
Hydrological Tracers Using Nanobiotechnology: Proof of Concept
Asha N. Sharma, Dan Luo, and M. Todd Walter*

Department of Biological and Environmental Engineering, Riley Robb Hall, Cornell University, Ithaca, New York 14853, United
States

*S Supporting Information

ABSTRACT: In order to answer questions that involve
differentiating among multiple and potentially interacting
hydrological flowpaths, it would be ideal to use multiple tracers
with identical transport properties that can nonetheless be
distinguished from each other. This paper describes the
development and proof of concept of a new kind of engineered
tracer system that allows a large number of individual tracers to
be simultaneously distinguished from one another. This new
tracer is composed of polylactic acid (PLA) microspheres into
which short strands of synthetic DNA and paramagnetic iron
oxide nanoparticles are incorporated. The synthetic DNA serves
as the “label” or “tag” in our tracers that allow us to distinguish
one tracer from another, and paramagnetic iron oxide
nanoparticles are included in the tracer to facilitate magnetic concentration of the tracers in potentially dilute water samples.
Some potential advantages of this tracer concept include: virtually limitless uniquely labeled tracers, highly sensitive detection,
and relatively moderate expense. Three proof-of-concept experiments at scales ranging from orders of 10 cm to 100 m
demonstrated the use of the tracer system.

■ INTRODUCTION

Tracers are used extensively in hydrology to study flowpaths,
flow velocities, hydrodynamic dispersion,1and other character-
istics of water flow in the environment. Naturally occurring
tracers such as chloride, silica, stable isotopes, and dissolved
organic carbon have been used to identify contributions to
streamwater from various “end-members”2,3 and to distinguish
among contributions attributed to different hydrological
processes such as runoff,4 shallow subsurface flow,5 and deep
groundwater.6 Unfortunately, the ubiquity of these naturally
occurring chemicals makes it difficult to identify a specific
flowpath; i.e., even if such a tracer is associated with overland
flow, it is rarely clear where the overland flow originated.7

To identify or characterize flowpaths more specifically,
researchers often introduce tracers that can be detected above
the natural background signals. A variety of traditional
“artificial” or researcher-introduced tracers such as bromide,8,9

chloride,10,11 microspheres,12 and dyes1,13 have been used, but
the applications of these are usually restricted to characterizing
and/or visualizing known flowpaths at small spatial scales such
as macropores,14 plots,10 hill slopes,15 and stream reaches11

because they become very dilute when applied to large scales
such as watersheds. Moreover, watershed memory of past
chemical inputs16,17 and the sensitivity of streamwater chemical
signals to interplay between biogeochemical and hydrological
processes18 further complicates the use of traditional tracers.
There have been several studies that use microorganisms19 and
bacteriophages20 as tracers; however, these involve limitations
on size (which depends on the organism selected) and number

of unique tracers with similar transport properties available.
Hydrologists have also been resourceful about using
“accidental” introductions of pollutant tracers (e.g., refs 21
and 22), but this approach is obviously not a reliable or versatile
strategy.
In order to answer questions that involve multiple and

potentially interacting hydrological flowpaths, multiple tracers
with identical transport properties that can nonetheless be
distinguished from each other are required. A powerful, direct
application of such tracers would be the identification of
potential sources of so-called nonpoint source pollution. There
are only a few examples of such tracer systems in the literature
including rare earth elements,23,24 fluorobenzoic acid-based
systems,25−29 and DNA-based systems.30,31 The fluorobenzoic
acid-based system, while effective, has only a limited number
(<10) of uniquely detectable tracers and is expensive.27

Moreover, their retardation and degradation rates are not
identical.25,29 The rare earth element-based system is likewise
hindered by a limited number of unique tracers, and the
densities of the different tracers are both different from each
other as well as much greater than that of water.24 Thus, rare
earth metals are really most appropriate when investigating
surface water transport of sediments. For the DNA-based
systems, there is essentially no limitation in number of unique
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tracers, nor substantial differences in retardation and
degradation rates. Mahler et al.30 attached synthetic DNA
strands to silica and montmorillonite clay and measured the
DNA concentration on the particles and in the supernatant
over a three week period. No further studies were published
with this system. Sabir et al.31 evaluated a tracer composed of a
synthetic DNA strand in a 12 m forced gradient steady-state
field experiment for use in groundwater studies. Though the
DNA moved somewhat differently than sodium chloride, the
authors concluded that it could be useful as a groundwater
tracer. Colleuille and Kitterod32 used five naked-DNA (not
attached to anything) tracers along with other methods to
determine the potential source of a contamination incident in a
municipal water well in Norway. It is not obvious why DNA-
based tracers have not been used more; however, these
previous studies do not protect the DNA and it is likely that the
longevity of the tracers in the environment is short unless the
DNA binds to clay or sand particles, humic substances,33 or
polycyclic aromatic hydrocarbons.34

We propose using nanobiotechnology to develop an
engineered tracer system that allows a large number of
individual tracers with essentially identical transport properties
to be simultaneously distinguished from one another, has a low
detection limit, is not prohibitively expensive, is environ-
mentally safe, and for which we can control its degradation rate.
This Article describes the development of the tracers, some
proof-of-concept studies, and the next steps required to make
this system reliable. Specifically, we demonstrate that the tracers
are fabricated as we envision, test a system for concentrating
the tracers, and run three small-scale, proof-of-concept
experiments.
DNA-Based Tracer Concept. Our new tracer is composed

of polylactic acid (PLA) microspheres into which short strands
of synthetic DNA and paramagnetic iron oxide nanoparticles
are incorporated. PLA is a polymer used here to bundle the
DNA and magnetic nanoparticles into uniform and highly
controllable nano- or micospheres. PLA is approved by the US
Food and Drug Administration for medical applications and is
commonly used in medical sutures and sustained release drug
delivery systems.35 Recently, it has also been used in
compostable food containers. One attractive property of PLA
is that it degrades over several weeks to months,36 and the
degradation time can be controlled by manipulating the
composition of the polymer via additives.37 Biodegradability
is advantageous because it ensures that the tracers will neither
pollute the environment nor hinder future experiments with its
persistence, while also lasting long enough for the purposes of
many hydrological investigations. We originally fabricated our
tracers using medical-quality polymers but were able to reduce
the cost by 4 orders of magnitude using the lower grade
material used in compostable cups. The current cost is less than
$1 per gram of tracers (approximately 1012 individual tracers).
The cost of analysis, primarily reagents and primers, is
approximately $2-$3 per sample; this does not include labor.
The cost of a qPCR instrument is comparable to an ion
chromatograph, which is commonly used for analyzing ionic
solute tracers. Access to qPCR facilities is becoming
increasingly common, and the cost/96-well analyses at Cornell
University is $20−3238which is considerably less than $1 per
sample; the most expensive qPCR service we found was at the
University of Colorado-Denver at $126 per 96-well analysis,39

which is still less than $2 per sample.

The synthetic DNA serves as the “label” or “tag” in our
tracers that allows us to distinguish one tracer from another.
Strands of DNA (oligos) of 100 bases in length make their
design and detection relatively simple and allow for an
enormous number of unique tags; i.e., four different monomers
in a strand of 100 results in 4100 = 1.61 × 1060 unique
sequences. Another advantage of DNA is that it allows us to use
powerful biotechnology tools to “read” the tags, specifically, the
polymerase chain reaction (PCR) and quantitative PCR
(qPCR), which are highly sensitive methods for detecting
DNA, even in very dilute quantities. PCR indicates the
presence or absence of a specific DNA sequence, and qPCR
allows us to quantify the number of specific DNA strands. Since
the DNA strands are synthetic, that is, not derived from the
genome of any organism, they do not have genetic
functionality. There is sometimes public concern about
introducing DNA into the environment, probably due to
misconceptions about biotechnology in general. Sometimes,
people fail to recognize that DNA is ubiquitous and we all
introduce copious amounts of it into the environment every
day. Even so, should concerns persist, we could use segments of
uncommon DNA for our tags; for example, in the Northeastern
US, we could develop tags based on palm DNA since palm
trees are rare in that environment.
Paramagnetic iron oxide nanoparticles are included in the

tracer to facilitate magnetic concentration of the tracers in
water samples. This could be important when the tracers are
applied to watershed-scale systems because we anticipate that
the tracers will become very dilute. Paramagnetic iron oxide
particles are being studied for a range of biomedical
applications including contrast agents in MRI, in magnetic
separation, in targeted drug delivery, and in treatment of
tumors by hyperthermia.40 Thus, we expect that there are low
health risks in our application of this material. We recognize
that there may be places that have naturally occurring magnetic
materials in the soil or geology that could affect the movement
of tracers infused with iron. In such situations, one would
forego the inclusion of the iron oxide nanoparticles and
consider using filtration to isolate the tracers from the water.
These situations and alternative methods were outside the
scope of this proof-of-concept project.

■ EXPERIMENTAL SECTION
Assessing Tracer Fabrication. The process for fabricating

the tracers is described in the Supporting Information. The
primary characteristics we needed to evaluate with respect to
tracer fabrication were as follows: tracer size and uniformity,
tracer detection and quantification, and magnetic concentration
of tracers via the encapsulation of paramagnetic nanoparticles.
Smith41 and Smith et al.42 measured many physical properties
of PLA microspheres, including the zeta potential (−36.7 mV,
standard deviation = 4.3 mV) and octanol−water partitioning
coefficient (3.84, standard deviation = 0.68) [based on 1000
spheres, average diameter = 1 μm]. The degradation of PLA
microspheres is complex but well understood (e.g., ref 43) and
can be controlled by adding chemicals or changing the
conditions (e.g., stirring time) during fabrication.44−46 Smith
et al.42 characterized the stability of PLA microspheres by
measuring the release of the material inside the spheres and
found a rapid loss of about 30% of the material in the first few
hours and then almost no additional loss for the next day. Luo
et al.35 found similar decay behavior and gradual degradation
over several months. Other properties of the PLA microspheres
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can be altered, e.g., size, surface charge, etc., and these are well
described in the biomedical literature (e.g., refs 35, 45 and
47−49).
We used two approaches to assess tracer size and uniformity,

scanning electron microscopy (SEM, Leica Stereoscan 440
Scanning Electron Microscope SEM) and dynamic light
scattering (DLS, Brookhaven Instruments BI-200 SM Research
Goniometer and Laser Light Scattering System). SEM analysis
allowed us to visually verify that the microspheres were being
successfully fabricated and assess their size. The tracers were
mounted on an aluminum stub with double sided carbon tape.
A Denton Vacuum Desk II sputter coater was used to coat the
sample with a film of palladium/gold. The coated sample was
observed under an accelerating voltage of 25 kV. DLS analysis
was used to more generally determine the size distribution of
the tracers. A small drop of 1 mg/mL sample was added to a
sample vial filled with 12 mL of water.
We used qPCR to identify and quantify our tracers. To 150−

200 μL of the tracer solution sample, an equal volume of
chloroform was added to release the DNA from the PLA
microsphere. The mixture was vortexed briefly and allowed to
stand for 10 min. After 10 min of standing, the mixture was
centrifuged. The aqueous supernatant which contained the
DNA was removed using a micropipette and was stored at −20
°C until qPCR was performed. Quantitative PCR was
performed on a Cepheid Smart Cycler II system using the
Invitrogen SYBR GreenER qPCR Master Mix and a 25 μL total
reaction volume per sample. Our detection limit was 100−1000
copies per 11 μL sample volume (see Supporting Information
for standard curves); we are confident that this can be
substantially reduced with more experience. Throughout this
project, we assigned a value of zero to any samples below the
detection limit. At the end of this project, we performed a
BLAST analysis (see Supporting Information for details) to
determine the likelihood of false positives due to environmental
DNA that might, by chance, have similar sequences to our
synthetic DNA-tags (see Supporting Information). Although
we found relatively few similar sequences, in hindsight, we
recommend that this analysis be done during the design of the
DNA-tags to minimize the possibility of false positives.
To evaluate the efficacy of the use of paramagnetic

nanoparticles in our tracer system, we first used transmission
electron microscopy (TEM, FEI Tecnai T-12 Transmission
Electron Microscope) to visually ascertain the incorporation of
iron oxide nanoparticles into the tracers. A drop of 1 mg/mL
tracer suspension was placed on a TEM grid and allowed to air-
dry before observation.
To test the efficiency of the encapsulated paramagnetic

nanoparticles, magnetic hysteresis curves of both pure iron
oxide nanoparticles and iron oxide nanoparticles encapsulated
in microspheres were measured using a vibrating sample
magnetometer (VSM). Equal volumes of iron oxide suspension
and acetone were taken in 1.5 mL microcentrifuge tubes. The
samples were centrifuged at 8500 rpm for 10 min. The
supernatant was discarded. The samples were dried at 45 °C for
approximately 20 min in the Vacufuge (Eppendorf). Sub-
sequently, 300 μL of acetone was added to each of the samples.
They were centrifuged at 8500 rpm for 10 min, and the
supernatant was discarded. The samples were dried at 30 °C for
15 min in the Vacufuge. Samples appeared to have white
patches, presumably of oleic acid. Unlike the iron oxide
nanoparticles, the tracer samples were not subject to any special
treatment.

To more directly assess the magnetic separation or
concentration component of our tracer system, a set of serial
tracer suspensions (1−10−5 g/L) was made and divided into
two sets of 1.5 mL samples in 1.7 mL microcentrifuge tubes.
One set of microcentrifuge tubes was placed against a magnet at
a location where the magnetic field was at its maximum, and a
second, control set was placed outside the magnetic field. The
magnets used were rare earth Neodymium Boron magnets
sealed in Stainless Steel (Eclipse Magnetics, SR240SHS) with a
maximum field of ∼7600 G (measured by Alphalab, Inc. Model
1 gaussmeter) on the surface. These were kindly lent to us by
Dr. Adrian Collins of ADAS, United Kingdom, Ltd. The tubes
were left against the magnets overnight. For the tubes placed
against the magnet, 1.4 mL of the “supernatant” was pipetted
out, taking care to avoid touching the micropipette tip the wall
of tube closest to the magnet. This was done so as to reduce
disturbance to any aggregate of tracers that may have collected
close to the magnet, i.e., to avoid remixing-up the dilute tracer
solution. To the remaining water and tracers (the “concen-
trate”) in the tube, 50 μL of water was added. Both the
supernatant and concentrate samples analyzed using the qPCR.
The control set, which was not in a magnetic field, was subject
to the same procedure. For the control set, we were also careful
to avoid pipetting from the bottom so that we did not
accidentally resuspend tracers might have settled due to gravity.

Proof-of-Concept Transport Experiments. For our
initial tracer experiments, we chose two simple systems to
investigate the tracers’ movement in porous media, that similar
to soil or groundwater systems and a plot experiment to test the
tracers’ movement in overland flow. For our third proof-of-
concept experiment, we applied the tracers to short stream
reach. In these experiments, we use various combinations of
three unique tracers, called Tracer 1, Tracer 2, and Tracer 3 for
convenience.

Column Experiment. The primary objectives of this first,
small-scale experiment were to confirm that the tracers would
move through porous media and demonstrate that we could
recover and quantify the tracers. A Chromaflex column from
Kontes, 2.54 cm in diameter and 30.5 cm tall, was filled with
quartz sand of grade 12/20 (Unimin Corporation) to a height
of 24.5 cm. Water was pumped to the top of the column using a
Masterflex Easy-Load II LS peristaltic pump from Cole Parmer
(model 77200-50) with Masterflex 06419-13 (L/S-13) tygon
tubing at a flow rate of 0.111 mL/s, which kept the column
saturated for the duration of the experiment. The column was
first adjusted to a steady-state flow of water and then switched
to Tracer 2 suspension. The concentrations of tracer
suspension used was 0.1 g/L. At 31.5 min, the input was
switched back to water. Samples were collected at every 2−3
min, and subsequently, the DNA in them was quantified using
the methods described above. A simple advection−dispersion
model was applied to the experimental conditions to ascertain
the degree to which the observed tracer breakthrough curves fit
our theoretical understanding of how material moves through
porous media.

Plot Experiment. The plot experiment was, among other
things, carried-out at a much larger scale than the column
experiment by approximately an order of magnitude relative to
the column experiments (Figure 1). The primary objectives of
this experiment were to test how similarly two uniquely labeled
tracers moved (they should be essentially identical), confirm
that we could distinguish two tracers from each other, and
make sure we could detect and quantify the tracers when they
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were substantially more diluted than in the column experiment.
We chose to run the experiments on an asphalt surface to avoid
the complexities of soil and vegetation while maintaining some
degree of nonidealized conditions. We also used this experi-
ment to demonstrate the use of multiple (Tracers 1 and 2)
tracers in a single experiment. Approximately 400 mg of tracers
were dissolved in 200 mL of water. A steady stream with a
velocity of 0.067 m/s was established. Tracers 1 and 2 were
simultaneously and instantaneously introduced 1.05 and 2.2 m,
respectively, from the sampling point, i.e., 1.8 and 0.65 m,
respectively, from the source. Samples were nearly continuously
collected in 100 mL sample bottles for 269 s; some water was
lost between sample bottles. In order to reduce the number of
samples for DNA quantification, only the even-numbered
samples were analyzed. As with the column experiment, we
applied a simple, one-dimensional advection−dispersion model
with all parameters except dispersion independently measured.
Because we presume that our tracers are identical with respect
to transport characteristics, the only difference between the
modeled pulses was the distance traveled.
Stream Experiment. The primary objectives of this experi-

ment were to confirm that we could detect, quantify, and
distinguish among the tracers in a much more diluting situation
than either of the first two experiments and compare the
transport of our tracers to a more conventional tracer, in this
case, a dye. Two tracers (Tracers 2 and 3) were used in a small
stream reach experiment near Ithaca, New York to increase the
scale by approximately an order of magnitude over the plot
experiment. The streamflow was 0.023 m3/s. Approximately 1 g
of Tracer 3 was introduced into the stream at the start of the
experiment followed by approximately 1 g of Tracer 2 at the
same point 300 s later. In order to visualize the flow, 50 mL of a
blue food-grade dye (FD&C Blue No. 1, CAS No. 3844-45-9,
Warner Jenkinson, concentration 13.4%) was added along with
Tracer 3. Dyes are commonly used as tracers in hydrology (e.g.,
refs 50, 51, and 15, including for studies in rivers ref 50).
Although this particular dye has been used widely to visualize
preferential flow paths in vadose zone experiments,52,53,13 it has
been demonstrated that it is barely retarded even in sandy
loams,54 particularly at high flow rates.55 Here, we use it in a
surface flow setting at a high flow rate; thus, it can be expected
to behave as a conservative tracer in this case. The dye’s
absorption spectrum is unaffected by ionic strength or pH.56

Samples were collected in 100 mL plastic bottles simulta-
neously at four points, 6.1, 12.2, 36.6, and 61.0 m downstream

of the point where the tracers were introduced, at times 10, 30,
60, 90, 120, 150, 180, 210, 240, 300, 360, 420, 480, 540, 600,
720 840, 960, 1080, and 1200 s after the start of the experiment.
The samples were brought back to the lab and stored at ∼4 °C
until analysis. The DNA in the samples was quantified using the
procedure described earlier. The blue dye was quantified by
measuring absorbance at 630 nm on a Milton Roy Spectronic
501 spectrophotometer.

■ RESULTS AND DISCUSSION
Assessing Tracer Fabrication. In the SEM observations,

the microspheres appear smooth and a range of sizes were
apparent, but most tracers appeared to be a few hundred nm
across (Figure 2). The DLS measurements confirmed that the

mean microsphere size was measured around 400−500 nm
(Figure 3). While a narrower size distribution may be desired
for future experiments and may be obtained by other methods
for making the microspheres, we saw no reason why this size
distribution would be unsatisfactory for the preliminary
experiments described here.
TEM images revealed evidence that the iron nanoparticles

were successfully incorporated into the tracers, although we can

Figure 1. Plot experiment schematic. The tracers were applied
simultaneously and instantaneously in a flow of velocity of 0.067 m/s.

Figure 2. Representative SEM image of microspheres: the micro-
spheres appear smooth and are mostly a few hundred nanometers in
diameter.

Figure 3. Distribution of microsphere size, as measured by DLS for
one representative sample. The mean of the distribution is 454.8 nm.
For the eight DLS measurements taken, the mean was 480.5 nm and
the standard deviation was 59 nm.
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only see them near the edges where there is sufficient
transmission through the PLA (dark spots in Figure 4). The

VSM magnetic hysteresis curves confirmed that the micro-
spheres are magnetized (Figure S2 in Supporting Information).
As expected, the curves show that the microspheres have no
magnetization when the magnetic field (H) is zero but are
magnetized in the presence of an external magnetic field; this is
the nature of paramagnetic materials. It is especially important
that they have no magnetization in the absence of a magnetic
field or they would potentially be attracted to naturally
occurring iron in the environment. While the tracers containing
iron oxide nanoparticles were clearly magnetized in the
presence of a magnetic field, their strength was substantially
lower than for the iron oxide nanoparticles alone, e.g., 2.6 vs 57
emu/g in a 15 kOe field (Figure S2 in Supporting Information).
Iron oxide nanoparticles are often coated with surfactants or
other materials to protect them from aggregation and
oxidation.57 In this case, oleic acid serves this function.58

In the magnetic separation experiments, aggregates of tracers
could be visually observed near the magnet, further verifying
the incorporation of the iron oxide nanoparticles in the tracers.
Magnetic separation concentrated the microspheres 5- to 15-
fold, depending on the original concentration (Table 1). In
contrast, separation by gravitational settling in the control set
for the same period of time concentrated the microspheres up
to 4-fold (Table 1). We generally observed increasing relative
concentration for the magnetic separation except at the highest
concentrations where we speculate aggregated tracers interfered
with the reach of the magnetic field, i.e., the depth of build-up

of tracers near the magnet in essence blocked tracers further
from the magnet. The magnetic separation setup used here is
rudimentary and meant to qualitatively show the potential for
this method. The consistently better performance of magnetic
separation relative to the controls both in terms of actual
concentration (as measured by qPCR) as well as visual
verification of separation supports the view that magnetic
separation may be a promising approach for concentrating
dilute tracer samples where large sample volumes may make
concentration by filtration difficult. Before magnetic separation
can be used in this setting, further work is needed in developing
a consistent magnetic separation method and determining the
efficiency of magnetic separation at various concentrations.
Note: we had no detection problems in our proof-of-concept
experiments that required further development of the magnetic
separation method.

Proof-of-Concept Experiments. Column Experiment.
The tracer data agreed relatively well with a simple one-
dimensional advection−dispersion model59 with a dispersion
coefficient (D) of 1404 m2/s, although there was more scatter
in the data than desired (Figure 5). We do not yet know if the

transport mechanisms implicit in this model are directly
applicable to our tracers, but this model is often calibrated to
capture the temporal patterns of environmental transport, even
when the actual transport mechanisms would seem to make the
model inappropriate (e.g., ref 60). In the case of this sand
column, the tracers moved at the same speed as the water; i.e.,
the advection term that resulted in the best-fit of the model to
the tracers was equal to the velocity of the water. However, we
anticipate that the tracers will move somewhat faster than the
bulk water in an undisturbed soil with macropores.61,62 The
next step is to use an undisturbed soil column to see the degree
to which the tracers favor preferential flow paths. For this
proof-of-concept, however, we only wanted to demonstrate that
the tracers would move through porous media in a reasonably
well-behaved fashion. We speculate that the substantial scatter
in our data can be reduced as we improve our qPCR technique,
particularly our design of oligos and primers. However, it is
likely that the observed scatter in our data was inherent to our
experimental setup; for example, the peristaltic pump may have

Figure 4. Representative TEM image of a microsphere: dark inclusions
of iron oxide nanoparticles are seen.

Table 1. Results of Magnetic Separation Experimenta

original
concentration

(g/L)

relative concentrate
(magnetic separation)/

original

relative concentrate
(gravity separation)/

original

1 5.8 3.4
10−1 5.8 2.9
10−2 10.6 2.2
10−3 15.0 4.5
10−4 7.4 1.2
10−5 7.2 2.5

aThe second and third columns refer to concentration of DNA in the
concentrate obtained by magnetic separation and gravity separation,
respectively, versus that in the original suspension.

Figure 5. Breakthrough curve for column experiment. The circles are
data; the line represents a simple advection dispersion model for the
same system, with a dispersion coefficient of 0.039 m2/h.
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added tracers as a series of pulses that did not entirely disperse
over such a small distance while moving through the sand
column. A previous study found that PLA microspheres will
attach and detach from the sand particles,42 which may explain
some of the scatter. However, the previous study also found
that the “stickiness” of the PLA microspheres retarded the
breakthrough and we did not observe that here. Further
research is needed to better understand the interactions
between the tracers and porous media.
Plot Experiment. The tracer data also agreed reasonably well

with a simple one-dimensional advection−dispersion (D =
0.005 m2/s) model for the plot experiment (Figure 6). As with

the column experiment, the use of this model was to assess bulk
behavior of the tracers rather than to assess specific transport
processes. For example, as with the column experiment, we
found that the tracers’ speed was equal to that of the water. The
model also indicated that there was an unanticipated, large loss
of tracers, at about 85% loss. This loss was not a continuous
sink because both tracers lost the same amount of material. If it
was some sort of continuous loss, we would expect more loss
for Tracer 1 because it was located further from the collection
point, i.e., we would have needed a continuous loss-term in the
model to fit it to the tracer data. We speculate that, in order to
ensure detection, we applied too many tracers at each point,
which lead to unintended aggregation and settling of some of
the tracers. The difference between peak concentrations
(Figure 6) is entirely due to dispersion. Except for the initial
loss of tracers, they were relatively well behaved and exhibited
much less variability than was seen in the small scale
experiment, which supports our speculation that some of the
variability observed in the column experiment was due to the
small scale and inherent variability in flow. For the plot
experiment, the deviation in the tail between the data and
model, especially for Tracer 2 (Figure 6), is consistent with
recent research on wash-off from hard urban surfaces, including
both idealized63,64 and “natural” urban surfaces.65 In short, this
experiment confirmed that we can fabricate uniquely
distinguishable tracers with essentially identical transport
characteristics in overland flow.
Stream Experiment. The Tracer 3 and blue dye, which were

introduced into the flow simultaneously, followed a similar
pattern in time, with the peaks matching at all the locations

with the possible exception that Tracer 3 peaked slightly before
the dye at 61 m. This indicates that in this larger system,
relative to the column and plot experiments, the tracer moves
similarly to a dye. Interestingly, the tracer recoveries were about
twice as efficient as the dye, perhaps because the dye might
have been adsorbed on the stream bed material and vegetation.
The peaks for Tracer 2 are not as well captured as for Tracer 3
because the sampling interval after Tracer 2 was introduced was
much larger; note that Tracer 3 peaked at 6.1 m downstream in
30 s, and 60 s had elapsed before our first sampling after Tracer
2 was introduced. Thus, we would not expect to capture this
peak; the peaks at 36.6 and 61.0 m were similarly missed
because the interval between sampling was even longer at the
times we would expect to have seen Tracer 2 at those locations.
However, Tracer 3 peaked 12.2 m downstream in 60 s which
matches the arrival time for Tracer 2 to peak at the same
location (Figure 7B). We are not sure why the Tracer 2 peak is
so high at this point. This experiment also demonstrates that

Figure 6. Result of plot experiment. Circles are Tracer 1 data; triangles
are Tracer 2 data; the dashed line represents the model for Tracer 1;
the continuous line represents the same model for Tracer 2.

Figure 7. C/Co denotes measured concentration over initial
concentration (concentration of introduced tracer or dye). A, B, C,
and D indicate the sampling points at increasing distance (6.1, 12.2,
36.6, and 61.0 m) downstream from the introduction point. Open
circles = Tracer 3, open triangles = Tracer 2, and solid circles = blue
dye. The arrow in “B” indicates that Tracer 2 C/Co was 8.3 × 10−3,
which is above the bounds of the vertical axis shown.
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the tracers transport properties are essentially identical at this
larger scale, with timing of the peaks matching. The
concentrations between the tracers do not match, possibly
because the periodic sampling strategy resulted in missing
peaks for one tracer or the other.

■ CONCLUSIONS AND NEXT STEPS
These preliminary experiments show encouraging potential for
this new tracer system. In this proof-of-concept, we were unable
to explore many of the potential opportunities our new tracers
offer because many of their properties can be altered. For
example, one could fabricate tracers that are essentially identical
in every way except one, e.g., zeta potential, for which the
effects on colloid transport require further investigation.66 . We
are currently working on ways to speed-up the production of
the tracers, which is currently the bottleneck of our proposed
system and requires substantial labor. Luckily, the process is
simple enough that we were able to train five undergraduate
research assistants to fabricate the tracers, which was much
more cost-effective than using graduate students, postdocs, and
staff. We are also investigating alternative methods for more
reliably and easily quantifying tracers in collected samples. One
approach that appears to be especially promising is the use of
DNA-based fluorescent nanobarcodes (e.g. 67 and 68), which
can be “read” (multiplexed) with inexpensive portable micro-
chips currently under development in Cornell’s Luo Lab (Dr.
Dan Luo, personal communication). We are also exploring
additional magnetic concentration systems in which the sample
is poured through (in the lab) or flows through (in the field)
magnetized material upon which the tracers would accumulate.
The next field demonstration steps are: (1) to run plot scale
storm runoff experiments under rainfall conditions on both
impermeable (asphalt) and permeable (soil) surfaces, (2) a
small watershed (10 ha) experiment, which is instrumented and
ready for use in fall 2012, and (3) groundwater experiments for
which a research proposal has been submitted.
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