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Groundwater contaminant fluctuation at a landfill: a case study of the Coastal Park

Landfill, Cape Town
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Rainfall has been shown to be the main cause of elevated nutrient pollution in groundwater beneath
landfills. However, groundwater monitoring is often based on predetermined schedules without considering
rainfall patterns. This study examined how rainfall patterns affect fluctuations in groundwater quality at
the Coastal Park landfill in Cape Town, South Africa, and the relevance of current groundwater sampling
schedules. Boreholes upstream and downstream of two large waste cells, one lined and the other unlined,
were monitored for 15 weeks during the onset of the rainy season to detect changes in the groundwater level,
pH, conductivity, dissolved oxygen, ammonia, nitrate, and phosphate. Rainfall patterns strongly affected
the groundwater parameters, with widely varying fluctuation patterns and lag times. Conductivity peaked
downstream of the lined cell 10 weeks later than at the unlined cell, with widely different fluctuation patterns
(R?=0.36). Ammonia peaked downstream of both the unlined and lined cells well before the early rains, with
very similar fluctuation patterns (R? = 0.97), although it peaked 6 times higher in the unlined cell. Nitrate
peaked at Weeks 2 to 4 downstream of the unlined and the lined cell, with a weak correlation (R? = 0.56).
A shorter nitrate peak and a net decrease throughout the rainy season were observed downstream of the
lined cell. Phosphate showed a brief, multi-fold increase at Week 3 downstream of both the unlined and lined
cells, displaying pH-induced mobilisation and a very strong correlation (R? = 0.99) between these locations.
Lag times and fluctuation patterns varied depending on the presence of liners, and rainfall patterns.
Therefore, the low frequency sampling required by many South African landfill waste management permits
and licences cannot identify pollutant peak concentrations or describe their trends, and high frequency
sampling should be considered.

INTRODUCTION

Nutrient enrichment in groundwater is often caused by leachate from landfills (Przydatek and
Kanownik, 2019; Han et al., 2016; Aziz et al., 2013). Monitoring variations in groundwater nutrient
concentrations from dedicated monitoring boreholes downstream of the pollution plume is a well-
established technique for evaluating the effectiveness of leachate barriers in preventing groundwater
pollution beneath landfills. To identify the best sampling schedules for detecting elevated levels
of pollution during the rainfall season at a particular operational landfill site, this study aimed to
assess the effectiveness of current monitoring schedules in South Africa by examining variations in
groundwater pollution.

Groundwater sampling schedules at landfills in South Africa are based on ‘Minimum Requirements’
(DEADP, 2018; DWAE, 1998). These minimum requirements include pre-scheduled groundwater
monitoring at predetermined times, largely for practical planning and management reasons; however,
they neglect to account for varying rainfall patterns that affect groundwater fluxes, nutrient retention
rates, and leachate mobility.

Several international standards have approached groundwater sampling scheduling using the
results of earlier detection monitoring to direct the management of ongoing monitoring activities
(NSW EPA, 2016; European Parliament, 2011; Irish EPA, 2003; DWAE, 1998). Some international
regulations suggest that the frequency of compliance monitoring should be site specific, taking into
consideration the hydrogeology of the site and the landfill design, and periodically re-analysing the
selected baseline monitoring parameters (Irish EPA, 2003). Similar methods are also used to meet
international standards, but they usually exclude scheduling requirements that account for rainfall
(NSW EPA, 2016; European Parliament, 2011; Yenigiil, 2006; Irish EPA, 2003; State of Vermont
Agency of Natural Resources, 1999; Blight et al., 1995). Because of this, international rules generally
follow a similar approach and do not base their scheduling requirements on the amount of rainfall
that has recently fallen (NSW EPA, 2016; European Parliament, 2011; Yenigiil, 2006; Irish EPA, 2003;
State of Vermont Agency of Natural Resources, 1999; Blight et al., 1995).

It is commonly accepted that rainfall is the primary cause of leachate, and numerous researchers have
examined how rainfall affects the volume, concentration, and mobility of leachate (Engelbrecht and
Murray, 2017; Bhatt et al., 2017; Aziz et al., 2013; Trankler et al., 2005; Wreford, et al., 1999; Blight
et al.,, 1995). Rainfall is the means through which water enters landfills to accelerate the amount and
dilution of landfill leachate while causing the decomposition of landfill materials (Aziz et al., 2013).

A model developed by Bhatt et al. (2017) that could predict leachate quality parameters based on

the waste composition of a landfill, ambient temperature, and rainfall rate discovered that lower
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temperatures prolonged the time for microbial activities, while
higher rainfall diluted the leachate owing to a washout effect, and
that leachate generation was delayed when the moisture content
was low. Therefore, time, temperature and annual rainfall were
identified as the most important variables in models for the
resultant leachate production (Bhatt et al., 2017).

Research on leachate formation and composition under monsoon
conditions, in which lysimeters are employed to model landfills
and open cells, has demonstrated the effects of rainfall on leachate
production. The maximum leachate generation was found during
the rainy season, according to results from two subsequent dry
and wet seasons; however, leachate flow was not observed during
the dry periods. Leachates accounted for >60% of the precipitation
volume. The study concluded that the highest degradation
within the waste body occurred during the rainy season and that
degradation during the dry season partially ceased owing to a lack
of moisture (Triankler et al., 2005).

The link between rainfall and leachate production is supported by
a study by Blight et al. (1999) on the effects of climate and waste
composition on leachate and gas quality in South Africa. Evidence
of leachate contamination was found at pits that were excavated at
the toe of 6 unlined landfills at depths of 2 to 2.5 m, and also near
these landfills. The results support previous studies in concluding
that the climatic water balance provisions of the ‘Minimum
Requirements’ were a realistic way to predict the likelihood of a
landfill being able to produce leachate (Blight et al., 1999).

At the Vancouver Landfill Site in Burns Bog, Wreford et al. (1999)
investigated the effects of moisture input from water infiltration
on landfill gas generation and leachate properties. Three-week
intervals in the sampling regime were used in the study. A
comparison between total daily precipitation and daily leachate
outflow indicated that peak rainfall was immediately followed by
the rapid movement of precipitation through the fill and leachate
production from the site (Wreford, et al., 1999).

Engelbrecht and Murray (2017) discovered that over the course
of 3 years of monitoring at the Coastal Park landfill, higher
concentrations of dissolved minerals and metals were observed
during the dry summer months (December to March) and lower
concentrations occurred during the wet winter months (May to
August). This might be due to a seasonal shift, whereby rain that
falls during the winter months dilutes the quantities of dissolved
minerals and metals in leachate (Engelbrecht and Murray, 2017).

In a study by Bendz et al. (1997) it was observed that a significant
portion of water was retained in the waste owing to surface tension
until a large and relatively sudden release of leachate occurred after
a certain volume of rainfall infiltrated the landfill. This finding was
based on their study of the accumulation of water and generation
of leachate in a relatively new landfill. The amount of rainfall that
was converted into leachate rose from zero to roughly half during
the first 6.5 years of utilising the landfill, although they noticed a
1- to 2-month time lag in the net water input-leachate discharge.
The authors claimed that because each accumulation period
had a different storage-leachate flux relationship depending on
the storage and the increase or decrease in leachate flux, it was
difficult to construct a storage-leachate flux relationship for a
landfill during the accumulation phase (Bendz et al., 1997). This
finding has significant ramifications for the current study because
it demonstrates how challenging it may be to anticipate the ratio
of net water input to leachate discharge.

Johnson et al. (1998) analysed the residence time of water in a
landfill and measured the flow paths through the landfill over a
period of 22 months, using rainfall, landfill discharge, leachate
electrical conductivity, and tracer experiment data. Their results
showed that in winter (dry season), 90 to 100% of rainfall was
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responsible for landfill discharge, whereas in summer (wet season)
this percentage decreased to between 9 and 40%, depending on the
intensity of the rain event (Johnson et al., 1998). In an investigation
of the probable time delay from precipitation to infiltration and
discharge to groundwater at the Dyer Boulevard Landfill, rainfall
levels were plotted against chloride concentration in leachate
samples for 5, 7, 10, 15, 20, 25, 30 and 120 days. During this
analysis, 30 days was found to be the best fit for the likely lag time
for rainwater to infiltrate through the waste (Statom et al., 2004).

An added complication that makes it difficult to predict the rate
of leachate flow is that fluids have preferential pathways through
a landfill which will also affect the time lag between rainfall and
its effects on leachate. Moreover, preferential pathways vary
with rainfall. In the study by Johnson et al. (1998), it was found
that between 20 and 80% of rainwater passed directly through
the landfill in the summer months (higher rainfall) but yielded
less than 10% in winter. An increased rate of discharge resulted
in a greater proportion of leachate being discharged, whereas a
portion of the rainwater did not contact the waste material and
thus played no role in the leaching of salts (Johnson et al., 1998).
The following year, they demonstrated that leachate was diluted
during rainfall events by the preferential flow of rainwater into the
drainage discharge (Johnson et al., 1999). This dilution of leachate
during rainfall events was also demonstrated by Engelbrecht and
Murray (2017) and Aziz et al. (2013). Therefore, there is evidence
and agreement regarding the effects of rainfall on leachate
composition, volume, concentration, movement and a time delay
or lag for this influence to take effect in landfills.

The link between rainfall and leachate has thus far been
established and it remains necessary to link the effects of rainfall
to groundwater pollution. In addition to identifying rainfall as the
means by which rainfall infiltrates the landfill system and causes
an increase in leachate, Aziz et al (2013) stated that contaminant
transport at a landfill includes the passing of contaminants
through the liner to the groundwater (Aziz et al., 2013).

In line with the above observations of the effects of rainfall patterns
on groundwater nutrient pollution, the U.S. Environmental
Protection Agency (USEPA) regulations, which are widely
recognised and applied in many countries, require that all new
landfills and the extension of landfills provide a leachate collection
system designed to quickly remove leachate without allowing
leachate depth over the liner system to exceed 30.5 cm (Yenigiil,
2006). This limitation of leachate depth makes sense because an
increase in the volume of leachate due to higher rainfall is likely to
increase the hydraulic head exerted by the leachate on the bottom
of the waste cell and liner system, thereby increasing the leakage.
In addition to the increase in pressure caused by deep leachate,
an increase in the volume of leachate above a landfill liner system
is likely to result in a larger surface area of contact between the
leachate and liner, which could be defective or damaged, thereby
increasing the likelihood and rate of leakage.

The Hydrologic Evaluation of Landfill Performance (HELP)
model was used to estimate the leachate leakage at the Ano Liosia
landfill site in Greece. The model takes multiple conditions into
account and facilitates rapid estimation of the amounts of runoff,
evapotranspiration, drainage, leachate collection and liner leakage
that may be expected (Schroeder et al., 1994). Using this model and
plotting the results from the previous 23 years of data collection, a
correlation between precipitation and leakage from a landfill base
was demonstrated by Fatta et al. (1999). They estimated a strong
relationship between precipitation and leakage at the Ano Liosia
landfill site. The average annual leakage from the landfill base
in that study was estimated to be 42.76% of the average annual
total precipitation. It became obvious through their study that
leakage from the landfill base was influenced by the cumulative

70



annual rainfall (Fatta et al., 1999). It must be noted that the
rainfall and leakage results of the study conducted by Fatta et al.
(1999) contain annual information and thus do not describe the
relationship between prevailing intra-seasonal rainfall patterns
and groundwater nutrient pollution trends. However, there is a
relationship between cumulative annual rainfall and base leakage
at landfills, confirming that higher rainfall causes higher volumes
of leakage (Fatta et al., 1999).

METHODS

The hypothesis that a single sampling event is merely a snapshot
in time, and that the prevailing intra-seasonal rainfall must be
considered when scheduling a single or a limited number of
groundwater sampling events, or interpreting the results thereof,
will be supported if the results of frequent groundwater sampling
show different relationships between intra-seasonal rainfall
patterns and each groundwater pollutant.

A landfill site was chosen for this investigation based on the
availability of infrastructure suitable for measuring changes
in groundwater quality. The site has a network of dedicated
monitoring boreholes which support the operations of the Coastal
Park landfill. The system infrastructure consisted of boreholes
downstream of the leachate pond, lined and unlined cells, and
boreholes further downstream to investigate the influence of
geology, hydraulic conductivity and distance on the pollution
plume. A high-resolution digital rainfall station, along with other
weather-related metrics that collect data at 30-min intervals, was
also available at the site.

The Coastal Park Landfill study site began operating as a landfill
site in 1985. By 2012, it had already received approximately
450 000 tons of waste per year (City of Cape Town, 2012). The site
is located approximately 20 km south of the centre of Cape Town

Phase 2 lined system
uncapped.

constructed over an old
waste body.

Phase 1 unlined waste
body, uncapped, no
leachate drains.
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and is adjacent to the Cape Flats Wastewater Treatment Works. The
site (Fig. 1) covers an area of 0.8 km? and is an active landfill that
is used for the disposal of general and non-hazardous waste (Blake
etal, 2016). The landfill is underlain by unconsolidated sand with
pebbles and shells of the Witzand Formation which overlies the
older Springfontyn Formation consisting of light grey to pale-
red sandy soils. The groundwater level at the location is mapped
as about 3.4 m amsl in the north-west and grades downwards
to about 0.5 m amsl in the south-east, as it approaches the sea
(Engelbrecht and Murray, 2017). A uniform aquifer thickness
underlies the entire extent of the landfill site, with a saturated
thickness of 20 m. The southwestern edge is composed of saturated
sands approximately 20-25 m thick (Blake et al., 2016). This means
that there are no geological structures that may significantly affect
the linear flow of groundwater close to the waste cells. However,
subsurface geological conditions may be affected by compaction of
the top ground levels caused by ongoing heavy machinery activity
and construction. The Coastal Park landfill has 27 boreholes
which are used for groundwater sampling. Two reports were
commissioned by the City of Cape Town to assess the Coastal Park
landfill groundwater monitoring infrastructure and groundwater.
These reports provided valuable insight regarding the borehole
network, groundwater gradient and the interpretation of borehole
monitoring results obtained from the recent sampling history at
the site (Engelbrecht and Murray, 2017).

The site consisted of unlined cells (Phase 1) and lined (Phase 2).
A lined cell (Phase 1A) overlays the northern side of unlined Phase 1
(Fig. 1) (Engelbrecht and Murray, 2017).

Rainfall data (De Bruyn, 2019) were acquired from an on-site
weather station between April and August 2019, corresponding
to the pre-rainfall and winter rainfall seasons. Concurrent
groundwater sampling was performed at the selected boreholes.
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The procedures for sampling:

o Slow purging, by repeated bailing, was used to clear
boreholes of any possible debris and stagnant water. Thus,
low-volume, gradual purging was used to carry out weekly
sampling. Approximately 3 L was removed from each
borehole, while also mixing the water column by dropping
the bailer a few meters into the column and retrieving
it repeatedly, before collecting the sample. The glass
containers used for sampling were rinsed before being filled
with 200 mL of sample water.

o After collection, the containers were sealed with metal caps.
An air gap of approximately 0.5 to 1 cm was left at the top of
each collected sample.

o Within an hour of collection, the samples were placed in a
small cooler box with ice packs and kept overnight before
the tests were conducted the following day.

o Borehole water levels were used to observe possible
correlations between rainfall and groundwater levels, and
to verify groundwater flow direction. Before collecting
samples at each borehole, the depth from the borehole neck
to the top of the groundwater table was measured with a

weighted plumb line which was allowed to drop until it
reached the water level. The level was measured during the
first week (30 April 2019) and used as a reference during
the dry season and subsequent weeks (until 6 August 2019).
Levels were recorded in meters above or below the reference
datum point (Fig. 2).

A linear projection of the groundwater depth was created by
plotting the changes in groundwater depth versus time. Trend
lines were overlaid onto the graphs for each borehole to show
movement over months of increased upstream groundwater
levels associated with rising precipitation. Upstream depths are
generally expected to decrease (increase in the water table) faster
during periods of high precipitation. A strong positive gradient
was associated with the most downstream location. Engelbrecht
and Murray (2017) mapped the groundwater level at Coastal
Park revealing a gradient of 3.4 m amsl in the north-west to 0.5 m
amsl in the south-east, as it approached the sea (Engelbrecht
and Murray, 2017). This fitted well with what was observed as
Borehole 34, the most upstream location according to their study,
displayed the most negative gradient, whereas Borehole 21, the
most downstream location, displayed the most positive gradient.
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Figure 2. Weekly rainfall and groundwater level fluctuation and projections
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RESULTS AND DISCUSSION

The results for each parameter were combined with a discussion
of the results. Data, graphs and statistical analyses are available in
the MSc. (EGS) dissertation (Baderoon, 2021).

Rainfall data

Local rainfall data (De Bruyn, 2019) which were captured at 30-
min intervals were aggregated to a weekly rainfall record in mm
(Fig. 3).

Conductivity (EC)

The EC was measured in the laboratory using a handheld
conductivity meter after the collected samples were stored on ice
for approximately 24 h. The samples were diluted to concentrations
within the measurement range of the instrument. During the
monitoring period, the EC downstream of the waste cells (Fig. 4)
responded to the rainfall patterns and was significantly influenced
by whether the waste cells were lined.

After a rainfall event, the EC downstream of the leachate pond
(Borehole 29) recovered most quickly, and by the end of the
monitoring period the EC reached the levels that were observed
at the start of the monitoring period. During several weeks
of minimal rainfall, the EC downstream of the lined waste cell

(Borehole 30) recovered more slowly than that downstream of
the unlined cell (Borehole 33), and only reached peak levels after
the monitoring period. Leachate dilution above the liner may be
the cause of the lower conductivity in this region, whereas there
was an apparent steady, retarded leakage through the waste cell
liner. It is possible that this pattern confirms the observation of
Johnson et. al. (1999) that leachate is diluted by the preferential
flow of precipitation in the discharge during rainfall events from
a lined landfill cell before leaching into the groundwater through
the landfill cell liner (Johnson et al., 1999).

Throughout the monitoring period, the groundwater EC
downstream of the unlined waste cell (Borehole 33) remained
significantly higher than the background conductivity and higher
than the conductivity downstream of the lined waste cell. Given that
there was no liner to account for the leachate dilution, as observed
by Johnson et al. (1999), this trend confirmed expectations.

The most significant EC findings that apply to this study are that
the EC responded to various rainfall events throughout the course
of the monitoring period and was strongly influenced by whether
the cells were lined. Although the EC downstream of the lined cell
began the season with lower values, it progressively increased to a
magnitude similar to that of the unlined cell. These data support
the notion that intra-seasonal rainfall must be considered when
planning groundwater monitoring near landfills.
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Ammonia

NH, was measured in the laboratory using the HACH ammonia
(NH,-N) photo-spectrometry method. NH, responded to rainfall
patterns with significant changes throughout the monitoring
period (Fig. 5).

The highest NH; concentrations were observed in Borehole 29,
which was located downstream of the leachate pond. It had the
highest record of all the boreholes and a peak concentration of 960
mg/L. The NH, content closely followed rainfall patterns, rising
within two weeks of significant rain and recovering swiftly thereafter.
This trend in NH; concentrations may have been caused by the
apparent continual leakage from the leachate pond, which resulted
in greater NH, concentrations than at other borehole locations, and
which formed a plume that was dislodged by enhanced groundwater
movement after intervals of severe precipitation.

The NH, concentrations were much lower in Boreholes 30 (lined)
and 33 (unlined) than those found in Borehole 29 (leachate pond).
Borehole 33 (unlined) had NH, concentration trends that were
almost equivalent to those at Borehole 30 in that its concentrations
started at a pre-rainfall seasonal high and decreased slowly as the
rainfall season progressed. Despite the aging of the unlined landfill
cell, the NH; concentrations in Borehole 33 (unlined) peaked at
concentrations 10 times that of Borehole 30 (lined), most likely
because of the increased leakage at the unlined waste cells.

The primary pattern in NH, concentrations at Boreholes 30 (lined)
and 33 (unlined) was that the initial and highest concentrations
occurred in the first 2 weeks after the first significant rainfall
event, despite subsequent high-rainfall weeks. This demonstrates
once more how intra-seasonal rainfall must be considered when
formulating groundwater sampling plans, to avoid missing this
important change in NH, concentration. The two sites showed

comparable NH; attenuation trends. The aerobic effects of the
increased groundwater movement, and consequently similar
gradual reductions in NH, concentrations at both locations
throughout the rainfall season, may have contributed to the
similarity in the NH; trends observed downstream of the lined
and unlined cells. Statistical analysis indicated a strong positive
association between the variations at Boreholes 30 (lined) and 33
(unlined) of both NH; (R* = 0.97) and DO (R? = 0.94), supporting
the contention of similar aerobic effects at these sites. However,
the NH; decline at Borehole 29 (leachate pond) was distinct,
where elevated concentrations of NH, may have been extremely
hazardous to microorganisms that play a role in breakdown and
attrition processes.

Fatta et al. (1999) observed that high concentrations of NH; are
very toxic to the microorganisms that are responsible for the
anaerobic processes. Consequently, the high concentration of
NH, inhibits their growth and activity (Fatta et al., 1999). Thus,
Borehole 29 (leachate pond) did not exhibit the same abrupt
decline in NH, as observed at Boreholes 30 and 33, but rather
initially displayed a 5-fold increase following the first significant
rainfall event in Week 4.

The fact that there is a low correlation in NH, variation between
the lined (R? = —0.07) and unlined (R* = —0.18) waste cells and
Borehole 29 (leachate pond) seems to support the hypothesis
that high concentrations of NH; at this location are toxic and
inhibit bacterial NH, reduction, especially since they showed
high correlations with DO variation (R* = 0.83 and R* = 0.82,
respectively). This would imply that, although DO ought to have
been sufficient to encourage the conversion of NH; to NO, at
Borehole 29, it could not, or at least could not be as effective as in
Boreholes 30 and 33 due to the toxicity of the significantly higher
quantity of NH; at Borehole 29.
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Figure 5. Weekly rainfall and NH; concentration
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Further support for the toxicity theory at Borehole 29 was
obtained by determining the correlation between NH, and NO,
as NO, is the result of the oxidation of NH, or nitrite (Canfield
etal,, 2010). The correlation between NH, trends (Fig. 5) and NO,
trends (Fig. 6) was R*=0.11, R* = 0.44, and R* = 0.70 for Boreholes
29 (leachate), 33 (unlined), and 30 (lined), respectively. Therefore,
Borehole 30 (lined), where NH, content was consistently lowest,
showed the strongest correlations between NH, and NO, trends.
This suggests that less harmful levels of NH, at Borehole 30 (lined)
allowed more efficient bacterial NH, reduction.

The most significant finding regarding NH,, which is similar to
that for EC, is that NH, concentrations were influenced by rainfall
patterns throughout the monitoring period. The amount of NH,
present varied greatly depending on when the groundwater
samples were collected. The effects of NH, toxicity and whether
the cells were lined are two other factors that appear to have a
substantial impact on NH, concentrations, in addition to the
effects of rainfall patterns.

Nitrate

NO, was measured in the laboratory using the HACH nitrate
(NO,-N) photospectrometry method after the collected samples
were stored on ice for approximately 24 h. The oxidation of NH,
(ammonia) and NO, (nitrites) produces NO, (nitrates). During
subsequent denitrification, NO, reduction is connected to the
anaerobic oxidation of organic carbon, which frequently results
in N, gas (Canfield et al., 2010). Nitrates in water are produced
because of the oxidation of plant and animal waste as well as
human and animal faeces. Ranges of NO; concentration should
be between 0 and 6.0 mg/L N (DWAE, 1996).

Boreholes 29 (leachate pond), 30 (lined), and 33 (unlined) showed
NO, concentrations above background levels, as did all nearby
downstream sampling locations. The largest increase in NO, was
observed at Borehole 29 (the leachate pond), which occurred 1
week after the first significant rainfall event. Although the overall
NO, levels increased after the subsequent high-rainfall weeks,
these subsequent increases were slow.

Despite the early low rainfall compared to rainfall that fell
later in the season, NO, concentrations at Borehole 30 (lined)
doubled, rising from 4 mg/L to a maximum of 8 mg/L within the
first 3 weeks of the monitoring period, but declined thereafter
throughout the remainder of the monitoring period. NO,

concentrations at Borehole 33 (unlined) showed a similar pattern
to those at Borehole 30 (lined), increasing shortly after the early
rainfall, but remaining at peak concentrations for 2 weeks longer
than at Borehole 30 (lined) before decreasing shortly after.

This early increase in concentrations at both Borehole 33 (unlined)
and Borehole 30 (lined), which did not occur again, suggests that
the initial rise in response to the first rainfall event of the rainy
season is crucial for determining NO, concentration patterns.
The observations of decreasing NO, concentration trends are
consistent with those made by Fatta et al. (1999), suggesting that
increased rainfall had the effect of increased groundwater flow,
which in turn increased NO, generation by aerobic bacterial
activity. The liner may have slowed the NH, and NO, movement
sufficiently to allow the NO; attenuation rate to exceed the rate at
which it was replenished.

Thus, a dual effect was apparent. Due to the conversion of NH,
to NO,, NH; leakage patterns may also have had an impact on
NO, trends. Once the rainfall season continued, NH, from the
lined waste cell appeared to decrease (Fig. 5), resulting in a
decrease in the bacterial conversion of NH, to NO,. However, it
appeared that the groundwater samples connected to the unlined
waste cells received enough NH, from leaks to support increased
NO, generation as the rainy season proceeded. Consequently,
NO, concentration patterns were more stable because unlined
waste cells probably sustained sufficient leakage throughout the
wet season to maintain NO, synthesis through aerobic bacterial
activities, which increased during heavier rainfall.

Orthophosphate

PO was measured in the laboratory using the HACH phosphate
(PO,*) ascorbic acid spectrophotometry method after the
collected samples were stored on ice for approximately 24 h. All
excessively concentrated samples were diluted until they were in
quantities that the equipment could detect.

The concentration of PO, is a useful measure of landfill pollution
asitis known that high orthophosphate (PO,*") concentrations can
be caused by the organicload of refuse which contains phosphorus.
Organic materials (mainly phospholipids and phosphoproteins)
increase PO,’" concentrations during biodegradation by releasing
phosphorus (Fatta et al., 1999). The PO, concentrations
were observed to be greater than the background levels in all
downstream boreholes for a short period at least once throughout
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Figure 6. Weekly rainfall and NO, concentration
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Figure 7. Weekly rainfall and PO,*- concentration

the monitoring period (Fig. 7). Even though substantially more
rain occurred later in the study period, PO concentrations
downstream of the leachate pond, lined waste cell, and unlined
waste cell never increased to concentrations as high as they were
soon after the early relatively high rainfall. Therefore, the window
of opportunity to detect PO,*" leaching into groundwater appears
to be very short.

Although their downstream distances from the waste cells
differed, PO,* at the lined waste cell, unlined waste cell, and
leachate pond all peaked almost simultaneously (Fig. 7), and PO,*
remained much lower at the leachate pond than downstream of
the lined and unlined cells despite later increases in NH; and NO,
concentrations at the leachate pond (Figs 5 to 7). This difference
in variation implies that these pollutants are subjected to different
release and attenuation mechanisms.

The apparent similar lag time for PO,*- downstream of the leachate
pond, lined cell and unlined cell, combined with the much lower
PO at the leachate pond, suggest that there is a mechanism that
causes the retention and/or release of PO’ that is less dependent
on distance or the presence of a liner. This behaviour might be
caused by the retention and/or release of PO, under specific
chemical conditions, and it would seem to be consistent with the
findings of other investigations.

According to previous studies, pH influences how certain
nutrients travel through aquifers and substrates. Despite decades
of interaction with sediments, Kent et al. (2007) observed a similar
type of mobilisation in a study that injected low pH groundwater
into an aquifer, causing Zn and PO,*" to be rapidly desorbed with
the resulting changing chemical conditions (Kent et al., 2007).
Low levels of dissolved P and Zn were present in the injected
groundwater, which also had a pH of 4.5. Along with considerable
increases in dissolved P over pre-injection concentrations, a 20-
fold increase in dissolved Zn concentrations above pre-injection
levels was observed downgradient from the injection. Despite
years of interaction with sediments, Zn and P are quickly desorbed
in response to shifting chemical conditions (Kent et al., 2007).

The pathway of pollutants and pollution to groundwater involves
a lengthy storage period in the leachate pond before release, thus
providing more time for PO,* fixing before being released to
groundwater and probably leading to significantly lower PO,
concentrations downstream of the leachate pond compared to
the lined and unlined cells. Because the groundwater downstream
of Borehole 29 (leachate pond) was continually dark grey, even
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after purging, it appeared likely that this borehole was capturing
this leakage from the leachate pond. It would be logical to assume
that the chemical conditions within and downstream of the leaky
leachate pond would likely be significantly different from those
downstream of the waste cells, including the pH (presumably
higher in the leachate pond (JG Afrika, 2019)) that favours PO,
retention.

The research mentioned above provided evidence in favour of
a selective delay or mobilisation mechanism for PO,* transit
in groundwater (and perhaps in the leachate pond). The pH
reduction caused by the advent of the first seasonal rain may
be the cause of the unusually rapid release of large amounts of
PO*. Figure 8 shows that the initial sharp rise in groundwater
PO,* seen downstream of the unlined waste cell coincided with
the initial most discernible fall in aquifer pH measured in the
groundwater samples from that location. Groundwater samples
from downstream of the lined cell and the leachate pond showed
similar sharp increases in groundwater PO, which coincided
with the initial most discernible fall in aquifer pH.

Analysis

A non-parametric test was used to analyse the data because of
irregular or non-normal distributions. Statistical correlation
indicated the level of similarity between the trends at two
boreholes, while the Wilcoxon signed-rank test was used to
establish whether there was sufficient evidence to suggest that
there was a difference between trends at the two boreholes.

There was a strong correlation between NH,, PO,/ and DO
downstream of the lined and unlined cells (R* = 0.97, R? = 0.99
and R* = 0.94, respectively), while the variation in NO, showed a
weaker positive correlation (R* = 0.56).

The Wilcoxon signed-rank test, using critical values of 25,
determined that there was sufficient evidence to suggest that there
was a difference between NO, trends downstream of the lined and
unlined cells, with a test statistic equal to 7 (or less than critical
value), but determined that there was enough evidence to show
that there was no difference in NH, and PO,* trends between
them, with test statistics equal to 105 and 36, respectively (or more
than critical value). In other words, the presence of a liner affected
NO, trends but did not substantially affect NH, and PO, trends.

Figure 9 displays the ratios of each nutrient at Boreholes 30 and
33, with error bars used to analyse the drifting ratios throughout
the course of the monitoring period.
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Figure 9. Nutrient ratio between Boreholes 30 and 33 with error bars

Although the position downstream of the leachate pond showed
a significantly lower PO/ peak, it showed a reasonably higher
than expected positive statistical association in PO,* fluctuation
with locations downstream of the lined and unlined waste cells
compared to NO, and NH,. The coeflicient of determination (R?)
for the correlation between downstream PQO,’" in the leachate
pond and the lined cell was 0.72, between the leachate pond and
unlined cell was 0.66.

NO, and NH, did not show a correlation similar to that observed
for PO/, suggesting a significantly different attenuation
mechanism for PO,’. There was no statistical relationship in
downstream NO, variation between the leachate pond and the
lined and unlined cell (R* = —0.02 and R? = 0.14, respectively).
There was no statistical relationship in downstream NH, variation
between the leachate pond and the lined and unlined cells
(R*=-0.07 and R* = —0.18, respectively). The fact that NO, and NH,
are not susceptible to the same fixing mechanism as PO,*, as well
as the fact that PO has a different attenuation mechanism, may
explain this observation. This observation of different attenuations
and fluctuation patterns suggests that no single monitoring
occasion can be used to deduce the state of each of these nutrients.

There was no statistical association between the rainfall pattern
and pollutant variation. Although the lack of a statistically
significant correlation between rainfall patterns and groundwater
pollutant variation does not prove or disprove a cause-and-effect
relationship between rainfall patterns and groundwater pollutant
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variation, it does indicate the difficulty of creating a groundwater
monitoring schedule that considers rainfall patterns by requiring
that sampling occasions simply occur after high rainfall days.

CONCLUSION

This study aimed to determine the fluxes in groundwater quality
at the Coastal Park landfill in Cape Town, South Africa, and to
analyse how groundwater quality changes with local rainfall. The
results show that the fluctuation in groundwater contamination at
the Coastal Park landfill is strongly related to rainfall fluctuation.
However, this relationship is complex as it is influenced by other
mechanisms.

Groundwater levels showed that hydraulic gradients between
boreholes were constantly shifting in response to rainfall patterns,
although the direction of the gradient remained largely the
same, from north-west, at the chosen landfill. This means that
groundwater movement was continually adjusting to rainfall
patterns and cumulative rainfall, which in turn could be expected
to have affected fluctuations in pollutant transport toward the
sampling sites downstream.

The chosen groundwater indicators, which included NH,, NO,,
PO/, conductivity and pH, responded to rainfall with clearly
distinct trends when compared to each other, and peaked at
different times, rather than all rising, falling, or peaking at the
same time relative to one another.
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The presence of liners affected these fluctuations. Conductivity
fluctuations downstream of lined and unlined cells were very
different, peaking 10 weeks later downstream of the lined cell, with
a very weak correlation in fluctuation between the two locations
(R* = 0.36). This indicates that there were different fluctuation
patterns and peak times for the conductivity downstream of
the lined and unlined cells. The lined and unlined downstream
monitoring boreholes showed quite different trends for NO,, but
very similar trends for NH, and PO,*~. NO, peaked at a similar
time downstream of the unlined cell and the lined cell, although
there was a widely different NO, fluctuation pattern between
these locations. NO, also showed a net decrease throughout the
rainy season downstream of the lined cell, ending the rainy season
at its lowest concentration, while NO, was higher downstream of
the unlined cell at the end of the monitoring period. Statistical
analysis indicated a positive association between NH, variation
downstream of lined and unlined cells (R? = 0.97), with similar
but not synchronous times of peak concentrations.

Changes in groundwater pH had an impact on PO~ mobility,
causing it to increase to maximum concentrations for a short time
when the pH was measured below a specific threshold for the first
time during the rainy season.

The absence of a statistical association between the rainfall pattern
and pollutant variation in any of the downstream boreholes
suggests a far more complex relationship than a straightforward
direct or inversely proportional relationship between rainfall and
pollutant variation.

Multiple pollutant patterns that are each affected differently
by rainfall, sampling location and waste cell liner presence
may require a different sampling methodology to that of a pre-
determined groundwater sampling schedule. The very low
frequency groundwater sampling schedules contained in the
South African and international regulations at the time of the
study do not consider the different annual rainfall patterns and the
different effects that rainfall patterns have on different pollutants.
While very low frequency groundwater sampling schedules may
be an accepted practice for determining whether a landfill is
polluting groundwater, given the complexities of the variation
in groundwater pollutants, this approach is likely to provide
misleading information regarding pollutant trends and peaks.

Therefore, planning a groundwater monitoring programme must
consider landfills in a dynamic setting. The same schedule for
single or low frequency monitoring being applied each year will
yield misleading results as annual cumulative rainfall and rainfall
patterns are never the same for any 2 years and the effects of these
rainfall patterns on the fluctuations of each pollutant are different.
The unique trends, lags and peak concentrations of various
pollutants will be missed using any single groundwater monitoring
occasion. To enable a more accurate assessment of nutrient
pollution at landfills, increased monitoring frequencies may be a
better option, preferably spanning the rainy season, if possible.

The location of groundwater sampling points must be carefully
considered as the study showed that, in agreement with the
literature, location significantly affects groundwater pollutant
concentration, trends and lag. Sampling boreholes placed closely
downstream of waste cells and leachate ponds are subject to less
lag, are more sensitive to groundwater changes and are less likely
to be affected by geology than boreholes further downstream.
Closely downstream boreholes also displayed more complex
pollutant variation patterns than boreholes further downstream.

The conclusions arrived at during the current study suggest that
the practice of annual or biannual groundwater monitoring at
landfills, as conducted in South Africa at the time of this study,
may yield misleading results. These low frequency monitoring
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events do not identify peak pollutant levels, nor do they describe
pollutant trends. Although there is agreement that rainfall is the
major driver of pollutant variation in groundwater at landfills, the
difficulty in using rainfall results to predict pollutant fluctuation
may necessitate higher frequency groundwater sampling schedules
if groundwater monitoring regimes are to provide accurate,
reliable, and descriptive groundwater pollutant information. High
frequency groundwater sampling may, however, be expensive,
and further studies, budgetary and technology decisions and
legislative consideration may be necessary in this regard.

Similar studies need to be conducted at various landfills, with
other pollutants of interest.
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