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The partial detonation of munitions used in military exercises leaves behind
energetic particles on the surface of soil. Energetic particles deposited by
incomplete detonations can then dissolve and be transported by overland
flow and potentially contaminate ground and surface waters. The objective of
this study was to evaluate the mechanisms of transport of Composition B, a
formulation that includes TNT (2,4,6-trinitrotoluene) and RDX (hexahydro-1,3,5-
trinitro-1,3,5-triazine) during overland flow. The transport of Composition B was
examined using a rill flume with three flow rates (165-, 265-, and 300-mL min−1)
and four energetic particle sizes (4.75–9.51 mm, 2.83–4.75 mm, 2–2.83 mm,
and <2 mm). After each erosion simulation, energetic particles remaining on the
soil surface were measured along with energetics dissolved in runoff, in
suspended sediment, and in infiltration. Smaller particle sizes led to greater
transport in both solution and sediment. The properties of the energetic
compounds also influenced transport. More TNT was transported in runoff
than RDX, likely due to TNT’s higher solubility and dissolution rates, however,
overall, dissolved energetics in runoff and infiltration accounted for very little of
the total transport. Most transport of Composition B was the result of the physical
movement of energetic particles and flakes by erosion forces. This study’s results
allow for improved prediction of Composition B transport during overland flow.
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1 Introduction

Commonly used in hand grenades, land mines, rockets, and artillery shells,
Composition B is a military explosive formulation that has been in use since World
War I. It is comprised of a 40:60 mixture of TNT (2,4,6-trinitrotoluene) and RDX
(hexahydro-1,3,5-trinitro-1,3,5-triazine). Occasional malfunctioning of munitions can
result in the partial detonation of Composition B and the dispersal of unreacted
energetic particles on the surface of soil. These incomplete or low-order detonations
have been found to deposit as particles between 4% and 72% of the initial explosive mass
contained in munitions (Bigl et al., 2022; Taylor et al., 2006). The soil and groundwater at
military firing ranges can become contaminated by these particles and their dissolved
constituents (Clausen et al., 2004).
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The compounds that make up Composition B, RDX and TNT,
are known to have adverse health effects in humans when inhaled or
consumed (Agency for Toxic Substances and Disease Registry, 2012;
ATSDR, 2014; Woody et al., 1986). The general population can be
exposed to energetics through contamination of drinking water.
Terrestrial wildlife, soil organisms, and aquatic organisms may also
suffer negative effects due to exposure to RDX and TNT (Lotufo,
2012; Williams et al., 2015). These environmental impacts stress the
importance of monitoring and studying Composition B
contamination.

Due to its ability to carry sediment and dissolved contaminants
(Cadwalader et al., 2011; Deng et al., 2019; Favaretto et al., 2006;
Sharpley and Kleinman, 2003), overland flow is investigated as a
potential mechanism for the transport of Composition B. Overland
flow occurs when precipitation exceeds the infiltration capacity of
the soil (Steenhuis et al., 2005). It is common in places with high
rainfall amount and intensity, areas with little vegetation, and arid
regions that can have rare but intense rainstorms (Kampf andMirus,
2013). The rainwater runoff can then cause soil erosion (Zhang et al.,
2002). Soil erosion process includes detachment (the separation of
particles from the soil matrix by overland flow or raindrops),
transport, and deposition (Hairsine and Rose, 1991; Nearing
et al., 1991; Zhang et al., 2003).

This study examines rill erosion as a potential mechanism of
Composition B transport. Transport of Composition B has been
reported in vegetated and unvegetated rills (Price et al., 2011). Rill
erosion occurs when concentrated flow detaches soil particles and
forms channels (Di Stefano et al., 2019). Sediment transport in
eroding rills can be predicted based on stream power (Nearing et al.,
1997). Stream power (ω) is defined using the following equation:

ω � ρwgSq (1)
where ρw is the density of water, g is the acceleration due to gravity, S
is slope, and q is overland flow discharge.

It has been shown that overland flow can also pick up and carry
energetic residue particles (Polyakov et al., 2023; Karls et al., 2023;
Cubello et al., 2023). In addition, the sediment carried in overland
flow has the potential to adsorb and transport energetic compounds
to surface waters. Energetics may also dissolve in rainwater and be
transported in solution. When fully dissolved, solute transport in
runoff can be predicted by average flow velocity (Guo et al., 2018).
The goal of this study was to examine the factors that influence the
transport of Composition B particles in overland flow in rills to
better understand their fate in the environment. To do this, we
designed a set of rill erosion experiments using various water flow
rates and multiple energetic particle sizes.

2 Materials and methods

2.1 Composition B particles

Composition B particles in four size ranges were used in these
experiments (4.75–9.51 mm, 2.83–4.75 mm, 2–2.83 mm,
and <2 mm (Figure 1). The energetic materials were provided by
the Environmental Security Technology Certification Program
(ESTCP) project ER18-5105. Particles were collected from low
order detonation tests conducted on smooth ice surfaces
following procedure described in Bigl et al. (2022). They were
then separated by size by dry sieving. Nonenergetic impurities,
such as metal fragments and vegetation, were removed from the
fractions >2 mm. This was not possible for particles less than 2 mm
in size, resulting in lower purity of collected residues. Chemical
analysis also revealed that <2 mm particles were the purest (69%–
99%) when collected within 10m of the detonation (Bigl et al., 2022).
The <2 mm particles used in our experiments were found to contain
62% RDX and 31% TNT by weight (Bigl et al., 2022), resulting in
0.5 ratio of TNT to RDX. For all other particle sizes TNT to RDX
ratio was 0.66, same as in the original formulation.

2.2 Soil

The soil used in this experiment, Florence loam, was collected
from Arizona National Guard Florence Military Reservation and is
classified as Laveen loam (Coarse-loamy, mixed, superactive,
hyperthermic Typic Haplocalcid). The soil was collected from the
top 0.15 m layer, air dried, mixed, and sieved to 4.75 mm. The soil
was found to be sandy clay loam with 29.0% clay, 14.2% silt, and
56.8% sand. The soil had a pH of 8.3, an electrical conductivity of 1:
1 suspension of soil in water of 252 μS cm−1, a cation exchange
capacity of 13.7 cmolc kg

−1, and an organic carbon content of 0.3%.
Soil characterization is described in greater detail in Cubello
et al. (2023).

2.3 Experimental procedure

The stainless-steel rill flume used in these experiments was
16 cm deep, 50 cm long, and 6 cm wide, with a 10 cm long,
2.2 cm deep V-shaped outlet and a 30 cm long, 2.2 cm deep
V-shaped inlet, for a total 90 cm length as shown in Figure 2. A
50 cm long rectangular middle section had two drainage outlets at
the bottom that connected via plastic tubes to a glass flask filled with
water to control the water table. The flume’s design was based on

FIGURE 1
Image of Composition B particle sizes <2mm (extra small), 2.00–2.83mm (small), 2.83–4.75mm (medium), 4.75–9.51mm (large), from left to right.
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flumes used in Nearing et al. (1997) and Nouwakpo et al. (2010). The
rectangular section of the flume was packed with 10 cm of silica
sand, forming the bottom layer of the rill. This was followed by 6 cm
of soil, to the top of the channel. The soil surface was formed into a
V-shape to match the inlet and outlet, providing a seamless flow
transition. Nylon mesh was used to separate the soil from the sand
and on the bottom to prevent the sand from entering the drainage
outlets. To ensure consistent bulk density, soil was compacted in
three layers, two layers of 660 g each and one layer of 330 g. Final
packed bulk density was 0.92 g cm−1. Soil was gradually saturated
from the bottom to the surface for about 20 min, and the water table
was lowered to 5 cm below the soil surface before the start of the
experiment.

Once the soil was saturated, the flume was set at 5% slope (An
average value observed for alluvial fans in arid regions (Anstey,
1965)) and a natural rill was created in the soil using reverse osmosis
(RO) water with a flow rate of 400 mL min-1 for 5 min. Reverse
osmosis (RO) water was used to simulate natural rain water as the
RO process removes dissolved solids. Approximately 0.152 g of
Composition B particles were placed on the soil surface. This
amount was chosen to be consistent with the amount of
Composition B measured during low-order detonations in the
field. There deposition ranged from 0.0307 ± 0.0046 g m−2 at the
edge of the plume to 7.459 ± 5.123 g m−2 at the center of detonation,
averaging at 1.143 ± 0.643 g m−2 (Bigl et al., 2022). Each trial utilized
one of four studied particle sizes (large: 4.75–9.51 mm, medium:
2.83–4.75 mm, small: 2–2.83 mm, and extra-small: <2 mm). The
average number of particles placed on the rill surface was 12.6 ± 2.3,
4.3 ± 0.9, and 1.3 ± 0.7 for small, medium and large particles
respectively. Extra small particles were too small to count. The
calculated average mass of individual particles of each size category

was 12.5 ± 2.1, 38.1 ± 0.94, and 178.2 ± 90.1 mg for small, medium,
and large particles, respectively.

After particles were placed, RO water was applied at
50 mL min−1 for 5 min to simulate lower rainfall intensity that
would occur at the beginning of precipitation event (a pre-wet
phase) and the runoff was collected in a jar at the outlet of the
flume. After that, rill erosion was simulated by applying water to the
rill for 15 min at either 165, 265 or 300 mL min−1. Flow rates were
chosen based on preliminary trials (Karls et al., 2023). The flow rate
was controlled using a Mariotte bottle. All flow rate and particle size
treatment combinations were replicated three times for a total
of 36 runs.

During each run, ten runoff samples were collected over a period
of 15 min. The first five samples were collected every minute and the
last five were collected every 2 min. Each sample was weighed to
determine total runoff. Infiltration samples were taken at the same
time as runoff samples, weighed, and combined into one container.
The jars containing runoff were centrifuged for 20 min at centrifugal
force of 3,400 g. The supernatant was subsampled, filtered through
0.45 µm PVDF syringe filters, and analyzed for energetic
compounds using high-performance liquid chromatography
(HPLC). All sediment from each jar, which included energetic
particles and soil, was then transferred into 30-mL clear
borosilicate glass Kimble vials. To determine the amount of
energetics in the sediment, the samples underwent acetonitrile
extraction. 5 mL of acetonitrile were added to the Kimble vial for
every 1 g of sediment. The vials were then shaken at 120 rpm
overnight at room temperature. The next day they were centrifuged
at 3,400 g for 20 min. The acetonitrile was decanted, filtered through
0.45 µm PVDF syringe filters, and analyzed byHPLC. The extraction
protocol followed EPA method 8330b (U.S. Environmental

FIGURE 2
Diagram of rill flume.
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Protection Agency, 2006). One set of sediment extractions failed so
values for treatments with extra small particles at 165 mL min−1 and
265 mL min−1

flow rates and small particles at 265 mL min−1 and
300 mL min−1 had only two replicates.

After the end of the run, soil remaining in the rill flume was
collected in three layers, from 0–2 cm, 2–4 cm, and 4–6 cm depths.
The soil layers were collected using a custom-made tool with an
inclined blade to remove soil uniformly at the desired depth. The
surface layer, which contained remaining energetic particles, was air
dried, weighed and ground as detailed in EPA method 8330b (U.S.
Environmental Protection Agency, 2006). This ensured subsamples
taken to find Composition B remaining on the soil surface were

uniform. The middle and lowest soil layers were collected while wet,
thoroughly mixed and subsampled without grinding prior to
analysis. Lower soil layers were not ground as energetic particles
were not likely to translocate to lower layers from the surface. To
determine the water content of the wet soil layers, subsamples were
air dried and weighed. Soil layer subsamples were collected and
extracted according to EPA method 8330b (U.S. Environmental
Protection Agency, 1986). Pore water remaining in the sand layer of
the rill was drained, combined with infiltration samples, filtered, and
analyzed by HPLC.

The solution samples and acetonitrile extracts were analyzed
using a Dionex Ultimate 3,000 high performance liquid

FIGURE 3
Mass of RDX (Left) and TNT (Right) in runoff solution for (A) 165-, (B) 265-, and (C) 300-mLmin−1. Error bars equal standard error of the mean (n = 3).
Inset plots present the same data rescaled to clearly show near zero values.
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chromatography equipped with a diode array detector
(ThermoFisher, MA). RDX and TNT were quantified using a
Thermo Scientific Acclaim reverse phase E2 column with an
isocratic 43:57 methanol: water mobile phase and 1 mL min−1

flow rate for 30 min. RDX and TNT were analyzed at 254 nm
wavelength and the oven temperature was set to 34°C. The injection
volume was 20 µL. Retention times were approximately 12 min and
22 min for RDX and TNT, respectively. The minimum detection
limit in water was 1.19 mg L−1 for RDX and 0.46 mg L−1 for TNT.
Minium detection limits in acetonitrile were 0.83 mg L−1 for RDX
and 1.14 mg L−1 for TNT.

3 Results and discussion

3.1 Transport of energetics in solution

Transport of RDX and TNT in runoff was low. For extra small
particles, at all flow rates, the most transport occurred during the
pre-wet phase as seen at 0 min in Figure 3 and decreased during the
first 2 min of the experiment followed by a low but non-zero steady
state transport for the remainder of the experiment. At all flow rates,
extra small particles experienced the most transport in the runoff
solution. This is consistent with the findings of a similar experiment

TABLE 1 Percentage of RDX and TNT originally placed on surface soil recovered dissolved in runoff, in eroded sediment, in surface soil, and in infiltration and
subsoil (mean ± standard error of the mean).

Com-pound Particle size Runoff Sediment Surface soil Infiltration

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM

% % % %

165 mL min−1

RDX xsmall 1.53 ± 1.08 8.27 ± 5.83 5.78 ± 4.08 0.005 ± 0.003

small 0.04 ± 0.02 10.75 ± 2.01 36.33 ± 19.16 BD ± —

medium 0.05 ± 0.02 6.18 ± 4.98 61.69 ± 1.81 BD ± —

large BD ± — 3.67 ± 2.93 52.61 ± 9.95 BD ± —

TNT xsmall 4.37 ± 3.09 4.99 ± 3.51 5.24 ± 3.70 0.016 ± 0.012

small 0.47 ± 0.14 10.81 ± 2.47 42.59 ± 21.34 0.001 ± 0.001

medium 0.18 ± 0.09 5.90 ± 4.79 68.78 ± 2.80 BD ± —

large 0.00 ± 0.00 3.77 ± 3.06 62.89 ± 6.91 BD ± —

265 mL min−1

RDX xsmall 4.30 ± 0.45 61.58 ± 11.39 9.72 ± 3.94 0.015 ± 0.004

small 0.21 ± 0.14 32.59 ± 8.00 11.46 ± 5.28 BD ± —

medium 0.07 ± 0.05 50.06 ± 18.11 18.20 ± 7.43 BD ± —

large 0.48 ± 0.40 18.45 ± 15.04 54.59 ± 19.64 BD ± —

TNT xsmall 12.41 ± 0.76 51.83 ± 11.29 9.17 ± 3.83 0.079 ± 0.030

small 0.63 ± 0.38 32.05 ± 6.20 13.54 ± 6.29 0.001 ± 0.001

medium 0.25 ± 0.19 54.10 ± 27.37 20.54 ± 8.28 BD ± —

large 0.07 ± 0.06 21.68 ± 17.36 70.63 ± 25.59 BD ± —

300 mL min−1

RDX xsmall 4.39 ± 0.10 47.87 ± 5.06 1.39 ± 0.17 0.020 ± 0.002

small 0.22 ± 0.10 47.30 ± 3.54 10.21 ± 7.07 BD ± —

medium 0.10 ± 0.04 24.33 ± 11.83 26.28 ± 2.50 BD ± —

large BD ± - 0.03 ± 0.01 46.92 ± 0.90 BD ± —

TNT xsmall 4.39 ± 0.57 47.87 ± 3.44 1.39 ± 0.24 0.020 ± 0.012

small 0.22 ± 0.28 47.30 ± 1.65 10.21 ± 9.37 0.000 ± 0.001

medium 0.10 ± 0.08 24.33 ± 12.80 26.28 ± 1.61 BD ± —

large 0.00 ± 0.01 0.03 ± 0.00 46.92 ± 1.28 BD ± —

Note: BD indicates measurements below detection limits.
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assessing a different energetic formulation, IMX-104. Karls et al.
(2023) found the smallest particle size of energetics experienced the
most transport in solution. Additionally, experiments assessing the
transport of energetics during rainfall simulations found the smallest
particle size yielded the highest concentrations in solution (Cubello
et al., 2023; Polyakov et al., 2023).

There was no statistically significant relationship between total
transport of energetics in solution and flow rate. Despite
Composition B containing more RDX than TNT, a greater mass
of TNT was transported in solution than RDX. Two studies
examining Composition B transport under simulated rainfall also

found higher concentrations of TNT than RDX in runoff solution
(Cubello et al., 2023; Price et al., 2011). This can be attributed to
TNT having a higher solubility and dissolution rate than RDX. At
25°C, the solubility of RDX is approximately 60 mgL−1 while the
solubility of TNT is approximately 100 mg L−1 (Brannon and
Pennington, 2002). Additionally, compared to RDX, TNT has
greater dissolution rates (Lynch et al., 2002). For extra small
particles, a similar mass of RDX was transported dissolved in
runoff across all the flow rates indicating that dissolution and
transport were limited by dissolution rate rather than solubility
for RDX, which would result in larger transport with the larger

FIGURE 4
Mass of RDX (Left) and TNT (Right) in sediment for (A) 165-, (B) 265-, and (C) 300-mL min−1. Error bars equal standard error of the mean (n = 3).
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volumes of water associated with higher flow rates. However, for
TNT, the amount transported in solution increased with flow rate
from 165 mL min−1–265 mL min−1 (Table 1; Figure 3).

3.2 Transport of energetics with sediment

Figure 4 shows the mass of RDX and TNT recovered from
sediment over time for the erosion simulations. There was
significantly more TNT and RDX moving with sediment than
dissolved in runoff for all treatments (Table 1). Stochastic single
particle movement or movement of particle flakes/pieces can be
observed by the irregular spikes in mass recovered (Figure 4). For
medium and large particles, flakes, rather than whole particles,
moved with sediment because the mass recovered in suspended
sediment at each time point was less than the mass of the original
particles placed on the soil. Medium particles were approximately
38 mg each and large particles were about 178 mg (about three
medium or one large particle were originally placed on the soil
surface). Fuller et al. (2015) observed flakes breaking off from
0.25 cm diameter Composition B particles during weathering
under artificial precipitation.

At all flow rates, extra small particles had the most mass moved
in sediment during the pre-wet stage plus the first 2 min of flow.
Transport of extra small energetic particles in sediment then
decreased to a steady state of near zero values. Small and
medium particles experienced the most movement one to 3 min
into the experiment, and large particles moved the most from five to
8 min into the run.

For small particles, the mass of both RDX and TNT transported
in sediment increased with increasing flow rate. For all other particle
sizes, RDX and TNT transport in sediment increased with flow rate
from 165 mL min−1–265 mL min−1 (Table 1; Figure 4). Karls et al.
(2023) found that transport of RDX in sediment increased with flow
rate for all particle sizes of IMX-104 in similar rill experiments.

Overall, more RDX was transported in sediment than TNT,
partially due to larger RDX content in original Composition B
particles and partially due to rapid TNT dissolution from extra
small particles. For extra small particles, at all flow rates, more RDX
was transported in sediment than TNT. The ratio of TNT to RDX in
the extra small Composition B particles used in this experiment was
0.5, while the ratio of TNT and RDX recovered from sediment
ranged from 0.36 to 0.47 for this particle size. The ratio of TNT to
RDX in sediment for other particle sizes was consistent with original
composition of Composition B.

Energetics can be transported adsorbed to sediment in addition
to being transported as particles. RDX and TNT likely are adsorbing
to organic matter and phyllosilicate clays in the soil with organic
matter as the primary factor (Dontsova et al., 2009; Haderlein et al.,
1996; Tucker et al., 2002). The amount of Composition B adsorbed
to sediment was estimated using known adsorption coefficients for
RDX and TNT. The values of the adsorption coefficients were
calculated based on the fraction of organic carbon in the
Florence soil, 0.003. The adsorption coefficient for RDX was
calculated using a relationship described in Tucker et al. (2002),
while the coefficient for TNT was found using a relationship from
Karls (2023). Kd values were found to be 0.82 L kg−1 for RDX and
1.54 L kg−1 for TNT. The concentrations of RDX and TNT in each

runoff solution sample were multiplied by the adsorption
coefficients and by the mass of sediment in each sample. This
value was then divided by the total amount of RDX and TNT
extracted from each sediment sample to find the percentage of RDX
and TNT adsorbed to sediment relative to the total amount of each
compound transported with sediment. On average across all particle
sizes and flow rates, 0.23% of RDX and 0.98% of TNT transported
with sediment was estimated to be adsorbed to soil (Table 2).

3.3 Distribution of TNT and RDX between
different pools over the entire erosion event

For all flow rates, as particle size increased, transport in runoff and
sediment decreased and the amount of energetic remaining on the
surface soil increased. This trend was also observed in simulated rainfall
transport experiments with Composition B (Cubello et al., 2023). For
extra small particles at the highest flow rate there was also transport with
infiltration that was not observed for other particle sizes. As flow rate
increased, the amount of energetic recovered from sediment increased
and the amount remaining on the surface decreased, with virtually no
RDX and TNT left on the surface at the largest flow rate. There was also
an increase in energetics in runoff at higher flow rates. Most transported
energetics were recovered from sediment (Figure 5). There was very little
to no detected infiltration of energetics (Table 1). Infiltration included
solution collected from the outlets at the bottom of the rill and energetics
extracted from the lower two layers of soil collected after each run, as well
as solution drained from the flume at the end of the experiment.

The total mass of energetics combined across all measured pools
varied with no clear trend with the treatments. It increased with an
increase in particle size for the lowest flow rate but was similar across
particle sizes for the largest flow rate. A possible source of error is
incomplete extraction of energetics from soil and sediment due to
the solubility limit of TNT and RDX in acetonitrile. This would
affect both measurements of TNT and RDX in the sediment
transported with runoff and remaining on soil surface. It is also
possible that particles placed on the soil surface did not have the
same composition as measured previously for each fraction.

TABLE 2 Estimated adsorption of energetic compounds to sediments by
particle size relative to total transported with sediment (mean ±95%
confidence interval).

Compound Particle size % ± CI

RDX xsmall 0.20 0.07

small 0.39 0.14

medium 0.27 0.09

large 0.00 0.00

Average 0.23 0.01

TNT xsmall 0.95 0.40

small 1.10 0.22

medium 1.20 0.22

large 0.74 0.20

Average 0.98 0.03
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However, we do not expect that either of these sources of error
would affect comparison between treatments, as they would affect
them similarly.

3.4 Stream power and sediment yield

Using Equation 1, the stream power of each run was calculated
using the slope value and measurements of total discharge for each
run. Because slope was constant across all runs and infiltration was
negligible, stream power in this experiment was only affected by the
flow rate. Stream power has been shown to be the best predictor of
the sediment yield, as observed in several studies (Nearing et al.,
2007; Polyakov et al., 2010; Hui-Ming and Yang, 2009). For this
study, a significant positive relationship can be observed between
stream power and sediment yield (Figure 6). Additionally,
significant positive relationships were found between stream
power and the mass of energetics transported in runoff solution
and sediment for small particles (Supplementary Table S1), but not
for particles of other sizes.

4 Conclusion

This is the first study to quantify the transport of Composition B
particles in eroding rills during overland flow as a function of
energetic particle size and water flow rate. Relative contributions
of different transport pathways to the overall movement of
Composition B were examined as well. Smaller particle sizes led
to greater transport in both solution and sediment. This is especially
important as particles less than 2 mm in diameter have been shown
to be deposited in the largest quantities during incomplete
detonations of 81 mm rounds (Bigl et al., 2022; Taylor et al., 2006).

The properties of the energetic compounds also influenced
transport. More TNT was transported in runoff than RDX, likely
due to TNT’s higher solubility and dissolution rates, since there is a
greater percentage of RDX than TNT in the formulation. Runoff and
infiltration contributed very little to the transport of both
compounds for all particle sizes.

Most transport of Composition B, for all particle sizes, was the result
of the physical movement of energetic particles and flakes by erosion
forces. For large particles, most energetic particles remained on the soil

FIGURE 5
Total mass balance of Composition B by component and particle size. Error bars equal the standard error of the mean.
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surface. This study found that sediment yield was positively correlated
with the stream power, and most transported energetics were
transported with sediment, therefore increased stream power may
lead to increased transport of energetics, however, significant
relationship was only observed for small particles. These findings
help determine the fate of deposited Composition B particles in the
environment. Because most energetics were recovered from sediment, a
future area of interest would be to determine if reducing rill erosion
mitigates the transport of energetics.
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