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Abstract Performing tracer tests using artificial tracer
compounds is a common practice to characterize natural
streams regarding their (reactive) transport properties.
Recently, the fluorescent compound resazurin was intro-
duced as a reactive stream tracer to quantify hyporheic
exchange and metabolic activity of streams. This tracer,
together with its reaction product resorufin and a conser-
vative tracer (in our case fluorescein), provides additional
information about transport properties of the stream and its
hyporheic zone and can therefore overcome restrictions
that are commonly affiliated with the use of conservative
tracers alone. However, all previously published studies
using this tracer system were based on manual sampling of
the water. This usually limits the number of measurements
and thus the achievable temporal resolution, and poten-
tially endangers data quality due to inadequate handling of
samples. In this paper, a modified version of the GGUN-
FL30 on-line fluorometer is presented in which the optics
have been modified to allow measuring the concentrations
of all three tracers simultaneously at intervals of 10 s.
Experiments under controlled and natural conditions
showed that the performance of the on-line fluorometer
regarding tracer separation efficiency and practical
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detection limits is comparable to a high-performance lab-
oratory spectrofluorometer. Furthermore, suggestions are
given on how to correct tracer signal fluctuations caused by
temporal changes in temperature and pH that might occur
during a field tracer test.
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Introduction

Tracer tests are a reliable and often used method to study
ground water (Einsiedl 2005; Einsiedl and Maloszewski
2005; Benischke et al. 2007; Osenbriick et al. 2013) and
surface water bodies (Aumen 1990; Wagner and Harvey
1997; Grathwohl et al. 2013). In the past decades, artificial
tracer tests have increasingly gained importance to char-
acterize (reactive) transport mechanisms in natural streams
(Boulton et al. 2010). In this context, typically, a tracer is
introduced into the stream and the time series of the tracer
concentration, denoted breakthrough curve (BTC), is
detected at one or more points downstream of the injection
point. Numerous well accepted mathematical models have
been used to estimate the parameters describing (reactive)
transport from the breakthrough curves by inverse model-
ling strategies (Runkel 1998; Haggerty and Reeves 2002;
Liao and Cirpka 2011). As tracer material, fluorescent dyes
are widely used for this purpose due to their advantageous
properties regarding low background concentrations,
sorption, reactivity and detection limits (Késs 2004;
Leibundgut et al. 2009).

In principle, BTCs during stream-tracer tests can be
obtained either by manual sampling of the stream water
and subsequent analysis of the samples in a laboratory, or
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by continuous on-line recording of the tracer concentra-
tions directly in the field. On-line fluorometers have suc-
cessfully been used in numerous studies to record
concentration profiles of quasi-conservative fluorescent
dyes such as rhodamine WT, fluorescein, naphthionate,
eosin, among others (Gooseff et al. 2003, 2005, 2008; Payn
et al. 2008). Continuous on-line measurements are poten-
tially superior to manual sampling because typically a
higher temporal resolution of the measurements can be
achieved and possible errors due to sample storage and
contamination are avoided. Additionally, the tracer con-
centrations are instantly available, helping to adjust and
refine the sampling strategy for possible concurrent
experiments, such as gas-tracer tests (Cirpka et al. 1993).

Recently, resazurin has been introduced as a reactive
fluorescent tracer to investigate metabolic activity in
stream ecosystems (Haggerty et al. 2008, 2009; Argerich
et al. 2011). Compared to a conservative tracer, this tracer
is referred to as ‘smart’ because it provides additional
information about the flow paths along which the tracer is
transported. Resazurin is weakly fluorescent and can irre-
versibly be reduced to the strongly fluorescent dye
resorufin. Originally, resazurin was used as an oxidation-
reduction indicator in cell viability assays for bacteria and
mammalian cells (O’Brien et al. 2000). In stream systems,
the reduction of resazurin to resorufin indicates exposure of
the water to a metabolically active environment, which is
believed to be concentrated in the hyporheic zone, where
the large surface area of the riverbed grains facilitates the
growth of biofilms and cell colonies (Fischer and Pusch
2001). Combining resazurin and a conservative compound
in a stream-tracer test thus provides additional information
about hyporheic exchange and metabolic activity of the
hyporheic zone (e.g., Liao and Cirpka 2011).

All previously published tracer tests with resazurin were
based on manual sampling of the stream water (e.g.,
Haggerty et al. 2009; Argerich et al. 2011) and subsequent
analysis of the samples in a lab. In practice, this may imply
a considerable time gap between sampling and sample
analysis due to long transportation routes or availability
issues of the lab instruments. It has been found that dis-
solved resazurin and also resorufin degrades within days,
which may be in the order of the time delay between
sampling during field campaigns and sample analysis.
These effects are even more relevant when the samples are
unfiltered and/or exposed to sunlight (Haggerty et al.
2008). Thus, the concentration data from lab analysis might
not correspond to the concentrations during the tracer test,
possibly leading to erroneous conclusions from the sample
data.

In this paper, an on-line fluorometer is presented that is
able to simultaneously measure the concentrations of res-
azurin, resorufin, and fluorescein with an accuracy that is
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comparable to high-performance lab spectrofluorometers.
This on-line fluorometer is a customized version of the
GGUN-FL30 on-line fluorometer (Schnegg and Flynn
2002) that has successfully been applied in numerous tracer
tests and stream gauging campaigns (e.g., Goldscheider
et al. 2008; Schnegg et al. 2011). The main objectives of
the paper are to (1) give a brief description of the technique
and the setup of the on-line fluorometer, (2) present the
data processing and correction methods required for suc-
cessful application, and (3) assess the performance of the
fluorometer in laboratory and field studies.

Materials and methods
Description of the on-line fluorometer

The GGUN-FL30 on-line fluorometer was designed to
replace the mechanical sampler in tracer tests using one to
three simultaneously injected fluorescent tracers. Water
temperature and turbidity are also measured. At the highest
sampling rate (2 s when measuring a single tracer), this
instrument has successfully been used for stream gauging
(Schnegg et al. 2011). The original probe contains LEDs
and optical filters conveniently selected for conventional
dye tracers, such as fluorescein, eosin, and any brand of
rhodamine and colourless tracers such as amino G acid,
Tinopal or Na-naphthionate. Only a few optical parts have
been replaced to fit the spectral characteristics of the
reactive tracers, resazurin and resorufin. The GGUN-FL30
fluorometer contains an optical cell (Pyrex tube) placed
along the vertical axis of a waterproof stainless steel casing
(Fig. 1). The fluorometer is deployed in the stream and
automatically analyzes and records the signals of the three
tracers in the water that flows through the optical cell. The
optical components used for the measurement of dye
concentrations are installed along the orthogonal axes in
two different planes (Fig. 1). Each measuring section
consists of (1) an excitation branch, comprising a quasi-
monochromatic light source (LED), a filter and a con-
denser lens, and (2) a detection branch, perpendicular to
the excitation beam, with a lens, a filter and a photo-
detector. The light sources and the filters are selected
according to the absorption-emission spectra of the dyes.
This geometry allows the installation of up to four mea-
suring axes. One of them is used to measure the water
turbidity using a light source that is beyond the excitation
spectra of all tracers used, and therefore only measures the
light that is scattered by the suspended particles in the
water. The other axes are used to measure the fluorescent
dye concentrations. LEDs with spectral maxima at 470,
525 and 570 nm are used to excite fluorescein, resorufin,
and resazurin, respectively. The excitation wavelengths of



Environ Earth Sci (2013) 69:349-358

351

Fig. 1 Optical setup of the
GGUN-FL30 on-line
fluorometer
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Fig. 2 Fluorescence excitation-emission spectra of all tracers used.
Measurements were done using a lab fluorometer (Horiba FluoroMax-
4 Spectrofluorometer). The colors represent the emission light
intensity in counts per second (cps) increasing from blue to red.

resorufin and resazurin have been intentionally shifted to
shorter wavelengths [compared to the excitation maxima
of 570 and 602 nm, respectively, found by Haggerty
(2008), see Fig. 2] to assure better spectral separation from
the fluorescence signals.

When using the supplied software, 100 ppb solutions of
every tracer are used for calibration by default. In principle,
any other concentration can be used as long as it is the
same for all three tracers. These solutions are consecutively
filled into the on-line fluorometer and the signal at every
detector is recorded for each tracer. The on-line fluorom-
eter records the fluorescence signals from the tracers as
well as the dark signals (signal detected at the detectors
when no excitation lamp is active) as electrical voltages
(mV). The water temperature is measured with a probe
fastened to the Pyrex tube. An external logger connected to
the probe by a cable acts as a power source and data
storage device. The supplied software converts the raw data
into intelligible text files and also performs the tracer signal
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Note that the peak intensity lines seen at the spectra for resorufin and
resazurin (here the maximum intensities were capped to bring out the
resazurin signals) are due to Rayleigh scattering in the sample and are
unconnected to the tracer

separation and the conversion of signal intensities into
tracer concentrations. It also has a built-in display that
shows all values of the parameters mentioned above in
real-time. The logger can be connected to a computer to
allow for convenient graphics-based monitoring of the
tracer concentrations. On-line monitoring by a computer,
however, is only possible when the computer is connected
to the logger prior to the start of the experiment.

Mathematical principle for separating the tracer signals

Fluorescent compounds are able to absorb light of a spe-
cific spectrum (excitation light) that temporarily transforms
the molecules to an electronically excited state by shifting
electrons to higher energy levels. The system immediately
tends to jump back to the initial stable state, releasing
energy partially as light typically at longer wavelengths
compared to the absorbed light due to the Stokes shift
(emission spectrum). The intensity of the emitted light is a

@ Springer



352

Environ Earth Sci (2013) 69:349-358

measure for the concentration of the fluorescent tracer
(Leibundgut et al. 2009).

Figure 2 shows the resulting fluorescence emission
intensity from different combinations of excitation and
emission wavelengths. The intensity of the light source was
constant for all three tracers and the emission light inten-
sities were normalized by the tracer concentrations used, so
that the colour scales provide information about the relative
fluorescence intensities of the three tracers.

Due to the overlapping excitation and emission spectra
of the tracers (cross-sensitivity, significant for resazurin
and resorufin, but only marginal for fluorescein), it is
inevitable that the signal received by the photo-detectors is
a mixture of the emission lights when more than one tracer
is present. The separation of the three tracers is achieved
within the fluorometer software by solving a set of three
linear equations (since three tracers are simultaneously
analyzed by the instrument). Each equation gives the
intensity of signal U; (mV) of photo-detector P; produced
by each tracer under excitation by lamp L;, with i,j = 1, 2,
3. For small tracer concentrations such as found in many
hydrological applications (<1 ppm), tracer signals are
additive and the system is almost linear. As an example we
take the case of water containing three different tracers
with unknown concentrations C;, C, and C; (ppb). Previ-
ous calibration of the fluorometer using solutions of single
tracers yielded the fixed coefficients k} (mV/ppb) of the

three different sets i of lamps, filters and photo-detectors
for a fixed concentration of each tracer j. The observed
voltages depend on the concentrations in a linear way:

Kok K][C U,
ke E|I|Gl=| (1)
P = <5 [ Yo Us
—_——
K

which needs to be inverted in order to determine the con-
centrations from measured voltages. The coefficients kj’ of
the matrix K can be determined from three calibration
experiments with a single, non-zero concentration each.

Table 1 shows an example of the coefficient matrix K as
acquired upon calibration. The quality of tracer separation
can be quantified following the sensitivity analysis
described in Wagner and Harvey (1997) using K and the
standard deviations of the tracer signals (in mV):

Cov(C) = K 'Cov(U)(K')" (2)

in which Cov(U) and Cov(C) are the covariance matrices
expressing uncertainty in the measured voltages and the
resulting concentrations, respectively. If we assume that
the errors in the voltages are uncorrelated and identical for
each channel, the corresponding covariance is a diagonal
matrix, Cov(U) =1 a%], with the uncertainty in voltage .
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Then, the diagonal of Cov(C) contains the estimation
variances, or squared estimation standard deviations of the
resulting tracer concentrations. In the device, voltages can
be measured to an accuracy of 0.05 mV, resulting in
standard deviations of the tracer concentrations as low as
0.0004 ppb for fluorescein, 0.0017 ppb for resorufin and
0.0277 ppb for resazurin, indicating good separation. The
remaining uncertainty of the concentrations measurements
is highly correlated: The correlations coefficient of the
uncertainty in resazurin and resorufin is —0.93, that of
fluorescein and resazurin —0.36, and that of fluorescein and
resorufin 0.07. That is, if the concentration of resazurin is
smaller than 0.05 ppb, the measurement is highly uncertain
and strongly correlated with that of resorufin. For values of
more than 1 ppb resazurin, the relative uncertainty of the
measurement is smaller than 1/36, and the correlation of
that uncertainty with the uncertainty of another measure-
ment is irrelevant.

Correction of tracer signals for temperature fluctuations

The intensity of the fluorescence signal strongly depends
on temperature (Késs 2004; Leibundgut et al. 2009). Dif-
ferences in temperatures between the conditions during
calibration and those during the tracer test itself can lead to
significant over- or underestimation of the tracer concen-
trations, so that a correction of the acquired raw data for
temperature is advisable. The fluorescence intensity Ujmeas
(mV) of detector i caused by tracer j at the measurement
temperature T (K) is related to the intensity U]’fc (mV) at
the calibration temperature 7, (K) by (modified after
Leibundgut 2009):

Uy, = U, x exp (It = 1)) ()

where h]’ (K1) is a correction factor that is specific for the
device, the fluorescence detector i and the tracer j, because
it includes temperature effects of the quantum yields of the
tracers as well as the excitation light intensity. An easy
procedure to estimate these coefficients is to fill the fluo-
rometer with a tracer solution and store the device in a
cooling chamber for a sufficient time to let it cool down to
approx. 5 °C. Subsequently the device will be removed
from the cooling chamber and the fluorescence intensities
are measured until the probe has reached ambient room
temperature (Fig. 3).

The fluorescence intensities of the tracers react to
changes in temperature in a different way. The fluorescence
intensity of fluorescein decreases with increasing temper-
ature, which is in agreement with previous findings
(Leibundgut et al. 2009). The resazurin signal shows the
same trend, but with a much more distinct slope. In con-
trast, there is a positive correlation between fluorescence



Environ Earth Sci (2013) 69:349-358

353

Table 1 Example of coefficients kj’ (mv/ppb) acquired in calibration
of the on-line fluorometer using standard solutions with 69.24, 103.49
and 91.03 ppb for fluorescein, resorufin and resazurin, respectively

Excitation/ Tracer 1: Tracer 2:  Tracer 3:
emission Fluorescein  Resorufin ~ Resazurin
wavelength (mV/ppb) (mV/ppb)  (mV/ppb)
Channel 1: 470 nm/512 nm  27.939 7.269 0.700
Channel 2: 525 nm/585 nm 0.348 5.566 0.411
Channel 3: 570 nm/616 nm 0.003 1.260 0.273
10
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Fig. 3 Dependency of the fluorescence intensity on temperature.

Displayed are the data from the respective channels of the tracers

intensity and temperature for resorufin. This behaviour was
also found for other dyes such as eosine (Leibundgut et al.
2009), but is in disagreement with the findings of Haggerty
(2008). However, as stated above, the effect of temperature
on the fluorescence intensity does not only depend on the
compound but also to the light source. Repetitive mea-
surements of this relationship yielded the same outcome.
The coefficients h; shown in Table 2 were determined by

fitting Eq. 3 to the acquired data shown in Fig. 3.

Table 2 Temperature correction coefficients h; (/K) associated with
the experiment shown in Fig. 3

Tracer 1: Tracer 2: Tracer 3:

Fluorescein Resorufin Resazurin
Channel 1: —0.0004/K 0.0011/K —0.0029/K
Channel 2: 0.0195/K 0.0017/K —0.0039/K
Channel 3: 0.0000/K —0.0039/K —0.0183/K

Correction of tracer signals for pH fluctuations

The net charge of dye molecules depends on the pH of the
solution. Since the pK, values (i.e., the negative decadic
logarithm of the acid dissociation constant) of resazurin
and resorufin are 6.71 (Erban and Hubert 2010) and 5.7
(Kangasniemi 2004), respectively, both compounds appear
as neutral molecules or anions under most natural condi-
tions. Fluorescein can occur either in the protonic, neutral,
monoanionic or dianionic form (Zanker and Peter 1958).
While the pK, values for the transitions reported in the
literature are inconclusive (Kasnavia et al. 1999; Klonis
and Sawyer 1996; Zanker and Peter 1958), we use a single
pK, of 6.4 for fluorescein, as suggested by Thanh (2005), in
the following.

Figure 4 shows the fluorescence intensities (left y axis,
normalized for maximum intensities) of the three tracers as
a function of pH. If the pK, values for all three tracers are
known, the fraction of the anionic form of the tracers can
easily be calculated as:

FladpH) = (1+ 10!’”*“’)71 (4)

in which F},(pH) is the fraction of the anionic form of
tracer j and ng is the negative decadic logarithm of the
acid dissociation constant of that tracer. The values are
shown on the right y axis of Fig. 4. There is a strong
correlation between the fluorescence intensities and the
fractions of the anionic forms of the tracers with respect to
changes in pH value, indicating that it is predominately the
anionic species that causes the fluorescence signal. This is
in agreement with the findings of Kangasniemi (2004) who
came to the same conclusion regarding resorufin. However,
our data from lab experiments (Fig. 4) cannot be described
with the pK, values stated above. Instead, we fitted
apparent pK, values of 6.00, 6.75 and 5.38 for fluorescein,
resorufin and resazurin, respectively, accounting for all
effects (temperature, ionic strength, etc.) on the pK, values
under our laboratory conditions.

Now the fluorescence intensity Uj’“ of detector i
according to the presence of tracer j that was measured at
the field pH is related to the fluorescence intensity U]’ .

under calibration conditions by:

Ui~y x Fouse(PHren)
F[j)ase (pHC)

which results from a correction of the anion fraction for the
same total concentration of the tracer. pH, is the pH value
under calibration conditions, whereas pHgeq is the pH
observed in the field.

(5)

J meas Je
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Fig. 4 Effect of pH on the fluorescence intensity and the fraction of the anionic species of the dyes in solution

Applying the corrections to the data Results and discussion
Ideally, the calibration of the fluorometers should be done =~ Comparison of field and lab fluorometer

using the medium that is to be tested, that is, the water of the
aquatic system where the tracer test will be conducted. Fur- ~ The performance of the on-line fluorometer was checked
thermore, the temperature and the pH value of the water  regarding sensitivity, detection limits and accuracy com-
should be stable over the duration of the whole experiment.In ~ pared to a lab fluorometer under controlled lab conditions.
practice these two parameters may change over the duration ~ For the tests described below, tap water with an adjusted
of the tracer test, and logistic reasons may require calibrating ~ pH of 8.4 was used to prepare the samples and standard
the fluorometers in the lab using standard solutions based on  solutions. All solutions were constantly shielded from light
tap water, so that differences in temperature and pH may  and given enough time to equilibrate with the room tem-
occur between the calibration and the application in the field. ~ perature of about 20 °C.

The standard software of the GGUN-FL30 on-line First, a set of solutions with concentrations ranging from
fluorometer does not correct the raw data for temperature 0.1 ppb to 100 ppb of each individual tracer was prepared
or pH fluctuations. This needs to be done by post-pro-  and the measurements using the on-line fluorometer were
cessing. Neglecting the temperature dependence of the  compared with those of the lab fluorometer (Horiba Flu-
pK.,, the corrections to be applied to the coefficients kj’ oroMax-4 Spectrofluorometer). The results are shown in

Fig. 5, where the signal intensity is plotted against the

occurring in Eq. 1 with respect to temperature and pH,
respectively, are multiplicative. This is so, since the pH known tracer concentration. For fluorescein and resorufin, a
. . . . . . 2
correction applies to the concentration of the fluorescent-  clear linear relationship (R* = 0.999) between tracer con-
centration and signal intensity is obtained over the chosen

active species of each tracer, whereas the temperature
correction concerns the linear voltage yield for a given  concentration range of 4 orders of magnitude with both
concentration of the active species. measurement devices. For resazurin, this relationship is
The coefficients k; are defined as the ratio of the signal ~ similarly good for concentrations of 1 ppb and higher, and
again there is no substantial difference in accuracy between

the lab fluorometer and the on-line fluorometer.
In a real tracer test, all three tracers (fluorescein, res-

orufin and resazurin) are measured simultaneously. Hence,
in order to test the accuracy of the tracer signal separation,
a set of samples with different combinations of concen-
trations of the three tracers (see Table 3 for concentrations)

intensity of detector i in response to the concentration of
tracer j. In the following, the subscript ¢ indicates condi-
tions at calibration for k}, temperature, and pH. For any

T # T, and pH # pH,, each element k/’ of the coefficient

matrix K in Eq. 1 needs to be corrected by:

; ; ; 1 4 10PKi—PH
i pHpH, = Kj, X exp (hj(t — tc)> X 1+ 10PK/—pHoas 107Kl P was prepared, and their concentrations were subsequently
measured with both the on-line fluorometer and the lab

(6) fluorometer. The results shown in Fig. 6 indicate a good
Using the corrected coefficients of Eq. 6, the concentra-  agreement between the known and the measured concen-
tions of fluorescein, resorufin and resazurin are obtained by trations with no significant difference in accuracy between
solving Eq. 1 for the vector of concentrations. both measurement devices.

@ Springer



Environ Earth Sci (2013) 69:349-358

355

Fig. 5 Comparison between
tracer concentrations and the
corresponding signal intensities.
Note that all intensities (y axis,
denoted as I) are normalized for
the maximum signal of
fluorescein and the numbers on
the y axis and x axis are the
decadic logarithm of the
intensities and the tracer
concentrations, respectively. Sy ;s ;
Black lines indicate linear fits o e
for all points of the tracers,
fluorescein and resorufin, and
for concentrations of >1 ppb of
resazurin

[+ Fluorescein
01 & Resorufin

|| 4 Resazurin
at

Iogm I:l'rlrna:c]

A 0

log, ,(Tracer concentration) [ppb]

For concentrations below 1 ppb, the relative deviation
between the true and measured values increased signifi-
cantly. This holds for all tracers and both measurement
devices. We conclude from this, that concentrations of
>1 ppb can be measured fairly accurately when all three
tracers are applied.

Application to a tracer test in a small stream

The previous results show that the GGUN-FL30 fluorom-
eter can provide reliable data when used as a lab fluo-
rometer. However, the main intention for developing such
a fluorometer was to apply it in field tracer tests. In contrast
to the controlled conditions in the lab, there are numerous
factors in streams or groundwater that can affect the
measurements. While we have outlined approaches to
correct for temperature and pH variations above, also the
turbidity can affect the measurements because particles can
scatter the excitation light and therefore artificially increase
the light detected.

We conducted a tracer test in the 3rd-order stream
Wiesaz within the Neckar catchment in southern Germany
injecting 3.36 g of fluorescein and 31.50 g of resazurin as a
pulse. We placed a GGUN-FL30 fluorometer in the river
approximately 1,700 m downstream of the injection site
and manually collected water samples at the same location
for subsequent analysis with the lab fluorometer. The
samples were analyzed within 3 h after finishing the
experiment to make sure that degradation of the tracers in
the collected samples was negligible. Prior to analysis, all
samples were equilibrated to room temperature to exclude
temperature effects on fluorescence intensity. The concen-
trations of the tracers in the samples were calculated using
Eq. 1. The recordings from the on-line fluorometer were
corrected for temperature changes (the water temperature
during the experiment ranged from 13.7 to 16.3 °C) using
Eq. 3. Because the stream pH was >8, corrections for pH
changes were not necessary (see next section).

GGUN-FL30 Field fluorometer

1

Lab fluorometer

Fluorescein |
0 + Resorufin
4 Resazurin
.-.
-1
A ]
=F 2
o
=] -
2 3 &
" o
-4 " ’
2 -1 1] 1 2

Iogw(Tracer concentration) [ppb]

Table 3 Concentrations of the tracer mixtures used for validation of
tracer separation

Fluorescein (ppb) Resorufin (ppb) Resazurin (ppb)

Mix 1 1 0.1 10
Mix 2 10 1 100
Mix 3 100 10 0
Mix 4 0 100 0.1
Mix 5 0.1 0 1

The analysis of the data yielded a mean stream velocity
of 0.26 m/s and a discharge of 0.212 m?/s; 11.7 % of the
injected resazurin was removed from the stream where
almost all of it (9.9 %) was transformed to resorufin.

Figure 7 shows the BTCs of the three tracers determined
by the on-line fluorometer compared to the results based on
analyzing of the samples with the lab fluorometer. Without
the application of the temperature correction to the tracer
signals (see Eq. 3), the peak concentration of resazurin is
about 2.5 ppb higher and the peak concentration of res-
orufin is about 0.1 ppb lower compared to the corrected
breakthrough curve. The curve for fluorescein, however,
remains virtually unaffected. For all three tracers, the BTCs
obtained by the two methods agreed very well when con-
centrations exceeded 1 ppb, which is in agreement with our
findings from the lab experiments described above. How-
ever, the accuracy of the measurements is expected to
improve significantly when measuring less than three
tracers in a stream simultaneously.

Practical advices and conclusions

It has been shown that the GGUN-FL30 on-line fluorom-
eter is able to measure the concentrations of the tracers
fluorescein, resorufin and resazurin with an accuracy that is
comparable to high-performance laboratory spectrofluo-
rometers. It therefore combines the advantages of both
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measurement devices. However, depending on the condi-
tions of the tracer test and the calibration strategy used,
several steps of post-processing of the raw data acquired in
the field might be necessary. Figure 8 shows a schematic
overview of the work flow for the application of the on-line
fluorometer and sums up the different individual operations
described in the previous sections.

The maximum temporal resolution of the on-line fluo-
rometer is 10 s when all three tracers and the turbidity are
measured simultaneously. This exceeds by far the resolu-
tion that can be achieved by manual sampling. The
advantage of using the on-line fluorometer is thus a better
resolved, high-quality data set of multiple tracer concen-
trations that is available for subsequent data analysis,
potentially decreasing the uncertainty of the parameters
derived by the analysis, such as velocity or dispersion
coefficients (Wagner and Harvey 1997). A highly resolved
and potentially longer extended data set of conservative
and reactive tracers may also contribute to refining the
conceptual model of stream-tracer transport, particularly
with respect to the description of processes related to the
hyporheic zone (e.g., Liao and Cirpka 2011).

We advise performing the calibration of the on-line
fluorometer directly in the field prior to the actual tracer

@ Springer

140 160 180 200 220 240 260
Time since injection [min]

test using the water of the river where the tracer test is
performed. We have presented how raw data can be cor-
rected when temperature and pH differ between calibration
and measurement conditions. However, the procedure
potentially introduces a bias in the corrected concentration
values due to the uncertainty in the coefficients for the
corrections and/or the uncertainty in the measured tem-
perature and pH values. These uncertainties directly scale
with the differences between the calibration solutions and
the river water, so that it is desired to keep these differ-
ences small. In our lab experiments, we found that the
fluorescence intensity for all three tracers is stable when the
pH value exceeds 8, which is consistent with previous
findings (Haggerty et al. 2008). This implies that a cor-
rection for pH is not necessary if the calibration standards
and the river water (over the whole duration of the tracer
test) have a pH value larger than 8. These stream condi-
tions would be typical for a river with carbonate-rich
sediments.

All three detectors have a certain upper detection limit
that might be reached when concentrations of highly
fluorescent dyes such as fluorescein are high. The separa-
tion of the tracer signals requires that none of the detectors
are fully saturated. This limit might already be reached
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Fig. 8 Schematic work flow
and data post-processing using
the on-line fluorometer. P1 to P4
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when using a 100 ppb calibration solution of fluorescein as
set by default in the GGUN-FL30 software. Hence, in such
a case calibration should be done with smaller concentra-
tions. Also, the tracer test should be designed such that the
expected concentration range of fluorescein is well
between 1 ppb and the concentration used for the calibra-
tion. Because their quantum yield is much lower compared
to fluorescein, the upper detection limits for resazurin and
resorufin are approximately 5 and 0.5 ppm, respectively.

The output of the on-line fluorometer may show spo-
radic outliers when applied to stream-tracer tests. We have
not observed such outliers under controlled lab conditions.
They may be caused by air bubbles or small particles
entering the fluorometer. However, the tracer signals
immediately return to the previous values, indicating that
these outliers have no effect on subsequent measurements.
Thus, they can easily be identified and removed either
manually or by applying a statistical filter.

The design of the fluorometer requires a minimal water
depth of 20 cm to ensure that the device is completely
submerged. This could pose a problem especially when the
tracer tests are to be carried out in streams with very low
discharge. Alternatively, one could use pumps to maintain
water flow through the fluorometer. A similar approach has
successfully been used to monitor the three tracers in
riparian piezometers, where water was pumped out of the
piezometer, led through the fluorometer, and released back
into the piezometer (data not shown here).

Tracer
concentrations C,

The turbidity of the river and bubbles in the water
strongly determine the quality of the measured tracer signal
and the tracer separation. Thus, when performing tracer
tests in high-turbidity streams, extended manual sampling
with subsequent analysis of filtered samples may be nec-
essary to check the validity of the breakthrough curves
obtained by the on-line fluorometer. Alternatively, one may
pump out water and filter it before leading it through the
on-line fluorometers.

Altogether, the use of an on-line multi-tracer fluorom-
eter, customized for the conservative tracer fluorescein and
the reactive resazurin/resorufin system, extends our capa-
bilities of probing stream systems with respect to solute
transport, hyporheic exchange, and metabolic activity.
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