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Abstract
Sand column experiments were conducted to investigate the efficacy of colloidal particles (microspheres) as hydrological tracers. Two main questions were investigated:
1. What is the relationship between breakthrough volume and column height for latex microspheres in a sand column?
2. Is the fraction of latex microspheres filtered out by sand a function of column length?
Small-scale sand column experiments were carried out under both saturated and unsaturated conditions.  Carboxylated latex microspheres were used as test-tracers. The pore volume of water that flows out of the column before the microspheres breakthrough was linearly related to column height in all trials.  The fraction of latex microspheres filtered out by the sand column was not a function of column height unless the water is salty.  In one set of unsaturated experiments using 10 mM of NaCl solution, the fraction of microspheres retained in the sand column was linearly related to column height. As this was a only a proof-of-concept or preliminary trial of microspheres for use as hydrological tracers, much further testing is needed to determine other aspects of the behavior of microspheres in the soil and water environment. 
Introduction
Hydrological tracers are substances that can be used to track water flow in the landscape. Current hydrological tracers include high temperature water, stable and radioactive isotopes such as 2H and 3H respectively, inorganic ions such as Cl-, Sulfur Hexafluoride, Ethanol, Benzoate, Fluorobenzoate, Sulfonic acids, spores, colloids, microorganisms, and dyes (Flury and Wai, 2002).  All of these tracers have short-comings that make them non-ideal for many applications of hydrological study.  Flury and Wai (2002) suggest that nn ideal tracer would have the following characteristics:
1) It  moves at the same or similar velocity as the water (tracks with the flow speed) 
2) It does not deposit or get filtered out as the water flows through a variety of conditions such as overland flow and saturated and unsaturated flow through porous media such as soil or rock
3) It does not degrade during the time frame of interest
4) It should also not have any baseline natural concentration in the environment, or if it does, the baseline should be low and constant at every location in the environment
5) It should not change or change the way it functions in response to natural changes in solution chemistry
6) It should be easily detected even in low concentrations
7) It should be non-toxic. 
In addition, it would be especially idea to have a single tracer type that could be individually labeled and, thus, uniquely identified and independently detected in order to simultaneously track multiple flows in the same hydrological system. 
Unsurprisingly, the ideal tracer does not exist. According to Flury and Wai (2002), the closest current tracer is radiolabeled water molecules. Radiolabeled water fulfills most of the above requirements to a high degree, but it like all currently used tracers cannot track multiple flow paths simultaneously. Despite a wide variety of tracers, the capability to track a multitude of different water flow simultaneously in a landscape is lacking because each tracer has unique transport characteristics; i.e., each would move through the environment differently because of both differing hydrological flow paths and differing ease of transport.  Thus, it would be very difficult to determine to what degree differences between tracers is due to the different flow paths and what degree of differences is attributable to different transport characteristics.
The following research is an initial step in the process of creating the next generation of tracers using Polylactic Acid (PLA) microspheres containing short DNA sequences (~100 base pairs) as an identifier, and iron nanoparticles as a recovery agent (through magnetic concentration). Polymer microspheres containing magnetic particles (Liu et. al. 2007) and colloids containing DNA (Mahler 1998) have previously been developed for medical and hydrological purposes respectively, however the synthesis of these techniques is novel. It will allow the generation of a near-infinite number of uniquely identified hydrological tracers. Additionally, all of the tracers could be detected down to extremely low concentrations using the same procedure and equipment, allowing simple field experiments to yield a wealth of data. 

The proposed tracer design is still in an experimental phase and the manufacturing process is still being adjusted and refined. The PLA tracers required for column-scale tests were not available in the quantity and uniformity required for this study, thus, column-scale experiments were conducted using fluorescent latex microspheres. The latex microspheres share most of the properties of PLA microspheres, with the added benefit that under laboratory conditions, their concentration can be rapidly identified for many samples via fluorescence assay. 
Materials and Methods
Materials:

The microspheres under study were Fluoresbrite (2.67% solids) latex Carboxylate YG microspheres, with an average diameter of 1.13 µm (standard deviation 0.04 µm) from Polysciences, Inc (lot #572575). They had an maximum excitation wavelength of 441 nm and an maximum emission wavelength of 486 nm. The sand used in the sand column was grade 12/20- 02426 (approximately 1 mm diameter roughly spherical quartz sand). 
Experimental apparatus:
A Masterflex Easy-Load II LS peristaltic pump from Cole Parmer (model 77200-50) with Masterflex 06419-13 (L/S-13) tygon tubing was used to pump microsphere solution into the sand column. The column itself, a Chromaflex from Kontes, was 2.54 cm in inner diameter, and 30.5 cm tall. For saturated flow conditions, approximately 20 cm of the aforementioned tubing was used to create a head loss at the outlet of the sand column and back up flow. 

Sampling Method:
Three series of experiments were run: saturated flow, unsaturated flow, and unsaturated flow using 10 mM NaCl. In each series, four experiments were run: a column with 40 mL of sand in it, 80 mL, 120 mL, and 160 mL. 
Before each experiment the sand column was rinsed with tap water and then deionized water (>2 pore volumes). For each experiment, four pore volumes of 1:600 dilution of 2.67% solids- latex carboxylate Y6, stock solution (44.5 ppm microspheres) were run through the sand column. For data series 1 (saturated flow), the column was first adjusted to a steady-state flow of deionized water, then switched to microsphere solution, and throughout the experiment, the solution meniscus in the column was kept approximately one cm above the sand surface to ensure constant saturation. At the chosen interval (every 5, 10, or 20 mL, varied by experiment), 1 mL of effluent solution was collected from the column. From each of these 1 mL samples, three 250 µL samples were pipetted into a 96 plate. The plates were read in a FLx800 Microplate Fluorescence Reader from BIO-TEK Instruments Inc. It was important that the plates be read within hours of sampling, because microspheres would settle out of solution given a timescale of days between sampling and reading, which would cause inaccurate fluorescence readings.
Breakthrough Curve Analysis:
The triplicate plate sample fluorescence readings that correspond to each sample from the column were averaged. Then, those average values were normalized as a percent of the pure (influent) solution fluorescence reading. The number of mL that had passed through the column for each sample was converted to pore volumes using prior measurement of porosity of the sand. The resulting set of paired normalized data (percent of pure solution vs. pore volumes) was graphed to obtain breakthrough curves. There was little change in fluorescence value on a typical breakthrough curve at four Pore Volumes (PV), so linear interpolation was used to derive a normalized fluorescence value for each breakthrough curve at 4 PV.  These values was used to approximate the asymptotic normalized fluorescence values, and graphed to determine the effect of column height and other factors on asymptotic normalized fluorescence. 
Results
Asymptotic fraction (4 PV) of microspheres removed in saturated flow was less than 0.1, and did not appear to have a relationship with column height (see figures 1 and 4). Asymptotic fraction (4 PV) of microspheres removed in unsaturated flow was less than 0.2, and did not appear to have a relationship with column height (see figures 2 and 4). Asymptotic fraction (4 PV) of microspheres removed in unsaturated flow with 10 mM NaCl present in the microsphere solution had a strong (r-squared= 0.999) inverse linear correlation with column height, and followed the following equation (see figures 3 and 4):
C/Co = -0.0155 h + 0.9
where:
C/Co = fraction of pure solution concentration of microspheres in effluent solution

h = column height, cm
Breakthrough volume of the solution (where effluent concentration is half of asymptotic effluent concentration) in pore volumes (determined by porosity of the sand) had an inverse, roughly linear relationship with height of the sand column (see figure 5). Breakthrough volume of the solution had a direct, roughly linear relationship with height of the sand column (see figure 6).
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Figure 1: Normalized breakthrough curves for latex microsphere solution (44.5 ppm) in sand column. Note that a sand height of 8, 14.5, 23, and 30.5 cm correspond to 40, 80, 120, and 160 mL of sand respectively. 
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Figure 2: Normalized breakthrough curves for latex microsphere solution (44.5 ppm) in sand column. Note that a sand height of 7.5, 15.5, 23, and 30.5 cm correspond to 40, 80, 120, and 160 mL of sand respectively.
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Figure 3: Normalized breakthrough curves for latex microsphere solution (44.5 ppm) in sand column. Note that a sand height of 6.5, 14, 22.5, and 30.5 cm correspond to 40, 80, 120, and 160 mL of sand respectively.
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Figure 4: Fraction of pure microsphere solution concentration achieved in effulent after 4 PV of pure solution had been passed through the sand column, vs. height of sand column used in each experiment (each data point represents a different experiment). 
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Figure 5: breakthrough volume (where effluent microsphere concentration is half of asymptotic effluent concentration) of microsphere solution vs. column height for all three data series.
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Figure 6: breakthrough volume (where effluent microsphere concentration is half of asymptotic effluent concentration) of microsphere solution vs. column height for all three data series.
Discussion

Analysis of Performance
The latex microspheres under study performed largely as desired in column-scale tests. They mostly tracked with the water, and were generally not filtered out in large quantities, or in any systematic fashion. However, there were two important exceptions:

In a 0.548 g/L (10 mM) salt solution, the microspheres were filtered out linearly with column height. The microspheres were carboxylated and thus somewhat negatively charged, as such it is possible that they were aggregating with the positively charged sodium ions into large clumps which were easily filtered out by the sand. Additionally, the surface of sand is often slightly negative, which could allow a sodium ion to be electrostatically attracted to both a sand particle and a microsphere, thus, adhering the microspheres to the sand.
The breakthrough volume of the microsphere solution was generally not one pore volume. Additionally, the breakthrough volume varied depending on whether the column was saturated or not. It makes some sense that a breakthrough volume would be less than one pore volume in an unsaturated column, since there is less than one pore volume of fluid flowing through the sand at any given time. It is suspected that the breakthrough volume in pore volumes varied inversely with column height because taller columns were more tightly packed, due to the increased weight of the sand above an average point in the column. So, the breakthrough volumes may have actually been one pore volume in each case, it is simply that the porosity of the sand is variable depending on packing. 
Future Experiments
This set of experiments should be repeated with PLA microspheres when they are in larger production, in order to discover if PLA (which is generally uncharged) behaves in the same way when exposed to a salt solution, and to make sure it is not filtered out by sand. Next, column scale experiments with real soil should be conducted to discover if PLA microspheres have unintended interactions with organic matter or chemical constituents of soil. Lastly, the PLA microspheres should be deployed in field tests to verify that there are not unintended complications at a field scale. 
Sources of Error
In addition to the aforementioned column packing as a source of potential error, the following may have contributed to error in the experiment:
Sunlight or other light could increase the activation of fluorescent dyes in the microspheres, causing them to read as though there were more microspheres present than there actually were. However, in preliminary tests, the latex microspheres used did not change fluorescence values by more than a maximum of 2.7% per hour in direct sunlight. Column experiments were completed and read in the fluorescence reader in no more than four hours, and in light much less intense than direct sunlight, so this source probably only contributed a few percent error to the results. 
The time that passed between the experiment and reading the results in the fluorescence reader was important. In one experiment, two days passed between conducting the experiment and reading the results. The data was so erratic it had to be discarded, and the experiment was conducted again. In all other experiments, the results were read within an hour of conducting the experiment, so that source of error was probably not large. 

By sampling the pure solution after it had run through the input tubing in each experiment, it was determined that the tubing was not removing any detectable quantity of microspheres (the differences in values of fluorescence for pure solution run through the tubing vs. pure solution was well within the range of measurements for pure solution).

The fluorescence reader itself was a source of measurement error, which is why triplicate samples were used. 
Conclusions

This simple set of tests suggests that colloidal tracers will move well with water as long as it is not too salty.  Further experiments are needed to evaluate true field performance.
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