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Abstract. Rhodamine WT (RWT), a xanthene dye, may
serve as a proxy for soluble pollutants within quantitative
tracing studies investigating point source contaminant trans-
port. This study quantified the effects of altering the con-
centration, pH, temperature and salinity of a RWT solution
on the detected fluorescence of RWT within the laboratory
prior to a field release of RWT within a closed pipe urban
drainage network. All RWT solutions exhibited stability and
<10% variation from the expected concentration over a thir-
teen hour laboratory study period; pH related quenching of
RWT fluorescence of up to 14.9% was observed for solu-
tions with pH<3.9; and increasing salinity of RWT solution
was found to have a negligible quenching effect. In direct
contrast to previous studies RWT fluorescence was found to
directly correlate with temperature of solution, and a tem-
perature correction factor was determined and tested. The
field release study succeeded in detecting RWT at concen-
trations two orders of magnitude greater than background
fluorescence. Based on longitudinal dispersion theory, ob-
served RWT peak concentrations were within 10% of pre-
dicted peaks.

1 Introduction

Contamination of surface and groundwater from anthro-
pogenic sources has become widespread in most developed
areas of the world. The management of such contamination
is complicated by difficulties in identifying point sources.
Water tracers such as the xanthene dye Rhodamine WT
(RWT) can be utilised in the investigation of contaminant
transport in hydraulic systems to examine the transport of
solutes (Broshears et al., 1996; Hibbs et al., 1998; Fox et
al., 2002; Gaikowski et al., 2004; Richardson et al., 2004;
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Mukherjee et al., 2005), and thus trace contaminants back to
their source (Pitt et al., 1993; Lalor and Pitt, 1999; Close et
al., 2002; Pitt, 2002). Whilst information regarding time of
travel and flow velocity may be determined through quali-
tative applications of tracers, quantitative tracing is required
for more precise hydrological information such as potential
contaminant transport characteristics. Quantitative tracing
can therefore serve an invaluable purpose in contaminant fate
and transport investigation.

In order to conduct meaningful quantitative tracer stud-
ies it is necessary to understand the processes that may con-
tribute to loss of RWT in solution, and thus affect conserva-
tion of the tracer. Although RWT has been used as a surface
and groundwater tracer since its formation in 1968, its use
in quantitative tracer studies has been shown to be compro-
mised by quenching of RWT fluorescence at pH values below
5 (Smart and Laidlaw, 1977; Tai and Rathbun, 1988; Kas-
navia et al., 1999) and by dissolved salts (Smart and Laid-
law, 1977); fluorescence intensity of RWT varying inversely
with temperature (Smart and Laidlaw, 1977; Wilson et al.,
1986); and occasionally elevated background fluorescence
in natural waters (Smart and Karunaratne, 2002). Previous
work has also demonstrated that turbidity may significantly
interfere with fluorescence measurements given the ability
of suspended solids to contribute to background fluorescence
(Smart and Laidlaw, 1977), and the use of fluorometers must
be questioned in turbid environments. The potential for tur-
bidity to impact upon our field study was assessed by mea-
suring a range of RWT solutions prepared using water from
our field site, and no significant deviation from expected flu-
orescence was observed hence any possible effects of turbu-
lence on RWT fluorescence measurements were ignored for
the remainder of the study. A number of studies have also
demonstrated that the use of RWT in quantitative studies may
be compromised by photochemical decay of RWT over time
(Smart and Laidlaw, 1977; Tai and Rathbun, 1988; Suijlen
and Buyse, 1994; Upstill-Godard et al., 2001; Dierburg and
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DeBusk, 2005) and loss of RWT due to adsorption (Smart
and Laidlaw, 1977; Wilson et al., 1986; Sabatini and Austin,
1991; Shiau et al., 1993; Di Fazio and Vurro, 1994; Soerens
et al., 1994; Kasnavia et al., 1999; Close et al., 2002; Keefe
et al., 2004; Kung et al., 2000; Vasudevan et al., 2001; Lin et
al., 2003; Pang et al., 2003; Richardson et al., 2004; Dierburg
and DeBusk, 2005) but as the work described here focused on
the use of RWT within a closed pipe surface water drainage
network these potential losses were deemed insignificant and
not re-examined. Given this range of potential compromis-
ing factors, the inconsistent nature of field results concern-
ing RWT fate and transport (Tai and Rathbun, 1988; Jones
and Jung, 1990; Suijlen and Buyse, 1994; Ptak and Schmid,
1996; Kung et al., 2000; Upstill-Godard et al., 2001; Close
et al., 2002; Lin et al., 2003) is unsurprising.

Further complicating the task of contaminant source trac-
ing is the often episodic nature of contamination events, ei-
ther due to intermittent delivery or intermittent mobilisation
from contaminant pools. This highlights the need for high
resolution temporal data which can best be obtained through
the use of in situ instrumentation as opposed to the traditional
bench top fluorometry. Although gaining in popularity, in
situ fluorometric analysis remains a relatively new technol-
ogy in comparison to bench top or pump-through fluoromet-
ric analysis methods.

The objective of this work was therefore to evaluate, de-
spite its possible reactivity, the effective use of RWT as a
proxy for soluble point source pollutants, with the goal of
conducting in situ RWT detection studies in the field. The
effects of altering the initial concentration, pH, temperature
and salinity of a RWT solution on the detected fluorescence
of RWT were separately quantified within the laboratory.
The purpose of this separate quantification was to aid in the
understanding of the contribution of each of the water quality
parameters on the RWT measurements collected in the field,
particularly as it is likely that such water quality parameters
can be highly variable within drainage and natural waters. It
was anticipated that 1) the fluorometer would exhibit accu-
racy of ±6% of the known RWT concentration within the
calibration concentration range; 2) quenching of RWT fluo-
rescence would be observed within solutions below pH of 5;
3) RWT fluorescence would vary inversely with temperature
of solution and 4) quenching of RWT fluorescence would be
observed within saline solutions.

A field release and detection of RWT within a closed pipe
urban drainage network was then conducted with the aim of
analysing the resultant peaks in measured RWT to relate peak
characteristics with flow and release conditions. Through
evaluation and field use of a in situ fluorometer specific to
RWT, this work ultimately aimed to improve the quantitative
application of RWT as a proxy for soluble contaminants in
constructed drainage networks and natural waterways, and
to explore a method by which to relate detected contami-
nant peaks with flow conditions and location of contaminant
release.

2 Materials and methods

2.1 In situ instrumentation

Liquid RWT containing 20% true dye and 80% carrier was
used to make a stock RWT solution at 100 mg L−1 that was
used throughout this study. RWT was measured in the labo-
ratory and field using the in situ YSI 6130 RWT fluorometer
and YSI 6820 sonde, with data logged by the YSI 650 Multi-
parameter Display Logger. The 6130 RWT fluorometer light
source has a peak wavelength of 540 nm whilst the optical fil-
ter transmits light from 570 to 590 nm to the photodetector. It
may be calibrated using two or three points, and for the pur-
poses of this study a 3-point calibration was conducted using
0, 100 and 200µg L−1 true dye RWT solutions. Summing
the accuracy of the fluorometer and potential calculation er-
ror associated with preparation of the solutions results in a
total potential error of±6%. Differences between measured
and expected concentrations may therefore only be described
as significant if greater than±6%.

In addition to RWT the YSI 6820 sonde also measured
dissolved oxygen concentration, temperature, specific con-
ductance, salinity, oxidation reduction potential and pH. The
4 C cell battery configuration allowed for approximately 45 h
of continuous (every second) data collection. Within the lab-
oratory the sonde was held upright via a metal clamp stand
and the RWT solutions were placed in the 200 mL calibra-
tion cup supplied with the sonde. In the field the sonde was
suspended via a rope from an access ladder, remaining sub-
merged during the data collection period.

2.2 Field sampling sites

Water was collected in July 2006 from the surface of the
Swan River, Perth, Australia, at the Royal Perth Yacht Club
jetty for use within the laboratory to determine the accuracy
of the RWT fluorometer in natural surface water. The water
collected was slightly brown in colour, contained some dark
particulates, had a pH of 7.5 and detected salinity and spe-
cific conductance were below the detection limits of 0.01 ppt
and 0.001 m Scm−1 respectively.

The field work component of this study was carried out
at the drain inlet of Whaleback Lake, a compensating basin
in Whaleback Golf Course, Parkwood, Australia, located
within the Bannister Creek Catchment of the Canning River.
Land use upstream of Whaleback Lake varies considerably
from tile manufacture, fibre cement sheeting, food process-
ing, heavy construction, machinery maintenance and gen-
eral commercial development, with a number of land uses
present which have the potential to contaminate the stormwa-
ter system (Morrison, personal communication, 19 Septem-
ber 2006). This proximity to potential contaminant sources,
in conjunction with anecdotal evidence of businesses up-
stream illicitly discharging contaminants into the stormwa-
ter system, was the primary reason behind selection of the
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Whaleback Lake study site. Whaleback Lake has also been
identified by the Bannister Creek Catchment Group as an
important part of the Bannister Creek Catchment, providing
a valuable habitat corridor between the Tom Bateman Wet-
land, Bannister Creek and the Canning River. Water quality
in Whaleback Lake is highly variable as later discussed.

2.3 Laboratory methodology

A series of fifteen solutions made using both deionised water
and Swan River water, ranging from 0 to 280µg L−1 true
dye RWT concentration, were measured to assess the ac-
curacy of the fluorometer within and above the calibration
range. Each solution was prepared through the addition of an
appropriate amount of previously prepared 100 mg L−1 true
dye RWT stock solution to deionised or Swan River water
at room temperature. Upon introduction of the fluorome-
ter to the solution, RWT concentration readings were taken
over a period of 5 min, at 30 s sampling intervals, to ensure
short-term stability of the reading. This series of testing also
examined longer term stability of the 10, 60, 140, 190 and
240µg L−1 RWT solutions over 13 h at room temperature
and under mild fluorescent lighting.

Fluorometric analysis was also performed on 100µg L−1

RWT solutions made with Swan River water, to which either
hydrochloric acid or sodium hydroxide solutions had been
added to alter the pH, achieving a total pH range of 2.68 to
10.48. Given that this process also increased the total vol-
ume of the solution being measured it was also necessary to
apply a volumetric correction to adjust for the decrease in
concentration due to the increase in volume.

The 6130 RWT fluorometer was calibrated using solutions
at 16◦C due to conditions in the laboratory at the time of
calibration. To quantify the effects of temperature on RWT
fluorescence intensity 50, 100 and 150µg L−1 true dye so-
lutions were prepared using deionised water. Half of each
concentration solution was chilled in a refrigerator whilst the
other half was heated using a magnetic stirrer with heating
element. Each solution was measured separately, with RWT
concentration readings taken until the temperature of the so-
lution either increased or decreased back to 16◦C.

Salinity quenching of RWT fluorescence was quantified
through detection of RWT solutions to which sodium chlo-
ride had been added. Five tests were conducted using
100µg L−1 true dye solution prepared with deionised wa-
ter, with sodium chloride added to make concentrations of
0.005, 0.05, 0.1, 0.5 and 1.0 M NaCl respectively. Given that
most seawater has a salinity of roughly 3.5% which equates
to 0.6 M NaCl (if the total salinity were due to sodium chlo-
ride) this covers a range of salinities which may be encoun-
tered in field conditions. Data were collected over a period
of approximately 60 h.
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Fig. 1. Schematic of field release study site, showing the detec-
tion point located at the inlet of Whaleback Lake, located within
the Whaleback Golf Course in Parkwood, Western Australia, and
release points located upstream within an industrial area.

2.4 Field methodology

The sonde was moored at the inlet of Whaleback Lake on
25 August 2006 and set to take data every five minutes over
a 65 h period. The purpose of this was to collect background
fluorescence readings and to confirm the anecdotal evidence
that water quality at the study site was both temporally vari-
able and cause for concern.

A week after the background readings were taken the
sonde was again moored at the lake inlet, and RWT was
introduced into the piped drainage network upstream of the
detection point (Fig. 1). Two RWT solutions were prepared
by adding 25 g and 75 g of liquid RWT to two separate 5 L
containers of deionised water, resulting in solutions contain-
ing 5 g and 15 g RWT true dye at approximately 1 g L−1 and
3 g L−1 respectively. The 5 g RWT solution was released
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through a manhole 160 m upstream of the detection point,
and upon the detected concentration returning to background
levels the 15 g RWT was released through a manhole at a
point 260 m upstream of the detection point. Although no
quantitative flow measurements were taken, moderate flow
rates were observed during the release period and no arti-
ficial mixing of the RWT within the pipe was undertaken.
Data were collected continuously with the sonde during the
entire release period.

2.5 Data analysis

All measured concentration values collected during the pH
and temperature investigations were normalised around the
known RWT concentration, such that the detected RWT con-
centrations in the natural pH and calibration temperature so-
lutions were exactly equal to the known RWT concentration.

Two-parameter exponential decay regression lines were
determined for each dataset in the temperature influence in-
vestigation, following a similar format to the relationship be-
tween sample temperature and RWT fluorescence presented
by Smart and Laidlaw (1977). The resulting three equations
relate the measured temperature (difference between calibra-
tion and measurement) with measured RWT concentration,
thus describing the effect of temperature difference on accu-
racy of RWT concentration measurement. The exponential
factors were averaged to determine an average relationship
between temperature difference and measured RWT concen-
tration, which in turn was rearranged to apply a correction
factor to the concentration values collected during the tem-
perature influence investigation.

Longitudinal dispersion analysis of the concentration
peaks in RWT measured during the field release studies was
undertaken with the objective of predicting the peaks given
the flow conditions and mass released. Due to a lack of flow
data, complete mass conservation of the first release was as-
sumed, and trapezoidal integration under the observed time
series conducted using MATLAB to determine the flow rate
Q. This value ofQ was then applied to the second peak,
and trapezoidal integration was conducted using MATLAB
to determine the mass recovery of the second peak. The cal-
culated flow rateQ was also used to determine the cross-
sectional mean velocityU , using an estimation of 0.21 m2

for A, the cross-sectional area of the flow. This value for
A was calculated from the flow widthW of 2.1 m and flow
depthh of 0.1 m within the conduit immediately upstream of
the sampling point.U was in turn used to calculate the shear
velocity u∗ using Eq. (1) (Fischer et al., 1979), estimating
a Darcy-Weisbach friction factorf of 0.02 (Fischer et al.,
1979) given the flow velocity and material of the conduit.

u∗
= U

√
f

8
(1)

Prior to applying longitudinal dispersion formulae, the “for-
getting time” of the flow, after which the velocity of the flow

is independent of the initial velocity (Fischer et al., 1979),
was calculated using Eq. (2) (Fischer et al., 1979), using a
flow depth h of 0.1 m, to determine if constant coefficient
longitudinal dispersion analyses were indeed applicable to
the flow regime.

T = 4
h

u∗
(2)

As the resultingT was less than the time between release
and detection, the longitudinal dispersion coefficientκx in
the stream-wise direction was calculated using Eq. (3) (Fis-
cher et al., 1979) using a pipe widthW of 2.1 m, and thisκx

value was then used to predict the maximum peaks in RWT
concentration for each of the two releases using Eq. (4) (Fis-
cher et al., 1979).

κx = 0.011
U2W2

hu∗
(3)

Cmax=
M

√
4πκx t

(4)

whereCmax is the peak RWT concentration [kg m−3]; M

mass of dye per square metre of cross-sectional flow area
[kg m−2] and t is the time between release and detection of
peak [s].

3 Results and discussion

3.1 Background water quality data

Results from the weekend data collection period at Whale-
back Lake drain inlet (Fig. 2), conducted one week prior to
the field release, demonstrate that background fluorescence is
not an issue at this site, given the mean and maximum con-
centrations of 6.7µg L−1 and 8.9µg L−1 respectively. The
results also provide evidence of water quality problems at
the study site, primarily indicated by observed extremes in
pH. Values of pH greater than 9 can be toxic to aquatic or-
ganisms and have been associated with fish kills (Berger-
house, 1994; Kann and Smith, 1999). There were four ob-
served peaks in pH over the study period that exceeded this
value, the largest value of 11.45 occurring at 05:07 on Satur-
day 26 August 2006. Whilst the cause of these peaks in pH
is unknown, there is anecdotal evidence that a business or
businesses within the catchment regularly clean their equip-
ment late Friday night/early Saturday morning and it is likely
that the peaks are a result of industrial cleaners entering the
stormwater system.

3.2 Stability of fluorescence

All RWT solutions in DI and Swan River water exhibited flu-
orescence stability, and detected RWT concentrations were
within 10% of the known RWT concentration over a 13 h
period (Fig. 3). Fluorescence response between the DI and
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Fig. 2           Mines et al. 
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Fig. 2. Temperature, pH and background fluorescence in the RWT
band of Whaleback Lake drain inlet water measured continuously
over 11:30 25/08/06 to 06:00 28/08/06.

Swan River solutions was generally similar, suggesting little
fluorescence interference due to natural environmental con-
ditions of the Swan River water samples. Two of the eight
solutions – 10µg L−1 in Swan River water and 140µg L−1

in deionised water – exhibited some percentage error val-
ues slightly greater than±6%, although the mean percent-
age error values for all solutions fell within±6%. The
largest amount of variation from expected concentration and
greater fluctuations in measured concentration exhibited by
the 10µgL−1 solution may be explained by the lower signal:
noise ratio for lower concentration solutions and possible in-
terference due to natural background fluorescence. Given the
stability of the readings and the lack of significant departure
from ±6% error for any of the eight tested solutions it was
not anticipated that stability or accuracy of measurements
would present problems in the field study.
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Fig. 3           Mines et al. 
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Fig. 3. Percentage deviation of measured RWT concentration from
expected RWT concentration for solutions in deionised (black) and
Swan River (grey) water, compared to sum of limit of accuracy of
YSI 6130 fluorometer and calculation error.
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Fig. 4           Mines et al. 
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Fig. 4. Measured RWT concentration as a function of expected
RWT concentration in deionised (©) and Swan River (4) water so-
lutions; compared with the 1:1 line (—) and±6% error (–..–). Con-
centration measurements were taken at 30 s intervals over a 5 min
period for each solution.R squared values relating each of the two
datasets to the 1:1 line are 0.998 and 0.999 for the deionised and
Swan River waters respectively.

3.3 Concentration effects

As demonstrated by the respectiveR2 values of 0.998 and
0.999 for DI and Swan River waters (Fig. 4), the measured
concentrations of RWT correlated extremely well with the
expected concentrations of RWT in both sets of samples. The
loss in accuracy of concentration measurement for expected
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Fig. 5           Mines et al. 
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Fig. 5. Percentage deviation of measured RWT concentration from
expected RWT concentration as a function of pH of the measured
solution.

concentrations over 200µg L−1, as shown by percentage er-
rors in excess of±6%, are unsurprising given that the three
point calibration included 0, 100 and 200µg L−1 solutions.
It may be possible to extend the range of the sensor by con-
ducting the calibration using solutions of higher concentra-
tion, but this is not recommended as it contradicts the man-
ufacturer instructions and may result in loss of resolution. It
would be more appropriate to either dilute samples into the
linear 0–200µg L−1 range if necessary, or preferably to de-
sign experiments such that all measured solutions will fall
within this range. The loss in accuracy at RWT concentra-
tions higher than 200µg L−1 did not affect the field work
component of this study as all RWT concentration values
measured in the field were below 200µg L−1.

3.4 pH effects

Increasing the pH of the RWT solution above the ambient
pH, approximately 6.5, was found to correspond to a slight
(<2%) increase in measured RWT, which is within the ac-
curacy threshold of±6%. More significant results were ob-
tained when the pH was lowered, with clear evidence of pH
related quenching of RWT fluorescence at pH values less
than 3.9 (Fig. 5, note reverse order scaling of x-axis). Be-
low this threshold value of pH the measured RWT concentra-
tion steadily decreases until the maximum underestimation
of 14.9% RWT concentration is reached at pH 2.68. These
results exhibit a similar general trend to those presented by
Smart and Laidlaw (1977) and Abood et al. (1969), though
the threshold pH values presented in these previous studies
are 5 and 4 respectively. A pKa of 5.1 has been observed for
RWT (Shiau et al., 1993), meaning that in aqueous solution
at pH 4.1 (one log scale less than pKa) the neutral form of
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Fig. 6           Mines et al. 
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Fig. 6. Percentage deviation of measured RWT concentration from
expected RWT concentration as a function of the difference in tem-
perature between the measured solution and the calibration temper-
ature of 16◦C (calibration temperature – sample temperature). The
three datasets shown correspond to expected solutions of 50µg L
(©), 100µg L (4) and 150µg L(�).

RWT is dominant over the ionic form, thus it is anticipated
that pH related quenching will occur in solutions less than
or equal to pH 4.1.The observed pH threshold of 3.9 is in
agreement with this expectation.

The implications for these results within the field work
conducted in this study are negligible given that measured
pH never fell below 7 over the weekend background sam-
pling period or during the release of RWT. The underestima-
tion of RWT due to low pH must, however, be accounted for
during quantitative mass balance releases of RWT within low
pH systems or those with variable water quality.

3.5 Temperature effects

Analysis for RWT at temperatures above the calibration tem-
perature resulted in overestimations of RWT concentration,
while conversely sampling at temperatures less than the cal-
ibration temperature resulted in underestimations of RWT
concentration (Fig. 6, note Temperature Difference refers to
calibration temperature minus sample temperature). These
results contradict the conclusions of past studies that fluo-
rescence intensity of RWT varies inversely with tempera-
ture (Smart and Laidlaw, 1977; Wilson et al., 1986). The
YSI 6130 RWT fluorometer has an inbuilt temperature com-
pensation function which may explain the departure from ex-
pected results, and if so it is apparent that overcompensation
is occurring. Despite the maximum underestimation of RWT
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concentration of 3% falling within the±6% accuracy thresh-
old and the maximum overestimation of 10% only exceeding
the threshold by 4% there is a clear trend in the data. The
discrepancy between the findings presented here and those
previously presented may therefore have significant impli-
cations for quantitative RWT studies conducted in waters at
temperatures different to the calibration temperature of the
fluorometer used, particularly if the researcher assumes an
inverse correlation between water temperature and RWT flu-
orescence.

Given the loss of accuracy due to sample temperatures dif-
fering from the calibration temperature a method of calcu-
lating a more accurate concentration value was determined.
As previously discussed this was done by determining two-
parameter exponential decay regression lines for each of the
three datasets, resulting in the following relationships for the
50, 100 and 150µg L−1 solution datasets respectively:

Cmeasured= 50exp(−0.00351T )(R2
= 0.88) (5)

Cmeasured= 100exp(−0.00411T )(R2
= 0.92) (6)

Cmeasured= 150exp(−0.004471T )(R2
= 0.96) (7)

whereCmeasuredis the measured RWT concentration for a
given sample temperature, and1T is calculated by subtract-
ing the sample temperature from the calibration temperature.

The exponential decay factors were then averaged to con-
struct an equation relating the actual RWT concentration (50,
100 or 150µg L−1 for each dataset respectively) with the dif-
ference in temperature:

Cactual=
Cmeasured

exp(−0.0041T )
(8)

Equation (8) was applied to the normalised concentration
values shown in Fig. 6, the results of which are shown in
Fig. 7. Use of the correction factor provided approximations
within 3% for the actual concentration of RWT present in so-
lutions over a range of temperatures though was most accu-
rate over the range−10◦C< 1T < 10◦C. The correction fac-
tor was not applied to data collected during the field release
due to the negligible difference between sample temperature
and calibration temperature.

3.6 Salinity effects

An increase in concentration of sodium chloride in a
100µg L−1 RWT solution corresponded with a slight de-
crease in measured concentration of RWT (Fig. 8). The max-
imum underestimation of RWT was 4.7%, at 0.5 M sodium
chloride. Every concentration data point collected fell within
the±6% accuracy threshold, thus the decrease in measured
concentration may not be directly attributed to the salinity of
the solutions.
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Fig. 7           Mines et al 
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Fig. 7. Percentage deviation of corrected measured RWT concen-
tration from expected RWT concentration as a function of the differ-
ence in temperature between the measured solution and the calibra-
tion temperature of 16◦C (calibration temperature – sample temper-
ature). The three datasets shown correspond to expected solutions
of 50µg L (©), 100µg L (5) and 150µg L (�).
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Fig. 8. Percentage deviation of measured RWT concentration from
expected RWT concentration over time for a range of salinity con-
centrations – 1.0 M NaCl (©), 0.5 M NaCl (|), 0.1 M NaCl (4),
0.05 M NaCl (�) and 0.005 M NaCl (5).

These results are in agreement with an early series of
tests conducted by Smart and Laidlaw (1977), where they
measured a maximum loss in fluorescence of RWT of 8%
at 0.5 M NaCl. They are however substantially different to
a more recent set of similar tests conducted by Smart and
Laidlaw (1977), where they observed almost complete loss
of RWT fluorescence at 0.5 M NaCl after equilibrium condi-
tions were reached (>93 h). As the Whaleback Lake drain
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inlet water had a mean salinity measurement of 0.72 ppt
(equivalent to 0.012 M NaCl), underestimation of RWT due
to salinity was deemed to be of negligible effect to the field
work results of this study. However if precise quantitative
mass balance studies of RWT are performed, particularly
within marine environments where the equivalent NaCl con-
centration is approximately 0.6 M, this underestimation is
potentially problematic and may require adjustment of the
data.

The laboratory component of this study demonstrates that
local water quality conditions, particularly pH and tempera-
ture, must be measured and considered when conducting any
quantitative RWT release study. This is of particular rele-
vance when mass recovery is undertaken. There are also im-
plications for the design stage of quantitative RWT release
studies, for instance it may be necessary to perform calibra-
tion of the RWT fluorometer using solutions at a higher than
standard temperature if the release is to be conducted in high
temperature waters; or it may be necessary to release a larger
mass of RWT if the study waters are acidic, low tempera-
ture or saline, to result in a significant peak in detected RWT
concentration.

3.7 Field release

The field releases were easily detected (Fig. 9). At 09:48,
four minutes after the 5 g release of RWT there was a peak
in measured RWT concentration of 46.1µg L−1. At 10:11,
seven minutes after the 15 g release of RWT there was a peak
in measured RWT concentration of 107.1µg L−1 followed at
10:15 by another peak of 110.6µg L−1. Both releases exhib-
ited somewhat irregular decay curves, whilst the 15 g release
decay curve displays a clear double peak. These characteris-
tics may be due to the physical characteristics of the drainage
system, such as the presence of input pipes between the re-
lease and detection points, and irregularities in flow regime.
It is possible that the double peak is due to the presence of
two RWT isomers commonly found in commercially avail-
able RWT, that have been shown to adsorb to different ex-
tents (Vasudevan et al., 2001) and thus exhibit contrasting
times of travel, although this possibility was not explored fur-
ther in this work.

The first release of RWT resulted in a peak approximately
eightfold greater than background levels, whilst the second
release peaked at two orders of magnitude greater than back-
ground levels whilst remaining within the range of the RWT
sensor. Given the lack of variability in the ambient detected
fluorescence it may therefore be concluded that both peaks
resulted from their respective RWT releases and were not
due to background fluorescence. This distinction is essen-
tial in order to prove the connection between two points of
the drainage system, for instance cases where contaminant
point sources are suspected but unproven.

Integration of the first detected peak in RWT concentration
produced a flow rateQ of 0.39 m3 s−1. Applying this flow
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Fig. 9. Continuously measured RWT concentration at Whaleback
Lake drain inlet over the field released period on 8 September 2006.
5 g RWT was released 160 m upstream from the drain inlet at 09:44
(4) and 15 g RWT was released 260 m upstream from the drain
inlet at 10:04 (�). The dashed line indicates the mean background
fluorescence value equivalent to a RWT concentration of 6.7µg L
as detected over the weekend of 25 August 2006.

rate to the second detected peak in RWT concentration pro-
duced a mass recovery of 13.1 g (87%) for the second release.
Complete mass conservation of the second release was not
expected due to the inadvertent cessation of measurements
prior to detection of the entire tail (Fig. 9) so this mass recov-
ery confirmed that the flow rate was similar for both release
periods. The cross-sectional mean velocity corresponding
to the flow rate was 1.8 ms−1 whilst the shear velocity was
0.09 ms−1 using Eq. (1). In turn these values were applied to
Eq. (2) to calculate a forgetting time of 4 s which is signifi-
cantly less than the 180 s and 330 s times of travel between
release and initial detection of RWT for each of the two re-
spective releases, thus we may assume the flow velocity of
the RWT laden water is independent of the initial release
velocity and we may apply constant coefficient longitudinal
dispersion analyses. The longitudinal dispersion coefficient
κx for the flow was calculated as 76 m2s−1 using Eq. (4). The
resulting prediction of the first peak in RWT concentration
was calculated using Eq. (5) as 50µg L−1, 108% of the ob-
served value of 46.1µg L−1. Similarly the prediction of the
second peak in RWT was 113µg L−1, 105% of the observed
value of 107.1µg L−1.

The success of this method in predicting the peaks in RWT
concentration for each of the two releases demonstrates that
longitudinal dispersion theory was indeed applicable in this
flow regime and as such is likely to be applicable to predict
peaks in similar flow scenarios. This method may then be
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extended to predict time of travel or distance from source
given detected peak characteristics in order to identify the
location of contaminant sources, and could be of particular
value in cases where the source location is suspected but un-
proven. The method however does rely on the assumption
of complete mass recovery of the first peak in RWT concen-
tration, and estimations for flow depth and cross-sectional
mean velocity as these parameters were not measured in the
field. To conduct similar analysis in future studies it is rec-
ommended that flow velocity and depth/rate be measured
concurrently during the RWT detection period.

4 Conclusions

The rapid changes in water quality at the study site, coupled
with the potentially significant effects of local water qual-
ity conditions on detected RWT concentration highlight the
value of in situ fluorometric methods to quantitative tracer
release studies; the researcher can assess the measured con-
centration against real time water quality conditions. This as-
sessment may then extend to post processing, or possibly real
time correction of detected concentration values to account
for any apparent over/underestimation of RWT in solution.
Although RWT may be considered a conservative tracer and
new in situ technologies allow for ease of detection in the
field, it is still important to consider the processes concern-
ing fluorescence and detection of the tracer. It is thus rec-
ommended that new users of this in situ fluorometric anal-
ysis technique, particularly within waters likely to express
variability in water quality, quantify potential inaccuracies in
RWT concentration measurements using similar methodol-
ogy to that presented in this study. It may also be prudent
to extend this methodology to examine the potential for in-
teractions between multiple environmental factors and fluo-
rometric response. The importance of this laboratory work
prior to field deployment of the instrumentation is best high-
lighted in the direct contrast to previous studies of the results
of the temperature laboratory study presented here. It is thus
potentially necessary to examine even theoretically and em-
pirically established relationships when engaging in the use
of new technologies.
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