

















































































































































































































3.1.11.2 E. coli experiment
a) ECF-01

The E. coli tracer (2 000 ml) was supplied to UWC laboratory in 2 x 1 L Schott bottles, at a
concentration of approximately 1.0E+07 cfu/ml as a stock solution. The stock (2 L) and 5 g
of Rhodamine was added to 10 - 20 L of borehole water. After mixing very well it was
deposited into the injection borehole. The same process as performed for PRF-01 was
conducted for ECF-01 for consistency. A control sample (100 ml of the prepared tracer
solution) was sent back to the CSIR for analysis. The results constituted the original
concentration of bacteria that were injected into the column. Samples were collected at the
pump from a ball valve installed for sampling. Samples are stored in a refrigerator at 10°C

until couriered to CSIR for analysis.

Table 0-2: Chemical and biological tracer preparation, injection and sampling
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3.1.11.3 Sampling frequency

During both experiment a 100 ml sample was collected twice per day for the first three days
and once per day thereafter for a total of 39 days for PRF-01 and a total of 22 days for ECF-
0L

62



Chapter 5: Data and Discussion

Introduction

A series of tests were conducted in the laboratory and the field to mimic what we should
encounter during field experiments. Laboratory experiments were conducted using sterilized
and unsterilized columns. The aim of the experiments is to evaluate the results and possibly

implement it to protect our drinking water resources in the real world.

Column and field studies were conducted at the UWC to investigate the fate and transport of
E. coli and bacteriophages. Hydraulic conductivity of the laboratory columns and the field
site were of a similar magnitude, with the field site varying from 1 to 20 m/day whereas the
laboratory values varied from about 0.4 to 9 m/day.

Data and discussion

4.1.1 Column experiments using bacteriophage PDR-1 and E. coli

Four sets of data were generated. Two columns were prepared for the experiments, A and B.
The columns were either run simultaneously or on consecutive days. One experiment was
undertaken using PRD1 (Experiment PRL-01, and three experiments were undertaken using
E. coli (Experiments ECL-01, ECL-02 and ECL-03). Table 5-1 lists the experiments
performed.

Table 0-1: Laboratory biological tracer experiments performed
Experiment Name Tracer used Date Columns
PRL-01 PRD-1 15 to 16 May 2010 Sterilized
ECL-01 E. coli 23 to 24 August 2010 Sterilized
ECL-02 E. coli 05 October 2010 Sterilized
ECL-03 E. coli 25 February 2011 Unsterilized

4.1.1.1 Experiment PRL-01
A column experiment was performed in duplicate (two columns A and B prepared in the

same way, inoculated with the same tracer amounts and run on consecutive days) using

bacteriophage PRD-1 as a tracer in sterilized columns (autoclaved and flushed with ethanol).
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Approximately 2.4x10° PRD-1 phage particles were injected into each column (suspended in

10 ml phosphate buffer). The phage tracer was injected into the manifold of the flowing

column experiment and allowed to run for 12 hours. Some column parameters are presented

in Table 5-2.
Table 0-2: Column parameter values for experiment PRL-01
Value Value .
Parameter Unit
(Col A) (Col B)
Flow 12.5 16.7 ml/min
Length of sand column 20 20 cm
Area of sand column 70.9 70.9 cm’
Phage particles added 2.4x10° 2.4x10° pfu
Phage particles added 10 10 ml
Specific conductance of salt tracer 13700 13700 puS/cm
Volume of salt tracer injected 5 5 ml
Temperature range 19.5t0204 19.2t019.4 °C
The results are shown in Figure 5-1.
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Figure 0-1: Laboratory biological tracer PRD-1 phage (pfu/ml) results — sterilized (Expt. PRL-01)

A tracer arrival is apparent at 2 hours in experiment B with the counts peaking at 10 hours.

However, the phage was only detected in experiment A after 10 hours with the peak probably
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occurring after 12 hours. The faster breakthrough time for experiment B may have been due
to the faster flow rate (Figure 5-1). Both columns removed more bacteriophage tracer than
initially anticipated. It is unclear why Experiment A reduced tracer concentrations to such

low levels compared to column B.

The salt buffer of the bacteriophage buffer acted as a salt tracer and was therefore introduced

to the columns at the same time as the microbial tracer. Figure 5-2 shows the results.
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Figure 0-2: Laboratory salt tracer (uS/cm) results (Expt. PRL-01)

The salt tracer breakthroughs for both columns are similar and occurred between 1 and 2
hours. The fact that the salt trace results indicate that the two columns are behaving similarly
does not give any insight was why the microbial tracers apparently behaved so differently in
the two columns. For future experiments it is recommended that higher loads of
bacteriophage tracers should be injected and the test should also run for a longer time period.

Samples should also be taken more frequently than in these experiments.

4.1.2 E. coli experiments with sterilized columns
These were again conducted with two duplicate columns as above. The packed columns were
sterilized by flushing with ethanol. The sand used for packing as well as water used for flow

experiment was autoclaved prior to the experiment.
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4.1.2.1 Data for experiment ECL-01
4 ml of a tracer containing solution (6x10° cfu/ml) was added to 396 ml of sterilized borehole

water, giving in effect a 100 times dilution. 300 ml of this tracer mixture was used to load the
column reservoir. The tracer mixture was injected into the manifold of the flowing column

experiment.

The volume injected provided a tracer injection period of approximately 14 minutes. 100 ml
of the tracer mixture was kept as a control to account for tracer die-off/inactivation rates. 15
ml samples were taken half-hourly for the first six hours of each column experiment.
Thereafter, samples were collected hourly up till 12 hours and 4 hourly up till 24 hours. This
column was allowed to run for 24 hours, during which 24 samples were taken. Some column

parameters are presented in Table 5-3.

Table 0-3: Column parameter values for experiment ECL-01
Parameter Value Unit
Flow 21.7 ml/min
Length of sand column 20 cm
Avrea of sand column 70.9 cm?
Bacterial cells added 1.8x10’ cfu
Volume of bacteria suspension tracer 300 ml
Specific conductance of salt tracer 19 800 pS/cm
Volume of salt tracer 5 ml

The counts obtained are shown in Figure 5-3.
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Figure 5-3: Laboratory biological tracer E. coli (cfu/ml results (Expt. ECL-01)
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The first sample was taken at time zero (along with tracer inoculation). This sample had a
very high colony count on MFC agar. The counts of the presumptive E. coli remained high
for some hours. Unfortunately, the E. coli and non-E. coli bacteria could not be distinguished
based on color and morphology.

The salt tracer was again injected as part of the E. coli suspension. Samples for the salt tracer

were collected at 5 min intervals. The salt tracer results are shown in Figure 5-4.
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Figure 0-3: Laboratory salt tracer (uS/cm) results (Expt. ECL-01)

The salt tracer showed the tracer breakthrough occurring between 1 and 2 hours, similar to
the PRL-01 experiment. The more frequent sampling interval provided better resolution on
the shape of the tracer breakthrough graph, with good control on the tracer arrival and tail.
These results also suggest that the column (or water used in the experiment) was in fact
contaminated with bacteria that grow well on MFC plates, indicating that the sterilization was
not completely effective. These non-E coli background (contaminant) bacteria masked the
actual levels of E. coli tracer.
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4.1.2.2 Data for experiment ECL-02
In the above experiment (ECL-01) the samples contained contaminant bacteria that could not

be distinguished from the E. coli tracer used using an MFC agar plate method. In an attempt
to counter this problem, an E. coli strain obtained from the Colorado State University (USA)
was used. This strain has been engineered with resistance to Ampicillin (an antibiotic).
Ampicillin was added to the MFC agar plates to inhibit the growth of bacteria that do not
have ampicillin resistance, like the background contaminant bacteria. Some column

parameters are presented in Table 5-4.

Table 0-4: Column parameter values for experiment ECL-02 (E. coli measured using MFC
agar)
Parameter Value Value Unit
(Col. A) (Col. B)
Flow 16.13 12.25 ml/min
Length of sand column 20 20 cm
Area of sand column 70.9 70.9 cm?
Bacterial cells added 8.4x10° 8.4x10° cfu
Volume of bacteria suspension injected 45 45 ml
Specific conductance of salt tracer 19 760 19 760 pS/em
Volume of salt tracer 45 45 ml
Temperature range 20.8-22.3 20.3-21.6 °C

Figure 5-4 shows the results of the E. coli (i.e. those with resistance to ampicillin) counts for
the experiments which ran for 49 hours. For column B analyses were only performed for the

first 8 hours.
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Figure 0-4: Laboratory biological tracer E. coli (cfu/ml) results - with ampicillin (Expt. ECL-02)

The same pattern was observed in this experiment as in ECL-01. High counts of bacterial
colonies were measured from time zero (effectively then a negative control) to 49 hours. (The
measured count at time zero is a ‘negative control’ in the sense that had sterilization been 100
per cent effective, this would be zero since the injected E. coli could not have had time to be
eluted).

It is apparent that the sterilization procedures were not effective. Antibiotic resistance in
bacteria is widespread and it is evident from these results that the contaminant bacteria were
also, to some extent, resistant to the inhibitory effect of the ampicillin, creating difficulties in

detecting E. coli.

Colony counts on MFC agar were chosen as the analytical method because of the relatively
low cost of this method for the detection and enumeration of E. coli. However, the presence
of bacterial contaminants in the columns that resemble E. coli on MFC agar was not foreseen.
The main disadvantage of using this detection method for E. coli is that it relies on a color
reaction (forming blue colonies) that is not exclusive to E. coli. Interpretation is also
subjective and brand-to-brand differences in performance of MFC agar are well known.

To address these shortcomings the detection method was changed to the Colilert method.

Although much more expensive, this method better discriminates between E. coli and closely
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related organisms. The samples obtained during experiment ECL-02 were re-analyzed using

the Colilert method. The results can be seen in Figure 5-5.
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Figure 0-5: Laboratory biological tracer E. coli (MPN/ml) results - with ampicillin (Expt. ECL-02)

The Colilert method provided useable results. For the first time, a breakthrough of the E. coli
tracer could be observed at 4 hours in column B. However, the E. coli counts were fairly low
indicating that the column effectively removed most of the E. coli tracer originally injected.
Column A in particular required higher loads of tracer to provide accurate data. In column B
the E. coli counts apparently peaked at 4.5 hours. However, future experiments will need to
confirm whether or not this is a real effect because the two relatively high values responsible
for this (20 and 10 MPN/ml) may not be representative.

The results of the salt tracer are shown in Figure 5-6.
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Figure 0-6: Laboratory salt tracer (uS/cm) results (Expt. ECL-02)

Breakthrough of the salt tracer in column A occurred much earlier than found in previous
experiments. The previous column tests, (PRL-01 and ECL-01) all showed tracer
breakthrough between 1 and 2 hours after injection. Column B on the other hand shows a
breakthrough just before 1 hour with a tracer tail extending between 3 and even 4 hours. This
is also different than the results obtained from the previous studies. While the flow rate
through these columns is comparable, the tracer tests show large differences in porosity.
These differences can possibly be attributed to differences in sand structure or moisture

content resulting in different packing density.

The salt tracer in column A is occurring in under an hour while the E. coli is only breaking
through after 4 hours. The respective breakthrough and peak salt elution times are some three

times longer in column B than in column A.

The results conclude that the Colilert method is much more effective for distinguishing E.
coli from contaminant non-E. coli. The sand in the column is also apparently very effective at
immobilizing E. coli. The E. coli are apparently moving about four times slower through the

columns than the salt.
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4.1.2.3 Experiments with uunsterilized columns and water

a) Data for E. coli experiments ECL-03
The aim with experiments ECL-01 and ECL-02 was to provide E. coli inactivation data in

columns that were devoid of other bacteria and living components. However, those
experiments indicated that the sterilization procedures were not completely effective,
resulting in only partial removal of natural biota present in the source material. Experiments
were necessary that could show the effect of this biota of the Cape Flats sand and water on

biological tracer removal.

Accordingly, experiment ECL-03 was performed (again in duplicate columns A and B)
without sterilizing the columns and water. The columns included the full natural component
of the biota present in the Cape Flats aquifer. As in previous experiments the ampicillin
resistant strain of E. coli was utilized as the biological tracer, and the counts obtained by

means of the Colilert method.

The salt tracer in ECL-03 was not injected together with the microbial tracer, but rather
injected one day later. The microbial 24 hour tracer experiment was therefore allowed to
complete before the salt tracer was added. Some column parameters are presented in Table
0-5.

Table 0-5: Column parameter values for experiment ECL-03 (E. coli measured using
Colilert)
Parameter Value Value Unit
(Col. A) (Col. B)
Flow 5 10 ml/min
Length of sand column 20 20 cm
Area of sand column 70.9 70.9 cm?
Bacterial cells added 8.6x10° 8.6x10° cfu
Volume of bacteria suspension injected 45 45 ml
Specific conductance of salt tracer 19 760 19 760 pS/cm
Volume of salt tracer 45 45 ml
Temperature range 20.7-22.3 20.8-22.3 °C
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Results are shown in Figure 5-7.
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Figure 0-7: Laboratory biological tracer E. coli (MPN/ml) results - unsterilized

(Expt. ECL-03)

The generally higher values in Figure 5-7 compared with Figure 5-8 are likely due to the

higher number of cells added initially.
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Figure 0-8: Laboratory salt tracer (uS/cm) results (Expt. ECL-03)
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As in the previous experiment (ECL-02), the respective breakthrough and peak salt elution
times are somewhat different in the two columns (by a factor of about two in this case).
Colum B shows the salt tracer breakthrough between 1 and 2 hours, as expected. Colum A
however shows a delay in tracer breakthrough at about 2 hours. The flow rate of column A
was half the flow rate of column B and can explain the slower breakthrough. The difference
in flow rate can only be explained by the heterogeneity of the sand with possible differences

in packing density in the column.

Figure 5-7 shows that E. coli was detected almost immediately (even sooner than the
breakthrough of salt). This suggests that the natural biota contain E. coli. It is not clear why
this might be, particularly as this was apparent in the previous experiment (ECL-02) (Figure
5-5).

4.1.3 Interpretation of laboratory experiments

Seven different column experiments were conducted. The flow rates varied between 5 and 20
ml/min, providing hydraulic conductivity of between 0.4 and 9 m/day for the sand columns as
seen in Table 5-6. This hydraulic conductivity range is similar to the observed hydraulic

conductivities for the field site which varies between 1 and 20 m/d for the different boreholes.

Table 0-6: Laboratory experiment flow parameters and hydraulic conductivity
Hydraulic
Flow Length Area Head .
Column Name ) ) ] Conductivity
(ml/min) (cm) (cm°) difference (cm)
(m/day)

PRL-01 Col A 125 20 70.9 10 5.1
PRL-02 Col B 16.7 20 70.9 10 6.8
ECL-01 21.7 20 70.9 10 8.8
ECL-02 Col A 16.13 20 70.9 30 2.2
ECL-02 Col B 12.25 20 70.9 10 5.0
ECL-03 Col A 5 20 70.9 47 0.4
ECL-03 Col B 10 20 70.9 47 0.9

Salt tracer breakthrough mostly varied between 1 and 2 hours, indicating similar porosity for
the packed columns. Some showed slightly faster velocity, while others showed a slightly
slower velocity. Most experiments showed a slight tail indicating different length or different

velocity flow paths.
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Table 0-7: Laboratory porosity estimates for column tracer tests

Microbe Microbe )
Darcy Salt Tracer Velocity from )
] Tracer Tracer Porosity
Column Name velocity Peak salt peak .
Peak Peak Estimate
(cm/min) (min) . ] (cm/min)
(min) (min)
PRL-01 Col A 0.176 30 >12h >720 0.667 0.264
PRL-02 Col B 0.236 30 450 450 0.667 0.353
ECL-01 0.306 90 240 240 0.222 1.377
ECL-02 Col A 0.228 35 0.575 0.396
ECL-02 Col B 0.173 85 300 300 0.236 0.731
ECL-03 Col A 0.071 130 0.154 0.458
ECL-03 Col B 0.141 60 0.333 0.423

The results from microbial tracers on the columns suggest microbial breakthrough times of
between 3 and 10 times slower than the salt tracers. Also very high removal efficiency is

observed for the microbial tracers.

Several mathematical models have been proposed to describe bacterial transport through
groundwater. All of the models are based on the traditional advection-dispersion equation of
solute transport. Some of the existing mathematical models of bacterial transport are too
complex to be used in practice. Other simpler phenomenological models, such as the one
incorporating a Kkinetic sorption process, have been successfully used to reproduce
experimental data. However, these phenomenological models were simply calibrated to
experimental data; no attempt has been made to relate the transport parameters to sediment
properties. In order to increase the predictive capability of the mathematical models, it is very

important to quantify such relationships.

4.1.4 Field experiment
The field experiments were intended to present up-scaling of the laboratory experiments. The
amount of tracer injected into the aquifer was increased in proportion to the size of the

research site.

4.1.4.1 PDR-1 experiments (PRFF-01)

The results for field experiment (PRF-01) conducted are shown in Figure 5-9.
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Figure 0-9: Field salt tracer EC (uS/cm) and Rhodamine (pg/L) results — (Expt. PRF-01)

Approximately 2.6x10° PDR 1 phage particles were injected into the UWC3A injection
borehole. Figure 5-9 shows that Rhodamine and salt tracers broke through after about 3 days,
with tails extending just past 5 days. With a limit of detection for Rhodamine of around 1
Mg/L, and noise in the reading caused by interference such as air bubbles, the only result of

any significance is this peak between 3 and 5 days.

With the breakthrough curves of the salt and Rhodamine around 5 days — the phage could
have taken up to 20 days to move through the aquifer. The second field experiment was
therefore conducted over a shorter distance and similar time period.

The Rhodamine and salt tracer results show that the injection and sampling boreholes are
indeed connected. More frequent sampling intervals and higher injection concentrations
would have been useful to better define the curves. However, even a microorganism as small

as a bacteriophage seems to be effectively immobilised within 10 m in a sandy aquifer.

Samples were taken over 39 days from the sampling borehole UWC4 10 m away. They were
initially taken twice daily with less frequent sampling in the latter stages of the experiment.
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4.1.4.2 E. coli experiments (ECF-01)

A new injection borehole was drilled only two meters from the sampling borehole. This was
injected with approximately 1x10 cfu of E. coli tracer.

Samples were taken over a period of 45 days, with a higher sampling frequency in the early
stages of this field experiment. Figure 5-10 shows the measured electrical conductivity (EC)

and E. coli counts using the MFC agar plate method.
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Figure 0-10: Field biological E. coli (cfu/ml) results — (Expt. ECF-01).

Low CFU/mL E. coli values were measured from time zero (at which time no bacteria should
show break through) and sporadically throughout the duration of the experiment. These are
likely to be attributable to background biota (non-E. coli bacteria) that produced colonies of
similar morphology and colour to E. coli on MFC agar plates (a similar occurrence was noted
in the laboratory experiment ECL-01). No distinctive breakthrough was evident. The two-
meter sand column effectively removed the large numbers of E. coli tracer injected into the

aquifer.
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Figure 0-11: Field salt tracer Rhodamine (ug/L) results — (Expt. ECF-01)

Figure 5-11 shows the Rhodamine tracer starting to break through in less than half a day after
injection, again confirming the direct connection between the injection and extraction

borehole.

4.1.5 Interpretation of field experiments

A successful field chemical tracer test was conducted for both the 10m (BH3A) and 2 m
(BH7) tracer tests. The salt and Rhodamine tracers showed flow rates of between 2 and 3
meters per day. Considering the slower microbial transport rates obtained in the laboratory
the first microbial field experiment could possibly have been ended to soon, stopping at 20
days after injection (10 m distance). The second field test was run over 45 days with a shorter
distance of 2 meters. No microbial breakthrough was observed in the either of the field

experiments.

E. coli counts were obtained for the “time zero” sample when no bacteria were expected at
all. Breakthrough of E. coli at the extraction borehole was not expected very soon after
injection. These bacteria could not have been the injected bacteria but could be similar to the
bacteria detected at early time for laboratory tests.
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The sand aquifer at UWC effectively removed or strained/filtered most of the injected E. coli
with irregular spikes of small numbers of E. coli of uncertain origin. The bacteriophages were

removed totally.
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Chapter 6: Conclusions and Recommendations

Insights from the study

Microbiological contaminants pose risk to human health. One conclusion is that bacteria can
under some circumstances move through groundwater at rates equivalent to inorganic tracers.
This is counter-intuitive but some literature evidence exists of other studies observing the
same phenomenon. Upflow was used to conduct experiments in order to get the maximum
saturation and prevent air from getting trapped in the columns. This raises questions about
whether or not the perceived risks of micro-organisms to human health (through the water
being used for drinking) might be underestimated in some circumstances. Notwithstanding
this apparent movement, it is also observed that only a small fraction of the original micro-
organisms move that far and that fast. This would reduce the risk.

Fate and transport of microbes are controlled and influenced by complex interaction of
physical, chemical and biological factors. A brief summary indicates that the simulation and
prediction of the movement of microbes through different media under different conditions is
complex. A nonlinear combination of physical, biological and chemical processes affects the
survival and amount of time it takes for microbes to move through an aquifer system.
Importantly, microbes do not necessarily move at the same speed as the water and in the
general flow direction. Due to the heterogeneous characteristics of different aquifer types and
differences between similar aquifer types over short distances it is necessary to collect
sufficient data to capture the heterogeneity of the aquifer systems at different scales. Field
data collected at the local scale and used to parameterise a simulation model may not be
representative of the larger area.

The intention of this project was to conduct laboratory studies that would provide information
for the up-scaling to field experiments. In the interim we have learnt, that column studies are
intricate, lengthy and may not reproduce the field results envisioned due to column
experiments being homogenous and controlled whereas field experiments are uncontrolled
and heterogeneous. The column studies highlighted the fact that they might be helpful to
explain single selected interactions but such findings can seldom explain the interactions of

microbes and groundwater in the natural environment.
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The sandy aquifers natural properties such as permeability, porosity, storativity and
conductivity could not be mimicked and properties such as packing in the sand columns
brought about inconsistent flow rates and variable conductivities. Natural conditions also
introduce additional microbial populations which are present in any aquifer. Therefore,
caution is necessary when insights from laboratory studies are up-scaled to explain what
might happen in an aquifer. The field studies conducted in the sandy aquifer showed that
microbes are completely retained or removed and for this particular aquifer no breakthrough
of either the bacteria or the bacteriophage was recorded.

Findings and cconclusions

In the natural environment the biological tracer is exposed to different pathways, different
soil composition and structures. It also interacts with the natural bacteria in its pathway. In a
controlled environment biological tracers and inorganic tracers produce different results due
to homogenous conditions and restrict exposure to different pathways and soil conditions and
structures. The research team did not eliminate the dispersion and adsorption factors that
occur beneath the surfaces. Degradation is an important element to keep in mind because no
observations can be made beneath the surface, so assumptions are that the tracer degrades in a

natural environment.

5.1.1 Factors affecting transport and fate of micro-organisms in groundwater systems

Micro-organisms will be the dominant forms of life and, in most cases; they will be the only
forms of life present in aquifers (Schijven, 2001). According to existing literature various
studies (Harvey et al. 2002) have been conducted on the fate and transport of microbes in
groundwater systems, some experiments investigated specific properties such as adsorption,
inactivation, temperature, straining and dispersion. Groundwater is often at risk of faecal
contamination (Ryan et al. 2002). These studies were targeted at understanding the aquifer

system to prevent human health issues in existing groundwater resources (Schijven, 2001).

5.1.2 Microbial contaminants of concern to identify suitable microbial tracers

Bacteria and viruses were identified in experiments to identify contaminants of concern.
Microbes have been introduced into groundwater systems to better understand hydrologic

properties of aquifers (Levy et al.’s 2007). Bacteriophages commonly used as tracers in
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groundwater applications are coliphages which has E. coli as their host. E. coli K12 was used
due to its ability to change morphologically by decreasing in cell volume and releasing of
proteins once it encounters water and the fact that this strain does not pose a risk to human’s
health (Schijven, 2001). Salmonella typhimurium is the primary host for the strain of PDR1
which also does not pose a human health risk and is well understood as a widely used
conservative tracer across the world (Harvey et al. 2002). These coliphages are easily

detected and usually produce good survival rates in groundwater resources (Schijven, 2001).

5.1.3 Testing the transport and fate of selected chemicals and micro-organisms

Through conducting microbial tracer tests, valuable information has been collected and the
information could then be used as a useful tool for delineating the likelihood of microbial
transport pathways from known sources of contamination and can provide a better delineation
of microbe movement in different types of media. Microbial fate and transport through
laboratory columns tests were investigated with the goal of better understanding sediment
characteristics from the primary sandy aquifer. However, simulated aquifer conditions did not
give the desired outcome for the natural Cape Flats aquifer. Microbes will most likely follow
a preferential pathway under natural conditions whereas in the simulated environment, the

pathway was forced.

5.1.4 Research results to protect drinking water under real world conditions

Gerba, 1975 study was pinnacle in understanding; the outbreaks of typhoid fever at the turn
of the century from eating raw vegetables grown on soil fertilized with raw sewage resulted
in extensive studies of the survival of enteric bacteria in soil. For this reason, experiments
were conducted using viruses and bacteria, to understand the management and prevention of
outbreaks of illness. The results of this thesis could serve as a guideline for future scientists
investigating waterborne pathogens. This research also has uncovered the need to pin point

survival rates and transport mechanisms to combat and understand pathogens.

Recommendations

In testing, discrepancies emerged which required amendments and improvements of the

approaches. A key finding from initial tests was that field experiments were too short in
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duration. Lengthening the tests resulted in more stable chemical tracer breakthrough curves
but did not make a difference in the biological tracer.

When results were interpreted discrepancies emerged in the mass balance of the biological
tracers. In some cases, more tracers came out of the column than was injected. It is
recommended that the tests be run over longer time periods — even doubling the time of the
experiments in this research project. The tests worked well under controlled environments

whereas the in the natural environment it was less predictable.

Recommendations for laboratory studies would be to run either duplicate or triplicate
columns over longer periods of time. This could not be implemented for this project as funds
and time was limited. Another option would be to achieve better control of laboratory flow
rates by possibly due to a design flaw. Instead of anticipating similar flow rates from similar
input head conditions, the columns should be run at different flow rates to compare the results

with existing results.
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