GROUND WATER POLLUTION
AT SANITARY LANDFILL SITES:
GEOHYDROLOGICAL, ENVIRONMENTAL ISOTOPE
AND HYDROCHEMICAL STUDIES.

MICHAEL JOBN BUTLER

JOHANNESBURG, 1998



GROUND WATER POLLUTION
_ AT SANITARY LANDFILL SITES:

GEOHYDROLOGICAL, ENVIRONMENTAL ISOTOPE
AND HYDROCHEMICAL STUDIES. |

MICHAEL JOHN BUTLER

A dissertation submitted to the Faculty of Science,
University of the Witwatersrand, Johannesburg,
in fulfilment of the requirements of

the degree of Master of Science in Geology

JOHANNESBURG, 1998



DECLARATION

I declare that this dissertation is my own, unaided work, Tt is being submitted for the
Degree of Master of Science in Geology in the University of the Witwatersrand,
Johannesburg. It has not been submitted before for any other degree or examination in

any other university.



ABSTRACT

~ This study determines the potential of preaicting pollution to ground water by sanitary
landfills. The tracing capabilities of both stable and radioactive environmental isotopes
are also evaluated, Four landfills were selected, the Linbro Park and Waterval sites in
Johannesburg, and the Bloemfontein northern. and southern landFill sites. The sites all

differ in geclogical environment, size, age and physiographic setting,

Well-head measurements and chemical and environmental isoope samples from both
boreholes and surface water bodies were collected at each site, In most cases, the

sampling was repeated aftera period of time,

It was established that the ground water monitoring network at the Linbro Park landfill
site was inadequate. Several of the monitoring boreholes had collapsed or had been
' penetrated by tree roots. Interpretation of the date f-om the remaining boreholes
indicated no evidence of leachate pollution to ground water, even though the tumover
time is rapid. An enrichment in the 81 composition, possibly due w gaseous diffusion,
was observed in the down-gradient boreholes, This shift is a potential macer of any

future pollution,

Observation boreholes at the Waterval landfill site had all collapsed with the exception
of one up-gradient borehole. ®urface water and a number of private boijeholes down-
gradient of the site were sampled. Surface water from the culvert bencath the landill
was found to contain artificial tritivm, Tritium values slightly higher than environmental
values were obIScrved in o private borehole. Sources other thar the Jandfill, ie. sewage,

were also found to be polluting the stream.

The ground water below and within the Bloemfontein northern site is extremely

polluted. The two pollution monitoring borehcles down-gradient of the site respond



ii

rapidiy to nearby surface water, Artificial tritium, and possibly carbon-14, are present

in the leachate and observed in the ground water.

Ground water at the Bloemfontein southern site is severely polluted due to infiitration of

run-off from the landfill into cracks in the surface clay malterial. Both artificial tritium

nd carbon-14 are present in a monitoring borehole. Astificial tritjum and similar fonic

ratios are seen in nearby farm boreholes, probably due to flow overianu after a major”

-rainfali event.

The main conclusions /~om the study were:

L

]
=

Artificial tritium was discovered in [eachate from some landfill sites.

. The artificial tritium can be exploited as a teacer of leachates from such sites into the

surrounding pround and surface water.

There is a general enrichment of the stable isotopes down-gradient of a landfill site.
It is possible to establish incipient pollution using isotope data, ¢nabling the early
detection of pollution sources,

It is essential to combine environmental isotope d ta with hydrochemistry to fully
understand results from a ground water monitoring system,

Ground water menitoring network s are generally inﬁdequate for present and future

monitoring of any pollutants being emitted from Jandfills.
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INTRODUCTION

The steady increase in the population and the resulting urban devélopment and
industrialisation in the major cities of South Africa generate a constant rise in the
production n¥ ~~lid and fiquid wastes, of which 95% is disposed of in sanitary landfill
sites {City L..uncil of Johannesburg, 1989). A large percentage of the urban water
supplies in this country is derived from surface impoundments, with less than 12%
being obtained from bureholes (Theron ef al., _i982: Slim, 1987). In South Africa,
ground water as a resource is becoming increasingly important as the fresh water
sarface impoundments become overutilised. Howevér, ground water is highly
susceptible to pollution from the surface, particularly in the form of waste disposal
sites. The constani threat of long periods of drought conditions, places further strain cn
surface water supplies. It is therefore imiportant to protect our ground water from
potential and prevailing pollution as this resource will conceivably be harnessed for

domestic supply in the foreseeable future,

The primary aim of this study has been to determine the possibility of predicting the
potential poliution of ground water by sanitary Jandfill sites. The study has placed
particular emnphasis on the utilisation of the environmental isotopes of carbon, oxygen
and hydrogen which, together with hydrochemistry and hydrogeology, provide
information on the residence times of the ground water, the recharge rates, as well as
the source or mode of recharge, with reference to any potential pollutants. The tracing
of polluted ground ahd surface water from the landfill is also an important component
of this study. The conservative nature of the environmental isotopés, as well as the

mobility of dissolved ions in water, makes this feasible,



Rainfall will seep through any waste on top of, or buried in the unsaturated zone.
extracting dissolved and suspended solids, creating leachates (Farvolden, 1975). This
leachate may also contain bacteria and viruses. Once leachates reach the saturated zone,
the contaminated solution migrates, following the local grdund water gradient, slowly
mixing with, and dispersing and diffusing, into uncontaminated ground water beneath
the site. A pollution plume may result, moving through the aquifer, contaminating the
water as well as the aquifer, as compounds are adsorbed and desorbed to and from the

solid matrix {Holm er al, 1986).

Landfills situated in favourable hydrogeological settings should produce a minimal
amount of both grdund water and surface water poII_i.m'on. However, land of this type
. may not be available within acceptabls transportation distances, or the situation may not
be in an area that is publicly acceptable for landfilling. It is for these reasons and others
that landfills are located on terrain that often has some adverse hydrogeological

features.

Four landfli sites, all with some pollution potential, were considered for this
investigation. These sites are the Linbto Park landfill site and the Watervai landfilt site
in the J ohanhesburg area, and the Northern and Southern lzndfill sites on the outskirts
of Bloemfontein (Figure 1). The sites differ in geological environment, size and age.
This study was able to make use of previous geohydrological information was
available, and the results obtained enhanced and confirtned previous reports on the local

geology, hydrochemistry and water levels.

‘The Linbro Park landfill site to the north-east of Johannesburg is iocated on granites of
the Johannesburg-Pretoria dome, and has been in operation since l969. The Waterval
lﬁndﬁll site, situated in the western suburbs of Johannesburg, is situated within schists
of the ancient Swaziland Supergroup, The site, which has been closed since 1978, is

the oldest and largest landfill in the Johannesburg area. The Bloemfontein northern
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landfill site. situated to the noeth of the city, is underlain by dolerite, while the southera
landfill site to the south of Bloemfontein is situated in Karoo sediments of the Beaufost

“Group, with a thin sloping dolerite dyke below the site.



CHAPTER 1

1 WASTE MANAGEMENT
1._1 Sanitary Landfills

Although landfilling is not the most space-efficient method of solid waste disposal, itis

considered economical and an eﬁvironmentally viable sclution to. the waste disposal
problem. That is, provided the correct procedures are followed during and long after its
operation. The United States Environmeutal Protectinn Agency (USEPA, 1977) defines
a sanitary landfill as follows: |

"An engineered method of disposing waste on land in a manner that protects the
environment by spreading the waste in thin layers, compacting it to the smallest

pfacticable volume and covering it with soil at the end of each working day."

According to the Landfill Classification System, landfills ate divided into ten different
classes (DWA.E‘, 1994a). They are first divided by types of waste, namely general waste
{G) or hazardous waste (H). General waste is then subdivided into four groups, namely
communal Iémdﬁlls {C), small landfills (S), medir:a landiills (M) and lafg‘e landfills (L).
Each of these groups is further subdivided int. whether significant leachate will be
generated in terms of the Climatic Water Balance (B) calculation, which is equal to the

rainfall in mm of water minus the evaporation from a soil surface in mm of water




(DWATF, 1994a). If B is positive for less than one year in five, no significant leachate
generation will oceur (B-). If B is positive for more than one year in five, significant
Jeachate generation will occur (BY), and leachate management is 4 minimom
requirement. Hazardous waste is divided inte hazard ratings 3 and 4 (h) which are
moderate and low hazard (DWAF, 1994b), and hazard ratings 1 to 4 (H), hazard ratings

1.and 2 being extreme and high hazards respectively.

Refusé in landfills is generally compacted and completely covered by a continuous layer
of compacted soil. The primary function of this soil cove: is to minimise the amount of
wiler _eﬁtan'ng the waste, therefore decreasing the amount of leachate generated, as well
as any threat of poliution to the ground water (Blight, 1992). Other functions of soil .
covers are to control the emission of gases, to stop refuse being washed cr blown away

- from the site, to provide a growing medium for a vegetation cover, and to reduce smellé

and flies,

Options of solid waste disposal, other than in landfills, include incineration which
efficienty reduces the refuse to one tenth of its initial volure, but is expensive, noxious
gases are emitted and the final residue of this process has to be disposed of in some
other manner; recyclin, although labour intensive, holds great potential for the future
and is currently being practised at Robinson Deep; and shredding ﬁr pulverising, which

although reducing volumes, still requires disposal by some other process.
1.2 Leachates

"The production of leachate and its migration into usable water supplies is one of the
significant environmental problems associated with solid waste disposal by sanitary
landfilling methods" (Pavoni ef ol., 1975). Leachate is produced when the field capacity
of the waste is exceedad, either by extensive infiltration of rain water, or by ground

waler encroachment into the landfill. It results from compiex decomposition processes



which involve simultaneous physical, chemical and biological interactions (Hojem,
1988), The volume of leachate produced is largely dependent on the degree of
compaction and the nature of the waste, as well as the local climatic conditions which

include rainfall, humidity and evapotranspiration rates (Marsh, 1980),

One of the primary aims when disnosing waste in a landfill is to minimise the generation
of any leachate. Leachate production may be decreased by selecting what goes into the
Tandfill site, as a large portion of domestic waste decomposes to form highly toxic waste
substances, as well as by controlling the amount of water which either infiltrates from
the surface into the landfill site or moves laterally as ground water into the deposited
refuse (Harrington et al, 1987). The 1a0st practised method to control leachats
migration, although labour intensive, is to provide impenetrable Yiners in the bottom and
on the sides of the landlill, and to collect any fluids, preventing their movement into the
ground water. These plastic liners, as well as multiple liners, are important, especially
where leachate production is 1 prob,. . as in Natal. Natural liners such as clays and
bentonites are also used (Blight, 1992), which may act as natural biological filters,

" removing bacteria and other contaminants from the leachate (Hagetly eral, 19.3),

When ground. water infiltrates through refuse, increased recharge causes mounding of
the v e table within or below the landfill, This results in the downward and outward
flow of leachates from the landfill, forming a pollution plume, which is a potential threat
to the ground water resources, as well as to streams and other surface water bodies,
Landfills situated on relatively permeable materials may have leachate migration
contarminating areas many times the size of the actual landfill site, as was shown in a
study by Wallick er al. (1976). If the water table is in hydraulic continuity with the
landfill, ground water may supply a major quantity of water into the system, which

could be converted into leachate (Farvolden, 1975).



The composition of leachate is dependant on the stage of decomposition of the waste
and the materials that are contained within the landfill {O'Leary er al,, 1986). Therefore
leachate coinpositions tend to vary significantly between landfills, and ulso at individual
landfills over time. In general, ground water polluted by leachates from landfills has
significantly higher concentrations of the fons and organics. As the major ions are
generally considerably higher than background ground water concentrations, it is often
possible to detect the presence of leachates in the ground water, as well ag in surface |
water, thus enabling relatively early detection of pollution, Pohland (1986) illustrates
the value of certain constituents of leachates in identifying the stage of development of a
_landﬁll until it finally stabilises (see Chapter 3). Throughout the various stages of
development of the landfill, processes can be followed by isotopic tmc;.ers as they er

conservative, and unaffected by the changing leachate chemistry.
1.3 Ground Wa‘_ér Monitoring

It is important to carry out & hydrogeological investigation of the potential site prior to
the development of a landfill in order to determine the location and history of the ground
water levels, the direction and rate of flow of the ground water, and the recharge
potential »f the aquifer. Sites which should be avoided for landfill development are
3000m from the end of any runway or within 500m of an airport boundary, areas below
the 1 in 50 year floodline; areas in ¢lose proximity to significant siface water bodies;
unstable areas; sensitive ecological and/or historical areas; catchment areas for important
water resource areas; areas characterised by flat gradients, shallow or emergent ground
water; areas of ground water recharge on account of topography andfor highly
permeable soils; areas overlying or adjacent to important aquifers; areas chatacterised by
shallow bedrock; areas in close proximity fo land uses which are incompatible with
landfilling, areas upwind of a residential area, (DWAF, 1994a). The topography and
soil characleristics of the site must be such that the amount of rgin and surface water

infiltrating the landfill will be kept to a minimum. Hoeks (1976) suggests locating the



site ciose to the ground water divide, preferably in ateas with thick squifers, This is
intended to ensure that the transport of the leachate through the aquifer to any surface

water will take a Iong time.

As landfill sites are considered to be final disposal methods, they ai. often not
sufficiently monit-red, particularly after closure, Tt is essential that ground water in the
vicinity of the site i3 monitored in order to assess the success or failure of the landfill in
retainiig the waste, It Ialsur allows the opportunity to detect contaminants escaping the
landfill, providing an early warning before contaminants enter other water resources.
The American Society of Civil Engineers (ASCE, 1976) recommend that the quatity of
both the groundwater and surface water in the immediate vicinity of the site and at some
reasonable distance around the site be monitored, For the purpose of sampling ground
water, pollution monitoring boreholes are drilled jn the vicinity of the landfills and are
-usually covered with manhole covers to preirent vandalism and any surface water or

~ foreign material entering the hote,

~The monitoring boreholes utilised by the Johannesburg Municipality are generally
drilled by air-percussion drilling, without the addition of chemicals (DWAF, 1994c).
Slotted casing is used to ensure lateral ground water flow, and usually extends a couple
of metres into the solid rock. The casing installed in the monitoring boreholes in the two
Johannesburg Municipality landfills addressed in this study is 110 mm un-piasticised
Poly Vinyl Chloride (UPVC), which is the r'+imum size recommended (DWATF,
1994e). At the two Bloemfontein landfill sites in this study, steel casing is used which
is considerably more durable than UPVC casing, although susceptible to corrosion, and

has a larger diameter, making the boreholes accessible to most pumps.

The Johannesburg City Council operates three landfiils, eah serving a different
geographical region, They are the Linbro Park, Robinson Deep and Goudkoppies
landfiil sites, The Meredale Refuse disposal site was recently closed as it had reached its
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capacity. The frequency with which boreholes are monitored at these landfills is
determined by the City Council's Pollution Monitoring {Leachates) Committee once
iaboratory results have been aaalysed. At present, boreholes me claimed to be sampled
every two months using the open-bailer method, where a sampling tube is lowered
down the b-..ehole by means of a string or rope, and a sterile glass bottle and chemical-
sampie bottle are filled. The depth to the water table is measured along the string using a
tape measure. This study clearly established that this sampling method is inadequate as
only a fraction of the entire water column is sampled (see Section 6.4.2). As no water is
extracted prior to sampling, in sitn ground water will not have infiltrated inio the
borehole, result_ing in a sample which has been standing in the borehole for an unknown
period of time, and is not representative of the ground water at .tha time of sampling.
The casing, constructed from UPVC, is not sufficiently durable to monitor the ground
water for the life of the landfill, as well as after the site is closed (see Sections 4.3.2 and

5.4.1).

 To determine how iung monitoring should be continued once landfill operations have
ceased depands on a number of factors, which include the amount of waste deposited,
the geclogy of the site, the depth to the ground water table, amount of precipitation, the
proximity of residences, and the eventual use of the complered site (ASCE, 1976).
Ongoing inspecﬁons and maintenance required after site closure will be determined by
the Department of Water Affairs (DWAF, 1994a). It is importent to continue monitoring
until conditions around the site stabilise. The ASCE (1976) suggest a period of at least 3
to 10 years, although it is estimated that a landfill may take centuries before it ceases to
emit pollution in harmful concentrations (Blight, 1992). The Bloemfontein University
recommend at least 20 years for the two Class 2 sites in Bloemfontein (Bekker, 1992).
Farvolden (1975) established that the leachate of a landfill improved in quality with the
age of the landfill, while Fritz er ¢l (1979) found an improvement in the quality of

water 7 years after the closure of a landfill,
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14 Sampling Methods

Sempling is an important component of studies involving ground and surface water. It
is vitally important when sampling a natural water bady that the sample taken represents
the body of water being sampled, The tepresentativen is of 2 sample will depend on the
homogeneity of the water body, the number of samples taken, the manner of collection,

as well as tie size of the samples (Hem, 1975),

When ground water is sampled from horeholes, the volime of water standing in the
wle should he pumped out of purged, in order to remove any stagnant water so that the
smple is truly representative of the ground water at the time. Purging. involyes
removal of sufficient water until parameters such as conductivity and pH are atable.
Weaver (1992} suggests the removal of three times the volume of water Sfanding in the
hole. This study has shown that this practise is not always possible, however, as it is
often the case that the borehole takes a substantial amount of time to recover once the
first standing water volume has been removed. The recovery time generally depends on
the agnifer type, fractured aquifers being somewhat slower than sandy aquifers, as well

as the borehole construction and maintenance,

The level of the water standing in the borehole is usnally the first measurernent taken
when arriving at the borehole. These measurements on a set of observation boreholes
are useful to determine the direction of water flow. Along with topographic maps, a
better interpretation of sampling results can be achieved. This is generally followed by
meaguring the depth of the borekiole. Once the depth and standing level of the water are
“known, it is then possible to determine to what level the pump should be lowered, as
| well a5 the volume of water which must be purged before a representative sample may
be taken. Well-hcad measurements of temperature, alkalinity, electricat conductivity, pH
and dissolved oxygen are essential while still in the field in order to obtain a meaningful

reading and a elearer understanding of the nature of the ground water. This information
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is also vital when a more in-depth interpretation of the hydrochemistry is undertaken, It

is important that the samples are clearly labelled with all the appropriate information.

A forther requirement in hydrogeotogical studies is an adequate sampling network. This
shoutd, where possible, include samples of ground and susface water both up-gradient
and down-gradient of the study aren, which will monitor any alteration to the chemistrv

of the ground water entering or leaving the site.
1.5 Environmental Isotope Application

| Environmental isotopes are imﬁoi'tﬂnt and extremely useful tools in the study of landfills
andl their effeéts on the neighbouring surface and ground water. The stable isotopes of
hydrogen and oxygen reflect the source of water entering the refuse, whether it be
rainfall, mains water or f1_‘orn a surface water body, Fritz & al. (1976) found that
detterium and ox} gen-i8 in the ground water leaving a solid waste disposal site were
enriched relative to the surrounding ground water, and could therefore be used as a
tracer of this wat, . A morc identifiable tracer of the luachate movement in surface and
gfounci water is artificial tritium, which often has been found to be in leachates from
South African (Verhagen er al, 1998)' and British sites (Robinson et al,, 1995) well
shove natural environmental concentrations. Environmental tritium can also be used to
assess the turnover time of the monitering boreholes, ensuring representative samples
of the ground water at that time. Tritium and carbon-14, are also useful in determining
the recharge potenLiui of an aquifer prior to the development of a landfill site, thus

assessing potential pollution of the aguifer,

Environmental isotopes together with chemical data have proven to be useful in
assessing incipient pollution, even when levels were not yet unacceptable. In a study in
the Midrand area (Verhagen et al, 1995), the sulphate, chloride and nitrate

concentrations, which were not high enough to be considered anthropogenic, were
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correlated with tritium and stable isotope data. From these correiations it was
established that chloride and sulphate, which were associated with active recharge, were
introduced into the ground water by sources other than rainfall recharge, probably
industrial, while the nitrate, which was associated with rainfall an_d active rechnrge, was

primarily the result of agricultural activities.



CHAPTER 2

2 ENVIRONMENTAL ISOTOPES : PRINCIPLES IN
APPLICATION

2.1 Introduction

Isotopes are atoms of the same element which have the same .atomic number, but
different mass numbers. An atom is. characterised by its atornic number {(humnber of
protons) and the mass number (sum of protons and neutrons), The mass number {A)
and atomic number {Z) appear in front of the chemical symbol of the eiement (X) 13

' superscript and subscript respectively:

x

z

The chemical symbol defines the atomic number and generaily only the mass number is
| ‘given, When the nucleus of an isatope is unstable and disintegrates spontanecusly,

radiation is emitted and another isotope is formed,

For several decades, naturally occurring isotopes, or environmental isotopes, in the
hydrological cycle have been used in ground and surface water studies, Environmental
isotopes are deﬁned by Payne (1983} as "those isotopes, both stable and rtadicactive,
which occur in the environment in varying concentrations over which the investigator
has no direct control”. They are valuable tools and complement the wide range of

techniques used by hydrologists. The radioactive isotopes used in this study are tritium



(3H) and radiocacbon (!4C} with which the mean residence time of ground water can be
assessed. The stable isotopes, or non-radioactive isotopes used, oxygen-i8§ (180),
deuterium (2H) and carbon-i3 (13C), indicate source areas and mechanisms of

_recharge,

"Environmental isotopes are assumed to be conservative and, once introduced into the
ground water, will not react chemically or be gained or fost by radioactive decay. They
can be applied to the investigation of ground watet recharge, the study of the satrated
and unsaturated zones, dating of ground water, distinguishing between different
sources of ground water, the velocity of ground water movement, and quantitatively

estimaﬁng proportions of the mixing of water of differing ageé and origins.

2.2 Environmental' Isotope Sampling

2.2.1 Dewerium (D) and Oxygen-18

A 50 ml sample is usually adequate for the stable isatope analyses. The sample bottles
.should be rinsed several times with water from the site, almost completely filled
allowing for expansion due to 'temparature changes, and then tightfy sealed. Precautions
must be taken to ensure that evaporation is kept to 2 minimum,

2.2.2 Tritium

One litre samples are uspally taken to atlow for the enrichment of low Iritium
concentrations, as well as for repeated measurements. However, this will depend on -

the laboratory requirements,
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2.2.3 Carbon-14

The precipitation and extraction of the total dissolved inarganic carbon (TDIC) species
for 14C analysis is performed in the field, Depending on the TDIC concentration and
the !ﬁboratory requirements, samples of between 50 and 200 litres are required. Various
methods of extraction can be employed at the sampling point. For this study, the

samples were collected in large polyethylene bags.

The sample must be collected with minimum expostre to air. If ground water is in
contact with the atmosphere for a prolonged time, isotope exchange may take place
between the carbon dioxide in the air and the dissolved bicarbonate, and the 14C-
conteﬁt of the water will be increased. It is therefore necessary to pump each well long
‘enough to replace the free-standing water before taking a sample (see also: 1.4
Sampling Methods). Vogel (1987) found that contact with the atmosphere for a short

time does not noticeably alter the ¥4C-content of most ground water.

Samrated sodium hydroxide is added to the sample to raise the pH well above 8.2 in
order to dissociate carbonate ions from bicarbonate ions (Figure 3). Barfum chloride is
added to the sample and a5 a result the carbonate dissolved in the water precipitates out
as barfum carbonate (BaCOs). The clear supernatant is then drained and the BaCOj
 precipitate is removed from the field., It is left to settle and is then transferred to a bottle
and taken to the laboratory. The precipitate is treated in the laboratory with

orthophosphoric acid to liberate CO,, which is then used to produce samples for

radicactivity measurements. Aliquots of gas for 13C measurements is derived from the
butk CO,.



2.3 Stable Isoiopes
2.3.1 Introduction

Stable isotopes are imp... - * tools in hydrology, and are usually utilised as indicators
of evaporation, to determine the genesis and mixing of ground water, or to determine

the source area of ground water (Vechagen et al., 1991),

The isotopic composition of water, which is measured with the use of a mass
spectrometer, is expressed in the delta netation (8), which is calculated as follows:

8= {(Rs - Ryud,) / Ryp.} x 1000 %o
where R; is the isotope ratio of the sample, and Rgq, is the isotope ratio of the standard.
‘Water with a higher concentration of the heavy isotope species relative to the standard.
will have a positive 3 value, and water with a lower concentration of the heavy isotope

species refative to the standard wilt hove & negative 5 value.
2.3.2 Deuterium and Oxygen-18

The isotope ratios for deuterium (D) and oxygen-18 are D/TH or 180/180 respectively,
The delta values are expressed in parts per thousand or per mil (%0) deviation from a
standard. High accufacies 6#‘ about 0.1%: for 3'°0 an& 1.0%¢ for 8D are readily
.ohtained. The international reference standard for deuterivin and oxygen-18 is SMOW
(Standard Mean Ocean Water), which corresponds to a hypothetical water with
hydrogen and oxygen isatope ratios close to the mean isotope ratios of ocean water, the
largest water reservoir. As SMOW does not actually exist, a water sample having an
isotopic composition as close as possible to that of SMOW was prepared, and is
available to calibrate laboratory measurements, This water sample is called VIENNA-

SMOW, abbreviated V-SMOW.
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Hydrogen and oxygen isotopes form water molecules of differing mass, the most
common having molecular masses of 18, 19 and 20 ('H,'¢0, 'HD!SO and 'H,!80
respectively) (Drever, 1982). These water molecules have differing vapour pressures
and, during a change of phase such as evaporation, cond¢nsation or sublimation, they
undergo a process known as isotope fractionation which involves the earichment of the
. lighter isotope in the more volatife phase. For instance, when water undergoes
evaporation, the lighter isotopic species preferentially leave the surface, and the
remaining body of water is enriched in the heavy isotope species or more positive &

values (Payne, 1972).

The altitude effect was demonstrated by Gonfiantini et &/, (1976) on the voleanic island
Gran Canaria, where these isotopes were used to distinguish the various altitudes of -
‘rechdrge, and by Payne et al, (1979) who associated the deep ground water in Ecuador,

which has a depieted mean stable isotopic composition, with the Chimbo River,

The Kalahari ground water investigated by Mazor et o, {1977) was found to have a
stable isotope composition lighter than the annual average rains because only intensive’
rains are effectively recharging the ground water, which have an isotopic composition
lighter than the average annu-l rainfall composition. In a recharge study in Gordonia,
Verhagen (1990) noted a dissimilarity in the stable isotope data between ground water.
alongside the river valley, and ground water a few kilometres south of the river vatley
which had an isotopic signal closer to that of precipitation in the area. It is therefore
evident that rainfall, an. 10t river water, is the source of the fresh ground water found
further to the south. In studies on sanitary landfill sites in Germany, Fritz et al. (1976}
found the pollutsd ground water to be enriched in 8180 in the range of 1.5 to 2 % with
respect tb the adiacent unpolluted ground water, A similar enrichment was measured for
dévterium  Assuming that deuterium and 'oxfgen—lﬁ behave as conservative teacers in
leachatrs, provided the leachate does not seep to the surface, it was suggested that the

enrichment is possibly due to evaporation witnin the landfill site, decomposition of



‘organic matter, the exchange of oxygeu between water and carbon dioxide, or differing
isotopic compositions of recharge water. The principal aim of the s'-dy of Fritz et al,
. {1976) was to distinguish between the vernoval and dilution of pollution, and was
ascomplished using mixing diagrams of oxygen- 18 and chemical pollution indicators. Tt
was found that in most polluted boreholes, over a period of 3 years, a decrease in
oxygen-18 and a decrease in the chemical ‘constituents ocvurred, indicating an

iimprovement in the quality of the water,
The Meteoric Water Line (MWL)

It is necessary in environmental isotope studies to determine the isr".ope. compositions
of oxygen-18 and deuterium in precipitatién. Precipitatioﬁ forms under virtnally
equilibrium conditioﬁs between the condensed and vapour phases in the atmosphere,
and results in a linear rel stionship between ihe isotopic compositions of deuterium and
oxygen-18 in meteoric water as foliows:
$D=s380+d

The §-values are in parts per thousand (%) relative to SMOW. This line, called the
meteoric water line (MWL), has a slope {5) nf B for water which has not undergone
evaporation (Figure 2)(Craig, 1961). The slope of the MWL will decrease as a result of
kinetic evaporation at the surface of u water body as this is a non-equilibrium pro ess.
AS the fractionation for oxygen-18 is greater than that for deuterium, the slope for
evaporation ﬂsually. ranges from 4 to 6, depending on meteorological conditions
(Wallick et al., 1976). The average global value for the deuteriuin excess (d) for
precipitation is 10, althouph it may vary slightly according to region. Exireme non-
equilibrium conditions result due to evaporation from warm, land-locked seas into very
dry air masses, resulting in denterium excesses of 20 ' and more (Yurtsever and Gat,
1081)., Examples are the Persian Gulf, the Red Sza, the Black Sea and the

Mediterranean Sea, particulitly the eastern parts,
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Figure 2. Typical 8D - 8180 diagram, showing the world meteoric water line, a typical
spread of mean rainfall compositions for a specific area, and an evaporation

line (s < 8; d < 10), A typical anﬁlytical error for the daia is alse shown
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Temperature, altitude and the amount effect result in a variation in the isotopic
composition of precipitation along the meteoric water line, The temperature effect
depends on the temperature at which the vapour leaves the ocean water, forms clouds
and rain or snow, higher iemperatures resulting in heavier isotopic vaiues. This effect is
a useful tool in distinguishing between summet and winter rainfali recharge. .The'
aftitude effect is caised by heavier isotopes in precipitation beine depleted as a cloud
rises up a mountain slope, resulting in isotopically lighter residual precipitation, This
contrast can therefore be useful in tracing groundwater recharge in mouniainous terrain.
The amount effc_c: depends on the amount of precipitation thut occurs between the time
the air mass left the ocean and the time of the particular rainfall. The rain becomes
progressively isotopically lighter from the coast inland, and from the equator towards

the poles (Mazor, 1991},

The meteoric water line can also act as a mixing line. In the Gauteng area, the tap water
plots on the MWL, and it is therefore possible to determine the percentage tap water in
the ground water, This was established in dstudy in the Midrand area where high 3180
values, as well as high tritium and carbon- 14 concentrations, in a shallow borehole, led
to the discovery that a highly polluted drainage channe] was contaminating the grotind
water (Vethagen ef al., 1995a). The distinctive stable isotopic coi_nposition of the tap
water has been successfully utilised in detecting and locating leaks from the supply

mains in the suburbs of Pretoria (Verhagen et al., 1995h).
2.3.3 Carbon-13

The ratio of the stable isotopes, '3C to !2C, is approximately 1 to 90 and any small
variations in this ratio are the result of isotopic fractionaticn (Smith; 1976). The
abundarce of "C is expressed in per mil deviation (5) of the *C/C ratio in the sample
from a standard (see Section 2.2,1). The standard used for the 13C measurements is the

Pee Dee Belermnite (PDB), a pasticular type of marine limestone. The 8'3C in ground



water is established by the concentration of 8/*C in the inflow waler, as well as the
supply of carbon to, and removai of cacbon from, the water while it is moving through
the aquifer {Drever, 1982). These values therefore give an indication of any carbonate
chemical interaction between the ground water and the aguifer rock, which must be

taken into account as this can affect the 4C values.

The 313C values help to determine the hydrochemical source of the carbon in ground
water, as well as to distinguish between carbon derived from the oxidation of organic
matter (isotopically light carbon), and carbon derived from the dissolution of carbonate
minerﬁ]s {isotopically heavy carbon) (Drever, 1982). §!3C also gives information about
mixing ratios as well aé being used as 3 tracer in pollution studies of any contamination
of water by dissolved carbon of suspected organic origin (Letolle ¢f al., 1983). Down-
gradieat from landfill sites, 8/3C values frnore positive than -5 %c for ground water in

equilibrinm with atmospheric CO, will usually suggest an artificial source of carbon,

particularly when 14C values are higher than environmental values.

The 8!3C values obtained by Mazor et al. {1977) in ground water studied in the
Kalahari range from -13,7 %o to -5.3 %o, and correlate positively with the HCO,

concentrations, indicating a higher portion of fossil carbon in water with higher
hicarbonate concentrations, A similar correlation was found between the 5'3C values
and pH values, The wide range of valtes in the ground water of the Kalahari is thcught

to be the result of fast reactions under varying environmental conditions of infiltration.
2.4 Radioactive Isotopes
2.4.1 Introducting

Tritium and carbon-14, the radioisotopes applied in this study, emir iow energy beta

particles. These particles have a continuous range of energies from zero up to a
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maximum (Epngx). and because of their low mass, they are easily scattered. It is
therefore essential for the efficient detection and measurement of the samples to be

carried out in a specialised laboratory,

The speciﬁ.c activity of the radioisotope starts decreasing (decaying) as soon os the
recharge water moves deep encugh into the ground water zone and is effectively
isolated from the atmospheric source, This decay is exponential and is expressed in
terms of the hatf-life of the source (Smith, 1976), The specific activity decrsases
“according to the radicactive decay faw:
t=(t/In2). In (AJSA)
from which the age of the sample ¢ can be calculated, where T is the half life of the
given radioisotope, and A is the specific activity after time t. This law, together with
. measurements of the radioisotope content of the ground water, can be uzed as a guidé
fo the ground water “age” or residence time. When applying radioactive isotopes in
hydrological swudies, the initial specific activity (Ag) of the radioactive isotope must be
known (Payne, 1972). All the processes which change the radioisotope congeniration
other than decay, such as exchange and dilution. must be taken into account in order to

apply the method precisely.

An example of the potential of radioisotopes is discussed in a study of Kalahari ground
water by Mazor et al., {1977), Radiccarbon and tritium data provided positive evidence
of recent rnin recharge within the last two decades in the northern and, in some cases,

in the southern Ka:ahari,
2.4.2 Tritium
Tritium is the only radioisotope which is part of the water molecule, and for this reason

is considered an important icol in ground water studies {Fontes, 1983). It is chemically

bound in the water molecule and is therefore 2 conservative radionctive tracer of water



behaviour, The half-life of tritium is 12.43 years with a mean life of 18 years, and the
dating range covers [00 years, Tt is measured in tritium units {TU), and one TU has an
isotopic ratio o .I/'H = 10-18 {(Payne, 1972; Torgersen ¢t al., 1979), Low energy beta

radiation is emitted, with an energy maximum of Epgy, = 18 keV.

Environmental tritium is produced naturally by the interaction between nitrogen atbms
and cosmic ray neutrons in the upper atmosphere (1N + n -»> 3H + 12C). The free
tritium atoms are oxidised to '"H'HO which enter the hydrological cycle in precipitation.
A second source of tritium in the atmosphere is man-made, and is the result of nuclear
weapons tests in the early fifties and in 1961, The tritium values in precipitation in the
northern hemisphere increased dramatically by up to 1000 times the natural level, while
in the southern hemisphere & slightly detayed increase of some {0 times the natural level
was observed. As a resull it is no longer .possib]e to assume that the initial specific
activity of tritium is constant, Since 1961, the tritium concentration, as well as the
sfable isotopie composition of precipitation, has been monitored by the IAEA/WMO
Global Network of Isotopes in Precipitation (GNIP) (Payne, 1983), from which th.e
tritiim input for a particular siudy area can be estimated, This information is also
utilised to determine mean residence times of unconfined ground. water in fractured and

sedimentary aquifers.

Qualitatively, ground water with a value of greater than 1 TU has a turnover time of
less than 20 years, This information can be used to study the stocage of & ground water
system and determine its vulnerability to short-term pollution sourcrs, such as sanitary

landfills and agriculture, which may exist at the surface (Smith. i976).

A discontinuity in the tritium {or stable isotope) content is often the result of a boundary
between two neighbouring aquifers, while comparable tritium and stable isotope
compositions in the adjacent water bodies suggest the movement of water theough this

boundary. It is particularly usefu! in locating the soutce of recharge of a water body in
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systems with a rapid turnover (Harpaz ef al., 1963). It was established in the London
‘Basin that chaik outcrops had tritium values of {0 to 20 TU while the confined nqhifer
had values close to zero, suggesting the slow movement of the water through the chalk

{Smith, 1976).

~ Tritium analyses provided Mazor ef af. (1977) with a method to group the ground water
of Qalioﬁs parts of Botswana into three active recharge areas, depending on tritium
- rontent, These areas could then be correlated with the rain distribution and the thickness
of the Kalahari beds from north to south, A study by Verhagen et 4l (1979} using
tritium profiles providéd evidence of accelerated infiltration in the Kalahari sands a3 3
result of a succession of high rainfall seasons. This was determined by the presence of
tritium concentrations greater than 10 TU (bomb produced 3H) at depths of 16 o 23

metres.

Tritivm can be used as a tracer of local contamination due to sewage water from
industries using radioactive products, as wetl as the dumping of radicactive products
such as gaseous tritium light sources ((TLS) and products with radioluminous paint or

plastic, such as watches and instrument dials, in Jandfill sites (Wehner, 1979).
24.3 Carbun-14

The carbon- 14 content of ground water measures the time which has elapsed since the
ground water passed through the zone of aeration. This radioisotope of carbon emits
beta radiation and has an energy maximum (B, ) of 156 keV, The specific activity of
14C decreases with a half-life of 5730 years, although the previous figure of 5568 years
is still used in order to compare earlier archacological data (Bowen, 1986). The

difference between the half-lives is not of great importance in hydrology.
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Environmental carbon-14 is produced in the upper atmosphere by cosmic ray neutrons
which react with nitrogen atoms (14N + n -> MC + IH). Carbon-14 has also been
added to the atmosphere as a result of the testing of thermonuclear devices, The carbon-

14 oxidises to CO,, which is then mixed with the atmospheric carbon dioxide reservoir

(Payne, 1972). It reaches the zround water indirectly by various interactions of

biological material, soil CO, and caleite with soit water.

In order to calculate the mean residence time in a given sample, the initial activity of the
TDIC before any radioactive decay must be estimated after afl chemical and isotopic
processes. The residence time produced is only an apparent age, as it is often altered by
the carbon exchanging with the rock minerals, and by solution and precipitatipn of
carbon compounds (Bowen, 1986), The 4C concentration is in relation to the 14C/12C
ratio of wood grown in 1850 AD, in an environment free of fossil carbon dioxide for
the last 7000 years, _aftcr which it is assumed to have been constant (Drever, {982).
This natural concentration in atmospheric CO, is [HCU[I2C] = 1012 and is equivalent
to 100 pMC {percent modern carbon) (Torgersen ef «!  1979; Verhagen et al., 1991).

The sample is measured as a percentage relative to tt.c siandard as pMC.

Carbon-14 is of valie in ground water studies as it is found in ground water as
dissolved CO,, HCO;", and CO42, which collectively are the total dissolved inorganic
carbon (TDIC). In order to more meaningfully interpretate carbon-14 values, complete
major fon chemical analyses of the water are required, including field measuremer:s of
pH and alkalinity, and §!3C measurements of the different carbon-containing spacies
(Torgersen et al., 1979). This is necessary as carbon-14 is a non-conservative tracer of
the water molecule. The 8/3C of the bicarbonate in the ground water is measured to
datermine the proportion which originated from maodern biogenic material, as well as

any exchange with carbon in the lithology (see 2.2.2).
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Together with tritium, the assessment of grouad water recharge using 14C is possible,
as was established in the Kalahari by Mazor ef al. (1977) and Verhagen (1990), and in
the Libyan Desert by Vogel et al, (1963),
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CHAPTER 3

3 SOME HYDROCHEMICAL PRINCIPLES
3.1 Iptroduction

The chemistry of ground water is generally dependent on the recharge water,
suhstance.s. from the atmosphere, human influences., and subsurface geochemicﬁi
processes, which include the interaction of water with vegetation, the interaction
between water and minerals by dissolution, hydrolysis and mineral transformations
(Matthess et al., 1982). The water quality is controlled by these processes during its
course below the surface, changing the concentration and nature of dissolved solids.
These are mainly present as dissociated species; catinns (positively charged ions) and
anions (negatively charged ions). These jons have varying solubilities which are
controlled by extemal factors, such as temperature, pressure, and hydrochemical
“parameters, such as the pH, redox potential and jonic strength of the solution (Matthess

ef al., 1982).

Carbonic acid (H,CC4) is the most important acid involved in the dissolution of
"minerals and is the result of dissolved carbon dioxide in the water (Matthess er al.,
1982):
| CO, + HyO & HaCOs
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The carbon dioxide content in the unsaturated zone can have concentrations greater than
{00 times the atmospheric concentration due to the respiration of the roots of plants,

and the hacterial decomposition of plant material (Mazor, 1991}

Hydrolysis is the process whereby minerals are broken down es a resuit of the presenice
of H+ and OH- ions in water. One of the primary sources of H* in wuter is the
dissociation of carbonic acid, H,CO5 (Daﬂris et al., 1966):
'  H,C0; ¢ H++ HCOy-
HCO3 & H* + CO3
Hydrolysis is the main process in Weathering the surface of relatively insoluble silicate.
- minerals such as feldspars, micas and horrhiende. The clay minerals kaolinite,
montmorillonite and illite are formed, and Ca2*, Mg2+, Nat, and K* ions are removed
into solution. The breaking down of the minerals is largely due to the low pH and

redox potential (Eh) of the water (Matthess &f al., 1982}.
3.2 Dissolved Jon Sampling

Samples for dissolved ions are usually collected in haif-litre plastic bottles, although it
is often r~cessary to confirm with the laboratory as to how much samp'e is needed, as
this will depend on the laboratory method of analysis. The sample bottles and caps
must be clean, and rinsed at least three times with water from the sampling point. The
samples must be kept as cool as possible and out of direct sunlight, In the case of trace
and heavy metals, the sample must be maintained at a pH of less than 2 in order to keep
the metals from pre'cipilating onto the sample bottle. Suspended solids shonid be
filtered from the Sample prior to being acidified otherwise metals will be leached frotn

these solids,
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3.3 Field Measurements

A number of chemical and physical observations (minimally temperature, electrical
conductivity, pH and alkalinity) are taken in the field at the time of sampling as they
give a well-head indication of the water quality and basic ~hemistry. These parameters
may also be altered once the sample is removed from the sampling site. The pH and |
| alkatinity values are likely to shift once the sample is ex,.osed to the atmosphere due to
the release of carbon dioxide under pressure in the ground water, causing the HCO; to
break down. It is also possible for the electrical conductivity of the water to decrease
as, once the sample is in a container, certain minerals may precipitate from the water,

The temperature is another parameter which will begin to change almost immediately.
3.3.1 Electrical Conductivity

Elecirical conductivity (EC) is measured in order to estimate the total dissolved ions
(TDI) in a ground water sample, as all individual dissolved species carry a charge.
Conductivity is the reciprocal of resistivity, and is expressed in mhos, usually as
specific electrical conductivity, umhosfcm, In the 8.1 system of units, conductivity is
given as milliSiemens per metre, where 1 mS/m = 10 umhos/om. The specific
conductivity of water is relative to uwe temperature, the type of lons present, and the
concentration of the various ions (Davis et al., 1966). Since condﬁctivity increases
with. temperature, it is necessary that measurements be related o a standard
temperature, nermally taken as 25° C. For most ground water, a quasi-linear
relationship exists between the total dissotved solids (TDS) and the electrical
conductivity, For a rough estimate of the TDS in ppm in fresh water, the specific
conductivity of the water in micromhos should be multiplied by 0.7 (Davis et al.,

1666). In many cases, this factor may be as fow as 0.6.
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3.3.2 Alkalinity

.Aikalin.ity is defined as the amount of strong ecid which can be added to a solution
without changing the pH of that solution. Alkalinity is praduced almost entirely by
bicarbonate and carbonate ions, or total dissolved invrganic carbon (TDIC), bicarbonate
usually being the daminant ion. & is therefore usually a reliable measure of these ions
(Davis et al., 1966). When the standardised strong acid solution is addec, hese ions
are replaced by the strong acid anions:

Ca(HCO,), + 2HCl = CaCl, + CO, + 2H,0

| When replacement is complete and all the alkalinity is accounted for, free strong acid,
which will readily release H* ions due to high dissociation, appears in the solution and

 the pH immediately begins to drop:

' HCle H +Cr

inQ
80 -
$§ 60+
£%
52 H2C0 3(aq)
S8
20
0 .
4 4]

Figure 3. Percentage of total dissolved inorganic carbon (TDIC} in solution as a

function of pH, at standard temperature and pressuse (Hem, 1975).



A pH meter or an indicator, such as methyl orunge is used to determine the titration
end-point. achieving a resolution of at least 0.1 meq/i, When the change of colour
oceurs at pH 4.5, the number of millieguivalents of acid added equals the number of
milliequivalents of total alkalinity {or bicarbonate) in the unknown solution (Figure 3).
Water with pH values greater than 8,5 may first be titrated using phenciphthalein

indicator to determine carbonate alkalinity,

Other sources of alkalinity inciude weak acids such as silicic, phosphoric and boric, as

- well as organic acids, usuaily produced in landfills (Hem, 1975).
333 pH

The pH of a sclution is 2 measure of the concentration of the hydrogen ion, H+ and is
caiculated from the ﬁegative logarithm of the hydrogen fon concentrutions, expressed as
moles per litre.

pH = -log, H*
A small proportion of pure water is dissociated into H* and OH" fons, written as:

H,0(l)=H" + OH’

In mass law form, this equation can be expressed as:

[H'[Ok] = K,

[H,0]

where K, is the equilibrium const it and, at 25°C, iy equal to 10°™, As the activity of
H,0 = |, a neutral solution is therefore (H*} = [OH'] = 10”7, The pH of pui* water is
therefore 7, which is equivalent to 1 x 107 moles per litre of hyurogen ion, a neutral
solution, Any increase in the hydrogen ion concentration will decrease the pH, while a
decrease in the hydrogen ion concentration v.”! ‘nerease the pH. Natural water contains
dissolved carbon dioxide and hydrogen carbonate ions which buffers the pH in the

range of 5.0 to 8,0. Other reactions which affect the pH is the dissociation of acidic
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solutes, hydrolysis ceactions, certain reactions where precipitates ace formed and most

oxidation reactions (Hem. 1975,

To measure the pH, a colour indicator may be used, but usually a meter with a glass
hydrogen ion electrode is used, reading to at least 0.1 pH resolution, The meter is first

calibrated in buffers, and the readings are repeated at least once.
- 3.3.4 Temperature

Temperature, in degrees Centigrade ("C), is taken during or immediately after sampling
for at least 30 seconds until a steady.\éalue_is obtained, prefernbly' at the pump outlet.
Temperature measurements are useful in identifying different groups of water,
determining water end-rhember propesties, and investigating the depth of water
cireulation. They are also essential in hydrochemical calculations, eg. samratioﬁ
indices. If the temperature of shallow ground water is equal to that of the rainy season it
is usually an indication of rapid recharge. and if it equals the average annual
temperature, it indicates retardation in the soll, probably in the aerated zone (Mazor,

1991).
3.3.5 Appenrance and Taste

Taste and aroma result from the presence of bacteria, dissolved gases or minerals.
Unpleasant smells are often the result of sulphur compounds in the water, usually H, S\
which are due to either reducing conditions {as is most often the case within sanitary
landfilis), bacteria, sewage or other pollutants (Mazor, 1991). By tasting relatively
unpollited water, the salinity may be estimated, and some major ions and pollutants
may be identified. Colour should also be noted and can be compared with certain
standards. The various colours are usually due to mineral or organic material in

solution, The yellowish-brown colour of natural strearn water is usnally the result of
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leaching of organic debris. Colour in namral water may also be due to inorganic and

organic waste.

3.4 Dissolved Constituents
| 3.4.1 Anions

Sulpliate

The initial source of most suiphates in the hydrosphere is from the oxidation of
B sulphides from igneous rocks and voleanic sources. Sulphates are also produced in
various bacterial decay processes, as well as being recycled from the atmeosphere, The
sulphate in the atmosphere is derived from dust particles, oxidised sulphur dioxide and
hydrogen sulphide gas (Davis ef al., 1966). The oxidised form is then retumed to the
ground water from the soil or in rain. In moist environments, sulphate is usually at low
concentrations, but in more arid conditions, higher concentrations are often found. In
arid enviromments, gypsun: is often formed through evaporation, and then re-mobilised
in rare rainfall events. Sulphur compounds are introduced into the sulphur cycle by

man's activities, particularly 80, in flue gases and sulphate in fertilisers (Matthess er

al,, 1982).

The most common natural process for the removal of sulphates from water is the
reduction of sulphate by bacteria n anaerobic conditions, which produces hydrogen

sulphide gas as a by-product.

The sulphate concentration of landfill leachate tends to increase soon afier the refuse is
deposited in the site as a result of aerobic oxidation, reaching values of as high as 3240
mg/l (Pohiand, 1986). Once anaerobic conditions are established the sulphate

concentration decrenses and, after some time, is absent, as it undergoes reductioh fo
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form sulphides. Ouce the landfill stabilises, and aerobic conditions return, the sulphate

concentration will generally be in the range of 3 to 40 mg/t.
Nitrate

Ni.trate is the most common form of pitrogen in ground water, where the concentrztion
generally ranges from 0.1 to 10 mg/l. Most of the nitrate found in ground water is
produced by the oxidation of organic nitrogen in the soil, where it acts as an important
nutrient to plants, Some of this nitrate is trangported to the saturated zone where it
rernains in oxidisft.'g conditions. A second source is from igneous rocks, which contain
- a small am_ouﬁt of soluble nitrate or ammonia (Matthess et al., 1982). Fertiliser
application, animal husbandry, and liquid and solid wastes usu.ally also increase the

concentration of nitrates in ground water,

If reducing conditions arise, as is often the case within landfiils, it is possible for the
nitrate to be reduced to nitrogen by denitrifying bacteria, This is the only method
whereby the highly soluble nitrate compounds are taken out of natural water (Davis et

al., 1966),

In the early stages of a landsiil, the nitrate concentration in Jeachates increases to values
as high as 19 mg/l due to the oxidation of ammonia (Pobland, 1986). Once the landfiil
begins to stabilise, the nitrate concentration will decrease as a result of reducing
conditions, forming ammonia or N3 gas, and will eventually be absent due to complete
conversion, Once the landfill has completely stabilised, concentrations of between 0.5

and 0.6 are generally found.
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Chloride

The bulk of natural chloride present in ground water is most likely the result of airborne
“transport from the oceang, carried to earth by rain or snow, as chloride is a minor
constituent of the Earth's crust, It is also présem in igneons and metamorphié {Matthess
et al., 1982). Ground water in an igneous terrain tends te have low Cl- values of less
than 30 mg/l. .Higher values would therefore indicate either the presence of more than
one mineralised water, surface enrichment as a result of evaporites, or man-made

poliution as liquid and solid waste material and fertilisers (Matthess et a/., 1982),

The chloride cuncentration in rain is as low as [ mg/l, and may exceed 100 000 mg/l in
brines. All chioridz salts are highly scluble, so chloride is rarely remioved from water
by precipitation except under the influence of freezing or evaporatinn; Chlotide is also
relatively unreactive, as well as being free from effects of exchange. adserption, and
biological activity (Davis ef al,, 1966). Due to chloride being biologicatly stable, it is a
good tracer of leachates from lardfills, and concentrations tend to range between 30 and
5000 mg/l (Pohland, 1986). Maps showing lines of equal chloride content, or

isochlars, can be very useful in hydrochemistry studies,
Fluorine

Fluorine occurs rhora abundantly than chlorine in ignecus rocks but is very much
scarcer in the hydrosphere as fluorine compounds have a low éo]ubility (Ms_llthéss et
al., 1982). The natura! concentration of fluorine in ground water ranges from 0.01 to

10.0 mg/l, although in most fresh water the fluorine content is below 1 mg/l. Fluoride
concentrations in landfill leachates tend to range between (.1 and 1.3 mg/l (O’ Leary et
al., 1986).
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Phosphate

Apatite is the mineral with the iargest phosphorous content, which is released on
weathering, with the bulk of it being adsorbed oh clay minerals. Generally, the
concentration of phosphate in ground water is in the range of hundredths of a milligram
per litre. However, in landfill leachates the total phosphate concentration can be as high
as 120 mg/l, and even in a stabilised landfill the concentration can be .as high as [4 mg/!
{Pohtand, 1986). The lower phosphate concentrations in the stabilised landfill are due
to biological assimilation and the complexation of metal species (resulting from =

decrease in the pH).
3.4.2 Cations
Calcium

Caleium is one of the maost coramon’ cations in fresh water as it is abundant in the
earth's crust and is very mobile in the hydrosphere. The concentration of caleium in
potable water generally ranges between 10 and_. 100 mgfl, its main sourcé being from
limestone rocks, the dissolution of soil carbonate or gypsum, or the weathering of
feldspathoids. Calcium is also found in fertilisers, and is frequently a component in
man-made pollution. Concentrations in landfill leachates generaily range between 200
and 2100 mg/l (O'Leary et al.,, 1986), but decrease to values of around 9 mg/l in a
stabilised landfill (Pavoni ef af., 1973)

Calcium carbonate is easily soluble in water which has a high concentration of H*
(Dravis et al., 1966):

CaCO; + H* & Ca?+ + HCOy
The primary process responsible for the removal of Ca2* ions from the ground water is

by ion exchange for sodium and other ions.
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Magnesium

Tt concentration of magnesivm in fresh water is usually less than 40 mg/l.
Concentrations of up to 1140 mg/l have been found in landfill leachates (Pohiand,
. 186). Durihg the production of methane the pH decreases, causing the compiexation
of metal species, which results in a decrease in the magnesium concentration. Once the

landfill stabilises, magnesiurn concentrations generally range between 81 and 190 mg/l.

In dnloﬁ:litic environments, ground water usually contains about equal amounts of
~alnjum and magnesium. However, the solubility of calcium is closely controlled by the

which can result in calcium precipitating out of selution more rapidly, leaving a
predominance of magnesium. When dalomitic ground water is used for irrigation, high

magnesium concentrations may buiid up in the soil.

Magnesiom is generally associated with calcium in the hardness of ground /ater. Low
values of magnesium and calcivm are sometimes found in water which has undergone
natural softening by cation exchange. Most cermrmonly, clays will excharge sodium, if

aveilable, for both magnesium and caleium ions (Davis et al., 1968).
Sodium

Concentrations of sodium vary from around 1 mafl in rain water to 10 500 mg/l in sea

water, with even higher concentrations in brines. NaCl is the most soluble salt,
followed by Na,CO5 and NaHCO,. Sodium is usually the major cation in mineralised

ground water with the exception of gypsiferous and Ca>-HCOy" water (Matthess et al.,

1982).

In sandstones, sodium is found in either the unweathered mineral grains, the cement, or

as a crystalline residue in the pores (Davis ef al., 1966). Ground water from anhydrite
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depnsits shows high concentrations of SO?- in combination with Ca®* or Mg2*, which
are also found in gypsum. Sedium is also found in various chemicals used by man, and
is often present in the ground water as a result of man-made poliution. Concentrations

in landfill leachates range from 20 to 7600 mg/t (Pohland, 1986).
Potassium
Most potable ground water has potassium concentrations of less than 1 mg/l, usually

ranging between 0.1 and 0.5 mg/l. The potassivm content of ignecus and metamorphic

rocks is only slightly less than that of sodium. Sandstones have a relatively high

* potassium content, as the {ons are adsorbed in the cementing material, as well as being

present in the unweathered potassium feldspars and micas, Even though potassium
silicates are fairly resistant to weathering, potaésium ions are released by weathering
processes, Potassium is also present in agrcultural fertilisers, and has occasionally

been observed as a result of man-made pollution (Davis et ai,, 1966).

Although potassium salts are very soluble, the ions are relatively immobile as they often
become fixed, either by sorptn on clay minerals or in the formation of secondary
minerals (Matthess et al,, 1982), For this reason, potassinm shouid be avoided as an
indicator of ground water pollution in sanitary landfille s it does not migrate with the
poliuted. ground water. However, the potassium concentration of leachates within a
landfill remain roughly comstant throughout the life of a landfill, ranging in

concentration from 35 to as high as 2300 rrig/l {Pohland, 1986},
Iron

Iron is present 1* sa<ous minerals and mineral - groups, including pyroxenes,

amphiboles, magneiite, pyrite, biotite und garnets. The bulk of the iron released during
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weathering is converted to iron oxides, which are relatively insoluble and stable
{Macthess er al., 1982), with only a small amount being transported by surface ﬂnd_
ground water, The most common type of iron in solution is ferrous iron (Fe?t) which
is usually found only in minor concentrations. When the ground water comes into
contact with the atmosphere, most of the jron precipitates out: |
2Fe™ + 4HCOy + HaO + 120y & 2Fe(OH); +4CO;

Therefore, high dissolved iron concentrations, of between 1 and 10 mg/l, are usually
found under reducing conditions. In landfills, where reducing conaditions dominate,
iron concentrations range between 90 and 2200 mg/l in the early stages of a landfill, but
decrease due ta the complexation of metal species (Pohland, 1986). Once a landfill has

stabilised, concentrations of between 4 and 20 mg/l can be expected.

At pH values less than 3, the predominant type of iron is ferric iron (Fe3+), At pH
values greater than 3, ferrle iron often forms complex ions with chioride, fluoride,
sulphate and phosphorous ions, as well as with organic substances {Davis et al,,

1866).
Alwminium

Although aluminium is ¢nic of the most abundant elements in the Earth's crust, it is one
of the least mobile in the hydrosphere. Water with a pH range of between 5.0 to 9.0
will generally have an aluminium coneentration less than 1.0 mg/l, with normal grmind
water ranging between 0.005 and 0.3 mg/l. In landfill leachates, concentrations range
from values too low to determine, up to values as high as 85 mg/l (O'Leary et al.,

1986).
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Lead

Lead is found at very lew concentrations in rocks of the Earth's crust, except in lead-
rich mineral deposits where it is present in the minerals galena, cerussite and anglesite.
It tas akso been found to. replace the potassium in silicates, mostly in feldspars and
phosphates (Matthess et af, 1982). Lead has a low solubility and geochemicat
mobility, -aﬁd is sually found in concentrations less than 20 ugfl. It is used in both
pesticides and fertilisers, and is often present in solid and liquid waste, where
concentrations of up to 1.44 mg/l have been found in the landfill leachates, althongh
these values tend to decrease with time as they form complex metal species (Pohland,

1986).
Mangonese

Aanganese is geochemically. similar to iron although it is usually found ~t lower
concentrations due to its low geochemical abundance. Mangénese encourages the
growth of bacteria which tend to stain bathroom fixtures and laundry (Davis et al.,
1966). It is a relatively minor constituent in igneous rocks, but is widely distributed in
sediments and soils as oxides and hydroxides, and is.derived mainly from the
weathering of these minerals. At a pH of around 7, the dominant manganese ioh is
Mn2#, which is present in concentrations of less than 0.2 mg/l in most natural water.
Values in landfill leachates are generally around 0.6 mg/l, although concentrations do

reach values of over 40 mg/l (Pohland, 1988).
3.4.3 Graphical Techniques’

The graphical techniqueé used to plot the chemical data in this study are the Schoeller

diagram and the Piper diagram.
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The Schoeeller diagram is a plot of the major ion components of Ca, Mg, Na+K, Cl,
S04 and HCO3+C0O3, which are plotted on individual vertical logarithmic scales
(qussington. 1990). The concentrations of each ion are plotted along the fogarithmic
scale in mitliequivalents per litte {meg/l). The Schoeller diagram is used to compare the
absolute major fon concentrations. Although the diagrams in this study have been
referred to ns Schoeller diagrams, the sequence of fons has been somewhat medified in
order to clearly represent the primary tracers of any potential pollution (see eg, Figures

9a and b).

The Piper diagram is a plot of the jonic ratios on a tri.linear graph, This allows for more
than two parameters to be plotted as one point in a field once the data has been
converted to meq/l (see eg. Figure 8). However, these are only relative concentrations
| and not absolute concentrations. The individual ionic groups are¢ expressed as a
percentage of the sum of the cations and anions respectivety, and then plotied in there
respective ionic fields. the points in the two fields are then transferred to the diamond
field, where they are plotted at the point of intersection, This characterises the whole

analysis by one point, This graphical method can indicate trends in groond water

quality.
3.44 Reaction Errors

In any solution the sum of the cations will equal the sum of the anions. However, this
is not always true for the results received from the laboratory, In order to assess the
quality of the data and determine the accuracy of the camplete chernical analysis, the
cation;anion balance should be calculated. This is called the reaction error, and is
deermined as follows (Mazor, 1991):

reaction errer = 3. eations - Tanjens X 100

ions
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where the reaction error is expressed as a percéntnge of the total ion conceatration, The
cations and anions must first be converted to milliequivaients per litre. A positive
reaction error indicates a cation excess, while a negative result indicates an anion
excess. The error wiil generally not exceed 2 %, and reaction errors ;reater than 5 %
are upacceptable. The cause of the errors are usually due to either analytical errors of
the individual parafneters‘. or due to ti.e fact that not all the ions are measured. Another
reason the results may nat balance is that in strongly cotoured solutions, as is often the
case in samples from landfil sites, organic anions form complexes with metals (Hem,

[975).



CHAPTER 4

4 THE LINBRO PARK LANDFILL SITE
4.1 Introduction
4.1.1 Locatior: .

The Linbre Park landfill site is located on the north-eastern boundary of the
Johannesburg rnunicipal area, within the Sandton municipal district (Figure 4), 1t is
situated on part of Portion 16 of Lombardy No, 36-IR in a borrow pit from the

construction of the N3 highway, which barders the site to the west.

A, broad shallow valley separates the northern and southern sections of the landfill,
sloping from Third Road, in a westerly direction, down to the N3 highway (Figure 5).
. The northern section of the site slupes in a south-westerly direction with a slope of
about 2.5°, while tlie southern section slopes in a north-westerly direction with a slope
of 4,0°. The landfill lies above the water table on weathered granites of the

Johannesburg-Pretoria granite dorne,
4.1.2 History and Development

The irttial stage of landfill of the Linbro Park landfill site was initiated in {969 in the

nerthern section of the site. Although a preliminary hydrogeological investigation was
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not carried out in this part of the site, and a lining was not installed {Blight, 1992), the
Johannesburg City Council maintain that the sanitary landfili standards were foilowed,
This stage of the landfill site has been completed, and the second stage, in the southem
section, was started in 1989 and is currently underway. In this southern section, the
water table is approximately 4 metres below the base of the landfill, except in the
proximity of the stream where it approaches to within 2 metres of the base (Williams e

al, 1983),

“The site serves the Johannesburg, Sandton and Alexandra municipalides, with a
calculated fe.fus;: input of approximately 220 thousand tons per annum. The refuse is
* mainly urban wastes, s toxic, hazardous and liquid wastes are not acéepted at the site
- which is classified as a G:M site (see Chapter 1,1}, The greater part of the waste is
obtained from hulk containers, made up of domestic waste, builders rubble and soil, as
well as refuse from gardens, streets and stands. A very small percentage of non-
hazardous iﬁdusl:rial v. ste is also present (Fojem, 1988). In 1992, it was estimated that

the Linbro Park landfill site had another 10 to 13 years of life remaining (Blight, 18923,

The refuse is placed between two parallel sand or rubble berms situated about 30 metres
apart, compacted into 2 metre high cells, and covered with a 150 to 300 mm layer of
soil at the end of each working day (Williams et al,, 1983). The refuse is then
compacted using a landfill cornpactor. The soil which is excavated from the site is used
as the cever material. A 600 mm thick soil layer of decomposed granite is placed on top

of the cells as a final layer which 15 then vegetated.



4.2 Geology
4.2.1 Regional Geology

The Lin.bro Park [andfilt is situated on weathered granites of the Grey Granodiorite
Suite, which are a part of the Johannesburg-Pre.onia granite dome (Figure 6). This
dome is an ancient granite-greenstone basement exposed on the Kaapvaal Craton,
which covers an ovoid area of approximatety 700 square kilometres, A number of
greenstone remnants are found on the dome, similar to the those of the lower
Onverwacht Group of the Swaziland Supergroup in the Barberton Mo mtain Land
(McCarthy, 1977), as well as a wide vafiety of granitic rocks which cover the greater
part of the dome (Anhacusser et gl., 1982; Tankard et al., 1982). '

The granite found at the Linbro Park landfill site is a homogeneous, medil:n-grained
grey granodioritic to adamellitic granite which covers most of the centre of the southeen
half and eastern regions of the dome, and is one of three types of granite in the Grey

Granodiorite Suite (Anhaeusser, 1973),
4.2.2 Local Geology -

Geological outcrops are nrot exposed in the Linbro Park landfill site, although large,
round boulders of granite are present. Gutcrops of the grey granouiorites are found to
the west of the N3 highway, as well as along the banks of the Juksket river. The major
minerals of the grey granodiorites are quartz, orthoclase and microcline, with minor
amounts of biotite, muscavite, epidote and sphene (Anhaensser, {973}. On some of the
weathered surfaces feldspar phenocrysts are visible, and occasional weak banding und
smatl mafic xenoliths have been observed (Anhaeusser, 1973}, Pegmatites oceur fairly
often in this suite, and are prominent in the granite outcrops in the Jukskei River to the

west of the site, These granites also display narrow jointing and cracks.
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The City Engineers Depariment (Williams ¢- al., 1983} located the residual granite in all
the trial holes sunk for the proposed southerly section. It ranges in thickness from.2m

near the stream up to 12m in the north-western section of the site. This material is silty
| medium to coarse sand and is a light red colour with mottlings of green, yellow and
pink. Some micaceous layers, as well as lenses of grey clayey sand,  :te also present.

Fissures and joints were found to be closed in this residual granite.

Most of the site is covered by a 1 metre layer of orange-red hillwash materiel, except
where it has been replaced by alluvium along the river. The hiflwash material is siity
sand with fine quartz grains, while the alluvium is red clay derived from the weathered
. granites and varies between 0,9 and 2,5 metres in thickness (Willizms et al. 1983). A
hardpan ferricrete layer of about 0,5m was observed in two of the tdal holes in the
vicinity of the stream. This fayer ié similar to the aliuvium, although it. only covers a

small pottion of the site,

4.3 Geohydrology

Well yields are generally very low in solic, unweathered granitic rock as any pores
- which are present are small and usually not interconnected, frequently resulting in
porosities of less than 1%. However, significant porosities and permeabilities may he
"developed through weathering and fracturing of the rock. The permeability decreases -
rapidly with depth as joints, faults and other fractures close due to the weight of the
overlying material, and any surface disturbances wihich may occur only penetrate a

short distance into the bedrock.,

Differences in well yields in an area are large, and are usually the result o differences

in the degree of weathering or fracturing of the rock, rather than differences in
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mineralogy or texture and structure within the rock (Davis er al, 1966). Boreholes
situated in fracture systems often have high initil yields which decrease rapidly as a
result of insufficient storage of ground water neer the well, It is therefore likely that
monitoring boreholes in fractured rock will not give representative results of the ground
water in the area, as only the immediate area will be sampled and very little water wil}
be exmd from the surrounding area. It is therefore imporiant, where possible, 10
locate boreholes in weathered zones or in alluvium where the greatest permeability is

found.

The chemical quality of ground water in granitic terrains is almost aiways excellent,
although it has been found to be slightly acidic (Matthess er al.. 1982; Mazar, 1991).
The slow breakdown of the major minerals in granidc rocks generally results jn a low
concentration of solutes in the ground water. The characteristic composition of ground
water in granitic rocks is a very low nﬁneralisatiqn of arcund 300 mgﬂ, the major anion
is bicarbonate, Ca?* and Nu* are the major cations, and has a pleasant taste. The typical

chesmistry of such ground water is given in the following 1able.

Table 1. Chemistry of typical ground water from granitic terrains

(in mg/l} (Matthess er af,, 1982)

Minimum Maximum Average
(mo/1) (ma/1) {mg/])
Ca2+ 1.8 12 - S
Mg?+ 0.6 4.5 2
Nat+ + K+ 1.3 14 7
HCOy- 12 80 35
53,2 . G.1 23 4
Ct Ll 17 4
[ F- n.d. 0.9 0.1
NO4- nd, 14 2.9
pH 5.8 7 1
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Boreholes in the granites of Linbro Park have low water yields, but the water appears to’
be fairly pure, and has been found to be suitable for most uses (Beaumont et al., 1987).
According to Williams ef al. (1983), the residual granite which overlies the parent rock
has a low permeability as it is fairly compact and, as a result, iransmurs wate- largely by
fissore flow. The fracture systems are fairly complex, and the permeability of the joints

and cracks was found to decrease rapidly below 40m.

The water table generally follows the surface topography from the river to the western
boundary of the -ii.e.. dealised, perched water tables were observe 1 in the residual
granites in the vicinity of the stwream and resuit from infiltrating wzier being obstructed
either by clay pockets or the hardpan. These perched water tables are not
interconnected, and this water often appears on the surface in the form of sprinés'

(Williams er al, , 1983).

Several holes sunk into alluvial sediments collapsed, namely GL 4, 10 and 11, and it
was also established that tree roots pierce the casing, preventing access ta the hole, as
was the case in GL 3. These casings are obviously not durable enough to outlive the

landfill sites, and continued monitoring of the completed site is not possible.

The rest levels and depths of the monitoring boreholes were measured using a  twin-
core cable with an amp meter, mounted on a hand-winch (commonly known as a
“dipper”). Four measurements of the rest levels of both the up-gradient and down-
gradient boreholes were taken, the dates and measurements of which are shown in
Table 2, Rest level measuremnents for boreholes GL. 3 and 4 were not obtained in 1994
as obstructions prevented the cable from being lowered down the borehole. The data in
Table 2 shows that the boreholes generally have lower rest levelé in September and -

October of 1992, after the sampling exercise in June of 1992.Thisis possibly an
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indication of the length of time 'hese boreholes in the granites take to recover after
sampling. The rest level of borehole GL. 6 remains fairly constant as it is located in
alluvium alongside a river, and therefore recovery is rapid. A signiﬁcaﬁt decrease in the
volume of standing water is seen in the measurements taken in January of 1994. It is
not known whether these boreholes had been sampﬁed just prior to these measurements
being taken as it was expected that the rest levels would be at their highest in the middle
of the rainy season. The only boreholes wheré this is the caée is GL 6 which is 2
metres higher than in previous measurements, probably due to a higher recharge rate as
a result of its location in alluvium, as weil as its proximity to the river, and borehole GL

7 which is 1.1 m higher, possibly the result of surface run-off from the tandifill,

Table 2. Rest levels and borehole depths of the pollution monitoring

boveholes
Boreholel Borshole Depths Rest Levels (below  surface) _
Number {m ) {m) -
injtial 102.06.¢2{ initial 102.06.92124.00.92| 14.10,92]14.01.94
GL3 || 30 19.0 9.8 13.0 10.4 14.7
60 55.0 5] 7.0 7.9 8.0
GLS 71 69.8 8 15.5 i8.2 16.3 17.3
GL6E 90 B5.0 1 3.0 3.1 3.0 1.1
GL7 44 44.0 22 25.0 28.8 28.0 27.9 |
GL8 23 23.2 18 11.7 13.1 13.2 14.3
GLY 23 23.4 5 6.9 8.2 8.3 8.9

From the borehole depth measurements shown in Table 2 it is clear that by June of
1992 borehole GL 3 had already partially collapsed, and GL 4 and 6 had substantial
decreases in their depths, most likely the result of silt:»y. The eventnal blockage of GL

4 is believed to be due to vandalism as the borehote was inappropriately covered.

Ground water flows in a westerly direction from the fandfill towards th.2 hukskei River,

There is also a possibility that a certain proportion of the ground water flows from the



54

site in an easterly direction towards some of the privately owned boreholes along Third

Road (Williams et al., 1983).

An inferred large drawdown at the highest elevation on the eastern side of the landfill
site, in the vicinity of borehole GL. 7 and the Linbro Park residences, is depicted in the
witer table transect in Figure 7a. The cest level of borehole GL 7 is around 29 metres
below the surface, The boreholes at a similar elevation on the western side of the site,
along the N3 highway (Figure 7b), have rest levels from around 10 metres up to
slightly over 16 metres below the surface (Table 2), and follow the surface topography.
The large drawdown is most likely the result of the pumping of private boreholes to the
east of borehole GL 7, creating a depression cone below the site, possibly reducing the
.threat of pollutisn to the ground water bj: the landfill site. However, this tends to

- increase the risk of drawing in any contaminated water towards the private boreholes.

As the site was originally traversed by a strearn, a culvert was constructed aiong the
length of the channel, which is now beneath the landfill. This stream flows westwards,
from the site, into the Jukskei River. The general direction of the surface water runoff
is in a north-westerly direction, obliquely across the site towards the stream. This

stream also channels water flowing down Third Road froin both the north and south,
4.4 Previcus Sfudies

Monthly surface water sampling and analysis undertaken at Linbro Park was initiated in
1978 by the Johannesburg municipality in the culvert beneath the site, at CL 1 (Figure
5), as well as in the stream, at SL 1, SL 2 and SL 3 (Theron. 1986). Discharge from
the weephoies in the culvert was sampled from 1980, the analyses of which suggested
mineralised leachate from the landf{iil. In 1989, a further stream sampling point, namely

SL 4, was established further down-gradient of the landfill in order to determine
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whether the quality of the stream improved away from the site. In 1990, sampling of

the stream which crosses the new southerly extension of the site was initiated.

Since 1979, n number of bareholes have been drilled at the Linbro Park iandﬁ!l site for
various reasons. These have been summarised in Table 3. The locations of these
boreholes are illustrated in Figure 5. The positions of the trial boreholes TP 1 to 14 are
not known. The pollution monitoring boreholes, GL 1 to 11 were drilled through

alluvium and decomposed granite, and have been cased with UPVC easing,

Williams er el (1983) of the City Engineers Departrnent claim that, because of the low

permeabitity of the residual and hard rock granite, and fhe high evapcfation rates in the |
arez, leachate should not pollute the ground water. This clatia is largely based on the
following esnsiderations: the-excavations have not been made too deep; the floor of the
landtill has been compacted and slb.pes east to wesi at about 1:30; a subdrain was
constructed dlong the western boundary of the site to drain off any potential leachate td

the culvert; and the refuse is adequately covered at the end of each day.

Due to allegations of polluted ground water by the residents of Linbvo Patk, a study
was undertaken by Hill Kaplan Scott Incorporated in 1987 (Beaumont et af., 1987,
The tests included chemical and micro-biological analyses of ground water samples
taken at 19 borehole sites, and 2 samples of surface water, both up-gradient and down-
gradient of the refuse dump. The results showed minor pollution of the stieam flowing
through the culvert and, as this stream flows away from the residential area, it was
argued that it would not present a problem to the private boreholes. Other than high
nitrate values atiributed to septic tank effluents, no chemical poltution of the ground
water at the smail holdings was found, Micro-hiological tests indicated pollution of the
ground water by bacteria, but this was also atirlbuted to septic tanks, @s well as to

animals from the nearby residences. From this study, McLachlan and Lazar, a firm of
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industrial chemists, concluded that there was inadequate data to link any ground water

pollution to the site.

Table 3. Summary of the monitoring boreholes drilled at Linbro Park

landfill site {Williams er af., 1983; Theron, 1986; Pollution Monitoring

(Leachate) Committee, 1990)

Date

Borehole initial | Initlal [Purpose of Current
Number Brilled Depth [ Rest Lavelf|Boreholes Status
{m} {m) : :
EL,_1 19789 11 dry } }
EL2 1879 12 dry } Depth of }
EL 3 1978 11 10 m } decomposed | Fiiled
EL 4 1978 6 dry } _granite }
ELS 1879 2] dry oo }
ELG 1879 4 dry 1 }
EL7 1978 25 8 1 }
EL8 1979 19 10 1 Monitor_water } Destroyed
EL 9 1979 30 17 } tabla depths }
EL 10 1978 35 19 } 1
TTF A May 82 } Depth of } Filled
to } rippable 1 axcept for
TP 14 . } rmatarlal -1 TP 8 &i4
PL 1 1682 25 14.8 } Monitor perched |} Destroyed
PL 2 (TP 14) 1882 g dry } water 1
GL 1 (TP &) 1982 11 7.8 } Destroved
GL2 1882 30 25.7 } Dry_
GL3 i982 30 9.8 } Collapsing
GlL 4 1887 60 5] } Coflapsing
[GLS 1987 71 B } Monitor water |}
cLé 1887 99 1 } poliution 1
GL7 1989 44 22 } } Functional_|
GL 8 1989 23 18 } )|
GLY 1989 23 3 } 1
GL 10 1989 9 2 } Collapsed
%11 1988 i1 1 } Gollagsad..
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Hojemn (1988) submitted an MSc dissertation dealing with a method for predicting the
flow of leachate in a landfiil. Rainfall, evapotranspiration, runoff and infiltration were
‘measured, and two 1.2 metre diameter auger holes were drilled through the refuse to
check predicted percolation at the Linbro Park landfil) site. From the results, Hojem
claims that the fill had not reached its field capacity and so no leachate was percolating
through the base. He estimated that the landfill would start producing leachate from

about the year 2001,

In 1992, Blight completed an MSc dissertation on the feasibility of designing top
- covers of landfills to eliminate or minimise leschate production at the Linbro Park
| fandfill site. A number of cover designs, cover materials, and their advantages and
disadvantages are discussed by Blight in the study. From data gathered in the two auger
holes and the monitaring boreholes, Blight was able to énnclude that the landfiil had not
produced any leachate, Lateral movement of moisture within the tandfill is expectad, as
the TDS concentrations stmilar to those found within the refuse were not found at the
base of the landfill, This is thought to result from the compaction of the refuse in

~ sloping layers,

At present, borehole and surface water is monitored every three months by the site
staff, Results from the monitoring of the boreholes at Linbro Park site indicate that
leachate has not yet entered the grov *d water system and, according to the City Coun-
cil, this condition has nat changed in the last three years. However, sampling of the
potlution monitoring boveholes is carried out using the open-bailer method. Only the
tap of the standing water colurnn is sampled, and borehole yields are extremely jow

(see 5.5.1). The results of this operation gre therefore at best debatable.
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4.5 Results of the Present Study
4.5.1 Introduction

This study has involved the location of both the up-gradient and down-gradient
pollution monitoring boreholes at the Linbro Park landfill site, as well a8 determining
whether it was possible to.retrieve samples from these boreholes, The functionai'
monitoring boreholes, namely boreholes GL 3 to 9, were sampled twice in 1992, The
first set of samples was taken in the dry season in early June, and the second after
 considerable rain had fallen in October, Boreholes GL 7, 8 and 9 s considered tw be
up-gradient of the landfill site, while boreholes GL 5 and 6 aré down-gradient {Figure
5). Boreholes GL 3and 4 appear to be in an intermediate position. For comparison
with the water within the residential areas, a private borehole situated about 300 metres
east and up-gradient of borekele GL 7, at number 66 Third Road, Moddetfontein, was
sampled (Figure 5). This borehole, designated PH 66, is claimed by the owner to have

been drilled to a depth ¢ 115 metres into the granites,

The pump used to sample these pollution monitoring boreholes is a sma:x diameter
submersiole pump, made available by the Earth and Environmental Technology
Division of the Atomic Energy Corporation. This was the only submersible pump that
could eacily be lowered down these boreholes as the diameter of the casing was 100"
small to allow a standard submersible pump access. The volume of water standing in
each borehole was first purged, and then the samples were taken, which are believed to
be the most epresentative samples of the ground water possible under the given poor
conditions. The only borehole not fully purged was borehole GL 3 which bad partially
~colipsed, and only two 1 litre samples could be extracted, The boreholes were
| resampled around three months later when it was expected that the rest levels would
have more o1 less recovered (Table 2), It was found ac this time that borehole GL 3 had

collapsed at a depth of around 10 metres and, as a result, no sample could be taken,
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When the monitorng  -.choles were pumped at around 500 litres an hour, it was
found that the water levels were capidly drawn down. The already low pumping Speed
had to be drasticully reduced. and it was often the case that barely sufficient water was
available for carbon- 4 sample extraction (~ (20 litres). This is probably due to either
the low permeability of the granitic rocvs and the residual granite, or is the result of the
casing not being siotted or obstructed slots in the casing. However, in spite of poor
sampling conditions, it is argued that at least the water sampled had been extracte.l from
outside the casing, The samples were analysed for the major ions and for the stable and
radioactive isotopes. Well-head measurernents of temperature, pH, conductivity and
alkalinity were taken during sampling, The rest levels of each hole, as weli as the

depths of the holes, were also measured prior to sampling (Table 2).

452 Hydrochemistr'y

Well-head Measurements

The well-head measurements for the pollution maonitoring boreholes are given in Table
4. Generally, the down-gradient bureholes (D) have higher alkalinity, conductivity, pH
and temperature values than the up-gradient boreholes (U).

The up-gradient be eholes 2re lower in alkalinity, electrical conductivity and pH than
the down-gradient boreholes (Table 4), The conductivity values are relatively low, as is

expected for ground water from granitic terrains,

A decrease in the alkalinity and pH values over the two sampling dates for cach

_ borehele is most likely due to a chemically different water recharging the bareholes,



61

Table 4. Well-head mmeasurements for the two sampling periods

Borehole|l  Alk (meq(l) E.C. (mS/m) pH Temp (°C) |i
Number { 2Jun | 140Qc¢t | 2Jun | 140t | 2dJdun | 14 Oct | 2 Jun | 14 Qct
GL3 1.0 8 6.1 9.0
GL 4 1.7 1.5 16 22 6.4 6.0 20.0 19.8
GL 5 (D) 2,8 2.1 22 7.4 6.5 20.0 20.8
Gi. 5 (D) . 2.6 2.4 32 32 6.6 6.0 18.5 20,9
GL 7 () 1.1 0.7 14 14 6.5 4.2 18.2 19.8
GL 8 (Lh t.2 0.2 9 12 6.3 5.2 9.0 18.8
laL 8 (W) 1.5 1.1 8 11 6.6 5.6 18.8 18.9
PHBE () 1.2 16 6.2 17.0

(Di= Down—gmdlent boreholes
- (Ul = Up-gradient boreholes

lons

The up-gradient boreholes are generally sodium bicarbonate dorminant ground water,
while the down-gradient boreholes tend to be calcium bicarbonate dominant (Tables 5a
and b). The only exception is the October sample of GL 9 which tends towards calcium
bicarbonate dominance. These differences between the up-gradient and down-gradient
boreholes are further illusteated in the Piper diageam (Figure 8), Minor differentiation is
observed in the anion triangle. In the caﬁon triangle, the down-gradient boreholes have
caleium percentiages greater than 40% and Na + K less than 40%, while the yp-gradient
boreholes have calcium percentages less than 40% and Na + K gmater than 40%. The

only exception is the QOctober sample of the up-gradient borechole GL 9, which

approaches values of the down-gradient boreholes.
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Figure 8. Piper trilinear diagram for the poltution monitoring boreholes at the Linbro Park landfill

site. Shown also is the average chemistry of ground water from a granitic terrain (AVE)
{Matthess, 1982)
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Table 5a. Cation concentrations in megfi for the {wo sampling periods

‘Borehole K {meqg/i} Mg (meq/l} Na (meq/l} Ca {meq/h)
Number J| ZJdun i 140ct | 2Jdun ! i40ct | 2 Jun | 14 O0ct [ 2 Jun | 14 Oat
GL3 0.03 0.08 0.70 0.2
GL4 0,04 0.04 | 0.51% Q.51 0.7+ 0.78 1.1 1.1
feL s (D) g.01 0.01 0.8 0.31 0.¢ 0.96 1.4 1.4
GL6 (D) || <0.002 | 0.004 | 0.50 | 0.54 0.85 | 0.81 1.9 2.1
| GE 7_(U) 0.14 | 0.2 | 0.32 i 0.25 0.87 | 0.78 0.5 0.3
GL 8 (W) 0.12 0.10 | 0.23 { 0.19 0.57 | 0.52 0.6 0.4
IGL 9 (U) 0.06 0.11 0,20 0.38 0.81 0.65 0.4 0.9
PH66_ (W ) 0,10 : 0.27 : 0.65 0.7

Table 5b. Anion concentrations in meq/l for the two sampling periods

Barehole|| HCO7 (meyd) 80, {mag/l) Cl {meqg/l) NO, (meqg/l)
Number Il 2 Jun | 140ct ) 2Jun [ $40ct | 2.Jun | 14 Oct | 2 Jun [ 14 Qct
[GL 3 1.0 0,05 0.09 0.02

| GL 4 1.6 1.7 § 025 { 0.25 | 0.54 | 0.51 { 029 | Q.31
Gl 5 (D) 2.4 23 } 015 | 0.15 | 0.11 | ©0.11 | 0.27 | 0.29
GL 6 (D) 26 | 28| 0.12 | 0.12 | 0.85 | 0.99 | 0.06 | 0.08
GL 7 {U) 1.3 0.8 | «0.05 { 0.01 0.17 | 0.16 | 0.69 | 0.78
GL 8 (U} 1.8 0.9 | 016 ; 0.13 | 011 | 009 | 6.02 | 0.13
GL 9 (U) 1.5 1.5_| 0.01 | 0.62 | 0.05 | 0.04 ; <0.01 | <0.01 |
pHee (U [} 1.1 0.03 0.18 0.48 |

{D) = Down-gradient boreholes

{1 = Up-gradient horelioies

Table 5¢. Total disselved ion (TDI) concentrations in meg/l

Berehole

TBl (meg/D

Number 2 Jun 14 Oct
GL 3 2.2

GL4 5.4 5.2 |
GL 5 (DY 5.8 5.6

Gl 6 (D) 6.8 7.5
GL 7 (L 3.9 3.2

GL B (Lh a.1 2.6

GL 9 {W) 2.9 3.8

PH 86 {U) 3.5

{D) = Down-grrdient boreholes

(U} = Up-gradient boreholes




. The higher calcium concentrations, and to a fesser extent, higher sodium and
bicarbonate concentrations in the down-gradient boreholes are illustrated in Figures Sa
and b, eferred to as modified Schoeller Jagrams. In the up-gradient boreholes, an
obvious change in the Ca: Na rati.o of borehole GL 9 is apparent and closely resembles

the down-gradient bnreholes.

Borehole GL 6 generally has higher major ion concentrations. Due to its proximity to
the stream, it is possible that leachates, seeping through weepholes in the culvert into
the stream, are entering the ground water in the vicinity of this borehole. The higher
TDI concentrations observed in the down-gradient boreholes correspond to lower
potassiﬁm concentrations. This could be the result of:

. ) adsorption of the potassium ions by clay minerals during the migracion of the ground
\.vater.. or |

b) that the downstream boreholes tap somew*hat different flow lines,

Generally, the major ion concentrations in both the up-gradieat and down-gradient
boreholes are well within the recommended limit for drinking water (Table &).
However, the up-gradient borehole GL 7 does exhibit a slightly higher nitrate
concentrations. This may be attributed to septic rank effluents from the neighbouring
small holdings, althongh the higher levels are also probably partly due to the up-
gradient bhorehnles being more oxic then those down-gradient. The recommended
drinking water standard for nitrate is exceeded in the sample taken from borehole PH
66, with a nitrate (as nitrogen) leve] of almost 7 mg/l, while the 1naximom permissible
Timit of 10 mg/1 is reached in borehole GL 7. The iron concentration in all the down-
gradient boreholes is less than 0.1 mg/l, and within the standards for drinking water,
while the iron conceniration in the up-gradient boreholes, with the exceptiﬁn of
borehole PH 66 and the June sample of GL 7, exceed the recommended limit. The
aluminium concentration in boreholes PH 66, GL 9 and the October sample of GL 8 is

higher than the recommended limit. Substantial increases in the phosphorous
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" concentrations of boreholes GL 8 and 9 are apparent over the sampling period. both
increusing from 0.02 to 0.1) and 0.15 meqg/l respectively. Borehole GL 9 also shows
signiffcant inureases in iron, from 0.36 to 21.00 mg/l, silica from 9.90 to 17.00 mg/l
and aluminium, from <0.1 to 6.90 mg/l, This is the only instance of the appearance of
these elements, assumed to be pollutants observed during this siudy. the concentrations

greatly exceeding the crisis limit specified in Tubie 6.

Table 6. Drinking water standards as proposed for application in South

Aftica (Weaver, 1992)

Maximum |  Crisis ||

Determinand || Recommended ;

Limit | permissible | Limit
K (meg/l} 5.1 ‘ 10.2 : 20.4
Mg _{meg/N - 5.8 8.2 | 186.4
Na (mea/l) 4.3 174 | 34,8
Ca {meg/1) 7.5 10.0 ! 20.0
€l (meg/D). 7.1 t6.9 i 33.%
NO; {meq/l) 0.4 0.7 ! 1.4
%0, (meq/l) 4.2 12.5 E 25.0
F {mesa/l) _ 0.05 0.08 ; 0.16
Fe {mea/t) 0.004 | 0.04 j 0.08
Al {meg/) 0.02 0.06 | 0.1
E.C. {mS/m} 70 300 400
pH 6.0-9.0 5,5-9.5 <4.0->11,0
Temp {°C) <25 §30 <40

Ground water chemistry from typical granitic terrain (Matthess, 1982} has been
comnpared to both the up-gradient and down-gradient boreholes, showing the minimum
and maximum values for granitic water (Figures 10a and b). The Na* + X+ values are
consistently higher than the maximum concentraticn of typical granitic water in both the
up-gradient and down-gradient borehole samples, possibly the result of the high

percentage of sodiurm-rich plagioclase (albite) found in the grey homogeneous granites.
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as well as a higher degrec of weathering of these granites, The chemistry of the
pollution monitﬁring boreholes generafly resembles the granitic water chemistry, and
the concentrations are seldom higher than that of water solely from a granitic lerrain
(Figure 10a and B). The most cbvious differences are seen in the anion concentrations,

mainly In the up-gradient boreholes.
4.5.4 Isotopes
Stable Isotopes

The range of the D and §'%0 values is fairly small for both the up-gradient and down-
gradient boreholes {Table 7).

Table 7. Mean 5D and mean 5180 for the two sampling periods

Borehoie 8D g0 ||
Number {Fc ) (%e)
|GL 3 -21.3 -3.95
GL4 -25.4 =4.45
LGl s (D) -24.0 -4.63
GL 6 (D) . -20.2 -4.07
GL 7 {U) -25.0 __ -4.50
GL 8 {h -25.3 -4.58
GL 9 {L) -28.3 -4.86
PH B6 (L) -26.4 -4.50

(D) = Down-gradieat boreholes

{1 = Up-gradient bareholey

The values of 8D and 5120 generally plot close to the meteoric water line, indjcating that
the samples are derived directly from rain, without any major modifications to their
| stable isotope compdsitions (Figure 1), As no significant evaporation is evident in
both the up-gradient and down-gradient borehole samples, it is possible that a

component of Rand Water (RW) mains water is present in the samples of boreholes Gi.
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3 and 6, entering the ground water by local infiltration with natural water from the
stream (Verhagen et al,, 1995h), This would explain the more positive 5 values seen in

Figure 11.

In Figure 11, boreholes GL 5 and 6 show an enrichment in deuterium, but not 3130,
relative to the WMWL, It is clear that the enrichment is not due to evaporation, and
therefore is probably the result uf gaseous diffusion within the Jandfill.

Tritivem und Carbon-14

Table 8. Radioactive isotope values for the two sampling periods

Rorehele || 8H (TU) 140 (pMC) 833C (%e)
Number 2 Jun 14 Oct 2 Jun 14 Ot 2 Jun 14 Qct
GL3 4.6+0.4 ' _
GL4 1.240.2 | 1.440.3 | 86.2+0.8 | 91.3%+1.86 -10.5 -10,8
GL 8 (D) 0.6+0.2 | 0.4+0.2 | 69.4+0,8 | 73.8%0.6 -9.1 -9.0
GL 6 {D) 8.4:0.8 | 22+0.3 | 94.4+0.8 | 104 g+1.0} -10.9 ~10.3
GL7{U) | 0.840.2 | 0.940.2 | 117.240.5 | 123,8+1.4 -8.6 -8.3
GL 8 L) 5.8+40.4 | 4.8+£0.4 110.940.2] -11.8 -11.5
GL 8 () .4+0.2 | 0.440.2 | 97.7+0,2 | 10’ 5£2.4) -10.7¥ =10.0
PH 66 (U} [| 0.4+0.1 84.0+0,9 -10.2

(D) = Down-gradient boreholes

(L) = Up-gradient barcholes

Geﬁerally, the radiocarbon and tritium concenteations are within the normal
environmental range, and indicate a fairly rapid turnover, more apparent in the up-
gradient borehvles, An exception is borehole GL 7 which has a carbon-i4
concen.tration wel] over 100 pMC, and a tritiurn concentration less than 1 TU (Table 8).
A possible mechanism for this combination is the introduction of COj3 into the ground

water through root respiration by the well-developed vegetation {trees) in the vicinity.
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Such combinations have been observed in other granitic areas {Verhagen, unpublished

data),

An estimate of the mean residence time in years of the ground water (see Table 8a) was

" calculated utilising the exponential model (see Appendix)

Takle 8a. Mean residence times calenlated from 3 wvalues

Borehole 3H (TU) - Mean Residence
_ e Times (Years)
Number 2 Jun 14 Oct 2 Jun 14 Oct
GL3 [ 4.6+0.4 - 15

fleL4 1.240.2 1.4%0.3 150 __120
GL 5 (D) 0.6£0.2 0.4+0.2 300 500
GL 6 (D) -3.4%0.3 2.2+0.3 30 60
GL 7 (U) 0.8+0.2 0.9+0.2 230 200
GL 8 (U) 5.8+0.4 | 4.8+0.4 15 15
GL 8 (W) 0.4+0.2 0.4+0.2 500 500
PH 66 (U} 0.4x0.1 500

(D} = Down-gradient boreholes

(U) = Up-gendient boreholes

An increase, varying from 4 to 11 pMC, is evident in the carbon-14 concentrations for
the different boreholes (Table 8). No consistent change in the tritium data is evident
over the sampling period, and the 8!3C data remain constant and within the normal
range. This is suggestive of non-steady state conditions and may possibly indicate either
poor contact of the boreholes with the aquifer, further illustrating the poor sampling

conditions, or may be due to the relatively low natural ground water flow,
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4.5.5 Summary and Discussion

In general, the down-gradient pollution monitoring boreholes have higher alkalinity,
conductivity, temperature and pH values than the up-gradient boreholes. They also have
_ higher ion concentrations than the up-gradient boreholes. The ion which most clearly
distinguishes the up-gradient boreholes from the down-gradient boreholes is calcium
and, to a lesser extent, bicarbonate and sodium. These differences are clearly illustrated

in the modified Schoeller and Pipe; trilinear diagrams. '

The higher major ion concentrations in the down-gradient boreholes is possibly the
result of 2 more mature hydro.cheniistxy as a result of the dissolution of the silicate
minerals in the residual granites, leaving an aluminosilicate residue such as kaolinite,
illite or montmorillonite. This is also evident in the higher alkalinity and hydrogen

carbonate concentrations.

The 8D and §'°0 data plots on, or close to, the metearic water line, with no sign of
evaporation. There is however a shift towards more positive 8D in the two down-
- gradient boreholes, which is comparable o the more heavier stable isotope
coi'npositions in down-gradient boreholes of a study by Fritz et al. (1976). Although
there is sorne apparent contradiction between the 3H and 14C, one could expect, on the
assessed turnover times, that the ground water should, in general, reflect the presence
of leachate. On average, the up-gradient boreholes show a shorter turnover time than the
down-gradient boreholes, With the exception of the up-gradient boreholes GL 7, 8 and
9, there is no clear evidence of pollution. The pollution (e.g. nitrate) found in these up-
gradient boreholes could possibly be derived from the neighbouring small holdings, the
nitrate originating from animal husbandry and septic tank effluents, and the phosphate

and sulphate from feriilizers.
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Within the constraints of the poor sampling conditions, it can therefore be concluded
that no éig’niﬁcant leachate is entering the down-gradient ground water at present. The
consistent increase.in the carbon-14 concentrations of the resampled boreholes is a
possible indication of the paor sampling conditions which, in turn, suggests that the
polluticn monitoring boreholes poorly reflect any temporal changes in the
hydrochemistry. These boreholes have proved to be inadequate in their construction,

and have poor hydraulic connection with the aquifer.
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CHAPTER 5

'5 WATERVAL LANDFILL SITE
5,1 Infroduction
. 5.1.1 Location

The Waterval Jandfill site i$ sitvated approximately 15 kilometres west-north-west of
¢entral Johaunesburg between the north-western suburbs of Newlarids, Triomf and
Albertville (Figure 12), co-ordinates 26° 10' S and 27° 57" E (Ball, 1984), in the cenire

of a residential area, with a school at the north-west comner (Figure 13).
5.1.2 Histery and Development

The Waterval landfill site is the oldest and largest in Johannesburg. It was established
in [928, and covers an area of approximately 28 hectares. It has been estimated that ﬂie
volume of the landfill is between 3.0 and 4.5 x 10§ cubic metres, It was initially a
quarry, where residual clays from weathered schists of the Swaziland Supergroup were
used in the making of bricks. These brickworks commenced in 1896 and continued
until 1906, after which no further activity took place untii the fandfill was initiated, The
site was closed in 1978, 50 years after landfilling commenced.
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Dumping initially took place by "wet tipping” into the site of the old brickfield which, at
the time, was flooded (Ball, 1984). The site received approximately 100 000 tons of
refuse per annurs, which was predominantly urban domestic refuse from the north-
western suburbs of Johannesburg, as well as gardén refuse and minor amcunts of
business and industrial refuse. The refuse was only covered when odours were being
emitted from the tandfill site. This continued uniil the 1970's, when a daily apnolication
of soil over the compacted refuse became standard practice. This layer of :oil was
between: 0.15 and 0.30 metres thick, with a fina! layer of up to a metre in thickness.
The operation was by a cut and fitl method where refuse was deposited in the void left
by the cover excavations and then terraced. In 1972, a culvert was constructed beneath
the landfill to contain the natural stream course which originates below the landfill site.
Although the culvert was insulated by a metre of clay, ground water seeps in through

Weepholes and joints below the water table (Ball, 1984},
5.2 Hydrogeology

The Wateﬁal landfill -ue is sitwated on the south-south-west margin of the
Johannesburg-Pretoria Grauite Dorm. . The rock types on this contact zone sve dioritic
gueisses and hybnd granites of the dome, and ultrabasic schists from the lower
Onverwacht Group of the ancient Swaziland Supergroup (Figure 14) (Ball, 1984;
Tankard et al., 1982}, The only indication of the Swaziland Supergroup in the vicinity
of the landfill is the river bed, which is made up largely of clayey siit, recognised by
Brink {1979) as being the remnants of rocks from the Swaziland Supergroup after
undergoing a high degree of chemical decomposition. The unweathered schists are
expecied to have low porositics, as the pores are small and generally not
intercohnectec‘i. This often results in zero permeability except in zones of frazturing and

weathering.
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To the south of the landfill site, and siriking east-west, are shales and quarizites of the
Witwatersrand Supergroup (Figure 14). These younger rocks unconformably overiie
the rocks of the Ssvaziland Supergroup {Anhacusser, 1973). Northeliff Hill, simated to
the north of the landfill, is a ridge of Orange Grove Quartzites which was faulted and
displaced about two kilometres te the north-east, and slightly rotated, This resulted in
the formation of the Waterval Valley which trends in a NE/SW direction, bounded on
either side by quartzites, and forms a catchment area which drains to the north-east, The

‘Waterval landfill site is situnted within this valley (Figure 14).
5.3 Previous Studies

In September 1976, the Johannesburg City Council initiated monitoring of the Waterval
landfill site. Water samples from pollution monitoring boreholes, streams and the
culvert were taken during be*h wet and dry seasons, and analysed for various elements
and pollutants, The locations of the poflution monitoring boreholes are depicted in
Figure 13, As was the case for the Linbro Park monitoring boreholes, these boreholes
were sampled using the open-bailer method, where only the uppermost portion of the
standing water colvmn is sampled. Tt is therefore questionable whether these samples

were representative of the ground water at that time,

An MSc thesis (Ball, 1984) gives a fairly extensive report of both the surface and
ground water situations at the Waterval site. This project invalved the sarhpling of the
surface and ground water in the vicinity of the landfill, at the end of each season, to
assess the poifution status and any variation in poliution with time and distance from the
landfill, It was concluded, using conductivity and chlorinity as proxy inrlicators, that
significant pollution in the form of a plume in the ground water could be observed in
some of the ohservation boreholes down-gtadient of the landfill. A 1.2 metre diameter

hole was aug,.red through the landfill which was then sampled and profiled.
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5.4 Results of the Present Study

3.4.§ Introduction

An initial attempt to sample the poliution monitoring boreholes early in (992 proved to
be futile as almost ali these boreholes were secured with manhole covers, which proved
to be impossible to remave without the correct tool. The boreholes that were accessible
were dry and appeared to be filled-in with soil which, at the time, was assumed (o be

 the result of vandalism.

At a later date, the correct thol was obtained, and most of the manhole covers were
removed. However, all but one of the boreholes were found to be dry and filled-in with
soil, which could only have resulted from the casing collﬁpsing. as vandalism would
not have been possible. The only pollution monitoring borehole that could be sampied
was GW 21, wﬁich i$ situated up-gradient of the landfill site (Figure .I 3). This borehicle
had an extremely low yeld, although sufficient water {(a few lires) was available for

stable isotope and tritium samples.

Later in 1992, several private boreholes in the vicinity of the landfill site were sampled
for stable isotopes and tritium. Well-head mensurements were not recorded for any of
these boreholes. Tl following are the addresses of these private boreholes:

3 Smuts Street, Waterval Estate

8 Willow Street, Waterval Estate

Auckland Park Bowling Club, John Adamson Drive, Montgomery Park

44 Max Michaelis Street, Montgomery Park

_ Huix I—Ioéveld_, Main Street, < hartville

The loca'ities of these borehole are shown in Figures 15 and 17. A greater spread of
sampling points was foreseen; however na further private boreholes could be located in

the area.
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~ Three surface water samples for both stable isotope and tritium analysis were also
| taken. One sample was taken from the culvert passing through the landfill slightly
downstream of the landfill, namely CW A, and two were from the stream, natnely SW
A and SW B (Figure 13). At the time, no field measuremenis were taken, However, i
December of 1994, these sémpling points were analysed for the various field

parameters to clarify certain features observed in the environmental isolope data,

5.4.2 Field Measurements

The conductivity of the surface water samples was found to be higher in the streém_
water sample, SW A (Table 9}, than in the culvert water, CW A, which is assumed to
be predominantly seepage from below the landfill site (Ball ez &l, 1986). This suggests
that additional contamination enters the stream from a source situated between the
culvert and the SW A sampling point. The estimated flow rate roughly doubles betwesh
the culvert and this sampling point, indicating an influx »f water, which is also evident
in the somewhat higher alkalinity value, and the lower pH. In all four samples, a faily
high nitrate concentration was measured using nitrate test strips; however they are all

within the recommended limit for drinking water (Table 9),

Table 9, Field measurements for surface water samples

Sample E.C. Alk pH Estimated| Estimated
Number . Flow Rate! Nitrate Ji
{mS8/m) {meagi) {l{sec} (mal} |
CWA 68.0 4.0 8.18 ~ 1 ~ 20
SWwA B3.5 4.3 7.80 ~ 2 -~ 20
SWB 58.0 2.8 8.15 -4 ~ 20
Pond Entry 65.0 2.4 8.30 ~4 . ~ 20

Furthet downstream, at sample point SW B, the conductivity is lower, the pH returns

to the previous value found at C¥% A, and the alkalinity drops considerably. The
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estimated flow rate ance again increases to roughly double that seen at the SW A
sample point, indicating furiher influx of water into the stream, but apparently
dissimilar in solute contents to that seen at SW A. Between § B and the pond sample,

the field chemistry begins to retuen to the initial values seen in the CW A sample,
5.4.3 Environmental Isotopes

-Stable Isotopes

The samples from the cuivert and stream have heavier stable isotopic compositions than
the surrounding private boreholes (Figure 15), particularly the up-gradient pollution
monitoring borehole GW 21, SW A i significantly heavier than the other two surface
water samples, further suggesting the introduction of water from a source other than |
ground water. The decrease in the 8130 value at the SW B sampling point i3 an
indication that isotopically lighter water, probably ground water, has entered the river,
substantially diluting the isotopleally heavier stream water, Moisture above the water -
line along the banks of the stream during low flow conditions, supports the assumption
that the isotopically lighter water is ground water. The ground water elevations are
higher than the stream bed, with the exception of 44 Max Michaelis, where the stable

isotope cumposition suggests influence from the river.

The sample from the culvert, CW A, plots on the MWL, but significantly heavier than
the ground water samples, probably due to contributions of RW drainage water from
the higher lying residences and schools, The stream water sample, SW A, plots
isotopically considerably heavier % the other samples, and along a mixing line
between the local ground water and Rand Water mains (Verhagen et al., 1935b)(Figure
16). This suggests a large percentage of RW mains combined with the stream water,
and is more than likely a leakage in the sewer system which runs along the length of,

and is occasionally exposed in, the stream bed. The two isotopically lighter samples are



85

ALBERT'S \, ATERVAL S
FARM # ESTATE

sk m 3.7
) 4.7 %

NNk AGAMSpn PV

MONTGOMERY PARK
a4 Max sichaols

"
3.2 ~

ﬁfﬂﬁp
L

" ALBERTSKROON

WEST PARIC
CEMETRY

ALBERTVSLLE
"t Hoevald
;|

-4,2

LEGEND
380(5%0)
. ]
Borahole Number N

Landfil} Site

&> Dam
== Rivers and Flow direction
3.3 | 11y 1 'F

“Figure 15, 8'%0 valves of the ground, culvert and surface water in the vicinity of the

Waterval landfill site




86

5D J _ W jing
(%O) . ) Line

Averags
RW rmains

-5 -

=10 =

154"

=20 -

Bewling Club
5 Hoayald

~25 - 5 Smuts @

o
cwzl1

5°%0
(%o)

Figure 16. Plot of 8D against 3180, Also shown {s the world meteoric water line
(WMWL), as well as the mixing line between local ground water and

RW water



87

the two most upstream samples, It therefore appears that the effect of the RW mains
water is widespread. The average stable isotope composition of RW mains water for
the period 1979 to 1995 within the Gauteng arca has been plotted in Figure 16
(Verhagen et al., 1995), It is ciear that the SW A sample plots between this average
value and the value of uncontaminated ground (GW 21} and surface water in the area,

indicative of mixing.

Tabie 10. Stable and radioactive isotope values for the pollution

monitoring boreholes

Borehole 8D 8180 - __BH
Number (%) (Yoo ) (7.U.)
‘Huls Hodveld -24.8 -4,21 C,7£0.2
GWA -13.2 -3.086 23.241.1
SWA -5.0 -i.41 12.2+0.6
SWB - -16.4 -2.80 8.8x0.5
5 Smuts -25.3 _-4.73 2.6+0.3
Bowling Cfub -22.7 -8.75 4,5+0.3
|8 Willow -21.1 -3,74 4.2x0.4
44 Max Michaelis -18.2 «3.21 6,6+£0.4
GW 21 -247.5 -5,32 .3.4:£0.3
Tritium

A significantly high tritium concentration of 23.2 TU is found in the culvert water
sample, CW A, This is much higher than the normal environmental range (IAEA, 1992;
Schonland unpub. data), indicating an anificial tritium source, probably within the
landfill. Elevated tritium levels have been identified in other South African landfill sites,
the source of which is yet unknown (Verhagen et al., 1998). The tritinm concentration
decreases considerably downstream (Figure 17), This is probably the result of dilution
by two inﬂo@s previously identified:

a) channel water, assumed to be Rand Water mains-derived, with an expected value of
some 5 TU;

b} local ground \!u'r.t'tezrr with at most 4.5 TU,
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The tritium concentrations in the stream are higher than the ground water concentrations
encountered in the private boreholes, with the exception of 44 Max Michaelis which

further suggests contamination from the river,
5.4.4 Summary and Discussion

The study on .this landfill site confirms that the UPVC casing, used by the
iohannesburg Municipality in the pollution monitoring boreholes, is not sufficiently
durable to sustain the extensive period of time required to monitor the landfill during its
operation, and after the closure of the site, particularly in loose sediments (see also

Chapter 4).

A strong case for the continued monitorin'g of this landfif] site is the fact that private
borsholes, down-gradient of the landfill, may be directly recharged by the stream, as is
suggested by both the 5'8Q and tritinm values at 44 Max Michaelis. The work of Ball
{1984) indicates that poilution could be observed in the (now defunct) network of
_ pollution monitoring boreho.es. This plume of higher concentrations of conductivity
‘and chloride values observed downstreamn of the landfill site was presumed to indicate
the movement of pollution in shallow ground water in the alluvium. The §:80 values,
together with field chemistry, clearly show that further pollution is occurring to the
river water downstream of the landfill site, This may be atiributed to leakages in the
sewage system, which runs along the river bed. It is also evident that this water is
diluted further downstream, probably by influent ground water, The higher chloride
values seent in the plume in the study by Ball {1984) centred on the stream bed might
therefore have been produced by bank infiitration of polluted water from the site, with

possible further solute concentration through evapotranspiration from the shallow

ground water.
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Downstream private boreheles age potentially susceptible to pollution within the stream,
| which, in turn, is partially derived from leachate seeping through weepholes in the
culvest. The University of the Free State recommend a period of 20 years after the
closure of the two Bloemfontein landfill sites (Bekker, 1992). The Waterval site has
been closed for less than that suggested time which might be regarded as an absolhute
minimum. From the condition of the boreholes, it appears that monitoring of the

ground water had already ceased by the early 1990's.

The significantly high tritiumn concenteation in the culvert water sample, apparently due
to artificial tritium within the landfill, is evidence of the continued pollution of the
stream, most likely resulting fron leachates emanating through the weepholes in the
culvert. The source of this artificial tritium is probably from the minor amounts of
" industrial (and medical?) refuse which were previcusly deposited at this site. This
tritiurn concentratidn, which must be assumed to have been introduced pre-1978 whe.
the landfill was still in operation, is considerably diluted as it moves downstream by,
what appears to be, both Rand Water mains and ground water, Leachate from this site
is therefore uniguely labelled and the artificial tritium can be used as a convenient
surface and ground waler tracer for pollution from the site. With the detection of
- elevated tritium levels i other South African Iandfill sites, tritium is rapidly becoming
an extremely useful tool as & tracer of pollution from these sites (Verhagen er al.,

1998).

Possible influence of the stream water is seen in the ground water downstream at 44
Max Michaelis, There is also evidence of influent conditions from the ground water in
the lower reaches of the stream, up to the dam. However, boreholes situated close to
the stream bed might well reflect as much the stream water as they may reflect the

ground water, carying contarnination from the: landfill.
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CHAPTER 6

0 THE BLOEMFONTEIN NORTHERN LANDFILL SITE
6.1 Introduction
6.1.1 Location-

The Bleemfontein Northern landfill site is located to the north of the city, and is about
35 hectares in extent. The slope of the general area is to the south-east, ranging from
around 40° in the north-west (Petra Groef), down to 2° in the south-east (Farmer's
Da_fn)(Figure 18). The landfill site has a fairly steep slope :o the north, and is situated
on a slight rise which is controlled by the high resistance to weathering of the

underiying dolerite.

Water from the dolerite mine, Petra Groef, Jocated on the north-western boundary and
up-gradient of the Northern landfill site (Figure 18), may affect the chemistry of the
ground and surface water, as a large percentage of run-off from the mine drains
through 2 significant portion of the landfill. A catchment dam in a streambed is situated
on the eastern boundary of the landfill site, and a farmer's dam is positioned about 100

metres further downstream (Figure 18).
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6.1.2 History and Development

The Northern landfill site is classified as a G:M site (Chapter [.1}. The waste material is

placed in cells which are then mixed and compacted with clayey soil (Bekker, 1992),

Three borehoies have been drilled to monitor any ground water pollution from the
landfill. Borehole N 0001 is situated approximately in the middle of the site, while
boreholes N 0002 and N 0003 are both down-gradient of the landfill site, along its
eastern boundary (Figure 18). All three boreholes were drilled into dolerite to a depth of
- about 35 metres (Table 11} (Bekker, 1992). The monitoring boreholes in this site and
- the Bloemfontein Southern landfill site (see Chapter 7) are much higher yielding, and
are constructed with large dizmeter steel casing which is considerably more durable and

accessible, than boreholes previously discussed in Chapters 4 and 3,

Table 11. Rest levels and borehole depths of the pollution monitoring

boreholes
Borehoie Rorehole Rest Levels (below surface)
- Number ||  Depths 31/02/92 30/08/93
b (m (m)
N 0001 31.5. 3.0
N 0002 38.5 2.0
N 0003 31.5 2.0 3.5

6.2 Hydrogeology

The landfill site ‘s undertain by 3-4 metres of very coarse and crystalline, weathered
dolerite, followed by fresh dolerite which is estimated to be about 38 metres thick,

forming a solid base for the flow of ground water (Bekker, 1992). The yield of the
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monitoring borehales in the weathered dolerite ranges from 0.2 to 0.5 /s, and the
permeability, measured by slug tests, was found to be fairly high, with k-values of

between 0.4 and 0.6 metres/day for boreholes N 0002 and N 0003 respectively.

The run-off water from the upper reaches of the area is captured in the catchment dam,
and includes drainage from the Petra Groef mine. A large portion of the surface
drainage from the mine is diverted along a channel situated to the north of the site to
prevent it fyom flowing through the site (Figure 18). A pond, de~ignated P 0001, is

situated on the fandfill site, north of, and down-gradient of, borehole N 0001.

The expected ground water flow is in a south-easterly direction, following the
topography, towards the two dams. However, as the landfill slopes to the north, _

ground water within and below the disposal site itself will flow in a northerly direction.

The water lei'els of the pollution monitoring boreholes at the time of drilling were
between 2 and 3 metres below the surface (Bekker, 1992). The only rest level
meastrement tecorded during the sampling in Angust of 1993, in borehole N 0003,

dropped slightly from 2 to 3.5 metres (Table 11}, which is still quite shallow,
6.3 Previous Studies

A study of the Northern landfill site, initiated by the Bioemfontein Health Department,
is being conducted by the Institute for Ground Water Studies at the University of the
Free State. It has involved the sinking of boreholes down-gradient of the [andfill, an
interpretation of the local geclogy, as well as sampling and chemical analyses of the
ground and surface water, Taking into account the shallow water table, the relatively
high permeability of the underlying weathered dolerites, the steep ‘opography and the
proximity of the nearest farm, the area was classified as poor for a sanitary landfill

{Bekker, 1992).
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In 1992, borehole N 000! was found to be significantly polluted, with high
concentrations of organics, calcium, magnesium, chioride (Table 13} and a manganese
concentration of 8.0 mg/l. Borehole N 0002, although considerably less poliuted than
N 0001, had significantly high iron and lead concentrations of 2.37 and 0.63 mg/l
respectively, while borehole N 0003 had an iron concentration of. 0.64 mg/l.

Almminium and iron exceeded the maximum acceptable value in a water sample from
the Petra Groef dolerite mine, with values of 1.98 and 2.15 mg/l. It therefore appears
as if the higher iron and aluminiurm concentrations in boreholes N 0002 and N 0003 are
mainly due to run-off from the dolerite mine, probably introduced into the ground water

via the catchment dam.
6.4 Results of the Present Study
6.4.1 Introduction

An environmental isotape and hydrochemical survey of the three pollution monitoring
boreholes was conducted in January, 1992 and in August, 1993. The borehole water in
all three holes was exiracted using a mobiie submersible pump, made available by the
Institute of Ground Water Studies, University of the Free State. In each case, the pump
was lowered to a depth of around 25 metres. The volume of water standing in gach hole
was purged untii a constant conductivity reading was obtained prior to the coliection of
each sample. Well-head values of ¢onductivity, alkalinity, pH and temperature were
recorded. A carbon-14 sample was not taken at N 0001 on account of the exwemely
poor condition of the water, and as it is believed that the chemistry would be too

comple: due to significant pollution, including organics.
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6.4.2 Hydrochemistry
Well-head Measurements

The well-head measurements for the three poliution monitoring boreholes are given in
“Table 12. The conductivity of borehole N 0001 during sampling in August of 1993 had
an initial value of 190 mS/m with much scum, but stabilised at 550 mS/m once the hole
had been sufficiently purged, This value was lower than the value of 620 mS/m
obtained d_uring sampling in January of 1992. According to Pohland (1986), the value
of 550 mS/m indicates thac these leachates are at a well developed siage. The
conductivity of borehole N.0002 for August, 1993, remained stable at 120 mS/m
throughout the peried it was pumped, while N 0003 was initially 80 mS/m, but
inereased to between 115 and 120 mS/m once a sufﬁcient volume of waxef had bee_ﬁ
extractécl. All three boreholes have conductivities above the recommended limit for
drinking water (Table 6), and borehole N 0001 produced a value sbove the crisis limit

of 400 mS/m, which is the maximum value for low risk {Weaver, 1992),

Table 12. Weil-head measurements for the pollution .monitoring

boreholes (August, 1953)

Borehole Alkalinity | Conductivity|  pH TemperatufJ'
Number ~ (meqg/l} {mS/m) {*C)

N 0001 | | 550
N 0002 7.4 120 7.35 19.0

N 0003 6.4 115 7.00 18.0

The ulkalinity and pH values for borehole N 0002 duriug August of 1993 were both
slightly higher than the fortitler down-gradient borehole N 0003 (Talle 12}, both
appearing to decrease with distance from the landfiill, Although no alkalinity
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measurement was obtained for borehole N 0001 during August of 1993, a previous

value higher than 25 meq/l was measured at this borehole in Japuary, 1992
Ipnic Concentrations

The major .ion concentrations for the various sampling dates are gi\e;en in Table 13. In
the three pollution monitoring boreholes, as well as the sample from the pond on the
landfill, P 0001, the dominant catior is magnesium, while the dominant cation in the
1992 samples taken at Petra Groef mine, P 0004, and the catchment dam, P 0002, is
sodium. Fowever, the 1994 catchment dam sample becomes calcium dominant.
Chloride is the dominant aniod in borehole N 0001, the 1993 and 1994 sampies of N
0002, and in.samplc P 0001, while bicarbonate is dominant in the 1992 sample of N
0002, borehale N 0003, and in P 0002 and P 0004. The 1993 and 1994 samples from
borehole N D003 have & high chloride component, almost as high es the bicarbonate.
The high sulphate component i . 1992 catchment dam sample, P 0002, is possibly

associated to run-off from the Petra Groef dolerite mine.

The primary differences between the pollution monitoring boreholes are in the calcium,
magnesinm and chloride concentrations, and 1o a Jesser axtent, sodium and bicarbonate,
The high bicarbonate value, inferred from total alkalinity, may be partially generated by
CO, release in the ]aﬁdﬁli, and ﬁartially from other compounds resulting from

potlution, affecting the alkalinity.

From the modified Schoeller diagram in Figure 19, it is clear that borehole N 0001 has
a significantly higher ion concentration than the other two down-gradient pollution
monitoring boreholes, It is also évident that the ion concentrations of this borehole have
increased since the initial sample in early 1992, This increase is also apparent in the
other two monitoring boreholes, The occurrence of higher concentrations of ions,

particularly chloride, as well as sodium, caleium and rnagnesium, in boreholes N 0002



Table 13. Major ion concentrations in meq/l for various sampling dates

Borehole| Date Potassium| Sodium Calcium | Magnesium | Chloride | Bicarbonate| Sulphate | Nitrate
{NMumber [Sampledl {(meqg/l) {meq/l} (meqgfl) {meg/l) {meg/l) (meqg/l) {meq/lt) (mag/l)

N 0001 Jan 92 0.06 3.2 18.9 19.0 191 18.8 0.57 0.01

N 0001 Aug 93 0.05 9.1 18.5 38.2 31.3 27.8 0.06 0.002

N 000t Apr 94 0.03 4.1 17.6 31.7 34.6 16.1 1.59 0.002

N 0002 Jan 92 0.02 1.1 3.0 3.2 0.7 4.6 1.29 0.08

N 0002 Aug 83 0.02 3.8 5.6 8.1 9.7 7.3 1.37 0.02

N 0002 2pr 94 0.02 3.1 5.2 7.7 9.0 6.5 0.06 0.01 |

N 0003 Jan 92 0.05 1.0 3.0 4.2 1.3 6.0 0.92 0.01

N 0003 Auq 53 0.02 2.2 4.9 7.2 6.0 6.1 1.53 0.02

N 0003 iz 94 0.02 1.8 4.8 6.8 5.8 6.2 1.57 0.02

P 0001 Jan 92 0.56 4.4 10.0 14.2 17.7 10.5 0.20 0.03

P 0001 Spr 94 0.08 6.7 2.8 10.6 11.6 7.3 1.33 0.002

P 0002 Jan 92 0.74 5.5 1.4 0.9 7 4.3 2.22 0.14

P 0002 Apr 94 0.14 2.9 3.9 2.7 .8 53 | " o.o02
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and N 0003 subsequent to the 1991 sample, suggests incipient pollution down-gradient

of the landfill (Figure 19).

Ii is possible to compare the 1992 catchment dam sample, P 0002, with the samp!c
from the dolerite mine, P 0004, as well as with the 1992 samples of N 0002 and N
0003 (Figure 20). However, the relative ionic concentrations of the 1994 P 0002
sample are more characteristic of P 0001, the pond sample alongside N 0001, and
reasonably similar to N 0002 and N 0003, suggesting leachate transport to the ™ rwn-
gradient boreholes near the catchment dam. The higher concentrations of the major ions
in the two down-gradient boreholes is either indirectly due to the enrichiment of the ions
in the pond as a result of evaporation, or directly due to the encroachment of the.

polluted ground water from the site.

The three pollution monitoring bareholes plot in the caleium, magnesium dominant field
in the cation triaﬁgle of the Piper trilinear dingram (Figure 21). These boreholes, as weil
as the surface water sample alongside N (0001, namely P 0001, show slight increases in-
percent magnesium. The surface water samples from the Petra Groef mine and the
catchment dam both plot well away from the boreholes, but an increase in both
magnesium and calclum is evident in the 1994 sample from the catchment dam. In the
anion triangle, there is a general increase in the chloride concentration, with both N
0002 and N 0003 trending towards values in the highly polluted borehole N 0001.
Sample P 0002 increases in both chloride and bicarboriate, and moves away from the
sample from the Petra Groef mine P 0004, towards the samples from the down-
gradient boreholes. The diamond field ciearly shows the similarity in the chemistries of
the 1993 and 1994 samples from the down-gradient boreholes to the chemistry of
boreho:e N 0001. It is also clear that the comnposition of sample P 0002 trends towards

the compaosition of the monitoring boreholes,
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Figure 21. Piper trilinear diagram for the pollution menitoring be reholes and the surface water

samples at the Bloemfuntein Northern landfill site, showing temporal trends
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As borehole N 0001 is virtually pure leachate, it is possible to approximate the stage of
development of the Jandfill according to Pohland (1986). The only major ion which has
-a lower concentration than mentioned by Pohland (1986) is potassium. The chloride,
sodium, magnesium and calcium indicate that the site is well developed, in the stage
where either acids or methane are being {ormed. The presznce of high sulphate
concentrations however, indicates that reducing conditions are not yet predominant in
the landfill, even though nitrate levels are [o v, suggesting the site is still w the stage of
acid formation with the continning hydrolysis and fermentation of waste and leachate

constituents,
6.4.4 Environmenial Isotopes
Stable isotopes

The observed changes in the stable isotope compositions between the 1992 and 1993
sampling dates in the three monitoring boreholes (Table 14) are intcrpreted as follows:
The samples from borehole N 0001 plot slightly to the left of the world metsoric water
line (Figure 22), possibly due to hydrogen isotopic exchange with organics and
methane within the tandfill, This was alsc seen in the down-gradient boreholes of the
Linbro Park landfill site (see Section 4.5.4). This distinctive isotope composition can
possibly be used as a tracer of landfill leachates, as was achieved by Fritz er al.
{1976). The values of both borehole N 0002 and N 0003 indicate significant, but
widely different evaporative enrichment, svggesting recharge from evaporating surface
water, During the sampling in 1992, the catchment dam was almost dry, probably
resuliing in the significantly heavy isotopic compaosition of N 0002, During 1993, this
dam was completely dry. It appears as if in 1993 ground water becamec the main source
of recharge for these two boreholes, resulting in the closely similar stable isotope

cor po.ifions, along the evaporation line (Figure 22).
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Table 14. Stable isctope values for the pollution monitoring boreholes

105

for the 1992 and 1993 samyling periods

bB-crehole B (%ro) §190 (%e)
Number Jan 92 Aug 93 Jan 82 Aug 93
N 0001 18,7 | -144 | -3.88 | -3.79
N ©o02 +22.8 +5.7 +4.44 +0.98
N 0003 9.5 +3.2 -1.72 +0.88
Tritium

Table 15, Radioactive isotope values for the pollution monitoring

boreholes for the 1992 and 1993 sampling periods

Borehole H (TU) He  (pMC) §13C (%:)
Number Jan 92 Aug &8 Jan 92 Aug 93 Jan 92 Aug 83
N 0001 26.6x1.56 | 27.7+1.1

N 0002 8.0x0,6 | 11.8+0.8 1Dé.ZtO.9 111.4+0.7 -7.9 -10.0
N 0003 8.1+0.8 8.8£0.7 [113.8+0.8; 111.80.7 -10.0

The tritium concentrations in the three pollution monitoring boreholes exceed the

present day environmental range in the southern African continental envitonment (< 5

TU). The significantly high tritium concentration found in borehole N 0001 indicates a

source of aitificial tritium within the landfill (Table 15). The only significant increase in

tritium concentration between the two sampling periods is seen in the N 0002 samples,

possibly indicating the encroachment of the polluted ground water from the landfill.

The relative amounts of tritium in the boreholes will depend on the refative importance

of rainfall infiltcation and on the levels, and therefore influence, of the dams,
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Carbon isotopes

A carbon-14 sample was not taken for borehole N 000! in view of the compiexity of
the disturbed ground water chemistry within the actual landfill. The carbon-14 values
for the other boreholes lie within the range of present day environmental values for
southern Adfrica, und indicate ground water mean residence times of less than 30 years,

confirming the tritium observations and the probability of leachate encroachment.

The 513C composition decreased in both borehole N 0002 and N 0003 by around 2 %«
te ~10 %s, which is about the expected value for ground water. It therefore appears that

in 1993, the main source of rechatge to these boreholes was ground water, -
6.4.5 Summary and Discussion

A decrease in pH, conductivity and alkalinity is found with distance down-gradient
from the Jandfill site. The increase in the conductivity of the 1993 samples of boreholes
N Q00! and N 0003 once sufficient water had been removed from the borehole, is .
further evidence of the need to sufficiently purge a borehole before sampling. It is clear
from the extremely high conductivity and the general poor condition of water pumped
from borehole N 0001 that the ground water below and within the landfil} site is
severely polluted. This borehole fusther indicates that this tandfill is in the stage of acid
focmation, and has not yet completely reached reducing conditions, although it appears

as if reducing conditions have been initiated as the nitrate concentration is very low.

In both the environmental isotope and hydrochemical data, boreholes N 0002 and N
0003 are seen to respond quite rapidly to surface water in the catchment and farm dams.
In 1992, the catchment dam was drying and the farm dam wﬁte.r stood close to the two
boreholes. At that stage, the stable isctope contrast between them was greatest, with N

0002 showing a strong evaporation signal, In 1993, with the catchment dam dry, and
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the farm dam level considerably lower, thé two boreholes had closely similar, albeit still
evaporative, stable isotope signals. At this stage too, the carbon-14 values have become
jdentical, as are the §'3C values which are considerably lighter than in 1992, These
values suggest more uniform ground water in the vicinity of these two boreholes, and

that ground water is the principa) source of recharge to these two boreholes.

The detail obtainable, and the consistency of the isotope and chemical data, can
probably be related to -the proper construction of the monitoring boreholes, which

allows for sampling according to sound principles, as stated in Section 1.4,
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CHAPTER 7

7 TI-IE BLOEMFONTEIN SOQUTHERN LANDFILL SUTE
7.1 Infroduction
7.1.1 Location

The Bloemfdnteiri Southern landfill site is situated to the south of the city, and covers
an area of approximutely 44 hectares, sloping clightly to the south-west at
approximately 4° (Bekker, 1992). It is mainly & G:M site, with a small area to the east

designated as a H site (see Chapter 1.1).

The nearest private boreholes in the atea are ar a distance of 600 to 800 metres in a
south-westerly direction from the site (Figure 23), used for domestic supply, poultry .

and the irrigation of trees and a vegetable garden (Bekker, 1992),
7.1.2 History and Development
The refuse at the Class 2 site is placed in cells and compacted with clayey soil (Bekker,

1992), The smaller Class 1 site is designed for toxic waste which is stored in concrete

containers designed by the Department of Water Affairs (Seymour ef gl, 1991). The
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waste is placed in non-corrosive drums within the concret , which are stored in cells

and then covered with soil.

Thres pollution monitoring boiehotes, S 0003 to § 0005, were drilled down-gradient of
the Class 2 si.* within 15 metres of the western boundary, between the highwsy and
the landfill site {(Figure 23). Two more boreholes, § 0001 and S 0002, are situated
about 10 matres in an easterly direction and are intended to monitor the Class .I site.
Borehole § 0001 was drilled into sediments, while boreholes S 0002 to S 0005 were

drilled into dolerite.
7.2 Hydrogeology

The landfill site is underlain by Karoo sediments of the Beaufort Group, mainly
siltstones with lenses of shale and sandstone. A thin dolerite dyke is sitnated about 15

metres south-east of the landfill and slopes about 257 to the north;WBst (Figure 23),

Borehole 8§ 0001 was drilled almost entirely through horizontally bedded siltstones
interbedded with thin layers of clay, sandstone and shale, A 5 metre layér of dolerite
located above these siltstones was w.acountered in borehole § 0002, In borehole S
0003, weathered dolerite was encountered at a depth of 5 metres, while boreholes S
~ 0004 and S 0005 made contact with the weathered dolerite at a depth of about 35 metres
(Bekker, 1992).

Boreholes S 0001 to S 0003 were dry during the drillir:g operations, although water did
seep into the holes subsequent to drilling and a rest level was measured (Table 16). §
0004 had 2 yield of 0.2 Ifs, § 0005 had a yield of 0.3 /s, while the borehole on the
Royal Crass farm had a yield of 0.7 I/s. The expected direction of ground water flow is
iin & south-westerly direction, following the gentle surface gradient, towards the van der

Walt farm, as well au several other farms, From slug tests, i was established that the
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permeability of the underlying silistones ard shales is low, with a k-value in borehole §

0005 of 2.76 x 10-2 metres/day (Bekker, 1992),

The Southern landfill site has the potential to contaminate the ground water supplies
used by the ﬁeighbouring farms., A dam at a pleasure resott is situated 1,2 kilometres
south west of the site, and any contamination of this dam will most likely be detrimental

to the health of the public.

Table 16. Rest levels and borehole depths of the pollution monitoring

boreholes and farm boreholes

Borehole . Borehole (below surface)

Number Depths L 31/02/82 30/08/93
(m) (m) {m)

8 0001 | 460 28,5

8 0002 35.0 . 28,5 ‘

S 0003 17.0 14.8

S 0004 40.0 18,1 22.3

S 0005 388.0 - | 21.4 24,7

Royal Grass 86.0 22.0

Royal v.d. Walt 22.0 -

7.3 Previous Studies

A study on this landfill site initiated by the Bloemfontein Health Department was cartied
aut by the Institute for Ground Water Studies ar the University of the Free State, and

has included the sinking of the pollution monitoring horeholes down-gradient of the
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site, a5 well as an interpretation of the [ocal geology (Bekker, 1992). These boreholes,
as well as two farm boreholes, Royal van der Walt and Royal Grass, were sampled for
chemical analyses, The area was classified as good for a landfill site, mainly because of
the relatively deep water table, the low permeability of the underlying geology, the

gentle slope, and the fairly large distance to the nearest farm.

It was found that afi five pollution monitoring boreholes had high aluminium and iron
concentrations, the iron ranging from 0.16 to 0.27 mg/l, and the aluminium from 0.25
to 0.44 mg/l, all above the recommended limit for _clrinking water. Boréhole S 0003
also had significaraly high chloride, magnesium and calcium values (Tabie 18), and
borehole S 0001 had a fluoride concentration of 7.9 mg/, higher than the crisis limu*

given in Table 6.

The Royal van der Walt satnple had magnesium, chloride and caleium concentrations
above the tecommended limit for drinking water, while in the Royal Grass sample,
 iron, manganese and arsenic were higher than the recommended limit, with values of

0.67, 0.055 and 0.204 mg/1 respectively.
7.4 Results of the Present Study
7.4.1 Introauction

An environmental {sotope and hydrochemical survey of poliution monitoring and farm
boreholes was conducted in January, 1992, and again in Augoest, 1993. Two pollution
moritoring boreholes, S 0004 and § 0005, as well as 4 private boreholes at farms
down-gradient from the landfill site, were sampled for environmental isotopes, The
submersible pump was lowered to a depth of 34 metres for both the pollution

monitoring bereholes, and the volume of water standing in the holes was purged before



113

a sample was taken. Boreholes S 0001 and S 0003 had very low yields, and borehole §
0002 was dry.

During the 1992 sampling period, it was observed that a large part of the south section
of the landfill had been eroded away due. to heavy rains. A substantial amount of
surface mn-off had occurre_d, flowing in a south easterly'direction towards borehole S
0005, as well as through a culvest under the highway, in the dicection of the farms. The
clayey soil in the vicinity of _borehole S 0005 shows exlensive cracks when dry,
allowing the run-off easy access below the éurface. Thy damage to the landfili Had been

repaired by the time the 1993 samples were taken.

The farm boreholes sampled arz at the van der Walt farm, the Royal Grass farm and .
two boreholes at the Strauss farm. One of the Sirauss boreholes, Strauss Garden, was
lower yie]ding and used to irrigate the garden, and the other, Strauss Strong, a borehole

with a much higher vield, used to irrt jate the farm.
7.4.2 Hydrochemistry
Well-Head Measurements

Both pollution menitering boreholes S 0004 and S 0005 had relatively high alkalinities,
conductivities and temperatures in August, 1993 (Tablz 17). Borehole S 0005 had a
significant increase in alkalinity since January 1992, when a value of 12.9 megd was
recorded. However, there was no change in the conductivity of this borehole between
January, 1992 and August, 1993, The alkalinity and conductivity of the farm borehole

samples decrease with distance from the landfill size.
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Table 17. Well-head measurements for the pollution monitoring

boreholes and farm borehofes (August, 1993)

Borshole Alkallnity] Conductivity pH Temperaturei
Number {meg!l) (mS/m) (°C)
8 0004 10 100 6.60 20.5
3 0005 15.5 400 6,80 - 22.5
Royal v.d.Walt 10.2 200 7.16 18.5
Royal Grass 8.9 145 | 6.80 19.6
Strauss Garden 6.3 -~ 100 - 6.85 18.4
Strauss Strong 6.6 a7 7.05 | 19.3

lonic Concentrations

The major jon concentrations for the differenf sampling dates for beth the pollution
monitoring boreholes and the fagm boreholes are given in Table 8. Calcium is the
dominant cation in the pollution monitoring boreholes, as well as in the farm boreholes
(Figures 24 and 25), with the exception of boreholes § 0001 and S 0003 which are
saodium dominant, and the 1994 sample from the Royal Grass borehole which has
magnesium as the dominant cation. Bicarbonate is the dominant anion in boreholes S
0001, S 0003, S 0004, the Strauss borehole, and the 1992 and 1993 samples from the
Royal Grass borehole. In boreholes $ 0003, Royal van der Wait; and the 1994 sample

from Royal Grass, chloride is dominant,

The main differences batween the boreholes are apparent in the concentrations of
calcium, magnesinm and chloride and, to a much lesser extent, in bicarbonate, while

the other ionic concentrations are relatively simifar, Calcium, magnesium and chloride



Table i8. Major ion concentrations in meq/l for varicus sampling dates

Borehale

Date

Potassium

Sodium

Wagnesium

Calcium Chlaride | Bicarbonate] Suiphate Nitrate

Number || Sampled] {meg/l} {meg/l} {(meg/) {meq/l) (meg/!} " {meqg/l) {meg/l) {meqg/l)
S 0001 Jul 91 0.02 3.1 0.7 0.2 0.5 2.2 0.31 0.01
S 0001 Jul 81 0.00 3.1 C.6 0.1 0.4 2.2 0.31 0.01
S 001 Aug 93 0.02 4.9 3.1 0.8 0.4 8.5 0.37 0.0c2
S 0001 Apr B84 0.02 6.6 3.0 0.6 0.4 9.5 0.14 0.002
g 0003 Jan 92 0.25 9.40 4.8 4.7 3.1 10.2 5.79 0.10
5 0003 Aug 93 0.15 5.6 1.2 5.3 2.1 5.3 4.47 0.002 |
£ 0003 Apr 94 0.15 7.1 5.4 5.4 2.1 11.1 438 0.002
S 0004 Jan 92 2.09 2.0 3.0 1.4 5.3 0.81 0.01
S 0004 Aug 93 | 0.05 2.2 5.1 3.7 1.8 9.8 0.08 0.00
S Q004 Apr 94 0.08 2.1 4.3 3.1 1.4 8.3 0.14 0.002
8 0005 Jan 92 0.21 4.1 24.4 14.8 27.1 11.2 0.37 0.01
S 0005 Aug 93 0.08 3.7 23.2 i8.0 27 .4 15.4 0.68 0.062
| S 0005 Apr 94 0.08 3.6 20.3 | 14.8 20.7 17.6 0.25 0.002
vid Walt Jan 82 0.10 3.1 9.8 8.8 12.8 10.5 0.51 0.01
vid Wait Aug 93 0.07 2.8 10.2 9.2 11.2 10.G 0.71 0.002
vid Walt | Apr 94 0.08 2.8 12.1 9.5 ] 13.8 10.2 D.73 0.002
G. Royal Jul 81 0.05 2.8 6.2 4.4 4.6 8.4 0.43 D.01
G. Royal Aug 93 0.07 2.9 7.9 6.3 7.5 8.2 0.01%
G. Royal Apr 94 0.07 3.0 54 | 6.4 8.2 B.0 0.51 0.002
Strauss Aug 93 0.08 2.7 4.5 3.5 2.8 6.7 D.88 0.04
Strauss Apr 94 0.07 2.4 4.4 3.7 3.3 6.6 0.71 0.04
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also show the greatest variability at the Northern landfill site, These three ions e

therefore taken as characterising (eachate formed in these landfilf sites.

The boreholes situated down-gradient of the landfill site, namely borehole 8 0005 and
the four farm boreholes, are shown in the Schoetler diagram in Figure 24, From both
the well-head mcasurements and the major ion concentrations, it appears as though
borehole S 0005 is the borehole which miost prominently reflects pollution from the
landfill (Figure 24). Ion concentrations for borehioles up-gradient of the tandfill, namely
S 0001 to S 0004, are shown in Figure 25. Borehcle S 000!, which has a low
mineralisation, is a Na-HCO3 dominant ground water and is, 1or the purpose of
comparison, taken as “natural” ground water (Figure 25). Taki_ng these two casts as
end-members, the modiﬁed Schoeller diagrams suggest that the farm boreholes, namely
Reyal van der Walt, Royal Grass and Strauss, show the influence of the polluted end-
member in decreasing proportion with their distance from the landftll. This is most clear
in the magnesium and chioride concentrations, which have been illustrated in Figure
24. The 1993 and 1994 samples from Royal Grass have significantly higher
magnesium and chloride concentrations then in 1992, probably indicating the
encroachment of these pollutants. The 1994 sample from the Strauss borehole alse
displays a slight increase in both magnesium and chloride. Boreholes S 0003 and §
0004 show little effect from the landfil!, both with low magnesium and chloride

concentrations relative to sodium and bicarbonate,

In the cation triangle in the Piper tilinear diagram (Figure 26), there is a general
increase from 1992 to 1994 in the percent magnesium in all the boreholes. In the anion
triangle. all the pollution menitoring boreholes incrense in percent bicarbonate and
decrease in chloride, while the farm borebnles decrease in percent bicarbonate and
increase in chloride, The pulluted and "nat a1 ground water end-members can be

clearly seen in the diamond triangle, with borehole S 0001 pintting in the sodium
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bicarbonate field. The farm boreholes are between the end-members, plotting in

sequence from the poliuted end-member with distance from the landfill,
i 4? Environmental Isotopes
Stable Isotopes

Table 19. Stable isotope values for the pollution monitering boreholes

and farm boreholes for 1992 and 1993

Borehole 50 {%o)_ 5180 (%a)
Numbet : Jan 92 | Aug 93 Jan 82 Aug 93
8 0004 _ -36.9 -36.6 -5.87 -5.73
S 000 ~-31.2 -31.5 -5.08 -4.80
Royal v.d, Walt -36.1 -35.8 -5.88 -5.,685
Royal Grass -41.0 -43.7 -6.24 -5.95
Strauss Gardan -42,0 -g.02
Strauss Strong -41.8 ' -6.10
S 0001 -37.1 -5.21

The stable isotope values for both the pollution monitoring boreholes and the farm
boreholes are given in Table 19, Three separate groups plot along the meteoric water
line (Figure 27). The more poliuted monitoring borehole sample, § 0005, is the
isotopically heaviest of the samples, followed by S 0004 and the Royal van der Walt
sarnple. The third group, which has the lightest isotopic compesition, consists of the

Royal Grass and the Strauss samples, This same trend was found in the well-head
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measurements, the higher alkalinity and conductivity values corresponding to the
heavier stable isotope compositions. No evaporation is evident in any of the samples at
this landfill site. Findings in this study were similar to those of Fritz et al. (1976},
where th.e more polluted ground water samples have slightly more positive 8D and 580
values, probably Jue to gas exchange within thé landfill. The Royal Grass sample has a
significant shift in both the 8D and §!50 composition, the 8D decreases, while the 5180
increases. This is possibly the result of mixing between water recently infiltrated and

older, isotopically lighter 'ground waler.
Tritium

Table 20. Radioactive isotope values for the pellution monitoring

boreholes and farm boreholes for 1992 and 1993

Barghole SH (TW) 14¢  {(pMC) 813G (%c)
Number Jan 82 - | Aug 93 Jan 82 Aug 93 Jan 82 | Aug 98
S 0004 0.8£0.2 1.2£0.3 | 92.8x1.1 {112.2%0.7| -6.0 -17.4
S 0005 28.1+1.5 | 40.1x1.¢ | 123.5%1.01 125.620.7| +0.8 +0.1
Royal v.d. Walt |} 5.720.6 5.840.5 |117.8+1.1}118.240.7| -2.5 -2.3
Foyal Grass 1.940.8 107.7+£0.8 -4.,2

Strauss Garden 0.8+0.3

Strauss Strong 1.0+0.2

§ 0001 1.2+0.2

Borehole S 0005, which has a tritium concentration considerably higher than the
normal environmental values expected in the southern African environment, increases

between 1992 and 1993 by 12 TU, indicating an ongoing influx of artificial tritium into




the ground water (Table 20). The tritium values of the other boreholes remain virtuaily
unchanged. Borehole S 0004, the Strauss boreholes, and the Royal Grass sample, have
tritium concentrations in the range of 0.8 to 1.9 TU, indicating mean residence times of
25 to 50 » v 's. However, the Royal van der Wait sample has a tritien content at the
upper limit uf the normal environmental range, suggesting incipient contamination by

the tandfill.
Carbon-14

The highest carbon-14 concentration is found in the polluted borehole S 00035, The
~ valve of 125 pMC is out of normal envirenmental range, and could be ascribed to
artificial carbon-14 leached from the landfill. The positive 812C and high alkalinity. of
the ground water suppoxts this interpretation. '

The increase of some 20 pMC over 18 months observed in the nearby borehole S 0004,
appears to aceur due to a quite different mechanism. It is accompanied by a decrease in
the 513C value by some 10 %., which suggests a natural, biogenic source. It is not
accompanied by any indication of pollution. This unequipped borehole was only
pumped for an hour or so during sampling. This does not induce much displacement of
the surrounding ground water. It is possible that during the widely spaced pumping
periods, very recent ground water was only gradually drawn into .the borehole.
Although .the ground water is being fairly rapidly recharged at this borehale position
{mean residence time < 30 years), it would appear that no significant leachate from the
fandfill is entering the ground water here some 200 metres N of polluted borehole S

Q0os. -

The Royal van der Walt borehole results remained unchanged, The high 4C, 3H and

only slightly negative 8!3C values, may all be indicative of influence from the landfill.
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7.4.4 Summary and Discussion

Borehole 8§ 0005 is the most pofluted borehole at the Southern landfili site, with the
highest alkalinity, conductivity and temperature of all the boreholes. This borehole is
signiﬁcantly. more polluted than the other boreholes. The reason may be that at this
point. substantial run-off from the landfill, due to earlier subsidence and erosion, seeped

throngh drying cracks in the surface clay material.

The three separate groups of stable isotope values which plot along the meteoric water
line appear to correspond to the level of pollution found in each borehole, Borehole 8
- 0005, which has the heaviest isotopic composition, is the most polluted, followed by §
0004 and Royal van der ‘Walt. The other farm boreholes, namely Royal Grass, Strauss
Strong and Strauss Garden, with lighter isotopic compositions, appear to have much
jower levels of pollution, The latter values, which plot to the right of the MWL suggest

a degree of evaporation before infiltration of rain water,

The ex&emely high tritium concentration measured in § 0005 is more than likely the
result of artificial tritium within the landfil] site, and is a useful tracer when following
the movement of any pollution from the site. The Royal van der Walt borehole has a
significantly higher tritium coricentration than the neighbouring farm boreholes, and
could either indicate the encroachment of the pollution from the tandfill, or could be an
Indication of & very localised recharge source, The ionic ratios of this borehole show
similarities with S 00035. It is estimated, taking into account the distance, the hydraulic
gradient, and the low permeability of the underiying siltstones, that a pollution front in
ground water would take about 200 years to cover this distance. Should these higher
values. in Royal van der Walt be due to pollution from the landfill, the polluted water
would have to be transported on the swrface. Such surface run-off was observed

following a majot rain storm in 1993.
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The highest carbon-14 value and most positive 8t3C are found in S 0005, This
_ sugges.ts élsource of artificial carbon-14, as well as tritium, in the fandfill. The large '
increase in the carbon-14 concentration in borehole S 0004, accompanied by a just
significant rise in tritium, is most likely the resuli of younger but unpolluted water

being drawn into the borehole after pumping, due to natural recharge.



CHAPTER 8

8 SUMMARY AND CONCLUSIONS
8.1 Summary
81.1 Linbro Park Landfill Site

The down gradient boreholes in the Linbro Park landfill site were distinguished from
the up-gridient boreholes by higher alkalinity, conductivity, temperature and pH, as
well as higher ion concentration. The caleinm ion concentiation showed the greatest
contrast between the up-gradient and the down-gradient boreholes, followed by the
 bicarbonate and sodium ion concentrations. These differences are attributed to a more

mature hydrochemistey in the down-gradient boreholes,

Although there are no signs of evaporation from the stable isotope data, the two down-
gradient boreholes have a more positive 3D composition than the up-gradient boreholes,
a phenomenon also seen by Fritz ef al. (1976), and ascribed ¢ zaseous diffusion. The
tritium and 1C data suggest recent ground water. The up-gradient boreholes, where
pollation is evident, had shorter turnover times than the down-gradient boreholes,
probably the result of activities on the neighbouring farms. There is no significant

poliution evident in the down-gradient boreholes.
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8.1.2 Waterval Landfil] Site

5180 and 3H elucidate various inputs into the streambed. Artificial 3H appears to enter
1rom leachate which seeps through weepholes in the culvert beneath the site, while
more severe pollution from a leaking seveer in the streambed is indicated by . SQ and
field chemnistry. Tritium levels slightly higher than enviropmental levels were seen in
one of the private boreholes. It appears as if a source of recharge to this private

vorehole is by bank infilteation from the stream.
8.1.3 Bleemfontein Nofthern Landfill Site

A decrease in the pH, conduetivity and alkalinity was found with distance from the
landfill site. Severe pollutibn was found in ground water below the site, and the
chemical composition indicated that the landfill is in the stage of acid formation, at the

onset of reducing conditiots.

The extremely polluted borehole has a stable isotope composition which ple* - to the left
of the MWL, probaply the result of hydregen isotopic exchange., The two tdown-
gradient boreholes both respond :apidly ro the surface water in the nearby dams. This is
clear from the evaporative signal shifts observed in the stable isotope data, and is also
seen in the hydrochemicai data. Artificial tritium is evident in all three monitoring
boreholes, and an increase in the levels of the two down-gradient boreholes over t.e
sampling period indicates poilution encroachment fro.m the landfill. The carbon-14
resuits suggest mean residence times of less than 30 years, and the shift towards more
~ negative 513C vaunes in these two boreholes suggests that ground water is the principal

source of recharge in these two menitoring boreholes.
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8.1.4 Bloemfontein Scuthern Landfill Site

The most polluted borehole was found to have the highest alkalinity, conductivity and
temperature. Surface water run-off from the landfill site seeped into cracks in the clay
material in the area around this borehole, causing considerable pollution to the ground

water,

The stable isotope compositions of the various boreholes correlats well with the level of
pollution, the more polluted boreholes having a heavier stable isotope composition. The
higher tritium concentration found in the polluted monitoring borehole acts as a useful
tracer of potlution migration téwa:ds the farms. One of the farm boreholes has a tritium
concentration higher than environmentai values, and a similar jonic ratio to the polluted
borehole. The only logical mechanism which couid traﬁsport the polluted water ovér the
distance between the landfill and the farm borehole is by surface run-cff, High 14C and

§13C values were also found in the highly polluted monitoring borehole.
8.1.5 Pollution Monitoring

A number of thz pollution monitoring boreholes in the Linbro Park and Waterval
landfill sites could not be sampled as the casing, constructed from UPV(C, is not
durable enough, particularly in unconsolidated material, as well as in close proai nity to
trees where roots have been observed to puncture the casing. The slow recovery in all
the boreholes also suggests poor hydraulic connection with the aquifer, with only the

ground water in ¢lose proximity to the boreholes being sampled.

The bailing method used by the Johannesburg Municipality to sample these boreholes is
believed to be inadequate. Only a small partion at the top of the standing water column
is sampted, and this is in no way representative of the ground water at that time. The

importance of purging a borehole before a sample is taken is clear from eg. the



increases in conductivity secen when the samples from the Bloemfontein northern

lundfill site were taken.

The significance of boreholes situated in mostly alluvial material alongside streams,
rivers and catchment dams in the Linbro Park, \vaterval and northern fandfilt sites is
questionable as they most likely largely reflect changes in the surface water bodies, and

not be representative of the ground water.
8.2 Conclusions

The ability to predict the potential poilution from a landfill site, as well as to trace the
leac.hate in ground water from the site, has been illustrated using environmentat isotopes
~and the hydrochemistry of the water. The isotopes have been essential in understanding
and interpreting the hydrochemistry. Valuable information was provided for each
landfill site, providing & clearer understanding of the movement of pollutants in the sub-

surface.

In the case of the Linbro Park landfill site, it is possible to identify ground water down-
gradient of the landfill site by its more positive 8D isowope composition than the
surrounding ground water, even though there is no sign of pollution. It is therefore
possible to trace this water should pollution ever emanate from the stie. As the stable
isotope composition in ¢:= Bloemfontein scuthern landfill site correlates well with levels
of pollution, and the isoiopes are part of the water molecule, it is possible to detect
- incipient pollution befure pollution levels are critical. It is often possible to identify
sources of recharge when 5'30 and deuterium are plotted on the MWL, Sources of -
pollution other than from the landfill may also be defected using stable isotopes,
provided the isotbpe compositions sigtificantly contrast one another, Boreholes with
evaporative stable isolope signals will suggest recharge from surface water bodies,

while stable isotope compositions which are considerably heavier than sutrounding



130

ground water, but plot along the MWL, indicate that a percentage of pre-1996 RW
mains water is present in the ground water. The RW mains water sigmﬁturc clearly
illustrated the ingress of mains water into the stream bed Jown-gradient of the Waterval
landfill site. The field chemistry supported the increase in the fevel of pollution, and it

was therefore possible to identify the sewage mains situated along the stream bed.

The elevated artificial tritium ievels in the Waterval and Bloemfontein northern and
southern landfill sites bave been shown as the ideal tracer of leachate migration. This
may be true of many other landfill sites, provided such a signal exists. In al} three
cases, pollution from the landfill was traced down-gradient of the site using tritium;
even when the ionic concentrations were not at critical leveis, A private borehole
downstream of the Waterval landfill site was found to have slightty higher than
eﬁﬂironmental levels of tritium. A farm borehole down-gradient of the Bloemfontein
southern landfili site which had slightly elevated tritium levels, also had a similar ionic
ratio to the polluted monitoring borehole, clearly identifying incipient pollution, The
hydrochemistry was also useful to differentiate betweer ground water pollution from
the Bloemfontein northern landfill site, and pellution from a neighbouring mine, which

irad a coritrasting jonic signal,

Several of the existing pollution monitoring networks were no jonger functioning.
Boreholes were dften inadequately cased, or were poorly situated and therefore did not
provide samples which were a true representation of the focal ground water conditions

at the time. It was also found that these boreholes had been inappropriately sampled.

In the absence of artificial tritium, environmental (rain) tritium is an excellent tool to
detarmine the turnover times of ground water obtained from menitoring boreholes. This
is important in assessing the representativeness of the sample of the ground water at the
time of sampling, Even when vewent ground water turnover times are observed, as in

the case of the Linbrg Pack landfili site, it is alse important to assess the
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hydrochemistry, as it was expected that leachate would be entering the ground water.
This remains uncertain, however, because of the poor sampling conditions encountered

~ at this site,

Carbon-14 is a further n ans of determining turnover times in the absence of an
artificial source once the limit of tritium is excesded. Changes in the §13C are useful in
determining the source of carbon in 4C samples. Values more positive than -5 %¢ “or

ground water in equilibrium with atmospheric CO, suggest the influence ¢F an artifici

carbon source. _
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APPENDIX

The mean residence time (MRT) of the ground water has been determined by applying

- the exponential model, The aquifers mn this study may all be regarded as phreatic, and
therefore racaive.diffuse recharge, The exponentiul model, also known as the pure
mixing model, describes the movement of ground water in an unconfined isofropic
aquifer which receives uniform recharge over its entire area. In fact, aquifers are not
isotropic and water components from different recharge events do not mix in the aquifer
(see Figure A), When the aquifer is penetrated by a borehole, it is assumed that the
. aquifer contributes water from different levels into the borehole during sampling, and
produces complete mixing from the different flow (ABA, 1996). The isotopic
concentration c(t) of the radionuclide introduced with recharge is given by (Verhagen et
al. 1991):

e(ty=e* fc (t—t, —t)e M, B)dt’
]

where: t = time of sampling

A= decay constant of the environmental isotope
t, = transit time (time span vetween the entry of the isotope from the atmosphere

into the unsaturated zone and reaching the saturated zone)



< (t~t, ~ t") = the input function which represents the concentration at which
the relevant environmental isotope is present in the ground
water recharge.
f(t',P,) = the system response function which describes the behaviour of the
ground water where t” is the transit time of a ground water
volume ¢lement since its entry into the saturated zone and P, is one
or more hydrogeologically relevant parameters. For the exponential
madel:

—

v
=
T

f(t',Pi) ==

=3

T = the mean residence time of the mixed water

Therefore, the expression for the exponential model for the concentration of a

radioactive tracer is ag follows:

°“"=—:{r—

Tc {t—t, - (M%wdt’

0

The input concentration ¢, in precipitation in the case of tritium, or from atmospheric
Coz in the case of carbon-14, varies with time, particularly since thermonuclear testing
was carried out in the mid-fifties (Figures B(i) and (ii)). Therefore, to determine the
input function for tritium, the distribution in precipitation must be takep info accoumt.
Applying the average tritium concentrations measured in precipitation in Pretoria since
1958 ({AEA, 1992), the mean residence times in this study were calculated. Figure C

itlustrates the varjation in tritium conc entration relative to the miean residence times.

Ambiguities may arise in the interpretation of the tritium data, as in the range between
2.5 and 4 T.U., two mean residence times are possible, as the peak passes through
these values (see Figure C). Also, in deeper boreholes the resulting mixing of the water
often results in tritium values close to zerg, with a corresponding mean residence values

much higiser than is feasible, Provided the initial carbon-14 concentration is known, the



input functions for the exponential model of carbon-14 and tritium may be plotied
against each other, resulting in a curve illystrating the relationship between the two
isotopes for different residence = es. The carbon-14 data will therefore constrain any

ambiguous tritium data,



AQUIFER porgsity = p Y -] Borehole

Figure A. Flow diagram through an unconfined aquifer illustrating mixing of flow fines

at point of abstraction,
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Figure B (i). Tritium concentration in South African precipitation since 1958 (TAEA,

1992)
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Figure B (ii). Atmospheric carbon- 14 concentration in South Africa since 1950 (Zuber,'

1986),
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Figure C, Plot of tritium concentrations expected in a well-mixed isotropic, phreatic
aquifer as a function of mean residence time. Concentration caloulated using
the exponential model and values of tritium in Preturia rain (Figure B) as the

input function.
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