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• This is the first systematic study of over-
land transport of IMX-104 under rainfall.

• Runoff and infiltration are primary trans-
port pathways of energetics.

• Energetics mobility is controlled by their
fraction size and solubility.

• IMX-104 loss can be predicted using soil
sediment yield and energetic fraction.
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Insensitive munition constituents derived from residues of low order detonations and deposited on military training
grounds present environmental risks. A series of rainfall simulation experiments on small soil plots examined the effect
of precipitation, soil properties, and particle size on transport of IMX-104 munition components: NTO (3-nitro-1,2,4-
triazol-5-one), DNAN (2,4-dinitroanisole), RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine), and HMX (octahydro-
1,3,5,7- tertranitro-1,3,5,7-tetrazocine). The primary pathways for rainfall driven transport were subsurface infiltra-
tion, off-site transport in solution, and transport in solid form including re-adsorption onto soil particles. The transport
was solubility dependent with NTO moving mostly in solution, which was dominated by either runoff or infiltration
depending on soil. DNAN, RDX, and HMX, were transported primarily in particulate form. The fine energetic fraction
(<2mm) showed the highest mobility, while the coarsest fraction (>4.75mm) remained in-situ after rainfall. A simple
linear model relating energetics transport with sediment yield and energetics particle size and was proposed. These
findings provide the first comprehensive mass balance of munition constituents as affected by overland flow under
rainfall. They improve our understanding of environmental fate ofmunitions, can further be used for predictivemodel-
ling, developing mitigation strategies, and regulatory compliance.
.
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1. Introduction

The US military is introducing new, more stable energetic formulations
(IMX-104, IMX-101) in munitions to replace the legacy formulations. Dur-
ing live-fire and testing, the munitions occasionally malfunction, resulting
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Table 1
Physical and chemical properties of soils used in the experiment.

Soil Texture Clay Silt Sand pH EC SSA OC CEC

% % % μS
cm−1

m2

g−1
% cmolc

kg−1

Florence Coarse
loam

29.0 14.2 56.8 8.3 252 33.0 0.3 13.7

Sassafras Loam 26.3 6.6 67.1 4.4 148 7.2 1.7 8.9

EC= Electrical Conductivity; SSA= Specific Surface Area; OC=Organic Carbon;
CEC = Cation Exchange Capacity (USEPA, 1986).
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in incomplete, low-order detonation, which scatters a significant amount of
energetic particles on the training grounds (Bigl et al., 2021). Energetics re-
leased on the soil surface can pose on-site and off-site environmental hazard
due to variable degrees of toxicity (Clausen et al., 2004; Lent et al., 2021). A
number of studies examined the spatial distribution, mass, size, and purity
of these particles as a function of distance from the origin of detonation
(Bigl et al., 2020; Taylor et al., 2015; Walsh et al., 2017a). In the case of
IMX-104 these energetic compounds are DNAN (2,4-dinitroanisole),
NTO (3-nitro-1,2,4-triazol-5-one), RDX (hexahydro-1,3,5-trinitro-1,3,5-
triazine), and HMX (octahydro-1,3,5,7- tertranitro-1,3,5,7-tetrazocine).
After deposition, the energetics can potentially move with overland flow
in particulate or dissolved form, infiltrate into the subsurface, adsorb onto
soil in-situ or onto mobile sediment particles, breakdown when exposed
to sunlight, or be taken up by plants (Price et al., 2011).

Dissolution rates of legacy energetic formulations have been previously
examined in bulk (Fuller et al., 2012; Lynch et al., 2002; Phelan et al.,
2002; Richard and Weidhaas, 2014; Taylor et al., 2015; Taylor et al.,
2009) and in relationship with energetic particle sizes (Taylor et al.,
2010). IMX-104 is a physical mixture of compounds with solubilities
of 16,642 mg L−1, 276 mg L−1, 60 mg L−1, and 5 mg L−1 for NTO,
DNAN, RDX, and HMX, respectively (Boddu et al., 2008; Brannon and
Pennington, 2002; Spear et al., 1989) and have complex dissolution dynam-
ics. Dontsova et al. (2020b) showed that dissolution rates of IMX-104 can be
scaled based on the surface area of the particles. However, determining
dissolved transport of IMX-104 in the environment is challenging due to
external water fluxes and dynamic solubility limits.

Once mobilized, the IMX-104 compounds can reversibly adsorb to
solids from the soil solution or runoff. This process is soil specific, depen-
dent on organic carbon (OC) and/or clay content (Arthur et al., 2017;
Boddu et al., 2008; Dontsova et al., 2009; Hawari et al., 2015). DNAN is
adsorbed to both OC and clays (Arthur et al., 2017). The adsorption coeffi-
cient of energetics (Kd) was reported to vary greatly for various soils.
Namely, from 0.06 to 8.4 L kg−1 for RDX and from 0.09 to 17.7 L kg−1

for HMX (Brannon and Pennington, 2002; Tucker et al., 2002).
There is an extensive body of research dedicated to detachment, trans-

port, and deposition of soil sediment by overland flow (Abrahams and
Parsons, 1994; Gilley et al., 1985; Takken and Govers, 2000; Zhang et al.,
1998). A variety of soil erosion models have been developed to predict
soil loss and transport of agricultural contaminants (Borrelli et al., 2021;
Nearing et al., 2000). Yet, little is known about the fate of energetics on
soil surfaces as affected by hydrological factors, although transport of ener-
getics through soils to the groundwater is relatively well studied (Brannon
and Pennington, 2002; Dontsova and Taylor, 2017; Taylor et al., 2017a).
This precludes the development of much needed environmental impact
prediction tools for energetics similar to those for soil sediment. Currently
relevant research is limited to just a few pilot experiments.

Price et al. (2011) investigated the transport of RDX, HMX, and TNT in a
flume study under simulated rainfall with a variety of vegetation condi-
tions. The authors reported the attenuation of energetic movement by
plants, with TNT being the most affected, and related it to uptake by vege-
tation. The concentration of energetics in soil declined with the distance
from the source. They concluded that the transport of energetics is con-
trolled by a complex interaction of soil properties, plant uptake, and over-
land flow rates. Fuller et al. (2015) examined the residues of Composition
B (Comp B), an energetic containing RDX and TNT, and found that rain
drops break up coarse energetic particles intomicro particles and thus facil-
itate faster dissolution. The micro particles, having better mobility, spread
across the soil surface in the vicinity of detonation sites. Taylor et al.
(2009) examined the behavior of TNT, Tritonal, Comp B and Octol under
the impact of water drops, relating their particle size and composition to
dissolution rate. They determined that in Comp B, the less soluble RDX
controlled the dissolution of TNT.

In order to evaluate precipitation driven transport of IMX-104, and
fill related knowledge gaps, we designed a set of rainfall simulation
experiments. The objectives of the study were to: a) identify and quantify
the primary transport pathways of energetic compounds (NTO, DNAN,
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RDX,HMX) in overland flow under simulated rainfall; b) examine the effect
of rainfall and particle characteristics on mobility, dissolution, and adsorp-
tion of energetics.

2. Methods

2.1. Soil and energetic material

Two soils were used in the experiment. The first, Florence, classified as
Laveen loam (coarse-loamy, mixed, superactive, hyperthermic Typic
Haplocalcids), was collected in Florence Military Reservation, AZ. The
series includes very deep, well-drained soils formed in mixed fan alluvium
and characterized by high alkalinity and low organic carbon content
(Table 1). The second, Sassafras (loamy, siliceous, mesic Typic Hapudult)
was obtained at Aberdeen Proving Ground, MD. Sassafras series is very
deep, well drained, moderately permeable soils formed in sandy marine
and old alluvial sediments of the Coastal Plain. Both soils were collected
from the top 0.15 m layer on uncontaminated by IMX-104 sites, air dried,
mixed, and passed through 5 mm sieve.

The IMX-104 particles used for experiments were derived from low-order
detonation tests conducted as part of ESTCP project ER18–5105. Tests with
IMX-104 (containing NTO, DNAN, RDX (hexahydro-1,3,5-trinitro-1,3,5-
triazine) and HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) mortar
rounds were performed in 2019 on cleared, frozen surfaces at Joint Base
Elmendorf-Richardson and at Donnelly Training Area in Alaska following
methodology by Walsh et al. (2017b) adapted for low-order detonations.
60-mm and 81-mm IMX-104 mortar rounds were statically detonated using
a fuse simulator composed of Composition C-4 (91 % RDX). Particles were
collected from the ice surface in 1-m annuli up to 10 m and in 5-m annuli
up to 20 m from the point of detonation. The samples were kept frozen
until accompanied ice was removed from samples by freeze-drying.

Dry samples were then sieved at 2-mm, and the smaller than 2mm frac-
tion was analyzed by laser diffraction particle size analysis. Subsequent
energetic analysis of the <2 mm particle fraction indicated that the particle
purity was dependent on the type of round tested and the distance from
detonation. These analyses indicated that larger particle size fractions
were pure IMX-104, which were used to generate the purest <2 mm
samples to use in this study. Further, the >2-mm particle sizes were passed
through 9.51 mm, 4.75 mm, and 2.83 mm sieves. Each fraction was
weighed and stored individually (Fig. 1). Care was taken to avoid further
breakup during handling. Particles of the 4.75–9.51 mm, 2.83–4.75 mm,
and 2.00–2.83 mm fractions with the highest visual purity and < 2-mm
particles from a detonation with the highest measured energetic purity
(86–100%)were used in rainfall simulation experiments (Bigl et al., 2021).

2.2. Experimental setup and instrumentation

The experiment was conducted using four 0.45 m long, 0.32 m wide,
and 0.2 m deep stainless steel plots equipped with runoff spillway and
three drainage outlets on the bottom (Fig. 1). The latter were connected
to a water container via plastic tubing and allowed to collect drainage
and control the water table. Plexiglass splash guards were mounted around
the perimeter of the plot and four rain gauges were attached, one at each
corner.



Fig. 1. IMX-104 fractions <2 mm (A), 2.00–2.83 mm (B), 2.83–4.75 mm (C), and 4.75–9.51 mm (D) used in rainfall simulations, and design of the experimental plot.
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Rainfall was generated by theWalnut GulchRainfall Simulator (WGRS),
a portable, computer-controlled, variable intensity simulator with precipi-
tation range of 13 to 180 mm h−1 (Paige et al., 2004; Polyakov et al.,
2018). The WGRS has a single oscillating boom with four V-jet nozzles
with overlapping spray pattern. The height of the nozzles is 2.4 m above
ground and operating water pressure is 55 kPa. The oscillations are
controlled by a stepper motor that varies the speed of boom rotation
hence ensuring uniformity of the water application across the plot. The
estimated kinetic energy of the rainfall was previously measured to be
204 kJ ha−1 mm−1, with a drop size range between 0.29 and 7.2 mm,
and a spatial variability coefficient of rainfall distribution of 11 % across
the 2 by 6.1 m area. Prior to the experiment the simulator was calibrated
over a range of intensities using a set of rain gauges arranged in a grid
pattern. This was to ensure that each plot receives the same designed
rainfall rate. Reverse osmosis (RO) water was used in experiments to
approximate the composition of natural rainfall.

2.3. Experimental procedure

The experimental treatments were as follows. Four IMX-104 particle
sizes: 4.75–9.51 mm (large, L), 2.83–4.75 mm (medium, M), 2–2.83 mm
(small, S), and < 2 mm (extra small, XS); two soils: Florence and Sassafras;
and two rainfall intensities: 29.8 and 50.9 mm h−1. Sassafras soil was only
tested under 50.9 mm h−1 intensity due to higher infiltration capacity and
therefore absence of overland flow at lower intensity. Four plots were used
simultaneously in a simulation with treatments assigned to them randomly.
Each treatment was replicated 3 times for a total of 36 plot-simulations.

The plots were packed with 13 cm of gravel on the bottom, followed by
3 cm of sand to support the water table, and topped with 4 cm of soil. Each
component was separated by inert nylon mesh. The soil was filled in three
roughly equal layers, compacted after each addition to achieve consistent
bulk density, and made flush with the edge of spillway. The weight of soil
added was recorded.

Prior to rainfall simulation the plots were positioned horizontally, and
the soil was slowly saturated from the bottom through the drainage tubes
for about 2 h. Then the plots were positioned at 5 % slope and the water
table was lowered to 5 cm below the surface. Once the water table stabi-
lized, 1 g of particles of IMX-104 from one of the fractions was weighed,
counted (except the XS fraction), evenly spread on the soil surface, and
photographed. The average number of particles per plot was as follows:
S 114 ± 14, M 36 ± 8, L 6 ± 1.

Next, simulated rainfall was applied at high (50.9 mm h−1) or low
(29.8 mm h−1) intensity for one hour. Runoff and infiltration samples
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were collected at 5 min intervals for a total of 12 samples per plot. Runoff
was kept for further analysis, while infiltration samples were weighed
and then combined into one cumulative sample per plot. Immediately
after the simulation, the soil surface was photographed again. The soil
remaining on the plots was then collected in three separate layers
(0–1 cm, 1–2 cm, and 2–4 cm). The top layer included any sediment
remaining on the spillway and splashguards. The water remaining in the
boxes was then drained and subsampled for further analysis. The sand
was discarded, and the gravel was removed, washed with RO water and
reused.

2.4. Laboratory analysis

The runoff samples were weighed to determine the total runoff.
Measured runoff was corrected to account for the excess rain water that
fell on the spillway (Fig. 1). The samples were processed as follows. On
the day of the experiment, a small subsample of the runoff was centrifuged
in 30 mL Kimble vials for 20 min at centrifugal force of 3400 g, and the
supernatant was filtered using 0.45 μm PVDF syringe filters to obtain
Day 1 solution samples. The filtrate was saved and analyzed for energetics
compounds using high performance liquid chromatography (HPLC). The
next day the remainder of the runoff sample was centrifuged using
750 mL bottles for 20 min at 4700 rpm. Subsamples of the supernatant
were filtered through 0.45 μm PVDF syringe filter to obtain Day 2 solution
samples. These were analyzed for energetic compounds and dissolved
organic carbon (DOC), and a subsample was archived. The remainder of
supernatant was discarded. Day 1 and Day 2 solution samples were col-
lected because it was not possible to separate sediments from all samples
quickly enough on the day of the experiment and particulate IMX-104 in
the sediment continued to dissolve over time.

All sediment was transferred into the same glass Kimble vials from Day
1 and centrifuged as described above. The supernatant was discarded,
while the sediment was sequentially extracted (Crouch et al., 2019) to
determine the total amount of energetics in the sediment. Briefly, methanol
was added to the sediment at 5:1 solution to sediment dry weight ratio,
equilibrated on a shaker overnight, centrifuged as described above, and
decanted. Next, the sediment was extracted using 50:50 (by volume) meth-
anol:water mixture. Both methanol and methanol:water extracts were ana-
lyzed by HPLC. The sediment remaining in the vials after extraction was
dried at 110 °C overnight and the weight was recorded to determine the
total sediment and concentration of the sediment in the runoff.

The top (0–1 cm) bulk soil layer from the plot was air dried,
weighed, and ground using puck mill as described in EPA method 8330B
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(U. S. Environmental Protection Agency, 2006). This was done to homoge-
nize the sample, which contained a finite number of particles of IMX-104
and could not be representatively subsampled otherwise. After grinding,
the samples were extracted as described above for the sediment. The
two lower soil layers samples were thoroughly mixed, subsampled and ex-
tracted separately without grinding, as no energetic particleswere expected
at the lower depth. The plot drainage was analyzed by HPLC in the same
manner as runoff.

Solution samples, methanol, and methanol:water extracts of the sedi-
ment and soils were analyzed using aDionexUltimate 3000HPLC equipped
with a diode array detector (ThermoFisher, MA). NTO concentrations (Le
Campion et al., 1999) were measured using a Thermo Scientific Hypercarb
column, 75:25 acetonitrile:water mobile phase with 0.1 % trifluoroacetic
acid (TFA) at 1 mL min−1 isocratic for 3 min at 32 °C. NTO was detected
at 2.5 min at 315 nm, potential NTO transformation product, 5-amino-
1,2,4-triazol-3-one (ATO) set for 220 nm. DNAN, RDX, HMX, and products
of DNAN transformation, 2-methoxy-5-nitroaniline and 4-methoxy-5-
nitroaniline, were measured using the Thermo Scientific Acclaim reverse
phase C18 column, 5 μm particle size, 43:57 methanol:water mobile
phase with 1 mL min−1

flow rate for 30 min. DNAN was detected at
21 min at 300 nm, 2-MeO-5-NA 11 min at 254 nm, 4-MeO-3-NA 6 min at
254 nm, RDX 8 min at 254 nm, and HMX 5 min at 254 nm.

The statistical analysis was performed using SAS 9.4 (SAS, 2008). In all
statistical tests P = 0.05 was used, unless indicated otherwise.

3. Results and discussion

3.1. Runoff, infiltration, and soil loss

During rainfall simulations a total of 432 runoff samples were collected.
Mean rainfall rate was 29.8±2.2mmh−1 for low and 50.9±2.2mmh−1

for high intensity. These approximately correspond to natural events with
return frequency of 1-year and 5-year respectively in the Midwest
(Hershfield, 1961) as well as Southwest (Polyakov et al., 2010) regions of
the US.

The sediment yield, or soil loss, per plot per simulation ranged between
15 g (Sassafras) and 219 g (Florence, 51 mm h−1) or an average between
0.08 mm and 1.1 mm of soil loss. No rills or incisions were observed on
the soil surface and entire process was considered to be sheet erosion.

On Florence soil (Fig. 2a-b) steady rates of runoff and infiltration were
achieved after 10 min of rainfall. Infiltration rate was on average 2.8 mm
h−1 regardless of rainfall rate. Sediment yield steadily decreased from its
peak over the course of the rain by 16% and 20% at low and high intensity
respectively. This trend was statistically significant and was likely due to
preferential removal of finer and loose particles initially and their depletion
over time.

Sassafras soil was much more aggregated and exhibited statistically
significant temporal trends (Fig. 2c). Runoff increased almost linearly
from 7 to 34 mm h−1 over 1 h while infiltration decreased from 48 mm
h−1 (at 15 min peak) to 25 mm h−1 at the end. Sediment yield increased
steadily over time and was positively correlated with runoff (R2 = 0.55),
which is usually its best single predictor (Nearing et al., 2007; Polyakov
et al., 2010; Simanton et al., 1993).

3.2. IMX-104 transport in overland flow: solution and particulate

3.2.1. Solution
The IMX-104 transport under rainfall differed depending on its initial

particle size. The highest concentration of energetics in runoff was observed
at the beginning of the rain on plots treatedwith XS particles (Fig. 3), which
dissolved quickly due to their greater specific surface area. Later in the
event the runoff concentration in this treatment rapidly decreased to a
steady state level and it was more pronounced on Sassafras soil. Similar
trend was true for all four IMX-104 components. The concentration in
runoff from three larger classes of particles with smaller specific surface
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area followed slightly different pattern reaching its peak at 15 to 25 min
of rain and then steadily declining (Fig. 3).

Thiswas consistent with previous observations (Dontsova et al., 2020a),
where the dissolution rate of energetics was also found to be directly
proportional to specific surface area of the particles In addition, smaller
particles are transported off site faster leaving less material on the surface
to contribute to concentration in runoff later in the event. At the same
time larger particles are more likely to remain in place and continue to
dissolve into runoff water at lower rate.

Concentrations of four compounds in runoff (Fig. 3 and Appendix 1, 2)
depended on their individual solubility: NTO had the largest peak
concentrations (410 mg L−1), followed by DNAN (39 mg L−1), RDX (8 mg
L−1), and HMX (0.56 mg L−1). All observed concentrations were below
solubility limits for respective compounds. This indicates that individual
IMX-104 constituents within a particle class dissolved independently without
inhibition or interference from each other.

The total loss of energetic constituents in solution depended on particle
size of energetics. For example, the removal of NTO in dissolved form from
Florence soil under 29.8 mm h−1 rainfall and XS particle treatment was
39 % of the applied amount, while for L particles it was only 16 %
(Table 2). Similar trend was true for three other constituents under both
rainfall rates and soils. Overall the percentage loss in solution decreased
in the order of NTO, DNAN, HMX, RDX, and from XS to L fraction. The
difference between XS and L particle sizes was between 2 and 6 fold
depending on the constituent.

On Florence soil the rainfall rate had significant effect on loss in solution
of NTO, DNAN, and RDX, but only for XS particles. However, on Sassafras
soil a much smaller amount of dissolved energetics was transported com-
paring to Florence at the same 50.9 mm h−1 rainfall rate. This was not
only due to lower runoff rate (Fig. 2), but also lower concentration in runoff
by approximately a factor of 3 across all four compounds and sizes. The
likely reasonwas that part of the transportedmass originated from fine par-
ticles or fragments that dissolved before the samples could be analyzed
(2–3 h after the collection). Low particle transport rate on Sassafras soil,
particularly early in the rainfall event, meant that this specific contribution
into Day 1 solution was very small.
3.2.2. Particulate
Significant amount of energetics was also transported with sediment,

either as particles and their fragments or adsorbed to the surface of the
eroded soil (Table 2). Comparison of photos before and after rainfall
(Appendix 3) showed that the L particles of energetics typically remained
in place, although breakdown and flaking sometimes occurred. The M
particles moved short distances downslope but majority of them remained
on the plots. The S and XS particles were usually no longer visible on the
surface after the rainfall. Often energetic particles were observed in the
runoff samples.

The most mobile solid fraction of energetics was XS, where losses of
DNAN, RDX, and HMX were between 25 % and 43 % of the input for
Florence soil (Table 2, Appendix 4). Losses of NTO for this fraction were
1.3 % to 6.1 % for low and high rainfall intensity respectively. This was
due to high solubility of NTO with most of it ending up in solution during
transport over the plot or shortly after sample collection. As in the case
with dissolved phase, transport rate of solid energetics declined rapidly
with increase of particle size for all constituents on both soils and at both
rainfall rates. This is consistent with increased ability of rain drops and
sheet flow to move particles of smaller size. The peak of solid energetics
loss occurred on average at 15–25 min into the rainfall event (Appendix
4, 5, and 6). The dynamics of movement of larger fractions lacked a clear
temporal trend, was stochastic in appearance, and had greater variability
among replications. This could be attributed to finite number of M and L
particles applied to the plot, which caused mass spikes only in selected
runoff samples. No significant differences were observed in transport of
energetics in sediment in relation to the intensity of rainfall on Florence
soil, except NTO and DNAN from XS particle treatment.



Fig. 2. Runoff, infiltration, and soil loss for Florence soil at 29.8 mm h−1 (A), Florence soil at 50.9 mm h−1 (B), and Sassafras soil at 50.9 mm h−1 rainfall intensity (C). The
error bars are confidence interval of the mean (n = 12).
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Loss of solid energetics on Sassafras soil was significantly less (2 to 10
fold) than that on Florence at the corresponding rainfall rate, particle sizes,
and constituents (Table 2). This difference was statistically significant in all
cases, except NTO and DNAN for S and NTO for L particle fractions. This
can be explained by smaller transport capacity of overall flow on Sassafras
treatment, which itself was due to two factors: lower runoff rate, particularly
at the beginning of rainfall event (Fig. 2), and greater surface roughness
associated with better aggregation. The latter decreases flow velocity and
impedes transport processes (Abrahams et al., 1998; Li et al., 2020).

A portion of the energetics found in runoff sediments was adsorbed to
soil particles (Appendix 7). The adsorbed amount was determined based
on soil and compound specific adsorption coefficients Kd (Arthur et al.,
2017; Brannon and Pennington, 2002; Mark et al., 2016; Tucker et al.,
2002). The highest fraction of adsorbed to the total amount found in
sediment was 7.9 % for NTO on Florence soil. This was despite the lowest
Kd (0.06 L kg−1) for this compound, and driven by relatively high
5

concentration of NTO in runoff water. The fraction of adsorbed among
DNAN, RDX, and HMX was rather small, between 0.0 % and 1.4 % for
both soils (Appendix 7).

The difference between solution concentration on Day 1 and Day 2
(Fig. 4, and Appendix 8 and 9) only confirms that a portion of energetics
transport was in the form of undissolved particles or their fragments that
continued to dissolve over time releasing IMX-104 constituents into
solution. The color of the data points corresponds to the amount of solid
energetics present in the sample on Day 1. The concentrations measured
in runoff on the second day were noticeably higher for DNAN, RDX, and
HMX, but close to 1:1 line for NTO, except for a few samples. In those
cases runoff likely contained particles large enough that even more soluble
NTO continued to dissolve 24 h after the simulation. Interestingly, this
dynamic was also observed even on plots with L particles, which visually
remained immobile, indicating that small fragments were breaking off the
L particles and moving with runoff.



Fig. 3. Concentration of energetic compounds in runoff (Day1) on Florence soil at 29.8 mm h−1 rainfall rate.
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3.3. IMX-104 in infiltration and bulk soil

Energetics found in drainage and in soil below 1 cm were considered in-
filtration losses, assuming that only dissolved energetics could be transported
vertically below 1 cm depth. All drainage samples were combined for analy-
sis, hence it is reported as total per rainfall event.

On Florence soil the cumulative infiltration was 2.8 mm per simulation
for both rainfall rates. No energetics were found in leachate in the underly-
ing sand. The entire loss to infiltration was contained in the soil between
1 cm and 3 cm depth (Table 2). The loss of NTO to infiltration was
24.8 % on the extra fine particle treatment at 29.8 mm h−1 rainfall rate.
It decreased to 4.9 %, 4.9 % and 9.4 % for S, M, and L particle treatments
respectively. Interestingly, at a 52 mm h−1 rainfall the NTO loss rate due
to infiltration was smaller: 8.2 %, 0.2 %, 0.2 %, and 0 % respectively for
XS to L particle treatments (Table 2). However, these differences between
two rainfall treatments were not statistically significant due to very high
variability between replications. The possible reason for smaller NTO infil-
tration losses under greater rainfall is shorter particle residence time, where
fines are removed from the surface faster and much of their dissolution
takes place off site (in the collection bottle). Among other constituents
only a small amount of DNAN (1.6%)was detected in leachate for S particle
treatment under 29.8 mm h−1 rainfall.

In contrast, Sassafras soil exhibited greater losses of energetics to infil-
tration, except for HMX, which was not detected in the leachate. It was
driven by greater total cumulative infiltration of 38.7 mm per event. The
amount of energetic constituents in leachate decreased from XS to L
fraction treatment from 60.8 % to 4.4 % for NTO, 11.1 % to 1.1 % for
DNAN, and 4.1 % to 0 % for RDX respectively. Only NTO was detected
below the soil layer, with this portion of leachate accounting for 55 % of
total infiltration losses.

Energetics found in the soil layer between 0 and 1 cm depth were
characterized as in situ soil content. Of those most were in particulate
form (Appendix 3), although the surface layer contained dissolved and
6

adsorbed energetics as well. The amount of in situ energetics was positively
correlated with particle size increasing from XS to L. Namely, the percent-
age of the initially applied energetics on Florence soil varied from 37 %
to 71 % for NTO, 32 % to 96 % for DNAN, 6 to 87 % for RDX and 4 to
53 % for HMX, with lower value corresponding to XS and upper value to
L particle treatment (Table 2). There was no significant difference between
in situ energetics under 29.8 mm h−1 and 52 mm h−1 rainfall with the
exception of XS particles for DNAN, RDX, and HMX. This was due to higher
mobility of XS particles, which were easily transported by increased over-
land flow at 52 mm h−1 rainfall, while three larger fractions were less
affected by it (Appendix 3). On the other hand, in situ NTO from XS parti-
cles was unaffected by rainfall treatment because much of it was dissolved
regardless of overland flow rate.

In situ retention of energetics on Sassafras soil was slightly larger than
that on Florence but not significantly different from it for all particle frac-
tions except XS (Table 2). We did not observe a clear trend of increased re-
tention from S to L particles. However, the in situ content of XS particles
was significantly greater on Sassafras than that on Florence for DNAN
(75%), RDX (84%), andHMX (63%) and smaller for NTO (3%). The latter
can be explained by greater losses of NTO from XS fraction to infiltration,
while the former by rougher Sassafras soil surface and lower runoff rate
that prevented easy removal of XS particles in comparison to Florence soil.

It should be noted that in situ energetics are a transient form. Additional
pathways in natural conditions include continuedmechanical breakup, dis-
solution by ambientmoisture or subsequent rainfall, and photo degradation
(Moores et al., 2020; Taylor et al., 2017b).

3.4. Total IMX-104 mass balance

The total recovery rate of energetic compounds, on average for both
soils was 85 %, 91 %, 87 %, and 60 % for NTO, DNAN, HMX, and RDX
respectively. This compares well with previously reported values of 77 %,
104 %, 80 %, and 87 % for the same energetics on several clay loam soils



Table 2
Percentage of IMX-104 constituents transported in runoff (dissolved and particulate) depending on soil type and rainfall rate (mean ± confidence interval limit).

Com-pound Particle size Dissolved
Day1

Sediment In situ Infiltration Total recovered

Mean ± Mean ± Mean ± Mean ± Mean ±

Florence, 29.8 mm h−1

NTO x small 38.7 3.6 1.3 0.2 37.2 8.1 24.8 15.4 101.9 4.6
small 35.2 2.1 7.0 4.5 43.4 4.8 4.8 6.6 90.4 12.9
medium 27.5 7.1 3.7 3.4 58.8 4.5 4.9 9.6 94.9 12.6
large 16.4 2.5 0.8 0.6 71.7 39.9 9.4 9.6 98.3 47.8

DNAN x small 15.7 1.4 25.7 1.8 31.8 8.5 1.6 1.7 74.9 7.6
small 6.6 1.3 11.9 3.1 73.4 18.7 0.0 91.9 19.3
medium 4.9 1.4 4.6 1.5 85.4 15.9 0.0 94.8 15.9
large 3.4 1.1 2.5 1.0 96.6 73.9 0.0 102.5 75.7

RDX x small 6.6 0.7 25.6 1.1 37.7 6.1 1.8 0.4 71.7 5.1
small 2.7 1.0 10.3 2.5 73.3 12.9 0.0 86.3 16.1
medium 2.1 0.9 4.8 1.2 87.9 45.2 0.0 94.8 44.1
large 1.4 0.5 3.2 1.4 87.4 63.9 0.0 92.0 65.8

HMX x small 2.4 0.4 25.7 0.3 23.9 4.3 0.0 51.9 4.6
small 1.2 1.4 11.5 2.5 38.4 12.0 0.0 51.0 15.9
medium 0.9 0.9 5.8 1.3 47.5 15.6 0.0 54.1 15.6
large 0.5 0.4 6.4 2.6 53.0 33.2 0.0 59.9 36.3

Florence, 50.9 mm h−1

NTO x small 49.4 4.9 6.1 2.6 24.9 11.6 8.2 10.7 88.7 8.5
small 30.0 12.4 4.6 4.4 32.3 7.2 0.2 0.4 67.0 21.2
medium 29.3 1.8 3.5 2.4 45.8 17.9 0.2 0.2 78.8 14.4
large 11.9 5.4 0.2 0.2 75.1 8.2 0.0 87.2 3.8

DNAN x small 11.4 1.1 43.1 1.6 13.4 6.1 0.0 67.9 4.4
small 5.9 1.5 12.0 7.0 67.8 1.3 0.0 85.7 7.9
medium 7.4 2.4 7.0 4.1 81.3 28.8 0.0 95.6 32.8
large 3.3 1.3 2.3 0.4 100.0 13.5 0.0 105.7 12.7

RDX x small 4.5 0.4 24.5 2.4 19.2 4.4 0.0 48.2 2.9
small 2.6 1.7 11.8 1.6 63.8 7.9 0.0 78.2 7.0
medium 3.9 1.6 9.0 5.2 66.2 23.9 0.0 79.1 25.5
large 1.7 0.9 3.4 1.1 86.0 15.1 0.0 91.1 15.2

HMX x small 1.8 0.3 26.5 2.5 11.5 4.5 0.0 39.9 7.2
small 2.1 2.1 14.5 3.4 49.5 17.1 0.0 66.1 20.0

HMX medium 3.3 1.8 11.6 4.8 45.2 15.5 8.7 17.1 68.8 29.1
large 0.1 0.1 3.6 1.8 64.7 25.9 5.4 10.6 73.9 22.2

Sassafras, 50.9 mm h−1

NTO x small 8.0 8.3 0.6 0.5 3.1 0.5 60.1 33.6 71.8 25.1
small 11.6 8.7 2.5 1.5 48.3 9.8 21.5 13.9 83.9 10.3
medium 5.9 1.7 0.5 0.5 62.2 32.0 15.8 4.3 84.5 33.2
large 4.0 1.7 0.1 0.1 60.8 4.0 4.4 3.8 69.3 8.0

DNAN x small 2.2 1.1 6.1 4.6 74.9 31.7 11.1 5.3 94.4 31.5
small 1.2 0.5 4.6 2.7 113.0 112.6 0.8 0.8 119.7 115.2
medium 0.7 0.2 1.8 0.8 80.7 33.5 0.1 0.1 83.3 32.7
large 0.4 0.2 0.9 0.4 76.1 14.1 1.1 1.9 78.4 15.4

RDX x small 0.9 0.9 7.0 6.0 83.6 22.7 4.1 4.2 95.5 21.3
small 0.5 0.4 4.2 2.1 117.1 93.5 0.1 0.2 122.0 95.2
medium 0.2 0.3 2.0 1.0 94.2 47.1 0.0 96.3 46.7
large 0.0 1.1 0.3 87.4 22.9 0.0 88.5 23.0

HMX x small 0.0 6.1 5.5 62.5 12.0 0.0 68.6 10.2
small 0.0 2.8 2.1 66.8 31.9 0.0 69.5 33.3
medium 0.0 1.2 0.5 58.3 28.1 0.0 59.5 27.6
large 0.0 0.6 0.5 53.0 15.5 0.0 53.6 15.3
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(Crouch et al., 2020) with slightly higher CEC, TOC, and clay content than
the ones in our study. Note that in this experiment recovery rates combine
both solid and liquid phases. Incomplete recovery could be attributed to
extraction and other losses that occurred during sampling and processing.
Overall there was no statistically significant relationship between recovery
rate and size of applied particles or soil type. Although, recovery of DNAN
and RDX from Florence soil decreased slightly for finer energetics fractions.

The pathways of energetics transport depended on their type, fraction
size, and soil type (Fig. 5). Most of energetics remained in situ after rainfall,
except for XS and S particle fractions. For NTO the primary pathway for off-
site transport was infiltration and runoff in dissolved form. These losses
varied between 14 % (Florence, L particles) and 95 % (Sassafras, XS parti-
cles) and were inversely related to energetic particle size. The loss of NTO
for Sassafras was primarily via infiltration, while for Florence it was via
surface runoff. Transport of NTO in solid form (sediment) was relatively
7

small (0.1 % to 8 %) and was due to the fact the particles were either too
large to be mobile, or if mobile dissolved fast and moved as solute.

For DNAN, RDX, and HMX the primary off-site loss was due to transport
of solid phase in runoff (Fig. 5). For Florence soil it was greater at higher
rainfall intensity, was inversely correlated with particle size, and was as
high as 63 % for DNAN from XS particles. Relatively low amount of partic-
ulate energetics (<7 %) were transported on Sassafras soil, which was
consistent with low runoff and sediment yield for that soil especially at
the beginning of rainfall event (Fig. 2).

The total combined off-site loss of energetics (solution and sediment)
relative to the applied amount on Florence soil was the largest for NTO
(40 %), followed by DNAN (24 %), HMX (17 %), and RDX (15 %). These
are the averages for two rainfall rates, since there was no significant differ-
ence between them. For Sassafras the overall off-site losswas smaller and in
the following order: NTO (34 %) DNAN (8%), RDX (5%), and HMX (3%).



Fig. 4. Concentration dynamics of energetics in runoff samples between Day 1 and Day 2 and energetics remaining in sediment in particulate form (color scale). The samples
are from plots with Florence soil subject to 1 h rainfall at 29.8 mm h−1 intensity.
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Between the two rainfall intensities on Florence soil, total transport was
not statistically different for any of the IMX-104 constituents. This is coun-
ter to what we expected, as both dissolution and sediment transport can be
expected to increase during rainfall with higher intensity, as total volume of
runoff and splash erosion are increased.

3.5. IMX-104 transport dynamics

Stepwise selection of predictor variables (SAS, 2008) showed that soil
sediment yield and energetic particle size were two best predictors for
transport of energetics in runoff. This combination of variables was
true for all four compounds. We chose to fit a separate linear model of the
following form for each combination of particle size and energetic (Fig. 6
and Appendix 10):

Ey ¼ β0 þ β1 � Sy ð1Þ
8

where Ey is energetics yield per rainfall event, mg; Sy is sediment yield per
event, g; β0 and β1 are linear regression coefficients.

In all of the regressions the relationship was statistically significant at α
= 0.1, except for RDX on XS particle treatment (Appendix 10), with R2

ranging between 0.29 (XS fraction, RDX) and 0.79 (L fraction, RDX). The
regression slopes for different size fractions of the same compound were
similar, while the intercept was offset, increasing from L to XS size fraction
(Fig. 6). Comparison of energetic compounds with one another shows that
the regression slopes steadily decreased in the order of NTO, DNAN, RDX,
and HMX from approximately 1.0 to 0.01 respectively (Appendix 10).
These two regression trends are consistent with our previous observations
of total mass balance. Namely, more soluble compounds (NTO) and finer
fraction treatments were dominated by transport in dissolved form indi-
cated by high loss of energetics at low soil sediment yield. On the other
hand, coarse and less soluble compounds move primarily as particles
along with sediment. Hence, at low soil sediment yields energetic transport
was also low.



Fig. 5. Total mass balance of IMX-104 by energetic component, pathway, and particle size for Florence soil under 29.8 mm h−1 (A) and 50.9 mm h−1 (B), and Sassafras soil
under 50.9 mm h−1 (C) rainfall rates.
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Various degrees of solubility is what differentiates energetic and soil
sediment transport. For the latter runoff volume or peak are the most com-
mon first predictors of yield (Nearing et al., 2007; Polyakov et al., 2010;
Simanton et al., 1993). For the former the relationship is more complex,
involving dynamic interaction of primary particle movement, breakup,
dissolution, re-absorption, and subsurface loss.

4. Conclusions

This study is the first effort to systematically quantify detachment and
transport of energetic components of IMX-104 in overland flow under rain-
fall. Three primary pathways for rainfall driven energetic transport were
identified: subsurface infiltration, off-site transport in solution, and off-
site transport in solid form. The latter included energetics re-adsorbed
from solution to soil particles.

Solubility of energetics depended on particle size, with the highest
concentration of energetics in runoff observed on plots with XS particle
treatment and at the beginning of the rainfall event. The primary transport
pathway for NTO was in solution, which could be either surface runoff
9

(Florence) or infiltration (Sassafras) resulting in over 50 % of NTO being
transported off the surface after 51 mm of rainfall. On the other hand,
DNAN, RDX, and HMX, were transported primarily in particulate form
where the XS fraction (<2 mm) showed the highest mobility. The solid
phase losses of this fraction on Florence soil were between 25 % and
43 % of the input for DNAN, RDX, and HMX, while solid phase losses of
NTO were 1.3 % to 6.1 %. The loss of solid energetics on Sassafras soil
was 2 to 10 fold less than that on Florence due to lower runoff rate. Ener-
getic components with the exception of NTO and fine particles of DNAN,
RDX, and HMX remained largely in situ, which in natural conditions
would expose them to physical breakup, photo degradation, and dissolu-
tion and further transport by subsequent rainfall events.

Transport of energetic compounds was best predicted by soil sediment
yield and the size of energetic particles with R2 ranging from 0.29 to
0.79. The transport process is complex and dynamic process involving
interaction of primary particlemovement and breakup, dissolution, infiltra-
tion, and re-absorption.

Current findings will improve our understanding of the relative
importance and contribution of different transport pathways to the fate of



Fig. 6. Loss of energetic compounds (dissolved and particulate) from the plots in runoff as related to sediment yield. Each data point represents one plot-event.
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insensitive high explosives. They can be further used to refine models
predicting the fate of munitions constituents, assess their environmental
impacts, develop mitigation strategies, and meet regulatory requirements.
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