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Introduction

Tracing techniques have a broad application in science and
have demonstrated particular usefulness in hydrogeology.
Applied tracers, which are defined as non-natural con-
stituents that are intentionally introduced, are especially
powerful investigative tools because the tracer application
(or source term) is controlled and well characterized. This
permits quantification of transport parameters and mea-
surement of subsurface properties in a way often un-
matched by standard physical methods. Furthermore,
tracer tests directly measure properties in-situ and can be
used to investigate very specific processes by selecting
tracers with appropriate physicochemical properties. In
many cases, tracer test methods offer the most accurate or
practical way to measure specific parameters, and in some
cases, they are the only reliable investigative technique.
Depending on the application, tracer tests can be used to
characterize properties representative of large subsurface
volumes or investigate small-scale transport phenomena.

Applied tracers have been widely used for centuries to
characterize flowpaths and estimate groundwater velocities.
In fact, Kass (1998) notes that the Jewish historian Flavius
Josephus recorded in approximately 10 A.D. the use of
chaff as a tracer to link the spring source of the Jordan
River to a nearby pond. Quantitative tracer tests using

chloride, fluorescein, and bacteria were first conducted in
the large karst regions in Europe in the late 1800s and early
1900s. After World War II, advances in chemical mea-
surement technology permitted quantification of signifi-
cantly lower tracer breakthrough concentrations and made
high-frequency sampling economically feasible. Addition-
ally, these technological advances lead to a significant in-
crease in the diversity of constituents used as tracers.

Historically, applied tracers in hydrogeology have
been used mostly to characterize groundwater flow in kart
regions. During the 1960s, benchmark studies exploited
applied tracers to understand the controls on groundwater
recharge (Horton and Hawkins 1965; Zimmerman et al.
1966) and significantly advanced an understanding of the
flowpaths of rainfall to the water table. During the past 30
years, applied tracers have been used increasingly to un-
derstand solute transport phenomena in porous media and
fractured rock aquifers, motivated primarily by environ-
mental concerns related to disposal of radioactive and
other wastes. For example, the well-known large-scale
tracer experiments conducted at the Borden, Cape Cod,
and Macro Dispersion Experiment (MADE) sites in the
1980s (Sudicky 1986; LeBlanc et al. 1991; Boggs et al.
1992, respectively) were designed to compare observed
field-scale solute dispersion to macrodispersion predicted
by stochastic analysis of independently-measured aquifer
heterogeneity. These experiments have resulted in nu-
merous important publications investigating the signifi-
cance of local geologic heterogeneity, large-scale hy-
draulic conductivity trends, sorption, and rate-limited
processes on solute transport. The results of these tests
have also been used to evaluate the performance of nu-
merical contaminant transport models.

Tracing as a hydrogeologic investigative tool has
grown significantly, and over the past decade, many new
applications of applied tracers have been developed to
investigate advanced transport phenomena, including
multi-species reactive transport, colloid-facilitated trans-
port, pore-scale mixing, and fracture-matrix control. This
increase in tracer research is indicated by the increase in
the number of papers. The increase of papers published in
Hydrogeology Journal and other groundwater-related
journals over the past decade that incorporate either an
applied tracer technique as part of a broader hydrogeo-
logical investigation or specifically develop a new use of
applied tracers in hydrogeology. For example, Aggarwal
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(2002) noted a massive increase in papers using tracers,
between 1965 and 1970: 650 papers were published in the
general hydrology literature that utilized (applied and
natural) isotope tracers. His analysis then showed that for
the period 1995–2000, over 6,500 papers were published
using isotope tracers in groundwater studies alone.

Although a potentially powerful technique, tracer
testing also offers unique challenges and limitations. In
particular, successful testing is predicated on careful and
appropriate design, which generally requires some initial
site hydrogeologic information and preliminary transport
modeling. In many applications the practical and cost
limitations may limit the distance and time scale of ex-
periments, which may then require extrapolation of test
results to predict large-scale solute transport and fate.
Furthermore, accurate interpretation of tracer test results
may be difficult when multiple transport processes are
significant and may require sophisticated data interpre-
tation techniques. An important point that is underscored
by these challenges is the need to develop focused tracer
test training opportunities in university programs and the
professional arenas. This is now beginning within the
UNESCO and IAEA Joint International Isotopes in Hy-
drology Program (JIIHP), whose main goal is to infuse
hydrological education programs worldwide with (applied
and natural) tracer understanding and approaches.

However, despite the potential challenges and limita-
tions of tracer approaches, it is believed that applied
tracers have a bright future in hydrogeology, both in
commonplace site investigations and in fundamental hy-
drogeological research. The following sections of this
essay discuss both specific applied tracer techniques that
are likely to become routinely applied tools and possible
new sophisticated tracer methods that may be used to
uniquely address important future research problems.

Tracers as a common hydrogeologic tool

As noted previously, applied tracers have been used ex-
tensively for many years to characterize flowpaths in karst
aquifers. However, they will increasingly be considered a
standard hydrogeologic characterization tool for other
aquifer types, particularly at contaminated sites to obtain
basic aquifer characterization information (groundwater
velocity, hydraulic connection) and in the development of
conceptual site models, calibration of numerical flow and
transport models, and assessment of contaminant-related
risk. Single-well tracer test methods (Drost et al. 1968;
Hall 1993; Brainerd and Robbins 2004) are especially
promising because they are simple and inexpensive and
can be used to characterize local and spatial variations in
groundwater velocities and other hydrogeological proper-
ties. Applied tracers will also be used increasingly to
evaluate remediation strategies and engineered system
performance. For example, tracers can be used to assess in-
situ contaminant biodegradation, electron acceptor/donor
utilization rates, dilution effects, and zones of influence for
enhanced biodegradation techniques (Brusseau et al. 1999;

Sch�rmann et al. 2003; Alter et al. 2003). Because long-
term tracer sources are easy and inexpensive to maintain
and low concentrations are easily detected for dissolved
gas tracers such as helium and sulfur hexafluoride, Sanford
and Solomon (1998) suggest their use to evaluate hydraulic
capture and to demonstrate contaminant containment.
During the past decade, phase-partitioning tracers have
been used to quantify subsurface volume and interfacial
area of nonaqueous phase liquid (NAPL) (see Rao et al.
2000 and Brusseau et al. 2003 for summaries of these types
of techniques); however, the relatively high cost and un-
certainties associated with these techniques will likely limit
their use to a relatively small percentage of sites.

In many arid areas with large and growing popula-
tions, there is growing interest in developing strategies
for enhancing recharge of excess surface water to
groundwater (either through infiltration ponds or injec-
tion wells) in order to increase storage capacity. Applied
tracers will be used to characterize critical aquifer and
hydraulic characteristics (residence times, flowpaths,
permeability changes, etc.) and facilitate efficient man-
agement of these operations (Heilweil et al. 2004; Clark
et al. 2004). Applied tracer tests will also increasingly be
used to assess aquifer vulnerability, particularly as the
perception of terrorism-related threats to public water
supplies increases. For example, in April 2003, the U.S.
Geological Survey conducted a supply wellfield tracer
test where unexpectedly short travel times and high tracer
concentrations were observed and the drinking water was
unintentionally dyed red for nearly a million people in
Miami-Dade County, Florida (USA) (see S.S. Papadop-
ulos & Associates 2004). This study has been widely
covered by the local media and has generated notable
public interest regarding general security of public water
supplies (Sierra Club 2004; NBC6 2004). This example
shows the potential for tracer tests to communicate water
resource concerns and generate public interest; however,
it also underscores the challenge of planning and pre-
dicting the outcome of a tracer test. Tracers used in
aquifer vulnerability assessments will include con-
stituents specifically designed to assess potential bacte-
rial and colloid-facilitated transport (spores, bacterio-
phages, microspheres, etc.), as well as conventional
conservative-type tracers.

While whole watershed tracer applications are yet to
be implemented, many studies at the plot and hillslope
scale are using applied dye tracers to infer flow pathways
and groundwater recharge processes (Flury and Wai
2003; Weiler and Fluehler 2004). For surface water–
groundwater interaction studies, applied chemical tracers
are proving to be particularly useful for quantifying these
linkages. Perhaps the most common anthropogenic tracers
at the watershed scale have been 1960s era bomb tritium
releases and more recent chlorofluorocarbon emissions.
While these are not applied tracers senso stricto (since
they were not intentionally applied), they do continue to
provide useful watershed scale applications for ground-
water dating. Tritium/helium-3 (3H/3He) and chlorofluo-
rocarbon (CFCs, CFC-11, CFC-12, CFC-113) are now
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regularly used to date the young fraction of groundwater
mixtures (Cook et al. 1997).

Tracers in hydrogeologic research

Although transport processes in porous media are rea-
sonably understood, significant fundamental questions
remain regarding transport in highly heterogeneous sys-
tems and fracture rock aquifers, and this is one of the most
promising areas for applied tracers in hydrogeological
research. In fact, the topic of the National Ground Water
Association (2004) Darcy Lecture focuses specifically on
the issue of apparent solute dispersion observed in frac-
ture-rock tracer tests (Shapiro 2004). During the past 30
years, applied tracer tests have dramatically influenced
the understanding of solute transport processes in porous
media aquifers. In particular, the well-known compre-
hensive large-scale tracer tests conducted at the Borden,
Cape Cod, and the MADE sites provided critical under-
standing of field-scale dispersion and mixing, and pro-
vided a basis of evaluating stochastic analysis of field
hydraulic conductivity data, laboratory-scale experiments,
and numerical modeling efforts. Cherry (2003) and many
others recommend that equivalent-scale tests are needed
to understand field-scale dispersion and other transport
processes in fractured rock aquifers.

Another particularly exciting area of hydrogeologic
research is the application of “intelligent” and other
specialized tracers to investigate focused research ques-
tions. In particular, the use of nanotechnology is espe-
cially promising for characterizing various hydrogeolo-
chemical phenomena. The biomedical industry has al-
ready developed numerous applications for nanotechnol-
ogy in drug delivery that could be readily adapted for
hydrogeological research. For example, chemo-selective
nano-scale tracers could be constructed specifically to
characterize or record in situ geochemical conditions.
These types of tracers could be useful for understanding
chemically heterogeneous systems and reactive species
transport. However, addressing potential environmental,
human health, regulatory, and public concerns regarding
the use of more exotic tracers, particularly tracers based
on nanotechnology, may be challenging (Holmbeck-Pel-
ham et al. 2000; Weiss 2004; Feder 2004). There are
numerous other areas where the use of specialized tracers
is promising, however, previous work indicates there is
particular opportunity in the following specific research
areas: colloid- and natural organic matter (NOM)-facili-
tated transport (McCarthy et al. 1998), microbe mobility
(Ryan et al. 1999), pore-scale mixing of conservative and
reactive species (Jose and Cirpka 2004), the observed
correlation of solute mass transfer timescales to residence
times (Haggerty et al. 2004), pH- or redox- dependent
species mobility (Kent et al. 2002), and biogeochemical
processes in the hyporheic zone (McKnight et al. 2002).

Finally, there is significant potential to increase the
general utility and power of applied tracer tests through the
development of improved test design/optimization and

data interpretation methods. For example, Field (2001,
2003) discusses the limits of simple algebraic expressions
for estimating tracer mass recovery and the advantages of
test design based on physically appropriate modeling.
Notable opportunity exists to develop more sophisticated
data interpretation methods to extract additional informa-
tion from tracer data, such as inverse modeling using three-
dimensional tracer concentrations and the use of higher-
order temporal moments (Jawitz et al. 2003). Another
example is the need to develop more sophisticated meth-
ods to better distinguish physical and chemical transport
processes, particularly those processes that contribute to
“heavy” tailing characteristics of tracer breakthrough
curves (Harvey and Garabedian 1991). Fractal tailing be-
havior of subsurface tracers has also been revealed using
new and sophisticated spectral analysis techniques
(Kirchner 2000). Many previously developed tracer test
techniques may be further strengthened by improving
chemical analysis methods. Finally, there is much potential
to develop robust techniques to deal with missing or im-
perfect tracer breakthrough data (Helms 1997), and addi-
tional work is needed to develop and evaluate systematic
methods, including error propagation and sensitivity
analysis, to quantify tracer test uncertainties.

Conclusions

Applied tracers tests are powerful investigative tools, and
have a surprisingly long history of application in hydro-
geology. They are particularly powerful for investigating
solute transport processes because the tracer source term
is well characterized and the tracers can be specifically
selected based on desired physical and geochemical
properties. Although there are important challenges and
limitations associated with tracer testing, the significance
of these challenges is case-specific and there are many
applications where tracer tests clearly provide the most
reliable information. Applied tracers will increasingly
become a common hydrogeological investigation tool,
especially for the characterization and management of
contaminated sites. Further, applied tracers will play a
critical role in understanding broad fundamental pro-
cesses, such as recharge and solute dispersion in fractured
rock. They also offer significant potential for addressing
very focused research questions, particularly with the use
of intelligent and specialized tracers for characterizing
complex solute transport phenomena. Advances in tracer
test design/optimization and data interpretation methods
will further increase the power of the technique.
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