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PREFÀCE

In I975-76, the ef f ects on grouridlrat,er quality of land disposal

of se$¡age by border-dyke irrigation at Burnham and Templeton in

the Central Canterbury Plains btere investigated in a joint

study by the Ministry of blorks and Development and Lincoln

Coltege (l'lartin and Noonan , 1977). An array of 7 unpunped

bores, one being located uPstream aS a control, $ras installed

at each site, along a flow line derived from regional

piezometric surveys by the North canterbury catchment Board. No

direct evidence of chemical conLamination of the underlying

alluvial gravel aquifers waS demonstrated at either site. At

Burnham, however, after effluent application to specific

border-dyked strips, micro-organisms indicative of faecal

contamination $,lere found in the wells downstream of the dis-

posal area.

This publication consists of two reports describing some of the

subsequent work at the Burnham and Templeton sit,es. The f irst

report describes an experiment at Burnham in which the primary

purpose !{as to evaluate the relative performance of two ground-

h¡ater tracers. The second describes work at Templeton, where

the relative performance of the tracers used l^/as also assessed,

but the primary aim $Jas to indicate the direction and' velocity

of vertical and horizontal movement of groundwater at the site¡

aS a precursor Èo a groundwater quality experimental programme.

Neither study \das designed to provide detailed hydrological

information on groundwater characteristics at the respective

sites.
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REPORT 1

TRACING SEÚÙAGE.POLLUTED GROUNDT{ATER HOVE}IENT

AT BURNHAM 9üITH AN ANTIBIOTIC-RESISTANT

BACTERIUI{ AND A FLUORESCENT DYE

L. W. Sinton



ABSTRACT

An antibiotic-resistant bactefium, Escherichia coli JC 3272

(lactose negative, streptomycin-resistant), vras evaluated as a

tracer of sewage movement in an alluvial 9rave1 aquifer and its

performance compared to that of a fluorescent dye, rhodamine

wT. The E. coli JC 3272 CellS \^rere recovered from groundwater

samples by membrane filtration and incubation on l{acconkey

Agar. The incorporation of 5Ø mg litre-l streptomycin into the

agar suppressed background sewage organisms without reducing

E. coli JC 3272 counts. The bacterium performed satisfactority

as a tracer in the aquifer and the Passage of both E. coli

JC 3272 cells and rhodamine hlT through two we1ls, 14Ø m

and 57Ø m downstream of the injection well I^/as recorded. In

each well, the bacterium and dye arrived simultaneously, and

the estimated first arrival velocity for both wells $'as

3øØ m day-1. However, peak concentration velocities differed,

being 2L5 and 265 m day-l fo t E. coli and IBØ and 23ø m day-l

for rhodamine WT in the first and second weIls, respectively.

The bacterium suffered propobtionally greater reductions in

the aquifer, due primarily to the effects of die-off.



IT|TRODT'CTION

rn conjunction $rith the L97s-76 groundwater quality investiga-
tion at Burnham (Martin and Noonan , rg77), attempts vrere made

to trace the movement of effluent into and through the ground-

water system, using the radio-isotope rodine-r3l (Mccabe and

Rowset L976). Firstly, the tracer !{as added to effluent being

irrigated onto the border-dyke strip that had previously been

associated with porlution of the werr array. However, the r-r3r
was apparentry completely adsorbed onto the soil profile and

none r¡¡as detected in any of the downstream bores. Secondly, the

isotope was injected into well 2 and scintillation detectors
$rere suspended in werls 4, 7 and 6 (Figure r). A small positive
response, which reached a peak r4 hours atter injection, $ras

recorded in welr 4, but the tracer hras not detected in the

other bores. The resurts from welr 4 suggested a groundwater

velocity to peak concentration of 257 m day-I.

The Tempre,ton-Burnham groundwater quatity investigation was

followed by experiments at the Burnham site with two bacterial
tracers: the thermophile Bacirlus stearothermophirus and a

hydrogen sulphide positive strain of Escherichia coli (Sinton,

198Øa). Although both species vûere sucessfully used to monitor
groundwater movement from the injection werr (well 2) to welrs
4, 6 and 5 (a distance of 92Ø m), neither $¡as considered suit-
abre for use in se$¡age-porruted groundwater. B. stearothermo-
philus is consistently found in ser^rage and E. coli H2S+ strains
are present intermittently. To ensure success of the experi-



ment, it $tas therefore necessary to maintain Iow background

concentrations of these organi.sms by witholding effluent from

the border-dyke strips associated with contamination of the

weII array. To overcome these problems, further experiments

brere conducted at Burnham, using antibiotic-resistant bacteria.

This work culminated in the successful use of E. coli J6-2

( nalidixic acid resistant ) and E. coli PB 922 ( rifampycin

resistant) to trace the movement of sewage-polluted groundwater

from well 2 Lo wells 6 and 5 (Sinton, L98Øb). The incorporation

of the appropriate antibiotic into the recovery media suppress-

ed the background se\^rage-associated micro-organisms and allowed

groundwater velocity, as indicated by peak tracer concentra-

tion, to be estimated at 224 m day -1.

This report describes an experiment conducted

site to evaluate a third antibiotic-resistant E.

a tracer of sewage movement in groundwater and

performance with that of a fluorescent dye.

at the Burnham

coli strain as

to compare its
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SITE DESCRIPTION

The Burnham seb¡age treatment and disposal area (Figure I) is
situated approximately 25 km south of Christchurch and serves

the Burnham military camp. The population of the camp fluctu-
ates markedly, but an average of Lr3øØ m3 of treated se$¡age is
discharged daily from the single 4.16 ha oxidation pond onto a

23 ha border-dyked disposal area.

The plant is l-ocated on the Burnham geological formation which

comprises fairry welr sorted, rittle weathered, glaciar outwash

gravels. The soil type is a Lismore very stony sirt loam (Kear

et a1.r L967).

The investigation werrs are 76 mm pvc pipes, sunk to a depth of
22 m below ground revel and screened over the bottom 6 m.

screen porosity is approximatery lå. static welr water rever
normally varies from between 7 and LØ m berow ground level.
However, at the time of the experiment described in this re-
port, the level had risen to 5 nt berow ground level as a resurt
of an abnormally wet winter.



MATERIÀLS ÀND }IETHODS

Tracers

The tracers selected for compalison v¡ere the tluorescent dye,

rhodamine wr, and the bacterium E. coli Jc 3272, a spontaneous

streptomycin-resistant mutant which is also Iactose negative,
in contrast'to normal E. col-i. rt is a derivative of E. cori
R-r2 (Bachmann, L972). The strain, which $¡as supplied by Mr w J
Kelry, Biochemistry Department, Lincorn corlege, meets certain
safety criteria for use as a tracer. The organism was tested by

the New ZeaLand National Health Institute and confirmed as a

non-pathogenic serotype (this was expected for an E. cori K-L2

derivative). The strain is unrikely to have retained the comp-

etitive capacity necessary for colonisation of the human

gastro-intestinal tract (Gorbach I L97B) and does not appear to
possess plasmid-borne (transferable) antibiotic resistance
characters ("R-factors"). The safety aspects of the use of
E. se11K-I:2 derivatives and other bacteria as watex tracers
have been discussed in detail ersewhere (sinton , L9gøb).

Laboratory Procedure

Rhodamine WT concentration vras measured in a Turner Model IlI
fluorometer at excitation and emission wavelengths of 555 and

58Ø oilr respectively, using thò procedures outrined by wilson
(1968).

The E.

broth

coli JC 327 2 tracer r^ras

. The culture media

cultured in brain-heart infusion
$¡as aerated and incubated for

6

(BBL)



36 hours at 37o C. The culture

i tated cel l s vJere washed tw i

ø.859ø w /v NaCl.

$ras centrifuged and the precip-

ce and resuspended in sterile

The bacterial celIs brere recovered from groundwater samples by

membrane filtration using Gelman GN-6 Ø.45 um filters. Dilution

series of ø.IZ peptone water were prepared when required. The

filters hrere incubated on inverted plates of MacConkey agar

(BBL) at 3Øo C for 4 hours, foll.owed by u further 14 hours at

44.50 C. Streptomycin \^tas added to the agat prior to pouring to

give a concentration of 5Ø mg antibiotic per litre of MacConkey

agar. This concentration \Átas found to totally suppress back-

ground ser¡¡age organisms, while causing minimum suppression of

the tracer.

The survival rate of E. coli JC 3272 in laboratory-stored

groundwater samples stored at I2.5o C (mean Cánterbury ground-

water temperature) was measured and compared to that of an

E. coli neotype, using the procedures described in Sinton

(re8Øb) .

Field lrlork

A LØ Iitre NaCt solution containing approximately 5.72 x tøll

E. col! JC 3212 cells, and LØ litres of. 2Øe" Rhodami'ne WT dye

were simultaneously injecLed into well 2 (Figure I). Samples

$rere collected from two downstream wellsr using a Manning auto-

matic water sampler. The sampler, set to col-Iect one sample

every half hourr wâs first setrup on well 4 and operated for



22.5 hours, starting at the time of injection of the tracer (46

samples). The instrument !.tas then transferred to well 6, set to

collect one sample,/hour (first sample collected 23 hours after
injection) and operated for 4I hours (42 samples).

The sampler bottle chamber

erial die-off. Samples were

hours for processíng in the

sterilised between samples

$¡as packed in ice to minimise bact-

removed from the instrument every 6

laboratory and sampler bottles rÁ¡ere

by autoclaving.



RESULTS AND DISCUSSION

Figure 2 and table I show that both the bacterium and dye were

first detected in well 4 II hours after injection into weLI 2,

giving a first arrival velocity of 3ØØ m day-I. However, times

to peak concentrations of the tracers differed, with the bact-

erium reaching maximum concentration approximately 4 hours

before the dye, giving peak concentration velocities of 2L5 and

L8Ø m d.y-1, respectivety (the rhodamine VrlT peak was indistinct

but !vas taken to have occurred L9 hours after injection). This

pattern was repeated in welI 6t where both tracers uJere first

detected 45.5 hours after injection into well 2, giving a first

arrival velocity of 3ØØ m day -I. Times to peak concentrations

again differed, but by a greater amount, with the peak bacter-

ial concentration preceding that of the dye by 7 hours (265 and

23Ø m duy-1, respectivety).

Differences in peak arrival- times between chemical and microb-

iaI tracers have been noted by previous workers, including Wood

and Ehrl ich (1978) and PyIe and Thorpe (f979). No conclusive

explanation of this phenomenon appears to be available. Possib-

ilities include different adsorption characteristics of the

chemical and particulate tracers, and electrostatic repulsion

eftects causing preferential movement of the bacter'iaI cells

into larger pores within the aquifer.

As with the two antibiotic-resistant E.co¿i strains tested

previously at the site (Sinton, I98Øb), E. coli JC 3272 per-

formed satisfactoriJ-y in the sê\^Jage-polluted groundwater. The
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border-dyke strips associated with pollution of the well array
were deliberately irrigated for 6-g hours on each of the two

days before the experimentt giving background faecal coliform
concentrations in wells 4 and 6 of approximately rØrØøØ .and

I'ØØØ/tøØ mI, respectively, immediately before installation of
the I'4anning sampler. Therefore, the E. coli JC 3272 celIs were

being recovered against background faecal coliform levels that
exceeded tracer concentrations in each well.

Some crude estimates of the relative performance of the thro

tracers in the aquifer may be made. The rhodamine t¡'IT:E. coli
ratio in the injection mixture (g dye:number of cells) $ras

rz286rØçJØtøØØ. rn well 4, the peak rhodamine wr:peak E. coli
ratio (g *-3,ce11. *-3) was L:6Ir 3ØØ,ØØØt indicating a 4.6-fold
decrease in bacteria numbers relat.ive to the dye concentration.
rn tveLl 6, the ratio \¡ras rz25r6ØØrØØø, indicating an ll.2-fo1d
relative decrease in bacteria numbers from the injection solu-
tion concentration. It vras assumed that the bacterium and the

dye vrere subject to similar dilution and dispersion effects in

the Burnham aquifer. Reduction in rhodamine WT concentrations

are also 1ikely to have occurred due to adsorption (it is
assumed that no chemical denaturing of the dye occurred in the

absence of sunlight). In addition to the probable reductions of

E. coli JC 3272 cells due to adsorption, the bacterium would

also have been subject to the effects die-off.

Tl¡e relative importance of adsorption and

concentrations of the bacterial tracer
e'off in reducing

the ground$rater

di

in

T2



strata may be assessed. In the laboratory experimentr the

E. coli JC 3272 strain conformed to a logl Ø "die-off" curve

(r=Ø.92) with a T9Ø value (time taken for 9ØZ of the ce1ls to

die-off) of 2.9 days. It can therefore be estimated that, had

no die-off occurred, the peak number of E. coli JC 3272 cells

woul-d have been 24,ØØØ/IØØ nl j.n well 4 and Ir24Ø/IØØ ml in

well 6, giving corrected dye:bacteria ratios of IzIØ2,ØØØ,ØØØ

and 1:146 rØØØrØØ(¿, respectively. These f igures noht sho\¡t a

2.8-fo1d decrease in E. coli numbers relative to dye concentra-

tions between wells 2 and 4 and a 2-fold relative decrease

bet$Jeen wel ls 2 and 6. When compared to tt¡e measured concentra-

tions, these figures suggest that, ât least over the longer

distance (52Ø n) f rom well 2 to weLl6' die-of f was thre more

significant factor re<lucing the tracer bacteria numbers.

However, no quantitative relationships between die-off and

adsorption can be drawn from tÌ¡e results because ttre low levels

of rhodamine WT (we11 6) would result. in up to 2ØZ error in tl¡e

fluorometer readings, and converselyr the measurement of higLr

bacteria numbers by membrane fi ltration (i,njection solution)

involved considerable potential error because of the need for

repeated dilutions. In addition, Èhe peak concentrations (which

were difficult to determine accurately) do not necessarily

provide the best relative measure of tracer reductions.

The 19Ø value of 2.9 days for the E. coli JC 3272 tracer is

similar to the 3.2 days for the E. coli neot.ype (Sinton'

, therefore, adequately represent the

coli in alluvial aquifer sysLems.

198Øb). The tracer shoul-d

behaviour of "typicaI" E.

13



sull]rÀRy AND coNcLusIoNs

The antibiotic-resistant bacterium E.'coli JC 3272 $ras found to

be a suitable tracer for use in sewage-PotIuted groundhtater.

The organism was recovered from groundwater samples by membrane

filtration and enumerated on MacConkey agar containing strepto-

mycin at a concentration (5ø ng/Iitre) which totally suppressed 
l

background bacteria. The strain exhibited a similar survival ¡

raÈe in laboratory-Stored groundwater samples to an E. cgli

neotype. The fluorescent dye, rhodamine VÙTr also performed

satisfactorily in the polluted aquifer. The bacterium suffered

proportionalty greater reduction in the aquifer, due primarily

to the effects of die-off.

l

T4
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REPORT 2

TRÀCING THE HORIZONTAL AND VERTICAL !,IOVEI4ENT

OF GROUNDWATER AT TEì4PLETON

L.W. Sinton and ¡{.8. Close



ABSTRÀCT

Estimates of horizontal groundwater flow direction and velocity
adjacent to a border-dyked sewage disposal area at rempleton, in
Central Canterburyr ltrere obtained f rom an existing well array
using fluorescein and an Escherichia coli strain as tracers. No

differences in first arrival times of the dye and bacteria in
two dolvnstream welIs r^rere recorded, but times to peak concentra-

tion differed. Ground$rater velocity Ì^ras estimated at 235 m day-l

based on first arrival of the tracers, and between lll and

196 m day-1 based on peak concentrations.

The vertical movement of a NaCl tracer solution in each of four

new wells vtas monitored using conductivity probes. Downward

movement of groundwater in all four wells was detected with peak

concentration velocities ranging from Ø.2 to 1.9 m minute-1.
This movement $ras confirmed using rhodamine hlT dye. The results
indicat,ed that uniform chemical and microbiat composition could

be expected over the top LØ m of well $¡ater, but would tend to
be rnore representative of $rater quality in the upper layers of

the surrounding groundhrater strata. They also suggested that
pollutants reaching the ground!,rater table in the Templeton area

would tend to migrate into deeper aquifers through any discon-
tinuities in the Local confining layers.

19



INTRODUCTION

Although 14artin and Noonan (r977) found indicåtor micro-
organisms in the downstream array of monitoring bores at
Templeton, levels of pollution could not be related to the

irrigation of specific areas in the disposal scheme, as they
could at Burnham. This may have resulted from the misalignment

of the original well array and/or Lrom the effects of fi1t,ra-
tion by the deeper soils in the south-eastern sector of the

disposal area. In a subsequent study at the Templeton site,

Quin (1978) found evidence to suggest that increases in No3r

Clr Na and Ca in the groundwater vJere occurring as a result of

effluent irrigation. Anomalous results betbreen downstream wel1s

$rere noted, and the possibility of "preferred pathvrays" in the

1oca1 aquifer system $ras suggested. However, as in the earlier
investigation by Martin and Noonan (L977), leve1s of ground-
v¡ater contamination could not be related to the irrigation of

specific areas in the disposal scheme.

To re-examine the effects of the Templeton scheme on ground-
water quality' four nev¡ wells do!"nstream of the shallower soils
in the south-western sect,or of the disposal area hrere proposed.

so that these wells could be correctly positioned, it $ras

necessary to confirm the original estimate of groundr^iater flow
direction, or establish a nevr flow line.

secondly, to establish an appropriate sampling de.pthr ân exam-

ination of the nevt we1ls for vertical water movement $ras

required. Quin (1978) recorded uniform chemical composition of
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the wat,er in several of the Templeton wells over at least the

top 4 m and suggested that "a tårge degree of vertical mixingn

in the surrounding permeable gravels !tas responsible. Ho\,rrever,

the alluvial gravel strata underlying the Canterbury Plains are

often separated by impermeable clay-bound gravel layers and

tend to form discrete or semi-discrete aquifers of varying

thicknesses and permeabilities. These bands are frequently

under different hfdrostatic pressures and, in any screened well

that connects two o't more aquifersr Vêrtical well water move-

ment may occur..

This report descriþes experiments carried out at the Templeton

site to determine:

(f) the horizontal direction and velocity of groundwater move-

ment using fluorescent and microbial tracers in the

(2)

original weII ?arrayi

the vertical direction and

currents, using salt tracing

instatled monitoring we11s,

velocity of well water

techniques in four newly
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SITE DESCRIFTION

The Templeton se$rage treatment and disposal scheme (Figure 3)

is situated approximately 5 km south of Christchurch and

consists of three oxidation ponds and a 25 ha border-dyked

effluent disposal area. The soils in the disposal area are

largely a mixture of Templeton silt loams and sandy loams from

Ø.2 to 2.Ø m thick. The underlying profile is composed of

coarse to very coarse silty gravels interspersed with layers of

sand and cIay.

The invesÈigation wells are of t!vo types: (f) wells I to 7

(installed in 1975) are 75 mm diameter uhpumped PVC pipes, sunk

to a depth of tB m and screened over the lower 6 m. Screen

porosity is approxirnat,ely 18; (2) wells 8 to 11 (installed in
L979-8Øt after the horizontal tracing experiments described in

this paper) are 1ØØ mm diameter unpumped PVC pipes, sunk to a

depth of 24 m and screened over the lower 12 m. Screen porosit.y

is approxi.mately 2Ø *. The static well water level in aIl wells
is approximately 12 m below ground level.
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ËATERIALS AND TIIETHODS

Eorizontal Tracing Experiment

The fluorescent tracers selected $rere the dyes fluorescein and

rhodamine V'¡T. Samples $rere analysed by irradiation at the

respective peak excitation vravelengths (555.8 nm for rhodamine

bfT and 48Ø nm for fluorescein) using a Varian Techtron 635

spectrophotometer (a fault in the laboratory fluorometer pre-

cluded the use of fluorometric techniques). Sample absorbance

!,ras compared to that of a blank groundwater sample.

The microbial tracers vûere trvo antibiotic-resistant strains of

the bact,erium Escherichia coli: E. coli J6-2 (nali.dixic acid-

resistant) and E. coli PB 922 (rifampycin-resistant). The

strains vrere recovered from groundwater samples by membrane

filtration and incubated on MacConkey agar. To suppress back-

ground organisms in the sewage-polluted groundwater-, the agar

v¡as impregnated with the appropriate antibiotic. DetaiLs of

culture and enumeration procedures for these strains and an

evaluation.of their potential as traqers in se!,rage-pol1uÈed

$rater have been given elsewhere (Sinton, L98Ø).

Approximately Iø litres of 2øZ w/v rhodamine V,tT and I.4 x IøI4

E. coli PB 922 cells suspended Ln 2Ø liLres of Ø.85ï w/v NaCl

solution $rere injected into well 2 (Figure 3). Simultaneously,

IØ litres of 2Øt w/v f.luorescein and 2ø litres of ø.85\ w/v

NaCl solution containing approximately 1.6 x Iø14 E. coli J6-2

ce1ls were injected into well 4'. Injection was through separate
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lengths of st,erile rubber tuoling lowered to a depth of r7 m

below ground level (about 5 m below static well vrater level and

approximately in the middle of the screened section of the

well).

Over the next nine days t groundwater sarnples hrere collected
from the weIl array, using "vacuum chamber" samplers (lvlartino

I976) which were susPended in the þ¡e11s for the duration of the

sampling programme. Each sampler hras flushed f ive times prior

to sample collection. Samples for spectrophotometric analysis

$tere collected in acid-washed plastic bottles, and those for
microbial analysis in sterile glass bottles. Samples v\rere

stored in the dark and packed in ice for transport to the

laboratory.

Vertical Tracing Experiment

Vertical. well vJater movements Ì¡/ere measured by salt tracing and

confirmed using a fluorescent dye. Before the field work, the

specific densities of the injection solutions (Ø.5* NaCl and

Ø.22 rhodamine WT) \^/ere measured using specific density

bottles. The movement of a Ø.58 NaCl solution down a st.atic 6 m

x 1ØØ mm diameter water column $/as also measured, using con-

ductivity probes located at 1.5 m intervals down the column.

The tracer tests were conducted on four neh¡ wells (numbers 8 to

11) installed on flow lines derived from the results of the

horizontal tracing experiment. Three injection depths (I2.5 m'

I7.Ø m and 22.Ø m) hrere used in separate experiments in each

wel1. In each experiment, 4 litres of tracer solution vtere
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j-njected through a length of rubber tubing, which vras perfor-

ated over the lower 8 cm and stoppered at the lower end to

ensure that the injected solution had no residual vertical

velocity. Care hras also taken to ensure that the tracer

solution lrras at ground!,rater temperature (approximately I2.5o c)

irnmediately prior to injection.

The movement of the NaCI solution was monitored using five in

situ conductivity probesr positioned at 13.ø m, 15.Ø m, L7.ø m,

19.ø m and 2L.ø m below ground level. The probes rrtere multi-
plexed into a Triac conductivity meter which enabled rapid
sequent,ial reading of the conductivity values. The confirmation

of the flow patterns, using rhodamine WT, $ras undertaken in

separate experiments. Samples were collected for visual assess-

ment of dye concentrations, using jerk samplers positioned at

the above depths, and opened at pre-determined time intervals.

ô
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RESULTS AIID DISCUSSION

Eorizontal Tracing Experinent

lvlost of the rhodamine WT dye and E. coli PB 922 cells $tere

removed from injection weII 2 in 3-4 daysr although both

tracers were present at the end of the sanpling Programme

(Figure 4). No major differences in the relative rates of

removal of the two tracers from the well !r,ere noted, âlthough

the dye appeared to be slightly more Persistent than the

bacterial ce11s. This was probably largely attributable to

natural die-off of the bacterium in the weIl vtater. Neither

rhodamine WT dye nor E. coli PB 922 $rere recorded in wells 3

or 'l .

lvlost of the E. coli J6-2 cells r¡rere rernoved from injection well

4 in 5-6 days, but concentrations of bet!veen IØ and LØØ

cell s/LØØ ml remained at the end of the sampling programme

(Figure 4). In well 4, the fluorescein dye appeared to be

considerabty more persistent than the E. coli J6-2 ceIls. This

hras attributed to high leve1s of adsorption of the dye to the

interior surfaces of the sampler chamber and hoses. Desorption

of the dye in subsequent SampleS meant that, even after five

cleansing flushes, fluorescein leve1s in the collected sarnple

brere probably considerably greater than concentrations in the

well vf ater; this $/aS subsequently conf irmed in laboratory

experiments. The actual rate of removal of the fluorescein from

well 4 would probably have beejn similar to that of the E. coli

J6-2 cells.
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Figure 4 shows t,hat both fluorescein dye and E. coli J6-2 cells
!vere recorded passing through wells 3 and 7. Although no

conclusions on the shape and extent of the tracer plumes could

be drawn from the results, they indicate that the wel1s are

situated onr or close to the existing Ternpleton flow line
(ie, through a line from well 4 to wells 3 or 7). Therefore,

the axis of the tracer plume of rhodamine WT and E. coli PB 922

cells f rom vreIL 2 \âras probably around 6Ø r¡ due north of wells 3

and 7. This plume was apparently of insufficient width for the

weII -2 tracers to appear in wells 3 and 7.

For each of the estimated first and peak arrival times and

calculat.ed velocities presented in TabIe 2, the tracer was

assumed to have arrived mid-way between the time of first

detection and the previous sampling occasion. The interval

between these two samples $ras approximately 22 hours for well

3t whereas it r.iras Less than 5 hours for well 7. The estimate of

235 m day-l for well 7 is therefore considered to more accu-

rately reþresent first arrival velocity than the corresponding

estimate (338 m day-l) for well 3. No differences between the

first arrival times of the bacteria and dye were recorded.

However, as noted in the Burnham experiment (see page 9) the

bacteria appeared to reach peak concentrations first, in this

case approximately 3 hours before the dye in well 3 and approx-

imately 15 hours bef ore the dye in well '7.

The decrease in concentration of fluorescein between the injec-

tion well and wells 3 and 7 was proportionally more rapid than
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the decrease in concentration of the micro-organisms. This was

in contrast to the results of the Burnham experiment, where

rhodamine WT showed marginally less reduction in the ground-

vrâter, but confirms the observations of Rahe et a1. (f978) who

found thatr compared to fluorescein, E. coli cells v\tere.con-

siderably less prone to adsorbtion in groundwater tracing

expe r iments .

Simultaneous injection of distinguishable tracers into two

we11s, as outlined in this study, permitted tvto possible flow

lines to be invest.igated for the cost of one field sampling

exercise. Laboratory analysis time $ras also reduced. This

approach also eliminated tl¡e possibility of minor variations in

ground!,¡ater velocity and,/or direction resulting from temporal

fluctuations in groundwater level or hydrostatic pressure.

Vertical Tracing Experiment

The specific densities of the Ø.52 NaCl and the Ø.22 rhodamine

dye solutions $tere L.ØØ3 and L.ØØØ9' respectively. The figure

for the rhodamine WT was considered to be too loht to cause a

measurable effect in the field exPeriments. However, the spec-

ific density of the NaCl solution was high enough for the

results of the salt solution/static water column exPerimenE to

be subsequently used to adjust the field study data. Injection

of the Ø.52 NaCl solution into the top of the 6 m static $rater

column gave downward velocities for the top, middle and fower

sections of the column of Ø.3 m minute-l , Ø.I m minute-l and

Ø.Ø5 m m inute-1 r Fêspectively. This observed decrease in
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velocity $ras attributed to progressive dilution as the NaCl

solution moved down the column. Therefore, the maximum down-

ward velocity that would be expected in the wel1s due to

density differences would be ø.3 m minute-r, and the mean

velocity for a 6 x ø.I m $rater column would be around

Ø.15m minute-1.

rn each of the f our ne$r vrells (numbers 8 to 11), injection of

Nacl and rhodamine I^¡T at r2.5 m and r'7.Ø m indicated only
downward !vater movement. rnjection at 22 m (at the bottom

of the well) showed no upward movement. Therefore, only the

I2.5 m injection results are presented.

Figure 5 clearly shows the passage of the Nacl tracer down the

wells. lve1ls 8, IØ and 11 appeared to exhibit constant dohrn-

ward velocities over the fult 13 to 2r m depth range. The

f irst arrival and peak verocj-ties (ad justed f or a mean spec-

ific density effect of Ø"L5 m minut"-l) were similar at 2.4

and 1.5 m minut"-1r rêspectively, in well I, and 2.5 and

1.9 m minut"-Ir rêspectively, in well ]1. lrlelt Iø exhib-
ited lower first arrival and peak velocities at ø.7 and

Ø.5 m minute-1, respectively. Although the first arrival and

peak velociÈies in weli 9 vrere similar to those in the other
three bores over the top sections of the well, 'a marked

decrease in velocity occurred between r9 and 2r n. overall,
first arrival and peak velocities in well 9 (measured between

15 and 2I m) lvere Ø.4 and Ø.2 m minute-1, respectively.
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The velocity patterns in the wètts may be partiatly explained
from the borelogs, which included the results of bailing tests
conducted at L.ø m intêrvals. The logs show that wells g, rø

and 1l pass through similar strata with very little groundwater

infiltration between 14 and 2r m. Below 2r m, there is a slow-
medium inf iltration layer in well LØ and a fast inf iltration
layer in both wel1s I and ll. This would explain the constant
downward velocities, âlthough of different magnitudes, recorded
in these wells. rn contrast, well 9 traverses medium-fast
infiltration layers at 16-1g m and 2Ø m. some removal of the
tracer in these zones may have occurred, thereby delaying the
first and peak arrival times at the bottom probe.

l-

I
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SUI{I¡IÀRY AND CONCLUSIONS

The estimates of ground$rater flow direction derived from the

horizontal tracing experiment (al-ong a line from well 4 to wells

3 or 7) differ only slightly from the original- estimate (a1ong a

line through we11s 1' 4 and 6) calculated from piezometric

contour data (lviartin and Noonan, I977). The first arrival and

time to peak estimates of velocit,y for E. coli J6'2 in well 7

(235 m day-1 and 156 m day-l, respectively) also support the

previous estimates by Martin and Noonan (I977) of the rate of

movement of microbial contaminants (I5Ø-2ØØ n duy-1) downstream

of the Ternpleton site.

The results of the vertical tracing experiments indicate that

the hydrostatic pressures in the I2.5 L4 m aquifer layers at

the Templeton site exceed the pressures in the 2Ø-2I n ground-

\,\¡ater bearing strata, resulting in a downward movement of the

weLl \^/ater. The implications of these results are twofold.

FirstIy, the observed downward velocities would tend to create a

uniform chemical and microbial composition throughout the well'

and th¡us sampling at any depth in the upper 1Ø m of the $/ater

table would provide similar results. However, the sample would

be more representative cf water quaì-ity in the upper groundwater

strata surrounding the welt than in the lower layerS. This is

the probable explanation for the observed uniformity in well

water composition in previous studies at the site (0uin, L978).

Secondly, pollutants entering the ground$rater system via drain-

age at the TempleLon site would tend to move into the deeper
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ground$¡ater strata through any discontinuities in the confining

layers.
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