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Abstract

Tracer methods have been widely used in many fields of environmental and natural sciences, and also in human health sciences.
In particular, tracers are used in the study of karst hydrogeology, typically focusing on phenomena such as sinkholes, sinking
rivers and large karst springs. It is known that tracers have been used since antiquity. The aim of tracer tests has been to
investigate underground flow paths, transport processes and water—rock interactions, and to get an insight into the functioning
of a karst aquifer. In karst hydrogeology, tracer methods are the most important investigation tools beside conventional hydro-
logical methods. In early times, tracer methods were applied only to investigate underground flow-paths. Later they were also
used to elucidate transport processes associated with water flow, and today they are often the basis, together with detailed
hydrological information, of groundwater protection investigations and aquifer modelling. Many substances (spores, micro-
spheres, bacteriophages, salt tracers, fluorescent dyes, radioactive substances) have been investigated for their properties and
potential usage in environmental investigations, in particular the often unknown and inaccessible underground systems of karst
areas. A great number of analytical techniques is available. This includes instrumentation for laboratory applications and direct
online, on-site or in-situ field measurements. Modern instruments have a high capability for data acquisition, storage and
transmission in short intervals, as a basis for quantitative evaluation and modelling. This enables research on the hydrological
and hydrochemical dynamics of aquifers and their response to different natural or anthropogenic impacts.

Keywords Karst - General hydrogeology - Tracer tests

Introduction

Tracer techniques are well known in hydrogeology as special-
ized methods to investigate flow-paths, flow and transport
processes, and water—rock interactions, as well as to solve
practical problems in environmental sciences in general.
Tracers are used in many fields of natural and technical sci-
ences, and even in human medicine. They can be distin-
guished between natural and artificial (applied) tracers. The
term “tracer” can also be used for physico-chemical properties
(e.g. heat, electrical conductivity).
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A tracer is a substance or property which can be distin-
guished unambiguously from other substances or properties
in a way that allows one to characterise the investigated sys-
tem itself or processes therein. A natural tracer occurs in the
environment without any intervention by an investigator, and
an artificial tracer will be introduced intentionally into a sys-
tem under study. Natural and artificial tracers can be conser-
vative (ideal) or nonconservative (reactive). Conservative
tracers do not undergo chemical or physical changes, adsorp-
tion, decay or degradation by water—rock interactions or inter-
actions in biological processes. Nonconservative tracers react
with other substances or change, decay or degrade during their
transport through a system. In the strictest sense, conservative
tracers do not exist, but various substances can be
characterised as conservative to a certain degree under specific
circumstances. For instance, in karstic conduit flow the fluo-
rescent dye fluorescein sodium can behave like a conservative
tracer. Its transport behaviour will be nearly identical to the
water molecule itself. The isotopes 18O, 17O, Hand? H, con-
stituting the water molecule beside 'H and '°0, are also
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conservative tracers, as they do not change the chemical be-
haviour of the molecule. However, field tests have shown that
the isotopes of the water molecule can be transported
completely differently to other so-called conservative tracers
(e.g. Bromide), as these isotopes show higher diffusivity and
characterise the totally transported water volume, whereas the
other tracers characterise only a part of it (Behrens 1986).
Other substances were accidentally released into the en-
vironment and now take part in different transport pro-
cesses within the water cycle as natural tracers—an ex-
ample is the release of tritium after atmospheric nuclear
tests in the 1960s (Mook 2000).

The main aims of using tracers are the investigation of
interconnections between two or more locations in the field,
time-of-travel and residence time studies, discharge measure-
ments, research on transport, mixing and circulation process-
es, water—rock interaction studies, characterisation of aquifer
parameters and much more; moreover, successful tracer tests
can be conclusive in administrative and court procedures. In
many countries, regulations exist for performing a tracer
test—for a detailed overview refer to Wolkersdorfer and
LeBlanc (2012).

The development of tracer methods has a long tradition and
dates back to the classical antiquity. In the following centuries
many natural and artificial tracers were used to investigate the
complex drainage system of karst aquifers and to understand
the various flow and transport processes of matter in such
systems. For historical notes on the development of tracer
methods with additional references, refer to the electronic sup-
plementary material (ESM).

The methods in hydrogeology, especially in karst hydroge-
ology, for artificial tracing are described in several textbooks.
Examples are Davis et al. (1980, 1985), with partly opposing
discussion by Evans (1980), Davis (1980, 1986), Quinlan
(19864, b), Gaspar (1987), and comprehensively in Kiss
(1998, 2004) and Leibundgut et al. (2009), and in book chap-
ters (Benischke et al. 2007; Leibundgut and Seibert 2011),
booklets (Wilson et al. 1986; Mull et al. 1988), guidelines
(Parriaux et al. 1988; Ward et al. 1998; Schudel et al. 2002;
DVGW 2005; O¢WAYV 2007; Stockl et al. 2017), national and
international standards (e.g. ISO 9555-3 1992; 9555-4 1992)
and in a number of review and overview articles (Davis et al.
1980; Flury and Wai 2003; Goldscheider et al. 2008; Abbott
et al. 2016), as well as in theses (e.g. Reid 1981) and lecture
notes of university courses or of professional associations (e.g.
Aley and Fletcher 1976; Aley and Beeman 2015).

This review attempts to give a short overview on currently
used methods and technology, and some newer developments,
but cannot replace a thorough and detailed study of individual
subaspects of the subject. Here, the discussion restricts to hy-
drogeology of karst and karst aquifers with the focus on arti-
ficial tracers, although the fields of tracer application are much
more wide-spread.

@ Springer

Natural tracers

Substances naturally occurring in the water cycle and there-
fore occurring in all types of aquifers are the numerous inor-
ganic and organic chemical compounds and stable or radioac-
tive isotopes in their various aggregate states. As natural
tracers they are also a topic associated to various monitoring
techniques (Goldscheider and Drew 2007; Kresic and
Stevanovic 2009). One such substance, now a quasi-natural
tracer, is tritium (3H). It was produced in excess above the
natural background by atmospheric nuclear tests, and became
a powerful tracer for residence time studies in various types of
aquifers. After the contractual ban of such nuclear tests, the
trititum content in the atmosphere and in the water cycle de-
creased over decades to a level which is today close to the
natural background. Due to the low tritium concentration to-
day, the focus is more and more on the relationship between
trittum (°H) and its daughter product helium (*He). Stable
environmental isotopes such as '*0 and deuterium (*H) are
used as natural tracers too, although tritium and deuterium are
applied also as artificial tracers. The wide field of applications
of natural isotopic tracers comprises studies of recharge pro-
cesses, dating of groundwater, residence time and water bal-
ance studies, and much more, but would exceed the frame-
work of this article. Isotopes and their applications in environ-
mental sciences are comprehensively described in Moser and
Rauert (1980), Clark and Fritz (1997), Kendall and
McDonnell (2006), Ferronsky and Polyakov (2012), and in
the six-volume collection of Mook (2000). With the availabil-
ity of modern cavity ring-down laser spectrometers for the
measurement of the stable isotopes 80, 170 and 2H, on-site
and online measurements became possible. The first on-site
and online application of continuous monitoring the dynamics
of stable isotopes %0 and *H in karst water could be demon-
strated at the main water supply for Vienna, a karst spring in
the Northern Calcareous Alps in Austria. The measured data
(acquisition interval was about 10 min) were transmitted via
satellite to an evaluation center. Together with short-term dis-
charge data, and data for electrical conductivity and water
temperature, it was possible to characterise in detail the quick
response of this spring on snow-melt and rainfall-runoff
events (Leis et al. 2010, 2011).

An interesting new approach is the investigation of organic
carbon as a natural tracer for infiltration processes in karst
aquifers, considering the biogeochemical kinetics of nitrogen
with respect to organic carbon (Mudarra et al. 2014). In an
earlier investigation at the Vaucluse karst spring and some
other karst springs of the same area (southeastern France),
Emblanch et al. (1998) showed that variations of dissolved
organic carbon (DOC) can be attributed to the different infil-
tration processes during low and high flow periods. It also
shows variations during low flow when discharge variations
cannot be observed. Additionally, Batiot et al. (2003)
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concluded from a study in the Nerja Cave (southern Spain)
that total organic carbon (TOC) can be used as a sensitive
natural tracer of infiltration processes. Blondel et al. (2012)
estimated at the Vaucluse spring, from fluorescence variations
of organic matter, transit times of infiltration water using the
excitation-emission-matrix (EEM) fluorescence spectra. A
multi-parameter study at alpine karst springs in the western
part of Austria investigated the transport dynamics of organic
matter, faecal bacteria, and particulate matter with use of
EEM-fluorescence spectra. It showed a correlation of organic
carbon with humic- and protein-like fluorescence as well as
transport of particles correlated with coliform bacteria (Frank
et al. 2018).

The relationship between trace metal (Cu, Ni) transport and
natural organic matter (NOM) was investigated in speleothem
dripwaters, concluding that trace metal binding varies during
colloid and particle transport at low and high flow conditions
(Hartland et al. 2012).

Other approaches use the natural microbiological commu-
nity in water to identify possible sources of pollution. Bacteria
are usually (but not exclusively) transported by natural pro-
cesses into a karst system, e.g. as input of animal excreta from
meadows through the topsoil via epikarst into the deeper un-
derground or directly into ponors (Farnleitner et al. 2005,
2010; Reischer et al. 2008; Ryzinska-Paier et al. 2014).
Such a source tracking method has the potential of high selec-
tivity and can distinguish between different input locations of
alpine farming in a massif. From a monitoring point of view,
such bacterial communities can be seen as natural tracers
(Pronk et al. 2006, 2009).

Artificial tracers

Artificial tracers comprise particle, microbial, inorganic and
organic chemical tracers (mainly salt tracers and fluorescent
dyes), stable isotopes, activated and radioactive tracers. To
design a test properly, it should be clear what tracer is suitable
for the intended purpose or not. Even common hydrologic
tracers are not applicable in every case (e.g. fluorescein sodi-
um in soil experiments, or sodium chloride which is subject to
ion-exchange effects).

Particle tracers and microbial tracers

The advantage of particle tracers in general would be the de-
tection limit of one single particle, which could be at the same
time also the disadvantage, as contamination or natural occur-
rence or erroneous evaluation (and over-interpretation) can
happen. Most of the particle tracers are not suitable for hydro-
logical studies due to their transport behaviour (e.g. size, den-
sity effects) in water. Even in large-volume conduits with high
flow velocity, they can be retained in siphons. Another

problem can arise from sorption on sediments. More success-
ful tests have been made with spores and microspheres.
Examinations were done on spores of club moss
(Lycopodium clavatum) discovered in meltwater from glaciers
in the Northern Calcareous Alps in Austria, which seemed to
be suitable as a tracer (Mayr 1953, 1954), but with a single
type of spore, the water of only one sinkhole (ponor) could be
labelled. From an idea of the Slovenian caver France Bar,
hydrogeologists and a chemist from Austria developed a
new colouring technique for spores (Dechant et al. 1958).
Another problem was adsorption to sediments, retention and
filtering-out of spores during passage through sediments at
low flow velocities. Several large-scale tracer tests in the
Austrian Alps (at first in 1956 in the Dachstein massif, later
in 1961 in Totes Gebirge) were performed with differently
coloured spores, which made it possible to inject a number
of tracers within a short time at different places (multi-tracer
test) under the same hydrological conditions. The results
showed in many cases a radially divergent flow in the karst
aquifer. This was interpreted as a large, unique, continuous
and slightly updomed body of karst water draining to the karst
springs around the karst massif (Z6tl 1957a, b; Bauer et al.
1959). In the 1980s, the Dachstein experiments in the
Northern Calcareous Alps were repeated under similar hydro-
logic boundary conditions with the injection of fluorescent
dye tracers in some of the same sinkholes or near the older
sinkholes (Bauer 1989; Volkl and Eybl 2019). The results
showed a largely different drainage pattern, not a diver-
gent flow but a more convergent drainage to the
springs, obviously strongly bound to the local tectonic
pattern of the massif (Fig. 1).

A thorough reinvestigation of the older test design and the
boundary conditions showed that probable contamination
from the repeated use of plankton nets, or during preparatory
work, or overinterpretation of the detection of one single
spore, especially when using uncoloured spores, was the rea-
son for misinterpretation of parts of the drainage pattern. The
conclusion is that the use of spores has some inherent diffi-
culties which have to be observed very carefully when using
them for a test. Results with one single spore (coloured or
uncoloured) or only episodically detected should not be taken
as proof. Only a plausible time-series of positive samples or a
clear breakthrough curve (BTC) should be interpreted, and
should be a guideline for all tracers.

Colouring spores with fluorescent dyes (Kdss 1982;
Kiss and Reichert 1988) made the spore detection and
identification easier, but remained labor-intensive. An
automatic sampler for outdoor use and an automatic
counting technique was tested by Dechant (1996), but
not developed further. The spore technique can still be
used when observing all the methodological precaution-
ary measures, but as a tracer technique, it plays no role
in karst hydrogeology today.
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<« Fig. 1 Tracer tests in the Dachstein Massif (Northern Calcareous Alps,
Austria). Top: Country map with position of the study area within
Austria. Yellow triangle: Dachstein summit. a Radially divergent
drainage inferred from tracer tests (1956—1960) with spores. b
Predominantly convergent drainage from tracer tests (1984-1986) with
fluorescent dyes. Circles with white center are injection points during
1984-1986 only, circles with blue triangle are injection points during
1956-1960 and 1984-1986. Modified from Schubert (2017) and
Legerer P et al. (Geological Survey of Austria), unpublished report:
Project “Geologische und Hydrogeologische Zusatzinformationen zum
eHYD — 2017” [Additional geologic and hydrogeologic information for
eHYD -2017], 2017

Further progress was made when synthetic microspheres
became available, which were developed for use in pharmacy
and medicine for diagnostics, as a carrier of drugs or for blood
circulation studies. Today a wide variety of microspheres (e.g.
Polysciences Inc.) are available in different sizes and struc-
tures, as well as with different physical and transport proper-
ties. Not all of them are suitable for hydrologic purposes, as
some types will be filtered out, some will be adsorbed or
degrade during transport. A great advantage is that they can
be produced with different (also fluorescent) colours and with
different uniform narrow-band grain sizes. Their diameter is
commonly 0.05—100 um, sometimes larger. They can be sam-
pled by an ordinary water sample (manually or automatically),
and it is also possible to use an automatized detection technol-
ogy such as flow-through cytometry (Niehren and Kinzelbach
1998; Kennedy et al. 2001; Goeppert and Hotzl 2010).
Goeppert and Goldscheider (2008) compared the transport
properties of two types of microspheres together with uranine
under low- and high-flow conditions in a karst aquifer in the
high-alpine region of the Austrian-German Alps. Schiperski
etal. (2016) investigated, in a karst aquifer of the Swabian Alb
(Germany) in multitracer studies, processes that influence the
transport and attenuation of particles with different size, den-
sity and surface properties compared to uranine.

In many cases tracer tests will be carried out in water pro-
tection studies, or studies to trace the fate of contaminants in
the groundwater of porous aquifers as well as in karst water.
Up to the first half of the twentieth century, supply with clean
and potable tap water was not always standard, and is even
today not standard in many countries on earth. It is clear that
general hygiene together with a safe water supply is a crucial
factor with regard to public health. Microbiological methods
are of great importance for hygienic assessments. The use of
nonpathogenic bacteria and bacteriophages as a surro-
gate for harmful species brought new insights into the
transport behaviour and the fate of bacteria and viruses
in water and in different types of aquifers (e.g. Keswick
et al. 1982; Hotzl et al. 1991; Harvey 1997; Rossi et al.
1998; Cronin and Pedley 2002).

Another more recent application is the use of so-called
DNA tracers, which have a high specificity and high

sensitivity. Similar to the other tracers, they are capable of
being used as a multipoint tracer (Sabir et al. 2000; Liao
et al. 2018), theoretically with almost no limitation on the
number of combinations of different DNA species. The only
limitation would be the unambiguous detection and
identification of the used DNA tracer. Dahlke et al. (2015)
provided an overview on the application of synthetic DNA
tracers, mainly for the investigation of glacial flow pathways,
but provided significant information about their general use,
which is worth considering for application in karstic aquifers.

An interesting new approach is the use of natural sediments
as artificial tracers. Results from a field tracer test together
with uranine in a karst area in western Austria showed com-
parable BTCs and similar recovery. The detection of sediment
particles of 32 different grain-size classes was performed with
a mobile particle counter (Goeppert and Goldscheider 2019).

Fluorescent tracers

For hydrologic tracer tests, various fluorescent dyes became of
interest, whereas other tracers exhibiting phosphorescence are
currently only used for specially doped microspheres used in
flow velocimetry (Kemp et al. 2010). The most prominent
fluorescent tracer, which was used for the longest time, is
the sodium salt of fluorescein (uranine, also known as fluores-
cein sodium or often simply but misleading fluorescein). The
visual detection of dyes is only one possibility, but is very
subjective. With this method it is not possible to detect a dye
tracer at high dilution. The development from simple colori-
metric techniques to spectrometric techniques offered great
advantages and new possibilities. Visible colouring of drink-
ing water during a test, which could not be avoided in every
case, was problematic (and still is) and for water-users
(people) and the authorities. This led to the search for invisible
fluorescent dye tracers. Especially, tracers with emission
wavelengths in the UV-region (e.g. sodium naphthionate,
amino G acid, tinopal or other optical brighteners) offered
new possibilities for applications in tests where a water supply
could be affected (Leibundgut and Wernli 1986; Wernli 1986;
Goldscheider et al. 2003; Meus et al. 2014). Hydrological
tracers with emission wavelengths at the red end of the visible
spectrum or in the near-infrared have not been investigated so
far, although compounds synthesized from fluorescein exhibit
emission wavelengths at about 700 nm (Yang et al. 2008). It
would be interesting to search for such novel fluorescent dyes
which can be used in hydrogeology.

Beside the well-known classical dyes, some new dyes were
developed in the past decades and field-tested (Hadi et al.
1997; Einsiedl et al. 1998, 2000; Einsiedl 2000; Einsiedl and
Maloszewski 2005), but were applied rarely. There are many
other fluorescent substances which could be used for tracing,
but costs of production, availability, toxicologial and environ-
mental aspects will restrict their application.
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Most of the dye tracers are listed in the Colour Index (CI)
published by the Society of Dyers and Colourists (SDC) in the
UK and the American Association of Textile Chemists and
Colourists (AATCC). The substances have a unique CI gener-
ic name, but not all of them also a CI constitution number. A
recent book (Sabnis 2015) about 150 fluorescent dyes com-
prehensively informs about their chemical and physical as
well as toxicological aspects and applications, but is focussed
on biochemical and biomedical aspects and only to a minor
extent on hydrologic applications. There is a vast number of
names for commercially available dyes, which vary in purity
and in the type of the delivered matter (as a solution or as a
powder).

The suitability of a dye tracer (but also of tracers in general)
depends on the intended purpose and the hydrogeological
framework including the expected physico-chemical condi-
tions and possible water—rock interactions or the microbiolog-
ical conditions. In Table 1 the most common dye tracers are
summarized with their main properties.

Inorganic salt tracers

Inorganics comprise the various salt tracers with their cationic
and anionic compounds in solution. Their application depends
on the chemical and physical properties with respect to the
geological environment, and of course, the availability and
the costs. Ordinary rock salt (mainly sodium chloride) was
used for most tests in the early stages of tracer usage. In tests
with salt tracers (Table 2), in particular for long-distance tests,
a huge amount was applied to achieve a reliable detection and
quantification—examples are known with 10 tons of salt
(Knop 1878) or even with 50 tons of road salt (Batsche et al.
1970). Apart from the logistic challenge to dissolve 50 tons of
salt (the injection process took 8 h), also today ecotoxicolog-
ical questions will arise, in particular regarding the place of
injection; nevertheless, both tests have been successful with
clear BTCs. Other suitable salt tracers which have been suc-
cessfully applied are various chlorides (NaCl, KCl, LiCl,
SrCl,, CaCl,, etc) and bromides (KBr, NaBr, LiBr, NH;Br).

Deuterium (*H)

In karst aquifers the stable isotope tracer deuterium has been
applied rarely due to the limited availability of enriched deu-
terium (Benischke et al. 2003; Luhmann et al. 2012). In a
multi-tracer long-distance test (over 1 km) in an alpine karst
area in Austria, the four tracers uranine (18.1 g), sulpho-
rhodamine G (15.3 g), deuterium (7,619 g) and sodium bro-
mide (3,842 g) could be compared directly for their transport
properties and relative conservative behaviour under predom-
inant conduit flow conditions (Leis and Benischke 2004).
Recovery rates of the fluorescent dye tracers are usually some-
what lower than for bromide and deuterium. Conduits partly
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filled with sediments can retain dye tracers more than the
others. This is also an example to illustrate the question as to
what is a conservative tracer and which tracer can be used as a
reference tracer for comparison (Fig. 2; Table S2 in the ESM).
In this case bromide can be chosen as a reliable reference
tracer.

Toxicity of tracers

An important aspect is the general toxicology and ecotoxicol-
ogy of inorganic salts, dye tracers and isotopes, in particular
radioactive substances. Legal regulations restrict the use of
chemical substances. Overview reports or detailed informa-
tion on toxicological effects are given in Marking (1969),
Little and Lamb (1973), Smart and Laidlaw (1977), Molinari
and Rochat (1978), Lutty (1978), Benoit-Guyod et al. (1979),
Smart (1984), Lichacz (1987), Field et al. (1995), Leibundgut
and Hadi (1997), Briischweiler (2007), and Gombert et al.
(2010, 2017). For the commonly used inorganic salt tracers
and fluorescent dyes, Behrens et al. (2001) provided an
overview, although some of the toxicological information
is only based on the experience of experts or literature,
and less on specific new tests at the time of publication.
When looking at the various toxicological data, different
criteria are applied to define thresholds of toxicological
risks in general. Some toxicological tests focus on the
LD50 (median lethal dose) or LC50 (median lethal con-
centration) data, on mutagenicity, teratogenicity,
genotoxicity, carcinogenicity, and ecotoxicological effects
with respect to selected test species. It makes a difference
to evaluate toxicity for tracer concentrations at the place
of injection or at the place of sampling or field measure-
ment. Another problem is the unexpected exceedance of a
threshold concentration, which could happen during a trac-
er test. High concentrations that exceed the legal accepted
thresholds might occur at the place of injection, but usu-
ally the time of such high concentrations is rather short at
the active sinkholes or ponors, whereas at the place of
measurement or sampling the concentrations are hopefully
in the acceptable legal range, although exceptions (short-
time exceedance) in single cases cannot be excluded.
Ecotoxicological considerations become more and more
important to assure an ecologically intact biodiversity
both at the place of injection and the place of
measurement or sampling. Most of the toxicological
information has the focus on ecotoxicity in general, but
less or not at all on human health risks. A newer
overview on the toxicology of fluorescent dye tracers
and also on human health risks was given by Field
et al. (1995) and more detailed in Field (2005), who also
takes into account expected environmental concentrations
(EECs) for injection sites with estimations performed with
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Table 2  Salt tracers: an overview

Salt tracer Formula CASRN Formula mass Solubility Solubility Density LD50
(g/L; 25 °C) (g/L; 10 °C) (g/cm3; 20 °C) (mg/kg)

Ammonium bromide NH,Br 12124-97-9 97.94 780 672 243 2,714
Lithium bromide® LiBr 7550-35-8 86.85 1,804 1,506 3.46 1,800
Potassium Bromide KBr 7758-02-3 119.00 676 595 2.74 3,070
Sodium bromide® NaBr 7647-15-6 102.89 943 848 3.20 3,500
Lithium chloride® LiCl 7447-41-8 42.39 843 738 2.07 526

Sodium chloride® NaCl 7647-14-5 58.44 359 357 2.17 3,000
Potassium chloride® KCl1 7447-40-7 74.55 354 309 1.99 2,600
Magnesium chloride MgCl, 7786-30-3 95.21 558 535 233 2,800
Strontium chloride SrCl, 10476-85-4 158.53 546 491 3.05 2,250
Potassium iodide KI 7681-11-0 166.00 1,477 1,336 3.12 2,779
Sodium nitrate NaNO; 7631-99-4 84.99 909 798 2.26 1,267
Potassium nitrate KNO; 7757-79-1 101.10 382 214 2.11 3,750
Ammonium nitrate NH4NO; 6484-52-2 80.04 2,119 1,506 1.72 2,217
Ammonium sulfate (NH4)>S04 7783-20-2 132.14 761 727 1.77 2,840

Frequently used salt tracers

CASRN Chemical Abstracts Services Registry Number, Formula mass from IUPAC (2016), Solubility and density data from Rumble et al. (2019), LD50
(median lethal dose) for rats from material safety data (MSD) from PubChem (NCBI 2020), LD50 data do not replace a careful investigation of adverse
effects on different species and ecotoxicity

the Efficient Hydrologic Tracer-Test Design (EHTD) pro-  Execution of tracer tests

gram (Field 2003a). EECs are defined as the concentration

threshold of a substance in an environmental system on  Planning, type and amount of tracer

the basis of usage, transport and fate of that substance. It

should be kept in mind that authorities strictly ask for =~ When planning a test, it is necessary to clarify the boundary
evidence-based toxicological information about the tracers  conditions, starting with the collection of basic information
intended to be used in a test. In case of doubt, an addi-  about hydro-meteorologic, hydrochemical, and geologic data,
tional enquiry has to be done. as well as the legal, regulatory and administrative framework

Fig. 2 Comparison of deuterium, 0.0030

bromide, uranine (UR) and

sulpho-rhodamine G (SRG). In-
situ-measurements of dye tracers 0.0025
with a fiberoptic fluorometer and
bromide with ion-selective elec-
trode (ISE), from water samples
(lab). Bromide measured with IC,
and deuterium with mass-spec-
trometry. Differences in concen-
trations between UR (in situ and
lab) and SRG (in situ) originate
from different instrument sensi-
tivities, possibly also from uncer-
tainties in calibration procedures.
Tracer concentrations are nor-
malised to the injection mass of
each tracer (refer also to Table S2
in the ESM)
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and private properties concerned. Beside the choice of an ap-
propriate tracer also the choice of the necessary amount is a
challenge, in particular for long-distance tests. The amount of
tracer varies between a few grams up to more than 100 kg,
depending on the expected dilution in the aquifer and the flow
distance. Up to 160 kg of uranine are reported from long-
distance tracer tests (Maurin and Zoetl 1967; Milanovic
1976). There are many recommendations, which can be sum-
marized in the statement: As much as necessary, as little as
possible. Field (2003b) collected 33 formulas from the litera-
ture for the estimation of the necessary tracer mass. The for-
mulas are based on a number of parameters such as average
discharge, distance between injection and sampling place, ex-
pected time of the first detection and the peak of a BTC,
desired peak concentration, specific coefficients for the type
of tracer, and others. All formulas published have been devel-
oped by the authors from experience and no one can cover all
the various actual conditions during a test. At best they pro-
vide a first estimate. Another approach is, in particular for
karst terranes, to apply a simple one-dimensional (1D)
advection-dispersion model (assuming mainly conduit flow),
and to vary the parameters of such a model to get a plausible
estimate of the suspected BTC (Schudel et al. 2002; Field
2003a; Worthington and Smart 2003).

Injection of tracer

Introducing a tracer into a system can occur as instantaneous
or continuous injection. A kind of continuous injection is also
irrigation or sprinkling, simulating a rainfall event.
Instantaneous injection into active sinkholes (ponors) usually
produces a short-term pulse, which will be idealized and sim-
plified in modelling as a Dirac pulse. In practice there is some
duration of this type of injection from a few seconds up to
several hours (Batsche et al. 1970). A continuous injection
with constant inflow rate will be applied rarely. An interesting
long-term tracer test with three successive injections and
different injection modes was described by Kogovsek and
Petric (2014) in the karst around the cave Postojnska jama
(Slovenia). In two of the tests the tracers were injected into
an excavation pit with bare rock surface at its basis, and in one
test nearby directly on the surface of topsoil only with subse-
quent “flushing” by rain. Samples were taken over a period of
up to 11 years at drip-water places in the cave. This example
shows that with artificial tracing, interesting insights into
long-term infiltration and recharge processes can be achieved.
Irrigation of test plots with a defined sprinkling rate in a karstic
area may give interesting information about the effect of rain-
fall on the response of a karstic system or the infiltration pro-
cess via topsoil and epikarst. In karst massifs with a thick
vadose zone (sometimes several hundred meters or even more
than 1 km) introducing a tracer will result in some or even
considerable loss of tracer due to adsorption on dry rock

surfaces. This can also happen when introducing the tracer
in an uncased borehole. There is practically no way to distin-
guish between the amount of tracer lost in such a way and the
amount which is permanently adsorbed on sediments or
trapped in aquifer compartments with more or less stagnant
water.

Tracer tests in boreholes or wells need special equipment
and detailed planning of the injection procedure. Boreholes in
karstified areas would intersect open cave passages usually
only randomly (Groves 2007; Palmer 2007). Considerable
loss of drilling fluid is frequent in karstified rock, even if there
are no surface karst phenomena or accessible caves. Detailed
localisation of such zones of fluid loss and permeability tests
allow one to perform the injection properly (injection in the
uncased borehole, using single or double packers, labelling of
the entire water column, etc.). Borehole dilution tests with
tracers (single-well tests) may give some estimation of perme-
ability in the vicinity of the bore, but can also give first hints
on general flow direction when using special downhole probes
(e.g GEOTECH AquaVision Colloidal Borescope, or radio-
metric probes with flow direction device). Well-to-well tests
under natural gradient conditions may fail even if the well-
monitoring network seems to be dense enough. A better
chance to be successful might be a test under forced gradient
conditions. Well-to-spring tests are likely more successful if
the aquifer flow-field converges to the spring, but can be un-
successful if dilution in the aquifer is too high or flow veloc-
ities are too small. Conversely, long mean residence times
inferred from isotope investigations do not allow one to con-
clude that a contamination risk does not exist. Tracer tests in
such cases can give a positive response, as the labelled water
volume represents only a short-term component of the entire
runoff. An overview of the problematics of such tests is given
in Smart and Worthington (2004), Ford and Williams (2007),
Palmer (2007), and Milanovic (2018).

Sampling of tracers

Sampling should be based on a detailed sampling strategy
after having mapped all possible resurgences. At some field
sites direct manual sampling could be enough, at other sites
automatic sampling will be necessary, and at special places
monitoring at dense intervals is desirable. A scheme of a pos-
sible sampling program is given in Benischke et al. (2007).
The actual place of sampling is also of some importance if
sampling sites with water treatment facilities are included.
Chlorination (Deaner 1973), ozonation and UV-irradiation
or other techniques of disinfection affect considerably fluores-
cent dye tracers and microbial tracers. This could lead to a
completely negative result; therefore, fluorometric field mea-
surements or samples should be taken before the water enters
the treatment facility. Moreover, different sampling methods
are necessary for freely accessible locations at springs,
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streams, and for boreholes. Procedures of sampling, transport
and storage of samples are described in the textbooks already
mentioned as well as in textbooks of general hydrogeology
and field methods. Special care and if necessary appropriate
conservation measures have to be applied for samples of fluo-
rescent dyes or for microbial tracers.

Special sampling can also be done with small bags of acti-
vated carbon (charcoal). Other adsorption techniques, e.g.
with cotton wool, cellulose or specific resins (Close et al.
2002) may be equivalent. It is a cheap method, very easy to
handle, and charcoal bags can be produced very easily (Dunn
1957; Lallemand and Paloc 1964; Bauer 1967, 1972; Perlega
1976; Bauer and Perlega 1980; Aley 2016). The experience
shows that activated carbon adsorbs dye tracers, but also ad-
sorbs any other adsorbable substance. The adsorbate is then
fixed and can be analysed some time after sampling. Usually
(at least valid for more or less “clean” karst waters), analysis
of a dye tracer captured by charcoal will give acceptable re-
sults also decades after sampling. Charcoal bags were used in
a tracer test with uranine in 1968 in the Northern Calcareous
Alps (Bauer 1969). A review of the charcoal samples in 1996,
after 28 years, showed acceptable results. Charcoal bags
unspecifically accumulate the dye tracer during the time they
are exposed to the water. The time resolution of charcoal sam-
pling is limited to the entire duration of the exposure; there-
fore, the exact time at which the tracer was adsorbed is always
unknown. Moreover, it has to be taken into account, that the
charcoal fixes adsorbable substances according to their affin-
ity to freely available adsorption places on the surface of the
charcoal grains. This can lead also to negative results if sub-
stances of higher grain-surface affinity have taken up the en-
tire available adsorption capacity. Smart and Simpson (2002)
investigated charcoal detectors for their capability of contam-
inant screening with different laboratory elution methods.
Charcoal cannot be used for every dye tracer (e.g. sodium
naphthionate, amino G acid), and results from charcoal bags
can also not be used for quantitative evaluations. At best, a
“semi-quantitative” evaluation is possible. Usually, charcoal
bags are used for sampling points of minor significance that
cannot be accessed in a short time or every day. Sometimes
they are used in addition to water samples to cover concentra-
tion levels which are near or below the detection limit of the
dye tracer in water samples, but a tracer test with only charcoal
bags cannot be recommended.

Background of tracer

Background can be defined as a measured signal overlapping the
tracer signal. It originates either from the same tracer or from
other substances or from both. An important part of a sampling
or measurement program is to record the natural background for
a tracer. A detailed knowledge of the natural variability is neces-
sary for proper consideration of the background during
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breakthrough of the tracer. For salt tracers, a common water
analysis will provide sufficient information. For fluorescent dye
tracers fluorimetric analysis of samples or online monitoring is
necessary. If charcoal sampling is in the sampling program, then
also several charcoals (preferably multiple charcoals for the same
period to get information about the adsorption variability of the
charcoal bags) have to be exposed prior to the injection for a
sufficient period of time. Usually there is no control about what
will happen with the background during a breakthrough, espe-
cially at places where no upstream control is possible. Some
estimations can be achieved when background observation is
performed for a sufficiently long period before the tracer test
and also after the end of the main measurement or sampling
program. For all tracers, especially for dissolved tracers, it can
happen that the background fluctuation is sometimes higher than
the tracer signal at the first detection. In this case it is hard to
establish a reliable background level which has to be substracted
from the total tracer signal. A possible approach is a clear defi-
nition of a range of background variation taken into account for
the further evaluation in particular for the calculation of recovery
rates. An in-depth analysis of the problematics of background
handling was provided by Smart and Karunaratne (2002),
analysing a set of 168 daily water samples from an agriculturally
influenced suburban catchment; they concluded that a generali-
sation of their findings cannot be justified. This means that back-
ground considerations have to be applied individually for each
catchment and specific tracer test. Bailly-Comte et al. (2018)
showed how to distinguish the tracer signal acquired by a field-
fluorometer from the natural background coming from dissolved
and suspended inorganic and organic substances.

Calibration and control samples

During a tracer test, usually, sampling occurs manually or
automatically via installed samplers or with field instruments.
Field instruments have to be maintained regularly. Especially,
online pH- or ion-selective electrode (ISE) measurements
need repeated recalibration, but also field fluorometers have
to be calibrated regularly. Calibration procedures in the field
are inherently less accurate than laboratory procedures. For
fluorescent dye tracers, it is known that the fluorescence in-
tensity of some of them is considerably pH-dependent, e.g. for
pyranine, uranine, and eosine Y, and that the full development
of fluorescence to a constant intensity level (and therefore to
the maximum sensitivity) is usually at a pH above 8 or 8.5. A
field calibration can only be done at a distinctive date and time
and is sensu stricto valid only for this, but can be stable over a
certain time period. A possible approach is to take so-called
control samples during the regular maintenance of the instru-
ment and to measure the tracer under stable laboratory condi-
tions. Later, the field data can be correlated with the lab sam-
ples from the same date and time, and the field data can be
calculated for their “true” concentration values.
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Instrumentation and analytics of tracers
General remarks

Present-day laboratory or field instruments offer a wide range of
analytical procedures with high selectivity and high sensitivity,
some of them with extraordinary detection limits. Common lab-
oratory methods for analysis of inorganic chemical compounds
are ion-chromatography (IC), inductively coupled plasma optical
emission spectrometry (ICP-OES), mass spectrometry (ICP-
MS), or other coupled analytical devices. It is also possible to
work with much cheaper ISEs, but usually with a reduced sen-
sitivity. It is also a matter of cost as to which instruments can be
installed. All of them are able to measure concentrations in the
ppm- to ppb-range, in some cases also in the ppt- or sub-ppt-
range. Several compounds can be measured at higher concentra-
tions with conventional UV/VIS-spectrophotometers, others
need spectrofluorometers. For fluorescent dye tracers, a variety
of fluorometric instruments is available. An overview of labora-
tory fluorescence spectrometers can be found in Si et al. (2017).
For fluorescent dye tracers, spectrofluorometers with versatile
scanning abilities (dual or double monochromotors,
synchronous-scan functions, excitation-emission-matrix (EEM)
generation, spectrum evaluation capabilities, etc.) are standard.
Other analytical techniques use capillary electrophoresis (CE)
with laser excitation or high-performance liquid chromatography
(HPLC).

Field instruments for standard chemical and physical pa-
rameters can measure on-site, or in situ with the sensor probe
immersed in the water. Typical parameters for field instru-
ments are electrical conductivity, pH-value, dissolved oxygen,
turbidity, wavelength-specific spectral absorption coefficient,
and various ionic compounds.

Modern field instruments can be operated over a consider-
able length of time (energy supply from the public system,
generators, batteries or solar panels) depending on the mea-
surement interval and the installed storage capacity. They can
be equipped with data loggers and additionally with a direct
transmittance capability of data via the conventional telephone
network, or via mobile telephone. Online measurements on-
site (after channeling-off or pumping of water) or in situ with
subsequent data transmission via satellite could be realized in
several monitoring and tracer test projects (Stadler and Skritek
2001) and in karst hydrogeologic investigations with addition-
al implementation of event-triggered sampling programs
(Stadler et al. 2010).

ISE techniques

Ion-selective electrodes (ISE) have been used in karst hydroge-
ology since the first half of the twentieth century mainly for on-
site and in situ measurements of some hydrochemical parame-
ters. Probably, the first in situ use of ISEs in a tracer test was in

1942 in the karst area of Warstein (Westphalia, Germany), re-
ported by Richter (1944) and Mitoff (1944). Within the activities
of the Association for Tracer Hydrology (ATH), a karst spring
(Source de Areuse in the Suiss Jura) was monitored for water
temperature, electrical conductivity, and sodium. Sodium from
the long-term measurements and on-site from a tracer test was
measured with acceptable resolution and accuracy with an ISE
and the measurements were recorded on a strip-chart recorder
(Miiller and Z6tl 1980). As with all ISEs they have to be cali-
brated or recalibrated in rather short periods to assure acceptable
accuracy. During a tracer test the ISE response on the respective
ion follows the time-dependent change of concentration during
breakthrough (beside cross-sensitivity to other ionic compounds
and electrode drift over time). It could be observed that the rela-
tionship between the measured signal (usually in mV) and the
corresponding concentration shows a sometimes significant hys-
teresis between the rising and falling limb of the BTC. This
means that the same electrode signal represents different concen-
tration values, and therefore has to be calibrated appropriately.
For more details on how to handle this ISE-hysteresis effect, see
Fig. S1 in the ESM.

Field fluorometry

Field fluorometers are able to measure on-site or in situ.
Various field fluorometers with flow-through cells (e.g.
Schnegg and Doerfliger 1997; Smart et al. 1998; Schnegg
2002), or submersible fluorometric probes (e.g. TURNER
Designs SCUFA 1II; YSI 6130 Rhodamine WT Sensor;
ALBILLIA GGUN-FL24; GEOTECH AquaTroll
Rhodamine WT) or with fiber-optics (LLF-M; Barczewski
1986; Benischke and Leitner 1992; Ghodrati 1999) are
described.

For in-situ measurements, a flow-through cell or a fiber
guide has to be immersed in the water. In both cases the
fluorescent signal will be detected directly in the fluid. This
is not necessarily limited to short distances. Halogen lamps,
high-performance LEDs or laser diodes (Schnegg, 2008) have
been used as excitation sources. Probably the first hint on the
possibility to use laser technology for dye tracer analytics
could be found in Késs (1964), only 4 years after the invention
of the first functioning laser by Maiman in 1960.

Another approach is the LLF-M fiberoptic fluorometer
(Fig. 3). Up to six modules with different filters can be
mounted in one housing. Use of the lock-in technique and a
shielded fiber tip largely avoids the adverse effects of ambient
stray light. Fiber guides with different lengths (up to 50 m with
acceptable attenuation of the tracer signal) can be plugged on
to the instrument. A field calibration is possible and
measurements are stored in the internal data logger.
Measurements in turbid water showed some advantages
of the geometric front design of the excitation/emission
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path at the tip of the fiber-guide compared to a right-
angle geometry (Hodel and Stoller 2000).

An experimental setup of a Nd-YAG microchip laser with
fiberoptics for the in-situ detection of Rhodamine WT with a
detection limit of 100 pg/g was described in detail by Moulin
and Vitart (1998). In recent years a number of low-cost instru-
ments (“pocket-fluorometer”) have appeared on the market.
Due to the simplification of the hardware as a compromise
between performance, instrument size and costs, a reduced
selectivity and sensitivity has to be accepted (e.g. Turner
Designs Picofluor handheld fluorometer; Poulain et al.
2017). Recently, a low-cost instrument based on the adaption
of a cell-phone using its flash-light as a light source was de-
veloped and described (Hossain et al. 2014).

Synchronous scan techniques

Fluorescence intensity measurements usually are performed as a
measure of tracer concentration. Additionally, fluorescence life-
time measurements are possible (Seidlitz and Behrens 1991),
which could also be helpful for the identification of fluorescent
substances. The standard procedure is the synchronous scan tech-
nique with constant wavelength difference which was developed
by Horst Behrens in 1969 and was at first described (in German)
in an annual report (Behrens 1970) of his Institute for Radio-
Hydrometry in Munich. A short time later, Lloyd (1971) pub-
lished the same technique for applications in the identification of
crude oil or in forensic sciences. Another technique involving
collecting a set of emission spectra with constant step variation
of the excitation wavelength produces an excitation-emission-
matrix (EEM). It is a very helpful tool to characterise waters with
higher content of dissolved organic matter (DOM) or complex

@ Springer

mixtures of organic contaminants such as PAHs (Baker and
Lamont-Black 2001; Borup 2008; Bailly-Comte et al. 2018).

With the standard constant wavelength difference tech-
nique, it is possible to measure the dyes most commonly used
in hydrology such as Na-naphthionate, pyranine, fluorescein
sodium (uranine), eosine Y, sulpho-rhodamine G, sulpho-
rhodamine B, rthodamine WT, and rhodamine B with high
sensitivity and selectivity, and with reduced influences from
stray light. For more details on the synchronous scan tech-
nique refer to the Table S1 of the ESM.

Chromatographic techniques

Powerful analytical tools include the chromatographic
methods (TLC, HPLC) coupled with fluorescence detectors,
or laser-induced fluorescence and detection. The advantage of
chromatographic methods is the clear separation of an un-
wanted background of substances. These methods have high
selectivity and sensitivity, some of them with extraordinary
detection limits in the ppt- and sub-ppt range. Thin-layer chro-
matography (TLC) for tracer analytics was described by
Rochat et al. (1975), Bub et al. (1979), Bub and Hoétzl
(1980), and Ackermann and Hotzl (1984) with detection
limits of 10™* mg/m® depending on the tracer. The TLC tech-
nique is more laborious and time-consuming than the conven-
tional synchronous scan technique and can be an alternative,
but does not play an important role in standard tracer
analytics.

High performance liquid chromatography is another chro-
matographic method often coupled with enrichment tech-
niques (Laane et al. 1984; Hofstraat et al. 1991; Suijlen et al.
1994; Franke et al. 1997; Ikeyaa et al. 2009). Detection limits
vary between 0.3 and 1.7 x 10> mg/m® depending on the
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tracer and the used enrichment technique. These HPLC appli-
cations were developed mainly for the detection of fluorescent
dyes in surface water or in sea water, but can be adapted for
the analysis of karst groundwater. Automated HPLC tech-
niques can be recommended for difficult problems of dye
tracer separation from other fluorescent compounds in a mix-
ture. There is usually no capability for EEM generation. The
technology is more expensive than conventional spectrofluo-
rometry, and needs staff experienced in chromatographic sep-
aration techniques.

Capillary electrophoresis (CE) and other coupled
techniques

CE is capable of detecting fluorescent dye tracers at a very low
level (e.g. Ferguson 1997; Ferguson et al. 1998; Brumley and
Farley 2003). An application with coupling of different ana-
lytical techniques (HPTLC/AMD - high-performance thin-
layer chromatography with automated multiple development
and Nano-Chip-LC/QTOF-MS — nano-chip liquid chroma-
tography coupled with quadrupole time-of-flight mass spec-
trometry) was developed by Weiss et al. (2008) for rhodamine
dyes and their metabolites in 488 groundwater samples.
Neither technique is standard in tracer laboratories yet.

Evaluation and interpretation

The success of a tracer test depends on many different factors. A
test with no result, i.e. no detection of a tracer in any of the
sampling stations proves usually nothing. Possible reasons
should be discussed (e.g. too little tracer injected, tracer degrada-
tion, missing sampling stations, hidden flow-paths, improper an-
alytics, etc.). Also, episodic or erratic occurrence of a tracer can-
not be taken as a plausible result without further assessment;
however, a test with a clear BTC can be seen as successful.

Data plausibility and uncertainties

Raw data from laboratory measurements of water samples or in-
situ data from field instruments have to be evaluated first for
plausibility. After taking into account all influential factors, fur-
ther parameters such as tracer concentration or mass flow at a
distinctive moment, time of travel, transport velocities, tracer
recoveries and other hydraulic parameters can be derived
(Jones 1984). All measurement techniques rely on proper cali-
bration of the used instruments, on observing pH and redox
conditions, on temperature control during analysis (e.g. rhoda-
mine fluorescence is strongly temperature dependent), and pos-
sible microbial decay. Each step before, during and after a test
can contribute to the uncertainty of the results (uncertainty in the
content of tracer in the delivered product, the injected amount,
discharge rates, the calibration standards for instruments, and in

concentration measurements). In hydrogeologic practice, these
factors will usually not be considered in detail, but can influence
the final result remarkably. A tracer test with respect to the entire
uncertainty budget (with breakdown of uncertainties coming
from all influential factors) has never been done, although some
aspects about background and instrumental noise (Alexander
2005) have been investigated. A broader discussion about the
tracer methods and their vulnerability to errors arising from dif-
ferent sources of uncertainties was given by Smart (2005).

The breakthrough curve (BTC)

The breakthrough curve (BTC; Fig. 4) depends on the specific
transport properties of the used tracer, the hydrologic bound-
ary conditions, and on the structure of the system under study.
Even for the same karst system and under the same hydrologic
conditions but under different geochemical influences, the
BTC can vary considerably. BTCs can be unimodal with
one peak or multimodal with two or more peaks. In compar-
ative tracer tests with injection of several tracers at the same
time, the tracer concentrations (C) at a specific time ¢
should be normalised by the injected amount M for each
tracer (Eq. 1; Fig. 2).

C(t)norm = C(t)/M (1)

In the case of particle tracers, C(¢) is replaced by N(¢), the
time-dependent number of particles, and M is replaced by the
total number N of injected particles.

The evaluation of a BTC can be performed with specific
modelling software such as QTRACER2 (Field 2002),
CXTFIT (Toride et al. 1999), CXTFIT with EXCEL-
extension (Tang et al. 2010), TRAC (Gutierrez et al. 2013),
or with self-built spreadsheet programs. The former software
TRACI (Werner 1998, 2004) developed for WINDOWS 95
can be run under newer operating systems only in an emula-
tion mode (refer also to the ESM).

Tracer recovery

To calculate the tracer recovery, discharge information is needed.
Discharge data have usually a greater uncertainty than analytical
data. Sometimes discharge data are not accurate enough, espe-
cially for high discharge rates during flood conditions. In these
cases, it can happen that the calculated recovery is more than
100% of the injected amount of tracer. Other influential factors
are calibration uncertainties, background fluctuations, or tracer
from other or earlier tests. The absolute mass of tracer recovery
(M) is calculated by integration over time (Eq. 2):

My =" ,0(t)C(¢)dt for variable discharge

& 2
My = QI_,C(t)dt for constant discharge @)
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The percentage of My with respect to M (injected mass) is the
recovery rate, which is often presented as a cumulative curve
together with the BTC (Fig. 4). A low recovery rate can indicate
considerable loss of tracer in the system by long-term storage,
adsorption, decay or degradation, or simply a too short observa-
tion time, or the existence of unobserved resurgences. For a tracer
test, the total recovery is the sum of the recoveries calculated for
all resurgences. In the case of an earlier termination of the obser-
vation program, an attempt can be made to extrapolate the BTC
by one or a composite exponential function.

Tracers which are seen as conservative can change due to
reactivity—for example, the well-known tracer uranine con-
verts with a decreasing pH value from a dianion to an adsorb-
able cation. In a karstic environment this may be rarely the case,
as the pH is usually above 7.5 or 8. Above pH 8.5, uranine
forms a dianion and does not adsorb in karst conduits. Below
pH 8.5 and above pH 7.5, a small percentage of the tracer may
change to the cationic form and can be adsorbed, which results
in a lower recovery.

Transit times and transport velocities

Several transit time parameters and transport velocities can be
derived from a BTC. Transport velocities are based on a trans-
port distance, which is usually defined as the linear
(horizontal) distance between an input and output location,
where large elevation differences can exist between them.
The linear distance is therefore only a very rough estimation,
because the actual flow-path is never known. To approximate
the actual flow-path a tortuosity parameter can be calculated,
which is based simply on a proportionality between the linear
distance and the assumed actual flow-path. Assari and
Mohammadi (2017) calculated tortuosity from several tracer
tests applying rhodamine B, uranine and eosine at a dam site
in Iran. The values varied between 1.01 and 3.9, which
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depended on the scale of investigation. In many tracer tests
in karst, this distance varies between 100 m and 5 or 10 km,
but even more than 50 km are known (Z6tl 1974). Most im-
portant are the time of first detection, the time of peak con-
centration and the mean transit time. The time of first detec-
tion (in older publications “first arrival”’) depends largely on
the definition of the background signal, the sensitivity of the
analytical method, and therefore its detection limit, but also on
the sampling or measurement interval. High-sensitivity mea-
surements detect the tracer earlier than those with a lower
sensitivity. Large sampling or measurement intervals may
miss the correct time of “first arrival” or the time of the con-
centration peak. In multi-peaked BTCs, it can happen that the
peaks have the same level of concentration. The time of first
detection and the time of peak concentration are important in
the assessment of contamination risks to water resources in
general or to an existing water supply.

A first approximation of the mean transit time (¢c) can be
calculated from the concentration centroid of the BTC.

I oCleyt
T Cwr ?)

Depending on the flow conditions, a large variation of transit
times occurs (from a few meters per hour or lower, up to hun-
dreds of meters). Under flood conditions, even kilometers per
hour are possible. Under extreme conditions a flood wave with
pieces of fallen timber needed 30 min for a linear distance of
3 km (equivalent to 1.7 m/s) during an event in 1975 in Lurgrotte
Cave near Graz, Austria (Benischke and Harum 1994).

Modelling of tracer tests

Karst aquifers show usually high heterogeneity and anisotro-
py, which considerably influence the type of BTCs (unimodal,
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multi-modal, with or without strong tailing, or irregular) of
tracer tests. A BTC may reveal important information about
the system under study such as geometry or structure of the
karst network, travel times and velocities, and dispersion pa-
rameters. A proper evaluation can be done with mathematical
modelling, which can be formulated on the basis of an ade-
quate conceptual model. The conceptual model describes the
system qualitatively and should include all factors influencing
the transport of tracer through a system. From the conceptual
model, a mathematical description can be set up, which con-
sists of a set of equations that allow adequate description and
prediction of the transport of water and tracer. The better the
conceptual model, the more reliable the mathematical model
can be, as far as the governing transport processes can be
mathematically formalised. For tracer transport in karst sys-
tems, different mathematical models are available.

For a point-to-point tracer test (with instantaneous injection
and a conservative tracer) mainly with tracer transport through
conduits, a 1D advection-dispersion model may be adequate
(Lenda and Zuber 1970; Kreft and Zuber 1978; Bear 1979),
but has some constraints in proper modelling the tailing of
BTCs. Maloszewski and Zuber (1985) proposed a combina-
tion of dispersion processes in conduits with diffusion pro-
cesses in the rock matrix to describe the tailing effect with
transport of tracer in mobile water and in quasi-stagnant or
immobile water. Another approach was a superposition
(Fig. 5) of flow-paths representing the final BTC (Kreft et al.
1974). An essential assumption is the complete mixing just
beyond the input location and no interaction between the in-
dividual flow-paths, neglecting also diffusion processes into
the rock matrix. The governing equation (Eq. 4) is then based
on a 1D dispersion process with an analytical solution (Eq. 5):

oC & oC
D =y 4
or a2 Vox 4)
2
-+
M ”
C(x,t) = xp | — ( t)

= exp
D 3 Doyt
Oty |4 (\;)/(,ﬁ) 4( vx) to

with C (tracer concentration), x (linear distance from injec-
tion), ¢ (time from injection), v (mean transport velocity), M
(injected tracer mass), Q (flow rate, discharge), Dy (longitudi-
nal dispersion).

This analytical solution (originally developed for porous
media) can be adapted with specific initial and boundary con-
ditions for flow in karstic conduits, where C(x,f) is the sum of
C(x,0)-solutions for N individual flow-paths.

The functioning under different hydrologic conditions could be
estimated from numerous tracer tests in an alpine karst aquifer in
Austria (Maloszewski et al. 1992, 1994; Wemer 1998; Kiibeck
etal. 2012). Composite BTCs (Fig. 5) with multiple peaks or only
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Fig. 5 a General conceptual multi-dispersion model (MDM) with trans-
port along N different flow-paths; b modelled tracer concentrations
(bromide) for four flow-paths (solid lines) and measured tracer concen-
trations (triangles) from a test in Lurgrotte Cave in Austria (modified from
Maloszewski et al. 1992)

shoulders could be resolved. Questions remained open as to
whether secondary peaks in the BTC can be attributed to different
real conduits or to different retardation compartments (e.g. sedi-
ment fillings, pools, etc.) in the same conduit, or to artefacts.

Another approach is the two-region nonequilibrium model
which has the same target to explain the tailing of a BTC. The
model assumes regions of the karst aquifer with mobile and
immobile water (Fig. 6). These regions can be in a main conduit
with adjacent pools with quasi-stagnant or immobile water. An
exchange rate of tracer is based on a proportional concentration
difference between the two regions. Diffusion processes usually
are considered as negligible in conduits with fast turbulent flow
(Field and Pinsky 2000; Birk et al. 2005; Geyer et al. 2007).

A recent approach (Goeppert et al. 2020) to describe the long
tailing of a BTC from tests with uranine and eosine (seen as
conservative tracers) in a karst system at kilometer-scale uses a
continuous time random walk model (CTRW). Whereas a simple
advection-dispersion model cannot describe adequately a tailing
effect of a BTC, a two-region nonequilibrium model is limited in
quantification of long tails. The theory behind CTR W-models was
comprehensively described by Berkowitz et al. (2006). Literature
on mathematical modeling of karst aquifers and tracer tests is
widespread, and the reader may refer to detailed overviews
(Kovacs and Sauter 2007; Leibundgut et al. 2009; Hartmann
et al. 2014; Turnadge and Smerdon 2014).
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Fig. 6 Schematic plan view of a karst conduit with mobile and immobile
water regions

Concluding remarks

Tracer methods are standard hydrogeologic methods and have
been used for many decades to investigate karst aquifers. Their
importance can be seen on the increasing number of papers pub-
lished in the various scientific journals (Divine and McDonnell
2005). In general, the application of tracers has two targets: (1) to
gain detailed knowledge of transport properties of substances
occurring in the water cycle, because for all types of aquifers,
especially karst aquifers, this knowledge is essential for proper
assessment of the transport and fate of contaminants; (2) to gain
more insight into the structure and the hydrological or hydrogeo-
chemical dynamics of a karst aquifer. Tracer tests can contribute
considerably to this knowledge.

Naturally occurring inorganic or organic chemical com-
pounds, including stable and radioactive isotopes, physico-
chemical properties (such as temperature, electrical conduc-
tivity, pH value), and transport of particulate matter, can be
monitored today with high temporal resolution using adequate
sampling techniques and the respective sensors and data log-
gers. These natural tracers can reveal much of the natural
dynamics in karst systems.

Artificial tracers are applied mainly in short-term investi-
gations, from several hours up to a few years, and may not be
adequate for studying long-term transport processes in deep
karstic aquifers or in karst systems with thick vadose zones or
aquifers that lack large conduits, where transport processes
may be active for decades and more.

The charcoal sampling method is cheap and easy to handle,
but the results are only qualitative. On the other hand, it is a
kind of tracer enrichment technique, which can complement
the results of direct water samples. A more detailed under-
standing of the dye adsorption processes seems to be neces-
sary; moreover, research on more specific resins for adsorp-
tion of dyes would also be of interest.

@ Springer

The instruments and analytical methods used today for nat-
ural or artificial tracers provide high selectivity and extremely
high sensitivity. Fluorescent dyes are, in most cases, still the
most used artificial tracers, although research is needed to
extend the number of suitable dyes, and to further characterise
in detail their transport properties in different geochemical
environments. Sophisticated laboratory and robust field tech-
niques do not compete with each other but complement one
another, although the selectivity and sensitivity, accuracy and
reproducibility of laboratory techniques is still one or some
orders of magnitude better than for field techniques. The
choice of a specific instrument or a specific analytical tech-
nique depends on many factors, not least on the intended
purpose and the costs. It is not possible to give a general
recommendation for a specific instrument or analytical tech-
nique as this depends on the targets of an investigation and, as
mentioned, the available financial resources.

Quantitative evaluation and interpretation of tracer test results
is supported with mathematical modelling, as far as an adequate
conceptual model is available and the governing transport pro-
cesses can be formulated in mathematical form. Many models
assume that tracers are conservative, which is in the strict sense
always a simplification, as none of the tracers is ideal. For future
research, an interesting question would be how and to what
extent the type of tracer influences the results achieved in model
calculations, i.e. are these calculations tracer dependent. This
might be clarified when performing comparative tracer tests with
different tracers injected at the same place, at the same time and
under identical hydrologic conditions.

Deriving hydraulic properties, travel times and transport ve-
locities, dispersion parameters, and conduit volume estimations
from tracer tests is only one, and of course, an important part of
the interpretation. Another part is to derive a realistic network
configuration and structure for a given karst system (Smart
1988). This would be of great interest for geologists as practi-
tioners, and in their work as consultants or authorised experts.
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