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1 INTRODUCTION

1.1 General

The Canterbury Plains groundwater system con-
stitutes an extensive and important resource from
which large quantities of water are extracted for
irrigation, stock watering, domestic consumption,
and industrial processes. Recently the chemical
and microbial quality of this groundwater has
become a source of concern to local authorities.
For example, since 1963, an average increage in
nitrate nitrogen levels from 2.9 to 9.5 g/m3 has
been recorded in some wells in the Christchurch
area (Minnery, pers. comm.). Micro-organisms
indicative of faecal contamination have also been
recorded in wells at Burnham and Templeton down-
stream of effluent irrigation schemes (Martin and
Noonan 1977).

Water contaminated with faecal material is
regarded as a health hazard because of the poss-
ible presence of pathogenic micro-organisms,
including members of the Sa/monella and Shigella
genera, Vibrio comma, Entamoeba hystolytica, and
enteric viruses (Gates 1967). It is possible to
detect these pathogens in water but the laborious
techniques and expensive equipment involved in
their isolation and identification generally make
routine sampling for these organisms impracticable.
However, pathogenic organisms in faeces or sew-
age are almost always outnumbered by other spec-
ies that are easier to detect and may be used as
indicators of faecal pollution, The micro-organisms
commonly chosen for this purpose are the coliform
group of bacteria. Other pollution indicators include
faecal streptococci and Clostridium perfringens.

The coliform group of bacteria contains a number
of species that may have their origins in other than
faecal material. However, one species, Escherichia
coli, is of undoubted faeca! origin, being restricted
in its natural habitat to the intestinal tract of warm-
blooded animais, including man. Enumeration of
“'faecal coliform’’ bacteria, although less exacting
than enumeration of E. coli, is often undertaken
because of the relative simplicity and rapidity of
the procedures involved.

A number of organisations, including the Water
and Soil Division of Ministry of Works and Develop-
ment, Department of Scientific and Industrial
Research, Paparua County Council, North Canter-
bury Catchment Board, and Lincoln College are now
involved in the identification of areas in and
around Christchurch in which coliform and faecal
coliform bacteria are known to be present in the
groundwater. The possible sources of this type of
contamination are of particular concern to these
organisations. In an area such as the Canterbury
Plains these include sewage-polluted river recharge
zones, border-dyked effluent disposal areas, un-
sealed or poorly sealed oxidation ponds, septic
tank soak pits, offal pits, refuse pits, and leaking
sewer mains. Although enumeration of coliform and
faecal coliform bacteria, faecal streptococeci, and

C. perfringens may provide clues to the proximity
and size of the contamination source, it does not
normally allow the positive identification of a
particular source of faecal material. Techniques
are needed to permit the “‘|abelling’’ of suspected
sources of faecal contamination with highly dis-
tinctive ‘‘tracer’’ organisms which can be identif-
ied and counted if they enter the groundwater
system.

1.2 Grounawater tracers

Both living and non-living tracers are used to
determine the direction of movement of groundwater,
its dilution and residence time in an aquifer, and
its spatial dispersion. Alternatively, the character-
istics and behaviour of the tracer itself may be of
importance. In particular, the rate of movement and
dispersion of bacterial tracers may be used to
predict the probable behaviour of pathogenic spec-
ies of bacteria in groundwater systems.

There are three main types of non-living water
tracer:

1. Radioactive isotopes

These include tritiated water and isotopes of the
halide ions. In the case of the latter group, the
selection of the ion to be used normally depends
on availability, price and half-life. Most commonly
chosen are 1-125, 1-131, 1-132, Br-82, and CI-36
(White 1976).

2. Chemicals

Since mineral lattices are negatively charged,
anions such as fluoride, chloride, and bromide are
favoured as chemical tracers. The use of cations is
normally limited to lithium which is not readily
adsorbed (White 1976). Petrol was used success-
fully in vertical tracer studies at Heretaunga by
Thorpe (1977).

3. Fluorescent dyes

The most commonly used fluorescent dye is fluores-
cein (or uranine), This dye is very suitable for
direct observation in clear water because its
fluorescence spectrum peaks at green wavelengths
where the colour response of the human eye is
most sensitive. Smart and Laidlaw (1977) compared
eight fluorescent dyes (amino G acid, photine CU,
fluorescein, lissamine FF, pyranine, rhodamine B,
rhodamine WT, and sulpho rhodamine B) in terms of
sensitivity, minimum detectability, photochemical
and biological decay rates, adsorption losses, and
other characteristics. They recommended rhodamine
WT, lissamine FF, and amino G acid as the most
suitable for quantitative tracing studies.

The most commonly used living tracers are
bacteria. Their use is attractive because the ability
to isolate a single cell from a large volume of
samples yields a sensitivity of detection which
may exceed that possible with radio-isotopes
(White 1976). Coliform bacteria are themselves
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remarkably sensitive indicators of faecal poilution
and may be detected a considerable distance from
the source of contamination. However, in cases
where a particular source of pollution is to be
identified, a tracer organism not normally found in
sewage, such as Serratia marcescens, may be used.

Serratia marcescens, which produces distinctive
red pigmented colonies, was used to study sewage
dispersion around a marine outfall by Putman et al.
(1956) and in Oslofjord by Omerod (1964). The
identification of S. marcescens colonies tends to
be hampered by the growth of other aerobic spec-
ies, particularly in sewage-polluted samples. This
problem was partially solved when Rippon (1963)
used an antibiotic resistant mutant to trace river
water movements. The strain used possessed re-
sistance to certain antibiotics which were apptied
to reduce the growth of other species during incub-
ation. The performance of antibiotic resistant
S. marcescens as a tracer of sewage dispersal was
compared to that of Bacillus niger by Pike et al.
(1969) who conducted experiments at two coastal
submarine outfall sites. B. niger is a spore-forming
bacterium which produces a black pigment on media
containing tyrosine. Both species were found to

provide information on longshore and offshore
dispersion.

Other bacterial species with potential as
tracer organisms include urease positive and

hydrogen sulphide positive (H28+) strains of E.
col/i and the thermophile Bacillus stearother-
mophilus. E. coli (HySt) was used to monitor
vertical and horizontal groundwater movement in
conjunction with rhodamine WT dye at Heretaunga by
Thorpe (1977). B. stearothermophilus is considered
to have potential as a tracer because of its ability
to grow at 71°C, a temperature at which growth of
all other species is prevented. However, attempts
by Noonan (1976) at using this species to check
the seal provided by concrete pads around investig-
ation wells at Burnham were unsuccessful.

Because the detailed geological structure of a
groundwater study area will normally be unknown,
it is important that the tracer organism selected
accurately represents the behaviour of the water or
substances in solution or suspension. The success
of a species used as a sewage tracer in soil and
groundwater studies will depend, not only on the
interaction between the species and the sewage
medium, but also on the same range of environ-
mental factors which affect the normal sewage
biota. The number of wastewater micro-organisms
in groundwater downstream of a source of contamin-
ation will depend on:

a. The type of sewage disposal structure and
application method (e.g., surface applied oxid-
ation pond effluent, subsurface applied septic
tank effluent).

b. The quantity of effluent, rate of application,
and the number of micro-organisms in the
effluent.

c. The characteristics of the non-microbial material
in the effluent.

d. The penetration and survival of micro-organisms
in the strata above the groundwater.

e. The distance to the groundwater.

The rate of movement of the groundwater and the
the amount of ditution by uncontaminated ground-
water,

9. The survival of micro-organisms in groundwater,

h. The filtering action of strata containing ground-
water,

Present knowledge on the behaviour of waste-
water micro-organisms in soil and groundwater has
been reviewed by Gerba et al. (1975), Noonan
(1976) and others. However, little information is
available on the penetration and survival of specific
tracer organisms in soil and groundwater systems.

Although the health risks inherent in the
use of bacterial species as tracers are considered
to be low (White 1976), these risks should not
be ignored. S. marcescens has been implicated
in cases of septicaemia by Dobson (1968). B.
stearothermophilus, although not considered
pathogenic, can proliferate in foodstuffs when
stored at high temperatures and may contribute to
food spoilage (Sumner, pers. comm.). The problem
of transferable antibiotic resistance between
strains of E. coli {some of which are pathogenic)
means that use of this organism as a tracer should
also be approached with caution. Some H, S strains
of E. coli have been found to exhibit resistance to
certain antibiotics, principally tetracycline, and
have the ability to transmit both the H,S product-
ion and tetracycline resistance characters (Orskov
and Orskov 1973).

Micro-organisms other than bacteria have been
used successfully as water tracers. Wimpenny et a/.
(1972) noted that the specificity of a bacteriophage
for its host is such that different phages can be
used simultaneously to identify different poliution
sources as the organism is completely inert in the
absence of its hosts. They compared S. marcescens
with a lambda-like phage of £. co// and two yeasts
as tracers in river water and found the phage to be
the most suitable. Lycopodium spores (25 nm dia-
meter) may be coloured by dyeing and have been
used by Smith and Atkinson (1974) to investigate
underground flow rates in cavernous and fissured
limestones.

1.3 The Burnham experimental site —
existing knowledge

The Water and Soil Division Burnham exper-
imental site is adjacent to an area used for the
disposal of oxidation pond effluent by border dyke
irrigation. The effects of the disposal area on
microbial quality of the groundwater at Burnham
were investigated by Noonan (1976) using an array
of investigation welis (Fig. 1). He reported that,
following effluent application to two border dyke
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strips in line with the well array, faecal coliform
bacteria and faecal streptococci were detected in
the six wells ‘‘downstream’’ of the disposal area.
This response was most marked in periods of dry
weather. |twas concluded that micro-organisms from
the effluent were percolating through the porous
gravel strata under the border dyke strips and
entering the groundwater system. The speed of
travel of the micro-organisms in the aquifer was
estimated to be approximately 160 m/day.

McCabe and Rowse (1976) conducted a series of
tracer experiments at the Burnham site using the
isotope lodine-131. In the first experiment [-131
was injected into the effluent race at the head of
the border dyke strips identified as the source of
contamination by Noonan (1976). No tracer was
recorded in any of the monitored wells. Subsequent
tests indicate that all of the 1-131 was adsorbed
within the top 50 cm of soil on the border dyke
strips.

In the second experiment, single-well filtration
velocity tests were conduced on wells 5, 2,land 3

in an effort to determine horizontal groundwater
flow velocities by observing the rate of removal of
1-131. Evidence of vertical water movement was
found in well 5 and results from wells 2 and 3
indicated that low permeability at the well casing
and/or adsorption of the isotope was impeding
tracer removal,

in the third experiment, 1-131 was injected into
well 2 and detectors were set up in wells 4, 7 and
6. A small positive response was observed in well
4 but no response was recorded in wells 6 and 7.
The authors concluded that results obtained indicat-
ed a low permeability of the well casings and a
high rate of adsorption of the 1-131 tracer.

Although inconclusive, the work by Noonan
(1976) and McCabe and Rowse (1976) indicated
the possibility of some form of hydraulic connect-
ion between wells 2, 4, 7, 6, and 5. The Burnham
site was therefore chosen for a series of experi-
ments using bacterial tracers as a prelude to de-
veloping techniques useful in identifying specific
sources of groundwater contamination in the
Canterbury Plains region.

2 AIMS AND OBJECTIVES OF STUDY

The aims and objectives of this study were twofold:

a. To select one or more species of bacterium for
use as water tracers, investigate their survival
characteristics in groundwater, and develop
laboratory and field techniques for their future
use in groundwater study programmes in Canter-
bury and elsewhere,

b. To investigate a possible relationship between
wells 2, 4, 7, 6, and 5 at the Water and Soil
Division Burnham experimental site. If a conn-
ection between these wells was established,
this site would be suitable for further work in
the development of new tracer techniques, using
other species of bacteria and non-living tracers.

3 EXPERIMENTAL PROGRAMME

The bacterial tracer programme commenced
in April 1977. A suspension of B. stearother-
mophilus was injected into well 2 at Burnham and
well 4 was monitored for the species. Although
numbers in excess of 10000/100 ml were detected
in well 4, approximately 150/100 ml were also
detected in well 1 which was monitored as a con-
trol. This high background level of B. stearother-
mophilus meant that the species was initially
considered to be unsuitable as a tracer. However,
a twice monthly sampling programme was initiated
to establish “‘background noise’ levels of 8.
stearothermophilus at Burnham and the sampling
continued for a year. By February 1978, numbers
had fallen to below 5/100 ml and the species was
accordingly reconsidered for use as a tracer.

From May to September 1977, various other
species were investigated as potential tracers.
For technical reasons, B. niger, S. marces-
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cens, and a urease postive strain of £. coli were
found to be unsuitable and the use of antibiotic-
resistant strains of £. co// was rejected because of
doubts about the safety of this procedure. Of the
species investigated, E. co/i (H,S*) appeared to be
the most promising and a membrane filtration
technique was developed to allow the identification
of this strain in water samples and to distinguish
it from non-H_S producing E. coli strains (see

Section 4.1.2.3.).
In November 1977, tests were conducted on a

Water and Soil Division vacuum chamber water
sampler (Martin 1976) to determine its suitability
for use in bacterial tracer studies. |t was found that
large numbers of both B. stearothermophilus and
E. coli cells could adsorb to the inside walls of
the sampler chamber and/or the ‘‘blow-out’" hose
(unpublished data, Water and Soil Division, Christ-
church). These organisms, even after repeated



flushing with sterile water, continued to appear in
subsequent samples. An additional problem was the
possibility of growth of certain bacterial species
on the equipment when teft suspended in the well
water for long periods {Burman and Colbourne 1976).
The vacuum chamber sampler was therefore con-
sidered unsuitable for use in bacterial tracer work.

An alternative system of well water sampling
was devised using weighted glass bottles (Fig. 2).
This system allowed the use of a new sterile bottle
for the collection of each sample, reducing the
possibility of cross-contamination between samples.

In a preliminary experiment in November 1977,
approximately 2.1 x 1010 £. coli (H2St) cells were

injected into well 2 at Burnham and were later
detected in wells 4 and 6. This was followed in
February 1978 by a more detailed investigation
using both £. coli (HyS™*) and B. stearothermophilus.
Details of this last experiment are presented in
Sections 4 and 5.

In May 1978, experiments were set up to invest-
igate the survival or '‘die-off’’ characteristics of
E. coli (HyS™H and B. stearothermophilus.

To determine whether or not £. coli (H2S™) would
be suitable as a tracer species in sewage poliuted
waters, sewage effluents from Lincoln and Burnham
were sampled and analysed for the presence of
H,S* faecal coliform bacteria and E. coli (H2S™).

4 METHODS AND MATERIALS

4.1 Laboratory techniques

4.1.1. Bacillus stearothermophilus

4.1.1.1. Characteristics. Bacillus stearothermo-
philus Donk, 1920 is a rod shaped spore forming
bacterium. The spores are strongly heat resistant
and the vegetative cells of the selected strain
have the ability to grow at 70—71°C on tryptone
glucose extract agar.

4.1.1.2 Preparation of culture. B. stearothermophilus
cells were grown by means of a ““batch culture’
technique in a Virtis “‘Moduculture’ 5 litre fer-
menter. Two 5 | batches were grown for injection
into the Burnham aquifer. The composition of the
nutrient medium used is given in Table 1.

Tryptone, sodium chioride, and yeast extract
were added to water in the fermenter. The solution
was mixed, sterilised at 121°C for 15 minutes and
allowed to cool. The glucose, calcium chloride,
thiamine, and methionine were mixed, filtered to
sterility through a Gelman GA—8 0.2nm 22mm mem-
brane filter and added to the solution in the ferment-
er under sterite conditions.

Using a sterile syringe, a suspension of B.
stearothermophilus (containing approximately 5x106
cells) was injected into the nutrient medium through
a self-sealing septum.

The inoculated solution was mixed continuously
by means of an electric stirrer and sterile air was
bubbled through the medium., The fermenter was
incubated at 55°C for 24—36 hours.

Table 1 Composition of nutrient medium for the batch
culture of B. stearothermophilus. (From Reanney, pers.
comm. )

Quantity per litre of tap water

Tryptone 10 g
Sodium Chloride 8 g
Yeast extract 10 ml
Calcium chloride 1 M 1 ml
Thiamine 0.01 g
Mcthionine 0.0l g

To avoid the problem of introducing bacterial
growth media into the injection well, the solution
was then centrifuged in a Sorvall RC2—B centrifuge
at 4000 rpm (2600 gs) to precipitate the B. stearoth-
ermophilus cells. The cuiture medium was decanted
and the cells were re-suspended in a 0.85% solut-
ion of NaCl. No attempt was made to induce
sporulation of the B. stearothermophilus cells
before injection.
4.1.1.3 Detection in groundwater samples. 8.
stearothermophilus cells in groundwater samples
were detected by membrane filtration using a
Gelman magnetic filter funnel apparatus and Gelman
GN—6 GRID 0.45 nm 'membrane filters. Dilution
series were prepared when required.

After filtration, the membrane was placed, grid
uppermost, onto a poured plate of tryptone glucose
extract agar (TGEA). The plate was then inverted
and a sterile Gelman 47 mm absorbent pad was
placed on the inside of the lid to absorb excess
moisture.

The plates were incubated at 70°C * 0.1°C for
14—16 hours. All light brown colonies were then
counted as B. stearothermophilus and results were
expressed per 100 ml of sample.

4.1.2 Escherichia coli (HyS*)
4.1.2.1 Characteristics. The E. coli (HyS™) strain
used in the Burnham experiment has the ability to
produce hydrogen sulphide from thiosulphate and
tetrathionate in contrast to typical E. co/i. Aside
from this ability, the strain exhibited the bio-
chemical properties characteristics of typical
E. coli. The characteristics and significance of
E. coli (HpS*) have been described by Orskov
and Orskov (1973) and Layne et a/. (1971).
4.1.2.2 Preparation of culture. £. coli {HZS+) was
batch cultured in a Virtis “‘Moduculture’’ fermenter,
as described for B. stearothermophilus, for inject-
ion into the Burnham aquifer. Although nutrient
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broth is suitable for E. col/i (H,S*) growth, the
more selective minerals modified glutamate medium
(MMG) was used to minimise the possibility of

contamination.
A 5 | batch of the medium was prepared, added

to the fermenter, sterilised at 121°C for 15 minutes
and allowed to cool. As described for B. stearother-
mophilus, the MMG was inoculated with approx-
imately 5x106 actively growing E. co/i(HZS+) cells,

and the medium was aerated and stirred. The
fermenter was incubated at 37°C for 36 hours.

The solution was centrifuged and the precipitated
cells were resuspended in 0.85% NaCl solution and
stored at 5—-6°C until required for injection.
4.1.2.3 Detection in groundwater samples. E£. coli
{H28+} cells in groundwater samples were detected
by membrane filtration using a Gelman magnetic
filter funnel apparatus and Gelman GN—6 0.45 nm
membrane filters. Dilution series were prepared
when required.

After filtration, the membrane was placed on a
Gelman GN—6 sterile absorbent pad soaked with
membrane enriched teepol broth (Oxoid) as describ-
ed in Great Britain Department of Health and Social
Security, Report No. 71 (1969). The filters and pads
were then incubated at 30°C + 0.5°C for 4 hours
and for a further 14 hours at 44.5°C + 0.5°C, All
yellow colonies were then counted as faecal coli-
form bacteria,

To distinguish H2S* colonies from the others, the
filters were then placed on poured plates of triple
sugar iron agar (Oxoid) and incubated for a further
4—5 hours at 44,5°C * 0.5°C. The H,S* strain pro-
duced a black ring around the perimeter of the
colony. The non-H;)_S+ strains remained yellow. All
black-ringed colonies were counted and results
were expressed per 100 ml of sample,

The described technique identified H,S positive
“*faecal coliform’* bacteria and not necessarily
E. coli (H,S*). Some strains of other species of
coliform bacteria have the ability to produce H2S
from thiosulphate. However, in samples taken in
the three weeks prior to the February 1978 experi-
ment no H,S* faecal coliform bacteria were
identified in the groundwater at Burnham although
they were subsequently isolated from the oxidation
pond effluent (Section 4.6). For the purposes of the
main tracer experiment, all H,S* faecal coliform
were counted as E. coli (H,S™).

4.2 Field sampling techniques

Well water samples were collected by means of
weighted glass bottles. Thirty bottles were arranged
in two rectangular tins (15 in each) and were
sterilised by autoclaving. During intensive sampl-
ing, one tin was being sterilised in the laboratory
while the other was in use in the field.

Using a “‘rod and reel’” system (Fig. 2) each
sterile bottle was manoeuvred into the open well
head without being handled. The bottle was then
lowered until the weight struck the water surface.
The line was then lowered a further 1 m to place the
open neck of the bottle approximately 0.5 m below



the water level. As each bottle was attached to its
own 1 m length of cord, the main cord remained
uncontaminated. This procedure was followed at
each well to ensure that the samples were always
taken from the same depth.

After about 30 seconds, audible bubbling in the
well ceased. The bottle was then raised and the
sample was poured into a sterile collection bottle
and stored in ice for transport to the laboratory.

To avoid cross-contamination between wells, the
operator’'s hands were carefully washed in absolute
alcohol before and after handling each full bottle.
The system proved effective and reliable throughout
the sampling programme.

4.3 Twelve month sampling programme — Bacillus
steamthermophilus

As noted in Section 3, a sampling programme
designed to establish the natural "‘background’’
levels of B. stearothermophilus in Burnham ground-
water commenced in April 1977 and continued until
March 1978. The sampling programme was largely
confined to wells 1,2,3, and 4 but was expanded
toinctude wells 5, 6, and 7 in January 1978. Sampl-
ing dates and wells sampled are listed in Table 2,

4.4 Experimental design — Burnham tracer study

A 20 1 "'mix’* containing approximately 2.58 x 10°
8. stearothermophilus cells and 2.36 x 1011 £. coli
(H_S*) cells was injected into well 2 at the Burn-
haff site. A length of sterile rubber hose was lower-
ed approximately 3 m below the static well water
level, a sterile funnel inserted into the top end of
the hose and the mix poured in,

The four wells downstream of well 2 (wells 4, 7,
6, and 5) were then monitored for 10 days for the
two tracer species. Details of the sampling pro-
gramme are presented in Appendices 1, 2, 3, 4, and
5.

4.5 Die-off experiments

Four lengths of 28 mm Gallenkamp dialysis
tubing were suspended in two specially constructed
PVC frames (2 tubes per frame). Each length of
tube was 2/3 filled with 200 ml of a mixture of
E. coli (H2St) and B. stearothermophilus suspended
in 0.85% NaCl solution. The mixture contained
approximately 9.1 x 1019 £, co/i (H,S™*) cells/100
ml and 7.0 x 108 B. stearothermophilus cells/100
ml. One frame was suspended in well 1 at Burnham
and the second was suspended in well 4, Each
frame was suspended approximately 0.5 m below
static well water level (Fig. 3).

The dialysis tubes were sampled twice weekly.
The frame was pulled up to the well head and was
carefully inverted 20 times to re-suspend the
bacterial cells which tended to sink to the bottom
of the tube. Using the clamped hose outlets shown
in Fig. 3, 1 ml samples of the dialysis tube con-
tents were collected in sterile, capped test tubes
which were stored on ice for transport to the lab-
oratory. The samples were analysed for E. col/
(HZS+) and B. stearothermophilus as outlined in
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Sections 4.1.1.3 and 4.1.2.3. The mean bacterial
concentration of the four dialysis tube contents
was then calculated for both species and the
results were expressed per 100 ml of sample.

The amount of tiquid in the dialysis tubes tended
to decrease during the sampling programme, pro-
bably due to differential rates of water movement
through the tube walls. To compensate for the
resulting increase in concentration of bacteria
within the tubes, the length of the water column in
each tube was measured at each sampling. The
volume of liquid remaining was then calculated
and the results of the analysis were accordingly
corrected.

in conjunction with the dialysis tube study,
laboratory experiments were set up to investigate
the relative die-off rates of the two species at
different temperatures. One litre of well water was
added to each of two flasks which were wrapped in
tinfoil to exclude light, A 150 mi mixture contain-
ing 3.8 x 10'" £ coli (H2S™) cells and 4.4 x 10°
B. stearothermophilus cells/100 ml of 0.85% NaCl
solution was added to each flask. One flask was
stored at 6°C and the otherat 200C jOne-millimetre
samples were taken from the flask twice weekly
and analysed for both species. Results were ex-
pressed per 100 ml of sample.

4.6 Detection of naturally occurring H2S positive
faccal coliform bacteria and Escherichia Coli
(H2S") in sewage effluents

Samples of treated effluent from the Pasveer
ditch treatment plant at Lincoln and the oxidation
pond at the Burnham Treatment Plant, together with
samples of raw sewage from the Burnham Military
Camp were analysed for HyS producing strains of
faecal coliform bacteria as described in Section
4.1.2.3. Colonies that turned black on TSIA were
isotated and subcultured into one tube of brilliant
green bile broth (to detect lactose fermentation)
and one tube of peptone water (for the production
of indole) as recommended by the New Zealand
Microbiological Society’'s Committee on Coliform
Bacteria (1976). These tubes were incubated at
44.5°C + 0.2°C for 24 + 2 hours. To complete the
IMVIC series of tests, two tubes of methyl red
Voges Proskauer medium (for the detection of
Enterobacter aerogenes) were inoculated with the
H»S positive faecal coliform isolates and incubated
at 30°C for three days as recommended by Great
Britain Department of Health and Social Security,
Report 71 (1969).

5 RESULTS

5.1 Twelve month sampling programme — Bacillus
stearothermophilus

The results of the sampling programme to estab-
lish natural levels of B. stearothermophilus in
groundwater at Burnham are presented in Table 2.
The mean numbers in wells 1 to 4 and daily and
monthly rainfall are presented in Fig. 4.

Linear regression analyses were performed on
the number of B. stearothermophilus found in the
Burnham groundwater (mean of wells 1 to 4) and
the rainfall recorded in the preceding 7 and 20-day
periods. These analyses are presented in Table 3.

The numbers of B. stearothermophilus cells
recorded in various soils, waters and effluents in
the Lincoln-Burnham area are presented in Table 4.

5.2 Burnham tracer experiment

The raw data from the Burnham tracer experiment
(February 1978) are presented in Appendices 1, 2,
3, 4, and 5. These data were graphed and are shown
in logarithmic scale in Fig. b.

The estimated times taken for each species to
travel between the injection well and each of the
four downstream wells and the calculated velocit-
ies for each species based on the radial distances
from well 2 to each of the downstream wells are
given in Table 5. Arrival time at each well was
taken as being half-way between the first time the
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species was detected and the preceding sampling
time.

The relative performance of B. stearothermophilus
and E. coli (H2$+) was calculated in terms of the
number of cells recovered in proportion to the
original number injected (Table 6). The calculation
is based on the assumption that the total number
of cells of each species to pass through each well
in the 10 day sampling programme is approximately
represented by the area under the relevant graph
(Fig. 5). This area may be expressed in bacteria-
time units, Table 6 shows bacteria-time units cal-
culated for each species and each well. The num-
ber of bacteria-time units for each species and
each well may be expressed as a percentage of the
original number of organisms injected into well 2,
The relative performance of the two species (i.e.,
the percentage of B. stearothermophilus to pass
through each well as opposed to the percentage of
E. coli (H28+) to pass through that well) may then
be estimated and is presented in Table 6 as a
‘‘percentage recovery ratio’’,

5.3 Die-off experiments

The results of the experiments to determine the
die-off characteristics of B. stearothermophilus and
E. coli (H5S )are presented on logarithmic scale in
Fig. 6. Linear regression analyses performed on the
results presented in this figure (well water stored



Table 2 8. stearothermophilus levels In groundwater at
the Burnham experimental site (cells/100 ml)

Monthly Well Number Mean of

Date Rainfall wells 1,

(mm) * 1 2 3 4 5 6 7 2, 164
April 11 42.75 34 42 58 22 - - - 9
May 10 93.25 52 41 - 36 - = - 43
May 26 13 71 55 34 - - - 43
June 9 95.00 48 21 | 101 o - 1 - 57
June 30 210 | 108 N - = - = 159
July 12 205.50 306 207 306 107 = = - 245
July 27 270 | 189 | 650 | 134 | 17| 87| 30 311
August 4 61.75 120 | 79 = 75 - - - 91
August 23 90 113 - - - - - 102
September 7 119.25 160 | 110 | 200 | 143 | = - - 153
September 27 52 | 206 304 102 - - - 166
October 6 30.00 27 = 61 11 - =- - 33
October 19 - 33 - 21 - - - 27
November 3 24,00 29 i 9 3 0 7 2 47
November 24 10 1] - 6 - = - 5
December 1 40.50 16 & 31 11 - - - 16
December 15 4 0 6 - - - - 3
Jonuary 10 36.80 0 12 21 0 0 0 0 8
January 13 1 o 7 0 1 3 0 2
January 18 4 (1] 17 0 1] 0 0 5
January 24 0 1] 14 Q 4] 1 0 4
January 28 2 & 3 0 0 2 0 2
February 1 21.70 2 (1] [¢] - - - - 1
February 2 0 ] 10 o [} 1 0 4
February 4 0 K} 10 3 (1] 2 Q 4

* Recorded at Templeton Agricultural Research Station

Table 4 Number of B. stearothermophilus cells recorded
in materials in the Lincoln-Burnham area

Material

A-horizon Wakanul Silt Loam
A-horizon Lismore Silt Loam

A-horizon Liasmore Silt Loam
(effluent irrigated)

Race Water
{non effluent)

Pasveer Ditch Effluent
Oxidation Pond Effluent

Drinking Water

Lincoln College

Locality

Lincoln

Burnham

Burnham

Burnham

Lincoln

Burnham

Number of
8. atearothermophilug

20 - 1,600/g
14 - 1,300/g
60 - 2,500/g

10 - 950/100 m1

800 - 1,200/100 ml
16 - 1,200/100 ml1

0 - 40/100 ml

Table 6 Relative performance of 8. stearothermophilus
and £. coli (HpSt) as groundwater tracers at the Burn-
ham site (expressed as a percentage recovery ratio)

Bacillus stearothermophiius E. coli (Hp8h)

Original Number
Injected (well 2) 2 580 000 000 236 000 000 000

Well 4
Bacteria-time units 271 112 15 668 740
% of number injected 0.010508 0.0066392
% recovery ratio 1.58 : 1

Well 7
Bacteria-time units 2 440 4 816
% of number injected 0.0000945 0.0000020
% recovery ratio 46.36 ¢ 1

Well 6
Bacteria-time units 1623 47 855
% of number Injected 0.0000629 0.0000202
% recovery ratio 3.10 : 1

Well 5
Bacteria-time unite 276 2 226
% of number injected 0.0000106 0.0000009
% recovery ratio 11.34 : ¥

Table 5 Estimated travel times from injection well 2 to each
of the downstream wells and calculated velocities

B. gtearothermophilus E. coli (}hs")
Radial Distance
Wells Estimated Eatimated
(m) Time Taken Ve(i:w/chi)ty Time Taken Ve(ln:a/ii)ty
(h) (h)

2to 4 140 13.5 10.37 13.5 10.37
2t 7 330 57 5.79 57 5.79
2to b 570 78 7.31 71 8.03
2to5 920 117 7.86 95 9.68

Mean velocity 7.83 Mean velacity 8.47

Table 3 Linear regression analyses for B. stearother-
mophilus numbers (mean of wells 1 to 4) in ground-
water at Burnham versus rainfall recorded in preceding
7 and 20-day periods

Rainfall Period

SD Regression Model

Rainfall in preceding 7 days

0.41% 0.17

20.40 | No. B. stearo./100 ml = 27.29 + 2.71
x rainfall in preceding 7 days (mm)

Rainfall in preceding 20 days

0.65*%*% | 0.42

44.05 | No. B. stearo./100 ml = 5.25 + 1.46
x rainfall in preceding 20 days (mm)

2]
(]

SD

I

standard deviation

correlation coefficient

coefficient of determination

* gignificant at 5% level
#% gignificant at 1% level
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Figure 5§ Number of 8. stearo-

thermophilus and £. coli
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in the laboratory at 6°C, well water stored in the
laboratory at 20°C, and dialysis tubes in well
water at Burnham) are presented in Table 7. Mea-
surements of the well water at Bumbham indicated
that the groundwater temperature remained at
around 11.5°C. Also presented in the table are the
estimated T90 times (time taken for 90% of the
organisms to die off) for the three experiments.

5.4 Determination of naturally occurring levels of
HJS positive faecal coliform bacteria and
Escherichia coli (H,S *) in sewage effluents

The results of the sampling for HoS* faecal
coliform bacteria and the laboratory tests for
E. coli (H2$+) in sewage are presented in Table 8.

Table 7 Linear regression analyses for die-off rates of
B. stearothermophilus and E. coli (H,S™).

Experiment Species

T, Regression Model

Days Log. No. Bacteria/100 ml =

Stored in laboratory at 6°C B, stearothermophilus | 0.73% 0.53 | 0.65 | 208 8.71 - 0.005 x time (days)

E. coli (st+) 0.85%% | 0.72 | 1.26 56 10.60 - 0.018 x time (days)

Stored in laboratory at 20°0C B. stearothermophilus | 0.89%* | 0,79 | 0.94 100 8.72 - 0.010 x time (days)
+

E. coli (HpS') 0.90** | 0.81,| 2.39 15 10.77 - 0.064 x time (days)

In dialysis tubes suspended |B. stearothermophilus | 0.79%% | 0.62 | 0.75 150 8.83 - 0.007 x time (days)
in well water +

E. coli (H3S') 0.94%*% | 0,88 | 2.44 14 11.17 - 0.072 x time (days)

r = correlation coefficient SD = standard deviation * gignificant at 5% level

r2 = coefficient of determination Ton = time taken for 90% of the ** significant at 1% level

90

organisms to die-off

Table 8 Numbers of H, S positive faecal coliform bacteria and £, colf (HZS+) present in sewage effluents

Percentage of HyS producing faecal coliform
Range in concentrations | Range in concentrations colonies from sewage samples giving positive
of faecal coliform of HyS producing faecal | 44.5°C lactose fermentation and IMVIC results.
bacteria/100 ml (yellow| coliform bacteria 100ml =
colonies on Teepol (yellow colonies turn- 44.5°C Methyl Vogues
broth) ing black on TSIA lactose Indole y 8 Citrate
Red Proskauer
fermentation
Raw 8 000 000 - 0 - 65 000 100 100 96 0 0
Sewage 14 000 000
- Burnham
Oxidation 18 000 - 0 - 800 100 94 100 0 0
Pond 32 000
Effluent
- Burnham
Pasveer 71 000 - 0 -1 000 98 100 98 0 0
Ditch 220 000
Effluent
- Lincoln
Pure E. coli culture (typical response) 100 100 100 0 0
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6 DISCUSSION

Several important factors pertaining to the pot-
ential use of Bacillus stearothermophilus as a
tracer organism in groundwater investigations
arise from the results of the 12 month sampling
programme (Table 2 and Fig. 4). The numbers of
B. stearothermophilus cells detected in all the
wells at the Burnham site increased during the
winter months, reaching a peak in July, the wettest
month in 1977 (105.5 mm). The lowest concentrat-
ions of the species were recorded in February 1978,
the driest month (21.7 mm) during the study period.
The correlations presented in Table 3 indicate that,
during the year of sampling, a positive relationship
existed between preceding rainfall and concentrat-
ions of B. stearothermophilus in the Burnham wells.
Rainfall during the previous 20 days was of greater
significance than rainfall during the previous 7
days.

The suggested explanation for the observed
relationship between B. stearothermophilus num-
bers in groundwater and preceding rainfall may be
deduced from Table 4. B. stearothermophilus would
appear to be an ubiquitous species, cell numbers
of up to 1600/g of soil being recorded in the Lin-
coln area. Similar numbers were found in Burnham
soils. Rainfall may tend to wash B. stearothermo-
philus cells down through the soil profile and into
underlying groundwater. As demonstrated in the
main tracer experiment, the species travels readily
in Canterbury groundwater systems, and therefore
the cells detected in the Burnham wells following
wet weather may have originated from soils a
considerable distance upstream. During periods of
high rainfall the extensive aquifer systems under-
lying the Canterbury Plains could be expected to
accumulate considerable numbers of B. stearother-
mophilus cells, as indicated by the concentration of
6507100 ml recorded in well 3 in July 1977 (Table
2). A similar relationship between rainfall and con-
centration in groundwater probably exists for many
other species of soil microflora.

The application of oxidation pond effluent con-
taining up to 1200 B. stearothermophilus cells/100
ml to border dyke strips containing up to 2500
cells/g of soil, could be expected to cause a great-
er increase in the concentration of the species in
groundwater than the effects of rainfall on non-
effluent irrigated soils. However, in samples taken
from wells 1, 2, 4, 6, and 7 following effluent
application to border dyke strips 31 and 32 (identi-
fied by Martin and Noonan {1977) as the source of
the microbial contamination in the downstream
wells), no increase in the concentrations of 8.
stearothermophilus in the downstream wells was
recorded,

The increase in background levels of B. stearo-
thermophilus in all wells during the winter months
has important implications in terms of the potential
of the species as a tracer, The numbers recorded in
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wells 1, 2, 3, and 4 during the period June to Sept-
ember 1977 (Table 2) are in general far greater than
those recorded in wells 4, 5, 6, and 7 during the
main tracer experiment (Fig. 5). If the experiment
had been conducted during June-September 1977,
the arrival of the species in wells 5, 6, and 7
probably could not have been confirmed and the
arrival time in well 4 would have been difficult to
determine against the high ‘‘background noise’’
level. |t appears therefore, that as far as the
Canterbury groundwater studies are concerned, the
use of B. stearothermophilus as a tracer organism
would functionally be confined to periods of low
rainfail, probably the months November to March,
With natural levels in soil of up to 1600cells/g, the
species is also likely to be of limited value as a
tracer of vertical water movement through soil
profiles.

The results of the February 1978 tracer experi-
ment at the Burnham site indicate that both £. co/i
(H.,S*) and B. stearothermophilus were able to travel
copsiderable distances in the underlying ground-
water system (Fig. 5). Both species were removed
from the injection well at the same rate and gen-
erally exhibited similar recovery patterns in the
downstream wells. In wells 4, 6, and 7 concentrat-
ions of E. coli (HZS+), and to a lesser extent 8.
stearothermophilus, tended to rise relatively
rapidly to a peak and to taper off more slowly. This
effect was less pronounced in well 5 where relat-
ively low numbers of both species were recorded.
The reason for the anomalous second peak of 8.
stearothermophilus cells in well 7 on day 5 is not
known. A survey of overseas literature indicates
that the distance from well 2 to well 5 of 920 m is
the furtherest distance recorded for an injection-
recovery operation for bacterial species in ground-
water.

The demanding logistics involved in the sampl-
ing of a wide range of dilutions from 5 wells for 2
species of bacterium prevented a more accurate
estimation of times of arrival for wells 5, 6, and 7.
Thus the estimated arrival times, in each case
assumed to have occured half-way between the
time of first detection and the previous sampling
occasion, contain considerable potential error. The
mean velocities of 7.66 m/hour or 184 m/day for
B. stearothermophilus and 8.29 m/hour or 199 m/day
for £ coli (H,S™) (Table 5) are faster than the 160
m/day rate of travel estimated by Noonan (1976).
The differences in mean velocities for the two
species are not considered to be significant. The
lower apparent velocity of B. stearothermophilus is
probably a function of the lower concentration of
the species in the groundwater rather than a result
of slower rate of travel, i.e., for each of wells 5, 6,
and 7 the numbers of B. stearothermophilus passing
through the well casing probably took longer to
reach the threshold of detection inherent in a 100



ml sampling system than did the higher concentrat-
ions of E. coli (H,S*). For this reason, the data in
Table 5 for E. co/i (st +) are considered to provide
the better estimate of groundwater flow velocity
(approximately 200 m/day).

The differences in rates of recovery of the two
species, expressed in Table 6 as a "‘percentage
recovery ratio’’, are of considerable interest.
Although relative recovery rates varied markedly
from well to well, B. stearothermophilus exhibited a
higher rate of recovery from groundwater samples
than did E. co/i (H ZS+). This may have been due to
one or more of the following:

a. The membrane filtration technique favoured the
recovery of B. stearothermophilus.

b. B. stearothermophilus has a lower affinity for
adsorption in groundwater strata than E. coli
(HoSH).

c. The B. stearothermophilus cells sporulated soon
after injection and the smaller spores were less
affected by the filtering action of groundwater
strata than the larger vegetative E. co/i cells. In
the refatively porous Canterbury gravels, this is
considered to be unlikely.

d. B. stearothermophilus exhibited superior survival
characteristics in the Burnham groundwater, This
explanation was confirmed by the results of the
die-off experiments (Fig. 6, Table 7). in all three
experiments B. stearothermophilus exhibited a
higher T90 than did E. coli (H2$+). This differ-
ence was least marked at 6°C, where B. stearo-
thermophilus exhibited a T90 of 208.33 days and
E coli (HZS"‘) a T90 of 55.87 days. The 6°C tem-
perature was selected to determine the relative
die-off characteristics of the two species under
cold storage conditions. The survival rate of
both species was possibly enhanced by the
presence of residual nutrients, not removed dur-
ing centrifugation, in the storage flask.

At 20°C, in the storage vessel, the T90 of E.
coli (HZS+) fell to 15.50 days and the T90 of
B. stearothermophilus to 100.00 days. The die-off
rate of B. stearothermophilus appeared therefore to
be relatively less affected by the higher temperature

than £. coli (H,S),
Problems such as the differential movement of

certain substances, for example proteins, through
the dialysis tube walls and bacterial adsorbtion to
the inner wall of the tube mean that conditions
within the dialysis tube are not entirely represent-
ative of natural conditions in the groundwater,
However, the dialysis tube experiments clearly
indicated the superior survival characteristics of
B. stearothermophilus (T90 of 150 days compared to
14 days for £. coli (H,$%)).This was probably due
to the spore forming ability of the species.

The results presented in Table 8 indicate that
faecal coliform bacteria capable of producing
H,S from thiosulphate occurred naturally in the 3

types of effluent sampled. However, the concentrat-
ions of these organisms were extremely variable.
H,S* faecal coliform bacteria were detected in
the Pasveer ditch and raw sewage effluents on
only one of the 7 sampling occasions (samples
were collected over a 3 week period}. They were
detected in the Burnham oxidation pond on 2 of the
8 sampling occasions.

The results of the 44.5°C lactose fermentation
and IMVIC tests were also of interest. Although
these tests do not categorically delineate E. col/,
the results presented in Table 8 indicate that most
of the H,S* faecal coliform bacteria isolated from
the sewage samples were probably strains of £. coli
able to produce H,S from thiosulphate.

The significance of the intermittent presence of
E. coli (HoST) in sewage is not clear. In the case
of the oxidation pond, the anaerobic environment in
the bottom sediments may enhance the survival rate
of H3S producing micro-organisms, including £. coli
(H25+). Wind induced turbulence may occasionally
carry these strains to the upper layers of the pond.
However, the reason for the presence of E. coli
(HZS+) in Pasveer ditch and raw sewage effluents
remains unclear.

Because E. coli (H,S™) appears to occur inter-
mittently in both raw and treated sewage effluents,
the species may not be suitable as a tracer in
sewage polluted waters. During the main tracer
experiment at Burnham, no oxidation pond effluent
was applied to the two border dyke strips consider-
ed by Martin and Noonan (1977) to be the source of
the microbial contamination of wells 2, 4, 7, 6, and
5. Therefore the problem of background levels of
E. coli {H S+}did not arise in this investigation.
However, under prolonged irrigation of the border
dyke strips it seems likely that H,S producing
strains of E. coli would enter the groundwater
system at Burnham,

If E. coli (HZS“') is unsuitable as a tracer in
sewage polluted groundwater, there may be little
advantage in using the strain in uncontaminated
aquifers, As noted, sewage polluted groundwater
may occasionally contain significant numbers of
H,S producing E. coli. On the other hand, uncon-
contaminated groundwater will contain few, if any,
E. coli and a non-H,S producing strain would there-
fore be suitable. As it would not be necessary to
confirm an HZS+ character, use of a non-Hj3S pro-
ducing strain would save the 4-5 hours incubation
time on TSIA as well as the additional media and
equipment required.

The relative rates of recovery of E. co/i (HSt)
and B. stearothermophilus have been discussed.
The two organisms have other advantages and
disadvantages in terms of culture and recovery
techniques. The culture medium for 8. stearother-
mophilus was the more difficult to prepare and
required the addition of traces of thiamine HCI and
methionine for optimum growth at the 55 °C incubat-
ing temperature (Baker et a/. 1960). At this temper-
ature, oxygen begins to become highly insoluble
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in water,and, as the species is strongly aerobic,
thorough aeration of the medium was found to be
essential for growth to occur. Growth of 8. stearo-
themmophilus in the fermenter tended to be slower
than for E. coli (H,S*). The former species gener-
ally reached less than 25% of the concentration
obtainable with E. coli (H25+) in double strength
MMG for the same 24 hour period.

Following recovery by membrane filtration,
colonies of B. stearothermophilus could be counted
after 12 hours mcubatlon as opposed to up to 24
hours for E. coll (HZS ) (4 hours at 30°C and 14
hours at 44.5°C on Teepol broth for the initial
identification of E. co/i, plus a further 4 to 6 hours
on TSIA for confirmation of the H,S positive char-
acter). However if, as previously noted, a non-H,S
producing strain of £. coli is used, incubation time
for an E. col/i tracer could be reduced to around 18
hours.

The E. coli (H,S *) was supplied by the National
Health Institute (1242, Escherichia coli, CDC
3441-76, H,S producing) and was sub-cultured
every 30 days. A slight tendency to lose the HZS"'
character was noted and colonies exhibiting the
strongest H,S character on TSIA were used in re-
newing the stock culture. The H,S character proved
to be considerably more stable than the urease
positive character of a urease positive strain of
E. coli investigated during 1977.

The principal disadvantage in using bacteria as
tracers would appear to be the time required for
their identification and enumeration in water sampl-
es. With substances such as fluorescent dyes and
radioactive isotopes, results can be obtained almost
immediately, thereby conferring greater flexibility

on a sampling programme. However, the membrane
filter technique developed for use in the Burn-
ham experiment provided a very wide range of
detectable concentratlons of both species, from in
excess of 10'3 celis/100 ml to 1 cell/100 ml,
In groundwater samples that are substantially free
from suspended solids and extraneous micro-
organisms, a lower detection threshold of 1 cell/
1000 ml is feasible. This represents a greater level
of sensitivity than is possible with either fluores-
cent dyes or radioactive isotopes. In previous work
with microbial tracers, most investigators have
relied on plate count methods for recovery of bact-
eria from water samples, which generally permit a
maximum possible sample size of 1 ml. The mem-
brane filtration technique increases lower range
sensitivity up to one thousand-fold.

The February 1978 tracer experiment provided
useful additional information about the groundwater
characteristics of the Water and Soil Division's
Burnham experimental site. The suspected connect-
ion between wells 2, 4, 5, 6, and 7 was confirmed.
As previously noted, the speed of travel was higher
than that estimated by Martin and Noonan (1977)
but was similar to that estimated by McCabe and
Rowse (1976). The shape of the tracer removal
curve from injection well 2 (Fig. 5) tends to confirm
the suggestion by McCabe and Rowse (1976} that
low permeability of the well casing impeded water
movement through the well. As the construction of
all well casings at the site is identical, this
phenomenon may have affected the results recorded
in the downstream wells. The high rate of recovery
of both species in wells 4 and 6 suggest that the
well array 2, 4, and 6 would be valuable for the
development of chemical and microbial tracer
techniques for groundwater investigations in the
Canterbury Plains area.

7 CONCLUSIONS

1 The bacterial species Bacillus stearothermophilus
and Escherichia coli (H,S*) were both used
successfully to trace groundwater movement at
Burnham over a total distance of 920 m.

2 Of the two tracer species, B. stearothermophilus
exhibited the better recovery rate from well water
samples. This was probably due to the superior
survival characteristics of the species. The
species was more difficult to grow in liquid
culture than E. coli (H,S*) but the recovery
technique was somewhat simpler and shorter
and required less media and equipment.

3 B. stearothermophilus was found to be present
naturally in Canterbury soils and groundwater
systems. Concentrations of the species in
groundwater tended to increase following rain-
fall. This may limit the use of the species as a
groundwater tracer to periods of low rainfall, and
probably also precludes its use as a tracer of
vertical water movement through soil profiles.

4 Neither B. stearothermophilus nor E. coli (HZS+)
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are considered to be suitable for use as tracers
in sewage poliuted water as both appear to occur
naturally in sewage (although E. col/i (H,S*) is
present only intermittently). Accordingly, there
may be little advantage in using an H,S* pro-
ducing strain of £. co/i as a groundwater tracer.
In polluted water, the occasional presence of the
strain may preclude its use. In uncontaminated
water, a non H»S producing strain of £. col/i will
suffice.

5 Recovery of B. stearothermophilus and E. coli
(HZS+) from groundwater samples by membrane
filtration greatly increases the sensitivity of
detection over plate count methods.

6 The suspected connection between investigation
wells, 2, 4, 5, 6, and 7 at the Water and Soil
Division experimental area at Burnham was con-
firmed. The well array possesses considerable
potential as a site for the development of ground-
water tracer techniques.
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Appendix 1 Burnham tracer experiment — numbers of
tracer bacteria recorded in well 2 (injection well)

Appendix 2 Burnham tracer experiment — numbers
of tracer bacteria recorded in well 4

Hours after

Number/100 ml of well water

Day

Time

Hours after

Number/100 ml of well water

DY e injection ; :
Bacillus stearothermophilus | E. coll (H,St)
1 10.15 am 6.15 93,000,000 4,030,000,000
11.15 am 7.15 31,800,000 3,960,000,000
2 11.45 am 31.45 219,000 26,100,000
3 11.40 am 55.40 54,000 9,000,000
4 10.15 am 78.15 39,600 5,100,000
3.50 pm 83.50 58,000 3,000,000
5 2.10 pm 106.10 63,000 3,200,000
6 12.00 noon 128.00 31,000 2,500,000
7 9.15 am 149.15 32,000 1,350,000
8 IO.iS an 174.15 10,000 700,000
9 11.00 am 199.00 7,500 200,000
10 11.15 am 224.15 5,100 163,000

Original "mix" Bactillus stearothermophilus

Injection time:

E. coli (Hpsh)

4.00 am Day 1.

2,580,000,000 cells

236,000,000,000 cells

Injection | pooilius stearothermophilus| E. eoli (HpsT)
1 9.45 am 5.45 2 0
10.45 am 6.45 10 0
11.45 am 7.45 6 0
2.20 pm 10.20 10 0
4.00 pm 12.00 9 0
7.40 pm 16.40 25 2,380
8.40 pm 17.40 210 191,000
2 [ 10.30 am 30.30 2,500 225,000
11.30 am 31.20 800 237,000
8.00 pm 40.00 7,500 300,000
3 11.25 am 55.20 2,600 101,000
3.35 pm 59.35 800 102,000
8.15 pm 64.15 1,100 60,000
4 9.50 am 76.15 1,180 51,000
3.45 pm 83.45 510 72,000
5 2.00 pm 106.00 1,400 138,000
6 11.50 am 127.50 760 31,000
7 9.10 am 149.10 810 28,200
8 10.10 am 174.10 880 8,200
9 10.50 am 198.50 510 4,200
10 | 11.05 am 223.05 340 3,100
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Appendix 3 Burnham tracer experiment — numbers
of tracer bacteria recorded in well 7

Hours after

Number/100 ml of well water

Day e injection
b Bacillus stearothermophilus | E. coli (HpSY)
1 11.30 am 7.30 2 0
12.15 pm 8.51 1 0
1.55 pm 9.55 0 0
3.00 pm 11.00 0 0
4.10 pm 12.10 0 0
7.30 pm 15.30 1 0
8.30 pm 16.30 0 0
2 10.20 am 30.20 0 0
11.20 am 31.20
7.50 pm 39.50
3 | 11.15 am 55.15 0 0
3.25 pm 59.25 79 460
8.05 pm 64.05 8 84
4| 9.40 am 77.40 10 87
3.35 pm 83.35 9 69
5 | 1.50 pm| 105.50 78 3
6 | 11.45 am | 127.45 2 0
7| 9.00 am| 149.00 0 1
8 | 10.00 am| 174.00 1 0
9 | 10.40 am| 198.40 0 0
10 10.55 am 222.55 0 2

Appendix 4 Burnham tracer experiment — numbers
of tracer bacteria recorded in well 6

Hours after

Number/100 ml of well water

Day b injection . . :
Bacillus stearothermophilus| E. coli (HS1)

1 1.45 pm 9.45

8.20 pm 16.20
2 11.10 am 31.10 0 0
3 11.05 am 55.05 0

7.40 pm 63.40 0
4 9.30 am 77.30 0 310

10.55 am 78.55 620

3.20 pm 83.20 7 1000
5 1.40 pm 105.40 61 430
6 11.35 am 127.35 5 630
7 8.50 am 148.50 0 116
8 9.50 am 173.50 0 92
9 10.30 am 198.30 0 73
10 10.45 am 222.45 1 42
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Appendix 5 Burnham tracer experiment — numbers
of tracer bacteria recorded in well 5

Day

Time

Hours after

Number/100 ml of well water

injection | 5)0i1lue stearothermophilus | E. coli (HpS%)
1 1.35 pm 9.35 0 0
2 | 11.00 am 31.00 0 0
3 | 10.55 am 54.55 0
7.30 pm 63.30
4 | 10.40 am 78.40 0
3.10 pn 83.10
5 1.30 pm. 105. 30 0 31
6 | 11.20 am 127.20 10 64
7 8.40 am 148.40 0 4
8 9.40 am 173.40 2 0
9| 10.20 am 198.20 0 0
10 | 10.30 am 222.30 1 6
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