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Abstract Department of Defense operational ranges
may become contaminated by particles of explosives
residues (ER) as a result of low-order detonations of
munitions. The goal of this study was to determine
the extent to which particles of ER could migrate
through columns of sandy sediment, representing
model aquifer materials. Transport experiments were
conducted in saturated columns (2x20 cm) packed
with different grain sizes of clean sand or glass beads.
Fine particles (approximately 2 to 50 pum) of 2,6-
dinitrotoluene (DNT) were used as a surrogate for ER.
DNT particles were applied to the top 1 cm of sand or
beads in the columns, and the columns were subse-
quently leached with artificial groundwater solutions.
DNT migration occurred as both dissolved and
particulate phases. Concentration differences between
unfiltered and filtered samples indicate that particulate
DNT accounted for up to 41% of the mass recovered
in effluent samples. Proportionally, more particulate
than dissolved DNT was recovered in effluent
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solutions from columns with larger grain sizes, while
total concentrations of DNT in effluent were inversely
related to grain size. Of the total DNT mass applied to
the uppermost layer of the column, <3% was
recovered in the effluent with the bulk remaining in
the top 2 cm of the column. Our results suggest there
is some potential for subsurface migration of ER
particles and that most of the particles will be retained
over relatively short transport distances.
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1 Introduction

Contamination of near-surface soil by explosives
residues (ER) is a common problem at former and
active Department of Defense (DoD) firing ranges.
The use of high explosives during training exercises
often leaves significant concentrations of ER particles
in soils which, in some cases, may subsequently
infiltrate into underlying aquifer systems. In both the
USA and Canada, plumes of dissolved ER have been
observed in groundwater at a limited number of
ranges, e.g., Massachusetts Military Reservation
(MMR) in MA, Joint Base Lewis-McChord in WA,
and Canadian Forces Base in Valcartier, Quebec,
Canada (Clausen et al. 2006; Jenkins et al. 2001;
Thiboutot et al. 1998).
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One of the most common explosives currently
employed by the DoD is Composition B (CB) (Taylor
et al. 2006). The main constituents of CB are: 2,4,6-
trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX), which are proportionally by
mass 39.5% and 59.5%, respectively, with an addi-
tional 1% paraffin wax. Octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) is also often present as an
impurity in the RDX (up to 10%). All three chemical
constituents have relatively low solubility (approxi-
mately 4 to 120 mg L") which should limit their
potential to contaminate groundwater (Morley et al.
2006). However, the solubility values are substantially
above the health advisory guidance levels for all three—
0.002 mg L™" for TNT and RDX, and 0.4 mg L™ for
HMX (USEPA 2009a). In addition, sorption experi-
ments indicate that RDX and HMX, and to a slightly
lesser degree TNT, have low distribution coefficients
(K4) which may promote less retention and greater
migration in groundwater (Dontsova et al. 2006;
Clausen et al. 2006). Hence, even with limited
solubility, CB residue could pose both ecological
and public health risks.

Although progress has been made towards expand-
ing our knowledge of the chemical and physical
properties of explosives compounds, efforts to devel-
op predictive fate and transport models to determine
the potential impact of training range activities on
groundwater have proven challenging. The most
common conceptual models in the literature are based
on the assumption that solid explosive residues in
soils are dissolved by infiltrating precipitation at or
near the ground surface and subsequently leached
through the vadose zone as a dissolved phase (Hewitt
et al. 2005; Clausen et al. 2006). However, at some
sites (e.g., MMR), RDX concentrations in the
groundwater exceed anticipated levels based on
measured concentrations in the vadose zone,
solubility calculations, and measured partition
coefficients (Clausen et al. 2006). This suggests
the possibility that transport of ER in the solid phase,
as colloids, or as dissolved phase compounds adsorbed
to colloidal soil materials (i.e., clays, oxides, and/or
organic matter) could be contributing to groundwater
contamination.

The movement of colloids can play a significant
role in the transport of some types of contaminants.
Colloidal contaminants (e.g., bacteria, viruses) or
contaminants adsorbed to natural colloids (e.g., clay
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particles, organic material) are often transported faster
in groundwater than are dissolved constituents
(McCarthy and Zachara 1989). As colloids are
excluded by size from diffusion into fine-grained soil
or rock matrices, their movement is restricted to
macropores where soil and ground water velocities
can greatly exceed those expected based on bulk
hydraulic conductivity (McCarthy and McKay 2004).

Previous studies examining the size distribution of
explosives residues have focused almost exclusively
on the centimeter to millimeter pieces as potential
sources of contamination (Jenkins et al. 2006; Taylor
et al. 2004). However, the same studies also reported
the occurrence of fine explosives residues (<250 pum)
coincident to the deposition of the larger fragments
(Jenkins et al. 2006; Taylor et al. 2004, 2009b). In
addition, experiments examining the fate of ER
residues on ranges provide anecdotal evidence that
larger pieces of ER tend to disaggregate into smaller
particles due to weathering (Taylor et al. 2009b).
Given the low solubility values for ER, it is possible
that micron- to sub-micron-sized particles could be
mobilized as colloids. The transport of fine ER
particles could contribute to the downward migration
of explosives compounds through the vadose zone to
underlying aquifers. Because this conceptual model
has not been investigated with respect to ER, the
primary goal of this study was to determine the
potential for solid-phase transport of ER in a simple
model aquifer system. A secondary objective was to
determine the influence of grain size on the mobility
of ER in granular sediments.

2 Materials and Methods

2.1 Preparation and Particle Size Analysis of Surrogate
Particulate ER

The compound 2,6-dinitrotoluene (DNT) was used as
an analog for ER. While not a direct constituent of
CB, it is also a nitroaromatic with a similar chemical
structure and comparable solubility (approximately
200 mg L") and distribution coefficient values
(Luning Prak and O’Sullivan 2007; Pennington
et al. 2003). DNT was used as a non-explosive
surrogate in this study to provide valuable informa-
tion on transport processes and aid in design of future
experiments with actual explosive compounds. We
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recognize that DNT is more representative of TNT
than the other constituents of CB, RDX, or HMX,
but it is the best surrogate available for these types
of experiments.

Crystalline DNT (Sigma Aldrich, Ultra Scientific
(>98% purity) was ground to a fine powder using a
porcelain mortar and pestle. Transmitted-light brightfield
microscopy and automated image analysis software
(NIS-Elements v3.0, Nikon, Melville, NY, USA) were
used to determine the size distributions of the DNT
powder. Slides for the microscopic analysis were
prepared by applying a small (~10 mg) sample of DNT
powder on a glass slide, adding 5 pl of tap water, and
then sandwiching the suspension between the slide and
coverslip. Initial observations of the water—DNT suspen-
sions showed that clusters (or flocs) of the finely ground
DNT particles quickly formed in the water. A 1% bovine
serum albumin (BSA) solution was used for the particle
size analyses to prevent flocculation. BSA is often used
as a dispersant, e.g., in the medical application of carbon
nanoparticles (Elgrabli et al. 2007). Results from
Suttiprasit et al. (1992) show that the addition of 1 g
of BSA per liter of water (with a 0.01 M phosphate
buffer of 7 pH) lowered the surface tension of the
solution by approximately 20% which can reduce the
flocculation of suspended particles. Treatment with
BSA allowed for a homogeneous suspension of
particles in the solution, enabling more accurate
analyses of the particle size distribution. Subsequent-
ly, BSA was also added to the influent solution of the
particulate DNT column transport experiments to
prevent the formation of aggregates.

The automated size distribution analysis is based
on particle equivalent diameter. Assuming a spherical
geometry, the equivalent diameter is calculated using
the total area of the particle, determined from the two-
dimensional microscopic image. The bulk of the
particles detected in the DNT powder were between
2 and 50 pum in diameter (~98% by number) (Fig. 1),
while a small number of larger particles (ranging from
50-88 um) were also detected. The lower limit
resolution of the microscope used to perform the
analysis was approximately 2 pum. It is possible that
there were particles of <2-um diameter in the DNT
powder, but they could not be detected or resolved as
individual particles. While not spherical, most of the
particles observed were sub-rounded to sub-angular in
shape, so the equivalent diameter calculations should
accurately estimate the size of the particles.

20%
N, =521

15%

10% 1

5% 1

Percent by number of particles
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Fig. 1 DNT particle distribution. Particle size distribution of
the DNT powder presented as percent by number of particles
per approximate diameter range. N, is the total number of
particles counted. Particles >50 pwm were scarce (<3% by
number) and were not included in this figure. Also, the lower
limit resolution of the microscope used to perform the particle
size distribution analysis was approximately 2 um. Therefore, it
is possible that there were particles of <2 pwm diameter in the
DNT powder but they could not be detected or resolved as
individual particles

2.2 Column Experiments

A series of saturated flow experiments were con-
ducted utilizing 2-cm-diameter x 20-cm-long vertical,
clear, polyvinyl chloride columns. Acid-washed Otta-
wa sand or glass beads were packed into the columns
using a standard tap and fill method (Snyder and
Kirkland 1979). The glass beads were 4 mm in
diameter, and two different grain sizes of sand were
used. One was characterized, using ASTM protocols,
as a medium- to fine-grained sand (dso=0.374 mm),
herein referred to as “fine sand”, and the other was
characterized as a medium-grained sand (dso=
1.04 mm), herein referred to as “medium sand”
(Fetter 1994). The porosity of the columns was
inferred by the measured difference between dry and
saturated mass. A summary of the materials used and
conditions for each experiment is provided in Table 1.

In each experiment, the column was slowly
saturated from the bottom with a background solution
of 0.005 M CaCl, artificial groundwater (AGW).
Saturated hydraulic conductivity (K, was measured
using a constant head technique (Table 1). After Ky
tests were complete, the influent entry point was
switched from the bottom to the top of the column.
All experiments were performed using an infusion
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Table 1 Summary of column transport experimental conditions

Experiment ID  Pack type Median grain size (mm)  Porosity =~ Hydraulic conductivity(cm/h)  Flow velocity® (cm/h)
FS Fine sand 0.4 0.33 4.25E+02 3.85E+02
MS Medium sand 1.0 0.31 1.28E+03 4.10E+02
GB Glass beads 4.0 0.43 9.58E+02 2.98E+02

#Flow velocity determined using Darcy’s equation

pump with a constant input (Q;,) at a rate of
400 mL h™! which corresponds to a specific discharge
rate (flow per unit area) of 130 cm h™'. Such high
velocities are unlikely to occur under field conditions,
except in localized areas, such as bomb craters, where
surface runoff might accumulate. However, because
the study is designed to determine if ER particles can
migrate through soils, a rapid flow rate was chosen to
maximize potential for mobility. Prior to the intro-
duction of the influent solution and/or particle
material, columns were flushed with a minimum of
six pore volumes (PV) of AGW. The top end cap of
the column was then removed, and approximately
half the sand from the top 1 cm long segment of the
column was scooped out and placed in a weighing
boat. A pre-measured quantity of particulate DNT
(~450 mg) was thoroughly mixed with the sand from
the column. The DNT/sand mixture was then gently
repacked in the top layer of the column. Once
repacked, a small amount (<0.5 mL) of background
solution was applied directly to the DNT/sand
mixture to re-saturate the top layer of the column.
Finally, the end cap was replaced and flow resumed
by pumping influent solution into the top of the
column.

All influent solutions consisted of AGW with 1 gL.™"
of BSA added as a particulate dispersant. The
addition of BSA to the influent solution is expected
to increase the mobility of the DNT particles, by
decreasing the tendency of the particles to flocculate.
This should reduce retention of particles in the
sediment and hence will tend to provide a measure
of the upper limit of DNT particle transport in this
material. For the glass bead experiment, the influent
solution was also supplemented with a conservative
tracer [0.001 M Bromide (Br)]. Approximately 7 PV
was pumped through each column after the addition
of the DNT/sand mixture. All effluent was captured
with a continuous fraction collector (ISCO, Retriever
IV). Effluent samples (~3.5 mL) were split into two
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equal-volume aliquots. One aliquot was passed
through a nylon syringe filter (0.2 wm pore size) to
remove particles present in the effluent. Based on our
analysis, adsorption of DNT to the nylon syringe filter
used to process the effluent samples was within the
analytical error. Herein, filtered effluent samples are
referred to as “dissolved DNT” and unfiltered samples
as “Total DNT”. We interpret higher concentrations in
the total DNT samples relative to dissolved DNT
samples to indicate the presence of particulate DNT in
the effluent. Upon completion of the transport experi-
ments, each saturated column was quickly sealed and
frozen to prevent further transport or dissolution of
particulate DNT. The freezing process also helped to
facilitate the sectioning of the columns into sub-
samples. Once frozen, the column was sliced into 1-cm
sections using a pipe-cutter.

2.3 Detection Methods

Effluent solution samples and extracts from the sand
samples were analyzed for DNT with the high-
performance liquid chromatography based EPA Meth-
od 8330. All DNT analyses were performed by
Accutest, in Orlando, FL, in accordance with EPA
guidelines (USEPA 2009b). In this method, aqueous
samples are diluted with acetonitrile, filtered, and then
separated on a C-18 reverse column. Analyte concen-
trations are determined at 254 nm wavelength with an
ultraviolet detector and confirmed on a secondary CN
reverse phase column (USEPA 2009b). Soil samples
are extracted with acetonitrile in an ultrasonic bath
and then processed in the same manner. For quality
control purposes, analyses of each sample batch
included a method blank, a blank spike, and matrix
spike.

Bromide analyses were performed by the Water
Quality Laboratory at the University of Tennessee
using ion-exchange chromatography (DIONEX100)
based method EPA 300.1 (USEPA 2000). All samples
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were brought to 5-mL volume with deionized water
and passed through a 0.45-um particulate filter.
Samples were then injected into a stream of carbonate
eluent and passed through an ion exchange column
(IonPac AS9-HC Analytical, 4 mm id) and into a
conductivity detector. Equipment calibration was
performed after every ten samples using five concen-
trations prepared from the stock standard solution
(Aldridge).

3 Results
3.1 DNT Recovery in the Effluent

The primary objective of this research was to
determine whether DNT, a surrogate ER material,
could be transported through simple granular media in
the particulate form. We assume that DNT particles of
diameter less than the filter pore size (0.2 pwm) are
dissolved. The difference between concentrations
measured in samples that were filtered (dissolved
DNT) and unfiltered (total DNT, consisting of
dissolved DNT and DNT particles >0.2 pum) concen-
trations is used to infer the presence of particulate
DNT in the effluent samples. Conversely, overlapping
curves for total and dissolved DNT would imply that
all the DNT is dissolved and that no particle transport
occurred. Results for total and dissolved DNT in
effluent samples from the experiments in fine sand
(FS), medium sand (MS), and glass beads (GB) are
presented in Fig. 2a—c, respectively. Values are plotted
as DNT concentration (milligrams per liter) versus
pore volume of effluent, with error bars to represent
analytical error based on the quality control standard
calibrations. Considering the analytical error, a differ-
ence between total and dissolved DNT concentrations
was detected in two of the experiments (MS and GB),
suggesting that both particles and dissolved DNT
were transported through the columns. The error bars
for total and dissolved DNT in FS, however, are
relatively large, indicating that particle transport was
within the analytical error (Fig. 2a). DNT concen-
trations reached a plateau by the second pore volume
of effluent and then remain relatively constant for the
duration of the experiments in the fine and medium
sand columns. Effluent samples from the glass bead
experiment exhibit a spike in DNT concentration
before stabilizing at slightly lower levels. Overall,
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Fig. 2 DNT effluent results. DNT concentrations for unfiltered
and filtered effluent samples presented as unfiltered and filtered
sample DNT concentration versus pore volume of effluent (a
fine sand, b medium sand, and ¢ glass beads). ¢ also includes
bromide breakthrough data presented as sample concentration
normalized to the influent concentration (C/C,) versus pore
volume of effluent. Note scale difference for ¢ DNT
concentrations

mass balance calculations indicate the DNT fraction
recovered in the effluent was less than 3% of the total
mass applied to the columns (Table 2).

The breakthrough of a non-reactive Br tracer in the
glass bead experiment is included in Fig. 2c as sample
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Table 2 Mass balance results for DNT tracer experiments

FS MS GB
Total mass applied to column” (mg) 468 431 437
Mass recovered in effluent (mg)
Total 12.9 (2.8%) 10.0 (2.31%) 1.1 (0.3%)
Dissolved 11.9 (2.55%) 6.77 (1.57%) 0.65 (0.15%)

Particulate 0.99 (0.21%)
366.2 (78.2%)

379.1 (80.9%)

Mass recovered in sand (mg)

Total mass recovered in effluent and sand (mg)

3.19 (0.74%)
286.4 (66.4%)
296.4 (68.7%)

0.44 (0.10%)
224.8 (51.5%)
225.9 (51.7%)

Presented are the mass balance results for the DNT tracer experiments. Total effluent values were determined using the unfiltered
effluent sample concentration data. Likewise, the dissolved values are from the filtered effluent sample concentration data, and the

particulate values are inferred from the difference between the total and dissolved values

*For each experiment, the total mass is the amount of DNT applied to the top of the columns

concentration normalized to the influent concentration
(C/C,) versus pore volume of effluent. A qualitative
comparison of the effluent breakthrough curves
suggests that the initial Br breakthrough roughly
coincides with the arrival of DNT in the effluent.
The coincident Br and DNT breakthrough suggest
DNT behaves in a non-reactive fashion under these
experimental conditions.

We also examined the ratio of dissolved to total DNT
concentrations in effluent samples versus pore volume
for all three experiments (Fig. 3). Higher ratio values
indicate a greater proportion of dissolved DNT in the
effluent. Overall, the dissolved to total DNT concen-
tration ratio for each pack type is fairly constant
throughout the experiment, indicating a consistent
amount of particulate DNT is detaching over time.

1 ¢ A ¢FS AMS OGB
0.8 ¢ ¢ L AN 4 *
)
[<]
gosy 09 % 0 o 4 A
>
s o
£
T 041
-
4
o
0.2
0 . . . . . .
0 1 2 3 4 5 6

Pore Volume

Fig. 3 Comparison of dissolved DNT proportions in effluent.
Ratio of dissolved to total DNT concentrations, in effluent
samples experiments in fine sand (FS), medium sand (MS), and
glass beads (GB), versus pore volume of effluent
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Effluent from the fine sand experiment had the
highest proportion of dissolved versus particulate
DNT, indicating that smaller grain sizes inhibited the
transport of particles. In contrast, effluent from the
glass bead experiment had the lowest proportion of
dissolved DNT, indicating that larger grain sizes tended
to promote the transport of particles. Results for effluent
from the medium sand experiment were intermediate.
Based on mass balance results, particulate DNT accounts
for approximately 41% of the DNT mass recovered in the
effluent from the glass bead column, 32% for the medium
sand column, and less than 8 % for fine sand column
(Table 2). Paired ¢ test statistical analysis was used to
compare the dissolved and total effluent aliquots from
each experiment. A difference in means across the
paired observations was considered significant for p
values<0.05. The results indicate that the concentra-
tion difference between the filtered and unfiltered
effluent samples is highly significant (p<0.01) for the
medium sand and glass bead experiments, but only
marginally significant (»=0.06) for fine sand samples.
The ¢ tests were consistent with the quality control
analyses (Fig. 2), in which particle transport was
conclusive in MS and GB. In FS, the error bars for
total and dissolved phases nearly overlap, indicating
that the potential for particle transport was within
analytical error. The statistical analysis and the mass
balance calculations suggest that as grain size
increases, particulate transport accounts for a larger
portion of the DNT detected in the effluent. Con-
versely, lower effluent concentrations of total and
dissolved DNT were observed in glass beads versus
the both sands (Fig. 2), and total DNT mass recovered
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in the effluent decreased with increasing grain size,
from 2.8% in fine sand to 0.3% in glass beads with
medium sand being intermediate (Table 2).

3.2 DNT Distribution in Column Materials

Distribution of DNT in the column materials are
presented as DNT concentration (milligrams per
kilogram) versus depth (centimeters) (Fig. 4). The
solid phase from each column exhibits a non-linear
decrease in DNT concentration with depth. In all
cases, the bulk of the DNT mass is retained in the top
2 cm of the column material, near where it was
emplaced. Below the first few centimeters, DNT
concentrations in each column are more uniform. In
the fine sand column, DNT concentrations below
6 cm are approximately the same (~2 mg kg ). In the
medium sand column, DNT concentrations below
8 cm are approximately the same (~0.5 mg kg™ '), but
less than observed in FS. In the glass bead column,
concentrations below 4 cm are less than the minimum
detection limit (MDL) of 0.04 mg kg .

It is impossible to determine via the analytical
methods used in this study whether the DNT in the slices
of column material occurs as dissolved/adsorbed or
particulate DNT. The occurrence of dissolved and
particulate DNT transport, as evidenced from our effluent
results, suggests the column in solid phase should contain
a combination of both. Most of the solid-phase samples
in the upper portions of the columns (~2—-8 cm) exceed
the solubility of DNT, suggesting that particulate DNT is

a

present. Therefore, the observed spatial distribution of
DNT may be largely attributed to the transport and
subsequent retention of DNT particles at depth in the
column material.

Overall, mass recovery of the DNT decreased with
increasing grain size, from approximately 81% for the
fine sand to 52% for the glass beads with the medium
sand intermediate. The <100% mass recovery is likely
due to DNT loss during sample processing prior to
analysis. One possible path for DNT loss occurs during
the sectioning of frozen column into subsamples for
analysis. The porous media becomes less coherent as the
column begins to thaw during the process; this is
especially true of the coarser media. Due to this, it is
possible small amounts of sample were lost. Another
potential pathway for DNT loss is in the standard
operating procedures of EPA method 8330 which
require the decanting of any free liquid from soil
samples prior to analysis. The “soil” samples from our
experiments consisted of loose sand/glass beads, mate-
rial unlikely to retain a great deal of water against
gravity; again, this is especially true of the coarser
media. Therefore, the decanting process could easily
result in the loss of both dissolved and particulate DNT
from the sand samples.

4 Discussion

There are very few transport experiments using partic-
ulate explosives materials present in the literature for
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Fig. 4 DNT retention profiles. DNT distribution in sand
samples from experiments in fine sand (FS), medium sand
(MS), and glass beads (GB), presented as DNT concentration in
each 1-cm segment of sand (milligrams per kilogram) versus

depth, in a, b, and ¢, respectively. Shaded area indicates
approximate depth of DNT surface application. Analytical
results indicate that GB samples below 4 cm were non-detect
ND (MDL=0.04 mg/kg)
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comparison. Dontsova et al. (2006) performed
transport experiments using CB residues from low
order detonations which were applied to column
materials in both the dissolved and solid phase.
However, the size of the CB particles was relatively
large (0.25 to 2 mm), which is expected to lead to
high retention in soil pores. The effluent samples were
not analyzed for the presence of particulate material
(e.g., using filtered aliquots), so it is unknown
whether particle phase transport of CB occurred in
these experiments.

Previous research indicates that particle transport is
controlled by a number of factors including: size of
colloids, size of grains or pores, surface character-
istics of colloids/media, solution chemistry, and flow
rate (Tufenkji and Elimelech 2005; McCarthy and
McKay 2004; McCarthy and Zachara 1989;
McDowell-Boyer et al. 1986). Generally, there tends
to be an optimum particle size for transport, with
larger particles lost to gravitational settling and
physical straining, while particles smaller than the
optimum size are preferentially lost due to electro-
static/hydrophobic attachment to soil surfaces. Due to
the large number of parameters influencing particle
transport, the accuracy of predictive models is limited.
However, typically, as the grain size of the media
increases, retention due to all mechanisms tends to
decrease because the pores are larger and there is a
lower likelihood of suspended particles coming in
contact with the media. In Dontsova et al. (2000), it is
likely experimental conditions were not ideal for
particle transport due the size of the residues and the
fine-grained media (loamy sand and silt) used in the
columns, therefore particulate transport would not be
expected to occur.

In experiments investigating the effect of different-
sized granular media on the transport of microspheres,
both Bradford et al. (2002) and Knappett et al. (2009)
found a positive relationship between increased grain
size and peak effluent concentrations for column
experiments conducted with microspheres in granular
porous media. Likewise, studies investigating the
transport of microorganisms, such as Cryptosporidium
parvum in sandy aquifers, showed decreased retention
with increased median grain size (Kim et al. 2010).
The effluent results for this study using DNT particles
are in general agreement with these previous works.
As expected, the DNT particulate fraction in effluent
samples increased with increased size of granular
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media (Fig. 3). Moreover, the proportion of particu-
late material in the effluent remains consistent for the
duration of the experiment, indicating a relatively
constant rate of mobilization and transport from the
top centimeter of the column.

Based on previous colloid studies, we would also
expect to see decreasing retention of particulate ER
with increasing grain size of column material. In this
investigation, the decrease in retention is most evident
in the lower portions of the columns (>8 cm depth),
with DNT concentrations highest for the fine sand and
below analytical detection limits for the glass beads
(Fig. 4). Results for our sand samples are consistent
with the findings of Bradford et al. (2002) and
Johnson et al. (2007) in which microsphere retention
profiles in porous media exhibited a non-linear
decrease in colloid concentration with mass retention
strongest near the point of input. Bradford et al.
(2002) attributed this initial removal to physical
straining of larger particles in blocked or dead end
pores. They proposed a threshold straining value,
consisting of the ratio of the particle size to the
median grain size (dp/dsg), where colloid retention
increases exponentially as d,,/ds, values exceed 0.005.
The DNT powder applied to our columns was
comprised of a relatively wide range of particle sizes
(approximately 2 to 50 um) (Fig. 1). Nearly all d./ds
values for the fine sand exceeded the 0.005 threshold
value, while only the upper limit exceeded 0.005 for
the glass beads, suggesting straining should be very
significant for the fine and medium sand, but much less
so for the glass beads. This is consistent with our
observations for the fine and medium sand, with >66%
DNT mass retained in the top quarter of column
material. However, straining was also significant for
the glass beads (Fig. 4). One possible explanation for
this greater than expected straining is that the larger
pore structures of the glass beads allowed the DNT
particles to form aggregates. Microscopic imagery
from particle size distribution analyses reveals that
DNT particles have a tendency to flocculate when
immersed in water. Even with the addition of 1%
BSA as a surfactant, the combination of high DNT
concentrations in the top layer of column material
plus the larger pore structure of the glass beads may
have enabled the formation of DNT particle aggre-
gates, thus increasing the dy/dso value. Aside from
this difference in spatial distribution, overall, our
findings are congruent with those of published colloid
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research and indicate potential for the transport of ER
particulate material.

Unlike previous colloid research, which has fo-
cused on the transport of non-dissolving solids (e.g.,
microspheres, pathogens) or dissolved contaminants
sorbed to soil materials (e.g., clay particles, organic
matter), the particles investigated here are soluble,
with transport occurring in both the dissolved and
particulate phases. An unanticipated observation of
this study was that, while the proportions of particu-
late versus dissolved concentrations increased with
increasing grain size, the total concentration of DNT
in the effluent solutions was found to be inversely
related to grain size. This was surprising as the results
reported for above mentioned studies suggest that
larger pore sizes should enhance the migration of
DNT particles, and as particles are transported,
concurrent dissolution of DNT would also be
expected. Because influent flow rates were identical
for each experiment, we expected a similar rate of
DNT dissolution and hence similar concentrations of
dissolved phase DNT in effluent solutions. Since
breakthrough of the DNT and Br were coincident
(Fig. 2c), attenuation due to chemical adsorption is
not likely. On the other hand, if DNT particles do
form aggregates in the larger pore structures of the
coarser media, this might slow dissolution by de-
creasing the effective surface area.

Numerous studies have investigated the dissolution
kinetics of ER chemicals (Lynch et al. 2002; Lever et
al. 2005; Furey et al. 2008; Taylor et al. 2009a, b;
Dontsova et al. 2009). These studies have yielded
dissolution rates that appear to range over several
orders of magnitude (we calculated approximate
dissolution rates ranging from 1E-4 to 1E-
9 mg cm 2 s ') depending on the experimental
conditions. The fastest rates of dissolution are
typically produced by studies where ER chemicals
are dissolved in stirred water baths, while the slowest
rates come from experiments involving transport
through porous media or those designed to simulate
the effects of rainfall. For the most part, these studies
have determined dissolution rates using individual ER
fragments from detonations or pure crystals of ER
chemicals in the centimeter to millimeter size range.
In theory, the smaller particles used in the work
presented here should have allowed for accelerated
dissolution of the total DNT mass applied to the
columns due to increased surface area. Nonetheless,

the results of our experiment show that even micron-
scale particles can persist in saturated, steady flow
conditions for a limited time. In addition, the majority
of the DNT mass applied to the columns remained
undissolved over the timescale of the experiment. If
occurring, the formation of DNT aggregates could
influence both particulate mobility and dissolution.

5 Conclusions

The conceptual model presented by previous studies
investigating the mass transfer of ER from surface
soils to underlying aquifers is based on the premise
that transport occurs solely in the dissolved phase.
Our results show that transport of DNT, a surrogate
for ER, can occur as both dissolved and particulate
phases. This suggests that it may be possible for fine
explosives residues, produced directly by detonation
or though the weathering of larger ER fragments, to
migrate as particulate material.

The findings of this study are preliminary because
many uncertainties remain regarding the mechanisms
governing the dissolution and mobility of particulate ER
material. In this research, a single component surrogate,
DNT, was used in the place of actual ER. More study is
needed to determine if residues of CB or other
explosives residues exhibit the same potential for
transport. In addition, the experiments presented herein
were designed to create optimal conditions for colloid
transport. Future experiments, conducted under more
realistic conditions (i.e., at lower flow rates and solution
chemistry typical of soil pore water—without the use of
artificial surfactants), are required to determine whether
the conventional conceptual model for ER should be
expanded to include particulate transport.
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