstream station will only be manifested ~5 hours
after a measurement at the upstream station. As this
does not include the retention time of water impoun-
ded in dams (e.g. that on Ptn 8/2 of Sterkfontein
1731Q) along the intervening stream reach, nor the
lower velocities in wider, shallower and/or more
vegetated sections of the river channel, a longer time
interval might be considered more applicable. It must

agents such as evaporation and evapotranspiration are
not factored into the SDM-based inter-station water
loss calculations. It is apparent, therefore, that the
interval of ~ 0.5 hours between sequential SDMs does
not accommodate changes in discharge that are
mutually observable only over periods > 5 hours.

The p uced by neglect of the above-mentioned factors
must be gauged against the understanding that sig-
nificant variations in discharge along the stream reach
in question result from event-driven high runoff
associated with rainfall or abnormal mine water dis-
charges. Further, that the SDMs themselves incorpo-
rate an inaccuracy estimated to be in the ranges +5
and £10%. The lower value is associated with station
MRd where the smaller volumes passing through
culvert(s) provide for a more rigorous flow measure-
ment than the weir at F11S12, which is assigned an
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error margin of +£10% also because of the higher
flows. Against this background, the short period
between measurements is not considered to introduce
a significant gauging error when carried out under
‘normal’ flow conditions. The calculated losses

therefore represent the worst case scenario in regard to
the possible volume of poor quality water lost to the
karst aquifer.
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Harrison Pienaar, Philip J. Hobbs, Sebinasi Dzikiti, and Ranya Amer

1 Surface Water Chemistry

1.1 Skeerpoort River

Water quality in this drainage is monitored by the DWS at
station A2HO034 (Fig. 4 in “Introduction and Background”)
shortly before its confluence with the Magalies River.
Monthly water quality monitoring by the DWS at station
A2H035Q01 located ~6 km upstream on the farm Harte-
beesthoek 498JQ in the middle reaches of the Skeerpoort
River, was discontinued in July 1982 after only ~2.5 years.
This was followed by four opportunistic analyses, one each
in late 1986, early 1996, late 1998 and early 1999. These
data have not been evaluated in this study. The water quality
delivered by the Nouklip Spring located ~7 km upstream in
the John Nash Nature Reserve, is monitored at station
A2HO033 on the Grootvlei Spruit tributary of the Skeerpoort
River. Representing mainly groundwater, these data are
evaluated in Sect. 7.7 in Chapter “Chemical Hydrogeology”.
An evaluation of the A2H034 water chemistry record, which
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represents the integrated Skeerpoort River quality, yields the
information presented in Table 1.

It is evident from Table 1 that the SANS (2015a) rec-
ommended limit for Class 1 drinking water is easily met in
respect of the 95%ile value of each analyte reported. A high
degree of confidence is afforded the analytical results on the
basis that the median and mean electrical balance (EB) val-
ues fall well within the £ 5% limit (i.e. 95-105%) that
defines an acceptable error margin for freshwater (Hem,
1985). The mean and median TDS:SEC ratio value of 8.1 is
a useful factor for calculating the TDS of this water from an
SEC measurement. It is also evident that sulfate (SOy) typ-
ically comprises only 3% of the TDS associated with this
water. The small variability in the chemical composition of
Skeerpoort River water evident in the narrow 20 (5%ile to
95%ile) range shown for each analyte, with the possible
exception of bicarbonate (HCO3), in Fig. 1, is attributed to
the karstic Tweefontein, Nouklip and Nash springs (Table 8
in Chapter Physical Hydrogeology) as main perennial
source. The aggregate discharge of ~300 L/s (~9.5 Mm®/
a) approximates the long-term median discharge of the
Skeerpoort River at station A2H034 (Sect. 2 in Chapter
“Physical Hydrology”), which also explains the dominant
MgCa—HCO3 composition of the surface water at this
station.

1.2 Bloubank Spruit System

1.2.1 Locus of Mine Water Discharge (Decant)

The monitoring of surface water chemistry (quality) in the
study area is heavily biased in favour of the headwaters of
the Bloubank Spruit system. Especially the Tweelopie
Spruit, which encompasses the locus of mine water dis-
charge/decant (LoD) in its upper reaches, is intensively
monitored by SS. Water quality monitoring in the mine area
originally focussed on two sources. One of these was the
composite chemistry represented by the raw mine water
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Table 1 Statistical analysis of Skeerpoort River water chemistry at station A2H034 in the period January 1976 to March 2017

Variable/Analyte

pH (—log;oos1+)
SEC (mS/m)
TDS (mg/L)
Ca (mg/L)

Mg (mg/L)

Na (mg/L)

K (mg/L)

Cl (mg/L)

SO4 (mg/L)
HCO; (mg/L)

NO; + NO, (mg N/L)

F (mg/L)

Si (mg/L)

EB (%)
TDS:SEC
SO, TDS (%)

'Standard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person

4.0

Statistical parameter

n
1631
1718
1407
1512
1503
1472
1480
1513
1514
1522
1577
1474
1568

5%ile
7.5
28.5
229
26.1
18.4
1.0
0.15
1.5
2.0
156
0.09
0.05
5.0
4.0
8.0
1

Mean
322
262
31.6
21.3
2.9
0.72
4.2
6.7
191
0.65
0.17
6.2
1.1
8.1
3

Median 95%ile SD
8.2 8.6 0.4
32.5 35.2 2.6
265 284 20.3
32.1 35.0 32
21.4 23.7 2.3
2.8 4.5 2.1
0.49 0.72 0.93
4.0 8.6 2.8
6.1 13.7 4.2
194 212 18.3
0.60 1.27 0.53
0.14 0.38 0.17
6.1 7.3 1.3
1.0 -14 -
8.2 8.1 -

3 5 -

CoV (%)
4

8

8
10
11
72
129
66
62
10
81
99
21

SANS (2015a)"

50-97
<170
<1200
n.s

n.s
<200
n.s
<300
<500
n.s
<lI1

3.5

w
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N
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Fig. 1 Variability of Skeerpoort River water major ion chemistry at station A2H034 in the period January 1976 to March 2017 (data from Table 1)
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(RMW) collected in the HDPE-lined dam (Plate 3 in Chapter
“Physical Hydrology”) at the Black Reef Incline (BRI) from
various point and diffuse sources. The other was at the point
of discharge (end-of-pipe or EoP) (Plate 4 in Chapter
“Physical Hydrology”) of treated/neutralised mine water
(TMW) into the stream immediately upstream of the R24
regional road and the Krugersdorp Game Reserve. The main
point sources of mine water discharge are the Black Reef
Incline shaft, #17 Winze and #18 Winze. Individual moni-
toring of the RMW chemistry from these mine structures
commenced in early to mid-2009.

Mine water discharge to the Tweelopie Spruit ideally
comprises only a TMW component from the HDS treatment
plant (Fig. 12 in Chapter “Physical Hydrology”). The RMW
collected in the HDPE-lined dam at the BRI shaft (Plate 3 in
Chapter “Description of the Physical Environment” and
Plate 3 in Chapter “Physical Hydrology”) overflows from
this dam in times of excessive discharge (Sect. 3.1 in
Chapter “Physical Hydrology”), and leaves the mine prop-
erty untreated. The chemistry of the two mine water com-
ponents is summarised in Tables 2 and 3 respectively, and
illustrated in Fig. 2 for the analytes pH, SEC, SO, and Fe.
An important aspect of the data presented in Tables 2 and 3
is the recognition of detection limits (DLs) (see Table 6 for
temporal variation of DLs) and the influence of non-detect
values on the statistical results. For example, the metal

analytes Al, Cr, V and Pb reflect a particularly high pro-
portion of non-detect values (conversely few > DL or ‘ac-
tual’ values), which contextualises the veracity of the
associated statistical results. Also indicated is the extent to
which the reported analytes exceed the SANS (2015a)
standard health-related limit for drinking water.

Also shown in Tables 2 and 3 is the TDS:SEC ratio that
for natural surface water in the region is typically 7.5 (Text
Box 1 in Chapter “Study Framework™), but for RMW has a
value of 12.9 (Table 2), and for TMW a value of 10.9
(Table 3). Sulfate typically comprises ~63% of the TDS
(Tables 2 and 3) irrespective of whether it is RMW or TMW.

The pattern and trend associated with the RMW produced
by the two most productive point sources of AMD, viz. the
BRI and #18 Winze (#18 W), is illustrated in Fig. 2 for pH,
SEC, SO, and Fe. The linear regression analyses applied to
each of the variables reflect a general increase in pH and
decrease in SEC, SO, and Fe levels. A further notable
characteristic is the greater variability in Fe concentration in
the first half of the BRI record (Fig. 2), compared to the later
half of the record. This is associated with the apparent
‘levelling out’ of values evident in the latter portion of each
record (to the right of each of the vertical chevron lines in
Fig. 2), an explanation for which remains obscure. Perhaps a
clue in this regard is the timing of the start of the ‘levelling
out’ trend, which is similar for the interdependent variables

Table 2 Statistical analysis of raw mine water chemistry delivered by the BRI in the period January 2005 to September 2017

Variable/Analyte Statistical parameter SANS (201521)2
nr (np)! 5%ile Mean Median 95%ile SD CoV (%)
pH (-logioom.) 501 3.2 - 4.3 6.2 1.0 21 5.0-9.7
SEC (mS/m) 500 361 471 476 571 74 16 <170
TDS (mg/L) 263° 4434 5316 5240 6309 618 12 <1200
SO, (mg/L) 501 2860 3773 3700 4790 725 19 <500
Fe (mg/L) 499 283 712 642 1271 345 49 <2
Mn (mg/L) 272 (271) 40 86 60 217 84 97 <05
Al (mg/L) 262 (104) 0.005 1.042 0.100 4.965 3.1 302 <03
Cr (mg/L) 174 (120) 0.001 0.031 0.001 0.013 0.276 892 <0.05
V (mg/L) 174 (17) 0.001 0.003 0.001 0.012 0.007 230 <0.2
Pb (mg/L) 215 (129) 0.001 0.008 0.004 0.030 0.011 147 <0.01
Co (mg/L) 174 (173) 0.07 1.27 1.05 2.80 0.84 66 <05
Ni (mg/L) 262 (262) 0.20 1.70 0.80 7.28 2.12 125 <0.07
Ur (ug/L) 265 (244) 7 61 55 135 46 76 <15
TDS:SEC 263 10.8 12.9 12.9 15.3 1.4 11 n.s
SO,:TDS (%) 263 54 62 62 71 6 10 n.s

'nr denotes total number of analyses; n, denotes number of analyses exceeding detection limit
%Standard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person

*Monitoring of this variable commenced in August 2009

“The SANS (2015a) only recognises U; it uses the WHO (2011) Guidelines for Drinking-water Quality as reference, which sets a provisional value

for Ut of 30 pg/L (Table 9.2, footnote c, p 211)

Bold text denotes value exceeds standard health-related limit as described in note 1
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Table 3 Statistical analysis of treated/neutralised mine water chemistry discharge to the Tweelopie Spruit in the period April 2005 to September

2017
Variable/Analyte

pH (-log;o0m.+)
SEC (mS/m)
TDS (mg/L)
SO4 (mg/L)
Fe (mg/L)
Mn (mg/L)
Al (mg/L)

Cr (mg/L)

V (mg/L)

Pb (mg/L)
Co (mg/L)
Ni (mg/L)
Ur (ng/L)
Up (ng/L)
TDS:SEC
SO.:TDS (%)

Statistical parameter

ny (ng)® 5%ile Mean
458 3.0 -
458 305 382
458 3207 4168
458 2051 2647
457 (401) 0.006 21.0
264 (260) 0.9 15.6
261 (87) 0.002 0.154
174 (27) 0.001 0.120
174 (6) 0.001 0.001
262 (42) 0.001 0.009
174 (171) 0.020 0.221
262 (256) 0.022 0.348
174 (119) 5.9 75.9
204 (88) 5.1 15.1
458 9.0 11.0
458 55 64

Median
7.0
381
4200
2680
0.8
9.5
0.010
0.001
0.001
0.002
0.050
0.100
16.0
9.9
10.9
64

95%ile
99
459
4982
3102
100.3
60.1
0.100
0.400
0.002
0.030
1.480
1.625
672.0
4.3
133
74

IStandard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person

ny denotes total number of analyses; n, denotes number of analyses exceeding detection limit

SD
1.8
56.5
582
379
73.5
19.5
0.871
0.507
0.000
0.015
0.515
0.899
191.1
18.4
1.4
73

SANS(2015a)"
CoV (%)
26 5.0-9.7
15 <170
14 <1200
14 <500
351 <2
125 <05
567 <03
423 <0.05
44 <02
171 <0.01
234 <05
259 <0.07
252 <15
122 <159
12 n.s
12 n.s

3The SANS (2015a) only recognises U; it uses the WHO (2011) Guidelines for Drinking-water Quality as reference, which sets a provisional value
for Ut of 30 pug/L (Table 9.2, footnote c, p. 211)
Bold text denotes value exceeds standard health-related limit as described in note 1.
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pH and Fe ca. mid-2010, and later (ca. mid-2011) for the
interdependent variables EC and SO,. Neither of the ca.
mid-2010 or mid-2011 timelines have any relevance in the
timeframe of mine water management intervention mea-
sures' (Text Box 1 in Chapter “Physical Hydrology”). The
mid-2010 timeline, however, occurs ~ 6 months after the
onset of uncontrollable RMW decant (Sect. 3.1 in Chapter
“Physical Hydrology”) precipitated by the very high rainfall
in December 2009 and January 2010 (Sect. 2 in Chapter
“Description of the Physical Environment”).

It is postulated within the framework of the above
observations, that the pH and opposite concomitant Fe
response patterns reflect the influence of ‘fresh’ and oxy-
genated recharge to the flooded mine void. The increase in
pH might be driven by redox reactions in the mine water
body, leading to the subaerial precipitation of iron hydroxide
in the flooded mine workings. The reactions driving this
response took a longer time to manifest steeply over a period
of ~1 year (arrowed in Fig. 2) on the SEC (and less
markedly on the SO,) of the RMW discharge. Understand-
ing the hydrogeochemistry behind these observed responses
will advance the understanding of AMD evolution in the
Western Basin and, by extrapolation, possibly elsewhere in
the region and globally.

The variability associated with the RMW produced not
only by the BRI and #18 Winze, but also that associated with
#17 Winze and the mixture drawn from the BRI Dam for
treatment in the HDS Plant, is illustrated in Fig. 3. The data
set of n =91 values spans the period of common record
December 2012 to September 2014. The results present a
striking reflection of the complexity that informs the
hydrochemistry of AMD at source in the Western Basin
revealing, amongst others, the following characteristics:

e BRI consistently produces the least variable RMW
chemistry;

e BRI and #18 Winze consistently produce the most similar
RMW chemistry;

e #17 Winze consistently produces RMW with the most
variable pH and SEC; and

e the low median pH and Fe values associated with the
RMW mixture compared to each of the sources are
consistent with the production of free hydrogen ions and
precipitation of iron associated with hydrolysis (Sect. 5.1)
in the oxygenated BRI Dam.

Turning attention to the TMW produced by the HDS
mine water treatment plant and discharged to the Tweelopie
Spruit at the end-of-pipe, an inspection of the pH, SEC, SOy,

' Which have no influence on the chemistry of the raw mine water
produced by any AMD source.

Fe and Mn associated with this water is presented in Fig. 4.
The patterns and trends are readily explained by various
factors such as the onset of uncontrollable RMW discharge
(Sect. 3.1 in Chapter “Physical Hydrology”) in February
2010, which explain the period of consistently low pH val-
ues (<4) and elevated Fe concentrations in the second half of
the record. The marked difference in mean and median Fe
values in this water (reflected in the CoV value of 356%,
Table 3), is attributed to the bias introduced by the ca. May
2006, February 2010 to July 2012 and March to July 2014
concentrations illustrated in Figs. 4 and 8. The efficacy of
the mine water treatment process especially since the com-
missioning of the immediate and short-term intervention
measures in mid-2012 and expanded in mid-2013 (Text
Box 4 in Chapter “Physical Hydrology™), is clearly reflected
in the more acceptable pH, Fe and SO, levels during periods
of controlled mine water discharge.

1.2.2 Tweelopie Spruit

The chemistry of Tweelopie Spruit water is monitored by SG
at five localities from where it leaves the mine property down
to the confluence with the Riet Spruit north of the KGR, a
distance of ~ 6.4 km. These localities are identified as (a) the
inlet to the KGR, (b) the Hippo Dam, (c) the Charles Fourie
Dam, (d) the Aviary Dam and (e) the (Krugersdorp) Brick-
works Dam (station F11S12). The monitoring therefore
provides a record of the mine water quality discharge that
eventually enters the karst terrane of the COH.

The weekly monitoring of the variables pH, EC and SO,
dates back to May 2004. The results for the upstream Hippo
Dam and the downstream F11S12 (Brickworks Dam) are
presented in Fig. 5 (pH), Fig. 6 (SEC) and Fig. 7 (SOy).
The KGR inlet data are excluded due to their close proximity
to the Hippo Dam, and consideration of the fact that the
residence time of this water in the Hippo Dam renders the
data for the latter location more representative of the mine
water entering the Tweelopie Spruit. The Charles Fourie
Dam and Aviary Dam data are excluded because of their
congruence as intermediate compositions between those
observed at the Hippo and Brickworks dams (Volume 2).

The patterns revealed in the graphs indicate the trend and
variation in the respective variable concentrations through
the KGR over time. De Villiers and Mkwelo (2009) have
demonstrated the use of SO, as a measure of surface water
deterioration in the Olifants River catchment similarly
influenced by mine water impacts, using the long-term
record of this analyte to assess the efficacy of the DWSs
surface water quality monitoring.

It is clear from Fig. 5, and to a lesser extent from Figs. 6
and 7, that the severest and most sustained mine water impact
on the receiving surface water environment of the Tweelopie
Spruit commenced ca. February 2010. This is unequivocally
shown in the somewhat shorter record of Fe (Fig. 8) and
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Fig. 5 Pattern and trend of pH of Tweelopie Spruit water from May 2004 to September 2014

especially the Mn values (Fig. 9). Prior to this, the gradual
‘increase’ in impact since 2004 is evidenced by the increasing
SEC and SO, trends up to the persistent elevated levels in the
second half of the record period (Figs. 6 and 7). The dis-
charge regimes associated with these observations are dis-
cussed in Sect. 3.1 in Chapter “Physical Hydrology™.

A scrutiny of the differences between the three periods of
record defined by the divisions recognised in Figs. 5, 6 and 7
returns the information presented in Table 4 and illustrated
in Fig. 10. The graphs not only illustrate the differences,
most notably the ‘poorer’ values in the B—C period of
severest mine water impact, but also reveal other salient
aspects such as the following.

e The generally greater variability in analyte/variable con-
centrations at the upstream Hippo Dam station compared
to the F11S12 station.

e The typically lower analyte/variable concentrations (ex-
cept pH) at the F11S12 station compared to the upstream
Hippo Dam station.

The statistics for total uranium (Ut) indicate the need for
caution when considering U concentrations under circum-
stances where significant differences between the ‘normal’

A-B and C-D periods and the ‘abnormal’ B—C period are
evident. The mean and median values at both stations in the
B—C period exceed the SANS (2015a) limit of 0.015 mg/L
associated with a chronic health risk attributable to ingestion
over an extended period. In contrast, the mean and median
values for the other two periods meet the limit. A factor that
is not considered, however, is the potential under-evaluation
of U concentrations associated with a ‘biased’ sample col-
lection regimen. For example, Winde et al. (2004) report
differences in U concentrations between daytime and
night-time samples, the latter typically returning higher
concentrations. Reasons put forward for this include pref-
erential groundwater exfiltration and lower pH values at
night when biological decalcification and the associated U
immobilisation is also at a minimum.

The association of mine water with the presence of other
metals such as aluminium (Al), cadmium (Cd), copper (Cu),
mercury (Hg), nickel (Ni), lead (Pb) and zinc (Zn) raises
concern for the levels of these elements in the water dis-
charged into the environment. The weekly surface water
quality monitoring programme carried out by SG, and which
forms the basis for the analysis presented in Sect. 1.2, has
since January 2005 included the metal analytes listed in
Table 5 for the periods indicated (Table 6).Interrogation of
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Fig. 6 Pattern and trend of SEC of Tweelopie Spruit water from September 2004 to September 2014

the data set presented in Table 5 returns the statistical results
given in Table 6. The results reflect concern for the analytes
Mn, Ni and Cd at the 50%ile level.

A slightly different picture emerges when an interrogation
of the data set represented in Table 5 is carried out for the
first three periods of distinctly different discharge chemistry
recognised in Figs. 5, 6, 7 and 8 and 9 and Table 4. This is
presented in Table 7, and despite the differences with
Table 6, the results again reflect concern for the analytes Mn,
Ni and Cd at the 50%ile level.

Although Heath et al. (2009) report a poor correlation
between electrical conductivity and sulfate in the Lower Vet
River Catchment, the congruence that is apparent between
the SEC values and the SO, concentrations illustrated in
Figs. 6 and 7 prompts an inspection of the correlation
between these hydrochemical variables for the study area. In
a study of AMD produced by the copper and sulfur mines at
Avoca, South-East Ireland, Gray (1996) reports the use of EC
to predict the SO, concentration in both AMD and contam-
inated surface waters using regression analysis. The corre-
lation between these variables at three sites in the Tweelopie
Spruit and at station A2H049 at the end of the Bloubank
Spruit system, computed on the basis of the SO4:SEC ratio, is
summarised in Table 8. Graphs of the correlations are

presented in Volume 2. The similarity of the linear regression
expressions for the Tweelopie Spruit stations and that of Gray
(1996) is apparent. Also evident is the improvement in the
regression coefficient value (Rz) from 0.63 at the upstream
Hippo Dam station to 0.92 at station A2H049.? This result is
at odds with the finding by Gray (1996) that the strength of
the correlation improves with increasing AMD contamina-
tion which, in this instance, would hold for the upstream
Hippo Dam and Charles Fourie Dam stations.

Unlike other ions, SO, is unaffected by variations in pH
and is not significantly removed by sorption or precipitation
processes (Gray 1996). A provisional explanation for the
improved correlation is therefore attributed to an initially
less stable water chemistry which approaches chemical
equilibrium with distance along the flow path. This might be
associated with the continued precipitation of dissolved
ferrous iron as ferric iron (oxy)hydroxide (FeOOH).

Whatever the reason for the improved correlation along
the flow path, it is evident that the reasonable correlation

21t is shown in Annexure B that the A2H049 data support either an
exponential trend or a bi-linear trend with an inflection point at
60 mS/m, where values <60 mS/m reflect the mitigating influence of the
karst springs, and values > 60 mS/m the militating influence of AMD.
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Fig. 7 Pattern and trend of SO, levels in Tweelopie Spruit water from September 2004 to September 2014

allows the readily determined SEC value to be used to cal-
culate an approximate SO, concentration for AMD-impacted
surface water in the study area. This is especially useful
under circumstances where SO, analysis in the field is dif-
ficult due to a lack of ion-specific electrodes. As noted by
Gray (1996), it also has application where the optimal
measure of dilution of a water sample prior to analysis of
SO, in a laboratory (e.g. by ICP) must be determined.

The data presented in Table 9 summarise the results of the
DWS water quality monitoring’ at station F11S12. This
period precedes the 2010, 2011 and 2014 hydrological years
when the chemistry of water in the drainages receiving mine
water experienced a much greater raw mine water influence
(see discussion earlier in this section). Nevertheless, it is
evident from Table 9 that the historical median SEC, TDS,
SO, and Mn values exceed the SANS (2015a) limits for
these analytes, and that this exceedance extends to Fe and Al
at the 95%ile level. All these six variables/analytes show
non-compliance in regard to their mean values. Despite these
circumstances, the mean and median electrical balance val-
ues remain acceptable. Sulfate typically comprises ~65% of

3 Data sourced from the DWS in November 2013 indicates that the
most recent analysis on record for station F11S12 is dated 29/09/2008.

the TDS, very similar to the ~64% that characterises RMW
(Table 2) and TMW (Table 3). Together with the Ca—SO,4
composition (Fig. 11), the mine water dominance in the
surface water at this location is again unequivocal, as is the
significant variance associated with Ca and especially SOy.

1.2.3 Riet Spruit

Although the Riet Spruit rises in Riebeeck Lake in Rand-
fontein (Sect. 3 in Chapter “Physical Hydrology”), it is only
from its confluence with the Tweelopie Spruit tributary at
Glen Almond north of the Krugersdorp Game Reserve that it
gains relevance for the COH, and for the following reasons:

o the Riet Spruit receives the mine water discharge from the
Western Basin via the Tweelopie Spruit;

e the confluence is located just outside the south-western
boundary of the COH, and surface water drains into the
WHS via both the surface and subsurface from this
position; and

o the receiving reach of the Riet Spruit is a losing drainage
contributing allogenic mine water recharge to the karst
aquifer of the Zwartkrans Basin (Sect. 5.2.1 in Chapter
“Physical Hydrology”).
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Fig. 8 Pattern and trend of Fe levels in Tweelopie Spruit water from June 2009 to September 2014

The temporal behaviour of SEC and pH at stations
F11S12 and MRd over a period of four years is illustrated in
Fig. 12. Based on the data presented in Table 10, the record
starts after the resumption of uncontrolled raw mine water
decant on 30/01/2010. These circumstances have been dis-
cussed in Sect. 3.1 in Chapter “Physical Hydrology” and
illustrated in Fig. 13 in Chapter “Physical Hydrology” in
regard to discharge rates, and earlier in this section in regard
to hydrochemistry.

The record in Fig. 12 reflects already acidic conditions
(pH 3.2—4.4) that worsen from August 2010 (pH < 3) until
an improvement is manifested in late 2012. A similar
response is observed in regard to the SEC values, which
typically exceed 350 mS/m until late 2012, after which
values reduce to <300 mS/m. It is also evident from Fig. 12
that the pH value at station MRd is generally lower than at
station F11S12, especially in the latter part of the record.
This response is readily explained as the result of hydrolosis
(Sect. 5).

Although spanning a distance of only ~3.9 km, the
chemistry of surface water passing stations F11S12 and
MRd is revealing in itself. It reflects both the hydrochemistry
of allogenic recharge to the karst aquifer and the evolution of
water quality in this section of river reach. The close simi-
larity of the major ion composition at the sampling stations

is reflected in Fig. 13. The concentrations of selected trace
metals (Fig. 14), on the other hand, indicate increases in Mn
and Al and a decrease in Fe concentration at the downstream
station. The lower Fe concentration is readily explained on
the basis of precipitation of this metal out of solution in the
presence of oxygen. The low pH, in turn, might also explain
the increase in Al and Mn levels (Fig. 14) because of
mobilisation of these metals from streambed sediments
(Beltran et al., 2010). This aspect is discussed in Sect. 5.4.
The reader is reminded of the significance of the sampling
date in the timeframe of the mine water discharge regime
(Sect. 3.1 in Chapter “Physical Hydrology”).

1.2.4 Blougat Spruit

The next tributary to the east of the Tweelopie Spruit, the
Blougat Spruit is monitored by the DWS at station 188048
(Fig. 4) downstream of the Percy Stewart WWTW treated
sewage effluent discharge point. This position is ~3.5 km
above the confluence with the Riet Spruit. The data pre-
sented in Table 11 summarise the results of this monitoring.*
The median and mean electrical balance values only

“Data obtained from the DWS in November 2013 for station 188048
indicated a most recent sample date of 30/09/2008.
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Fig. 9 Pattern and trend of Mn levels in Tweelopie Spruit water from

marginally exceed the acceptable error margin of 5% and,
considering the source of this water, render the veracity of
the analytical results acceptable. The median values of
NOs + NO, and Mn, and the 95%ile values of SEC, SO,,
NOs + NO,, Fe and Mn exceed the standard health related
limits (SANS, 2015a). The treated wastewater origin of this
discharge readily explains the SO, and NO3 + NO, excee-
dances, as well as the high measure of variance in the SO,
concentration (Fig. 15). Sulfate typically comprises ~33%
of the TDS of this water (Table 11 and Text Box 1), whilst
TDS typically represents 6.3 times the SEC of this water.
Awofolu et al. (2007) report the results (Table 12) of the
trace metal analyses Cd, Pb, Mn, Zn, Ni and Cu in water
samples collected on four occasions in late 2006 from three
sites located downstream of the Percy Stewart WWTW. The
sites coincide with the stations identified in this study as
BG@N14 (Blougat Spruit at the N14), BB@M (Bloubank
Spruit at Makiti) and BB@PL (Bloubank Spruit at Plover’s
Lake) (Fig. 24). The results are in agreement regarding an
elevated Mn concentration, which raises concern for the
presence of this metal in the municipal wastewater dis-
charge. It is postulated that this result reflects the industrial
wastewater component received by the WWTW, which was
originally designed to receive only domestic wastewater.

June 2009 to September 2014

The data presented in Table 13 summarise the chemistry
of the treated wastewater effluent discharged by the Percy
Stewart WWTW as monitored and reported by the MCLM.
The analysis reveals compliance of all the inorganic and
organic analytes (including NO; + NO,) with the SANS
(2015a) limits. This observation suggests that the NOj +
NO, exceedances noted in Table 11 for station 188048 either
pre-date July 2007 or derive from a source located upstream
of the Percy Stewart WWTW. This disparity warrants
interrogation in a separate study. The significant excee-
dances shown by the bacteriological variables in Table 13
are cause for considerable concern, as are the coliform
counts reported in the text box in Fig. 15. Similarly, the
mean and median PO, values of >4 mg P/L and the elevated
chemical oxygen demand (COD) values generate concern
for potential eutrophication in downstream receiving water
bodies. A notable exclusion from the MCLM analytical suite
is SO,.

The data presented in Table 14 summarise the chemistry
of the treated wastewater effluent discharged by the Percy
Stewart WWTW as reported to the DWS for station PSFE.

Table 14 data record goes back to late 2002, compared to
the shorter MCLM record (Table 13). The data support the
observed exceedances associated with the bacteriological
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Table 4 Summary statistics of period-specific surface water chemistry changes in the Tweelopie Spruit associated with four distinct mine water
discharge regimes

Variable /Analyte Statistical parameter Hippo Dam F11S12/Brickworks Dam
A-B! B-C? c-D? D-* A-B! B-C? c-p? D-*
pH (-log oos) n 176 129 83 20 173 128 83 20
5%ile 3.6 2.8 5.9 3.0 3.9 2.7 5.3 2.8
Mean - — - — - - — -
Median 72 32 7.2 34 6.9 3.0 7.0 3.4
95%ile 9.3 5.7 7.6 4.0 7.4 3.9 7.4 45
SD 1.5 1.0 0.8 0.3 0.9 0.4 0.9 0.7
CoV 22 30 11 10 14 14 13 20
SEC (mS/m) n 175 129 83 20 172 128 83 20
5%ile 324 320 285 342 167 288 230 305
Mean 374 391 350 382 268 332 281 356
Median 379 393 354 383 283 330 276 349
95%ile 426 438 395 406 329 378 350 400
SD 32 33 34 28 48 29 34 34
CoV 9 8 10 7 18 9 12 10
SO, (mg/L) n 176 128 82 20 171 128 83 20
5%ile 2017 2511 2221 2381 893 1947 1600 1990
Mean 2445 2846 2520 2638 1636 2264 1879 2260
Median 2460 2815 2525 2655 1760 2240 1870 2250
95%ile 2810 3220 2770 2774 2015 2593 2148 2640
SD 259 226 193 153 349 245 268 273
CoV 11 8 8 6 21 11 14 12
Fe (mg/L) n 33 129 83 20 33 128 82 20
5%ile 0.1 6.5 0.004 0.2 0.1 12 0.006 0.1
Mean 47 168.4 2.490 24.6 0.3 72.9 0.466 8.8
Median 0.4 163.0 0.030 18.0 0.2 64.0 0.075 6.7
95%ile 13.8 365.2 3.090 73.0 0.8 186.3 1.000 29.1
SD 18.8 116.2 13.150 26.7 0.3 57.7 1.896 9.7
CoV 399 69 528 109 94 79 407 110
Mn (mg/L) n 34 129 83 20 33 128 83 20
5%ile 0.2 222 1.9 13.9 0.1 20.7 3.3 12.6
Mean 18.1 62.7 16.5 255 10.3 50.3 14.4 21.9
Median 9.8 65.0 11.0 26.5 2.7 50.0 10.0 225
95%ile 74.0 95.0 56.1 38.1 46.2 76.0 45.0 295
SD 27.6 23.5 18.0 7.7 19.4 17.6 15.8 7.0
CoV 153 38 109 30 188 35 110 32
Uy (mg/L) n 56 129 61 = 56 128 61 =
5%ile 0.003° 0.003° 0.003° = 0.003° 0.003° 0.003° =
Mean 0.013 0.049 0.009 = 0.008 0.035 0.004 =
Median 0.010 0.043 0.006 = 0.003° 0.030 0.003° -
95%ile 0.030 0.109 0.025 = 0.026 0.076 0.011 =
SD 0.018 0.042 0.008 = 0.011 0.032 0.003 =
CoV 135 85 98 = 147 91 95 =

!September 2006-January 2010

2February 2010-July 2012

3 August 2012—February 2014

“March 2014-September 2017

SValue biased by the detection limit (DL) of 0.005 mg/L, analysed as 50% DL (0.0025 mg/L) if < DL



Chemical Hydrology

95

RECORD PERIOD

RECORD PERIOD

T
I
|
1\ I I ]
7 N 7
3 I\ N / | AN 3 \ / '\
5 / \ $o [ Pl RN
i a 5 N 7 N
H | I / N z | VAR
5 | / ‘\ 5 \ /
. | \ : / \ B l N i \ |
\ N
: { . 3 N ¥
1 b y
? A-B B- c-D D- ? A-B B-C c-D D-
RECORD PERIOD RECORD PERIOD
450 450
400 T | T 400
£ -~ I _ 4 B I
£ | | S~ | £ I }
E 350 I l T a E 350 ], /i,
g i g - J’\
) | £ ! - ! .
8 1 § & ~ ¥
é 250 g 250 !
g | |
i d
200 200 |
N
50 -
A-B B- c-D D- A-B B-C D D-
RECORD PERIOD RECORD PERIOD
3300 3300
b
2000 I S 3 200
EP T l Too - }
i ! i -~ 1 ST - L
< 4 < -~
~
N
A
800 800
A-B D- A-B B- D-
RECORD PERIOD RECORD PERIOD
400 400
350 350
300 300
250 250
3 3
‘E'ZOO 5200
z =
g g
150 150
7 [\
100 \\ 100
© AN © -
N - ~
. v A —— ] . - ~ _d
A-B B-C D- A-B B-C c-D D-

N

- i

RECORD PERIOD

A 5%le  ~O=Median

= 95%ie |

I
. !
T A
5“’ | /i\ i
I VAR |
i i | ‘\\ i T
N I, | | -1
%/ -

MANGANESE (mglL)

—_—— — =

AN

>
@

RECORD PERIOD

[

A 5%le  —O-Median = 95%ie |

Fig. 10 Period-specific surface water chemistry changes in the Tweelopie Spruit of the variables/analytes (from top to bottom) pH, SEC, SOy, Fe

and Mn at the Hippo Dam (left) and F11S12 (right) (data from Table 4)
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Table 5 List of metal analytes monitored in treated/neutralised mine water discharged to the Tweelopie Spruit from the mine area per distinctive
monitoring period

Analyte Monitoring period SANS (2015a)"
01/2005-07/2009 08/2009-09/2010 10/2010-11/2012 12/2012-05/2014
Fe (mg/L) 0.1 0.1 0.1 0.001 <2
Al (mg/L) 1.0 1.0 0.001 <03
Mn (mg/L) 0.1 0.1 0.1 <0.5
Uy (ng/L) 5.0 5.0 <15
Cr (mg/L) 0.001 0.001 <0.05
V (mg/L) 0.001 0.001 <02
Pb (mg/L) 0.001 0.001 0.001 <0.01
Co (mg/L) 0.001 0.001 <05
Ni (mg/L) 0.001 0.001 0.001 <0.07
Up (ug/L) 5.0 5.0 <15
Cd (mg/L) 0.001 <0.003
Cu (mg/L) 0.001 <2
Zn (mg/L) 0.001 <5

IStandard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person
Ur denotes total uranium, and Up, denotes dissolved uranium

Bold cells denote analyte monitoring period and associated detection limit

Blank cells denote absence/discontinuance of analyte monitoring

Table 6 Statistical analysis of metal analyte concentrations in treated/neutralised mine water discharged to the Tweelopie Spruit from the mine
area per distinctive monitoring period

Analyte Monitoring period

08/2009-09/2010 10/2010-11/2012 12/2012-05/2014®

=n >DL 50%ile 95%ile =n >DL 50%ile 95%ile >n >DL 50%ile 95%ile
Fe" 254 246 0.7 162 113 108 1.0 315 77 77 0.025 0.336
Al 61 0 - - 113 0 = = 74 74 0.009 0.061
Mn 61 58 8.65 66.35 113 112 11.00 60.90 77 77 8.600 50.40
Ur 61 30 14.00 73.25 113 89 16.00 700.20
Cr 61 9 0.001 0.019 113 18 0.001 0.866
A 61 4 0.001 0.002 113 2 0.001 0.001
Pb 61 16 0.002 0.033 113 22 0.005 0.030 75 2 0.002 0.002
Co 61 60 0.070 2.005 113 111 0.050 0.350
Ni 61 56 0.150 3.725 113 113 0.170 0.940 75 75 0.100 0.118
Up® 113 51 9.9 35.0 77 32 7.850 26.35
cd 75 2 0.007 0.010
Cu 75 55 0.002 0.010
Zn 75 75 0.017 0.100

"Values for period 08/2009-09/2010 calculated from 01/2005 as per Table 5
Detection limit for Up, raised from 5 pg/L to 20 pg/L as from June 2014

Analyte units (and symbols) as per Table 5

>DL denotes number of analyte values that exceed the detection limit as per Table 5
Bold text denotes value exceeds standard limit as described in Table 5 (note 1)
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Table 7 Statistical analysis of metal analyte concentrations in treated/neutralised mine water discharged to the Tweelopie Spruit from the mine
area per distinctive discharge period

Analyte Discharge period

A-B! B-C? c-D?

n >DL 50%ile 95%ile n >DL 50%ile 95%ile n >DL 50%ile 95%ile
Fe 116 103 0.5 77.4 130 121 1.200 29.0 82 80 0.033 4.07
Al 26 0 = = 130 0 = = 79 61 0.009 0.100
Mn 26 24 6.5 72.7 130 128 10.5 46.95 82 82 9.450 59.85
Ur 26 13 12.0 66.2 130 90 16.5 700 18 16 15.5 79.0
Cr 26 3 0.010 0.024 130 19 0.001 0.764 18 5 0.001 0.003
A% 26 2 0.002 0.002 130 4 0.001 0.001 18 0 = =
Pb 26 6 0.002 0.023 130 27 0.005 0.037 80 7 0.002 0.003
Co 26 25 0.039 2.900 130 130 0.050 1.063 18 16 0.023 0.523
Ni 26 22 0.069 7.995 130 129 0.180 1.820 80 80 0.100 0.210
Up 95 43 9.8 229 82 35 7.550 40.50
cd 62 2 0.007 0.010
Cu 62 46 0.002 0.010
Zn 62 62 0.020 0.100

!September 2006-January 2010

%February 2010-July 2012

3August 2012-February 2014

Analyte units (and symbols) as per Table 5

>DL denotes number of analyte values that exceed the detection limit as per Table 5
Bold text denotes value exceeds standard limit as described in Table 5 (note 1)

Table 8 Summary of SO4: SEC ratio statistics for surface water in the Tweelopie Spruit and the Bloubank Spruit for the period September 2004
to September 2014

Statistical parameter Drainage and monitoring station
Tweelopie Spruit Bloubank Spruit
Hippo Dam Charles Fourie Dam F11S12/Brickworks Dam A2H049

n 535 476 509 159

5%ile 5.64 5.11 4.60 1.20

Mean 6.80 6.39 6.19 1.79

Median 6.82 6.41 6.33 1.48

95%ile 7.89 7.70 7.46 3.52

SD 0.92 0.88 1.02 0.71

CoV (%) 13.5 13.8 16.5 39.4

Regression Eq. (1) y=6.89%x — 17 y="731x — 243 y=719x — 223 y = 6.39x — 3157
y=77x — 69.5°

R 0.63 0.85 0.88 0.92

Distance from LoD (m) 935 2820 6390 28 160

'y = SO, as mg/Lx = SEC as mS/m
*For SEC > 60 mS/m
3Relationship reported by Gray (1996) for AMD-impacted surface waters

variables. Similarly, the even higher mean and median PO, Encouragingly, the longer term mean and median COD
values of > 5 mg P/L again generate concern for potential values are significantly lower (~50%) than reported in
eutrophication in downstream receiving impoundments. Table 13. The water quality situation in regard to the Blougat
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Table 9 Statistical analysis of Tweelopie Spruit water chemistry data associated with station F11S12 for the period November 2003 to September
2008 sourced from the DWS in November 2013

Variable/Analyte

pH (-logioom.)
SEC (mS/m)
TDS (mg/L)
Ca (mg/L)

Mg (mg/L)

Na (mg/L)

K (mg/L)

Cl (mg/L)

SO, (mg/L)
HCO;5 (mg/L)
NO; + NO, (mg N/L)
Si (mg/L)

Fe (mg/L)

Mn (mg/L)

Al (mg/L)

EB (%)
TDS:SEC
SO4:TDS (%)

Statistical parameter

n 5%ile Mean Median
54 33 - 7.2
52 86 172 158
44 583 1262 1150
53 108.0 2432 210.7
52 32.1 60.7 55.9
53 21.4 70.0 44.0
52 1.3 4.1 3.8
53 13.7 232 20.8
52 295 916 811
47 11.8 39.2 36.5
47 0.60 1.15 0.98
48 3.32 4.99 4.88
52 0.01 2.68 0.01
52 0.01 14.30 7.99
53 0.01 1.38 0.09
46 -8.2 1.1 0.8
44 6.7 7.8 7.7
42 53 64 66

95%ile SD
8.0 1.4
296 76.3
2300 602.8
482.1 123.3
109.2 22.8
141.7 45.1
7.1 2.3
36.1 7.9
1848 527
77.2 19.7
2.04 0.6
7.07 1.2
10.11 11.8
60.37 19.3
8.57 3.0
12.8 8.5
9.3 0.9
69 1

'Standard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person
Bold text denotes value exceeds standard limit as described in note 1

SANS
CoV (%) (20152)"
21 5.0-9.7
44 <170
48 <1200
51 n.s
38 n.s
64 <200
56 n.s
34 <300
58 <500
50 n.s
50 <11
24 n.s
439 <2
135 <0.5
217 <03
737 =5
11 n.s
9 n.s

45
40
35
- Sample date  16/02/2010  18/05/2010  06/03/2013
T pH™ 42 55 6.9
“E’ 30 EC) (mS/m) 338 335 244
= Fe(mgll) 8.9 0.43 <0.01
> Mn (mg/l) 47 10 11
S 25 1 Ni(mgll)  1.64 0.145 0.107
s (1) Field value
é
& 20
Z
Q 45 ZI\
(o]
O
10 \T /
A \
° T\%\/
0 - - + + \

Ca

Fig. 11 Variability of Tweelopie Spruit water major ion chemistry at
station F11S12 in the period November 2003 to September 2008, also

ANALYTE

Cl SO4

| A 5%ile

=O=Median

= 95%ile

X 16/02/2010 |

showing mid-February 2010 values (X symbol) for comparison with

more impacted conditions, and subsequent improvement in specific
analytes/variables (text box)
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Fig. 12 Pattern and trend of SEC and pH at stations F11S12 and MRd in the Tweelopie/Riet Spruit system in the period February 2010 to

September 2014 (data from Table 10)

Spruit is further informed by the DWS monitoring records
for stations located upstream (station BGS2) and down-
stream (BGS1) of the Percy Stewart WWTW. These data are
presented in Tables 15 and 16, respectively.

The results for SEC and the inorganic analytes Cl, SO4
and HCOj; are shown in Fig. 16, and for the organic analytes
NOj; + NO,, NH, and PO, in Fig. 17. The bacteriological
variables faecal coliforms and E. coli are compared in
Fig. 18. The comparison of the upstream and downstream
water quality data indicates that the Percy Stewart WWTW
discharge leads to a doubling of the inorganic analyte con-
centration values in the downstream water (Fig. 16). Further,
that the NH; and PO, nutrient concentrations similarly
reflect substantial increases (Fig. 17). Most notable, how-
ever, are the orders of magnitude increase in the bacterio-
logical variables (Fig. 18).

The lower NO5; + NO, concentration at the downstream
station BGS1 (Fig. 17) is the single exception to the trend
shown by the other variables. A possible explanation lies in
a combination of factors such as the relatively large differ-
ence in discharge at the two stations and a comparatively

small difference in concentration to begin with. The WWTW
discharges at least 16 ML/d (5.8 Mm®/a) to the Blougat
Spruit, although SDMs downstream of the plant suggest
values closer to the current 24 ML/d capacity of the facility
(Sect. 3.2 in Chapter “Physical Hydrology”). The headwater
contribution is unknown, but is almost certainly much less
under ‘normal’ flow conditions.

An inspection of the surface water quality results asso-
ciated with monitoring station BC1 provides an indication of
the chemical composition of the surface water discharged
from the WWTW. Although the results are related to
opportunistic sampling activities rather than to regular and
routine monitoring activities, they nevertheless provide a
rigorous snapshot of the surface water quality in the Blougat
Spruit downstream of the WWTW at the time of sampling.
The analytical results of a water sample collected at station
BC1 on 06/03/2013 are presented in Table 17. The results
show similar values for ammonia (NH3;—N) and
ortho-phosphate (PO,—P) as are reflected for station BGS1 in
Fig. 17. The dissolved organic carbon (DOC) concentration
of 10 mg/L matches the standard limit for total organic
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Table 10 Record of SEC and pH measurements at stations F11S12 and MRd on occasion of flow gauging measurements (SDMs), also showing
derived SO4 and TDS concentrations

Date

22/09/2009
05/02/2010
16/02/2010
23/02/2010
09/03/2010
01/04/2010
14/04/2010
06/05/2010
18/05/2010
09/06/2010
07/07/2010
27/07/2010
19/08/2010
05/10/2010
19/10/2010
19/11/2010
18/12/2010
27/07/2011
25/08/2011
05/09/2011
08/05/2012
14/08/2012
21/09/2012
24/10/2012
15/01/2013
14/02/2013
06/03/2013
15/08/2013
15/10/2013
12/12/2013
26/09/2014
30/07/2015
04/12/2017

n
Minimum
Mean
Median
Maximum
SD

CoV (%)

Station F11S12

SEC
(mS/m)

322
389
339
379
379
374
358
408
335
370
374
407
384
307
314
338
416
369
389
362
372
299
290
264
282
274
244
219
275
236
238

31
219
333
349
416
58
17

Nk
(mg/L)

2092
2574
2214
2502
2502
2466
2351
2711
2186
2437
2466
2703
2538
1984
2035
2207
2768
2430
2574
2380
2452
1927
1862
1675
1805
1747
1531
1352
1754
1474
1488

31
1352
2167
2214
2768
411
19

TDS?
(mg/L)

2479
2997
2610
2918
2918
2878
2757
3142
2580
2 849
2880
3134
2957
2364
2418
2603
3203
2841
2995
2787
2864
2302
2233
2033
2171
2110
1879
1686
2118
1817
1833

31
1686
2563
2683
3203
447
17

pH (-log;otm
+)

6.7
39
42
4.1
4.1
36
3.7
32
55
4.4
4.0
37
2.6
3.0
36
2.8
2.7
2.7
2.9
2.6
26
6.3
7.6
43
6.6
7.0
6.9
7.1
6.6
6.6
73

31

2.6
4.1
7.6

1.7
38

1804 = 7.19 x SEC — 223 (R* = 0.88) from Table 8 for station F11S12
2SEC x 7.7 to derive a theoretical representative TDS value (from Text Box 1)

Station MRd

SEC
(mS/m)

358
335
383
353
358
347
420
356
373
376
395
335
383
326
333
376
373
405
367
388
309
288
270
283
271
241
219
274
231
238

30
219
332
350
420
56
17

S 04( 1
(mg/L)

2351
2186
2531
2315
2351
2272
2797
2337
2459
2480
2617
2186
2531
2121
2171
2480
2459
2689
2416
2567
1999
1848
1718
1812
1769
1510
1352
1747
1438
1488

30
1352
2166
2294
2797
404
19

TDS®
(mg/L)

2759
2581
2948
2720
2759
2672
3234
2741
2872
2895
3042
2580
2949
2510
2564
2895
2872
3119
2826
2988
2379
2218
2079
2179
2133
1856
1686
2110
1779
1833

30
1686
26,559
2696
3234
433

17

pH (-logioom
+)

4.1
4.2
39
4.0
3.4
3.6
33
4.4
4.5
3.9
4.1
2.7
2.5
3.1
2.8
3.0
2.9
2.5
2.6
29
4.2
6.9
3.8
4.9
6.4
6.6
6.6
6.2
6.6
6.3

30
2.5

4.0
6.9
1.4
34
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Table 11 Statistical analysis of Blougat Spruit water chemistry at station 188048 for the period June 2004 to September 2008 (raw data sourced
from the DWS in November 2013)

Variable/Analyte Statistical parameter SANS (201521)1
n 5%ile Mean Median 95%ile SD CoV (%)

pH (-logio0s.) 48 4.2 - 6.7 7.8 1.0 16 5.0-9.7

SEC (mS/m) 48 58 89 82 156 27.3 31 <170

TDS (mg/L) 43 384 551 502 927 172.3 31 <1200

Ca (mg/L) 46 34.8 56.5 54.0 77.1 15.6 28 n.s

Mg (mg/L) 46 6.6 9.4 9.5 12.6 1.9 21 n.s

Na (mg/L) 46 52.1 86.0 85.2 119.4 21.1 25 <200

K (mg/L) 45 8.4 13.2 13.1 19.8 3.7 28 n.s

Cl (mg/L) 48 453 65.3 64.3 79.5 12.9 20 <300

SO, (mg/L) 48 71 187 151 430 120 64 <500

HCO; (mg/L) 45 12 59 48 158 47 79 n.s

NO; + NO, (mg N/L) 45 0.27 12.63 10.63 30.52 10.0 79 <11

PO, (mg P/L) 47 0.72 3.79 2.68 11.19 32 85 n.s

Si (mg/L) 47 3.59 6.41 6.32 9.37 23 37 n.s

Fe (mg/L) 48 0.006 0.678 0.068 4.116 2.0 290

Mn (mg/L) 48 0.004 0.903 0.267 2.011 3.5 392 <

Al (mg/L) 46 0.008 0.156 0.035 0.280 0.7 428 <03

EB (%) 46 -13.8 5.7 53 20.7 10.1 178 +5

TDS:SEC 43 5.0 6.2 6.3 7.3 0.7 12 n.s

SO4.:TDS (%) 43 16 32 33 51 11 33 n.s

IStandard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person

Bold text denotes value exceeds standard limit as described in note 1

carbon (TOC) specified in SANS 241-1 (SANS, 2015a).
These analytes represent nutrient contaminants that hold
severe repercussions for the eutrophic status of the receiving
surface water resources.

1.2.5 Tweefontein Spruit

Still further downstream, the Tweefontein Spruit draining
southwards from the ~7300 ha (H Visser, personal com-
munication) John Nash Nature Reserve area is monitored for
water quality at DWS station F14S15 (Fig. 4). Although
rising on dolomite, this drainage for much of its flow path
follows the contact between older Witwatersrand Super-
group and Ventersdorp Supergroup strata that outcrop along
the south-eastern margin of the study area. The Witwater-
srand Supergoup strata are represented primarily by quartzite
of the Hospital Hill Subgroup, and the Ventersdorp Super-
group by shaly sandstone (Table 5).

The generally good quality water (Table 18) delivered by
this drainage exhibits a distinct CaMg—HCO3; composition
(Fig. 19). This suggests that the principal source feeding this
drainage is the karst system that forms the headwaters of this
catchment. The slightly elevated 95%ile Fe and Mn values
are attributed to the ferruginous nature of strata such as the

Hospital Hill Subgroup quartzite (Table 5) that underlie part
of this catchment.

The acceptable mean and median electrical balance val-
ues again testify to the veracity of the analytical results. It is
a little surprising, however, that the SO4:TDS ratio is as high
as 18%. Although this is similar to the 19% of its main stem
the Bloubank Spruit at station A2H049 (Text Box 1), it is an
order of magnitude greater than the 2% associated with
pristine karst springwater.

1.2.6 Bloubank Spruit

The significant loss of poor quality water’ from the Riet
Spruit into the karst aquifer upstream of Sterkfontein Cave
and the Oaktree area has been discussed in Sect. 5.2.1 in
Chapter “Physical Hydrology” and illustrated in Fig. 23. In
the middle reaches of the Bloubank Spruit downstream of the
confluence® with the Riet Spruit in the vicinity of Sterkfontein
Cave and down to the Zwartkrans Spring, groundwater

3 Mainly water that originates in the mine area located in the upper
reaches of the Tweelopie Spruit.

¢ Located immediately downstream of the R540 road crossing over the
Riet Spruit near the Swartkrans fossil site.
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Variable Value Value Value
9 Date 16/02/2010 18/05/2010 06/03/2013
pH 7.80 7.10@ 7.8
EC (mS/m) 581 59@) 642
8 NO,+NO, (mg N/L) 9.3 0.2 74
0-PO, (mg P/L) 3 2 1.9
0 Total coliforms (cfu/100 mL) 91 000 140 000 -
T 7 E. coli (cfu/100 mL) 52 000 65 000 -
"E’ DOC (mg C/L) - - 10
= (1) Laboratory value
Z 6 (2) Fieldy value
(]
|_
é 5 -
-
&
O 4 —
5 / \
2 \ / | \ / \ |
A
A
! Y N
0 - - - - - 2
Ca Mg Na Cl SO4 HCO3
ANALYTE
| A 5%ile =O=Median - 95%ile X 16/02/2010 |

Fig. 15 Variability of Blougat Spruit water major ion chemistry at station 188048 in the period June 2004 to September 2008, also showing more

recent selected variable/analyte values (text box) for comparison

Table 12 Concentration range
of selected trace metals in
Blougat Spruit water at three sites

Trace metal

Concentration range

Minimum (mg/L)

SANS (2015a)"
Maximum (mg/L)

downstream of the Percy Cd Trace (<0.002) 0.05 <0.003

Sﬁﬂo‘gx TW (from Awofolu Trace (<0.004) 0.13 + 0.03 <001
Mn 435 + 0.004 942 + 7.26 <05
Zn 0.10 = 0.002 0.41 £ 0.001 <50
Ni 0.08 = 0.004 0.88 + 0.002 <0.07
Cu 0.15 £ 0.003 0.742 + 0.001 <20

'Standard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person
Bold text denotes value exceeds standard limit as described in note 1

resurgence in the streambed partly explains the observed
decrease in SEC values and increase in pH values observed at
station BB@M since late 2011 (Fig. 20). Average SEC and
pH values of 107 mS/m and 7.5, respectively, are similar to
the contemporary Zwartkrans Spring values of 95 mS/m and
7.5 (Sect. 7.1 in Chapter “Chemical Hydrogeology”).

The elevated SEC (mean of 159 mS/m) and depressed pH
values in the period after mid-December 2010 (Fig. 20) are
attributed to the increasing contribution of mine water’

" The fate of mine water in the receiving drainages is discussed in
greater detail in Sect. 5.

entering the system as surface flow via the Riet Spruit
(Sect. 5.2.1 in Chapter “Physical Hydrology”). This also
applies to the impacts associated with the very high flow
conditions experienced in mid-December 2010 (Plate 5). As
is evident in Fig. 20, the mid-December 2010 flood event®
precipitated the second highest SEC and second lowest pH

8 The DWS flow gauging station A2HO049 at the lower end of the
Bloubank Spruit recorded a second highest daily average flow rate of
18.6 m*/s on 16/12/2010. The maximum (highest) historical daily
average flow rate gauged at this station is 34.3 m%/s recorded on
28/01/1978.
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Table 13 Statistical analysis of Percy Stewart WWTW discharge chemistry data (from MCLM) for the period July 2007 to June 2009

Variable/Analyte

pH (-logioom.+)

SEC (mS/m)

TDS® (mg/L)

Na (mg/L)

Cl (mg/L)

HCO; (mg/L)

NO; + NO, (mg N/L)
NH; (mg N/L)

PO, (mg P/L)

COD (mg/L)

Faecal coliforms
(cfu/100 mL)

E. coli (cfu/100 mL)
TDS:SEC

!Standard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person

Statistical parameter

n 5%ile
24 7.5

24 83

16 699

19 62.1
24 63.3
16 251

24 0.8

24 14.2
24 2.05
24 112

22 69 150
6 151 417
16 6.3

Mean
100
783
81.6
72.3
312
2.4
30.7
4.55
202
359 075

264 333
7.4

Median
7.8

101
781
84.5
73.9
315

14
31.5
4.10
197
244 834

241 167
7.5

95%ile
8.2
120
883
102.4
80.2
367
74
42.0
7.42
288
801 883

408 000
8.1

SD
0.3
11.7
72
12.9
5.7
34.0
23
8.1
1.85
583
371 560

109 408
0.6

2TDS calculated as the sum of the reported TDS value (determined @ 180 °C) and HCO;
Bold text denotes value exceeds standard limit as described in note 1

CoV (%)
4
40
9
16
8
13
94
26
41
29
104

41

SANS (2015a)"

5.0-9.7
<170
<1200
<200
<300

n.s
<11
<15

n.s

n.s

<10 in 1% of samples

<1 in 1% of samples

n.s

Table 14 Statistical analysis of Percy Stewart WWTW effluent chemistry data associated with station PSFE for the period November 2002 to
February 2010 sourced from the DWS November 2013

Variable/Analyte

pH (-logioom.+)

SEC (mS/m)

Cl (mg/L)

HCO; (mg/L)

SO, (mg/L)

NO; + NO, (mg N/L)
NH; (mg N/L)

NH, (mg N/L)

PO, (mg P/L)

COD (mg/L)

Total coliforms
(count/100 mL)

Faecal coliforms
(cfu/100 mL)

E. coli
(cfu/100 mL)

IStandard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person

Statistical parameter

n 5%ile Mean
31 6.2 -

30 46 99

19 61.6 81.5

20 23 194

24 103 235

28 0.05 6.20

29 0.01 0.55

29 5.38 26.23
31 1.30 5.01

30 5 118

11 6885 814 750
33 218 763 983
22 830 231 705

Median
7.2

103
82.0
180
199
3.00
0.17
21.90
3.70

68

155 000

131 000

30 000

Bold text denotes value exceeds standard limit as described in note 1

values recorded at station BB@M in the course of ththe

monitoring record.

The elevated SEC is also manifested in the lower reaches
of the Bloubank Spruit as revealed by the DWS surface

95%ile
7.9
136
102.9
401
579
18.50
2.83
55.08
10.00
336

4 140 000

4 500 000

1 150 000

SD
0.6
29.1
20.6
158.1
151.6
8.21
0.99
16.85
3.06
149.3
1 330 961

1 676 161

480 840

CoV (%)

29
25
81
64
132
180
64
61
126
163

219

208

SANS (2015a)"

5.0-9.7
<170
<300

n.s
<500
<11
<15

n.s

n.s

n.s

n.s
<10 in 1% of samples

<1 in 1% of samples

water quality record for station A2H049. Both the long-term
mean and median SEC values of ~60 mS/m and the 95%ile
value of 70 mS/m (Table 19) have consistently been

exceeded

since mid-2010 (Volume 2).

A historical
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Table 15 Statistical analysis of Blougat Spruit water chemistry at station BGS2 for the period November 2002 to July 2009 (raw data sourced
from the DWS in November 2013)

Variable/Analyte Statistical parameter SANS (201521)1
n 5%ile Mean Median 95%ile SD CoV (%)
pH (-log00+) 27 6.3 - 7.5 8.5 0.8 10 5.0-9.7
SEC (mS/m) 27 25 53 32 124 36.9 70 <170
ClI (mg/L) 22 19.3 44.6 31.5 84.9 24.1 54 <300
HCO;3; (mg/L) 22 26.9 72.4 73.2 115.8 324 45 n.s
SO, (mg/L) 26 24 120 36 379 149.5 124 <500
NO; + NO, (mg N/L) 26 0.43 5.10 4.15 13.20 4.00 79 <11
NH; (mg N/L) 26 0.000 0.068 0.041 0.191 0.09 136 <15
NH, (mg N/L) 26 0.05 8.47 1.50 39.25 14.61 172 n.s
PO, (mg P/L) 27 0.05 2.04 0.05 9.04 3.43 169 n.s
COD (mg/L) 27 5 38 17 143 48.7 128 n.s
Total coliforms 11 310 48 029 19 000 165 000 65 369 136 n.s
(count/100 mL)
Faecal coliforms 25 1 6984 980 29 200 11 851 170 <10 in 1% of samples
(cfu/100 mL)
E. coli 14 1 1610 245 8100 3388 211 <1 in 1% of samples

(cfu/100 mL)

'Standard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person
Bold text denotes value exceeds standard limit as described in note 1

Table 16 Statistical analysis of Blougat Spruit water chemistry at station BGS1 for the period November 2002 to February 2010 sourced from the
DWS in November 2013

Variable/Analyte Statistical parameter SANS (201521)1
n 5%ile Mean Median 95%ile SD CoV (%)
pH (-logi004+) 33 6.9 - 7.4 8.2 0.4 6 5.0-9.7
SEC (mS/m) 33 24 68 78 105 27.1 40 <170
ClI (mg/L) 22 28.1 56.0 61.5 80.8 22.0 39 <300
HCO;3; (mg/L) 22 37 165 138 314 111.5 67 n.s
SO, (mg/L) 26 21 109 110 199 64.0 59 <500
NO; + NO, (mg N/L) 32 0.35 5.26 2.65 17.58 6.23 116 <11
NH; (mg N/L) 32 0.002 0.432 0.105 2.049 0.77 179 <15
NH, (mg N/L) 32 0.05 13.40 9.25 34.68 12.38 92 n.s
PO, (mg P/L) 33 0.05 1.87 1.90 4.56 1.55 83 n.s
COD (mg/L) 33 5 59 50 143 44.8 75 n.s
Total coliforms 11 25 8 652 740 41 000 20 659 239 n.s
(count/100 mL)
Faecal coliforms (cfu/100 mL) 32 52 169,396 18,000 989,000 354,833 210 <10 in 1% of samples
E. coli (cfu/100 mL) 21 1 900 179,433 76,000 700,000 258,409 144 <1 in 1% of samples

'Standard health-related limit for consumption of 2 L/d over 70 years by a 60 kg person
Bold text denotes value exceeds standard limit as described in note 1
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Fig. 16 Comparison of inorganic 140
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maximum value of ~ 122 mS/m was recorded as recently as
May 2014. The latter part of the record shown in Fig. 20
indicates the recovery to pre-2010 conditions in regard to pH
values, with SEC values that are lower but still almost
double those of the pre-2010 period. This ‘reversal’ occurred
in the 2012 winter following the commissioning of the
refurbished and upgraded HDS mine water treatment facility
(Text Box 4 in Chapter “Physical Hydrology™).

The contribution of surface water losses in the Blougat
Spruit (Sect. 5.2.2 in Chapter “Physical Hydrology”) adds
another dimension to the quantity and quality of the
groundwater resources in this portion of the Zwartkrans
Basin. A particular concern relates to the performance of the
Percy Stewart WWTW, in particular the unacceptable

CHEMICAL VARIABLE
| ®@BGS2 (Upstream)

@ BGS1 (Downstream) |

bacteriological quality of the treated effluent discharged to
the Blougat Spruit by this facility (Sect. 1.2.4). These cir-
cumstances have resulted in bacterially contaminated surface
water entering the karst aquifer along the low