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Field Tracer Tests to Evaluate Transport
Properties of Tryptophan and Humic Acid
in Karst

by Simon Frank’, Nadine Goeppert?, and Nico Goldscheider?

Abstract

The monitoring of water quality, especially of karst springs, requires methods for rapidly estimating and quantifying parameters
that indicate contamination. In the last few years, fluorescence-based measurements of tryptophan and humic acid have become a
promising tool to assess water quality in near real-time. In this study, we conducted comparative tracer tests in a karst experimental
site to investigate the transport properties and behavior of tryptophan and humic acid in a natural karst aquifer. These two tracers
were compared with the conservative tracer uranine. Fluorescence measurements were conducted with an online field fluorometer
and in the laboratory. The obtained breakthrough curves (BTCs) and the modeling results demonstrate that (1) the online field
fluorometer is suitable for real-time fluorescence measurements of all three tracers; (2) the transport parameters obtained for
uranine, tryptophan, and humic acid are comparable in the fast flow areas of the karst system; (3) the transport velocities of humic
acid are slower and the resulting residence times are accordingly higher, compared to uranine and tryptophan, in the slower and
longer flow paths; (4) the obtained BTCs reveal additional information about the investigated karst system. As a conclusion, the
experiments show that the transport properties of tryptophan are similar to those of uranine while humic acid is partly transported
slower and with retardation. These findings allow a better and quantitative interpretation of the results when these substances are

used as natural fecal and contamination indicators.

Introduction

To protect drinking water from contamination, the
rapid estimation of water-quality parameters has become
a major task. In the last few years, fluorescence-based
measurements of tryptophan and humic substances have
become a promising tool for the rapid assessment of
bacterial and other organic contamination (Sorensen
et al. 2015, 2018a; Frank et al. 2018). With this method,
it is possible to locate contamination origin and to monitor
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how contamination spreads through the karst aquifer
network in near real-time (Ediriweera and Marshall 2010).

Dissolved humic substances in natural waters are
mainly derived from dead and decaying soil detritus,
aquatic plants and debris (Hongve 1999). Humic sub-
stances are heterogeneous molecular compounds result-
ing from abiotic and biotic reactions in soil (Piccolo
et al. 2018). The presence of humic acid in water can
have a significant adverse impact on the treatability of that
water and decreases the success of disinfection processes
(Oliver 1983).

Tryptophan is a fluorescent amino acid containing an
amino group, a carboxylic acid group and a side chain
indole. Tryptophan is essential for humans and is used in
the biosynthesis of proteins. Tryptophan is often used as
an indicator of biological activity (Maie et al. 2003; Fell-
mann et al. 2010). Determann et al. (1998) and Quiers
et al. (2014) showed that tryptophan-like fluorescence
is directly related to microbial activity of bacteria,
and Sorensen et al. (2015) demonstrated that it can be
used to investigate the biological quality of drinking
water.

So far, several studies use dissolved tryptophan and
humic substances as indicators of water quality (e.g.,
Cumberland et al. 2012; Baker et al. 2015; Sorensen
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et al. 2018b), however, the behavior and transport
properties of these substances with respect to flow
velocities, residence times and especially degradation
processes are still insufficiently known, although they are
crucial to accurately determine organic contamination,
especially at fast reacting karst springs.

To determine these relevant parameters, we conducted
a tracer test, comparing tryptophan and humic acid
to the conservative tracer uranine in a well-studied
karst experimental site. The fluorescent dye uranine is
commonly used as an almost ideal conservative tracer
because of its low detection limit and favorable properties
(Kidss 2004).

Generally, tracer tests are powerful tools to study
groundwater flow and contaminant migration, especially
in karst systems (Goeppert and Goldscheider 2008).
Artificial tracers have been applied in the identifi-
cation of recharge areas, flow directions and veloci-
ties and groundwater vulnerability (Kiss 2004; Massei
et al. 2006; Goldscheider 2008) and to characterize trans-
port processes in natural streams (Boulton et al. 2010;
Lemke et al. 2013). Numerous mathematical models have
been developed to estimate transport parameters from
the observed breakthrough curves (BTCs, e.g., Kreft
and Zuber 1978; Maloszewski et al. 1992; Berkowitz
et al. 2006).

In this study, we compared tryptophan and humic
acid with the conservative tracer uranine in a pristine
karst experimental site in the Austrian Alps, in order to
identify differences between the ideal conservative tracer
and the two natural organic compounds that were used
as artificial tracers in this study. We determined flow
velocities, residence times, dispersion and retardation of
tryptophan and humic acid in a natural karst groundwater
system during different hydrological conditions in order
to achieve a better understanding of these two substances,
which is important with respect to their utilization
as water quality indicators. Additionally, we compared
novel fluorescence-based online field measurements and
conventional laboratory analyses of water samples in order
to test and evaluate the near real-time detection and
quantification of tryptophan and humic acid by means of
field instruments.

Materials and Methods

Study Site

A well-investigated small-scale epikarst system rep-
resenting a model karst aquifer that can be used as an
ideal experimental site for field-scale tracer tests was
chosen as test site (Goeppert and Goldscheider 2019).
The karst system is located west of Lake Formarin in
Western Austria (Figure la) and consists of a swallow
hole, where the three tracers were injected, and a down-
stream spring that served as monitoring and sampling
site (Figure 1b). At high-flow conditions, an overflow
spring exists between the swallow hole and the sam-
pling point (Figure 1b). The catchment area consists of
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highly karstified limestone (Plattenkalk Formation) and
the spring can be characterized as a typical epikarst spring
with shallow flow paths between the swallow hole and
the outlet. The main advantages of this study area for the
conducted comparative tracer tests are:

e short distances (linear distance between the injection
point and the spring outlet is 235 m) and relatively high
flow velocities resulting in short experiment durations

o relatively simple hydrogeological conditions with an
active swallow hole connected to a perennial karst
spring

e low and constant background concentrations of trypto-
phan and humic substances at the spring

e good accessibility of the study site

These advantages make this study area an ideal site
for the evaluation of the transport properties of different
substances in groundwater.

The injection and monitoring for the first test series
were done from August 16 to 18, 2017 under the same
conditions for all three tracers, with direct injection of the
dissolved tracers into flowing water and constant spring
discharge between 29 and 31L/s (mean to high flow)
during the monitoring period. The second test series was
conducted from September 7 to 9, 2017 with constant
discharge conditions between 7.5 and 8.5 L/s (low-flow
conditions). A third test with uranine and tryptophan was
conducted from July 6 to 7, 2017 under low to mean
flow conditions (discharge between 14 and 14.5 L/s).
To compare the three tracers, within each test series,
water samples were taken manually and analyzed in the
laboratory. An online field fluorimeter (FF) was used for
each test series, to test its applicability to detect and
to measure the three tracers in real time and in higher
resolution.

Used Tracers

Uranine (AppliChem GmbH, Darmstadt, Germany),
L-Tryptophan (Sigma-Aldrich/Merck KGaA, Darmstadt,
Germany), and humic acid (as Humic Acid sodium
salt, Sigma-Aldrich/Merck KGaA) were used as tracers.
The structural formulas, the solubility in water and the
main optical properties of the three tracers are given in
Table 1.

Uranine shows the strongest fluorescence of all
fluorescence tracers (Kass 2004). The detection limit of
uranine is extremely low (~0.005ug/L); its solubility
is very high, and it is harmless for the environment
(Behrens et al. 2001). Therefore, uranine is widely used
for hydrogeological tracer tests.

L-Tryptophan is an aromatic, proteinogenic amino-
acid with a carboxylic acid group and a side chain
indole and is one of three fluorescent amino acids.
The fluorescence properties of tryptophan are used to
investigate the dynamics of dissolved natural organic
material (Wagner 2014).

Humic substances have a polymeric composition
without a reproducible structure. They consist of aliphatic
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Germany

Figure 1. (a) Location of the test site in Western Austria (basemap: World Karst Aquifer Map; modified from Chen
et al. [2017]); (b) detailed view of the karst experimental site (data from basemap: data.vorarlberg.gv.at).

and heterocyclic structures which give them the optical
property of fluorescence (Sun et al. 2010). Humic sub-
stances are decomposition products of dead herbal and
animal material which develop through biological conver-
sion in soil and water. Depending on their origin, humic
substances created in water have a smaller size and are
generally younger than humic substances from soil. The
fluorescence properties of humic substances are depending
on the amount of aromatic structures and their actual size
(Wagner 2014).

Because environmental conditions can have a
complex influence on the characteristics of especially
tryptophan and humic acid fluorescence (Chen and
Kenny 2007; Sun et al. 2010), a comparative tracer test
with uranine was conducted to determine the transport
properties (transport velocities, residence times, disper-
sion and retardation) of the two used substances. Sorensen
et al. (2018a, 2018b) used tryptophan as an indicator of
fecal pollution and observed good correlation between
dissolved tryptophan (tryptophan-like fluorescence) and
thermotolerant coliforms, and Sorensen et al. (2016)
demonstrated that the majority of the tryptophan-like flu-
orescence signal was within the <0.22 um size fraction.

NGWA.org

Therefore, for this study a tryptophan solution was used
as tracer.

Tracer Measurements

The three tracers were analyzed directly on site with
an online field fluorometer (FF) GGUN-FL30 (Albillia
Co., Neuchitel, Switzerland) with optics for uranine,
tryptophan and amino G acid. In addition, water samples
were taken in 4 to 30min intervals for analysis in the
laboratory. All water samples were collected in 50 mL
brown glass bottles and stored in the dark at 4 °C until
analysis. In the laboratory, uranine was measured with
a LS55 fluorescence spectrometer (Perkin Elmer Inc.,
Waltham, Massachusetts) and tryptophan and humic acid
were analyzed with the Aqualog fluorometer (Horiba Ltd.,
Kyoto, Japan). All samples were analyzed in a quartz
cuvette with a path length of 10 mm maintained at a
constant temperature of 20 °C.

With the Aqualog, excitation-emission matrices
(EEMs) were acquired by simultaneous scanning of the
absorbance (excitation) and the fluorescence emission
spectrum at each excitation wavelength. For the samples
analyzed with the Aqualog, a simultaneous scan of
excitation and emission wavelength from 240 to 600 nm
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Table 1
Structural Formula and Properties of the Three Used Tracers
Uranine L-Tryptophan Humic Acid
Structural formula o Macromolecule without defined
O structural formula
COONa’ S OH
NH,
L :
‘NaO o) (6]
Solubility (g/L) (H,0, 20°C) > 600! 10% n.n.
Peak Aep (M) 512! 3503 Peak 1:380-480%
Peak 2:420-480*
Peak Aex (Nm) 491! 2803 Peak 1:250-260%

Peak 2:330-350*

1 Kiss (2004).

2 Rompp Enzyklopédie Online (2020).
3 Lakowicz (2006).

4 Parlanti et al. (2000).

with 5-nm intervals was performed. A deionized water
blank was used to validate the performance of the
instrument and to measure the signal-to-noise ratio. First
and second order Rayleigh scattering was removed by
nullifying the signal intensities of the Rayleigh lines.
The Raman scatter line was removed by subtracting
the blank from the sample EEM. EEMs were also
corrected for inner filter effects (IFEs) using the parallel
absorbance measurement from the blank and from the
sample, following the procedure of Gilmore (2011). To
determine the fluorescence intensities (FIs), the peak-
picking technique was used (Coble 1996). In accordance
with Fellmann et al. (2010), the tryptophan peak was
identified at excitation wavelength (Aex) 270 to 280 nm
and emission wavelength (Aey,) between 330 and 370 nm.
In the field, humic acid was determined using the amino
G acid channel of the FF. In the EEM, it was identified
at dex 320 to 375nm and Ay 430 to 500 nm. 20 UL of a
pH 10 buffer solution were added to the water samples
analyzed for uranine (with LS55) and tryptophan (with
Aqualog) to increase the fluorescence yield. Samples
were not diluted.

Modeling of the BTCs

To model the BTCs in this karst system (with major
conduits), the commonly used advection-dispersion model
(ADM, Kreft and Zuber 1978) was used:

2

M [1-4]
G OP Y py L

Q. to- 47 - PD. (%) 1o

where C is the tracer concentration in the water (ug/L),
M is the injected tracer mass (mg), Q is the discharge
or pumping rate (m’/s), ¢y is the mean flow time, Pp
is the dispersion parameter (reciprocal Péclet number,
Pp =D;/(v-x)), t is a time variable (s), Dy is the

Cf(x, t) =

s

ey
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longitudinal dispersion coefficient (D, = ay -v) (m?/s),
v is the effective flow velocity v = x/tg (m/s), x is the
distance between injection and sampling point (m) and oy,
is the longitudinal dispersivity (m).

The observed BTCs during low-flow conditions show
a more pronounced tailing compared to mean- to high-
flow conditions. To model these BTCs a two-region
nonequilibrium (2RNE) model (Field and Pinsky 2000)
was used. This model accounts for exchange between
mobile and immobile fluid regions in a karst system.
Water in the immobile fluid region is assumed as stagnant
relative to the water flowing in the mobile fluid region.
Therefore, the advection-dispersion equation is extended
by two parameters, a partitioning coefficient 8 between
mobile and immobile fluid regions and a mass transfer
coefficient w between the two regions. For simplification,
only the dimensionless form is given here (modified after
Field and Pinsky 2000; Toride et al. 1993).

0C; 1 32C1 0Cy
it il N N (ol 2
Por Peazz oz G- @

aC
(1—ﬂ>8—T2=w(Cl — ) 3)

where C represents the dimensionless solute concentration
and 7 and Z dimensionless time and space variables. The
Péclet number Pe is defined by the model parameters
mean flow velocity (v,) and dispersion coefficient D:
Pe=2m % “
D o
where x is the flow distance and « the dispersivity.
The dimensionless partitioning coefficient § (0< b <1)
indicates the proportion of mobile water, while the mass
transfer coefficient w describes the exchange rate between
the two fluid regions.
The 2RNE model was already successfully applied
to the simulation of BTCs from tracer tests in karstic
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Figure 2. Dependency of the fluorescence intensity of the pH value for (a) uranine, (b) tryptophan, (c) humic acid; the highest

measured fluorescence intensity was assumed as 100%.

and nonkarstic environments (e.g., Birk et al. 2005; Geyer
et al. 2007; Lauber et al. 2014; Ender et al. 2018).

Because the observed BTCs of all three tracers
show two individual peaks during mean- to high-
flow conditions, both peaks were modeled separately
according to the multidispersion model (MDM) from
Maloszewski et al. (1992). The different peaks can
be modeled by superposition of two or more ADMs
(Seaman et al. 2007). For each peak, top and D have to
be determined individually.

The modeling was done with the software package
CXTFIT (Toride et al. 1999) where both, the ADM and
the 2RNE model, are implemented.

pH Dependence of Tracer Fluorescence

For all three tracers, a laboratory experiment was
conducted to investigate the pH dependence of fluo-
rescence. Diluted solutions were prepared from a stock
solution (1g/L) for each tracer. The pH adjustment
was done by adding microliters of concentrated NaOH
and HCI respectively. The pH reading was conducted
with a WTW SenTix 940 sensor (Xylem Analytics Ger-
many Sales GmbH & Co. KG, WTW, Weilheim, Ger-
many). The FIs of all samples were measured at a
constant temperature of 20°C with a LS55 fluores-
cence spectrometer (uranine) and an Aqualog fluorome-
ter (tryptophan and humic acid). The fluorescence peaks
were identified at the wavelength described aforemen-
tioned. The results of the fluorescence measurements
at different pH values for all three tracers are given
in Figure 2.

Uranine fluorescence is highly influenced by the
pH; the highest FIs were measured at alkaline pH over
10, as also described in Kiss (2004). Tryptophan also
shows higher FI at alkaline pH, but the fluorescence
is more or less constant in the pH range between
5 and 8 (Sun et al. 2010). The influence of the pH
is also visible for humic acid, which shows higher
fluorescence at alkaline values but is also more or less
constant in the range 6 to 8. During the investigation
period, the spring water had constant pH between
7.8 and 8.0.
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Results and Discussion

Comparison of Field and Laboratory Measurements

A comparison of the measured uranine concentrations
with the LS55 and the FF gives a satisfying consistency,
with an R? of 0.995 and a = 0.960 (Figure Ala). For
tryptophan, comparison of the measured concentrations
with the Aqualog in the laboratory and the FF shows an
R? value of 0.98 and a =1.003 which also indicates a
satisfying consistency (Figure Alb). For humic acid, com-
parison between the laboratory and online measurements
indicate a good performance of the FF with an R?> of
0.97 and a =0.995 (Figure Alc), slightly lower than for
uranine and tryptophan.

The measurement of an uranine sample with the
Aqualog produced an EEM that reveals the maximum
fluorescence at Aex 490 nm and Aep, of 515 nm (Figure 3a).
The EEM scan also shows a secondary fluorescence
maximum at Aex 320nm (Figure 3a).

The produced EEM spectrum for Tryptophan shows
a clearly identifiable peak at A.x between 270 and 280 nm
and Aem between 330 and 370 nm (Figure 3b), which is
very similar to other studies (e.g., Coble 1996; Fellmann
et al. 2010).

The produced EEM spectrum for humic acid sodium
salt shows more than one identifiable peak (Figure 3c).
The excitation and emission wavelengths where the peak
was identified in this study with the Aqualog were Aex
320 to 350nm and Xey 400 to 480nm (according to
Coble 1996; Parlanti et al. 2000). To identify the humic
acid with the FF, the channel for amino G acid was used,
which is at a similar wavelength than the one used from
the EEMs.

BTCs and Obtained Transport Parameters

To obtain high-resolution results, the BTCs for all
test series (mean- to high-flow, low- to mean-flow, and
low-flow) were produced from the FF data that were
also used for modeling. During mean- to high-flow,
uranine was first detected 22 min after the injection and
reached a maximum of 20.1 pg/L after 32 min (Figure 4a).
The BTC shows a second peak after 63 min with a
concentration of 4.2 ug/L. The total recovery was 74%
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Figure 3. (a) EEM spectra of uranine recorded with the Aqualog, which shows A¢x and A, of the main and secondary
uranine fluorescence peak; (b) EEM spectra of tryptophan, which shows the main tryptophan fluorescence peak; (¢) EEM

spectra of humic acid.

which indicates that the monitored spring is the major
outlet of the system, but infiltration into deeper parts of
the aquifer also occurs. This conclusion is supported by
other tracer tests performed in this system (Goeppert and
Goldscheider 2019).

An explanation of the observed multipeaks and
tailing effects could be different flow-paths with different
lengths, dispersivities, and flow velocities (Goldscheider
et al. 2008). The overflow spring (Figure 1b), which is
only active during high-flow conditions at the main spring
(>25L/s), indicates the existence of at least a secondary
flow path.

The observed BTC for tryptophan (Figure 4b) has
an almost identical shape compared to the uranine BTC.
Tryptophan was first detected 22.5min after injection
and reached a maximum concentration of 80.4 ug/L after
32min. Again, the BTC shows a second peak after
62.5 min with a concentration of 15.3 pg/L. The calculated
total recovery of tryptophan was 70.6%, slightly lower
than for uranine.

Although the recovery rates of uranine and tryptophan
are comparable, additional processes in the aquifer, such
as degradation and sorption, can occur. Some studies
found for example, that bacteria were able to degrade
aromatic amino acids (Janke 1950; Aklujkar et al. 2014),
which might be a possible explanation for the slightly
lower recovery, although it is quite unlikely that these
processes occur in the investigated system because of
the short transit times, high flow velocities, and short
distances.

The BTC of humic acid again shows two distinct
peaks: the first occurs after 33 min with a maximum
concentration of 1373.0 ug/L, while the second peak was
recorded after 78 min with a concentration of 218.4 nug/L
(Figure 4c). This is a delay of about 15min compared
to uranine and tryptophan. The shape of the first peak is
similar to uranine and tryptophan, while the second peak is
flatter and wider compared to the other two tracers. The
total recovery of humic acid is 76%, which is slightly
higher compared to uranine and tryptophan.
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The second test series was conducted in the same
system during low-flow conditions. The results show
BTCs for all three tracers with only one identifiable
peak (Figure 5) which show a more pronounced tailing
compared to the BTCs observed during high-flow con-
ditions. The modeling for these BTCs was done with a
2RNE model.

During low-flow, uranine was first detected 59.5 min
after the injection and reached a maximum of 24.8 nug/L
after 89 min (Figure 5a). These observed time values are
2.7 times higher compared to high-flow conditions. The
total recovery was 60.8% which is lower than during high-
flow and also indicates that the monitored spring is the
major outlet of the system, but infiltration into deeper
parts of the aquifer also occurs.

The observed BTC for tryptophan (Figure 5b) has
an almost identical shape compared to the uranine BTC.
Tryptophan was first detected 60.5min after injection
and reached a maximum concentration of 99.2ug/L
after 90.5 min. This is again 2.7 times more compared to
low-flow conditions. The calculated total recovery of tryp-
tophan was 59.7%, slightly lower than that for uranine.

The recovery rates of uranine and tryptophan are also
comparable during low-flow conditions, but additional
processes in the aquifer, such as degradation and sorption,
can occur and cannot be excluded. Compared to high-flow
conditions, the transit times are higher and the resulting
flow velocities are lower.

The BTC of humic acid shows a similar shape
compared to uranine and tryptophan (Figure 5c). Humic
acid was first detected 65 min after injection and the peak
occurred after 92.5 min with a concentration of 1885 ug/L.
This is a slight delay compared to uranine and tryptophan.
The total recovery of humic acid is 60.5%, which is in a
similar range as the other two tracers. The partitioning
coefficient B is between 0.77 for uranine and 0.68 for
humic substances. This means that between two-thirds and
three-quarters of the water can be considered as mobile.

A third tracer test was conducted with uranine and
tryptophan during low to mean discharge conditions (14.5
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Figure 4. BTCs during mean- to high-flow conditions of (a) uranine, (b) tryptophan, (c) humic acid, each time together with
the recovery and the modeled BTC for both peaks and the wrapped curve. Concentrations are normalized (c/M).

and 14 L/s respectively). The BTCs show only one peak
with a similar shape compared to the curves obtained
during low-flow conditions. The obtained values for
uranine and tryptophan are also comparable. The BTCs,
modeled BTCs, recovery rates and the corresponding data
are given in Figure A2 and Table 2.

Table 2 gives an overview of all parameters obtained
from the three tracer tests.

During mean- to high-flow conditions, the time of
first detection (¢1), f, and the corresponding vmax and
vp for the first tracer peak, are comparable for all three
tracers. The modeled parameters v, ¢ and longitudinal
dispersion (D) were determined for both peaks for the
conservative tracer uranine. The retardation factor was set
to 1.0. The determined values for v and ty for uranine
were used as fixed input parameters for the modeling
of the other two tracers. While the mean transit time is

NGWA.org

comparable for uranine and tryptophan, the mean transit
time for the second peak of humic substances is about 20%
higher compared to the other two tracers. The modeled
retardation factor for the secondary humic acid peak is
1.5 compared to uranine (1.0 = no retardation).

During low-flow conditions, fq, #, and the corre-
sponding velocities vpax and v, are comparable for all
three tracers with a slight delay and slightly lower veloc-
ities for humic substances. To determine retardation, the
same procedure as during high-flow was applied. Com-
pared to uranine and tryptophan, a retardation factor of
1.11 was determined for humic substances.

Retardation processes seem to have no influence
on tryptophan because the modeled retardation factor is
also 1.0 for both peaks during high-flow and for the
BTC during low-flow (like the conservative uranine).
Retardation seems to have a larger influence on the humic
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Figure 5. BTCs during low-flow conditions of (a) uranine, (b) tryptophan, (c) humic acid, each time together with the recovery

and the modeled BTC.

acid tracer, especially on the second peak during high-flow
but it is also visible during low-flow.

Because uranine can be considered as an almost ideal
conservative tracer, the slower transport of humic acid can
be attributed to a reactive transport behavior of the humic
substances. For these kinds of substances, adsorption and
desorption processes are of particular importance. Because
of the higher flow velocities in the main flow path during
mean- to high-flow (one major conduit), these factors are
almost negligible. Factors influencing the retardation are
different surface conditions and different properties of the
aquifer material (Aklujkar et al. 2014), which play a more
important role in the secondary flow path, which is longer,
more diffuse and the transport occurs slower.
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The blurrier peak in the EEM spectrum of humic acid
apparently also leads to a more blurred signal in the FF,
which might also influence the shape of the humic acid
BTC. The tracers uranine and tryptophan produce a clear
fluorescence signal which can be seen in the smooth BTCs
of these two tracers (Figure 3a and 3b). In comparison to
this, the humic acid FF signal is associated with a certain
degree of variation, especially at lower concentrations.

Conclusion

Given the importance of real time water quality
indicators, many studies use tryptophan as fecal indicator
(e.g., Sorensen et al. 2015; Frank et al. 2018) and humic
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substances as contaminant vector. There is the need to
enhance the knowledge about the transport behavior of
these two substances.

In this study, we conducted three tracer tests in a
karst experimental site, where we compared the transport
of tryptophan and humic acid with the conservative tracer
uranine. The main conclusions can be summarized as
follows:

e Tracer test results show that modern online field
fluorometers can be used to measure fluorescence of
tryptophan and humic acid in near real-time and in high
resolution.

e The transport parameters obtained for the conservative
tracer uranine and tryptophan, especially the flow
velocities, transit times, and dispersion, are almost
identical. The recovery rates of uranine and tryptophan
are also comparable. All three tracer tests indicate that
no reduction or retardation occurs in the investigated
flow system for dissolved tryptophan.

e However, humic acid is transported slower compared
to uranine and tryptophan. Therefore, the calculated
and modeled transport parameters of humic substances
are different. In this case, retardation occurs. The
retardation factors for humic substances (between 1.1
and 1.5 in our study) indicate that sorption processes
have a distinct influence on humic substances.

The tracer test also led to a better understanding
of the investigated aquifer. During mean- to high-flow
conditions, the BTCs of all three tracers show two
clearly identifiable peaks, which indicate at least two flow
paths. This was also verified with subsequent tracer tests

conducted in this system and is dependent on the discharge
of the spring. At low-flow conditions only one flow path
is active and the resulting BTCs have only one peak.

The observed and calculated transport parameters
(residence time, mean flow-velocity, retardation) in the
investigated system, lead to the conclusion that tryptophan
behaves like a conservative tracer without retardation and
reduction, at least in fast-flowing karst aquifer systems.
On the other hand, this study also shows that humic
substances underly no reduction in fast-flowing areas, but
reduction and retardation occur in slower flow-paths.

Therefore, these results can contribute to a better and
quantitative interpretation when these two substances are
used as fecal and contamination indicators.
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laboratory, (b) comparison of the measured tryptophan concentration of the FF and the Aqualog, and (c) comparison of the
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